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PREFACE 

PURPOSE OF THE BOOK 

This book is intended to serve as an introduction to the principles and techniques 
used in the field of chemical, petroleum, and environmental engineering. It lays a 
foundation of certain information and skills that can be repeatedly employed in sub
sequent courses as well as in professional life. 

A good introductory book to chemical engineering principles and calclulations 
should (1) explain the fundamental concepts in not too stilted language together with 
generous use of appropriate equations and diagrams; (2) provide sufficient examples 
with detailed solutions to clearly illustrate (1); (3) present ideas in small packages 
that are easily identified as part of a larger framework; (4) include tests and answers 
that enable the reader to evaluate his or her accomplishments; and (5) provide the in
structor with a wide selection of problems and questions to evaluate shldent compe
tence. All of these features have been built into the fifth edition. 

I kept in mind four major objectives for a reader in preparing this fifth edition: 

1. to develop systematic problem solving skills, enhance confidence, and gen-
erate careful work habits; 

2. to learn what material balances are and how to apply them; 
3. to learn what energy balances are and how to apply them; 
4. to learn how to deal with the complexity of big problems. 

In addition to accomplishing these goals, a reader is exposed to background in
formation on units and measurements of physical properties, basic laws about the 
behavior of gas, liquids, and solids, and some basic mathematical tools. Al
though communication and programming skills are essential for both students and 
professionals, assimilation of material in this book does not require mastery of either. 

Other objectives that an instructor may want to include in a course, such as in
formation about professional activities, developing a professional attitude, establish-

ix 
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ing personal goals, developing social awareness, and so on must be implemented by 
the instructor from other sources. Economic feasibility, a major factor in engineer
ing decision making, costing. and optimization have been omitted because of lack of 
space. Nor has there been room for developing an appreciation of what processing 
equipment really looks like and how it works. 

If this book is used as part of a scheduled course, the role of the teacher must 
be something more than just communicating the subject matter. The job of the 
teacher is to arouse emotional reactions of feeling good in connection with the con
tent being conveyed. Creating positive feelings so that a student enjoys the subject 
makes a teacher effective. 

SCOPE AND PARTS OF THE BOOK 

The central themes of the book involve (1) learning how to formulate and solve (a) 
material balances, (b) energy balances, and (c) both simultaneously; (2) developing 
problem solving skills; and (3) becoming familiar with the use of units, physical 
properties, and the behavior of gases and liquids. At the front of each chapter is an 
information flow diagram that shows how the topics discussed in the chapter relate 
to the objective of being able to solve successfully problems involving material and 
energy balances. Figure P.l shows the information flow among the chapters. 

Chapter 1 
Background 
Informo1ion 

1 
Chapter 3 

/ Gases, Liquids, 
Solids 

t 
Chapter 2 

~ 
Appendix --. Chapter 4 

Material Balance Data Solution Energy 
Techniques Techniques Balances 

! 
; 

Chapter 5 
Material and 

Energy Balances 
via a Computer 

Chopter 6 
Unsteady State 

Balances 

Figure P.I The relationship of the chapters in this book. 
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GENERAL FEATURES OF THE BOOK 

I have selected, arranged, and presented the material in this book with care based on 
past teaching experience. Some major features common to all the chapters are: 

• The book is self-contained except for some homework problems that deliber
ately require outside information. 

• The presentation is detailed enough so that reference to other books can be 
omitted. 

• The examples are simple and concn~te to make the book teachable and useful 
for self-instruction. 

• The chapters are largely independent providing flexibility in teaching. 

• The book has been reviewed for readability. 
• The examples and homework problems support good learning principles. 
• Numerous illustrations enhance learning. 

• Subheadings clearly distinguish successive topics. 

• Thought problems have been included for class discussion. 

• A table of contents is listed at the beginning of each chapter to show the 
contents of the chapter. 

• Vital words and concepts are in boldfaced type. 

• What must be memorized is identified. 
• At the end of each chapter references and numerous supplementary refer

ences are included. 

• Solutions to about one-quarter of the problems in the problem sets are in the 
Appendix. 

• Data for solving problems has been provided in tables and figures. 

At the beginning of each section is a list of objectives to be achieved by the 
reader stated in such a way that attainment can be readily measured. Whether the 
objectives should go at the beginning or end of the section is a matter of contro
versy; that the text should have objectives is not. But we often present our objectives 
by such broad, fuzzy statements that neither the student nor the teacher can ascertain 
whether or not students have achieved them. (Unfortunately, this situation does not 
seem to inhibit the testing of students.) Each set of objectives is quite concrete and 
has a corresponding set of self-assessment questions and problems at the end of the 
respective section. 

Piaget has argued that human intelligence proceeds in stages from the concrete 
to the abstract and that one of the big problems in teaching is that the teachers are 
formal reasoners (using abstraction) while many students are still concrete thinkers 
or at best in transition to formal operational thinking. I believe that this is true. Con
sequently, most topics are initiated with simple illustrations that illustrate the basic 
ideas. In this book the topics are presented in order of easy assimilation rather 
than in a strictly logical order. The organization is such that easy material is alter
nated with difficult material in order to give a "breather" after passing over each 



xii Preface 

hump. For example, discussion of unsteady-state (lumped) balances has been de
ferred until the final chapter because experience has shown that most students lack 
the mathematical and engineering maturity to absorb these problems simultaneously 
with the steady-state balances. 

A principle of educational psychology is to reinforce the learning experience 
by providing detailed guided practice following each new principle. We all have 
found from experience that there is a vast difference between having a student un
derstand a principle and in establishing his or her ability to apply it. For example, 
can you learn how to play the piano from a series of lectures? By the use of numer
ous detailed examples fonowing each brief section of text, it is hoped that straight
forward, orderly methods of procedure can be instilled along with some insight into 
the principles involved. Furthermore, the wide variety uf problems at the end of 
each chapter, about one-fourth of which are accompanied by answers, offer practice 
in the application of the principles explained in the chapter. 

After all these years a perplexing problem still remains for an author in prepar
ing a new edition, namely, the extent to which SI units should be used. It is evident 
that the transition to SI is well under way in a large number of chemical engineering 
departments in the United States, although some resistance to the system still exists. 
I believe that SI is an important system of measurement that chemical engineers 
must be able to deal with, but feel that chemical engineering students must be famil
iar with a variety of systems for some years to come. Consequently, it is premature 
to convert an undergraduate text entirely to the SI sytem of units even though most 
journals have done so. As a compromise, a little more than one-half of the text, ex
amples, and problems and most of the tables employ S1 units. For convenience, 
some of the crucial tables, such as the steam tables, are presented in both American 
engineering and SI units. 

Self-assessment tests have been included to provide readers with questions 
and answers that assist in them in appraising and developing their knowledge about a 
particular topic. Self-assessment is intended to be an educational experience for a 
student. The availability of answers to the self-assessment questions together with 
supplementary reading citations for further study is an inherent characteristic of self
assessment. To help the reader think about the concepts and decide whether to study 
further is one reason for having appraisal questions. 

How should you as a reader use the self-assessment problems? Some readers 
will start with the questions. Others will read the problems. Still others will refer to 
the answers first. These approaches and others are all acceptable if at the end of the 
procedure you can say: "Yes, this has been a worthwhile experience" or "I have 
learned something." The self-assessment materials are not a timed exercise so work 
at your pace. I suggest that you first go through the questions and problems, and 
write down the responses you think are most appropriate for the questions that are 
easy for you. Compare your responses with the answers in Appendix A. In those 
cases where you differ, read the section again, examine the examples, try some of 
the homework problems at the end of the chapter, or look up the references if neces
sary. In those cases in which you agree, but you felt uncomfortable with the subject 
matter, and the subject is significant to you, be sure to solve some of the problems at 
the end of the chapter for which answers are provided. After doing the easy prob
lems, tackle the more difficult ones. 
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Let me now mention some of the new features of the fifth edition, features that 
were not present in earlier editions. 

NEW FEATURES IN THE BOOK 

For the fifth edition I have added a number of new features (and deleted some old 
ones) described below that make both teaching and self-study easier. 

In this edition special attention has been devoted to presenting a sound strat
egy for solving material balance and energy balance problems, one that can be 
used again and again as a framework for solving word problems. All the examples 
showing how to solve material and energy balances have been reformulated accord
ing to this strategy (see Table 2.1). In teaching I ask students to memorize the strat
egy and apply it in all their homework problems and exams. I discourage the use of 
self-devised heuristic algorithms, or "cookbook" methods pointing out that they may 
be successful for one class of problems but fail quite dismally for others. By this 
means a student is guided into forming generalized patterns of attack in problem 
solving that can be used successfully in connection with unfamiliar types of prob
lems. The text is designed to acquaint the student with a sufficient number of funda
mental concepts so that he or she can (1) continue with his or her training, and (2) 
start finding solutions to new types of problems on his or her own. It offers practice 
in finding out what the problem is, defining it, collecting data, analyzing and break
ing down information, assembling the basic ideas into patterns, and, in effect, doing 
everything but testing the solution experimentally. 

A major problem in any book is to what extent and in what manner should 
problems involving the preparation of or use of computer codes be introduced into 
the text. If computer techniques are to be integrated into the classroom successfully, 
it is wise to start early in the game, but on the other hand the preparation (as op
posed to use) of computer programs assumes that the student will have had some in
struction and competence in programming prior to or concurrently with, the use of 
this book. The selection of appropriate problems and the illustration of good com
puter habits, pointing out instances in which computer solutions are not appropriate 
as well as instances when they are, are important. A compromise has been reached. 
At the end of each chapter you will find a few problems calling for the preparation 
of a complete computer code. Other problems that are more appropriately solved 
with the aid of a computer program, particularly a library code, than with a calcu
lator, are designated by an asterisk (*) after the problem number. I have found that 
the use of prepared computer programs reduces the tedium of trial-and-error solu
tion techniques and regenerates interest in the learning process. 

Simple FORTRAN programs have been prepared for the reader's use that solve 
linear and nonlinear equations, retrieve the properties of water and steam, and of 
air-water mixtures, calculate the vapor pressure of pure substances, calculate en
thalpy changes from heat capacity equations, and so on. A disk containing these 
codes will be found in a pocket in the back of the book. (Readers are encouraged 
to use library codes when available, codes that may be more accurate and robust than 
the simple codes provided.) As a result, the portions of the book formerly treating 
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graphical integration, trial and error solutions, lever arm principles, and graphical 
solution methods has been drastically reduced. 

Other new features are: 

1. Thought problems have been added at the end of sections to challenge stu
dent problem solving skills and provide a basis for class discussion. 

2. Chapter 2 has been reorganized to make it more understandable and teach
able by separating the treatment of single subsystems and multiple subsystems, 
substantially reducing the emphasis on tie elements, and by employing a uni
form strategy to solve all of the examples. Emphasis is now placed on solving 
uncoupled vs. coupled material balance equations. 

3. Chapter 5 on the simultaneous solution of material and energy balance prob
lems has been completely revised. It now focuses on the use of fiowsheeting 
codes to solve problems. The problem set for Chapter 5 emphasizes the use of 
FLOWTRAN and PROCESS for complex problems, codes that have clear 
manuals and are available at most departments of chemical engineering. 

4. In view of the interest in chemical engineering to expand the horizons of 
chemical engineering practice, a number of homework problems have been in
cluded in the areas of biotechnology and solid state materials processing. 

5. A brief explanation of the techniques for the solution of linear and nonlin
ear equations has been added to the appendix. 

6. An explanation of least squares for data fitting has been added to the ap
pendix. 

7. A discussion of the accuracy and precision of data has been added to Chap
ter 1. 

8. How to use spreadsheets and equation solving codes for personal computers 
has been added to Chapter 2. 

9. Problem sets have been changed and expanded. 
10. The number of worked-out examples has been increased. 

SUGGESTIONS FOR A COURSE 

This book can be used in a variety of learning environments besides the traditional 
lectures, such as self-paced instruction, group study or discussion groups, and indi
vidual study. More topics have been included in the text than can be covered in one 
semester, so that an instructor has some choice as to pace of instruction and topics to 
include. In a lecture course for students with a background of having completed only 
freshman courses and no programming experience, Chapters 1, 2) 3, and 4 form the 
basis of an ample course. For more experienced students, if computer fiowsheeting 
programs are available, perhaps Chapter 1 can be skimmed over and Chapter 5 in
cluded. Several case studies that are computer oriented are available to accompany 
Chapter 5 from various organizations and in publications such as the FLOWTRAN 
workbook. Chapter 6 will probably take at least one week (and probably two weeks) 
of time if you want to include it as well. 
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The chemical engineering profession encompasses a wide variety of activities and is 
engaged in resolving problems that occur in industry, government, and academia. 
Problems encoun tered by chemical engineers are found in design, operation, con
trol' troubleshooting, research, and even politics, the latter because of environmen
tal and economic concerns. Chemical engineers work in numerous areas besides 
petroleum refining and the chemical and petrochemical industries because their 
background and experience are easily portable and found useful. You will find chem
ical engineers solving problems in industries such as 

Drugs and pharmaceutics 
Microelectronics 
Biotechnology 
Explosives and fireworks 
Fats and oils 
Fertilizer and agricultural chemicals 
Foods and beverages 
Leather tanning and finishing 
Lime and cement 
Man-make fibers 
Metallurgical and metal products 
Paints, varnishes, and pigments 
Pesticides and herbicides 
Plastic materials, syn the tic resins 

1 
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Rubber products 
Soap and toiletries 
Solid-state materials 

Introduction to Engineering Calculations 

Stone, clay, glass, and ceramics 
Wood, pulp, paper, and board 

Chap. 1 

Table 1.0 gives you some idea of the vast industrial capacity in the United 
States in which chemical engineers participate. 

For you to learn how to appreciate and treat the problems that will arise in OUf 

modern technology, especially in the technology of the future, it is necessary to 
learn certain basic principles and practice their application. This text describes the 
principles of making material and energy balances and illustrates their application in 
a wide variety of ways. 

We begin in this chapter with a review of certain background information. You 
have already encountered most of the concepts to be presented in basic chemistry 
and physics courses. Why, then, the need for a review? First, from experience we 

TABLE 1.0 U.S. Production in 1986 

Chemicals (in 109 Ib) 

Sulfuric acid 73.64 
Nitrogen 48.62 
Oxygen 33.03 
Ethylene 32.81 
Lime 30.34 

Ammonia 28.01 
Sodium hydroxide 22.01 
Chlorine 20.98 
Phosphoric acid 18.41 
Propylene 17.34 

Sodium carbonate 17.20 
Ethylene dichloride 14.53 
Nitric acid 13.12 
Urea 12.06 
Ammonium nitrate 11 .11 

Benzene 10.23 
Ethylbenzene 8.92 
Carbon dioxide 8.50 
Vinyl chloride 8.42 
Styrene 7.84 

Mj~erals (in 106 tons) 
Phosphate rock 1.2 
Salt 36.8 
Sulfur 12.2 

Synthetic rubber (in metric tons) 4380 

Fertilizers (in 106 tons) 

Nitrogen 
Phosphate (P20 S) 

Potash CK20) 

Pesticides and herbicides (in 106 1b) 
Herbicides 
Insecticides 
FungiCides 

Plastics (in 106 lb) 

10.4 
8.6 
1.0 

756 
370 
109 

Thermosetting resins 5.8 
(phenols, urea, 
polyesters, epoxies) 

Thermoplastic resins 33.6 
(polyetheyne, polystyrene, 
polypropylene, copolymers) 

Synthetic fibers 
Cellulosics (rayon, acetate) 0.6 
Polyester 3.3 
Nylon 2.5 
Olefinic and acrylic 3.0 
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have found it necessary to restate these familiar basic concepts in a somewhat more 
general and clearer fashion; second, you will need practice to develop your ability to 
analyze and work engineering problems. To read and understand the principles dis
cussed in this chapter is relatively easy; to apply them to different unfamiliar situa
tions is not. An engineer becomes competent in his or her profession by mastering 
the techniques developed by one's predecessors-thereafter comes the time to pio
neer new ones. 

The chapter begins with a discussion of units, dimensions, and conversion fac
tors, and then goes on to review some terms you should already be acquainted with, 
such as: 

(a) Mole and mole fraction 
(b) Density and specific gravity 
(c) Measures of concentration 
(d) Temperature 
(e) Pressure 

Technique 
of Problem 

Solving 

Material and Energy Balances 

Figure 1.0 Hierarchy of topics to be studied in this chapter (section num
bers are in the upper left-hand corner of the boxes). 
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It then provides some clues on "how to solve problems," which should be of 
material aid in all the remaining portions of your career. Finally, the principles of 
stoichiometry are reviewed, and the technique of handling incomplete reactions is il
lustrated . Figure 1.0 shows the relation of the topics to be discussed to each other 
and to the ultimate goal of being able to solve problems involving both material and 
energy balances . 

1.1 UNITS AND DIMENSIONS 

Your objectives in studying this 
section are to be able to: 

1. Add, subtract, multiply, and divide units associated with numbers. 
2. Convert one set of units in a function or equation into another equiva

lent set for mass, length, area, volume, time, energy, and force. 
3. Specify the basic and derived units in the SI and American engineer

ing systems for mass, length, volume, density, and time, and their 
equivalences. 

4. Explain the difference between weight and mass. 
5. Define and know how to use the gravitational conversion factor gc . 

6. Apply the concepts of dimensional consistency to determine the units 
of any term in a function. 

"Take care of your units and they will take care of you. " 

At some time in every student's life comes the exasperating sensation of frustration 
in problem solving. Somehow, the answers or the calculations do not come out as ex
pected. Often this outcome arises because of inexperience in the handling of units. 
The use of units or dimensions along with the numbers in your calculations requires 
more attention than you probably have been giving to your computations in the past, 
but paying attention will help avoid such annoying experiences. The proper use of 
dimensions in problem solving is not only sound from a Logical viewpoint-it will 
also be helpful in guiding you along an appropriate path of analysis from what is at 
hand through what has to be done to the final solution. 

1.1-1 Units and Dimensions 

Dimensions are our basic concepts of measurement such as length, time, mass, tem
perature, and so on; units are the means of expressing the dimensions, such as feet 
or centimeters for length, or hours or seconds for time. Units are associated with 
some quantities you may have previously considered to be dimensionless. A good ex
ample is molecular weight, which is really the mass of one substance per mole of 
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that substance. This method of attaching units to all numbers which are not funda
mentally dimensionless has the following very practical benefits: 

(a) It diminishes the possibility of inadvertent inversion of any portion of the cal
culation. 

(b) It reduces the calculation in many cases to simple ratios, which can be easily 
manipulated on a hand-held calculator. 

(c) It reduces the intermediate calculations and eliminates considerable time in 
problem solving. 

(d) It enables you to approach the problem logically rather than by remembering a 
formula and plugging numbers into the formula. 

(e) It demonstrates the physical meaning of the numbers you use. 

Every freshman knows that what you get from adding apples to oranges is fruit 
salad! The rule for handling units is essentially quite simple: treat the units as you 
would algebraic symbols. You can add, subtract, or equate numerical quanti
ties only if the units of the quantities are the same. Thus the operation 

5 kilograms + 3 joules 

is meaningless because the dimensions of the two terms are different. The numerical 
operation 

10 pounds + 5 grams 

can be performed (because the dimensions are the same, mass) only after the units 
are transformed to be the same, either pounds, or grams, or ounces, and so on. In 
multiplication and division, you can multiply or divide different units, such as 
(10 centimeters -+- 4 seconds) = 2.5 centimeters/second, but you cannot cancel 
them out unless they are the same. For example, 3 m2/60 cm must first be con
verted to 3 m2/O.6 m and then to 5 ffi. The units contain a significant amount of in
formation content that cannot be ignored. They also serve as guides in efficient 
problem solving, as you will see shortly. 

EXAMPLE 1.1 Dimensions and Units 

Add the following: 

Solution 

(a) 1 foot + 3 seconds 

(b) 1 horsepower + 300 watts 

The operation indicated by 

Ift+3s 

has no meaning since the dimensions of the two terms are not the same. One foot has the di
mensions of length, whereas 3 seconds has the dimensions of time. In the case of 

1 hp + 300 watts 
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the dimensions are the same (energy per unit time) but the units are different. You must 
transform the two quantities into like units, such as horsepower, watts, or something else, 
before the addition can be carried out. Since 1 hp = 746 watts, 

746 watts + 300 watts = 1046 watts 

1.1-2 Conversion of Units and Conversion Factors 

In this book, to help you follow the calculations, we will frequently make use of 
what is called the dimensional equation. It contains both units and numbers. One 
quantity is multiplied by a number of ratios termed conversion factors of equivalent 
values of combinations of time, distance, and so on, to arrive at the final desired an
swer. The ratios used are simple well-known values and thus the conversion itself 
should present no great problem. Examine Example 1.2. 

EXAMPLE 1.2 Conversion of Units 

Solution 

If a plane travels at twice the speed of sound (assume that the speed of sound is 1100 ft/s) , 
how fast is it going in miles per hour? 

2 60 min 
1500 ~ 

Ihr 

or 

6 mi 
1100 ft 

0-
2 hr 

1500 :: 
s 

88 !! 
s 

Of course, it is possible to look up conversion ratios, which will enable the 
length of the calculation to be reduced; for instance, in Example 1.2 we could have 
used the conversion factor of 60 mi/hr equals 88 ft/s. However, it usually takes less 
time to use values you know than to look up shortcut conversion factors in a hand
book. Common conversion ratios are listed on the inside front cover. 

We have set up the dimensional equation with vertical lines to separate each ra
tio, and these lines retain the same meaning as an X or multiplication sign placed 
between each ratio. The dimensional equation will be retained in this form through
out most of this text to enable you to keep clearly in mind the significance of units in 
problem solving. It is recommended that you always write down the units next to the 
associated numerical value (unless the calculation is very simple) until you become 
quite familiar with the use of units and dimensions and can carry them in your head. 

At any point in the dimensional equation you can determine the consolidated 
net units and see what conversions are still required. This may be carried out for
mally, as shown below by drawing slanted lines below the dimensional equation and 
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writing the consolidated units on these lines, or it may be done by eye, mentally 
canceling and accumulating the units, or, you can strike out pairs of units as you 
proceed: 

2 x 1100 ft 

s 
ft 
s 

Consistent use of dimensional equations throughout your professional career will as
sist you in avoiding silly mistakes such as converting 10 centimeters to inches by 
multiplying by 2.54: 

10 em I 2.54 em . . "* 25.4 cm but mstead 
m. 

2 

= 25.4 ~m 
m. 

Note how easily you discover that a blunder has occurred by including the units in 
the calculations. 

Here is another example of the conversion of units. 

EXAMPLE 1.3 Use of Units 

Solution 

Change 400 in.3/day to cm3/min. 

400 in,3 1 hr em3 

----+-11-----+--+------'---+--- = 4.,56 -, 
day 60 min mm 

In this example note that not only are the numbers raised to a power. but the units also are 
raised to the same power. 

There shall be one measure of wine throughout our kingdom, and one measure of ale, 
and one measure of grain. , . and one breadth of cloth .. , , And of weights it shall be 
as of measures, 

So reads the standard measures clause of the Magna Carta (June 1215). The 
standards mentioned were not substantially revised until the nineteenth century. 
When the American colonies separated from England, they retained, among other 
things, the weights and measures then in use. It is probable that at that time these 
were the most firmly established and widely used weights and measures in the 
world. 

No such uniformity of weights and measures existed on the European conti
nent. Weights and measures differed not only from country to country but even from 
town to town and from one trade to another. This lack of uniformity led the National 
Assembly of France during the French Revolution to enact a decree (May 8, 1790) 
that called upon the French Academy of Sciences to act in concert with the Royal 
Society of London to "deduce an invariable standard for all of the measures and all 
weights." Having already an adequate system of weights and measures, the English 
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did not participate in the French undertaking. The result of the French endeavor has 
evolved into what is known as the metric system. 

Certainly in the American-British system there is ample room for confusion. 
The old question: "Which is heavier, a pound of feathers or a pound of gold?" in
deed has a catch, one that is not obvious. The pound of feathers is heavier, because 
gold is measured in troy units in which 1 oz = 3.110 X 10-2 kg and the feathers 
are measured in avoirdupois units, in which 1 oz = 2.834 X 10-2 kg. But the troy 
pound comprises only 12 rather than 16 oz! 

The metric system became preferred by scientists of the nineteenth century, 
partly because it was intended to be an international system of measurement, partly 
because the units of measurement were theoretically supposed to be independently 
reproducible, and partly because of the simplicity of its decimal nature. Problems in 
the specification of the units for electricity and magnetism led to numerous interna
tional conferences to rectify inconsistencies and culminated in 1960 in the eleventh 
General Conference on Weights and Measures adopting the SI (Systeme Interna
tional) system l of units. As of this date the United States is the last large country not 
employing or engaged in transforming to some form of the S1 units. Tables 1.1 and 
1.2 show the most common systems of units used by engineers in the last few 
decades. Note that the SI, the cgs, the fps (English absolute), and the British engi
neering systems all have three basically defined units and that the fourth unit is 
derived from these three defined units. 

Many of the derived units in the S1 system are given special names (see Table 
1.2) honoring physicists and have corresponding symbols. The unit of force, for ex
ample, has the symbols kg' m' S-2; for convenience, this combination has been 
given the name newton and the symbol N. Similarly, the unit of energy is the new
ton 'meter, 

N'm::(): m2 . kg· S-2 

with the short name joule. and symbol I, The unit of power is the watt, defined as 
one joule per second, 

Only the American engineering system has four basically defined units. Conse
quently, in the American engineering system you have to use a conversion factor, gc, 
a constant whose numerical value is not unity, to make the units come out properly, 
We can use Newton's law to see what the situation is with regard to conversion of 
units: 

F = Cma (1,1) 

where2 F = force 
C = a constant whose numerical value and units depend on those selected 

for F, m, and a 
m = mass 
a = acceleration 

I Note that the word "system" used in connection with SI units is redundant but commonly em
ployed in English. 

2 A list of the nomenclature is included at the end of the book. 



TABLE 1.1 Common Systems of Units 

Length Time Mass Force Energy>!: Temperature Remarks 

Absolute (dynamic) systems 
Cgs centimeter second gram dyne* erg, joule, K,oC Formerly common 

or calorie scientific 

Fps (ft-Ib-s or foot second pound poundal* ft poundal oR, of 
English absolute) 

SI meter second kilogram newton* joule K,oC Internationally adopted 
uni ts for ordinary 
and scientific use 

Gravitational systems 
British engineering foot second slug* pound weight Btu(ft)(lbf) oR, of 

American engineering foot second, pound mass pound force Btu oR, of Used by chemical and 
hour (Ibm) (lbr) or (hp)(hr) petroleum engineers 

in the United States 

*Unit derived from basic units; aU energy units are derived. 

CD 
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TABLE 1.2 SI Units Encountered in this Book 

Basic SI units 

Physical quantity Name ofurut 

Length 
Mass 
Time 

metre, meter 
kilogramme, kilogram 
second 

Thermodynamic temperature 
Amount of substance 

kelvin 
mole 

Physical 
quantity 

Energy 
Force 
Power 
Frequency 
Area 
Volume 
Density 
Velocity 
Angular velocity 
Acceleration 
Pressure 
Specific. heat 

Physical 
quantity 

Time 

Temperature 
Volume 
Mass 

Pressure 

Derived SI units 

Name of unit 

joule 
newton 
watt 
hertz 
square meter 
cubic meter 
kilogram per cubic meter 
meter per second 
radian per second 
meter per second squared 
newton per square meter, pascal 
joule per (kilogram' kelvin) 

Alternative units 

Allowable 
unit 

minute 
hour 
day 
year 
degree Celsius 
litre, liter (dm3

) 

tonne, ton (Mg) 
gram 
bar (IOsPa) 

Symbol 
for 

unit* 

J 
N 
W 
Hz 

Symbol 
for 

unit'" 

m 
kg 
s 
K 
mol 

Definition 
of 

unit 

kg' m2 • S-2 

kg . m . S - 2 :c: J. m - 1 

kg'm2 's-3 :c: J's- 1 

cycle/s 
m2 

m3 

kg'm-3 

m's- 1 

rad' S-I 

m' S-2 

N· m-2, Pa 
J'kg-I'K- 1 

Symbol 
for 

unit* 

min 
h 
d 
a 

°C 
L 
t 
g 
bar 

*Symbols for units do not take a plural form, but plural forms are used for the 
unabbreviated names . 
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In the cgs system the unit of force is defined as the dyne; hence if C is selected to be 
C = 1 dyne/(g)(cm)/s2, then when 1 g is accelerated at 1 cm/s2 

1 dyne 1 g 1 cm . 
F = (g) (em) S2 = 1 ayne 

S2 

Similarly, in the SI system in which the unit of force is defined to be the newton (N), 
if C = 1 N/(kg)(m)/s2

, then when 1 kg is accelerated at 1 m/s2, 

F = 1 N 
(kg)(m) 

S2 

1 kg 1 m = 1 N 
S2 

However, in the American engineering system we ask that the numerical value 
of the force and the mass be essentially the same at the earth's surface. Hence, if a 
mass of 1 Ibm is accelerated at g ft/s 2

, where g is the acceleration of gravity (about 
32.2 ft/5 2 depending on the location of the mass), we can make the force be 1 lbe by 
choosing the proper numerical value and units for C: 

F = (C) _l_lb_m--l-g~;t = 1 lb
f s-

Observe that for Eq. 0.2) to hold, the units of C have to be 

lb( 
C ~ -......,..--:-

Ib",(~) 

(1.2) 

A numerical value of 1/32.174 has been chosen for the constant because 
32.174 is the numerical value of the average acceleration of gravity (g) at sea level at 
45° latitude when g is expressed in ft/s 2

• The acceleration of gravi ty, you may recall, 
varies a few tenths of 1 % from place to place on the surface of the earth and changes 
considerably as you rise up from the surface as in a rocket. With this selection of 
units and with the number 32.174 employed in the denominator of the conversion 
factor, 

F - ( 1 (lbr)(S2) ) (_1 _lb_nl -+---=-g_ft) 
32. 1 74{lbm) (ft) S2 

The inverse of C is given the special symbol gc: 

(ft) (lbm) 

gc = 32.174 (s2)(lb
f
) 

1 lb f 

(1.3) 

Division by gc achieves exactly the same result as multiplication by C in Newton's 
law. You can see, therefore, that in the American engineering system we have the 
convenience that the numerical value of a pound mass is also that of a pound force if 
the numerical value of the ratio glgc is equal to 1, as it is approximately in most 
cases. A nonstandard usage sometimes encountered analogous to Ib f and Ibm is kgr 
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and kgm; a conversion factor not equal to unity is involved in the transformation by 
an equation similar to Eq. (1.2) . 

Furthermore, a one pound mass is said to weigh one pound if the mass is in 
static equilibrium on the surface of earth. We can define weight as the opposed force 
required to support a mass. For the concept of weight for masses that are not station
ary at earth's surface, or are affected by the earth's rotation (a factor of only 0.002 
times the force exerted by gravity), or are located away from the earth's surface as in 
a rocket or satellite, consult your physics text. 

To sum up, always keep in mind that the two quantities g and gc are not the 
same. Also, never forget that the pound (mass) and pound (force) are not the 
same units in the American engineering system even though we speak of pounds 
to express force, weight, or mass. Nearly all teachers and writers in physics, engi
neering, and related fields in technical communications are careful to use the terms 
"mass," "force," and "weight" properly. On the other hand, in ordinary language 
most people, including scientists and engineers, omit the designation of "force" or 
"mass" associated with the pound or kilogram but pick up· the meaning from the 
context of the statement. No one gets confused by the fact that a man is 6 feet tall 
but has only two feet. Similarly, you should interpret the statement that a bottle 
"weighs" 5 kg as meaning that the bottle has a mass of 5 kg and is attracted to the 
earth's surface with a force equal to 

(5 kg)(9.80 m/s2) = 49(kg)(m)(s-2) if g = 9.80 m/s2 

Perhaps one of these days people will speak of "massing" instead of "weighing" and 
"mass-minding" instead of "weight-watching," but probably not soon. In this book, 
we will not subscript the symbol Ib with m (for mass) or f (for force) unless it 
becomes essential to do so to avoid confusion . We will always mean by the unit Jb 
without a subscript the quantity pound mass. 

EXAMPLE 1.4 Use of gc 

Solution 

One hundred pounds of water is flowing through a pipe at the rate of 10.0 ftls. What is the 
kinetic energy of this water in (ft)(lbr)? 

kinetic energy = K = ~ mt/2 

Assume that the 100 Ib of water means the mass of the water. 

K = 1 100 Ibm 
2 (ft)(lb

m
) = 155 (ft)(lb f ) 

32.174 (s2)(lb
r
) 

EXAMPLE 1.5 Use of gc 

What is the potential energy in (ft)(tbr) of a 100-lb drum hanging 10 ft above the surface of 
the earth with reference to the surface of the earth? . 
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potential energy = P = mgh 

Assume that the 100 lb means 100 Ib mass; g = acceleration of gravity = 32.2 ft/s2. 

p = _1 0_0_I_bm--t_3_2_~;_f_t -+-_1O_f_t -+----(f-t)-O-b
m

-) = 1001 (ft)(lb f) 

32.174 (s2)(lb
t
) 

Notice that in the ratio of glgc, or 32.2 ft/s2 divided by 32.174 (ftls2) (lbm/lbr) , the numerical 
values are almost equal. A good many people would solve the problem by saying that 
100 Ib x 10 ft = 1000 (ft)(lb) without realizing that in effect they are canceling out the 
numbers in the g/gc ratio . 

EXAMPLE 1.6 Weight 

Solution 

What is the difference in the weight in newtons of a 1 DO-kg rocket at height of 10 km above 
the surface of the earth, where g = 9.76 m/s2, as opposed to its weight on the surface of the 
earth, where g = 9.80 m/s2? 

The weight in newtons can be computed in each case from Eq. (1. 1) with a = g if we ignore 
the tiny effect of centripetal acceleration resulting from the rotation of the earth (less than 
0.3%): 

. h d'« 100 kg (9.80 - 9.76)m 1 NOON 
welg t luerence = --~I-----S-2 ----ll--(k-g-)-(m-) = 4. 

S2 

Note that the concept of weight is not particularly useful in treating the dynamics of long
range ballistic missiles or of earth satellites because the earth is both round and rotating. 

You should develop some facility in converting units from the SI system into 
the American engineering system, and vice versa, since these are the two sets of 
units in this text. Certainly you are familiar with the common conversions in both 
the American engineering and the SI systems. If you have forgotten, Table 1.3 lists a 
short selection of essential conversion factors. Memorize them. Common abbrevia
tions and symbols also appear in this table. 

The distinction between uppercase and lowercase letters should be followed, 
even if the symbol appears in applications where the other lettering is in uppercase 
style. Unit abbreviations have the same form for both singular and plural, and they 
are not followed by a period (except in the case of inches). 

Other useful conversion factors are discussed in subsequent sections of this 
book. 

One of the best features of the SI system is that (except for time) units and their 
multiples and submultiples are related by standard factors designated by the prefixes 
indicated in Table 1.4. Prefixes are not preferred for use in denominators (except for 
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TABLE 1.3 Basic Conversion Factors* 

Dimension 

Length 

Volume 

Density 

Mass 

Time 

American engineering 

12 in. = 1 ft 
3 ft = 1 yd 

5280 ft = 1 mi 

lfe = 7.48 gal 

1 tonm = 2000 Ibm * 

Imin=60s 
1 hr = 60 min 

SI 

10 mmt = 1 cm t 

100 cmt = 1 m 

1 cm3t H 20 = 1 g 
1 m3 H20 = 1000 kg 

1000 g = 1 kg 

1 mint = 60 s 
1 ht = 60 mint 

Conversion: American 
engineering to SI 

1 in. = 2.54 cm 
3.28 ft = 1 m 

35.31 ft) = 1.00 m3 

1 Ib = 0.454 kg 

*Some conversion factors in this table are approximate but have sufficient precision for 
engineering calculations . 
tAn acceptable but not preferred unit in the SI system . 
1:2000 Ibm is the "short ton"; 2240 Ibm is the "long ton" ; 1000 kg = 2204.6 Ibm is the 
"metric ton." 

TABLE 1.4 Sf Prefixes 

Factor Prefix Symbol Factor Prefix Symbol 

lOIS exa E 10- 1 deci* d 
lOIS penta P 10-2 centi* c 
1012 tera T 10-3 milli m 
109 giga G 10-6 micro J.J-
106 mega M 10-9 nano n 
103 kilo k 10- 12 pieo p 
102 hecto* h 10- 15 femto f 
10' deka* da 10-18 atto a 

* Avoid except for areas and volumes. 

kg). Do not use double prefixes; that is, use nanometer, not millimicrometer. The 
strict use of these prefixes leads to some amusing combinations of nonellphonious 
sounds, such as nanonewton, nembujoule, and so forth. Also, some confusion is 
certain to arise because the prefix M can be confused with m as well as with 
M :(;: 1000 derived from the Roman numerical. When a compound unit is formed by 
multiplication of two or more other units, its symbol consists of the symbols for the 
separate units joined by a centered dot (e .g., N· m for newton meter). The dot may 
be omitted in the case of familiar units such as watthour (symbol Wh) if no confu
sion will result, or if the symbols are separated by exponents, as in N· m2kg- 2

• Hy-
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phens should not be used in symbols for compound units. Positive and negative ex
ponents may be used with the symbols for units. If a compound unit is formed by 
division of one unit by another, its symbol consists of the symbols for the separate 
units either separated by a solidus or multiplied by using negative powers (e.g., mls 
or m . s -I for meters per second). We do not use the center dot for multiplication 
in this text. A dot can easily get confused with a period or missed entirely in hand
written calculations. Instead, we will use parentheses or vertical rules, whichever is 
more convenient, for multiplication. Also, thc SI convention of leaving a space be
tween groups of numbers such as 12650 instead of inserting a comma, as in 12,650, 
will be ignored to avoid confusion in handwritten numbers. 

Note that in the S1 system the symbols are not abbreviations. A symbol such as 
dm has to be taken as a whole. When prefixes are used with symbols raised to a 
power, the prefix is also raised to the same power. You should interpret cm3 as 
(10-2 • m)3 = 10-6(m3), not as 10-2(m3) . 

Also watch out for ambiguities such as: 

N . m (newton x meter) vs. mN (millinewton) 

m's (meter x second) vs. ms (millisecond) 

and the use of symbols for units jointly with mathematical symbols leading to such 
unusual formulas as 

N = 625 N (the first N is the normal force) 

F = m (32 m' S-2) (the first m stands for mass) 

1.1 M3 Dimensional Consistency 

Now that we have reviewed some background material concerning units and dimen
sions, we can immediately make use of this information in a very practical and im
portant application . A basic principle exists that equations must be dimensionally 
consistent. What the principle requires is that each term in an equation must have 
the same net dimensions and units as every other term to which it is added or sub
tracted or equated. Consequently, dimensional considerations can be used to help 
identify the dimensions and units of terms or quantities in terms in an equation. 

The concept of dimensional consistency can be illustrated by an equation that 
represents gas behavior and is known as the van der Waals equation, an equation to 
be discussed in more detail in Chap . 3: 

~ + ;,)cv - b) = RT 

Inspection of the equation shows that the constant a must have the units of 
[(pressure)(volume)2] in order for the expression in the first set of parentheses to be 
consistent throughout. If the units of pressure are atm and those of volume are cm3

, 

a will have the units specifically of [( atm) ( cm)6]. Similarly, b must have the same 
units as V, or in this particular case the units of cm3

• All equations must exhibit di
mensional consistency. 
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EXAMPLE 1.7 Dimensional Consistency 

Solution 

Your handbook shows that microchip etching roughly follows the relation 

d = 16.2 - 16.2e-o.02Jl t < 200 

where d is the depth of the etch in microns (micrometers; I-Lm) and t is the time of the etch in 
seconds. What are the units associated with the numbers 16.2 and 0.021? Convert the rela
tion so that d becomes expressed in inches and t can be used in minutes. 

Both values of 16.2 must have the units of microns. The exponential must be dimensionless 
so that 0.021 must have the units of l/seconds . 

din. = 16.2 I-Lm 1 1m I 39.37 in. (1 _ e 0.0:1 It:;n I t, min) 
106 J-Lm 1 m 

= 6.38 X 10-4 (1 - e-1.26rmin) 

Groups of symbols may be put together t either by theory or experiment t that 
have no net units. Such collections of variables or parameters are called dimension
less or nondimensional groups. One example is the Reynolds number (group) aris
ing in fluid mechanics. 

Dvp 
Reynolds number = -- = NRe 

!.L 

where D is the pipe diameter, say in cm; v is the fluid velocity t say in cm/s; p is the 
fluid density, say in g/cm3; and /-L is the viscosity, say in centipoise, units that can be 
converted to g/(cm)(s). Introducing the consistent set of units for D, v, p, and /-L into 
Dvp/ /-L, we find, as expected t that all the units cancel out. 

Before proceeding to the next section in this chapter, we need to mention 
briefly some aspects of significant figures, accuracy, and precision of numbers. Mea
surements collected by process instruments can be expected to exhibit some random 
error and may also be biased. Resolution of the proper values to use in making ma
terial and energy balances falls into the province of statistics, and is not treated here. 
Refer to Box et a1. 3 for the appropriate techniques. 

The significant figures in a number can be formally established by using sci
entific notation~ that is, the rule that the first digit of all numbers is followed by a 

3 G. E. P. Box, W. G. Hunter. and J. S. Hunter, Statistics for Experimenters, Wiley, New York, 
1978. 
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decimal point and multiplied by a power of 10 (except for 10°). Thus 

4.61 X 103 

17 

By this convention, the number of significant figures is one (for the first digit) plus 
the number of digits following the decimal point. Some examples are 

4. 

4.0 

Number 

4.0 X 102 

4.000 X 102 

3.14096 X 10-2 

Number of 
significant digits 

1 

2 

2 
4 
6 

We also need to mention something about the accuracy and precision of num
bers as used in practice. Accuracy refers to how close a measured value is to its true 
value; precision refers to the degree of dispersion (or deviations) of measurements 
from their true values. In this book you will encounter integers such as 1, 2, 3 and 
so on, which are in some cases exact (2 reactors, 3 input streams) but in other cases 
are shortcut substitutes for presumed measurements in problem solving (3 moles, 
10 kg). You can assume that 10 kg infers a reasonable number of significant figures 
in relation to the other values of parameters stated in an example or problem, such as 
10 kg =8= 10.00 kg. You will also occasionally encounter fractions such as ~, which 
can also be treated as 0.6667 in relation to the accuracy of other values in a problem. 

Feel free to round off parameters such as '7T' = 3.1416, -v2 = 1.414, or 
Avogadro's number N = 6.02 X 1023

. The conversion factors in Table 1.3 and other 
tables in this text have been rounded so that they can be memorized without too 
much difficulty. Also round-off your answers to problems even though in the inter
mediate calculations numbers are carried out to 10 or more digits in your computer, 
because the final answers can be no more accurate than the accuracy of the numbers 
introduced into the problem during its solution. For example, in this text for conve
nience we will use 273 K for the temperature equivalent to O°C instead of 273.15 K, 
thus introducing a relative error of 0.15/273.15 = 0.00055 into a temperature cal
culation (or an absolute error of 0.15). This is such a small error relative to the other 
known or presumed errors in your calculations that it can be neglected in almost all 
instances. Keep in mind, however, that in addition, subtraction, multiplication, and 
division, the errors you introduce propagate into the final answer. In addition and 
subtraction of several numbers, the maximum absolute error (M.A.E.) is equal to 
the sum of the M.A.E.'s of the individual values. In multiplication and division, the 
maximum relative error (M.R.E.) is the sum of the M.R.E. 's of the individual val
ues. For powers and roots the M.R.E. of all the terms is the sum of the M.R.E. 's, 
each raised to the power of each term. Consequently, be cautious in truncating val
ues of known accuracy too much. Carry along more digits than you need for your 
final result, and then round-off. 
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EXAMPLE 1.8 Propagation of Error 

Solution 

Given t,be maximum absolute errors in the pressures 

PI = 2.0 ± 0.3 

P2 = 8.0 ± 0.5 

P3 = 4.0 ± 0.1 

what are the maximum absolute and relative errors in 

and 

The fractional relative errors are: 

For P4: 

0.3 = 0 15 
2.0 . 

0.5 = 0063 
8.0 . 

Ql = 0.025 
4.0 

M.R.E. in P1P2 = 0.15 + 0 .063 = 0.213 M.A.E. inp4 = 3.408 + 0.1 = 3.508 

M.A.E. in P1P2 = (0.213)(16) = 3.408 
. 3.508 

M.R.E. mp4 = w- = 0 .175 

Because the errors are known to only one significant figure, we can truncate the relative error 
to 0.2. For ps, the relative error is 

0.15 + 0.063 + 0.025 = 0.24 

and the absolute error is [Ps = (2.0)(8.0)/4.0 = 4.0] 

(4.0)(0.24) = 0.95 (or 1) 

By way of information, the error in p1 = 32 is 

M.R.E.: 

M.A.E.: 

(0.15)5 = 0.75 

(0.75)32 = 24! 

In the next section we review the concept of a mole of a material. 



Sec. 1.1 Units and Dimensions 19 

SeN-Assessment Test* 

1. Convert 20 gal/hr to m3/s; 50 Ib flio. 2 to N/m2
. 

2. 00 Phobos, the inner moon of Mars, the acceleration of gravity is 3.78 ft/sec2
• Suppose 

that an astronaut were walking around on Phobos, and this person plus space suit and 
equipment had an earth weight of 252 lb f . 

(a) What is the mass in Ibm of the astronaut' plus suit and equipment? 
(b) How much would the space-suited astronaut weigh in pounds on Phobos? 

3. Prepare a table in which the rows are: length, area, volume, mass, and time . Make two 
columns, one for the SI and the other for the American engineering systems of units . Fill 
in each row with the name of the unit, and in a third column, show the numerical equiva
lency (i.e., 1 ft = 0.3048 m). 

4. An orifice meter is used to measure flow rate in pipes . The flows rate is related to the pres
sure drop by an equation of the form 

u~c~ 
p 

where u = fluid veloei ty 
6.p = pressure drop 

p = density of the flowing fluid 
c = constant of proportionality 

What are the units of c in the SI system of units? 

5. What are the value and units of gc? 

6. In the SI system of units, the weight of a 180-1b man standing on the surface of the earth 
is approximately: 
(a) 801 N 
(c) Neither of these 

(b) 81.7 kg 
(d) Both of these 

7. The thermal conductivity k of a liquid metal is predicted via the empirical equation k = 
A exp (BIT), where k is in J/(s)(m)(K) and A and B are constants. What are the units of 
A? Of B? 

8. Fill in the following blanks: 
(a) grams of prevention is worth kilograms of cure . 
(b) A miss is as good as kilometers. 
(c) Big sale on liter hats! 

Thought Problems 

1. Comment as to what is wrong with the following two statements from a textbook: 
(a) Weight is the product of mass times the force of gravity. 
(b) A 67-kg person on Earth will weigh only 11 kg on the moon. 

2. A state representative is proposing a bill in the legislature that declares: "No person shall 
discharge into the atmosphere any gaseous effluent containing radioactive materials." 
Would you be in favor of this bill? Is it feasible? 

:;. Answers to the self-assessment test problems are given in Appendix A . 
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1.2 THE MOLE UNIT 

Your objectives in studying this 
section are to be able to: 

1. Define a kilogram mole, pound mole, and gram mole. 

2. Convert from moles to mass and the reverse for any chemical com
pound given the molecular weight. 

3. Calculate molecular weights from the molecular formula. 

What is a mole? The best answer is that a mole is a certain number of molecules, 
atoms, electrons, or other specified types of particles. 4 In particular, the 1969 Inter
national Committee on Weights and Measures approved the mole (symbol mol in the 
SI system) as being "the amount of a substance that contains as many elementary 
entities as there are atoms in 0.012 kg of carbon 12." Thus in the SI system the 
mole contains a different number of molecules than it does in the American engi
neering system. In the SI system a mole has about 6.023 x 1023 molecules; we shall 
call this a gram mole (symbol g mol) to avoid confusion even though in the SI system 
of units the official designation is simply mole (abbreviated mol). We can thereby 
hope to avoid the confusion that could occur with the American engineering system 
pound mole (abbreviated lb mol), which has 6.023 x 1023 X 453.6 molecules. Thus 
a pound mole of a substance has more mass than does a gram mole of the substance. 

Here is another way to look at the mole unit. To convert the number of moles 
to mass, we make use of the molecular weight-the mass per mole: 

or 

h I 
mass in g 

t e g mo = . 
molecular weIght 

h lb I 
mass in lb 

t e mo = . 
molecular weIght 

mass in g = (mol. wt.)(g mol) 

mass in Ib = (mol. wt.)(1b mol) 

(I.4) 

(1.5) 

(1.6) 

(1.7) 

Furthermore, there is no reason why you cannot carry out computations in terms of 
ton moles, kilogram moles, or any corresponding units if they are defined 
analogously to Eqs. 0.4) and (l.5) even if they are not standard units. If you read 

4 For a discussion of the mole concept, refer to the series of articles in J. Chern. Educ., v. 38, pp. 
549-556 (1961), and to M. L. McGlashan, Phys. &iuc., p. 276 (July 1977). 
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about a unit such as a kilomole (kmoI) without an associated mass specification, or a 
kg mol, assume that it refers to the SI system and 103 g mol . 

Values of the molecular weights (relative molar masses) are built up from the 
tables of atomic weights based on an arbitrary scale of the relative masses of the ele
ments. Atomic weight of an element is the mass of an atom based on the scale that 
assigns a mass of exactly 12 to the carbon isotope I2C, whose nucleus contains 6 pro
tons and 6 neutrons. The terms atomic "weight" and molecular "weight" are univer
sally used by chemists and engineers inst~ad of the more accurate terms atomic 
"mass" or molecular "mass." Since weighing was the original method for determin
ing the comparative atomic masses, as long as they were calculated in a common 
gravitational field, the relative values obtained for the atomic "weights" were identi
cal with those of the atomic "masses." 

Appendix B lists the atomic weights of the elements. On this scale of atomic 
weights, hydrogen is 1.008, carbon is 12.01, and so on. (In most of our calculations 
we shall round these off to 1 and 12, respectively, for convenience.) 

A compound is composed of more than one atom, and the molecular weight of 
the compound is nothing more than the sum of the weights of the atoms of which it 
is composed. Thus H2 0 consists of 2 hydrogen atoms and 1 oxygen atom, and the 
molecular weight of water is (2)(1.008) + 16.000 = 18.02. These weights are all 
relative to the 12C atom as 12.0000, and you can attach any unit of mass you de
sire to these weights; for example, H2 can be 2.016 gig mol, 2.016 lbllb mol, 
2.016 tonlton mol, and so on . Gold (Au) is 196.97 oz/oz mol! 

You can compute average molecular weights for mixtures of constant composi
tion even though they are not chemically bonded if their compositions are known ac
curately. Later (Example 1.13) we show how to calculate the average molecular 
weight of air. Of course, for a material such as fuel oil or coal whose composition 
may not be exactly known, you cannot determine an exact molecular weight, al
though you might estimate an approximate average molecular weight good enough 
for engineering calculations. Keep in mind that the symbol lb refers to Ibm unless 
otherwise stated. 

EXAMPLE 1.9 Use of Molecular Weights 

Solution 

If a bucket holds 2.00 lb of NaOH (mol. wt. = 40.0), how many 

(a) Pound moles of NaOH does it contain? 
(b) Gram moles of NaOH does it contain? 

Basis: 2.00 lb of NaOH 

(a) 2.00 lb NaOH 1 Ib mol NaOH = 0050 Ib m 1 NaOH 
40.0 Ib NaOH' 0 

_2_.0_0_1b_N_a_O_H--+_I_I_b_ffi_o_1 _N_aO_H--+_4_5_4...;::g_ID_o_1 = 22 7 1 
40.0 Ib NaOH 1 lb mol . g mo 
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or 

2.00 Ib NaOH 1 g mol NaOH = 22.7 mol 
40.0 g NaOH g 

EXAMPLE 1.10 Use of Molecular Weights 

Solution 

How many pounds of NaOH are in 7.50 g mol of NaOH? 

Basis: 7.50 g mol of NaOH 

_7_.5_0.....;;g_m_ol_N_a_O_H--+ ____ t-4_0_.0_1b_N_a_O_H_ = 0.661 Ib NaOH 
lIb mol NaOH 

Sell-Assessment Test 

1. What is the molecular weight of acetic acid (CH3 COOH)? 

2. What is the difference between a kilogram mole and a pound mole? 

3. Convert 39.8 kg of NaCI per 100 kg of water to kilogram moles of NaCI per kilogram 
mole of water. 

4. How many pound moles of NaN03 are there in 100 lb? 

5. One pound mole of Cf4 per minute is fed to a heat exchanger. How many kilograms is 
this per second? 

Thought Problem 

1. There is twice as much copper in 480 g of copper as there is in 240 g of copper, but is 
there twice as much copper in 480 g of copper as there is silver in 240 g of silver? 

1.3 CONVENTIONS IN METHODS OF ANALYSIS 
AND MEASUREMENT 

Your objectives in studying this 
section are to be able to: 

1. Defi ne den sity a nd specific gravity. 

2. Calculate the density of a liquid or solid given its specific gravity and 
the reverse. 

3. Look up the density or specific gravity of a liquid or solid in reference 
tables. 

4. Interpret the meaning of specific gravity data taken from reference ta
bles. 

5. Specify the common reference material(s) used to determine the 
specific gravity of liquids and solids. 
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6. Convert the composition of a mixture from mole fraction (or percent) 
to mass (weight) fraction (or percent) and the reverse. 

7. Transform a material from orie measure of concentration to another, 
including mass/volume, moles/volume, ppm, and molarity. 

8. Calculate the mass or number of moles of each component in a mix
ture given the percent (or fraction) composition, and the reverse, and 
compute the average molecular weight. 

9. Convert a composition given in mass (weight) percent to mole per
cent, and the reverse. 

23 

There are certain definitions and conventions which we mention at this point since 
they will be used constantly throughout the book. If you memorize them now, you 
will immediately have a clearer perspective and save considerable trouble later. 

1.3-1 Density 

Density is the ratio of mass per unit volume, as, for example, kg/m3 or lb/fe. It 
has both a numerical value and units. To determine the density of a substance, you 
must find both its volume and its mass. If the substance is a solid, a common method 
to determine its volume is to displace a measured quantity of inert liquid. For exam
ple, a known weight of a material can be placed into a container of liquid of known 
weight and volume, and the final weight and volume of the combination measured. 
The density (or specific gravity) of a liquid is commonly measured with a hydrome
ter (a known weight and volume is dropped into the liquid and the depth to which it 
penetrates into the liquid is noted) or a Westphal balance (the weight of a known 
slug is compared in the unknown liquid with that in water). Gas densities are quite 
difficult to measure; one device used is the Edwards balance, which compares the 
weight of a bulb filled with air to the same bulb when filled with the unknown gas. 

In most of your work using liquids and solids, density will not change very 
much with pressure, but for precise measurements for common substances you can 
always look up in a handbook the variation of density with pressure. The change in 
density with temperature is illustrated in Fig. 1.1 for liquid water and liquid ammo-

H20 
1.0~------~------_ 

0.9 

E 0.8 

~ 0.7 

_~ 0.6 
'" 
~ 0.5 
o 

0.4 

0.3 

0.
2
0 10 20 30 40 50 60 70 

Temperature,OC 

Figure 1.1 Densities of liquid H2 0 
and NH3 as a function of tempera
ture. 
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O.750~_----;;;-';;;-__ ~ __ --;!-;;; __ ---:::-L:::--_---:-I 
o Figure 1.2 Density of a mixture of 

ethyl alcohol and water as a function 
of composition. Composition, weight fraction alcohol 

nia. Figure 1.2 illustrates how density also varies with composition. In the winter 
you may put antifreeze in your car radiator. The service station attendant checks the 
concentration of antifreeze by measuring the specific gravity and, in effect, the den
sity of the radiator solution after it is mixed thoroughly. He has a little thermometer 
in his hydrometer kit in order to be able to read the density corrected for tempera
ture. 

, .3-2 Specific Gravity 

Specific gravity is commonly thought of as a dimensionless ratio. Actually, it should 
be considered as the ratio of two densities-that of the substance of interest, A, to 
that of a reference substance. In symbols: 

• . (lb/ ft3)A (g/cm3)A (kg /m3)A 
sp gr = specific gravity = Ob/f 3) = ( I . 3) = (k 3) (1.8) 

t ref g em ref glm ref 

The reference substance for liquids and solids is normally water. Thus the 
specific gravity is the ratio of the density of the substance in question to the density 
of water. The specific gravity of gases frequently is referred to air, but may be re
ferred to other gases, as discussed in more detail in Chap. 3. Liquid density can be 
considered to be nearly independent of pressure for most common calculations, but, 
as indicated in Fig. 1.1 it varies somewhat with temperature; therefore, to be very 
precise when referring to specific gravity, state the temperature at which each density 
is chosen. Thus 

20° 
sp gr = 0.73 40 

can be interpreted as follows: the specific gravity when the solution is at 20°C and 
the reference substance (water) is at 4°C is 0.73. Since the density of water at 4°C is 
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very close to 1.0000 glcm3 in the SI system, the numerical values of the specific 
gravity and density in this system are essentially equal. Since densities in the Ameri
can engineering system are expressed in lb/ff and the density of water is about 62.4 
Ib/fe, it can be seen that the specific gravity and density values are not numerically 
equal in the American engineering system. 

In the petroleum industry the specific gravity of petroleum products is usually 
reported in terms of a hydrometer scale called 0 API. The equation for the API scale 
is 

or 

°APl = 
141.5 

60° 
sp gr 600 

131.5 

60° 141.5 
sp gr 600 = °API + 131.5 

(1.9) 

(I.I0) 

The volume and therefore the density of petroleum products vary with temperature, 
and the petroleum industry has established 600 P as the standard temperature for vol
ume and API gravity. The ° API is being phased out as SI units are accepted for den
sities. 

There are many other systems of measuring density and specific gravity that 
are somewhat specialized; for example, the Baume (OBe) and the Twaddell (OTw) sys
terns. Relationships among the various systems of density may be found in standard 
reference books. 

I 1.3-3 Specific Volume ~ f' . 

The specific volume of any compound is the inverse of the density, that is, the vol
ume per unit mass or unit amount of material. Units of specific volume might be ft 31 
Ibm, ft31lb mole, cm3/g, bblllbm , m3/kg, or similar ratios, 

1.3-4 Mole Fraction and Mass (Weight) Fraction 

Mole fraction is simply the moles of a particular substance divided by the total 
number of moles present. This definition holds for gases, liquids, and solids. Simi
larly, the mass (weight) fraction is nothing more than the mass (weight) of the 
substance divided by the total mass (weight) of all substances present. Although the 
mass fraction is what is intended to be expressed, ordinary engineering usage em
ploys the term weight fraction. Mathematically, these ideas can be expressed as 

moles of A 
mole fraction of A = (1.11) 

total moles 

. . mass (weight) of A 
mass (weIght) fractlOn of A = 1 ('gh ) 

tota mass we} t 
(1.12) 

Mole percent and weight percent are the respective fractions times 100. 
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1.3-5 Analyses 

The analyses of gases such as air, combustion products, and the like are usually on 
a dry basis-that is, water vapor is excluded from the analysis,. Such an analysis, 
called an Orsat analysis, is explained in Sec. 2.3. If the gas acts as an ideal gas and 
its co~ponents are each measured by volume, you know (or will learn in Sec. 3.1) 
that volume percent under ordinary conditions is the same as mole percent. For ex
ample, consider the composition of air, which is approximately 

21 % oxygen 
79% nitrogen 

100% total 

This means that at room temperature and pressure, any sample of air will contain 
21 % oxygen by volume and also be 21 mole % oxygen. 

In this book, the composition of gases will always be presumed to be given in mole 
percent or fraction unless otherwise stated. 

Analysis of liquids and solids are usually given by mass (weight) percent or 
fraction, but occasionally by mole percent. 

In this text, the analysis of liquids and solids will always be assumed to be weight 
percent unless otherwise stated. 

EXAMPLE 1.11 Mole Fraction and Mass (Weight) Fraction 

Solution 

An industrial-strength drain cleaner contains 5.00 kg of water and 5.00 kg of NaOH. What 
are the mass (weight) fraction and mole fraction of each component in the bottle of water? 

Basis: 10.0 kg of total solution 

Weight Mol. kg Mole 
Component kg fraction wt. mol fraction 

H2O 5.00 ~O~~ = 0.500 18.0 0.278 0.278 = 0690 
0.403 . 

NaOH 5.00 ~O~~ = 0.500 40.0 0.125 0.125 = 0310 
0.403 . 

Total 10.00 1.000 0.403 1.00 

The kilogram moles are calculated as follows: 

18.0 kg H
2
0 = 0.278 kg mol H20 
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5.00 kg NaOH 1 kg mol NaOH 
40.0 kg NaOH = 0.125 kg mol NaOH 

Adding these quantities together gives the total kilogram moles. 

EXAMPLE 1.12 Density and Specific Gravity 

Solution 

If dibromopentane (DBP) has a specific gravity of 1.57, what is its density in (a) g/cm3? (b) 
Ibmlft3? and (c) kg/m3? 

No temperatures are cited for the dibromopentane or the reference compound (presumed to 
be water); hence we assume that the temperatures are the same and that water has a density of 
1.00 x 103 kg/m3 (1.00 g/cm3). 

(a) 

gDBP 1.00 g H2 O 1.57 --3-
em em3 = 1.57 g DBP 

00 g H2 O em3 

1. 3 
cm 

IbrnDBP 6 Ibm H2 0 
1.57 ft3 2.4-

f
-e- - 9 9 IbmDBP 

1.00 Ibm H2 O 
- 7. 7 -f-t3-

ft3 

(b) 

1.57 g DBP 1 kg 1.57 X 103 kg ~BP 
em) 1000 g m 

(c) 

or 

1.57 kg DBP 1.00 x 103 kg H20 

m
3 

m3 
_ 57 03 kg DBP -----+---------- - 1. x 1 --3-

1.00 kg H2 0 m 

m3 

Note how the units of specific gravity as used here clarify the calculations. 

EXAMPLE 1.13 Average Molecular Weight of Air 

Solution 

What is the average molecular weight of air and its composition by weight percent? 

Component 

Basis: 100 lb mol of air 

Moles = percent 

21.0 
79.0 

100 

Mol. wt. 

32 
28.2 

Ib 

672 
2228 
2900 

weight % 

23.17 
76.83 

100.00 

*Includes Ar, CO2 , Kr, Net and Xe, and is called atmospheric nitrogen. The molecular 
weight is 28.2. 
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Table 1.5 lists the detailed composition of air. 
The average molecular weight is 2900 IbllOO Ib mol = 29.00. 

TABLE 1.5 Composition of Clean, Dry 
Air near Sea Level 

Percent by volume 
Component :: mole percent 

Nitrogen 78.084 
Oxygen 20.9476 
Argon 0.934 
Carbon dioxide 0.0314 
Neon 0.001818 
Helium 0.000524 
Methane 0.0002 
Krypton 0.000114 
Nitrous oxide 0.00005 
Hydrogen 0.00005 
Xenon 0.0000087 
Ozone 

Summer 0-0.000007 
Winter 0-0.000002 

Ammonia O-trace 
Carbon monoxide O-trace 
Iodine O~O.OOOOOl 

Nitrogen dioxide 0-0.000002 
Sulfur dioxide 0-0.0001 

Chap. 1 

Do not attempt to get an average specific gravity or average density for a mix
ture of solids or liquids by multiplying the individual component specific gravities or 
densities by the respective mole fractions of the components in the mixture and sum
ming the products. The proper way to use specific gravity is demonstrated in the next 
example. 

EXAMPLE 1.14 Application of Specific Gravity 

Solution 

In the production of a drug having a molecular weight of 192, the exit stream from the reac
tor flows at the rate of 10.3 L/min. The drug concentration is 41.2% (in water), and the 
specific gravity of the solution is 1.025. Calculate the concentration of the drug (in kg/L) in 
the exit stream, and the flow rate of the drug in kg mol/min. 

For the first part of the problem, we want to transform the mass fraction of 0.412 into mass 
per liter of the drug. Take 1.000 kg of exit solution as a basis for convenience. See Fig. 
El.14. 

Basis: 1.000 kg solution 
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Reactor 
0.412 kg Drug 

0 .588 kg Woter 
Figure E1.14 
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How do we get mass per volume (the density) from the given data which is in terms of mass 
per mass? Use the specific gravity of the solution. 

1.025 g soln 1.000 g H2 0 

density of solution = ___ c_m_3_1--___ c_m_3_ = 1.025 g soln 
1.000 g H230 em

3 

em 

Next 

1. 000 kg soln 1 em3 

103 em) 
1 L = 00422 kg drug/L soln 

00412 kg drug 1.025 g soln 

To get the flow rate, we take a different basis, 1 minute. 

Basis: 1 min == 10.3 L solution 

_1 0_._3_L_s_o_ln-+-_O_A_2_2_k--=g:-d_ru---=.g -+-1_kg~m_o_l _dr_u~g = 0 0226 k lI' n 
1 min L soln 192 kg drug . g rna rru 

1.3~6 Concentrations 

Concentration means the quantity of some solute per fixed amount of solvent, or so
lution, in a mixture of two or more components; for example: 

(a) Mass per unit volume Obm of solute/fe, g of solute/L, Ibm of solute/bbl, kg of 
solute/m3

) . 

(b) Moles per unit volume (lb mol of solute/ft3
, g mol of solute/liter, g mol of sol

ute/cm3
). 

(c) Parts per million-a method of expressing the concentration of extremely di
lute solutions. Ppm is equivalent to a weight fraction for solids and liquids be
cause the total amount of material is of a much higher order of magnitude than 
the amount of solute; it is a mole fractron for gases. Why? 

(d) Other methods of expressing concentration with which you should be familiar 
are molarity (g molelliter) and normality (equivalents/liter). 

A typical example of the use of some of these concentration measures is the set 
of guidelines by which the Environmental Protection Agency defined the extreme 
levels at which the five most common air pollutants could harm people over stated 
periods of time. 

(a) Sulfur dioxide: 365 p.,g/m3 averaged over a 24-hr period 

(b) Particulate matter: 260 J.L g/m) averaged over a 24-hr period 
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(c) Carbon monoxide: 10 mg/m3 (9 ppm) when averaged over an 8-hr period; 
40 rug/m3 (35 ppm) when averaged over 1 hr 

(d) Nitrogen dioxide: 100 j.Lg/m3 averaged over 1 year 

It is important to remember that in an ideal solution, such as in gases or in a 
simple mixture of hydrocarbon liquids or compounds of like chemical nature, the 
volumes of the components may be added without great error to get the total volume 
of the mixture. For the so-called nonideal mixtures this rule does not hold, and the 
total volume of the mixture is bigger or smaller than the sum of the volumes of the 
pure components. 

In Chap. 2 we will use stream flows and compositions in making material bal
ances. To calculate the mass flow rate, rh, from a known volumetric flow rate, q, 
you mUltiply the volumetric flow rate by the mass concentration thus 

q m3 p kg . kg 
-=----+-=--==m-

s m3 s 

How would you calculate the volumetric flow rate from a known mass flow rate? 
From the volumetric flow rate you can calculate the average velocity, v, in a pipe if 
you know the area, A, of the pipe from the relation 

q = Av 

Self-Assessment Test 

1. Answer the following questions true (T) or false (F). 
(a) The density and specific gravity of mercury are the same. 
(b) The inverse of density is the specific volume. 
(c) Parts per million expresses a mole ratio. 
(d) Concentration of a component in a mixture does not depend on the amount of the 

mixture. 

2. A cubic centimeter of mercury has a mass of 13.6 g at the earth's surface. What is the 
density of the mercury? 

3. What is the approximate density of water at room temperature? 

4. For liquid HCN, a handbook gives: sp gr lOoC/4°C = 1.2675. What does this mean? 

5. For ethanol, a handbook gives: sp gr 60oP/60°F = 0.79389. What is the density of 
ethanol at 600 P? 

6. Commercial sufuric acid is 98% H2 S04 and 2% H2 O. What is the mole ratio of H2 S04 
to H2 0? 

7. A container holds 1.704 Ib of HN03/1b of H2 0 and has a specific gravity of 1.382 at 
20°C. Compute the composition in the following ways: 
(a) Weight percent HN03 

(b) Pounds HN03 per cubic foot of solution at 200 e 
(c) Molarity at 20°C 
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8. The specific gravity of steel is 7.9. What is the volume in cubic feet of a steel ingot 
weighing 4000 lb? 

9. A solution contains 25% salt by weight in water. The solution has a density of 1.2 g/cm3. 

Express the composition as: 
(a) Kilograms salt per kilogram of H2 0 
(b) Pounds of salt per cubic foot of solution 

10. A liquefied mixture of n-butane, n-pentane, and n-hexane has the following composition 
in percent: 

n-C4 HIO 50 

n-CS H12 30 

n-C6 H14 20 

For this mixture, calculate: 
(a) The weight fraction of each component 
(b) The mole fraction of each component 
(c) The mole percent of each component 
(d) The average molecular weight 

Thought Problems 

1. "Drop in the Bucket. Service Station Operator Balks At Paying for 'Shrinking' Gasoline" 
was a recent headline in the newspaper. The way the station operator sees it, when you 
pay for a gallon of gasoline, you should get a gallon of gasoline. He contends he's paying 
for thousands of gallons of gasoline each year he doesn't get. He's suing to try to settle the 
issue. 

The issue is "shrinking" gasoline. According to the American Petroleum Institute, 
gasoline shrinks at the rate of six gallons per 10,000 gallons for every one-degree-Fahren
heit drop in temperature and expands at the same rate when the temperature rises. On a 
typical 8,000-gallon shipment from a refinery at, say, 75 degrees, that means a loss of 72 
gallons when the gasoline gets stored in the station operator's 60-degree underground 
tanks and thereafter is sold to customers . 

"It may seem like a small matter," he say~, "but I'm a high-volume dealer, and I 
lose $3,000 to $4,000 a year to shrinkage." Major oil companies adjust their billing for 
temperature changes in big shipments to each other, but "We don't bill that way because 
changes in temperature in winter and summer balance each other out, so the dealer comes 
out pretty much even," an oil company spokesman says. 

"Dealers Don't Agree" was the next heading. "Dealers say that's nons~nse." Why 
do you think the dealers believe the lack of temperature billing is not fair? 

2. The National Museum is considering buying a Maya plaque from Honduras that the seller 
claims to be jade. Ja~e is either jadite (sp gr 3.2 to 3.4) or nephrite (sp gr 3.0). What liq
uid would you recommend using to test whether or not the mask is jade? 

3. A refinery tank that had contained gasoline was used for storing pentane. The tank over
flowed when the level indicator said that it was only 85% full. The level indicator was a 
DP cell that measured weight of fluid. Can you explain to the operator what went wrong? 
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1.4 BASIS 

Your objectives in studying this 
section are to be able to: 

1. State the three questions useful in selecting a basis. 

2. Apply the three questions to problems and select a suitable basis or 
sequences of bases. 

Have you noted in previous examples that the word basis has appeared at the top of 
the computations? This concept of basis is vitally important both to your understand
ing of how to solve a problem and also to your solving it in the most expeditious 
manner. The basis is the reference chosen by you for the calculations you plan to 
make in any particular problem, and a proper choice of basis frequently makes the 
problem much easier to solve . The basis may be a period of time-for example, 
hours, or a given mass of material-such as 5 kg of CO2 or some other convenient 
quantity . In selecting a sound basis (which in many problems is predetermined for 
you but in some problems is not so clear), you should ask yourself the following 
questions: 

(a) What do I have to start with? 
(b) What do I want to find out? 
(c) What is the most convenient basis to use? 

These questions and their answers will suggest suitable bases. Sometimes, 
when a number of bases seem appropriate, you may find it is best to use a unit basis 
of I or 100 of something, as, for example, kilograms, hours, moles, cubic feet. For 
liquids and solids when a weight analysis is used, a convenient basis is often I or 
100 Ib or kg; similarly, 1 or 100 moles is often a good choice for a gas. The reason 
for these choices is that the fraction or percent automatically equals the number of 
pounds, kilograms, or moles, respectively, and one step in the calculations is saved. 

EXAMPLE 1.15 Choosing a Basis 

Solution 

Aromatic hydrocarbons form 15 to 30% of the components of leaded fuels and as much as 
40% of nonleaded gasoline. The carbon/hydrogen ratio helps to characterize the fuel compo
nents. If a fuel is 80% C and 20% H by weight, what is the C/H ratio in moles? 

If a basis of 100 lb or kg of oil is selected, percent = pounds or kilograms. 

Basis: 100 kg of oil (or 100 Ib of oil) 
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Component 

C 
H 

Total 

kg = percent or 
Ib = percent 

80 
20 

100 

Mol. wt. 

12.0 
1.008 

Consequently, the C/H ratio in moles is 

6.67 
C/H = -- = 0.336 

19.84 

kg molar 
Ib mol 

6.67 
19.84 
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EXAMPLE 1.16 Choosing a Basis 

Solution 

Most processes for producing high-energy-content gas or gasoline from coal include some 
type of gasification step to make hydrogen or synthesis gas. Pressure gasification is preferred 
because of its greater yield of methane and higher rate of gasification. 

Given that a 50.0-kg test run of gas averages 10.0% H2 , 40.0% CH4 , 30.0% CO, and 
20.0% CO2 , what is the average molecular weight of the gas? 

The obvious basis is 50.0 kg of gas ("what I have to start with"), but a little reflection will 
show that such a basis is of no use. You cannot multiply mole percent of this gas times kg and 
expect the answer to mean anything. Thus the next step is to choose a "convenient basis," 
which is 100 kg molar lb mol of gas, and proceed as follows: 

Component 

Ba~is: 100 kg molar Ib mol of gas 

percent = kg mol 
or lb mol 

20.0 
30.0 
40.0 
10.0 

100.0 

Mol. wt. 

44.0 
28.0 
16.04 
2.02 

kg or lb 

880 
840 
642 

20 

2382 

2382 kg 
average molecular weight = 1 = 23.8 kg/kg mol 

100 kg mo 

It is important that your basis be indicated near the beginning of the prob
lem so that you will keep clearly in mind the real nature of your calculations and so 
that anyone checking your problem will be able to understand on what basis they are 
performed. If you change bases in the middle of the problem, a new basis should be 
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indicated at that time. Many of the problems that we shall encounter will be solved 
on one basis and then at the end will be shifted to another basis to give the desired 
answer. The significance of this type of manipulation will become considerably 
clearer as you accumulate more experience. 

EXAMPLE 1.17 Changing Bases 

Solution 

A sample of medium-grade bituminous coal analysis is as follows: 

Component Percent 

S 2 
N 1 
0 6 
Ash 11 
Water 3 

The residuum is C and H in the mole ratio HIC = 9. Calculate the weight fraction composi
tiqn of the coal with the ash and the moisture omitted. 

Take as a basis 100 kg of coal, for then percent = kilograms. 

Basis: 100 kg of coal 

The sum of the S + N + 0 + ash + water is 

2 + 1 + 6 + 11 + 3 = 23 kg 

Hence the C + H must be 100 - 23 = 77 kg. 
To determine the kilograms of C and H, we have to select a new basis. Is 77 kg satis

factory? No. Why? Because the H/~ ratio is in terms of moles, not weight (mass). Pick in
stead: 

Basis: 100 kg mol of C + H 

Component Mole fraction kg mol Mol. wt. kg 

H 
9 

1 + 9 = 0.90 90 1.008 90.7 

C 
1 1+9 = 0.10 10 12 120 

Total 1.00 100 210.7 

Finally, to return to the original basis, we have 

H: 7_7_k....;:;,.g-t-_9_O_.7-----'kg::...-H_ 33 15 k H 
210.7 kg total = . g 
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77 kg 
C: 

120 kg C _ 4 
210.7 kg total - 3.85 kg C 

and we can prepare a table summarizing the results. 

Component kg Wt. fraction 

C 43.85 0.51 
H 33.15 0.39 
S 2 0.02 
N I 0.01 
0 6 0.07 
Total 86.0 1.00 
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The ability to choose the basis that requires the fewest steps in solving a prob
lem can only come with practice. You can quickly accumulate the necessary experi
ence if, as you look at each problem illustrated in this text, you determine first in 
your own mind what the basis should be and then compare your choice with the se
lected basis. By this procedure you will quickly obtain the knack of choosing a 
sound basis. 

Self-Assessment Test 

1. What are the three questions you should ask yourself in selecting a basis? 
2. What would be good initial bases to select in solving Problems 1.13, 1.18, 1.30, and 

1.47? 

1.5 TEMPERATURE 

Your objectives in studying this 
section are to be able to: 

1. Define temperature. 
2. Explain the difference between absolute temperature and relative tem· 

perature. 

3. Convert a temperature in any of the four scales (OC, K, of, OR) to any of 
the others. 

4. Convert an expression involving units of temperature and tempera
ture difference to other units of temperature and temperature differ· 
ence. 

5. Know the reference points for the four temperature scales. 
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Our concept of temperature no doubt originated with our physical sense of hot and 
cold. Temperature can be rigorously defined once you have an acquaintence with 
thermodynamics. but here we simply paraphrase Maxwell's definition: 

The temperature of a body is a measure of its thermal state considered in reference to 
its power to transfer heat to other bodies. 

Measurement of the thermal state can be accomplished through a wide variety of in
struments, including 

(a) A thermometer containing a liquid such as mercury or alcohol. 
(b) The voltage produced by a junction of two dissimilar conductors that changes 

with temperature and is used as a measure of temperature (the thermocouple). 

(c) The property of changing electrical resistance with temperatures gives us a 
device known as the thermistor'. 

(d) Two thin strips of metal bonded together at one end expand at different rates 
with change of temperature. These strips assist in the control of the fiow of 
water in the radiator of an automobile and in the operation of air. conditioners 
and heating systems. 

(e) High temperatures can be measured by devices called pyrometers, which note 
the radiant ~nergy leaving a hot body. 

Figure 1.3 illustrates the appropriate ranges for various temperature-measuring 
devices. 

Temperature is normally measured in degrees Fahrenheit . or Celsius 
(centigrade). The common scientific scale is the Celsius scale,' where 0° is the ice 
point of water and 100° is the normal boiling point of water. In the early 1700s, 
Gabriel D. Fahrenheit (1686-1736), a glassblower by trade, was able to build mer
cury thermometers that gave temperature measurements in reasonable agreement
with each other. The. Fahrenheit scale is the one commonly used in everyday life in 
the United States. Its reference points are of more mysterious origin, but it is re
ported that the fixed starting point, or 0° on Fahrenheit's scale, was that produced 
by surrounding the bulb of the thermometer with a mixture of snow or ice and sal 
ammoniac; the highest temperature was that at which mercury began to boil. The 
distance between these two points was divided into 600 parts or degrees. By trial 
Fahrenheit found that the mercury stood at 32 of these divisions when water just be
gan to freeze, the temperature of human blood was at 96 divisions, and the mercury 
was at 212 divisions when the .thermometer was immersed in boiling water. In the SI 
system, temperature is measured in kelvin, a unit named after the famous Lord 
Kelvin (1824-1907). Note that in the Sf system the degree symbol is suppressed 
(e.g., the boiling point of water is 373 K). 

The Fahrenheit and Celsius scales are relative scales; that is, their zero points 
were arbitrarily fixed by their inventors .. Quite often it is necessary to use absolute 

5 As originally devised by Anders Celsius a Swedish astronomer (1701-1744) in 1742, the freez
ing point was designated as 100°. Officially, °C now stands for degrees Celsius. 
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'R 'F 'c K 

Iron boils 
5500 

3000 

29.00 

'" 5500 5000 ' 2800 

! 2700 
3000 

Molybdenum melts 
2600 -< c 

5000 4500 
~ 

2500 .,;: 
Iridium melts or 

2400 ~ 

Silicon boils 
, 
" 2300 0 a: 

4500 4000 2500 '" 
E' 

2200 '" 3 
0 

2100 ~ 

Aluminum boils ~ 

" Alumina melts 4000 2000 
Rhodium melts 3500 '" ro 

1900 ~ 

Titanium melts 1800 ~ Platinum melts 2000 ~r -I 3500 1700 
Lead boils 3000 3" 

1600 
,~ 

Iron melts 
.,,3 
§:g 

Nkkel melts 1500 -'0 
~c 

Silean melts 
c~ 

3000 2500 1400 3,.-
,~ 

"'-BOO ~"-
0-

1500 9,-<" 
1200 c~ 

Gloss melts 2500 2000 I~ 
3~ 

Gold melts 1100 lr---
Silver melts 1000 ." ;;J 

-n f---

" s: " Brass melts 900 '" ~ ~ ~ 

2000 0 

" 3' 
~ 1500 

~ 
3 c ,"' 

Sodium chloride melts 800 §: "- 3 Q or 
1000 o· , 

iR il 700 ~ l> iR " ~. = 3 §." 3' 
600 ro 

1500 3 "- ~ 0 0 

1000 0 ~ " 0 ro 0 ~ 

500 3 ro 3' lr---Sulphur boils ro = = 
~ 

ro = 
400 [ 3 ro = m 

Mercury boils 0 3 " 3' 
1000 300 , 3 0 !il ro 

500 g '" 
3 5' s: 500 '" 200 ~ -< -< ro 5' 1i 3 

~ 212 100 
~ 0 

~ 3 0 

500 
ro 3 

Waler freezes 32 0-273,15 '---' 
or ro 
~ if 

-100 f'-.--...' ' 
Oxygen boi 15 

-200 "-' '---' 
Hydrogen boils 

0 0 "Absolute zero" Helium boils -459.58 -273,15 

Figure 1,3 Temperature measuring instruments span the range from near 
absolute zero to beyond 3000 K, The chart indicates the preferred methods 
of thermal instrumentation for various temperature regions. 
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temperatures instead of relative temperatures. Absolute temperature scales have their 
zero point at the lowest possible temperature which we believe can exist. As you 
may know, this lowest temperature is related both to the ideal gas laws and to the 
laws of thermodynamics. The absolute scale which is based on degree units the size 
of those in the Celsius (centigrade) scale is called the kelvin scale; the absolute scale 
which corresponds to the Fahrenheit degree scale is called the Rankine scale in 
honor of W. J. M. Rankine (1820-1872), a Scottish engineer. The relations be
tween relative temperature and absolute temperature are illustrated in Fig. 1.4. We 
shall round off absolute zero on the Rankine scale of -459.67° to -460°F; simi
larly, -273. 15°C will be rounded off to -273°C. In Fig. 1.4 all the values of the 
temperatures have been rounded off, but more significant figures can be used. O°C 
and its equivalents are known as standard conditions of temperature. 

212 672 Boiling point of 373 100 

1 
water ot 760 mm Hg 

1 32 492 Freezing point of water 273 J 
0460 255 -18 

-40 420 0C = of 233 -40 

±o 
m m .= ~ c ~ c .- > .~ 
m = -
~ c m 0; 
~ c 

'" U 
c '" "-

-4600 ·Absolute zero o -273 Figure 1.4 Temperature scales. 

You should recognize that the unit degree (i.e., the unit temperature differ
ence) on the kelvin-Celsius scale is not the same size as that on the Rankine
Fahrenheit scale. If we let il of represent the unit temperature difference in the 
Fahrenheit scale, il oR be the unit temperature difference in the Rankine scale, and 
iloC and ilK be the analogous units in the other two scales, you should be aware that 

iloF = iloR (1.13) 

ilOc = ilK (1.14) 

Also, if you keep in mind that the il °c is larger than the il of, 
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11°C 
11°C = 1.811°F (1.15) 110F = 1.8 or 

11K 
11K = 1.811°R (1.16) I10R = 1.8 or 

Unfortunately, the symbols 11°C, 11°F, 11K, and 11 oR are not in standard usage be
cause the 11 symbol becomes inconvenient, especially in typing. A few books try to 
maintain the difference between degrees of temperature (OC, of, etc.) and the unit 
degree by assigning the unit degree the symbol Co, FO, and so on. But most journals 
and texts use the same symbol for the two different quantities. Consequently, the 
proper meaning of the symbols °c, of, K, and oR, as either the temperature or 
the unit temperature difference, mnst be interpreted from the context of the 
equation or sentence being examined. 

You should learn how to convert one temperature to another with ease. The re
lations between oR and of and between K and °c are, respectively, 

(
I I1°R) To.. = Top 1110F + 460 (1.17) 

(
I 11K) TK = Toe 1110C + 273 (1.18) 

Because the relative temperature scales do not have a common zero at the same tem
perature, as can be seen from Fig. 1.4, the relation between OF and °c is 

(
1.8 11°F) 

ToF - 32 = Toe 1110C (1.19) 

After you have used Eqs. (1.17)-(1.19) a bit, they will becom~ so familiar that tem
perature conversion will become an automatic reflex. During your "learning period," 
in case you forget them, just think of the appropriate scales side by side as in Fig. 
1.4, and put down the values for the freezing and boiling points of water. Or, you 
can recover Eq. (1.19) by recognizing that the equation is linear (see Appendix M) 

(1.20) 

Insert two known pairs of values of Top and Toe in Eq. (1.20) and solve the resulting 
two equations together. For example, DoC corresponds to 32°F, and. 100°C corre
sponds to 212°F: 

32 = bo + b.1.\fj) 
212 = bo + b;'WOO) 

Solution of Eqs. (1.2Ia) and (1.2Ib) together yields 

bo = 32.00, b l = 1.800 

so that Top = 32 + 1. 8Toe. 

(1.2Ia) 

(1.21b) 
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EXAMPLE 1.18 Temperature Conversion 

Convert 100'C to (a) K, (b) 'F, and (c) 'R. 

Solution 

(a) (100 + 273)'C; :~ = 373 K 

or with suppression of the a symbol, 

(b) 

(c) 

or 

(100 + 273)'C ~,~ = 373 K 

I 8'P 
(lOO'C) ;'C + 32'F = 212'F 

(373K) 1.8'R = 672'R 
I K 

The suppression of the a symbol perhaps makes the temperature relations more familiar 
looking. 

EXAMPLE 1.19 Temperature Conversion 

Solution 

The thermal conductivity of aluminum at 32'F is 117 Btu/(hr)(ft')('F/ft). Find the equivalent 
value at O'C in terms of Btu/(hr)(ft')(K/ft). 

Since 32°P is identical to ooe, the value is already at the proper temperature. The "oF" in the 
denominator of the thermal conductivity actually stands for /lop, so that the equivalent value 
is 

-;::l1--o7c-'(B""t7U)",(f=t)+-:-,-:--=-+-,II"':~='KC = 211 (Btu)/(hr)(ff)(K/ft) 
(hr)(ft')(fl'F) .. 

or with the fl symbol suppressed, 

.::,;11;.:.7,-7(B;::.;t:c;u)",,(f;c-t) +-'=+:-11 ':O-KC = 211 (Btu)/(hr )(ft')(K/ft) 
(hr)(ft')('F) 

EXAMPLE 1.20 Temperature Conversion 

The heat capacity of sulfuric acid in a handbook has the units call(g mol)('C) and is given by 
the relation 

heat capacity = 33.25 + 3.727 x lO-'T 
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where T is expressed in °e. Modify the formula so that the resulting expression gives units of 
Btu/(Ib moI)eR) and T is in oR. 

The units of °C in the denominator of the heat capacity are aoc, whereas the units of Tare 
°e. First, substitute the proper relation in the formula to convert Tin °C to T in oR, and then 
convert the units in the resulting expression to those requested. 

heat capacity = {33.25 + 3.727 X IO-Z
[ (ToR - 460 - 32) /8]} (g ::I;(OC) 

X /;~ = 23.06 + 2.071 X 10-2 T"R 

Self-Assessment Test 

1. What are the reference points of (a) the Celsius and (b) Fahrenheit scales? 
2. How do you convert a temperature difference, A, from Fahrenheit to Celsius? 
3. Is the unit temperature difference ~oC a larger interval than ~OF? Is 10°C higher than 

IO"F? 
4. In Appendix E, the heat capacity of sulfur is Cp = 15.2 + 2.68T, where Cp is in 

J/(g moI)(K) and T is in K. Convert so that Cp is in call(g molWF) with T in of. 
5. Complete the following table with the proper equivalent temperatures: 

°C OF K OR 

-40.0 

77.0 
698 

69.8 

6. Suppose that you are given a tube partly filled with an unknown liquid and are asked to 
calibrate a scale on the tube in °e. How would you proceed? 

7. Answer the following questions: 
(a) In relation to absolute zero, which is higher, l°e, or 1°F? 
(b) In relation to O°C, which is higher, 1°C, or 1°F? 
(e) Which is larger, l~oC or I~OF? 

Thought Problem 

1. In reading a report on the space shuttle you find the statement that "the maximum temper
ature on reentry is 14S2.2°C. How many significant figures do you think are represented 
by this temperature? 
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1.6 PRESSURE 

Your objectives in studying this 
section are to be able to: 

1. Define pressure, atmospheric pressure, barometric pressure, standard 
pressure, and vacLium. 

2. Explain the difference between absolute pressure and relative pres· 
sure (gauge pressure). 

3. List four ways to measure pressure. 

4. Convert from gauge pressure to absolute pressure and the reverse. 
5. Convert a pressure measured in one set of units to another set, includ

ing kPa, mm Hg, in. H,O, ft H,O, atm, in. Hg, and psi using the stan
dard atmosphere or density ratios of liquids. 

6. Calculate the pressure from the density and height of a column of 
fluid. 

Pressures, like temperatures, can be expressed by either absolute or relative scales. 
Pressure is defined as "normal force per unit area." Figure 1.5 shows a cylinder of 
water. Pressure is exerted on the top of the water by the atmosphere, and on the bot
tom of the cylinder by the water. If a hole were drilled in the side of the cylinder, 
you would have to exert a force against the water surface area by means of a plug to 
prevent the water from exiting the cylinder through the hole. 

Figure 1.5 Pressure is the normal 
force per unit area. Arrows show 
the force exerted on the respective 
areas. 

Figure 1.6 shows a column of mercury held in place by a sealing plate. Recall 
from physics that at the bottom of the column of mercury 

F 
p=-=pgh+po 

A 
(1.22) 
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em 

Closure plate Figure 1.6 Pressure of a column 
of mercury. 

where p = pressure at the bottom of the column of the fluid 
F = force 
A = area 
p = density of the fluid 
g = acceleration of gravity 
h = height of the fluid column 

po = pressure at the top of the column of fluid 

Suppose that the column of mercury has an area of I em' and is 50 cm high. 
From Table D.I we can find that the sp gr at 20°C and hence the density. essentially. 
of the Hg is 13.55 g/cm'. Thus the force exerted on the I-cm' section of that plate 
by the column of mercury is 

F = 13.55 g 
cm' 

= 6.64 N 

1m 

100 cm 

The pressure on the section of the plate covered by the mercury is 

6.64 N 100 cm ' = 6.64 X 104~ 
P=lcm' 1m m' 

IN 
I (kg)(m) 

s' 

If we had started with units in the American engineering system. the pressure would 
be computed as 

845.5 Ibm I in. I ft 
P = -1:-f-:ct',.....:::+---;,.-+--~1-2::-.-=-54.,---cm--l---:c12:-in:--. +-"3-=-2.-c-17=-4:-;(f""'t)cc(l=-bm-:-) 

= 1388
1br 
ft' 

(s)'(lbr) 

Sometimes in engineering practice, a liquid column is referred to as head of liquid, 
the head being the height of the column of liquid. A pressure cau be interpreted as 
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the head, h, of a hypothetic column of liquid, so that the pressure at the base of a 
column of liquid would be calculated, say in inches of mercury, as 

p (in inches of Hg) = Po (in inches of Hg) + h (in inches of Hg) (1.23) 

where po is the gas pressure on the top of the column of mercury. Water, oil, or any 
other liquid could be substituted for Hg in Eq. (1.23). For example, suppose that you 
measure the pressure in a tank of water 2 ft down from the surface as 404.92 in. 
H2 0. What is.the pressure 4 ft down from the surface? You can use Eq. (1.22) to 
calculate the pressure, but it is just as easy to use Eq. (1.23). 

p = 404.92' in. H2 0 + 2 ft (12 in.lft) = 428.92 in. H2 0 (1.24) 

Whether relative or absolute pressure is measured iu a pressure-measur
ing device depends on the. nature of the instrument used to make the measure
ments_ For example, an open-end manometer (Fig. 1.7a) would measure a relative 
pressure, since the reference for the open end is the pressure of the atmosphere at 
the open end of the manometer. On the other hand, closing off the end of the 
manometer (Fig. 1. 7b) and creating a vacuum in the end results in a measurement 
against a complete vacuum, or against "no pressure." This measurement is called ab
solute pressure. Since absolute pressure is based on a complete vacuum, a fixed ref
erence point which is unchanged regardless of location or temperature or weather or 
other factors, absolute pressure then establishes a precise, invariable value which can 
be readily identified. Thus, the zero point for an absolute pressure scale corresponds 
to a perfect vacuum, whereas the zero point for a relative pressure scale usually cor
responds to the pressure of the air which surrounds us at all times, and as you know, 
varies slightly. 

Air 

~ 
Ah ' 1t.0 in. Hg 

.l.-

I 
b.h =40.10cm Hg 

L 

Vacuum 

Figure 1.7 (a) Open-end manome
ter showing a pressure above atmo
spheric pressure. (b) Absolute 
pressure manometer. 

If a mercury reading is set up as illustrated in Fig. 1.8, with the dish open to 
the atmosphere, the device is called a barometer and the reading of atmospheric 
pressure is termed barometric pressure. 
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Open to the 
afmosphere 

45 

Vacuum 

Figure 1.8 A barometer. 

An understanding of the principle upon which a manometer operates will aid 
you in recognizing the nature of the pressure measurement taken from it. As shown 
in Fig. I. 7a for an open-end U-tube manometer, if the pressure measured for the N2 
is greater than atmospheric, the liquid is forced downward in the leg to which the 
pressure source is connected and upward in the open leg. Eventually, a point of hy
drostatic balance is reached in which the manometer fluid stabilizes. The pressure 
exerted at the bottom of the U-tube in the part of the tube open to the atmosphere 
exactly balances the pressure exerted at the bottom of the U-tube in the part of the 
tube connected to the tank of Ni. Furthermore, the difference between the height of 
fluid in the leg open to the atmosphere and the height. of fluid in the leg attached to· 
the tank is exactly equal to the difference between the pressure in the tank and atmo
spheric pressure (expressed in units of fluid column length). If some degree of vac
uum instead of a high pressure existed in a tank in an arrangement similar to that 
shown in Fig. 1.7a, the fluid column would rise on the vacuum side. Again, the dif
ference in pressure between the pressure source in the tank and atmospheric pressure 
would be measured by the difference in the height of the two legs of fluid. Water and 
mercury are commonly used indicating fluids for manometers; the readings thus can 
be expressed in "inches or cm of water," "inches or em of mercury," "mm of fluid 
flowing," and so on. (In ordinary engineering calculations we ignore the vapor pres
sure of mercury and minor changes in the density of mercury due to temperature 
changes in making pressure measurements.) . 

Another type of common measuring device is the visual Bourdon gauge (Fig. 
I. 9), which normally (but not always) reads zero pressure when open to the atmo
sphere. The pressure-sensing device in the Bourdon gauge is a thin metal tube with 
an elliptical cross section closed at one end which has been bent into an arc. As the 
pressure increases at the open end of the tube, it tries to straighten out, and the 
movement of the tube is conyerted into a dial movement by gears and levers. Figure 
I. 9 also illustrates a diaphragm capsule gauge. Figure 1.10 indicates the pressure 
ranges for the various pressure-measuring devices. 

Pressure scales may be temporarily somewhat more confusing than temperature 
scales since the reference point or zero point for the relative pressure scales is 
not constant, whereas in the temperature scales the boiling point or the freezing 
point of water is always a fixed value. However, you will become accustomed to this 
feature with practice. 

The relationship between relative and absolute pressure is illustrated in Figs. 
1.11 and 1.12 and is given by the following expression: 

gauge pressure + barometer pressure = absolute pressure (U5) 
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Figure 1.9 Bourdon and diaphragm pressure-measuring devices. 

Equation (1.25) can be used only with consistent units. Note that you must add the 
atmospheric pressure (i.e., the barometric pressure) to the gauge, or relative pres
sure (or manometer reading if open on one end), in order to get the absolute 
pressure. 

Another term applied in measuring pressure which is illustrated in Figs. 1.11 
and 1.12 is vacuum. In effect, when you measure pressure as "inches of mercury 
vacuum," you reverse the usual direction of measurement and measure from the 
barometric pressure down to zero absolute pressure, in which case a perfect vacuum 
would be the highest vacuum that you could achieve. The vacuum system of mea
surement of pressure is commonly used in apparatus which operate at pressures less 
than atmospheric-such as a vacuum evaporator or vacuum filter. A pressure that is 
only slightly below barometric pressure may sometimes be expressed as a "draft" 
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Figure 1.10 Ranges of application 

0.001 for pressure-measuring devices. 

Pascals, 
Pounds per Inches newtons per 
square inch mercury square meter 

5.0 19.3 A pressure above atmospheric. 39.3 10.2 0.34, la' 1.33, la' 

0.4 14.7 Standard pressure 29.92 0.82 0.028, la' 1.013,10' 

0.0 14.3 Barometric pressure 29.1 00.0 0.00 0.985,1 a' 

-2.45 11.85 A pressure below atmospheric 24.1 -5.0 5.0 0.17 x 105 0.82,10' 

~ 
l1' l1' l' 15 l1' ~ ill ill ill ~ 

l' l' ill E ill l1' 
~ 0 a l1' ~ l' a n ~ 0 

~.S1 .S1 ~ '~ ~ .S1 
~ ~ ~ '" ~.2 
0 g g 0 0 .ll '" ~ ~ '" '" <t <t <t 

-14.3 0.0 Perfect vacuum a -29.1 29.1 -0.985,10' 0.00 

Figure 1.11 Pressure comparisons when barometer reading is 29.1 in 
Hg. 
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Figure 1.12 Pressure terminology. The standard atmosphere is shown by 
the heavy horizontal line. The dashed line illustrates the atmospheric 
(barometric) pressure. which changes from time to time. Point CD in the 
figure is a pressure of 19.3 psi referred to a complete vacuum or 5 psi re
ferred to the barometric pressure: ~ is the complete vacuum. a> repre
sents the standard atmosphere, and @ illustrates a negative relative pres
sure or a pressure less than atmospheric. This type of measurement is 
described in the text as a vacuum type of measurement. Point ® also indi
cates a vacuum measurement, but one that is equivalent to an absolute 
pressure above the standard atmosphere. 

Chap. 1 

(which is identical to the vacuum system) in inches of water, as, for example, in the 
air supply to a furnace or a water cooling tower. 

As to the units of pressure, Fig. 1.11 shows three common systems: pounds 
per square inch (psi), inches of mercury (in. Hg), and pascals. Pounds per square 
inch absolute is normally abbreviated "psia," and "psig" stands for "pounds per 
square inch gauge." For other units, be certain to carefully specify whether they are 
gauge or absolute; for example, state "300 kPa absolute" or "12 em Hg gauge." Fig
ure 1.11 compares the relative and absolute pressure scales in terms of the three sys
tems of measurement when the barometric pressure is 29.1 in Hg (14.3 psia, 
0.985 x 10' pascal). Other systems of expressing pressure exist; in fuct, you will 
discover that there are as many different units of pressure as there are means of 
measuring pressure. Some of the other most frequently used systems are 

(a) Millimeters of mercury (mm Hg) 
(b) Feet of water (ft H20) 
(e) Atmospheres (atm) 
(d) Bars (bar): 100 kPa = 1 bar 
(e) Kilograms (force) per square centimeter (kgdcm2)-a common but theoreti

cally prohibited measure' 

To sum up our discussion of pressure and its measurement, you should now be 
acquainted with: 

(a) Atmospheric pressure-the pressure of the air and the atmosphere surrounding 
us which changes from day to day 

6 Although the units of pressure in the SI system are pascal, you frequently find in common usage 
pressures denoted in the units of kg/cm2 (Le., kgr/cm2), units that have to be multiplied by 

4 (kgm)(m)) (em') 
9.80 x 10 (kg,)(s') -;;;> to get pascal. 
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(b) Barometric pressure-the same as atmospheric pressure, called "barometric 
pressure" because a barometer is used to measure atmospheric pressure 

(c) Absolute pressure-a measure of pressure referred to a complete vacuum, or 
zero pressure 

(d) Gauge pressure-pressure expressed as a quantity measured upward from at
mospheric pressure (or some other reference pressure) 

(e) Vacuum-a method of expressing pressure measured downward from atmo
spheric pressure (or some other reference pressure) 

You definitely must not confuse the standard atmosphere with atmo
spheric pressure. The standard atmosphere is defined as the pressure (in a standard 
gravitational field) equivalent to 1 atm or 760 mm Hg at DoC or other equivalent 
value, whereas atmospheric pressure is a variable and must be obtained from a 
barometer each time you need it. The standard atmosphere may not equal the bara
metric pressure in any part of the world except perhaps at sea level on certain days, 
but it is extremely useful in converting from one system of pressure measurement to 
another (as well as being useful in several other ways to be considered later). 

Expressed in various units, the standard atmosphere is equal to 

1. 000 atmospheres (atm) 

33.91 feet of water (ft H2 0) 

14.7 (14.696, more exactly) pounds per square inch absolute (psia) 

29.92 (29.921, more exactly) inches of mercury (in. Hg) 

760.0 millimeters of mercury (mm Hg) 

1.013 X 10' pascal (pa) or newtons per square meter (N/m2);.or 101.3 kPa 

You can convert from one set of pressure measurements to another by using 
pairs of standard atmospheres as conversion factors, as shown in the examples be
low. If pressures are measured by a height of a column of one liquid A, and po is the 
same for both columns, you can convert the pressure to the height of another column 
of liquid B by the use of Eq. (1. 22). 

or 

How can you arrange to get the same po for each column?Willleaving the upper end 
of each of the columns open to the atmosphere accomplish this objective? 

EXAMPLE 1.21 Pressure Conversion 

Convert 35 psia to inches of mercury. 



Solution 
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Use the ratio of 14.7 psia to 29.92 in. Hg, an identity, to carry out the conversion, 

Basis: 35 psia 

35 psia 29.92 in. Hg = 71.24 in. H 
14,7 psia g 

ail identity 

Chap. 1 

EXAMPLE 1.22 Pressure Conversion 

Solution 

The density of the atmosphere decreases with increasing altitude. When the pressure is 340 
mm Hg, how many inches of water is it? How many ki10pasca1? 

Basis: 340 mm Hg 

3 _4.:.;O--,mm=-=H""g,-+-.:,33",',:-91:...f:.;.t_H::",..:.O+--=12",i,:--n. = 182' H ° 
- 61ft m., 70mmHg 

_34_0_mm_' _H~g,-+-=1:-01:-._3 _kP--:a::;- = 45.3 kPa 
760.0 mm Hg 

EXAMPLE 1.23 Pressure Conversion 

Solution 

The pressure gauge on a tank of CO, used to fill soda-water bottles reads 51.0 psi. At the 
same time the barometer reads 28.0 in. Hg. What is the absolute pressure in the tank in psia? 
See Fig. E1. 23. 

co, 
Figure El.23 

The pressure gauge is reading psig, not psia. From Eq. (1.25) the absolute pressure is the 
sum of the gauge pressure and the atmospheric (barometric) pressure expressed in the same 
units. We will change the atmospheric pressure to psia. 

Basis: Barometric pressure = 28.0 in. Hg 

. 28.0 in. Hg 14.7 psia 1376' atmosphenc pressure = ' = . pSla 
29.92 in. Hg 
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(Note: Atmospheric pressure does not equal 1 standard atm.) The absolute pressure in the 
tank is 

51.0 + 13.76 = 64.8 psia 

In some instances the fluids in the legs of the manometer are not the same. Ex
amine Fig. l.l3. When the columns of fluids are at equilibrium (it may take some 
time!) the relation between PI, P' and the heigbts of the various columns of fluid is 

P, 

I 
-1 

Fluid 1, PI 

1 
T 
d, -Fluid 3, P3 

t 
1 

Fluid 2, Pz 

(l.26a) 

Figure 1.13 Manometer with three 
fluids. 

Can you show for the case in which PI = P, = P that the manometer expression re
duces to 

PI - P, = (pz - p)gd, (l.26b) 

Finally, suppose that fluids I and 3 are gases. Can you ignore the gas density p 
relative to the manometer fluid density? For what types of fluids? 

EXAMPLE 1.24 Pressure Conversion 

Air is flowing through a duct under a draft of 4.0 cm Hz O. The barometer indicates that the 
atmospheric pressure is 730 mm Hg. What is the absolute pressure of the gas in inches of 
mercury? See Fig. E1.24. 

Air ): 

Figure E1.24 

--- -----
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We can ignore the gas density above the manometer fluid. In the calculations we have to em
ploy consistent units, and it appears in this case that the most convenient units are those of 
inches of mercury. 

Basis: 730 rum Hg 

atmospheric pressure = 730 mID Hg ~~~~ :: = 28.7 in. Hg 

Basis: 4.0 cm H2 0 draft (under atmospheric) 

_4_.0_c_m_H",z 0-1;-;:--::-:-_-+-:-:0-:--1-;2",9,-:' 9,-;2"'C1,,-' n-;,. ,...H""g = 0 12' H 
33.91 ft H

2
0 . m. g 

What is another way to make the conversion? 
Since the reading is 4.0 cm H2 0 draft (under atmospheric), the absolute reading in 

uniform units is 

28.7 - 0.12 = 28.6 in. Hg absolute 

EXAMPLE 1.25 Vacuum Pressure Reading 

Solution 

Small animals such as mice can live at reduced air pressures down to 20 kPa (although not 
comfortably). In a test a mercury manometer attached to a tank as shown in Fig. E1.25 reads 
64.5 cm Hg and the barometer reads 100 kPa. Will the mice survive? 

~ 
64.5 em Hg 

----r--
Figure E1.25 

Basis: 64.5 em Hg below atmospheric 

We ignore any temperature corrections to convert the mercury density and also ignore the gas 
density above the manometer fluid. Then, since the vacuum reading on the tank is 64.5 em 
Hg below atmospheric, the absolute pressure in the tank is 

100 kPa _ 64.5 em Hg 

The mice probably will not survive. 

101.3 kPa = 100 - 86 = 14 kPa absolute 
76.0 em Hg 
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EXAMPLE 1.26 Calculation of Pressure Difference 

Solution 

In measuring the flow of fluids in a pipeline. a differential manometer, as shown in Fig. 
E1.26, can be used to determine the pressure difference across an orifice plate. The flow rate 
can be calibrated with the observed pressure drop. Calculate the pressure drop PI - P2 in 
pascal. 

Fluid t .... /orifice 

~p = 10
3
kg/m

3 
I,.-p'----

P, T 32mm 

d 

Jc IOmm 

'<20_%8Z_ Manometer fluid, 

p,=I.IOxlO'kg/m' Figure El.26 

In this problem we cannot ignore the water density above the manometer fluid. Apply Eq. 
(1.26b), as the densities of the fluids above the manometer fluid are the same. 

P' - P2 = (Pf - p)gd 

(1.10 - 1.00)10' kg (22)(W-')m I (Pa)(m') 

m' I (N) 

= 21.6 Pa 

Self-Assessment Test 

1. Write down the equation to convert gauge pressure to absolute pressure. 

2. List the values and units of the standard atmosphere for six different methods of express
ing pressure. 

3. List the equation'to convert vacuum pressure to absolute pressure. 
4. Convert a pressure' of 800 mm Hg to the following units: 

(a) psia (b) kPa 
(c) atm (d) ft H2 0 

5. Your textbook lists five types of pressures: atmospheric pressure, barometric pressure, 
gauge pressure, absolute pressure, and vacuum pressure. . 
(a) What kind of pressure is measured by Fig. A? 

Helium I 20 in. HQ. 

® 
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(b) What kind of pressure is measured by Fig. B? 
(c) What would be the reading in Fig. C assuming that the pressure and temperature in

side and outside the helium tank are the same as in parts (a) and (b)? 

Vacuum 

Vacuum 

30 in. T Hg 

© 
® 

6. An evaporator shows a reading of 40 kPa vacuum. What is the absolute pressure in the 
evaporator in kilopascal? 

7. Answer the following questions true (T) or false (F). 
(a) Air flows in a pipeline, and a manometer containing Hg that is set up as illustrated in 

Fig. El.26 shows a differential pressure of 14.2 mm Hg. You can ignore the effect of 
the density of the air on the height of the columns of mercury. 

(b) Lowering the He pressure 10% in Fig. A of question 5 will not cause the length of the 
column of Hg to decrease by 10%. 

Thought Problems 

1. A magic trick is to fill a glass with water, place a piece of paper over the top of the glass 
to cover the glass completely, and hold the paper in place as the glass in inverted 1800

• On 
the release of your support of the paper, no water runs out! Many books state that the 
glass should be completely filled with water with no air bubbles present. Then the outside 
air pressure is said to oppose the weight of the water in the inverted glass. However, the 
experiment works just as well with a half-filled glass. The trick does not work if a glass 
plate is substituted for the piece of paper. Can you explain why? 

2. A large storage tank was half full of a flammable liquid quite soluble in water. The tank 
needed maintenance on the roof. Since welding was involved, the foreman attached to the 
vent pipe on the top of the tank (in which there was a flame arrestor) a flexible hose and 
inserted the end of the hose into the bottom of a drum of water sitting on the ground to 
pick up any exhaust vapors. When the tank was emptied, the water rose up in the hose, 
and the tank walls collapsed inward. 

What went wrong in this incident? 

1.7 PHYSICAL AND CHEMICAL PROPERTIES 
OF COMPOUNDS AND MIXTURES 

Your objectives in studying this 
section are to be able to: 

1. Cite five sources of physical property data. 
2. Go to the library and locate the five sources of data. 
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3. Retrieve data from the five sources to use in your calculations, em
ploying the indexes and tables of contents. 

55 

Accurate values of physical properties are needed in almost all phases of chemical 
engineering design and analysis. Two ways to obtain data for the physical properties 
of components are: (a) by experimental measurement andlor (b) by estimation. As 
far as the cost of obtaining data is concerned, a substantial difference exists between 
the two approaches. To produce critically evaluated estimates, the time required is 
seldom more than a few hours, in comparison with several months needed for the 
experimental work. If the data you want are based on valid estimation and correla
tion techniques, you can bypass the expense and the waiting time required for exper
imental measurements. 

Many of the materials we talk about and use every day are not pure com
pounds, but nevertheless you can obtain information about the properties of such 
materials. Data on materials such as coal, coke, petroleum products, and natural 
gas-which are the main sources of energy in this country-are available in refer
ence books and handbooks. Some typical examples of analyses are shown in Tables 
1.6 to 1.9. In the back of this book you will discover a number of appendices from 
which you can retrieve data necessary to solve most (but not ail) of the problems at 
the end of the chapters. Scan through the appendices now. When you need to look 

TABLE 1.6 Refinery Biological Treatment 
Unit Feed Characteristics 

Chlorides (mg/L) 
COD (mg/L) 
BOD, (mg/L) 
Suspended solids (mg/L) 
Alkalinity (mg/L as CaCO,) 
Temperature, (OF) 
Ammonia, nitrogen (mg/L) 
Oil (mg/L) 
Phosphate (mg/L) 
Phenolics (mg/L) 
pH 
Sulfides (mg/L) 
Chromium (mg/L) 

Ranges reported* 

200-960 
140-640 
97-280 
80-450 
77-210 
69-100 
56-120 
23-130 
20-97 

7.6-61 
7.1-9.5 
1.3-38 
0.3-0.7 

*Values are the averages of the minhna and 
maxima reported by 12 refineries treating total 
effiuent. Individual plants have reported data well 
outside many of these ranges. . 
SOURCE: Manual on Disposal of Refinery Wastes, 
American Petroleum Institute, New York, 1969, 
pp.2-4. 
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TABLE 1.7 Typical Dry Gas Analyses 

Analysis (vol. %-excluding water vapor) 

Type CO, 0, N, CO H, ell. C2H6 C3HS C4HlO CSH I2+ 

Natural gas 6.5 77.5 16.0 
Natural gas, dry' 0.2 0.6 99.2 
Natural gas, wet* 1.1 87.0 4.1 2.6 2.0 3.4 
Natural gas, sourt (H,S 6.4) 58.7 16.5 9.9 5.0 3.5 
Butane 2.0 3.5 75.4 n-butaoe 

18.1 isobutaoe 

llluminants 

Reformed 2.3 0.7 4.9 20.8 49.8 12.3 5.5 5.5 3.7 
refinery oil 

Coal gas, by-product 2.1 0.4 4.4 13.5 51.9 24.3 3.4 
Producer gas 4.5 0.6 50.9 27.0 14.0 3.0 
Blast furnace gas 5.4 0.7 8.3 37.0 47.3 1.3 
Sewage gas 22.0 6.0 2.0 68.0 

'Dry gas contains much less propane (GR.) and higher hydrocarbons than wet gas does. 
tSour implies that the gas contains significant amounts of hydrogen su1fide. 
SOURCE: Fuel Flue Gases, American Gas Association, New York, 1941, p. 20. 
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TABLE 1.8 Ultimate Analysis of Petroleum Crude 

Type Sp Gr AtOe C 

Pennsylvania 0.862 15 85.5 
Humbolt. Kan. 0.921 85.6 
Beaumont, Tex. 0.91 85.7 
Mexico 0.97 15 83.0 
Baku USSR 0.897 86.5 

H 

14.2 
12.4 
11.0 
11.0 
12.0 

Weight % 

N 

2.61 
1.7 

o 

1.5 

57 

S 

0.37 
0.70 

SOURCE: Data from W.L. Nelson, Petroleum Refinery Engineering, 4th ed., McGraw-Hill, 
New York, 1958. 

TABLE 1.9 Chemical Analyses of Various Wastes 

Garbage Garbage 
Dry Charred Charred COffi- corn-

Raw Charred Tire sewage sewage animal posite posite 
Material paper paper rubber sludge sludge manure A B 

Moisture 3.8 0.8 0.5 13.6 1.2 0.0 3.4 12.3 
Hydrogen' 6.9 3.1 4.3 6.7 1.4 5.4 6.6 7.0 
Carbon 45.8 84.9 86.5 28.7 48.6 41.2 57.3 44.4 
Nitrogen 0.1 2.6 3.7 1.5 0.5 0.4 
Oxygen' 46.8 8.5 4.6 26.5 26.0 22.1 42.1 
Sulfur 0.1 0.1 1.2 0.6 0.4 0.4 0.2 
Ash 0.4 2.5 3.4 34.9 45.7 25.5 10.2 5.9 

, The hydrogen and oxygen values reftect that due to both the presence of water and that contained 
within the moisture-free material. 

for additional data, consult some of the appropriate references listed in Tables 1.10 
and 1.11. 

In the next decade, we should expect two new modes of information retrieval 
to be implemented and available for an individual. With the widespread introduction 
of modems and communication software, potential users will be able to deal directly 
with data base vendors, both profit and nonprofit, at reasonable cost via local phone 

TABLE 1.10 Sonrces of Physical Property Data 

American Chemical Society, Physical Properties of Chemical Compounds, Vol. 22, 
ACS, Washington, D.C., 1959. 

American Chemical Society, Chemical Abstracts Service, ACS, Washington, D.C. 
(Continuing printed, microform, and on-line electronic information service with over 
12 million abstracts.) 

American Gas Association, Fuel Flue Gases, AGA, New York, 1941. 
American Petroleum Institute, Technical Data Book-Petroleum Refining, New York, 

1970. 
Aylward, G. H., and T. J. V. Findlay, Sf Chemical Data, 2nd ed., Wiley, New York, 

1976. 
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TABLE 1.10 (continue<i) 

Chemsoft Inc .• Chemical Compounds Data Bank, Gulf Publishing Company, Houston, 
1987. (500 compounds on disc.) 

Chen, C.-C. Scientific and Technical Information Sources, 2nd ed., MIT Press, 
Cambridge, Mass. 1987. (Reference book for publications.) 

Daubert, T. E., and R. P. Danner, Data Compilation-Tables of Properties of Pure 
Compounds, Amercian Institute of Chemical Engineers, New York, 1985. (Properties 
and prediction equations for 1100 compounds; available as printed book and magnetic 
tape.) 

Dechema, Chemistry Data Series, Deutsche Gesellschaft rur Chemisches Apparatewesen 
e.v., Frankfurt, West Germany, (Continuing series on physical and thermodynamic 
properties.) Also an on-line data base; see National Technical Information Service 
document BMFT-FB-JD-80-006. 

Engineering Sciences Data Unit Ltd., International Data Series, London. (Continuing 
series of data and equations.) 

Gallant, R. W., Physical Proerties of Hydrocarbons, Gulf Publishing Company, 
Houston, 1968. 

Handbook of Physics and Chemistry, CRC Press, Boca Raton, FI., annual editions. 
Hilsenrath, 1., Summary of On-Line or Interactive Physico-Chemical Numerical Data 

Systems, National Bureau of Standards, Washington, D.C., 1980. (Description of 53 
public-access data bases.) 

Horvath, A. L., and E. Arnold, Physical Properties of Inorganic Compounds-SI Units, 
Crane, Russak, New York, 1975. 

Institution of Chemical Engineers, PPDS, (Continuing data base of 32 properties of over 
400 compounds.) 

Jankowski, D. A., and T. B. Selover, Chemical Engineering Data Sources, American 
Institute of Chemical Engineers, New York, 1985. 

Lange's Handbook of Chemistry and Physics, MCGraw-Hill, New York; issued 
periodically. 

Lin, C. T., et aI., "Data Bank for Synthetic Fuels"; Hydrocarbon Process. p. 229 (May 
1980). 

Maizell, R., How to Find Chemical Information, 2nd ed., Wiley, New York, 1986. 
Mann, D. B., D. E. Diller, and N. A. Olien, eds., LNG Materials and Fluids, National 

Bureau of Standards, Washington, D.C., 1977-80. 
McCail, W. D., Properties o/Petroleum Fluids, Petroleum Publishing Company, Tulsa, 

Okla., 1973. 
Natural Gas Processors Suppliers Association, Engineering Data Book, Tulsa, Okla. 

(Continuing editions.) 
Perry, R. fl. and D. Green, Chemical Engineers' Handbook, 6th ed., McGraw-Hill, 

New York, 1980. 
Reid, R. C., J. M. Prausnitz, and B. D. Poling, The Properties of Gases and Liquids, 

4th ed., McGraw-Hill, New York, 1987. 
U.S. Department of Energy, Coal Conversion Technical Data Book, Available from 

Superintendent of Documents, Washington, D.C., 1978. 
Weast, R. C., CRC Handbook of Chemistry and Physics CRC Press, Boca Raton, 

Florida; issued annually. 
Yaws, C. L. Physical Properties, a Guide to the Physical, Thermodynamic and Transport 

Property Data of Industrially-Important Chemical Compounds, McGraw-Hill, New 
York, 1987. 
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TABLE 1.11 Professional Journals 

Archival journals 
AIChE Journal 
Angewandte Chemie 
Canadian lournal of Chemical Engineering 
Chemical Engineering Communications 
Chemical Engineering Fundamentals 
Chemical Engineering Journal (Lausanne) 
Chemical Engineering Research and Design 
Chemical Engineering Science 
Chemical Reviews 
CODATA Bulletin 
Journal of Chemical and Engineering Data 
Journal of Chemical Engineering of Japan 
Journal of Chemical Technology and Biotechnology 
Journal of the American Chemical Society 
Jonrnal of the Chinese Institute of Chemical Engineers 

Other journals and magazines 
Chemical Engineering 
Chemical Engineering Progress 
Chemical Engineer (London) 
Chemical Processing 
Chemical Technology 
Chemical Technology Review 
Chemie-Ingenieur-Technik 
Chemistry and Industry (London) 
German Chemical Engineering 
International Chemical Engineering 
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calls. The other mode is information retrieval from compact read-only laser disks, 
which can store the order of 300,000 printed pages of material. Coupled with a 
microcomputer, a user will be able to search for and locate reliable information dis
tributed by specialized professional organizations on a myriad of subjects, such as 
refrigerants, propellants, solvents, drugs, insecticides, and so on. 

Self-Assessment Test 

1. What are five sources of data on physical properties from reference books? What are two 
data banks that provide information on physical properties? 

2. In what reference book might you find data on: 
(a) Boiling point of inorganic liquids? 
(b) Gas compositions for refinery gases? 
(c) Vapor pressures of organic liquids? 
(d) Chemical formula and properties of protocatechuic acid (3-, 4-)? 

3. List the page numbers on which the items described in question 2 can be found in the ref
erence you select. 
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Library Problem 

1. Prepare a short description (about five lines) for numbers of the following 
terms. You may include some sketches if you want. List the name of the author, book, 
and publisher and also the call number of the books that you use to prepare your report. 
(1) Furnace 
(2) Boiler 
(3) Heat exchanger 
(4) Distillation column 
(5) Absorption tower 
(6) Adsorption 
(7) Liquid-liquid extraction 
(8) Leaching process 
(9) Evaporator 

(10) Chemical reactor 

1.8 TECHNIQUES OF PROBLEM SOLVING 

Your objectives in studying this 
section are to be able to: 

1. Memorize the eight components of effective problem solving. 
2. Apply the components to all types of problems. 

Weiler's Law: Nothing is impossible for the person who doesn't have to do it. 

Howe's Law: Every person has a scheme which will not work. 

The 90/90 Law: The first 10% of the task takes 90% of the time. The remaining 90% 
takes the remaining 10%. 

Gordon's Law: If a project is not worth doing, it's not worth doing well. 

Slack's Law: The least you will settle for is the most you can expect to get. 

O'Toole's Commentary: Murphy was an optimist. 7 

One of the main objectives of this book is to enhance your problem-solving 
skills. If you can form good habits of problem solving early in your career, you will 
save considerable time and avoid many frustrations in all aspects of your work, in 
and out of school. Being able to solve material and energy balances means that in 
addition to learning basic principles, formulas, laws, and so on, you must be able to 
apply them. Routine substitution of data into an appropriate equation will by no 

7 Arthur Bloch, Murphy's Law and Other Reasons Why Things Go jSUO.lM Price/Stern/Sloan, 
New York, 1977. 
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means be adequate to solve any material and energy balances other than the most 
trivial ones. 

Polya' recommends the use of four steps for solving problems and puzzles: 
define, plan, carry out the plan, and look back. The key features of this strategy are 
the interaction among the steps and the interplay between critical and creative think
ing. A number of other helpful references are listed at the end of this chapter if you 
need assistance. Figure 1.14 sketches the general concept involved in problem solv-

I Read the problem I 
~. 

Analyze and try to understond the problem 

Review and write down key features 
Draw a diagram of fJows, variables 
Stole what the problem is; the objective(s) 
Enter known dola on diogram 
Enter symbols for unknown dolo on diagram 
List relevant physico I laws, principles 
Employ suitable nototion 
Fix the system 
List assumptions, inferred condilions 
Locote missing information 
Pick a basis 

~ 
Pion the problem solving strategy. Identify 

the problem type 

f I Yes 
Standard or known 

~ 
Con the problem be No Generate alternative ways to solve the problems 

problem type converted to a 
Review other key relations, principles (recall from memory) standard type 

pes 
Hypothesize, Visualize 
Divide the problem up into simpler subproblems 

Select strategy from Simplify, approximate 

among options Eliminate alternatives that are too expensive or 
will not reach objectives 

~ 
I Design a new strotegy; list the steps 

~ 
f f 

Execute the strategy; check 
each step to eliminate blunders 

~ 
Obtain and check answer 

Is it reasonable in magnitude 
Try alternate path to answer 
Interpret results 
Does it satisfy assumptions, 

constraints 

Figure 1.14 Program for problem solving. 

8G. Polya, How to Solve It, 2nd ed., Doubleday, New York, 1957. 
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ing. First, you must identify what result you are to achieve, that is, what the prob
lem is. Then you must define the system, perhaps with the aid of a diagram. Various 
physical constraints will apply as well as the time available for you to work on the 
solution. In almost all cases you will have to look up data and make use of general 
laws. Finally, the results will have to be presented properly so that you can commu
nicate them to someone else. 

A more detailed checklist for solving material and energy balance problems is 
as follows: 

(a) Read the available information through thoroughly and understand what is re
quired for an answer. Sometimes, as in life, the major obstacle is to find out 
what the problem really is. 

(b) Determine what additional data are needed, if any, and obtain this informa
tion. 

(e) Draw a simplified picture of what is taking place and write down the available 
data. You may use boxes to indicate processes or equipment, and lines for the 
flow streams. 

(d) Pick a basis on which to start the problem, as discussed in Sec. lA. 
(e) If a chemical equation is involved, write it down and make sure that it is bal

anced. 

By this time you should have firmly in mind what the problem is and a reason
ably clear idea of what you are going to do about it; however, if you have not seen 
exactly how to proceed from what is available to what is wanted, then you should: 

(1) Decide what formulas or principles are governing in this specific case and what 
types of calculations and intermediate answers you will need to get the final 
answer. If alternative procedures are available, try to decide which are the 
most expedient. If an unknown cannot be found directly, give it a letter sym
bol, and proceed as if you knew it. 

(g) Make the necessary calculations in good form, being careful to check the 
arithmetic and units as you proceed. 

(It) Determine whether the answer seems reasonable in view of your experience 
with these types of calculations. 

You can work backward as well as forward in solving problems if the forward 
sequence of steps to take is not initially clear. Problems that are long and involved 
should be divided into parts and attacked systematically piece by piece. Additional 
suggestions with respect to problem solving appear in Tables 2.1, 2.2, and 2.3. 
Glance through these tables now. 

If you can assimilate the procedure discussed above and make it a part of your
self-so that you do not have to think about it step by step-you will find that you 
will be able to materially improve your speed, performance, and accuracy in prob
lem solving. Novice prospective engineers usually have the most difficulty with: 
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(a) Translating the physical problem into a mathematical description. 

(b) Relatiog the physical problem to theory 

(0) Simplifying a complex problem 

(d) Learning how to ask the right questions 

Look at Table 1.12 for the differences in technique between expert and novice 
engineers when solving Problems. 

Finally, we need to remark on the quality of data; the following quotation still 
holds true. 

The major difference between problems solved in the classroom and in the plant lies in 
the quality of the data available for the solution. Plant data may be of poor quality, in-

TABLE 1.12 A Comparison of the Problem-Solviog Habits of a Novice and an 
Expert 

A novice: 

Starts solving a problem before fully 
understanding what is wanted 
andlor what a good r9ute for 
solution will be 

Focuses only on a known problem set 
that he or she has seen before and 
trys to match the problem with one 
in the set 

Chooses one procedure without 
exploring alternatives 

Emphasizes speed of solution. 
unaware of blunders 

Does not follow an organized plan of 
attack such as outlined in Fig. 1.14, 
jumps about, and mixes problem
solving strategies 

Is unaware of missing data, concepts, 
laws 

Exhibits bad judgment, makes 
unsound assumpt~ons, poor 
approximations . 

Gives up solving the problem because 
he or she does not know enough 

Gives up solving the problem because 
he or she does not have skills to 
branch away from a dead-end 
strategy 

An expert: 

Reviews the entire plan outlined in Fig. 
1.14, mentally explores alternative 
strategies, and clearly understands 
what result is to be obtained 

Concentrates on similarities to and 
differences from known problems; 
uses generic principles rather than 
problem matching 

Examines several procedures serially or 
in parallel 

Emphasizes care and accuracy in the 
solution 

Goes through the problem-solving 
process step by step, checking, 
reevaluating, and recycling from 
dead ends to another valid path 

Knows what principles might be 
involved and where to g~t missing 
data 

Carefully evaluates the necessary 
assumptions and approximations 

Knows what the difficulty is and is 
willing to learn more that will 
provide the information needed 

Aware that a dead end may exist for a 
strategy and has planned alternative 
strategies if a dead end is reached 
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conclusive, inadequate. or actually conflicting, depending on the accuracy of sampling, 
the type of analytical procedures employed. the skill of the technicians in the operation 
of analytical apparatus. and many other factors. The ability of an engineer to use the 
stoichiometric principles for the calculation of problems of material balance is only 
partly exercised in the solution of problems, even of great complexity, if solved from 
adequate and appropriate data. The remainder of the test lies in his ability to recognize 
poor data, to request and obtain usable data, and, if necessary, to make accurate esti
mates in lieu of incorrect or insufficient data. 9 

Self-Assessment Test 

1. Prepare an information flow diagram showing the sequence (serial and parallel) of eight 
steps to be used in effective problem solving. 

2. Take any example in Sec. 1.3, 1.5, or 1.6 and prepare an information flow diagram of 
your thought process in solving the example. Make a tree showing how the following 
classes of information are connected (put the solution as the last stage of the tree at the 
bottom): 
(a) Information stated in the problem 
(b) Information implied or inferred from the problem statement 
(c) Information from your memory (internal data bank!) 
(d) Information from an external data bank (reference source) 
(e) Information determined by reasoning or calculations 

Label each class with a different-type box (circle, square. diamond. etc.) and let arrows 
connect the boxes to show the sequence of information flow for your procedure. 

3. What should you do if you experience the following difficulties in solving problems? 
(a) No interest in the material and no clear reason to remember 
(b) Cannot understand after reading the material 
(c) Read to learn "later" 
(d) Rapidly forget what you have read 
(e) Form of study is inappropriate 

1.9 THE CHEMICAL EQUATION AND STOICHIOMETRY 

Your objectives in studying this 
section are to be able to: 

1. Write and balance chemical reaction equations. 
2. Know the products of common reactions given the reactants. 
3. Calculate the stoichiometric quantities of reactants and products given 

the chemical equation. 
4. Define excess reactant, limiting reactant, conversion, degree of com

pletion, and yield in a reaction. 
5. Identify the limiting and excess reactants and calculate the percent ex

cess reactant(s), the percent conversion, the percent completion, and 

9B. E. Lauer, The Material Balance, Work Book Edition, Department of Chemical Engineering, 
University of Colorado, Boulder, Colo., 1954, p. 89. 
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yield for a chemical reaction with the reactants being in nonstoichio
metric proportions. 

6. Calculate the amount of products for incomplete reactions. 

65 

As you already know, the chemical equation provides a variety of qualitative and 
quantitative information essential for the calculation of the combining weights 
(mass) of materials involved in a chemical process. Take, for example, the combus
tion of heptane as shown below. What can we learn from this equation? 

C,H16 + 11 0, ----? 7 CO, + 8 H,O (1.27) 

It tells us about stoichiometric ratios_ First, make sure that the equation is bal
anced! Then you can see that 1 mole (not Ibm or kg) of heptane will react with 11 
moles of oxygen to give 7 moles of carbon dioxide plus 8 moles of water. These may 
be Ib mol, g mol, kg mol, or any other type of mole, as shown in Fig. 1.15. One 
mole of CO, is formed from each t mole of C,H16• Also, I mole of H,O is formed 

C7H 1 6 + llO2 --> 7CO, + 8H20 

Qualitative information 

heptane reacts to carbon 
and water 

with oxygen give dioxide 

Quantitative in/ormation 

1 molecule reacts 11 molecules to 7 molecules and 8 molecules 
of heptane with of oxygen give of carbon of water 

dioxide 

6.023 x 1023 1l(6.023 X 1023 ) 7(6.023 X 1023 ) 8(6.023 x 1023) 

molecules + molecules --> molecules + molecules 
of C7H16 0[02 of C02 of H20 

1 g mole + 11 g moles 
--> 

7 g moles + 8 g moles 
OfC7H 16 0[02 of C02 of H20 

1 kg mole + 11 kg moles 
--> 

7 kg moles + 8 kg moles 
of C7H16 of 02 of C02 of H20 

lIb mole + lltb moles 7tb moles + 81b moles 
ofC7H 16 0[02 

--> orcoz of H20 

1 ton mole + 11 ton moles 7 ton moles + 8 ton moles 
ofC7H16 0[02 

--> of C02 of H20 

1(100) g + II (32) g 7(44) g + 8(18) g 
OfC7H16 of 02 ofCOz of H20 
~ ~ ~ 

100 g 352 g 308 g 144 g 

452 g 452g 
452 kg 452 kg 
452 ton 452 ton 
4521b 4521b 

Figure 1.15 Application of the chemical equation. 
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with each ~ mole of CO,. Thus the equation tells us in terms of moles (not mass) the 
ratios among reactants and products. The coefficients of the compounds in the equa
tion are known as stoichiometric coefficients: I for C,R'6, 11 for 0" and so on. 

Stoichiometry (stoi-ki-om-e-tri)1O deals with the combining weights of ele
ments and compounds. The ratios obtained from the numerical coefficients in the 
chemical equation are the stoichiometric ratios that permit you to calculate the 
moles of one substance as related to the moles of another substance in the chemical 
equation. If the basis selected is to be mass (Ibm, kg) rather than moles, you should 
use the following method in solving problems involving the use of chemical equa
tions: (1) Use the molecular weight to qlculate the number of moles of the substance 
equivalent to the basis; (2) change this number of moles into the corresponding num
ber of moles of the desired product or reactant by mUltiplying by the proper stoi
chiometric ratio, as determined by the chemical equation; and (3) then change the 
moles of product or reactant to a mass. These steps are indicated in Fig. 1.16 for the 
reaction in Eq. (1.27). You can combine these steps in a single dimensional equa
tion, as shown in the examples below, for ease of calculatio!ls. 

10.0 kg C7H16 
100.1 kg C7H16 
kg mole C

7
H

16 

1 kg mole 

Component 
C7H 16 
0, 
CO, 
H20 

C7H16 + 1102 -----..-? 

Mol. wt 
100.1 
32.0 
44.0 
IS.O 

7 kgmoie 

7C02 + 
0.700 kg mole CO2 

1 kg mole CO2 
44.0 CO2 

10.0 kg C7H'6 yields 30.S kg CO2 

Figure 1.16 Stoichiometry. 

EXAMPLE 1.27 Use of the Chemical Equation 

SH20 

= 30.S kg CO2 

In the combustion of heptane, CO2 is produced. Assume that you want to produce 500 kg of 
dry ice per hour and that 50% of the CO2 can be converted ~ntQ dry ice, as shown i.n Fig. 
El.27. How many kilograms of heptane must be burned per hour? 

Reactor 
500 kg/hr 

'--__ ....J Figure E1.27 

10 From the Greek stoicheion, basic constituent, and metrein, to measure. 
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Basis: 500 kg of dry ice (or I hr) 

Mol. wt. heptane = 100.1. Chemical equation as in Fig. 1.15. 

500 kg dry ice I kg CO, I kg mol CO, 
0.5 kg dry ice 44 kg CO, 

+-:1-,:O"O",.I"k",g,--=C.:,' H"",,16 = 325 kg C, H16 
I kg mol C,H16 
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I kg mol C,H16 
7 kg mol CO, 

Since the basis of 500 kg of dry ice is identical to I hr, 325 kg of C,H16 must be burned per 
hour. Note that kilograms are first converted to moles, then the chemical equation is applied, 
and finally moles are converted to kilograms again for the final answer. 

EXAMPLE 1.28 Stoichiometry 

Solution 

Corrosion of pipes in boilers by oxygen can be aUeviated through the use of sodium sulfite. 
Sodium sulfite removes oxygen from boiler feedwater by the following reaction: 

2Na,SO, + 0, ----> 2Na,S04 

How many pounds of sodium sulfite are theoretically required (for complete reaction) to re
move the oxygen from 8,330,000 lb of water (106 gal) containing 10.0 parts per million 
(ppm) of dissolved oxygen and at the same time maintain a 35% excess of sodium sulfite? See 
Fig. E1.28. 

H20: 8,330,000 Ib H20: 8,330,000 Ib 

10 ppm 02 no oxygen 

No 2SO, 

Figure El.28 

Additional data: mol. wI. of Na,SO, is 126. Chemical equation: 2Na,SO, + 0, ..... 2Na,SO •. 

Basis: 8,330,000 Ib of H20 with 10 ppm 0, or 83.3 lb of 0, 

8,330,000Ib H,O 10 Ib 0, _ 83 3 Ib 0 
(1,000,000 10 lb O,)lb H,O -. , 

effectively same as 1,000,000 

8,330,000 Ib H,O 10 lb 0, I lb malO, 2 Ib mol Na,SO, 
106 lb H,O 32 Ib 0, I lb malO, 

b.12::-6_l_b.,.N7a~,-:SO::-;'o--r-I.:-3_5 = 886 Ib Na,SO, 
I Ib mol Na,SO, I 
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EXAMPLE 1.29 Stoichiometry 

A limestone analyzes 

Solution 

CaCO, 

MgCO, 

Insoluble 

92.89% 

5.41% 

1.70% 

(a) How many pounds of calcium oxide can be made from 5 tons of this limestone? 
(b) How many pounds of CO2 can be recovered per pound of limestone? 
(c) How many pounds of limestone are needed to make I ton of lime? 

Read the problem carefully to fix in mind exactly what is required. Lime will include all the 
impurities present in the limestone which remain after the CO2 has been driven off. Next, 
draw a picture of what is going on in this process. See Fig. E1.29. 

,----C02 

Limestone 

CaO } 
'-----~;~uble Lime 

Figure E1.29 

To complete the preliminary analysis you need the following chemical equations: 

CaCO, - CaO + CO2 

MgCO, - MgO + CO2 

Additional data: 

CaCO, MgCO, CaO MgO CO2 

Mol. wI.: 100.1 84.32 56.08 40.32 44 

Basis: 100 Ib of limestone 

This basis was selected because pounds = percent. 

Component Ib = percent lb mol Lime lb CO2 (lb) 

CaCO, 92.89 0.9280 CaO 52.2 40.8 
MgCO, 5.41 0.0642 MgO 2.59 2.82 
Insoluble 1.70 Insoluble 1.70 

Total 100.00 0.9920 Total 56.4 43.6 
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Note that the total pounds of products equal the 100 Ib of entering limestone. Now to calcu
late the quantities originally asked for: 

(3) 

(b) 

or 

(c) 

",52:::.",2..::lb=--=C",a0=-i--=.:==+=5,-t::o.::n = 5220 Ib CaO 
CaO produced = 100 Ib stone 

43.6 Ib CO2 CO, recovered = = 0.436 Ib 
100 Ib stone 

. . 100 Ib stone 
L,mestone reqUIred = 56.4 Ib lime 

2000 Ib 
= 3546 Ib stone 

I ton 

An assumption implicit in the calculations above is that the reaction takes 
place exactly as written in the equation and proceeds to 100% completion. When re
actants, products, or degree of completion of the actual reaction differ from the as
sumptions of the equation, additional data must be made available to predict the out
come of reactions. 

In industrial reactors you will rarely find exact stoichiometric amounts of ma
terials used. To make a desired reaction take place or to use up a costly reactant, ex
cess reactants are nearly always used. This excess material comes out together with, 
or perhaps separately from, the product-and sometimes can be used again. Even if 
stoichiometric quantities of reactants are used, but if the reaction is not complete or 
there are side reactions, the products will be accompanied by unused reactants as 
well as side products. In these circumstances some new definitions ll must be under
stood: 

(a) Limiting reactant is the reactant that is present in the smallest stoichio
metric amouut. In other words, if two or more reactants are mixed and if the reac
tion were to proceed according to the chemical equation to completion, whether it 
does or not, the reactant that would first disappear is termed the limiting reactant. 
For example, using Eq. (1.27), if 1 g mol of C7 H'6 and 12 g mol of 0, are mixed, 
C7 H16 would be the limiting reactant even if the reaction does not take place. 

As a shortcut to determining the limiting reactant, all you have to do is to cal
culate the mole ratio(s) of the reactants and compare each ratio with the correspond
ing ratio of the coefficients of the reactants in the chemical equation thus: 

Ratio in feed 

12 = 12 
1 

> 

Ratio in chemical equation 

.!.!.=11 
1 

If more than two reactants are present, you have to use one reactant as the reference 
substance, calculate the mole ratios of the other reactants in the feed relative to the 
reference, make pairwise comparisons versus the analogous ratios in the chemical 

11 You need to be aware that other definitions of the terms exist in the literature. 
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equation, and rank each compound. For example, given the reaction 

A + 3B + 2C ----> products 

and that 1.1 moles of A, 3.2 moles of B, and 2.4 moles of C are fed as reactants into 
the reactor, we choose A as the reference substance and calculate 

Ratio in leed Ratio in chemical equation 

B 3.2 3 
A' 

-= 291 < -=3 l.l . I 

C 2.4 = 2 8 2 
A' l.l .1 > -=2 

1 

We conclude that B is the limiting reactant relative to A, and that A is the limiting 
reactant relative to C, hence B is the limiting reactant among the set of three reac
tants. In symbols we have B < A, C > A (i.e., A < C), so that B < A < C. 

(b) Excess reactant is a reactant present in excess of the limiting reactant. 
The percent excess of a reactant is based on the amount of any excess reactant 
above the amount required to react with the limiting reactant according to the chem
ical equation, Or 

€I "Sf'S rY'\ "lP:> 
AA<.-t.d m<>W>. rd _ moles in excess ( 00) 

70excess- I . d .... 1 
mo es reqUIre to react With hmltmg reactant 

where the moles in excess frequently can be calculated as the total available moles of 
a reactant less the moles required to react with the limiting reactant. A common 
term, excess air, is used in combustion reactions; it means the amount of air avail
able to react that is in excess of the air theoretically required to completely burn the 
combustible material. The required amount of a reactant is established by the limit
ing reactant and is for all other reactants the corresponding stoichiometric amount. 
Even if only part of the limiting reactant actually reacts, the required and ex· 
cess quantities are based on the entire amount of the limiting reactant as if it 
had reacted completely. 

Air requirements for combustion vary with the need to ensure full utilization of 
the fuel's heating value but not generate excessive air pollutants. The excess air re
quired in practice depends on the type of fuel, the furnace, and the burner. Fuel oil, 
for instance, requires 5 to 20% excess air depending on burner design. Excess air is 
recognized as a routine measure of heater performance. 

Three other terms that are used in connection with chemical reactions have 
less clear-cut definitions: conversion, selectivity, and yield. No universally agreed 
upon definitions exist for these terms-in fact, quite the contrary. Rather than cite 
all the possible usages of these terms, many of which conflict, we shall define them 
as follows: 

(c) Conversion is the fraction of the feed or some material in the feed that 
is converted into products. Thus, percent conversion is 
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100 moles of feed (or a compound in the feed) that react 
moles of feed (or a compound in the feed) introduced 

What the basis in the feed is for the calculations and into what products the basis is 
being converted must be clearly specified or endless confusion results. Conversion is 
related to the degree of completion of a reaction, which is usually the percentage or 
fraction of the limiting reactant converted into products. 

(d) Selectivity is the ratio of the moles of a particular (usually the desired) 
product produced to the moles of another (usually undesired) product produced 
in a set of reactions. 

(e) Yield, for a single reactant and product, is the weight (mass) or moles of 
final product divided by the weight (mass) or moles of initial reactant (P lb of 
product A per R lb of reactant B) either fed or consumed. If more than one product 
and more than one reactant are involved, the reactant upon which the yield is to be 
based must be clearly stated. Suppose that we have a reaction sequence as follows: 

A '-....,.) B -----? C 

C 
With B the desired product and C the undesired one. The yield of B is the moles (or 
mass) of B produced divided by the moles (or mass) of A fed or consumed. The se
lectivity of B is the moles of B divided by the moles of C produced. 

The terms "yield" and "selectivity" are terms that measure the degree to which 
a desired reaction proceeds relative to competing alternative (undesirable) reactions. 
As a designer of equipment you want to maximize production of the desired product 
and minimize production of the unwanted products. Do you want high or low selec
tivity? Yield? 

The employment of these concepts can best be illustrated by examples. 

EXAMPLE 1.30 Limiting Reactant and Incomplete Reaction 

Solution 

Antimony is obtained by heating pulverized stibnite (Sb, S,) with scrap iron and drawing off 
the molten antimony from the bottom of the reaction vessel: 

Sb, S, + 3Fe ---> 2Sb + 3FeS 

Suppose that 0.600 kg of stibnite and 0.250 kg of iron turnings are heated together to give 
0.200 kg of Sb metal. Calculate: 

(a) The limiting reactant 
(b) The percentage of excess reactant 
(c) The degree of completion (fraction) 
(d) The percent conversion 
(e) The yield 

The molecular weights needed to solve the problem and the gram moles forming the basis 
are: 
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Component 

Sb2S, 
Fe 
Sb 
FeS 

kg 

0.600 
0.250 
0.200 

The process is illustrated in Fig. E1.30. 

1.77 9 mol Sb2S, 

4.48 9 mol Fe Reactor 

! 
1.64 9 mol Sb 

Fe S 

Mol. wt. gmoi 

339.7 1.77 
55.85 4.48 

121.8 1.64 
87.91 

Figure E1.30 

Chap. 1 

(a) To find the limiting reactant, we examine the chemical reaction equation and note that 
if 1.77 g mol of Sb2 S, reacts. it requires 3(1.77) = 5.31 g mol of Fe, whereas if 
4.48 g mol of Fe reacts, it requires (4.48/3) = 1.49 g mol of Sb2 S, to be available. 
Thus Fe is present in the smallest stoichiometric amount and is the limiting reactant; 
Sb2 S3 is the excess reactant. 

(bl The percentage of excess reactant is 

1.77 - 1.49 ( ) 
% excess = 1.49 100 = 18.8% excess Sb, S, 

(c) Although Fe is the limiting reactant, not all the limiting reactant reacts. We can com
pute from the 1.64 g mol of Sb how much Fe actually does react: 

1.64 g mol Sb 3 g mol Fe 
---='---I-::--"------:l-=- = 2.46 g mol Fe 

2g mo Sb 

If by the fractional degree of completion is meant the fraction conversion of Fe to FeS, 
then 

fr 
. . 2.46 

actlOnal degree of completIOn = 4.48 = 0.55 

(d) Let us assume that the percent conversion refers to the Sb2 S3 since the reference com
pound is not specified in the question posed. 

_1._6_4-=g,--m_o_l_S_b-t-_l ""'2g,--m_O_I--;sl-;b
s
;:.2 S--,' = 0.82 g mol Sb, S, 

gmo b 

% conversion of Sb2 S, to Sb = 0.82 (100) = 46.3% 
1.77 

(el The yield will be stated as kilograms of Sb formed per kilogram of Sb2 S, that was fed 
to the reaction: 

yield = 0.200 kg Sb = 1 kg Sb = 0.33 kg Sb 
0.600 kg Sb, S, 3 kg Sb, S, 1 kg Sb,S, 
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EXAMPLE 1.31 Limiting Reactant and Incomplete Reactions 

Solution 

Aluminum sulfate can be made by reacting crushed bauxite ore with sulfuric acid, according 
to the following equation: 

AI, 0, + 3H2 SO, ---> Ah(S04), + 3H,O 

The bauxite ore contains 55.4% by weight of aluminum oxide, the remainder being impuri
ties. The sulfuric acid solution contains 77.7% H2 S04, the rest being water. 

To produce crude aluminum sulfute containing 1798 Ib of pure aluminum sulfute. 
1080 Ib of bauxite ore and 2510 Ib of sulfuric acid solution are used. 

(a) Identify the excess reactant. 

(b) What percentage of the excess reactant was consumed? 

(c) What was the degree of completion of the reaction? 

We will omit the figure for this problem. You need to look up or calculate the molecular 
weights of the compounds involved. The pound moles of substances forming the basis of the 
problem can be computed as follows: 

1798 Ib Ah(S04), I Ib mol Ah(SO,), = 5.25 Ib mol 
342.2 Ib Ah(SO,), 

1080 Ib bauxite 0.5541b AhO, I Ib mol AhO, _ I 
101.96 Ib AhO, - 5.87 b mol I Ib bauxite 

2510 Ib acid 0.777 Ib H,S04 I Ib mol H2S04 
=:..::...:::....:=+=:,.I"'lb;=-:ac:.::id7-""'--I-=::9;;:8.:...;I=:lb~H;C,;;:SO:;::,::: = 19.88 Ib mol 

(a) The excess reactant can be determined as follows: 

Ratio in feed 

H2S04 : 19.88 = 3.39 

Ratio in chemical equation 

AhO, 5.87 

Hence H2S04 is the excess reactant. 

(b) The Ah(S04)' actuaIly formed indicates that 

3 
-=3 
1 

_5_.2_5_I_b_m_o;...I_A_I.::.,(",S_0-"),,,'+:-::3
1

_lb_m.,-0-,I..,.H
I

-;2(::,S0::-,;-4) = 15.75 Ib mol H2SO, was consumed 
1 bmolA,SO" 

15.75 
19.88 (100) = 79.2% 

(c) The fractional degree of completion refers to the limiting reactant. For each mole of 
Ah(SO,)" 1 mole of AhO, was used: 

5.25 = 089 
5.87 . 
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EXAMPLE 1.32 The Meaning of Selectivity and Yield 

Solution 

Two well-known reactions take place in the dehydrogenation of ethane: 

C2H, - C2R. + H2 

C2H, + H2 - 2CR. 

(a) 

(b) 

Given the following product distribution (in the gas-phase reaction of C2H6 in the presence of 
H2) from the reaction of C2H, 

Component Percent 

C2H. 35 
C,R. 30 
H2 28 
CR. 7 

Total 100 

what is (a) the selectivity of C2R. relative to CR. and (b) the yield of C2R. in kilogram moles 
of C2R. per kilogram mole of C2H,? 

Basis: 100 kg mol of products 

(a) The selectivity (as defined) is 

30 kg mol C2R. = 4.29 mol C2R. 
7 kg mol CR. mol CR. 

(b) The moles of C2R. entering into the reaction can be determined from the C2R. and the 
CR. formed. 

_30_k",g_m_o_I_C=..2R.--,-+-::I""k""g,-m_o""I-:C-:,2-:::cR. = 30 kg mol C2H, 
1. kg mol C2R. 

_7_k""g,-m_o_I_C_H_''-t_I:ck""ge....,m_o""I-:Co,2H-:;,,' = 3 5 k 01 C H 
2kgmolCR. . gm 2. 

33.5 kg mol C2H. 

Total C,H, = 33.5 + 35 = 68.5 kg mol. 

30 kg mol C2R. = 0.44 kg mol CoR. 
68.5 kg mol C2H, kg mol C2H, 

You should remember that the chemical equation does not indicate the true 
mechanism of the reaction or how fast or to what extent the reaction will take place. 
For example, a lump of coal in air will sit unaffected at room temperature, but at 
higher temperatures it will readily burn. All the chemical equation indicates is the 
stoichiometric amounts required for the reaction and obtained from the reaction if it 
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proceeds in the manner in which it is written. Also, remember to make sure that the 
chemical equation is balanced before using it. 

Self-Assessment Test 

1. Write balanced reaction equations for the following reactions: 
(a) CJHJ8 and oxygen to form carbon dioxide and water 
(b) FeS2 and oxygen to form Fe20, and sulfur dioxide 

2. If I kg of benzene (C,H,) is oxidized with oxygen, how many kilograms of O2 are needed 
to convert all the benzene to CO2 and H2 0? 

3. The electrolytic manufacture of chlorine gas from a sodium chloride solution is carried out 
by the following reaction: 

2NaCI + 2H20 ---> 2NaOH + H2 + Cl, 

How many kilograms of Ch can one produce from 10 m3 of a brine solution containing 
5% by weight of sodium chloride? The specific gravity of the solution relative to water at 
4°C is 1.07. 

4. Calcium oxide (CaO) is formed by decomposing limestone (pure CaCO,). In one kiln the 
reaction goes to 70% completion. 
(a) What is the composition of the solid product withdrawn from the kiln? 
(b) What is the yield in terms of pounds of C02 produced per pound of limestone 

charged? 
5. In problem 3, suppose that 50.0 kg of NaCI reacts with 10.0 kg of H20. 

(a) What is the limiting reactant? 
(b) What is the excess reactant? 
(c) What components will the product solution contain if the reaction is 60% complete? 

Thought Problems 

1. An accident occurred in which one worker lost his life. A large steel evaporator in magne
sium chloride service, containing internal heating tubes, was to be cleaned. It was shut 
down, drained, and washed. The next day two employees who were involved in the 
maintenance of the evaporator entered the vessel to repair the tubes. They were over
come, apparently from lack of oxygen. Subsequently, one employee recovered and es
caped, but the other never regained consciousness, and died several days later. 

What in your opinion might have caused the accident (the lack of oxygen)? 
2. A leaky pen will make itself known in Technicolor. Leaked information appears in the na

tional news. But a leaking underground gasoline storage tank is extremely difficult to de
tect. 

Suggest some ways which can be used to detect leaky tanks. How effective are in
ventory control methods? 

3. OSHA requires the use of breathing apparatus when working in or around tanks contain
ing traces of solvents. While demolishing an old tank, a contractor purchased several 
cylinders of compressed air, painted gray. After two days he found that he needed more 
cylinders, and sent a truck for another cylinder. The driver returned with a black cylinder. 
None of the workers, including the man in charge of the breathing apparatus, noticed the 
change or, if they did, attached any importance to it. When the new cylinder was brought 
into use, a welder's facepiece caught fire. Fortunately, he pulled it off at once and was not 
injured. 

What would be the most likely cause of this incident? 
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PROBLEMS 

An asterisk designates problems appropriate for solution using a computer. 
Refer also to the problems that require writing computer programs at the end 
of the chapter. 

Section 1.1 

1.1. An engineer went to the liquor supermarket-which advertised the lowest prices in 
town-and bought what he thought was the usual ! -gal jug for $7.77, but the jug 
tnrned out to be in reality a 1. 75-L bottle. Was this a bargain in comparison with 
two "fifths" (of a gallon) at $7. 99? 

1.2. Convert the following quantities to the units shown in parentheses. 
(a) The speed of light in a vacuum is 2.998 X 10' mls (mi/hr). 
(b) The speed of sound in air at standard temperature and pressure is 340.294 mls 

(ft/s). 
(c) The speed of a car traveling 60 mi/hr (km/hr). 
(d) The standard football field is 100 yards long (m). 
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(e) A fifth (of a gallon) of rum is (cm'). 
(f) A passenger car gets 25 mi/gal (km/L). 

1.3. The following test will measure your SIQ. List the correct answer. 
(a) Which is the correct symbol? 

(1) nm (2) oK (3) sec (4) N/mm 
(b) Which is the wrong symbol? 

(1) MN/m2 (2) GHzls (3) kl/(s· m') (4) °C/M/s 
(e) Atmospheric pressure is about: 

(1) 100 Pa (2) 100 kPa (3) 10 Mpa (4) I GPa 
(d) The temperature O°C is defined as: 

(1) 273.15°K (2) Absolute zero 
(3) 273.15 K (4) The freezing point of water 

(e) Which height and mass are those of a petite woman? 
(1) 1.50 m, 45 kg (2) 2.00 m, 95 kg 
(3) 1.50 m, 75 kg (4) 1.80 m, 60 kg 

(f) Which is a recommended room temperature ih winter? 
(1) 15°C (2) 20°C (3) 28°C (4) 45°C 

(g) The watt is: 
(1) One joule por second (2) Equal to 1 kg' m'ls' 
(3) The unit for all types of power (4) All of the above 

(h) What force may be needed to lift a heavy suitcase? 
(1) 24 N (2) 250 N (3) 25 kN (4) 250 kN 

1.4. Convert 9 X 10' (Ib)/(ft')(hr) to g/(s)(cm'). 
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1.5. In the United States a diet soft drink would be labeled "low cal" cola. In Australia, 
such drinks are sold as "low " cola. 

1.6. Your boss annoUnced that the speed of the company Boeing 727 is to be .cut from 
525 mi/hr to 475 mi/hr to "conserve fuel," thus cutting consumption from 2200 gall 
hr to 2000 gallhr. How many gallons are saved in a 1000-mi trip? 

1.7. It can be determined that the rate of energy loss from a person's body will normally 
vary by approximately 20 Btu/hr for each 1-~ change in skin temperature. There
fore, in going from a comfortably cool skin temperature of 900P to a comfortably 
warm skin temperature of 93°P, the heat rejection rate is increased by only 60 Btul 
hr. How much are the two rates, respectively, in watts? 

1.8. Change the underlined quantities in the following popular phrases to the units given 
in parentheses. . 
(a) An ounce (g) of prevention is worth a pound (kg) of cure. 
(b) Give her an inch (cm) and she'll take a mile (m). 
(c) He demanded his pound (g) of flesh. 
(d) Pirst down and 10 yards (m) to go. 
(e) A miss is as good as a mile (cm). 
(I) More bounce to the ounce (kg). 
(g) I love you a bushel (L) and a peck (cm'). 
(h) Walk a mile (ft) in his shoes. 

1.9. Match the following quantities in list A with the most closely associated terms in 
list B. 

LIST A 

a. 1 million phones c. 10 millipedes 

b. 2000 mockingbirds d. 111000 of a tent 
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e. 2 x 1018 mines 
f. 1012 tories 
g. two tenths of a fur 

h. 10 cards 
i. 10-6 scope 

LIST B 

1. I deckacards 
2. I micrograph 
3. I militant 
4. I centipede 
5. to decipher 
6. 1 territory 
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j. 1021 picolos 
k. 0.000001 phone 
I. 100 oars 

m. 1/106 graph 

8. to examine 
9. I gigolo 

10. I microphone 
11. 1 microscope 
12. I megaphone 
13. I hector 

7. 2 kilo-mockingbirds 

Chap. 1 

1.10. A technical publication describes anew model20-hp Stirling Cair cycle) engine that 
drives a 68-kW generator. Is this possible? 

1.11. A freeze-dried coffee is advertised as "97% caffeine-free." Is it possible for this cof
fee to contain only 0.14% caffeine? Explain. 

1.12. The following is a synopsis of an article to appear in an engineering journal. Con
vert the quantities mentioned to the nearest whole unit shown in parentheses. 

The ocean thermal energy conversion C OTEC) to electrical power utilizes the 
temperature difference between the warm surface water and the cold deep water. A 
proposed (a) 37,912 Btu/s (MW) OTEC power plant will require a (b) 9.15 m (ft)
diameter cold water supply pipe reaching a depth of Ce) 900 m (ft). A test system 
was designed to measure the environmental loading and dynamic response of the 
barge and pipe. This system consisted of a (d) 2.4 m Cft) diameter fiberglass/foam 
pipe (e) 122 m (ft) long suspended vertically by a gimbal from a barge anchored (I') 
3.7 kill (mi) south of Honolulu, Hawaii, in (g) 374.9 m (ft) of water. The pipe wall 
was a composite of aiternating (h) 9.7 nun (in.) fiberglass-rehrforced plastic CFRP) 
and insulating foam of (i) 0.254 em (in.), for an overall thickness of Cj) 33 nun 
(in.). --

Strain gauges and pressure transducers were attached at (k) 15.25 m (ft) inter
vals along the pipe and an accelerometer at (I) 29.3 m (ft) below the surface. The 
barge and pipe system, weighing a total of (m) 81,648 kg (ton) was anchored by (n) 
22,680 kg (Ib) concrete blocks on either side. A cable system held the barge in 
place. 

The cable, rising from the bottom, consisted of a (0) 4.5 em (in.) wire rope 
(p) 45.7 m (yd) long attached to a (q) 4,536 kg (ton) sinker followed by a second 
wire rope of (r) 579 m (ft). This was connected to a more flexible nylon rope (,) 
365 m (ft) long and (t) 13 em (in.) in diameter. The nylon ropes were attached to 
mooring buoys which were chained to the barge. 

1.13. An elevator that weights 10,000 Ib is pulled up 10 ft between the first and second 
floors of a building 100 ft high. The greatest velocity the elevator attains is 3 ft/s. 
How much kinetic energy does the elevator have in (ft)(lbr) at this velocity? 

1.14. Find the kinetic energy of a ton of water moving at 60 mi/hr expressed as 
(a) (ft)(lbr) 
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(b) joules 
(c) (hp)(s) 
(d) (watt)(s) 
(e) (Iiter)(atm) 
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1.15. Calculate the kinetic and potential energy of a missile moving at 12.000 mi!hr 
above the earth where fhe acceleration due to gravity is 30 ft/s2 • 

1.16. Although gold is itself biologically inert, bacteria can degrade gold sulfide to open 
up the matrix of gold ore, making the gold more amenable to attack by cyanide. 
With this biotechnical step added in processing, yields may then be increased from, 
say, the original 60% up to as much as 90% recovery of gold in the ore, depending 
on the mineralogy. 

Typically, this additional biological step is carried out in a pachuca, a cone
bottomed column familiar to the mining industry. Ground or milled ore, mixed with 
the aqueous bacterial solution, is introduced into the top of the column, and air is 
injected at the base. The injected air serves a number of functions: it maintains the 
solid in suspension, it mixes the solid with liquid-giving a three-phase gas!liquid! 
solid system-and it provides the oxygen and carbon dioxide required by the bacte
ria. The bacteria also require a feed of nitrogen and phosphorous, which can be 
added to the column if they are not indigenous to the ore. 

The theory in simple; in practice it is a matter of economics as to whether the 
added steps in gold recovery are worthwhile. If a company sends in a sample con
taining on the average 2.5 g of gold per metric ton of ore, what could be the maxi
mum additional capital and operating costs per ton of ore if the additional biologi
cal reco~ery step is to be employed? 

1.17. Explain in detail whether or not the following equation for flow through a rectangu
lar weir is dimensionally consistent. (This is the modified Francis formula.) 

q = 0.415(L - 0.2ho)h!-' V28 
where q = volumetric flow rate, ft3/s 

L = crest height, ft 
ho = weir head, ft 
g = acceleration of gravity, 32.2 fU(s)' 

1.18. Consider the following equation for the rate of heat transfer across a boundary layer: 

Q = hA aT 

where Q = rate of heat transfer 
h = heat transfer coefficient 
A = area perpendicular to the transfer 

AT = temperature difference 

What are the SI units of the heat transfer coefficient? 
1.19. Densities are sometimes expressed as a linear function of temperature, such as 

p=po+aT 

where p is in g/cm3 and T is in degrees K. What must the units of po and a be? 
1.20. An experimental investigation of the rate of mass transfer of S02 from an airstream 

into water indicated that the mass transfer coefficient could be correlated by an 
equation of the form 

k;r = KUO.481 
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where kx is tlie mass transfer coefficient in moll(cm2)(s) and u is the velocity in 
cmls. Does the constant K have dimensions? What are they? If the velocity is to be 
expressed in ftls, and we want to retain the same form of the relationship, what 
would the units of K' have to be if kx is still moll(cm2)(s), where K' is the new 
coefficient in the formula. 

1.21. The equation for the flow of water through a nozzle is as follows: 

q = C~I _ ~:dd2)4(Aii) 
where q = volume flowing per unit time 

C == dimensionless constant 
g = local gravitational acceleration 

d1 == smaller nozzle diameter 
th == larger nozzle diameter 
A = area of nozzle outlet 

ll.p = pressure drop across nozzle 
p = density of fluid flowing 

State whether this equation is dimensionally consistent. Show how you arrived at 
your conclusion. 

1.22. A useful dimensionless number called the Reynolds number is 

where D == diameter or length 
U == some characteristic velocity 
p = fluid density 
/L = fluid viscosity 

Calculate the Reynolds number for the following cases: 

2 3 

D 2 in. 20 ft 1ft 
U 10 ftls 10 mi/hr I m/s 
p 62.4 Ib/ft' 1 Ib/ft' 12.5 kg/m' 

/L 0.3 Ibm/(hr)(ft) 0.14 X 10-4 2 X 10-6 

Ibm/(s)(ft) centipoise (cP) 

4 

2mm 
3 cm/s 
25 Ib/ft' 
I X 10-6 

centipoise 

1.23. Computers are used extensively in automatic plant process control systems. The 
computers must convert signals from devices monitoring the process, evaluate the 
data using the programmed engineering equations. and then feed back the appropri
ate control adjustments. The equations must be dimensionally consistent. Therefore, 
a conversion factor must be part of the equation to change the measured field vari
able into the proper units. 

Crude oil pumped from a storage unit to a tanker is to be expressed in 
tons/hr, but the field variables of density and the volumetric flow rate are measured 
in Ib/ft3 and gal/min, respectively. Determine the units and the numerical value of 
the factor necessary to convert the field variables to the desired output. 
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1.24. The pressure drop for flow through a circular pipe may be calculated from the Darcy 
formula: 

!J.p = KfLpv' 
D 

where !J.p = lbtlin.' 
K = a constant 
f = friction factor, dimensionless 
L=ft 
p = lbm/ft' 
v = ftls 

D = in. 

What are the units of the constant, K? 

1.25. The Francis weir formula is used in distillation column design to find the height of 
the liquid crest over the weir that controls liquid flow from the plate in the column 

(
Q)O.67 

h = 0.48F L 

where h = liquid crest height, in. 
F = dimensionless correction factor 
Q = liquid flow rate, gal/min 
L = weir length, in. 

(a) What are the units associated with 0.48? 
(b) Convert the equation above to the SI system so that Q can be introduced into 

the equation in the units of m3/s and Land h in meters. 

Section 1.2 

1.26. Write the formula and calculate the molecular weight in grams of: 
(a) Silver sulfate 
(b) Anhydrous barium chloride 
(c) Propyl benzoate 
(d) Thyroxin (thyro-oxyindol) 

1.27. Write the formula and calculate the molecular weight in pounds of (a) silver sulfute, 
(b) anhydrous barium chloride, (c) propyl benzoate, and (d) thyroxin (thyro
oxyindoI). 

1.28. How many pounds of compound are contained in each of the following? 
(a) 64 g of BaMnO, 
(b) 40 lb mol of dimethyl amine 
(c) II kg mol of nicotine 

1.29. (a) How many g mol are represented by 100 g of CO,? 
(b) Calculate the weight in pounds of 3.5 g mol of nitrogen. 

1.30. Convert the following: 
(a) 105 g mol of potassium oxide to g 
(b) 2 lb mol of aluminum acetate to lb 
(c) 114 g mol of oxalic acid to Ib 
(d) 3 Ib of quinine to g mol 
( e) 40 g of trichlorobenzene to Ib mol 
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1.31. How many pounds of compound are contained in each of the following? 
(a) 130 g mol of sodium hydroxide (anhydrous). 
(b) 300 g mol of sodium oleate. 
(c) 165 lb mol of sodium perchromate. 
(d) 62 lb mol of pure nitric acid. 
(e) 36 g mol of cupric tartrate. 
(f) 36 lb mol of cuprous phosphide (eu,p,). 
(g) 72 lb mol of nickel bromide. 
(h) 12 g mol of nitrogen sulfide (N,S,). 
(i) 120 lb mol of potassium nitrate. 
(j) 11 g mol of stannic fluoride. 

1.32. The structural formulas in Fig. P1.32 are for vitamins: 
(a) How many pounds of compound are contained in each of the following (do for 

each vitamin): 
(1) 2.00 g mol (2) 16 g 

(b) How many grams of compound are contained in each of the following (do for 
each vitamin): 
(1) 1.00 lb mol (2) 12 lb 

Structural formula 

Retinol 

Dietary sources 

Fish liver oils, liver, eggs, 
fish, butter, cheese, milk; 
a precursor, /3-carotene, 
is present in green vegetables, 
carrots, tomatoes, squash 

Deficiency symptoms 

Night blindness, eye 
inflammation 

Ascorbic acia (vitamin C) 1 01 7 Citrus fruit, tomatoes, green 
peppers, strawberries, 
potatoes 

Scurvy 

Vitamin D 

C-C-C-C-C-CH OH 
II I I I I 2 
a OHOHH OH 

Fish liver oils, butter, vitomin- Rickets, osteomalacia, 
fortified milk, sardines, hypoparathyroidism 
salman; the body also obtains 
this compound when 
ultraviolet light converts 7-

, dehydrocholesterol in the 
skin to vitamin D 

Figure P1.32 

1.33. The recent correspondence from Dr. Morris and Professor Mullin concerning the 
mole seems to have left its dimensions unresolved. Morris asserts that the "mole has 
the dimensions of mass"; Mullin counters that "the mole is certainly related to 
mass, but this does not confer dimensions of mass on it." 

State which authority is correct, Mullin or Morris, and explain in no more 
than two sentences why. 
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1.34. With the proper catalyst and temperature, ethane (C, H,) can be completely decom
posed to acetylene (C,H,) and hydrogen (H,). If the flow rate into the reactor is 
100 Ib/hn, what is the exit flow rate of H, in Ib/hr? 

Section 1.3 

1.35. A proposed New Mexico coal gasification project is predicted to produce abou~ 
573,000 Iblhr of wet ash from one unit. It would form a pile 231 ft at the base, 100 
ft high, and almost 7 rni long in 1 year! Based on these estimates, what was the den
sity used for the ash in pounds per cubic foot? 

1.36. The density of a certain solution is 8.80 lb/gal at 80'F. How many cubic feet will be 
occupied by 10,010 Ib of this solution at 80'F? 

1.37. The density of benzene at 60'F is 0.879 g/cm'. What is the specific gravity of ben
zene at 60'F/60'F? 

1.38. A solution of sulfuric acid at 60'F is found to have a specific gravity of 1.22. If this 
is equivalent to 30% H2 S04, what is the concentration of Hz S04 in Ib mol/gal? 

1.39. A liquid has a specific gravity of 0.90 at 25'C. What is its 
(a) Density at 25'C in kg 1m'? 
(b) Specific volume at 25'C in ft'/lbm? 

'(e) If the liquid is placed in a 1.5-L bottle that has a mass of 232 g, how much will 
the full bottle weigh? 

1.40. Given a water solution that contains 1.704 kg of HNO,/kgH,O and has a specific 
gravity of 1.382 at 20°C, express the composition in the following ways: 
(a) Weight percent HNO, 
(b) Pounds HNO, per cubic foot of solution at 20'C 
(e) Molarity (gram moles of HNO, per liter of solution at 20'C) 

1.41. Two immiscible liquids are allowed to separate in a vessel. One liquid has a specific 
gravity of 0.936; the second liquid weights 9.63 Iblgal. A block that is 9 in. by 9 in. 
by 9 in. and weights 25.8 Ib is dropped into the vessel. Will the block float on the 
top, stop at the interface where the two liquids are separated, or sink? What fraction 
of the volume of the block is in one or both of the liquids? ' 

1.42. Five thousand barrels of 28'API gas oil are blended with 20,000 bbl of 15° API fuel 
oil. What is the density of the mixture in Iblgal and Ib/ft'? Assume that the volumes 
are additive. I bbl = 42 gal. 

S'fi . 60'F 141.5 
pecI c gravIty 60'F = 'API + 131.5 

Density of water at 60'F = 0.999 g/cm'. 
1.43.' In a handbook you find that the conversion between 'API and density is 0.800 den

sity = 45.28'API. Is this a misprint? 

1.44. One barrel each of gasoline (55'API). kerosene (40'API), gas oil (3I'API), and 
isopentane (960 API) are mixed. What is the composition of the mixture expressed 
in weight percent and volume percent? What is the API gravity and the density of 
the mixture in glcm' and Ib/gal? 

1.45. A tank for deep-sea diving consists of 60% He (atomic weight = 4.00), 20% N" 
and 20% 0,. The weight of the gas in the tank, excluding the tank weight, is 
1.437 kg. What is the mass fraction of each of the components in the tank? 
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1.46. In the analysis of coal, a pseudo coal molecule can be postulated as represented by 
the following formula: 

C1 HO.904 OO.187S0.004N0,021 

(a) What is the analysis of the coal by weight (mass) percent? 
(b) What is the molecular weight of the pseudo molecule? 

1.47. Solid fuel is used in many cornmerical areas from rocket boosters to rock concert 
light shows. Components of solid fuel fall into four main catagories: fuel, oxidizer, 
other special additives, and a binder. For example, various metal compounds and 
metal powders are used in fireworks to produce the brilliant colors that you see. An 
analysis shows that the powder from a gold cone fountain firework contained the 
following: 

Percent by weight Component Purpose 

2 C Fuel 
8 S Fuel 

53 KN03 Oxidizer 
32 Fe Color 
4 Al Color 
I Stearic acid-CH3(CH2)I,C02H Organic binder 

Total 100 

Calculate the mol % of each component. 

1.48. Harbor sediments in the New Bedford, Massachusetts, area contain PCBs at levels 
up to 190,000 ppm according to a report prepared by Grant Weaver of the Massa
chusetts Coastal Zone Management Office (Environ. Sci. Technol .. v. 16, no. 9. p. 
491A, 1982). What is the concentration in percent? 

1.49. NIOSH sets standards for CeL in air at 12.6 mg/m3 of air Ca time weighted average 
over 40 hr). The CCL found in a sample is 4800 ppb (parts per billion; bil
lion = 10'). Does the sample exceed the NIOSH standard? Be careful! 

1.50. The following table shows the annual inputs of phosphorus to Lake Erie. 

Source 
Lake Huron 

Land drainage 
Municipal waste 
Industrial waste 

Outflow 
Retained 

Short tons/yr 

2,240 
6.740 

19,090 
2,030 

30.100 
4.500 

25,600 

SOURCE: 23rd Report to Committee on Govern
ment Operations, U.S. Government Printing 
Office. Washington. D.C .• 1970. 

(a) Convert the retained phosphorus to concentration in micrograms per liter as-
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smning that Lake Erie contains 1.2 x 1014 gal of water and that average phos
phorus retention time is 2.60 yr. 

(b) What percentage of the input comes from municipal water? 
(e) What percentage of the input comes from detergents, assuming they represent 

70% of the municipal waste? 
(d) If 10 ppb of phosphorus triggers nuisance algal blooms, as has been reported in 

some documents, would removing 30% of the phosphorus in the municipal 
waste and all the phosphorus in the industrial waste be effective in reducing the 
eutrophication (i.e., the unwanted algal blooms) in Lake Erie? 

(e) Would removing all the phosphate in detergents help? 
1.51. A single piston reciprocating pump has a IS-em-diameter piston with a 15-cm 

length of stroke. If the pump makes 16 strokes per minute, what is the pumping nile 
in (a) Limin? (b) gal/min? 

1.52. A 15-in.-diameter sewer pipe is flowing fuIl and carrying a flow of 2.7 million gal
lons per day. What is the average velocity of the water in the pipe? 

1.53.' Solubility of formaldehyde in a solvent is measured by a spectrophotometer operat
ing at 570 nm. The data collected are optical density versus concentration expressed 
in grams per liter. 

Concentration, c Optical density, d 

100 
300 
500 
600 
700 

0.086 
0.269 
0.445 
0.538 
0.626 

Based on Beer's law, obtain the best estimates of the coefficients for a linear relation 

c = bo + bid 

and plot the equation so obtained together with the data. Refer to Appendix M. 

Section 1.4 

1.54. Twenty-five pounds of gas consisting of 30% CO2, 40% N2, and 30% 02 are placed 
in a cylinder 200 ft' in volume. What is the 
(a) Average molecular weight of the gas? 
(b) Density of the gas (in lb/ft')? 

1.55. A mixture of gases contains 10.5% CO2, 13.0% C]" 12.7% N2, and the balance hy
drogen (all are mole percentages). The molecular weights are: C02 = 44.01, 
CI, = 70.90, N2 = 28.01, and H2 = 2.02. 
(a) What is the average molecular weight of the gas? 
(b) Calculate the gas composition as weight fractions. 

1.56. You are given 200 kg of a gas mixture containing 

S02 20% 

N02 20% 

N2 60% 
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What is 
(a) The lb of N, in the gas? 
(b) The average molecular weight of the gas? 

1.57. You have 100 lb of gas of the following composition: 

CH., 30% 

H, 10% 

N, 60% 

What is the average molecular weight of this gas? 

1.58. A fuel gas is reported to analyze. on a mole basis, 20% methane, 5% ethane, and 
the remainder CO2 . Calculate the analysis of the fuel gas on a mass percentage 
basis. 

1.59. Recent developments in ion chromatography are filling the analytical gap between 
the atomic adsorption spectroscopy and inductively coupled plasma metal spec
troscopy. Ion chromatography can now not only determine what trace metals are 
present, but also their oxidation state, the degree of complexation, and the stability 
of the complex. For example, a nickel electroplating solution was analyzed by dilut
ing it with a water eluant solution. The analysis revealed the following ion concen
trations. 

Metal cation Concentration (mg/L) 

Pb2+ 
Cu2+ 

Cd'+ 
Co2+ 

Zn2+ 

Ni2+ 

The other material in the solution was water. 

4 
0.5 
4 
1 
2 
4 

(a) Calculate the concentration in mass % of each cation present. 
(b) Calculate the composition in mol % of each cation present. 

1.60. A gas mixture consists of three components: argon, B, and C. The following analy
sis of this mixture is given: 

40.0 mol % argon 

IS.75 mass % B 

20.0 mol % C 

The molecular weight of argon is 40 and the molecular weight of C is 50. Find: 
(a) The molecular weight of B 
(b) The average molecular weight of the mixture 

1.61. 1\vo engineers are calculating the average molecular weight of a gas mixture con
taining oxygen and other gases. One of them uses the correct molecular weight of 
32 for oxygen and determines the average molecular weight as 39.2. The other uses 
an incorrect value of 16 and determines the average molecular weight as 32.S. This 
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is the only error in his calculations. What is the percentage of oxygen in the mixture 
expressed as mol %? 

1.62. A liquid mixture of compounds A, B, and C containing 10 kg of A analyzes 25% B 
and contains 1.5 moles of C per mole of B. The respective molecular weights of A, 
B, and C are 56, 58, and 72; and the specific gravities are 0.58, 0.60, and 0.67. 
Calculate the analysis of the mixture in mole percent, the molecular weight of the 
mixture, the volume percent A on aB-free basis (ignore volume change on mixing), 
the density of the mixture, and the total number of moles of the mixture. 

Section 1.5 

1.63. In a report on the record low temperatures in Antarctica, Chemical and Engineering 
News said at one point that "the mercury dropped to -76°C." In what sense is that 
possible? Mercury freezes at -39°C. 

1.64. Two engineers are argning about the physical properties of a certain product. One 
claims that the melting point is -40°F, while the other claims that it is -40°C. 
(a) Who is correct? 
(b) The boiling point is 325 K. Determine the boiling point in °C, oR, and of. 
(c) Find To - Tm (To = boiling point, Tm = melting point) for K, °C, oR, and of. 

1.65. "Further, the degree Celsius is exactly the same as a kelvin. The only difference is 
that zero degree Celsius is 273.15 kelvin. Use of Celsius temperature gives us one 
less digit in most cases" from [Eng. Educ., p. 678 (April 1977)]. Comment on the 
quotation. Is it correct? If not, in what way or sense is it wrong? 

1.66. (a) Convert 70°F to °C, K, OR. 
(b) Convert 210 K to °c, OF, OR. 

1.67. From what we know now, it is not going to be easy to make practical room-temper
ature superconductors. For one thing, scientists believe that getting a superconduc
tor to carry more than a trickle of electrical current at room temperature would be 
very difficult. Even if we had room-temperature superconductivity, we would prob
ably still work at the liquid nitrogen temperature, at which the current-carrying ca
pacity of the superconductors is much greater. 

Liquid nitrogen boils at 77 K and is required as a refrigerant for the highest
temperature superconductors proven to date. Its use represents a big improvement 
over the more costly and' formerly required liquid helium, which boils at about 
-452°F. But it is far short of the room-temperature goal, which if attained, could 
lead rapidly to a revolution in cars, personal computers, and other yet-to-be-imag
ined consumer devices. 

Convert the boiling point of liquid nitrogen to degrees Fahrenheit and degrees 
Rankine, and the boiling point of liquid helium to degrees Celsius and kelvin. 

1.68. Given T, = 25°F, T, = 60°C, and !iT = T, - T" express T" T" and !iT in all of 
the following units: OF, °e, "R, K. 

1.69. Calculate all temperatures from the one value given: 

(a) 
140 

(b) 

298 

(c) 

500 

(d) 

-40 

(e) 

1000 
(f) (g) (h) 

1000 
1000 

1000 
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1.70. The emissive power of a blackbody depends on the fourth power of the temperature 
and is given by 

W = AT' 

where W = emissive power. Btu/(ft')(hr) 
A = Stefan-Boltzmann constant, 0.171 X 10-8 Btu/(ft')(hrlCR)' 
T = temperature, ~ 

What is the value of A in the units J/(m')(s)(K')? 

Section 1.6 

1.71. The amplitude of sound at any given point is expressed as sound-pressure level 
(SPL). Its physical unit is the decibel, which is given as 

SPL = 20 In (pi po) in dB 

where p is the sound pressure being measured and po is a reference pressure, usually 
20 micronewtons per square meter (,..N/m'). The reference pressure of 20 ,..N/m' is 
approximately equal to the lowest pressure which a young person with normal hear
ing can barely detect at a frequency of 1000 Hz. Other measures of sound pressure 
may be encountered in the literature, such as dynes per square centimeter, micro-
bars, and pounds per square inch. ' 

Common examples of representative SPL (in dB) include: 

Business office 50 

Speech at 3 ft 65 

Subway at 20 ft 95 

Jet aircraft at 35 ft 130 

On gantry during Saturn V launch 172 

Convert the dB values of 0, 20, and those in the list above to: 
(a) N/m' . 
(b) ,..bar 
(c) psi 

1.72. Fill in the values in the blanks in the following: 
(a) Consider a tank that is to take a pressure of 10 psi. This is the equivalent of 

(approximately) newtons/square meter (N/m'), . or 
--,-,=-,-__ kilonewtons/square meter (kN/m'), or kilopas-
eals (kPa). 

(b) It may help to remember that 14.7 psi ( atm) = ____ _ 
kN/m' or approximately MN/m'. 

(c) If your automobile tires take 24 psi of air, you will have to set the air-pump 
pressure to kN/m'; if you need 26 psi, the pressure will be 
-,-____ -,-kN/m'. If you are used to asking just for 30 Ib of air in your car 
tires, you would in the future have to ask for kilograms. 

(d) An absolute pressure of 10 micrometers of mercury is almost exactly equivalent 
to N/m2, or Pa. 

(e) If you are designing a corrosion-resistant tank of rolled (annealed) Hastelloy al
loy C, the tensile strength needed for your calculations is 896 MN/m', which is 
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the equivalent of -==--,, ___ psi. Perhaps it would be better to round it off 
to GN/m'. 

1.73. "Holiday drivers stranded, Icicles blossom in Florida; 50 cities set record lows" 
was the headline in the December 26 newspaper. After citing all of the cities with 
new low temperatures, the paper went on to say: "As the full force of the cold wave 
descended on the East it was 5 degrees Sunday morning in New York City. As one 
example of the strength of the cold air mass flowing from northwest Canada, the 
highest pressure ever recorded in the United States-31.42 inches of mercury-was 
measured on Christmas Eve in Miles City, Mont." Can this last statement be true? 

1.74. The pressure gauge on a tank reads 50 psig on a day when the barometric pressure is 
28.0 in. Hg. Find the absolute pressure in the tank in psia. 

1.75. The growing use of ceramic fibers in the electronics, aerospace, and chemical pro
cess industries has prompted the development of a much faster manufacturing pro
cess, one several hundred times faster than current chemical vapor deposition 
(CVD) methods. The fibers are stronger and more flexible because they have a more 
uniform composition (Le., no carbon core required). The reactor conditions may be 
varied from 1000 to 2500 K and the pressure from 100 to 700 kPa to accommodate 
a wide range of material processes. For example, silicon carbide fibers could be pro
duced by mixing silicon chloride with methane and then heating the mix with an 
yttrium/aluminum laser, thus allowing strict control of the process temperature in 
the reactor. Convert the ranges for the reactor temperature and pressure to their cor
responding American Engineering units (OR and psi). 

1.76. Suppose that a submarine inadvertently sinks to the bottom of the ocean at a depth 
of 1000 m. It is proposed to lower a diving bell to the submarine and attempt to en
ter the conning tower. What must the minimum air pressure be in the diving bell at 
the level of the submarine to prevent water from entering into the bell when the 
opening valve at the bottom is cracked open slightly? Give your answer in absolute 
kilopascal. Assume that seawater has a constant density of 1.024 g/cm3. 

1.77. Air in a scuba diver's tank shows a pressure of 300 kPa absolute. What is the pres
sure in: 
(a) psi (b) kPa (c) atm (d) bar 
(e) in. Hg (f) ft H,O (g) kgrlcm' 

1.78. Flat-roof buildings are a popular architectural style in dry climates because of the 
economy of materials of construction. However,. during the rainy season water may 
pool up on the roof decks so that structural considerations for the added weight must 
be taken into account. If 25 em of water accumulates on a 10-m by 10-m area dur
ing a heavy rain storm, determine: 
(a) The total added weight the building must support 
(b) The force of the water on the roof in psi 

1.79. A problem with wastewater treatment tanks set below ground was realized when the 
water table rose and an empty tank floated out of the ground. This buoyancy prob
lem was overcome by installing a check valve in the wall of the tank so that if the 
water table rose high enough to float the tank, it would fill with water. If the density 
of concrete is 2080 kg/m', determine the maximum height at which the valve should 
be installed to prevent a buoyant force from raising a rectangular tank with inside 
dimensions of 30 m by 27 m and 5 m deep. The walls and floor have a uniform 
thickness of 200 mm. 

1.80. A centrifugal pump is to be used to pump water from a lake to a storage tank that is 
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148 ft above the surface of the lake. The pumping rate is to be 25.0 gallmin, and the 
water temperature is 60'F. The pump on hand can develop a pressure of 50.0 psig 
when it is pumping at a rate of 25.0 gal/min. (Neglect pipe friction kinetic energy 
effects, or factors involving pump efficiency.) 
(a) How high (in feet) can the pump raise the water at this flow rate and tempera

ture? 
(b) Is this pump suitable for the intended service? 

1.81. You are asked to recommend a liquid for an open-top vertical manometer. As much 
accuracy as possible is needed, but the ceiling in the room restricts the column 
height to 3.35 m. Pressures will range up to 50 kPa gauge. Choose one of the sub
stances from the following table, 'and explain the reasons for your choice. Give any 
calculations needed. . 

Substance 

Mercury 
Water 
Carbon tetrachloride 

Density (g/cm') 

13.5939 
0.99823 
1.5940 

1.82. A manometer uses kerosene, sp gr 0.82, as the fluid. A reading of 5 in. on the 
manometer is equivalent to how many millimeters of mercury? 

1.83. The pressure gauge on the steam condenser for a turbine indicates 26.2 in. Hg of 
vacuum. The barometer reading is 30.4 in. Hg. What is the pressure in the con
denser in psia? 

1.84. A pressure gauge on a process tower indicates a vacuum of 3 .53 in. Hg. The barom
eter reads 29.31 in. Hg. What is the absolute pressure in the tower in millimeters of 
mercury? ' 

1.85. John Long says he calculated from a formula that the pressure at the top of Pikes 
Peak is 9.75 psia. John Green says that it is 504 mm Hg because he looked it up in 
a table. Which John is right? 

1.86. The floor of a cylindrical water tank was distorted into 7-in. bulges due to the set
tling of improperly stablized soil under the tank floor. However, several consulting 
engineers restored the damaged tank to use by placing plastic skirts around the bot
tom of the tank wall and devising an air floatation system to move it to an adjacent 
location. The tank was 30.5 m in diameter and 13.1 m deep. The top, bottom, and 
sides of the tank were made of 9.35-mm-thick welded steel sheets. The density of 
the steel is 7.86 g/cm'. 
(a) What is the gauge pressure in kPa of the water at the bottom of the tank when it 

is completely full of water? 
(b) What must the air pressure be in kPa beneath the empty tank in order to just 

raise it up for movement? 

1.87. A pressure instrument has failed on a process line that requires constant monitoring. 
A bell-type gauge as shown in Fig. P1.87, is available which has oil (density of 
0.800 g/cm') as a sealant liquid. Construction of the gauge limits the sealant liq
uid's travel to 12.7 cm before blowout of the oil occurs. What maximum pressures 
can this gauge measure in kPa? 

1.88. One end of a mercury manometer at 70°F is attached to an evaporator at low pres
sure; the other is open to the atmosphere. T~e height of the mercury column is 
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8.1 mm. How many kPa absolute is this? What is the equivalent reading in inches of 
Hg vacuum? 

1.89. Examine Fig. P1.89. Oil (density = 0.91 g/cm') flows in a pipe, and the flow rate 
is measured via a mercury (density = 13.546 g/cm') manometer. If the difference 
in height of the two legs of the manometer is 0.78 in., what is the corresponding 
pressure difference between points A and B in mm Hg? At which point, A or B, is 
the pressure higher? The temperature is 60°F. 

1.90. Water at 60°F is flowing through a pipeline, and the line contains an orifice plate for 
flow measurement. The pressure difference between the upstream and the down
stream sides of the orifice plate is to be measured using an available V-tube 
manometer which is 48 in. high. If the maximum expected pressure drop across the 
orifice plate is 3.55 psi. what is the minimum specific gravity required of a manome
ter liquid that can be used to measure this differential pressure? Density of water at 
60°F = 0.999 g/cm'. 

1.91. An inclined manometer is often used to measure small pressure differences. See 
Fig. P1.91. 
(a) Find the equation for h in terms of Land O. 
(b) The, process fluid is a gas at low pressure, the angle of inclination is 20°, 

L = 10 cm, and the manometer fluid is oil with a specific gravity of 0.8. What 
is the pressure differential (pascal) p, - p,? 

(c) If the process fluid is oil (sp gr = 0.8), the manometer fluid is water, and 
L = 12 in., what is the pressure drop in psi? 

1.92. Pressure in a gas cell is measured with an inverted manometer, as shown in Fig. 
PI.92. The scale on the far right-hand side of the flgure shows the distances in mm 
(not to scale) of the interfaces of the liquids in the manometer. What is the pressure 
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mm Scale 

___ ,------------ 505 

PG 
420 

Water 
P, P, 

----- 380 

Hg 

----r ------ 205 

h. P, ___ L 190 
180 

0 
Tank 1 Tank 2 

Figure P1.91 Figure P1.92 

of the gas in psia if the pressures in the closed tanks are PI = 12.50 psia and 
p, = 9.17 psia? The density ofHg is 13.6 g/cm'. 

1.93. The pressure reading on the gauge shown in Fig. P1.93 is 2.4 psi. If the liquid level 
in the glass pipe connecting the two tanks is 16 ft below the bottom of the water 
tank. is the pressure gauge working properly? Show all calculations. What should 
the gauge read in psig? 

It 

Open to Atmosphere 

Liquid Level of L1iquj"j-~ 
af 'p. gr. af 5.40 

3 

Figure P1.93 

Open to Atmosphere 

I 

1.94. The indicating liquid in the manometer shown in Fig. Pl.94 is water, and the other 
liquid is benzene. These two liquids are essentially insoluble in each other. If the 
manometer reading is D.Z = 36.3 em water, what is the pressure difference in kPa? 
The temperature is 25°C. 

1.95. Examine Fig. P1.95. The barometric pressure is 720 mID Hg. The density of the oil 
is 0.80 g/cm'. The Bourdon gauge reads 33.1 psig. What is the pressure in kPa of 
the gas? 
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Figure P1.94 
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Figure Pl.95 
j 
3" 
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Hg 

Section 1.7 

1.96. Visit your library and carry out data searches for the following information. Report 
the values or equations found and their respective sources in complete detail: names 
of authors, article name, book or journal name, volume (if applicable), page num
ber, and date of publication. 
(a) Density of lead thiocyanate [Pb(CNS)21 at 20°C 
(b) Boiling point in °C of glyceryl tributyrate [(C2H,CH2C02), 'C,H,l at atmo

spheric pressure 
(c) Solubility of ammonium oxalate [(NIL), 'C20;1 at 40°C in water 
(d) Volume of methyl choride gas at 200°F and 6 psia 

1.97. Does Perry's Chemical Engineers' Handbo(Jk contain information on densities of 
alcohol-water mixtures? osmotic pressure of sodium chloriqe solutions? corrosion 
properties of metals? 

1.98. List four journals that publish physical property data and the libraries in which they 
are located. 

Section 1.8 

1.99. How would you estimate the rate at which a spherical water-filled capsule in outer 
space cools. List the types of information needed to $olve such a problem, the as-
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sumptions that must be made, and what physical principles that you have studied in 
physics might be used to help solve the problem. Draw a picture of the process and 
indicate what the independent and dependent variables involved in the process might 
be. 

1.100. Read the introductory portions of the book by Moshe F. Rubenstein, Problem Solv
ing (Prentice-Hall, Englewood Cliffs, N.J., 1975), and compare the techniques out
lined there with those listed in Sec. 1.8. 

Section 1.9 

1.101. BaC]' + Na,SO, -- BaS04 + 2NaCI 
(3) How many grams of barium chloride will be required to react with 5.00 g of 

sodium sulfate? 
(b) How many grams of barium chloride are required for the precipitation of 5.00 g 

of barium sulfate? 
(c) How many grams of barium chloride are needed to produce 5.00 g of sodium 

chloride? 
(d) How many grams of sodium sulfate are necessary for the precipitation of the 

barium of 5.00 g of barium chloride? 
(e) How many grams of sodium sulfate have been added to barium chloride if 

5.00 g of barium sulfate is precipitated? 
(f) How many pounds of sodium sulfate are equivalent to 5.00 Ib of sodium chlo

ride? 
(g) How many pounds of barium sulfate are precipitated by 5.00 lb of barium chlo

ride? 
(h) How many pounds of barium sulfate are precipitated by 5.00 Ib of sodium sul

fate? 
(i) How many pounds of barium sulfate are equivalent to 5.00 lb of sodium chlo

ride? 
1.102. AgNO, + NaCI -- AgCl + NaNO, 

(3) How many grams of silver nitrate will be required to react with 5.00 g of 
---------- - -sodiumchloride?------------- -- -- ----------- -- - ______________ ~~. ___ _ 

(b) How many grams of silver nitrate are required for the precipitation of 5.00 g of 
silver chloride? 

(c) How many grams of silver nitrate are equivalent to 5.00 g of sodium nitrate? 
(d) How many grams of sodium chloride are necessary for the precipitation of the 

silver of 5.00 g of silver nitrate? 
(e) How many grams of sodium chloride have been added to silver nitrate if 5.00 g 

of silver chloride is precipitated? 
(f) How many pounds of sodium chloride are equivalent to 5.00 lb of sodium ni

trate? 
(g) How many pounds of silver chloride are precipitated by 5.00 lb of silver nitrate? 
(h) How many pounds of silver chloride are precipitated by 5.00 lb of sodium chlo

ride? 
(i) How many pounds of silver chloride are equivalent to 5.00 lb of silver nitrate? 

1.103. The chemical composition of the material formed by an organism that grows in an 
incubator by degrading hexadecane (Cf6H34) can be written as C4.4H7.3 NO.8601.2. 
How many moles of oxygen are used to degrade I mole of hexadecane according to 
the following reaction? 
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where aJ, a2, hI, b2 are constants to be determined. 

1.104. When benzene (C,H,) is burned with oxygen. how many pounds of oxygen are re
quired to burn 10 lb of benzene to carbon dioxide and water vapor? 

1.105. A plant makes liquid CO2 by treating dolomitic limestone with commercial sulfuric 
acid. The dolomite analyzes 68.0% CaCO,. 30.0% MgCO,. and 2.0% Si02; the 
acid is 94% H2S04 and 6% H20. Calculate: 
(3) Pounds of CO2 produced per ton dolomite treated 
(b) Pounds of commercial acid required per ton of dolomite treated Mol. wt. data: 

CaCO,. 100; MgCO,. 84.3; Si02• 60; H2S04 • 98. 
1.106. The formula for vitamin C is as follows: 

1°1 f 
C-C=C-C-C-CH20H 
II I I I I 
o OH OH H OH 

How many pounds of this compound are contained in 2 g mol? 
1.107. Removal of CO2 from a manned spacecraft has been accomplished by absorption 

with lithium hydroxide according to the following reaction: 

2LiOH(s) + CO2(g) - Li,CO,(s) + H20(I) 

(3) If 1.00 kg of CO2 is released per day per person. how many kilograms of LiOH 
are required per day per person? 

(b) What is the penalty (i.e .• the percentage increase) in weight if the cheaper 
NaOH is substituted for LiOH? 

1.108. Some states and cities are placing a ban on laundry detergents containing more than 
20% phosphates. In reading the detailed provisions of one law, it prohibits the sale 
of any detergent with a phosphorus pentoxide content of over 20% by weight. How 
much is this when expressed as weight percent sodium triphosphate, the compound 
found in the detergent? 

1.109. Sulfuric acid can be manufactured by the contact process according to the following 
reactions: 

(1) S + O2 - S02 
(2) 2S02 + O2 ---> 2S0, 
(3) SO, + H20 ---> H2S04 

You are asked as part of the preliminary design of a sulfuric acid plant with a de
sign capacity of 2000 tons/day of 66' Be (Baume) (93.2% H2S04 by weight) to cal
culate the following: 
(3) How many tons of pure sulfur are required per day to run this plant? 
(b) How many tons of oxygen are required per day? 
(c) How many tons of water are required per day for reaction (3)? 

1.110. Seawater contains 65 ppm of bromine in the form of bromides. In the Ethyl-Dow re
covery process, 0.27 Ib of 98% sulfuric acid is added per ton of water, together 
with the theoretical CI, for oxidation; finally, ethylene (C2R.) is united with the 

---~--.. ~ 
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bromine to form CzILBr2' Assuming complete recovery and using a basis of 1 Ib of 
bromine. find the weights of acid, chlorine, seawater, and dibromide involved. 

2Br- + Cl, ----> 2CI- + Br, 

Br, + C,I{" ----> C,H,Br, 

1.111. The burning of limestone. CaCO, _ CaO + C02. goes only 70% to completion in 
a certain kiln. 
(a) What is the composition (mass %) of the solid withdrawn from the kiln? 
(b) How many kilograms of CO, are produced per kilogram of limestone fed? As

sume that the limestone is pure CaC03 . 

1.112. In the semiconductor industry, integrated circuit (IC) production begins with the 
mechanical slicing of si~icon rod into wafers. Once the wafers are sliced, the sur
faces are lapped and polished to uniform flat surfaces. Contaminants and micro
scopic defects (work damage) are then removed chemically by etching. A tradi
tional etching solution consists of a 4: I : 3 volumetric ratio of 49% hydrofluoric, 
70% nitric, and 100% acetic acids, respectively. Although work damage is usually 
only 10 /-tm deep, overetching to 20 JLffi per side is common. The reaction for dis
solving the silicon surface is 

3Si + 4HNO, + 18HF ----> 3H,SiF, + 4NO + 8H,O 

Calculate the flow rate of the etching solution in kilograms per hour if 20 jJ. m 
per side is to be etched for 6000 wafers per hour of 150 min diameter. What is the 
limiting reagent? 

Data Mol. wt. 

Si-2.33 glcm' 28.09 
Sp gr 49% HF is 1.198 20.01 
Sp gr 70% HNO, is 1.4134 63.01 

_______ Sp gr_lOO%CH,CO,H-is_1.0492 ____ 60.05 _____ _ 

1.113. 

1.114. 

One method of synthesizing the aspirin substitute, acetaminophen, involves a three
step procedure as outlined in Fig. PI.113. First, p-nitrophenol is catalytically hy
drogenated in the presence of aqueous hydrochloric acid to the acid chloride salt of 
p-aminophenol with a 86.9% degree of completion. Next the salt is neutralized to 
obtain p-arninophenol with a 0.95 fractional conversion. Finally, the p-aminophe
nol is acetalated by reacting with acetic anhydryde, resulting in a yield of 3 kg mol 
of acetaminophen per 4 kg mol. What is the overall conversion fraction of p-nitro
phenol to acetaminophen? 
The most economic method of sewage wastewater treatment is bacterial digestion. 
As an intermediate step in the conversion of organic nitrogen to nitrates, it is re
.ported that the Nitrosomonas bacteria cells metabolize ammonium compounds into 
,ell tissue and expel nitrite as a by-product by the following overall reaction: 

5CO, + 55NI{" + + 760, ----> C,H,O,N(tissue) + 54NO,- + 52H,O + J09H+ 

If 20,000 kg of wastewater containing 5% ammonium ions by weight flows 



Chap. 1 Problems 

OH 

NH2HCI 

HClIH,O 

H, (up to 30 
psig) Pd/C 

anhydride 

OH 

with Na.OH to 
OH pH6 

Q 
OH 

Figure P1.113 

99 

through a septic tank inoculated with the bacteria. how many kilograms of cell tis
sue are produced provided that 95% of the NII. + is consumed? 

1.115. One can view the blast furnace from a simple viewpoint as a process in which the 
principal reaction is 

F020, + 3C --> 2Fe + 3CO 

but some other undesired side reactions occur, mainly 

Fe,O, + C --> 2FeO + CO 

After mixing 600.0 Ib of carbon (coke) with 1.00 ton of pure iron oxide, F020" the 
process produces 1200.0 Ib of pure iron, 183 Ib of FeO, and 85.0 Ib of Fe20,. Cal
culate the following items: 
(a) The percentage of excess carbon furnished, based on the principal reaction 
(b) The percentage conversion of F02 0, to Fe 
(c) The pounds ofcarbon used up and the pounds of CO produced perton of F020, 

charged 
. (d) What is the selectivity in this process? 

1.116. Barite mineral (BaS04) is processed by heat fusion with soda ash (Na2 CO,) fol
lowed by leaching with water to produce BaeD), which has several uses, including 
that of a rat poison. The overall reaction is 

Na2CO, + BaS04 --> Na,S04 + BaCO, 

Mol. wt.: 106 233 142 197 

The analysis shows the weight percents as: solid residue, 33.6% BaS04 and 66.4% 
BaCO,; and soluble salts, 58.1% Na,S04 and 41.9% Na,CO,. For the process, cal
culate: 
(8) The composition of the mix before fusion 
(b) The percent excess reactant 
(c) The degree of completion 
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1.117. Diborane, B,H" a possible rocket propellant, can be made by using lithium hydride 
(LiH): 

6LiH + 2BCI, --> B,H,; + 6LiCI 

If you mix 200 Ib of LiH with 1000 Ib of BCI" you recover 45.0 Ib of B,H,;. Deter
mine: 
(3) The limiting reactant 
(b) The excess reactant 
(e) The percent excess reactant 
(d) The percent conversion of LiH to B2H,; 
(e) The degree of completion of the reaction 
(f) The yield of B,H, based on the LiH charged (in IbIlb) 
(g) The Ib of LiCl produced -

1.118. A common method used in manufacturing sodium hypochlorite bleach is by the re
action 

Cl, + 2NaOH --> NaCI + NaOCI + H20 

Chlorine gas is bubbled through an aqueous solution of sodium hydroxide, after 
which the desired product is separated from the sodium chloride (a by-product of the 
reaction). 

A water-NaOH solution that contains 1145 Ib of pure NaOH is reacted with 
8511b of gaseous chlorine. The NaOCI formed weighs 618 Ib, 
(3) What is the limiting reactant? 
(b) What was the percentage excess of the excess reactant used? 
(c) What is the degree of completion of the reaction, expressed as the moles of 

NaOCI formed to the moles of NaOCI that would have formed if the reaction 
had gone to completion? 

(d) What is the yield of NaOCI per amount of chlorine used (on a weight basis)? 
1.119. An electric furnace produces phosphorus by the reaction 

-~-. ---.-- - ~- ---·--Ga,(PO.),(s)-+-5C(s)-+-3Si02(s) )_3CaSiO,(s)_+_5CJ)(gU:_21'.(I)_~_ 

The specific compounds in the slag (solid product) are Ca,(pO.)" CaSiO" and SiO,. 
You analyze the slag from the reaction and find 2.0% P, 1% C, 36.0% CaO, and 
the rest silicon and oxygen compounds. Determine: 
(3) The limiting reactant 
(b) The excess reactants 
(c) The kg of P actually produced per kg of Ca,(pO.), charged to the process 
(d) The kg mol of CO produced per kg of Ca,(p04), charged to the process 
(e) The degree of completion oflhe reaction 

1.120. An electric furnace produces iron (Fe, mol. wt. 55.85) from Fe20, by reaction with 
powdered coal (carbon). The reaction products are Fe, FeO, and CO. Twenty-five 
kilograms of Fe,O, and 6 kg of C are charged to the furnace and after drawing off 
the Fe, the slag (FeO solid product remaining) is 3 kg. Determine: 
(3) The limiting reactant 
(b) The excess reactant 
(c) The percent excess reactant 
(d) The fractional degree of completion of the reaction 
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1.1. Write a program to convert °C into K, <>P, and oR at 1°C intervals. Have the pro
gram arranged so that you can do the following: 
(a) Read in a starting value of °C. 
(b) Read in a stopping value of 0c. 
(e) Use a loop to convert °C to the other temperature scales at lac intervals be

tween th~ starting and stopping values, inclusive. 
(d) Print out the four temperatures for each conversion with appropriate column 

headings. 
(e) Use comment lines where appropriate to indicate your procedure in conversion. 

1.2. Write a computer program to convert millimeters of mercury into inches of mer
cury, feet of H2 0, and psia at 2 mm Hg (even-numbered) increments below 
760 mm Hg. Have the computer arranged so that you can do the following: 
(a) Read in a starting value for the millimeters of mercury. 
(b) Stop at 760 mm Hg (the last value to be converted). 
(c) Read in the necessary conversion factors, such as CPSIA in 

PSIA = CPSIA * HGMM 

(d) Use one-dimensional arrays to store values. 
(e) Use a DO loop to compute all values. You must compute the number of itera

tions required with your program. 
(f) Print out the results after all the conversions have been made. 

(1) Print your name at the top of the first page. 
(2) Print appropriate column headings at the top of each new page. 
(3) Print only 50 lines of conversion results per page. 

1.3. Prepare a computer program to give the specific gravity of a fluid as a function of 
°Be (Baume) and °API over the interval 00_300 in 10 increments. Equation (1.10) 
gives the relation bet~een specific gravity and °API (for liquids less dense than wa
ter), while the relationships for °Be are 

liquids more dense than water 

145.0 
sp gr = 145.0 _ 0Be 

. liquids less dense than water 

140.0 
sp gr = 130.0 + 0Be 

Read the 0 API or °Be into the program as data. 
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Conservation laws occupy a special place in science and engineering. Common state
ments of these laws take the form of "mass (energy) is neither created nor de
stroyed," "the mass (energy) of the universe is constant," "the mass (energy) of any 
isolated system is constant," or equivalent statements. To refute a conservation law, 
it would be sufficient to find just one example of a violation. 

But what degree of accuracy is needed to prove a violation? In an industrial en
vironment, in spite of considerable effort, it is not possible to make a 99.9% closure 
of a mass balance. The results of errors in measurement in determining the amount 

--oEnaterial in tankS;-oins,orums, 5ags, alld-bottles;in-obtaining-representative-sam----
pIes; in analyzing the samples; and in determining the fate of raw materials fed into 
the system and products removed from it preclude such accuracy. 

Our belief in the validity of the conservation laws rests on the experiences of 
Lavoisier and many of the scientists following in his path who studied chemical 
changes quantitatively and found invariably that the sum of the weights of the sub
stances entering into a reaction equaled the sum of the weights of the products of the 
reaction. Thus our collective experience has been summed up and generalized as the 
law of the conservation of matter. Of course, we must exclude processes involving 
nuclear transformations, or else extend our law to include the conservation of both 
energy and matter. 

Why study material balances as a separate topic? You will find that material -
balance calculations are almost invariably a prerequisite to all other calculations in 
the solution of both simple and complex chemical engineering problems. Further
more, skills that you develop in analyzing material balances are easily transferred to 
other types of balances and other types of problems. 

102 
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In this chapter we discuss the principle of the conservation of matter and how it 
can be applied to engineering calculations, making use of the background informa
tion discussed in Chap. 1. Figure 2.0 shows the relations between the topics dis
cussed in this chapter and the general objective of making material and energy bal
ances. In approaching the solution of material balance problems, we first consider 
how to analyze them in order to clarify the method and the procedure of solution. 
The aim will be to help you acquire a generalized approach to problem solving so 
that you may avoid looking upon each new problem, unit operation, or process as 
entirely new and unrelated to anything you have seen before. As you scrutinize the 
examples used to illustrate the principles involved in each section, explore the 
method of analysis, but avoid memorizing each example by rate, because, after all, 
they are only samples of the myriad of problems that exist or could be devised on 
the subject of material balances. Most of the principles we consider are of about the 
same degree of complexity as the law of compensation devised by some unknown, 
self-made philosopher who said: "Things are generally made even somewhere or 
some place. Rain always is followed by a dry spell, and dry weather follows rain. I 
have found it an invariable rule that when a man has one short leg, the other is al
ways longer!" 

In working these problems you will find it necessary to employ some engineer
ing judgment. You think of mathematics as an exact science. For instance, suppose 
that it takes 1 man 10 days to build a brick wall; then 10 men can finish it in 1 day. 
Therefore, 240 men can finish the wall in 1 hr, 14,400 can do the job in 1 min. and 
with 864,000 men the wall will be up before a single brick is in place! Your pass
word to success is the famous IBM motto: THINK. 
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2.1 THE MATERIAL BALANCE 

Your objectives in studying this 
section are to be able to: 

1. Define the system and draw the system boundaries for which the mao 
terial balance is to be made. 

2. Explain the difference between an open and a closed system. 
3. Write the general material balance in words including all terms. Be 

able to apply the balance to simple problems. 
4. Cite examples of processes in which no accumulation takes place; no 

generation or consumption takes place; no mass flow in and out takes 
place. 

S. Apply the material balance equation for the simplified case of in
put ~ output to the total mass of material and to an individual spe
cies. 

6. Explain the circumstances in which the mass of a compound entering 
the system equals the mass of the compound leaving the system. Re
peat for moles. 

To make a material balance (or an energy balance as discussed in Chap. 4) for a pro
cess, you need to specify what the system is and outline its boundaries. According to 
the dictionary, a process is one or a series of actions or operations or treatments that 
result in an end [prodnct]. Chemical engineering focuses on operations that cause 
physical and chemical change in materials. Innumerable textbooks' and reference 

__ .blJoks'-giy:e.examples_QtJlrocesses such as 

Chemical manufacture 
Fluid transport 
Handling of bulk solids 
Size reduction and enlargement 
Heat generation and transport 
Distillation 
Gas absorption 
Bioreactions 

I McCabe, W. L., J. C. Smith, and P. Harriott, Unit Operations o/Chemical Engineering. 4th 
ed., McGraw-Hill, NY, 1986. 

2Perry, R. H. and D. W. Green, eds., Chemical Engineers' Handbook, 6th ed., McGraw-Hill, 
NY, 1984; Shreve, R. N. and 1. A. Brink, Chemical Process Industries, 4th ed., McGraw-Hill, NY, 
1977. 
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and so on. The examples we use in this book often refer to abstractions of these pro
cesses, because we do not have the space here to describe the details of any of them. 
By system we mean any arbitrary portion or whole of a process set out specifically 
for analysis. Figure 2.1 shows a system in which flow and reaction take place; note 
particularly that the system boundary is formally circumscribed about the process 
itself to call attention to the importance of carefully delineating the system in each 
problem you work. An open (or flow) system is one in which material is transferred 
across the system boundary, that is, enters the system, leaves the system, or both. A 
closed (or batch) system is one in which there is no such transfer during the time 
interval of interest. Obviously, if you charge a reactor with reactants and take out 
the products, and the reactor is designated as the system, material is transferred 
across the system boundary. But you might ignore the transfer, and focus attention 
solely on the process of reaction that takes place only after charging is completed 
and before the products are withdrawn. Such a process would occur within a closed 
system. 

A system boundary may be fixed with respect to the process equipment as in 
Fig. 2.1, or the boundary may be an imaginary surface that grows or shrinks as the 
process goes on. Think of a tube of toothpaste that is squeezed. A fixed boundary 
might be the tube itself, in which case mass crosses the boundary as you squeeze the 
tube. Or, you can imagine a flexible boundary surrounding the toothpaste itself that 
follows the extruded toothpaste, in which case no mass crosses the boundary. 

A material balance is nothing more than an accounting for material flows and 
changes in inventory of material for a system. Examine Fig. 2.2. Equation (2.1) de-

Output 
flow 

sfreoms 

• 
Figure 2.2 Auy enclosed volume 
or system over which material bal
ances are to be made. We are not 
concerned with the internal details, 
only with the passage of material 
across the volume boundaries and 
the change of material inside the 
system. 
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scribes in words the principle of the material balance applicable to processes both 
with and without chemical reaction: 

/

acc:7t:tionj = / t::::::h ]- [ t:;!~~~ 1 
the system system 

system boundaries boundaries 

+ [ge:~:::!onj _ [con:~:;ion) 
the the 

system system 

(2.1) 

As a generic term, material balance can refer to a balance on a system for the 

1. Total mass 
2. Total moles 
3. Mass of a chemical compound 
4. Mass of an atomic species 
5. Moles of a chemical compound 
6. Moles of an atomic species 
7. Volume (possibly) 

With respect to a total mass balance, in this book the generation and consump
tion terms are zero whether a chemical reaction occurs in the system or not (we ne
glect the transfer between mass and energy in ordinary chemical processing)'; hence 

accumulation = input - output (2.2) 

With respect to-abalance oillfie total moles,-ifacnemic-aI-reaction-does-occuf,-you-
most likely will have to take into account the generation or consumption terms. In 
the absence of chemical reaction, the generation and consumption terms do not ap-
ply to a single chemical compound such as water or acetone; with a chemical reac
tion present in the system, the terms do apply. 

From the viewpoint of both a mass balance or a mole balance for elements 
themselves, such as C, H, or 0, the generation and consumption terms are not in
volved in a material balance. Finally, Eq. (2.1) should not be applied to a balance 
on a volume of material unless ideal mixing occurs (see Sec. 3.1) and the densities 
of the streams are the same. In this chapter, information about the generation and 
consumption terms for a chemical compound will be given a priori or can be in
ferred from the stoichiometric equations involved in the problem. Texts treating 
chemical reaction engineering describe how to calculate from basic principles gains 
and losses of chemical compounds. 

3 For information concerning the conservation of mass and Einstein's principle in circumstances in 
which ordinary chemical reactions occur, read R. S. Treptow, J. Chern. Edue., v. 63, pp. 103, 1052 
(1986). or J. Maddox, Nature. v. 328, p. 755 (1987). 
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In Eq. (2.1) the accumulation term refers to a change in mass or moles (plus or 
minus) within the system with respect to time. whereas the transfers through the sys
tem boundaries refer to inputs to and outputs of the system. If Eq. (2.0 is written in 
symbols so that the variables are functions of time. the equation so formulated would 
be a differential equation. As an example. the differential equation for the O2 mate
rial balance for the system illustrated in Fig. 2.1 might be written as 

dnOl within system _ • • • 
dt - nOZ in - nOZ out - nOZ reacted (2.1a) 

where nO, whhl"''',m denotes the moles of oxygen within the system boundary, and 
h02 denotes the rate at which oxygen enters, leaves or reacts, respectively, as indi
cated by the subscript. Each term in the differential equation represents a rate with 
the units of, say, moles per unit time. Problems formulated as differential equations 
with respect to time are called nnsteady-state (or transient) problems and are dis
cussed in Chap. 6. In contrast, in steady-state problems the values of the variables 
in the system do not change with time, hence the accumulation term in Eq. (2.1) is 
zero by definition. 

In this Chapter for convenience in treatment we use an integral balance form 
of Eq. (2.1). What we do is to take as a basis a time period such as one hour or 
minute, and integrate Eq. (2.1a) with respect to time. The derivative (the left hand 
side) in the differential equation becomes 

J
t2 dnoz within system _ J'2 _ I I _ A 

dt dt - dnOz within system - nOZ (2 - nOZ I} - Un 

tJ II 

where LIn is the difference in the n02 within the system at t2 less that at tl. A term on 
the right hand side of the differential equation becomes, as for example the first 
term, 

J
'2 

hoZ in dt = nOZ in 

'I 

where no, In represents the entire net quantity of oxygen introduced into the system 
between tl and t2. If the flow rate of O2 into the system shown in Fig. 2.1 is constant 
at the rate of 1200 moles/hr, by choosing a basis of one hour 

f !20~ mol I dt hr = 1200 mol (I - 0) = 1200 mol 

Most, but not all, of the problems discussed in this chapter are steady-state 
problems treated as integral balances for fixed time periods. If no accumulation oc
curs in a problem, and the generation and consumption terms can be omitted from 
consideration, the material balances reduce to the very simple relation 

{

mass/mole input} {mass/mole output} 
through the = through the 

system boundaries system boundaries 

(2.3) 

or briefly: "What comes in must go out." 
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Chap. 2 

Material balances can be made for a wide variety of materials, at many scales 
-- ---.-- - -of-size-forthe-system and-in-various- degrees.ofcomp\ication._To_Qbtain_a-1)er~p.ective 

as to the scope of material balances, examine Figs. 2.3 and 2.4. Figure 2.3 illus
trates a world-scale set of mass balances for nitrogen for different systems, while 
Fig. 2.4 shows a lIowsheet fora chemical plant that includes both mass and energy 
flows. 

In the process industries, material balances assist in the planning for process 
design, in the economic evaluation of proposed and existing processes, in process 
control, and in process optimization. For example, in the extraction of soybean oil 
from soybeans, you could calculate the amount of solvent required per ton of soy
beans or the time needed to fill up the filter press, and use this information in the 
design of equipment or in the evaluation of the economics of the process. All sorts 
of raw materials can be used to produce the same end product, and quite a few dif~ 
ferent types of processing can achieve the same end result, so that case studies (sim
ulations) of the processes can assist materially in the financial decisions that must be 
made. 

Material balances are also used in the hourly and daily operating decisions of 
plant managers. If there are one or more points in a process where it is impossible or 
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Process mass and energy balance 

Bcsis: 2,000 lb. Phenol@60F 
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Chemicals Heat Services Recycle Recycl e Services Chemicals 

Name 

NozO 

NoZC03 

H,O 

C6HS 

HzS04 

H,o 

" H2SO4 

Totols 

Lb. 

1,040 

1,100 

13,960 

2,000 

2,000 

1,000 

650 

21,700 

'F Btu. X lOs Woter Steam kw. 
(lb.l (Ib.) Conden 4 

sote Water' Btu. X 106 'F Lb. 

60 (Direct-fired heat] 
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60 1.1 1,000 8 

60 
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1,000 0.14 200 

21,000 2.90 200 Evaporator 

60 22.1 21,000 9 n 
60 ,U 
60 7,000 13 

Sulfo-
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7,000 0.28 100 csHs 
45 

~ 27,000 1.62 120 

60 27,000 10 

(Direct-fired 
Neutralizer 44.7 heat) 10 

FUSion~ 
pots 

0.72 100 2,433 
Settler 100 11,000 

CentrifU9:r: 0.40 100 1,009 

$ 100 4,858 
60 10 

60 

ACldlf'Y- H,o 
4,\18 

40,000 18,000 4.06 130 

~ 
2,400 

60 44.7 18,000 40,000 20 . 

stili still 
114.6, 52,000 62,000 80 62,000 52,000 10.12 21,700 

Figure 2,4 Material (and energy) balances in the m;lllufacture of phenol presented 
in the form of a ledger sheet. [Taken from Chern. Eng .. p. 117 (April 1961) by per
mission.] 

Name 

NOZS03 
H,o 

No zSD3 
H,O 

CSH50H 

Tetels 

uneconomical to collect data, then if sufficient 'other data are available, by making a 
material balance on the process it is possible to get the information you need about 
the quantities and compositions at the inaccessible location. In most plants a mass of 
data is accumulated in data bases on the quantities and compositions of raw materi
als, intermediates, wastes,products, and by-products that is used by the production 
and accounting departments, and that can be integrated into a. revealing picture of 
company operations. 
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We should also note in passing that balances using Eq. (2.1) can be made on 
many other quantities in addition to mass and moles. Balances on dollars are com
mon (your bank statement. for example) as are balances on the number of entities, 
as in traffic coun Is, population balances, and social services. 

We now look at some simple examples of the application of Eq. (2.1) 

EXAMPLE 2.1 Total Mass Balance 

Solution 

A thickener in a waste disposal unit of a plant removes water from wet sewage sludge as 
shown in Fig. E2.1. How many kilograms of water leave the thickener per 100 kg of wet 
sludge that enter the thickener? The process is in the steady state. 

tOO kg 70 kg 
------1 Thickener f-:---.....;~-

Wet Sludge Dehydrated Sludge 

'----,lr-----' 
Water = ? Figure E2.1 

The system is the thickener (an open system). No accumulation, generation, or consumption 
occur. Use Eq. (2.3). The total mass balance is 

In 

100 kg 

Consequently, the water amounts to 30 kg. 

Out 

70 kg + kg of water 

EXAMPLE 2.2 Mass Balances for a Fluidized Bed 

Solution 

Hydrogenation oreoano-give liyiliocarbon gases-is-one method-of-obtaining-gaseous-fuels-
with sufficient energy content for the future. Figure E2.2 shows how a free-fall fluidized-bed 
reactor caD be set up to give a product gas of high methane content. 

Suppose, first, that the gasification unit is operated without steam at room temperature 
(25'C) to check the gas flow rate monitoring instruments. 

(a) If 1200 kg of coal per hour (assume that the coal is 80% C, 10% H, and 10% inert ma
terial) is dropped through the top of the reactor without the air flowing, how many kg 
of coal leave the reactor per hour? 

(b) If, in addition to the coal supplied, 15,000 kg of air per hour is blown into the reactor, 
at 25°C, how many kg of air per hour leave the reactor? 

(c) Finally, suppose that the reactor operates at the temperatures shown in Fig. E2.2, and 
that 2000 kg of steam (H20 vapor) per hour are blown into the reactor along with 
15,000 kgthr of air and the 1200 kg of coal. How many kg of gases exit the reactor 
per hour assuming complete combustion of the coal? 

Basis: I hr 

The system is the fluidized bed. 
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lrierts_---, Row In 

Product 400'C 
H,+CO+CH4 +CO, 

t ~ 
Combustion 

t 
Gases 

CO, 

j Inerts 

t t 

Figure E2.2 

(a) If coal is dropped into the vessel without airflow or reaction, as would be the case at 
25°C, 1200 kg of coal must remain in the reactor representing the accumulation: 

Accumulation = Input - Output 

1200 1200 - 0 

Hence 0 kg of coal leave the reactor per hour. 
(b) Because the accumulation is zerO for air in the reactor, and no reaction occurs 

Output = Input - Accumulation 

15,000 = 15,000 - 0 

The output is 15,000 kg/hr. 
(c) All the material except the inert portion of the coal leaves as a gas. Consequently, we 

can add up the total mass of material entering the unit, subtract the inert material, and 
obtain the mass of combustion gases by difference: 

Entering 
material 

Coal 
Air 
Steam 

Total 

1200 kg coal 10 kg inert . 
100 kg coal = 120 kg mert 

kg 

1,200 
15,000 
2,000 

18,200 - 120 = 18,080 kg/hr of gases 
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EXAMPLE 2.3 Material Balances 

(a) If 300 Ib of air and 24.0 Ib of carbon are fed to a reactor (see Fig. E2.3) at 600'F and 
after complete combustion no material remains in the reactor, how many pounds of 
carbon will have been removed? How many pounds of oxygen? How many pounds 
total? 

Solution 

(b) How many moles of carbon and oxygen enter? How many leave the reactor? 

(c) How many total moles enter the reactor and how many leave the reactor? 

24.0 Ib C -----, 

? 

300 Ib Air ----" Figure E2.3 

This is a problem without any accumulation. The system is the reactor and will be treated as 
an open system as shown in Fig. E2.3. We want to make a total mass balance and CO2 and 
O2 mole balances. 

Basis: 300 Ib air 

First we calculate the Ib mol of oxygen, nitrogen, and carbon entering: 

_3_oo_lb_a_ir-+-,I:-:I,.,b,.-m:;:-0_I-,air-t_2.,.1:-:.0:-:;-lb_m_o-,I_0:-=. ' = 2.17 Ib mol Oz 
29.0 Ib air 100 Ib mol arr 

The chemical reaction is 

2~lnbmor 0, -79:o-JbmorN2.:. Sib] 
21.0lb mol 0, - . 7 I mo N, 

24.0 Ib C I Ib mol C = 2 00 Ib I C 
12.0 Ib C . mo 

C + 0, ---> CO, 

From the stoichiometry, 2.00 Ib mol C requires 2.00 Ib mol 0, for complete combustion, so 
that a mole balance for O2 leads to the conclusion that oxygen is the excess reactant, and that 

out in consumption 

0, out = 2.17 - 2.00 = O.17lb mol 

The carbon as C that exits is zero because all the C as such is consumed; from the stoi
chiometry we conclude for the CO, that 

out in generation 

co, = 0 + 2.00 = 2.00 Ib mol 
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Summing up all the calculations in the form of a table. we have (mol. wt. atmospheric 
N, = 28.2) 

In Out 

lb lb mol lb lb mol 

C 24.0 2.00 0 0 
0, 69.5 2.17 5.5 0.17 
N, 230.5 8.17 230.5 8.17 
CO, 0 0 88.0 2.00 
Total 324 12.34 324 10.34 

We can now answer the questions posed in the problem. 

(a) No carbon will be removed as the element C. but 88 Ib of CO, will be removed, which 
contains 24 Ib of C. Only 0.17 Ib mol of 0, will be removed as 0,; the remainder of 
the 0, is in the CO,. The total pounds removed will be that placed initially in the reac
tor, namely 324 lb. 

(b) 2.001b mol C and 2.17 Ib mol of 0, enter the reactor, and 0 Ib mol of C and 0.17 Ib 
mol of O2 as elemental species leave the reactor. 

(c) 12.34 Ib mol enters the reactpr and 10.34 Ib mol leaves the reactor. 

Note that instead of making mole balances on C02 and O2 as in Example 2.3, 
we could have made mole, or mass, balances on the elements C and 0 (or oxygen 
expressed as O2) that would lead to the same final information. You can avoid 
using the generation and consumption terms in Eq. (2.1) if you make element 
balances. 

Mole Balance 

C: 
0: 

or O2 : 

Mass Balance 

C: 
0: 

or O2 : 

In Out 

C CO2 O2 C CO2 O2 --
2 + 0 + 0 =0+ 2 + 0 
0 + 0 + 2.17(2) = 0 + 2(2) + 0.17(2) 
0 + 0 + 2.17 

24+ 0 + 0 
0+ 0 + 69.5 
0+ 0 + 69.5 

=0+ 2 + 0.17 

=0+24+ 0 
'= 0 + 64 + 5.5 
= 0 + 64 + 5.5 

Of course, the element balances make use of the same stoichiometric information, 
as do the component balances. 

What can we conclude from Example 2.3? You can observe that although the 
total mass put into a process and the total mass recovered from a process have been 
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shDwn tD be equal, there is nD such equality .on the part .of the total mDles in and .out, 
if a chemical reactiDn takes place. What is true is that the number .of atDms .of an el
ement (silch as C, 0, Dr even .oxygen expressed as 0,) put intD a process must equal 
the atDms .of the same element leaving the prDcess. ill Example 2.3 the tDtal mDles in 
and .out are shDwn tD be unequal, but the mDles .of 0 in (Dr mDles expressed as 0,) 
equal the mDles .of 0 (Dr mDles expressed as 0,) leaving. 

Keeping in mirtd the remarks abDve fDr prDcesses invDlving chemical reac
tiDns, we can summarize the circumstances under which the input equals the .output 
fDr steady-state processes (nD accumulatiDn) as fDllDWS: 

Type of balance 

Total balances 
Total mass 
Total moles 

Component balances 
Mass of a' pure compound 
Moles of a pure compound 
Mass of an atomic species 
Moles of an atomic species 

Equality required for 
input and output of 
steady-state process 

Without With 
chemical chemical 
reaction reaction 

Yes Yes 
Yes No 

Yes Nb 
Yes No 
Yes Yes 
Yes Yes 

We nDW turn tD mDre detailed cDnsideratiDn .of material balance prDbleins. 
YDur basic task is tD turn the problem, expressed in wDrds, intD a quantitative fDrm, 

---- expressed-in-mathematicaLsymbDls_and_numbers,_and_then sDlve_the_resulting_math,--_ 
ematical equatiDns. 

SeH-Assessment Test 

1. Draw a sketch of the following processes and place a dashed line around the system: 
(a) Tea kettle 
(b) Fireplace 
(c) Swimming pool 

2. Show the materials entering and leaving the systems in problem 1. Designate the tiille in
terval of reference and classify the system as open or closed. 

3. Write down the general material balance in words. Simplify it for each process in problem 
1 above, stating the assumptions made in each simplification. 

4. Classify the following processes as (1) batch, (2) flow, (3) neither, or (4) both on a time 
scale of one day: 
(a) Oil storage tank at a refinery 
(b) Flush tank on a toilet 
(c) Catalytic converter on an automobile 
(d) Gas furnace in a home 
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5. What is a steady-state process? 
6. Do the inputs and outputs of the chemicals in Fig. 2.3 agree? Why not? Repeat for Fig. 

2.4 for the chemicals. 

7. Define a material balance. A mass balance. 

8. Answer the following true (T) or false (F). 
(a) If a chemical reaction occurs, the total masses entering and leaving the system for a 

steady-state process are equal. 
(b) In combustion, all of the moles of C that enter a steady-state process exit from the 

process. 
(c) The number of moles of a chemical compound entering a steady-state process in 

which a reaction occurs with that compound can never equal the number of moles of 
that same compound leaving the process. 

9. List the circumstances for a steady-state process in which the number of moles entering 
the system equals the number of moles leaving the system. 

Thought Problem 

1. Examine the Figure. A piece of paper is put into the bell in (I). In picture (2) we set fire 
to the paper. Ashes are left in (3). If everything has been weighed (the bell, the dish and 
the substances) in each case, we would observe that: 
(a) Case I would have the larger weight. 
(b) Case 2 would have the larger weight. 
(e) Case 3 would have the larger weight. 
(d) None of the above. 

Explain your answer. 

D£lO 
Poper ashes 

(1) (2) (3) 

2.2 PROGRAM OF ANALYSIS OF MATERIAL BALANCE 
PROBLEMS 

Your objectives in studying this 
section are to be able to: 

1. Define what the term "solution of a material balance problem" means. 
2. Ascertain that a unique solution exists for a problem using the given 

data, andlor ascertain the number of degrees of freedom in a problem 
so that additional information can be obtained (and get it). 

3. Decide which equations to use if you have redundant equations. 



116 Material Balances Chap. 2 

4. Solve a set of n independent equations containing nvariables whose 
values are unknown. 

5. Retain in memory and recall as needed the implicit constraints in a 
problem. 

6. Prepare material flow diagrams from word problems. 
7. Translate word problems and the associated diagrams into material 

balances with properly defined symbols for the unknown variables 
and co'nsistent units for steadYRstate processes with and without 
chemical reaction. 

8. State the maximum number of independent equations that can be 
generated in a specific problem. 

9. Recite the 10 steps used to analyze material balance problems so that 
you have an organized strategy for solving material balance problems. 

One of the main objectives you should have in studying this chapter is to develop a 
logical methodology of your own to solve material balance problems. Descartes 
summed up the matter more than three centuries ago, when he wrote in his 
"Discours de la Methode": "Ce n'est pas assez d'avoir l'esprit bon, mais Ie principal 
est de I'appiquer bien." In English: "It is not enougb to have a good intelligence
the principal thing is to apply it well." 

Much of the remaining portion of this chapter demonstrates the techniques of 
analyzing and solving problems involving material balances. Later portions of the 
text consider the case of combined material and energy balances. By solving we 
mean obtaining a unique solution. Refer to Appendix L for more information about 
the concept of a unique solution if the concept is not clear to you. Because material 
balance problems all involve the same principle, althougb the details of the applica
tions of the principle may differ slightly, we shall examine in this section a general-

~ -~~- --ized~method-of~analyzing such-problems-which-can-be-applied-to-the-solution-of-an)' __ 
type of material balance problem. 

We are going to discuss a strategy of analysis of material balance problems that 
will enable you to understand, first, how similar these problems are, and second, 
how to solve them in the most expeditious manner. For some types of problems the 
method of approach is relatively simple and for others it is more complicated, but the 
important point is to regard problems in distillation, crystallization, evaporation, 
combustion, mixing, gas absorption, or drying not as being different from each other 
but as being related from the viewpoint of how to proceed to solve them. 

An orderly method of analyzing problems and presenting their solutions 
represents training in logical thinking that is of considerably greater value than 
mere knowledge of how to solve a particular type of problem. Understanding 
how to approach these problems from a logical viewpoint will help you to develop 
those fundamentals of thinking that will assist you in your work as an engineer long 
after you have read this material. But keep in mind the old Chinese proverb: 

None of the secrets of success will work unless you do. 
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First, let us examine how many material balances you can write in any given 
problem using Eq. (2.1). Whether a chemical reaction occurs or not, you can write 
for the defined system a balance on 

(a) Total mass 
(b) Mass (or moles) of each atomic species (H, C, 0, etc.) 

without using the generation or consumption terms in Eq. (2.1). If a chemical reac
tion does not occur, you can also write a mass (or mole) balance for each component 
present in the system without involving the generation and consumption terms. How 
many balances are required to solve a problem? You have to have the same num
ber of independent balances as the number of variables whose values are un
known (and are to be calculated). Refer to Appendix L for instances in which too 
few or too many equations are evolved from a problem. Thus, there is no point in 
beginning to solve a set of material balances unless you can be certain that the equa
tions have a unique solution. 

Composition 

lEtOH? 
w=? 'H20? 

G 
MeOH? 

Composition ___ F_=_1_0~0_k9_.~ P = 60 ,kg 
50% EtOH .'-

40 H,O System 
10 MeOH Boundary 

Composition 
, 80% EtOH 

5 H20' 
15 MeOH 

Figure 2.5 A process with three components without chemical reaction. 

You can gain some experience by making mass balances on one unit for a sim
ple problem comprised of just three components, as illustrated in Fig. 2.5. In Secs. 
2.5 and 2.6 we will take up material balance problems involving more than one sys
tem. In Fig. 2.5 the system is the box, and we assume that the process is in the 
steady state without reaction, so that Eq. (2.3) applies. An independent mass bal
ance equation based on Eq. (2.3) can be written for each compound involved in the 
process defined by the system boundary. We will use the symbol OJ with an appropri
ate subscript to denote the mass fraction of a component in the streams F, W, and P, 
respectively. Each mass balance will have the form 

(2.4) 

but we will, of course, insert ·the known values of the stream flow rates and mass 
fractions instead of the symbols where possible. Here are the three balances: 

In Out 

EtOH: (0.50)(100) = (0.80)(60) + WEtOH.W(W) 

H20: (0.40)(100) = (0.05)(60) + WH,O.W(W) 

MeOH: (0.10)(100) = (0.15)(60) + WM,OH.w(W) 

(2.4a) 

(2.4b) 

(2.4c) 
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In addition. we can write a balance for the total material in and out: 

In Out 

Total: (1.00) 100 = (1.00)(60) + (WE<OH.W 

+ WH,O.W + WMOOH,W)(W) 
(2.4d) 

Remember that implicit constraints (equations) exist in the problem formula. 
tion because of the definition of mass fraction: namely, that the sum of the mass 
fractions in each stream must be unity: 

(2.5) 

We could substitute Eq, (2.5) into Eq, (2.4d) to simplify the latter equation, or re
tain it as a separate equation, 

First, let us count the number of independent equations. You should recognize 
that not all of the four mass balances [Eqs. (2.4a)-(2.4d)1, are independent equa
tions. Do you see how the sum of the three component balances (2.4a), (2.4b), and 
(2.4c) equals the total mass balance? In any problem you can substitute the total ma
terial balance for anyone of the component material balances if you plan to solve 
two or more equations simultaneously or if the substitution makes the solution pro
cedure simpler. 

Let us just consider Eq. (2.4a)-(2.4c) and (2,5). Are they a set of independent 
equations? If the answer (yes) is not obvious to you from the way in which the equa
tions were formulated, you should review Appendix L to ascertain how to determine 
in a formal way whether the equations in a set of equations are independent. In gen
eral, but not always, in the absence of reactions, the number of independent equa
tions equals the number of chemical compounds present, and with reactions occur
ring, the number of independent equations equals the number of atomic species 
present. But you may say the equations as posed are not linear because a mass frac-

- .. tion"an, unknown,multiplies.W:,.also.Jl!lknown. However, Eq. (2.5) can be substi
tuted into Eq. (2.4d), the latter solved directly forW, and W substituted into each of-
Eq. (2.4a)-(2.4c). The result is three linear equations, Can you show that they are 
independent? 

In the first formulation of the problem, we had four independent equations to 
solve, Eqs. (2.4a)-(2.4c) plus Eq. (2.5), How many variables can have unknown 
values if a unique solution is to be obtained? Four! Let us count the number of vari
ables whose values are unknown: W, ltIEtOH.W, WHzD,W, .and WMeOH,W. The problem 
specifications worked out quite well-we have the same number of independent 
equations as unknown values of variables, and can solve the four equations to get a 
unique solution. To solve the equations as simply as possible, in this particular case 
you should note by inspection that the equations are not badly coupled together by 
the unknowns and can be reduced to three uncoupled independent linear equations 
by substituting Eq. (2.5) into Eq. (2.4), solving the latter for W, and substituting the 
value of W into Eq. (2.4a)-(2.4c). How many variables can have unknown values 
with three independent equations? Just three. You can solve each of the Eqs. 
(2.4a)-(2.4c) as simplified separately. 
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What should you do if the count of independent equations and unknown vari
ables does not match up? The best procedure is to review your analysis of the prob
lem to make sure that you have not ignored some equation(s) or variable(s), doulile 
counted, forgotten to look up some missing data, or made some error in your as
sumptions. For example, let us suppose that the value of P in Fig. 2.5 is not known. 
The mass balances and summation of mole fraction equations remain the same ex
cept that the symbol P representing a variable whose value is unknown is substituted 
for 60 kg. As a result, the problem contains four independent equations and five un
known variables, and thus has no unique solution unless one more independent equa
tion or piece of information can be assembled. In some problems, no basis is cited, 
and the number of unknowns is one greater than the number of independent equa
tions. In such a case, you can select an arbitrary basis of I or 100 kg, Ib, mol, and 
so on, to provide the essential extra piece of information needed to obtain a unique 
solution. 

Finally, examine Fig. 2.6. How many component mass balances can you make 
for the process in the figure? The answer is three! 

50 = 0.80P + 0.05W 

40 = 0.05P + 0.925W 

10 = 0.15P + 0.025W 

How many unknown variables are there? Two is the answer. Clearly, the problem is 
overspecilied and does not have a unique solution as posed unless one of the equa
tions is redundant. Can you show by the method described in Appendix L, or by 
substitution, that only two of the component balances (any two) are independent and 
the third is dependent (redundant)? 

Composition 

50% 

40 

10 

EfOH } 
H20 

MeOH 

F = 100 kg 

Composition 

{ 

EtOH 5.0% 

H20 92.5% 

MaOH 2.0°(0 Composition 

w=? 

f-~P-="";"? __ { 8~O/o ~:~H 
L-_ .... \---" 15 MeOH 

Process 

System 
Boundary 

Figure 2.6 A steady state process with one input and iwo outputs. 

If you use the Gauss-Jordan method outlined in Sec. L.I, you wiil find that 
the transformed augmented matrix for the set of equations above in the format of 
Eq. (L.4) will have only zeros in one row, indicating that one equation is not inde
pendent and hence redundant. (As explained in Appendix L, if the determinant of 
the augmented matrix were not equal to zero, the rank of "the augmented matrix 
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would be 3 and the rank of the coefficient matrix would be equal to 2, and conse
quently the equations would not have a unique solution.} 

Could we have made mole balances instead of mass balances for the problem 
illustrated in Fig. 2.5? Certainly, because no chemical reaction occurs, but it would 
be inefficient to write such balances. However, if the concentrations had been given 
in mole percent (which they were not because the flows were of liquids) and F and P 
were stated in moles, mole balances would be more convenient to write than mass 
balances. In such cases, Eq. (2.6), the summation of mole fractions 

(2.6) 

would be an implied independent equation analogous to Eq. (2.5). 
Now let us look at material balances in which chemical reactions are involved. 

How does the procedure for analysis differ from the previous analysis for the case 
without chemical reaction? As mentioned in Sec. 2.1, because moles of a species 
and total moles are not conserved when a chemical reaction takes place, you will 
find it convenient to make the balances on the total mass and the mass or moles of 
each atomic species or multiple thereof (i.e., hydrogen expressed as H2)' For exam
ple, look at Fig. 2.7. Note that the flows in Fig. 2.7 are expressed as mass flows, but 
the compositions are in mole percent because the compounds are gases. We have no 
information about the extent of reaction or fraction conversion, but, you can write a 
total mass (not mole) balance, and a carbon, a hydrogen, a nitrogen, and an oxygen 
balance on the atomic species. Only four of the balances would be independent. The 
carbon balance might be in terms of C, and the hydrogen, nitrogen, and oxygen bal
ances in terms of H2, N2, and O2 , respectively, or, if you prefer, in terms of H, N, 
and O. In making the balances on the atomic species, keep in mind that the units for 
each species balance can be either mass or moles. Do you understand why? 

100% !- CO2=T-------,0: -16 kg . EJ==~;;;:~:::?=='" 
S t N2 =? 

ys em ~ t Mole ()/o H20 =? Figure 2.7 A steady state flow 
Boundary . _ {02 21~ 02 =? process with chemical reactions oc-

Air - 300 kg N279% curing and complete combustion. 

Because you can make four independent balances for the process shown in Fig. 
2.7, you can solve for four variables whose values are unknown in the process, such 
as llco2' nN2' n021 and nH20, where n is the number of moles of each species in P; 
Pwould be the sum of the four n's: 

(2.7a) 

The element balances in moles (on the basis of 16 kg of ClL :; 1 kg mol ClL) are 

300 kg air I 1 kg mol air 
10.35 kg mol air 

29 kg air 
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Balance CH4 in 

C: I 

2 

Air in Pout 

fleo, 

= 

10.35(.21) = 2.17 = 0.5nH,O + no, + nco, 

10.35(.79) = 8.17 = nN, 

Use of the stoichiometric equation 

ClL + 20, ~ CO, + 2H,O 

121 

(2.7b) 

(2.7c) 

(2.7d) 

(2.7e) 

and the concepts discussed in Sec. 1. 9 (plus the assumption of complete combustion 
of ClL) also leads to the conclusion that nco, = I and nH,O = 2. The oxygen exiting 
would have to be calculated from the oxygen balance. 

Instead of letting the unknown variables exiting the process in Fig. 2.7 be n, 
they could have been x" the mole fractions of each component. Then five variables 
whose values were unknown would exist: XC02' XHZO, xOz' XN2, and P. Only four bal
ances are independent. Have we made it impossible to solve this problem by just 
changing the variables? Of course not. Hint: Recall Eq. (2.6). Does an analogous in
dependent equation apply if you make the unknowns mole fractions of the exiting 
components? The equations would be 

C: 1(1.0) = P(xco,) (2.8a) 

H,: 1(2.0) = P(XH,O) (2.8b) 

0,: 2.17 = P (0.5XH,O + xo, + xco,) (2.8c) 

N,: 8.17 = P(XN,) (2.8d) 

XC02 + XH20 + x02 + XN2 = 1 (2.8e) 

You will find by experience that the second formulation of the problem is as straight
forward as the first, but is a bit more complex to solve. Ask yourself the question: 
How would the formulation in Eq. (2.8e) compare with that in Eq. (2.7a) if you 
multiplied Eq. (2.8e) by P? Is Px, = n,? What are the units of the product of P 
and x? 

EXAMPLE 2.4 Material Balances for a Distillation Column 

A continuous still is to be used to separate acetic acid, water, and benzene from each other. 
On a trial rUll, the calculated data were ·as shown in Fig. E2.4. Data recording the benzene 
composition of the feed were not taken' because of an instrument defect. The problem is to 
calculate the benzene flow in the feed per hour. How many independent material balance 
equations can be formulated for this problem? How many variables whose values are un
known exist in the problem? 
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System BOundarY~/"----I ... -';':-",""",_---"_1O.9% 

I \ 21.7 

{

Aqueous { 80% acetic acid (HAc): \ 67.4 
Solution 20% woter (H 20) I I 

Feed : STILL I 

F Benzen.e (Bz) I I 
(dota not available) \ j 

\ I 
\ I I Product P \_ '-7'"----"-_ ___ 350 kg HAc/hr 

HAC} 
H20 Waste 
Bz W 

Figure E2.4 

Examine Fig. E2.4. No reaction takes place, and the process is in the steady state. Values of 
two streams, Wand F, are not known if 1 hr is taken as a basis, nor is the concentration of 
the benzene in F, WBz,F' (If you know the concentration of benzene in F, you know all the 
concentrations in the aqueous feed.) Three components exist in the problem, hence three 
mass balances can be written down (the units are kg): 

Balance Fin Waut Pout 

HAc 0.80(1 - WB,.F)F = 0.109W + 350 (a) 

H2O 0.20(1 - WB,.F)F = 0.217W + 0 (b) 

Benzene wsz.,FF = 0.674W + 0 (c) 

The total balance would be: F = W + 350 in kg. Are the three component balances inde
pendent? Because of the zero terms in the right-hand sides of Eqs. (b) and (c), no variation or 
combination of Eqs. (b) and (c) will lead to Eq. (a). Are Eqs. (b) and (c) redundant equa
tions? No constant exists that when multiplied into Eq. (b) gives Eq. (c), hence the three mass 

--------- ---- -- -balances are-independent.- -------- - - ---- -- - - --- ------ ------- ~----

A more formal way of establishing independence is to form the coefficient matrix of the 
equations as explained in Sec. L.I: 

F wBl.,iF 

[

0.80 -0.80 
0.20 -0.20 

o 1 

w 

-0.109] 
-0.217 
-0.674 

Can you show by elementary operations that the matrix is of full rank, hence the three com
ponent mass balances are independent? 

--.-------------------------------------------------------
EXAMPLE 2.5 Determination of the Number of Independent Balances 

The organism Lymomonos mobilis is used to convert carbohydrates to ethanol. Glucose 
(formula C, HI2 0" mol. wI. 180 g/gmol) in a 100 giL feed solution is converted to ethanol 
and carbon dioxide in a fermentation tank. The problem is to determine the final molar con
centrat~on of ethanol in the product stream and the number of liters of carbon dioxide g~s 
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produced at atmospheric pressure and temperature per liter of feed. Assume that carbon diox
ide is insoluble in the liquid. Note that the water in the solution is not involved in the overall 
metabolism, and that for our purposes the mass flow rates of the materials out of and into the 
fermenter are constant. 

How many independent material balances can be made for this problem, and how 
many values of the variables are unknown? 

Figure E2.5 illustrates the steady-state process. All of the compositions are known. Three 
variables have values that are unknown if F is the basis: B, P, and G. Because the concentra
tions are in moles, we will make mole balances on the elements present. For convenience in 
presentation, we will take as a basis: 

100g 1 g mol . 
--'-"'-+--'1780=-'g'" = 0.556 g mol of glucose that enters III F 

Balance Fin Bout Pout Gout 

c: 0.556(6) B(I) + P(2) + G(6) 

H: 0.556(12) = B(O) + P(6) + G(I2) 

0: 0.556(6) B(2) + P(I) + G(6) 

The solvent water can be ignored. 
Compo Mole 

eo, e 
100% 

B H 
0 

I 
0 
2 

Compo Mole 
e 2 

Compo Mole 
e 6 
H 12 F 
o 6 

e,H,OH 

100 9 Glucose Fermenter 100% 

per L Solut ion (60% Conversion) Glucose 

100% 

H 6 
p 0 I 

G Compo Mole 
e 6 
H 12 
0 6 

Figure E2.S 

The question is: Are those equations independent? Perhaps you can tell by inspection. 
But, if not, form the coefficient matrix and determine its rank as described in Sec. L.I: 

[

1 2 
o 6 
2 1 [

1 2 
o 6 
o -3 

1~] 
-6 

1~] 
12 [

1 2 

o 6 
o 6 [

1 2 
o 6 
o 0 

You can see that the three material balances are not independent: The rank of the coefficient 
matrix is only 2, hence we need one more piece of independent information to solve this 
problem. 

For the extra piece of information needed, assume that 60% of the glucose reacts to 
form products in passing through the reactor. 
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In Out Consumed 

Glucose balance: 0.556 = G + 0.556(0.6) 

Then the glucose exiting is the unreacted glucose. namely G = 0.556(0.4) = 0.222 gmol. 
and the material balances become: . 

Balance Fin Bout Pout Gout 

c: 0.556(6) B(l) + P(2) + 0.222(6) 

H: 0.556(12) = B (0) + P (6) + 0.222(12) 

0: 0.556(6) = B(2) + P(I) + 0.222(6) 

Now we have two unknowns Band P, and seemingly three equations! But only two of the 
equations are independent; the rank of the coefficient matix 

can at most be two. 

We can conclude from this example that nsually the uumber of independent 
material balances equals the number of atomic species in cases in which a reac
tion occurs, but not always. If you assume that the balances are independent, but 
encounter difficulty in solving the equations you formulate, check to see if the equa
tions are independent while checking for other errors. 

To sum up the results of the discussion so far, associated with any stream en
tering or leaving a process are one or more of the so-called stream variables com
posed of the amounts of each of the n species in the stream. Keep in mind that the 

--- - ----stream-variables-may-be-comprised-of-the-total-flow plus(n~l)_component"-oLjust __ 
the flows of the n species themselves. You want to formulate mindependent material 
balances that can be solved for m variables whose values are unknown (not specified 
or chosen as a basis). (Additional stream variables such as pressure and temperature 
will be considered in subsequent chapters as well as other types of balances, such as 
energy balances.) If more variables whose values are unknown exist than indepen
dent equations, an infinite number of solutions exists for a material balance prob
lem-not a satisfactory outcome. Such problems are deemed underspecified. Either 
values of additional variables must be found to make up the deficit or the problem 
must be posed as an optimization problem such as minimize some cost or revenue 
function subject to the constraints comprised of the material balances. On the other 
hand, if fewer values of the variables whose values are unknown exist than indepen
dent equations, the problem is overspecified, and no solution exists to the problem, 
as the equations are inconsistent. Again, the problem might be posed as an optimiza
tion problem, namely to minimize the sum of the squares of the deviations of the 
equations from zero (or their right-hand constants). 

The difference between the number of variables whose values are unknown 
and the number of independent equations is known as the number of degrees of 
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freedom. If the degrees of freedom are positive, such as 2, you must seek out two 
additional independent equations or specifications of variables to get a unique solu
tion to your material balance problem. If the degrees of freedom are negative, such 
as -I, you have too many equations or not enough variables in the problem. Per
haps you forgot to include one variable in setting up the information diagram for the 
problem. Perhaps some of the information you used was not correct. Zero degrees 
of freedom means that the material balances problem is properly specified, and 
you can then proceed to solve the equations for the variables whose values are un
known, (If the independent equations are nonlinear, possibly more than one solution 
exists, as, for example, in solving a quadratic equations ax' + bx + c = 0, the 
solutions for which are x = (-b ± Vb 2 - 4ac)/2a; refer to Sec. L.2.) 

EXAMPLE 2.6 

Solution 

Examine Fig. E2.6a, which represents a simple flow sheet for a single unit. Only the value 
of D is known. What is the minimum number of other measurements that must be made to 
determine all the other stream and composition values? 

? % H2S04 
? % HN03 

B ?%HzO 

A ? % H2S04 
? % H20 

I 

I 

? % HN03 
C ? % H20 

D = 1000 Ib 
? % H2S04 
? % HN03 
? % H20 Figure E2.6a 

What you are asked to find is the number of degrees of freedom for the problem in Fig. E2.6. 
Here is the count of the number of unknown values taking into account that in any stream, 
one of the composition values can be determined by difference from 100%. Do you remem
ber why? 

Stream 

A 
B 
C 
D 

Total 

Net unknown variables 

2 
3 
2 
2 
'9 

As example of the count, in stream A specification of A plus one composition makes it possi
ble to calculate the other composition and thus the mass flow of both the Hi S04 and the 
H2 0. In total only three independent material balance equations can be written (do you re
member why?), leaving 9 - 3 = 6 compositions and stream values that have to be specified, 
and three values to be solved for from the material balances. 
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Will any six values of the variables in Fig. E2.6a do? No. Only those values can be 
specified that will leave a number of independent material balances equal to the number of 
unknown variables. As an example of a satisfactory set of measurements, choose one compo
sition in stream A, two in B, one in C. and two in D leaving the flows A, B, C as unknowns. 
What do you think of the selection of the following set of the measurements: A, B, C, two 
compositions in D, and one composition in B? Draw a diagram of the information, as in Fig. 
E2.6b (. = known quantity). Write down the three material balance equations. Are the three 
equations independent? You will find that they are not independent. Remember that the sum 
of the mass fractions is unity for each stream. 

A' 
? H2S04 ----I 
1 H20 

O' 

• % H2S04 
• % HN03 
.% H20 Figure E2.6b 

So far we have focused attention on how to write down the material balances 
and the requirements that have to be met for the equations to have a solution. Now it 
is time to examine other important aspects of developing skills for successful prob-

______ ---'I"e"m'-"'so"'I"'ving, Problem solving is an interactive process involving a number of skills, 
some requiring more practice and experience than otliers. Figure2~8iaeritifies many-- -
of the skills you need to develop to be successful in solving problems in this book, 
while Table 2.1 lists many of the common pitfalls you will encounter in problem 
solving. Table 2.2 offers some general suggestions to help you solve problems in 
addition to the obvious suggestion of avoiding the traps listed in Table 2.1. Table 2.3 
is a checklist for self-assessment of your problem solving traits. How many of the 
items in the table pertain to your problem-solving techniques? Practice visual think-
ing, stress management, and awareness of the process whereby you solve problems. 
As formulated by Woods,4 developing your awareness of your problem-solving skills 
is an important factor in improving them because 

1. You can identify where you are when solving a problem. 
2. You can develop a methodical approach. 
3. You can, whenever you are stuck, identify the obstacle. 

4D. R. Woods, Unit 1, Developing Awareness, the McMaster Problem Solving Program, Mc
Master University, Hamilton, Ont., Canada, 1985. 



Sec. 2.2 Program of Analysis of Material Balance Problems 127 

4. You can describe to others what you have done and any difficulties that you are 
encountering. 

5. You become aware of what skills need improvement. 
6. You increase your level of confidence. 
7. You develop traits of carefulness. 

D.etermination of the problem 
(understand what is to be 
solved for) 

Comprehension of the problem 
(recall which pieces of 
knowledge, laws, rules are 
pertinent) 

Analysis of the problem 
(break the problem up 
into ports that can be 
solved if it is too 
complex to be solved 
directly) 

Retrieval of information 
(retrieve needed dota 
from knowledge base 
and ide:ntify missing 
and conflicting 
information) 

Synthesis 
(formulate compilations 
of possible techniques 
or arrangements of 
equipment to solve the 
problem) 

Evaluate 
(judge whether or not the 
solution is acceptable 
including accuracy and 
sensitivity analysis) 

Knowledge 
(Data Bose) 

Figure 2.8 Skills needed to solve problems efficiently. 
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TABLE 2.1 Diagnosis of Reasons for Failing to Solve Problems 
("Experience is the name everyone gives to their mistakes." Oscar Wilde) 

Failure to work on a problem in a systematic rather than a scatterbrained way 
(start too soon; skip essential steps) 

Failure to read/understand the problem thoroughly 

Chap. 2 

Failure to draw a diagram and enter all data thereon and the symbols for the unknowns 

Failure to ascertain the unknown 

Fixing on the first, a poor, or an incorrect strategy of solution without considering 
alternative strategies 

Selection of the wrong principle or equation to use 
(total moles instead of total mass. ideal gas instead of real gas) and solution of the 
wrong problem 

Working with false information 

Picking the wrong entry from a data base, chart, or table 
(wrong sign, wrong units, decimal misplaced, etc.) 

Entering incorrect inputs/parameters into calculations 
(transpose numbers, wrong units, etc.) 

Failure to include units in each step of the calculations 

Sloppy execution of calculations introduce errors 
(add instead of subtract, invert coefficients, etc.) 

Difficulty in distinguishing new features in a problem that superficially looks familiar 

Incorrect algebraic manipulations 

Use of unsatisfactory computer code for the problem 
(too much error, R~emature termination) 

~~- - ------~---

Unable to locate needed data, coefficients by not reading the problem thoroughly or 
looking in the wrong data base 

Unable to estimate what the answer should be to use in comparison with calculated 
answer 

Knowledge (your data base) is inadequate 
(you have forgotten, or never learned~ some essential laws, equations, values of 
coefficients, conversion factors, etc.) 

Only forward reasoning rather than both forward and backward reasoning is employed 

Emotional stress 
(fear of making a mistake, looking foolish or stupid) 

Lack of motivation 

Inability to relax 
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TABLE 2.2 Techniques Used by Experts to Overcome Barriers to Problem 
Solving 

Read the problem over several times but at different times. Be sure to understand all 
facets of it. Emphasize different features each time. 

Restate the problem in your own words. List assumptions. 

Draw a comprehensive diagram of the process and enter all known information on the. 
diagram. Enter symbols for unknown variables and parameters. 

Formally write down what Y0t! are going to solve for: "I want to calculate . .. ". 

Choose a basis. 

Relate the problem to similar problems you have encountered before, but note any 
differences. 

Plan a strategy for solution; write it down if necessary. Consider different strategies. 

Write down all the equations and rules that might apply to the problem. 

Formally write down everything you know about the problem and what you believe is 
needed to execute a solution. 

Talk to yourself as you proceed to selve the problem. 

Ask yourself questions as you go along concerning the data. procedures. equations 
involved, etc. 

Talk to other people about the problem. 

Break off problem solving for a few minutes and carry out some other activity. 
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Break up the solution of the problem into more manageable parts, and start at a familiar 
stage. Write down the objective for each subproblem (i.e., convert mole fraction to mass 
fraction, find the pressure in tank 2, etc.). 

Repeat the calculations but in a different order. 

Work both forward and backward in the solution scheme. 

Consider if the results you obtained are reasonable. Check both units and order of 
magnitude of the calculations. Are the boundary conditions satisfied? 

Use alternative paths to verify your solution. 

Maintain a positive attitude-you know the problem can be solved-just how is the 
question. 
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TABLE 2.3 A Checklist of Personal Traits to Avoid In Problem Solving 

1. When I f!lil to solve a problem, I do not examine how I went wrong. 
2. When confronted with a complex problem, I do not develop a strategy of finding 

out exactly what the problem is. 
3. When my first efforts to solve a problem fail, I become uneasy about my ability to 

solve the problem (or I panic!) 
4. I am unable to think of effective alternatives to solve a problem. 
S. When I become confused about a problem, I do not try to formalize vague ideas or 

feelings into concret~ terms. 
6. When confronted with a problem, I tend to do the first thing I can think of to 

solve it. 
7. Often I do not stop and take time to deal with a problem, but just muddle ahead. 
8. I do not try to predict the overall result of carrying out a particular course of 

action. 
9. When I try to think of possible techniques of solving a problem, I do not come up 

with very many alternatives. 
10. When faced with a novel problem, I do not have the confidence that I can resolve 

it. 
11. When I work on a problem, I feel that I am grasping or wandering, and not getting 

a good lead on what to do. 
12. I make snap judgments (and regret them later). 
13. I do not think of ways to combine different ideas or rules into a whole. 
14. Sometimes I get so charged up emotionally that I am unable to deal with my 

problem. 
15. I jump into a problem so fast, I solve the wrong problem. 
16. I depend entirely on the worked-out sample problems to serve as models for other 

problems. 

SOURCE: Based on the ideas in a questionnaire ill P.P. Heppner, P.S.I., Department of Psychology, 
University of Missouri-Columbia, 1982. 

If you are sure that the problem is one you have encountered before and solved 
successfully, you can simply follow your previous procedure. However, if the prob
lem is or looks as if it is a new problem, you need to follow carefully the recom
mended checklist outlined in Table 2.4. An expert proceeds in problem solving by 
abbreviated steps; many are done only mentally. A beginner should go through each 
step explicitly until he or she becomes experienced. For guidance, perhaps you 
should turn to Sherlock Holmes (as cited in Arthur Conan Doyle's "The Naval 
Treaty"): 

''Do you see any clue?" 

"You have furnished me with seven, but of course I must test them before I can pro
nounce upon their value. " 

~~I 

I 

I 

I 
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TABLE 2.4 Strategy For Analyzing Material Balance Problems 
("A problem recognized is a problem half-solved." Ann Landers) 

1. Draw a sketch of the process; define the system by a boundary. 
2. Label the flow of each stream and the associated compositions with symbols. 
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3. Put all the known values of compositions and stream flows on the figure by each 
stream; calculate additional compositions from the given data as necessary. Or, at 
least initially identify the known parameters in some fashion. 

4. Select a basis. 
5. List by symbols each of the unknown values of the stream flows and compositions, 

or at least mark them distinctly in some fashion. 

6. List the number of independent balances that can be written; ascertain that a 
unique solution is possible. If not, look for more information or check your 
assumptions. 

7. Select an appropriate set of balances to solve; write the balances down with type 
of balance listed by each one. Do not forget the implicit balances for mass or mole 
fractions. 

8. State whether the problem is to be solved by direct addition or subtraction or by 
the solution of simultaneous equations. 

9. Solve the equations. Each calculation must be made on a consistent basis. 
10. Check your answers by introducing them, or some of them, into the material 

balances. Are the equations satisfied? Are the answers reasonable? 

"You must suspect someone?" 

"[ suspect myself." 

"What?" 

"O! coming to conclusions too rapidly." 

If you use the steps in Table 2.4 as a mental checklist each time you start 
to work on a problem, you will have achieved the major objective of this chap
ter and substantially added to your professional skills_ These steps do not have to 
be carried out in the order prescribed. and you may repeat steps as the issues in the 
problem become clearer. But they are all essential. 

Past experience has indicated that the two major difficulties you will experi
ence in solving material balance problems have nothing to do with the mechanics of 
solving the problem (once they are properly formulated!). Instead, you will find that 
the two main stumbling blocks are: 

(a) After reading the problem you do not really understand what the process in the 
problem is all about. Help yourself achieve understanding by sketching the sys
tem-just a box with arrows as in Figs. 2.5 and 2.6 will do. 

--- - --------
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(b) After a first reading of the problem you are confused as to which values of 
compositions and flows are known and unknown. Help reduce the confusion 
by putting the known values down on your diagram as you discover them or 
calculate them, and by putting question marks or alphabetic symbols for the 
unknown quantities. Try to record the compositions as weight, or mole, frac
tions (or percents) as you proceed so as to assist in clarifying the choice of ba
sis and the material balances that can be employed. Because you will have to 
set up and solve a material balance for each unknown you enter on the dia
gram, try to keep the number of unknown labels to as few as possible. 

You should also be concerned with efficient problem solving. You will dis
cover many correct ways to solve a given problem; all will give the same correct an
swer if properly applied. Not all, however, will require the same amount of time and 
effort. For example, you may want to solve a problem initially stated in units of 
pounds by converting the given units to grams or gram moles, solving for the re
quired quantities in SI units and converting the answer back to American engineer
ing units. Such a method is valid but Can be quite inefficient--it consumes your time 
in unnecessary steps, and it introduces unnecessary opportunities for numerical er
rors to occur. You should, therefore, start developing the habit of looking for 
efficient ways to solve a problem, not just a way. A good example is to substitute the 
total mass balance for a component mass balance to reduce the number of unknown 
variables. Cadman publishes computer aided analysis codes that enable you to prac
tice efficient problem solving; refer to the references at the end of this chapter. 

We conclude the discussion in this section with a few remarks about solving 
the material balances you formulate in a problem. Appendix L describes how to 
solve sets of simultaneous equations, hence the details will not be repeated here. In 
many problems, you will find that the equations are sufficiently simple that selection 
of the obvious choice for the sequence of solution of the equations permits you to 
avoid having-lo-wlve twoofmore-equationssiinultane6usly.Typical examples of 
such problems will be found in the next section, Sec. 2.3, entitled "Solving Material 
Balance Problems Without Solving Simultaneous Equations." For example, prob
lems in which the mass (weight) of one stream and the composition of one stream 
are unknown can be solved without difficulty by direct addition or direct subtrac
tion. All you need is a simple hand calculator to compute the values of the unknown 
variables. 

On the other hand, if you cannot avoid solving a set of simultaneous coupled 
equations because the set you are working with is tightly coupled in its initial struc
ture and cannot be simplified even by successive substitution of one equation into an
other, you should read Sec. 2.7, in which computer-aided solutions are discussed. 
As explained in that section, you can use readily available software in computer cen
ter libraries or the computer codes in the pocket in the back of this book to solve sets 
of independent material balances. 

In the next section we examine examples of material balance problems that can 
be solved without solving simultaneous equations. 
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. Self-Assessment Test 

1. What does the concept "solution of a material balance problem" mean? 

2. (a) How many values of unknown variables can you compute from one independent ma
terial balance? 

(b) From three? 
(c) From four material balances, three of which are independent? 

3. A water solution containing 10% acetic acid is added to a water sol~tion containing 30% 
acetic acid flowing at the rate of 20 kg/min. The product P of the combination leaves at 
the rate of 100 kg/min. What is the composition of P? For this process. 
(a) Determine how many independent material balances can be written. 
(b) List the names of the balances. 
(c) Determine how many unknown variables can be solved for. 
(d) List their names and symbols. 
(e) Determine the·composition of P. 
In your solution set out the 10 steps specifically and label them. 

4. Can you solve these three material balances for F, D, and P? 

O.IF + O.3D = 0.2P 

0.9F + 0.7D = 0.8P 

F+ D= p 

5. Cite two ways to solve a set of linear equations. 
6. If you want to solve a set of independent equations that contain fewer unknown variables 

than equations (the overspecified problem), how should you proceed with the solution? 
7. What is the major category of implicit constraints (equations) you encounter in material 

balance problems? 
8. If you want to solve a set of independent equations that contain more unknown variables 

than equations, what must you do to proceed with the solution? 
9. How many values of the concentrations and flow rates variables in the process shown in 

the figure are unknown? List them. The streams contain two components, 1 and 2. 

F D 0 
WFl = 0.2 WD1=0.1 

WF2 = 0.8 I 
P 

WP2·= 0.1 

10. How many material balances are needed to solve problem 9? Is the number the same as 
the number of unknown variables? Explain. 

11. A synthesis gas analyzing CO,: 6.4%, 0,: 0.2%, CO: 40.0%, and H2: 50.8% (the bal
ance is Nz) is burned with excess dry air. The problem is to detennine the quantitative 
composition of the flue gas. How many degrees of freedom exist in this problem, that is·, 
how may additional variables have to have their values specified? 
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2.3 SOLVING MATERIAL BALANCE PROBLEMS THAT 
DO NOT ENTAIL SOLVING SIMULTANEOUS 
EQUATIONS 

Your objectives in studying this 
section are to be able to: 

1. Define flue gas, stack gas, Orsat analysis, dry basis, wet basis, theoret
ical air (oxygen), required air (oxygen), and excess air (oxygen). 

2. Given two of the three factors: entering air (oxygen), excess air 
(oxygen), and required air (oxygen), compute the third factor. 

3. Apply the 10-step strategy to solve problems (with or without chemi
cal reaction) having a direct solution (i.e., problems in which the equa
tions are decoupled so that simultaneous equations do not have to be 
solved). 

Problems in which the material balances are decoupled can be solved without the so
lution of sets of simultaneous equations. An example would be a problem in which 
one mass (weight) and one composition are unknown. Such a problem can be solved 
by direct addition or subtraction as shown in the examples below. You may find it 
necessary to make some brief preliminary calculations to decide whether or not all 
the information about the compositions and weights that you need to have is avail
able. Of course, in a stream containing just one component, the composition is 
known, because that component is 100% of the stream. Once you find out that the 
number of degrees of freedom is zero, you can proceed to solve the equations in 
sequence one at a time. Before examining some examples, we need to emphasize 
some terms commonly used in combustion problems. 

In dealing with problems involving combustion, you should become ac
quainted with a few special terms: 

(a) Flue or stack gas-all the gases resulting from a combustion process includ
ing the water vapor, sometimes known as wet basis. 

(b) Orsat analysis or dry basis-all the gases resulting from the combustion pro
cess not including the water vapor. (Orsat analysis refers to a type of gas analy
sis apparatus in which the volumes of the respective gases are measured over 
and in equilibrium with water; hence each component is saturated with water 
vapor. The net result of the analysis is to eliminate water as a component being 
measured.) 

Pictorially, we can express this classification for a given gas as in Fig 2.9. To 
convert from one analysis to another, you have to adjust the percentages for the 
components as shown in Example 2.l2. 
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Flue gas l 

stock gas 
or 

wet basis 

CO') Dry 
CO flue gas 
0, on 50, 
N2 tree basis 

SO':~ __ --' 
H,O 

Orsot analysis 
ar 
dry basis 

Figure 2.9 Comparison of gas 
analyses on different bases. 
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(c) Theoretical air (or theoretical oxygen)-the amount of air (or oxygen) re
quired to be brought into tbe process for complete combustion. Sometimes 
this quantity is called the required air (or oxygen). 

(d) Excess air (or excess oxygen)-in line with the definition of excess reactant 
given in Chap. 1, excess air (or oxygen) would be the amount of air (or oxy
gen) in excess of that required for complete combustion as computed in (c). 

The calculated amount of excess air does not depeud on how much mate
rial is actually burned but what can be burned. Even if only partial combustiou 
takes places, as, for example, C burning to both CO and CO2, the excess air (or 
oxygen) is computed as if the process of combustiou produced only CO2 , The 
percent excess air is identical to the percent excess 02 (a more convenient calcula
tion): . 

m . 100 excess air 00_e_x_c.,-es_s-:-0-:2::./--;O",.2-:1-:-
70 excess arr = .. = 1 . 

requrred arr requrred 0';0.21 
(2.9) 

Note that the ratio 1/0.21 of air to O2 cancels out in Eq. (2.9). Percent excess air 
may also be computed as 

m . 100 O2 entering process - O2 required 
70 excess arr = O· d 

2 reqUire 
(2.10) 

or 

% excess air = 
100 excess O2 

O2 entering - excess O2 

since 

O2 entering process = O2 required for complete combustion + excess O2 (2.11) 

The precision of these different relations for calculating the percent excess air may 
not be the same. If the percent excess air and the chemical equation are given in a 
problem, you know how much air enters with the fuel, and hence the number of un
knowns is reduced by one. 

In the burning of coal, you may wonder how to treat the oxygen found in most 
coals in some combined form. Just assume that the oxygen is already combined with 
some of the hydrogen in the coal in the proper proportions to make water. Conse
quently, the O2 does not enter into the combustion process, and the hydrogen equiv
alent to this oxygen does not enter the combustion reaction either. No corresponding 
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oxygen is counted toward the required oxygen needed in the air. Only the remaining 
or "net"' hydrogen requires oxygen from the air to form water vapor on burning. 

Now let us look at some examples of solving material balance problems with
out having to solve simultaneous equations. 

EXAMPLE 2.7 Excess Air 

Solution 

Fuels for motor vehicles other than gasoline are being eyed because they generate lower levels 
of pollutants than does gasoline. Compressed propane has been suggested as a source of eco
nomic power for vehicles. Suppose that in a test 20 lb of C,H, is burned with 400 lb of air to 
produce 44 lb of CO, and 12 lb of CO. What was the percent excess air? 

C,H, + 50, --> 3CO, + 4H,O 

Basis: 20 Ib of C,H, 

Since the percentage of excess air is based on the complete combustion of C3Hs to CO2 and 
H20, the fact that combustion is not complete has no inftuenc~ on the definition of "excess 
air." The required O2 is 

=20.:....::lb:....:C",H=, +,1:..::lb-,m=01=-C::.'e:H'::''-I--,:.5..:lb:...::m=0..:1c:0:e'~ = 2.27 lb mol 0, 
44 lb C,H, I lb mol C,H, 

(The molecular weight of propane is actually 44.09, but we use the value of 44 for conve
nience.) 

The entering O2 is 

_400.::.c.. __ Ib_alf_·-+_I-::I-;:-b-;:m,..0...,1 ,-air-t-:-:2",1 __ lb,..m_o_I.,..O-=-: = 2.90 lb mol 0, 
29 lb air 100 lb mol arr 

The percent excess air is 

100 X excess 0, = 100 x entering 0, - required 0, 
required O2 required O2 

% excess air =2",.9..:.0_lb-=m",0::-1 .,:.0::-, _-_2"",::27-,-lb_m=01_0 __ ,=+..:1.c.c00 = 28% 
2.27 mol 0, 

-------.--------------------------------------
In the following problems each step cited in Table 2.4 will be identified so that 

you can follow the strategy of the solution. 

EXAMPLE 2.8 Material Balances with Combnstion 

A salesperson. comes to the door selling a service designed to check "chimney rot." He ex
plains that if the CO, content of the gases leaving the chimney rises above 15%, it is danger
ous to your health, is against the city code, and causes your chimney to rot. On checking the 
flue gas from the furnace, he finds it is 30% CO,. Suppose that you are burning natural gas 
which is about 100% CH. and that the air supply is adjusted to provide 130% excess air. Do 
you need his service? 



Solution 

Sec. 2.3 Solving Material Balance Problems" 137 

Let us calculate the actual percentage of CO2 in the gases from the furnace assuming that 
complete combustion takes place and the process is in the steady state. See Fig. E2.8a. The 
130% excess air means 130% of the air required for complete combustion of Ca.. The chem
ical reaction is 

ea. + 20, --> CO, + 2H,O 

Step 1 The system is defined in Fig. E2.8a; note that a Chemical reaction occurs. 

CH. ----I f-C02 
100% L-_.-_--'. H20 

t Air 02 21 % 
N2 79% 

CH~ + 2 O2 - CO2 + 2 H20 Fignre E2.8a 

Steps 2, 3, and 5 For clarity in labeling, Fig. E2.8a is repeated as Fig. E2.8b with 
all the species listed by each related stream, and the known (and easily ca]culated) composi
tions listed next to each elemental species. 

CH.(?} 
F p 

Product 9a$(7) 

C 1 
H, 2 
0, 0 
N, 0 

Air (?) C (?) 

II~~' A 
H, (7) 

C 0 0, (?) H,O 
H, 0 N, (?) N, 

3 0, 0.21 
N, 0.79 

1.00 Fignre E2.8b 

Step 4 By picking a basis of I mole of ea., we can reduce the unknown quantities 
by one. 

Basis: 1 mole of ea. = F 

Step 6 We can only make four elemental material balances, C, H as Hz, 0 as O 2, and 
N as Nz, and one summation of moles in the product stream to equal P; hence one more piece 
of information is needed, as we have five unknowns: A, and the moles of C, Hz, O2 , and Nz 
in P. 

Step 3 (Repeated) The quantity of air can be ascertained because of the specification 
of the excess air, and is computed as follows: On the basis of I mole of ea., 2 moles of 0, 
are required for complete combustion, or 

2 mol 0, 1.00 mol air 9 52 I' . d 
0.21 mol 0, = . mo arr requlfe 

composed of 2 moles of 0, and 7.52 moles of N,. The excess entering air is 9.52 
(1.30) = 12.4 moles of air, composed of 2.60 moles of 0, and 9.80 moles of N,. Now we 
have left four quantities with unknown values. We can in principle make four independent 
material balances (e, H2, 02, N2), and use one equation summing the moles in the product 
gas to calculate the product gas, so that the problem can be solved for the relative quantity of 
CO,. 
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To sum up our calculations so far. we have entering the furnace together with 1 mole of 
C and 2 moles of H2 the following moles: 

Air 0, N, 

Required portion 9.52 2.00 7.52 
Excess portion 12.4 2.60 9.80 

Total 21.92 4.60 17.32 

Steps 7, 8, and 9 We CQuid formally write down the balances if you wish: 

Balance 

C: I 

2 

Air in Pout 

= nH20 

4.60 = noz + neo2 + inHzO 

17.32 = nN, 

The neoz' nHzO, and nNz can be calculated directly; the noz can then be obtained from the oxy
gen balance. Or you might prefer to calculate the CO2 and H20 as follows using the combus
tion equation since all the entering C exits as CO2 and all the H exits as H2 0: 

C balance: -,..::.1.::m":0",I=,C===in=-+-,,I,;:m=0:.:I-,C:c0,,2~0:.:u::t _ I I CO 
I mol CH., in I mol C out - mo , out 

H2 balance: _2:..cm=01=e~H~2:...i:::n4-..:.I..:.m::::::ol:..cH~2~0::..::0.:::ut 2 I H O' -:- =m02out 
I mol CH., in I mol H, out 

and the nitrogen as follows: 

-- --N2. balance:_ 
2 mol O2 in 0.79 mol N, (1.30 excess + 1.00 req) mol O2 

... lin6lTH4 iuO.2lmol O2 

= 17.3 mol.out 

In either case. n02 = 4.60 - I - I = 2.60. 
Finally. we calculate the composition of the stack gas. 

Component Moles 

CH., 0 
CO, 1.00 
H2O 2.00 
0, 2.60 

N2 { 7.52 
9.80 

Total 22.9 

The salesman's line seems to be rot all the way through. 
Step 10 Check the answer. 

Percent 

o 
4.4 
8.7 

11.3 

75.6 

100.0 



Sec. 2.3 Solving Material Balance Problems 139 

EXAMPLE 2.9 Material Balance in Drying Pulp 

Solution 

A wet paper pulp is found to contain 71 % water. After drying it is found that 60% of the 
original water has been removed. Calculate the following: 

(a) The composition of the dried pulp 
(b) The mass of water removed per kilogram of wet pulp 

This is a steady steady-state process. No chemical reaction occurs. 
Steps 1, 2, 3, and 5 The process is shown in Fig. E2.9, 

Wet pulp 

pulp: 0.29 

[

System 
Boundary 

...... -- ---.... 
/ \ 

F I \ 0 

Dried pulp ? 

pulp ? Xo,p or no,p 

H20: 0.71 
___ .,.1-; Dryer 

\ / ' ..... _- --_/ 
W 

H20 .? 
only •• 

60% of original H20 

Step 4 Pick a convenient basis. 

Basis: I kg of wet pulp 

Figure E2.9 

Step 3 (Repeated) From the statement about the mass of water removed, we can cal
culate that 

H,O removed ~ 0.60(0. 71) ~ 0.426 kg ~ W 

This is the answer to question (b). 
Steps 5 and 6 Only two independent material balances (pulp and H,O) and one sum 

of component masses or mass fractions (for the dried pulp) can be written. How many un
knowns exist in this problem? Only two, either (a) D and XD,P or XH20,P, or (b) D and mD,? or 
mH2o,P, or (c) mD,p and mH2o,P. Keep in mind that 

WD,P + WH20,P = 1 
or 

mD,p + mH20,p = p 

are implicit equations relating stream fluid variables. Consequently, a unique solution is pos
sible. 

Steps 7, 8, and 9 Formal statement of the component mass balances and the total 
balance is (in kg) 

Balance F in W out D out 

Pulp 0.29 ~ 0 + mp , p 

H2 0 0.71 ~ 0.426 + mH,O,p 

Total 1.00 ~ 0.426 + P 
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By direct subtraction using the water balance, we can calculate mH20,p; 

mH20.p = 0.71 - 0.426 = 0.284 kg 

or alternatively, we can use the fact that 40% of the original water exits with P: 

(0.71)(0.40) = 0.284 kg R2 0 

Of course, all the pulp exits directly in P, so that 

mp.p = 0.29 kg 

The composition of the dried pulp is 

Component kg Percent 

Pulp (dry) 
R20 

Total 

0.29 
0.284 
0.574 

50.5 
49.5 

100.0 

Step 10 We check to make sure that total kg in = total kg out 

Wet pulp = Water + Dried pulp 

1.00 . = 0.426 + 0.574 

Chap. 2 

EXAMPLE 2.10 Crystallization 

Solution 

A tank holds 10,000 kg of a saturated solution of NaRCO, at 60°C. You want to crystallize 
500 kg of NaRCO, without any accompanying water from this solution. To what temperature 
must the solution be cooled? 

No reaction occurs in this problem. It is best viewed as an unsteady-state problem in which 
the material in the tank changes and some material is removed from the tank. (The problem 
could be forced to be a steady-state problem if material is placed into the tank and two types 
of material are removed, 'crystals and saturated solution at the unknown temperature.) The 
major difficulty posed in this problem is to get all the necessary information about the compo
sitions of the solutions and solids. 

Step 1 Figure E2.lOa is a diagram of the process. 
Steps 2 and 3 We do not have at this stage any of the compositions of the saturated 

solutions in the tank, hence we need to collect some additional data. It is not worth the trou
ble to label the unknown variables in Fig. 2.10a yet-there are too many of them. Both the 
initial and final solutions in the tank are saturated solutions; hence if we can find the final 
concentration of the NaHC03 in the tank, we can look up the corresponding temperature in a 
handbook containing solubility data. 

Thus, additional data are needed on the solubility of NaRCO, as a function of tempera
ture. From any handbook you can find 
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System Bo:~a~~ 
//--- -- ...... , 

(:~urated{ NaHCO, '\ 
I Solution I 
\ 60'C H20 I 
\ , 
,~ ---

L Sysfem Boundary 

//---------- ...... , 
/ , 

( NaHC03 }SOlurate:\ 
I Solution I 
I H20 T~?I 
\ / 
\ / , / , _/ 

Initial State Finol State 

Crystals Removed 

Figure E2.lOa 

Temp. ('C) 

60 
'50 
40" 
30 
20 
10 

Solubility 
(g NaHCO,! 100 g H20) 

16.4 
14.45 
12.7 
11.1 
9.6 
8.15 
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Because the initial solution is saturated at 60°C, we can calculate the composition of the ini
tial solution at this stage: 

16.4 g NaHC03 = 0.141 or 
16.4 g NaHC03 + 100 g H20 

The remainder of the solution is water, or 85.9% 
Step 4 Take a basis. 

14.1% NaHC03 

Basis: 10,000 kg of saturated solution at 60'C 

Steps 2 and 3 (Repeated) We can now enter the known data concerning the compo
sitions on the diagram as shown in Fig. E2.10b. 

Steps 5 and 6 We are missing the mass of the final solution and its composition, but 
can make two independent mass balances and one summation of masses or mass fractions, so 
a unique solution'is possible. 

Steps 7, 8, arid 9 A direct solution is possible by subtraction. The accumulation term 
in Eq. (2.1) is negative (depletion) and the generation and consumption terms are zero. Also, 
only transport out occurs; transport in is zero. The component and total balances in kilograms 
are (only two are independent) 
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~-
-------- -------.. 

/ , ~~ -, 
/ , / , 

/ / , 
/ , / 

/ \ / 

I 10,000 kg \ I p=? kg 
I \ --- ..... I 
r NaHCO, 0.141 r r NaHCO, mNaHC03 \ I r 
\ H2O 0.859 
\ , , , , -, -------

Initial 
Sfafe 

/ 
/ 

/ 

I --- ........ \ 

/ \ 
/ 

, , 

500 kg 

NaHCO, 1.00 

H20 0.00 

Crysfals 
Removed 

Figure E2.10b 

, 

Accumulation in Tank 

Final Initial 

H2O rnH 20 

, , --------
Final 
Sfafe 

Transport out 

NaHCO, 

H,O 

Total 

mNAHCO, - 10,000 (0.141) = -500(1.00) 

p 

The composition of the final solution is 

Component 

Step 10 Check on total: 

- 10,000 (0.859) = _-..:;,0 __ _ 

10,000 

kg 

910 
8590 
9500 

= -500 

Percent 

9.6 
90.4 

100.0 

9500 + 500 = 10,000 

/ 

, , 
\ 
\ 
r 
r 
I 

/ 
/ 

/ 
/ 

/ 

To find the temperature of the final solution, calculate the composition of the final solu
tion in terms of grams of NaHCO,/1 00 gram of H, O. 

910 g NaHCO, = 10.6 g NaHCO, 
8590 g H2 0 100 g H2 0 
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Thus the temperature to which the solution must be cooled is (using linear inierpolation) 

30'C - 11.1 - 10.6 (lO.O'C) = 27'C 
11.1 - 9.6 

143 

---------------------------------------
EXAMPLE 2.11 Continuous Distillation 

Solution 

A novice manufacturer of alcohol for gasohol is having a bit of difficulty with a distillation 
column. The operation is shown in Fig. E2.11. Too much alcohol is lost in the bottoms 
(waste). Calculate the composiiion of the bottoms and the weight of alcohol lost in the bot
toms. 

--------------- ....... 

System /,...-
~, 

" Boundary~ / \ 
Vapor .1 Heat \ 

I 

r 
1 Exchanger ~ 1 

1000 kg Fee 

F 10% EfOH 

90% H20 

I 
J 
J 
I 
I 
I 

dl 
I 

I 
I 
I 
I 
\ 

Reflux 

Distillation 
Column 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

I-
I 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

t I~ 
/ Bottoms (Waste) B \ 

;' 
Hea 

\ / 
" / ....... ----_/ 

EtOH? 

H20 ? 

Figure E2.11 

Steps 1, 2, and 3 See Fig. E2.11. 
Step 4 Select as the basis the given feed 

Basis: 1000 kg of feed 

Step 3 (Continued) We are given that P is to of F, so that 

P = 0.1(1000) = 100 kg 

Cooling 
Water 

Distillate (Product) P = ? 

60% EtOH 

40% H20 

Wt = 1/10 feed 

=7 

Steps 7, 8, and 9 Calculate B by direct subtraction using the total mass balance 

B = 1000 - 100 = 900 kg 

Steps 5, 6; ." 8, and 9 The unknown quantities are the bottoms compositions. We 
can make two component mass balances, or one sum of masses or mass fractions of the com
ponents in B plus one component mass balance, so that the problem has a unique solution. 
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The solution can be computed directly by subtraction. 

kg feed in - kg distillate out = kg bottoms out percent 

EtOH balm.ce: 0.10(1000) - 0.60(100) 

H2 0 balance: 0.90(1000) - 0.40(100) 

40 

860 

4.4 

95.6 

900 100.0 

If we use the total balance to calculate B, all we need to do is make one component balance 
because 

mass H2 0 in B = 900 - 40 = 860 kg 

Step 10 Check: 900 kg B + 100 kg P = 1000 kg F. 

EXAMPLE 2.12 Combustion 

Solution 

Ethane is initially mixed with oxygen to obtain a gas containing 80% C2 H6 and 20% O2 that 
is then burned in an engine with 200% excess air. Eighty percent of the ethane goes to CO2 , 

10% goes to CO, and 10% remains unburned. Calculate the composition of the exhaust gas 
on a wet basis. 

In this problem to save space we do not explicitly outline the steps in the analysis and 
solution of the problem. Use your mental checklist, nevertheless, to ascertain that each step is 
indeed taken into account. 

We know the composition of the air and fuel gas; if a weight of fuel gas is chosen as the basis, 
the weight of air can easily be calculated. However, it is wasted effort to convert to a weight 
basis for this type of problem because all the compositions are expressed in moles or mole 
percent for gases. The total moles entering and leaving the boiler are not equal, but if we 
look at anyone component and employ the stoichiometric principles discussed in Chap. 1, to
gether with Eq. (2.1), we can easily obtain the composition of the stack gas. The net genera
tion consumption terms in Eq. (2.1) can be evaluated from the stoichiometric equations listed 
below. The problem can be worked in the simplest fashion by choosing a basis of 100 moles 
of entering gas. See Fig. E2.12. 

I 
Fuel l 
Gos I 

C,H, 80 Ib mole 
0, 20 Ib mole 

S 51 
(iY em Boundary 

_I Engine 1 

L I 

I Air 0.21 0, 
200% excess 0.79 N, 

Figure E2.12 

Exhaust 
Gas 

co, 
CO 
C,H, 
0, 
N, 
H,O 
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Basis: 100 Ib mol of fuel 

C2H, + ~ 0, ---> 2eO, + 3H,O 

C2H, + ~02 ---> 2CO + 3H20 

145 

The total O2 entering is 3.00 times the required O2 (100% required plus 200% excess). 
Let us calculate the required oxygen: 

O2 (for complete combustion): 

SO lb mol C2H, 3.5 Ib mol O2 
--'-"'--=----"=+-'1 '='Ib"-=-=:::"":H':'- = 2S0 lb mol O2 

mol C2 6 

Required O2: 

2S0 - 20 = 260 Ib mol O2 
(Note: The oxygen used to completely burn the fuel is reduced by the oxygen already 

present in the fuel to obtain the oxygen required in the entering air.) 
Next we calculate the input of 0, and N, to the system: 

O2 entering with air: 

3(260 lb mol O2) = 7S0 lb mol 0, 

N2 entering with air: 

7S0 mol'02 79 Ib mol N2 
----=-+-::2-:1 -::lb'---m-ol'--0="2 = 2934 lb mol N2 

Now we apply our stoichiometric relations to find the components generated by the sys-
tern: 

SO lb mol C,H, 2 Ib mol CO2 O.S = 12S lb mol CO2 I lb mol C2H, 

SO lb mol C2!f,; 3lb mol H,O O.S = 1921b mol H,O 
lib mol C,H, 

SO Ib mol C2H, 2lb mol CO 0.1 = 161b mol CO 
lib mol C2H, 

SO Ib mol C2H, 31b mol H2O 0.1 = 241b mol H2O 
lib mol GH, 

To determine the O2 remaining in the exhaust gas, we have to find how much of the 
available (SOO Ib mol) 0, combines with the C and H. 

SO lb mol C2H, 3.5 Ib mol O2 O.S 
----"--=-t-:--c::--:-:;::-=::'-t-- = 224 Ib mol O2 to burn to CO2 and H2 0 

I Ib mol C2H, 

SO Ib mol C2 H, 2.5 Ib mol O2 O. I 
=.::::...=:....:="-t-I~lb"m::....:o::1 :oC:-', H~, +-'= = 20 Ib mol 0, to burn to CO and H2 0 

244 Ib mol O2 total "used up" by reaction 

By an oxygen (02) balance we get 

~~=mlli~+Wlli~-~lli~=~lli~~ 
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The water exiting is 

H,O out = 1921b mol + 24 Ib mol = 216 Ib mol H,O 

The balances on the other compounds-C"H" CO" CO, N,-are too simple to be formally 
listed here. 

Balances on 
atomic species 

Balances on 
compounds 
(Eq. 2.1) 

Summarizing these calculations, we have: 

Ibmol 
Percent in 

Component Fuel Air Exhaust gas exhaust gas 

C,H, 80 8 0.21 
0, 20 780 556 14.41 
N, 2934 2934 76.05 
CO, 128 3.32 
CO 16 0.41 
H,O 216 5.60 

Total 100 3714 3858 100.00 

On a dry basis we would have (the water is omitted in the exhaust gas): 

Component lb mol Percent 

C,H, 8 0.22 
0, 556 15.27 
N, 2934 80.56 
CO, 128 3.51 
CO 16 0.44 

Total 3642 100.00 

Do you know how to solve this problem using the element balances C, H, 0, etc.? 

Summary of Material Balances 

Total mol in =f total mol out 
Totallb in = totallb out: 

{ 
Ib mol C in = Ib mol C out: 2(80) = 128 + 16 + 2(8) 
Ib mol Hz in = Ib mol H2 out: 3(80) = 216 + 3(8) 
Ib mol O2 in = lb mol Ch out 20 + 780 = 128 + l(216) + ~(16) + 556 
Ib mol Nz in = Ib mol N z out: 2934 = 2934 
Ib mol CZH6 in = Ib mol CZH6 out + Ib mol ~H6 consumed: 80 = 8 + 72 
Ib mol CO2 in = Ib mol CO2 out - Ib f!101 CO2 generated: 0 = 128 - 128 
Ib mol CO in = Ib mol CO out - lb mol CO generated: 0 = 16 - 16 
lb mol H20 in = Ib mol H20 out - Ib mol HiD generated: 0 = 216 - 216 
Ib mol Nz in = Ib mol N z out + Ib mol N2 consumed: 2934 = 2934 + 0 
lb mol O2 in = lb mol OJ out + lb mol O2 consumed: 800 = 556 + 244 
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In the next section we discuss problems that require the simultaneous solution 
of coupled equations. 

Self-Assessment Test 

1. Explain the difference between flue gas analysis and Orsat analysis; wet basis and dry ba-
sis for a gas. 

2. What does "S02 free basis" mean? 

3. Write down the equations relating percent excess air to required air and entering air. 

4. Will the percent excess air always be the same as the Percent excess oxygen in combus
tion (by oxygen)? 

5. In a combustion process in which a specified percentage of excess air is used. and in 
which CO is one of the products of combustion, will the analysis of the resulting exit 
gases contain more or less oxygen than if all the carbon had gone to CO2? 
In solving the following problems, be sure to employ the 10 steps listed in Table 2.4. 

6. Pure carbon is burned in oxygen. The tiue-gas analysis is: 

CO2 75 mol % 

CO 14 mol % 

O2 11 mol % 

What was the percent excess oxygen used? 

7. Toluene, C,H" is burned with 30% excess air. A bad burner causes 15% of the carbon 
to form soot (pure C) deposited on the walls of the furnace. What is the Orsat analysis of 
the gases leaving the furnace? 

8. A cereal product containing 55% water is made at the rate of 500 kg/hr. You need to dry 
the product so that it contains only 30% water. How much water has to be evaporated per 
hour? 

9. If 100 g of Na2 SO, is dissolved in 200 g of H2 0 and the solution is cooled until, 100 g of 
Na2SO,· IOH20 crystallizes out, find 
(a) The composition of the remaining solution (mother liquor) 
(b) The grams of crystals recovered per 100 g of initial solution 

10. A synthesis gas analyzing CO2: 6.4%, O2: 0.2%, CO: 40.0%, and H2: 50.8% (the bal
ance is N2) is burned with excess dry air. The problem is to determine composition of the 
flue gas. How many degrees of freedom exist in this problem, that is, how many addi
tional variables have to have their values specified? 

Thought Problems 

1. In a small pharmaceutical plant, it had not been possible for a period of two months to get 
more than 80% of rated output from a boiler rated at 120,000 lb of steam per hour. The 
boiler had complete flow metering and combustion control equipment, but the steam flow 
could not be brought to more than 100,000 Ib/hr. 

What would you recommend be done to find the cause(s) of the problem and allevi
ate it? 

2. Although modern counterfeiters have mastered the duplication of the outside appearance 
of precious metals, some simple chemical/physical testing can determine their authentic
ity. Consult a reference book and determine the densities of gold, silver, copper, lead, 
iron, nickel, and zinc. 
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(a) Could the density of pure gold be duplicated by using any of these metals? 
(b) Could the density of pure silver be duplicated by using any of these metals? 

Chap. 2 

(e) Assume that the volumes are conserved on mixing of the metals. What is the weight 
percent composition of a leadltin alloy that could be used to counterfeit silver? What 
physical property makes this alloy an unlikely candidate? 

2.4 SOLVING MATERIAL BALANCE PROBLEMS 
INVOLVING SIMULTANEOUS EQUATIONS 

Your objectives in studying this 
section are to be able to: 

1. Write a set of independent material balance equations for a process. 
2. Solve one or two simultaneous nonlinear equations. 

3. Solve a set of linear equations. 
4. Apply the 10-step strategy to solve steady-state problems (with or 

without chemical reaction) that require the solution of simultaneous 
equations. 

In Sec. 2.3 you learned how to formulate uncoupled material balances that could be 
solved one equation at a time for the values of the unknown variables. All the equa
tions were quite simple, and you did not have to solve two or more equations (called 
irreducible equations because of the nature of their coupling) simultaneously. You 
should have observed in Sec. 2.3 that the information provided with respect to the 
problems such as flows and concentrations was of a special structure that led to the 

~------~--~-reSlllting~materia:l-balances-being~uncoupled. ~--~- -
Many of the problems that you will work with will lead to sets of equations 

that do have to be solved simultaneously. The purpose of this section is to show you 
that the formulation of such problems follows the same strategy as used in Sec. 2.3, 
the strategy outlined in Table 2.4. If only two or three coupled linear material bal
ances are written for a problem, the unknown variables can be solved for by substi
tution of one equation into another. If the material balances consist of large sets of 
linear equations, you will find suggestions for solving them in Appendix L, and For
tran computer codes to solve them on the disk in the pocket in the back of this book. 
A single material balance that is a nonlinear equation of the form j(x" ... , 
xn) = 0 can be plotted by hand or by using a computer routine, and the root(s), that 
is, the crossing(s) of the horizontal axis, located; examine Fig. 2.10. If two nonlin
ear material balances have to be solved, you can plot them and see where they inter
sect, as in Fig. 2.11. Or, you can use one of the computer codes on the disk accom
panying this book to obtain a solution(s) (refer to Sec. L.2 for details). All of the 
discussion in Sec. 2.2 concerning writing independent equations applies in this sec
tion as well. By making a balance for each component or'atomic species in the sys-
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flxi 

Solutions 

Figure 2.10 Solution(s) of a non
linear equation by plotting. 

Figure 2.11 Solution of two simul
taneous nonlinear equations by plot
ting. 
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tern defined, in most instances you can obtain a set of independent equations whether 
linear or nonlinear. A total mass balance may be substituted for one of the compo
nent mass balances. By following these rules of thumb, you should encounter no 
difficulty in generating sets of independent material balances for any process. 

A special case of information structure occurs in some problems that leads to a 
particularly simple material balance, one that involves only two variables. For exam
ple, refer to Fig. 2.12. You note that no reaction takes place and the process pre
sumably is in the steady state. Two components are present, hence you can write 
two independent mass balances: 

EtOH: 0.50 = W(O) + P (0.91) 

H2 0: 0.50 = W(LOO) + P(0.09) 

Composition 

H20 100% 

Composition 
F=? 

50% EtOH ---'--I 
p=? 

Composition 

r----~ 91 % EtOH 

9% H20 50% H20 

System 
Boundary 

Figure 2.12 Ethanol is the tie 
component. 

The ethanol (EtOH) balance directly relates F and P; W is not involved, as there is 
no ethanol in the W stream. A material or component that goes directly from one 
stream into another without changing in any respect or having like material added to 
it or lost from it is called a tie component (element)_ If a tie component exists in a 
problem, in effect you can write a material balance that involves only two streams. 
To detect a tie component, ask yourself the question: What component or element 
passes from one stream to another unchanged with constant mass? The answer is the 
tie component. Frequently, several components pass through a process with continu
ity so that more than one stream can be connected directly to its respective compan
ion stream. Sometimes a minor constituent passes through with continuity, but if the 
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percentage error for the analysis of this component is large, you should not use it as 
a tie component. A tie component can be useful even if you do not know all the 
compositions and weights in any given problem because the tie component enables 
you to put two streams on the same basis, thus effecting a partial solution even if the 
entire problem is not resolved. 

Several examples follow in which two or more material balance equations have 
to be solved simultaneously. 

EXAMPLE 2.13 Mixing 

Solution 
-----

Dilute sulfuric acid has t9 be added to dry charged batteries at service stations to activate a 
battery. You are asked to prepare a batch of new acid as follows. A tank of old weak battery 
acid (H2 S04) solution contains 12.43% H2 S04 (the remainder is pure water). If 200 kg of 
77.7% H2 S04 is added to the tank, and the final solution is 18.63% H2 S04 , how many kilo
grams of battery acid have been made? See Fig. E2.13. 

Added Solution 200 kg = A 

H2S04 77.7% 

H20 22.3% 

H2SO4 t 2.43% 

H2O 87.57% 

Original Solution F 

------
Figure E2.13 

H2SO4 18.63% 

H2O 81.37% 

Final Solution P 

-----Stepsl;-2, ana-3--All-tIie oataifave-been-entered-on-Fig;-E2cI3;-Theunknown-quan----
tities are F and P. 

Step 4 Take 200 kg of A as the basis. 
Steps 5 and 6 Two components are present: H2 S04 and H2 0, hence you can write 

two independent mass balances. A unique solution exists. 
Steps 7 and 8 The balances will be in kilograms. 

Type of Balance Accumulation in Tank A in 

H2S04 

H20 

Total 

Final Initial 

P(0.1863) - F(0.1243) = 200(0.777) 

P(0.8137) - F(0.8757) = 200(0.223) 

P F 200 

Note that any pair of the three equations are independent, but coupled, hence must be solved 
shuultaneously to get F and P. 

Step 9 Because the equations are linear and only two occur, you can take the total 
mass balance, solve it for F, and substitute for F in the H2 S04 balance to calculate P. 



Sec. 2.4 Solving Material Balance Problems (Simult. Eq.) 

(P - 200)(0.1243) + 200(0.777) = P(0.1863) 

P = 2110 kg acid 

F = 1910 kg acid 

Step 10 Check the answer using the H2 0 balance. 
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EXAMPLE 2.14 DistiUation 

Solution 

A typical distillation column is shown in Fig. E2.14 together with the known information for 
each stream. Calculate the kilograms of distillate per kilogram of feed and per kilogram of 
waste. 

System /----,. 
boundary --..f \ Condenser 

I 
r 
I 

f-+.L-+-/ -,,0_ Distillate 

Feed 
FI 

I 85% EtOH 
I 15% H20 

35% EtOH 
65% H20 

I I Distillation Column 
I 

\ r-,;...I-..::.W_ Waste 
\ ____ ..... ./ 5% EtOH 

95% H20 Figure E2.14 

Superficially, the problem in this example looks to be similar to the problem in Example 
2.11, but a different set of stream flow values are known aild unknown in this example. Con
sequently, a set of coupled mass balances results. Compare Fig. E2.14 with Fig. E2.11. 

tion. 
Steps 1, 2, and 3 Figure E2.14 already has inscribed on it the preliminary informa-

Step 4 Select a basis. 

Basis: 1.00 kg of feed = F 

Step 5 The unknown quantities are D and W. 
Step 6 TWo independent material balances can be written so that a unique solution is 

possible. 
Step 7 

Type of balance In Out 

Total 1.00 = D + W 

EtOH i.00(0.35) = D (0.85) + W (0.05) 

H20 1.00(0.65) = D (0.15) + W (0.95) 

Step 8 Two equations must be solved simultimeously. 
Step 9 Solve for W = (1.00 - D) using the total balance. Then 

1.00(0.35) = D (0.85) + (1.00 - D)(0.05) 

D = 0.375 kg/kg feed 

._----- ----



152 Material Balances Chap. 2 

Since W = 1 - 0.375 = 0.625 lb. 

D = 0.375 = 0.60 kg 
W 0.625 kg 

Step 10 Check your solution by using the H2 0 balance. 

EXAMPLE 2.15 Drying 

Solution 

Fish caught by human beings can be turned into fish meal, and the fish meal can be used as 
feed to produce meat for human beings or used directly as food. The direct use of fish meal 
significantly increases the efficiency of the food chain. However, fish-protein concentrate, 
primarily for aesthetic reasons, is used as a supplementary protein food. As such, it competes 
with soy and other oilseed proteins. 

In the processing of the fish, after the oil is extracted, the fish cake is dried in rotary 
drum dryers, finely ground, and packed. The resulting product contains 65% protein. In a 
given batch of fish cake that contains 80% water (the remainder is dry cake), 100 kg of water 
is removed, and it is found that the fish cake is then 40% water. Calculate the weight of the 
fish cake originally put into the dryer. 

Steps 1, 2, and 3 Figure E2.15 is a diagram of the process. 

W2 = 100 kg H20 

\ 

_------ __ ~system Boundary 

// ------, 
" 

I " 
I \ 
I Vi W, = 0 kg H20 

Wet A I ' 
________ ~ ____ Eish_C_ake_~? _________ l-- !---Burner-- -------------

0.80 H20 \, /Ci'fJ' 
* '.... I 10 8 Dry 0.20 BOC -----, ' I-=-~ 

1 " I Fish Cake = ? 
: -'---------// 0040 H

2
0 

I Tie Component L ____________________________ 0.60 BOC' 

*Sone Dry Cake 

Figure E2.15 

Step 4 Take a basis of what is given. 

Basis: 100 kg of water evaporated = W 

Step 5 The unknown stream flows are two: A and B. All the compositions are 
known. 

Step 6 Two independent balances can be written so that a unique solution exists. 
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Steps 7 and 8 To solve the problem requires the use of two independent mass bal
ance equations. 

Total balance: 
BDC balance: 

In Out 

A=B+W=B+ 
0.20A = 0.60B 

100} mass balances 

Step 9 Notice that because the bone dry cake balance involves only two streams. you 
can set up a direct ratio of A to B, which is the essence of the tie component: 

Introduction of this ratio into the total balance gives 

A = tA + 100 

I'A = 100 

A = 150 kg initial cake 

We did not use the water balance 

0.80A = 0.40B + 100 

because the BDC balance was slightly easier to use. The water balance can be used as a check 
on the calculations. 

Step 10 Water balance: 

0.80(150) ,1 0.40(150)(1/3) + 100 

120 = 120 

EXAMPLE 2.16 Crystallization 

Solution 

The solubility of barium nitrate at 100°C is 34 g/iOO g of H2 0 and at DoC is 5.0 gil 00 g of 
H2 0. If you start with 100 g of Ba(NO,), and make a saturated solution in water at 100°C. 
how much water is required? If the saturated solution is cooled to DoC. how much Ba(NO,), is 
precipitated out of solution? The precipitated crystals carry along with them on their surface 
4 g of H, 0 per 100 g of crystals. 

Steps 1, 2, and 3 The process can be viewed as an unsteady process without reaction 
in a tank as shown in Fig. E2.16. We first must calculate all the compositions for which data 
are given. 

Step 4 Take as a basis 100 g of Ba(NO,),. 
Step 3 (Continued) The maximum solubility of Ba(NO,), in H2 0 at 100°C is a satu

rated solution, 34 g/lOO g of H20. Thus the amount of water required at 100'C is 

100 g H20 100 g Ba(NO,), = 294.1 g H20 
34 g Ba(NO,), 

If the 100°C solution is cooled to DoC, the Ba(NO,)2 solution will still be saturated so that the 
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System 
_-----:--_ /' Boundary /,,,,--- -..... < 

// E "'-', 
// Original 100

0 
C " 

/ , 
/ 100 9 Composition Known \ 

Material Balances 

Final F = ? 

Ba(NO,), 

0' C 
Composition 
Known 

Chap. 2 

i Ba(NO,), ------------'~ 
I 34 9 Ba(NO,),/IOO 9 H,O I f------' 5 9 Ba(NO,),IIOO 9 H,O 
, I 
\ H,O ____________ ./-- H,O Weight 
\ Known \ Weight Known / 

\ / 
\ / 

" // , / 

' ......... - -// --- Crystals C = ? 

Ba(NO,), 

0' C 

Composition 
Known 

)----- 4 9 H,O/IOO 9 Ba(NO,), 

H,O Weight 
Known L-__ -' 

Figure E2.16 

composition of the final solution is 

Ba(NO,),: 
5 

100 + 5 = 0.0476 

H2 0: 
100 

100 'I- 5 = 0.9524 

The composition of the crystals is 

Ba(NO,),: 
100 

100 + 4 = 0.9615 

H2 0: 
4 

100 + 4 = 0.0385 

Steps 5 and 6 We have two unknowns, F and C, and can make two independent 
mass balances so that the problem has a unique solution. 

Steps 7, 8, and 9 

Tnansportthrough 
Balance Final solution Initial solution boundary (out) 

Ba(NO,),: F(0.0476) 100 = -C(0.9615) 

H2O: F(0.9524) 294.1 = -C(0.0385) 

Total: F - (100 + 294.1) = -C 
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Solve the Ba(NO,), and total balance to get 

F = 30S.2 g 

Step 10 Check using the water balance 

C = 88.89 g 

30S.2(0.9S24) - 294.1 k -88.89(0.038S) 

-3.42 = -3.42 

The Ba(NO,), that precipitates out on a dry basis is 

88.89 g C 0.961S
1
g Ba(NO,), = 8S.S g Ba(NO,)2 
gC 
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EXAMPLE 2.17 Combustion 

Solution 

The main advantage of catalytic incineration of odorous gases or other obnoxious substances 
over direct combustion is the lower cost. Catalytic incinerators operate at lower tempera
tures-SOO to 900°C compared with 1100 to ISOO°C for thermal incinerators-and use sub
stantially less fuel. Because of the lower operating temperatures, materials of construction do 
not need to be as heat resistant. reducing installation and construction costs. 
• In a test run, a liquid having the composition 88% C and 12% H2 is vaporized and 
burned with dry air to a flue gas (fg) of the following composition on a dry basis: 

CO2 13.4% 

O2 3.6% 

N2 83.0% 

100.0% 

To compute the volume of the continuous steady state combustion device, determine how 
many kilogram moles of dry fg are produced per 100 kg of liquid feed. What was the per
centage of excess air used? 

Steps 1, 2, and 3 The necessary data are placed in Fig. E2.17. Do not forget the wa
ter vapor! And that a reaction occurst 

C 0.88 
H20.12 

1.00 

F 
Teslliquid 

r-

N2 
0, 

System 

C 80U::\ -m:..--- ..,-.... 
~~ Catalytic oxidation unit / 

"i---~/ 
079 A Tie 
021 Air "' ........ 
1.00 (Dry) 

Figure E2.17 

W 
H,O 

. ., G 
fg 

(Dryl 

H20 1.00 

C02 0.134 
O2 0.036 
N2 0.830 

1.000 



156 Material Balances Chap. 2 

Step 4 Select 100 kg mol of dry fg as a convenient basis. 

Basis: 100 kg mol dry fg = G 

Steps 5 and 6 F, A, and Ware all unknown values; all the compositions are known. 
Four materi;il balances on the elements can be made; hence the problem has a unique solu
tion, and one equation will not be independent. Can you show that the rank of the matrix of 
the coefficients of F, A, and W is only 3? 

Step 7 The atomic species balances (in moles) are (F is in kg; A. W. and G are in kg 
moles): 

F A W G 
---

c: F(0.88) ---+ 
12 

0 0 + 100(0.134) 

H,: 
F(0.12) ---+ 

2.016 
0 = W + 0 

0,: 0 + A (0.21) = W m + 100(0.134 + 0.036) 

N2 : 0 + A (0.79) = 0 + 100(0.830) , 
Steps 8 and 9 The equations can be solved sequentially starting with C. then N,. and 

finally H, (to get W. although W is not asked for). ' 

From C: 

From N,: 

From H2: 

F = 13.4(12) 
0.88 

A = 83.0 
0.79 

182.73 kg 

105.06 kg mol 

W = 182.73(0.12) = 088 k 1 
2.016 1. g mo 

Step 10 Use the oxygen balance as a check .. 

105.06(0.21) b 1O.88m + 17.00 

22.06 22.44 

An exact balance does not occur, but the answers agree reasonably well here. In many com
bustion problems, slight errors in the data will cause large differences in the calculated flows 
and percentage of excess air. Assuming that no mathematical mistakes have been made (it is 
wise to check), the better solution is the one involving the use of the most precise data. 

We can now answer the requested questions. 

~ = 100 kg mol = :cS4cc0--,73,,-=,kg=m:=.01:....G:c 
F 182.73 kg 100 kg F 

The percent excess air can be calculated via two routes: 

% excess air = 100 x excess 0, 
O2 entering - excess O2 

(a) 

or 
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. excess O2 
% excess arr = 100 x ---;-. -'-='7-

requITed O2 
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(b) 

The excess 0, is 3.6 mol; the O2 entering is [13.4 + 3.6 + 10.88(0.5)] = 22.44 kg mol; 
and the required O2 is 

By Eq. (a). 

By Eq. (b), 

C + O2 --> CO2: 
182.73(0.88) 

12 
= 13.40 kg mol 

182.73(0.12) (.!.) = 5.44 kg mol 
2.016 2 18.84 kg mol 

% excess air = 10022.~·~ 3.6 = 19.1% 

% excess air = 100 1~:~4 = 19.1% 

jYou can make use of the tie components as an alternative way to solve the problem in this 
¢xample as follows. 
, Because we do not have to. answer any questions about the water in the exit fiue-gas 
'stream, a tie element to relate the test fluid to the dry flue gas and one to relate the air to the 
'dry flue gas would be sufficient to solve the problem. In examining the data to determine 
:whether a tie element exists, we see that the carbon goes directly from the test fluid to the dry 
,flue gas, and nowhere else, so carbon will serve as one tie component. The Nz in the air all 
shows up in the dry flue gas, so N2 can be used as another tie component. 

Let us start to work the problem on a different basis. 

Basis: 100 kg of test fluid 

88 kg C 1 kg mol C 
==-=-t"":":

1
'f:
2

"'k::':gC::C":' = 7.33 kg mol C 

12 kg H'II kg mol H, 
2.016 kg H, = 5.95 kg mol H, 

(a) By using kilogram moles of C as the tie component, we obtain 

_l-;OO-;:--:kg,,;-m_o_l ...,dr",y",f",g+:-:7",.3-;3_k""gc..m_o-;:I,-C,., = 54.7 kg mol dry fg 
13.4 kg mol C 100 kg test fluid 100 kg test fluid 

(b) The N2 serves as the tie component to tie the air to the dry flue gas, and since we 
know the excess O2 in the dry flue gas, the percentage of excess air can be computed. 

Basis: 100 kg mol of dry fg 

83.0 kg mol N, 1.00 kg mol air 105.06 kg mol air 

0.79 kg mol N, 100 kg mol dry fg 

(105.06)(0.21) = 0, entering = 22.06 kg mol O2 
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Or, saving one step, 

83.0 kg mol N, 0.21 kg mol 0, in air 22.06 kg mol O2 entering 
0.79 kg mol N2 in air 100 kg mol dry fg 

. excess O2 % excess arr = 100 -::----'='--'----'---;:,
O2 entering - excess O2 

(100)3.6 = 19.5% 
22.06 - 3.6 

If a dry flue gas analysis shows some. CO. as in the following hypothetical analy-
sis: 

CO2 11.9% 

CO 1.6% 

O2 4.1% 

N2 82.4% 

then, on the basis of 100 moles of dry flue gas, we would calculate the percent ex
cess air as follows: 

O2 entering with air: 

82.4 kg mol N2 0.21 kg mol O2 

0.79 kg mol N2 = 21.9 kg mol O2 

Excess O2 : 

1.6 
4.1 - ""2 = 3.3 kg mol 

% excess air = 100 I 93~ 3 = 17.7% 
2. 3. 

Note that to get the true excess oxygeu, the apparent excess oxygeu in dry Hue 
gas, 4.1 kg moles, has to be reduced by the amount of the theoretical oxygen 
not combining with the CO. According to the reactions 

C + O2 ----> CO2 C + ~O, ----> CO 

for each mole of CO in the dry flue gas, t mole of O2 which should have combined 
with the carbon to form CO2 did not do so. This ~ mole carried over into the flue gas 
and inflated the value of the true excess oxygen expected to be in the flue gas. For 
this analysis, 1.6 kg mol of CO are in the flue gas, so that (1.6/2) kg mol of theoret
ical oxygen are found in the flue gas in addition to the true excess oxygen. IAlways 
keep in mind that the definition of excess oxygen is based on complete combustion. 

I 

EXAMPLE 2.18 Combustion of Coal 

A local utility burns coal having the following composition on a dry basis. 
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Cl?mponent Percent 

C 83.05 
H 4.45 
0 3.36 
N 1.08 
S 0.70 
Ash 7.36 
Total 100.0 

The average Orsat analysis of gas from the stack during a 24-hr test was 

Component Percent 

CO, + SO, 15.4 
CO 0.0 
0, 4.0 
N, 80.6 

Total 100.0 

Moisture in the fuel was 3.90%, and the air on the average contained 0.0048 Ib H,Ollb dry 
air. The refuse showed 14.0% unburned coal, with the remainder being ash. 

You are asked to check the consistency of the data before they are stored in a data base. 
~s the consistency satisfactory? What was the average p~rcent excess air used? 

" 

Solution, 

Tp.is is a steady:-state problem with reaction. 
Steps 1, 2, and 3 The process is shown in Fig. E2.18. In making the diagram, do not 

forget the water in the stack! . 

Ib 
C 83.05 
H 4.45 
o 3.36 
N 1.08 
S 0.70 

Ash 7.36 
100.0 

Added H,O 3.901b 
H,O:0.217Ib mol 
0,: 0.108 Ib mol 

w H,O(g) 100% 

Coal Stock Gas 
F 

Furnace 
p 

~ 
CO, + SO, 15.4 

CO 0.0 
0, 4.0 

Air A ~ 
N,80.6 

100.0 

Refuse R ~ 
C+H+O+N+S 14.0 N, 0.79 

0,0.21 
1.00 

Added H,O 0.0048 Ib/lb Air 
H, : 0.0077 Ib mallmol A 
0,: 0.0039 Ib mollmol A 

Figure E2.18 

Ash 86.0 
100.0 
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Step 4 Pick as a basis F = 100 lb. 
Step 3, 7, and 8 We need first to get all the compositions possible and put them on 

the diagram. We calculate the H as H2 and ° as O2 in the H20 in both F and A, and the com
position of R by use of an ash balance (ash is the tie component). 

In coal: 

In air: 

3.90 Ib H20 lIb mol H20 lIb mol H2 
.:...:.:.-'-::....::=+.::....:c'-"'~'-==-"-I-:"::--'---:I=-::-O = 0.217 Ib mol H2 

18 Ib H2 ° 1 Ib rna H2 
(0.108 Ib mol O2) 

_0_.0_0-:;48--:lb,..H-'2=-0-t-:-2::-9_I_b-;a_ir.,....,lf-l :clb::-m~0IcoH-:2,:-O = ° 007 Ib mol H2 ° 
Ib air lIb mol air I 181b H20 . 7 Ib mol air 

(0.0077 Ib mol H,Ilb mol A) 

(0.0039Ib mol 02/1b mol A) 

We might neglect the C, H. 0, N, and S in the refuse but will include the amounts to show 
~hat calculations are necessary if the amounts of the elements are significant. The ash bal
ance is (ash is a tie component) 

The unburned coal in the refuse is 

7.36 = R (0.86) 

R = 8.561b 

8.56(0.14) = 1.20lb 

If we assume that the combustibles in the refuse occur in the same proportions as they do in 
the coal (which may not be true), the quantities of the combustibles in R on an ash,free basis 
are: I 

Component wt % lb lb mol 
--------- -

C 89.65 1.076 0.0897 
H 4.80 0.058 0.0537 

° 3.63 0.0436 0.0027 
N 1.17 0.014 0.0010 
S 0.76 0.009 0.0003 

100.00 T.2O 0.1474 

Steps 5 and 6 We can make four additional balances (the C and S must be combined 
because of the stack gas analysis), and have only three unknown variables: A, lV, and P; 
hence one balance can be used to check the data as it is redundant. The balances I (all in Ib 
mol) are: 

In Out 

inF inA in W in P 

83.05 0.70 --+-- + 
12 32 

o = 0 + P (0.154) + 0.0897 + 0.0003 
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In Out 

in F inA in W inP 

4.45 + 0217 + 
2.016 . 

O.0077A W + o + 

3~~6 + 0.108 + 0.21A + 0.0039A = ~ + P(0.154 + 0.040) + 

1.08 
+ 

28 
0.79A = 0 + P(0.806) + 

in R 

0.0537 
2 

0.0027 
2 

0.001 
2 

161 

Solve the C + S balance to get P = 44.99. Then solve the N, balance to get 
A = 45.35. Next. solve the H, balance to get W = 2.747. Finally. use the 0, balance to 
serve as a check: 9.914 .1 10.009. The difference is about 1%. Inasmuch as the data pro
vided are actual measurements, in view of the random and possibly biased errors in the data, 
the round-off error introduced in the calculations, and possible leaks in the furnace, the data 
seem to be quite satisfilctory. Try calculating W, a small number, from both the H, and O2 

balances. What size error do you find? 
, To calculate the excess air, because of the oxygen in the coal and the existence of uo-
I burned combustibles, we will calculate the total oxygen in and the required oxygen: 

nf • O2 entering - O2 required 
70 excess aIr = 100 x 0 . d 

2 requrre 

Assume that no oxygen is required by the ash. The required O2 is 

Component Reaction Ib lb mol 

C C + 0, --> CO, 83.05 C 6.921 
H H2 + 402---,)0 H2O 4.45 H, 2.207 
0 3.36 0, 0.105 
N 
S S + 0, --> SO, 0.70 S 0.022 

and the oxygen in the air is (45.35)(0.21) = 9.524lb mol. 

9.524 - 7.942 
% excess air = 100 X 42 = 19.9% 

7.9 

Required 
0, (lb mol) 

6.921 
1.104 

(0.105) 

0.022 
7.942 

If you (incorrectly) calculated the % excess air from just the wet stack gas analysis, you 
would get 

100 X 4.0 = 23.8% 
15.4 + 2.747/2 

In the next section we turn to the solution of material balance problems involv
ing multiple units. 
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Self-Assessment Test 

1. Write a set of independent material balance equations for the system shown. The liquid 
streams are A, B, C, D, and E. The components are I, 2, and 3. The table lists the 
known mass fractions. 

A B 

I: 0.5 0.3 
2: 0.3 0.2 
3: 0.2 0.5 

C D 

0.6 0.8 
0.4 0.2 

A =100kg/hr 

8 =100kg/hr 

c =? 

-_D".....,...·-~'D=? 

"----E=? 

2. In the figure the compositions are (no reaction occurs): 

MgCO,: 
Na,CO,: 
H,O: 

A--j 

A 

0.10 
0.20 
0.70 

B 

B 

0.05 
0.10 
0.85 

I---C 

c 

0.0675 
0.1350 
0.7975 

Write down the mass balances and solve for A and B given that C = 100 kg/br. 

3. Solve this equation for positive-real roots: I 
X, - X, - lOX' - X + I = 0 

4. Solve these equations for a set of (x, y) that are real: 

4.20x' + 8.80y' = 1.42 

(x - 1.2)' + (y - 0.6)' = I 

In solving the following problems, be sure to employ the 10 steps listed in Table 2.4. 

5. A coal analyzing 65.4% C, 5.3% H, 0.6% S, 1.1% N, 18.5% 0, and 9.1 % ashislburned 
so that all combustible is burnt out of the ash. The dry flue gas analyzes 13.00% CO" 
0.76% CO, 6.17% 0" 0.87% H" and 79.20% N,. All the sulfur burns to SO" ~hich is 
included in the CO, figure in the gas analysis (i.e., CO, + SO, = 13.00%). dleulate: 
(a) Pounds of coal fired per 100 Ib mol of dry flue gas as analyzed I 

(b) Ratio of moles total combustion gases to moles of dry air supplied ' 
(c) Total moles of water vapor in the stack gas per 100 Ib of coal if the air is dry 
(d) Percent excess air I 
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6. A cellulose solution contains 5.2% cellulose by weight in water. How many kilograms of 
1.2% solution are required to dilute 100 kg of 5.2% solution to 4.2%? 

7. Hydrofluoric acid (HF) can be manufactured by treating calcium fluoride (CaF,) with sul
furic acid (H, SO.). The other product of the reaction is calcium sulfate (CaSO.). A 
sample of fluorospar (the raw material) contains 75% by weight CaF, and 25% inert 
(nonreacting) materials. The pure sulfuric acid used in the process is in 30% excess of 
that theoretically required. Most of the manufactured HF leaves the reaction chamber as 
a gas, but a solid cake is also removed from the reaction chamber that contains 5% of all 
the HF formed, plus CaSO., inerts, and unreacted sulfuric acid. How many kilograms of 
cake are produced per 100 kg of fluorospar charged to the process? 

8. A solution contains 60% Na2 S, 0, and I % soluble impurity in water. Upon cooling 
to 10°C, Na,S,O,'5H,O crystallizes out. The solubility of this hydrate is 1.41b 
Na, S2 O2 . 5H, O/lb free water. The crystals removed carry as adhering solution 0.06 Ib 
solution/lb crystals. These are dried to remove the remaining water (but not the water of 
hydration). The final dry Na, S, 0, . 5H,O crystals must not contain more than 0.1 % by 
weight of impurity. In order to meet this specification calculate: 
(a) The amount of water added before cooling 
(b) The percentage recovery of the Na2S2 0, in the crystals. 

9. Salt in crude oil must be removed before the oil undergoes processing in a refinery. The 
crude oil is fed to a washing unit where freshwater feed to the unit mixes with the oil and 
dissolves a portion of the salt contained in the oil. The oil (containing some salt but no 
water), being less dense than the water, can be removed at the--top of the washer. The 
"spent" wash water (containing salt but no oil) is removed at the bottom of the washer. If 
the "spent" wash water contains 15% salt and the crude contains 5% salt, determine the 
concentration of salt in the "washed" oil product if the ratio of crude oil (with salt) to 
water used is 4: 1. 

10. A hydrocarbon fuel is burnt with excess air. The Orsat analysis of the flue gas shows 
10.2% CO" 1.0% CO, 8.4% 0" and 80.4% N,. What is the atomic ratio of H to C in 
the fuel? 

2.5 SOLVING MATERIAL BALANCE PROBLEMS 
INVOLVING MULTIPLE SUBSYSTEMS 

Your objectives in studying this 
section are to be able to: 

1. Write a set of independent material balances for a complex process in
volving more than one unit. 

2. Solve problems involving several connected units by applying the 10-
step strategy. 

Chemical plants such as illustrated by the flowsheet in Fig. 2.4 are comprised of 
many interconnected units. However, you can easily apply the same techniques dis-
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cussed so fur to such complex processes. All you have to do is divide the plant up 
into subsystems that you analyze one at a time. If more than one piece of equip
ment or more than one junction poirit is involved in the problem to be solved, you 
can write material balances for each piece of equipment and a balance around the 
whole process. However, since the overall balance is nothing more than the sum of 
the balances about each piece of equipment, not all the balances you might write 
will be independent. Appendix L discusses how you can determine whether linear 
equations are' independent or not. 

Under SOme circumstances, particularly if you split a big problem into smaller 
parts to make the calculations easier, you may want to make a material balance. 
about a mixing point. As illustrated in Fig. 2.13, a mixing point is nothing more 
than a junction of three or more streams and can be designated as a system in exactly 
the same fushion as any other piece of equipment. Exanrine Fig. 2.14. Which 
streams have the same composition? Is the composition of stream 5 the same as the 
composition inside the unit? It will be if the contents of the unit are well mixed, the 
assumption in this text. Streams 5, 6, and 7 must have the same composition, and 
presumably if no reaction takes place, the output composition is the properly 
weighted average of the input compositions 3 and 4. 

2 4 6 

Stream 8 I ~. 1 3 5 7 
Streom A Streom C 

Figure 2.13 Mixing point. Figure 2.14 Multiple junction points. 

Now let us turn' to the analysis of simple combinations of units. Suppose that a 
system is comprised of three subsystems as indicated in Fig. 2.15. You can make 
material balances for the subsystems and overallsystem-::-justmakesure that the _. 
balances selected for your solution are independent! How many values of the vari
ables are unknown? There will be seven in all: W, P, A, B, C, WKel.A and WH20.A. 

100 kg/min 
F 0.20 KGI 

0.80 H20 

Overall 
system 

i-- - - -- - --- -- - -- - - -- -- - - -- - - - - - -- -~boundary 
, , 

C 
0.33 KGI 
0.67 H20 

A 
, , 

B 0.50 KCI : 
O.50H20 i , , 

, ________________ J 

0.95 KGI 
0.05 H20 

Boundary for 
Subsystem 2 

Figure 2.15 Flow diagram of a system comprised of three subsystems. 
No reaction takes place. The sub.system boundaries are the boxes. 
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How many independent equations must be written to obtain a unique solution? 
Seven. How many independent equations can you write? Two for each subsystem 
plus the sum of mass fractions for stream A. What are the names of such a set of 
equations? One set might be: 

Unit I, total: 100+C=A 

Unit 1, KCl: 

Unit 2, total: 

(0.20)(100) + (0.33)(C) = (WKCI.A)(A) 

A=W+B 

Unit 2, KCl: (WKCl.A)(A) = (0.50)B 

Overall, total: 100=W+P 

Overall, KCI: (0.20)100 = (0.95)P 

SWi = 1: 

Other sets are possible. Write down a different set. Did you note that the set we 
have used has been chosen so as to include as few of the unknown variables as possi
ble in a given equation; that is, we made component balances on KCI and not on 
H2 0. Keep in mind that the number of degrees of freedom summed for all the sub
systems must be equal to zero to have a unique solution for the equations. In general, 
you can make the same number of independent balances as there are components or 
atomic species in each subsystem you define, but not always. Read the following ex
ample. 

EXAMPLE 2.19 Independent Material Balances 

Examine Fig. E2.19. The composition of each stream is as follows: 

(I) PureA 
(2) Pure B 

(3) A and B, concentrations known 
(4) Pure C 

(5) A, B, and C, concentrations known 
(6) Pure D 

(7) A and D, concentrations known 
(8) Band C, concentrations known 

8 

Figure E2.19 

What is the maximum number of independent material balances that could be gener
ated to solve this problem? 
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At unit I, two components are involved 

At unit II, three components are involved 

At unit ill, four components are involved 
Total 

Material Balances 

Number of 
component balances 

2 

3 

4 
9 

Chap, 2 

However, not all of the balances are independent. In the following list, all the concentrations 
are known values, and F represents the stream flow designated by the subscript. 

Subsystem 1 

Subsystem 2 

{ 

k F,(WF"A) + F4 (O) = F,(WF"A) 

Balances B: F,(WF".) + F4(O) = F,(WF"B) 

Subsystem 3: 

Balances 

C: F,(O) + F.(LOO) = F,(WF"C) 

A: F,(WF"A) + F6(O) = F,(WF"A) + F,(O) 

B: F,(WF".) + F6 (O) = F,(O) + F,(WF".) 

C: F,(WF"cl + F6(O) = F,(O) + F,(WF"cl 

D: . F,(O) TF,(LOO) =-P,(WF",,) +P,(O) 

If. you take as a basis F" seven values of F/ are unknown, hence only seven independent 
equations need be written, The B balance in subsystem II and the C balance in subsystem III 
prove to be redundant (can you show why?), so that a unique solution can be obtained, 

Can you show that one or more component balances around systems I and II, 
or II and III in Example 2,19, or the entire set of three units, will add no additional 
independeut balances to the set of component material balances made on each indi
vidual unit? Can you show that a total balance on each unit, or on units I + II, or 
II + III, or around the entire system of three units, will add no additional indepen
dent balances? Can you substitute one of the indicated alternative material balances 
for an independent component balance? Yes <as long as the precision of the balance 
is about the same), 
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EXAMPLE 2.20 Multiple Units in Which No Reaction Occurs 

Solution 

Acetone is used in the manufacture of many chemicals and also as a solvent. In its latter role, 
many restrictions are placed on the release of acetone vapor to the environment. You are 
asked to design an acetone recovery system having the flowsheet illustrated in Fig. E2.20. As 
a starting point. make a material balance for the system shown in Fig. E2.20. All the con
centrations shown in Fig. E2.20 of both gases and liquids are specified in weight percent to 
make the calculations simpler. 

Air 
Air 0.995 Condenser Waler (100%1 

w A Waler 0.005 

Adsorber 
Column 

1400 kg/hr G 
Entering Gas 

Air 0.95 
Acetone 0.03 

Waler 0.02 
1.00 

1.00r-_-'-, 

Distillation 
Column 

Acelane 0.19 
F Waler 0.81 

1.00 

B 1-";;"'_ BaHam 

Acelane 0.04 
Waler 0.96 

1.00 

Figure E2.20 

Distillate 

Acelane 0.99 
Waler 0.Q1 

1.00 

Steps 1, 2, and 3 All the stream compositions are given. No reaction occurs, &TId we 
assume that the process is in the steady state. All of the unknown stream flows are designated 
by symbols in the figure. 

Step 4 Pick I hr as a basis so that G = 1400 kg. 
Steps 5 and 6 We start the analysis with column 1. Three components exist in 

column 1, and three values of the streams are unknown: W, A, and F; hence a unique sqlution 
can be o1ltained for column 1. 

Steps 7 and 8 The mass balances for colunm I are as follows. 

In Out 

Air: 1400 (0.95) = A(0.995) (a) 

Acetone: 1400 (0.03) = F(0.19) (b) 

Water: 1400 (0.02) + W(1.00) = F(0.81) + A(0.005) (e) 
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The air and acetone are tie components. (Check to make sure that the equations are indepen
dent.) 

Step 9 Solve Eqs. (a), (b), and (c) to get 

A = 1336.7 kglhr 

F = 221.05 kglhr 

W = 157.7 kglhr 

Step 10 (Check) Use the total balance. 

G+W=A+F 

1400 1336 
157.7 221.05 
1557.7 '" 1557.1 

Steps 5 and 6 Applied to Units 2 and 3 Combined The subsystem boundary for 
analysis encompasses the distillation column and the condenser. Two components exist, and 
two values of the flow streams are unknown, D and B; hence a unique solution exists (if the 
mass balances are independent, as they are), 

Steps 7 and 8 The mass balances are 

Acetone: 

Water: 

221.05(0.19) = D (0.99) + B (0.04) 

221.05(0.81) = D(O.OI) + B(0.96) 

Step 9 Solve Eqs. (d) and (e) to get 

D = 34.91 kglhr 

B = 186.1 kglhr 

Step 10 (Check) Use the total balance 

F = D + B or 221.05 '" 34.91 + 186.1 = 221.01 

(d) 

(e) 

--As a matter-of-interest,--what other-mass balances-could be written-for the system and substi- ___ _ 
tuted for anyone of the Eqs. (a)-(e)? Typical balances would be the overall balances. 

In Out 

Air: G(0.95) = A(0.995) (f) 

Acetone: G(0.03) = D(0.99) + B(O.04) (g) 

Water: G(0.02) = A(0.005) + D(O.OI) + B(0.96) (h) 

Total: G+W=A+D+B (i) 

Equations (f)-(i) do not add any extra information to the problem; the degrees of freedom are 
stin zero. But anyone of the equations can be substituted for one of Eqs. (a)-(e) as long as 
you make sure that the resulting set of equations is independent. 

EXAMPLE 2.21 Multiple Units in Which a Reaction Occurs 

In the face of higher fuel costs and the uncertainty of the supply of a particular fuel, many 
companies operate two furnaces, one with natural gas and the other with fuel oil. In the 
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N2 : 84.93% 
o 

SO 
CO 

2' 4.13% 

2: 0.10% 
2: 10.84% 

100.00% 

Air: 
A O2: 0.21 

N2: 0.79 --
1.00 

Stack Gas 

P 6205 

Ib mol 
hr 

r 
Gas 

Furnace 

Nof. Gas 
CH4 : 0.96 mol Ir 

G C2H2: 0.02 mollr 
CO2: 0.02 mol Ir 

1.00 

Figure E2.21 

Water 

W 100% H2O 

I Air: 
A* 02: O. 

N2: O. 
Oil CO2: O. 

Furnace 
I. 

Fuel Oil 
C: 0.50 mol Ir 

F H2: 0.47 mol Ir 
s: 0.03 mol Ir 

1.00 

20 
76 
04 
00 

RAMAD Corp., each furnace had its own supply of oxygen; the gas furnace used air, and 
the fuel oil furnace used a gas stream that analyzed: 02, 20%; N2, 76%; and CO2, 4%, but 
the stack gases went up a common stack. See Fig. E2.21. 

During one blizzard, all transportation to the RAMAD Corp. was cut off, and officials 
were worried about the dwindling reserves of fuel oil because the natural gas supply was be
ing used at its maximum rate possible. The reserve of fuel oil was only 1000 bbl. How many 
hours could the company operate before shutting down if no additional fuel oil was attain
able? How many Ib mollhr of natural gas were being consumed? The minimum heating load 
for the company when translated into the stack gas output was 6205 Ib mollhr of dry stack 
gas. Analysis of the fuels and stack gas at this time were: 

Natural gas 

CIf., 
C,H2 

CO2 

96% 
2% 
2% 

Fuel oil 
(API gravity ~ 24.0) 

(Mol %) 

C 
H2 
S 

50 
47 

3 

Stack gas 
(Orsat analysis) 

N2 
O2 

CO2 

S02 

84.93% 
4.13% 

10.84% 
0.10% 

We want to calculate F and G in Ib mollhr and then F in bbllhr. 
Steps 1, 2, and 3 The molecular weight of the fuel oil is 7.911b/lb mol, and the den

sity is 7.578 Ib/gal. 
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Step 4 

Basis: I hr. so that P = 6205 Ib mol 

Steps 5 and 6 We have five atomic components in this problem and five streams 
whose values are unknown, A, G, F, A *. and W; hence, if the elemental mole balances are 
independent, we can obtain a unique solution for the problem. 

Step 7 The overall mole balances for the elements are 

In Out 

H,: G(1.94) + F(0.47) = W(i) 

N,: A (0.79) + A *(0. 76) = 6205(0.8493) 

0,: A(0.21) + A*(0.20 + 0.04) = 6205(0.0413 + 0.001 + 0.1084) 

+ G(0.02) +Wm 

S: F(0.03) = 6205(0.001) 

c: G(0.96 + (2)(0.02) + 0.02) 

+F(0.50) + 0.04A* = 6205(0.1084) 

Steps 8 and 9 Solve the S balance for F (inaccuracy in the SO, concentration will 
cause some error in F, unfortunately); the sulfur is a tie component. Then solve the other four 
balances simultaneously for G. 

Finally, the fuel oil consumption is 

F = 207 Ib mol/hr 

G = 498 Ib molihr 

207 mol bbl 
-:-hr--t--.....,..--t--=-===::-"1'-4::2:-g--;al = 5.14 bblihr 

If fuel oil teserve was only 1000 bbl,this amount could last 

1000 bbl = 195 hr 

5.14 ~I 

EXAMPLE 2.22 Countercurrent Stagewise Mass Transfer 

In many commercial processes such as distillation, extraction, absorption of gases in liquids, 
and the like, the entering and leaving streams represent two different phases that flow in op
posite directions to each other, as shown in Fig. E2.22a. (The figure could just as well be laid 
on its side.) 

This type of operation is known as countercurrent operation. If equilibrium is attained 
between each stream at each stage in the apparatus, calculations can be carried out to relate 
the flow rates and concentration of products to the size and other design features of the ap
paratus. We shall illustrate how a material balance can be made for such type of equipment. 
The letter X stands for the weight concentration of solute in pounds of solute per pound of 
stream, solute-free. The streams are assumed immiscible as in a liquid-liquid extraction pro
cess. 
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Entering stream containing 
A Ib/hr of solvent 
(high concentration of solute) 

Exit stream containing 
11 Ib/hr of solvent 
(low concentration of solute) 

x~ xf 

XA 
2 

X A 
l 

..... Exit stream containing 
,L-.L..,\ 8 Ib/hr of solvent 

; X8 (high concentration of solute) 
I 

'-r-.,.-J .... /'--:'-Boundory for balance 
around stage 1 

'---- ..Entering stream containing 
B Ib/hr of solvent 
(low concentration of solute) 

A,B " Ib of stream less solute in the stream 
" Ib of solvent 

Figure E2.22a 

Around stage 1 the solute material balance is (the superscript on X denotes the stream 
and the subscript the stage) 

in oul 

Alb X~ Ib + B Ib XgIb Alb ~:: + B~b hr IbA hr Ib B hr 

or 

A(X~ - X1) = B(Xf - Xg) 

Around stage 2 the solute material balance is 

in oul 

Alb X11b + B Ib Xnb Alb ~~: +B~b hr IbA hr Ib B hr 

or 

A(X1 - X1) = B(Xg - X~) 

We could generalize that for any stage number n 

A(X~_I - X~) = B(X~ - X~+l) 

Xf]b 

Ib B 

(a) 

xg Ib 

IbB 

(b) 

Also, a solute material balance could be written about the sum of stage 1 and stage 2 as 
follows: 

in oul 

A(X~) + B(X~) = A(XD + B(Xf) (c) 

or to generalize for an overall solute material balance between the top end and the nth stage, 

A(X~ - X~) = B(Xf - X~+I) 
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or for the (n - l)th stage. 

A (X~ - X~_,) = B (Xf - X~) 

Multiplying the equation by -1, we obtain 

A(X~_, - X~) = B(X~ - Xf) 

Chap. 2 

(d) 

If we rearrange Eq. (d) assuming thatA. B, X$, andXf are constants (i.e., steady-state 
operation) and XA and XB are the variables as we go from stage to stage, we can write 

A BB(ABB) AX,_, = AX' + Xo - AX' (e) 

Equations (a)-(e) represent an unusual type of equation, one that gives the relationship 
between discrete points rather than continuous variables; it is called a difference equation. In 
Eq. (e) the locus of these points will fall upon a line with the slope BfA and an intercept 
[X~ - (BfA)Xf], as shown in Fig. E2.22b. 

! 
X, 

x: X8~ 

Inlercepl 0 (X~ -* xfl Figure E2.22h 

In the next section we look at material balances in which some material is re
cycled (fed back) from upstream in a process back to the start of the process. 

Self·Assessment Test 

1. A two-stage separations unit is shown in the figure. Given that the input stream FI is 
1000 lb/hr, calculate the value of F2 and the composition of F2. 

o 
o 
o 

F1 
.4 Toluene 

0.01 Toluene 
0.99 Benzene 

P1 

1 

.4 Benzene 

.2 Xylene 

F2 

0.95 Toluene 
0.05 Benzene 

P2D 

,.-.- 2 

0.1 o Toluene 
0.9 o Xylene 

P28 
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2. A simplified process for the production of SO, to be used in tl)e manufucture of sulfuric 
acid is illustrated in the figure. Sulfur is burned with 100% excess ail" in the burner, but for 
the reaction S + 0, -> SO" only 90% conversion of the S to SO, is achieved. In the con
verter, the conversion of SO, to SO, is 95% complete. Calculate the,lb of ail" required per 
100 Ib of sulfur burned, and the concentration in mole frac;tion or percent of the exit gas 
from the burner and from the converter. 

Air 

s 

S (Unburned) 

so, 
a, 
N, 

Converter 

so, 
so, . 
a, 
N, 

2.6 RECYCLE, BYPASS, AND PURGE CALCULATIONS 

Your objectives in studying this 
section are to be able to: 

1. Draw a flow diagram for problems involving recycle, bypass, and 
purge. 

2. Apply the la-step strategy to solve steady-state problems (with an9 
without chemical reaction) involving recycle, andlor bypass, andlor 
purge streams. 

3. Solve problems in which a modest number of interconnected units are 
involved by making appropriate .balances. 

4. Use the overall conversion and single-pass (once-through) conversion 
concepts to solve recycle problems involving reactors. 

5. Explain the purpose of a recycle stream, a bypass stream, and a purge 
stream. 

Recycle stream is a term denoting a process stream that .conducts material exiting or 
downstream from a unit back to the inlet or upstream of the same unit. For example, 
in a reactor, unreacted material is separated from the reactor products and fed back 
and joins with a stream of reactants that enter the reactor. Examine Figure 2.16. In 
Figure 2.4 you can observe the recycle of C,lI, from the settler back to the evapora, 
tor. As another example, in planning long space missions, all the food and water will 
have to be provided from stores. on board the spacecraft. Figure 2.17 shows the re-
cycle of 0, and water. . 

Many industrial processes employ recycle streams. In some drying operations, . 
the humidity in the air is controlled by recirculating part of the wet air that leaves 
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Figure 2.16 Process with recycle 
(the numbers designate possible sys
tem boundaries for the material bal
ances-see the text). 

the dryer. In chemical reactions, exit catalyst is returned to the reactor for reuse. 
Another example of the use of recycling is in fractionating columns where part of 
the distillate is refluxed through the column to maintain the quantity of liquid within 
the column. 

Do not let recycle streams confuse you. The steps in the analysis and solution 
of material balance problems involving recycle are the same as described in Table 
2.4. With a little practice in solving problems involving recycle, you should experi
ence little difficulty in solving recycle problems in general. The essential point you 
should grasp with respect to recycle calculations in this chapter is that the processes 
such as shown in Fig. 2.4 or 2.16 are in the steady state. 

No buildup or depletion of material takes place inside the process or in tbe recycle 
stream. 

The values of F, P, and R in Fig. 2.16 are constant. Unsteady-state processes such 
as startup and shutdown are discussed in Chapter 6. 

2.6-1 Recycle in Processes without Chemical Reaction 

The strategy listed in Table 2.4 is the strategy to be used in solving recycle problems. 
You can make component and total material balances for each subsystem as dis
cussed in Sec. 2.5, as well as component and total balances for the overall process. 
Not all of the equations so formulated will be independent, of course. Depending on 
the information available concerning the amount and composition of each stream, 
you can determine the amount and composition of the unknowns. If tie components 
are available, they often simplify the calculations. 

Examine Fig. 2.16. Material balances can be written for several different sys
tems, four of which are shown by dashed lines in Fig. 2.16: 

(a) About the entire process including the recycle stream, as indicated by the 
dashed lines (marked 1 in Fig. 2.16) 

(b) About the junction point at which the fresh feed is combined with the recycle 
stream (marked 2 in Fig. 2.16) 

(c) About the process only (marked 3 in Fig. 2.16) 

(d) About the junction point at which the gross product is separated into recycle 
and net product (marked 4 in Fig. 2.16) 
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0, 
Reclamation 

100% 

Carbon 

1.631b 
0, 

Supply 

02 for Leak 
Make up 
0.231b 

Man 

_~~.::°ii·2:2=lb=(>Fecal 
Water 

3.0Blb 

2.201b 

2.201b 

2.491b 
\ O.591b , , , , 

H20 in Food 
0.151b 

Figure 2.17 Water and oxygen recycle in a space vehicle. 
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In addition, balances can be made about combinations of subsystems, such as 
the process plus the separator (3 + 4). Only three of the four balances (a)-(d) are 
independent for one component. However, balance I will not include the recycle 
stream, so that the balance will not be directly useful in calculating a value for the 
recycle R. Balances 2 and 4 do include R. You couid write a material balance for the 
combination of subsystems 2 and 3 or 3 and 4 and mchide the recycie stream. 

EXAMPLE 2.23 Recycle 

Solution 

Examine the flow sheet in Fig. E2.23, a flowsheet that contains recycle streams. What is the 
maximum number of independent material balances that can be written for the system if each 
stream contains three components, ethanol, acetone, and methariol? 

Three material balances (corresponding to three components) can be written each for units A, 
B, and C, for a total of 9. Any other material balance, such as one for the combined subsys
tem A and B or A and C, can be obtained by appropriate combination of the nine component 
material balances. However, all nine of the material balances may not be independent. How 
many would be independent would depend on the specific values of the flow streams and con
centrations that are known and unknown. 
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2 3 
A B 

4 5 

C 

Figure E2.23 

EXAMPLE 2.24 Recycle without Chemical Reaction 

Solution 

A distillation column separates IO,OOOkg!hr of a 50% benzene-50% toluene mixture. The 
product D recovered from the condenser at the top of the column contains 95% benzene, and 
the bottoms W from the column contain 96% toluene. The vapor stream V entering the con
denser from the top of the column is 8000 kg! hr. A portion of the product from the condenser 
is returned to the column as reflux, and the rest is withdrawn for use elsewhere. Assume that 
the compositions of the streams at the top of the column (V), the product withdrawn (D), and 
the reflux (R) are identical because the V stream is condensed completely. Find the ratio 
of the amount refluxed to the product withdrawn (D). 

This is a steady-state problem without reaction occurring, 
Steps 1, 2, and 3 See Fig. E2.24 for the known data, symbols, and other informa-

tion. 
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I 
I 
I 
I 
I 
I 

"..-------

Liquid _---'F--1I,.-.,Distillotion 
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\ 

\ 
" 

0.95 8, 
0.05 Tol 

R 
Liquid 

,_L._'::_."...."'----- W 
Liquid 

0.048, 
0.96 Tol 

Figure E2.24 

Condenser 

Boundary Line for 
Overall Balance 
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Step 4 Select a basis of 1 hr (equal to F = 10,000 kg). 
Steps 5 and 6 All the compositions are known and three stream flows, D, W, and R, 

are unknown. No tie components are evident in this problem. Two component material bal
ances can be made for the still and two for the condenser. Presumably three of these are in
dependent; hence the problem has a unique solution. We can check as we proceed. A balance 
around either the distillation column or the condenser would involve the stream R. An overall 
balance would involve D and W but not R. 

Steps 7, 8, and 9 What balances to select to solve for R is somewhat arbitrary. We 
will choose to use overall balances first to get D (and W), and then use a balance on the con
denser to getR. Once D is obtained, R can be obtained by subtraction. 

Overall Material balances: 
Total material: 

Component (benzene): 

F=D+W 

10,000 = D + W 

10,000(0.50) = D (0.95) + W(0.04) 

Solving (a) and (b) together, we obtain 

5000 = (0.95)(10,000 - W) + 0.04W 

W = 4950 kg/hr 

D = 5050 kg/hr 

Balance around the condenser: 
Total material: 

V=R+D 

8000 = R + 5050 

R = 2950 kg/hr 

R 2950 
D = 5050 = 0.58 

(a) 

(b) 

(c) 

Would the benzene or toluene balances on the condenser yield additional information to that 
obtained from ihe total balance, Eq. (c)? Write the balances down and check to see if they 
are redundant with Eq. (c). 

EXAMPLE 2.25 Recycle without Chemical Reaction 

The manufacture of such products as penicillin, tetracycline, vitamins, and other pharmaceu
ticals, as well as photographic chemicals, dyes, and other fine organic compounds, usually re
quires separating the suspended solids from their mother liquor by centrifuging, and then dry
ing the wet cake. A closed-loop system (see Fig. E2.25a) for centrifuge unloading, drying, 
conveying, and solvent recovery is comprised of equipment especially designed for handling 
materials requiring sterile and contamination-free conditions. 

Given the experimental measurements on the pilot plant equipment outlined in Fig. 
E2.25a, what is the Ib/hr of the recycle stream R? 
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0.4 Ib Vitamins 
Feed Stream Recycle Stream Ib H20 

~~~~====~====~ 98 Ib/hr ~ 

20% Vitamin Solution 
j 

t 
60% Vitamins 

40% H20 

Figure E2.2Sa 

Continuous 
Filter 

Vitamins 
(4% H20 per Ib t Vitamins + H2 0 
is Carried Off) 

Chap. 2 

Steps 1, 2, and 3 Figure E2.2Sa should be simplified with all the flows and composi
tions placed on it. Examine Fig. E2.2Sb. We computed the weight fraction of V in R from the 
data given in Fig. E2.2Sa. On the basis of 1 Ib of water, the recycle stream contains (1.0 Ib 
of H20 + 0.4 Ib of V) = 1.4 Ib total. The recycle stream composition is 

O.4lb V IIbH20 . 
-;"1-;lb:-=:H:-

20
::-l--:--:-4-::lb,....:;=.,... - = 0.286 Ib V lib solutlOn 

I. solutlOn 

so that there is 0.714 Ib H20/ib solution. 
Step 4 Pick as a basis 1 hr so that F = 98 lb. 
Steps 5 and 6 We have four unknown values of variables, W, C, p. and R, and can 

make two component material balances on each of two units of equipment; hence the prob
lem has a unique solution. 

Steps 7, 8, and 9 Probably the most efficient procedure in solving this problem is to 
make overall mass baiances to calculate Wand P, and then write mass balances about one of 
the units to calculate R. 

F 
98lb/hr 
20% V 

80% H20 

, , 
I 

I 
I 
I 
I 

\ 
\ 
\ 
\ 
\ 

\ , 

Centrifuge 

1 c=? 
60% V '" , 40% H2O 

'-------------
W=? 

H20 100% 

Figure E2.2Sb 
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Overall mass balances: 

V: 0.20(98) = 0 + 0.96P 

H20: 0.80(98) = (l.O)W + 0.04P 

Total: 98 W + P 
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(a) 

(b) 

(c) 

Observe that V is a tie component so that P can be calculated directly in Eq. (a): P = 
20.4lb, and W can be calculated from Eq. (c). 

W = 98 - 20.4 = 77.61b 

Steps 7, 8, and 9 (Continued) To determine the recycle stream R, we need to make 
a balance that involves the stream R. Either (a) balances around the centrifuge or (b) balances 
around the filter will do. The latter are easier to formulate since the mixing of Rand F does 
not have to be calculated. 

Total balance on filter: 

C=R+P 

C = R + 20.4 

Component V balance on filter: 

0.6C = 0.286R + 0.96(20.4) 

Solving Eqs. (d) and (e), we obtain R = 23.4 Ib/hr. 
Step 10 Check the value of R using a material balance around the centrifuge. 

2.6-2 Recycle in Processes with Chemical Reaction 

(d) 

(e) 

Now let us turn to recycle problems in which a chemical reaction occurs. Recall 
from Sec. 1.9 that not all of the limiting reactaut necessarily reacts in a process. Do 
you remember the concept of conversion as discussed in Sec. 1.9? Two bases for 
conversion are used in describing a process; examine Fig. 2.18. 

(a) Overall fraction conversion: 
mass (moles) of reactant in fresh feed-mass (moles) of reactant in output of the overall process 

mass (moles) of reactant in fresh feed 

(b) Single-pass ("once-through") fraction conversion: 
mass (moles) of reactant fed into the reactor-mass (moles) of reactant exiting the reactor 

mass (moles) of reactant fed into the reactor 

When the fresh feed consists of more than one material, the conversion must be 
stated for a single component, usually the limiting reactant, the most expensive reac
tant, or some similar compound. 

Note the distinction between fresh feed and feed to the process. The feed to the 
process itself is made up of two streams, the fresh feed and the recycled material. 
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____ . Boundary for reactor 
/--- . -.. -- _____ as the system 

// /--------~~,'-

/ /' "'" "" 
Fresh feed -,,,,IF-r,,,,/H Reactor \ '\ P Product 
100% A I "A---B \ 100% B 

\ '-~ 
\,L-____ ~-~=--~-~-~~~ 

" Recycle R /' 
'-....... ___ ~OOO:! __ -_/'--Boundary for 

overall process 

Figure 2.18 Recycle problem. 

The gross product leaving the process is separated into two streams. the net product 
and the material to be recycled. In some cases the recycle stream may have the same 
composition as the gross product stream, while in other instances the composition 
may be entirely different depending on how the separation takes place and what hap
pens in the process. Suppose that you are given the data that 30% of the A is con
verted to B on a single pass through the reactor, as illustrated in Fig. 2.18, and are 
asked to calculate the value of R, the recycle on the basis of 100 moles of fresh feed, 
F. We will make a balance for A with the reactor as the system. 

Recall from Eq. (2.1) that for a specific chemical compound the steady-state 
material balance for a reactor is (the accumulation term in zero) 

1 
t:::::t h 11 t:;!':U~ 1 {ge.ne~atiOn} {co~sn~Ption} g - g + WIthin the - wlthm the = 0 
system system 

b d b dar 
system system 

oun ary oun y 

(2.12) 

Reactants are consumed and products are generated. If a reaction takes place within 
the system, you must be given (or look up) information about the reaction stoi
chiometry and extent of reaction. Or, perhaps the question is to calculate the extent 
of conversion given some of the process data. In any case, the fraction of feed con
verted to products is always an essential additional piece of information that helps 
determine values of the terms in Eq. (2.12). 

Let us examine how to apply Eq. (2.12) for a recycle reactor such as shown in 
Fig. 2.18, in which A is converted to B. How much A exits the reactor itself? The 
unconverted A is 70% of the A that enters the reactor. No A occurs in the P stream. 
The system is the reactor and the basis is 100 moles of fresh feed. The A balance is 

Input of A Output of A Consumption of A 

[(1.0)(100) + (1.0)R] - [(1.0)R + O(P)] - [0.30(100 + R)] = 0 

or 

0.70(100 + R) = R 
moles of A unconverted moles of A leaving the reactor 

R = 233 moles 

Note that in Fig. 2.18 all the A was recycled for simplicity of illustration of the prin
ciple, but such may not be the case in general. Nevertheless, Eq. (2.12) still applies. 



Sec. 2.6 Recycle, Bypass, and Purge Calculations 181 

The single-pass (mole) balance on A provides the crucial information to evaluate R. 
Will an A balance, or total balance, for the overall process enable you to solve for 
R? Try one and see why not. What is the overall fraction conversion of A for the en
tire process? Does, that information help you solve for R? 

EXAMPLE 2.26 Recycle with a Reaction Occurring 

Solution 

Immobilized glucose isomerase is used as a catalyst in producing fructose from glucose in a 
fixed-bed reactor (water is the solvent). For the system shown in Fig. E2.26a, what percent 
conversion of glucose results on one pass through the reactor when the exit stream/recycle ra
tio in moles is equal to 8.33? The reaction is 

Feed 

40% Glucose 
in Water 

C6H120 6 ------? 

d-glucose 

Recycle 

Fixed- Bed 

4% Fructose Reactor 

C6H120 6 

d-fructose 

Figure E2.26a 

Product 

We have a steady-state process with a reaction occurring. 
Steps 1, 2, and 3 Figure E2.26b includes all the known and unknown values of the 

variables using appropriate notation (W stands for water, G for glucose, and F for fructose in 
the second position of the mass fraction subscripts). Note that the recycle stream and product 
stream have the same composition and consequently the same mass fraction symbols are used 
in the diagram for each stream. 

~ 
, 

F = 100 Ib / / 

0.40 WF,G 

0.60 wF,w 

1.00 

\ , 1 , ,--
, , F' \ 

/ WF'G = ? 
/ ' 

WF;F = 0.04 

WF,'W =? 
1.00 

R 

WR,G =? 

WR,F=? 

WR,W= ? 

1.00 

Reactor 

Figure E2.26b 

Step 4 Pick as a basis F = 100 lb. 

-/ " 
/ 

I 

\ 2 , 
,-_ ..... 

, 
\ 

I 
/ 

p=? 

wR,G =? 

WR,F =? 

WR,W =? 
1.00 

Steps 5 and 6 The sum of the mass fractions is one in each stream so that the un
known compositions can be picked to be (J)P',G, (J)R,G, (J)R,W, and the unknown stream values 
areF' and P (R = PI8.33). Letfbe the fraction conversion in the reactor. Three balances 
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each can be make about the mixing point 1, the reactor, and ~he separation point 2. Not all 
the balances will be independent, but sufficient independent balances should exist to solve 
this problem. We can check as we proceed with the calculations rather than going through an 
extensive analysis at the beginning. 

Steps 7, 8, and 9 We will start with overall balances, as they are the easiest to write. 

Overall: 
Total: 100 = P 

Consequently, 

R = ;.~~ = 12.0 Ib 

No water is generated or consumed, hence 

Water: 100 (0.60) = P ("'R.W) = 100"'R.w 

"'R.W = 0.60 

We now have left three unknown values of the variables plus f. 

or 

Mixing Point 1 : 

Total: 100 + 12 = F' = 112 

Glucose: 100(0.40) + 12("'R.G) = 112("'".G) 

Fructose: 0 + 12(",R,F) = 112(0.04) 

"'R,F = 0.373 

Also, because WR,F + WR,G + WR,W = 1, 

"'R.G = I - 0.373 - 0.600 = 0.027 

and then from the glucose balance, 

"'''.G = 0.360 

Reactor Plus Separator 2: 

Total: F' = 12 + 100 = 112 (redundant equation) 

Glucose: 

In Out Consumed 

F''''".G - (R + P)"'R.G - IF''''".G = 0 

112(0.360) - 112(0.027) - 1(112)(0.360) = 0 

1=0.93 

EXAMPLE 2.27 Recycle with a Reaction Occnrring 

Refined sugar (sucrose) can be converted to glucose and fructose by the inversion process. 

C12H22011 + H2 0 ~ C;H12 0 6 + C6H12 0 6 

Sucrose d-Glucose d-Fructose 
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The combined quantity glucose/fructose is called inversion sugar. If 90% conversion of su
crose occurs on one pass through the reactor, what would be the recycle stream flow per 
100 Ib of sucrose solution entering the process shown in Fig. E2.27a? What is the concentra
tion of inversion sugar (I) in the recycle stream and in the product stream? The concentra
tions of components in of the recycle stream and product stream are the same. 

Feed 

Sucrose 30% 
H20 70% 

5% 
Inversion Sugar 

Recycle 

PrOduct 
Reactor 

Figure E2.27a 

Steps 1, 2, and 3 First we need to enter the concentrations and stream flows on the 
diagram. See Fig. E2.27b. (W stands for water, S for sucrose, and I for inversion sugar in the 
mass fraction subscripts.) 

F= 100 Ib 

WS,F - 0.30 

WW,F = 0.70 

1.00 

Step 4 

F'=? 

WS,F' - 7 
-WI,F' - 0.05 

WW,F' =_7_ 
1.00 

R 

WS,R - 7 

W/,R = 7 

WW,R = 7 
1.00 

Reacfor 

Figure E2.27b 

Basis: F = 100 Ib 

Separator 
P=7 

WS,R = 7 

= W"R ? 

WW,R =~ 
1.00 

Steps 5 and 6 Keeping in mind that the sum of the mass fractions in each stream is 
unity, we have six unknown values of the variables, say WS,F', WS,R, W/,R, R, F 1

, and P. 
Steps 7, 8, and 9 Let us start with the necessary balances. Only the total balance in 

the overall balance is directly useful because the S and I balances involve the generation and 
consumption terms in Eq. (2.12). 

Overall: 

Mixing Point: 

Total: 100 = P 

Total: 100 + R = F' 

Sucrose: 100(0.30) + RWS.R = F' WS,P' 

Inversion: 0 + RWI,R = F'(0.05) 

(a) 

(b) 

(c) 
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Reactor plus Separator To avoid calculating the reactor output stream properties, we will 
make the system the reactor plus the separator. First we need to calculate the pounds of water 
consumed in the reaction per pound of sucrose consumed in the reaction. 

Total: 

In 

1 mole sucrose uses 1 mole water 

-;I_m_o-;I -::W:+-::-::I:-m;:-:o:-I ;:-S-:::-t-:-1_8 _lb.,..W~ = 0.05261b W 
I mol S 342.35 Ib S I mol W Ib S 

F' = R + P = R + 100 

Out 

[redundant equation to (a)l 

Consumed 

F'(1 - 0.05 - WS.F·) - (R + 100)(1 - WS.R - WI.R) - (F'ws,F')(0.90)(0.0526) = 0 

Sucrose: 
In Out Consumed 

F'WS.F· - (R + 100)ws.R - (F'w5,F')(0.90) = 0 

(d) 

(e) 

We have five independent equations (a)-(e) that can be solved for the five unknown values of 
the variables listed in steps 5 and 6; the value of P is given by the overall total materials bal
ance. Either by successive substitution of Eqs. (a)-(e) into each other or by use of a computer 
program (see Sec. 2.7), you can find 

R = 20.91b 

WI,R = W/,P = 0.279 

2.6-3 Bypass and Purge 

Two additional commonly encountered types of process streams are shown in Fig. 
2.19. 

(a) A bypass stream-one that skips one or more stages of the process and goes 
directly to another stage 

(b) A purge stream-a stream bled off to remove an accumulation of inerts or un
wanted material that might otherwise build up in the recycle stream 

A bypass stream is used to control the composition of a final exit stream from a unit 
by mixing the bypass stream and the unit exit stream in suitable proportions to ob
tain the desired final composition. 

Bypass B 

Feed r--- Product 

Figure 2.193 
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Feed 

Recycle R 
.-----....:...-------{Dividerl--_+_Purge 

Mixer f--~ )---.- Product 

Figure 2.19b Recycle stream with purge. 
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As an example of the use of a purge stream, consider the production of NH3. 
Steam reforming, with feedstock natural gas, LPG, or naphtha, is the most widely 
accepted process for ammonia manufacture. The route includes four major chemical 
steps: 

Reforming: CH, + H2O ~ CO + 3H2 

Shift: CO + H2O ~ CO, + H, 

Methanation: CO + 3H, ~ H20 + CH, 

Synthesis: 3H2 + N2 ~ 2NH3 

In the final stage, for the fourth reaction, the synthesis gas stream is approximately a 
3: 1 mixture of hydrogen to nitrogen, with the remainder about 0.9% methane and 
0.3% argon. 

Compressors step up the gas pressure from atmospheric to about 3000 psi-the 
high pressure that is needed to favor the synthesis equilibrium. Once pressurized and 
mixed with recycle gas, the stream enters the synthesis converter, where ammonia is 
catalytically formed at 400 to SOO°C. The NH3 is recovered as liquid via refrigera
tion, and the unreacted syngas is recycled. 

In the synthesis step, however, some of the gas stream must be purged to pre
vent buildup of argon and methane. But purging causes a significant loss of hydro
gen that could be used for additional ammonia manufacture, a loss that process de
signers seek to minimize. 

Do you understand why the recycle process without a purge stream will cause 
an impurity to build up even though the recycle rate is constant? The purge rate is 
adjusted so that the amount of purged material remains below an acceptable spec
ified economic level or so that the 

{
rate of } = 0 = {rate of entering material} _ {rate of purge} 

accumulation and/or production and/or loss 

Calculations for bypass and purge streams introduce no new principles or techniques 
beyond those presented so far. Two examples will make this clear. 

---------------_ .• ----
EXAMPLE 2.28 Bypass Calculations 

In the feedstock preparation section of a plant manufacturing natural gasoline, isopentane is 
removed from butane-free gasoline. Assume for purposes of simplification that the process 
and components are as shown in Fig. E2.28. What fraction of the butane-free gasoline is 
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passed through the isopentane tower? Detailed steps will not be listed in the analysis and so, 
lution of this problem. 

By examining the flow diagram you can see that part of the butane-free gasoline bypasses the 
isopentane tower and proceeds to the next stage in the natural gasoline plant. All the compo
sitions are known. What kind of balances can we write for this process? We can write the fol
lowing: 

Basis: 100 kg feed 

(a) Overall balances (each stream is designated by the letter F, S, or P): 

Total material balance: 

In Out 

100=S+P 

Component balqnce (n-Cs), tie component: ---------------

Consequently, 

In Out 

100(0.80) = S(O) + P(0.90) 

P = 100(°·80) = 88.9 kg 
0.90 

S = 100 - 88.9 = 11.1 kg 

(a) 

(b) 

The overall balances will not tell us the fraction of the feed going to the isopentane tower; for 
this we need another balance. 

(b) Balance around isopentane tower: Let x = lb of butane-free gas going to isopentane 
tqwer and y be the n-Cs H12 stream leaving the isopentane tower. 

Total material balance: 

In Out 
(c) 

x=11.1+y 
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Component (n-Cs), a tie component: 

x(0.80) = y 

Consequently, combining (c) and (d), 

x = ILl + 0.8x 

x = 55.5 kg or the desired fraction is 0.555 
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(d) 

Another approach to this problem is to make a balance at mixing points (I) or (2). Al
though there are no pieces of equipment at those points, you can see that streams enter and 
leave the junction. 

(e) Balance around mixing point (2): 

material into junction = material out 

Total material: 

(100 - x) + y = 88.9 

Component (iso-C,): 

(100 - x)(0.20) + 0 = 88.9(0.10) 

Equation (f) avoids the use of y. Solving yields 

20 - 0.2x = 8.89 

x = 55.5 kg as before 

EXAMPLE 2.29 Purge 

(e) 

(f) 

Considerable interest exists in the conversion of coal into more convenient liquid products for 
subsequent combustion. Two of the main gases that can be generated under suitable condi
tions from insitu coal combustion in the presence of steam (as occurs naturally in the presence 
of groundwater) are H, and CO. After cleanup, these two gases can be combined to yield 
methanol according to the following equation 

CO + 2H, ---> CH,OH 

Figure E2.29 illustrates the process. 

% 

{

67.3 H, 

Feed F 32.5 CO 

0.2 CH4 

Overall System Boundory 
r-------------------------------, 
I ' I 1 
I 
I 
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I 
I 
I Recycle R 
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E 
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I 
I 

I 
I 
I 
I 
I 

I 
I 
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I 

! Z CH4 : 
L _______________________________ J 

Figure E2.29 
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You will note in Fig. E2.29 that some ClL enters the process, but the ClL does not 
participate in the reaction. A purge stream is used to maintain the CH4 concentration in the 
exit to the separator at no more than 3.2 mol%. The once-through conversion of the CO in 
the reactor is 18%. 

Compute the moles of recycle, CH,OH, and purge per mole of feed, and also compute 
the purge gas composition. 

Steps 1, 2 and 3 Figure E2.29 is the sketch of the process. We will make balances 
about the whole process using the system designated by the dashed line, and also make a bal
ance about the reactor plus separator to calculate the amount of recycle. Each of the stream 
flows has been labeled, and because the composition of the recycle and purge stream is not 
known, we have designated by x, y, and z, respectively, the mole fractions of H2 • CO, and 
ClL. The ethanol stream is 100% CH,OH; the purge and recycle streams have the same 
compositions. 

Step 4 Take a basis of 100 moles of feed. 
Step 5 The unknown stream flows and mole fractions of the components are R, E, P, 

x, Y. and z. 
Step 6 We can make three independent elemental material balances for the overall 

process: H2 • C, and 0 balances. A CO balance on the reactor plus separator will provide one 
additional balance. How can we obtain fifth and sixth balances so that the system of equa
tions is determinate? One piece of information given in the problem statement that we have 
not used is the information about the upper limit on the CH4 concentration in the purge 
stream. This limit can be expressed as z ~ 0.032. Let us make 

z = 0.032 

Another piece of information is the implicit balance, 

x+y+z=l 

Steps 7 and 8 The overall balances are (in moles): 

C: 

0: 

67.3 + 0.2(2) = E(2) + P(x + 2z) 

32.5 + 0.2 = E(l) + Ply + z) 

32.5 = E(l) + P (y) 

(a) 

(b) 

(c) 

(d) 

(e) 

For a system composed of the reactor plus the separator (chosen to avoid calculating the un
known information about the reactor direct output), the CO balance is 

In Out Consumed 
(f) 

co: 32.5 + Ry - Y (R + P) = (32.5 + Ry)(0.18) 

Would a H2 balance on the reactor plus separator yield any additional information not 
given in Eq. (f)? The balance would be 

67.3 + Rx - x(R + P) = (67.3 + Rx)(0.18) (g) 

Experienced engineers would say that the hydrogen balance is redundant. You can verify this 
conclusion by looking at the coefficient matrix of Eqs. (f) and (g): 

0.82(32.5 + Ry) = (R + PlY = Ry + Py 

0.82(67.3 + Rx) = (R + P)x = Rx + Px 
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or 

What is the rank of 

0.82(32.5) = (0.18y)R + (y)P 

0.82(67.3) = (O.ISx)R + (x)P 

M = [O.ISY YJ 
O.ISx x 
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The det [M] = 0.18yx - O.ISyx = 0, hence the rank of M is one, and Eqs. (f) and (g) are 
not independent. 

Step 9 Equation (a) can be substituted into Eqs. (b)-(f) and the resulting five equa
tions solved by successive substitution or by using one of the computer programs on the disk 
in the pocket in the back of ibis book. The resulting values obtained are (in moles) 

E CH,OH 31.25 

P purge 6.25 

R recycle 705 

x H2 0.768 

y CO 0.200 

z CIi, 0.032 

Step 10 Check to see that each of the balances (b)-(f) is satisfied. 

Up to now we have discussed material balances of a rather simple order of 
complexity. If you try to visualize all the calculations that might be involved in even 
a moderate-sized plant, as illustrated in Fig. 2.4, the stepwise or simultaneous solu
tion of material balances for each phase of the entire plant may seem to be a stagger
ing task, but is a task that can be eased considerably by the use of computer codes as 
discussed in Sec. 2.7. Keep in mind that a plant can be described by a number of 
individual, interlocking material balances each of which, however tedious they are 
to set up and solve, can be set down according to the principles and techniques dis
cussed in this chapter. In application there is always the problem of collecting suit
able information and evaluating its accuracy, but this matter calls for detailed famil
iarity with any specific process and is not a suitable topic for discussion here. We 
can merely remark that some of the problems you will encounter have such 
conflicting data or so little useful data that the ability to perceive what kind of data 
are needed is the most important attribute you can bring to bear in their solution. 

Self-Assessment Test 

1. Explain what recycle and bypassing involve by means of words and also by a diagram. 
2. Repeat for the term "purge." 
3. If the components in the feed to a process appear in stoichiometric quantities and the sub

sequent separation process is complete so that all the unreacted reactants are recycled, 
what is the ratio of reactants in the recycle stream? 
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4. A material contammg 75% water and 25% solid is fed to a granulator at a rate of 
4000 kg/hr. The feed is premixed in the granulator with recycled product from a dryer 
which follows the granulator (to reduce the water concentration of the overall material in 
the granulator to 50% water, 50% solid). The product that leaves the dryer is 16.7% wa
ter. In the dryer, air is passed over the solid being dried. The air entering the dryer con
tains 3% water by weight (mass), and the air leaving the dryer contains 6% water by 
weight (mass). 
(3) What is the recycle rate to the granulator? 
(b) What is the rate of air flow to the dryer on a dry basis? 

5. In the famous Haber process to manufacture ammonia, the reaction is carried out at pres
sures of 800 to 1000 atm and at 500 to 600'C using a suitable catalyst. Only a small frac
tion of the material entering the reactor reacts on one pass, so recycle is needed. Also, be
cause the nitrogen is obtained from the air, it contains almost 1% rare gases (chiefly 
argon) that do not react. The rare gases would continue to build up in the recycle until 
their effect on the reaction equilibrium would become adverse so that a small purge stream 
is used. 

The fresh feed composed of 75.16% H2 , 24.57% N2, and 0.27% Ar is mixed with 
the recycled gas and enters the reactor with a composition of 79.52% H2 • The gas leaving 
the ammonia separator contains 80.01 % H2 and no ammonia. The product ammonia con
tains no dissolved gases. Per 100 moles of fresh feed: 
(3) How many moles are recycled and purged? 
(b) What is the percent conversion of hydrogen per pass? 

3H2 + N2 - 2NH3 

N2 
Reactor I H2 

I 
NH, 

Ar 

N2,H2, Ar 
Purge 

6. Ethyl ether is made by the dehydration of ethyl alcohol in the presence of sulfuric acid at 
140'C: 

2Cz H, OH ---> C2 H, OC2 H, + H2 0 

A simplified process diagram is shown below. If 87% conversion of the alcohol fed to the 
reactor occurs per pass in the reactor, calculate: 
(3) Kilograms per hour of fresh feed 
(b) Kilograms per hour of recycle 

93%, H2SO4 
7% H2O 

Dilute 
H2S04 solution 
Fresh feed 
95% alcohol 
5% waier 

I 
Reactor 

I 

r---Pure ethyl ether (1200 kg/hr) 

I 

Ether 
separation 

Recycle 

92% alcohol 
8% water 

S 
Waste 
Sulfuric acid 

Alcohol and water 
separation 

I 
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Sec. 2.7 Solving Material Balance Problems with the Aid of a Computer 

2.7 SOLVING MATERIAL BALANCE PROBLEMS 
WITH THE AID OF A COMPUTER 

Your objectives in studying this 
section are to be able to: 

1. Locate computer programs that will solve coupled sets of linear andl 
o~ nonlinear equations simultaneously. 

2. Use such programs for which you have access. 
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The great potenti~1 of computers is their capacity to do anything that can be de
scribed mathematically as a series of operations and logical decisions-theoretically. 
From a practical viewpoint, we need to ask ourselves not merely whether it is feasi
ble for a task to be performed on a computer, but whether it is sensible. Two criteria 
need to be applied to reach a decision: (I) can the task be p,rformed (or the problem 
solved) at all without the use of a computer; and (2) is it better or cheaper or faster to 
use a computer to solve a problem than a hand-held calculator (or no machine at all)? 
To deciqe whether it is better or 9heaper or faster to use a computer, you must con
sider, among other factors, the necessary investment of effort, time, and money. Is 
the proQlem to be solved just one time or many times? Is the accuracy of the solution 
enhanced through the use of the computer? Do you have a computer handy with the 
right program stored to solve the problem, or do you have to code an algorithm and 
debug it first? Answers to these and other questions will guide your choice of tools. 

In this section we examine briefly how equation solvers, generic codes, spread
sheets, and flowsheeting codes can be used to solve material (and energy) balances. 

2.7-1 Equation-Solving Programs 

You can use inexpensive equation-solving programs available for microcomputers to 
solve linear and nonlinear material balances. Such codes may actually run faster than 
spreadsheet programs but not as fast as BASIC or Fortran programs. They are fa~ter 
to program than BASIC or Fortran programs. A typical example of an equation
solving package is TK Solver Plus,' which contains the following sheets (modules): 

1. The Variable Sheet, where you name and define variables to be used in your 
equations and models. . 

2. The Rule Sheet, where you define relationships among variables. 
3. The Function Sheet, which contains a summary of all user-defined functions 

that are part of a model. 
4. The Unit Sheet, where you enter rules (if needed) for the conversion of calcu

lation and display units. 

5 A trademark of Universal Technical Systems, Inc., 1220 Rock St., Rockford, IL 61101. 
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5. The List Sheet, which summarizes all lists that have been created in the model. 
6. The Plot Sheet, where you define the type and structure of plots of the model 

variables and relationships. 
7. The Table Sheet, which summarizes all tables created in the model. 
8. The Numeric Format Sheet, which lets you set numeric conventions such as 

number of decimal places, monetary format, etc. 
9. The Global Sheet, which controls settings and defaults in effect throughout the 

model. Figure 2.20 illustrates two sheets. 

<3u> Unit: 25+/0K 

VARIABLE SHEET / List options 

St Input - Name - Output - Unit Comment 
3 X1 Mass fro ldst-·o,osQtvei 
56 X2 Mass fr. Block solve 
33.3 F 1b 

P 1b Put to element 
Get from element 

RULE SHEET 

S Rule 
11m balances on unit 1 

F*Xl + 200*0.777 ; P*X2 
F*X3 + 200*0,223 ; P*X4 

F1 Help F2 Cancel F5 Edit F9 Solve I Commands = Sheets ; Window switch 

Figure 2.20 TK Solver Plus lets you view any two of its nine worksheets 
onscreen at once. Shown here are the Variable Sheet (top) and the Rule 
Sheet (bottom). After known values are entered into the Variable Sheet, 
the ! key is pressed to start the calculations. Once the solution is found, 
the values of the unkhown variables appear in the output column spaces in 
the Variable Sheet. 

Sheets generally have predefined row and column titles, guiding you as to what in
formation should be placed in which cells. 

All sheets but the Unit Sheet may have subsheets. The Plot Sheet, for example, 
may have a Line Chart, Bar Chart, or Pie Chart Subsheet, or all three at once. 
These subsheets in turn can be based on List Subsheets, on which the actual data val
ues are entered. You can add text comments to any statement or expression by en
closing the comment in quotes. 

Models (for our purposes material balances) are built on the Rules Sheet; ev
erything else is support structure. A model's rules are just equations, which may be 
entered in any number and sequence. Equations are written in ordinary algebraic 
form, and the calculations can involve table lookup, user-defined functions, and 
so on. 

TK Solver has two methods of solving equations. (1) The Direct Solver is just 
what it sounds like: values are substituted for variables, and both sides of an expres-
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sion are calculated directly. (2) The Iterative Solver is used for nonlinear or simulta
neous equations that cannot be evaluated directly. Iterative solving begins with a 
user -generated guess as to what a value might be. The software then uses this ap
proximate value to generate a new guess that comes closer to the solution, and so on 
until a desired solution is reached. You do not have to choose the method of solution; 
the program makes the choice for you. 

A number of iterative methods exist, as described in Appendix L. TK Solver 
uses a modified Newton-Raphson iterative procedure (see Sec. L.2), which is satis
factory for a wide variety of problems. 

TK Solver Plus has 71 built-in functions, which can be used in rules, state
ments, and expressions. Built-in functions range from the mathematical constants 7T 

. and e (natural log) through trigonometric, logarithmic, hyperbolic, mathematical, 
Boolean, and complex functions. Complex functions include such things as "Power," 
which returns real and imaginary values of a complex number raised to some power, 
and "Ptord," which returns the real and imaginary components of a complex number 
in rectangular form. The code does not let you use scientific notation such as the 
summation sign; instead, a command string has to be entered. 

There are also several TK-specific functions, such as Element, which returns 
the value of a specified list element; Place, which puts a value into a specific place in 
a list; and Given, which returns one specific value if a particular variable is assigned 
an input value and another if the variable does not have an input value. 

TK Solver Plus also provides a large set of library models (programs) that you 
can use as is or change for use in modified versions. Library models include: Roots 
of Equations, Differentiation and Integration, Differential Equations, Special Func
tions, Complex Variables, Optimization, Matrix Calculations, Arbitrary Length In
tegers, Interactive Tables, Graphics, Statistics and Curve Fitting, Engineering and 
Science (mostly chemistry), and Finance. 

For example calculations, refer to Singh' or the manual that comes with the 
calculation program. 

2.7-2 Generic Computer Codes to Solve Sets 
of Equations 

After you have transformed a word problem into a formal set of linear or nonlinear 
equations, there remains the question of how to solve the equations. Appendix L dis
cusses several techniques to accomplish this task using general computer programs. 
From a classical viewpoint, two major categories of solution techniques exist: (1) di
rect or (2) interactive. For linear equations, the direct methods come for the most 
part from the well-known Gaussian elimination algorithm explained in Sec. Ll. 
Gaussian methods are far more rapid than iterative methods, but computer time is 
not the only factor to take into account. Direct methods need considerable memory 
(in order to store the entire matrix and the right-hand side, both of which are con
stantly modified in the course of the calculations). Furthermore, no approximate so
lution can be obtained before the end of the calculations when you arrive at the 
(theoretically) exact solution. 

'v. Singh, Chern. Eng .. p. 149 (February 17. 1986). 
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On the other hand, the situation is rather different in the case of iterative meth
ods. If the system of equations is written in matrix form (see Sec. L.I) as Ax = b, 
the concept is to produce, starting with an initial guess Xc, a sequence of vectors Xk 

'converging toward the desired solution reasonably rapidly. Substitution methods 
(outlined in Sec. L.2 for nonlinear equations) are one way to implement the concept. 

In the pocket in the back of this book are four simple Fortran generic codes 
that can be used to solve sets of linear and nonlinear equations on mic~ocomputers or 
mainframes. Because these programs are simple, and thus may on occasion fail to 
solve your problem, you may want to use more polished computer codes that are 
available in your computer center software library. Such codes are more robust, but 
of course'it takes more of your time to understand how to use them proficiently. 

, If you formulate a material balance problem that results in nonlinear equations, 
'you should review Sec. L.2. There you will find an outline of techniques to solve 
sets o~ nonlinear equations, and also recommendations as to computer codes that are 
state of the art. In the pocket in the back of the text is a simple Fortran code to solve 
sets of nOhlinear equations based on Newton's method and another one based on an 
optimization technique. You can use them to solve one or more nonlinear equations, 
~nd they Willbe effective for most of the problems in this book. 

2.7.-3 Spreadsheet ProQrams 

Within the last few years, spreadsheet programs'" for microcomputers have 
achieved widespread acceptance. Spreadsheets were originally developed for busi
ness use as an electronic bookkeeping worksheet, hence they are a natural for solv
ing material balance problems. They represent an easy-to-use, interactive visual 
prograIU with user-friendly menus. A spreadsheet program can be applied to solving 
material balance problems without knowing a programming language. Furthermore, 
to enhance the capabilities of spreadsheet programs, numerous add-on products, 
such as word processors, three-dimensional graphics, general utilities, and commu' 
nieations links can be purchased. --- ------ -------

A spreadsheet is nothing more than the storage and display on the monitor 
scre,en of a portion of a large two-dimensional matrix (array). It consists of num
berect rows and columns identified by sequential letters. (Sometimes the rows have 
letters and the columns numbers.) Each cell or element in the array can be operated 
on by placing 'the cUrsor in it. The cursor can be moved from one cell to another by 
'!leans of the arrow keys or a mouse. A cell can be used to store descriptive charac
ters, a number (integer or real), or formulas containing standard mathematical func
tions and conditional relationships. The formulas may refer to data from any number 
of numeric or formula cells, and the results of calculations from applying such data 
to the data in the referenced cells appear in the formula cell. If the data in any cell 
are changed, the effect of the change is instantly propagated to the whole spread
sheet. This capability makes a spreadsheet well suited to study the effect of modify
mg one or more, parameters in a material balance. Because process design is fre
quently broken down into problem definition, generation of alternative solutions, 

'D. F. Cobb and G. T. LeBlond, Using 1-2-3, 2nd ed., Que., Indianapolis, Ind., 1985. 
BD. ~wing, 1-2-3 Macro Library, Que., Indianapolis, Ind., 1985. 
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evaluation of alternatives, selection of the recommended solution, and implementa
tion of the selected alternative, the "what if" capabilities of spreadsheets are a pow
erful aid to decision making. 

One advantage of spreadsheets is that the creation and execution of spread
sheets usually involves significantly less effort than writing and running a user
friendly program in BASIC or Fortran. Other advantages in engineering practice are 
low cost of execution, ease of execution, reasonable speed, and specific knowledge 
of the equations used in the calculations (in contrast to fiowsheeting codes). Of 
course, the disadvantages are that spreadsheets cannot handle very complex material 
(and energy) balance problems more suitable for mainframe or minicomputers, and 
the speed is much less than Fortran programs executed on big computers. Further
more, they are not particularly effective for the iterative solution of sets of simulta
neous nonlinear equations or problems with many recycle streams. 

Figure 2.21 illustrates a typical Lotus 1-2-3 template used to solve the prob
lem in Example 2.21. Our purpose here is not to explain how to use your particular 
software package; refer to the documentation accompanying your disk. But to solve 
material balances without frustration, you need at the very least to be able to accom
plish the following tasks: 

Open, close, save, and delete spreadsheet files 
Enter labels, data, and formulas that compute values for each cell 
Introduce into a formula in one cell values of a variable(s) or formulas from 
another cell(s) 
Copy the value of a variable or a formula in one cell into other cells 
Execute an iterative calculation using the spreadsheet function 

Other features of spreadsheet codes ·you can use include: 

1. Macros. A simple command language can be used to create a series of prede
termined steps that the program will execute whenever ALT and an appropriate 
label key are pressed. Such a grouping of commands is called a macro. A 
macro can be used to extract data from a data base, to perform a series of 
mathematical operations (such as finding the roots of a nonlinear equation), or 
to prompt you for desired data changes. 

2. Window. The window feature allows the screen to be doubled horizontally or 
vertically and enables you to view two otherwise widely separated areas of the 
spreadsheet at the same time. One window may be used as a spreadsheet work 
area and the other for displaying instructions. 

3. Graph. Results of a problem can be displayed graphically on the monitor 
screen. Using the "Graph" feature, you can create XY plots, bar charts, pie 
charts, and histograms. 

4. Translate. You can transfer data from the spreadsheet program to other applica
tion programs, and vice versa. For instance, ASCn text files from BASIC pro
grams can be transferred to and from the spreadsheet program through appro
priate commands. 

.-~ .. --~ 
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A20: 
Worksheet Range Copy Move File Print Graph Data Quit 
Global, Insert, Delete, Column-Width. Erase, Titles, Window. Status 

ABC 0 E F G 
1 
2 
3 WORKSHEET BEFORE CALCULATION 
4 
5 G F A A' W 
6 
7 H2 1.94 0.47 0 0 -1 
8 N2 0 0 0.79 0.76 0 
9 02 0.02 0 0.21 0.24 -0.5 
10 5 0 0.03 0 0 0 
11 C 1.02 0.5 0 0.04 0 
12 
13 
14 G • F • A • A* '" W • 
15 0 0 0 0 
16 
17 
18 

, 19 
20 

CAPS 

A20 : 
Worksheet Range Copy Move File Print Graph Data Quit 
Global, Insert, Delete, Column-Width, Erase, Titles, Window, Status 

ABC 0 E F G 
1 
2 
3 WORKSHEET AFTER CALCULATION 
4 
5 G F A A' W 
6 
7 H2 1. 94 0.47 0 0 -1 
8 N2 0 0 0.79 0.76 0 
9 02 0.02 0 0.21 0.24 -0.5 
10 S 0 0.03 0 0 0 
11 C 1.02 0.5 0 0.04 0 
12 
13 
14 G • F • A • A* " W • 
15 499.15 206.83 5226.04 1501.76 1065.57 
16 
17 
18 
19 
20 

CAPS 

H 

RH5 

0 
5269.91 
935.09 
6.205 

672.62 

H 

RH5 

0 
5269.91 
935.09 
6.205 

672.62 

Figure 2.21 Lotus 1 2 3 solution for Example 2.21. 

MENU 

MENU 

Chap. 2 

Spreadsheet codes commonly use a method called the Gauss-Seidel iterative 
method to solve a set of linear equations. The procedure is roughly as follows. Take 
an arbitrary value (often zero) and use it to initialize one or several of the unknowns 
in order to break all of the recycle of information in the system of equations. Then 
compute the rest of the unknowns via simple substitution. What results is only an ap
proximation to a solution because at least one unknown has been given 'an arbitrary 
value. Because of the recycle of information in the equations, however, you cap. 
compute the values of the unknown variables again, and in so doing, you will get a 
better guess to use in a second round of calculations, and so on. During each itera
tion, the values of the unknown variables tend to change less and less. After a cer
tain number of iterations, they do not change any more. The process has converged, 
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and you have reached the solution. (Refer to Sec. L.2, under "Substitution," for the 
concept applied to nonlinear equations.) 

To start out solving a material balance problem via a spreadsheet, you first 
must determine the size of the spreadsheet and its boundaries. Then you initialize all 
the points in that array (to zero, usually). Next, set aside a section of the spreadsheet 
with cells reserved for the known constants in the problem. You should label the 
constants across the page using the labeling features of your spreadsheet to avoid 
confusion. Then enter the constants. 

You are now ready to enter the equations for the internal and boundary nodes. 
Some spreadsheets may start solving the equations as you enter them leading to all 
sorts of error messages. To avoid this outcome, define a constant in, say, cell A3 
(first column, third row) to be zero, and multiply each equation by A3 as you enter 
it. Then, when you have completed entering all the equations, you need to solve the 
problem, change A3 from 0 to I, and begin iteration. A formula is entered in a cell, 
but the formulas themselves are not displayed in the cell on the screen. What is dis
played is the value given by the formula. For example, to show the product in cell 
D10 of the feed located in cell F24 and the concentration located in F25, you would 
enter into cell D10 the formula F24*F25. It is recommended that you set up the 
overall material balances about specific process units in addition to the equations en
tered on the main part of the spreadsheet. If you take this step, you can quickly 
check for errors in the setup of the balances. Also, as you enter equations and data, 
check interim calculations just as you would check out a computer code as it was 
written. 

2.7-4 Flowsheeting Programs 

In the 1960s, the chemical process industry initiated the use of large-scale programs 
for computer-aided process design. Such programs were frequently referred to as 
heat and material balancing programs, but now are generally called flowsheeting 
programs. Such programs accept information about a chemical process at the 
flowsheet level of detail, and make calculations that provide data about not only ma
terial and energy flows but also about costs, pipe layout, time effects, and other use
ful information for design and operation. Figure 2.22 illustrates the structure of a 
flowsheeting code. Such codes can simulate the steady-state (and unsteady-state in 
some cases) performance of large integrated chemical plants consisting of intercon
nected process units with recycle streams. Table 2.5 lists a number of flowsheeting 
codes and their sources. 

Two extremes are encountered in flowsheeting software. At one extreme, the 
entire set of equations (and inequalities) representing the process is employed. This 
representation is known as the equation-oriented method of flowsheeting. The equa
tions can be solved in a sequential fashion analogous to the modular representation 
described below or simultaneously by Newton's method, Broyden' s method, or by 
employing sparse matrix techniques to reduce the extent of matrix manipulations. 
Refer to the review by Evans and Chapter 5" 

9L. B. Evans, "Process Flowsheeting," in Proe. Chem compo 1982, G. F. Froment, ed., KVI, 
Amsterdam, 1982. 
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Process Flow 

Input Doto Diagram 
Output 

(Know Values of Reports 
Stream Variables) Graphics 

+ Interface 

Physical Property Executive: Equipment Unit 
-+ 

Data Base tnput/Output or Operation I-
Calculation 

Subroutines 

Order 
Files, Lists 

Stream 
Connections 

Tests for 
Convergence 

Figure 2.22 Structure of a Generic Flowsheeting Code. 

At the other extreme, the process can be represented by a collection of mod
ules (the modular method of flowsheeting) in which the equations (and other infor
mation) representing each subsystem or piece of equipment are collected together 
and coded so that the module may be used in isolation from the rest of the flowsheet 
and hence is portable from one flowsheet to another. Most of the flowsheeting codes 
of commercial importance are modular in character. Each module contains the 
equipment sizes, the material and energy balance relations, the rate equations, and 
allocated variables for component flow rates, and the temperatures, pressures, and 
phase conditions of each stream that enters and leaves the physical equipment repre
sented by the module. Interconnections must be set up for the modules so that infor- -
mation can be transferred from module to module concerning the streams, composi
tions, flow rates, coefficients, and so on. In other words, the modules comprise a set 
of building blocks that can be arranged in general ways to represent any process. An 
executive routine calls the modules in the proper order, transmits information from a 
library of calculational subroutines, and picks out information on physical properties 
from an associated data base. Both sequential and simultaneous calculational se
quences have been proposed for the modular approach as well as the equation-ori
ented approach (and intermediate mixtures of the two are possible as well). Either 
the program and/or the user must select the decision variables for recycle and 
provide estimates of certain stream values to make sure that convergence of the cal
culations occurs, especially in a process with many recycle streams. 

Keep in mind that despite their portability, certain difficulties exist with modu
lar codes relative to equation-based codes: 

The output of one module is the input to another. The input and output vari
abIes in a computer module are fixed so that you cannot arbitrarily introduce 
an output and generate an input. 



TABLE 2.5 Flowsheeting Codes 

Number of 
components in 

Name Author Reference data bank Availability 

ASPENPLUS Aspen Technology [H] Large Aspen Technology Corp., 
Cambridge, Mass.; original 
Aspen· from National 
Technical Information 
Service, Springfield, Va. 

CAPES Chiyoda Ltd. [B] Chiyoda Ltd., Yokohama, Japan 

CHESS R.L. Motard [A] 98 Dept. Chern. Eng., Washington 
University, St. Louis, 'Mo.; 
microcomputer version from 
COADE, Houston, Tex. 

CONCEPT Computer Aided Design Center [D] 105 Computer Aided Design Center, 
Cambridge, England. 

DESIGN/2000 Chern Share [I] Chern Share, Honston, Tex. 

FLOWTRAN Various at Monsanto Co. [C] >200 Monsanto Co., St. Louis, Mo. 

MPBII Sood and Reklaitis [J] Dept. Chern Eng., Purdue 
University, West Lafayette, 
Ind. 

PROCESS Simulation Sciences [E] >600 Simulation Sciences, Fullerton, 
Calif. 

SIMMOD Chen and Stadtherr [K] Dept. Chern. Eng., University 
of Illinois at Urbana-
Champaign, Urbana, Ill. 

SPEEDUP R. Sargent [G] 100 British Technology Group, 
London 

SYMBOL Cambridge University [F] No Computer Aided Design Center, 
~ 

120 Cambridge, England U> 
U> 
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TABLE 2.5 (cont.) 

[A] 
[B] 
[C] 

[D] 

[E] 

[F] 
[G] 

[H] 
[I] 

[J] 

[K] 

Motard, R.A., Dept. Chern. Eng., Washington University, St. Louis, Mo. 
Chiyoda Ltd., Systems Eng., Section, Outline oiCapes, Chiyoda Ltd., Yokohama, Japan, 1979. 
Rosen, E.M., and A.C. Pauls, "Computer Aided Chemical Process Design The FLOWTRAN System." Comput. & 
Chern. Eng., v.l, p. 11 (1977). 
Thambynayagarn, R.K.M., S.J. Banch, and P. Winter, "CONCEPT MK IV; A New Approach to Process Flowsheeting." 
277th Event Eur. Fed. Chern. Eng. (CHEMPLANT '80), Sept. 3-5, 1980, Heviz, Hungary. 
Brannock, N.F., V.S. Verneui!, and Y.L. Wang, "PROCESS Simulation Program-A Comprehensive Flowsheeting Tool 
for Chemical Engineers." Comput. Chern. Eng., v.3, p. 329 (1979). 
Computer Aided Design Center, SYMBOL, Cambridge, England. 
Perkins, J.D., R.W.H. Sargent and S. Thomas in Computer Aided Process Plant Design, M.E. Leesley (Ed.), p. 566, 
Gulf Publishing Company, Houston (1982). 
Evans, L.B., et aJ., "ASPEN: An Advanced System for Process Engineering." Comput. Chern. Eng., v.3, p. 319 (1979). 
Chern. Share Corp., Guide to Solving Process Engineering Problems by Simulation (Users Manual), Chern. Share Corp., 
Houston, 1979. 
Sood, M.K., and G.V. Reklaitis, "Material Balance Program-II," School of Chemical Engineering, Purdue University, 
West Lafayette, Ind., 1977. 
Chen, H.S., and M.A. Stadtherr, "A Simultaneous-Modular Approach to Process Flowsheeting and Optimization: I 
Theory and Implementation," AIChE 1. v.32, p. 184 (1984). 
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2. The modules may require a fixed precedence order of solution (i.e., the output 
of one module must become the,input of another); hence, convergence may be 

. slower than in an equation-solving code, and the computational costs may be 
high. 

3. To specify a parameter in a module as a design variable, you have to place a 
control block around the module and adjust the parameter such that design 
specifications are met. This arrangement creates a loop. If the values of many 
design variables are to be determined, you might end up with several nested 
loops of calculation. 

Consequently, the concept of tearing has evolved in connection with modular 
flowsheeting codes to solve material (and energy) balances. Tearing involves decou
piing the interconnections between the modules so that sequential information flow 
takes place. Tearing is required because of loops of information created by recycle 
streams. What you do in tearing is to provide guesses for values of some of the un
knowns (the tear variables), usually the recycle streams, and then calculate the val
ues of the tear variables from the modular subroutines. These calculated values form 
new guesses, and so on, until the differences between the guessed values and the 
calculated values are sufficiently small. 

We cannot go into all of the details of flowsheeting program construction and 
application here. Refer to Chapter 5 and the to supplementary references at the end 
of this chapter for further information. However, let us look at an example of a very 
simple process with recycle to compare the simultaneous equation and modular solu
tion techniques just to illustrate the concepts. 

EXAMPLE 2.30 Comparison of Simultaneous Equation and Modular Techniques of Solving 
Material Balances 

Figure E2.30 illustrates a two-stage process with one recycle stream. The objective is to use 
the total material balances for the process to calculate the amount of the recycle stream R as 
a function of a, the fraction of A recycled. Use a = i and 0:' = 0.90 for the comparison. 

R 

F= 100 --{'--~, ~_...J...._,~p R 
a=-

A Figure E2.30 

Solution 

The material balances are 

Unit 1: 

Unit 2: 

The fraction recycle is 

100 + R = A 

A=R+P 

Aa = R 

(a) 

(b) 

(c) 
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We have three independent equations to be solved containing three variables whose values are 
unknown. Any of the methods mentioned in Appendix L might be used to solve the equa
tions. Gaussian elimination starts with the format 

A-R = 100 

A-R-P=O 

aA - R =0 

and successive elementary operations result in the matrix 

leading to the solution 

For the two given values of a, 

A 
R 
P 

o 0 

010 

o 0 

100e ~ ,,) 

100e : ,,) 

100 

A = 100(_1_) 
1 - " 

R = 100(-"-) 
I - " 

P = 100 

a = 1 ; " = 0.9 

150 1000 
50 900 

100 100 

-- - - --------

(a') 

(b') 

(c') 

Next, the modular approach to the solution of the problem would involve solving unit 1 
for A first assuming a value for R, the tear variable. Then unit 2 would be solved, the value of 
R calculated, and the value calculated compared with the assumed value. If the error is not 
small enough, the new value of R from unit 2 would become the assumed value of R for unit 
1, unit 1 solved again for A, and unit 2 solved again. The sequence of solutions would be re
peated until the error in R became sufficiently small. Because R is initially not known, sup
pose that we start with R = 0 and A = 100 as the initial guesses. Thereafter 

Unit 1: 

Unit 2: 

where k designates the stage in the iteration. 

A,=100+R, (d) 

(e) 
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Successive calculations yield 

a = ~ a = 0.9 

k R A = 100 + R R = Aa R A = 100 + R R = Aa 

I 0 100 33.33 0 100 90 
2 33.33 133.33 44.44 90 190 171 
3 44.44 144.44 48.15 171 271 243.9 
4 48.15 148.15 49.38 243.9 343.9 309.5 

50.00 150.00 50.00 900 1000 900 

Insofar as this book is concerned, if you are not familiar with a fiowsheeting code, you 
will find it will be more trouble to solve a material balance problem using a flowsheeting 
code than it will be to use a standard equation-solving code such as one of those in the disk 
pocket in the back of the book. 

-------------------------------------------.• --~.--------------- •. --------.• --
Self-Assessment Test 

1. Solve one or two of the examples in Sec. 2.6 and 2.7 using 
(3) A personal computer-based equation-solving code 
(h) A code from the disk in the pocket in the back of this book 
(c) A code taken from your computer center library 
(d) A spreadsheet program 
(e) A flowsheeting code 
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PROBLEMS 

An asterisk designates problems appropriate for solntion nsing a computer. 
Refer also to the problem that requires writing a computer program at the end 
of the chapter. 

Section 2.1 

2.1. By use of an overall steady-state material balance determine whether or not the 
petrochemical process indicated in Fig. P2.1 has be~n properly formulated. The 
block diagrams represent the steam cracking of naphtha into various products, and 
all flows are on an annual basis (Le., per year). 

2.2. Examine Fig. P2.2. Is the material balance satisfactory? 
2.3. Does the plant shown in Fig. P2.3 yield a material balance that balances? Explain a 

possible reason for the outcome of your calculations. 
2.4. Water balances on river basins for a season or for a year can be used to check pre

dicted groundwater infiltration, evaporation, or precipitation in the basin. Prepare a 
water balance, in symbols, for a large' river basin and its reservoir, including the 
physical processes indicated in Fig. P2.4 (all symbols are for I year and S = storage 
or inventory). 

2.5. E;xa,mine the processes in Fig. P2.S. Each box represents a system. For each, state 
whether: 
(a) The process is in the (1) steady state, (2) unsteady state, or (3) unknown condi-

tion 
(b) The system is (1) closed, (2) open, (3) neither, or (4) both 
The wavy line represents the initial fluid level when the flows begin. In case (c), the 
tank stays full. 

Section 2.2 

2.6. Make a set of all the independent material balances you can for the steady-state op
eration of the cooling tower in Fig. P2.6. Use F for the mass flow rate and co for the 
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Warm 
water 

1 3 Air plus 
water vapor 

Air plus 
woter vapor 

2 4 
Cool water 

Figure P2.6 

mass fraction, with the appropriate subscripts. Suppose that F was the molar flow 
rate. How would your equations change? 

2.7. A cylinder containing elL., C2H6, and N2 has to be prepared containing a mole ratio 
of CH, to C,H, of 1.5 to 1. Available are (I) a cylinder of a Nr-Ca. mixture (80% 
N" 20% Ca.), (2) a cylinder of 90% N, and 10% C,H" and (3) a cylinder of pure 
N,. List the total number and names (or symbols) of the unknown quantities and 
concentrations, and list by name the balances that you would use to solve this prob
lem (do not make the balances). What is the residual number of degrees of freedom 
that have to be specified to make the problem completely determined (I.e., have a 
unique solution)? 

2.S. For the process shown in Fig. P2.8, how many material balance equations can be 
written? Write them. How many independent material balance equations are there 
in the set? 

0.50 C 

Composition Pi 1---F3 Composition ----r--1----
0.10 A 
0.208 

0.20A F P 
0.30 B XA =0.2 xA "'0.3 

- -070 C--- - .0 .. 50.C _._- - x8=·0.B-- --- .. _ _ .x8=? ___ ._ 

Composition 

0.35 A 
0.108 
0.55 C 

P = 100 kg/hr 

Figure P2.8 

I 
w 

Figure P2.9 

2.9. Examine the process in Fig. P2.9. No chemical reaction takes place, and x stands 
for mole fraction. How many stream values are unknown? How many concentra
tions? Can this problem be solved uniquely for the unknowns? 

2.10. The separation of solids and liquids by washing is usually carried out in counter
current staged apparatus. One such stage is shown in Fig. P2.!0. For this stage with 
the analyses as shown in the figure. (a) state how many unknown variables exist. 
(b) list them by symbol, (c) state how many independent material balance equations 
can be written for the stage, and (d) write each one down. (w = mass fraction; the 
subscripts designate components.) 

2.11. Repeat Problem 2.9 for the process in Fig. P2.!1. 
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F=?-----j t------p=? 
w, = 0.45 W, =0.41 

w2 =? 

W3 = 0.15 

W= 50 kg 

w, =? 

w2 = ? 

W2= ? 

W3= 0.30 

W, = 0 Figure P2.10 
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F W 

F = 100 kg/hr ---I-f.--~P =50kg/hr 
XA=? XA=? 

x8=? xa=? 

W= 50 kg/hr 

XA = 0.2 
xa= ? 

Figure P2.11 

Composition 

XAF 

xBF 
xCF 

P 
Composition 

XAP 

XBP 

xCP 

Figure P2.12 

Composition 

XAW 

xcw 

2.12. You have been asked to check out the process shown in Fig. P2.12. What will be 
the minimum number of measurements to make in order to compute the value of 
each of the stream flow rates and stream concentrations? Explain your answer. Can 
any arbitrary set of five be used; that is, caD you measure just the three flow rates 
and two concentrations? Can you measure just three concentrations in stream F and 
two concentrations in stream W? No chemical reaction takes place and x is the mole 
fraction of component A, B, or C. 

Section 2.3 

2.13. A synthesis gas analyzing 6.4% CO2, 0.2% 0" 40.0% CO, and 50.8% H2 (the bal
ance is N,) is burned with 40% dry excess air. What is the composition of the flue 
gas? 

2.14. Hydrogen-free carbon in the form of coke is burned: 
(a) With complete combustion using theoretical air 
(b) With complete combustion using 50% excess air 
(c) Using 50% excess air but with 10% of the carbon burning to CO only 
In each case calculate the flue gas analysis and the Orsat analysis. 

2.15. Thirty pounds of coal (analysis 80% C and 20% H ignoring the ash) are burned with 
600 lb of air, yielding a gas having an Orsat analysis in which the ratio of CO, to 
CO is 3 to 2. What is the percent excess air? 
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2.16. An experimental solid rocket fuel consists of 

H 5% 

S 4% 

C 65% 

0 10% 

Inert 16% 

Total 100% 

Assume on combustion that no C is left unburned and that the S is oxidized to S02. 
The inert does not go into the gas phase. 
(3) If the fuel-air mixture calls for 20% excess air to oxidize the fuel, calculate the 

composition of the exit combustion gas. 
(b) If the same fuel were oxidized in a laboratory furnace with 20% excess air and 

only 80% of the C was oxidized to CO2 , with 15% going to CO and 5% becom
ing soot (just C), what would the composition of the exit combustion gas be? 

2.17. Pnre methane is completely burned with air. The outlet gases from the burner, 
which contain no oxygen, are passed through a cooler, where some of the water is 
removed by condensation. The gases leaving the cooler have a nitrogen mole frac
tion of 0.8335. Calculate the following: 
(3) The analysis of the gases leaving the cooler (mol % CO,; H,O, and N2) 
(b) The pounds of H,O condensed per mole of CH., burned 
(c) The average molecular weight of the gases leaving the cooler 

2.18. The utilization of coal to produce gaseous fuels for heating and generating power as 
a supplement to the dwindling supplies of natural gas is a major research and devel
opment activity in the United States at the present time. Barriers to synthetic fuel 
production are more economic than technological, but there are still many technical 
problems to be resolved. In a test of pilot plant coal gasifier with a production raie 
of 25.8 m3/hr, the output gas with a composition of 4.5% CO" 26% CO, 13% H2, 

0.5% CH." and 56% N, is burned with 10% excess air. Calculate the Orsat analysis 
.- --"fthecom&iisfionproducts. - - - - . -- -- - - -- -

2.19. In the anaerobic fermentation of grain, the yeast Saccharomyces cerevisiae digests 
giucose from plants to form the products ethanol and propenoic acid by the follow
ing overall reactions: 

Reaction 1: 

Reaction 2: 

C,H1,O, ----> 2C2HsOH + 2CO, 

C,H1,O, ----> 2C,H3CO,H + 2H,O 

In a batch process, a tank is charged with 4000 kg of a 12% glucose/water solution. 
After fermentation 120 kg of carbon dioxide are produced together with 90 kg of 
unreacted glucose. What are the weight percents of ethyl alcohol and propenoic acid 
remaining in the broth? Assume that none of the glucose is assimuiated into the bac
teria. 

2.20. Semiconductor microchip processing often involves chemical vapor deposition 
(CVD) of thin layers. The material being deposited needs to have certain desirable 
properties. For instance, to overlay on aluminum or other bases, a phosphorus 
pentoxide-doped silicon dioxide coating is deposited as passivation (protective) 
coating, by the simultaneous reactions 
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Reaction 1: 

Reaction 2: 

SiH4 + 0, ----> SiO, + 2H, 

4PH, + 50, ----> 2P20, + 6H, 

211 

Detennine the relative masses of SiH, and PH, required to deposit a film of 5% by 
weight of phosphorus (P) in the protective coating. 

2.21. In many fermentations, the maximum amount of cell mass must be obtained. How
ever, the amount of mass that can be made is ultimately limited by the cell volume. 
Cells occupy a finite volume and have a rigid shape so that they cannot be packed 
beyond a certain limit. There will always be some water remaining in the interstices 
between the adjacent cells, which represents the void volume that at best can be as 
low as 40% of the fermenter volume. Calculate the maximum cell mass on a dry ba
sis that can be obtained if the wet cell density is 1.1 g/cm'. Assume the 40% void 
volume applies. Note that cells themselves consist of about 75% water and 25% 
solids, and cell mass is reported as dry weight in the fermentation industry. 

2.22. Aviation gasoline is isooctane, CSH I8 • If it is burned with 20% excess air and 30% 
of the carbon forms carbon monoxide, what is the Orsat analysis? 

2.23. Oxychlorination of hydrocarbons refers to a chemical reaction in which oxygen and 
hydrogen chloride react with a hydrocarbon in the vapor phase over a supported 
copper chloride catalyst to produce a chlorinated hydrocarbon and water. The oxy
chlorination of ethylene to produce I, 2-dichloroethane (commonly. ethylene 
dichloride (EDC)) is of the greatest commercial importance. EDC is the precurser 
for vinyl chloride monomer. which when polymerized to polyvinyl chloride (PVC). 
becomes one of the most commonly used commercial plastics. The overail oxychlo
rination reaction of ethane is given by 

2C,H, + 4HCI + 0, ----> 2C,H.Cl, + 2H,O 

Determine the mass, moles, and weight percent of the reactant and product streams 
if 200 kilogram moles of the limiting reactant, HCI. is fed with 10% excess air and 
5% excess ethane. Ninety-five percent conversion of ethane occurs in the reactor. 

2.24. Synthetic fibers are made in a wet spinning process by pumping a polymer solution 
(density p in g/cm'. solids fraction w,) at a volumetric rate of Q (cm'/min) through a 
spinnerette with n holes. See Fig. P2.24. The filaments emerge into a bath contain
ing both solvent and nonsolvent. Part of the solvent is lost from the filaments and 
an equivalent weight of nonsolvent is picked up; this solidifies the filaments. Next, 
the filaments are washed free of solvent as they are stretched by a factor S between 
two sets of rolls. Finally, the filaments are dried in a hot roll rotating at V, feet per 

Washing ISOlvent 

\ 
vapor 

"'"",,~~1:~~~-r~~--~D~'Y~in~g--~ ___ v, 
j j) 

Ht-/---,;!?'9 

Splnnereffe 

v, v, 

Figure P2.24 
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minute. Calculate the denier per filament (d.p.f.) (weight in grams of a filament 
9000 m long) in terms of Q, n, p, OJ" S (a constant), and 11,. 

Section 2.4 

2.25. To prepare a solution of 50.0% sulfuric acid, a dilute waste acid containing 28.0% 
H, SO, is fortified with a purchased acid containing 96.0% H, SO,. How many kilo
grams of the purchased acid must be bought for each 100 kg of dilute acid? 

2.26. A synthetic fuel oil known to contain only Hand C gives on combustion an Orsat 
analysis of CO,: 14.6%, CO: 2.0%, O2: 2.8%, and N,: 80.6%. Calculate the com
position of the fuel oil. 

2.27. A gas containing only CH. and N, is burned with air yielding a flue gas that has an 
Orsat analysis of CO2: 8.7%, CO: 1.0%, O2: 3.8%, and N,: 86.5%. Calculate the 
percent excess air used in combustion and the composition of the C~-N2 mixture. 

2.28. A natural gas consisting entirely of methane (CH.) is burned with an oxygen en
riched air of composition 40% 0, and 60% N2 • The Orsat analysis of the product 
gas as reported by the laboratory is CO,: 20.2%, O2: 4.1 %, and N,: 75.7%. Can the 
reported analysis be correct? Show all calculations. 

2.29. When pure carbon is burned in air, some of it oxidizes to CO2 and some to CO. If 
the molar ratio of N, to 0, is 7.18, and the ratio of CO to CO, is 2.0 in the product 
gas, what is the percent excess air used? The exit gases contain only N2• O2 • CO, 
and CO,. 

2.30. The products and by-products from coal combustion can create environmental prob
lems if the combustion process is not carried out properly. A fuel analyzing 74% C, 
14% H, and 12% ash is burned to yield a flue gas containing 12.4% CO" 1.2% CO, 
5.7% 0" and 80.7% N, on a dry basis. Your boss asks you to determine: 
(a) The Ib of coal fired per 100 Ib mol of flue gas 
(b) The percent excess air used . 
(c) The Ib of air used per Ib of coal 
Can you accomplish the calculations? Explain. 

_____ ~-'31. A fuel composed of ethane (GR.) and methane (CH.) in unknown proportions is 
- 'burne,nil'a -furnace 'with ox),genCeririched air (50:0mole%-O,): Your Orsatanalysis 

is: 25% CO2, 60% N" and 15% 0,. Find: 
(a) The composition of the fuel, that is, the mole percent methane in the 

methane-ethane mixture 
(b) The moles of oxygen -enriched air used per mole of fuel 

2.32. A power company operates one of its boilers on natural gas and another on oil (for 
peak period operation). The analysis of the fuels is as follows: 

Natural Gas 

96% CH. 
4% CO, 

Oil 

When both boilers are on the line, the flue gas shows (Orsat analysis) 10.0% CO" 
4.5% O2 , and the remainder N2 . What percentage of the total carbon burned comes 
from the oil? (Hint: Do not forget the H,O in the stack gas.) 
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2.33. A fuel oil and a sludge are burned together in a furnace with dry air. Assume that 
the fuel oil contains only C and H. 

Fuel oil (%) 

C=? 

H=? 

Sludge (%) 

Wet 

Water = SO 
Solids = SO 

Dry 

S = 32 
C = 40 
H, = 4 
0, =24 

(a) Determine the weight percent composition of the fuel oil. 

Flue gas (%) 

SO, = I.S2 
CO, = 10.14 
CO = 2.02 
0, = 4.6S 
N, = 81.67 

(b) Determine the ratio of kilograms of sludge to kilograms of fuel oil. 
2.34. A power company operates one of its boilers on natural gas and another on oil. The 

analyses of the fuels show 96% CIL,. 2% C,H,. and 2% CO, for the natural gas and 
Cn Hl.8n for the oil. The flue gases from both groups enter the same stack, and an 
Orsat analysis of this combined flue gas shows 10.0% CO,. 0.63% CO. and 4.SS% 
O2 . What percentage of the total carbon burned comes from the oil? 

2.35. How much CaC!,' 6H,O must be dissolved in 100 kg of water at 20°C to form a sat
urated solution? The solubility of CaC!, at 20°C is 6.70 g mol of anhydrous salt 
(CaC!,) per kg of water. 

2.36. One ton of a 30% (by weight) solution of Na,CO, in water is cooled slowly to 20°C. 
During the cooling, 10% of the water originally present is evaporated. The carbon
ate precipitating out forms crystals of Na,CO,· IOH,O. If the solubility of anhy
drous Na,CO, at 20°C is 2.1Slb/100 lb H,O. what weight of Na,CO, '10H,O crys
tallizes out? 

2.37. Crystals of Na,CO,' IOH,O are dropped into a saturated solution of Na,CO, in wa
ter at 100°C. What percent of the Na,CO, in the Na,CO,· IOH,O is recovered in the 
precipitated solid? The precipitated solid is Na,CO,' H,O. Data at 100°C: the satu
rated solution is 31.2% Na,CO,; the molecular weight of Na,CO, is 106. 

2.38. A water solution contains 60% Na,S,O, together with 1 % soluble impurity. Upon 
cooling to 10°C. Na,S,O,' SH,O crystallizes out. The solubility of this hydrate is 
l.4lb Na,S,O,· SH,O/lb free water. The crystals removed carry as adhering solu
tion 0.06 lb solutionllb crystals. These are dried to remove the remaining water (but 
not the water of hydration). The final dry Na,S,O,' SH,O crystals must not contain 
more than 0.1 % impurity. To meet 'this specification, the original solution, before 
cooling. is further diluted with water. On the basis of 100 lb of the original solu
tion, calculate: 
(a) The amount of water added before cooling 
(b) The percentage recovery of the Na,S,O, in the dried hydrated crystals 

2.39. A mixed acid containing 65% (by weight) H,S04. 20% HNO,. and IS% H,O is to 
be made by blending the following liquids: 
(1) A spent acid containing 10% HNO" 60% H,S04 , and 30% H,O 
(2) A concentrated nitric acid containing 90% HNO, and 10% H,O 
(3) Concentrated sulfuric acid containing 98% H,S04 and 2% H,O 
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How many pounds of each of the three must be used to obtain 1000 lb of the mixed 
acid? 

2.40. An aqueous etching solution containing 8.8% KI is to be prepared to etch gold in 
printed circuit boards. The desired solution is to be formed by combining a strong 
solution (12% KI and 3% r, in H20) with a weak solution (2.5% KI and 
0.625% I,). 
(a) What should be the value of R, the ratio of the weights of the strong to the weak 

solution, to make up the desired etching solution? What will be the concentra
tion of h in the final solution? 

(b) Note that you cannot independently vary the concentration of both KI and I, in 
the final mixture simply by varying the value of R. Derive a relationship be
tween the weight fraction of KI and the weight fraction of r, in the mixture to 
illustrate this point. 

2.41. The thermal destruction of hazardous wastes involves the controlled exposure of 
waste to high temperatures (usually 900°C or greater) in an oxidizing environment. 
Types of thermal destruction equipment include high-temperature boilers, cement 
kilns, and industrial furnaces in which hazardous waste is burned as fuel. In a prop
erly designed system, primary fuel (100% combustible material) is mixed with 
waste to produce a feed for the boiler. 
(a) Sand containing 30% by weight of 4,4'-dichlorobiphenyl [an example of a poly

chorinated biphenyl (PCB)] is to be cleaned by combustion with excess hexane 
to produce a feed that is 60% combustible by weight. To decontaminate 8 tons 
of such contaminated sand, how many pounds of hexane would be required? 

(b) Write the two reactions that would take place under ideal conditions if the mix
ture of hexane and the contaminated sand were fed to the thennal oxidation pro
cess to produce the most environmentally satisfactory products. How would you 
suggest treating the exhaust from the burner? Explain. 

(e) The incinerator is supplied with an oxygen-enriched airstream containing 40% 
A, and 60% N, to promote high-temperature operation. The exit gas is found to 
have a Xeo, = 0.1654 and Xu, = 0.1220. Use this information and the data 
about the feed composition above to find: (I) the complete exit gas concentra-

---lions an,r(2)the-%excess a, used in thneaclione --

2.42. A gas containing 20% N2 and 80% CH, passes through a liquefication process. 
Thirty weight percent of the entering gas is recovered and the composition of the re
covered gas which is a liquid is 60% N, by weight. Find the composition of the non
recovered gas if 65 lb of entering gas is processed per minute. The temperature of 
the entering stream is 70oP; of the exit stream, oop. The pressures of all streams are 
about 1 atmosphere. 

2.43. The organic fraction in the wastewater is measured in tenns of the biological oxygen 
demand (BOD) material, namely the amount of dissolved oxygen required to biode
grade the organic contents. If the dissolved oxygen (DO) concentration in a body of 
water drops too low, the fish in the stream or lake may die. The Environmental Pro
tection Agency has set the minimum summer levels for lakes at 5 mg/L DO. 
(a) If a stream is flowing at 0.3 m'ls and has an initial BOD of 5 mg/L before 

reaching the discharge point of a sewage treatment plant, and the plant dis
charges 3.785 MUday of wastewater, with a concentration of 0.15 gIL BOD, 
what will be the BOD concentration immediately below the discharge point of 
the plant? 
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(b) The plant reports a discharge of 15.8 MUday having a BOD of 72.09 mglL. If 
the EPA measures the flow of the stream before the discharge point at 
530 MUday with 3 mg/L of BOD, and measures the downstream concentration 
of 5 mg/L BOD, is the report correct? 

2.44. Printed circuit boards (PCBs) are used in the electronic industry to both connect 
and hold components in place. In production, 0.03 in. of copper foil is laminated to 
an insulating plastic board. A circuit pattern made of a chemically resistant polymer 
is then printed on the board. Next, the unwanted copper is chemically etched away 
by using selected reagents. If copper is treated with Cu(NH')4CI, (cupric ammo
nium chloride) and NR.OH (anunonium hydroxide), the products are water and 
Cu(NH,)4CI (cuprous ammonium chloride). Once the copper is dissolved, the poly
mer is removed by solvents leaving the printed circuit ready for further processing. 
If a single-sided board 4 in. by 8 in. is to have 75% of the copper layer removed us
ing the reagents above, how many grams of each reagent will be consumed? 

Data: The density of copper is 8.96 glcm'. 
2.45. A polymer blend is to be formed from the three compounds whose compositions and 

approximate formulas are listed in the table. Determine the percentages of each 
compound A, B, and C to be introduced into the mixture to achieve the desired 
composition. 

Compound (%) 

Composition A B C Desired mixture 

(CR.)x 25 35 55 30 
(CzH,)x 35 20 40 30 
(C,H,)x .40 45 5 4.0 

Total 100 100 100 100 

How would you decide to blend compounds A, B, C, and D [(CR.), = 10%, 
(C,H,), = 30%, (C,H,), = 60%] to achieve the desired mixture? 

2.46.' In a gas-separation plant, the feed-to-butane splitter has the following constitutents: 

Component Mole % 

C, 1.9 
i-C4 51.6 
n-C4 46.0 
ct 0.6 

Total 100.0 

The flow rate is 5804 kg mol/day. If the overhead and bottoms streams from the bu
tane splitter have the following compositions, what are the flow rates of the over
head and bottoms streams in kg mol/day? 
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Component 

C, 
i-C4 

n-C4 

Cj 
Total 

Overhead 

3.4 
95.7 
0.9 

Material Balances 

Mole % 

Bottoms 

1.1 
97.6 

1.3 
100.0 

Chap. 2 

2.47. A low-grade pyrites containing 32% S is mixed with 10 Ib of pure sulfur per 100 Ib 
of pyrites so the mixture will burn readily, forming a burner gas that analyzes 
(Orsat) 13.4% SO" 2.7% 0" and 83.9% N,. No sulfur is left in the cinder. Calcu
late the percentage of the sulfur fired that burned to SO,. (The SO, is not detected 
by the Orsat analysis.) 

2-48. Methane is flowing in a pipeline at the rate of 20.7 m'/min at 30'C and 250 kPa. To 
check the flow rate, He is to be introduced at 25'C and 300 kPa. What is the mini
mum number of em3 per minute of He must be introduced if the minimum de
tectable downstream concentration of the He in the methane is 10 ppm? 

2.49. In the manufacture of vinyl acetate, there is some unreacted acetic acid and other 
compounds that are discharged to the sewer. Your company has been cited as dis
charging more than the specified limit of several pollutants. It is not possible to 
measure the discharge directly because no flow measuring devices are in place, but 
you can take samples of liquid at different places in the sewer line, and measure the 
concentration of potassium chloride. At one manhole, the concentration is 0.105%. 
You introduce a solution of 400 g of KCI in IL at a steady rate of I L per minute 
over ~ hr at a manhole 500 ft downstream, and at 1200 ft downstream measure the 
average steady-state concentration of KCI as 0.281 %. What is the flow rate of fluid 
in the sewer in kg/min? 

______________ _ 2.50. __ Trace_components __ can_be_used_ to. __ measure_ flow rates in pipelin~s,_pros~s~ _e_q\!ip
ment, and rivers that might otherwise be quite difficult to measure. Suppose that the 
water analysis in a flowing creek shows 180 ppm Na, SO,. If 10 Ib of Na, SO, is 
added to the stream uniformly over a l-hr period and the analysis downstream 
where mixing is complete indicates 330 ppm Na2 S04, how many gallons of water 
are flowing per hour? See Fig. P2.50. Assume that no Na,SO, is lost in the 
streambed or in the vegetation in the stream. 

,~10 lb/hr NoZS04 

I 

Figure P2.50 

2.51. Your boss asks you to calculate the flow through a natural-gas pipeline. Since it is 
26 in. in diameter. it is impossible to run the gas through any kind of meter or mea
suring device. You decide to add 100 Ib of CO, per minute to the gas through a 
small ~-in. piece of pipe, collect samples of the gas downstream, and analyze them 
for CO2 . Several consecutive samples after 1 hr are: 
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Time 

1 hr. o min 
10 min 
20 min 
30 min 
40 min 

Percent CO2 

2.0 
2.2 
1.9 
2.1 
2.0 

(a) Calculate the flow of gas in pounds per minute at the point of injection. 
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(b) Unfortunately for you. the gas at the point of injection of CO, already contained 
1.0% CO2 _ How much was your original flow estimate in error (in percent)? 
[Note: In part (a) the natural gas is all methane. ClL.] 

2.52. The nose is an extremely sensitive detector of odors; it can be matched only by the 
most sensitive instrumental techniques. Many smells are identified by .comparison 
with pure compounds diluted by odor-free air until they are near the odor threshold 
limit. However, with the introduction of flame photometric detectors it has been 
possible to measure t~e concentration of the sulfur compounds giving rise to odors 
in the ppb range with the aid of preconcentration (by a fuctor of 10' to 10'). 

The main offenders are known to be H2 S, mercaptans, and disulfides, which 
are present in crude-oil fractions. Because of their offensive smell and low olfactory 
levels. these compounds give rise to the majority of complaints. Typical detectable 
limits for the most important sulfur compounds are: 

Compound 

Hydrogen sulfide. H,S 
Methyl mercaptan. CH,SH 
Ethyl mercaptan. C,H,SH 
Dimethyl sulfide. (CH,),S 

ppm 

0.001-0.014 
0.001-0.0085 
0.001-0.0026 
0.002-0.0052 

If the concentration of methyl mercaptan is measured as 0.035 ppm in a waste 
stream flowing at 1. 7 m'ls (specific volume = 0.021 m'lkg mol), how many kilo
grams of air have to be bled into the waste stream per second to reduce the concen
tration of methyl mercaptan in the stream to below detectable levels? 

2.53. The Clean Air Act requires automobile manufacturers to warrant their control sys
tems as satisfying the emission standards for 50,000 mi. It requires owners to have 
their engine control systems serviced exactly according to manufacturers' speci
fications and to always use the correct gasoline. In testing an engine exhaust having 
a known Orsat analysis of 16.2% CO,. 4.8% 0,. and 79% N, at the outlet, you find 
to your surprise that at the end of the muffler the Orsat analysis is 13.1 % CO,. Can 
this discrepancy be caused by an air leak into the muffler? (Assume that the analy
ses are satisfactory.) If so, compute the moles of air leaking in per mole of exhaust 
gas leaving the engine. 

2.54. A dairy produces casein which when wet contains 23.7% moisture. They sell this 
for $8.001100 lb. They also dry this casein to produce a product containing 10% 
moisture. Their drying costs are $0.80/100 Ib water removed. What should be the 
selling price of the dried casein to maintain the same margin of profit? 
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Section 2.5 

2.55. See Fig. P2.55 

2.56. 

2.57. 

2 

F, + F2 - F, = 0 

F, - F4 - F, = 0 

F, + F, - F4 - F, = 0 

(1) 

(2) 

(3) 

For Fig. P2.55 how many independent equations are obtained from the overall bal
ance around the entire system [Eq. (3)], plus the balances on units A [Eq. (1)], and 
B [Eq. (2)j? 

Steam composition [known) 

1 Pure A 
2 Pure B 

~ } Mix.ture of A and B 

Steam flows [unknown) 

Figure P2.SS Figure P2.S6 

What is the maximum ~umber of independent material balances that can be written 
for the process in Fig. P2.56? 
What is the ma{t.imum number of independent material balances that can be written 
for the process in Fig. P2.57? The stream flows are unknown. 

Suppose you find out that A and B are always combined in each of the streams 
in the same ratio. How many independent equations could you write? 

Steam composition (known) 
1 AondB 
2 Pure C 
3 A,B, and C 
4 Oond E 
5 Pure E 
6 Pure 0 
7 A,B,C, and 0 

-- ------ -- - --- - -----

Figure P2.S7 

2.58. The diagram in Fig. P2.58 represents a typical but simplified distillation column. 
Streams 3 and 6 consist of steam and water, and do not come in contact with the 
fluids in the column which contains two components. Write the total and component 
material balances for the three sections of the column. How many independent 
equations would th~se balances represent? 

2.59. A distillation process is shown in Fig. P2.59. You are asked to solve for all the val
ues of the stream flows and compositions. How many unknowns are there in the 
system? How many independent material balance equations can you write? Explain 
each answer and show all details whereby you reached your decision. For each 
stream, the only compqnents that occur ar~ shown below the stream. 

2.60. ~etallurgical-grade silicon is purified to electronic grade for use in the semiconduc
tor industry by chemically separating it from its impurities. Si metal reacts in vary
ing degrees with hydrogen chloride gas at 300°C to form several polychlorinated 
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2 
r-'-

5 
Column 

I 

aD9 
Reboiler ") 

~ 
0.8 C, 

? C, 

Condenser 
-

3 
> 

I -, 4 

6 

7 

Figure P2.SS 

~ 

? Cz 
2 0.1 C, 

1 Feed 

2 Overhead 
3 Cooling H20 
4 Product 

5 Reflux 

6 Steam 

7 Bottoms 

8 Liquid flow to reboiler 

9 Vapor flow to column 
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1000 kg/hr ? C, -
0.5 C, 0.4 C, 
0.3 C, 

? C, 
I 

1000 kg/hr 

0.3 C, 

0.2 C, 

? C4 

~ 

T 
0.2 C, 

3 ? C, 
F 

'----- 0.3 C, 

? C, Figure P2.S9 

silanes. Trichlorosilane is liquid at room temperature and is easily separated by frac
tional distillation from the other gases. If 100 kg of silicon is reacted as shown in 
Fig. P2.60, how much trichlorosilane is produced? 

2.61.· Two major types of "gasifiers" for solid fossil fuels are available commercially at the 
present time. The cocurrent or downdraft versions are used in small internal com
bustion engine applications for sawmills, remote communities, and to satisfy power 
needs for developing nations. A more recent advance is the fluidized-bed gasifier, 
which is appropriate for larger-scale conversion of biomass to "producer gas" or 
other products. 

To take advantage of the most economical fuels, a company can burn pro
ducer gas (4.3% CO" 27% CO, 10% H2 , 1.0% CR." and the residual N,) generated 
from a fluidized-bed gasifier using coal waste in one boiler or No.6 fuel oil (87% C, 
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HCIIgl 

A 

silsl -.!..... c 
Reactor 

Mole % 
21.42 H2SiCI2 

14.29 SiCI. 

64.29 H2 

D 

Distillation 

E 

Material Balances 

100% HSiCl, Figure P2.60 

Chap. 2 

13% H,) in a second boiler. One day both boilers are running and the Orsat analysis 
from the comnion stack is 8.2% CO2 , 0.4% CO, and 10% 0, and the residual N,. 
(a) Calculate the fraction of the total carbon in the stack gas that comes from the 

fluidized-bed gasifier. 
(b) How many moles of water would be produced in the gasifier per 100 moles of 

dry gas having the Orsat analysis above? 
(el How many total moles of air are fed to the process, and what is the overall ef

fectiv:e percent excess air that was used? 

2.62. In a distillation train a liquid hydrocarbon containing 20 mol % ethane, 40 mol % 
propane. and 40 mol % butane is to be fractionated into essentially pure compo
nents as shown in Fig. P2.62. On the basis of F = 100 moles, what is P (in moles) 
and the composition of stream A? 

Ethane fraction 

A 

x::: mole fraction 

Figure P2.62 

Propane fraction 
99%C3 

P 1%C4 

----;:¢:: -------
t.,,·, ® 

r
B 

Butane fraction 
8A%C3 

91.6% C4 

2.63. * A simplified flowsheet for the manufacture of sugar is shown in Fig. P2.63. Sugar
cane is fed to a mill where a syrup is squeezed Qut, and the resulting "bagasse" COD

tains 80% pulp. The syrup (E) containing finely divided pieces of pulp is fed to a 
screen which removes all the pulp and produces a clear syrup (H) containing 15% 
sugar and 85% water. The evaporator makes a "heavy" syrup and the crystallizer 
produces 1000 lbfhr of sugar crystals. 
(a) Find the water removed in the evaporator, lbfhr 
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F Cane 
16% Sugar 
25% Water 
59% Pulp 

E H 
Mill 

13% Sugar 
Screen 

15% Sugar 

o Bagasse 
80% Pulp 

14% Pulp 

Solids G Contain 
95% Pulp 

Figure P2.63 

(b) Find the composition of the waste stream G 

M Sugar, 
1000lb/hr 

t 
Crystallizer --

Kt 40% Sugar 

Evaporator --

. (c) Find the rate of feed bf cane to the unit, lb/hr 

L 
Water 

J 
Water 

(d) Of the sugar fed in the cane, what percentage is lost with the bagasse? 
(e) Is this an efficient operation? Explain why or why not. 
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2.64. * Sodium hydroxide is usually produced from common salt by electrolysis. The essen
tial elements of the system are shown in Fig. P2.64. 

Sail 

H20 

(a) What is the percent conversion of salt to sodium hydroxide? 
(b) How much chlorine gas is produced per pound of product? 
(c) Per pound of product, how much water must be evaporated in the evaporator? 

Dissolver 
30% 

Solution 
Eleclralysis f---i 

Syslem 
L-__ ~ L-__ ~ 

Figure P2_64 

H20 

Evaporator 
Product 

50% NoOH 
7% NaCI 

43% H20 

2.65.* The 1l0wsheet shown in Fig. P2.65 represents the process for the production of tita
nium dioxide (Ti02) used by Canadian Titanium Pigments at Varennis, Quebec. 
Sorel slag of the following analysis: 

Wt% 

Ti02 70· 
Fe 8 
Inert silicates 22 

is fed to a digester and reacted with H2S04 , which enters as a 67% by weight 
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Sorel Slag 

Scrap Iron 
(Pure Fe) 
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67% by wtf----1 

Digester 
Clarifier 

Inert Silicates 
Un reacted Fe 

Rotary Kiln 

Figure P2.65 

H2S04 in a water solution. The reactions in the digester are as follows: 

Ti02 + H2SO, ----> TiOSO, + H2 0 

Fe + 40, + H2SO, ----> FeSO, + H20 

(1) 

(2) 

Both reactions are complete. The theoretically required amount of H2S04 for the 
Sorel slag is fed. Pure oxygen is fed in the theoretical amount for all the Fe in the 
Sorel slag. Scrap iron (pure Fe) is added to the digester to reduce the formation of 
ferric sulfate to negligible amounts. Thirty-six pounds of scrap iron are added per 
pound of Sorel slag. 

The products of the digester are sent to the clarifier, where all the inert sili
cates and unreacted Fe are removed. The solution of TiOS04 and FeS04 from the 
clarifier is cooled, crystallizing the FeS04, which is completely removed by a filter. 
The product TiOS04 solution from the filter is evaporated down to a slurry that is 
82% by weight TiOSO,. 

The slurry is sent to a dryer from which a product of pure hydrate, 
" -- --TiOSO,-; H;U,-isoDtained.The" hydrate- ciystals ai£ senn" -a direct-fire,notlrry 

kiln, where the pure Ti02 is produced according to the following reaction: 

TiOSO,· H2 0 ----> Ti02 + H2S04 

Reaction (3) is complete. 
On the basis of 100 Ib of Sorel slag feed, calculate: 

(a) The pounds of water removed by the evaporator 

(3) 

(b) The exit Ib of H2 0 per Ib dry air from the dryer if the air enters having 0.036 
moles H20 per mole dry air and the air rate is 18 Ib mol of dry air per 100 Ib of 
Sorel slag 

(c) The pounds of product Ti02 produced 
2.66.* In the process for the production of pure acetylene, C2H" (see Fig. P2.66), pure 

methane (CH,) and pure oxygen are combined in the burner, where the following 
reactions occur: 

ClL, + 202 ----> 2H20 + CO2 

ClL, + 140, ----> 2H2 0 + CO 

2ClL, ----> C2H2 + 3H2 

(I) 

(2) 

(3) 
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Cond~nser 

Burner 
H20 

O2 

; 
! 
J 
I 

Problems 

Waste 
Gases 

Fresh 
Solvent 

Absorber 

Solvent, 
CO2 and C2H2 

CO2 and C2H2 

CO2 
Stripper 

Boiler 

Figure P2.66 

C,H2 
Stripper 

Boiler 
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Pure 
C2H2 

Spent 
L...----.-Salvent 

The gases from the burner are cooled in a condenser that removes all the water. The 
analysis of the gases leaving the condenser is as follows: 

Mol % 

CzH, 8.5 
H, 25.5 
CO 58.3 
CO2 3.7 
ClL 4.0 

Total 100.0 

These gases are sent to an absorber w\1ere 97% of the C,H2 and essentially all 
the CO, are removed with the solvent. The solvent from the absorber is sent to the 
CO, stripper, where all the CO2 is removed. The analysis of the gas stream leaving 
the top of the CO, stripper is as follows: 

C,H, 
CO, 

Total 

Mol % 

7.5 
92.5 

100.0 

The solvent from the CO, stripper is pumped to the C,H, stripper, which re
moves all the C,H, as a pure product. 
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4% 
Slock 
Slurry 

Dry Filler Clay 

Sewer 

0.5% Fiber 
0.5% Filler Clay 

Fiber and Filler Clay Flow 
Around Paper Machine Wet-end 

Figure P2.67 

Total Solids = 33.3% 
Fiber - 90% 
Filler - 10% 



BCI,(g) 

Chap. 2 Problems 225 

(a) Calculate the ratio of the moles of O2 to moles of CH, fed to the burner. 
(b) On the basis of 100 lb mol of gases leaving the condenser, calculate how many 

pounds of water are removed by the condenser. 
(c) What is the overall percentage yield of product (pure) C2 H2, based on the car

bon in the natural gas entering the burner? 
2.67. In a paper machine system (see Fig. P2.67), a stock suspension of cellulose fibers in 

water enters the continuous refining system at 4% consistency (41b of fiber per 
100 lb of mixture). A dry filler clay is added in the refining system, and this slurry 
then goes to the paper machine headbox. The headbox distributes the suspension of 
cellulose fibers and filler clay uniformily over a wire belt in the form of a thin sheet. 
This wet sheet becomes the desired paper after it is dried. In the headbox, the slurry 
is diluted with a recycle stream of white water that passed through the wire belt dur
ing the formation of the sheet, to a fiber consistency of 0.5%. Analysis shows that 
the filler consistency is also 0.5% at this point. The damp sheet leaving the press 
section and entering the drying section, where water is removed by the application 
of heat, contains 33.3% solids consisting of 90% fiber and 10% filler. Any excess 
white water from the machine, not needed for headbox dilution, is discarded. 

Assuming no fiber loss through the wire and at the presses, calculate: 
(a) The overall percent filler retention on the wet sheet 
(b) The percent filler retention per pass (on the basis of the total filler that can be 

retained) 

Section 2.6 

2.68. Boron trichloride (BCI,) gas can be fed into a gas stream and used for doping sili
con. The simplest reaction (not the only one) is 

4 BCI, + 3Si ----> 3SiCL, + 4B 

If all the BCI, not reacted is recycled (see Fig. P2.68), what is the mole ratio of 
recycle to SiC4 exiting the separator? The conversion on one pass through the reac
tor is 87% and 1 mole per hour of BCI, is fed to the reactor. 

100% BCI,(gl 

Recycle 

---....I..-~ Reaction Site I----{ 
SiCI4(g) 

Figure P2.68 

2.69. Examine Fig. P2.69. What is the quantity of the recycle stream in kglhr? 
2.70. The connections of computer components are often electroplated with relatively in

ert materials such as gold to to prevent short circuiting by oxide buildup. Gold 
cyanide solutions have" traditionally been used in batch processing. A process for 
continuous plating and replenishing of the electrolyte bath as shown in Fig. P2. 70 
has been patented (U.S. patent 4,340,451). If the throughput of components re
quires 30 glhr of gold plating, how many cubic centimeters of water are consumed 
per hour? 
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R 

Feed 
10,000 kg/hr 20% 

KNO, Solution 

Recy cle 100
0 

F 

Satu rated Solution (
0.6 kg KNO,) 

kg H20 

Crys tals Carry Off 4% H20 
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Figure P2.70 
-------- - ---------

2.71.* The process shown in Fig. P2.?1 is the catalytic dehydrogenation of propane to 
propylene. The composition and flow rate of the recycle stream are unknown. Cer
tain data are known for the reactor, absorber, and distillation column as follows: 

Reactor Effluent Composition Based on 
100 kg mol of Propane Ped to Reactor 

Component 

Hydrogen 
Methane 
Ethylene 
Ethane 
Propylene 
Propane 

Total 

Mol % in 
Product from reactor 

25.4 
3.2 
0.3 
5.3 

21.3 
44.5 

100.0 

Fractionator Performance 

Component 

Methane 
Ethane 
Ethylene 
Propylene 
Propane 

Fraction of feed 
recovered in the 
overhead product 

1.00 
1.00 
1.00 
0.96 
0.002 
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Recycle 

Figure P2.71 

Absorber Performance Based 
on 100 kg mol of Absorber Feed 

kg mol of 
absorber 

Component feed 

Hydrogen 25.4 
Methane 3.2 
Ethylene 0.3 
Ethane 5.3 
Propylene 21.3 
Propane 44.5 

Total 100.0 

Fraction of 
absorber feed 
not absorbed 

1.00 
0.95 
0.70 
0.60 
0.01 
0.003 

Oisli Iialion 
column 
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Assume that the source of all the hydrogen in the product from the reactor is 
the propane feed, and that any loss of mass in the reactor is due to carbon forma
tion. Also assume that nODe of the hydrogen in the reactor product is absorbed in 
the absorber. 

Calculate the flow rates in the reactor feed (after the heater), the reactor 
product stream, the absorber bottoms stream, the distillation column bottoms, and 
the recycle stream in kilograms per 100 kg of propane fed to the process. Can you 
calculate the composition of the recycle stream as well? 

2.72. The rate of production of ethanol by fermentation is slowed by the increasing con
centrations of ethanol formed in the process. A method is being investigated in 
which the ethanol is to be separated continuously in situ with solvent. The solvent is 
then pumped off and the ethanol recovered. How many moles/br of ethanol are re
cycled in the solvent for the system shown in Fig. P2.72? 

, . 



L 

228 

20 mol/hr 
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35 mol % Wafer 

4 mol/hr 
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Figure P2.72 

Water 
Ethanol 
Yeast 
Glucose - 6 mol % 

yeast 
Data: glucose ""--> 2 ethanol + 2CO, Assume the participation of 

the yeast in the reaction is 
negligible. 92% conversion of glucose 

g EtOH . 
saturated solvent: 0.24 I 10 B 

g so vent 

density of solvent: 0.84 glcm' 

saturated solvent flow: 4.5 Llhr 
2.73. A waste treatment plant operating under steady-state conditions processes a waste 

liquor containing 500 parts per million (ppm) of a noxious impurity. The impurity 
is removed with practically no loss of the carrier fluid. The treating process can re-

_ move the impurity. down to a level of 10 ppm. By local ordinance, a maximum of 
100 ppm is allowed in the discharge of the processed effluent to a nearby river. 
What fraction of the waste liquor must be sent through the waste treatment unit, and 
what fraction may be bypassed? 

2.74. Seawater is to be desalinized by reverse osmosis using the scheme indicated in Fig. 

1000!Q. Se 
hr 3.1 

P2.74. Use. the data given in the figure to determine: 
(a) The rate of waste brine removal (B) 
(b) The rate of desalinized water (called potable wat~r) oroduction (D) 

o Woter 

%5011 

Brine Recycle 

4.0% Reverse 

Salt 
Osmosis 

Cell 

10 
Desalinised Water 
500 ppm Salt 

Brine W aste (8) 

Salt 5.25% 

Figure P2.74 
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(c) The fraction of the brine leaving the osmosis cell (which acts in essence as a 
separator) that is recycled 

(Note: ppm designates parts per million). 
2.75. A solution containing 10% NaC!. 3% KCI, and 87% water is fed to the process 

shown in Fig. P2.75 at the rate of 18,400 kg/hr. The compositions of the streams 
are as follows in percent. Evaporator product, P: NaC!: 16.8, KCI: 21.6, H20: 61.6; 
Recycle, R: NaC!: 18.9 and the balance water. Calculate the kilograms per hour and 
complete compositions of every stream. 

Water Vapor 

R 

Feed Evaporator 
p 

Crystallizer 

NaCI KCI 

Figure P2.75 

2.76. A 50% NaCI solution is to be concentrated in a triple-effect evaporator as shown in 
Fig. P2.76. (Each individual evaporator is termed an effect.) An equal amount of 
water is evaporated in each effect. Determine ~he composition of the outlet stream 
from effect 2 if the internal contents of effect 2 are uniformly mixed so that the out
let stream has the same composition as the internal contents of effect 2. The steam 
lines in each effect are completely separate from the evaporator contents so that no 
mixing of the steam with the contents occurs. 

35,000 Ib, 
per ";"--1 
hour 
product 

3 2 

Figure P2.76 

~-- To Condenser 

50,000 Ibs/hr 
fo.-----,"--

50% NaCI so1n. 

2.77.' A natural·gas plant at Short Junction, Oklahoma, produces gasoline by removing 
condensable vapors from the gas flowing out of gas wells. The gas from the well has 
the following composition: 
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Component 

CR, 
C,l{; 
C,R, 
iso- and n-C4HIO 

C5 and heavier 
N, 

Total 

Material Balances 

Mol % 

77.3 
14.9 
3.6 
1.6 
0.5 
2.1 

100.0 

Chap. 2 

This gas passes through an absorption column called a scrubber (see Fig. P2.77). 
where it is scrubbed with a heavy, nonvolatile oil. The gas leaving the scrubber has 
the following analysis: 

Component 

Exit Gas 
Leon Oil 

Scrubber 
Overhead Natural 

Gasoline 

Stripper 

Healer 

--\::=~ 
Bottoms 

Mol % 

92.0 
5.5 
2.5 

Figure P2.77 

The scrubbing oil absorbs none of the Cf4 or N,. much of the ethane, and all of the 
propane and higher hydrocarbons in the gas stream. The oil stream is then sent to a 
stripping column, which separates the oil from the absorbed hydrocarbons. The 
overhead from the stripper is termed natural gasoline. while the bottoms from the 
stripper is called lean oil. The lean-oil stream is cooled and returned to the absorp
tion column. Assume that there are no leaks in the system. Gas from the wells is fed 
to the absorption column at the rate of 52,000 Ib moles/day and the flow rate of the 
rich oil going to the stripper is 1230 Ib/min (MW = 140). Calculate: 
(a) The pounds of Cf4 passing through the absorber per day 
(b) The pounds of C,R6 absorbed from the gas stream per day 
(e) The weight percentage of propane in the rich oil stream leaving the scrubber 
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2.78. Given that the reaction for fresh feed A and B is 

2A + 5B -----> 3C + 6D 

in a reactor with recycle, find the desired recycle ratio (moles recycle/moles fresh 
feed) if in the fresh feed A is 20% in excess, the once-through conversion of B is 
60%, and the overall conversion of B to products for the overall process is 90%. 
After the products exit from the reactor, a stream of pure B is separated from the 
products and forms the recycle. 

2.79. Phthalic anhydride (PA) is produced by the oxidation of 0 -xylene (C,H IO) in a fixed
bed reactor (Fig. P2.79) at 350'C according to the reaction 

C,H IO + 30, -----> C,R,O, + 3H,O 

A condenser is used to remove all of the PA (C,H,O,) as a mixture of solid and liq
uid. How many kilograms of 0 -xylene are recycled per hour if the purge gas is 78% 
N2 and ?O% conversion of a -xylene takes place on one pass through the reactor? 

Recycle Purge 

Air 94 kg mol 118 kg mol 
hr hr 

6 kg mol 
o-xylene 

hr 

Reactor 

Figure P2.79 

Solid and Liquid PA 

78% N2 

2.80. In the operation of a synthetic ammonia plant, an excess of hydrogen is' burned with 
air so that the burner gas contains nitrogen and hydrogen in a 1 : 3 mole ratio and no 
oxygen. Argon is also present in the burner gas since it accounts for 0.94% of air. 
The burner gas is fed to a converter where a 25% conversion of the N2-Hz mixture 
to ammonia is produced. The arpmonia formed is separated by condensation and the 
unconverted gases are recycled to the converter. To prevent accumulation of argon 
in the system, some of the unconverted gases are vented before being recycled to 
the converter. The upper limit of argon in the converter is to be 4.5% of the enter
ing gases. What percentage of the original hydrogen is converted into ammonia? 

2.81. Methanol (CH,OH) can be converted into formaldehyde (HCHO) either by oxida
tion to form formaldehyde and water or by direct decomposition to formaldehyde 
and hydrogen. Suppose that in the fresh feed to the process the ratio of methanol to 
oxygen is 4 moles to 1, the convj!rsion of methanol per pass in the reactor is 50%, 
and all of the oxygen reacts in the reactor-none leaves with the hydrogen. After 
the reaction a separation process removes first all the formaldehyde and water, and 
then all the hydrogen is removed from the recycled methanol. Determine the flow 
rates of each species and the total flow rates at each point in the process. 

2.82. In a proposed process for the preparation of methyl iodide, 2000 kg/day of hy
dro~odic acid is added to an excess of methanol: 

HI + CH,OH -----> CH,I + H,O 
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If the product contains 81.6 wt % CH,I along with the unreacted methanol, and the 
waste contains 82.6 wt % hydroiodic acid and 17.4% H20, calculate, assuming that 
the reaction is 40% complete in the process vessel: 
(3) The weight of methanol added per day 
(b) The amount of HI recycled 

2.83. Acetic acid is to be generated by the addition of 10% excess sulfuric acid (of 
strength 100%) to calcium acetate. The reaction in the reactor 

Ca(COOCH,), + H,S04 ----> CaS04 + 2CH,COOH 

goes to 90% completion. The unused calcium acetate and sulfuric acid are separated 
from the reaction products and are recycled back to the process. The acetic acid is 
separated from the reaction products and sold. The atomic weights are Ca = 40.08, 
S = 32. 
(3) Draw a block diagram sketch for the process. 
(b) Calculate the total amount of the recycle stream per hour based on 1000 lb of 

calcium acetate fed per hour. 
(c) Calculate the pounds of acetic acid manufactured per hour. 

2.84. Alkyl halides are used as an alkylating agent in various chemical transformations. 
The alkyl halide ethyl chloride can be prepared by the following chemical reaction: 

2C2H6 + CI, ----> 2C,H,Cl + H, 

In the reaction process shown in Fig. P2.84, fresh ethane and chlorine gas and recy
cled ethane are combined and fed into the reactor. A test shows that if 100% excess 
chlorine is mixed with ethane, a single-pass optimal conversion of 60% results, and 
of the ethane that reacts, all is converted to products and none goes into undesired 
products. Calculate: 
(a) The fresh feed concentrations required for operation 
(b) The moles of C,H,Ci produced in P per mole of C2H, in the fresh feed FJ 

G,H, ----___ w_ GI, 
GI, -H, 

F, Reactor 
60% 

S 
Separator 

p 

G,H, Conversion G,H, 100% G,H 5GI 
GI, GI, 
(100% G,H 5 GI 
ex.cess C1 2) H, 

R 

100% G,H, 

Figure P2.84 

2.85.' A process for methanol synthesis is shown in Fig. P2.85. The pertinent chemical 
reactions involved are 

ClL + 2H,O ----> CO, + 4H2 

CH4 + H20 ----> CO + 3H2 

(main reformer reaction) 

(reformer side reaction) 

(a) 

(b) 



Chap. 2 Problems 233 

Recycle 8 13 Purge 

12 

10 
8 Condenser 

CO, Makeup 6 7 9 Methanol 11 
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Figure P2.SS 

2CO + 0, __ 2CO, 

CO, + 3H, __ CH,OH + H, 

Reactor Methanal 
Solution 

(CO converter reaction) 

(methanol reaction) 

(c) 

(d) 

Ten percent excess steam. based on reaction (a), is fed to the reformer, and 
conversion of methane is 100%, with a 90% yield of CO,. Conversion in the 
methanol reactor is 55% on one pass through the reactor. 

A stoichiometric quantity of oxygen is fed to the CO converter, and the CO is 
completely converted to CO,. Additional makeup CO, is then introduced to estab
lish a 3-to-1 ratio of H, to CO, in the feed stream to the methanol reactor. 

The methanol reactor effluent is cooled to condense all the methanol and wa
ter, with the noncondensible gases recycled to the methanol reactor feed. The 
H,ICO, ratio in the recycle stream is also 3 to 1. 

Because the methane feed contains 1 % nitrogen as an impurity, a portion of 
the recycle stream must be purged as shown in the flow diagram to prevent the aC
cumulation of nitrogen in the system. The purge stream analyzes 5% nitrogen. 

On the basis of 100 mol of methane feed (including the N,), calculate: 
(3) How many moles of H, are lost in the purge 
(b) How many moles of makeup CO, are required 
(c) The recycle to purge ratio in mol/mol 
(d) How much methanol solution (in kg) of what strength (weight percent) is pro

duced 
2.86. * An isomerizer is a catalytic reactor that simply tends to rearrange isomers. The 

number of moles entering an isomerizer is equal to the number of moles leaving. A 

------
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Crystallizer 

Feed--,-I 
A - 15.0 
8 - 20.0 
C - 50.0 

Product 

0- 15.0 

A- 4.0 
8- 29.4 

Isomerizer 

A - 7.0 

8 - 27.0 
C - 44.4 
0- 21.6 

Figure P2.86 
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t ~ 900'F 
p= 150 psio 

Product 

A - 60.0 
8 - 6.5 
C - 16.5 

0-17.0 

Distillation 
tower 

process, as shown in Fig. P2.86, has been designed to produce a p-xylene-rich 
product from an aromatic feed charge. All compositions on the flow sheet are in 
mole percent. The components are indicated as follows: 

A ethyl benzene 

B a-xylene 

em-xylene 

D p-xylene 

Eighty percent of the ethyl benzene entering the distillation tower is removed in the 
top stream from the tower. The mtio of the moles of fresh feed to the process as a 
whole to the moles of product from the crystallizer is 1.63. Find: 
(a) The reflux ratio (ratio of moles of stream from the bottom of the distillation 

tower per mole of feed to the tower) 
(b) The composition (in mole percent) of the product from the crystallizer 
(c) The moles leaving the isomerizer per mole of feed 

PROBLEM THAT REQUIRES WRITING 
A COMPUTER PROGRAM 

2.1. A 15-stage extmction column similar to the one in Example 2.22 is set up to sepa
rate acetone and ethanol using two solvents, pure water and pure chloroform. The 
only added features to Fig. E2.22 in Example 2.22 are (I) that you must consider 
two solutes in each solvent instead of one solute in the two solvents and (2) the ace
tone-ethanol feed is introduced into stage 6. You know that the feed composition is 
50 mol % ethanol and 50 mol % acetone and that the feed mte is 20 lb mol/hr. As
sume that the water and chloroform are not soluble in each other. You want to have 
1.50 mol % ethanol in the exit stream from the bottom of the column, and 
2 X 10-5 mol % acetone in the exit stream from the top of the column. Determine 
the rates of flow of the two solvents. In each stage you are given a relationship be
tween xt and X? (i = 1, 2, 3) in the two phases in term~ of mole fractions: 

(a) 
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Each of the y's in phase A or phase B can be expressed in terms of some known 
constants and the mole fraction of the other two components. For component i. 

3 3 J 3 

In 'Yi = 2Xi 2: Xjaji + 2: xJaij + 2:2: XjXkaxij" 
j=! j=i j=lk=i 

j'l-i 
k*i 
j<k 

J 3 3 3 3 

-22: xi 2: Xja. - 2 2: 2: 2: XiXjXkaij, 
i""'1 j=! 1=1 j=! k=1 

where aUk = au + aji + aik + akl + ajk + ak}. The values of the coefficients are 

I: acetone 3: chloroform 

2: ethanol 4: water 

all = 0.0 a" = 0.5446 a13 = 0.9417 al4 = 1.872 

a21 = 0.599 a22 = 0.0 an = 1.61 a24 = 1.46 

a'i = 0.674 a32 = 0.501 a33 = 0.0 a'4 = 5.91 

a41 = 1.338 a42 = 0.877 a43 = 4.76 a44 = 0.0 

(b) 

The y's are obtained for each component, 1, 2, and 3, by permuting the subscripts 
cyclically i ---? j -> k ---?> i. [Hints: Select some appropriate initial values for the 
flow rates of A and B. Divide the feed (stage 6) equally between both phases. The 
initial compositions can be provided by specifying both stage I and stage 15 and 
generating the remaining compositions by linear interpolation.] Be sure to include 
(I) one equation such as Eq. (a) for each component for each stage, (2) the correct 
number of component material balances for each stage (a total balance for the stage 
can be substituted for one component balance), and (3) :l; Xi = I for each stage for 
one phase (similar equations for the other phase are redundant). 
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In planning and decision making for our modern technology, engineers and scien
tists must know with reasonable accuracy the properties of the fluids and solids with 
which they deal. By property we shall mean any measurable characteristic of a sub
stance, such as pressure, volume, or temperature, or a characteristic that can be cal
culated or deduced, such as internal energy, to be discussed in Chap. 4. If you are 
engaged in the design of equipment, say calculating the volume required for a pro
cess vessel, you need to know the specific volume Or density of the gas or liquid that 
will be in the vessel as a function of temperature and pressure. If you are interested 
in predicting the possibility or extent of rainfall, you have to know something about 
the relation between the vapor pressure of water and the temperature. Whatever your 

-_C:cur::: rent or futlire-job; you musCoe· aware of-the-cna:racter-and-be-able-to-Iocate-
sources of information concerning the physical properties of fluids and solids. 

Clearly, it is not possible to have reliable, detailed experimental data at hand 
on all the useful pure compounds and mixtures that exist in the world. Consequently, 
in the absence of experimental information, we estimate (predict) properties based 
on modifications of well-established principles, such as the ideal gas law, or based 
on empirical correlations. Thus the foundation of the estimation methods ranges 
from quite theoretical to completely empirical, and their reliability ranges from ex
cellent to terrible. 

Before starting our examination of physical properties, we need to mention 
two concepts: state and equilibrium_ A system will possess a unique set of proper
ties, such as temperature, pressure, density, and so on, at a given time, and thus is 
said to be in a particular state. A change in the state of a system results in a change 
in at least one of its properties. 

By equilibrium we mean a state in which there is no tendency toward sponta
neous change. Another way to say the same thing is to say that equilibrium is a state 

236 
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in which all the rates of attaining and departing from the state are balanced. When a 
system is in equilibrium with another system, or the surroundings, it will not change 
its state unless the other system, or the surroundings, also changes. 

What are solids, liquids, fluids, vapors, and gases? Rather than define the states 
of matter, a task that is not easy to accomplish with precision in the brief space we 
have here, let us instead characterize the states in terms of two quantities, flow and 
structure of the molecules: 

Flow of collections Structure of collections 
State of molecules of molecules 

Perfect gas Extensive None 
Real gas Extensive Almost none 
Liquid Short distance Related structure 
Liquid crystal Some Some crystal structure 
Amorphous solid Little Little 
Real crystal Almost none Highly structured 
Perfect crystal None Completely structured 

At any temperature and pressure, a pure compound can exist as a gas, liquid, 
or solid, and at certain specific values of T and p, mixtures of phases exist, such as 
when water boils or freezes. Thus a compound (or a mixture of compounds) may 
consist of one or more phases. A phase is defined aS,a completely homogeneous and 
uniform state of matter. Liquid water would be a phase and ice would be another 
phase. Two immiscible liquids in the same container, such as mercury and water, 
would represent two different phases because the liquids have different properties. 

In this chapter we first discuss ideal and real gas relationships, including some of 
the gas laws for pure components and mixtures of ideal gases. You will learn about 
methods of expressing the p-V-T properties of real gases by means of equations of 
state and, alternatively, by compressibility factors. Next we introduce the concepts 
of vaporization, condensation, and vapor pressure and' illustrate how material bal
ances are made for saturated and partially saturated gases. Finally, we examine the 
qualitative characteristics of gas-liquid-solid phases with the aid of diagrams. Figure 
3.0 shows the interrelationships among the topics discussed in this chapter and how 
they relate to the making of material and energy balances. 

3.1 IDEAL GAS LAWS 

In 1787, Jacques Charies, a French chemist and physicist, published his conclusions 
about the relationship between the volume of gas~s,and temperature. He demon
strated that the volume of a dry gas varies directly with temperature if the pressure 
remains constant. Charles, Boyle, Gay-Lussac, Dalton, and Amagat, the investiga
tors who originally developed correlating relations among gas temperature, pressure, 
and volume, worked at temperatures and pressures sijch that the average distance be-
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tween the molecules was great enough to neglect the effect of the intermolecular 
forces and the volume of the molecules themselves. Under these conditions a gas 
came to be termed an ideal gas. More properly, an ideal gas is an imaginary gas 
which obeys exactly certain simple laws such as the laws of Boyle, Charles, Dalton, 
and Amagat. No real gas obeys these laws exactly over all ranges of temperature and 
pressure, although the "lighter" gases (hydrogen, oxygen, air, etc.) under ordinary 
circumstances obey the ideal gas laws with but negligible deviations. The properties 
of the "heavier" gases, such as sulfur dioxide and hydrocarbons, particularly at high 
pressures and low temperatures, deviate considerably from those predicted by the 
ideal gas laws. Vapors, under conditions near the boiling point, deviate markedly 
from the ideal gas laws. However, at low pressures and high temperatures, the be
havior of a vapor approaches that of an ideal gas. Thus for many engineering pur
poses, the ideal gas laws, if properly applied, will give answers that are correct 
within a few percent or less. But for liquids and solids with the molecules compacted 
relatively close together, we do not have such general laws. 

3.1-1 Calculations Using the Ideal Gas Law 

Your objectives in studying this 
section are to be able to: 

1. Write down the ideal gas law, and define all its variables and parame
ters and their associated dimensions. 

2. Calculate the values and units of the ideal gas law constant in any set 
of units from the standard conditions. 

3. Convert gas volumes to moles (imd mass), and vice versa. 
4. Use ratios of variables in the ideal gas law to calculate p, If, T. or n. 

From the work of Boyle and Charles, scientists developed the relationship now 
called the ideal gas law (or sometimes the perfect gas law). 

pV = nRT (3, I) 

where p = absolute pressure of the gas 
V = total volume occupied by the gas 
n = number of moles of the gas 
R = ideal gas constant in appropriate units 
T == absolute temperature of the gas 

Sometimes the ideal gas law is written as 

pV = RT (3.1a) 

where V is the specific volume (volume per mole or mass) of the gas. Figure 3.1 il
lustrates the surface generated by Eq. (3.1a) in terms of the three properties p, V, 
andT. 
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Figure 3.1 Representation of the ideal gas law in three dimensions as a 
sgr:fuce._ 

------

Several arbitrarily specified standard states (usually known as standard con~ 
lions, or S.C.) of temperature and pressure have been selected by custom. See Table 
3.1 for the most common ones. The fact that a substance cannot exist as a gas at O°C 
and 1 atm is immaterial. Thus, as we see later, water vapor at O°C cannot exist at a 
pressure greater than its saturation pressure of 0.61 kPa (0.18 in. Hg) without con
densation occurring. However, the imaginary volume at standard conditions can be 
calculated and is just as useful a quantity in the calculation of volume-mole relation-

TABLE 3.1 Common Standard Conditions for the Ideal Gas 

System T P V 

SI 273. 15K 101.325 kPa 22.415 m'/kg mol 
Universal scientific O.O°C 760 mm Hg 22.415 liters/g mol 
Natural gas industry 60.0~ 14.696 psia 379.4 ft'/Ib mol 

(15.0°C) (101.325 kPa) 
American engineering 32°F I atm 359.05 ft'/Ib mol 
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ships as though it could exist. In the following, the symbol V will stand for total vol
ume and the symbol 11 for volume per mole, or per unit mass. 

Because the SI, universal scientific, and American engineering standard con
ditions are identical, you can use the values in Table 3.1 with their units to change 
from one system of units to another. Knowing the standard conditions also makes it 
easy for you to work with mixtures of units from different systems. 

The next example illustrates how the standard conditions can be employed to 
convert mass or moles to volume. Do you see how to convert volume to moles or 
mass? 

EXAMPLE 3.1 Use of Standard Conditions 

Solution 

Calculate the volume, in cubic meters, occupied by 40 kg of CO2 at standard conditions. 

Basis: 40 kg of CO2 

.:.40::...::ck",g...:C::c0::.:2'-t..:I...:k,:;g,-:m=0;::;1 "C..:O::.2+2;:2", . ..:.42:...::m=:'-;C",O",,2 = 20.4 m' CO2 at S.C. 
44 kg CO2 I kg mol CO2 

Notice in this problem how the information that 22.42 m' at S.c. = I kg mol is applied to 
transform a known number of moles into an equivalent number of cubic meters. 

Incidentally. whenever you use cubic measure for volume, you must establish the con
ditions of temperature and pressure at which the cubic measure for volume exists, since the 
term u rn3

" or "ffi ," standing alone, is really not any particular quantity of material. 

You can apply the ideal gas law, Eq. (3.1), directly by introducing values for 
three of the four quantities, n, p, T, and V, and solving for the fourth. To do so, you 
need to look up or calculate R in the proper units. Inside the front cover you will find 
selected values of R for different combinations of units. Example 3.2 illustrates how 
to calculate the value of R in any set of units you want from the values of p, T, and 
11 at standard conditions. 

In many processes going from an initial state to a final state, you can use the 
ratio of ideal gas law in the respective states and eliminate R as follows (the sub
script 1 designates the initial state, and the subscript 2 designates the final state) 

PI VI = nlRTI 
P2 V2 n2 RT2 

or 

~:) (i,) = (::) (;:) (3.2) 

Note how Eq. (3.2) involves ratios of the same variable. This arrangement of the 
ideal gas law has the convenient feature that the pressures may be expressed in any 
system of units you choose, such as kPa, in. Hg, mm Hg, atm, and so on, as long as 
the same units are used for both conditions of pressure (do not forget that the pres-
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sure must be absolute pressure in both cases). Similarly, the grouping together ofthe 
absolute temperature and the volume terms gives ratios that are dimensionless. No
tice how the ideal gas constant R is eliminated in taking the ratio of the initial to the 
final state. 

Let us see how we can apply the perfect gas law both in the form of Eq. (3.2) 
and Eq. (3.1) to problems. 

EXAMPLE 3.2 Calculation of R 

Solution 

Find the value for the universal gas constant R for the following combinations of units: 
(a) For I Ib mol of ideal gas when the pressure is expressed in psia, the volume is in 

ft3llb mol, and the temperature is in OR. 
(b) For 19 mol of ideal gas when the pressure is in atm, the volume in em', and the 

temperature iii K. 
(c) For I kg mol of ideal gas when the pressure is in kPa, the volume is in m'/kg Inol, 

and the temperature is in K. 

Then 

(a) At standard conditions we will use the approximate values 

p = 14.7 psia 

V = 359 ft'/lb mol 

T = 492°R 

. pV 14.7 psia 359 ft' = 10 73 (psia)(ft') 
R = T = -47:9"'2°"'R---+--:1--;lb:--m--;01 . (OR)(Ib mol) 

(b) Similarly, at standard conditions, __ --=--c 

p=latm 

V = 22,415 cm'/g mol 

T = 273.15 K 

pV I atm 22,415 em' = 82 06 (cm')(atm) 
R = T = "'27::::3--:.1-=-57.K+-I-:-g- m---'01- . (K)(g mol) 

(c) In the SI system of units standard conditions are 

p = 1.013 x 10' Pa (or N/m2) 

V = 22.415 m'/kg mol 

T = 273.15 K 

pV 1.013 x 10' Pa 22.415 m' _ x' (Pa)(m') _ kJ 
R = T = -----,2:::7"'3--=.1-=-57.K=---+--:-1:-kg-m--:-ol - 8.313 10 (K)(kg mol) - 8.313 (K)(kg mol) 
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To summarize, we want to emphasize that R does not have a universal value 
even though it is sometimes called the universal gas constant. The value of R de
pends on the units of p, V, and T. 

EXAMPLE 3.3 Application of the Ideal Gas Law 

Solution 

Calculate the volume occupied by 88 lb of CO2 at a pressure of 32.2 ft of water and at IS'C. 

See Fig. E3.3. 

Solution J [Using Eq. (3.2)J: 

At S.c. (state J) 

p = 33.91 ft H20 

_ ft3 
V = 3S9 lb mol 

T = 273 K 

state 2 

tt' at 32.2 ft H20 
and t5°C Figure E3.3 

At state 2 

p = 32.2 ft H20 

T = 273 + IS = 288 K 

Basis: 88 lb of CO2 

Assume that the pressure is absolute pressure. First, we convert the mass of gas to moles and 
get the equivalent volume at standard conditions. Finally, we use Eq. (3.2), in which both R 
and (nl/n2) cancel out: 

You can say to yourself: The temperature goes up from Q'C at S.C. to IS'C at the final state, 
hence the volume must increase from S.C., hence the temperature ratio must be greater than 
unity. Similarly, you can say: The pressure goes down from S.c. to the final state, so that the 
volume must increase from S.C., hence the pressure ratio must be greater than unity. The 
calculations are 

.:.8.:.8 .::lb:...C::..O=, +--,.'C"C'-=-~-+-".3.::S9:....::ft3-,-l--':2-=88'--j--,:337·:.,::.91 = 798 ft3 CO, 
44 Ib CO, I Ib mol 273 32.2 at 32.2 ft H,O and IS'C 

I Ib mol CO, 

Solution 2 [using the gas constantR and the ideal gas law Eq. (3.1)]. 
First, the value of R must be obtained in the same units as the variables p, V, and T. 

For lib mol, 

R =pV 
T 
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p = 33.91 ft H20 

V = 359ft'/Ib mol 

T = 273 K 

R = 33.91 359 = 44 9 (ft H20)(ft') 
273 .5 (Ib mol)(K) 

Chap. 3 

Now, using Eq. (3.1), insert the given values, and perform the necessary calculations. 

Basis: 88 Ib of CO2 

v = nRT = -'8..:.8..:,lbe,.C.=.0.=.'''-1c....:.44.:.:.'''59:-('''ft::..:H:c::2:,:=0:o)('''ft'''')'+-:7.=.28;,:8-:K:-=-::-
p 44 Ib C02 (Ib mol)(K) 32.2 ft H20 

Ib mol C02 

= 798 ft' CO2 at 32.2 ft H20 and 15'C 

If you will inspect both solutions closely, you will observe that in both cases the same 
numbers appear and that both are identical except that in the second solution using R two 
steps are used'to obtain the solution. 

EXAMPLE 3.4 Ideal Gas Law 

Solutiou 

An oxygen cylinder used as a standby source of oxygen contains 0, at 70'F. To calibrate the 
gauge on the O2 cylinder which has volume of 1.01 ft', all of the oxygen, initially at 70'F, is 
released into an evacuated tank of known volume (15.0 fI'). At equilibrium, the gas pressure 
was measured as 4 in. H20 gauge and the gas temperature in both cylinders was 75"F. See 
Fig. E3.4. The barometer read 29.99 in. Hg. 

What did the pressure gauge on the oxygen tank read in psig if it was a Bourdon gauge? 

-V-=-16,0-n'-- -----
r-------~~ 75'F A 4 in. H20 Gauge 

1.01 It' 

-
70' F 
p =? Figure E3.4 

You must first convert the temperatures and pressures into absolute units: 

460 + 70 = 530'R 

460 + 75 = 535'R 

atmospheric pressure = 29.99 in. Hg = 14.73 psia 
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4 in. H,O 29.92 in. Hg 
final pressure = 29.99 in. Hg + =-:--:-::--::-+--::-::--;:-;-::-;c;-::' 

12 in. H,O 33.91 ft H,O 
ft H,O 

= 29.99 + 0.29 = 30.28 in. Hg absolute 

The simplest way to proceed, now that the data are in good order, is to apply the ideal 
gas law, Eq. (3.2). Take as a basis, 16.011 ft' (do not forget to include the volume of the 0, 
tank in your system!) of 0, at 75'F and 30.28 in. Hg. We want to determine the initial pres
sure in the 0, tank alone. 

(
16.01 ft') (530'R) . 

PI = 30.28 in. Hg I ft' 535'R = 480 m. Hg absolute 

In gauge pressure, 

(.480 - 29.99) in. Hg 14.696 psia _ 221 . 
PI = 29.92 in. Hg - pSlg 

EXAMPLE 3.5 Application of the Ideal Gas Law 

One important source of emissions from gasoline-powered automobile engines that causes 
smog is the nitrogen oxides NO and N02 . They are formed whether combustion is complete 
or not as follows. At the high temperatures that occur in an internal combustion engine during 
the burning process, oxygen and nitrogen combine to form nitric oxide (NO). The higher the 
peak temperatures and the more oxygen available, the more NO is formed. There is in
sufficient time for the NO to decompose back to 02 and N2 because the burned gases cool too 
rapidly during the expansion and exhaust cycles in the engine. Although both NO and nitro
gen dioxide (NO,) are significant air pollutants (together termed NO.), the NO, is formed in 
the atmosphere as NO is oxidized. 

Suppose that you collect a sample of a NO-NO, mixture (after having removed the 
other combustion gas products by various sepanttions procedures) in a l00-cm3 standard cell 
at 30'C. Certainly some of the NO will have been oxidized to NO" 

2NO + 0, --> 2NO, 

during the collection, stontge, and processing of the combustion gases, so that measurement 
of NO alone will be inisleading. If the standard cell contains 0.291 g of NO, plus NO and the 
pressure measured in the cell is 170 kPa, what percent of the NO + N02 is in the form of 
NO? See Fig. E3.5. 

V=100cm' 
p=170 kPo 

Figure E3.5 
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The gas in the cell is composed partly of NO and partly of NO,. We can use the ideal gas law 
to calculate the total gram moles present in the cell. 

Basis: 100 cm' of gas at 170 kPa and 30°C 

_1O-;:1::;.3:-7.k,..Pa--+-:-_-:-+-1_00-:-0-,-cm_' = 8.316 X 10' (kPa)(cm') 
R = 273 K I g mol 1 L (K)(g mol) 

pV 170 kPa 
n=-= 

RT 8.316 x 10' (kPa)(cm') 
(K)(g mol) 

100 cm' 
303 K = 0.00675 g mol 

If the mixture is composed of NO (MW = 30) and NO, (MW = 46), because we 
know the total mass in the cell we can compute the fraction of, say, NO. Let x = grams of 
NO; then (0.291 - x) = g NO,. In a table format the calculation is 

Component g Mol. WI. g mol 

NO 30 
x 

x 
30 

NO, 0.291 - x 46 
0.291 - x 

46 

Total 0.291 0.00675 

or 

~ + 0.291 - x = 0 00675 
30 46 . 

0.0333x + (0.291 - x)(0.0217) = 0.00675 

The weight percent NO-is -- - -

and the mole percent NO is 

x = 0.0366 g 

0.0366 (100) = 125'Ji 
0.291 . 0 

0.0366 g NO I g mol NO (100) = 18% 
0.00675 g mol total . 30 g NO 

Can you let x be the mole fraction NO and obtain the same result? (Answer: Yes.) Try 
the calculation. 

Self-Assessment Test 

1. \\Tite down the ideal gas law. 
2. What are the dimensions of T, p, V, n, and R? 
3. Ust the standard conditions for a-gas in the SI, universal scientific, and American engi

neering systems of units. 
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4. Calculate the volume in ft' of 10 lb mol of an ideal gas at 68°F and 30 psia. 
5. A steel cylinder of volume 2 m' contains methane gas (Ca.) at 50°C and 250 kPa abso

lute. How many kilograms of methane are in the cylinder? 
6. What is the value of the ideal gas constant R to use if the pressure is to be expressed in 

atm, the temperature in kelvin, the volume in cubic feet, and the quantity of material in 
pound moles? 

7. Twenty-two kilograms per hour of Ca. are flowing in a gas pipeline at 30°C and 920 mm 
Hg. What is the volumetric fI~w rate of the Ca. in m' per hour? 

Thought Problems 

1. A candle is placed vertically in a soup plate, and the soup plate filled with water. Then the 
candle is lit. An inverted water glass is carefully placed over the candle. The candle soon 
goes Qut, and the water rises inside the glass. It is often said that this shows how much 
oxygen in the air has been used up. Is this conclusion correct? 

2. A scientific supply house markets aerosol-type cans containing compressed helium for 
filling balloons, doing demonstrations, and the like. On the label there appears the notice: 
"Because the can contains helium, it quite naturally feels empty. It is actually lighter full 
than empty." 

Is this statement correct? If so, why? If not, why not? 

3.1-2 Gas Density and Specific Gravity 

Your objectives in studying this 
section are to be able to: 

1. Define gas density and specifi9 gravity .. 
2. Calculate the specific gravity of a gas even if the reference condition is 

not clearly specified. 
3. Calculate the density of a gas given its specific gravity. 

The density of a gas is defined as the mass per unit volume and can be expressed in 
kilograms per cubic meter, pounds per cubic foot, grams per liter, or other units. 
Inasmuch as the mass contained in a unit volume varies with the temperature and 
pressure, as we have previously mentioned, you should always be careful to specify 
these two conditions. If not otherwise specified, the densities are presumed to be at 
S.C. Density can be calculated by selecting a unit volume as the basis and calculat
ing the mass of the contained gas. 

EXAMPLE 3.6 Calculation of Gas Density 

What is the density of N, at 27°C and 100 kPa expressed in: 
(a) SI units? 
(b) American engineering units?' 



Solution 

248 Gases, Vapors, Liquids, and Solids Chap. 3 

(a) 

Basis: I m' of N, at 27°C and 100 kPa 

1m' 28 kg 
':"'::"-I~~+~~~-+~==:-=::,:,:,r.I":;kc:.g-=m"'o~1 = 1.123 kg 

density = 1.123 kg/m' of N, at 27°C (300 K) and 100 kPa 

(b) 

Basis: I ft' of N, at 27°C and 100 kPa 

I ft' 28 Ib 
--+-=-C=--=:-f--:7':-'-::'-:'-:::--f--=-:=::-:-,.--1-I-:-::-lb-m-o"'"1 = 0.0701 Ib 

density = 0.0701 Ib/ft' of N, at 27°C (80°F) and 100 kPa (14.5 psia) 

The specific gravity of a gas is usually defined as the ratio of the density of 
the gas at a desired temperature and pressure to that of air (or any specified reference 
gas) at a certain temperature and pressure. The use of specific gravity occasionally 
may be confusing because of the manner in which the values of specific gravity are 
reported in the literature. You must be very careful in using literature values of 
specific gravity to ascertain that the conditions of temperature and pressure are 
known both for the gas in question and for the reference gas. Among the examples 
below, several represent inadequate methods of expressing specific gravity. 

(a) What is the specific gravity of methane? Actually, this question may have the 
same answer as the question: How many grapes are in a bunch? Unfortunately, 
occasionally one may see this question and the best possible answer is 

(b) 

.... deiisiiYoCmethaneatS~C.- ----

sp gr = density of air at S.C. 

What is the specific gravity of methane (Hz = 1.00)? Again a poor question. 
The notation of (H, = 1.00) means that Hz at S.C. is used as the reference 
gas, but the question does not tell what the conditions of temperature and pres
sure of the methane are. Therefore, the best interpretation is 

density of methane at S.C. 
sp gr = density of H, at S.C. 

(c) What is the specific gravity of ethane (air = 1.00)? Same as question (b) ex
cept that in the petroleum industry the following is used: 

density of ethane at 600P and 760 mm Hg 
sp gr = density of air at S.C. (600 P, 760 mm Hg) 

(d) What is the specific gravity of butane at 50°C and 90 kPa? No reference gas nor 
state of reference gas is mentioned. However, when no reference gas is men
tioned, it is taken for granted that air is the reference gas. In the case at hand 
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the best thing to do is to assume that the reference gas and the desired gas are 
under the same conditions of temperature and pressure: 

density of butane at 50°C and 90 kPa 
sp gr = density of air at 50°C and 90 kPa 

(e) What is the specific gravity of CO, at 600 P and 740 mm Hg (air = I.OO)? 

sp gr = 
density of CO, at 60°F and 740 mm Hg 

density of air at S. C. 

(f) What is the specific gravity of CO, at 600 P and 740 mm Hg (ref. air at S.C.)? 

sp gr = same as question (e) 

EXAMPLE 3.7 Specific Gravity of a Gas 

Solution 

What is the specific gravity of N, at 800P and 745 nun Hg compared to 
(a) Air at S.c. (32"F and 760 nun Hg)? 
(b) Air at 800P and 745 nun Hg? 

First you must obtain the density of the Nz and the air at their respective conditions of tem
perature and pressure, and then calculate the specific gravity by taking a ratio of their densi
ties. Example 3.6 covers the calculation of the density of a gas, and therefore, to save space, 
no units will appear in the intermediate calculations: 

(a) 

Therefore, 

Basis: 1 ft' of N, at 800 P and 745 nun Hg 

1 28 
---1'-::-:-:-1-=-;-;:-+-:=+-=- = 0.0697 Ib N,/ft' at 80oP. 745 nun Hg 

Basis: 1 ft' of air at 32°P and 760 mm Hg 

~'--"'=-I-=.::...+-:=+-=2,,-9 = 0.0808 Ib air/ft' at 32°P. 760 nun Hg 

_ 0.0697 _ 8621b N,tft' N, at 80oP, 745 nun Hg 
sp.gr. - 0.0808 - O. Ib air/ft' air at S.C. 

Note: Specific gravity is not a dimensionless number. 
(b) 

Basis: 1 ft' of air at 800 P and 745 mm Hg 

29 
~-=':-:-I-=-:o-+-:=+-- = 0.0721 Ib/ft' at 800P and 745 mm Hg 

( 
) = 0.0697 = 0 967 1b N,tft' N, at 80oP, 745 nun Hg 

sp. gr. N, 0.0721 . Ib air/ft' air at 80oP, 745 nun Hg 

= 0.967 Ib N,/Ib air 
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Note that you can also obtain the specific gravity of a gas directly by taking the 
ratio of the ideal gas law densities of each gas. Thus (the gases are denoted by the 
respective subscripts A and B) 

mRT 
pV = -:--

mol. wt. 

where m is the mass of gas. The gas density is 

m p (mol. wt.) 
P=,,= RT. 

and the ratio of gas densities is 

PA spgr=-= 
PB 

(PA) (mol. wt.A) (TB) 
\.P. mol. Wt.B TA 

(3.3) 

For gases at the same temperature and pressure, the specific gravity is just the ratio 
of the respective molecular weights. . 

SeN-Assessment Test 

1. What is the density of a gas that has a molecular weight of 0.123 kg/kg mol at 300 K and 
1000 kPa? 

2. What is the specific gravity of CH., at 700P and 2 atm compared to air at S.C.? 

Thought Problem 

1. Sea breezes provide welcome relief from the summer heat for residents who live close to 
the shore. No matter what part of the world-the coast of California, Australia where sea 
breezes can be very strong, even along the shores of the Great Lakes---cthe daily pattern in 
summertime is the same. The sea breeze, a wind'blowing from sea to land, begins to de-

__ y~lQP __ tl}r~~ QrJo!lr_ho~~ilfter sunrise and reaches its peak intensity by mid-afternoon. It 
may penetrate inland as much as 60 or 70 km. The sea breeze diesouTiIi the-evening and-
three or four hours after sunset may be replaced by a land breeze, blowing from land to 
sea. The land breeze, much weaker than the sea breeze, reaches its peak intensity just be-
fore sunrise. ' 

What causes these breezes? 
2. A distillation column reboiler in a room, as shown in the figure, had been cleaned, butthe 

Figure TP3.2 
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manhole cover was not securely fastened on startup again. As a result benzene vapor es
caped from the manhole and one operator died by asphyxiation. How could this occur? 

3.1-3 Ideal Gas Mixtures 

Your objectives in studying this 
section are to be able to: 

1. Write down and apply Dalton's law and Amagat's law. 
2. Define and use partial pressure in gas calculations. 

3. Show that under certain assumptions the volume fraction equals the 
mole fraction in a gas. 

Frequently, as an engineer, you will want to make calculations for mixtures of 
gases instead of individual gases. You can use the ideal gas law (under the proper as
sumptions of course) for a mixture of gases by interpreting p as the total pressure of 
the mixture, V as the volume occupied by the mixture, n as the total number of 
moles of all components in the mixture, and T as the temperature of the mixture. Is 
it possible to calculate a pressure or volume for the individual components? The an
swer is yes in a certain sense. Two classical definitions exist: 

(a) The partial pressure of Dalton, Pi, namely the pressure that would be exerted 
by a single component in a gaseous mixture if it existed by itself in the same 
volume as occupied by the mixture and at the same temperature of the mixture 

(3.4) 

where Pi is the partial pressure of component i. If you divide Eq. (3.4) by Eq. 
(3.1), you find that 

Pi "Vtotal = nj R1;otal 
PIota! V total nIota! RTtotal 

or 

(3.5) 

where Yi is the mole fraction of component i. Can you show that Dalton's law 
of the summation of partial pressures is true? 

PI + p, + ... + pn = p, (3.6) 

(b) The partial volume of Amagat, 11" namely the volume that would be occupied 
by a single component of the mixture if the component were at the same tem
perature and total pressure as the mixture 

PlOta/. Vi = nj R1'total (3.7) 
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Division by Eq. (3.1) yields 

PI Vi njRTr --=--
Pt Vt ntRTr 

or 

(3.8) 

Can you show that Amagat's law of the summation of partial volumes is true? 

V, + V, + ... + V. = V, (3.9) 

To illustrate the significance of Eq. (3.4) and the meaning of partial pressure, 
suppose that you carried out the following experiment with ideal gases. Two tanks of 
1.50 m' volume, one containing gas A at 300 mm Hg and the other gas B at 400 mm 
of Hg (both gases being at the same temperature of 20°C), are connected together. 
All the gas in B is forced into tank A isothermally. Now you have a 1.50-m' tank of 
A + B at 700 mm of Hg. For this mixture (in the 1.50-m' tank at 20°C and a total 
pressure of 700 mm Hg) you could say that gas A exerts a partial pressure of 
300 mm and gas B exerts a partial pressure of 400 mm. Of course you cannot put a 
pressure gauge on the tank and check this conclusion because the pressure gauge will 
read only the total pressure. These partial pressures are hypothetical pressures that 
the individual gases would exert and are equivalent to the pressures they actually 
would have if they were put into the same volume at the same temperature all by 
themselves. If the total pressure of the gaseous mixture is known as well as the mole 
fraction of a component, the partial pressure of the component can be calculated via 
Eq. (3.5): 

P~=_700~~J = 300 mm Hg ____________ _ 

An analogous explanation can be made for the partial volume of A in the mix-
ture using Eq. (3.8): 

VA = 1.50(~) = 0.64 m' at 700 mm Hg and 20°C 

Finally, Eq. (3.8) leads to the principle, stated earlier in Chap. I, that 

volume fraction = mole fraction = y, 

for an ideal gas. 

EXAMPLE 3.8 Partial Pressures and Volumes 

(3.10) 

A gas-tight room has a volume of 1000 m'. This room contains air (considered to be 21 % 0, 
and 79% N,) at 20°C and a total pressure of 1 atm. 

(a) What is the partial volume of 0, in the room? 
(b) What is the partial volume of N, in the room? 
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(c) What is the partial pressure of O2 in the room? 
(d) What is the partial pressure of N2 in the room? 
(e) If all of the 0, were removed from the room by some method, what would be the 

subsequent total pressure in the room? 

See Fig. E3.8 

1000 m' 
1 aIm 
0' 

Air 

Basis: 1000 m' of air at 20'C and I atm 

?m30z 
1 aim and 20° C 

? m3 N2 

1 aIm and 20° C 
Figure E3.8 

Partial volumes can be calculated by multiplying the total volume by the respective 
component mole fractions [Eq. (3.8)]: 

(a) Vo, = (0.21)(1000) = 210 m' O2 at 20'C, I atm 
(b) VN, = (0.79)(1000) = 790 m' N, at 20'C, I atm 

total volume = 1000 m' air at 20'C, I atm 
Note how the temperature and pressure have to be specified for t~e partial volumes to make 
them meaningful. 

Partial pressures can be calculated by multiplying the total pressure by the respective 
component mole fractions [Eq. (3.5)]; the basis is still tHe same: 

(c) Po, = (0.21)(1 atm) = 0.21 atm when V = 1000 m' at 20'C 
'(d) PN2 = (0.79)(1 atm) = 0.79 atm when V = 1000 m'at 20'C 

total pressure = 1.00 atm when V 1000 m' at 20'C 
(e) If a tight room held dry air at I atm and all the oxygen were removed from the air 

by a chemical reaction, the pressure reading would full to 0.79 atm. 
For use in our subsequent calculations you should clearly understand now that the origi

nal room contained: 

or 

(I) 790 m' dry N, at I atm and 20'C 
(2) 210 m' dry 0, at I atm and 20'C 
(3) 1000 m' dry air at 1 atm and 20'C 

(I) 1000 m' dry 0, at 0.21 atm and 20'C 
(2) 1000 m' dry N, at 0.79 atm and 20'C 
(3) 1000 m' dry air at 1.00 atm and 20'C 

(add I and 2) 

(add I and 2) 

EXAMPLE 3.9 Calculation of Partial Pressures from Gas Analysis 

A flue gas analyzes 14.0% CO" 6.0% 0" and 80.0% N,. It is at 400'F and 765.0 mm Hg 
pressure. Calculate the partial pressure of each component. 
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Use Eq. (3.5). 

Basis: 1.00 kg (or Ib) mol flue gas 

Component kg (or lb) mol p (mmHg) 

CO, 0.140 107.1 
0, 0.060 45.9 
N, 0.800 612.0 

Total 1.000 765.0 

On the basis of 1.00 mole of flue gas, the mole fraction y of each component, when multi
plied by the total pressure, gives the parti-a} pressure of that component. 

Self-Assessment Test 

1. Write down Dalton's law and Amagat's law. 

2. A gas has the following composition at 120"F and 13.8 psia. 

Component 

N, 
CH., 
C,H, 

Mol % 

2 
79 
19 

(a) What is the partial pressure of each component? 
--~~---~ --(b)-Whatis the partial volume~ofeach component if the total volume of the container is ---

2 ft'? 
(c) What is the volume fraction of each component? 

3. (a) If the C,H, were removed from the gas in problem 2, what would be the subsequent 
pressure in the vessel? 

(b) What would be the subsequent partial pressure of the N,? 

3.1-4 Material Balances Involving Gases 

Now that you have had a chance to practice applying the ideal gas law to simple 
transformations, we turn our attention back to material balances. The only differ
ence between the subject matter of Chapter 2 and this section is that here the 
amount of material flow can be specified in terms of p, V, and T rather than solely 
mass or moles. For example, the basis for a problem, or the quantity to be solved 
for, might be a volume of gas at a given temperature and pressure rather ihan a mass 
of gas. The next two examples illustrate two of the same types of the problems you 
have encountered before. 
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EXAMPLE 3.10 Material Balance with Combustion 

Solution 

A synthesis gas analyzes 6.4% CO2• 0.1 % O2 , 39% CO, 51.8% H2 , 0.6% CIf" and 2.1 % N2 • 

It enters the combustion chamber at 90'F and a pressure of 35.0 Hg, and is burned with 40% 
excess air (dry) which is at 70'F and the atmospheric pressure of 29.4 in. Hg; 10% of the CO 
remains unburned. H9W many cubic feet of air are supplied per cubic foot of entering gas? 
How many cubic feet of product are produced per cubic foot of entering gas if the yxit gas is 
at 29.4 in. Hg and 400'F? 

This is a steady-state problem with reaction in which you can directly add and subtract quan
tities; you do not have to solve simultaneous equations. 

Step 1, 2, and 3 Figure E3.1O illustrates the process and notation. With 40% excess 
air, certainly all the CO, H2, and CIf, should burn to CO2 and H2 0; apparently, for some un
known reason, no~ all qf the CO burns to CO2 . The product gases are shown in the figure. 

Compo 

CO, 
0, 
CO 
H, 
CH, 
N, 

90' Fond 35.0 in. Hg 
Gas 100 Ib mal 

r-----, 400' Fond 29.4 in. Hg 
Product ---------1 Combustion 

% = mol 0, reqd. P Ib 

6.4 Air A = ? CO, 
0.1 (0.1) 0, 0.21 H,O 

39.0 19.5 N, 0.79 CO 
51.8 25.9 0, 
0.6 1.2 1.00 N, 
2.1 40% xs 

100.0 46.5 70° F and 29.4 in. Hg 

Figure E3.10 

mal 

? 

? 

? 
? 

? 

Step 4 You could take I fl3 at 90'F and 35.0 in. Hg as the basis, but it is just as easy 
to take I Ib mol because then % = Ib mol. At the end of the problem you can convert Ib mol 
to ft'. 

Basis: 100 lb mol synthesis gas 

Step 3 (continued) The entering air can be calculated from the specified 40% excess 
air; the reactioI!s for complete combustion are 

CO + 40, ----> cO2 

H2 + 402 ------7 H20 

CH, + 202 ----> CO2 + 2H,O 

the moles of oxygen required are listed in Fig. E3.1O. The excess oxygen is 

Excess 0,: 0.4(46.5) = 18.6 

Tot~l 0, = 46.5 + 18.6 = 65.10 

N2 in 65.IOG~) = 244.9 

Total moles of air are 244.9 + 65.10 = 310 lb mol. 
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Steps 5 and 6 Five unknowns exist, the five products. You can make four element 
balances plus know the fraction of the entering CO that exits in P. Hence the problem has a 
unique solution. 

Steps 7,8, and 9 We can use the chemical equations plus elemental balances to di
rectly calculate the products. 

In with Fuel Out 

N2 : 2.1 N,: 2.1 + 244.9 = 247.0 

H,: 51.8 H,O: 51.8 + 0.6(2) = 53.0 

CO: 39.0 CO: 39.0(0.10) = 3.9 

CO,: 6.4 CO,: 6.4 + 39.0(0.9) + 0.6 = 42.1 

The oxygen (0,) balance is 

6.4 + 0.1 + H39.0) + 65.1 = H53.0) + H3.9) + 42.1 + 0,"., 
so that the exit 0, is 20.55 Ib mol. The total moles exiting sum up to be 366.55 Ib mol. 

Finally, we can convert the lb mol of air and product into the volumes reque·sted: 

Tg~ = 90 + 460 = 550"R 

1;;, = 70 + 460 = 530"R 

T prod." = 400 + 460 = 860"R 

ft' of gas: .:.100::::..:::lb:..:m=01:..e=n:::te=r.:.in::!g,-g!e:a:::s+~35::9:.;ft:..:' .::at:",S::C:::...J--=::~~f-=:29:.: . .:.92::..:::in.::.-:H,?-g = 343 x 10' 
I Ib mol 35.0 in. Hg 

, :.3.:.1O:...::lb,-m=ol:...::ai.:.r+3:..:5:.::9--,f:.::t'_a:..:t...:S:..;C,-+"'::'::-'--",.'--f--=2::,:9,:.' 9...:2:...::in::.. "H",g __ 1220 x 10' ft of air: 
I Ib mol 29.4 in. Hg 

ft' 366.55 Ib mol P 359 ft' at SC 29.92 in. Hg = 23409 x 10' 
of product: _ . --I-Ib-mol- . --29;4in;-Hg _____ . ______ _ 

The answers to the questions are 

1220 X 10' _ 6 ft' air at 530"R and 29.4 in. Hg 
343 X 10' - 3.5 ft' gas at 550"R and 35.0 in. Hg 

2340.9 X 10' = 6 82 ft' product at 860"R and 29.4 in. Hg 
343 x 10' . ft' gas at 550"R and 35.1 in. Hg 

EXAMPLE 3.11 Material Balance without Reaction 

Solution 

Gas at 15"C and 105 kPa is flowing through an irregular duct. To determine the rate of flow 
of the gas, CO, from a tank was passed into the gas stream. The gas analyzed 1.2% CO, by 
volume before, and 3.4% CO, by volume after, addition. The CO, left the tank, was passed 
through a rotameter, and was found to flow at the rate of 0.0917 m' /min at 7"C and 131 kPa. 
What was the rate of flow of the entering gas in the duct in cubic meters per minute? 

This is a steady-state problem without reaction. 
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Steps 1, 2, and 3 

F---'" i--i---",p 
15'C and 105 kPa . 15'C and 105 kPa 

c....,-----' 
% 1 CO2 100% % 

CO2 1.2 7'C CO2 3.4 
Other 98.8 0.0917 m' Other 96.6 

100.0 min 100.0 

Figure E3.11 
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Assume that the entering and exit gases are at the same temperature and pressure. 
Step 4 Take as a basis I min = 0.0917 m' CO2 at 7'C and 131 kPa. The gas analysis 

is in volume percent, which is the same as mole per cent. We could convert the 0.0917 m3 to 
moles and solve the problem in terms of moles, but there is no need to do so because we can 
calculate the flow rate of F in m' at 7'C and 131 kPa, and then convert the calculated volume 
to 15'C and 105 kPa. 

Steps 5 and 6 We do not know F and P, but can make two independent component 
balances, hence the problem has a unique solution. 

Steps 7, 8, and 9 

"Other" balance (m' at 7'C and 131 kPa): F(0.988) = P(0.966) 

CO2 balance (m' at 7'C and 131 kPa): F(0.012) + 0.0917 = P(0.034) 

Total balance (m' at 7'C and 131 kPa): F + 0.0917 = P 

Note that "other" is a tie component. Solution of Eqs. (a) and (c) gives 

F + 0.0917 = F(~::::) 

(a) 

(b) 

(c) 

or F = 4.0265 m' at 7'C and 131 kPa. Finally, we convert to a volumetric flow rate at 15'C 
and 105 kPa: 

4.0265 m' at 7'C and 131 kPa 131 kPa . 
==:...:::....:::...:...=....:==:...:::..::..t-;O=~J-;.IO:O:5:-.:k;:;P::=a = 5.17 m'/rmn at 15'C and 105 kPa 

Step 10 (Check) 

By Eq. (b): 4.026(0.012) + 0.0917 b 4.026(~::::)(0.034) 
The equation checks out to a satisfactory degree of precision. 

We have completed our review of the ideal gas law as applied to pure compo
nents and mixtures. In the next section we look at instances in which the ideal gas 
law does not apply. 

SeN-Assessment rest 
1. A furnace is fired with 1000 ft' per hour at 6O'F and I atrn of a natural gas having the fol

lowing volumetric analysis: CIL: 80%, C2fi.: 16%, O2: 2%, CO2: 1%, N2: 1%. The exit 
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flue gas temperature is 8000P and the pressure is 760 mm Hg absolute; 15% excess air is 
used and combustion is complete. Calculate the: 
(a) Volume of CO, produced per hour 
(b) Volume of H,O vapor produced per hour 
(c) Volume bf N, produced per hour 
(d) Total volume of flue gas produced per hour 

2. A flue gas contains 60% N2 and is mixed with air. If the resulting mixture flows at a rate 
of 250,000 ft'/hr and contains 70% N" what is the flow rate of the flue gas? State all your 
assumptions concerning the temperatures and pressures of the gas streams. 

3.2 REAL GAS RELATIONSHIPS 

We have said that at room temperature and pressure many gases can be assumed to 
act as ideal gases. However, for some gases under normal conditions, and for most 
gases under conditions of high pressure, values of the gas properties that you might 
obtain using the ideal gas law would be at wide variance with the experimental evi
dence. You might wonder exactly how the behavior of real gases comp~es with that 
calculated from the ideal gas laws. In Fig. 3.2 you can see how the pV product of 
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~ I;n 0.80 
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Figure 3.2 Deviation of real gases from the ideal gas law at high pres
sures. 
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several gases deviates from that predicted by the ideal gas laws as the pressure in
creases substantially. Thus it is clear that we need some way of computing the p-V-T 
properties of a gas that is not ideal, i.e. the real gas. 

Essentially there are four methods of getting or predicting real gas properties: 

(a) Equations of state 
(b) Compressibility charts 
(c) Estimated properties 
(d) Actual experimental data 

Even if experimental data are available, the other three techniques still may be 
quite useful for certain types of calculations. Of course, under conditions such that 
part of the gas liquefies, the gas laws apply only to the gas-phase portion of the sys
tem-you cannot extend these real gas laws into the liquid region any more than you 
can apply the ideal gas laws'to a liquid. 

Physical properties and/or the equations used to predict physical properties can 
be stored on spreadsheets. No programming experience is required, and simple cal
culations are easy to carry out using the spreadsheet software. Numerical data such 
as tables can be typed into cells, where they are easily seen. Equations can also be 
typed into cells and are introduced as needed. Labels and units as well as remarks 
can be added as needed. 

3.2-1 Equations of State 

Your objectives in studying this 
section are to be able to: 

1. Cite two reasons for using equations of state to predict p, V. T proper
ties of gases. 

2. Write down the van der Waals equations. 
3. Explain what the units are for the coefficients in van der Waals equa

tion or other equations of state. 
4. Solve the van der Waals equation or other equations of state for either 

p, V. n, or T given the values for the coefficients and the other vari
ables. 

5. Write down the names of five equations of state. 

Equations of state relate the p-V-T properties of a pure substance (or mixtures) by 
, theoretical or empirical relations. The simplest example of an equation of state is the 

ideal gas law itself. Table 3.2 lists a few of the commonly used equations of state 
(from among the hundreds that have been proposed) that involve two or more 
coefficients. In Secs. 1.7 and 4.3 and the supplementary references at the end of this 
chapter, you will find numerous sources of information about equations of state and 
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TABLE 3.2 Equations of State (for 1 Mole)' 

Van der Waals: 

(p + ;2) (V - b) = RT 

a = (27)R2T; 
64 p, 

b = (!)RT' 
8 P, 

Dieterici: 

RT . P = _, __ e-a/ v RT 

V-b 

Berthelot: 

RT a 
p =-,----, 

V - b T V2 

Redlich-Kwong: 

[ p + , a, ](V _ b) = RT 
T'!' v(v + b) . 

a = 0.4278
R2r;.' 

p, 

Beattie-Bridgeman: 

, f3 'Y 5 
pV = RT + """ + .,-- + .,-

V V 2 V' 

Rc 
f3 =RTBo-Ao-T2 

RBoc 
'Y = -RTBob + aAo - y 

5 = RBobc 
T' 

Benedict-Webb-Rubin: 

, f3(],TJW 
pV = RT +""" +.,--+.,-- +.,-

V V 2 V· V' 

Co f3 = RTBo - Ao - -T2 

(]' = bRT - a +!... exp (_2.) 
T2 y2 

1) = cy ex{~) 
w = aa 

b =O.0867
RT

, 
p, 

-- -- ----Peng:Robinson: 

RT aa 

Chap. 3 

Kammerlingh-Onnes: 
p = V - b - V(V + b) + b(V - b) 

, ( B C ) pV = RT I +""" +.,-- + ... 
V V 2 

Holborn: 

PV = RT(l + B'p + C'p2 + ... j 

a = 0.45724(R;~~) 

b = 0.07780(~2) 
a = [I + K(I - Ti12)]2 

K = 0.37464 + 1.54226w - 0.26992w2 

w = acentric factor (see p. 275) 

*TC" and pC" are explained in Sec. 3.2~2; V is the specific volume. 
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TABLE 3.3 Overall Average Deviation Between Predicted and Experimental 
Valnes Based on 4010 Experimental Points 

Absolute 
No. of deviation 

Equation coefficients % Reference 

Adachi-Lu-
Sugie 4 1.05 Fluid Phase Equilibria. v. II, p. 29 (1983) 

Harmens- Ind. Eng. Chem. Fundam., v. 19, p. 291 
Knapp 3 1.36 (1980) 

Schmidt-
Wenzel 3 1.39 Chemical Eng. Sci., v. 35, p. 1503 (1980) 

Kumar- Ind. Eng. Chern. Fundam., v. 21, p. 255 
Starling 4 1.39 (1982) 

Peng- Ind. Eng. Chern. Fundam., v. 15, p. 59 
Robinson 2 1.51 (1976) 

Redlich-
Kwong 2 1.64 Chern. Rev., v. 44, p. 233 (1949) 

Soave-Redlich-
Kwong 2 1.72 Chern. Eng. Sci., v. 27, p. 1197 (1972) 

Ishikawa-
Chung-Lu 2 2.71 AIChE i., v. 26, p. 372 (1980) 

Van der Waals 2 3.68 Ph.D. dissertation, Leiden, the Netherlands 
(1873) 

Clausius 
3 4.18 Ann. Phys. Chern., v. 9, 337 (1881) 

Wilson-
Redlich-
Kwong 2 4.42 Adv. Cryog. Eng., v. 9, p. 168 (1964) 

SOURCE: Y. Adachi, H. Sugie, and B. c.-y. Lu, i. Chern. Eng. ipn., v. 17, p. 624 
(1984) 

values of their respective coefficients for various compounds (and sometimes for 
mixture). Computer data bases' are also good sources of the same information in a 
convenient form. An equation of state to be effective must represent experimental 
data for p-V-T properties in the gas region with reasonable precision. 

In an evaluation of 11 cubic equations of state, Adachi, Sugie, and Lu reported 
the overall ratings listed in Table 3.3 based on 21 substances for which detailed ex
perimental data were available in the literature. You can see that some of the two 
parameter equations of state listed in Table 3.2 do as good ajob in predicting p-V-T 
properties, as do some of the equations of state with more coefficients. 

I P. Benedek and F. Olti. Computer Aided Chemical Thermodynamics o/Gases and Liquids: The
ory, Models and Programs, Wiley, New York, 1985. 
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Van der Waals equation. We will use the van der Waals equation as an ex
ample of an equation of state, not because it is the best in predicting p-V-T proper
ties, but because it is not too bad, is simple, and can be used to explain the computa
tion problems involving the use of equations of state. Figure 3.3 shows how well the 
van der Waals equation predicts the properties of CO, in comparison with experi
mental data. (Note how far the ideal gas law departs from the experimental data 
even at 52°C.) The van der Waals equation illustrates some of the typical theoretical 
development that has taken place as well as some of the computational problems in
volved in using equations of state. Keep in mind that some of the equations listed in 
Table 3.2 are completely empirical, whereas others, such as the van der Waals equa
tion, are semiempirical; that is, although they were developed from theory, the con
stants in the equation or portions of the equation are determined by experiment for 
each gas. 

80 

/ 

• ••••• experimental data 
-- Van der Waals' equation 

\ --- two phase envelope 

••...... 
". '. '. '. '. '. ". 

I . 
~/B 25'C" '. " 
"I., ........... ......... ~~ . ... . 

...--"' .. . .... 

" 

......... . ... . 
~ ...... '- ~~ -{'3- Vo;);;;<~ -E 3I'C--------

...... 25°C 

50~A~-~~-~~-~~--~~~ ...... ~~I7~·~C~~ 
50 100 150 200 250 300 350 

i>, cm3fg mole 

Figure 3.3 p-V-T properties of CO2 • 

Van der Waals tried to include in the ideal gas law the effect of the attractive 
forces among the molecules by adding to the pressure term, in the ideal gas law, the 
term 

where n = number of moles 

n'a 
V2 

a = a constant, different for each gas 
V = volume 

He also tried to take into account the effect of the volume occupied by the molecules 
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themselves by subtracting a term from the volume in the ideal gas law. These cor
rections led to the following equation: 

( 
n2a) p + V 2 (V - nb) = nRT (3.11) 

where a and b are constants determined by fitting the van der Waals equation to ex
perimental p-V-T data, particularly the values at the critical point, Values of the van 
der Waals constants for a few gases are given in Table 3.4. 

Let us look at some of the computational problems that may arise when using 
equations of state to compute p-V-T properties by using van'der Waals equation as 
arr illustration. Van der Waals equation can easily be explicitly solved for p as fol
lows: 

(3.12) 

However, if you want to solve for V (or n), you can see that the equation becomes 
cubic in V (or n): 

( 
nRT) n

2
a n'ab 

V' - nb + p V
2 + P V - P = 0 ' (3.13) 

Most of the equations of state are expressed explicitly in terms of p and some
times T. To solv~ for if, given p and T, you must extract a real root. In' the disk in 
the back of the book you will find two Fortran computer programs that can solve 

TABLE 3.4 Constants for the Van der Waals and Redlich-Kwong 'Equations 
Calculated From the Listed Values of the Critical Constants 

van der Waals' Redlich-Kwong 

a* bt at 

[ atm(ge::SJ ( em' ) 
gmol [(atm)(K)"3 Ce::,)] 

Air 1.33 X 106 36.6 15.65 X 106 

Ammonia 4.19 X 106 37.3 85.00 x 106 

Carbon dioxide 3.60 X 106 42.8 63.81 X 106 

Ethane 5.50 x 106 65.1 97.42 x 106 

Ethylene 4.48 x 106 57.2 76.92 X 106 

Hydrogen 0.246 X 106 .26.6 1.439 X 106 

Methane 2.25 x 106 42.8 31.59 X 106 

Nitrogen 1.347 X 106 38.6 15.34 x 106, 

Oxygen 1.% x 106 31.9 17.12 x 106 

Propane 9.24 X 106 90,7 180.5 X 106 

Water va~or 5.48 X 106 30,6 140,9 x 106 

'To convert to psia (ft'/ib mol)', multiply table value by 3.776 x 10-', 
tTo convert to ft'/ib mol, multiply table value by 1.60 X 10-'. 
*To convert to psia ('R)"3(ft'/lb mol)2, multiply table value by 2,807 x 10-', 

bt 
( em' ) 

g mol 

25.3 
25.7 
29.7 
45.1 
39.9 
18.5 
29.6 
26.8 
22.1 
62,7 
21.1 
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nonlinear equations and can be used to solve for Y if you have a reasonable initial 
guess for Y, say from the ideal gas law. One code uses Newton's method and the 
other a minimization method; refer to Appendix L for details of these methods. An 
alternative technique for finding the root of a function of a single variable is to plot 
the nonlinear function obtained by substituting p and T into the equation of state, 
collecting all the terms on the left-hand side of the equation, and finding at what 
value of Y the left-hand function crosses the zero axis as Y changes. Tao' gives a 
basic program for plotting and discusses some of the difficulties. Quite a bit of in
expensive software is available to execute such plots on any type of computer 
hardware. 

-----------------------.------------------
EXAMPLE 3.12 Application of Van der Waals' Equation 

Solution 

A 5.0-ft' cylinder containing 50.0 Ib of propane (C,H,) stands in the hot sun. A pressure 
gauge shows that the pressure is 665 psig. What is the temperature of the propane in the 
cylinder? Use van der Waals equation. See Fig. E3.12. 

5 ft' 
50lb 
C,H, 
r,? 

665 psig 

Figure E3.12 

Basis: 50 Ib of propane 

The van der Waals constants obtained from any suitable handbook or Table 3.4 are 

a = 3.49 X 10' pSiaCb f:oJ 

ft' 
b = 1.45 Ib mol 

(p + n~~)(V - nb) = nRT 

All the additional information you need is as follows: 

p = 665psig + 14.7 = 679.7psia 

R . .. 10 3 (psia)(ft') 
III proper umts IS = .7 (Ib moI)("R) 

'B. Y. Tao, Chern. Eng .. p. 145 (August 17, 1987). 
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50lb 
n = 44 Ib/lb mol = 1.136 Ib mol propane 

[679.7 + (1.136)'(~;;9 X IO')][5 _ 1.36(1.45)] = 1.136(1O.73)T 

T = 683°R = 223°P 

Can you solve the Redlich-Kwong equation explicitly for T? 

265 

EXAMPLE 3.13 Solutiou of the Van der Waals Equation for V 

Solution 

We will work Example 3.12 backward and solve for V givenp, T, and n: 

p = 679.7 psia ( 
ft' )' a = 3.49 X 10"' psia --I 

Ib rna 

ft' b = 1.45
1
-
b

-
mol 

We use Eq. (3.13), a cubic equation in V: 

() 
l pnb + nRT, n'a n'ab 0 I V = V - V + -V - - = 

p p p 
(a) 

Equation (a) might have one or three real roots, as indicated in Fig. E3.13, but we want a 
positive real root. 

flVl flvl 
One Real Root Three Reo I Roots 

O-~---~---
v 

Figure E3.13 

Let us apply Newton's method (refer to Appendix L) to obtain the desired root: 

I (V,) 
V,., = V, - /,(V,) 

where/,(V,) is the derivative of/(V) with respect to V evaluated at V,: 

reV) = 3V' _ 2(pnb + nRT) V + n'a 
p p 

(b) 

(c) 

You can obtain a reasonably close approximation to V (or n) in many cases from the 
ideal gas law, useful at least for the first trial. 
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nRT 
Vo=-

P 

1.1361b mol 10.73 (psia)(ft') 
(lb mol)('R) 

= 12.26 ft' at 679.7 psia and 683'R 

679.7 psia 

The second and subsequent estimates of V will be calculated using Eq. (b): 

f(Vo) 
V, = Vo - !'(Vo) 

f(Vo) = (12.26)' - (679.7)(1.137)(1.45~7;.;1.137)(10.73)(683) (12.26)2 

Chap. 3 

(1.137)2(3.49 x 10') (12 26) _ (1.137)'(3.49 x 10')(1.45) = 738.3 
+ 679.7' 679.7 

'( ) = ( 26)2 _ 2[(679.7)(1.137)(1.45) + (1.137)(10.73)(683)] (12 26) 
f Vo 3 12. 679.7 . 

+ (1.137)2(3.49 x 10") = 216.7 
679.7 

738.3 
V, = 12.26 - 216.7 = 8.85 

On the next iteration 

and so on until the change in Vk from one iteration to the next is sufficiently small. The New-
__ ~ ___ ton -"()(\~ .211 th~ diskillJ>aci<: of the bo_o"-wjl~xecute this technique for you. The final solu-

tion is 5.09 ft' at 679.7 psia and 683'R. ..--- ..... _- - --- ---

Other equations of state. Table 3.2 lists a few of the many equations of state in 
addition to van der Waals equation. The form of these equations is of interest inas
much as they are attempts to fit the experimental data with as few constants in the 
equation as possible. 

The two-constant, Peng-Robinson and Redlich-Kwong equations appear to be 
quite good according to Table 3.3. Figure 3.4 compares the van der Waals and the 
Redlich-Kwong equations of state with experimental data. 

One form of the equation known as the virial form is illustrated by the equa
tions of Kammerlingh-Onnes and Holborn. These are essentially power series in 
l/Vor inp, and the quantities B, C, D, and so on, are known as virial coefficients. 
These equations reduce to pV = RT at low pressures. 

In spite of their complications, equations of state are important for several rea
sons. They permit a concise summary of a large mass of experimental data and also 
permit accurate interpolation between experimental data points. They provide a con-
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Figure 3.4 Comparison of experimental values (dots) with predicted values (solid 
lines) for two equations of state. 
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tinuous function to facilitate calculation of physical properties involving differentia
tion and integration. Finally, they provide a point of departure for the treatment of 
thermodynamic properties of mixtures. However, for instructional purposes, and for 
many engineering calculations, the techniques of predicting p-V-T values discussed 
in the next section are more convenient to use and usually have adequate accuracy. 

Self-Assessment Test 

1. Equations of state for gases are often used to predict p-V-T properties of gas. Cite two 
reasons. 

2. The constants for an equation of state are usually evaluated in one of two ways. 
(a) What are these? . 
(b) Which method would you expect to give an equation showing the least error? 

3. What are some of the tests that you might apply to see how an equation of state fits p-V-T 
data? 

4. What factors in a real gas cause the gas to behave in a nonideal manner? How are these 
factors taken into account in the van der Waals equation? 

5. What are the units of a and b in the SI system for the Redlich-Kwong equation? 

6. You measure that 0.00220 Ib mol of a certain gas occupies a volume of 0.95 ft' at I atm 
and 32°F. If the equation of state for this gas is pV = nRT(1 + bp), where b is a con
stant, find the volume at 2 atm and ?1°P' 

7. Calculate the temperature of 2 g mol of a gas using van der Waals equation with a = 
\.35 X 10-6 (m6)(atm)(g mol-'), b = 0.0322 X 10-' (m')(g mol-') if the pressure is 100 
kPa and the volume is 0.0515 m'. 

8. Calculate the pressure of 10 kg mol of ethane in a 4.86-dm' vessel at 300 K using two 
equations of state: (a) ideal gas and (b) Beattie-Bridgeman. For the latter, Ao = 5.880, 
a = 0.05861, Bo = 0.09400, b = 0.01915, and c = 90.0 X 10'. Compare with your an
swer the observed value of 34.0 atm. 

9. The van der Waals constants for a gas are a = 2.31 X 106 (atm)(cm'/g mol)' and b = 
44.9 cm'/g mol. Find the volume per kilogram mole if the gas is at 90 atm and 373 K. 
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Thought Problems 

1. Municipal sludge is being converted to sterile ash and readily biodegradable liquid effluent 
in a mile-deep well at Longmont, Colo. The nation's first deep well wet-air oxidation 
sludge destruction process reduces chemical oxygen demand (COD) by up to 68% and de
stroys all living organisms, according to Howard C. Delaney, superintendent of Long
mont's wastewater treatment plant. 
The VerTech Treatment System is suspended in the conventionally drilled, concrete
encased well. 'lUbes of various diameters are concentrically fitted within the well to create 
annular spaces for the two-phase flow. Oxidation takes place at the bottom of the well. 

Why is it advantageous to oxidize the sludge at the bottom of a well rather than in a 
pond at ground level? 

2. From the Oil and Gas Journal. p. 55, December 2, 1985. 

Gas trapped in a subsea blowout preventer (BOP) can be a serious problem in a deepwater 
drilling. 

Amoco used nitrogen to confirm a safe method to remove gas trapped in a subsea BOP. 
The gas can be recovered up the choke line by displacing the kill mud with water and then 
allowing the gas to expand against the lower hydrostatic gradient of the water. 

The test was conducted in the Gulf of Mexico from a semisubmersible working in 
1,015 ft. of water. 

What is the difficulty with a gas bubble trapped in the BOP? 

3.2·2 Critical State, Reduced Parameters, and 
Compressibility 

Your objectives in studying this 
section aTe to be-iiblito: 

1. State the law of corresponding states. 
2. Define the critical state. 

3. Calculate the reduced temperature, reduced pressure, and reduced 
volume, and to use any two of these parameters to obtain the com
pressibility factor, Z, from the Nelson and Obert charts. 

4. Use compressibility factors and appropriate charts to predict the 
p-V-T behavior of a gas, or given the required data, find compress
ibility factors. 

5. List Newton's corrections for H, and He to T" and p,. 
6. Calculate the ideal critical volume and ideal reduced volume, and be 

able to use V,; as a parameter in the Nelson and Obert charts. 

In the attempt to devise some truly universal gas law for high pressures, the idea of 
corresponding states was developed. Early experimenters found that at the critical 
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point all substances are in approximately the same state of molecular dispersion. 
Consequently, it was felt that their thermodynamic and physical properties should be 
similar. The law of corresponding states expresses the idea that in the critical state 
all substances should behave alike. 

Now that we have mentioned critical state several times, let us consider ex
actly what the term means. You can find many definitions, but the one most suitable 
for general use with pure component systems as well as with mixtures of gases is the 
following: 

The critical state for the gas-liquid transition is the set of physical conditions at 
which the density and other properties of the liquid and vapor become identical. 

This point, for a pure component (only), is the highest temperature at which liquid 
and vapor can exist in equilibrium. . 

Refer to Fig. 3.5. The vertical lines between the curves are lines of constant 
temperature connecting the vapor and liquid phases, which are in equilibrium. As 
the temperature increases, the specific volumes of the vapor and liquid approach 
each other until finally at 374. 14°C, the values are the same. At the critical state wa
ter undergoes a transition from liquid to vapor without the appearance of a distinct 
two-phase region. If you watch a liquid held at or above the critical temperature and 
expand its volume, you cannot tell when the liquid becomes a vapor, because no 
interface is formed between the phases-no liquid surface can be seen. This phe
nomenon occurs at such a high pressure and temperature for water that it is outside 
your everyday experience. 

You can find experimental values of the critical temperatiue (T<) and the criti
cal pressure (p<) for various compounds ·inAppendix D. If you cannot find a desired 
critical value in this text or in a handbook, you can always consult Reid, Prausnitz, 
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8.0 0.13 

0.12 
7.0 705.34
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F 0.11 
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350
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> 2.0 0.03 

1.0 Liquid 
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Figure 3.5 Critical point for a pure substance (water). 
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and Poling' or Hakata and Hirata,4 which describe and evaluate methods of estimat
ing critical constants for various compounds. 

The gas-liquid transition described above is only one of several possible transi
tions exhibiting a critical point. Critical phenomena are observed in liquids and 
solids as well, as described in Sec. 3.7. 

Another set of terms with which you should immediately become familiar are 
the reduced conditions. These are corrected, or normalized, conditions of tempera
ture, pressure, and volume and are expressed mathematically as 

T 
Tr = Tc (3.14) 

-p pr --
p, 

(3.15) 

V 
Vr = Vc (3.16) 

The idea of using the reduced variables to correlate the p-V-T properties of 
gases, as suggested by van der Waals, is that all substances behave alike in their re
duced (Le., their corrected) states. In particular, any substance would have the same 
reduced volume at the same reduced temperature and pressure. If a relationship does 
exist involving the reduced variables that can be used to predict p" T" and V" what 
would the equation be? Certainly, the simplest form of such an equation would be to 
imitate the ideal gas law, or 

p, v, = rRT, (3.17) 

where r is some universal constant. Although Eq. (3.17) works for many gases at 
high temperature and pressure, it fails to predict gas properties adequately in the re
gion where the ideal gas law applies (at low pressure somewhat below p, = 1.0) . 

. -A more·'convenient and' accurate· way-that has-been-developedto-tie·together·-
the concepts of the law of corresponding states and the ideal gas law is to revert to a 
correction of the ideal gas law, that is, a generalized equation of state expressed in 
the following manner: 

pV = znRT (3.18) 

where the dimensionless quantity z is called the compressibility factor and is a 
function of the pressure and temperature: 

z = ",(p, T) (3.19) 

One way to look at z is to consider it to be a factor that makes Eq. (3.18) an equal
ity. If the compressibility factor is plotted for a given temperature against the pres
sure for different gases, you obtain figures like Fig. 3.6(a). However, if the com
pressibility is plotted against the reduced pressure as a function of the reduced 

3R. C. Reid, J. M. Prausnitz, and B. E. Poling, The Properties o/Gases and Liquids, 4th ed., 
McGraw-Hill, New York, 1987. 

'T. Hakata and M. Hirata, J. Chern. Eng. Japan. v. 3, p. 5(1970). 
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Figure 3.6 <a) Compressibility factor as a function of temperature and 
pressure; (b) compressibility as a function of reduced temperature and re
duced pressure. 

temperature, 

z = I/J(p" T,) (3.20) 

then for most gases the compressibility values at the same reduced temperature and 
reduced pressure fall at about the same point, as illustrated in Fig. 3.6(b). 

This outcome permits the tise of what is called a generalized compressibility 
factor, and Figs. 3.7 are the generalized compressibility charts or z-factor charts 
prepared by Nelson and Obert.' These charts are based on 30 gases .. ·Figur.es 3.7(b) 
and (c) represent z for 26 gases (excluding H2, He, NH" H20) with a maximum de
viation of 1%, and H2 and H20 within a deviation of 1.5%. Figure 3.'(d) is for 26 
gases and is accurate to 2.5%, while Fig. 3.7(e) is for nine gases and' errors can be as 

. high as 5%. For H2 and He only, Newton's corrections to the actual critical con-
stants are used to give pseudocritical constants . 

T; = T, + 8 K 

p; = p, + 8 atm 

which enable you to use Figs. 3.7(a-e) for these two gases as well with minimum er-

'L. C. Nelson and E. F. Obert. Chern. Eng .• v. 61. No.7, pp. 203~208(1954j: Figures 3.7b and 
c include data reported by P. E. Liley, Chern. Eng., p. 123 (July 20,1987). 
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Figure 3.7 (a) Generalized compressibility chart showing the respective expanded 
portions. (b) Generalized compressibility chart, very low reduced pressure. (c) Gen
eralized compressibility chart, low pressure (d) Generalized compressibility chart, 
medium pressures (e) Generalized compressibility chart, high pressures. (I) Gener
alized compressibility chart, with special scales. 

ror. Figure 3.7(f) is a unique chart which, by having several parameters plotted 
simultaneously on it, helps you avoid trial-and-error solutions or graphical solutions 
of real gas problems. One of these helpful parameters is the ideal reduced volume 
defined as 

(3.21) 

Vc, is the ideal critical volume, or 

(3.22) 

Both V" and Vc, are easy to calculate since Tc and pc are presumed known. The devel
opment of the generalized compressibilitY chart is of considerable practical as well 
as pedagogical value because it enables engineering calculations to be made with 
considerable ease and also permits the development of thermodynamic functions for 
gases for which no experimental data are available. All you need to know to use 
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+ Compressibaity faclor, Z=pv/RT 
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Reduc:el:l pressure, P r 

Figure 3.7 (cont.) (e) 

these charts are the critical temperature and the critical pressure for a pure substance 
(or the pseudovalues for a mixture. as we shall see later). The value z = 1 repre
sents ideality. and the value z = 0.27 is the compressibility factor at the critical 
point. 

Quite a few authors have suggested that the generalized compressibility rela
tion [Eq. (3.20)] could provide better accuracy if another parameter for the gas were 
included in the argument on the right-hand side (in addition to p, and T,). Clearly, if 
a third parameter is used, adding a third dimension to p, and T" you have to employ 
a set of tables or charts rather than a single table or chart. 4'dersen et aJ. 6 developed 
tables of z that included as the third parameter the critical compressibility factor, 
z, = p, V,/RT,. Pitzer' used a different third parameter termed the acentric factor Ill, 
defined as being equal to -In p" - 1, where p" is the value of the reduced vapor 
pressure at T, = 0.70. Table 3.5 lists a few values of III for common gases. 

Viswanath and Su' compared the z factors from the Nelson and Obert charts, 
the Lydersen-Greenkorn-Hougen charts, and the two-parameter (T, and p,) 

6 A. L. lydersen, R. A. Greenkorn, and O. A. Hougen, Univ. Wis. Eng. Exp. St. Rep. No.4, 
Madison, Wis., 1955. 

'K. S. Pitzer,}. Am. Chern. Soc .• v. 77, p. 3427 (1955). 
'D. S. Viswanath and G. J. Su, AIChE J .. v. 11. p. 202 (1965). 
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TABLE 3.5 Values Of The Pitzer 
Acentric Factor 

Compound 

Ammonia 
Argon 
Carbon dioxide 
Carbon monoxide 
Chlorine 
Ethylene 
Hydrogen 
Ethane 
Hydrogen sulfide 
Methane 
Methanol 
Nitrogen 
Oxygen 
Propane 
Sulfur dioxide 
Water vapor 

Acentric factor 

0.250 
-0.002 

0.225 
0.049 
0.073 
0.085 

-0.220 
0.098 
0.100 
0.008 
0.559 
0.040 
0.021 
0.152 
0.251 
0.344 

277 

Viswanath and Su chart with the experimental z's for T,'s of 1.00 to 15.00 and p,'s 
of 0 to 40 for 19 gases with the following results: 

Number of points 
Average deviation 

(%) in z 

Viswanath
Su 

415 
0.61 

Nelson
Obert 

355 
0.83 

L¥dersen
Greenkorn

Hougen 

339 
1.26 

It is seen that all these charts yield quite reasonable values for engineering purposes. 
Because the increased precision that may accompany the use of a third parameter in 
calculating z is not necessary for our purposes, and because the presentation of z val
ues so as to include the third parameter is considerably more cumbersome, we shall 
not show the three-parameter tables here. 

EXAMPLE 3.14 Use of the Compressibility Factor 

In spreading liquid ammonia fertilizer, the charges fur the amount of NH3 are based on the 
time involved plus the pounds of NH3 injected into the soil. After the liquid has been spread, 
there is still some ammonia left in the source tank (volume = 120 ft3), but in the form of a 
gas. Suppose that your weight tally, which is obtained by difference, shows a net weight of 
125 1b of NHJ left in the tank as a gas at 292 psig. Because the tank is sitting in the sun, the 
temperature in the tank is 125'F. 



Solution 
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Your boss complains that his calculations show that the specific volume of the gas is 
1.20 f!'/lb and hence that there are only 100 lb of NH, in the tank. Could he be correct? See 
Fig. E3.14. 

292 psig " 

125'F 
V=120ft' 

Basis: 1 1b of NH, 

Figure E3.14 

Apparently, your boss used the ideal gas law in calculating his figure of 1.20 ft'/1b of NH, 
gas: 

R = 10.73 (psia)(f!') 
(Ib molWR) 

T = 125'F + 460 = 585'R 

P = 292 + 14.7 = 306.7 psia 

lib 
n = :C17~lb'c:/1::-b-m-o-o1 

If = nRT = -1;(10.73)(585) = 1.20 ft'/lb 
p 306.7 

However, he should have used the compressibility factor because NH, does not behave 
as an ideal gas under the observed conditions of temperature and pressure. Let us again com
pute the mass of gas in the tank this time using 

pV = znRT 

What is known and unknow~j?_ the equation? 

p = 306.7 psia 

V = 120 ft' 

z = ? 

n = f.r Ib mol 

T = 585'R 

The additional information needed (taken from Appendix D) is 

T, = 405.5K = 729.9'R 

p, = 111.3 a1m = 1636 psia 

Then, since z is a function of Tr and Po 

T. = I = 585'R = 0.801 
, T, 729.9'R 

p, = P- = 306.7psia = 0.187 
p, 1636 pSla 
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From the Nelson and Obert chart. Fig. 3.7(c). you can read z = 0.855. Now 11 can be calcu
lated as 

or 

A znRT A (z) V = -- = Videa! -
P Zideal 

A 1.20 ft' ideal 0.855 
V = Ib = 1.03 ft'lib NH, 

lIb NH, 120 ft' 

1.03 ft' 
II7 Ib NH, 

Certainly II7 Ib is a more realistic figure than 100 lb. and it is easily possible to be in error 
by 8 Ib if the residual weight of NH, in the tank is determined by difference. As a matter of 
interest you might look up the specific volume of NH, at the conditions in the tank in a hand
book-j'ou would find that 11 = 0.973 ft'/ib. and hence the compressibility factor calculation 
yielded a volume with an error of only about 4%. 

Example 3.15 Use ofthe Compressibility Factor 

Solutiou 

Suppose that 3.500 kg of liquid O2 is vaporized into a tank of 0.0284-m' volume at -25°C. 
What will the pressure in the tank be; will it exceed the safety limit of the tank (lOa atm)? 

See Fig. E3.15. 

Basis: 3.500 kg O2 

We know from Appendix D that 

T, = 154.4 K 

p, = 49.7 atm 

However, this problem cannot be worked exactly the same way as the preceding problem be
cause we do not know the pressure of the O2 in the tank. Thus we need to use the other 
parameter, V,p that is available on the Nelson and Obert charts. We first calculate 

A 0.0284 m' 32 kg 
V (rnolal volume) = 3.500 kg 1 kg mol = 0.2597 m

3
/kg mol 

Note that the molal volume must be used in calculating Vrj since VCj is a volume per mole. 
Next, 

ART, 0.08206(m')(atm) 154.4 K m' 
V,. = - = -;;--'-:-;-;';:cc--'-t-;-;::-::;-.,-- = 0.255--
'p, (kg moI)(K) 49.7 atm kg mol 

p=? / 

0.0284 m3 

3.500 kg O2 01- 25°C 
Figure E3.15 
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V 0.260 
V'I = -;:- = 0.255 = 1.02 

VCj 

Now we kno,,: two parameters, Vrj and, 

T 248 K 
T, = 'i = 154.4 K = 1.61 

From the Nelson and Obert chart [Fig. 3.7], 

P, = 1.43 

Then 

P = p,pc 

= 1.43(49.7) = 71.1 atm 

The pressure of 100 atm is not exceeded. 

Self-Assessment Test 

1. What is the ideal critical volume? What is the advantage of using VCj? 

Chap. 3 

2. In a proposed low pollution vehicle burning Hz-Oz , the gases are to be stored in tanks at 
2000 psia. The vehicle has to operate from -40 to !30°F. 
(a) Is the ideal gas law a sufficiently good approximation for the design of these tanks? 
(b) A practical operating range requires that 3 Ibm of hydrogen be stored. How large must 

the hydrogen tank be if the pressure is not to exceed 2000 psia? 
(c) The H,!O, ratio is 2 on a molar basis. How large must the oxygen tank be? 

---------"3;-A-carbon-dioxide-fire-extinguisher-has-a-volume-of-4O-L-and-is-to-be-charged_to_a_pressure __ 
of 20 atm at a storage temperature of 20°C. Determine the mass in kilograms of CO, 
within a charged extinguisher assuming it initially contains CO2 at 1 atm. 

4. Calculate the pressure of 4.00 g mol CO, contained in a 6.25 x 10-' m' fire extinguisher 
at 25°C. 

3.2-3 Calculation of p-V-T Properties via Generalized 
Group Contribution Methods 

The group contribution method has been successful in estimating p-V-T properties 
of pure components (as well as other thermodynamic properties). As indicated by 
the name, the idea is that compounds can be constituted from combinations of func
tional groups, the contribution of each group to a property can be tabulated, and the 
group contributious can be correlated and/or summed to give the desired property of 
the compound. The assumptiou is that a group such as -CR" or -OR, behaves 
identically no matter what the molecule may be in which it appears. This assumption 
is not quite true, so that any group contribution method yields approximate proper-
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ties. Probably the most widely used group contribution method is UNIFAC,,·l0 
which forms a part of many data bases. 

3.2·4 Gaseous Mixtures 

Your objectives in studying this 
section are to be able to: 

1. Use Dalton's law and an equation of state such as the van der Waals 
law to compute the total pressure of a gas mixture. 

2. Use average constants given the desired weighting method in an 
equation of state. 

3. Compute the mean compressibility factor. 
4. Use Kay's method of pseudocritical values to calculate the pseudo

reduced values and predict p, V. T, and n via the compressibility 
factor. 

So far we have discussed only pure compounds and their p-V-T relations. Most prac
tical problems involve gaseous mixtures and there is very little experimental data 
available for gaseous mixtures. Thus the question is: How can we predict p-V-T 
properties with reasonable accuracy for gaseous mixtures? We treated ideal gas mix
tures in Sec. 3.1.3, and saw, as we shall see later (in Chap. 4 for the thermo
dynamic properties), that for ideal mixtures the properties of the individual coinpo
nents can be added together to give the desired property of the mixture. But this 
technique does not prove to be satisfactory for real gases. The most desirable tech
nique would be to develop methods of calculating p-V-T properties for mixtures 
based solely on the properties of the pure components. Possible ways of doing this 
for real gases are discussed below. 

Averaged constants for equations of state. One way to employ equa
tions of state is to use average values for the coefficients in the equation. Take, for 
example, the van der Waals equation [Eq. (3.12)]. How should the coefficients for 
the individual components be averaged to give the least error on the whole? For the 
van der Waals equation, you could proceed as follows. For b (use a linear sum of the 
mole fraction weights): 

(3.23) 

9 A. Fredenslund, J. Gmehling, and P. Rasmussen, Vapor-Liquid Equilibria Using UN/FAC, El
sevier, Amsterdam, 1977. 

IOD. Tiegs, J. Gmehling. P. Rasmussen, and A. Fredenslund, Ind. Eng. Chern. Res .• v. 26, 
p. 159 (1987). 



282 Gases, Vapors, Liquids, and Solids Chap. 3 

For a (use a linear sum of the mole fraction weights of the square roots of a,): 

(3.24) 

If you are puzzled as to the reasoning behind the use of the square-root weighting 
for a, remember that the term in the van der Waals equation involving a is 

n'a 

V' 

in which the number of moles is squared. The method of average constants can· be 
successfully applied to most of the other equations of state listed in Table 3.2. The 
average constants can also be calculated from the pseudoreduced constants listed in 
Table 3.2. For example, for the van der Waals equation, 

27 R'T; 
a=---

64 p, 
and 

you could average T, and p, and then compute a and b for the mixture. 
Mixing rules used to estimate coefficients in gaseous mixtures via equations of 

state sometimes involve not only weighted sums of the coefficients of the pure com
ponents but interaction coefficients as well. Consequently, it is difficult to add new 
substances to a data base because of the large amount of data that has to be collected 
if the equation of state has more than two or three interaction coefficients. 

Mean compressibility factor. Another approach toward the treatment of 
gaseous mixtures is to say that pV = zmnRT, where Zm can be called the mean com
pressibility Jactor. With such a relationship the only problem is how to evaluate the 
mean compressibility factor satisfactorily. One obvious technique that might occur to 
you is to make Zm a mole average as follows: 

-Zm = ZA)IA-+-ZBcYB_-t_·-'_.'- ______ _______ (3.25L_ 

Since Z is a function of both the reduced temperature and the reduced pressure, it is 
necessary to decide what pressure will be used to evaluate p,. 

(a) Assume Dalton's law oj partial pressures. For each component Z is evaluated at 
T, and the reduced partial pressure for each gaseous component. The reduced 
partial pressure is defined as 

PA (PT)YA 
P'A = - = -- (3.26) 

peA peA 

(b) Assume Amagat's law oj pure component volumes. For each component Z is 
evaluated at T" and the reduced total pressure on the system. 

Pseudocritical properties. Many weighting rnles have been proposed to 
combine the critical properties of the components of a real gas mixture in order to 
get an effective set of critical properties ( pseudocritical) that enable pseudo-reduced 
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properties of the mixture to be computed. II The pseudoreduced properties in turn are 
used in exactly the same way as the reduced properties for a pure compound, and in 
effect the mixture can be treated as a pure compound. In instances where you know 
nothing about the gas mixture, this technique is preferable to any of those discussed 
previously. 

In Kay's method, pseudocritical values for mixtures of gases are calculated on 
the assumption that each component in the mixture contributes to the pseudocritical 
value in the same proportion as the number of moles of that component. Thus the 
pseudocritical values are computed as follows: 

(3.27) 

T; = T'AYA + T'BYB + . . . (3.28) 

where p; = pseudocritical pressure and T; = pseudocritical temperature. (It has 
also been found convenient in some problems to calculate similarly a weighted 
pseudo-ideal-critical volume V;,.) You can see that these are linearly weighted mole 
average pseudocritical properties. (In Sec. 3.7 we compare the true critical point of 
gaseous mixtures with the pseudocritical point.) Then the respective pseudo-reduced 
values are 

P' =.E... , , 
p, 

, T 
Tr = T; 

(3.29) 

(3.30) 

If you are faced with a complicated mixture of gases whose composition is not well 
known, you still can estimate the pseudocritical constants from charts l2 such as 
shown in Fig. 3.8 (a) and (b) if you know the gas specific gravity. Figure 3.8 is good 
only for natural gases composed mainly of methane that contain less than 5% impu
rities (C02 , N2 , H2S, etc.). 

Kay's method is known as a two-parameter rule since only p, and T, for each 
component are involved in the calculation of z. If a third parameter such as z" the 
Pitzer acentric factor, or V" is included in the determination of the mean compress
ibility factor, then we would have a three-parameter rule. All the pseudocritical 
methods do not provide equal accuracy in predicting p-V-T properties, but most 
suffice for engineering work. Stewart et al. 13 reviewed 21 different methods of de
termining the pseudoreduced parameters by three-parameter rules (see Table 3.6). 
Although Kay's method was not the most accurate, it was easy to use and not consid-

II You should still add Newton's corrections for H2 and He. 
12 Natural Gasoline Supply Men's Association, Engineering Data Book, Thlsa, Okla., issued peri

odically. 

I3W. E. Stewart, S. F. Burkhart, and David Voo, paper given at the AIChE meeting in Kansas 
City, Mo., May 18, 1959. Also refer to A. Satter and J. M. Campbell, Soc. Petrol. Engr. J., p. 333 
(December 1963); and H. E. Barner and W. C" Quinian • .f&EC Process Design and Development, v. 8, 
p. 407 (1969). 
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Figure 3.8 Estimation of critical properties of natural gases. 

erably poorer tban some of the more complex techniques of averaging critical prop
erties. 

In summary, we would have to state that no one method will consistently give 
the best results. Kay's pseudocritical method, on the average, will provide reason
able estimates, although other methods of greater accuracy (and of greater complex
ity) are available in the literature, as brought out in Table 3.6. All these methods be
gin to break down near the true critical point of the mixture and for highly polar 
compounds. 

EXAMPLE 3.16 p-V-T Relations for Gas Mixture 

Solution 

A gaseou.s mixture has the following composition (in mole percent): 

Methane, CH, 20 

Ethylene, c,H, 30 

.. Nitrogen,.Nz__ 5.0. 

at 90 atm pressure and lOO'C. Compare the molal volume as computed by the methods of: 
(a) the perfect gas law 
(b) the van der Waals equation using averaged constanlS 
(c) the mean compressibility fuctor and Dalton's law 
(d) the mean compressibility fuctor and Amagat's law 
(e) the pseudoreduced technique (Kay's method) 

Basis: 1 g mol of gas mixture 

Additional data needed are: 

Component ( em' )' a(atm) g mol (em' ) 
b g mol 

CH, 2.25 X 10' 42.8 
C,H, 4.48 X 10' 57.2 
N, 1.35 X 10' 38.6 

T,(K) p,(atm) 

191 45.8 
283 50.9 
126 33.5 
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(a) Perfect gas law: 

R = 82.06 (cm')(atm) 
(g mol)(K) 

11 = nRT = 1(82.06)(373) = 340 cm' at 90 atm and 373 K' 
. p 90 

TABLE 3.6 Prediction Of p-V-T Values Of Gas Density By Pseudoeritical 
Methods 

Method 

(I) Three-parameter Kay's rule: 

z' = " z y. c L.J "I I 

(2) Empirical: 

(3) Virial approach (Joffe's method III): 

T: = ~ 2: 2: YO'J[(!")'/' + (!21"'] 
pc 8 I j \Pc; \Pc) 
T; " T,. -L.Jy I vp; - 'V;; 

V~ = 2: VC/Yi 

(4) "Recommended" method 

T; _ I" T" 2 [,,@,,)V'J' '--L:..JYI-+- L.JYi-
Pc 3 Pel 3 Cj 

T: _~ Tel 
-::-r-; - L., y,-;;-r
Vp~ VpCj 

Percent 
root-meaD-square 

deviation of density, 
35 systems 

10.74 

6.06 

4.98 

4.32 

Percent 
root-mean-square 

deviation of density. 
CO2 and H2S 
free systems 

6.82 

5.85 

4.24 

3.26 

285 
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(b) To use average constants in the van der Waals equation, write it in the following 
fashion: 

(
- RT) (li) lib V' - b + P nV' + p n'V - pn' = 0 

where II and b are the average constants. 

(alii' = 0.2at'J4 + 0.3a1!,'H4 + 0.5all; 

(
em' )2 a = 2.30 x 106 atm -

g mol 

n = I g mol (the basis) 

, _ [4 0 + (82.06)(373)]V2 + [2.30 X 1Q6]V _ [(2.30 x 10
6
)(45.0)] = 0 

V 5. 90 90 90 

Let Vo = 340 [based on (a) abovel. You can solve the cubic equation by plotting it or by 
Newton's method (see the disk in the back of this book) to get V = 316 em' at 90 atm and 
373 K. 

(c) The table below shows how Dalton's law can be used to estimate a mean compress
ibility factor. 

Component p.(atm) T,(K) y (90)y ~ p P ~J!.. 
, p, 

CR, 45.8 191 0.2 18 0.393 1.95 
--C,R4---50;9------283--0c3---29--- --Oc530-- -1.32--- ---

N, 33.5 126 0.5 45 1.343 2.96 

Component z (z)(y) 

CR, 0.99 0.198 
C,IL. 0.93 0.279 
N, 1.00 0.500 

Zmean 0.977 

Then 

V = zm,m RT = 0.977(82.06)(373) 
p 90 

= 332 em' at 90 atm and 373 K 

(d) Combining Amaga!'s law and the z factor, 
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Component p,(.tm) T,(K) 90 y pr = pc 

45.8 191 0.2 1.97 
50.5 283 0.3 1.78 
33.5 126 0.5 2.69 

COmpODf!ot z (z)(y) 

0.97 0.194 
0.75 0.225 
1.01 0.505 
Zm.:an 0.924 

0.924(82.06)(373) 3 4 '90 d 373 K V= 90 = 1 cm at atman 

1.95 
1.32 
2.96 
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Ce) According to Kay's method, we first calculate the pseudocritical values for the mix
ture by Eqs. (3.27) and (3.28). 

CzH. 

P; = P'AYA + P'BYB + P'cYc = (45.8)(0.2) + (50.9)(0.3) + (33.5)(0.5) 

= 41.2 atm 

T; = T'AYA + T'BYB + T,cYc = (191)(0.2) + (283)(0.3) + (126)(0.5) 

= 186 K 

Then we calculate the pseudo-reduced values for the mixture by Eqs. (3.29) and (3.30): 

, T 373 
T, = T; = 186 = 2.01 

With the aid of these two parameters 'We can find from Fig. 3.7d that z = 0.965. Thus 

V zRT 0.965(82.06)(373) 328 '90 d 3 K =-= = em at atman 73 
P 90 

EXAMPLE 3.17 Use of Pseudo-reduced Ideal Molal Volume 

Solution 

In instances where the temperatur~ or pressure of a gas mixture is unknown, it is convenient, 
to avoid a trial-and-error solution using the generalized compressibility charts, to compute a 
pseudocritical ideal volume and a pseudoreduced ideal volume as illustrated below. Suppose 
we have given that the molal volume of the gas mixture in the preceding problem was 
326 cm' at 90.0 atm. What was the temperature? 

Basis: 326 cm' of gas at 90.0 atm and T K 
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Component T, (K) p, (aIm) y yT, yp, 

CIL 190.7 45.8 0.20 38.14 9.16 
C,IL 283.1 50.5 0.30 84.93 15.15 
N, 126.2 33.5 0.50 63.10 16.75 

Total 186.2 41.06 

Note we have used mole fractions as weighting factors to find an average T; = 186.2 and 
P: = 41.2 as in Example 3.16. Next we compute V:;: 

v', = RT; = 82.06(186.2) = 372 I 3/ I 
Cj p; 41.06 . em g rno 

,_V_326_ 
V'i - V;. - 372.1 - 0.876 

, 
, = E. = 90.0 = 2 19 

p, p; 41.06 . 

From Fig. 3.7d or Fig. 3.8, T; = 1.98. Then 

T = T; T; = 186.2(1.98) = 369 K 

SeN-Assessment Test 

1. One pound mole of a mixture containing 0.400 Ib mol of N, and 0.600 lb mol C,IL at 
50°C occupies a volume of 1.44 ft 3

, What is the pressure in the vessel? Compute your an
swer by: 
(a) Averaged constants for the van der Waals equation 
(b) The mean compressibility factor (assuming Dalton's law) 
(e) Kay's method 

3.3 VAPOR PRESSURE AND LIQUIDS 

Your objectives in studying this 
section are to be able to: 

1. Define vapor pressure, triple point, equilibrium, dew point, bubble 
point, saturated, superheated, subcooled, and quality, and be able to 
locate the region or point in a p-T chart in which each term applies. 

2. Calculate the vapor pressure of a substance from a vapor-pressure 
equation given values for the coefficients in the equation, and look up 
the vapor pressure in reference books. 

3. Calculate the temperature of a substance from a vapor-pressure equa
tion given the values for the coefficients in the equation, and the va
por pressure. 
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4. Calculate the properties of a wet mixture given the temperature, pres
sure, and volume of the mixture. 

5. Prepare a Cox chart; calculate the scaling factors for each axis so that 
the chart can be used to predict the vapor pressure of a liquid. 

289 

The terms vapor and gas are used very loosely. A gas that exists below its critical 
temperature is usually called a vapor because it can condense. If you continually 
compress a pure gas at constant temperature, provided that the temperature is below 
the critical temperature, some pressure is eventually reached at which the gas starts 
to condense into a liquid. Further compression does not increase the pressure but 
merely increases the fraction of gas that condenses. A reversal of the procedure just 
described will cause the liquid to be transformed into the gaseous state again, (i.e., 
vaporize). From now on, the word vapor will be reserved to describe a gas below its 
critical point in a process in which the phase change is of primary interest, while the 
word gas or noncondensable gas will be used to describe a gas above the critical 
point or a gas in a process in which it cannot condense. 

Vaporization and condensation at constant temperature and pressure are 
equilibrium processes, and the equilibrium pressure is called the vapor pres
sure. At a given temperature there is only one pressure at which the liquid and vapor 
phases of a pure substance may exist in equilibrium. Either phase alone may exist, of 
course, over a wide range of conditions. 

You can understand vapor pressure, vaporization, and condensation more eas
ily with the aid of Fig. 3.9. Figure 3.9 is an expanded p-T diagram for pure water. 
For each temperature you can read the corresponding pressure at which water vapor 
and water liquid exist in equilibrium. You have encountered this condition of equi
librium many times-for example, in boiling. Any substance has an infinite number 
of boiling points, but by custom we say the "normal" boiling point is the tempera
ture at which boiling takes place under a pressure of I atm (101.3 kPa, 760 mm Hg). 
Unless another pressure is specified, 1 atm is assumed, and the term boiling point is 
taken to mean the "normal boiling point." A piston exerting a force of 101.3 kPa 
could just as well take the place of the atmosphere, as shown in Fig. 3.10. For ex
ample, you know that at 100°C water will boil (vaporize) and the pressure will be 
10l.3 kPa or 1 atm (point B). Suppose that you heat water starting at 77°C (point A) 
in a container as in Fig. 3.1O-what happens? We assume that the water vapor is at 
all times in equilibrium with the liquid water. This is a constant-pressure process. As 
the temperature rises and the confining pressure stays constant, nothing particularly 
noticeable occurs until 100°C is reached, at which time the water begins to boil (i.e., 
evaporate). It pushes back the piston and will completely change from liquid into va
par. If you heated the water in an enclosed cylinder, and if after it had all evaporated 
at point B you continued heating the water vapor formed at constant pressure, you 
could apply the gas laws in the temperature region B-C (and at higher temperatures). 
A reversal of this process from the temperature C would cause the vapor to condense 
at B to form a liquid. The temperature at point B would in these circumstances rep
resent the dew point. 
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Figure 3.9 Vapor-pressure curve for water. 
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Figure 3.10 Transformation of liquid 
water into water vapor at constant 
pressure. The 101.3 kPa exerted by the 
piston includes the force of the 
at~osphere above the pis~on. 

Suppose that you went to the top of Pikes Peak and repeated the experiment in 
the open air-what would happen then? Everything would be the same (points D-E
F) with the exception of the temperature at which the water would begin to boil, or 
condense. Since the pressure of the atmosphere at the top of Pikes Peak would pre
sumably be lower than 101.3 kPa, the water would start to displace the air, or boil, 
at a lower temperature. You can see that (a) at any given temperature water exerts its 
vapor pressure (at equilibrium); (b) as the temperature goes up, the vapor pressure 
goes up; and (c) it makes no difference whether water vaporizes into air, into a 
cylinder closed by a piston, or into an evacuated cylinder-at any temperature it still 
exerts the same vapor pressure as long as t!te water is in equilibrium with its vapor. 
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A process of vaporization or condensation at constant temperature is illus
trated by the lines G-H-I or I-H-G, respectively, in Fig. 3.9. Water would vapor
ize or condense at constant temperature as the pressure reached point H on the va
por-pressure curve (also look at Fig. 3.11.) 

Figure 3.9 also shows the p-T conditions at which ice (in its common form) 
and water vapor are in equilibrium. When the solid passes directly into the vapor 
phase without first melting to become a liquid (line J-K as opposed to line 
L-M-N-O), it is said to sublime. Iodine crystals do this at room temperature; water 
sublimes only below O°C, as when the frost disappears in the winter when the ther
mometer reads -6°C. 

G 
, 

H 
p=70 kPa p= 50 kPa 

Figure 3.11 Transfonnation of liq
uid water into water vapor at con
stant temperature by changing the 
imposed pressure. 

The vapor-pressure line extends well past the conditions shown in Fig. 3.9, all 
the way to the critical temperature and pressure (not shown). Why does it terminate 
at the critical temperature and pressure? Above the critical temperature, water can 
exist only as a gas. 

A term commonly applied to the vapor-liquid portion of the vapor-pressure 
curve is the word saturated, meaning the same thing as vapor and liquid in equi
librium with each other. If a gas is just ready to start to condense its first drop of 
liquid, the gas is called a saturated gas; if a liquid is just about to vaporize, it is 
called a saturated liquid. These two conditions are also known as the dew point 
and bubble point, respectively. 

The region to the right of the vapor-pressure curve in Fig. 3.9 is called the 
superheated region and the one to the left of the vapor-pressure curve is called the 
sub-cooled region. The temperatures in the superheated region, if measured as the 
difference (O-N) between the actual temperature of the superheated vapor and the 
saturation temperature for the same pressure, are called degrees of superheat. For 
example, steam at 500°F and 100 psia (the saturation temperature for 100 psia is 
327.8°F) has (500 - 327.8) = l72.2°F of superheat. Another new term you will 
find used frequently is the word quality. A wet vapor consists of saturated vapor and 
saturated liquid in equilibrium. The mass fraction of vapor is known as the quality. 
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EXAMPLE 3.18 Vapor-Liquid Properties of Water, 

Solution 

For each of the conditions of temperature and pressure listed below for water, state whether 
the water is a solid phase. liquid phase, vapor phase (supe~heated), or is a saturated mixture, 
and if the latter, calculate the quality. Use the steam tables (inside the back cover) to get your 
answers. 

State p (kPa) T(K) V (m'/kg) 

State 1: liquid 
State 2: vapor 
State 3: solid, 

I 
2 
3 
4 

2000 
1000 
101.3 
245.6 

475 
500 0.2206 
200 
400 0.505 

State 4: saturated vapor and liquid 

The properties of a mixture of vapor and liquid in equilibrium (for a single component) 
can be computed from the individual 'properties of the saturated vapor and saturated liquid. At 
400 K and 245.6 kPa with a specific volume of a wet steam mixture being 0.505 m'/kg, what 
is the quality of the steam? From the steam tables the specific volumes of the saturated liquid 
and vapor are 

'" = 0.001067 m'/kg Vg = 0.7308 m'/kg 

__ Basis:_l __ kg_of _wet_steam_mixture __ 

Let x = mass fraction vapor. 

0.001067 m' 
I kg liquid 

(I - x)kg liquid + 0.7308 m' x kg vapor = 0.505 m' 
I kg vapor 

0.001067 - 0.001067x + 0.7308x = 0.505 

x = 0.69 

Other properties of wet mixtures can be treated in the same manner. 

3.3-1 Change of Vapor Pressure with Temperature 

A large number of experiments on many substances have shown that a plot of the va
por pressure (p *) of a compound against temperature does not yield a straight line 
but a curve, as you saw in Fig. 3.9. Many types of correlations have been proposed 
to transform this curve to a linear form (y = mx + b); a plot of In (p*) vs. (lIT), 
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for moderate temperature intervals, is reasonably linear: 

In (p*) = m(~) + b (3.31) 
'-~~.~ 

y = mx+b 

Equation (3.31) is derived from the Clausius-Clapeyron equation (see Chap. 4). 
Empirical correlations of vapor pressure are frequently given in the form of the An
toine equation (refer to Appendix G for values of the constants): 

B 
In (p*) = A - -

T+C 

where A, B, C = constants different for each substance 
T = temperature, K 

(3.32) 

Other more complex equations can be found in the sources cited in Tables 1.10 and 
1.11 in Sec. l. 7 and the supplementary references at the end of this chapter. 

As explained in Appendix M, you can estimate the values of the coefficients in 
Eq. (3.32) by the method of least squares. We look at another way, a graphical 
method. Over very wide temperature intervals experimental data will not prove to 
be exactly linear as indicated by Eq. (3.31), but have a slight tendency to curve. This 
curvature can be straightened out by using a special plot known as a Cox chart. 14 The 
In or 10gIO of the vapor pressure of a compound is plotted against a special nonlinear 
temperature scale constructed from the vapor-pressure data for water (called a refer
ence substance). 

As illustrated in Fig. 3.12, the temperature scale is established as follows. 
First, you establish a logarithmic scale (lOgIO is easiest to use) as a horizontal axis to 
cover the desired range of vapor pressures. To get the special temperature scale with 
the desired labels for temperature in, say, common integers, such as 25, 50, 100, 
200, and so on, you proceed as follows. For the first integer, say 100°F, you look up 
the vapor pressure of water at 100°F in the steam tables (Table C.l), namely 0.9487 
psia. Locate this value on the vapor-pressure axis. Next, look up the vapor of water 
at, say, 200°F, namely 11.525 psia, and locate this value on the horizontal axis. You 
can compress or expand the temperature scale by adjusting the slope of the line you 
draw on the Cox chart for the vapor pressure of water. Draw a line with a slope so 
that it covers the desired range of temperatures. Proceed from 0.9487 psia on the 
horizontal axis vertically to the line you drew, and then proceed horizontally to the 
vertical (left-hand) axis. Make a tic mark labeled 100°F. Next, proceed from 11.525 
.psia on the vapor-pressure axis to the line you drew, and then go horizontally from 
the point so located to the vertical axis. Make a tic mark labeled 200°F. Continue as 
above to label the vertical axis with all the desired temperature labels. The vapor 
pressures of other substances plotted on this specially prepared set of coordinates 
will yield straight lines over extensive temperature ranges and thus facilitate the ex
trapolation and interpolation of vapor-pressure data. It has been found that lines so 

"E. R. Cox, Ind. Eng. Chern .. v. 15, p. 592 (1923). 
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Vapor pressure, kPa (10910 scale) 

Vapor pressure psio (10910 scale) 

Figure 3.12 Cox chart. 

constructed for closely related compounds, such as hydrocarbons, all meet at a com
mon point. Since straight lines can be obtained on a Cox chart only two sets of 
vapor-pressure data are needed to provide complete information about the vapor 
pressure of a substance over a considerable temperature range. We discuss in 
Chap. 4 under the topic of the Clausius-Clapeyron equation other information that 
can be obtained from such vapor-pressure plots. 

3.3-2 Change of Vapor Pressure with Pressure 

The equation for the change of vapor pressure with total pressure at constant tem
perature in a system is 

(
a(p*)) = ~ 
apT T Vg 

where V = molal volume of saturated liquid or gas 
PT = total pressure on the system 

Under normal conditions the effect is negligible. 

EXAMPLE 3.19 Extrapolation of Vapor-Pressure Data 

(3.33) 

The control of existing solvents is described in the Federal Register, v. 36, no. 158, August 
14, 1971, under Title 42, Chapter 4, Appendix B, Section 4.0, Control of Organic Com
pound Emissions. Section 4.6 indicates that reductions of at least 85% can be accomplished 
by (a) incineration or (b) carbon adsorption. 
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Chlorinated solvents and many other solvents used in industrial finishing and process
ing, dry-cleaning plants, metal degreasing, printing operations, and so forth, can be recycled 
and reused by the introduction of carbon adsorption equipment. To predict the size of the ad
sorber. you first need to know the vapor pressure of the compound being adsorbed at the pro
cess conditions. 

The vapor pressure of chlorobenzene is 400 mm Hg at llO.O°C and 5 atm at 205°C. Es
timate the vapor pressure at 245°C and at the critical point (359°C). 

The vapor pressures will be estimated by use of a Cox chart. See Fig. E3.19. The tempera
ture scale is constructed by using the following data from the steam tables: 

p* H,O(psia) t(OF) 

0.95 100 
3.72 150 

11.5 200 
29.8 250 
67.0 300 

247 400 
680 500 

1543 600 

3094 700 

Vapor pressures from 3.72 to 3094 psia are marked on the horizontal logarithmic scale as 
shown in Fig. E3.19. We selected the vapor pressures to correspond to even values of the 
temperature in of. 
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Figure E3.19 

Next, we draw a line representing the vapor pressure of water at any suitable angle on 
the graph so as to stretch the desired temperature range from the bottom to the top of the ver
tical axis. For each vapor pressure, the temperature is marked and a horizontal line drawn to 
the ordinate. This establishes the temperature scale (which looks almost logarithmic in na
ture). 



296 Gases, Vapors, Liquids, and Solids Chap. 3 

Next we convert the two vapor pressures of chlorobenzene into psia, 

..:.400:..:...,mm= __ H::::g"-f-=-'1:,.4'-.7"'p'-'s::::ia::- - 7 74 . 
- 760 mm Hg - . pSia 11 O°C = 230"1' 

_5_a_tm_H."g'-t-:11_4_.7--'cP
H
s;:ia_ = 73.5 psia 

aim g 
205°C = 401°F 

and plot these two points on the graph paper. Examine the encircled dots. Next we draw a 
straight line between the encircled points and extrapolate to 471°F (245°C) and 678°F 
(359OC). At these two temperatures read off the estimated vapor pressures: 

Estimated: 
Experimental: 

471°F(245°C) 

150 psia 
147 psia 

Experimental values are given for comparison. 

678°F(359°C) 

700 psia 
666 psia 

An alternative way to extrapolate vapor pressure data would be to use the Othmer15 plot 
as explained in Sec. 4.4, or to fit a vapor pressure equation, p* = 1(1). from experimental 
data. 

3.3-3 Liquid Properties 

Considerable experimental data are available for liquid densities of pure compounds 
as a function of temperature and pressure. Refer to the sources listed in Tables 1.10 
and 1.11 or the supplementary reference to this chapter for data and correlation for
mulas. Wooley" gives formulas (and a computer program) to estimate the liquid 
density given T". p, and w, and/or any liquid density reference point. 

As to liquid mixtures, it is even more difficult to predict the p-V-T properties 
ofJiquid mixtures than ofre~gas mixtures. Probably more experini.ental data (espe
cially at low temperatures) are available than for gases, but less is-Known aoounhe--
estimation of the p-V-T properties of liquid mixtures. For compounds with like 
molecular structures, such as hydrocarbons of similar molecular weight, called ideal 
liquids, the density of a liquid mixture can be approximated by assuming that the 
specific volumes are additive: 

n 
A A A A ",A 

Vaverage = VI + V2 + ... + Vn = L.J Vi 
i='i 

(3.34) 

where n is the number of components in the mixture. For nonideal liquids or solids 
dissolved in liquids, experimental data or estimation techniques described in many of 
the references listed in Sec. 1.7 and 4.3 must be employed, as the specific volumes 
are not additive. Corresponding state methods are usually used, but with less assur
ance than for gas mixtures."·l8 

"D. F. alhmer and E. S. Yu, Indus. Eng. Chern., v. 60, p. 20 (1968). 
"R. l. Wooley, Chern. Eng., p. 109 (March 31,1986). 
17N. Shah and C. L. Yaws, "Densities of LiquidS," Chern. Eng., p. 131 (October 25, 1976). 
lRV. K. Mathur and R. N. Maddox, "Liquid Density Correlations," Indian Chern. Eng., v. 18, 

no. 2, p. 29 (1976). 



Sec. 3.3 Vapor Pressure and Liquids 297 

Self-Assessment Test 

1. Draw a p-T chart for water. Label the following clearly: vapor-pressure curve, dew-point 
curve, saturated region, superheated region, subcooled region, and triple point. Show 
where evaporation, condensation. and sublimation take place by arrows. 

2. Describe the state and pressure conditions of water initially at 200 P as the temperature is 
increased to 2500 P in a fixed volume. 

3. Look in Appendix I at the diagram for CO, (Fig. 1.2). 
(a) At what pressure is CO2 solid in equilibrium with CO2 liquid and vapor? 
(b) If the solid is placed in the atmosphere, what happens? 

4. Use the Antoine equation to calculate the vapor pressure of ethanol at 50°C, and compare 
with the experimental value. 

5. Determine the normal boiling point for benzene from the Antoine equation. 

6. Prepare a Cox chart from which the vapor pressure of toluene can be predicted over the 
temperature range -20 to 140°C. 

Thought Problems 

1. In the startup of a process, Dowtherm, an organic liquid with a very low vapor pressure, 
was being heated from room temperature to 335°F. The operator suddenly noticed that the 
gauge pressure was not the expected 15 psig but instead was 125 psig. Fortunately, a relief 
valve in the exit line ruptured into a vent (expansion) tank so that a serious accident was 
avoided. 

Why was the pressure in the exit line so high? 

2. A cylinder containing butadiene exploded in a research laboratory, killing one employee. 
The cylinder had been used to supply butadiene to a pilot plant. When butadiene gas was 
required, heat was supplied to the cylinder to raise the pressure of the butadiene in the 
tank. The maximum temperature that could be achieved in the tank on subsequent tests 
with a like tank was 160°C. At 152°C, the critical temperature for butadiene, the pressure 
is 628 Ibrlin. 2

, less than one-half of the pressure required to rupture the tank by hydraulic 
test. 

Why did the tank explode? 

3. "Careless Campers Contaminate Mountain Water" was a recent headline in the news
paper. The article went on: 

Beware! There are little monsters loose in those seemingly clean, pnstme mountain 
streams. Their name: Giardia, and of specific interest to humans and pigs, Giardia lam
blia. Giardia is a beet-shaped organism with no less than eight flagella. It is of concern 
to anyone who happens to slurp any down because it attaches itself by means of a suck
ing organism to the intestinal mucous membranes. The result is severe diarrhea, bor
dering on dysentery. 

The incidence of giardia in the wilderness areas of New Mexico and Colorado has 
vastly increased over the past five years. The disease it causes, giardiasis, is contracted 
by drinking water containing the organism. Unfortunately for all backpackers, horse 
packers, and day hikers, many of the lakes and streams are already tainted. No prob
lem, you say-just drop in a chemical purification tablet and let it do the job? While 
chemical purification such as Halazone, iodine, or chlorine may kill many bacteria, the 
hale and hearty giardia goes unscathed. 
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What steps would you take to avoid the problem other than carrying a portable water supply 
with you? You need at least 21O'F to kill the organisms by boiling water. 

3.4 SATURATION AND EQUILIBRIA 

Your objectives in studying this 
section are to be able to: 

1. Define saturated gas. 
2. Calculate the partial pressure of the components of a saturated ideal 

gas given combinations of the temperature, pressure, volume and/or 
number of moles present; or calculate the partial volume; or calculate 
the number of moles of vapor. 

3. Determine the condensation temperature of the vapor in a saturated 
gas given the pressure, volume, and/or number of moles. 

4. Use the relationship K; = y;/x; to calculate anyone of the parameters 
given the other two. 

In this section we discuss two categories of phase phenomena for: 

1. An equilibrium mixture of pure vapor and a noncondensable gas 
2. An equilibrium mixture of two (or more) components both of which can con

dense and vaporize 

Vapor arid a Noncondensable Gas at·--- -------
Equilibrium 

How can you predict the properties of a mixture of a pure vapor (which can con
dense) and a noncondensable gas at equilibrium? A mixture containing a vapor be
haves somewhat differently than does a pure component by itself. A typical example 
with which you are quite familiar is that of water vapor in air. 

Water vapor is a gas, and like all gases its molecules are free to migrate in any 
direction. They will do so as long as they are not stopped by the walls of a con
tainer. Furthermore, the molecules will distribute themselves evenly throughout the 
entire volume of the container. 

When any pure gas (or a gaseous mixture) comes in contact with a liquid, the 
gas will acquire vapor from the liquid. If contact is maintained for a considerable 
length of time, vaporization continues until equilibrium is attained, at which time 
the partial pressure of the vapor in the gas will equal the vapor pressure of the liquid 
at the temperature of the system. Regardless of the duration of contact between the 
liquid and gas, after equilibrium is reached no more net liquid will vaporize into the 
gas phase. The gas is then said to be saturated with the particular vapor at the given 
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temperature. We can also say that the gas mixture is at its dew point. new point for 
the mixtnre of pure vapor and noncondensable gas means the temperature at 
which the vapor just starts to condense when cooled at constant pressure. 

Now, what do these concepts mean with respect to the quantitative measure
ment of gas-vapor properties. Suppose that you inject liquid water at 65°C into a 
cylinder of air at the same temperature, and keep the system at a constant tempera
ture of 65°C. The pressure at the top of the cylinder will be maintained at 101.3 kPa 
(I atm). What happens to the volume of the cylinder as a function of time? Figure 
3.13 shows that the volume of the air plus the water vapor increases until the air is 
saturated with water vapor, after which stage the volume remains constant. Figure 
3.14(a) indicates how the partial pressure of the water vapor increases with time un
til it reaches its vapor pressure of 24.9 kPa (187 mm Hg). Why does the partial pres
sure of the air decrease? 

Next, suppose that you carry out a similar experiment, but maintain the vol
ume constant and let the total pressure vary in the cylinder. Will the pressure go up 
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Figure 3.14 Change of partial and total pressures on vaporization of wa
ter into air at constant temperature: (a) constant temperature and pressure 
(variable volume); (b) constant temperature and volume (variable pres
sure). 
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or down with respect to time? What will be the asymptotic value of the partial pres
sure of the water vapor? The air? Look at Fig. 3.14(b) to see if your answers to 
these questions were correct. 

Finally, is it possible to have the water evaporate into air and saturate the air, 
and yet maintain both a constant temperature, volume, and pressure in the cylinder? 
(Hint: What would happen if you let some of the gas-vapor mixture escape from the 
cylinder?) 

Assuming that the ideal gas laws apply to both air and water vapor, as they do 
with excellent preciSion, we can say that the following relations hold at saturation: 

or 

pair V = nairRT 
PH,O V nH,oRT 

_P_"-' = _"'_"_ = __ P,-'::::",-_ 
PH20 nH20 Ptota! - p'alr 

in a volume V at temperature T. 

(3.35) 

EXAMPLE 3.20 Saturation 

Solution 

-- ~- ~-~-~ 

What is the minimum number of cubic meters of dry air at 20'C and 100 kPa that are neces
sary to evaporate 6 kg of ethyl alcohol if the total pressure remains constant at 100 kPa? As
sume that the air is blown through the alcohol to evaporate it in such a way that the exit pres
sure of the air-alcohol mixture is at 100 kPa. 

See Fig. E3.20. Assume that the process is isothermal. The additional data needed are 

P:\cohOi at 20°C = 5.93 kPa 

mol. wt. etnylaloohor"'-4K07------

100 kPo 
100 kPo t Saturated 

Air I Alcohol I air-alcohol 

6kg 
Mixture 

Figure E3.20 

The minimum volume of air calls for a saturated mixture; any condition less than saturated 
would require more air. 

Basis: 6 kg of alcohol 

The ratio of moles of ethyl alcohol to moles of air in the final gaseous mixture is the 
same as the ratio of the partial pressures of these two substances. Since we know the moles 
of alcOhol, we can find the number of moles of air: 

* P alooho\ = nalcobol 

pair nair 
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From Dalton's law, 

Pair = Ptol~ - P ~cohOI 

P~COhOI =, 5.93 kPa 

p,;, = (100 - 5.93) kPa = 94.07 kPa 

6 kg alcohol I kg mol alcohol 94.07 kg mol air 
46.07 kg alcohol 5.93 kg mol alcohol 

101.3k~ . 
+-=~=-"+-='-O--="-+""::":C:O~k:::":: = 50.3 m' air at 20'C .and 100 kPa 

10 Pa 

EXAMPLE 3.21 Saturation 

Solution 

A telescopic gas holder contains 10,000 ft3. of gas saturated with water vapor at Soop and a 
pressure of 6.0 in. H2 0 above atmospheric. The barometer reads 2S.46 in. Hg. Calculate the 
weight of water vapor in the gas, 

The total pressure of the saturated gas must be calculated first, say, in inches of mercury. See 
Fig. E3.21. 

6.0 in. H20 29.92 in. Hg . 
---'----t-::::-:-t-::3""3.-;:9-:-1 ""ft:-CH;:;2~O = 0.44 m. Hg 

Wet Gas 

barometer = 2S.46 in. Hg 

p",," = 2S.90 in. Hg 

Figure E3.21 

From the stearn tables, 

There exists 

p! = vapor pressnre of H20 at SO'F = 1.032 in. Hg 

pg = p, - p~ 

10,000 ft' wet gas 

10,000 ft' dry gas 

= 2S.90 - 1.032 = 27.S7 

at 2S. 90 in. Hg and SO'F 

at 27.S7 in. Hg and SO'F 

10,000 fl' water vapor at 1.032 in. Hg and SO'F 

'R = SO + 460 = 540'R 

From the volume of water vapor present at known conditions, you can calculate the volume at 
S. C. and hence the pound moles and finally the pounds of water. 
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Basis: 10,000 ft3 ~water vapor at 1.032 in. Hg and 80"!' 

10,000 ft3 H20 vapor 1.032 in. Hg 18 Ib H20 
29.92 in. Hg lIb mol H20 

Chap. 3 

15.8 Ib H20 

EXAMPLE 3.22 Smokestack Emission and Pollutiou 

Solution 

A local pollution-solutions group has reported the Simtron Co. boiler plant as being an air 
polluter and has provided as proof photographs of heavy smokestack emissions on 20 differ
ent days in January and February. As the chief engineer for the Simtron Co., you know that 
your plant is not a source of pollution because you burn natural gas (essentially methane) and 
your boiler plant is operating correctly. Your boss believes the pollution-solutions group has 
made an error in identifying the stack-it must belong to the company next door that burns 
coal. Is he correct? Is the pollution-solutions group correct? See Fig. E3.22a. 

SIMTRON CO. 

Figure E3.22a 

Methane (CR.) contains 2 kg mol of H2 per kilogram mole of C, while coal (see references in 
Section 1.7) contains 71 kg of C per 5.6 kg of H2 in 100 kg of coal. The coal analysis is 
equivalent to 

'-----------·,-'H-kg,G 1 kg mol G 

12 kg C 
5.92 kg morC 

5.6,kg Hz- ,_kUI1.<lJ Hz 
2.016 kg H2 

2;18-kg'mol-H2-

or a ratio of 2.78/5.92 = 0.47 kg mol of Hz/kg mol of C. Suppose that each fuel burns with 
40% excess air and that combustion is complete. We can compute the mole fraction of water 
vapor in each stack gas. 

Steps 1, 2, and 3 The process is shown in Fig. E3.22b. 

Known Fuel 
(Data Given ---~ 
in Tables) 

Known Air 

0, 0.21 
N, 0.79 

1.00 

Products 
I---~ (Data Given 

in Tables) 

Figure E3.22b 
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Step 4 

Basis: 1 kg mol C 

Steps 5 and 6 The combustion problem is a standard type of problem having a 
unique solution in which both the fuel and air flows are given. and the product flows are cal
culated directly. 

Steps 7, 8, and 9 Tables will make ihe analysis and calculations compact. 

Natural Gas 

Cf4 + 202 ---7 CO, + 2H,O 

Composition of combustion gases (kg mol) 

Components kg mol CO, H,O Excess O2 N, 

C 1.0 1.0 
H, 2.0 2.0 
Air 0.80 10.5 

Total' TI> 2.0 0.80 10.5 

Required O2: 2 

Excess 0,: 2(0.40) = 0.80 

N,: (2.80)(79/21) = 10.5 

The total kilogram moles of gas produced are 14.3 and the mole fraction H,O is 

2.0 
14.3 = 0.14 

Coal 

C + 0, ---7 CO, 

Composition of gas produced (kg mol) 

Components kg mol CO2 H,O Excess O2 N2 

C 1 I 
H, 0.47 0.47 
Air 0.49 6.5 

Total I 0.47 0.49 6.5 

Required 0,: I + 0.47(1/2) 

C H, 
1(0.40) = 0.40 (0.47)(1/2)(0.40) = 0.094 

N,: 1.40(79/21)[1 + 0.47(1/2)] = 6.50 

The total kilogram moles of gas produced are 8.46 and the mole fraction H,O is 

0.47 
8.46 = 0.056 
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If the barometric pressure is, say, 100 kPa, the stack gas would become saturated and 
water vapor would start to condense at p*: 

Pressure: 

Equivalent 
temperature: 

Natural gas 

100(0.14) = 14 kPa 

52SC 

Coal 

100(0.056) = 5.6 kPa 

By mixing the stack gas with air, and by convective mixing above the stack, the mole frac
tion water vapor is reduced, and hence the condensation temperature is reduced. However, for 
equivalent dilution, the coal-burning plant will always have a lower condensation tempera
ture. Thus, on cold winter days, the condensation of water vapor will occur more often and to 
a greater extent from power plants firing natural gas than from those using other fuels. 

The public, unfortunately, sometimes concludes that all the ernlssions they perceive are 
pollution. Natural gas could appear to the public to be a greater pollutant than either oil or 
coal when, in fact, the emissions are just water vapor. The sulfur content of coal and oil can 
be released as sulfur dioxide to the atmosphere, and the polluting capacities of coal and oil 
are much greater than natural gas when all three are being burned properly. The sulfur con
tents as delivered to the consumers are as follows: natural gas, 4 X 10-4% (as added mercap
tans); number 6 fuel oil, up to 2.6%; and coal, from 0.5 to 5%. In addition, coal may release 
particulate matter into the stack plume. 

What additional steps would you take to resolve the questions that were originally 
posed? 

3.4-2 Vapor-Liquid Equilibria for Multicomponent 
Systems 

In a two-phase vapor-liquid mixture at equilibrium, if all the components can vapor-
______ -'ize_and_c9nd-':ns_~, a component in one phas"is in e'luilibrium with the same compo

nent in the other phase. The equilibrium relationship depends on the temperature and-
pressure, and perhaps composition, of the mixture. Figure 3.15 illustrates two cases, 
one at constant pressure and the other at constant temperature. At the pairs of points 
A and B, and C and D, the respective pure components exert their respective vapor 
pressures at the equilibrium temperature. In between the pairs of points, as the over-
all composition of the mixture changes, two phases exist, each having a different 
composition for the same component as indicated by the dashed lines. Two useful 
linear ("ideal") equations exist to relate the mole fraction of one component in the 
vapor phase to the mole fraction of the same component in the liquid phase. 

Raoult's law. Used primarily for a component whose mole fraction ap
proaches unity or for solutions of components quite similar in chemical nature, such 
as straightchain hydrocarbons. Let the subscript i denote component, Pi be the par
tial pressure of component i in the gas phases, Yi be the gas-phase mole fraction, and 
Xi be the liquid-phase mole fraction. Then: 

(3.36) 



Sec. 3.4 Saturation and Equilibria 

Vapor Liquid 

A 
SOlu 

l' 

"" E! 
~ 
~ 

E 
~ 

'/'Olerj l' 
So/, 1/0,0 iil 

IJro/, _ Or ~ 
~ 

ed <l: 
<igu-
I Id I 
I I 8 
I I Two C 

Liquid 
I i Phases 
I Vapor 
I I 

0 
Mole Fraction of 

0 
Mole Fraction of 

One Component One Component 

{oj Constant Pressure (b) Constant Temperature 

Figure 3.15 Vapor-liquid equilibria for a binary mixture. The dashed 
lines show the equilibrium compositions (a) when the total pressure is con
stant and (b) when the temperature is constant over the composition range. 
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0 

Note that in the limit where Xi == 1, Pi == PT. Often an equilibrium constant Ki is 
defined from Eq. (3.36) as follows by assuming that Dalton's law applies to the gas 
phase (Pi = P,Yi): 

Yi pr 
Ki = - = - (3.37) 

Xi pt 

Henry's law. Used primarily for a component whose mole fraction ap
proaches zero, such as a dilute gas dissolved in a liquid: 

Pi = H,Xi (3.38) 

where Hi is the Henry's law constant. Note that in the limit where Xi == 0, Pi == O. 
What would be the equilibrium constant Ki based on Henry's law if Dalton's law ap
plied to the gas phase? Values of Hi can be found in Perry and many other hand
books. 

Equation (3.37) gives reasonable estimates of Ki values at low pressures for 
components well below their critical temperatures, but yields values too large for 
components above their critical temperatures, at high pressures, and lor for polar 
compounds. Nevertheless, Eq. (3.37) can be adapted to nonideal mixtures if Ki is 
made a function of temperature, pressure, and composition so that relations for K, 
can be fit by experimental data and used directly, or in the form of charts, for design 
calculations. In the absence of experimental data, as with compressibility, three dif
ferent techniques are used to estimate Ki values for nonideal vapor-liquid mixtures: 

1. Equations of state 
2. Activity coefficient methods 
3. Group contribution methods 
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Refer to Prausnitz et al." or the references in Sec. 1.7 for data to calculate K,. 
If T,.,jT > 1.2, Sandler20 recommends the following empirical correlation: 

(3.39) 

Typicai problems you may be asked to solve that involve the use of the equi
librium coefficient K, are: 

(a) Calculate the bubble point temperature of a liquid mixture given the total pres
sure and liquid composition. 

(b) Calculate the dew point temperature of a vapor mixture given the total pressure 
and vapor composition. 

(c) Calculate the related equilibrium vapor-liquid compositions over the range of 
mole fractions from 0 to 1 as a function of temperature given the total pres
sure. 

Analogous problems occur with respect to calculating the total pressure given 
a fixed temeprature. Also: 

(d) Calculate the composition of the vapor and liquid streams, and their respective 
quantities, when a liquid of given composition is partially vaporized (flashed) 
at a given temperature and pressure (the temperature must lie between the bub
ble and dewpoint temperatures of the feed). 

To calculate the bubble point temperature (given the total pressure and liquid 
composition), you can write Eq. (3.37) as y, = K,x, and you know that ~ y, = 1. 
Consequently, you want to solve the equation 

n 

- - - -- --1 =2:- N,x, -- ----- -- --(JAO)--
i=l 

in which the K,'s are functions of solely the temperature. Because each of the K,'s 
increases with temperature, Eq. (3.40) has only one positive root. You can employ 
Newton's method to get the root (see Appendix L) if you can express each K, as an 
explicit function of temperature. For an ideal solution, Eq. (3.40) becomes 

n 

Pt = 2: pfXi (3.41) 
i=l 

and you might use Antoine's equation for PT. Once the bubble point temperature is 
determined, the vapor composition can be calculated from 

jJ r- Xi 
Yi=-

p, 

19 J. M. Prausnitz, Computer Calculations for Muiticomponent Vapor-Liquid and Liquid~Liquid 
Equilibria, Prentice-Hall, Englewood Cliffs, N.J., 1980. 

20S. I. Sandler. in Foundations of Computer Aided Design, Vol. 2, R. H. S. Mah and W. D. 
SeiCler, eds., p. 83, American Institute of Chemical Engineers, New York, 1981. 
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To calculate the dew point temperature (given the total pressure and vapor 
composition), you can write Eq. (3.37) as x, = y,j K" and you know ~ x, = l. Con
sequently, you want to solve the equation 

1= ± y, 
i=i Ki 

(3.42) 

in which the K's are functions of temperature as explained for the bubble point tem
perature calculation. For an ideal solution, 

" " y, I = P,L,,-. 
i=i Pi 

(3.43) 

To calculate the amount of the respective vapor and liquid phases that evolve at 
equilibrium when a liquid of known composition flashes (flash vaporization) at a 
known temperature and pressure, you must use Eq. (3.37) together with a material 
balance. Figure 3.16 illustrates the steady-state process. A mole balance for compo
nent i gives 

(3.44) 

where F is the moles of liquid to be flashed, L is the moles of liquid at equilibrium, 
and V is the moles of vapor at equilibrium. Introduction of y, = K,x, into Eq. (3.44) 
gives 

so that 

Fx£. XF,· 
y, = -=-L---'-"-- = -----+'--.,...,-

- + (F - L) 1 - !::.(I - -.!..) 
K, F K, 

(3.45) 

where L/F is the fraction of liquid formed on vaporization. Consequently, after 
summing the yis you want to solve the following equation 

Liquid F ~T... 

Composition 
Known xF; 

y, 
Composition = ? 

- Vapor V 

~ LiquidL 
} 

T Known 
Pt Known 

CompOSition - ? 
x, 

(3.46) 

Figure 3.16 Flash vaporization 
with V and L in equilibrium. 



308 Gases, Vapors, Liquids, and Solids Chap. 3 

for L/F (>0). Numerous computer programs have been reported in the literature to 
solve the flash vaporization problem. 

Using the above equations, you can prepare figures such as Fig. 3.15 for bi
nary mixtures. 

The equations above are not the only formulations in which vapor-liquid cal
culations are conducted. For example, for the bubble point calculation, an equation 
equivalent to Eq. (3.40) would be 

" 
In 2: K,x, = 0 

i=i 

and an equation equivalent to Eq. (3.46) would be 

i x4K, - 1) = 0 
'~1 (K, - O(V/F) + 1 

In selecting a particular form of the equation to be used for phase equilibria caleula
tions, you must select a method of solving the equation that has desirable conver
gence characteristics. Convergence to the solution should 

(a) Lead to the desired root if the equation has mUltiple roots 

(b) Be stable, that is, approach the desired root asymptotically rather than by oscil
lating 

(e) Be rapid, and not become slower as the solution is approached 

3.4-3 Liquid-Liquid and Liquid-Solid Equilibria for 
Multicomponent Systems 

----

Liquid-liquid equilibria are trealeC! essentially in the same way asnoniaeal vapor
liquid equilibria with activity-coefficient corrections in both phases. For liquid-solid 
equilibria, engineers nily almost entirely on recorded experimental data, as predic
tion of the liquid-phase composition is quite difficult. Refer to Prausnitz et aJ. for 
more information. 

EXAMPLE 3.23 Vapor-Liquid Equilibrium Calculation 

Solution 

Suppose that a liquid mixture of 4.0% n-hexane and n-octane is vaporized. What is the com
position of the vapor formed if the total pressure is 1 atm? 

What the problem asks for is: What is the composition of the first vapor formed at equilibrium 
with Xc,; = 0.040 and a pressure of I atm? Examine Fig. 3.16a. The mixture can be treated 
as an ideal mixture because the components are quite similar. As an intermediate step. you 
must calculate the bubble point temperature by Eq. (3.41). You have to look up the 
coefficients of the Antoine equation to obtain the vapor pressures of the two components: 
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B 
In (p*) = A --

C+T 

where p * is in mm Hg and T is in K: 

n-hexane (C,): 
n-octane (Cg): 

A 

15.8737 
15.9798 

B 

2697.55 
3127.60 

Basis: I kg mol of liquid 
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c 

-48.784 
-63.633 

We need to solve the following equation to get the bubble point temperature using one 
of the techniques described in Sec. L.2: 

( 
2697.55 ) ( 3127.60 ) 

760 = exp 15.8737 - -48.784 + T 0.040 + exp 15.9787 - -63.633 + T 0.960 

The solution is T = 393.3 K, where the vapor pressure of a hexane is 3114 mm Hg and the 
vapor pressure of octane is 661 mm Hg. 

p~, 3114 
Yo,; = p;xc, = 760 (0.040) = 0.164 

Yeg = I - 0.164 = 0.836 

EXAMPLE 3.24 Flash Calculation 

Solution 

Calculate the fraction of liquid that exists at equilibrium at 150°F and 50 psia when the liquid 
concentrations of the solution to be vaporized are as follows: 

Initial liquid 
Component mole fraction K 

C, 0.0079 16.20 
C, 0.1321 5.2 
i-C4 0.0849 2.6 
n-C4 0.2690 1.98 
i-C5 0.0589 0.91 
n-Cs 0.1321 0.72 
C, 0.3151 0.28 

Total 1.0000 

The K values come from the Engineering Data Book of the Gas Processors Supply Associa
tion (1980). 

We want to solve Eq. (3.46) for L/F. Start with an initial guess of L/F = 1.0. Successive 
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stages of the iteration by Newton's method give 

Stage L/F 

1 1.0 
2 0.8565 
3 0.6567 
4 0.5102 
5 0.4573 
6 0.4511 which is sufficiently accurate 

Self-Assessment Test 

1. What does the term "saturated gas" mean? 
2. If a container with a volumetric ratio of air to liquid water of 5 is heated to 60°C and equi

librium is reached, will there still be liquid water present? at 125°C? 
3. A mixture of air and benzene contains 10 mole % benzene at 43°C and 105 kPa pressure. 

At what temperature does the first liquid form? What is the liquid? 
4. The dew point of water in atmospheric air is 82'F. What is the mole fraction of water va· 

par in the air if the barometric pressure is 750 nun Hg? 
5. Ten pounds of KCIO, is completely decomposed and the oxygen evolved collected over 

water at 80°F. The barometer reads 29.7 in. Hg. What weight of saturated oxygen is ob
tained? 

6. If a gas is saturated with water vapor, describe the state of the water vapor and the air if it 
is: 
(a) Heated at constant pressure 
(b) Cooled at constant pressure 
(c) Expanded at constant temperature 

. (d) Compressed atconstanttemp.eralllre __________ _ 
7. Calculate (a) the dew point pressure for the following mixture at 100°F and (b) the liquid 

composition. 

K values at psia of 

Component Mole fraction 190 200 210 

C,H,; 0.2180 3.22 3.07 2.92 
C,Hs 0.6650 1.005 0.973 0.920 
i-C4Hto 0.1073 0.45 0.43 0.41 
n-CJIIO 0.0097 0.315 0.305 0.295 

Total 1.0000 

Thought Problems 

1. Water was drained from the bottom of a gasoline tank into a sewer, and shortly thereafter 
a flash fire occurred in the sewer. The operator took special care to make sure that none of 
the gasoline entered the sewer. 

What caused the sewer fire? 
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2. The fluid in a large tank caught on fire 40 minutes after the start of a blending operation in 
which one grade of naphtha was being added to another. The fire was soon put out and the 
naphtha was moved to another tank. The next day blending was resumed in the second 
tank; 40 minutes later another fire started. 

Can you explain the reason for this sequence of events? What might be done to pre
vent such incidents? 

3.5 PARTIAL SATURATION AND HUMIDITY 

Your objectives in studying this 
section are to be able to: 

1. Define relative saturation (humidity), molal saturation (humidity), ab
solute saturation (humidity), and humidity by formulas involving par
tial pressures of the gas components. 

2. Given the partial saturation in one form, calculate the corresponding 
values in the other three forms as well as the dew point. 

In Sec. 3.4 we dealt with mixtures of noncondensable gas and vapor in which the gas 
was saturated with the vapor. Often, the contact time required between the gas and 
liquid for equilibrium (or saturation) to be attained is too long, and the gas is not 
completely saturated with the vapor. Then the vapor is not in equilibrium with a liq
uid phase, and the partial pressure of the vapor is less than the vapor pressure of the 
liquid at the given temperature. This condition is called partial saturation, What 
we have is simply a mixture of two or more gases that obey the real gas laws. What 
distinguishes this case from the previous examples for gas mixtures is that under suit
able conditions it is possible to condense part of one of the gaseous components. In 
Fig. 3.17 you can see how the partial pressure of the water vapor in a gaseous mix
ture at constant volume obeys the ideal gas laws as the temperature drops until satu
ration is reached, at which time the water vapor starts to condense. Until these con
ditions are achieved, you can confidently apply the gas laws to the mixture. 

Saturoted -+- Partial --------->-
OIr saturation 

Condensation ..j I Change in 
Condensotion /1 temperature 
begins I 

~ ~ Total pressure Mixture 
~ ______ ~ Partiol pressure of air Air 
J: I pV ~ nRT 

Fully saturated I 

gas I Partial pressure of 
I water vapor W 

te oler 
{ Q{essu I pV :: nRT 

'Ja'?o Dew Point 

Temperature 

Figure 3.17 Transfonnation of a 
partially saturated water vapor-air 
mixture into a saturated mixture as 
the temperature is lowered (vol
ume = constant). 
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Several ways exist to express the concentration of a vapor in a mixtore with a 
noncondensable gas. You sometimes encounter mass or mole fraction (or percent), 
but more frequently one of the following: 

(a) Relative saturation (relative humidity); Sec. 3.5.1 
(b) Molal satoration (molal humidity); Sec. 3.5.2 
(c) "Absolute" satoration ("absolute" humidity) or percent saturation (percent hu

midity); Secs. 3.5.3 and 4.9 
(d) Humidity; Secs. 3.5.2 and 4.9 

When the vapor is water vapor and the gas is air, the special term humidity applies. 
For other gases or vapors, the term saturation is used. 

3.5-1 Relative Saturation 

Relative saturation is defined as 

"" " P"'P'" I' . VL(" = -- = re alive saturatlOn 
psatd 

(3.47) 

where P"PO' = partial pressure of the vapor in the gas mixture 
P"" = partial pressure of the vapor in the gas mixtore if the gas were 

satorated at the given temperatore of the mixtore (i.e., the vapor 
pressure of the vapor component) 

Then, for brevity, if the sUbscript 1 denotes vapor, 

9l.S = E:.. = p,/ P' = V.;V, =.!!!... = mass, 
pf pf /pr Vsatd/Vt nsatd maSSsatd 

(3.48) 

._- --------- ----- ---.- --You--can see -that-Telative -saturation,in -effect,- represents -the--fractional- approach-to_ 
total satoration, as shown in Fig. 3.18. If you listen to the radio or TV and hear the 
announcer say that the temperatore is 25"C(77'F) and the relative humidity is 60%, 
he or she implies that 

P:20 (100) = % 9l.'!IC = 60 
PH20 

(3.49) 

with both the PH20 and the P~20 being measured at 25'C. Zero percent relative satu
ration means no vapor in the gas. What does 100% relative saturation mean? It 

v:: ~ V/~ 

Actual volume 
of H20 vopor 

VAiume of H20 vopor if 
the air were saturated 

Volume of air 
Figure 3.18 Partially saturated gas 
with the water and air separated con
ceptually. 
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means that the partial pressure of the vapor is the same as the vapor pressure of the 
substance that is the vapor. 

EXAMPLE 3.25 Application of Relative Humidity 

Solution 

The weather reported on the radio this morning was that the temperature this afternoon 
would reach 94'F. the relative humidity would be 43%. the barometer 29.67 in. Hg. partly 
cloudy to clear. with the wind from SSE at 8 mi/hr. How many pounds of water vapor would 
be in 1 mP of afternoon air? What would be the dew point of this air? 

The vapor pressure of water at 94°P is 1.61 in. Hg. We can calculate the partial pressure of 
the water vapor in the air from the given percent relative humidity; from this point forward, 
the problem is the same as the examples in Section 3.4. 

pw = (1.61 in. Hg)(0.43) = 0.692 in. Hg 

(p,;, = p, - pw = 29.67 - 0.692 = 28.98 in. Hg) 

Basis: I mi3 water vapor at 94'F and 0.692 in. Hg 

~(5218nu°ft)3~~~~0~.~69~2~in~.~H~g~~~~~1~8~lb~H~20~ T 29.92 in. Hg I Ib mol 
1.52 X 108 Ib H2 0 

Now the dew point is the temperature at which the water vapor in the air will first con
dense on cooling at constant total pressure and composition. As the gas is cooled you can see 
from Eq. (3.49) that the percent relative humidity increases since the partial pressure of the 
water vapor is constant while the vapor pressure of water decreases with temperature. When 
the percent relative humidity reaches 100%, 

IOOPH
2

0 = 100% 
P~20 

or 

the water vapor will start to condense. This means that at the dew point the vapor pressure of 
water will be 0.692 in. Hg. From the steam tables you can see that this corresponds to a tem
perature of about 68-69'F. 

3.5·2 Molal Saturation 

Another way to express vapor concentration in a gas is to use the ratio of the moles 
of vapor to the moles of vapor-free gas: 

nvapor 
---"'=-- = molal saturation (3.50) 
nvapor-freegas 

If subscripts I and 2 represent the vapor and the dry gas, respectively, then for a bi
nary system, 

PI + P2 = p, 
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nl = PI = VI = nl 
n2 P2 V2 nt - nl p, - PI 

(3.51) 

By multiplying by the appropriate molecular weights, you can find the mass of vapor 
per mass of dry gas: 

(nvapor)(mol. Wt. vapor) maSSvapor 
(ndry,,,)(mol. wt.dry,,,) - massdry,,, 

(3.52) 

The special term humidity ('iJ£) refers to the mass of water vapor per mass of bone
dry air and is used in connection with the humidity charts in Sec. 4.9. 

3.5-3 "Absolute" Saturation (Humidity); Percentage 
Saturation (Humidity) 

"Absolute" saturation is defined as the ratio of the moles of vapor per mole of vapor
free gas to the moles of vapor that would be present per mole of vapor-free gas if the 
mixture were completely saturated at the existing temperature and total pressure: 

( 
moles vapor ) 

"b I ." moles vapor-free gas actual 

= a so ute saturatlOn = ( moles vapor ) 

moles vapor-free gas saturated 

Using the subscripts 1 for vapor and 2 for vapor-free gas, 

percent absolute saturation = (~tu. (100) = (~L'I (100) 

(::) "wm'od (~:) "Wm'od 

SincePisatUtated = pt ana P;-=--PI+ P2;--
PI 

percent absolute saturation = 100 p, - PI = J!.I..(p, - Pt) 100 
pt pt p, - PI .....2'-'--,-

p, - pt 

Now you will recall that p,jpt = relative saturation. Therefore, 

percent absolute saturation = (relative saturation)(P, - pt) 100 
p, - PI 

(3.53) 

(3.54) 

(3.55) 

(3.56) 

Percent absolute saturation is always less than relative saturation except at saturated 
conditions (or at zero percent saturation) when percent absolute saturation = percent 
relative saturation. 

EXAMPLE 3,26 Partial Saturation 

Helium contains 12% by volume of ethyl acetate. Calculate (a) the percent relative saturation 
and (b) the percent absolute saturation of the mixture at a temperature of 30'C and a pressure 
of 98 kPa. 
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The additional data needed are 

p~", at 30°C = 15.9 kPa 

Using Dalton's laws, we obtain 

(from any suitable handbook) 

( n
E
"') PEtAc = P,YEtAc = PI ~ _ (VE"') -p, --

V; 

= (98)(0.12) = 11.76 kPa 

pHe = p, - PEtAc 

= 98 - 11.76 = 86.24 kPa 

At 30°C: 

(a) Percent relative saturation = 

lOOP!'" = 100 11.76 = 74.0% 
PE'" 15.9 

(b) Percent absolute saturation = 

PEtAc 11.76 11.76 

100 
Pt - PEtAc 98 - 11.76 100 = 86.24 100 

P:tAC 15.9 15.9 

Pt - P:tAc 98 - 15.9 82.1 

= 70.4% 
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EXAMPLE 3.27 Partial Saturation 

Solntion 

The percent absolute humidity of air at 86°F and a total pressure of 750 mm Hg is 20%. Cal
culate (a) the percent relative humidity and (b) the partial pressure of the water vapor in the 
air. (c) What is the dew point of the aIr? 

Data from the stearn tables are 

P~20 at 86°F = 1.253 in. Hg = 31.8 mm Hg 

To get the relative humidity. PH20/ P~20. we need to find the partial pressure of the water va
por in the air. This may be obtaIned from 

sil'JC = 20 = 

This equation can be solved for PH20: 

750 - PH20 
100 = ----::..,...:.=-100 

31.8 
750 - 31.8 

0.00886 = P
H

2
0 

750 - PH20 
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(b) 

(a) 

Gases, Vapors, Liquids, and Solids 

PH,O = 6.58 mm Hg 

6.58 
% 'ill'JC = 100 31.8 = 20.7% 

Chap. 3 

(c) The dew point is the temperature at which the water vapor in the air would com
mence to condense. when cooled at constant total pressure. This would be at the vapor pres
sure of 6.58 mm Hg, or about 42°F. 

Self-Assessment Test 

1. A mixture of air and benzene is found to have a 50% relative saturation at 27°C and an 
absolute pressure of 110 kPa. What is the mole fraction of benzene in the air? 

2. A TV announcer says tbat the dew point is 92°F. If you compress the air to 110°F and 2 
psig, what is the percent absolute humidity? 

3. Nine hundred forty-seven cubic feet of wet air at 70°F and 29.2 in. Hg are dehydrated. If 
the water removed contains a.94lb of H20, what was the relative humidity of the wet air? 

Thought Problems 

1. A stirred tank containing liquid CS, solvent had to be cleaned because of solid residue that 
had accumulated in the stirrer. To avoid a possible fire and explosion, the CS, was pumped 
out and the tank blanketed with nitrogen. Then the manhole cover was removed from the 
top of the tank, and a worker started to remove the solid from the stirrer rod with a 
scraper. At this point the maintenance worker left for lunch. When he returned to com
plete the job, a spark caused by the scraper striking the stirrer rod started a flash fire. 

How could the fire have occurred despite the preventive measure of using a N2 blan-
ket? 

2. From: Marine Board of Investigation 

To.~ - Commandant(MVI)~ 

Subj.: SS V. A. FOGG, O. N. 244971; sinking with loss of life in Gulf of Mexico on 1 
February 1972 

Findings of Fact 

At 1240 on February 1, 1972, the tankship V. A. FOGG departed Freeport, Texas, 
en route to the Gulf of Mexico to clean cargo tanks that carried benzene residue. The ves
sel was due to arrive in Galveston, Texas, at 0200, on February 2. At approximately 1545, 
February I, the V. A. FOGG suffered multiple explosions and sank. All 39 persons aboard 
died as a result of this casualty. Three bodies were recovered; two of the bodies were 
identified and one remained unidentified. The other persons were missing and presumed 
dead. 

You are asked your opinion of the most probable cause of the incident. What is your 
explanation? 

3. On two different days the temperature and barometric pressure are the same. On day 1 the 
humidity is high, on day 2 the humidity is low. On which day is the air the most dense? 
Justify your answer with arguments using Dalton's law and the ideal gas law. Why does 
the air feel "heavier" on day 1 than on day 2? 
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3;6 MATERIAL BALANCES INVOLVING 
CONDENSATION AND VAPORIZATION 

Your objective in studying this 
section is to be able to: 

1. Solve material balance problems involving vaporization and conden
sation. 

317 

The solution of material balance problems involving partial saturation, condensa
tion, and vaporization will now be illustrated. Remember the drying problems in 
Chap. 2? They included water and some bone-dry material, as shown at the top of 
Fig. 3.19. To complete the diagram, we add the air that is used to remove the water 
from the material being dried. 

75 kgl H20 

25 ,gl Bone-dry 
leather 

H20 Vapor 

Bone-dry air 

Transfer of H20 

Figure 3.19 Complete drying 
schematic. 

Woter 

Bone-dry leather 

H20 Vapor 

Bone-dry air 

You can analyze material balance problems involving water vapor in air in ex
actly the same fushion as you analyzed the material balance problems for the drying 
of leather (or paper, etc.), depending on the information provided and sought. (Hu
midity and saturation problems that include the use of energy balances and humidity 
charts are discussed in Chap. 4.) 

In connection with the examples that follow, we again stress that if you know 
the dew point of water in a gas, you automatically know the partial pressure of the 
water vapor in the gas. When a partially saturated gas is cooled at constant pressure, 
as in the cooling of air containing some water vapor at atmospheric pressure, the 
volume of the mixture may change slightly, but the mole fractions of the gas and 
water vapor remain constant until the dew point is reached. At this point water be
gins to condense; the gas remains saturated as the temperature is lowered. All that 
happens is that more water goes from the vapor into the liquid phase. At the time 
the cooling is stopped, the gas is still saturated, and at its dew point. 

The material balance problems that follow are solved using the lO-step strat
egy presented in Table 2.4. 
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EXAMPLE 3.28 Material Balance with Condensation 

Solution 

- -------

If the atmosphere in the afternoon during a humid period is at 90°F and 80 '1Jt'iIC (barometer 
reads 738 rom Hg) while at night it is at 68°F (barometer reads 745 rom Hg), what percent of 
the water in the afternoon air is deposited as dew at night? 

Assume a closed system that reaches equilibrium. 
Steps 1, 2, and 3: The data are shown in Fig. E3.28. The check marks indicate that 

the compositions of the streams can be calculated from the information given. Two pieces of 
information needed are: 

vapor pressure H20 at 90°F = 36.1 rom Hg 

vapor pressure H20 at 680P = 17.5 rom Hg 

Day Nigh! 

P, = 738 mm Hg I Dry Air I Dry Air P, = 745 mm Hg 

T = 90° F H20 Vapor H20 Vapor T = 68° F 

0 N 

i-J I H20 Liquid I w =? 

Figure E3.28 

You can check to see if the dew point of the day air is below 68°P in which case no dew is 
deposited. 

The partial pressure of the water pressure in the day air is 

(36.1 rom Hg)(0.80) =28.9_mm_Bg-",,_~3°fdJ'\vl)oin,-,,-t __ 

Consequently, water does condense from the air as it cools. Now we need to get the composi
tions of the day and night air so we caD carry out a material balance. 

We calculate all the partial pressures in the D and N streams, the results of which in 
effect give us the compositions of the two streams. 

pr = pair + pw so that 

day: p., = 738 - 28.9 = 709.1 rom Hg 

night: p., = 745 - 17.5 = 727.5 mm Hg 

Steps 4, 5, and 6: If we take a basis, we have only two stream variables unknown; two com
ponent material balances can be made, hence the problem has a unique solution. 

As a basis we could select I ft' of wet air, 1 lb mol wet (or dry) air, or many other 
suitable bases. The simplest basis to take is 

Basis: 738 lb 1]101 of moist day air 

because then the moles = the partial pressures. 
Steps 7, 8, 9: On the basis of 738 lb mol of moist day air, we have the following water 

in the saturated night air: 

------. --
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Then 
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17.51b mol H20 in night air 709.llb mol dry air = 17.061b mol H
2
0 

727.5 Ib mol dry air 

Water balance: 28.9 - 17.06 = 11.84 Ib mol H20 deposited as dew 

100 II. 84 = 41 % of water in day air deposited as dew 
28.9 

Step 10: Check your answer by selecting another basis on which to work the prob-
lem. 

EXAMPLE 3.29 Dehydration 

Solution 

By absorption in silica gel you are able to remove all (0.93 kg) of the H20 from moist air at 
15°C and 98.6 kPa. The same air measures 1000 m' at 20°C and 108.0 kPa when dry. What 
was the relative humid~ty of the moist air? 

Steps 1, 2, and 3: Figure E3.29 contains the known data. The check marks indicate 
that the ~oist air and other concentrations cao be calculated from the data given. 

Step 4: Either the W or the A stream can serve as the basis. 

Basis: 1000 m' bone-dry air (BDA) at 20°C and 108.0 kPa 

F =? 15° C and 
98.6 kPa 

J H20 Vapor I H2O 

I 1000 m' 
I Dry Air -- Dry Air 

at 20° C and 
108.0 kPa 

Fignre E3.29 

I W=0.93 kg 

We first need to calculate the amounts (in kg mol) of water vapor and dry air in the original 
air. W = 0.93 kg or 

As for the dry air 

0.93 kg H20 1 kg mol H20 
--"'--"--t---;1';:87k-g-;H"'2"'O~ = 0.0517 kg mol H20 

.:.1O,-O_O_m_'_B,-D,,-A"'-jf-7.=-=::'-!-..:..:~c.=.:-'-l-"1 ,ok",g,.::m::.o,,1 = 44 35 k 1 BDA 
22.4 m' .g rno 

Steps 5, 6, 7, 8 and 9: All of the water and all of the air were in the originall1]oist 
air so that balances are trivial, and the problem has a unique solution. The partial pressure of 
the water vapor in the original air was 

( 
0.0517 ) 

PH20 = P,YH2o = 98.6 44.35 + 0.0517 = 0.1147 kPa 
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The vapor pressure at 15°C for water is 1.70 kPa, hence the fractional relative humidity of the 
original air was 

0.1147 = 0067 
1.70 . 

EXAMPLE 3.30 Humidification 

Solution 

One thousand cubic meters of moist air at 101 kPa and 22°C and with a dew point of lloC 
enters a process. The air leaves the process at 98 kPa with a dew point of 58°C. How many 
kilograms of water vapor are added to each kilogram of wet air entering the process? 

Steps 1, 2, and 3 The known data appear in Fig. E3.30. The check marks indicate 
that the concentrations can be calculated from the given data. Additional data needed are 

Dew point 
temp. ('C) 

II 
58 

9.84 
136.1 

1.31' 
18.14' 

t These values give the partial pressures of 
the water vapor in the initial and final gas 
mixtures. 

W= ? 
100% H 0 

F = 1000 m' at 101 kPa and 22° C 

/ Air 

~ 2 / System Boundary 

I Air 
__ Ente,,,rilOngg ------~ ______ t==~"H.:i:;v::;~~E~XliirtlOg P = ? 

I H20~Va~or J H20 Vapor - --

Dew Pomt 11° C Dew Pomt 58° C 

Figure E3.30 

The partial pressures of the water vapor are the pressures at the dew point in each case, and 
the dry air has a partial pressure which is the difference between the total pressure and the 
partial pressure of the water vapor. 

Let the subscript W stand for water vapor and DA stand for dry air: 

In: PDA = P, - Pw = 101 - 1.31 = 99.69 kPa 

Out: PDA = 98 - 18.14 = 79.86 kPa 

Step 4 Basis is \000 m' at \0 I kPa and 22°C. Other bases could be selected such as 
\01 kg mol of moist entering air or 98 kg mol of moist exit air. 

Steps 5 and 6 We have two unknowns, Wand P, and can make both an air and water 
balance. so that the problem has a unique solution. 

Steps 7, 8, and 9 

\000 m' I kg mol . 
=,-,--=-+:-::,,::.c;.::'::--+-C-:-=:-:=-J---",2=2"".4"::m=7, = 41.19 kg mol wet arr 
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Dry air is a tie component. 

DA balance: 41 19(99.69) = p(79.86) 
. 101 98 

P = 49.87 kg mol 

Total balance: F + W = P 

W = 49.87 - 41.19 = 8.68 kg mol H20 

Step 10. Check using the water balance . 

. (1.31) (18.1) Water balance: 41.19 101 + W = 49.87 98 

W = 8.68 kg mol H20 
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Step 9 (Continued) To calculate the kg of wet air entering, we proceed as in Chap. I. 

Component kg mol Mol. wt. kg 

Dry air 41.19 (9~o~9) . 29 1179.0 

H20 41.19 ( ~gn 18 9.6 

Total 41.19 1188.6 

Water added = (8.68)(18) = 0.131 kg water 
1188.6 kg wet arr III 

EXAMPLE 3.31 Vaporization of the Products of Ammonia Synthesis 

After ammonia is produced from N2 and H2 , the products are cooled and separated in a par
tial condenser operated at -28'F and 2000 psia (the reaction pressure). Figure E3.31 iIIus-

Vapor F 

I N, 0.220 
2 H, 0.600 
3 NH, 0.114 
4 Ar 0.002 
5 CH4 0.004 

1.000 

I 
Condenser 

-28 0 F and 
2000 psia 

I 

Vapor V = ? 

y, =? 
Y2 = ? 
Y, = ? 
Y4 = ? 
Y, = ? 

Liquid L =? 

Composition ? 
Xl =? 
x2 = ? 
X3 = ? 
X4 = ? 
x, = ? Figure E3.31 
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trates the separation process and gives the known data. Calculate the composition of the va
por and liquid streams. Tp.e equilibrium constants are 

66.67 

50 

NH,: O.ol5 

Ar: 

ClL,: 

100 

33.33 

Steps 1, 2, and 3 Figure E3.3l contains the known data, and symbols for the un
known quantities. 

Step 4 
Basis: 100 lb mol = F 

Steps 5 and 6 There are 12 variables whose values are unknown. You can make five 
component balances, jnvoke two sum of mole fraction relations for streams L and V. and 
write five equilibrium relations Yi = KjXio hence the problem has a unique solution. 

Step 7 Component material balances: 

N2 : 

H2 : 

NH,: 

Ar: 

CH,: 

Summation of mole fractions: 

V: 

L: 

100(0.220) = VYI + LXI 

100(0.660) = VY2 + LX2 

100(0.114) = Vy, + Lx, 

100(0.002) = VY4 + LX4 

100(0.004) = Vy, + Lx, 

YI + Y2 + y, + Y4 + y, = I 

XI + X2 + X3 + X4 + X5 = 1 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

-----Equilibrium-relations:------

N,: 

H2 : 

NH,: 

Ar: 

ClL,: 

YI = 66.67xI 

Y2 = 50X2 

y, = 0.015x, 

Y4 = 100x4 

y, = 33.33x, 

(h) 

(i) 

Ul 
(k) 

(I) 

Step 8 One method of solution is to solve all 12 equations simultaneously (the com
ponent material balances are nonlinear). By the following algebraic manipulations, the num
ber of variables and equations can be reduced. Rearrange Eqs. (a)-(e). For example, for Eq. 
(a), -

Xl = 
100(0.220) - VYI 

L 
(m) 

and 

100(0.220) - LXI 
y, = 

V 
(n) 
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Substitute Yi = K;Xi into the set of equations corresponding to Eq. (m) and solve for Xi; for 
example, 

100 0.220 
XI = V (L/V) + 66.67 

(0) 

Introduce all the equations corresponding to Eq. (0) into Eq. (g) to get a single equation in 
which the unknowns are Land V. 

5 

2: x,(L, V) = 1 (P) 
;=1 

A similar procedure applied with respect to Eqs. (n) and (f) gives another equation in 
which L and V are knowns; for example, 

100 66.7(0.220) 
YI = 11 66.7 + (L/V) 

Insert all the yis into Eq. (f) to get 
5 

2: Yi(L, V) = 1 
i=l 

(q) 

The overall material balance 100 = V + L can be combined with Eq. (p) and/or (q) to get a 
single equation in one unknown variable, V or L. 

The solution is 

Stream 

V 
L 

Ib mol 

89.73 
10.27 

0.2448 
0.0037 

H, 

0.7339 
0.0147 

Concentration, mole fraction 

NH, 

0.0147 
0.9815 

Ar 

0.0022 
0.0000 

ea. 

0.0044 
0.0001 

You could use Eq. (3.46) to solve this problem without the detailed analysis above. 

We have gone over a number of examples of condensation and vaporization, 
and you have seen how a given amount of air at atmospheric pressure can hold only 
a certain maximum amount of water vapor. This amount depends on the temperature 
of the air, and any decrease in the temperature will lower the water-bearing capacity 
of the air. 

An increase in pressure also will accomplish the same effect. If a pound of sat
urated air at 75°F is isothermally compressed (with a reduction in volume, of 
course), liquid water will be deposited out of the air just like water being squeezed 
out of a wet sponge (Fig. 3.20). The vapor pressure of water is 0.43 psia at 75°F. 

For example, if a pound of saturated air at 75°F and 1 atm is compressed 
isothermally to 4 atm (58.8 psia), almost three-fourths of the original content of wa
ter vapor now will be in the form of liquid, and the air still has a dew point of 75°F. 
Remove the liquid water, expand the air isothermally back to I atm, and you will 
find that the dew point has been lowered to about 36°F. Mathematically (I = state at 
1 atm, 4 = state at 4 atm) with z = 1.00 for both components: 
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Saturated Air 
75'F, I atm 

Saturated Air 
750 F, 40tm 

Figure 3.20 Effect of. an increase of pressure on saturated air and a re
turn to the initial pressure. 

For saturated air at 75'F and 4 atm: 

For the same air saturated at 75'F and 1 atm: 

0.43 
58.4 

0.43 
14.3 

Since the air is the tie element in the process, 

0.43 

(n'). ,,; 58.4 = 14.3 = 0.245 
n, H,O 0.43 58.4 

14.3 

24.5% of the original water will remain as vapor after compression. 

Chap. 3 

After the air-water vapor mixture is returned to a total pressure of 1 atm, the 
following two familiar equations now apply: 

PH,O + P,i, = 14.7 

PH,O = nH,O = 0.43 = 0.00736 
pair nair 58.4 

From these two relations you can find that 

PH,O = 0.108 psia 

,P,i, = 14.6 

P"'" = 14.7 psia 

The pressure of the water vapo~. represents a dew point of about 36'F, and a relative 
humidity of 

(lOO)PH,o= 0.108 (100) = 25% 
pl!,o 0.43 
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Self-Assessment Test 

1. Gas from a synthetic gas plant analyzes (on a dry basis) 4.8% CO" 0.2% O2 , 25.4% CO, 
0.4% C2 H." 12.2% H2, 3.6% CH" and 53.4% N2• The coal used analyzes 70.0% C, 6.5% 
H. 16.0% 0, and 7.5% ash. The entering air for combustion has a partial pressure of wa
ter equal to 2.67 kPa. The barometer reads 101 kPa. Records show that 465 kg of steam 
is supplied to the combustion vessel per metric ton of coal fired. Calculate the dew point 
of the exit gas. 

2. A liquid solution of pharmaceutical material to be dried is sprayed into a stream of hot 
gas. The water evaporated from the solution leaves with the exit gases. The solid is recov
ered by means of cyclone separators. Operating data are: 

Inlet air: 100,000 ft3/hr, 600oP, 780 mm Hg, humidity of 0.00505 lb 
H2 0/1b dry air 

Inlet Solution: 300 lblhr, 15% solids, 700 P 
Outlet air: 200oP, 760 mm Hg, dew point 1000P 
Outlet solid: 1300P 

Calculate the composition of the outlet solid-it is not entirely dry. 
3. A gas leaves a solvent recovery system saturated with benzene at 50°C and 750 mm Hg. 

The gas analyzes, on a benzene-free basis, 15% CO, 4% O2 • and the remainder nitrogen. 
This mixture is compressed to 3 atm and is subsequently cooled to 20°C. Calculate the 
percent benzene condensed in the process. What is the relative saturation of the final gas? 

Thought Problem 

1. A large fermentation tank fitted with a 2-in. open vent was stedized for 30 minutes by 
blowing in live steam at 35 psig. After the steam supply was shut off, a cold liquid sub
strate was quickly added to the tank at which point the tank collapsed inward. 

What happened to cause the tank to collapse? 

3.7 PHASE PHENOMENA 

Your objectives in studying this 
section are to be able to: 

1. Write down the phase rule, define each parameter in the phase rule, 
and be able to apply the phase rule to determine the degrees of free
dom, or the number of components, or the phases that exist in a sys
tem. 

2. Sketch (roughly) the p-V-T surface and the two-dimensional projec
tions thereof for water. 

3. Predict the p-V-T behavior of a pure component or a mixture given 
the p-V-T diagram, and identify a specified state as residing in the 
solid, liquid, or vapor single-phase region or the solid plus liquid, solid 
plus vapor, or liquid plus vapor two-phase region. 

4. Completely describe, from a phase diagram, all changes that occur on 
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cooling or heating a given composition of a two~component system; 
give all phases present at each temperature and approximate 
amounts of "each phase; also, give the degrees of freedom at any 
point in the cooling or heating process. 

5. Locate a reference containing the properties of a pure substance in 
your library. 

We now consider briefiy some of the qualitative characteristics of vapors, liquids, 
and solids. You need to know in any problem what materials are gases, liquids and 
solids so that you can apply the proper p-V-T relationships. 

3.7-1 The Phase Rule 

You will find the Gibb's phase rule a useful guide in establishing how many proper
ties, such as pressure and temperature, have to be specified to definitely fix all the 
remaining properties and number of phases that can coexist for any physical system. 
The rule can be applied only to systems in equilibrium. It says that 

F=C-'!J>+2 (3.57) 

where F = number of degrees of freedom (i.e., the number of independent proper
ties that have to be specified to determine all the intensive properties of 
each phase of the system of interest) 

C = number of components in the system; for circumstances involving chem
ical reactions, C is not identical to the number of chemical compounds 

, in the system but is equal to the number of chemical compounds less the 
"number-of-independent-reaction-and-otheL equilibrium..relationships_ 
among these compounds as discussed below. 

'!J> = number of phases that can exist in the system; a phase is a homogeneous 
quantity of material such as a gas, a pure liquid, a solution, or a homo
geneous solid 

Variables of the kind with which the phase rule is concerned are called phase
rule variables, and they are intensive properties of the system. By this we mean 
properties that do not depend on the quantity of material present. If you think 
about the properties we have employed so far in this book, you have the feeling that 
pressure and temperature are independent of the amount of material present. So is 
concentration, but what about volume? The total volume of a system is called an ex
tensive property because it does depend on how much material you have; the 
specific volume, on the other hand, the cubic meter per kilogram, for example, 
is an intensive property because it is independent of the amount of material 
present. In Chap. 4 we take up additional intensive properties, such as internal en
ergy and enthalpy. You should remember that the specific (per unit mass) values of 
these quantities are intensive properties; the total quantities are extensive properties. 
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An example will clarify the use of these terms in the phase rule. You will re
member for a pure gas that we had to specify three of the four variables in the ideal 
gas equation pV = nRT in order to be able to determine the remaining one un
known. You might conclude that F = 3. If we apply the phase rule. for a single 
phase '1i' = I, and for a pure gas C = I, so that 

F=C-'1i'+2=1-1+2=2 variables to be specified 

How can we reconcile this apparent paradox with our previous statement? Since the 
phase rule is concerned with intensive properties only, the following are phase-rule 
variables in the ideal gas law: 

~ (specific molar VOlUme)} 3 intensive properties 

Thus the ideal gas law would be written 

pV = RT 

and once two of the intensive variables are fixed (F equals 2), the third is also auto
matically fixed. 

The intensive property must be uniform throughout the phase. If a system at 
equilibrium consists of two nonreacting components such as NH3 and H20, and two 
phases, liquid and vapor, intensive variables would be temperature (the same in both 
phases), pressure (the same in both phases), concentration in a phase (different in 
each phase), specific volume (different in each phase), and so on. The overall con
centration (including both phases) for the system would not be an intensive property 
because it is not a value equal to the actual value of the concentration in either 
phase. 

An invariant system is one in which no variation of conditions is possible 
without one phase disappearing. An example with which you may be familiar is the 
ice-water-watervapor system, which exists at only one temperature (O.OI°C) and 
pressure (610 Pal: 

F=C-'1i'+2=1-3+2=O 

With all three phases present, none of the physical conditions can be varied without 
the loss of one phase. As a corollary, if the three phases are present, the tempera
ture, the specific volume, and so on, must always be fixed at the same values. This 
phenomenon is useful in calibrating thermometers and other instruments. 

A complete discussion of the significance of the term C in the phase rule is be
yond the scope of this book; however, a brief explanation will demonstrate the issues 
involved. The quantity C is calculated as 

C = c* - h 

where c * is the rank of the atom matrix and h is the number of stoichiometric con
straints that exist in a reacting system. The atom matrix is just the matrix in which 
the rows represent the atomic species and the columns represent the chemical com-



328 Gases, Vapors, Liquids, and Solids Chap. 3 

pounds in the system. Each element in the matrix is the number of atoms in the par
ticular compound. Thus (for water) 

H: 
0: 

H,O 

2 
1 

H, 

2 
o 

0, 

o 
2 

for which the rank is two. Refer to Sec. L.t to ascertain how the rank of the atom 
matrix can be evaluated. In any case C is not necessarily the number of compounds 
present in the system, n, and in fact the following inequality holds: 

C ::S c* :5 n 

We do not have the space here to explain completely how h is calculated, but 
an example will make the idea clear. Suppose that a portion of IOOg of NH.Cl(s) de
composes in an evacuated tank to NH3(g), HCl(g), N2(g), H2(g), and Ch(g). Thus 
n = 5, but the rank of the atomic matrix is c* = 3. Because all the N, H, and Cl in 
the gas phase came from the NH,Cl(s), in the gas phase you know the following ad
ditional ratios must exist (called stoichiometric constraints) among all the com
pounds 

N 1 Cl 
H 4 H 4 

Consequently, h = 2, and the degrees of freedom for the system are 

F = (3 - 2) - 2 + 2 = I 

in agreementwith experimental observations. For more complicated reactions, con
______ sulLRao"( oLone_oLthe_supplemJ:nl'!1:y--""fJ:renceS~tJhe _end of this chapg,r )~~ 

how to calculate h. Without a reaction, occurring, h = O. 

EXAMPLE 3.32 Application of the Phase Rule 

Solution 

Calculate the number of degrees of freedom (how many additional intensive variables must 
he specified to fix the system) from the phase rule for the following materials at equilibrium: 

(a) Pure liquid benzene 
(b) A mixture of ice and water only 
(c) A mixture of liquid benzene, benzene vapor, and helium gas 
(d) A mixture of salt and water designed to achieve a specific vapor pressure 

What variables might be specified in each case? 

F=C-'!/'+2 

(a) C = 1, '!/' = 1, hence F = 1 - 1 + 2 = 2. The temperature and pressure might 
be specified in the range in which benzene remains liquid. 

21 Y. K. Rao, StOichiometry and Thermodynamics of Metallurgical Processes, Cambridge Univer~ 
sity Press, New York, 1984. 
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(b) C = 1. '!/' = 2, hence F = 1 - 2 + 2 = 1. Once either the temperatnre or the 
pressure is specified, the other intenstive variables are fixed. 

(e) C = 2, '!/' = 2, hence F = 2 - 2 + 2 = 2. A pair from temperature, pressnre, or 
mole fraction can be specified. 

(d) C = 2, '!/' = 2, hence F = 2 - 2 + 2 = 2. Since a particular pressure is to be 
achieved, you would adjust the salt concentration and the temperature of the solution. 

We are now going to consider how phase phenomena can be illustrated by 
means of diagrams. 

3.7-2 Phase Phenomena of Pure Components 

If we are to clearly understand phase phenomena, the properties of a substance 
should be shown in at least three dimensions, particularly if there can be more than 
one phase in the region for which the p-V-T properties are to be presented. We pre
viously overcame the handicap of using two dimensions to present three-dimensional 
data by showing, on the two-dimensionnal graph, lines of constant value for the 
other properties of the system (see Fig 3.3, which has p and Vas axes, and lines of 
constant temperature as the third parameter). In this section we present a more elab
orate picture of these p-V-T properties. Figure 3.21 illustrates the relationships be
tween the three-dimensional presentations of p-V-T data for water and the conven
tional two-dimensional diagrams you usually encounter. Be certain that you view 
the central figure in Fig. 3.21 as a surface and not as solid figures; only the p-V-T 
points on the surface exist, and no point exists above or below the surface. 

You can see that the two-dimensional diagrams are really projections of the 
three-dimensional surfaces onto suitable axes. On the p-V diagram, you will ob
serve lines of constant temperature called isothermal lines, and on the p-T diagram 
you will see lines of constant volume, called isometric lines or isochores. On the 
T-V diagram, we might have put lines of constant pressure known as isobaric lines, 
but these are not shown since they would obscure the more important features which 
are shown. The two-phase vapor-liquid region is represented by the heavy envelope 
in the p-V and the T-V diagrams. On the p-T diagram this two-phase region appears 
only as a single curve because you are looking at the three-dimensional diagram 
from the side. The p-T diagram shows what we have so far called the vapor-pressure 
curve, but examination of the associated diagrams show that the "curve" is really a 
surface on which two phases coexist, each having the properties found at the appro
priate bounding line for the surface. A point on the surface shows merely the overall 
composition of one phase in equilibrium with another. For example, at point A we 
have liquid and at point B we have vapor, and in between them no single phase ex
ists. If we added the liquid at A to the vapor at B, we would have a two-phase mix
ture with the gross properties shown by point M. You will notice that in the p-V di
agram the lines of constant temperature and pressure become horizontal in the 
two-phase region, because if you apply the phase rule 

F=C-'!f>+2=1-2+2=! 

only one variable can change-the specific volume. In the two-phase region, where 
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condensation or evaporation takes place. the pressure and temperature remain con
stant. Do you recall Our discussion of boiling water? 

Other features illustrated on the diagrams are the critical point, the critical 
isotherm, the triple point in the p-T diagram, which actually becomes a triple
point line in the p-V and T-V diagrams; and the existence of two solid phases and a 
liquid phase in equilibrium, such as solid ice I, solid ice III, and liquid. The temper-
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ature at the freezing point for water (i.e., the point where ice, water, air, and water 
vapor are in equilibrium) is not quite the same temperature as that at the triple point, 
which is the point where ice, water, and water vapor are in equilibrium. The pres
ence of air at I atm lowers the freezing temperature by about O.Oloe, so that the 
triple point is at 0.00602 atm (0.610 Pal and o.oloe. Another triple point for the 
water system exists at 2200 atm and 20°C between ice III, ice I, and liquid water. 

3.7-3 Phase Phenomena of Mixtures 

Presentation of phase phenomena for mixtures that are completely miscible in the 
liquid state involves some rather complex reductions of three-, four-, and higher
dimensional diagrams into two dimensions. We shall restrict ourselves to two
component systems because, although the ideas discussed here are applicable to any 
number of components, the graphical presentation of more complex systems in an el
ementary text such as this is probably more confusing than helpful. 

It would be convenient if the critical temperature of a mixture were the mole 
weighted average of the critical temperatures of its pure components, and the critical 
pressure of a mixture were simply a mole weighted average of the critical pressures 
of the pure components (the concept used in Kay's rule), but these maxims simply 
are not true, as shown in Fig. 3.22. The pseudocritical temperature falls on the 
dashed line between the critical temperatures of CO, and SO" whereas the actual 
critical point for the mixture lies somewhere else. The solid line in Fig. 3.22 illus
trates how the locus of the actual critical points diverges from the locus of the pseudo 
critical points. 

Figure 3.23 is a p-T diagram for a 25% methanel75% butane mixture. You can 
compare this figure with the one for a pure substance, water, as in Fig. 3.9; the p-T 
curve for pure butane or pure methane would look just like the diagram for water 
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Figure 3.22 Critical and pseudocritical points for a mixture. 
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Figure 3.24 p-Tand T -x diagrams for ethane-heptane mixtures of differ
ent compositions. 

(excluding the solid phases). In Fig. 3.23, lines of constant specific volume are 
shown outside the envelope of the two-phase region. Inside the envelope are shown 
lines of constant fractions of liquid, starting at the high pressures, where 100% liq
uid exists (zero percent vapor), and ranging down to 0% liquid and 100% vapor at 
the low pressures. The 100% saturated liquid line is the bubble-point line and the 
100% saturated vapor line is the dew-point line. 

The critical point is shown as point C. You will note that this is not the point 
of maximum temperature at which vapor and liqUid can exist in equilibrium; the lat
ter is the maximum cricondentherm, point D. Neither is it the point of maximum 
pressure at which vapor and liquid can exist in equilibrium because that point is the 
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maximum cricondenbar (point E). The maximum temperature at which liquid and 
vapor can exist in equilibrium for this mil'ture is about 30° higher than the critical 
temperature. and the maximum pressure is 60 or 70 psia greater than the critical 
pressure. You can clearly see. therefore, that the best definition of the critical point 
was the one which stated that the density and other properties of the liquid and vapor ' 
become identical at the critical point. This definition holds for single components as 
well as mixtures. 

Figure 3.23 represents a two-component system with a fixed overall composi
tion. You might wonder what a diagram would look like if we were to try to show 
systems of several compositions on one page. This has been done in Fig. 3.24. Here 
we have a composite p-T diagram, which is somewhat awkward to visualize, but 
represents the bubble-point and dew-point curves for various mixtures of ethane and 
heptane. These curves in essence are intersections of surfaces in the composition co- ' 
ordinate sliced out of a three-dimensional system and are stacked one in front of the 
other, although in two dimensions it appears that they intersect one another. The 
vapor-pressure curves for the two pure components are at the extreme sides of the 
diagrams as single curves (as you might expeCt). Each of the loops represents the 
two-phase area for a system of a specific composition. An infinite number of these 
surfaces are possible, of course. The dashed'iine indicates the envelope of the criti
cal points for each possible composition. Although this line appears to be two
dimensional in Fig. 3.24, it actually is a three-dimensional line of which only the' 
projection is shown in the figure. 

Another way to illustrate the phase phenomena for the two-component systems, 
we have been discussing is to use pressure-composition diagrams at constant temper
ature or, alternatively, to use temperature-composition diagrams at constant pres
sure. A temperature-composition diagram with pressure as the third parameter is il- , 
lustrated in Fig. 3.24 for the ethane-heptane system. ' 

More complicated phase diagrams for multicomponent systems (ternary and 
higher) can be found in the references at the end of the chapter. 

Self-Assessment Test 

1. Is the critical point a single phase? !fnot, what phases are present? Repeat for the triple 
point (for water), 

2. What does a p-V-T value lying above the surface in Fig, 3.23 mean? Below the surface? 
3. Can a liquid be changed to a vapor without passing through a distinct discontinuity in 

properties? Can a solid be transformed similarly to vapor? 
4. ,Sketch the p-V, p-T, and T-V diagranis for water. 
5. A vessel contains air: N,(g), O,(g), and Ar(g). 

(a) How many phases, components, and degrees of freedom are there according to the 
phase rule? 

(b) Repeat for a vessel one-third filled with liquid ethanol and two-thirds filled with N, 
plus ethanol vapor. 

6. Can the following system exist at equilibrium: H,O(s), H2 0(l), H,O(g), decane(s), de
cane(l), decane(g)? (Hint: Decane is insoluble in water.) 

7. How many independent properties,are requit:ed to fix the,equilibrium state of a pure com
pound? 
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8. Consider the system Mn(s), AICl,(g), MnCh(l), AI(l). What are C, '!P, and F in the Gibb's 
phase rule? AI(l) is not miscible with MnCh(\). 

Thought Problems 

1. The advertisement reads "Solid dry ice blocks in 60 seconds right in your own lab! Now 
you can have dry ice available to you at any time, day or night, with this small, safe, 
efficient machine and readily available CO2 cylinders. No batteries or electrical energy are 
required." 

How is it possible to make dry ice in 60 seconds without a compressor? 
2. An inventor is trying to sell a machine that transforms water vapor into liquid water with

out ever condensing the water vapor. You are asked to explain if such a process is techni
cally possible. What is your answer? 
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PROBLEMS 

An' asterisk designates problems appropriate for solntion using a computer. 
Refer also to the problems that require writing computer programs at the end 
of the chapter. 

Section 3.1 

3.1. One liter of a gas is under a pressure of 780 mm Hg. What will be its volume at 
standard pressure, the temperature remaining constant? 

3.2. A gas occupying a volume of 1 m3 under standard pressure is expanded to 1.200 m3 , 

the temperature remaining constant. What is the new pressure? 

3.3. At standard conditions a gas that behaves as an ideal gas is placed in a 4.13-L con
tainer. By using a piston the pressure is increased to 31.2 psia, and the temperature 
is increased to 212°F. What is the final volume occupied by the gas? 

3.4. An oxygen cylinder used an a standby source of oxygen contains 1.000 ft3 of 0, at 
70°F and 200 psig. What will be the volume of this 0, in a dry-gas holder at 90°F 
and 4.00 in. H,O above atmospheric? The barometer reads 29.92 in. Hg. 

3.5. Probably the most important constituent of the atmosphere that fluctuates is the wa
ter. Rainfall, evaporation, fog, and even lightning are associated with water as a va
por or a liquid in air. To obtain some feeling for how little water vapor there is at 
higher altitudes, calculate the mass of 1.00 m3 of water vapor at 2.00 kPa and 23°C. 
Assume that water vapor is an ideal gas under these conditions. 

3.6. You have 10 lb of CO, in a 20-ft' fire extinguisher tank at 30°C. Assuming that the 
ideal gas law holds, what will the pressure gauge on the tank read in a test to see if 
the extinguisher is full? 

3.7. Divers work as far as 500 ft below the water surface. Assume that the water temper
ature is 45°F. What is the molar specific volume (ft3/lb mol) for an ideal gas under 
these conditions? 

3.8. A 25-L glass vessel is to contain 1.1 g moles of nitrogen. The vessel can withstand 
a pressure of only 20 kPa above atmospheric pressure (taking into account a suitable 
safety factor). What is the maximum temperature to which the N2 can be raised in 
the vessel? 



l 

338 Gases, Vapors, Liquids, and Solids Chap. 3 

3.9. A gas in a storage container for plasma etching is at 90 mm Hg gauge pressure. 
What will be the (a) absolute pressure and (b) the gauge pressure if the volume of 
the container is doubled at the same temperature? The external atmospheric pressure 
is 14.7 psia. 

3.10. Columbia, one of the Goodyear blimps, requires 5210 m' of helium to fill the bal
loon at 20°C and 101.3 kPa. Helium may be purchased in standard gas cylinders of 
23 cm diameter and 132 cm height pressurized to 15,200 kPa. If Goodyear were to 
fill the blimp with these cylinders at $32 per cylinder, how much would it cost? He
lium behaves ideally at these conditions. 

3.11. Compressed air from a tank maintained at 125 pSlg is used to inflate to 30 psig a tire 
that has a volume of 0.50 ft', the temperature remaining constant. What volume of 
air is taken from the tank? What volume is this at standard pressure? 

3.12. A r~cent newspaper report states: "Home meters for fuel gas measure the volume of 
gas usage based on a standard temperature, usually 60 degrees. But gas contracts 
when it's cold and expands when warm. East Ohio Gas Co. figures that in chilly 
Cleveland, the homeowner with an outdoor meter gets more gas than the meter says 
he does, so that's built into the company's gas rates. The guy who loses is the one 
with an indoor meter: If his home stays at 60 degrees or over, he'll pay for more gas 
than he gets. (Several companies make temperature-compensating meters, but they 
cost more and aren't widely used. Not surprisingly. they are sold mainly to utilities 
in the North.)" 

Suppose that the outside temperature drops from 600P to lOOP. What is the 
percentage increase in the mass of the gas passed by a noncompensated outdoor me
ter that operates at constant pressure? Assume that the gas is elL.. 

3.13. In Bhopal, India, a Union Carbide storage tank containing methyl isocyanate 
(CH,NCO, a component used for the production of insecticide) leaked, resulting in 
injury and death to thousands of people. The American Occupational Saftey rules 
specify that workplace conditions are to be limited to concentrations less than 0.02 
ppm of this compound. Assume ideal gas behavior. What is this concentration in 
mg/m3 at 20°C and atmospheric pressure? 

3~14-. -Oneof tlieexperiments~ih~tlie~fuel'testing~ laboratory has· been giving-some-trouble-
because a particular barometer gives erroneous readings owning to the presence of a 
small amount of air above the mercury column. At a pressure of 755 mm Hg the 
barometer reads 748 mm Hg, and at 740 the reading is 736. What will the barome-
ter read when the actual pressure is 760 mm Hg? 

3.15. Prom the known standard conditions, calculate the value of the gas law constant R 
in the following sets of units: 
(a) cal/(g mol)(K) 
(h) Btu/ (lb mol)eR) 
(c) (psia)(ft')/(lb molWR) 
(d) J/(g mol)(K) 
(e) (cm')(atm)/(g mol)(K) 
(f) (ft')(atm)/(lb mol)eR) 

3.16. Two tanks are initially sealed off from one another by means of valve A. Tank I ini
tially contains 1.00 ft' of air at 100 psia and l50oP. Tank II initially contains a 
nitrogen-oxygen mixture containing 95 mole % nitrogen at 200 psia and 200oP. 
Valve A is then opened allowing the contents of the two tanks to mix. After com
plete mixing had been effected, the gas was found to contain 85 mole % nitrogen. 
Calculate the volume of tank II. See Pig. P3.l6. 
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Tank J Valve A 

Volume: 1 ft 3 Tank II 

Figure P3.16 

3.17. The majority of semiconductor chips used in the microelectronics ·industry are made 
of silicon doped with trace amounts of materials to enhance conductivity. The sili
con initially must contain less than 20 parts per million (ppm) of impurities. Silicon 
rods are grown by the following chemical deposition reaction of trichlorosilane with 
hydrogen: 

HSiCI, + H, 10000'C 3HCI + Si 

Assuming that the ideal gas law applies. what volume of hydrogen at 1000°C 
and 1 atm must be reacted to increase the diameter of a rod 1 m long from 1 em to 
10 cm? The density of solid silicon is 2.33 glcm'. 

3.18. The accident at the Three Mile Island nuclear plant began in March 1979 when a 
pressure relief valve of a water purifier stuck open. A series of operator errors and 
equipment failures stopped the flow of cooling water to the reactor core. As a result. 
the water began to boil and the core reached the temperature at which the steam re
acted with the zirconium cladding of the fuel rods producing zirconium oxide 
(ZrO,) and hydrogen gas (H,). The hydrogen bubble that formed was estimated to 
be 28,000 L in volume and further impeded the flow of cooling water. which was at 
250°C and 6900 kPa. From the measurements taken. determine the number of kilo
grams of zirconium reacted. 

3.19. When a mixture of liquid hydrocarbons (C and H only) are burned in a test engine, 
the exhaust gas is found to contain 10.0% CO, on a dry basis. It.is also found that 
the exhaust gas contains no oxygen or hydrogen (on the dry basis). Careful mea
surement indicates 173 ft3 of air of 800P and 740 mm Hg absolute enter the engine 
for every pound of fuel used. 

Calculate the mass ratio of H to C in the fuel. 
3.20. A medium-Btu gas analyzes 6.4% CO2 • 0.1% 0,. 39% CO. 51.8% H,. 0.6% Ca,. 

and 2.1 % N,. It enters the combustion chamber at 90°F and a pressure of 35.0 in. 
Hg. It is burned with 40% excess air (dry) at 70°F and the atmospheric pressure of 
29.4 in. Hg, but 10% of the CO remains unburned. How many cubic feet of air are 
supplied per cubic foot of entering gas? 

3.21. How many Ib of CS, must be burned with the stoichiometric quantity of 0, 
(CS, + 30, --> CO, + 2S0,) to yield 200 ft' of gas at 300°C and I atm? 

3.22. Pine wood has the following composition: 

C 50.31% 

H, 6.20% 

0, 43.08% 

Ash 0.41% 

If you burn this wood in an approved stove using 60% excess air, what is 
(a) The m' of air at 15°C and 98 kPa needed per kg of wood? 
(b) The analysis of the flue gas? 
(c) The m' of flue gas at 110°C and 98 kPa per m' air used (at 15°C and 98 kPa)? 
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3.23. Carbon dioxide dissociates at high temperatures according to the following equation: 

2C02 = 2CO + O2 

At 3OOO'C and 1 atm C02 is 40% dissociated. If 5 L of CO2 at 20'C and 1 atm is 
heated to 30QOoC at constant pressure, what volume of the gas will result? State your 
assumptions. 

3.24. An industrial fuel gas consists of 40% CO and 60% CH.; 121 ft'/min of the gas, 
measured at 500 psia and 90°F, is completely burned with 25% excess air that enters 
at 70'F and 770 mm Hg. The resultant gases leave the furnace at 570'F and 770 mm 
Hg. Compute the composition and number of cubic feet per minute of the hot gases 
leaving the furnace. 

3.25. Thrbojet aircraft operating under most conditions produce lower concentrations of 
pollutants than do motor vehicles. At idle, CO and unburned hydrocarbons are 
higher than in motor vehicles at idle, but in the operating mode the emission index 
(grams of pollutant per kilogram of fuel) is: 

Turbojet 
Automotive piston 

co 

8.7 
300 

Hydrocarbons 

0.16 
55 

2.7 
27 

Given that the Orsat analysis from a turbojet shows 12.2% CO2, 0,4% CO, 
and 6.2% O2, compute the net hydrogen/carbon ratio in the fuel (the fuel contains 
negligible sulfur and nitrogen). Also compute the cubic meters of air used at 27'C 
and 101,4 kPa/kg of fuel burned. 

3.26. In the first stage of the manufacture of sulfuric acid by the contact process, iron 
pyrites (FeS2) is burned in dry air, the iron being oxidized to Fe2 0,. Sufficient air is 
supplied so that it is 40% in excess of that required if all the sulfur were oxidized to 
sulfur trioxide. Of the pyrites charges, 15% is lost by falling through the grate with 

- --- ----the-cinders-and-is not burned.--
Calculate the cubic meters of air at 30'C and 150 kPa to be used per 100 kg of 

pyrites charged. 

3.27. In a test on an oil-fired boiler, it is not possible to measure the amount of oil burned, 
but the air used is determined by inserting a venturi meter in the air line. It is found 
that 5000 ft'/min of air at 80'F and 10 psig is used. The dry gas analyzes 10.7% 
CO2, 0.55% CO, 4.75% O2, and 84.0% N2. If the oil is assumed to be all hydrocar
bon, calculate the gallons per hour of oil burned. The specific gravity of the oil is 
0.94. 

3.28. Gas at 60'F and 42.1 in. Hg absolute is flowing through an irregular duct. To de
termine the rate of flow of the gas, He is passed into the gas stream. The gas ana
lyzes l.0% He by volume before, and 1,4% He after addition. The He tank is 
placed on a scale and is observed to lose 10 lb in 30 min. What is the rate of flow 
of the gas in the duct in cubic feet per minute? 

3.29. A gas containing only C and H on complete combustion yields 0.302 kg mol of CO2 
and 0.309 kg mol of H20. What is the C/H ratio in the gas? The specific gravity of 
the gas at 20'C and 97.3 kPa compared to dry air at 80'C and 30.78 in. Hg is 
l.63l. Calculate the molecular formula of the gas. 
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3.30. A gaseous mixture consisting of 50 mol % hydrogen and 50 mol % acetaldehyde 
(C,H.O) is initially contained in a rigid vessel at a total pressure of 760 mm Hg 
abs. The formation of ethanol (C2H60) occurs according to 

C,H.O + H, ---.> C,H60 

After a time it was noted that the total pressure in the rigid vessel had dropped to 
700 mm Hg abs. Calculate the degree of completion of the reaction using the fol
lowing assumptions: (I) all reactants and products are in the gaseous state; and (2) 
the vessel and its contents were at the same temperature when the two pressures 
were measured. 

3.31. Pure ethylene (C,H.) and oxygen are fed to a process for the manufacture of 
ethylene oxide (C,H.O): 

C,H. + to, ---.> C2H.0 

Figure P3.31 is the flow diagram for the process. The catalytic reactor operates at 
30QoC and 1.2 atm. At these conditions, single-pass measurements on the reactor 
show that 50% of the ethylene entering the reactor is consumed per pass, and of 
this, 70% is converted to ethylene oxide. The remainder of the ethylene consumed 
decomposes to form CO2 and water. 

c,H. + 30, ---.> 2CO, + 2H,O 

C2H. (gl Recycle 

A 
Fresh C,H. (g) 

Pure O2 (g) Catalytic Reactor Product 
Reactor Output Separator 

Figure P3.31 

For a daily production of 10,000 kg of ethylene oxide: 

CO2 (g) 
H20 (g) 
O2 (g) 

(a) Calculate the m'/hr of total gas entering the reactor at SC if the ratio of the 
0, (g) fed to fresh c,H. (g) is 3 to 2. 

(h) Calculate the recycle ratio, m' at 10°C and 100 kPa of C,H. recycled, per m' at 
SC of fresh C,H. fed; 

(e) Calculate the m' of the mixture of 0" CO, and H,O leaving the separator per 
day at 80°C and 100 kPa. 

3.32. What is the density of propane gas (C,H,) in kg per cubic meter at 200 kPa and 
40°C? What is the specific gravity of propane? 

3.33. What is the specific gravity of propane gas (C,H,) at lOO"F and 800 mm Hg relative 
to air at 60°F and 760 mm Hg? 

3.34. What is the mass of I m' of H, at 5°C and 110 kPa? What is the specific gravity of 
this H, compared to air at 5°C and 11 0 kPa? 
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3.35. Gas from the Padna Field, Louisiana, is reported to have the following components 
and volume percent composition. What is: 
(a) The mole percent of each component in the gas? 
(b) The weight percent of each component in the gas? 
(c) The apparent molecular weight of the gas? 
(d) Its specific gravity? 

Component Percent Component 

Methane 87.09 Pentanes 
Ethane 4.42 Hexanes 
Propane 1.60 Heptanes 
Isobutane 0.40 Nitrogen 
Normal butane 0.5 Carbon dioxide 

Total 

Percent 

0.46 
0.29 
0.06 
4.76 
0.40 

100.00 

3.36. A gas used to extinguish fires is composed of 80% CO, and 20% N,. It is stored in 
a 2-m' tank at 200 kPa and 25°C. What is the partial pressure of the CO, in the tank 
in kPa? What is the partial volume of the N, in the tank in m'? 

3.37. Methane is completely burned with 20% excess air, with 30% of the carbon going 
to CO. What is the partial pressure of the CO in the stack gas if the barometer reads 
740 mm Hg, the temperature of the stack gas is 300oP, and the gas leaves the stack 
at 250 ft above the ground level? 

3.38. A mixture of IS lb N, and 20 Ib H, is at a pressure of 50 psig and a temperature of 
60"F. Determine the following (assuming ideality for the gas mixture): 
(a) The partial pressure of each component 
(b) The partial (or pure component) volumes 
(c) The specific volume of the mixture 
(d) The density of the mixture 

3.39~-fhe composition of mycelium from-tho-production of antibiotics-roughly resembles--
that of sewage sludge. In contrast to sewage sludge, however, the composition of 
mycelium remaiIl:s largely constant. Therefore, mycelium is particularly suitable as 
model substrate for long-running experiments. In one experiment, 100 kg of product 
gas at 105 kPa and 460°C contains 60 kg of N" IS kg of 0" 20 kg of CO" and 
5 kg of CIL. 
(a) Determine the following: 

(1) The mole fraction of each component 
(2) volume fraction of each component 
(3) partial pressure of each component 

(b) Determine the volume occupied by the mixture in m'. 
(c) What is the density of the gas? 
(d) What is the specific gravity of the gas? 

3.40. Three thousand cubic meters per day of a gas mixture containing methane and n
butane at 21°C enters an absorber tower. The partial pressures at these conditions 
are 103 kPa for methane and 586 kPa for n-butane. In the absorber, 80% of the bu
tane is removed and the remaining gas leaves the tower at 38°C and a total pressure 
of 550 kPa. What is the volumetric flow rate of gas at the exit? How many moles 
per day of butane are removed from the gas in this process? Assume ideal behavior. 
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3.41. Pure methane is completely burned with air. The outlet gases from the burner, 
which contain no oxygen, are passed through a cooler where some of the water is 
removed by condensation. The gases leaving the cooler have a nitrogen mole frac
tion of 0.8335. Calculate the fOllowing: 
(a) The analysis of the gases leaving the cooler (mol % CO" H20, and N,) 
(b) The pounds of H20 condensed per mole of CH. burned 
(c) The average molecular weight of the gases leaving the cooler 
If the exit gases from the cooler are at 130°F and 20 psia: 
(d) What is the partial pressure of H,O? 
(e) What is the partial volume of H,O per mole of CH.? 

Section 3.2 

(Note: The use of a computer is recommended if equations of state are to be em
ployed in solving a problem in this section.) 

3.42. * Find the molar volume of methane at 350 K and 200 kPa abs (in cm'/g mol). Use 
the van der Waals, Redlich-Kwong, and Benedict-Webb-Rubin equations. The non
linear equation solving codes on the disk in the pocket at the back of this book will 
help you avoid trial-and-error solutions. The Benedict-Webb-Rubin constants are: 

AD = 182277.6 

Bo = 0.4546 X 10-1 

Co = 0.3226 X 1010 

a = 4409.7 

b = 0.252 X 10-' 

c = 0.3635 X 10-9 

. a = 0.33 X 10-' 

'Y = 0.105 X 10- 1 

Use p in Pa 

Tin K 

R in (Pa)(m')/(kg mol) (K) 

Then Vwill be in m'/kg mol 

3.43.* Find the molar volume (in cm'/g mol) of propane at 375 K and 21 atm. Use the 
Redlich-Kwong and Peng-Robinson equations. and solve for the molar volume using 
the nonlinear equation solver NEWTON on the disk in the pocket at the back of this 
book. The acentric factor for propane to lise in the Peng-Robinson equation is 
0.1487. 

3.44. * A 5-L tank of H, is left out overnight in Aniarctica. You are asked to determine 
how many g moles of H, are in the tank. The pressure gauge reads 39 atm gauge 
and the temperature is -50°C. How many g moles of H, are in the tank? Use the 
van der Waals and Redlich-Kwong equations of state to solve this problem. (Hilit: 
The nonlinear,equation-solving program on the disk in the pocket at the back of this 
book will make the execution of the calculations quite easy.) 

3.45. * 4.00 g.mol of CO, is contained in a 6250-cm' vessel at 298.15 K and 14.5 atm. Use 
the nonlinear equation solver NEWTON on the disk in the back of the book to solve 
the Redlich-Kwong equation for the molar volume. Compare the calculated molar 
volume of the CO2 in the vessel with the known molar volume. 

3.46. * Calculate the volume (in ft'!lb) occupied by I g mol of CO, at 100 atm abs. and 
50°C. Solve the Dieterici, van der Waals, Beattie-Bridgeman, and Redlich-Kwong 
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equations of -state using the nonlinear equation solver NEWTON on the disk in the 
back of the book. Which of the values from among the four equations would you 
use? Would the volume be more accurate if taken from the CO, chart (Fig. J.2)? 
Data for the coefficients are: 

Dieterici 

a = 4.627 x 106 (atm)(cm6)/g mol' 

b = 46.3 cm3jg mol 

Beattie-Bridgeman 

Ao = 5.0065 X 106 

Bo = 104.76 

a = 71.32 

b = 72.35 

c=66x107 

Van der Waals 

a = 3.6 x 106 (atm)(cm6)/g mol' 

b = 42.8 cm3/g mol 

Redlich-Kwong 

Find p, and T, from Table D.l 
in the Appendix. 

3.47. Calculate the pressure of 176 g of CO, in a 6250-cm3 tank at 298.15 K using the 
Redlich-Kwong equation of state. 

3.48. * The fire department is inspecting the fire extinguishers in the chemical engineering 
building. A No.2 gas cylinder, weighing 52.27 lb when completely evacuated, is 
placed on an accurate scale and filled with compressed carbon dioxide gas. When 
the gas in the cylinder has reached room temperature (54.S0P), the pressure in the 
cylinder is measured and found to be 338 psig. The capacity of the cylinder is 2.04 
fe. Use the van der Waals equation of state to estimate what the scale will read 
in lb. 

3.49. It is desired to market oxygen in small cylinders having volumes of 0.5 ft3 and each 
containing 1.0 Ib of oxygen. If the cylinders could be subjected to a maximum tem
perature of 120°F, calculate the minimum pressure for which they must be designed: 
(a) Assuming the applicability of the perfect gas law 
(b) Using the compressibility factor 

_JcL1Jsing_!h"--\'aIl der Waals equation 
3.50.* One of the biggest impediments to the realizatlOn-6f"ambitious--plans to build--coal--

slurry pipelines has been lack of water in the right places. Much of the desirable 
low-sulfur coal in the United States comes from arid or semiarid regions in the West 
and in the northern Great Plains. Natives of these regions get upset and also liti
gious when coal companies talk of using thousands of acre-feet of scarce and valu
able water every year just to carry powdered coal to the Midwest or East. 

One way to get around the problem is to use liquid CO2 instead of water as the 
transport medium. One advantage of liquid CO2 is that it is less viscous than water. 
Friction in the pipeline would be lower, so less energy would be needed to transport 
a given amount of coal. Also there is little if any interaction between powdered 
coal and liquid carbon dioxide. Because of the lower viscosity and nonreactivity of 
liquid carbon dioxide (compared to water), slurries can carry more coal. That 
means additional energy savings and also means that a smaller pipelines could 
provide the same coal throughput. 

About 8% of the coal shipped would be needed to produce the carbon dioxide 
if the CO, is discarded at the terminal. To have liquid CO, at, say lOO'F, would not 
be possible because the critical temperature of CO, is 304.2 K (87.6°F) while the 
critical pressure is 72.9 atm. However, the fluid that exists at IOOoP would serve sat
isfactorily as a transport medium. 
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Calculate by the following two ways the ft' of CO, at 1200 P and 1200 psia 
that would be needed to transport I Ib of coal (containing 74% carbon). Assume 
that 0.08 Ib of (additional) coal per Ib of transported coal is used to make the CO,. 
(a) Compressibility factor 
(b) Van der Waals equation 

3.51. A 100-ft' tank contains 95.llb moles of a nonideal gas at 1250 atm and 440°F. The 
critical pressure is known to be 50 atm. What is the critical temperature? Use a gen
eralized compressibility chart to obtain your answer. 

3.52. A gas is flowing at a rate of 100,000 sefh (std. condo = I atm, 32°F). What is the 
actual volumetric gas flow rate if the pressure is 50 atm and the temperature is 
6000R? The critical temperature is 40.0oP and the critical pressure is 14.3 atm. 

3.53. Methyl chloride (mol. wt. = 50.49) is sold in small cylinders for medical purposes 
and as a refrigerant. A typical internal volume of a cylinder is 0.15 ft'. If the weight 
of the CH,CI in the cylinder is 0.0997 Ib, what is the pressure in the cylinder at 
60°C? 

3.54. Ethylene at 500 atm pressure and a temperature of 100°C is contained in a cylinder 
of internal volume of I ft'. How many pounds of C,IL are in the cylinder? 

3.55. Vapor degreasing removes soluble contamination such as oils and grease from solid 
surfaces that are to be subjected to electrical, chemical, or electrochemical treat
ment. To store the solvent Preon-12 (CCJ,F2) (Tc = 112°C, Pc = 39.6 atm), you 
have to design a cylinder to hold 750 kg of Freon-12 at a maximum temperature of 
40°C and a pressure of 220 kPa absolute. What should the volume of the tank be? 

3.56. Two identical cylinders contain different gases. One contains ethylene (C,IL) and 
the other contains nitrogen. Both have a molecular weight of 28, and both are at 
25°C and 1000 psig pressure. 
(a) Which cylinder contains the larger volume of gas measured at standard condi

tions? Verify your answer by giving the ratio of the volumes at standard condi
tions. 

(b) Which cylinder weighs more? Verify your answer by giving the ratio of the 
weights of the gases in the two cylinders. 

(Note: On the next four problems check your calculations using the CO, chart 
in Appendix J, Fig. J.2.) 

3.57. One pound of carbon dioxide has a volume of 0.15 ft' at a pressure of 100 atm. 
What is the temperature of the gas? 

3.58. A block of dry ice weighing 50 Ib is dropped into an empty steel bomb, the volume 
of which is 5.0 ft'. The bomb is closed and heated until the pressure gauge reads 
1600 psig. What was the temperature of the gas in the bomb? 

3.59. Calculate the specific volume of CO2 at 600 atm and 40°C. 
3.60. One-half of a cubic meter of CO, gas is held at a constant pressure of 3690kPa and 

is heated from 36°C to 77°C. Compare the volumes calculated for the gas after heat
ing by considering it (a) as a nonideal gas and (b) as an ideal gas. 

3.61. A steel cylinder contains ethylene (C2 IL) at 200 psig. The cylinder and gas weigh 
222 lb. The supplier refills the cylinder with ethylene until the pressure reaches 
1000 psig, at which time the cylinder and gas weigh 250 lb. The temperature is con
stant at 25°C. Calculate the charge to be made for the ethylene if the ethylene is sold 
at $0.41 per pound, and what the weight of the cylinder is for use in billing the 
freight charges. Also find the volume of the empty cylinder in cubic feet. 

3.62. A steel cylinder contains ethylene (C,IL) at IQ4 kPa gauge. The weight of the cylin-
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der and gas is 70 kg. Ethylene is removed from the cylinder until the gauge pressure 
measured falls to one-third of the original reading. The cylinder and gas now weigh 
52 kg. The temperature is contant at 25"C. Calculate: 
(a) The fraction of the original gas (Le., at 10' kPa) that remains in the cylinder at 

the lower pressure 
(b) The volume of the cylinder in cubic meters 

3.63. When a scuba diver goes to the dive shop to have his or her scuba tanks filled, the 
tank is connected to a compressor and filled to about 2100 psia while immersed in a 
tank of water. (Why immerse the tank in water? So that the compression of air into 
the tank will be approximately isothermal.) 

Suppose that the tank is filled without inserting it into a water bath, and air at 
27°C is compressed very rapidly from 1 atm absolute to the same final pressure. The 
final temperature would be about 70QoC. Compute the fractional increase or de
crease in the final quantity of air in the tank relative to the isothermal case: 
(a) Assuming that the air behaves as an ideal gas 
(b) Assuming that the air behaves as a real gas 
Treat air as a single component withp, = 37.2 atm and T, = 132.5 K. 

3.64. What is the density in giL of a 50 mol % propane (C,Hs)-50 mol % isobutane 
(i-C4 HIO) gaseous mixture at 23.4 atm and 195"C? 

3.65. A gas has the following composition: 

CO, 10% 

CH., 40% 

C2H., 50% 

It is desired to distribute 33.6 Ib of this gas per cylinder. Cylinders are to pe de
signed so that the maximum pressure will not exceed 2400 psig when the tempera
ture is 180"F. Calculate the volume of the cylinder required by Kay's method. 

3.66. A gas composed of 20% ethanol and 80% carbon dioxide is at 500 K. What is its 
pressure if the volume per g mol is 180 cm'/g mol? 

3.67. A sample of natural gas taken at 3500kpa-.bsolute and-120"C iSSeparated-liyclrr~
matography at standard conditions. It was found by calculation that the grams of 
each component in the gas were: 

Component g 

Methane (CH.,) 100 
Ethane (C,H,) 240 
Propane (C,H,) 150 
Nitrogen (N,) 50 

Total 540 

What was the density of the original gas sample? 
3.68.' A gaseous mixture has the following composition (in mol %): 

C,H., 57 

Ar 40 

He 3 
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at 120 atm pressure and 25°C. Compare the experimental volume of O. 14 Ltg mol 
with that computed by one or more of the equations of state. 

3.69. You are in charge of a pilot plant using an inert atmosphere composed of 60% 
ethylene (C,H.,) and 40% argon (Ar). How big a cylinder (or how many) must be 
purchased if you are to use 300 ft' of gas measured at the pilot-plant conditions of 
100 atm and 300°F? 

Cylinder type 

IA 
2 
3 

Cost 

$40.25 
32.60 
25.50 

Pressure (psig) 

2000 
1500 
1500 

Gas (lb) 

62 
47 
35 

State any additional assumptions. You can buy only one type of cylinder. 

Section 3.3 

3_70. Prepare a Cox chart for: 
(a) Acetic acid vapor (c) Ammonia 
(b) Heptane (d) Ethanol 
from O°C to the critical point (for each substance). Compare the estimated vapor 
pressure at the critical point with the critical pressure. 

3.71- Use the Antoine equation (Appendix G) to estimate the vapor pressure of chloro
form at 25°C and compare your calculated value with the experimental value ob
tained from a handbook. Do they agree? Then compute the temperature at which 
chloroform has a vapor pressure of 400 mm Hg absolute. 

3.72. The vapor pressure of a highly volatile liquid (Q) was measured at O°C and at 204°C. 
The results were 103 kPa and 998 kPa, respectively. If dry air in a container ini
tially at 24°C and standard atmospheric pressure is saturated with Q at constant tem
perature and volume: 
(a) What is the final pressure of the mixture? 
(b) What is the composition of the final mixture? 

3.73. * Estimate the vapor pressure of ethyl bromide at 125°C from vapor-pressure data 
taken from a handbook or a journal. 

3.74.* From the following data, estimate the vapor pressure of sulfur dioxide at 100°C; the 
actual vapor pressure is about 29 atm. 

t(°C) I -10 6.3 32.1 55.5 

p* (atm) I 2 5 10 

3.75. Use the Antoine equation to estimate the vapor pressure of sulfur dioxide at - 10°C 
and compare with the experimental value (taken from a handbook). 

Section 3.4 

3.76. A large chamber contains dry N, at 27°C and 101.3 kPa. Water is injected into the 
chamber. After saturation of the N2 with water vapor, the temperature in the cham
ber is 27°C. 
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(a) What is the pressure inside the chamber after saturation? 
(b) How many moles of H20 per mole of N2 are present in the saturated mixture? 

3.77. The vapor pressure of hexane (C,HI4) at -20°C is 14.1 rum Hg absolute. Dry air at 
this temperature is saturated with the vapor under a total pressure of 760 mm Hg. 
What is the percent excess air for combustion? 

3.78. In a search for new fumigants, chloropicrin (CCl,NO,) has been proposed. To be ef
fective, the concentration of chloropicrin vapor must be 2.0% in air.· The easiest 
way to get this concentration is to saturate air with chloropicrin from a container of 
liquid. Assume that the pressure on the container is 100 kPa. What temperature 
should be used to achieve the 2.0% concentration? From a handbook, the vapor 
pressure data are (T, °C; vapor pressure, rum Hg): 0, 5.7; 10, 10.4; 15, 13.8; 20, 
18.3; 25, 23.8; 30, 31.1. 

At this temperature and pressure, how many kg of chloropicrin are needed to 
saturate 100 m3 of air? 

3.79. Fifty cubic feet of air saturated with water 90.0°F and 29.80 in. Hg are dehydrated. 
Compute the volume of the dry air and the pounds of moisture removed. 

3.80. Suppose that a vessel of dry nitrogen at 70.0~ and 29.90 in. Hg is saturated thor
oughly with water. What will be the pressure in the vessel after saturation if the 
temperature is still 70.0oP 

3.81. 100 lb mol per hour of hexane (C,H14) vapor are burned with 10% excess air in an 
efficient furnace. The barometric pressure is 760 mm Hg and the dew point of the 
ambient air is 80°F. 
(a) What is the flow rate of the entering air (do not neglect the ambient H20), in 

standard cubic feet per minute? Assume the air is saturated at 80°F. 
(b) What is the dew point of the exhaust gas if the exhaust pressure is 750 rum Hg? 
(e) What is the flow rate of the exhaust gas in actual cubic feet per minute if the ex

haust stack pressure is 750 rum Hg and the temperature is 350°F? 
3.82. Cll, is completely burned with air. The outlet gases from the burner, which contain 

no oxygen. are passed through an absorber where some of the water is removed by 
condensation. The gases leaving the absorber have a nitrogen mole fraction of 

-0.8335. If the exit gases'from-theabsorberareaH30'F'and20'psia, ca1culate:---
(a) To what temperature must this gas be cooled at constant pressure in order to 

start condensing more water? 
(b) To what pressure must this gas be compressed at constant temperature before 

more condensation will occur? 
3.83. A mixture of acetylene (C2H,) with an excess of oxygen measured 350 ft' at 25°C 

and 745 rum Hg pressure. After explosion,' the volume of the dry gaseous product 
was 300 ft' at 60"C and the partial pressure of the dry product was 745 rum Hg. 
Calculate the partial volumes of acetylene and of oxygen in the original mixture. 
Assume that the final gas is saturated and that only enough water is formed to satu
rate the gas. 

3.84. A mixture of air and benzene contains 10 mole % benzene at 38°C and 790 rum Hg 
pressure absolute. The vapor pressure of benzene is given as 

* _ 1211 
10gIO p - 6.906 - 220.8 + t 

where p * is the vapor pressure in mm Hg and t is in °C. What is the dew point of 
the mixture? 
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3.SS. It is desired to represent the vapor pressure of an organic substance by an equation 
of the form 

where p* is the vapor pressure, T the absolute temperature, and m and pt are un
known constants. If 100 m3 of dry air (measured at standard conditions) is required 
to vaporize 0.5 kg mol of the organic material at a temperature of 290 K and a pres
sure of I atm and only 50 m' are required for the 0.5 kg mol at 340 K and I atm, 
calculate the constants p~ and m. 

3.86. The vapor pressure of hexane (C,R l4) at -20°C is 14.1 mm Hg. Dry air at this tem
perature is saturated with the vapor under a total pressure of 760 mm Hg. 
(a) What is the percent excess air for combustion? 
(b) What is the flue-gas analysis if complete combustion occurs? 

3.87. Liquid hexane is insoluble in water; hence each substance exerts its vapor pressure 
independently of the other. Compute the partial pressure of (a) the hexane and (b) 
the water if the gas mixture, containing 150,000 kg of hexane (C,R'4) and 4200 kg 
of water, is initially at 100°C and 200 kPa absolute. To what temperature must the 
mixture be lowered before the water starts to condense out, if the pressure remains 
constant? Has hexane started to condense at this temperature? Support your answers 
with the necessary data and calculations. 

3.88. A solution containing 12 wt % of dissolved nonvolatile solid is fed to a flash distilla
tion unit. The molecular weight of the solid is 123.0. The effective vapor pressure 
of the solution is equal to the mole fraction of water, 

p = p*x 

where p = effective vapor pressure of the solution 
p* = vapor pressure of pure water 

x = mole fraction of water 

The pressure in the flash distillation unit is 1.121 psia and the temperature is 1l0oP. 
Calculate the pounds of pure water obtained in the vapor stream per 100 Ib of feed 
solution and the weight percent of the dissolved nonvolatile solid leaving in the liq
uid stream. 

3.89. A mixture of water (15%), dimethyl acetamide (70%), and some inert liquid that 
has negligible vapor pressure (15%) is to be flashed at 194°F and 1.94 psia. The K 
values are water: 5.26 and dimethylacetamide: 0.64. Row many moles of vapor and 
liquid are formed at equilibrium, and what are the mole fractions of the vapor and 
liquid components? 

3.90. * A mixture of hydrocarbons consisting of an equal number of moles each of propane, 
normal butane and normal pentane is to be fractionated in a well insulated column. 
The figure shows the compositions and the overall material balance. The overhead 
product is completely condensed to a saturated liquid at iOO°F. What is the tempera
ture in the top tray of the column where the liquid vaporizes at equilibrium to form 
the overhead? Hint: Assume that the pressure in the condenser is the same as that in 
the top tray. 

3.91.* A mixture of 50% benzene and 50% toluene is contained in a cylinder at 19.34 in. 
Hg absolute. Calculate the temperature range in which a two phase system can exist. 
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Basis: 100 m 

Composition 

C,O.33-} 
1 C,O.33, 
1 Cs 0.33, 

1.000 

01 of Feed 

I 
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Condenser 
Overhead Product 

Reflux 

Composition 
C, 0.738 
C, 0.257 
Cs 0.005 

1.000 

mol. 
33.08 
11.53 
0.29 

44.90 

Top Troy Ratio = 3 P arts Reflux to 1 of Product 

Column 

Bottoms 

Composition 
C, 0.005 
C, 0.395 
Cs 0.600 

1.000 

Figure P3.90 

mol. 
0.26 

21.80 
33.04 
55.10 

3.92. For an ideal binary system (of components designated by subscripts I and 2) with 
the vapor and liquid phases in equilibrium, show that if the temperature and pres
sure are specified 

K, - I 
X2 = K K 

,- 2 

where Xj is the mole fraction of component i in the liquid phase, and Kj are the equi
librium constants Yi = Kixjo 

3.93.* Calculate the liquid (L) and vapor (V) compositions and the temperature (in 'F) for 
the flash vaporization of the following feed stream (F) at 300 psia for a value of 

. - - V jF-of(a),0:3-and-(h) 0:6;-----

hi values 
Mole 

Component fraction b, b, b, 

n-Hexane 0.05 0.2420 0.2713 X 10-2 0.0876 X 10-4 

n-Pentane 0.20 0.5087 0.4625 X 10-2 0.1051 X 10-' 
i-Pentane 0.20 0.5926 0.5159 X 10-2 0.1094 X 10-4 

n-Butane 0.20 0.2126 0.7618 X 10-2 0.1064 X 10-' 
i-Butane 0.35 0.2606 0.8650 X 10-2 0.1017 X 10-' 

The equilibrium constants can be calculated from the relation 

where T is in of. 
3.94. For what temperature range can the following mixture be part liquid and part vapor 

at 100 pSia? 
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Mol % 

Propane 10 
i-Butane 10 
n-Butane 40 
i-Pentane 10 
n-Pentane 30 

Total 100 

3.95. Assume that Raoult's law holds for the following mixture. 

Mol % 

n-Butane 50 
i-Pentane 30 
n-Pentane 20 

Total 100 

(3) What is the dew point pressure of the mixture at 100°F? 

(b) What is the dew point temperature at 50 psig? The barometer reads 775 mm 
Hg. 

(c) What is the bubble point temperature at 70 psia? 
(d) What is the bubble point pressure at 100°F? 

3.96. Determine the moles of vapor and liquid that exist if 1128 moles of the following 
mixture is maintained at 325 psia and lOOoP. 

Mole % Kvalue 
---

Methane 13.7 8.8 
Ethane 20.6 1.82 
Propylene 15.9 0.78 
Propane 33.2 0.71 
Isobutane 7.2 0.35 
n-Butane 9.4 0.27 

Total 100.0 

3.97. A mixture of hydrocarbons has the following composition in mol %: 

.Mol % 

CIf. 1.0 
C,H6 15.0 

C3HS 25.0 
i-CJfIO 14.0 
n-C4HIO 25.0 
n-CSHI2 20.0 

Total 100.0 
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The mixture exists at a pressure of 100 psia and is all in the vapor phase. 
(a) What is the minimum temperature at which it could be a vapor? 

Chap. 3 

(b) What mole % of the vapor is condensed if the mixture is cooled to 90'F? 
(c) Calculate the liquid and vapor compositions in part (b). 
(d) For the conditions in part (b), what percent of the total methane present is in 

the vapor phase? The pentane? 
(e) What temPerature is required to condense 40 mol % of the total (still at 100 

psia)? 
(f) What temperature is required to condense 100% of the vapor? 
(g) If 100,000 ft' at S.C. of the original gas is introduced into a separator at 100 

psia and 90'F, how many gallons per minute of liquid have to be handled by the 
pump removing liquid from this separator? 

Assume that the liquid specific gravities are the same at 60'F and 90'F. Note the im
portant effect of the 1% ClL. on the bubble point and the insignificant effect of the 
pentane. Note also how the opposite is true for the dew point. 

Section 3.5 

3.98. The percent relative humidity of air at 90'F is 60% (where the vapor pressure of wa
ter is 0.698 psia). What is: 
(a) The humidity of the air? 
(b) The absolute humidity of the air? 

3.99. Oxygen at 21'C and I atm with 80% relative humidity is supplied to a biotech reac
tor. Calculate: 
(a) The molal humidity 
(b) The humidity 
(c) The percent saturation 
(d) The relative humidity 
(e) The dew point of the supplied gas. 

---- --------3.100.--If a_gas al-140'Fand30jLHgabs. has_amolaLhumidity ofO.03-'l1Qle oU!z~p-",,----
mole of dry air, calculate: 
(a) The percentage humidity 
(b) The relative humidity (%) 
(c) The dew point of the gas ('F) 

3.101. The Weather Bureau reports a temperature of 90'F, a relative humidity of 85% and 
a barometric pressure of 14.696 psia. 
(a) What is the molar humidity? 
(b) What is the humidity (weight basis)? 
(c) What is the percentage "absolute" humidity? 
(d) What is the saturation temperature or the dew point? 
(e) What is the number of degrees of superheat of the water vapor? 
(f) Determine the molar humidity and dew point if the air is heated to 105'F, pres

sure remaining steady. 
(g) Determine the molar huruidity and dew point if the air is cooled to 60'F, pres

sure remaining steady. 
(h) What fraction of the original water is condensed at 60'F? 

3.102. On a warm day the barometric pressure is 29.92 in. Hg, the temperature is 90'P, 
and the relative humidity is 70%. 
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(a) What is the dew point of the air? 
(b) At night the temperature drops to 60oP. What is the barometric pressure of the 

air? (State all assumptions but do Dot assume a constant pressure process.) 
3.103. What is the mass of 3.00 m' of air at 27°C and a total pressure of 115 kPa absolute 

if the relative humidity of the air is 65%? 

3.104. The Environmental Protection Agency has promulgated a national ambient air qual
ity standard for hydrocarbons: 160 J.Lg/m' is the maximum 3-hr concentration not to 
be exceeded more than once a year. It was arrived at by considering the role of hy
drocarbons in the formation of photochemical smog. Suppose that in an exhaust gas 
benzene vapor is mixed with air at 25°C such that the partial pressure of the ben
zene vapor is 2.20 mm Hg. The total pressure is 800 mm Hg. Calculate: 
(a) The moles of benzene vapor per mole of gas (total) 
(b) The moles of benzene per mole of benzene free gas 
(c) The weight of benzene per unit weight of benzene-free gas 
(d) The relative saturation 
(e) The percent saturation 
(f) The micrograms of benzene per cubic meter 
(g) The grams of benzene per cubic foot 
Does the exhaust gas concentration exceed the national quality standard? 

3.105. Sufficient oxygen at 21°C and 100 kPa absolute with 80% absolute saturation of wa
ter vapor is supplied to react with sewage to reduce the concentration of biological 
material to below the quality control limits. Calculate the following for the supplied 
gas: 
(a) The molal saturation 
(b) kg water/kg bone-dry oxygen 
(c) The relative saturation 
(d) The dew point 

3.106. Thermal pollution is the introduction of waste heat into the environment in such a 
way as to adversely affect environmental qUality. Most thermal pollution results 
from the discharge of cooling water into the surroundings. It has been suggested 
that power plants use cooling towers and recycle water rather than dump water into 
the streams and rivers. In a proposed cooling tower, air enters and passes through 
baffles over which warm water from the heat exchanger falls. The air enters at a 
temperature of 80°F and leaves at a temperature of 70°F. The partial pressure of the 
water vapor in the air entering is 5 mm Hg and the partial pressure of the water va
por in the air leaving the tower is 18 mm Hg. The total pressure is 740 mm Hg. Cal
culate: 
(a) The relative humidity of the air-water vapor mixture entering and of the mixture 

leaving the tower 
(b) The percent~ge composition by volume of the moist air entering and of that 

leaving 
(c) The percentage composition by weight of the moist air entering and of that 

leaving 
(d) The percent absolute humidity of the moist air entering and leaving 
(e) The pounds of water vapor per 1000 ft' of mixture both entering and leaving 
(f) The pounds of water vapor per 1000 ft' of vapor-free air both entering and 

leaving 
(g) The weight of water evaporated if 800,000 ft' of air (at 740 mm and 80°F) en

ters the cooling tower per day 
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Section 3.6 

3.107. A drier must evaporate 200 Ib/hr of H20. Air at 70"F and 50% '!Jt"dC enters the drier, 
leaving at 140°F and 80% '!Jt"dC. What volume of dry air is necessary per hour? 

3.108. 1000 ft' of air, saturated with H20, at 30°C and 740 mm Hg, are cooled to a lower 
temperature and one-half of the H20 is condensed out. Calculate: 
(a) How many pounds of H20 are condensed out 
(b) The volume of dry air at 30°C and 740 mm Hg 

3_109. Moist air at 25°C and 100 kPa with a dew point of 19SC is to be dehydrated so 
that during its passage through a large cold room used for food storage excess ice 
formation can be avoided on the chilling coils in the room. Two suggestions have 
been offered: (I) cool the moist air to below the saturation temperature at 100 kPa, 
or (2) compress the moist air above the saturation pressure at 25°C. Calculate the 
saturation temperature for (1) and the total pressure at saturation for (2). 
(a) If 60% of the initial water in the entering moist air has to be removed before the 

air enters the cold room, to what temperature should the ai~ in process (1) be 
cooled? 

(b) What pressure should the moist air in process (2) reach? 
(c) Which process appears to be the most satisfactory? Explain. 

3_110. A mixture of air and water at a temperature of 30°C and a pressure of 750 mm Hg 
has a relative humidity of 75%. The wet gas is compressed to 40 psia and cooled to 
20°C. How many cubic feet of original gas were compressed if 0.75 lb of conden
sate (water) was removed from a separator placed adjacent to the cooler? 

3.111. * One hundred cubic meters of saturated gas at 25°C and 100 kPa (saturated with ethyl 
alcohol) are cooled so that one-half of the ethyl alcohol originally present condenses 
out. To what temperature was the gas cooled if the cooling occurs at constant pres
sure? List by number all the equations and other information you need to solve this 
problem. Include the known values of the vari~bles and constants in the equations. 
List the unknowns by symbol. State in order the specific steps you would take to 

C ~" solve for the final temperature. Solve for it. 
--- -, -- - ... -3.U2.-l-To.ensurea slow rate of drying and. thereby_prevent checking of the dried.product,._ 

~/ the inlet relative humidity to a drier is specified as 70% at 75°F. The air leaving the 
drier has a relative humidity of 90% at 70°F. If the outside air has a dew point of 
40"F, what fraction of the air leaving the drier must be mixed and recycled with the 
outside air to provide the desired moisture content in the air fed to the drier? 

3_113_ A dryer used to season wood evaporates 27 kglhr of water from freshly cut green
wood. Air enters the dryer at 40% relative humidity and 47°C leaves the dryer at 
80% relative humidity and 37°C. If the entire process operates at 100 kPa, how 
many m3/hr of moist air enter the dryer? 

3.114. A hydrocarbon fuel is burned with bone-dry air in a furnace. The stack gas is at 
116 kPa and has a dew point of 47°C. The Orsat analysis of the gas shows 10 mol 
% carbon dioxide; the balance consists of oxygen and nitrogen. What is the ratio of 
hydrogen to carbon in the hydrocarbon fuel? 

3_115. A low-energy gas from in situ combustion of shale oil has the following composi
tion CO2: 10.0%, CO: 20.0%, H2: 20.0%, CIL,: 2.0%, and N,: 48.0%. On combus
tion the Orsat analysis of the flue gas gives CO2: 14.3%, CO: 1.0%, 0,: 4.3%, and 
N,: 80.4%. Calculate the dew point of the flue gas if burned with air entering at 
25°C and 30% relative humidity. The barometer reads 100 kPa. 
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3.116. Hot air that is used to dry pharmaceuticals is recycled in a closed loop to prevent the 
contamination of the moist material from atmospheric impurities. In the first condi
tioning step for the air, 5000 k mollhr at 105 kPa and 42'C with a 90% relative hu
midity are fed to a condenser to remove some of the water picked up previously in 
the dryer. The air exists the condenser at 17'C and 100 kPa containing 91 k mollhr 
of water vapor. Next, the air is heated in a heat exchanger to 90°C, and then goes to 
the dryer. By the time the air enters the dryer, the pressure of the stream has 
dropped to 95 kPa and the temperature is 82'C. 
(a) How many moles of water per hour enter the condenser? 
(b) What is the flow rate of the condensate water in kg/hr? 
(c) What is the dew point of the air in the stream exiting the condenser? 
(d) What is the dew point of the air in the stream entering the dryer? 

3.117. Around airports jet aircraft can become major contributors to pollution, and as air
craft activity increases and public concern bri"ngs other sources under control, the 
relative contribution to aircraft to pollution could go up. Recently, federal-, state-, 
and local-government pressure has speeded the introduction of new combustors in 
aircraft. In a test for a supersonic aircraft fuel with the average composition 
C1.20~.40, the fuel is completely burned with the exact stochiometric amount of air 
required. The air is supplied at 25'C and 101 kPa, with an absolute humidity of 
80%. The combustion products leave at 480'C and 106 kPa pressure and are passed 
through a heat exchanger from which they emerge at 57'C and 100 kPa pressure. 
(a) For the entering air, compute: 

(1) The dew point 
(2) The molal humidity 
(3) The relative humidity 

(b) How much water is condensed in the heat exchanger per kilogram of gas 
burned, and hence must be removed as liquid water? 

3.118. * A certain gas contains moisture, and you have to remove the moisture by compres
sion and cooling so that the gas will finally contain not more than I % moisture (by 
volume). You decide to cool the final gas down to 21'C. 
(a) Determine the minimum final pressure needed. 
(b) If the cost of the compression equipment is 

cost in $ = (pressure in psia)1.4Q 

and the cost of the cooling equipment is 

cost in $ = (350 - temp. K)J.9 

is 21 'c the best temperature to use? Hint: Look at the list of computer programs 
on the disk in the back of this book. 

3.119. Oxalic acid (H,C,O,) is burned with 248% excess air, 65% of the carbon burning 
to CO. Calculate: 
(a) The Orsat gas analysis 
(b) The volume of air at 90'F and 785 mm Hg used per pound of oxalic acid burned 
(c) The volume of stack gases at 725'F and 785 mm Hg per pound of oxalic acid 

burned 
(d) The dew point of the stack gas 

3.120. A synthesis gas is made by partial oxidation of butane (C,HiO) in the presence of 
steam and air. The product synthesis gas has the percent composition 3.5% CO" 
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2.3% CzR." 23.2% CO, 39.3% Hz, 11.6% CR." 1.7% C:,H" and 18.4% Nz. How 
many cubic meters of air (at 40% relative humidity, 30'C, 104 kPa) are used per cu
bic meter of butane (at 25'C, 120 kPa, dry)? 

3.121. A flue gas from a furnace leaves at 315'C and has an Orsat analysis of 16.7% CO2 , 

4.1 % O2, and 79.2% N2 • It is cooled in a spray cooler and passes under slight suc
tion through a duct to an absorption system at 32.0°C to remove CO2 for the manu
facture of dry ice. The gas at the entrance to the absorber analyzes 14.6% CO2 , 

6.2% O2 , and 79.2% Nz, due to air leaking into the system. Calculate the cubic me
ters of air leaked in per cubic' meter of gas to the absorber, both measured at the 
same temperature and pressure. 

3.122. Soybean flakes from an extraction process are reduced from 0.96 lb of C:,HCI, per 
pound of dry flakes to 0.05 Ib of C2HCl, per pound of dry flakes in a desolventizer 
by a stream of N2 which vaporizes the C2HCI,. The entering N2 contains C:,HCI, 
such that its dew point is 30°C. The N2 leaves at 90°C with a relative saturatio'o of 
60%. The pressure in the desolventizer is 760 mmHg, and 1000 Ib/ht of dry flakes 
pass through the drier. 
(a) Compute the volume of N2 plus C2HCl, leaving the desolventizer at 90'C and 

760 mm Hg in cubic feet per minute. 
(b) The N2 leaving the desolvenlizer is compressed and cooled to 40'C, thus con

densing out the C2HCh picked up in the desolvenlizer. What must the pressure 
in the condenser be if the gas is to have a dew point of 30'C at the pressure of 
the desolventizer? 

3.123_ One thousand pounds of a slurry containing 10% by weight of CaCO, is to be 
filtered on a rotary vacuum filter. The filter cake from the filter contains 60% water. 
This cake is then placed into a drier and dried to a moisture content of 9.09 Ib of 
H20llOO Ib of CaCO,. If the humidity of the air entering the drier is 0.005 Ib of 
water per pound of dry air and the humidity of the air leaving the drier is 0.015 lb of 
water per pound of dry air, calculate: 
(a) Pounds of water removed by the filter 
(b) Pounds of dry air needed in the drier 

. ---- -------3~12'1-. -A:rrisliumioified-iinhespray-cifambenhown-in-Fig; P3.-124~Calculate-how-much
water must be added per hour to the tower to process 10,000 ft'/hr of air metered at 
the entrance conditions. 

Airln 
100°F 
101m 
Dew Point= 54~ 

AirOut 
70°F 
101m 
Saturated 

~ Figure P3.124 

~;.125. A et sewage sludge contains 50% by weight of water. A centrifuging step removes 
w ter at a rate of 100 Ib/hr. The sludge is dried further by air. Use the data in Fig. 

3.125 to determine how much moist air (in cubic feet per hour) is required for the 
process shown. 

3.126. Refer to the process flow diagram (Fig. P3.126) for a process that produces maleic 
anhydride by the partial oxidation of benzene. The moles of O2 fed to the reactor 



Chap. 3 Problems 

Water 100 Ib/hr 

Wet Sludge 
Centri- )-___ 4001b/hr 
luge 50% by 

Weight Water 

Air 70° F ,----'"--, Air 
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Humidity . Heater. 94° F Dewpoinf 

760mm Hg "---,,--' 750mm Hg 

Dried Sludge 
10% Woter by Weight 

Figure P3.125 

Pure 
Moist air I atm 
temperature:: 150°F 
50% relative 
humidity (Dry basis) 

0.76 mole % C4H404 
80.0 mote % N2 

Stearn 
still 

Reactor 

Steam still 
pressure": 23.2 psia 

r----,.-Contominoted 
benzene 

'-.m.-~Waste benzene 
a contaminant Steam 

1 atm 142°F 
saturated with H20 

Woter 
scrubber 

12.0 mole % C4 H404 

88.0 mole %·H 20 

.---,..Pure 
H20 vapor 

Dehydrator 

357 

Condensate 
(liquid H20) 

Figure P3.126 

per mole of pure benzene fed to the reactor is 18.0. All the maleic acid produced in 
the reactor is removed with water in the bottom stream from the water scrubber. All 
the C,H,. 0,. CO,. and N, leaving the reactor leave in the stream from the top of 
the water scrubb"er, saturated with H20. Originally, the benzene contains trace. 
amounts .of a nonvolatile contaminant that would inhibit the reaction. This contami
nant is removed by steam distillation in the steam still. The steam still contains liq
uid phases of both benzene and water (benzene is completely insoluble in water). 
The benzene phase is 80% by weight, and the water phase is 20% by weight of the 
total of the two liquid phases in the still. Other process conditions are given in the 
flow sheet. Use the following vapor.pressure data: 
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Temperature Benzene w...ter 
(OP) (psi.) (psi.) 

110 4.045 1.275 
120 5.028 1.692 
130 6.195 2.223 
140 7.570 2.889 
ISO 9.178 3.718 
160 11.047 4.741 
170 13.205 5.992 
180 15.681 7.510 
190 18.508 9.339 
200 21.715 11.526 

The reactions are 

Calculate: 

o 
CH-C( 

C,H, + 4!O, ----> II ~H + 2CO, + H2 0 

CH-C( 
OH 

Chap. 3 

(I) 

(2) 

(a) The moles of benzene undergoing reaction (2) per mole of benzene feed to the 
reactor 

(b) The pounds of H,O removed in the top stream from the dehydrator per pound 
mole of benzene feed to the reactor 

(e) The composition (mole percent, wet basis) of the gases leaving the top of the 
water-scrubber----- ________ _ 

(d) The pounds of pure liquid H,O added to the top of the water scrubber per pound 
mole of benzene feed to the reactor 

Section 3.7 

3.127. When production is taken from a gas reservoir. is it possible to decrease the pres
sure at the well and recover liquids as well as gas? Explain using the phase diagram 
in Fig. P3.127 showing the p-T properties of a two-component gas condensate. 

3.128. At the critical point for Fig. P3.127, how many degrees of freedom exist according 
to the phase rule? How many degrees of freedom exist at each of the points in Fig. 
P3.127 marked A, B, C, D and E? Show your computations. 

3.129. A vessel contains liquid ethanol, ethanol vapor, and N, gas. How many phases, 
components, and degrees of freedom are there according to the phase rule. 

3.130. The triple point and the ice point for water differ by 0.0095°C. Why? 
3.131. What is the number of degrees of freedom according to the phase rule for each of 

the following systems: 
(a) Solid iodine in equilibrium with its vapor 
(b) A mixture of liquid water and liquid octane (which is immiscible in water) both 

in equilibrium with their vapors 



Chap. 3 Problems 359 

Critical pOint. 

t 
p 

Figure P3.127 

(c) CO. C02. H2, H20, CH,OH, and ClL, in chemical equilibrium at high tempera
ture 

3.132. A mixture of zinc oxide (ZnO) and carbon reacts with the following reactions (the 
first listed reaction is the main reaction): 

ZnO + C ----> CO + Zn 

ZnO + CO ----> CO2 + Zn 

Zn + !02 ~ ZnO 

Also, the carbon reacts as follows: 

C + 402 ----> CO 

C + O2 ----> CO2 

CO + 4 O2 ----> CO2 

If zinc produced by the reaction is in the liquid phase (and has a significant 
vapor pressure), at equilibrium how many degrees of freedom exist for the system? 

3.133. 1n the decomposition of CaCO, in a sealed container from which the air was initially 
pumped out, you generate CO2 and CaO. If not all of the CaCO, decomposes at 
equilibrium, how many degrees of freedom exist for the system aq::ording to the 
Gibbs phase rule? 

3.134. Calculate C, 'lP, and F in the Gibbs phase rule for the following system in a closed 
vessel: AgCl(s), H20(s), H20(l), H20(g), W(aq), Cnaq) , HCl(g), CO2(g), 
CO2(aq), HCl(aq). 

3.135. Water is pumped into a pipe at the rate of 250 kg/br at 950 kPa and 175°C. Because 
of friction in the pipe, pressure losses due to pipe fittings and valves, the pressure at 
the exit of the pipe drops to 760 kPa. Is the entering water liquid, vapor, or a mix
ture of both? Determine the fraction of each. Is the exit water liquid, vapor, or both? 
Determine the fraction of each. From the steam tables or similar source, determine 
the density of the overall mixture in the pipe at both locations. How many degrees 
of freedom exist according to the phase rule at each location? 

3.136. Examine the volume-pressure chart for toluene in Appendix J, Fig. J.1. If a cylinder 
contains toluene with a volume of 2.1 fellb mol at a pressure of 30 psia, is the 
toluene all liquid, all vapor, or a mixture of the two phases? 
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3.137. Is carbon dioxide at 31°C and 70 atm a two-phase or a single-phase system? Repeat 
for 25°C. 

PROBLEMS THAT REQUIRE WRITING 
COMPUTER PROGRAMS 

3.1. You need to fill a reactor with 8.00 Ib of NH3 gas to a pressure of 150 psia at a tem
perature of 250"F. Apply the van der \\\iaIs equation to find the volume of the reac
tor. Prepare a computer program to solve Eq. (3.13) for V. How do you select the 
initial estimate of V to start the calculations? 

3.2. An experiment was designed to test the validity of Charles' law using the expansion 
of a fixed amount of air in a balloon in a flask of water. The data taken were as fol
lows at 751 mm Hg constant pressure: 

Incremental Incremental 
Temp. Cc) vol. of balloon (em3

) Temp. Cc) vol. of balloon (em3) 

22 0.0 44 4.2 
23 0.3 47 4.9 
24 0.45 50 5.5 
25 0.8 53 6.5 
26 0.8 55 7.0 
27 1.2 59 9.0 
29 2.0 61 10.0 
34 3.0 63 11.9 
37 3.2 65 13.5 
39 3.8 67 14.7 
43 3.8 

Ascertain how well the ideal gas law (Charies' law) is obeyed. A least-squares com
puter code should be used to evaluate the experimental data. What was the initial 
volume of gas (at 22°C)? Assume that the pressure on the air in the balloon is con
stant. 

3.3. Use the Benedict-Webb-Rubin (BWR) equation of state (see Table 3.2) 

p = RTp + (BoRT - Ao - ~:)p2 + (bRT - a)p3 

Cp3 
+ aap' + 1" (1 + yp2) exp (_yp2) 

where p is the density, to predict the density of a mixture of two nonideal gases. Let 
the pressure be in atmospheres and calculate the density in both gram moles per liter 
and pound moles per cubic foot for selected pairs of p and T. Use the following rule 
illustrated for Ao to obtain the coefficients Ao• Bo• Co. a, b, c, a, and ')I for the mix
ture: 

Ao = (i XiAbi2)2 
i=l 
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3.4. 

3.5. 
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where h is the number of components in the mixture and Xi is the mole fraction. Val
ues of the BWR constants for 38 pure components have been tabulated by H. W. 
Cooper and J. C. Goldfrank, Hydrocarbon Processing, v. 46, no. 12, p. 141 (1967). 
Por reduced temperatures above 0.6 and reduced specific volumes less than 0.5, the 
BWR equation should be accurate to within 1%. 
A cylinder containing II Ib of C02 initially at 2000 P and 1500 psia is heated to a 
final temperature of 400oP. Prepare a computer program to calculate the final pres
sure in psia using the van der Waals equation. 
Write a complete program to convert mm Hg to psia for the range 100 to 760 mm 
Hg at each lO-mm increment. Print the results of each conversion. 
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In this chapter we take up the second prominent topic in this book, energy balances. 
It is reported that the average power consumption in the United States per capita is 
equivalent to three dozen hard-working male slaves or nine horses running at full 
git11op! Clearly, conversion of inexpensive sources of energy has made the industrial 
revolution possible. Figure 4.1 indicates what these sources of energy are and how 
they are used. 

To provide publicly acceptable, effective, and yet economical conversion of 
our resources into energy and to properly utilize the energy so generated, you must 
understand the basic principles underlying the generation, uses, and transformation 

-----o"'f energy in itsdifferenCforms'- The-ansWers to queStions such -as-"Is-thermal-polluo-

tion inherently necessary"; "What is the most economic source of fuel"; "What can 
be done with waste heat"; "How much steam at what temperature and pressure are 
needed to heat a process" and related questions can only arise from an understanding 
of the treatment of energy transfer by natural processes or machines. As an example, 
examine Fig. 4.2 and try to answer the question: What can be done economically to 
reduce the loss of energy rejected as heat? Can you offer reasonable suggestions at 
this stage in your professional life? 

IIi this chapter we discuss energy balances together with the accessory back
ground information needed to understand and apply them correctly. Before taking 
up the energy balance itself, we discuss the types of energy that are of major interest 
to engineers and scientists and some of the methods that are used to measure and 
evaluate these forms of energy. Our main attention will be devoted to heat, work, 
enthalpy, and internal energy. Next, the energy balance will be described and ap
plied to practical problems. Finally, we shall discuss the energy balance associated 
with reaction and how energy, evolving from reactions, fits into industrial process 
calculations. Figure 4.3 shows the relationships among the topics discussed in this 
chapter and in previous chapters. 
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Figure 4.1 (a) United States energy demand by consuming sector; (b) 
United States energy supply by source. 
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Energy input Reclaimed energy Heat rejection 

! ! ,Steam I 
5450 kJ/kg 

I 95 kJ/kg 
3920 kJ/kg Heat eXChange 

(2350 Btu/lb) and superheater J (40 Btullb) Natural gas, (1B90 Btu/lb) 
process waste Radiation ,convection 

gos Ethylbenzene Stack gas B35 kJ/kg 

Sleom~ Steam (360 Btu/lb) 
4230 kJ/kg 530 K (500°F) 

19,700 kJ/kg (1630 Btu/lb) Heat exchange and reactor 
50 kJ/kg .6.Hreac. = 1730 kJ/kg 

(8500 Btu/lb) (750 Btu/lb) (22 Btu/lb) 
Steam Endothermic Radiation, 

convection 
Bt50 kJ/kg Wei reaction 
(3420 Btu/lb) products 

Cooling J 
2300 kJ/kg 
(980 Btu/lb) 

Desuperheater ~ 
500 K (440°F) 

and cooling 

Tl. 

20,100 kJ/kg 

18700 Btu/lb) 
3BO K (220°F) 

Decantation and 
gas separation 

H2, other gases as fuel J Condensate 
3360 kJ/kg (1450 Btullb) Reaction products 

Overhead 
5560~kJ/kg 

DislHlalion streoms 5560 kJ/kg 

(2400 Btu/lb) (2400 Btu/lb) 
Steam Toluene I 315-340 K 

Benzene 
1110-150°F) 

Residue fuel Ethylbenzene 
'700 kJ/kg (300 Btu/lb) recycle 

Styrene product 

Figure 4.2 Energy balance in styrene production in the United States: 
40% conversion of ethylbenzene to products, 90% selectivity to styrene. 
(From J. T. Reding and B. P. Shepherd, Energy conswnption: The Chemical 
Industry, Report EPA-650/2-75-032a, Environmental Protection Agency, 
Washington, D.C., April 1975.) 
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4.1 CONCEPTS AND UNITS 

Your objectives in studying this 
section are to be able to: 

1. Define or explain the following terms: energy, system, closed system, 
nonflow system, open system, flow system, surroundings, property, 
extensive property, intensive property, state, heat, work, kinetic en
ergy, potential energy, internal energy, enthalpy, initial state, final 
state, point (state) function, state variable, cyclical process, and path 
function. 

2. Select and define a system suitable for problem solution, either closed 
or open, steady or unsteady state, and fix the system boundary. 

3. Distinguish among potential, kinetic, and internal energy. 

4. Convert energy in one set of units to another set. 
5. List and apply the equations used to calculate kinetic energy, potential 

energy, and work. 

As you already know, energy exists in many different forms. In Sec. 4.5 we assem
ble the various types of energy in the form of an energy balance. Before doing so, 
we need to clearly distinguish between the common types of energy, describe the 
units used to express energy, and learn how to calculate the values of various forms 
of energy. 

What units are associated with energy? If you have forgotten, refer back to 
--~'fable-I~I~No-confusion-exists-with-respecUo_the_joule,_butjJj~1!ecessarYJo_~e_ 

careful in specifying what type of calorie or British thermal unit (Btu) is under con
sideration (there are four or five common kinds). For example, the type of calorie 
that is found in older tables of thermochemical properties of substances is the ther
mochemical calorie (equal to 4.184 J), whereas a second type of calorie is the Inter
national Steam Table (I.T.) calorie (equal to 4.1867 J). A kcal in nutrition is just 
called a "calorie"; that is, a hamburger containing 500 "calories" really contains 
500 kca!. 

In this section we characterize aud define several common forms of energy. 
Unfortunately, mauy of the terms described below are used loosely in our ordinary 
conversation and writing, and thus have different connotations than those presented 
below. You may have the impression that you understand the terms from long ac
quaintance-be sure that you really do. For effective learning you must feel com
fortable with them. 

Certain terms that have been described in earlier chapters occur repeatedly in 
this chapter;. these terms are summarized below with some elaboration in view of 
their importauce. 
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System. Any arbitrarily specified mass of material or segment of apparatus 
to which we would like to devote our attention. A system must be defined by sur
rounding it with a system boundary. A system enclosed by a boundary that prohibits 
the transfer of mass across the boundary is termed a closed system, or nonjlow sys
tem, in distinction to an open system, or flow system, in which the exchange of 
mass is permitted. All the mass or apparatus external to the defined system is termed 
the surroundings. Reexamine some of the example problems in Chap. 2 for illus
trations of the location of system boundaries. You should always draw similar 
boundaries in the solution of your problems, since this step will fix clearly the sys
tem and surroundings. 

Property. A charaderistic of material that can be measured, such as pres
sure, volume, or temperature-or calculated, if not directly measured, such as cer
tain types of energy. The properties of a system are dependent on its condition at 
any given time and not on what has happened to the system in the past. 

An extensive property (variable, parameter) is one whose value is the sum of 
the values of each of the subsystems comprising the whole system. For example, a 
gaseous system can be divided into two subsystems which have volumes or masses 
different from the original system. Consequently, mass or volume is an extensive 
property. 

An intensive property (variable, parameter) is one whose value is not additive 
and does not vary with the quantity of material in the subsystem. For example, tem
perature, pressure, density (mass per volume), and so on, do not change if the sys
tem is sliced in half or if the halves are put together. 

Two properties are independent of each other if at least one variation of state 
for the system can be found in which one property varies while the other remains 
fixed. The number of independent intensive properties necessary and sufficient to fix 
the state of the system can be ascertained from the phase rule of Sec. 3.7-\. 

State. The given set of properties of material at a given time. The state of a 
system does not depend on the shape or configuration of the system but only on its 
intensive properties. 

Now that we have reviewed the concepts of system, property, and state, we 
can discuss the various types of energy with which we will be involved in this chap
ter. What forms can energy take? We shall consider here six quantities: work, heat, 
kinetic energy, potential energy, internal energy, and enthalpy. You probably have 
encountered many of these terms before. 

Work. Work (W) is a term that has wide usage in everyday life (such as "I 
am going to work"), but has a specialized meaning in connection with energy bal
ances. Work is a form of energy that represents a transfer between the system and 
surroundings. Work cannot be stored. For a mechanical force 

i'"'' , 
W = F·ds 

state 1 

(4.1) 
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where F is an external force in the direction of s acting on the system (or a system 
force acting on the surroundings). 

(a) The displacement may not be easy to define. 
(b) Integration ofF·ds as shown in Eq. (4.1) does not always result in an equal 

amount of work being done by the system. 
(c) Work can be exchanged without a mechanical force acting on the system 

boundaries (such as through magnetic or electric effects). 

Note that unless the process (or path) under which work is carried out is 
specified from the initial to the final state of the system, you are not able to calculate 
the value of the work done. In other words, work done in going between the initial 
and final states can have any value, depending on the path taken. Work is therefore 
called a path function, and the value of W depends on the initial state, the path, and 
the final state of the system, as illustrated in the next example. 

EXAMPLE 4.1 Calculation of Work by a Gas on a Piston 

Solution 

Suppose that an ideal gas at 300 K and 200 kPa is enclosed in a cylinder by a frictionless pis
ton, and the gas slowly forces the piston up so that the volume of gas expands from 0.1 
to 0.2 m'. Examine Fig. E4.la. Calculate the work done by the gas on the piston if two dif
ferent paths are used to go from the initial state to the final state: 

Path A: 
PathB: 

The work is 

expansion occurs at constant pressure (p = 200 kPa) 
expansion occurs at constant temperature (T = 300 K) 

II 
v, -

0.1 m3 

Gas 

State t 

(0) 

II 
v,= 

0.2 m' 
Gas 

State 2 

Figure E4.1a 

1""'2 F iV2 

W = - . Ads = p dV 
statet A VI 

because p is exerted normally on the piston face. 
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Path A 

PathB 

Concepts and Units 

w = p (", dV = p(V, - V,) 
Jv, 

N J 
1- 1-

200 X 10' Pa m' 0.1 m' m 
1 Pa 1 N 

= 20kJ 

w = ("' nRT dV = nRT In (V,) 
JVl V VI 

200 kPa (kg moI)(K) 
n = =:"'::::"::'+-==+=7"""C,-+-,,-'=:7,=:"::~,," 

= 0.00802 kg mol 

W = 0.00802 kg mol 

8.314(kPa)(m') 

8.314 kJ 
(kg moI)(K) 

= 20 In 2 = 13.86 kJ 

Figure E4.1b shows the two different quantities of work on a p-V plot. 

p(kPol 

200 

100 

0.1 0.2 V(m'l 

(bl Figure E4.1b 
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Heat. In a discussion of heat we enter an area in which our everyday use of 
the term may cause confusion, since we are going to use heat in a very restricted 
sense when we apply the laws governing energy changes. Heat (Q) is commonly 
defined as that part of the total energy flow across a system boundary that is caused 
by a temperature difference between the system and the surroundings. Heat may be 
exchanged by conduction, convection, or radiation. Heat, as is work, is a path func
tion. To evaluate heat transfer quantitatively, unless given a priori, you must apply 
the energy balance that is discussed in Sec. 4.5, evaluate all the terms except Q, and 
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then solve for Q. Heat transfer can be estimated for engineering purposes by many 
empirical relations, which can be found in books treating heat transfer or transport 
processes. A typical relation to estimate the rate of heat transfer is that Q is propor
tional to the area for heat transfer and the temperature difference between the system 
at T2 and its surr~undings at TJ: 

Q = UA(T2 - Td 

where U is an empirical coefficient determined from experimental data. 
Since heat and work are by definition mutually exclusive exchanges of energy 

between the system and the surroundings, we shall qualitatively classify work as en
ergy that can be transferred to or from a mechanical state, or mode, of the system, 
While heat is the transfer of energy to atomic or molecular states, or modes, which 
are not macroscopically observable. 

Kinetic energy. Kinetic energy (K) is the energy a system possesses be
cause of its velocity relative to the surroundings at rest. Kinetic energy may be cal
CUlated from the relation 

(4.2a) 

or 

(4.2b) 

where the superscript caret 0 refers to the energy per unit mass (or sometimes per 
mole) and not the total kinetic energy as in Eq. (4.2a). 

EXAMPLE 4.2 Calculation of Kinetic Energy 

Water is pumped from a storage tank into a tube of 3.00 em inner diameter at the rate of 
_____ ~0.00Lm'/s._See_Eig.-E4.2.-Whatj"-lhe-sp-ecific-kinelic.e!1ergy __ of.!!Iew!ltl'r'L __ 

O 
3.00cm ID 

==::l,Q1'======I'=====~O.OOl m'/s Figure E4.2 

Solution 

1000 kg 
Assume that p = 3 

m 
r = W.OO) = 1.50 em 

0.001 m' I I ~100 cmr 
v = S 1T(1.50)2 cm2 1 m = 1.415 m/s 

1 N 1 J 
K = :::-2+-t--=-:':':'::":=+-I---;(~)(""")-+-:1-;:(N~)7-(m') = 1.00 J/kg 

1 kg m 
S2 

Potential energy. Potential energy (P) is energy the system possesses be
cause of the body force exerted on its mass by a gravitational or electromagnetic 
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field with respect to a reference surmce. Potential energy for a gravitational field can 
be calculated from 

P = mgh (4.3a) 

or 

P = gh (4.3b) 

where h is the distance from the reference surmce and where the symbol (') again 
means potential energy per unit mass (or sometimes per mole). 

EXAMPLE 4.3 Calculation of Potential Energy 

Solution 

Water is pumped from one reservoir to another 300 ft away, as shown in Fig. E4.3. The water 
level in the second reservoir is 40 ft above the water level of the first reservoir. What is the 
increase in specific potential energy of the water in Btullbm? 

~----300 ft----->1 ----T 
40ft 

. ___________ L 
Figure E4.3 

Let the water level in the first reservoir be the reference plane. Then h = 40 ft. 

p = 32.2 ft 40 ft 
's' 32.2(lbm)(ft) 

(lbr)(s2) 

I Btu 
778.2(ft)(lbr) = 0.0514 Btu/Ibm 

Internal energy. Internal energy (U) is a macroscopic measure of the 
molecular, atomic, and subatomic energies, all of which follow definite microscopic 
conservation rules for dynamic systems. Because no instruments exist with which to 
measure internal energy directly on a macroscopic scale, internal energy must be 
calculated from certain other variables that can be measured macroscopically, such 
as pressure, volume, temperature, and composition. 

To calculate the internal energy per unit mass (0) from the variables that can 
be measured, we make use of a special property of internal energy, namely, that it is 
an exact differential (because it is a point or state property, a matter to be described 
shortly) and, for a pure component, can .be expressed in terms of just two intensive 
variables according to the phase rule for one phase: 

F=C-0'+2=1-1+2=2 

Custom dictates the use of temperature and specific "'olume as the variables. If we 
say that 0 is a function of T and ii, 

0= OtT, iI) 
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by taking the total derivative, we find that 

dU = (au) dI + (a~) dV 
aT v av T 

(4.4) 

By definition (aU j aT);, is the heat capacity' at constant volume, given the special 
symbol Co. For most practical purposes in this text the term (aU javlr is so small 
that the second term on the right-hand side of Eq. (4.4) can be neglected. Conse
quently, changes in the internal energy can be computed by integrating Eq. (4.4) as 
follows: 

I
T2 

U2 - U, = Co dI 
T, 

(4.5) 

Note that you can only calculate differences in internal energy, or calculate the inter
nal energy relative to a reference state, but not absolute values of internal energy. 

EXAMPLE 4.4 Internal Energy 

An entrance examination for graduate school asked the following two multiple choice ques
tions: 

(a) The internal energy of a solid is equal to the 
(1) absolute temperature of the solid 
(2) total kinetic energy of its molecules 
(3) total potential energy of its molecules 
(4) sum of the kinetic and potential energy of its molecules 

(b) The internal energy of an object depends on its 
(1) temperature, only 
(2) mass, only 
(3) phase, only 

---(4)-temperature;-mass,and-phase--·---

Solution 

Which answers would you chose? 

Neither of these questions can be answered with the choices given. Internal energy itself can
not be evaluated-only its change can be. And such changes would include changes in poten
tial energy of atoms, electron energy levels, vibrations inside the molecules, and so on. 

In addition to using Eq. (4.4), internal energy changes can be calculated from en
thalpy values, the next topic of discussion. 

Enthalpy. In applying the energy balance you will encounter a variable 
which is given the symbol H and the name enthalpy (pronounced en'-thal-py). This 

I The term heat capacity has a long history of usage, but is not a scientifically proper connotation. 
Heat is, by definition, not "stored" in material. 
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variable is defined as the combination of two variables which will appear very often 
in the energy balance: 

H=U+pV (4.6) 

where p is the pressure and V is the volume. (The term "enthalpy" has replaced the 
now obsolete terms "heat content" or "total heat," to eliminate any connection what
soever with heat as defined earlier.) 

To calculate the enthalpy per unit mass, we use the property that the enthalpy 
is also an exact differential. For a pure substance, the enthalpy for a single phase can 
be expressed in terms of the temperature and pressure (a more convenient variable 
than specific volume) alone. If we let 

H=H(T,p) 

by taking the total derivative of H, we can form an expression corresponding to Eq. 
(4.4): 

dH = (aH) dT + (aH) dp 
aT p ap T 

(4.7) 

By definition (aH/aT)p is the heat capacity at constant pressure, given the special 
symbol Cpo For most practical purposes (aH/ap)T is so small at modest pressures 
that the second term on the right-hand side of Eq. (4.7) can be neglected. Changes 
in enthalpy can then be calculated by integration of Eq. (4.7) as follows: 

H2 - HI = IT2 Cp dT 
TI 

(4.8) 

However, in high-pressure processes the second term on the right-hand side of 
Eq. (4.7) cannot necessarily be neglected, but must be evaluated from experimental 
data. Consult the references at the end of the chapter for details. One property of 
ideal gases that should be noted is that their enthalpies and internal energies are 
functions of temperature only and are not influenced by changes in pressure or 
specific volume. 

As with internal energy, enthalpy has no absolute value; only changes in en
thalpy can be calculated. Often you will use a reference set of conditions (perhaps 
implicitly) in computing enthalpy changes. For example, the reference conditions 
used in the steam tables are liquid water at O°C (32°F) and its vapor pressure. This 
does not mean that the enthalpy is actually zero under these conditions but merely 
that the enthalpy has arbitarily been assigned a value of zero at these conditions. In 
computing enthalpy changes, the reference conditions cancel out as can be seen 
from the fOllowing: 

initial state of system final state of system 

enthalpy = HI - H~f enthalpy = H2 - H~f 

net enthalphy change = (H2 - H~f) - (HI - H~f) = H2 - HI 

Point, or state. functions.. The variables specific enthalpy and specific in
ternal energy (as well as temperature, pressure, and density) are called point func-
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T 

p Figure 4.4 Point function. 

lions, or state variables, meaning that their values depend only on the state of the 
material (temperature, pressure, phase, and composition) and not on how the mate
rial reached that state. Figure 4.4 illustrates the concept of a state variable. In pro
ceeding from state I to state 2, the actual process conditions of temperature and 
pressure are shown by the wiggly line. However, you may calculate Ail by route A 
or B, or any other route, and still obtain the same net enthalpy change as for the 
route shown by the wiggly line. The change of enthalpy depends only on the initial 
and final states of the system. A process that proceeds first at constant pressure and 
then at constant temperature from I to 2 will yield exactly the same Ail as one that 
takes place first at constant temperature and then at constant pressure as long as the 
end point is the same. The concept of the point function is the same as that of an 
airplane passenger who plans to go straight to Chicago from New York but is de
toured because of bad weather by way of Cincinnati. His trip costs him the same 
whatever way he flies, and he eventually arrives at his destination. The fuel con
sumption of the plane may vary considerably, and in analogous fashion heat (Q) or 
work (W), the two "path" functions with which we deal, may vary depending on the 
specific path chosen, while Ail is the same regardless of path. If the plane were 
turned back by mechanical problems and landed at New York, the passenger might 

--------i:Cbe~ir=a=te~,='but at least coUlugeCa refuilU:-Thun~~il-=-O-if-a- cyclical-processis-in---
valved which goes from state I to 2 and back to state I again, or 

fdil=O 

All the intensive properties we shall work with, such as P, T, 0, p, il, and so 
on, are state variables and depend only on the state of the substance of interest, so 
we can say,. for example, that . 

f dT = 0 

fdO = 0 

To sum up, always keep in mind that the values for a difference in a point function 
can be calculated by taking the value in the final state and subtracting the value in 
the initial state, regardless of the actual path. 
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In the next section we focus attention on the details of how to express the heat 
capacity as a function of temperature, and in Sec. 4.3 discuss how to use Eq. (4.8) 
to calculate enthalpy differences. 

Self-Assessment Test 

1. Contrast the following property classifications: extensive-intensive, measurable-unmea
surable, state-path. 

2. Define heat and work. 
3. Consider the hot-water heater in your house. Classify each case below as an open system, 

closed system, neither, or both. 
(a) The tank is being filled with cold water. 
(b) Hot water is being drawn from the tank. 
(e) The tank leaks. 
(d) The heater is turned on to heat the water. 
(e) The tank is full and the heater is turned off. 

4. The units of potential energy or kinetic energy are (select all the correct expressions): 
(a) (ft)(lb,) 
(b) (ft)(lbm) 
(e) (ft)(lb,)/(lbm) 
(d) (ft)(lbm)/(Ib,) 
(e) (ft)(lb,)/(br) 
(f) (ft)(lbm)/(br) 

5. Review the selection of a system and surroundings by reading two or three examples in 
Secs. 2.3 to 2.6, covering up the solution, and designating the system. Compare with the 
system shown in the example. 

6. Will the kinetic energy per unit mass of an incompressible fluid flowing in a pipe increase, 
decrease, or remain the same if the pipe diameter is increased at some place in the line? 

7. A 100-kg ball initially on the top of a 5-m ladder is dropped and hits the ground. With 
reference to the ground: 
(a) What is the initial kinetic and potential enegy of the ball? 
(b) What is the final kinetic and potential energy of the ball? 
(e) What is the change in kinetic and potential energy for the process? 
(d) If all the initial potential energy were somehow converted to heat, how many calories 

would this amount to? how many Btu? How many joules? 
8. In expanding a balloon, two types of work are done by the air in the balloon (the system). 

One is stretching the balloon dW = (T dA, where (T is the surface tension of the balloon. 
The other is the work of pushing back the atmosphere. If the balloon is spherical and ex
pands slowly from a diameter of I m to 1.5 m, what is the work done in pushing back the 
atmosphere? What assumptions must you make about T and p? 

Thought Problems 

1. A proposed goal is to replace 10% of the U.S. domestic gasoline production with ethanol 
grown from corn. What is your estimate of the fraction of the available U.S. cropland that 
would be required to support sucli a proposal? Assume 90.0 bu/acre and 2.6 gal ethanoll 
bu. Gasoline production is 1.2 X 1010 gallyear. 

2. Another proposal is to supply 10% of the U. S. oil usage by coal liquefaction. What is 
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your estimate of the percentage of the coal now mined in the U.S. that would have to be 
added in order to fulfill this proposal? Assume 3.26 bbl of liquid per ton of coal. 

3. Three baseballs are thrown from the top of a four-story building as shown In the figure. 
All have the same initial speed. Which of the following answers would you say best 
reflects the speed of the balls when they hit the ground? 
(1) A is greatest (3) C is greatest 
(2) B is greatest (4) A and C are the same and greatest 
(5) A and B are the same and greatest 
(6) All have the same speed 

8 

A 

4.2 HEAT CAPACITY 

Your objectives in studying this 
section are to be able to: 

1. Define heat capacity. 

c 

--- ---2,-Convert-an-expression-for-the-heat-ca pacity-from-one-set-of u nits-to-- - -
another. 

3. Look up from a reference source an equation that expresses the heat 
capacity as a function of temperature, and compute the heat capacity 
at a given temperature. 

4. Estimate the value of the heat capacity for solids and liquids. 
5. Fit empirical heat capacity data with a suitable function of temperature 

by estimating the values of the coefficients in the function. 

Before formulating the general energy balance, we shall discuss in some detail the 
calculation of enthalpy changes and provide some typical examples of such calcula
tions. Our discussion will be initiated with consideration of the heat capacity Cpo 

The two heat capacities have been defined as 

(a) C
p 

= (~~)p 
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(b) 

To give these two quantities some physical meaning. you can think of them as rep
senting the amount of energy required to increase the temperature of a substance by 
I degree, energy that might be provided by heat transfer in certain specialized pro
cesses, but can be provided by other means as well. To determine from experiments 
values of Cp (or Co), the enthalpy (or internal energy) change must first be calculated 
from an energy balance, and then the heat capacity evaluated. We will discuss Cp as 
Co is not used very often. 

Suppose that you want to calculate the heat capacity of steam at 10.0 kPa 
(45.8°C). You can determine the enthalpy change at essentially constant pressure 
from the steam tables (which list experimental values) as 

H47.7'c - H43.8'c = (2588.1 - 2581.1) kJ/kg = 7.00 kJ/kg 

and if you assume Cp is essentially constant over the small temperature range indi
cated by the subscripts, then 

I1H 7.00 kJ I kJ 
Cp 

'" I1T = kg 3.911°C = 1.79 (kg) (11°C) 

What are the units of the heat capacity? From the definitions of heat capacity 
you can see that the units are (energy)/(temperature difference) (mass or moles). 
The common units found in engineering practice are (we suppress the 11 symbol) 

J cal Btu 
(kg mol)(K) (g mol)("C) (lb mol)(OF) 

Because of the definition of the calorie or Btu, the heat capacity can be expressed in 
certain different systems of units and still have the same numerical value; for exam
ple, heat capacity may be expressed in the units of 

cal kcal Btu 
(g mol)("C) = (kg mol)(OC) = 7(lb:-m-o""'1)-:::(OF=) 

and still have the same numerical value. 
Alternatively, heat capacity may be in terms of 

Note that 

cal Btu 
(g)("C) = (lb )("F) 

1 Btu 
(lb)(OF) 

or 

4.184 J 
(g)(K) 

J 
(kg)(K) 

and that the heat capacity of water in the SI system is 4184 J/(kg)(K) at l7°C. These 
relations are worth memorizing. 

Figure 4.5 illustrates the behavior of the heat capacity of a pure substance over 
a wide range of absolute temperatures. Observe that at zero degrees absolute the heat 
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Figure 4.5 Heat capacity as a 
function of temperature for a pure 
substance. 

capacity is zero. As the temperature rises, the heat capacity also increases until a 
certain temperature is reached at which a phase transition takes place. The phase 
transitions are shown also on a related p-T diagram in Fig. 4.6 for water. The phase 
transition may take place between two solid states, or between a solid and a liquid 
state, or between a solid and a gaseous state, or between a liquid and a gaseous state. 
Figure 4.5 shows first a transition between solid state I and solid state n, then the 
transition between solid state II and the liquid state, and finally the transition be
tween the liquid and the gaseous state. Note that the heat capacity is a continuous 
function only in the region between the phase transitions; consequently, it is not pos
sible to have a heat capacity equation for a substance that will go from absolute zero 
up to any desired temperature. What an engineer does is to determine experimen
tally the heat capacity between the temperatures at which the phase transitions occur, 
fit the data with an equation, and then determine a new heat capacity equation for 
the next range of temperatures between the succeeding phase transitions. 

. Experimental evidence indicates that the heat capacity of a substance is not 
constant with temperature, although at times we may assume that it is constant in or
der to get approximate results. For the ideal monoatomic gas, of course, the heat ca
pacity at constant pressure is constant even though the temperature varies (see Table 
4.1). For typical real gases, see Fig. 4.7; the heat capacities shown are for pure com
ponents. 
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Figure 4.6 Heat capacity and phase 
transitions. 
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TABLE 4.1 Heat Capacities of Ideal Gases 

TYPe of molecule 

Monoatomic 
Polyatomic, linear 
Polyatomic. nonlinear 

Approximate heat capacity*, Cp 

High temperature 
(translational, 

rotational, 
and vibrational 

degrees of freedom) 

~R 
(3n - ~)R 

(3n - 2)R 

Room temperature 
(translational 
and rotational 

degrees of 
freedom only) 

~R 
~R 
4R 

*n, number of atoms per molecule; R, gas constant defined in Sec. 
3.1. 

co, 
-- H,O 

/' 
./ --c-

-- Air - 0, 1/ --V 
H1 I 'NrCO, 

Temperature, °c 

Figure 4.7 Heat capacity curves for the combustion gases. 
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For ideal gas mixtures, the heat capacity (per mole) of the mixture is the mole 
weighted average of the heat capacities of the components: 

" 
CPavg = 2: XiCPi 

i:=:l 
(4.9) 

For nonideal mixtures, particularly liquids, you should refer to experimental data or 
some of the estimation techniques listed in the literature (see the supplementary ref
erences at the end of chapter). Also, refer to Sec. 4$for details regarding mixtures. 

Most of the equations for the heat capacities of solids, liquids, and gases are 
empirical. We usually express the heat capacity at constant pressure Cp as a function 
of temperature in a power series, with constants a, b, c, and so on; for example, 

Cp = a + bT 

or 

Cp = a + bT + CT2 
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where the temperature may be expressed in degrees Celsins, degrees Fahrenheit, de
grees Rankine, or degrees kelvin. If C p is expressed in the form of 

Cp = a + bT + Cr-
1/2 

Cp '= a + bT - cT-2 

or a form such that you divide by T, then it is necessary to use kelvin or degrees 
Rankine in the heat capacity equations, because if degrees Celsius or Fahrenheit 
were to be used, you might divide at some point in the temperature range by zero. 
Since these heat capacity equations are valid only over moderate temperature ranges, 
it is possible to have equations of different types represent the experimental heat ca
pacity data with almost equal accuracy. The task of fitting heat capacity equations to 
heat capacity data is greatly simplified by the use of digital computers, which can de
termine the constants of best fit by means of a standard prepared program and at the 
same time determine how precise the predicted heat capacities are. Heat capacity in
formation can be found in Appendix E. The change of Cp with pressure at high pres
sures is beyond the scope of our work here. Sources of heat capacity data can be 
found in several of the references listed at the end of the chapter. 

Specific heat is a term often considered synonymous with heat capacity, but 
this connotation has arisen from loose usage. In principle, specific heat is the ratio of 
the heat capacity of a substance to the heat capacity of a reference substance, such as 

CPA _ Btu/(lbAlCF) 
C

PH20 
- Btu/(lbH20lCF) 

The reference substance temperature must be specified. Because water has a heat ca
pacity of 1.00 Btu/(lbWF) at about 17°C, numerical values of specific heats and heat 
capacities in the American engineering and thermochemical systems are about the 
same, although their units are not. 

EXAMPLE 4.5 Heat Capacity Equation 

Solution 

The heat capacity equation for CO2 gas is 

Cp = 6.393 + IO.JOOr X 10-3 - 3.405r2 X 10-6 

with Cp expressed in ca1!(g moJ)(il.K) and r in K. Convert this equation into a form so that 
the heat capacity will be expressed over the entire temperature range in 

(a) Call(g moJ)(il. 0c) with r in °C 
(b) Btu/(1b mol)(il.°F) with r in OF 
(e) J/(kg mol)(il.K) with r in K 

Changing a heat capacity equation from one set of units to another is merely a problem in the 
conversion of units. Each term in the heat capacity equation must have the same units as the 
left-hand side of the equation. To avoid confusion in the conversion, you must remember to 
distinguish between the temperature symbols that represent temperature and the temperature 
symbols that represent temperature difference even though the same symbol often is used for 
each concept. In the conversions below we shall distinguish between the temperature and the 
temperature difference for clarity. 
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(a) The heat capacity equation with T in 'C and AT in A'C is 

(b) 

+ 10.1000 x W- (g mol)(AK)(K) I 
(T·c + 273) K 

6 cal (T·c + 273)' K' 
-3.405 x 10- ( )()()' gmol AK K 

= 6.393 + 10.100 x IO-'T.c + 2.757 - 3.405 x IO-'T'c 
-1.860 X IO-'T.c - 0.254 

= 8.896 + 8.240 X .IO-'Toc - 3.405 X IO-'Tlc 

I AK 

1.8 A'P 

(
273 + To. - 32)K 

+ 10.100 X 10-" -:-_::-~al=7c-c-I_---"~'--+ __ -I_I.,-A..,K-=-+-c-__ -=I-,-. S,----,---
(g mol)(AK)(K) 1.8 A'P 

(
273 + To. - 32)' K' 

- 3 405 X IO-"-:-_::-c,,,al-,--,-.,--,-+_--,,-=-+ __ -+---'CI _A"'K,----f-----' ___ Icc. . .:cS----'_ 
. (g mol)(AK)(K)' 1.8 A'P 

Note: 

= 6.393 + 10.100 X 10-'[273 + (T •• - 32)/1.8] 

-3.405 X 10-'[273 + (T •• - 32)/1.8]' 

= 6.393 + 2.575 + 5.61 X IO-'To. - 0.222 

-0.964 X IO-'T"F - 1.05 X IO-'Tl. 

= 8.746 + 4.646 X IO-'T"F - 1.05 X IO-'T'F 

To. - 32 
TK = 273 + --'----

1.8 

(c) 

C J = 6.393 -;--=.:ca::,1 =:-+-==..:....j-'-I:..:OOO~g 
P (kg mol)(AK) (g mol)(AK) I kg 

+ 10.1000 X lO-,-:-~..,cal=~,,-I--,_-I--,_=-l-'-(1:.:;K~)K 
(g mol)(AK)(K) 

cal (Tk)K' 
-3.405 X 1O-'-;----,===+--;--:--I---:-.,--'=+-=~ 

(g mol)(K)'(AK) 

= 2.675 X 10"' + 42.27TK - 1.425 X IO-'Tk 
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EXAMPLE 4.6 Heat Capacity of the Ideal Gas 

Show that Cp = C, + fi for the ideal monoatomic gas. 

Solution 

The heat capacity at constant volume is defined as 

(a) 

For any gas, 

C
p 

= (afJ) = [aD + a(P"V)] = [aD + pay] 
aT p aT p aT p 

(b) 

= (~~)p + p(~~)p 
For the ideal gas. since f) is a function of temperature only. 

(~~)p = (~~)v = C, (c) 

and from pY = fiT we can calculate 

(d) 

so that 

Cp = C, + fi 

EXAMPLE 4.7 Calculation of Cp from an Equation for Enthalpy 

Solution 

Kelley, U.S. Bureau of Mines, gave an equation for the relative enthalpy of gaseous titanium 
tetrachloride as 

H - H'98 = 25.45T + 0.12 X 1O-'T' + 2.36 X 1O-'r' - 8390 

where T is in K, H is cal/g mol, and H 298 is a reference state for enthalpy. What is an equa
tion for Cp in cal/(g mol)(K)? 

Cp = :. = 25.45 + 0.24 X 1O-'T - 2.36 x 1O-'T-' 

EXAMPLE 4.8 Fitting Heat Capacity Data 

The heat capacity of carbon dioxide gas as a function of temperature has been found by a se
ries of experiments to be as follows: 



Solution 

Sec. 4.2 Heat Capacity 

T (K) 300 

Cp [J/(g mol)(K)] 39.87 
39.85 
39.90 

2 3 

400 500 

45.16 50.72 
45.23 51.03 
45.17 50.90 

Find the values of the coefficients in t~e equation 

Cp = a + bT + CT' 

that best fit the data. 
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4 5 6 

600 700 800 

56.85 63.01 69.52 
56.80 63.09 69.68 
57.02 63.14 69.63 

Use a least-squares program (or directly minimize using the minimization code in the back of 
this book) to minimize the sum of the squares of the deviations between the predicted values 
of Cp and the experimental ones (refer to Appendix M): 

6 

Minimize ~ (CPpredicled,i - CPexperimental,l 
1"'1 

The variables are a, b, and c. 
The solution is 

Cp = 25.47 + 4.367 x 1O-'T - 1.44 x 1O-'T2 

4.2-' Estimation of Heat Capacities 

We now mention a few ways by which to estimate heat capacities of solids, liquids, 
and gases. For the most accurate results, you should employ actual experimental heat 
capacity data or equations derived from such data in your calculations. However, if 
experimental data are not available, there are a number of equations and estimation 
techniques that you may use which give estimates of values for the heat capacities. 

Solids. Only very rough approximations of solid heat capacities can be 
made. Kopp's rule (1864) should only be used as a last resort when experimental 
data cannot be located or new experiments carried out. Kopp's rule states that at 
room temperature the sum of the heat capacities of the individual elements is approx
imately equal to the heat capacity of a solid compound. For elements below potas
sium, numbers have been assigned from experimental data for the heat capacity for 
each element as shown in Table 4.2. For liquids Kopp's rule can be applied with a 
modified series of values for the various elements, as shown also in Table 4.2. For 
example, the heat capacity at room temperature of Na,S04· IOH,O wouid be 
2(6.2) + 1(5.4) + 14(4.0) + 20(2.3) = 119.8 cal/(g mol)(°C). The heat capacity 
of coal can be estimated from equations in the Coal Conversion Systems Technical 
Data Book cited in the supplementary references. Consult Reid or Perry's Handbook 
fpr tables of heat capacity data for solids. 
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TABLE 4.2 Values for 
Modified Kopp's Rule: 
Atomic Heat Capacity at 
20'C [caII(g atom)('C)] 

Element Solids Liquids 

C 1.8 2.8 
H 2.3 4.3 
B 2.7 4.7 
Si 3.8 5.8 
0 4.0 6.0 
F 5.0 7.0 
Por S 5.4 7.4 
All others 6.2 8.0 

Liquids 
Aqueous solutions. For the special but very important case of aqueous solu

tions, a rough rule in the abseuce of experimental data is to use the heat capacity of 
the water only. For example, a 21.6% solution of NaCI is assumed to have a heat ca
pacity of 0.784 cal/(g)("C); the experimental value at 25°C is 0.806 cal/(g)(°C). 

Hydrocarbons. An equation for the heat capacity of liquid hydrocarbons and 
petroleum products will be found in Appendix K. 

Organic liquids. A simple and reasonably accurate relation between Cp io cal/ 
(g)(0C) at 25°C and molecular weight is 

Cp = kMa 

where M is the molecular weight and k and a are constants. Pachaiyappan et aI.' give 
a number of values of the set (k, a). For example 

----------------------------=========------
Compounds 

Alcohols 
Acids 
K~tones 

Esters 
Hydrocarbons, aliphatic 

k 

0.85 
0.91 
0.587 
0.60 
0.873 

a 

-0.1 
-0.152 
-0.0135 
-0.0573 
-0.113 

Reid and San Jose' review a number of estimation methods for liquids and indicate 
their precision. 

Gases and vapors 
Petroleum vapors. The heat capacity of petroleum vapors can be estimated 

from4 

'v. Pachaiyappan, S. H. Ibrahim, and N. R. Kuloor, Chern. Eng .• p. 241 (October 9, 1967). 
'R. C. Reid and J. L. San Jose, Chern. Eng., pp. 67-71 (December 20, 1976). 

'w. H. Bahlke and W. B. Kay, Ind. Eng. Chern .• v. 21, p. 942 (1929). 
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c = (4.0 - s)(T + 670) 
p 6450 

where Cp is in Btu/(lb)("F), T is in OP, and s is the specific gravity at 60°F/60'F, with 
air as the reference gas. 

Kothari-Doraiswamy equation. Kothari and Doraiswamy' recommend plotting 

Cp = a + b 10gIO T, 

Given two values of Cp at known temperatures, values of Cp can be predicted at 
other temperatures with good precision. The most accurate methods of estimating 
heat capacities of vapors are those of Dobratz· based on spectroscopic data and gen
eralized correlations based on reduced properties.7 

Additional methods of estimating solid and liquid heat capacities may be found 
in Reid et a\. g, who compare various techniques we do not have the space to discuss 
and make recommendations as to their use. 

SeN-Assessment Test 

1. A problem indicates that the enthalpy of a compound can be predicted by an empirical 
equation H (Jig) = -30.2 + 4.25r T O.OOlr', where T is in kelvin. What is the heat ca
pacity at constant pressure for the compound? 

2. What is the heat capacity at constant pressure at room temperature of O2 if the O2 is as
sumed to be an ideal gas? 

3. A heat capacity equation in caliCg mol)CK) for ammonia gas is 

ep = 8.4017 + 0.70601 x IO-'r + 0.10567 x 1O-'r' - 1.5981 x IO-'r' 

where T is in DC. What are the units of each of the coefficients in the equation? 
4. Calculate the heat capacity (ep) of N, gas at I aim and 500 K. 

5. Estimate the heat capacity (ep ) of acetic acid by Ca) Kopp's rule and Cb) Pachaiyappan's 
constants. Compare with the experimental value at room tempemture. 

6. Convert the following equation for the heat capacity of carbon monoxide gas, where Cp is 
in Btu/(lb molWP) and r is in °P: 

ep = 6.865 + 0.08024 x IO-'r - 0.007367 x IO-'T' 

to yield ep in JICkg mol)CK) with r in kelvin. 

Thought Problem 

1. Textbooks often indicate that for solids and liquids the difference (ep - Co) is so small 
that you can say that ep = Co. Is this generally true? 

SM. S. Kothari and L. K. Doraiswamy, Hydrocarbon Process. Pet. Refiner, v. 43, no. 3, p. 133 
(1964). 

'C. J. Dobratz, Ind. Eng. Chern .. v. 33, p. 759 (1941). 

7R. C. Reid, J. M. Prausnitz, and B. E. Poling, The Properties of Gases and Liquids. 4th ed., 
McGraw-Hill, New York, 1987. 

8 Ibid. 
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4.3 CALCULATION OF ENTHALPY CHANGES (WITHOUT 
CHANGE OF PHASE) 

Your objectives in studying this 
section are to be able to: 

Chap. 4 

1. Calculate enthalpy (and internal energy) changes (excluding phase 
changes) from heat capacity equations, graphs and charts, tables, and 
computer data bases given the initial and final states of the material. 

2. Become familiar with the steam tables and their use both in 51 and 
American engineering units. 

3. Ascertain the reference state for enthalpy values from the data source 

Now that we have examined sources of heat capacity values, we turn to the details of 
the calculation of enthalpy and internal energy changes. We omit for the moment 
consideration of phase changes and examine solely the problem of how to calculate 
enthalpy (or internal energy) changes that take place in a single phase, that is, how 
to calculate the so-called "sensible heat" changes. Sensible heat is the enthaply dif
ference (normally for a gas) between some reference temperature and the tempera
ture of the material under consideration, excluding any enthalpy differences for 
phase changes that are termed latent heats and discussed in Sec. 4.4. We examine 
four procedures: 

1. Use of heat capacity equations 
2. Use of tables 
3. Use of enthalpy charts 
4. Use of computer data bases 

4.3-1 How to Employ Heat Capacity Equations 

Recall that if we use Eq.(4.8), ail is the area under the curve in Fig. 4.8: 

(H, IT, 
), dil = ail = cp dT 
HI Tl 

If the heat capacity is expressed in the form Cp = a + bT + cT', then 

I
T, b 

ail = (a + bT + cT') dT = a(T, - Ttl + 2(Tl - TD 
T, (4.10) 

+ ~(Tl - Tj) 

If a different functional form of the heat capacity is available, the integration result 
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Figure 4.8 Calculation of enthalpy 
change. 

will be different. Equation (4.10) can be stored in a data base and used to calculate 
enthalpy changes for a single phase as easily as the heat capacitx equation can be 
stored. Can you develop an expression similar to Eq. (4.10) for au based on a poly
nomial expression for C, as a function of temperature? Will the right-hand side look 
exactly the same as Eq. (4.1O)? 

EXAMPLE 4.9 Calcu[ation of 4fi for a Gas Mixture Using Heat Capacity Equations 

Solution 

The conversion of solid wastes to innocuous gases can be accomplished in incinerators in an 
environmentally acceptable fashion. However, the hot exhaust gases must be cooled or di
luted with air. An economic feasibility study indicates that solid municipal waste can be 
burned to a gas of the following composition (on a dry basis): 

CO, 9.2% 

CO 1.5% 

0, 7.3% 

N, 82.0% 

[00.0% 

What is the enthalpy difference for this gas per [b mol between the bottom and the top of the 
stack if the temperature at the bottom of the stack is 550°F and the temperature at the top is 
2000 P? Ignore the water vapor in the gas. Because these are ideal gases, you can neglect any 
energy effects resulting from the mixing of the gaseous components. 

Heat capacity equations from Table B.2 [T in "F; Cp = Btu/(lb mo[)("F)] are 

N,: Cp = 6.895 + 0.7624 X IO-'T - 0.7009 X IO-'T' 

0,: Cp = 7.104 + 0.785 [ X IO-'T - 0.5528 X IO-'T' 

CO,: Cp = 8.448 + 5.757 X IO-'T - 21.59 X IO-'T' + 3.059 X 1O- IOT' 

CO: Cp = 6.865 + 0.8024 X IO-'T - 0.7367 X IO-'T' 

Basis: 1.00 lb mol of gas 

By multiplying these equations by the respective mole fraction of each component, and then 
adding them together, you can save time in the integration. 
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N,: 0.82(6.895 + 0.7624 x IO-'r - 0.7009 x IO-'r') 

0,: 0.073(7.104 + 0.7851 x IO-'r - 0.5528 x IO-'r') 

CO,: 0,092(8.448 + 5.757 x IO-'r - 21.59 x IO-'r' + 3.059 x 1O-lOr') 

CO: 0.015(6.865 + 0.8024 x IO-'r - 0.7367 x IO-'r') 

CpO"' ~ 7.053 + 1.2242 x IO-'r - 2.6124 x IO-'r' + 0.2814 x 10-1"1"' 

l
200 l'OO Ali ~ Cp dr ~ (7.053 + 1.2242 x IO-'r - 2.6124 x IO-'r' 

550 550 

+ 0.2814 x 1O-lOr') dT 

~ 7.053[(200) - (550)] + 1.2242
2

X 10-' [(200)' - (550)'] 

~ -2468.6 - 160.7 + 13.8 - 0.633 

~ - 2616 Btu/lb mol gas 

2.6124 x 10-' [(200)' _ (550)'] 
3 

+ 0.2814 X 10-
10 

[(200)4 _ (550)4] 
4 

4.3-2 Tabular Data 

When the values of the physical properties used in your calculations must be accu
rate, you might well turn to tables. Tables can cover ranges of physical properties 
well_beyond_the_range_applicabkfoLa_single_eqtiation.~ecause_the-"1l0SLCommonly __ 
measured properties are temperature and pressure, tables for pure compounds usu
ally are organized in columns and rows, with rand p being the independent vari
ables. If the intervals between table entries are close enough, linear interpolation be
tween entries is reasonably accurate. 

Steam tables of all varieties are cited in several of the references in Table 4.5. 
Tables of the enthalpies for some important compounds at I atmosphere will be 
found in Appendix D. 

If you remember that enthalpy values are all relative to some reference state, 
you can make enthalpy difference calculations merely by subtracting the initial en
thalpy from the final enthalpy for any two sets of conditions as shown in the follow
ing examples. 

EXAMPLE 4.10 Calculation of Enthalpy Change Using Tabulated Enthalpy Values 

Calculate the enthalpy change for 1 kg mol of N, gas which is heated at a constant pressure of 
100 kPa from 18°C to 1l00°C. 



Solution 

Sec. 4.3 Calculation of Enthalpy Changes (without Change of Phase) 

We will use the data in Table 4.4 (the pressure is about I atm). 

at 1l00°C "" 1373K: tJ.H = 34.715 kJ/kg mol (by interpolation) 

at 18°C"" 291 K: tJ.H = 524 kJ/kg mol 

Basis: I kg mol of N2 

tJ.iJ = 34.715 - 524 = 34.191 kJ/kg mol 

389 

Tables 4.3 and 4.4 list typical enthalpy data for the combustion gases. Some 
sources of enthalpy data are listed in Table 4.5. The most common source of en
thalpy data for water is the steam tables which are reproduced in Appendix C I and 
on a sheet that can be found inside the back cover. 

To make use of the steam tables, you must first locate the region of the phase 
diagram in which the state lies. The tables are organized so that the saturation prop
erties are given separately from the properties of superheated steam and subcooled 
liquid. Examine the large set of tables in the back of the book. In addition, the satu
ration properties are presented in two ways: (I) the saturation pressure is given at 
even intervals for easy interpolation, and (2) the saturation temperature given at even 
intervals for the same reason. 

You can find the region in which a particular state lies by referring to one of 
the two tables for saturation properties. If, at the given Tor P, the given specific in
tensive property lies outside the range of properties that can exist for saturated liq
uid, saturated vapor, or their mixtures, the state must be in either the superheated or 
the subcooled region. For example, look at a brief extract froIV the steam tables in SI 
units: 

101.325 
200.0 

100.0 
120.2 

Specific volume (m3/kg) 

v, 

0.001043 
0.001061 

V" 

1.672 
0.8846 

V, 

1.673 
0.8857 

419.5 
504.7 

Enthalpy (kJ/kg) 

2256.0 
2201.5 

h, 

2675.6 
2706.2 

For each saturation pressure, the corresponding saturation temperature (boiling 
point) is given along with the values of specific volume and enthalpy for both satu
rated liquid and saturated vapor. The volume and enthalpy value in the middle 
column designated by the subscript 19 is the difference between the saturated vapor 
and saturated liquid states, and will be discussed in the next section. 



TABLE 4.3 Enthalpies of Combustion Gases· (Btu/lb mol) 
w ! 
II> .. "R N, 0, Air H, CO CO, H,O 

492 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
500 55.67 55.93 55.57 57.74 55.68 68.95 64.02 
520 194.9 195.9 194.6 191.9 194.9 243.1 224.2 
537 313.2 315.1 312.7 308.9 313.3 392.2 360.5 
600 751.9 758.8 751.2 744.4 752.4 963 867.5 
700 1,450 1,471 1,450 1,433 1,451 1,914 1,679 
800 2,150 2,194 2,153 2,122 2,154 2,915 2,501 
900 2,852 2,931 2,861 2,825 2,863 3,961 3,336 

1,000 3,565 3,680 3,579 3,511 3,580 5,046 4,184 
1,100 4,285 4,443 4,306 4,210 4,304 6,167 5,047 
1,200 5,005 5,219 5,035 4,917 5,038 7,320 5,925 
1,300 5,741 6,007 5,780 5,630 5,783 8,502 6,819 
1,400 6,495 6,804 6,540 6,369 6,536 9,710 7,730 
1,500 7,231 7,612 7,289 7,069 7,299 10,942 8,657 
1,600 8,004 8,427 8,068 7,789 8,072 12,200 9,602 
1,700 8,774 9,251 8,847 8,499 8,853 13,470 10,562 
1,800 9,539 10,081 9,623 9,219 9,643 14,760 11,540 
1,900 10,335 10,918 10,425 9,942 10,440 16,070 12,530 
2,000 11,127 11,760 11,224 10,689 11,243 17,390 13,550 
2,100 11,927 12,610 12,030 11,615 12,050 18,730 14,570 
2,200 12,730 13,460 12,840 12,160 12,870 20,070 15,610 
2,300 13,540 14,320 13,660 12,890 13,690 21,430 16,660 
2,400 14,350 15,180 14,480 13,650 14,520 22,800 17,730 
2,500 15,170 16,040 15,300 14,400 15,350 24,180 18,810 

*Pressure = 1 atm. 
SOURCE: Page 30 Kobe, K.A., et aI., Thermochemistry of Petrochemicals, Reprint No. 44 from the Petroleum 
Refiner, Gulf Publ. Co., Houston, TX (1958). 

I 

I 



TABLE 4.4 Enthalpies of Combustion Gases' (Jig Mol)' 

K N, 0, Air H, CO CO, H,O 

273 0 0 0 0 0 0 0 
291 524 527 523 516 525 655 603 
298 728 732 726 718 728 912 837 
300 786 790 784 763 786 986 905 
400 3,695 3,752 3,696 3,655 3,699 4,903 4,284 
500 6,644 6,811 6,660 6,589 6,652 9,204 7,752 
600 9,627 9,970 9,673 9,518 9,665 13,807 11,326 
700 12,652 13,225 12,736 12,459 12,748 18,656 15,016 
800 15,756 16,564 15,878 15,413 15,899 23,710 18,823 
900 18,961 19,970 19,116 18,384 19,125 28,936 22,760 

1,000 22,171 23,434 22,367 21,388 22,413 34,308 26,823 
1,100 25,472 26,940 25,698 24,426 25,760 39,802 31,011 
1,200 28,819 30,492 29,078 27,509 29,154 45,404 35,312 
1,300 32,216 34,078 32,501 30,626 32,593 51,090 39,722 
1,400 35,639 37,693 35,953 33,789 36,070 56,860 44,237 
1,500 39,145 41,337 39,463 36,994 39,576 62,676 48,848 
1,750 47,940 50,555 48,325 45,275 48,459 77,445 60,751 
2,000 56,902 59,914 57,320 53,680 57,488 92,466 73,136 
2,250 65,981 69,454 66,441 62,341 66,567 107,738 85,855 
2,500 75,060 79,119 75,646 71,211 75,772 123,176 98,867 
2,750 84,265 88,910 84,935 80,290 85,018 138,699 112,089 
3,000 93,512 98,826 94,265 89,453 94,265 154,347 125,520 
3,500 112,131 119,034 113,135 108,030 112,968 185,895 152,799 
4,000 130,875 141,410 132,172 127,528 131,796 217,777 180,414 

'To convert to callg mol multiply by 0.2390. 
*Pressure = 1 atm. 
SOURCE: Page 30 of Reference in Table 4.3. 

Col 
CD 
~ 
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TABLE 4.5 Sources of Enthalpy Data 

1. American Petroleum Institute, Division of Refining, Technical Data 
Book-Petroleum Refining, 2nd ed., API, Washington, D.C., 1970. 

Chap. 4 

2. American Petroleum Institute, Research Project 44, Selected Values of Physical and 
Thermodynamic Properties of Hydrocarbons and Related Compounds, API, 
Washington, D.C., 1953. See also Reference 30. 

3. American Society of Mechanical Engineers, Thermodynamic Data lor Waste 
Incineration, Book No. HOOI41, New York, 1979. 

4. Barner, H.E., and R. V. Scheuerman, Handbook of Thermochemical Data for 
Compounds and Aqueous Species, Wiley-Interscience, New York, 1978. 

5. Bulletin of Chemical Thermodynamics, published by Department of Chemistry, 
Oklahoma State University, Stillwater, Okla., 74074. (Index, bibliography, reports.) 

6. Chase, M.W., "JANAF Thermochemical Tables," l. Phys. Chem. Ref. Data, v. 11, 
p. 695 (1987). 

7. Danner, R.P., and T.E. Daubert, eds., Manualfor Predicting Chemical Process 
Design Data, American Institute of Chemical Engineers, New York (1984). 

8. Engineering Sciences Data Unit Ltd., London. (Extensive series of property data.) 
9. Fratzscher, W., et aI., "The Acquisition, Collection, and Tabulation of Substance 

Data on Fluid Systems for Calculations in Chemical Engineering," Int. Chern. Eng., 
v. 20, no. I, pp. 19-28 (1980). (A list ofreferences for data.) 

10. Freeman, R.D., Chemical Thermodynamics, Bulletin No. 54 in CODATA Directory 
of Data Sources for Science and TeChnology, CODATA Secretariat, Paris, 1983. 

II. Grigull, U., T. Straug, and P. Schiebener, Steam Tables in SI Units, 
Springer-Verlag, Berlin, 1987. 

12. Haar, L., J.S.Gallagher, and G.S. Kell, NBS/NRC Steam Tables, Hemisphere, New 
York, 1984. 

13. Hamblin, F.D., Abridged Thermodynamic and Thermochemical Tables (S.I. Units ), 
________ ----'P""ergamon Press, Elmsford, N.Y. (paperback edition available), 1972. 

14. Haywood, R. W., Thermodynamic Tables inSI(Meir{c)U"its, 2nd ed., Cam6iidge 
University Press, Cambridge, 1972. 

IS. Hisham, M.W.M., and S.W. Benson, "Thermochemistry of Inorganic Solids, l. 
Chem. Eng. Data, v. 32, p. 243 (1987). 

16. Irvine, T.F., and P.E. Liley, eds., Microcomputer Program/or the Thermodynamic 
Properties of Air/Steam, Rumford Publishing Co., W. Lafayette, IN, 1980. (For 
personal computers.) 

17. Journal of Physical and Chemical Reference Data, American Chemical Society, 
1972 and following. 

18. Keenan, J.R., et aI., Steam Tables, Wiley, New York, 1978. (SI units.) Also J.H. 
Keenan and F.G. Keyes, Thermodynamic Properties of Steam, Wiley, New York, 
1936. 

19. Keenan, I.H., J. Chao, and J. Kaye, Gas Tables (English Units), 2nd ed., Wiley, 
New York, 1980. 

20. Lin, C.T., et aI., "Data Bank for Synthetic Fuels," Hydrocarbon Process, Parts I, 
2, 3 (August and November 1980). 

21. Naumov, G.B., Handbook of Thermodynamic Data (translation into English of 
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TABLE 4.5 Continued 

Handbook of Thermodynamic Data. Atomizdat, Moscow, 1971). (Available as NTIS 
PB-22672217 .) 

22. Perry, J.H., Chemical Engineers' Handbook, 6th ed., McGraw-Hill, New York, 
1986. 

23. Raznjevic, K., Handbook of Thermodynamic Tables and Charts. Hemisphere, New 
York, 1976. 

24. Rossini, F.K., et a!., "Tables of Selected Values of Chemical Thermodynamic 
Properties," National Bureau of Standards, Circular 500, 1952. (Revisions are being 
issued periodically under the Technical Note 270 series by other authors.) 

25. Selover, T.B., National Standard Reference Data Service of the USSR. Hemisphere, 
New York (continuing series). 

26. Selover, T.B., and E. Buck, "DIPPR in Its Seventh Year," Chem. Eng. Prog., p. 18 
(July 1987). 

27. Stephenson, F.M. and S. Malanowski, Handbook of the Thermodynamics of 
Organic Compounds. Elsevier, New York (1987). 

28. Stewart, R.B., and Victor J. Johnson, A Compendium of the Properties of Materials 
at Low Temperatures (Phase II). National Bureau of Standards Cryogenic 
Engineering Lab. Rep. WADD GO-56, Part IV, U.S. Air Force Systems Command, 
Wright-Patterson Air Force Base, Ohio (December 1961). 

29. StuIl, D.R., and H. Prophet, JANAF Thermochemical Tables. 2nd ed., U.S. 
Government Printing Office, Washington, D.C., No. 0303-0872, C13, 48:37 
(AD-732 043), 1971. (Data for over 1000 compounds.) 

30. Thermodynamics Research Center, Texas A & M University. Continuation of API 
Project 44 plus extensive additional data. Write Data Distribution Office, TRC, 
College Station, Tex. 77843. 

31. Touloukian, Y.S., and E.H. Buyco, Thermophysical Properties of Matter-The TPRC 
Data Series, Plenum, New York, 1983. 

32. Wagman, D.D., NBS Tables of Chemical Thermodynamic Properties, American 
Chemical Society, Washington, D.C., 1983. 

33. Yaws, C.L., "Physical and Thermodynamic Properties" (Graphs), Chern. Eng., 
Initiated with Part I in the June 10, 1974, issue. Subsequent issues: July 3, Aug. 19, 
Sept. 30, Oct. 28, Nov. 25, Dec. 23,1974; Jan. 20, Feb. 17, Mar. 31, May 12, 
July 21, Sept. 1, Sept. 29, 1975. See "Physical Properties: A Guide ... ," published 
1977, McGraw-Hill, New York; "Enthalpics of Formation for 700 Major Organic 
Compounds," Chem. Eng., p. 81 (Sept. 26, 1988). 

____ 0· ________________________________________ __ 

EXAMPLE 4.11 Use of the Steam Tables 

Solution 

Steam is cooled from 640°F and 92 psia to 480°F and 52 psia. What is I!.H in Btu/lb? 

Use the tables for the American engineering units in the pocket in the back of the book. You 
rriust employ double interpolation to get the specific enthalpies, 6..B, relative to the reference 
for the table: 
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T (,F) 

p (psia) 600 700 p 600 640 700 

90 1328.7 1378.1 } 92 1328.6 1378.0 
95 1328.4 1377.8 

1348.4 

450 500 p 450 480 500 

50 1258.7 1282.6 } 
52 1258.4 1282.4 

55 1258.2 1282.2 
1272.8 

Note that the steam table values include the effect of pressure on !J.H as well as temperature. 
An example of the interpolation needed at 600"F is 

W328.7 - 1328.4) = 0.4(0.3) = 0.12 

Atp = 92 psia and T = 600,!J.H = 1328.7 - 0.12 = 1328.6. 
The enthalpy change is 

!J.H = 1272.8 - 1348.4 = -75.6 Btullb 

EXAMPLE 4.12 Calculation of the Change in Enthalpy for Water from the Steam Tables 

Solntion 

Four kilograms of water at 27'C and 200 kPa are heated at constant pressure until the volume 
of the water becomes 1000 times the original value. What is the final temperature of the wa
ter? 

The effect of pressure on the volume of liquid water can be neglected (refer to the table of the 
properties of liquid water), hence the initial specific volume is that of saturated liquid water at 
300 K, or 0.001004 m'/kg. The final specific volume is 

0.001004(1000) = 1.004 m'/kg 

At 200 kPa, using interpolation, between 400 and 450 K we find T by solving 

0.9024 m' + (1.025 - 0.9024) m'/kg (T _ 400) K = 1.004 m' 
kg (450 - 400) K kg 

T = 400 + 41 = 441 K 

EXAMPLE 4.13 Enthalpy Change for Liquid Water 

\\\tter is heated from 400 K and 2000 kPa to 475 K and 5000 kPa. What are !J.H and !J.(; in 
kJ/kg? 



Solution 

Sec. 4.3 Calculation of Enthalpy Changes (without Change of Phase) 

From the steam tables in SI units in the back of the book. the data are: 

l1fi AU 

400 K and 2000 kPa (kJ/kg) 

475 K and 5000 kPa (kJ/kg) 

533.76 

861.96 

531.63 

856.18 

l1fi = 861.96 - 533.76 = 328.20 kJ/kg 

AU = 856.18 - 531.63 = 324.55 kJ/kg 

4.3-3 Graphical Presentation of Enthalpy Data 

395 

You have often heard of saying: a picture is worth a 1000 words. Something similar 
might be said of two-dimensional charts. namely that you can get an excellent idea 
of the characteristics of the enthalpy of a substance in all regions of interest via a 
chart. Although the accuracy of the readings of values from a chart may be limited 
(depending on the scale of the chart). tracing out various processes on a chart en
abies you to rapidly visualize and analyze what is taking place. Primarily, charts are 
a simple and quick method of getting data to compute enthalpy changes. Figure 4.9 
is an example chart. A number of the sources listed in the references in Table 4.6 
and in the Appendices, as well as Perry's Handbook, include property charts. 
Reynolds' has an excellent collection of charts of 40 substances in his volume. Other 
sources of such charts are listed in Table 4.6. Appendix J contains charts for toluene 
and carbon dioxide. 

Charts are drawn with various coordinates, such as 

p versus Ii 
p versus V 
p versus T 

Ii versus S 10 

Since a chart has only two dimensions, the other parameters of interest have to be 
plotted as lines of constant value across the fuce of the chart. Recall, for example, 
that the p-V diagram for CO2 , Fig. 3.3, lines of constant temperature were shown as 
parameters. Similarly, on a chart with pressure and enthalpy as the axes, lines of 
constant volume and/or temperature might be drawn. 

How many properties have to be specified for a single component gas to 
definitely fix the state of the gas? Because we know from our discussion in Sec. 3.7 

9W. C. Reynolds. Thermodynamic Properties in SI, Department of Mechanical Engineering, 
Stanford University, Stanford, Calif., 1979. 

10 S is entropy- this diagram is called a Mollier diagram. 
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TABLE 4.6 Thermodynamic Charts Showing Enthalpy Data for Pure 
Compounds' 

Compound 

Acetone 
Acetylene 
Air 

Benzene 
1.3-Butadiene 
i-Butane 
n-Butane 
n-Butanol 

t-Butanol 
n-Butene 
Chlorine 
Ethane 
Ethanol 

Ethyl ether 
Ethylene 
Ethylene oxide 

Fatty acids 
n-Heptane 
n-Hexane 
Hydrogen sulfide 
Isopropyl ether 
Mercury 
Methane 
Methanol 
Methyl ethyl 

ketone 
Monomethyl 

hydrazine 
Neon 

Nitrogen 

2 
1 

Referencet 

V.C. Williams, AIChE Trans., v. 39, p. 93 (1943); AIChE J., v. 
1, p. 302 (1955). 

I 
C.H. Meyers, J. Res. Natl. Bur. Stand., v. A39, p. 507 (1947). 
1,3 
1, 3, 4 
L. W. Shemilt, in Proceedings of the Conference on 

Thermodynamic Transport Properties of Fluids, London, 1957, 
Institute of Mechanical Engineers, London, 1958. 

F. Maslan, AIChE J., v. 7, p. 172 (1961). 
I 
R.E. Hulme and A.B. Tilman, Chem. Eng. (January 1949). 
1,3,4 
R.C. Reid and J.M. Smith, Chem. Eng. Prog., v. 47, p. 415 

(1951). 
2 
1,3 
J.E. Mock and J.M. Smith, Ind. Eng. Chem., v. 42, p. 2125 

(1950). . 
J.D. Chase, Chem. Eng., p. 107 (March 24, 1980). 
E.B. Stuart et aJ., Chem Eng. Prog., v. 46, p. 311 (1950). 
1 
J.R. West, Chem. Eng. Prog., v. 44, p. 287 (1948). 
2 
General Electric Company Report GET-1879A, 1949. 

. 1,3,4 
J.M. Smith, Chem. Eng. Prog., v. 44, p. 52 (1948). 
2 

F. Bizjak and D.F. Stai, AIAA J., v. 2, p. 954 (1964). 

Cryogenic Data Center, National Bureau of Standards, Boulder, 
Colo. 

G.S. Lin, Chem. Eng. Prog., v. 59, no. 11, p. 69 (1963). 

'For mixtures, see V.F. Lesavage et aJ., Ind. Eng. Chem" v. 59, no. 11, p. 35 (1967). 
tl. L.N. Cajar et aI., Thermodynamic Properties and Reduced Correlations for Gases, 
Gulf Publishing Company, Houston, 1967. (Series of articles which appeared in the 
magazine Hydrocarbon Processing from 1962 to 1965.) 
2. P.T. Eubank and J.M. Smith, J. Chem. Eng. Data, v. 7, p. 75 (1962). 
3. W.C. Edmister, Applied Hydrocarbon Thermodynamics, Gulf Publishing Company, 
Houston, 1987. 
4. K.B. Starling et aI., Hydrocarbon Processing, 1971 and fallowing. Note: Charts 
available separately from Gulf Publishing Company, Houston. 
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TABLE 4.6 Continued 

Compound 

n-Pentane 
Propane 
n-Propanol 
Propylene 
Refrigerant 245 
Sulfur dioxide 

Combustion gases 

Hydrocarbons 

1.3,4 
1,3,4 
Shemilt (see n-Butanol). 
I, 3 

Referencet 

R.L. Shank, 1. Chern. Eng. Data, v. 12, p. 474 (1967). 
1.R. West and G.P. Giusti, 1. Phys.Colloid Chern .. v. 54, p. 601 

(1950). 
H.C. Hottel, G.C. Williams, and C.N. Satterfield, 

Thermodynamic Charts for Combustion Processes (1) Text, (II) 
Charts, Wiley, New York, 1949. 

3 

that specifying two intensive properties for a pure gas will ensure that all the other 
intensive properties will have definite values, any two properties can be chosen at 
will. Since a particular state for a gas can be defined by any two independent prop
erties, a two-dimensional thermodynamic chart can be seen to be a handy way to 
present many combinations of physical properties. 

EXAMPLE 4.14 Use of Pressure-Enthalpy Chart for Butane 

Solution 

Caleulate AH, AV, and AT changes for I Ib of saturated vapor of n-butane going from 2 atm 
to 20 atm (saturated). 

Obtain the necessary data from Fig. 4.9. 

Saturated vapor at 2 atm: 

Saturated vapor at 20 atm: 

&H (Btu/lb)-

179 

233 

. V" (ft'llb) 

3.00 

0.30 

AH = 233 - 179 = 54 Btu/lb 

AV = 3.00 - 0.30 = 2.70 ft'/lb 

AT = 239 - 72 = 167'F 

- r('E)-- __ _ 

72 

239 

Enthalpies and other thermodynamic properties can be estimated by general
ized methods based on the theory of corresponding states or additive bond contribu
tions. II 

II R. R. Tarakad and R. P. Palmer, "A Comparison of Enthalpy Prediction methods," AIChE J., 
v. 22, p. 409 (1976). 
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4.3-4 Retrieval of Data from Computer Data Bases 

Values of the properties of hundreds of substances are available in the form of com
puter programs that can provide the values at any given state. Thus you avoid the 
need for interpolation and/or auxiliary computation, such as when only IlH is given 
in a table and IlU must be calculated from IlU = IlH - IlpV. One such program, 
that for the properties of water, is included on the disk in the back of this book. The 
program is abridged so that it does not have the accuracy nor cover the range of 
commercially available programs, but it is quite suitable for solving problems in this 
text. 

Computer tapes can be purchased providing information on the physical prop
erties of large numbers of compounds, and immediate access to computer-based in
formation systems via the telephone can be obtained from computer service bureaus. 
Table 4.7 lists a number of such programs and data bases. 

TABLE 4.7 Sources of Computer Based Property Data 

American Institute of Chemical Engineers, Data Compilation, Tables of Properties of 
Pure Compounds, STN International (on~line access), Ohio. 

Aslam, S., and M. Chirrmchi, STEAM, Mechanical Engineering Department, University 
of Lowell, Lowell, Mass., 1986. 

Benedek, P., and F. Ogli, Computer Aided Chemical Thermodynamics of Gases and 
Liquids, Wiley-Interscience, New York, 1985. 

CTS Engineering, Steam Tables, CTS Engineering, Monroe, La., 1986. 

Ganapathy, U., BASIC Programs for Steam Plant Engineers, Marcel Dekker, New York, 
1986. 

GASPROPS, A Computer Program for the Calculation of the Thermodynamic Properties 
of Ideal Gases and Combustion Products, Wiley, New York, 1984. 

Garvin, D., V.B. Parkin, and D.D. Wagman, "Thermodynamic Data Banks," Chemtech, 
p. 691 (November 1982). 

Impulse Engineering, IMP-STM 851PC, Impulse Engineering, San Francisco, 1985. 
(Steam and water-for PC.) 

Irvine, T.F., and P.E. Liley, Steam and Gas Tables with Computer Equations, Academic 
Press, Orlando, Fla., 1984. 

Moore, K.V., 4STEM: Thermodynamic Properties of Water and Steam, 
DE86048580/GAR, tape, National Technical Information Service, Springfield, Va., 
1986. 

STEAMCALC, A Computer Program for the Calculation of the Thermodynamic 
Properties of Steam, Wiley, New York, 1984. 

Thermodynamics Research Center, Texas A & M University, Chemical Information 
System, Computer Sciences Corp., Falls Church, Va. (on line). 

Self-Assessment Test 

1. Calculate the enthalpy change in 24 g of N, if heated from 300 K to 1500 K at constant 
pressure. 
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2. What is the enthalpy change when 2 Ib of n-butane gas is cooled from 320'F and 2 atm to 
saturated vapor at 6 atm? 

3. You are told that 4.3 kg of water at 200 kPa occupies (a) 4.3, (b) 43, (c) 430, (d) 4300, 
and (e) 43,000 liters. State for each case whether the water is in the solid, liquid, liquid
vapor. or vapor regions. 

4. Two hundred pounds of a 35' API distillate is heated from 130'F to 275'F. Estimate the 
enthalpy change (in Btu). See Appendix K. 

5_ Water at 400 kPa and 500 K is cooled to 200 kPa and 400 K. What is the enthalpy 
change? Use the steam tables. 

4.4 ENTHALPY CHANGES FOR PHASE TRANSITIONS 

Your objectives in studying this 
section are to be able to: 

1. Estimate the heat of fusion or heat of vaporization from empirical for
mulas, or look up the value in a reference table. 

2. Estimate the heat of vaporization from the Clausius-Clapeyron equa
tion or the Othmer plot. 

3. Calculate an enthalpy change of a substance including the phase tran
sitions. 

In making enthalpy calculations, we noted in Fig. 4.5 that the heat capacity data are 
discontinuous at the points of a phase transition. The name usually given to the en
thalpy changes for these phase transitions is latent heat changes, latent meaning 

------- ~hidden"in the sense-that the-substance ( e~g .-,-water-)-can absorb_aJarge_amounLoL_ 
heat without any noticeable increase in temperature. Unfortunately, the word heat is 
still associated with these enthalpy changes for historical reasons, although they 
have nothing directly to do with heat as defined in Sec. 4.1. Ice at D'C can absorb 
energy amounting to 334 Jig without undergoing a temperature rise or a pressure 
change, and similarly, liquid water at 1 atmosphere can absorb 2256.1 Jig before the 
temperature and pressure will change. Figure 4.10 shows, by the vertical lines at 
constant temperature, the enthalpies for the phase changes for water at I atmosphere 
pressure. The various enthalpy changes are termed: 

Enthalpy change 

Heat of fusion 
Heat of vaporization 
Heat of condensation 
Heat of su bUmation 

Phase change 

Solid to liquid 
Liquid to vapor 
Vapor to liquid 
Solid to vapor 

You can see from the chart for n-butane (Fig. 4.9) that the heats of vaporization (and 
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Figure 4.10 Enthalpy change for 
water at 1 atmosphere showing the 
phase transitions. 

accordingly condensation) changes with temperature all the way up to the critical 
point, where it vanishes. Calculation of the quality of a liquid-vapor mixture was il
lustrated by Example 3. 18. 

You can find experimental values of latent heats in the references in Table 4.5, 
and a brief tabulation is listed in Appendix D. The symbols used for latent heat 
changes vary, but you usually find one or more of the following employed: fj"fi, L, 
A, A. Keep in mind that the enthalpy changes for vaporization given in the steam 
tables are for water under its vapor pressure at the indicated temperature. 

In the absence of experimental values for the latent heats of transition, the fol
lowing approximate methods will provide a rough estimate of the molar latent heats. 
Reid, Prausnitz and Poling, The Properties of Gases and Liquids, give many more 
methods." 

4.4-1 Heat of Fusion 

No accurate, simple way to estimate fj"Hf exists. The heat of fusion for many ele
ments and compounds can be roughly approximated by 

, {2-3 fj"Hf -- = constant = 5-7 
Tj 9-11 

for elements 
for inorganic compounds 
for organic compounds 

where D,.!if = molar heat of fusion, cal/g mol 
Tj = melting point, K 

4.4-2 Heat of Vaporization 

(4.11) 

Because the heat of vaporization is so large, it is important to estimate M" accu
rately. Three techniques are discussed below. 

12 See the supplementary references in Chap. 3. 
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Clausius-Clapeyron equation. The Clapeyron equation itself is an exact 
thermodynamic relationship between the slope of the vapor-pressure curve and the 
molar heat of vaporization and the other variables listed below: 

dp* t>k 
dI = TeV, - VI) (4.12) 

where p* = vapor pressure 
T = absolute temperature 

t;H v = molar heat of vaporization at T 
V. = molar volume of gas or liquid as indicated by the subscript g or I 

Any consistent set of units may be used. 
If experimental vapor-pressure data are available for a span of temperatures, or 

a correlation is available, dp * I dT can be evaluated in the vicinity of T. Furthermore, 
eVg - VI) can be estimated solely from V, if we neglect Vi; hence for a nonideal gas 

dp * = _ !::..H, (4.13) 
dI z(RT'lp*) 

Eq. (4.13) can be solved for !::..Hv. 
Another variation of Eq. (4.12) is as follows. Assume that: 

(a) Vi is negligible in comparison with Vg • 

(b) The ideal gas law is applicable for the vapor: 

Vg = RTlp* 

Then 

dp* !::"Hv dI 
p* = RT' (4.14) 

R.earrange to 

dlnp* = 2 303dloglOP* = _!::..Hv 
d(IIT) . d(lIT) R 

(4.15) 

You can plot the 10glO p* vs. liT and obtain the slope -(!::..H,/2.303R). 
If we further assume that !::..H, is constant over the temperature range of inter

est, integration of Eq. (4.15) yields an indefinite integral 

I * !::..H, B (4 16) oglO p = - 2.303RT + . 

The indefinite integral, Eq. (4.16), is known as the Clausius-Clapeyron equation. 
Unfortunately, a plot of In p* versus liT over a significant range of liT does not 
give a straight line. Consequently, Eq. (4.16) often is modified; one result is the An
toine equation discussed in Sec. 3.3. A definite integral of Eq. (4.15) is 

pt !::..H, (1 1) 
10glO p~ = 2.303R T, - TJ (4.17) 
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Either of these equations can be used graphically or analytically to obtain I1H" for a 
short temperature interval. 

EXAMPLE 4.15 Heat of Vaporization from the Clausius-Clapeyron Equation 

Estimate the heat of vaporization of isobutyric acid at 200°C. 

Solution 

The vapor-pressure data for isobutyric acid (from Perry's Handbook) are 

Pressure (nun Hg) 

100 
200 
400 
760 

Temp. eC) 

98.0 
115.8 
134.5 
154.5 

Pressure (atm) 

1 
2 
5 

10 

Basis: 1 g mol of isobutyric acid 

Temp. ('C) 

154.5 
179.8 
217.0 
250.0 

Since Alit> remains essentially constant for short temperature intervals, the heat of va
porization can be estimated from Eq. (4.17) and the vapor-pressure data at 179.8'C and 
217.0'C. 

179.8'C '" 453.0 K 217'C '" 490.2K 

2 !J.k (I I) 
log" "5 = (2.303)(8.314) 490.2 - 453.0 

Mi, = 45,483 Jig mol at 200'C 

The experimental value of Mi" is not known at 200'C. At the normal boiling point 
(154.5'C), !J.H" = 41,300 Jig mol, hence the value calculated is high. It should be lower than 
41,300. 

Reduced form of the Clapeyron equation. This is an equation in terms 
of the reduced pressure and temperature which gives good results: 

or 

11ft (1) dlnp* = --d-
zRT, T, 

d lnp' 
d(IIT,) 

If we compute the right-hand side, say, from the Antoine equation (see Appendix 
G), we get 

I1H, B [ T, J2 
zRT, = T, T, + (CIT,) 

(4.18) 
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Chen:S equation. An equation that yields values of !lH, (in kJ/g mol) to 
within 2% is Chen's equation: 

!lH, = Tb[0.0331(Tb/T,) + 0.0297 10gIO p, - 0.0327] 
1.07 - Tb/T, 

where Tb is the normal boiling point of the liquid in K, and p, is the critical pressure 
in atmospheres. 

Prediction using enthalpy of vaporization at the normal boiling 
point. As an example, Watsonl3 found empirically that 

!l~", = (1 - T,,)O.38 
!lH" I - T" 

where !l~'2 = heat of vaporization of a pure liquid at T2 
t;.H, = heat of vaporization of the same liquid at T, , 

Yaws14 lists various other values of the exponent for various substances. 

4.4·3 Reference Substance Plots 

A number of graphical techniques have been proposed to estimate the molal heat of 
vaporization of a liquid at any temperature by comparing the t:.H, for the unknown 
liquid with that of a known liquid such as water. Two of these methods are described 
below. 

Duhring plot. The temperature of the wanted compound A is plotted against 
the temperature of the known (reference) liquid at equal vapor pressure. For exam· 
pie, if the temperature of A (isobutyric acid) and the reference substance (water) are 
determined at 760, 400, and 200 mm Hg pressure, then a plot of the temperatures of 
fI.- Ys.lhelemperatiires of Ihereference-substance-will-be-approximately-a straight--
line over a wide temperature range, and have a slope of (!lH,.i !lH'H20)(TH20/TAY' 

Othmer plot. The Othmer plot" is based on the same concepts as the 
Duhring plot except that the logarithms of vapor pressures are plotted against each 
other at equal temperatures. As illustrated in Fig. 4.11, a plot of the 10gIO (p.:t) 
against 10gIO (p;';,) chosen at the same temperature yields a straight line over a very 
wide temperature range. 

To indicate how to apply the Othmer plot to estimate the heat of vaporization 
of compound A, we apply the Clapeyron equation to each substance and take the 

"K. M. Watson, Ind. Eng. Chem., v. 23, p. 360 (1931); v. 35, p. 398 (1943). 
14C. L. Yaws, PhySical Properties, McGraw~Hill, New York, 1977. 
ISD. F. Othmer. Ind. Eng. Chem., v. 32, p. 841 (1940). For a complete review of the technique 

and a comparative statistical analysis among various predictive methods, refer to D. F. Othmer and H. 
N. Huang, Ind. Eng. Chem., v. 57, p. 40 (1965); D. F. Othrner and E. S. Yu, Ind. Eng. Chem., v. 60, 
no. 1, p. 22 (1968); and D. F. Othrner and H. T. Chern, Ind. Eng. Chem" v. 60, no. 4, p. 39 (1968). 
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Figure 4.11 Othmer plot and 
vapor-pressure curves. 

Rd(I/TA) 

- 11fivref 
(4.19) 

R d(I/Trof) 

By choosing values of vapor pressure at equal temperature (TA = Trof) in Eq. (4.19), 
we obtain 

* ' 
:;n P; = !!.Ef"A = m = slope of Othmer plot as in Fig. 4.11 (4.20) 

n P ref IlH Vref 

The Othmer plot works well because the errors inherent in the assumptions 
made in deriving Eq. (4.20) cancel out to a considerable extent. At very high pres
sures the Othmer plot is not too effective. Incidentally, this type of plot has been ap
plied to estimate a wide variety of thermodynamic and transport relations, such as 
equilibrium constants, diffusion coefficients, solubility relations, ionization and dis
sociation constants, and so on, with considerable success. 

Othmer recommended another type of relationship that can be used to estimate 
the heat of vaporization: 

(4.2\) 

where p~ is the reduced vapor pressure. Equation (4.21) is effective and gives a 
straight line through the point p:;' = I and T<A = I. The Gordon method plots the 
log of the vapor pressure of A versus that of the reference substance at equal reduced 
temperature. 

EXAMPLE 4.16 Use of an Othmer Plot 

Repeat the calculation for the heat of vaporization of isobutyric acid at 2000e using an Oth
mer plot. 
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Data are as follows: 

Temp. (oG) piso (atm) log p~o p~20(atm) logplho 

154.5 1 0 5.28 0.723 
179.8 2 0.3010 9.87 0.994 
217.0 5 0.698 21.6 1.334 
250.0 10 1.00 39.1 1.592 

Figure E4.16 is the Othmer plot. 

1 !:.Ho;" 0.80 - 0.20 I 15 s ope =" = = . 
!:.HOH 1.42 - 0.90 

20 

10.80-0.201 

--------.- 0.2 -

(1.42-0.90) 

0z--,~--~--~--~~~~ 0.5 0.7 0.9 1.1 1.3 1.5 

Logtop~o 

At 200'C(392"F), from the steam tables, 

Then 

!:.HOH 0 = 34,895 kJ/kg mol 
2 

Figure E4.16 

(1938.6 kJ/kg) 

!:.Ho;" = (34,895)(1.15) = 40,130 kJ/kg mol 

The answer in this case is lower than that in Example 4.15. Without the experimental value, 
it is difficult to say what the proper answer is, but 40,130 is more reasonable than the value of 
45,483 calculated in Example 4.15. 
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We are now equipped to include in the calculation of an enthalpy change the 
occurrence of a phase change. Because enthalpy is a state variable, any arbitary path 
from the initial to the final state will suffice for the actual computation. Simply 
choose the simplest possible path. 

EXAMPLE 4.17 Calculation of Enthalpy Change Including Phase Transition 

Solution 

What is the enthalpy change in British thermal units when 1 gal of water is heated from 60'F 
to 1 150'F and 240 psig? 

We will use the steam tables for this problem. 

Basis: 1 Ib of H,O at 60'F 

From steam tables (ref. temp. = 32'F): 

il = 28.07 Btullb 

il = 1604.5 Btullb 

at 60'F 

at 1150'F and 240 psig (254.7 psia) 

Ail = (1604.5 - 28.07) = 1576.4 Btullb 

AH = 1576(8.345) = 13,150 Btulgal 

Note: The enthalpy value which has been used for liquid was taken from the steam ta
bles for the saturated liquid under its own vapor pressure. Since the enthalpy of liquid water 
changes negligibly with pressure, no loss of accuracy is encountered for engineering purposes 
if the initial pressure on the water is not stated. 

EXAMPLE 4.18 Calcnlation of Enthalpy Change Including a Phase Change 

Solution 

What is the enthalpy change of I kg of water from ice at O'C to vapor at 120'C and 100 kPa? 

In this problem we will use dH! and aBv in the calculations to illustrate how to calculate the 
overall enthalpy change when a table or chart is not available. Recall that enthalpy is a state 
function. Consequently, we can choose any convenient path between the initial and final state 
for the calculations. Figure E4.18 shows two different possible paths to be used to calculate 
AH. Which should be selected? The answer is the one with the best data. Usually, phase tran
sitions are evaluated at the melting point (for a solid) and the normal boiling point of I atm 
(for a liquid) because you can easily find tabulated data at those temperatures, but any tem
perature would suffice. We will choose the path A --> B --> C --> D --> E for which the data are 

Ail/ = 335 Jig at O'C and p * or at 101.3 kPa 

Ail, = 2256 Jig at 100'C (101.3 kPa) 

The heat capacity equations can be located in Table E.I in the Appendix. 

Liquid [11(g moi)(K)j: 18.296 + 47.212 x 1O-2TK - 133.88 x IO-'Tk + 1314.2 X IO-'Tk 

Vapor [J/(g moI)(K)]: 33.46 + 0.6880 x 1O-2T·c + 0.7604 x 1O-'Tlc - 3.593 x 1O-'Tic 
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Figure E4.18 (not to scale) 

" " " " " 
Mioverall = DJIfusionatO"C + AHliquidatO"c->IWC + MivaporizationatlOifC + AlIvaporloo->12o"C 

J,
373 

= 335 + rt (18.296 + 47.212 X IO-'T - 133.88 X IO-'T' 
273 

1
120 

+ 1,314.2 X lO-'T') dI + 2256 + rt (33.46 + 0.6880 X 10-'T 
100 

+ 0.7604 X 10-'T' - 3.593 X IO-'T') dI 

= 335 + 418.6 + 2256 + 38.1 = 3048 Jig 

From the steam tables, the value of t.ft is 

1liI, M! o.....l2Crc 

t.ft = 335 + 2716 = 3051 Jig 

Can you offer a reason for the small difference? 

Now that we have finished describing ways to calculate the quantities that will 
appear in the energy balance, it is time to turn to consideration of the balance itself. 

Self-Assessment Test 

1. Calculate the enthalpy change in Btu/lb of benzene as it goes from a vapor at 300'F and 
I atm to a solid at O'F and I atm. 

2. What is the enthalpy change that occurs when 5 Ib of water is heated from ice at 32'F to 
vapor at 250'F and I atm? Use the steam tables. 

3. Estimate the heat of vaporization of water at 450 K from Watson's relation given that 
t.Ho = 2256.1 kJlkg at 373.14 K, and compare with experimental data. 

4. Prepare an Othmer chart to predict the heat of vaporization of methyl alcohol at 90'C. 
Use water as the reference substance. Repeat using the Clausius-Clapeyron equation. 

5. Air conditioners use Freon-12 as the working fluid. A charging when unit full holds 10 kg 
of saturated liquid at 20'C. If the unit contains 3 kg at 20'C, what is the quality? Use the 
following extract from the Freon-12 table in solving the problem. 
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Satn. pres., 

p*(kPa) 

500 
600 

Satn. temp., 
t,('C) 

15.6 
22 

Volume (cm3/g) 

V, 

0.7438 
0.7566 

Vs 

34.82 
29.13 

Thought Problems 

Enthalpy (Jig) 

50.66 
56.80 

h, 

194.0 
196.6 
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1. Fire walkers with bare feet walk across beds of glowing coals without apparent harm. The 
rite is found in many parts of the world today and was practiced in classical Greece and 
ancient India and China, according to the Encyclopaedia Britannica. 

The temperature of glowing coals is about 1000'C. What are some of the possible 
reasons that fire walkers are not seriously burned? 

2. A fire-induced BLEVE (boiling liquid expanding vapor explosion) in a storage tank can re
sult in a catastrophy. The scenario is somewhat as follows: A pressure vessel (e.g., a pres
surized storage tank), partially filled with liquid, is subjected to high heat flux from a fire. 
The temperature of the liquid starts to increase, causing an increase in pressure within the 
tank. When the vapor pressure reaches the safety relief valve pressure setting, the relief 
valve opens and starts to vent vapor (or liquid) to the outside. Concurrent with the previ
ous step, the temperature of the portion of the tank shell not in contact with the liquid 
(i.e., the ullage space) increases dramatically. 

The heat weakens the tank shell around the ullage space. Thermally induced 
stresses are created in the tank shell near the vapor/liquid interface, and the heat-weakened 
tank plus the high internal pressure combine to cause a sudden, violent tank rupture. Frag
ments of the tank are propelled away from the tank at great force. Most of the remaining 
superheated liquid vaporizes rapidly due to the. pressure release. The rest is mechanically 
atomized to small drops due to the force of the explosion. A fireball is created by the 
burning vapor and liquid. 

What steps would you recommend to prevent a BLEVE in the case of fire near a 
storage tank? [Hint: 1\vo possible routes are: (I) prevent the fire from heating the tank; 
and (2) prevent the buildup of presure in the tank.] 

4.5 THE GENERAL ENERGY BALANCE 

Scientists did not begin to write energy balances for physical systems prior to the lat
ter half of the nineteenth century. Before 1850 they were not sure what energy was 
or even if it was important. But in the 1850s the concepts of energy and the energy 
balance became clearly formulated. We do not have the space here to outline the his
torical development of the energy balance and of special cases of it, but it truly 
makes a most interesting story and can be found elsewhere. '6-19 Today we consider 

16E. J. Hoffman, The Concept of Energy: An Inquiry into Origins and Applications, Ann Arbor 
Science Publishers, Ann Arbor, Mich., 1977. 

I1V. V. Raman, "Where Credit Is Due-The Energy Conservation Principle," Phys. Teacher, p. 
80(Pebruary 1965). 

"T. M. Brown, Am. J. PhYsics, v. 33, no. 10, p. 1 (1965). 
"L. K. Nash, J. Chern. Educ., v. 42, p. 64 (1965) (a resource paper). 
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the energy balance to be so fundamental a physical principle that we invent new 
classes of energy to make sure that the equation indeed does balance. Equation 
(4.22) as written below is a generalization of the results of numerous experiments on 
relatively simple special cases. We universally believe the equation is valid because 
we cannot find exceptions to it in practice, taking into account the precisioil of the 
measurements. 

It is necessary to keep in mind two important points as you read what follows. 
First, we examine only system.s that are homogeneous, not charged, and without sur
face effects, in order to mak:e the energy balance as simple as possible. Second, the 
energy balance is developed and applied from the macroscopic viewpoint (overall 
about the system) rather than from a microscopic viewpoint (i.e., an elemental vol
ume within the system). 

The concept of the macroscopic energy balance is similar to the concept of the 
macroscopic material balance, namely, 

{

accumulation Of} {tranSfer of energy} {tranSfer of energy out} 
energy within the = into system through - of system through 
system system boundary system boundary 

+ {::=-~t~~:era-} _ {==::~oc:n- } 
system within system 

(4.22) 

Equation (4.22) can be applied to a single piece of equipment or to a complex 
plant such as that shown in Fig. 4.2. 

While the formulation of the energy balance in words as outlined in Eq. (4.22) 
is easily understood and rigorous, you will discover in later courses that to express 
each term ofEq. (4.22) in mathematical notation may require certain simplifications 
to be introduced, a discussion of which is beyond our scope here, but they have a 

--- -quite-minor-influence-on- our-final-balance.____ _ ____ _ 
In what follows we first treat systems in which no material flows in and out. Do 

you remember the name for such a system? Then we examine systems in which ma
terial does flow in and out. What is the name for such a system? Finally, in Sec. 4.7 
we discuss energy balances for processes in which chemical reactions take place. 
Thus the energy generation and consumption terms will not play a role in this chap
ter unless sources such as radioactive decay or the slowing down of neutrons enter 
into the proces~. 

4.5-1 Energy Balances for Closed Systems (without 
Chemical Reaction) 

Your objectives in studying this 
section are to be able to: 

1. Write down the general energy balance in words [Eq. (4.22)]. 

2. Write down the energy balance for a closed system in symbols [Eq. 
(4.23)], and apply it to solve energy balance problems. 
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3. Cite the signs for work and heat entering and leaving the system. 
4. Calculate the total energy or any of its components (internal energy, 

kinetic energy, potential energy) associated with the mass of the sys
tem. 
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Figure 4.12 shows the various types of energy to be accounted for in Eq. (4.22). As 
to the notation, the subscripts tI and t2 refer to the initial and final times for the pe
riod over which the accumulation is to be evaluated, with t2 > t1. The superscript 
caret (") means that the symbol stands for energy per unit mass; without the caret, 
the symbol means energy of the total mass present. Other notation is evident from 
Table 4.8 and is repeated in the notation list at the end of the book. 

~ 
Energy Inventory Accumulation 

Inlernol energy ~U = V/2 - Ul1 

Kinetic energy 6K = Klz -X11 

Potential energy l:::.P = P'l -P11 

Totol energy 

System 
boundary 

Figure 4.12 Terms in the energy 
balance for a closed system. 

As is commonly done, we have split the total energy (E) associated with the 
mass in the system into three categories: internal energy (V), kinetic energy (K), 
and potential energy (P). Energy transported across the system boundary can be 
transferred by two modes: heat (Q) and work (W). (We discuss energy transferred 
with mass flow in Sec. 4.5-2.) Note that Q and W here are defined as the net transfer 
of heat and work, respectively, between the system and the surroundings, and re
spectively equal the integral of the net rate of flow of heat or work over the time in
terval tI to t2: 

Q=f Qdt W=fWdt 
(. tl 

Other forms of energy can be split from Q, W, or AE, and included as separate 
terms in Eq. (4.23) if they are important enough to be distinguished. Keep in mind 
that the internal energies V'I and V'2 in the system cannot be evaluated as absolute 
quantities-only (V'2 - V'I) = AV can be calculated. The reference state cancels. 
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Equation (4.22) when translated into mathematical symbols becomes 

AE = E" - E" = Q - W (4.23) 

where A = difference operator signifying final minus initial in time 
Q = heat absorbed by the system from the surroundings (by definition Q 

is positive for heat entering the system) 
W = mechanical work done by the system on the surroundings (by 

definition W is positive for work going from the system to the sur
roundings) . 

[Equation (4.23) is known as the first law of thermodynamics for a closed system.} 
Keep in mind that a system may do work, or have work done on it, without 

some obvious mechanical device such as a pump, shaft, and so on, being present. 
Often the nature of the work is implied rather than explicity stated. For example, a 
cylinder filled with gas enclosed by a movable piston implies that the surrounding at
mosphere can do work on the piston or the reverse; a batch fuel cell does no mechan
ical work, unless it produces bubbles, but does deliver a current at a potential differ
ence; electromagnetic radiation can impinge on or leave a system; and so forth. 

Now for a word of warning: Be certain you use consistent units for all terms; in 
the American engineering system the use of foot-pound, for example, and Btu in dif
ferent places in Eq. (4.23) is a common error for the beginner. 

Let us look now at some examples of applications of the energy balance for 
closed systems. Remember to follow the checklist presented in Chap. 2 in analyzing 
the problem. 

EXAMPLE 4.19 Application of the Energy Balance 

Ten pounds of CO2 at room temperature (SOOP) are stored in a fire extinguisher having a vol
ume of 4.0 ft'. How much heat must be removed from the extinguisher so that 40% of the 

---CO,becomesliquidT ~ - -- -

Solution 

This problem involves a closed system (Fig. E4.19) so that Eq. (4.23) applies. We can use the 
CO, chart in Appendix J to get the necessary property values. 

Steps 1, 2, and 3 The specific volume of the CO, is 4.0/10 = 0.40 ft'/lb, hence CO, 
is a gas at the start of the process. The pressure is 300 psia and AH = 160 Btu/lb. 

Step 4 

4.0 ft' 
CO, 

Basis: 10 lb CO, 

!---System Boundary 

--+--80'F 
Figure E4.19 
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Steps 5 and 6 In the energy balance 

llE=Q-W 

W is zero because the volume of the system is fixed, hence with 11K = IlP = 0, 

Q = llU = llH - ll(pV) 
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We do not have values of llU, just values of llR, on the CO2 chart. We can find llRfi"," from 
the CO, chart by following the constant-volume line of 0040 ft3/1b to the spot where the qual
ity is 0.6. Hence the final state is fixed, and all the final properties can be identified, namely. 

llRfi"'1 = 81 Btu/lb 

Pfinal = 140 psia 

Steps 7, 8, and 9 

Q = (81 _ 160) _ [(140)(144)(0040) _ (300)(I44)(OAO)J 
778.2 778.2 

= -67.2 Btu (heat is removed) 

EXAMPLE 4.20 Application of the Energy Balance 

Solution 

Argon gas in an insulated plasma deposition chamber with a volume of 2 L is to be heated by 
an electric resistance heater. Initially the gas, which can be treated as an ideal gas, is at 
1.5 Pa and 300 K. The 1000-ohm heater draws current at 40 V for 5 minutes (i.e., 480 J of 
work is done by the surroundings). What is the final gas temperature and pressure at equi
librium? The mass of the heater is 12 g and its heat capacity is 0.35 J/(g)(K). Assume that the 
heat transfer to the chamber from the gas at this low pressure and in the short time period is 
negligible. 

The system does not exchange mass with the surroundings, so Eq. (4.23) applies with 
fjJ>=llK=O: 

llE = Q - W = llU 

Steps 1, 2, and 3 The system is the gas plus the heater as shown in Fig. E4.20. Be
cause of the assumption about the heat transfer, Q = O. W is given as -480 J (work done on 
the system) in 5 minutes. 

w 

Step 4 
Basis = 5 minutes 

Steps 5 and 6 For an ideal gas 

pV = nRT 

System Boundory (the Gosl 

Q= 0 
Figure E4.20 
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and initially we know P. V, and T, and thus can calculate the mass of the gas: 

pV 1.5 Pa 
n=-= 

RT 
103(g mol)(K) 

8.314 x 103(Pa)(m3) 300 K 

= I. 203 X 10-6 g mol 

The heater mass and heat capacity are given, and the Cv of the gas is (see Sec. 4.2) 
Cv = Cp - R since Cp = ~R. 

Cv = ~R - R = ~R 

Assume that the heat capacity of the heater is C v also. We know that 

flU = n ITp 

cvar = nCv(T - 300) 
300 

hence we can find T once we calculate flU from - W = IlU. 
Steps 7, 8, and 9 

IlU = -(-480 J) = 480 J 

he!'ter . J'!l' 
= '(12)(0.35)(T - 300) + (1.203 x 10 6) m(8.314)(T - 300j 

T = 414.3 K 
The final pressure is 

or 

--------------------------------------------.-------
EXAMPLE 4.21 Energy Balance 

Solution 

Ten pounds of water at 35'P, 4.00 Ib of ice at 32'P, and 6.00 Ib of steam at 250'P and 20 psia 
are mixed together in a container of fixed volume. What is the final temperature of the mix
ture? How much steam condenses? Assume that the volume of the vessel is constant with a 
value equal to the volume of the steam and that the vessel is insulated. 

Steps 1, 2, and 3 We can assume that the overall batch process takes place with 
Q = 0 and W = 0 if we define the system as in Pig. E4.21. Let T2 be the final temperature. 
The system consists of 20 Ib of H2 0 in one or two phases. ilK and !1P equal O. The energy 
balance reduces to flU = O. 

The initial properties can be obtained from the steam tables. Unfortunately, we can 
only retrieve flH values, not the flU values that we want (and could get from the SI steam 
tables) for the energy balance, hence we need also to collect values of p and V. 
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------------
L'>H (Btu/lb) 

Ice -143.6* 
Water 3.02 
Steam 1168 

Figure E4.21 

V (ft'/lb) 

0.0162 
20.81 

p (psia) T (,F) 

32 
35 

20 250 

*Heat of fusion (pressure and volume have no significant effect), 

We know that L'>U = /!Ji - IJ.p V, so that the energy balance becomes 

IJ.H-lJ.pV~O 
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(a) 

The volume of tl;te cOI1tainer is fixc::d at the initial volume of the steam, namely 
(6) (20.81) = 124.86 ft'; we ignore the volumes of the ice and water in the calculations, as 
they are so small. 

Step 4 The basis is 20 Ib of water at the given conditions. 

{

4 lb of ice at 32'F 

Basis: !O lb of H2 0 at 35'F 

6 lb of steam at 2S0'F and 20 psia 

Steps 5 ""d 6 If we assume that the final state of the water is liquid water in egui
librium with water vapor. an assumption to be checked out, we can calculate the final IlH of 
the 20 lb of water. We also know that the final water is saturated. The second condition to fix 
the state (quality, temperature, and pressure) of the system can evolve from the energy bal· 
ance, hence the pr()blem has a unique solution. However, the final state mus.t be calculated 
indirectly if tables an, to be used. 

Steps 7, 8, and 9 

final. Mf initiaI.Mf 
i AI' ',.. .... ". ' 

20 IJ.H" - (Mm, + !OIJ.H;':' + 4IJ.m,) 

= 20(pV)?, - 6(pV)f, - !O(pV)fw - 4(pV)}, (b) 

The last two terms on the right-hand side of Eq. (b) cannot be more than I Btu at the very 
most and can safely be neglected. Be sure to check this assumption! Thus the equation to be 
used is 

,.. f ... f " .. ..... .... 
201J.H" - 20(pV)" = (Mm, + !OIJ.H;':' + 4IJ.Hf,) ~ 6(pV)f, (c) 
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Because of the phase changes that take place as well as the nonlinearity of the heat ca
pacities as a function of temperature, it is not possible to replace the enthalpies in Eq. (c) with 
functions of temperature and get a linear algebraic equation that is easy to solve. Conse
quently, the strategy we will use is first to assume a final temperature and pressure, and next 
we will check the calculation via Eq. (c). We want to bracket the temperature if possible, and 
then can interpolate for the desired answer. 

The pressure in the vessel drops as more steam condenses. Data for the specific volume 
of the steam as a function of temperature and pressure can be taken from the steam tables, at 
saturated conditions, and the mass of steam left at any assumed temperature (or pressure) can 
be calculated by dividing 124.86 ft' by the specific volume of the steam. 

The right-hand side of Eq. (c) is equal to 

61b 1168.0 Btu 10 lb 3.02 Btu + 41b I -143.6 Btu 
lb + lb lb 

61bm 1 Btu 
-"'"+---;--co;--'--+F--:-+-t-=-":'-'-'-'-+7==7=-8(=-ft,,c) (C:-lb-;-r) = 600 I. 6 Btu 

As an initial guess, suppose that one-half of the steam does not condense. Then the 
specific volume of the final steam is (124.86 ft'/3 lb) = 41.62 ft'/ib. The closest integer line 
in the steam tables in the saturated steam column for pressure is 10 psia (T = 193.21°P) with 
a specific volume of 38.462 ft'/ib and with t1H,,,= = 1143.3 Btu/lb and t1HIl"id = 161.17 
Btu/lb. Let us use these latter data as the initial assumption. We calculate 

S 
= 124.86 ft' I lb steam 

38.462 ft' = 3.246 lb steam not condensed 

We check this assumption by seeing if Eq. (c') balances: 

S[t1HT! - pV]{,po, + (20 - S)[t1HT! - pVJ{i"id ,1 6001.6 

( V" = (10)(12)'(38.462) = 71 2 B lib 
p Fvapor 778 . tu 

- -( pVft"id ",0.0 ---

3.246(1143.3 - 71.2) + (20 - 3.246)(161.17) ,1 6001.6 

6180.28 * 6001.6 

(c') 

The initial guess for Tj and p was too low (we need a bigger specific volume for the 
steam, hence S is less). Next we assume that T* = 186°F (p* = 8.566 psia, Vvapor = 
44.55 ft'/lb,t1Hli"id = 153.93 Btullb, and t1k.po, = 1140.5 Btu/lb). 

Again we check Eq. (c'): 

124.86 
S = -- = 2.899 lb not condensed 

44.45 

( V)! = (8.566)(12)'(44.45) = 70.5 Bt lib 
P vapor 778 u 

(pV)t"id '" 0 

2.899(1140.5 - 70.5) + (20 - 2.899)(153.93) ,1 6001.6 

5734.29 * 6001.6 
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However, we have bracketed the solution. Linear interpolation for S gives 

(
6001.6 - 5734.29 ) 

S = 2.899 + 6180.28 _ 5734.29 (3.246 - 2.899) 

= 3.11 

Consequently, the steam condensed is 6 - 3.11 = 2.891b, and the assumption in steps 5 and 
6 proved correct. 

Self-Assessment Test 

1. Liquid oxygen is stored in a 14,OOO-L storage tank. When charged, the tank contains 
13,000 L of liquid in equilibrium with its vapor at I atm pressure. What is the (a) temper
ature, (b) mass, and (e) quality of the oxygen in the vessel? The pressure relief valve of 
the storage tank is set at 2.5 atm. If heat leaks into the oxygen tank at the rate of 
5.0 X 10' J/br, (d) when will the pressure relief valve operate, and (e) what will be the 
temperature in the storage tank at that time? 

Data: at 1 atm, saturated, V, = 0.0281 Ltg mol, V, = 7.15 Ltg mol, !:.& = 
-133.5 Jig; at 2.5 atm, saturated, !:.& = -116.6 Jig. 

2. Suppose that you fill an insulated Thermos to 95% of the volume with ice and water at 
eqUilibrium and securely seal the opening. 
(a) Will the pressure in the Thermos go up, down, or remain the same after 2 br? 
(b) After 2 weeks? 
(e) For the case in which after filling and sealing, the Thermos is shaken vigorously, what 

will happen to the pressure? 
3. An 0.25-liter container initially filled with 0.225 kg of water at a pressure of 20 atm is 

cooled until the pressure inside the container is 100 kPa. 
(a) What are the initial and final temperatures of the water? 
(b) How much heat was transferred from the water to reach the final state? 

4. Compute!:.E in Btu for 2 Ib mol of an ideal monoatomic gas heated from 60°F to 160"F. 
S. In a shock tube experiment, the gas (air) is held at room temperature at 15 atm in a vol

ume of 0.350 ft' by a metal seal. When the seal is broken, the air rushes down the evacu
ated tube, which has a volume of 20 ft'. The tube is insulated. In the experiment: 
(a) What is the work done by the air? 
(b) What is the heat transferred to the air? 
(e) What is the internal energy change of the air? 
(d) What is the final temperature of the air after 3 min? 
(e) What is the final pressure of the air? 

4.5-2 Energy Balances for Open Systems (without 
Chemical Reaction) 

Your objectives in studying this 
section are to be able to: 

1. Write down the energy balance for an open system [Eq. (4.24)] in 
words and symbols, explain each term, and apply the equation to 
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solve energy balance problems using the 10-step strategy plus two 
new steps. 

2. Explain the "pV work" (flow work) concept. 
3. Define isothermal, adiabatic, isobaric, and isometric processes. 

4. Make the necessary assumptions and approximations to simplify and 
solve the energy balance for open systems. 

We now apply Eq. (4.22) to systems in which mass as well as energy can pass 
through the system boundaries. Figure 4.13 illustrates the general case. All the nota
tion is listed in Table 4.8. Keep in mind that the symbols m, or m, represent a steady 
flow of mass. We give an alternative formulation of the energy balance in terms of 
differentials in Chap. 6 [see Eqs. (6.8) and (6.9)], where emphasis is placed on the 
instantaneous rate of change of energy of a system rather than just the initial and 
final states of the system. The formulation in this chapter can be considered to be the 
result of integrating the differentiai balance [see Eq. (6.9)]. The energy balance for 
the open system is 

m,,(V + K + h, - m,,(V + K + h, = (V, + K, + p,)m, 
accumulation transfer in by 

-(V, + K, + p,)m, + 
transfer out by 

mass flow 

Q 
net transfer 

by heat 

mass flow 

net transfer by work 

(4.24) 

The terms p, Vi and p, y, in Eq. (4.24) and Table 4.8 represent the so-called 
"pV work," or "pressure energy" or "flow work," or "flow energy," that is, the work 

[------------- ------ ----- w=+\[w=-~ sect;O~~K P~ -----
I 

-- --_ 2 m2 --- -, ~ 
........ - liz hz 

Section CD ........ ""'" . 
P, ( I 

K, I ~ /-® 
m, I 

U,-i"" / 
h, . I /'\, 

~ ~// System 
CD---- - 8 ndo _ _ __ - au ry 

0=+ 0=-
Reference plane for potential energy 

Figure 4.13 General process showing the system boundary and energy 
transport across the boundary. . 
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TABLE 4.8 Summary of the Symbols to be Used iu the Geueral Energy 
Balance 

Accumulation term 

419 

Type of energy 
Internal 
Kinetic 
Potential 

v.ret
' 

K'l Ell 
P, 

~Jme t, 
K'2 E/2 
P" 

Mass 
Energy accompanying mass transport 

Type of energy 
Internal 
Kinetic 
Potential 

Mass 

Net heat input to system 

m" 

Transport in 
U, 
K, 
P, 
m, 

m" 

Transport out 
U, 
K, 
p, 

m, 

Q 

w 
Net work done by system on surroundings 

Mechanical work or work by moving parts 
Work to introduce material into system, less 

work recovered on removing 
(p,V,)m, - (p,V,)m, 

material from system 

done by the surroundings to put a unit mass of matter into the system at (j) in Fig. 
4.l3 and the work done by the system on the surroundings as a unit mass leaves the 
system at ®. Because the pressures at the entrance and exit to the system are con
stant for differential displacements of mass, the work done by the surroundings on 
the system adds energy to the system at (j): 

W, = f' p, dV = PI(VI - 0) = PI VI 

where 11 is the volume per unit mass. Similarly, the work done by the fluid on the 
surroundings as the fluid leaves the system is W, = p,I1" a term that has to be sub
tracted (why?) from the right-hand side of Eq. (4.24). 

In practice we introduce the expression AU + Apl1 = Ai'! in Eq. (4.24) and 
thus retain the variable H. Then the energy balance reduces to a form easier to mem
orize: 

AE = E" - E'I = -A[(i'! + K + ,D)m] + Q - W 

where AE = (U + K + ,D)"m" - (U + K + ,D)'lm'I' 

In Eq. (4.24a) the delta symbol (A) bas two different meanings: 

(a) In AE, A means final minus initial in time. 
(b) In AS, and so on, A means out of the system minus into the system. 

(4.24a) 

Such usage is perhaps initially confusing, but is very common; hence you 
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might as well become accustomed to it. A more rigorous derivation of Eq. (4.24) 
from a microscopic energy balance may be found in Slattery. 20 

If there is more than one input and output stream to the system, Eq. (4.24a) 
would become 

E'2 - E'I = L m;(iL + k; + PI) - L mo(Ho + Ko + Po) + Q - W (4.25) 
in out 

Here the subscript (0) designates an output stream and the subscript (i) designates an 
input stream. 

In most problems you do not have to use all the terms of the general energy 
balance equation because certain terms may be zero or may be so small that they can 
be neglected in comparison with the other terms. Several special cases can be de
duced from the general energy balance of considerable industrial importance by in
troducing certain simplifying assumptions: 

(a) No mass transfer (closed or batch system) (ml = m2 = 0): 

AE=Q-W 

(b) No accumulation (AE = 0), no mass transfer (ml = m2 = 0): 

Q=W 

(c) No accumulation (AE = 0), but with mass flow: 

Q - W = A[(H + K + P)m] 

(d) No accumulation, Q = 0, W = 0, K = 0, P = 0: 

AH = 0 

[Equation (4.28) is called the "enthalpy balance."] 

(4.23) 

(4.26) 

(4.27) 

(4.28) 

Take, for example, the flow system shown in Fig. 4.14. Overall, between loca
tions I and 5, we would find that Ap = O. In fact, the only portion of the system 
where AP would be of concern would be between location 4 and some other loca
tion. Between 3 and 4, AP may be consequential, but between 2 and 4 it may be 

20J. C. Slattery, Momentum" Energy. and Mass Transfer in Continua, McGraw~Hill, New York, 
1972. 

I 

- I -
: I 

I 
I I I I 
I IW I I I 
I I I I I Figure 4.14 Flow system. The 

CD CD ® <3) CD dashed lines delineate sub-systems. 
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negligible in comparison with the work introduced by the pump. Between location 3 
aud any further downstream point, both Q and W are zero. After reading the prob
lem statements in the examples below but before continuing to read the solution, you 
should try to apply Eq. (4.24a) yourself to test your ability to simplify the energy 
balance for particular cases. 

Some special process names associated with energy balance problems are 
worth remembering: 

(a) Isothermal (tf[' = 0): constant-temperature process 
(b) Isobaric (dp = 0): constant-pressure process 
(e) Isometric or isochoric (dV = 0): constant-volume process 
(d) Adiabatic (Q = 0): no heat interchange (i.e., an insulated system). If we in

quire as to the circumstances under which a process can be called adiabatic, 
one of the following is most likely: 
(1) The system is insulated. 
(2) Q is very small in relation to the other terms in the energy equation and 

may be neglected. 
(3) The process takes place so fast that there is no time for heat to be trans

ferred. 

One further remark that we should make is that the energy balance we have 
presented has included only the most commonly used energy terms. If a change in 
sumce energy, rotational energy, or some other form of energy is important, these 
more obscure energy terms can be incorporated in an appropriate energy expression 
by separating the energy of special interest from the term in which it presently is in
corporated in Eq. (4. 24a). As an example, kinetic energy might be split into linear 
kinetic energy (translation) and angular kinetic energy (rotation). 

To assisfyou in solving problems involving energy balances, two additional 
steps should be added to your mental checklist for analyzing problems (see Table 
2.4): 

(a) Step 3a: Always write down the general energy balance, Eq. (4.24) or (4.24a), 
below your sketch. By this step you will be certain not to neglect any of the 
terms in your analysis. 

(b) Step 3b: Examine each term in the general energy balance and eliminate all 
terms that are zero or can be neglected. Write down why you do so. 

We now examine some applications of the general energy balance. 

EXAMPLE 4.22 Application of the Energy Balance 

Air is being compressed from 100 kPa and 255 K (where it has an enthalpy of 489 kJ/kg) to 
1000 kPa and 278 K (where it has an enthalpy of 509 kJ/kg). The exit velocity of the air 
from the compressor is 60 m/s. What is the power required (in kW) for the compressor if the 
load is 100 kg/hr of air? 
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225 K 278 K 

D.H, = 489 kJ! kg W =? D,H, = 509 kJ/kg 
"1=0 ...... --------., v2=60m/s . 

CD / '@ 
100 kPo , .' 

.... _ ,/ 1000 kPo Figure E4.22 

System Bou~a~ J 

Steps 1, 2, and 3 Figure E4.22 shows the known quantities. The process is clearly a 
flow process or open system. Let us assume that the entering velocity of the air is zero. 

Step 4 

Basis: 100 kg of air = I hr 

Steps 3a and 3b 

l!.E = -Ji[(H + K + P)m] + Q - W 

Let us simplify the energy balance: 

(1) The process is in the steady state, hence JiE = O. 

(2) ml = m,. 
(3) Ji(Pm) = O. 
(4) Q = 0 by assumption (Q would be small even if the system were not insulated). 
(5) VI = 0 (value is not known but would be small). 

The result is 

W = -Ji[H + K)m] = -JiH - JiK 

Steps 5 and 6 We have one equation and one unknown, W (JiK, in effect, and JiH 
can be calculated), hence the problem has a unique solution. 

Steps 7, 8, and 9 

JiH = (509 - 489) kJ 1 100 kg = 2000 kJ 
kg 

JiK = !m(vl - vT) 

= (4)100 kg (60 m)' 
s' 

I kJ 
1000(kg)(m') 

(s)' 

W = -(2000 + 180) = -2180 kJ 

(Note: The minus sign indicates work is done on the air.) 
To convert to power (work/time), 

= 180 kJ 

kW = 2180 kJ 
Ihr 

I kW 
I kJ 

Ihr 
3600 s = 0.61 kW 

s 
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.---------------------------------------
EXAMPLE 4.23 Application of the Energy Balance 

Solution 

Water is being pumped from the bottom of a well 15 ft deep at the rate of 200 gal/hr into a 
vented storage tank to maintain a level of water in a tank 165 ft above the ground. To prevent 
freezing in the winter a small heater puts 30.000 Btu/hr into the water during its transfer from 
tbe well to the storage tanle. Heat is lost from the whole system at the constant rate of 25.000 
Btu/hr. What is the temperature of the water as it enters the storage tank~ assuming that the 
well water is ai 35°F? A 2-hp pump is being used to pump tbe water. About 55% of the rated 
horsepower goes into the work of pumping and the fest is dissipated. as heat to the atmo
sphere. 

Steps I, 2, and 3 Let the system consist of the well inlet, the piping, and the outlet at 
the storage tank. The process is a flow process since material continually enters and leaveto 
the system. See Fig. E4.23. 

It 

Figure E4.23 

Steps 3a, 3b, and 7 The general energy balance is 

M = -A[(H + k + P)m] + Q - W 

Step 4 

Basis: 1 hr of operation 

We will first simplify the energy balance: 

(1) The process is in the steady state, so that AE = O. 
(2) ml = m,. 

(3) AK == 0 because we will assume that VI = V, == O. 

Then 

o = -A[(H + P)m] + Q - W 

Steps 5 and 6 Only AH at the top of the tank is unknown, and can be calculated from 
the energy balance. The temperature can be retrieved from 
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i
T, 

AH = m AH = m Cp 1fT = mCp(T, - 3S) 
Tl",35°F 

if Cp is an essential constant. Hence the problem has a unique solution. 
Steps 7, 8, and 9 The total amount of water pumped is 

::.20,-:0,-,g",al+.:.:8 ':=,33=-I;:.b = 1666 Ib /hr 
hr I gal 

The potential energy change is 

A 1666 Ibm 32.2 ft 180 ft 
AP = mAP = mg Ah = ---=-+--.,.-+---t-;:;:-:--;;;='" 

s' 32.2 (ft)(lbm) 

(s')(lbf) 

= 300,000 (ft)(ibf) 

or 

300,000 (ft)(ibf) = 38S 6 Btu 
778 (ft)(lbf)/Btu . 

The heat lost by the system is 2S,000 Btu while the heater puts 30,000 Btu into the sys
tem; hence the net heat exchange is 

Q = 30,000 - 2S,000 = SOOO Btu 

The rate of work being done on the water by the pump is 

w = _::.2 ",hp,-+~-+...;.3_3:;:.,00-,::0:"'(7:ft"",)(,,,lb,,-f)+...c:-==-+-::=-B,.:.tu=-c 
(min)(hp) 778 (ft)(lbf) 

= -2800 Btu/hr 

AH can be calculated from: Q_ - W = AH + AP: 

SOOO - (-2800) = AH + 386 

AH = 7414 Btu 

Because the temperature range considered is small, the heat capacity of liquid water may be 
assumed to be constant and equal to 1.0 Btu/(lb)("F) for the problem. Thus 

7414 = AH = mCp AT = 1666(1.0)(AT) 

AT = 4.S"F temperature rise. Hence, T = 39.S"F 

EXAMPLE 4.24 Application of the Energy Balance 

Steam (that is used to heat a biomass) enters the steam chest, which is segregated from the 
biomass, at 2S0'C saturated, and is completely condensed in the steam chest. The rate of the 
heat loss from the steam chest to the surroundings is I.S kJ/s. The reactants are placed in the 
vessel at 20'C and at the end of the heating the material is at 100'C. If the charge consists of 
ISO kg of material with an average heat capacity of Cp = 3.26 J/(g)(K), how many kilo
grams of steam are needed per kilogram of charge? The charge remains in the reaction vessel 
for 1 hr. 
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0(1055) ~ -1.5 kJ/s 
System Boundory,,-

/-- ---~ 
I \ 

: I 
\ J " ) 

Saturated 
Steom 250'C 

Saturated 
Condensote 250'C Figure E4.24a 
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Steps 1, 2, and 3 Figure E4.24a defines the system and lists the known conditions. 
Steps 3a and 3b The energy balance is 

aE = - a[(Ji + K + P)m] + Q - W Ca) 

Let us simplify the energy balance: 

(1) The process is not in the steady state, so aE * O. 

(2) We can assume that aK = 0, and l!J' = 0 in the system, and W = O. 

(3) The steam is the only material entering and leaving the system, and m, = m" and aK 
and IlP of the entering and exit material are zero. 

Consequently, Eq. (a) becomes 

M = au = -a[(Ji)m] + Q Cb) 

where au refers only to the biomass and not the steam, and aH = aCiIm) refers only to the 
steam and not the biomass. 

Step 4 

Basis: I hr of operation 

Steps 5 and 6 We can calculate llH = msteam 1l.Hvaporization of the steam because we 
know Q, and can calculate for the biomass au = aH - ac pV) = mbi,=" Cpo bi_, aT [be
cause we know that ac pV) for the liquid or solid charge will be negligible]. Thus we can cal
culate mstcam uniquely. 

Steps 7, 8, and 9 

(a) The heat loss is given as Q = -1.50 kJfs or 

-1.50 kJ 13600 s 11 hr = -5400 kJ 
s 1 hr 

(b) The s~cific enthalpy change for the steam can be determined from the steam tables. 
The ak.p of saturated steam at 250'C is 1701 kJfkg, so that 

aiI,,,,,,, = -1701 kJ/kg 

(c) The enthalpy change of the biomass is 

150 kg au = llHbioma.ss = C373 - 293) K = 39,120 kJ 
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Introduction of all these values into Eq. (b) gives 

39,120 kJ ~ -(-1701 kJ ) (m,,,= kg) - 5400 kJ 
kg steam 

(c) 

from which the kilograms of steam per hour, mSteam, can be calculated as 

44,520 kJ I kg steam m,,_ ~ -'---,r--:C
17

:::
0
:::
I
"k"J;- ~ 26.17 kg steam 

or 

-'44-","'5=.20::....::::kJ'-+..::....:~:.:.:..c=-+-o=c:-=I--:--_ ~ 0.17 kg steam 
ISO kg charge kg charge 

If the system had been chosen to be everything but the steam chest and lines, we would 
have a situation as shown in Fig. E4.24h. Under these circumstances heat wquld be trans
ferred from the steam chest. From a balance on the steam chest (no accumulation), 

Qsystemll = IlHstcam 

As indicated in Fig. E4.24b, the value of Qsystemll is negative. 

Saturated Steam 
250'C 

{)~-1.5 kJ/s 

Biomass 
System I 

I °systemr :: + , 
Osystem

n
:: -

Steam Chest 
System II 

Saturated Condensate 
250'C Figure E4.24b 

The energy balance for system I with no mass flow in or out of system I is 

flEsysteml = .6.Ubiomass = !l.Hbiomass = QI - 5400 

(d) 

(e) 

Qn and Q, have opposite values because heat is removed from system IT and added to system 
I. Because 

Qn ~ I!.H,,,= ~ (-1701)m 

we know that Q. ~ +(l701)m, and Eq. (e) becomes the same as Eq. (c) . 

•. ----------------------------------------.-
Self-Assessment Test 

1. In a refinery a condenser is to cool 1000 lb/hr of benzene that enters at I atm, 2oooP, and 
leaves at 17I'P. Assume negligible heat loss to the surroundings. How many pounds of 
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cooling water are required per hour if the cooling water enters at 80°F and leaves at 
100°F? 

2. In a steady-state process, 10 g molls of O2 at !OO°C and !O g molls of nitrogen at 150°C 
are mixed in a vessel which has a heat loss to the surroundings equal to 209(T - 25) J/s, 
where T is the temperature of the gas mixture in °e. Calculate the gas temperature of the 
exit stream in °e. Use the following heat capacity equations: 

0,: Cp = 6.15 + 3.1 X !O-'T 

N2: Cp = 6.5 + 1.25 X !O-'T 

where T is in K and Cp is in cal!(g mol)(K). 

3. An exhaust fan in a constant-area well-insulated duct delivers air at an exit velocity of 
1.5 mls at a pressure differential of 6 cm H20. Thermometers show the inlet and exit tem
peratures of the air to be 21.1 °C and 22.8°C, respectively. The duct area is 0.60 m2

• De
tennine the actual power requirement for the fan. 

pjn~ 

4. A water system is fed from a very large tank, large enough so that the water level in the 
tank is essentially constant. A pump delivers 3000 gal/min in a 12-in.-ID pipe to users 40 
ft below the tank level. The rate of work delivered to the water is 1.52 hp. If the exit ve
locity of the water is 1.5 ftls and the water temperature in the reservoir is the same as in 
the exit water, estimate the heat loss per second from the pipeline by the water in transit. 

Thought Problems 

1. Do you save energy if you 
(a) Let ice build up inside your freezer? 
(b) Use extra laundry detergent? 
(e) Light a fire in your conventional fireplace? 
(d) Thrn off your window air conditioner if you will be gone for a couple of hours? 
(e) Thrn off your furnace's pilot light during the spring and sururner? 
,(f) Take baths rather than showers? 
(g) Use long-life incandescent light bulbs? 
(h) Use fluorescent rather than incandescent lights? 
(i) Install your refrigerator beside your range? 
(j) Drive 55 instead of 70 miles per hour? 
(k) Choose a car with air conditioning, power steering, and an automatic transmission 

over one without these features? 
2. Liquid was transferred by gravity from one tank to another tank of about the same height 

several hundred meters away. The second tank overflowed. 
What might cause such overflow? 
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4.6 REVERSIBLE PROCESSES AND THE MECHANICAL 
ENERGY BALANCE 

Your objectives in studying this 
section are to be able to: 

1. Define a quasi'static and a reversible process. 
2. Identify a process as reversible or irreversible given a description of 

the process. 
3. Define efficiency and apply the concept to calculate the work for an ir

reversible process. 

4. Write down the steady-state mechanical energy balance for an open 
system and apply it to a problem. 

In this section we examine some additional features of various types of energy 
changes with which you should become familiar. 

4.6-1 Quasi-static and Reversible Processes 

As explained in Sec. 3.3, a process at equilibrium will not undergo change-no 
work will be done and the system properties will not change. Suppose that a system 
at eqUilibrium is subjected to a differential external force (such as a higher tempera
ture) so that a differential change occurs. The system will pass through non
equilibrium states, but with only very slight deviations from equilibrium if the driv
ing force is infinitesimal. Such a process is said to be a quaSi-static process. A 

-quasi-static-process ~isan· idealization thaccan rarely_ be.rigorously_exe.c.uted_bJ.lt can _. 
be approached with proper physical arrangements. 

If there are no dissipative effects, that is, friction, viscosity, inelasticity, elec
trical resistance, and so on, during a quasi-static process, the process is termed re
versible. Only an infinitesimal change is required to reverse the process, a concept 
that leads to the name "reversible." Most industrial processes exhibit heat transfer 
over finite temperature differences, mixing of dissimilar substances, SUdden changes 
in phase, mass transport under finite concentration differences, free expansion, pipe 
friction, and other mechanical, chemical, and thermal nonidealities, and conse
quently are deemed irreversible. An irreversible process always involves a degrada
tion of the potential of the process to do work, that is, will not produce the maxi
mum amount of work that would be possible via a reversible process (if such a 
process could occur). 

To illustrate the concept of reversibility, consider a gas confined in a cylinder 
by the piston shown in Fig. 4.15. During an expansion process the piston moves the 
distance x and the volume of gas confined in the piston increases from VI to V2 • Two 
forces act on the piston; one is the force exerted by the gas, equal to the pressure 
times the area of the piston, and the other is the force on the piston shaft and head 
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V, 
A ,4.--X_ 

II 
I Force F 

II 
I 

• 
V, Figure 4.15 Gas expansion. 

from outside. Ifthe force exerted by the gas equals the force F, nothing happens. If 
F is greater than the force of the gas, the gas will be compressed, whereas if F is less 
than the force of the gas, the gas will expand. 

In the latter case, the work done by the expanding gas and the piston will be 
W = J F dx. The work of the gas would be W = J~2 P dV if the process were re
versible, that is, if the force F divided by the piston area were differentially less at 
all times than the pressure of the gas, and if the piston were frictionless; but in a real 
process some of the work done by the gas is dissipated by viscous effects, and the 
piston will not be frictionless, so that the work as measured by J F dx will be less 
than J p dV. For these two integrals to be equal, none of the available energy of the 
system could be degraded to heat or internal energy. To achieve such a situation we 
have to ensure that the movement of the piston is frictionless and that the motion of 
the piston proceeds under only a differential imbalance of forces so that no shock or 
turbulence is present. Naturally, such a process would take a long time to complete. 

EXAMPLE 4.25 Calculation of Work for a Batch Process 

Solution 

One kilogram mole of N, is in a horizontal cylinder at 1000 kPa and 20°C. A 6·cm2 piston of 
2-kg mass seals the cylinder and is fixed by a pin. The pin is released and the N, volume is 
doubled, at which time the piston is stopped again. What is the work done by the gas in this 
process? 

Steps 1, 2, and 3 Draw a picture. See Fig. E4.25. From the ideal gas law we can 
compute the specific volume of the gas at the initial state 

VI = RT = .:.8':;,3.:.1 ",Ck:.:.P..::a)",Cm:::-<.')-+-,..:2:.:.9.:.3.:.K"-. - 2 ' 
P CK)Ckg mol) 1000 kPa - .43 m /kg mol 

Choose the gas to be the system. 
Step 4 We can use as a basis 2.43 m' at 1000 kPa and 20°C. 
Steps 5 and 6 We want to calculate the work done by the gas on the piston and the 

cylinder. 

LfnifiOI System 

f '! I IV,~2.43 m' I I II 
I Ipl~ 1000 kPal

1 
"===!,:==;==== 

I '"--, I . i (1~20°C J I ---rr-Alternate System 

Figure E4.25 
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(a) Is the process a flow or a nonflow process? Since no material leaves or enters the cylin
der, let us analyze the process as a nonflow system. 

(b) This process is definitely irreversible because of friction between the piston and the 
walls of the cylinder, turbulence in the gas, the large pressure drops, and so on. 

Consequently, we cannot calculate the work done on the piston by f p dV. 
Let us change our system to include the gas, the piston, and the cylinder. With this 

choice, the system expansion is still irreversible, but the pressure in the surroundings can be 
assumed to be atmospheric pressure and is constant. The work done in pushing back the at
mosphere probably is done almost reversibly from the viewpoint of the surroundings and can 
be closely estimated by calculating the work done on the surroundings: 

I'2 iV2 W= Fdl= pdV=pflV 
11 VI 

flY of the gas is 2VI - VI = VI = 2.43 m', so that the volume Change of surroundings 
is -2.43 m'. Then the work done on the surroundings is 

Basis: 2.43 m' at 101.3 kPa and 20°C (assumed) 

W = 101.3 kPa I J 
I (N)(m) = -247 kJ 

The minus sign indicates that work is done on the surroundings. From this we know that the 
work done by the alternative system is 

Wsystem = -Wsurroundings = -(-247) = 247 kJ 

This answer still does not answer the question of what work was done by the gas, be
cause our system now includes both the piston and the cylinder as well as the gas. You may 
wonder what happens to the energy transferred from the gas to the piston itself. Some of it 
goes into work against the atmosphere, which we have just calculated; where does the rest of 

___ __ it go? Energy can go into raising the temperature of the piston or the cylinder or the gas. With 
------ -time~part -oritcaii-be -transferrea-tothe-surroundings-to-raise-the-temperature-of-the-sur----

roundings. From our macroscopic viewpoint we cannot say specifically what happens to this 
"lost" energy. 

You should also note that if the surroundings were a vacuum instead of air, then no 
work would be done by the system, consisting of the piston plus the cylinder plus the gas, al
though the gas itself probably still would do some work on the piston . 

. 

EXAMPLE 4.26 Evaporation 

Solution 

How much work is done by I liter (I dm') of liquid water when it evaporates from an open 
vessel at 25°C? 

Steps 1, 2, 3 and 4 Does the water do work in evaporating? CertainJy! It does work 
against the atmosphere. Furthermore, the process, diagrammed in Fig. E4.26, is a reversible 
one because the evaporation takes place at constant temperature and pressure, and presumably 
the conditions in the atmosphere immediately above the open portion of the vessel are in 
equilibrium with the water surface. Assume that the atmospheric pressure is 100 kPa. The ba
sis will be I L liquid water at 25°C. 
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Figure E4.26 

Steps 3a, 3b, 5, and 6 The general energy balance 

4.E = -arCH + k + P)m] + Q - W 
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will not be useful in solving this problem because Q is unknown. However, imagine that an 
expansible bag is placed over the open face of the vessel so that the system now becomes a 
closed system. Because of the special conditions established for this problem, the work is 

(", 
W = Jv p dV = p av , 

Furthermore, the work is the reversible work done by the water in pushing back the, atmo
sphere. 

Steps 7, 8, and 9 

100 X 10' Pa 1 J ' 
W = =_::"::"-=-=-j:-=-==-f--"-":-7'-+""-f';;=---'-f--:1-;;:(N"') (;--;'m) 

= 100 J 

Since practically all real processes are irreversible you may wonder why we 
bother paying attention to the theoretical reversible process. The reason is that it 
represents the best that can be done, the ideal case, and gives us a measure of our 
maximum accomplishment. In a real process we cannot do as well and so are less 
effective. A goal is provided by which to nieasure our effectiveness. And then, 
many processes are not too irreversible, so that there is not a big discrepancy be
tween the practical and the ideal process. 

Given the concept of an ideal (reversible process) and knowing the work in an 
actual process, two ways in which we can define mechanical efficiency are 

ffi 
. actual Work output forthe process 

e clency = 1/, = 
work output for a reversible process 

(4. 29a) 

and 

Ii . ,.:.w"o",rk::...::in""p",u:::t"£"o:::.r.:::a"r"e-C,v:::.er"s:::ib"l:::.e-,-pc:.r:::.oc",e,,sc:.s ef clency = 1/2 = . 
actual work mput for the process 

(4.29b) 

depending on whether work is done by the system [Eq. (4.29a)] or work is being 
done on the system [Eq. (4.29b)]. 

Another type of efficiency is concerned just with the useful energy output di
vided by the total energy input: 

ffi 
. useful energy out 

e clency = 1/, = . 
energy 10 

(4.29c) 
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For example. assume that the conversion of fuel in a power plant yields 88 kJ in the 
steam product per 100 kJ of available energy from the coal being burned, the con
version of the energy in the steam to mechanical energy is 43% efficient, and the 
conversion of the mechanical to electrical energy is 97% efficient, all based on Eq. 
(4.29c). The overall efficiency is 1.00(0.88}(0.43}(0.97} = 0.37, meaning that two
thirds of the initial energy is dissipated as heat to the environment. These definitions 
provide a good way to compare process performance for energy conservation (but 
not the only way). 

EXAMPLE 4.27 Use of Efficiency 

Solution 

Calculate the reversible work required to compress 5 ft' of an ideal gas initially at 100'F from 
1 to 10 atm in an adiabatic cylinder. Such a gas has an equation of state pV I

.
40 = constant. 

Then calculate the actual work required if the efficiency of the process is 80%. 

Also, 
Steps 1, 2, and 3 Figure 4.15 indicates the type of apparatus for the compression. 

V2 = VI~:r40 = 5c~r40 = 0.965 ft3 

Step 4 The basis is 5 ft' at lOO'F and I atm. 
Steps 5-9 

IV2=0.965 LV2 (V)I.40 LV2 
Wrev = _ p dV = PI -1. dV = PI ViA V- I

.40 dV 
~-s 1 V 1 

= PI VI·
40 

(V-O.40 _ V-o.",,) = P2 V2 - PI VI 
I - 1.40 2 I I - 1.40 

l(lQ}J O. 965}- (I) (5}] (ft3)(atm) 1. 987 Btu 
-0.40 0.7302 (ft3)(atm) 

= -3\.63 Btu 
The negative sign means that work is done on the system. 
The actual work required is 

31.63 
""'(J."8 = 39.5 Btu 

____________ • ___________________________ 0 

So fur we have looked at reversible work for closed systems. Next we examine 
reversible work in open systems. 

4.6-2 Steady-State Mechanical Energy Balance 

In some processes, such as distillation columns or reactors, heat transfer and en
thalpy changes are the important energy components in the energy balance. Work, 
potential energy, and kinetic energy are zero or quite minor. However, in other 
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processes, such as the compression of gases and pumping of liquids, work and the 
mechanical forms of energy are the important factors. For these processes, an en
ergy balance treating solely the mechanical forms of energy becomes a useful tool. 

The energy balance of Sec. 4.5 is concerned with various classes of energy 
without inquiring into how "useful" each form of energy is to human beings. Our ex
perience with machines and thermal processes indicates that some types of energy 
cannot be transformed completely into other types, and that energy in one state can
not be transformed to another state without the addition of extra work or heat. For 
example, internal energy cannot be completely converted into mechanical work. To 
account for these limitations on energy utilization, the second law of thermodynam
ics was eventually developed as a general principle. 

One of the consequences of the second law of thermodynamics is that two cat
egories of energy of different "quality" can be envisioned: 

(a) The so-called mechanical forms of energy, such as kinetic energy, potential 
energy, and work, which are completely convertible by an ideal (reversible) 
engine from one form to another within the class 

(b) Other forms of energy, such as internal energy and heat, which are not so 
freely convertible 

Of course, in any real process with friction, viscous effects, mixing of compo
nents, and other dissipative phenomena taking place which prevent the complete 
conversion of one form of mechanical energy to another, allowances will have to be 
made in making a balance on mechanical energy for these "losses" in quality. 

A balance on mechanical energy can be written on a microscopic basis for an 
elemental volume by taking the scalar product of the local velocity and the equation 
of motion?' After integration over the entire volume of the system the steady-state 
mechanical energy balance for a system with mass interchange with the snr
roundings becomes, on a per unit mass basis, 

d(i + p) + r V dp + tV + E, = 0 
p, 

(4.30) 

where k and P are associated with the mass in and out of the system, and E, repre
sents the loss of mechanical energy, that is, the irreversible conversion by the 
flowing fluid of mechanical energy to internal energy, a term which must in each in
dividual process be evaluated by experiment (or, as occurs in practice, by use of al
ready existing experimental results for a similar process). Equation (4.30) is some
times called the Bernoulli equation, especially for the reversible process for which 
E, = O. The mechanical energy balance is best applied in fluid-flow calculations 
when the kinetic and potential energy terms and the work are of importance, and 
the friction losses can be evaluated from handbooks with the aid of friction factors 
or orifice coefficients. 

21 Slattery, Momentum, Energy, and Mass Transfer (see ref. 20) 
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EXAMPLE 4.28 Calculation of Reversible Work for a Flow Process 

Solution 

We will repeat the solution of the preceding example except that in this problem the process 
will be an,open system. 

Steps 1, 2, and 3 Figure E4.28 designates the system and data. The moles of gas are 

PI VI I atm 5 ft' I (Ib mol)(OR) 
1/1 = RTI = 0.7302 (ft3)(atm) = 0.0122 Ib mol 

Pl = 1 atm 

T, = 5600 R 

Step 4 

Adiabatic 
Reversible 
Compressor 

P2 = 10 otm 

Figure E4.28 

Basis = 0.0122 Ib mol 

Steps 3a, 3b, and 7 The mechanical energy balance (per unit mass, or mole here) 

can be simplified 

so that 

1" !:>.(K+P) + Vdp+W+Eo=O 
PI 

!:>.K = 0 

!:>.P = 0 

Eo = 0 (reversible) 

= -(5)(1)'-714(3.50)[(10)0.286 _ 10.286](ft3)(atm)( 1.987 Btu ) 
0.7302 (ft3)(atm) 

= -44.3 Btu 

The actual work required to be done on the system is 

44.3 
0.8 = 55.4 Btu 

EXAMPLE 4.29 Application of the Mechanical Energy Balance 

Calculate the work per minute required to pump I Ib of water per minute from 100 psia and 
80"F to 1000 psia and 100"F. The exit stream is 10 ft above the entrance stream. 
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W=? 
---~\ 

Q = ? / r' .----_'c---_1000 psia 

,>/' 1
10 

II! 100° F 

/ 
___ ----'""---system 

- boundary 

100 psi, ----"t+{ 
80

D
F \ 

Figure E4.29 

Steps 1, 2, and 3 The system is shown in Fig. E4.29. 
Steps 33, 3b, and 7 The general mechanical energy balance is 

t:..(K + P) + LP

2 if dp + W + Eo = 0 
P, 

(a) 

We will assume that AK is insignificant, and also preliminarily assume that the process is re
versible so that Eo = 0, and the pump is 100% efficient. (Subsequently, we will consider 
what to do if the process is not reversible.) Equation (a) reduces to 

A LP
2

A 
A W=- Vdp-t:..P 

P, 
(b) 

Step 4 

Basis: I min of operation = I Ib H,O 

Steps 5 and 8 From the steam tables, the specific volume of liquid water is 0.01607 
fl'/Ibm at 80°F and 0.01613 fl'/Ibm at 100°F. For all practical purposes the water is incom
pressible, and the specific volume can be taken to be 0.0161 ft'/lbm. We have only one un
known in Eq. (b): W. 

Step 9 

r:..P = I Ibm 10 ft 32.2 ft 
sec2 32.2(ft)(lbm) 

(lb,)(sec') 

I Btu 
778(ft)(lb,) = 0.0129 Btu 

I Ibm 1'000 0.0161 dp = _I _lb.=m+_::-_+-('--1O_0_0--:-----,I_OO~)_lb_",_t+_::_;::_t_+_::=I"'B"'tu;;:_;_ 
'00 in. 2 778(ft)(lb,) 

= 2.68 Btu 

A Btu 
W = -2.68 - 0.0129 = -2.69-

Ibm 

About the same value can be calculated using Eq. (4.24) if Q = K = 0, because the 
enthalpy change for a reversible process for I Ib of water going from 100 psia and 100°F to 
1000 psia is 2.70 Btu. Make the computation yourself. However, usually the enthalpy data 
for liquids other than water are missing, or not of sufficient accuracy to be valid, which forces 
an engineer to turn to the mechanical energy balance. 

We might now well inquire for the purpose of purchasing a pump-motor, say, as to 
what the work would be for a real process, instead of the fictitious reversible process assumed 
above. First, you would need to know the efficiency of the combined pump and motor so that 
the actual input from the surroundings (the electric connection) to the system would be 
known. Second, the friction losses in the pipe, valves, and fittings must be estimated so that 
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the term Eo could be reintroduced into Eq. (4.30). Suppose, for the purposes of illustration, 
that E, was estimated to be, from an appropriate handbook, 320 (ft)(lb,)/Ibm and the motor
pump efficiency was 60% (based on 100% efficiency for a reversible pump-motor). Then, 

A 320(ft)(lb,) 
Eo= I Ibm 

I Btu 
778 (ft)(lb,) = 0.41 Btu/Ibm 

IV = -(2.68 + 0.013 + 0.41) = -3.10 Btu/Ibm 

Remember that the minus sign indicates that work is done on the system. The pump motor 
must have the capacity 

"-3c.;.1..:.0-=B",tu'-+"'-=~-'c=,-+--,I,=.4:-1_5,,,h,,-p = 0.122 hp 
I min I Btu/sec 

SeN-Assessment Test 

1. Which process will yield more work: (I) expansion of a gas confined by piston against 
constant pressure or (2) reversible expansion of a gas confined by a piston? 

2. Differentiate between thermal and mechanical energy. 
3. Define a reversible process. 
4. Find Q, W, 6.E, and 6.H for the reversible compression of 3 moles of an ideal gas from a 

volume of 100 dm' to 2.4 dm' at a constant T of 300 K. 
S. Water is pumped from a very large storage reservoir as shown in the figure at the rate of 

2000 gal/min. Determine the minimum power (Le., for a reversible process) required by 
the pump in horsepower. 

~~psig ____ _ 

1 
LJ 

1 ft diam._ ~ 
10ft 40 It 

J I f 
---~ 

J t2 ft diem. L:'::" 

Thought Problems 

1. A news announcement in a professional journal described a 20-hp Stirling engine that was 
going to be connected to and drive a 68-kW genemtor. Would you buy one of these at 
$45007 

2. An author compared the effectiveness of gasoline-powered automobiles with electric
powered automobiles as in the following table, and concluded that electric-powered vehi
cles overall were more efficient. Is the comparison valid? 
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Efficiencies 

KWh equivalent 
Refinery efficiency 
Distribution efficiency 
Power generation efficiency 
Power distribution efficiency 
Battery efficiency 
Motor, drive train efficiency 
KWh available 
Vehicle weight 
Road load: 50 mph, level 
Distance traveled 

Gasoline 
(bbl of oil) 

1700 
74% to gasoline 
95% 

14.7% 
175.7 
2400lb 
8.4 kW 
1045 miles 

4.7 ENERGY BALANCES WITH CHEMICAL REACTION 

Electric 
(bbl of oil) 

1700 
89% to heavy oil 

40% 
91% 
70% 
80% 
308.8 
2800lb 
IOkW 
1545 miles 
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So far we have not discussed how to treat energy balances in which chemical reac
tions occur. We do so in this section. For any given process, when a reaction takes 
place, the energy exchange with the surroundings will be different from the same 
process without a reaction. As you know., the observed heat transfer that occurs in a 
closed system (with zero work) as a result of a reaction represents the energy associ
ated with the rearrangement of the bonds holding together the atoms of the reacting 
molecules. For an exothermic reaction, the energy required to hold the products of 
the reaction together is less than that required to hold the reactants together and the 
surplus energy is released. The reverse is true of an endothermic reaction. The en
ergy change that appears directly as a result of a reaction is termed the heat of reac
tion, AH=, a term that is a legacy of the days of the caloric theory. Note that "heat 
of reaction" is actually an enthalpy change and not heat transfer. 

4.7-1 Standard Heat of Formation and Heat of 
Reaction 

Your objectives in studying this 
section are to be able to: 

1. Compute heats of formation from experimental data for the enthalpy 
change (including phase changes) of a process with a reaction taking 
place. 

2. Look up heats of formation in reference tables for a given compound. 
3. List the standard conventions and reference states used for reactions 

associated with the standard heat of formation. 
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4. Calculate the standard heat of reaction from tabulated standard heats 
of formation for a given reaction. 

To take account of possible energy changes caused by a reaction, in the energy bal
ance we incorporate in the enthalpy of each individual constituent an additional 
quantity termed the standard heat (really enthalpy) of formation,22 AH}, a quan
tity that is discussed in detail below. (The superscript 0 denotes "standard state" and 
the subscript f denotes "formation.") Thus for the case of a single species A without 
any pressure effect on the enthalpy and omitting phase changes, the specific en
thalpy change from the reference state is given by 

AHA = AH!A + f CpA dT 
Tref 

(4.31) 

For several species, we would have in a stream 

. . LT 
tl.Hmixtilre = ~ nj !l.Hfi + ~ niCPi ar 

Tref 

(4.32) 

where i designates each species, ni is the number of moles of species i, and s is the 
total number of species. If phase changes take place, additional terms for the en
thalpy of the phase changes have to be added to the right-hand side of Eq. (4.32) to 
give the total enthalpy of substance A: 

AHA = AH!A + (HT.P - H';,f) 

where (HT•p - H';,f) includes both sensible heat and phase changes. 
If a mixture enters and leaves a system without a reaction taking place, we 

would find that the same species entered and left so that the enthalpy change in Eq. 
(4c-24a)-would not be any· different-with· the-modification_describedabove_than. what_ 
we have used before, because the terms that account for the heat of formation in the 
energy balance would cancel. For example, for the case of two species in a flow sys
tem, the output enthalpy would be 

L
To", 

AHoutp", = ~! AHfi + n2 AH~ + (n! Cp! + n2 Cp2) dT 
,T T ref 

"heat of formation" \ . 
"sensible heat" 

and the input enthalpy would be 

AHmput = ~! AHfi + n2 AH~ + fi' (n! Cp! + n2 Cp2) dT 

"heat of f~rmation" \ ref "sensible heat" I 

Without reaction, observe that AHoutput - AHi,put would only involve the sensible 

22 Historically, the name arose because the changes in enthalpy associated with chemical reactions 
were generally determined in a device called a calorimeter, to which heat is added or removed from the 
reacting system so as to keep the temperature constant. 
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heat terms that we have described before; the heat-of-formation terms would be ex
actly the same in each enthalpy change and would cancel out. 

However, if a reaction takes place, the quantities that enter and leave will dif
fer, and the terms involving the heat of formation will nbt cancel. For example, sup
pose that species 1 and 2 enter the system, react, and species 3 and 4 leave. Then 

I:lHoot - I:lH .. = (n, MIJ, + n. MIr.) - (n! t;,./ifi + n2 MIJ,J 
(4.33) ('0"' ('iO 

+ L (n, Cp' + n. Cp4) IfF - L (n! Cp! + n2 Cp2) IfF 
Tref Tref 

You will be retrieving information on heats of formation from reference tables 
and data bases. The values in the tables have been reconciled from innumerable ex
periments. To determine the values of the standard heats (enthalpies) of fonnation, 
the experimenter usually selects either a simple flow process without kinetic energy, 
potential energy, or WOlk effects (a flow calorimeter), or a simple batch process (a 
bomb calorimeter), in which to conduct the reaction. Consider an experiment in a 
flow process under standard state conditions in which the experimental arrangement 
is such that the summation of sensible heat terms on tlie right-hand side ofEq. (4.33) 
is zero and no work is done. The steady-state (no accumulation term) version of Eq. 
(4.24a) for stoichiometric quautities of reactants and products reduces to 

Q=I:lH 

= (2: ni MIfi - 2: niMIfi) '" /::,.H';,.n (4.34) 
products reactants 

where I:lH';,. is the symbol used for the heat of reactiou at the standard state. Ob
serve that the enthalpy change caused by the reaction in the prescribed type of ex
periment appears as heat transferred to or from the system, and the value of Q that is 
measured is the heat transferred from the reaction that occurs in the system and is 
equivalent to the standard heat of reaction at the standard state. 

In general, a heat of reaction depends not only on the reaction stoichiometry 
but also on the number of moles that actually react, the temperature of the reaction, 
the phases of the products and reactants, and the pressure. The calculations that we 
shall make here will all be for low pressures, and, although the effect of pressure 
upon heats of reaction is relatively negligible under most conditions, if exceedingly 
high pressures are encountered, you should make the necessary corrections as ex
plained in most texts on thermochemistry. 

There are certain conventions and symbols which you should always keep in 
mind concerning thermochemical calculations if you are to avoid difficulty later on. 
These conventions can be summarized as follows: 

(a) The reactants are shown on the left-hand side of the chemical equation, and 
the products are shown on the right: for example, 

CH.(g) + H20(l) ----» CO(g) + 3H2(g) 

(b) The conditions of phase, temperature, and pressure must be specified unless 
the last two are the standard conditions, as presumed in the equation above, 
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when only the phase is required. This is particularly important for compounds 
such as H,O. which can exist as more than one phase under common condi
tions. If the reaction takes place at other than standard conditions, you might 
write 

50'C 
CH.(g, 1.5 atm) + H,O(l) ~ CO(g, 3 atm) + H,(g, 3 atm) 

(c) Unless otherwise specified, all the constituents are at the standard state of 
25°C (77°F) and 101.3 kPa (I atm) total pressure. The heat of reaction under 
these conditions is called the standard heat of reaction, and is distinguished 
by the superscript ° symbol. 

(d) Unless the amounts of material reacting are stated, it is assumed that the quan
tities reacting are the stoichiometric amounts shown in the chemical equation. 

Data to compute the standard heat of reaction are reported and tabulated in 
two different but essentially equivalent forms: 

(a) Standard heats of formation 
(b) Standard heats of combustion 

We first describe the standard heat of formation (t:.H}) and then the standard 
heat of combustion (t:.H~). The units of both quantities are usually tabulated as en
ergy per mole, such as Jig mol, kJ/g mol, kcal/g mol, or Btu/lb mol. The "per mole" 
refers to the specified reference substance in the related stoichiometric equation. 

The standard heat of formation is the special heat of reaction for the forma
tion of 1 mole of a compound from its constituent elements, for example 

C(s) + ~O,(g) ~ CO(g) 

in the standard state. The initial reactants and final products must be stable and at 
25°C and 1 atm. The reaction does not necessarily represent a real reaction that 
would proceed at constant temperature but can be a fictitious process for the forma-

-- -~tion ofacompoun(nfomtne-elemelifs~By-defining-the-heat of formation as-zero -
in the standard state for each element, it is possible to design a system to express 
the heats of formation for all compounds at 25°C and 1 atm. If you use the conven
tions discussed above, then the thermochemical calculations will all be consistent, 
and you should not experience any confusion as to signs. Consequently, with the use· 
of well-defined standard heats of formation, it is not necessary to record the experi
mental heats of reaction for every reaction that can take place. That would be an im
possible task. 

To sum up, a formation reaction is understood by convention to be a reaction 
that forms I mole of compound from the elements that make it up. Standard heats of 
reaction at 25°C and 1 attn for any reaction can be calculated from the tabulated (or 
experimental) standard heats of formation values by using Eq. (4.34), because the 
standard heat of formation is a state (point) function, as illustrated in the examples 
below. 

EXAMPLE 4.30 Retrieval of Heats of Formation from Reference nata 

What is the standard heat of formation of HCL(g)? 



Solution 
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Look in Appendix F. The column heading is - !!.HJ. 
-!!.Hl 

92.311 kJ/g mol 

which means that !!.HJ = -92.312 kJ/g mol. 
In the reaction at 25°C and 1 atm, 

!H,(g) + ~Cl,(g) ----> HCl(g) 
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both H,(g) and Cl,(g) would be assigned !!.HJ values of 0, and the value shown in Appendix 
F for HCl(g) of -92,312 Jig mol is the standard heat of formation for this compound as well 
as the standard heat of reaction for the reaction as written above: 

!!.H~ = 2: ni !!.Hfi - 2: ni !!.Hfi 
products reactants 

= 1(-92.312) - [HO) + HO)j = -92.312 kJ/g mol HCl(g) 

The value tabulated in Appendix F might actually be determined by carrying out the reaction 
shown for HCl(g) and measuring the energy liberated in a calorimeter, or by some other more 
convenient method. 

EXAMPLE 4.31 Determination of Heats of Formation from Experimental Data 

Suppose that you want to find the standard heat of formation of CO from experimental data. 
Can you prepare pure CO from C and 0, and measure the heat transfer? This would be far 
too difficult. It would be easier experimentally to find the heat of reaction for the two reac
tions shown below and subtract them as follows: 

Basis: I g mol of CO 

A: C({3) + O,(g) ----> CO,(g) 
B: CO (g) + !O,(g) ----> CO,(g) 
A - B: C({3) + !O,(g) ----> CO(g) 

!!.H~(experimental) 
-393.51 kJ/g mol 
-282.99 kJ/g mol 

!!.H~oA-B = (-393.51) - (-282.99) = !!.H1 = -110.52 kJ/g mol 

The energy change for the overall reaction scheme is the desired standard heat of formation 
per mole of CO(g). See Fig. E4.31. 

Figure E4.31 
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EXAMPLE 4.32 Calculation of the Heat of Reaction from Standard Heats of Formation 

Calculate Ilk:,., for the following reaction of 4 g mol of NH,: 

Solution 

4NH,(g) + 50,(g) ---> 4NO(g) + 6H,O(g) 

Tabulated data 

llilJ per mole at} 
25'C and 1 atm 
(kcaI/ g mol) 

Basis: 4 g mol of NH, . 

NH,(g) O,(g) 

-11.04 o 

NO (g) 

+21.60 

We shall use Eq. (4.34) to calculate IlH';,., for 4 g mol of NH,: 

IlH';,., = [4(21.60) + 6(-57.80)] - [5(0) + 4(-11.04)] 

= -216.24 kca1l4 g mol NH,. 

H,O(g) 

-57.80 

EXAMPLE 4.33 Heat of Formation Including a Phase Change 

Solution 

If the standard heat of formation for H,Q(I) is -285.838 kJ/g mol and the heat of evaporation 
is +44.012 kJ/g mol at 25'C and I atm, what is the standard heat of formation of H,O(g)? 

Basis: I g mol of H,O 

We shall proceed as in Example 4.31 to add the known chemical equations and the phase 
transItions to yield the desired cheiriical e-quatitm-ahd tarry-out the same operations on-the-eo
thalpy changes. For reaction A, ll.iI~. = L IlfIJproducls - ~ ii/reactants: 

A: 

B: 

A + B: 

H,(g) + 40,(g) ---> H,O(I) 
H,O(I) ---> H,O(g) 
H,(g) + 40,(g) ---> H,O(g) 

1liI';,., = -285.838 kJ/g mol 
Ilil~" = +44.012 kJ/g mol 

------~----------------------------.• ------
You can see that any number of chemical equations can be treated by algebraic 
methods, and the corresponding standard heats of reaction can be added or subtrac
ted in the same fashion as are the equations. By carefully following these rules of pro
cedure, you will avoid most of the common errors in thermochemical calculations. 

To simplify matters, the value cited for i!.fi"p of water in Example 4.33 was at 
25°C and I atm. To calculate this value, if the final state for water is specified as 
H,O(g) at 25°C and 1 atm, the following enthalpy changes should be taken into ac
count if you start with H,O(I) at 25°C and I atm: 
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!!.H "'P at 25°C 
and I atm 

H,O(I) 25°C, I atm 

1 Mi, 

H,O(I) 25°C, vapor pressure at 25°C 

1 AH2 = AHvapatthevaporpressureofwater 

H,O(g) 25°C, vapor pressure at 25°C 

1 IJ.H, 
H,O(g) 25°C, I atm 
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For practical purposes the value of !!.H "'P at 25°C and the vapor pressure of water, 
namely 43,911 Jig mol (10,495 cal/g mol), will be adequate for engineering calcula
tions at one atmosphere. 

There are many sources of tabulated values for the standard heats of formation 
listed in Table 4.5. A good source of extensive data is the National Bureau of Stan
dards Bulletin 500, and its supplements by F. K. Rossini, or the serial publications 
of the Thermodynamics Research Center at Texas A & M University (API Research 
Project No. 44 and the TRC Data Project). A condensed set of values for the heats of 
formation may be found in Appendix F. If you cannot find a standard heat of forma
tion for a particular compound in reference books or in the chemical literature, !!.HJ 
may be estimated by the methods described in Verma and Doraiswamy23 or by some 
of the authors listed as references in Table 4.5. Remember that the values for the 
standard heats of formation are negative for exothermic reactions. 

Self-Assessment Test 

1. Calculate the standard heat of formation of CH., given the following experimental results 
at 25°C and 1 atm: 

H,(g) + ~O,(g) ---> H,O(I) 

C(graphite) + O,(g) ---> CO,(g) 

CH.,(g) + 20,(g) ---> CO,(g) + 2H,O(I) 

IJ.H = -285.84 kJ/g mol H, 

/li{ = -393.51 kJ/g mol C 

IJ.H = -890.36 kJ/g mol CH., 

Compare your answer with that found in the table of heats of formation listed in Appen
dix F. 

2. Calculate the standard heat of reaction for the following reaction from the heats of forma
tion: 

C,H,(g) ---> 3C,H,(g) 

Thought Problems 

1. Clipping from the Wall Street lournal: 

Technical Disputes 

Furnace efficiency is a comparison of the energy that goes into a furnace with the usable 
heat that comes out. Because oil furnaces use blowers to burn the fuel more efficiently and 

23K. K. Verma and L. K. Doraiswamy, Ind. Eng. Chern. Fundam., v. 4, p. 389 (1965). 
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because oil produces less water vapor than gas, less heat is vented up the chimney. the Oil 
Jobbers Council says. The American Gas Association complains that such calculations ig
nore variations in oil quality that hurt efficiency. And it contends that oil furnaces are apt 
to "lose efficiency over time," while it says gas furnaces don't. 

Which organization is correct, or is neither correct? 
2. A review of additives to gasoline to give blends which improve its octane rating shows 

that oxygenated compounds necessarily contain lower energy (Btu per gallon). Methanol 
was the lowest, having a heat of reaction approximately one-half that of gasoline. 
Methanol costs 40 cents/gal. whereas unleaded premium gas costs 80 cents/gal, so that the 
result may seem like a standoff (Le., half the energy at half the cost). 

Are the two fuels really equivalent in practical use? 

4.7-2 Standard Heat of Combustion 

Your objectives in studying this 
section are to be able to: 

1. Look up heats of combustion in reference tables for a given com
pound. 

2. List the standard conventions and reference states used for reactions 
associated with the standard heat of combustion. 

3. Calculate the standard heat of reaction from tabulated standard heats 
of combustion for a given reaction. 

4. Calculate the standard higher heating value from the lower heating 
value or the reverse. 

Standard ~heats of combustion are the second-method-of-recording thermochemical 
data. The standard heats of combustion do not have the same standard states as the 
standard heats of formation. The conventions used with the standard heats of com
bustion are 

(a) The compound is oxidized with oxygen or some other substance to the prod
ucts C02(g), H20(l), HC1(aq),24 and so on. 

(b) The reference conditions are still 25°C and 1 atm. 
( c) Zero values of /)"fl~ are assigned to certain of the oxidation products as , for ex

ample, CO2(g), H20(l), and HCI(aq), and to 02(g) itself. 
(d) If other oxidizing substances are present, such as S or N2, or if Cl, is present, 

it is necessary to make sure that states of the products are carefully specified 
and are identical to (or can be transformed into) the final conditions which de
termine the standard state as shown in Appendix F. 

The standard heat of combustion of an unoxidized compound can never be 

24HCl(aq) represents an infinitely dilute solution of Hel (see Sec. 4.8). 
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positive but is always negative. A positive value would mean that the substance 
would not burn or oxidize. Standard heats of reaction can be calculated from stam
dard heats of combustion by an equation analogous to Eq. (4.34): 

/lH':,., = - (2: /!i.H~p,od"," - 2: H~re""",, ) 
= - (~ nprodi Mf~"odi - ~ n re"" M{~re",,) 

(4.35) 

Note: The minus sign in front of the summation expression occurs because t.he 
choice of reference states is zero for the right-hand products of the standard reac
tions. Refer to Appendix F for values of 1!.fJ~. 

For a fuel such as coal or oil, the negative of the standard heat of combustion is 
known as the heating valne of the fuel. To determine the heating value, a weighed 
sample is burned in oxygen in a calorimeter bomb, and the energy given off is de
tected by measuring the temperature increase of the bomb and surrounding appara
tus. 

Because the water produced io the calorimeter is in the vicioity of room tem
perature, although the gas within the bomb is saturated with water vapor at this te·m
perature, essentially all the water formed in the combustion process is condensed 
into liquid water. This is not like a combustion process in a furnace, where the water 
remains as a vapor and passes up the stack. Consequently, we have two heating val
ues for fuels containing hydrogen: (I) the gross, or higher, heating value, io which 
all the water formed is condensed into the liquid state, and (2) the net, or lower, 
heating value, in which all the water formed remains in the vapor state. The value 
you determine in the calorimeter is the gross heating value; this is the one reported 
along with the fuel analysis and should be presumed unless the data state specifically 
that the net heating value is being reported. 

You can estimate the heating value of a coal within about 3% from the Dulong 
formula25

: 

Higher heating value (HHV) io British thermal uuits per pound 

= 14,544C + 62,028( H - ~) + 4050S 

where C = weight fraction carbon 

H - ~ = weight fraction net hydrogen 

= total weight fraction hydrogen -k weight fraction oxygen 
S = weight fraction net sulfur 

The values of C, H, S, and 0 can be taken from the fuel or fiue-gas analysis. If the 
heating value of a fuel is known and the C and S are known, the approximate value 
of the net H can be determined from the Dulong formula. A general relation be
tween the gross heating and net heating values is 

net Btu/lb coal = gross Btu/lb coal - 91 (% total H by weight) 

2SH. H. Lowry, ed., Chemistry o/Coal Utilization. Wiley, New York, 1945, Chap. 4. 
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Urban refuse or municipal solid waste is produced at a rate of about II kg 
(Sib) per person per day, and contains both organic as well as nonorganic materials. 
Combustion of organic waste represents a supplemental source of supply of energy. 
Table 4.9 lists the HHV for typical wastes. If you "watch calories," Table 4.10 
shows the calories in various foods. Table 4.11 indicates some heating values of typ
ical coals. 

TABLE 4.9 Higher Heating Value of Municipal Refuse (kJlkg) 

As Dry As Dry 
Refuse component delivered basis Refuse component delivered basis 

Lawn grass 4,780 19,320 Average 20,050 
Meat scraps, cooked 32,260 32,260 Mail 14,150 14,820 
Newspaper 18,530 19,710 Cardboard 16,370 17,260 
Sbrub cuttings 6,290 20,300 Ripe tree leaves 18,550 20,610 
Vegetable food waste 4,170 19,220 Magazine 12,210 12,730 

TABLE 4.10 Calorie Counts in Various Foods 

Kilo- Kilo-
Food Portion calories Food Portion calories 

Beer 12 oz 165 Orange juice 4 glass 56 
Chicken, broiled 1 308 Soft drink 1 can 73 2 
Coffee I cup 0 Toast 2 pieces 120 
Martini loz 168 Trout 1 Ib 224 

TABLE 4.11 Higher Heating 
-Values-of TypicalToiM -- ------

Class kJ/kg Btu/lb 

Meta-anthracite 26,680 11,480 
Antbracite 33,110 14,250 
Low-volatile 35,370 15,220 

bituminous 
High-volatile 27,790 11,960 

bituminous 
Subituminous 23,330 10,040 
Lignite 17,290 7,440 

EXAMPLE 4.34 Heating Value of Coal 

Coal gasification consists of the chemical transformation of solid coal into gas. The heating 
values of coal differ, but the higher the heating value, the higher the value of the gas produced 
(which is essentially methane, carbon monoxide, hydrogen, etc.). The following coal has a 
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reported heating value of 29.770 kJ/kg as received. Assuming that this is the gross heat=ing 
value, calculate the net heating value. 

Component 

C 
H, 
N, 
Net S 
Ash 
0, 

Total 

Percent 

71.0 
5.6 
1.6 
2.7 
6.1 

13.0 
100.0 

The corrected ultimate analysis shows 5.6% hydrogen on the as-received basis. 

Basis: 100 kg of coal as received 

The water formed on combustion is 

::.5:.:.6:.:k",gc:H:':''-l-..:;lo'-k",g:,.:m;:o:.:I""H;:.z+::.1 CCk".g..::m:::o:.:1 ~H~,.::0+-:-718:...::kg~H::-zO~ = 49.9 kg H,O 
2.02 kg Hz I kg mol H, I kg mol HzO 

The energy required to evaporate the water is 

49.9 kg H,O 2370 kJ 1183 kJ 

100 kg coal kg H,O kg coal 

The D.et heating value is 

29.770 - 1183 = 28.587 kJ/kg 

The value 2370 kJ/kg is not the latent heat of vaporization of water at 25'C (2440 kJ/kg) but 
includes the effect of a change from a heating value at constant volume to one at' constant 
pressure (-70 kJ/kg) as described in a later section of this chapter. 

Use the Dulong formulate to calculate the HHV of this coal. Do you get 30.000 kJ/kg? 

EXAMPLE 4.35 Cakulation of Heat of Reaction from Heat of Combustion Data 

Solution 

Compute the heat of reaction of the following reaction from standard heat of combustion 
data: 

C,H,OH(1) + CH,COOH(i) ~ C,H,OOCCH,(I) + HzO(I) 
ethyl alcohol 

tabulated 
data 

tili~ per g mol at} 
25'C and I atm 

(kJ/g mol) 

acetic acid ethyl acetate 

Basis: I g mol of C,H,OH 

c,H,OH(I) CH,COOH (I). C,H,OOCCH,(l) 

-1366.91 -871;69 -2274.48 

H,O(l) 

o 
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We use Eq. (4.35): 

6.H';,.. = -[(-2274.48) - (-1366.91 - 871.69)] = +35.9 kJ/g mol 

One of the common errors made in these thermochemical calculations is to 
forget that the standard state for heat of combustion calculations is liquid water. and 
that if gaseous water is present, a phase change (the heat of vaporization or heat of 
condensation) must be included in the calculations. Don't you forget! 

With adequate data available you will find it simpler to use only the heats of 
combustion or only the heats of formation in the same algebraic calculation for a 
heat of reaction. Mixing these two sources of enthalpy change data, unless you take 
care, will only lead to error and confusion. Since the heat of combustion values are 
so large, calculations made by subtracting these large values from each other can be 
a source of error. To avoid other major errors, carefully check all signs and make 
sure all equations are not only balanced but are written according to the proper con
ventions. 

Sell-Assessment Test 

1. Calculate the standard heat of reaction for the Sachse process (in which acetylene is made 
by partial combustion of LPG) from heat of combustion data: 

C,H,(l) + 202(g) ---> C2H2(g) + CO(g) + 3H20(1) 

2. Can a standard heat of combustion ever be positive? 
3. A synthetic gas analyzes 6.1 % CO2 , 0.8% C,R., 0.1 % Oi, 26.4% CO, 30.2% H2 , 3.8% 

CR., and 32.6% N,. What is the heating value of the gas measured at 60"F, saturated, 
when the barometer reads 30.0 in. Hg? 

Thought Problem 

1. The boiler efficiency and some data for a boiler are outlined in Problem 4~140: Degraaa=~
tion of performance and economic loss result from poor boiler performance. What are 
some of the steps you might take to improve boiler performance? 

4.7-3 Heat of Reaction at Constant Pressure versus 
Constant Volume 

Your objectives in studying this 
section are to be able to: 

1. Calculate the heat transfer, 0, from a bomb calorimeter (constant vol
ume) or a steady flow calorimeter (constant pressure), Op, from theory 
or experimental data. 

2. Calculate the heat of reaction for either process. 
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Consider the heat of reaction of a substance obtained in a bomb calorimeter, such as 
in a bomb in which the volume is constant but not the pressure. For such a process 
(the system is the material in the bomb), the general energy balance, Eq. (4.24a), 
reduces to (with no work, mass flow, nor kinetic or potential energy effects) 

t;.U = U'2 - U'I = Q, 

Here Q, designates the heat transferred from the bomb. Next, let us assume that the 
heat of reaction is determined in steady-state flow calorimeter with I = entering 
fluid and 2 = exiting fluid, and with W = 0, t;.P = 0, and t;.K = 0. Then if the 
process takes place at constant pressure the general energy balance reduces to 

t;.H = Qp 

Here Qp designates the heat transferred from the flow calorimeter. 
If we subtract Q, from Qp and use H = U + pV, we find that 

Qp - Q, = t;.H - t;.U = t;.H - [t;.(H - pV)] 
(4 .. 37) 

= (H, - HI) - [(H - pV)'I' - (H - pV)'I] 

Suppose, furthermore, that the enthalpy change for the batch, constant-volume proc
ess is made identical to the enthalpy difference between the outlet and inlet in the 
flow process by a suitable adjustment of the temperature of the water baths sur
rounding the calorimeters. Then 

and 
(4.38) 

To evaluate the terms on the right-hand side of Eq. (4.38), we can assume for 
solids and liquids that the t;.( pV) change is negligible and can be ignored. There
fore, the only change which must be taken into account is for gases present as prod
ucts and/or reactants. If, for simplicity, the gases are assumed to be ideal, then at 
constant temperature 

and 

pV = nRT 

t;.(pV) = t;.n RT 

Qp - Q, = t;.n (RT) (4.39) 

Equation (4.39) gives the difference between the heat of reaction for the constant
pressure experiment and the constant-volume experiment. 

EXAMPLE 4.36 Difference between Heat of Reaction at Constant Pressure and at Constant 
Volume 

Find the difference between the heat of reaction at constant pressure and at constant volume 
for Ibe following reaction at 25°C (assuming that it could take place): 

C(s) + 4o,(g) -- CO(g) 
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B:YSf,m 
Bomb 

0" -

Calorimeter 
Figure Et .• 36 

Basis: I mole of C(s) 

Ex.mine Fig. E4.36. The system is the bomb; Q = + when heat is absorbed by the bomb. 
From Eq. (4.39). Qp - Q, = fln(RT). 

dn = 1 -! = +4 
since C is a solid. 

Qp - Q, = ~RT = 0.5[8.314 J/(g moI)(K)](298 K) = 1239 Jig mol 

If the measured heat evolved from the bomb was 111.759 J, 

Qp = Q, + 1239 = -111,759 + 1239 = -110,520 J 

The size of this correction is relatively insignificant compared to either the quantity Qp or Qv' 
In any case, the heat of reaction calculated from the bomb experiment is 

flN = Q, = -1ll,759J 
~", n g mol C(s) 

Since reported heats of reaction are normally for constant-pressure processes, the value of 
-111,759 would not be reported, but instead you would report that 

flN = Qp = -110,521 J 
~"p n g mol C(s) 

Self-Assessment Test 

1. Is Qp always bigger than Q,? Explain. 
2. The Claude ammonia synthesis gas reaction 

CO(g) + 3H,(g) ---> ClL(g) + H,O(I) 

is c.med out in a constant-volume bomb reactor. The molar ratio of H, to CO in the bomb 
at the start is 3 : I. The reaction is complete. The initial and final temperature is 25'C. The 
initial pressure is 4 atm. The volume of the bomb is 1.50 L. 
(8) Calculate the final pressure in the bomb reactor. 
(b) Calculate the heat transfer to or from the reactor-state which. 

Thought Problem 

1. Does the vaporization of a given amount of liquid water at a given temperature require the 
same amount of heat transfer if the process is ~arried out in a closed system versus an open 
system? 
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4.7-4 Incomplete Reactions 

Your objectives in studying this 
section are to be able to: 

1. Calculate the heat of reaction at standard conditions for processes in 
which the reactants are not fed in stoichiometric quantities and the re
action may not go to completion. 

2. Solve simple problems combining both material and energy balances. 

451 

If an incomplete reaction occurs, you should calculate the standard heat of reac
tion only for the products which are actually formed from the reactants that ac
tually react. In other words, only the portion of the reactants that actually undergo 
some change and liberate or absorb some energy are to be considered in calculating 
the overall standard heat of the reaction. If some material passes througb the reactor 
unchanged, it can contribute nothing to the standard heat of reaction calculations 
(however, when the reactants or products are at conditions other than 25°C and 
I atm, whether they react or not, you must include them in the enthalpy calculations 
as explained in Sec. 4.7-5). If s.everal reactions oCCut simultaneously, your material 
balance must reflect what enters the reactor and is produced via the independent re
actions. 

EXAMPLE 4.37 Incomplete Reactions 

Solution 

An iron pyrite ore containing 85.0% FeS, and 15.0% gangue (inert dirt, rock, etc.) is roasted 
with an amount of air equal to 200% excess air according to the reaction 

4FeS, + 110, ----> 2Fe,O, + 8S0, 

in order to produce SO,. All the gangue plus the Fe,O, end up in the solid waste product (cin
der), which analyzes 4.0% FeS,. Determine the standard heat of reaction per kilogram of are. 

The material balance for the problem must be worked out prior to determining the standard 
heat of reaction. 

Steps 1, 2, and 3 The process is a steady-state open system (see Fig. E4.37). You 
calculate the excess air based on the stated reaction as if all the FeS2 reacted to Fez 0 3 even 
though some FeS, does not react. Six unknowns exist (including the N, in P) and five elemen
tal balances can be written; the mass fraction of FeS2 is given, hence the material balance 
problem has a unique solution. The molecular weights are Fe(55.85), F",O,(159.70), and 
FeS,(120.0). 

Step 4 
Basis: 100 kg of pyrite ore 

Steps 5 and 6 Rather than use the stoichiometry to determine generation and con
sumption of compounds, we will use five elemental balances, O2 , N2, S, gangue, and Fe, plus 
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Ore: F 

Fe82 
gangue 
Total 

200% xs Air: A 

Energy Balances 

Product: P 

wt % mol 

85.0 802 X4 
15.0 O2 XS 

'fOO]j N2 XS 

r-'----'~ 

mol% ---., 
Cinder: C 

1----
N2 
0, 
Total 

79.0 
21.0 

100.0 

Figure E4.37 

gangue 
Fe203 
FeS2 
Total 

Chap. 4 

the information about the FeSz to calculate the moles of SOz. Oz. and Nz in the gaseous 
product, and the kg of gangue, Fe20" and FeS, in the cinder. 

Step 3 (Continued) The excess air is 

85.0 
Mol FeS, = 120.0 = 0.7083 kg mol 

Required 0, = 0.7083(11/4) = 1.9479 kg mol 

Excess 0, = 1.9479(2.00) = 3.8958 

Total 0, in = 5.8437 kg mol 

Total N, in = 5.8437(79/21) = 21.983 kg mol 

The element mass balances are 

In Out 

- .. -- .. Gangue (kg): .15'(L ____ =_x\ 

N, (kg mol): 21.983 = x, 

S (kg mol):. 2(85.0/120.0) = x, + (x,/120.0)(2) 

Fe (kg mol): 1(85.0/120.0) = (x,/159.70)2 + (x,/120.0)(l) 

0, (kg mol): 5.8437 = x, + x, + (x,/159.70)(1.5) 

Also, 

The solution of these equations is 

In? In C 

SO, = 1.368 kg mol 

0, = 3.938 

N, = 21.983 

Gangue = 15.0 kg 

Fe,O, = 54.63 '" 0.342 kg mol 

FeS, = 2.90 '" 0.0242 kg mol 
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Next we calculate the standard heat of reaction. The moles of FeSz that react are 
0.7083-0.0242 = 0.684 kg mol. Oxygen and nitrogen have zero values for WJ and the 
gangue does not react. We will use the following tabulated heats of formation (in kJ/g mol) to 
calculate AH':xu: 

Component: 

tlHJ 

FeS,(c) 

-177.9 

O,(g) 

o 
Fe,O,(c) 

-822.156 

SO,(g) 

-296.90 

Two equivalent ways exist to calculate the heat of reaction: 

or 

1. Use the material balance data directly. 
2. Use the stoichiometric equation multiplied by (0.684/4). 

Fe,O, FeS, SO, 
dH;", = 342(-822.156) + 24.2(-177.9) + 1,368(-296.90) 

FeS, 
708.3(-177.90) - -5.656 x 10' kJ 

I:J.H';., = [(~)(684)( -822.156) + m(684)( -296.90)] 

[(684)(-177.9) + C:)(684)(0)] = -5.657 x 10' kJ 

Per kg of ore, 

W= = -5.657 x 10' kJ/100 kg = -5.657 X 10' kJ/kg 

Note that only the moles reacting and produced are involved in computing the heat of reac
tion. The unoxidized FeS2 is not included, nor is the Nz . 

Self-Assessment Test 

1, A dry low-Btu gas with the analysis of CO: 20%, H,: 20% and N,: 60% is burned with 
200% excess dry air which enters at 25'C. If the exit gases leave at 25'C, calculate the 
standard heat of reaction per unit volume of entering gas measured at standard conditions 
(25'C and I atm). 

Thought Problem 

1. Thermal destruction systems have become recognized over the past decade as an increas
ingly desirable alternative to the more traditional methods of disposing of hazardous 
wastes in landfills and injection wells. What are some of the problems in the combustion 
of substances such as methylene chloride, chloroform, trichloroethylene, waste oil, phe
nol, aniline, and hexachloroethane? 



454 Energy Balances Chap. 4 

4.7-5 Energy Balance When the Products and 
Reactants Are Not at 25°C 

Your objectives in studying this 
section are to be able to: 

1. Calculate heats of reaction at other than the standard temperature. 
2. Calculate how much material must be introduced into a system to 

provide a prespecified quantity of heat transfer for the system. 
3. Apply the general energy balance to processes involving reactions. 
4. Determine the temperature of an incoming stream of material given 

the exit stream temperature (when a reaction occurs). 

You no doubt realize that the standard state of 25'C for the heats of formation is only 
by accident the temperature at which the products enter and the reactants leave a 
process. In most instances the temperatures of the materials entering and leaving 
will be higher or lower than 25'C. However. since enthalpies (and hence heats ofre
action) are point functions, you can use Eq. (4.24a) together with Eq. (4.33), 
(4.34), or (4.35), to answer questions about the process being analyzed. Typical 
questions might be: 

(a) What is the heat of reaction at a temperature other than 25'C, but still at 
I atm? 

(b) What is the temperature of an incoming or exit stream? 
(c) What is the temperature of the reaction? 
(d) -How-much -material must be-introduced -to-provide-a· specified-amount-of-heat 

transfer for the system? 

Consider the process illustrated in Fig. 4.16, for which the reaction is 

aA+bB ~ cC+dD 

Nonstoichiometric amounts of reactants and products, respectively, enter and leave 
the system. 

In employing Eq. (4.24a) you should always first choose a reference state at 
which the heats of formation are known. This usually turns out to be 25'C and 
I atm. (If no reaction takes place, the reference state can be an inlet or outlet stream 
temperature.) Then the next step is to calculate the enthalpy changes for each stream 

nA A 
Reactants 

n8 B 

Reactor 
Reaction at T 14 

nc C 
Products 

nD 0 

Figure 4.16 Process with reaction. 
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entering and leaving relative to this reference state. Usually, it proves convenient in 
calculating the enthalpy change to compute the sensible heat changes, the phase 
changes, and the heat of reaction separately, but this arrangement is not essential. 
Any phase changes taking place among the reactants or products not accounted 
for in the heats of formation must be taken into account in applying the general 
energy balance. 

Because enthalpy is a state function, you can choose any path you want to exe
cute the calculations for the overall enthalpy change in a process as long as you start 
and finish at the specified initial and final states, respectively. Figure 4.17 illustrates 
the idea. For example, suppose that the reference state is chosen to be 25°C and 
1 atm, the state for which the t:.HJ's are known. Figure 4.17 indicates that the path 
for the calculation for the reactants is from TA (for A) and TB (for B) to 25°C; next, 
the heats of formation are used to get Mi~" at 25°C and I aim employing A, B, C, 
and D; and finally, the path for t.'1e products goes from 25°C to Tc and TD • In Fig. 
4.17, Tc = TD • Pressure effects can be included along with temperature effects on 
the enthalpy, but we will omit consideration of the effect of pressure except for 
problems in which the enthalpy data are retrieved from tables (such as the steam ta
bles) or data bases. 

Products 
TC 

T 

Figure 4.17 Calculation of enthalpy changes for a process in which a re
action takes place. The solid lines mdicate an arbitrary selection of path 
whereas the dashed lines figuratively indicate the actual path taken by the 
materials-the actual path may not be known in practice. 

We have discussed in earlier sections of this chapter methods that you can 'use 
to determine the sensible heat Mi values for the individual streams: 

(a) Obtain the enthalpy values from a set of published tables (e.g., the steam ta
bles or tables such as in Appendix D). 
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(b) Analytically. graphically, or numerically, find 

AH = IT2 C
p 

tiT 
T, 

Energy Balances Chap. 4 

for each component individually, using the respective heat capacity equations. 
(c) Retrieve values from a data base. 

Let us first demonstrate how to calculate the heat of reaction at a tempera
tnre other than 25°C. By this we mean that stoichiometric quantities of the reac
tants enter and the products leave at the same temperature-a temperature different 
from the standard state of 25°C in stoichiometric quantities. Figure 4.18 illustrates 
the information flow for the calculations corresponding to those associated with Eq. 
(4.33) assuming a steady-state process (AE = 0), no kinetic or potential energy 
changes, and W = O. The general energy balance [Eq. (4.24)] reduces to 

Q = AH = [AHl + A(H - W)]"od"," - [AHJ + A(H - W)]re" .. ot 

or 
sensible 

(4.40) 

in terms of the notation in Fig. 4.18. By definition, Q, as calculated by Eq. (4.40), 
is equal to the "heat of reaction at the temperature T," so that 

AH~"T = AH~"T + AHp - AHR ref (4.41) 

To indicate a simplified way to calculate AHp - AHR, particularly using a computer 
code, suppose that the heat capacity equations are expressed as 

Cp = a + f3T + 1J'2 (4.42) 

Then, to obtain AHp - AHR, we add up the sensible heat enthalpy changes focthe_ 

oA + bB 
at T 

Rea 
T 

ctants 

toHR" J {oCPA + bCp 
Tref 

,IdT 

oA + bB 
at !ref 

oA
T 
bB-

!J.Hrxn at T 

Reaction 

aA + bB-CC + dO 

Reference 
Temperature 

D.Hrxn at Tref 

Q 

cC + dO 
at T 

Produc 

toHp" 

cC + dO 
at Tref 

-cC 
T 

-dO 

ts 
T J {cCPe + dCPaidT 

fref 

Figure 4.18 Heat of reaction at a temperature other than standard condi
tions. 

-----_. __ . - -_._ ... 
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products and subtract those for tbe reactants. Rather than integrate separately. let us 
consolidate like terms as follows. Each heat capacity equation is multiplied by the 
proper number of moles: 

aCPA = a(aA + (3AT + YAT2) 

bCPB = b(aB + (3BT + YBT2) 

cCpc = c(ae + (3cT + yJ2) 

dCPD = deaD + (3DT + YDT2) 

Then we define a new term t.Cp which is equal to 

original expression 

and 

equivalent 
new term 

[(cae + daD) - (aaA + baB)] = t.a 

T[(c{3e + d{3D) - (a{3A + b{3B)] = T t.{3 

T2[(cyC + dYD) - (aYA + bYB)] = T2 t.y 

Simplified. t.Cp can be expressed as 

t.Cp = t.a + t.{3T + t.yT2 

Furthermore, 

t.Hp - t.Ho = f t.Cp dT = f (t.a + t.{3T + t.yT2) dT 
TO TO 

= t.a (T - To) + t.: (T2 - n) + t.; (T' - Tb) 

where we let To = Tref for simplicity. 
If the integration is carried out without definite limits. 

t.Hp - t.HR = J (t.Cp) dT = t.aT + t.: T2 + t.; T' + C 

where C is tbe integration constant. 
Finally. t.H = at the new temperature T is 

t.H=T = t.H=T
O 

+ t.a (T - To) + t.: (T2 - n) + t.; (T' - Tb) 

or 
A _ A A t.{3 2 t.y, 
U.H=T - u.Hn•To + u.aT + 2'T + 3T + C 

(4.43a) 

(4.43b) 

(4.43c) 

(4.43d) 

(4.44) 

(4.45) 

(4.46) 

(4.47) 

(4.48a) 

(4.48b) 

as the case may be. Using Eq. (4.48a) and knowing t.H= at tbe reference tempera
ture To. you can easily calculate t.Hn. at any other temperature. 
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Equation (4.48b) can be consolidated into 

!!.H=r = !!.Ho + !!.aT + !!.:T2 + !!.;T3 (4.49) 

where 

Now. if !!.H= is known at any temperature T, you can calculate !!.Ho as follows: 

!!.Ho = !!.H~nr - !!.a(T) - !!.: (T2) - !!.; T3 (4.50) 

Once you calculate the value of !!.Ho, you can use it to calculate !!.H~n at any other 
temperature. 

Probably the easiest way to compute the necessary enthalpy changes is to use 
enthalpy data obtained directly from published tables or published formulas. Do not 
forget to take into account phase changes, if they take place, in the enthalpy calcula
tions. If there is a phase change in one or more of the streams entering or leaving the 
process, you can conceptually think of the enthalpy changes that take place as 
shown in Fig. 4.17 if the phase difference is not included in !!.H}. For example, if 
the product of combustion is water vapor, use !!.HJ for water vapor, not for liquid 
water. Then the phase change from liquid water at 25°C to water vapor at 25°C auto
matically is taken into account. Otherwise, !!.H of the phase change must be ac
counted for separately by incorporating it into Eq. (4.46). 

EXAMPLE 4.38 Calculation of Heat of Reaction at a Temperature Different from Standard 
Conditions 

Solution 

An inventor thinks he has developed_a neW:J~_ataly-sttl1,tt can makethe_gas-phas_e reaction 

CO2 + 4H2 ---> 2H20 + Clf. 

proceed with 100% conversion. Estimate the heat that must be provided or removed if the 
gases enter and leave at 500°e. 

Figure 4.18 applies. In effect we need to calculate heat of reaction at 500°C from Eq. (4.41) 
or Q in Eq. (4.40). For illustrative purposes we use the technique based on Eqs. (4.49) and 
(4.50). At standard conditions 

Basis: I g mol of CO2 (g) 

Tabulated data CO,(g) H20 (g) CHAg) 

-AHJ(Jlg mol) 393,513 0 241,826 74,848 

AH~n298K = [-74,848 - 2(241,826)] - [4(0) - 393,513] 

= -164,987 Jig mol CO2 
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First we shall calculate /1Cp ; units are (g m~l)(K) 

Cpco, = 26.75 + 42.26 X lO-'T - 14.25 X 1O-6T' 

CpH, = 26.88 + 4.35 X 1O-'T - 0.33 X lo-6T' 

CpH,o = 29.16 + 14.49 X lO-'T - 2.02 X 1O-6T' 

CpCH, = 13.41 + 77.03 X lO-'T - 18.74 X 1O-6T' 

/1" = [1(13.41) + 2(29.16)] - [1(26.75) + 4(26.88)] 

= -62.54 

Tin K 

Tin K 

TinK 

Tin K 

/1{3 = [1(77.03) + 2(14.49)](10-') - [1(42.26) + 4(4.35)](10-') 

= 46.35 X 10-' 

/1y = [1(-18.74) + 2(-2.02)](10-6) - [1(-14.25) + 4(-0.33)](10-6) 

= -7.21 X 10-6 

/1Cp = -62.54 + 46.35 X IO-'T - 7.21 X 1O-6 T' 

Next we find 6.Bo, using as a reference temperature 298 K. 

A_A A /1{3, /1Y3 
",Ho - ",H~"298 - ",,, T - -rT -?;T 

[ 
4635 X 10-' 

= -164,987 - (-62.54)(298) + . 2 (298)' 

+ -7.21
3
X 10-

6 
(298)'] 

= -164,987 + 18,637 - 2058 + 64 = -148,345 Jig mol CO,(g) 

Then, with /1Ho known, the /1H~" at 773 K can be determined. 

/1H~"173K = /1Ho + /1" T + /1: T' + /1; T' 

[ 
4635 X 10-3 

= -148,345 + -62.54(773) + . 2 (773)' 

+ -7.21
3
X 10-

6 
(773)'] 

= -183,950 J = Q 

Hence 183,950 Jig mol CO, must be removed. 

EXAMPLE 4.39 Calculation of Heat of Reaction at a Temperature DilTerent from Standard 
Conditions 
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Repeat the calculation of the preceding example using enthalpy values from Table 4.4 and 
Appendix D. Use linear interpolation in the tables. 
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The heat of reaction at 25°C and I aim from the preceding example is 

, J 
l1Hao'98K = -164,987--

1 gmo 

From Tables D.2 and 4.4b, /!Ji (Jig mol) values are [reference is O°C (273 K»): 

Temp. (0C) 

25 
500 

From Eq. (4.41), 

co, 

912 
22,345 

718 
14,615 

H,O 

837 
17,795 

CI4 

879 
24,014 

= -164,987 + [(1)(24,014 - 879) + (2)(17,795 - 837)] 

-[(1)(22,345 - 912) + (4)(14,615) - 718)] 

kJ 
= -184,957 kg mol CO, 

Chap. 4 

Note that the enthalpies of the products and of the reactants are both based on the reference 
temperature of 25°C. The answer is not quite the same as in Example 4.38 because the heat 
capacity data used there were not quite the same as those used in calculating the 6.H values in 
the tables, and because of the use of linear interpolation in the tables. 

In most processes with reaction, the temperature of the entering materials and 
exit materials is not the same. Such.cases can be represented by an information dia
gram such as Fig. 4.19. Equation (4.40) still applies. Phase changes must still be in
cluded, if applicable, as explained previously. 

EXAMPLE 4.40 Application of the Energy Balance to a Process in which the Temperatures of 

Solution 

the Entering and Exit Streams Differ 

Carbon monoxide at Soop is completely burned at 2 atm pressure with 50% excess air that is 
at 1 OQO°F. The products of combustion leave the combustion chamber at 800°F. Calculate the 
heat evolved from the combustion chamber expressed as British thermal units per pound of 
CO entering. 

Steps 1, 2, and 3 Refer to Fig. E4.40a. A material balance is needed before an en
ergy balance can be made. 

Step 4 

Basis: 1 Ib mol of CO (easier to use than I Ib of CO) 
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Reactants Products 

f1A [}H, = n, Cp dT 
Tref A 

Reaction 
nA1 n8 oA + b8 - cC + dO nCI no 

7;.ef T;ef 

Q 

n, 1A t nc Tc 
A C 

n8 Ta Reactor at T no To 
8 0 

Figure 4.19 Infonnation diagram for the case in which the reactants and 
products are not at the same temperature. 

W=O 

CQ,50°F 1 BOO°F 
P Ib mol 

CO2 ? x, 
20tm 0, ? x, 

50% Excess air, 10000 F Nz '? x, 
0.21 0, 'j 0.79 N, 

Q=? 

COlg) + ~O,lg)- CO,ig) Figure E4.40a 
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Steps 5, 6, and 8 We have three elements, hence can make three independent bal
ances. Because we have three unknown compositions, a unique solution exists, a solution that 
can be obtained by direct addition or subtraction. 

Steps 2 and 3 (Continued) Amount of air entering: 

1 lb mol CO 0.5 lb mol O2 1.5 lb mol O2 used 1 lb mol air . 
I lb mol CO 1.0 lb O2 mol needed 0.21 lb mol O2 = 3.57 lb mol aIr 

composed of 

3.57(0.79) = 2.82 lb mol N2 

3.57(0.21) = 0.750 Ib mol O2 

Steps 7, 8, and 9 The element balances are 
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In Out 

C I Xl CO2 

N, 2.82 X3 N2 

Ch 1(0.5) + 0.750 = Xl + X, = I + X, O2 

Steps 3a and 3b The general energy balance 

AE = -a[(Jl + P + K)m] + Q - W 

reduces to Q = aH. Why? Only Q is unknown. 

In P (lb mol) 

I 

2.82 

0.250 

Chap. 4 

Steps 8 and 9 (Continued) Enthalpy data have been taken from Table 4.3. The heat 
of reaction at 25°C (77°F) and I aim from Example 4.31 after conversion of units is 
-121.672 Btu/lb mol of CO. We can assume that the slightly higher pressure than SC of 
2 atm has no effect on the heat of reaction or the enthalpy values. Figure E4.40b shows the 
sensible heat (enthalpy) values for the entering and exiting materials. 

(a) 

(b) 

Temp. CF) 

50 
77 

800 
1000 

aiI (Btu/lb mol; reference is 32°F) 

CO Air O2 N2 

125.2 
313.3 312.7 315.1 313.2 

5690 5443 
6984 

sensible 

Q = AHu,n77'P +' Il.HproduClS - AHreactallts 

aiI~"77"F = -121,672 Btu/lb mol 

AH~duW. == AHsO<iF -- I:l.Hi7·F--- -

CP2 ~2 

CO2 

392.2 
8026 

d (1)(8026 - 392.2)' + (2.82)(5443 - 313.2)' 
Q, 

+' (0.25)(5690 - 315.1) , 

= 7634 + 14,466 + 1344 

= 23,444 Btu/lb mol 
air C9 

(c) AHreactants d AHuxXY'F ~ AHn•p '+ Il.Hso"F - 6.H77"F 

(d) 

= (3.57)(6984 - 312.7) + (1)(125.2 - 313.3) 

= 23,817 - 188.1 = 23,628 Btu/lb mol 

Q = -121,672 + 23,444 - 23,628 

= -121,856 Btu/lb mol 

-121,856 Btu lib mol CO = -4352 B lib CO 
I Ib mol CO 28 Ib CO tu 
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6H 

Entering 
Materials 

1000' F 

Leaving ~aterials 
----- ----- ,...-~--, 800' F 

6HN, 6Ho, 6Hco, 

JJ~!!co ______________________ ~~~e~nce Temperature 77° F 

Figure E4.40b 

Self-Assessment Test 

1. Calculate the heat of reaction at 1000 K and 1 aim for the reaction 

H,(g) + l O,(g) ~ H,O(g) 
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2. Methane is burned in a furnace with 100% excess dry air to generate steam in a boiler. 
Both the air and the methane enter the combustion chamber at 500'F and I atm, and the 
products leave the furnace at 2000'F and I atm. If the effluent gases contain only CO" 
H,O, 0" and N" calculate the amount of heat absorbed by the water to make steam per 
pound of methane burned. 

3. A mixture of metallic aluminurn and Fe,O, can be used for high-temperature welding. 
Two pieces of steel are placed end to end and the powdered mixture is applied and ignited. 
If the temperature desired is 3000'F and the heat loss is 20% of (1lil~"25'C + Ililprod -
Ililreoct) by radiation, what weight in pounds of the mixture (u.sed in the molecular propor
tions of 2Al + IFe,O,) must be used to produce this temperature in I Ib of steel to be 
welded? Assume that the starting temperature is 65'F. 

Data 

Fe and steel 
AhO, 

2AI + Fe,O, ~ AhO, + 2Fe 

Cp• solid 
[Btu/(Ib)('F)] 

0.12 
0.20 

Heat of fusion 
(Btu/lb) 

86.5 

Thought Problem 

Melting 
point ('F) 

2800 

Cp , Liquid 
[8tu/(Ib)('F)] 

0.25 

1. Many different opinions have been expressed as to whether gasohol is a feasible fuel for 
motor vehicles. An important economic question is: Does 10% grain-based-alcohol-in
gasoline gasohol produce positive net energy? Examine the details of the energy inputs 
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and outputs, including agriculture (transport, fertilizer, etc.), ethanol processing (fermen
tation, distilling. drying, etc.), petroleum processing and distribution, and the use of by
products (corncobs, stalks, mash, etc.). Ignore taxes and tax credits, and assume that eco
nomical processing takes place. 

4.7-6 Temperature of a Reaction 

Your objectives in studying this 
section are to be able to: 

1. Calculate the temperature of an entering or exiting steam of a process 
given all the other necessary information to obtain a unique solution. 

2. Calculate the adiabatic reaction temperature. 

We are now equipped to determine what is called the adiabatic reactian tempera
ture. This is the temperature obtained inside the process when (1) the reaction is 
carried out under adiabatic conditions. that is. there is no heat interchange between 
the container in which the reaction is taking place and the surroundings; and (2) 
when there are no other effects present, such as electrical effects, work, ionization, 
free radical formation, and so on. In calculations of flame temperatures for combus
tion reactions, the adiabatic reaction temperature assumes complete combustion. 
Equilibrium considerations may dictate less than complete combustion for an actual 
case. For example, the adiabatic flame temperature for the combustion of ClL, with 
theoretical air has been calculated to be 201OoC; allowing for incomplete combus
tion, it would be 1920°C. The actual temperature when measured is 1885°C. 

The adiabatic reaction temperature tells us the temperature ceiling of a process. 
"" We-cau"do-no beffer~]jjjtofcbUfse-the-actiJalterrrperature-may"be-less:-The-adiabatic 

reaction temperature helps us select the types of materials that must be specified for 
the container in which the reaction is taking place. Chemical combustion with air 
produces gases at a maximum temperature of 2500 K which can be increased to 
3000 K with the use of oxygen and more exotic oxidants, and even this value can be 
exceeded although handling and safety problems are severe. Applications of such hot 
gases lie in the preparation of new materials, micromachining, welding using laser 
beams, and the direct generation of electricity using ionized gases as the driving 
fluid. 

To calculate the adiabatic reaction temperature, you assume that all the 
energy liberated from the reaction at the reference temperature plus that 
brought in by the entering stream (relative to the same base temperature) is 
available to raise the temperature of the prodncts. We assume that the products 
leave at the temperature of the reaction, and thus if you know the temperature of the 
products, you automatically know the temperature of the reaction. In effect, for this 
adiabatic process we can apply Eq. (4.40). 
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Since no heat escapes and the energy available is allowed only to increase the 
enthalpy of the products of the reaction, we have 

sensible IlHprOducts = I sensible AHreactants - IlHrxn I 

"energy pool" 

(4.51) 

Any phase changes that take place and are not accounted for in the heats of 
formation must be incorporated into the "energy pool." Because of the character of 
the information available, the determination of the adiabatic reaction temperature or 
flame temperature may involve a trial-and-error solution; hence the iterative solution 
of adiabatic flame temperature problems is often carried out on a computer. 

.EXAMPLE 4.41 Adiabatic Flame Temperature 

Solution 

Calculate the theoretical flame temperature for CO gas burned at constant pressure with 
100% excess air, when the reactants enter at 100°C. 

The solution presentation will be abbreviated to save space. The system is shown in Fig. 
E4.41. We will use Table 4.4 for the data. 

CO(g) + 40,(g) ---' CO,(g) 
Basis: 1 g mol of CO(g); ref. temp. 25°C 

co . co2:? 
__ l!.Q!oonoc'1--I....!.T:.:.:-?~ 

Air 

Reactor N2:? 
JOO°C . 0z:? 

O2: 0.21 
N2 : 0.79 

Material balance: 

Entering reactants 

Figure E4.41 

Exit products 

Component g mol Component g mol 

CO(g) 1.00 CO,(g) 1.00 
O,(req.) 0.50 O,(g) 0.50 
O,(xs) 0.50 N,(g) 3.76 
O,(total) 1.00 
N, 3.76 
Air 4.76 

From Example 4.31, Min' at 25°C = -282,990 Jig mol CO. Then, to fill in Eq. (4.51), 
AH reactants: 



1 __ -

466 

Component 

CO(g) 
Air 

Moles 

1.00 
4.76 

Energy Balances 

Reactants (IOO'C. 373 K) 

Ilil (JIg mol) AB(J) 

2913 - 728 2,185 
2910 - 726 10,396 

'EIlilR ~ 12,581 

I>Hprod,," ~ 12,581 + 282,990 ~ 295,571 J 

Chap. 4 

To find the temperature which yields a I>Hprod.," of295,571 J, the simplest procedure is 
to assume various values of the exit temperature of the products until the 'E I>Hp ~ 295,571. 

Assume that TFT (theoretical flame temperature) ~ 2000 K. 

Component 

co, 
0, 
N, 

Moles 

1.00 
0.50 
3.76 

Ilil (Jig mol) AB(J) 

(92,466 - 912) 91,554 
(59,914 - 732) 29,591 
(56,902 - 728) 211,214 

'E Ililp ~ 332,359 

Assume that TFT ~ 1750 K. 

Component 

co, 
0, 
N, 

Moles 

1.00 
0.50 
3.76 

Ilil (Jig mol) AB(J) 

(77,455 - 912) 76,543 
(50,555 - 732) 24,912 
(47,940 - 728) 177,517 

- - -- - 'Ellilp-~.278,972--

Make a linear interpolation: 

TFT ~ 1750 + 295,571 - 278,972(250) ~ 1750 + 78 
332,359 - 278,972 

~ 1828 <:> 1555°C 

If we use heat capacity equations to calculate the "sensible heats," we can obtain an an
alytic relation to be solved for the flame temperature as follows [Cp values are in J/(g mol)(K) 
and are good to ± 1.5% up to 1500 K]; T is in K: 

For the products 

Cpo, ~ 25.59 + 13.25 x IO-'T - 4.20 x 1O-6T' 

CpN, = 27.02 + 5.81 x IO-'T - 0.29 x 1O-6T' 

CpCOz ~ 26.75 + 42.26 x IO-'T - 14.25 x 1O-6T' 

I>Hprod.ou ~ I J,T (26.75 + 42.26 x IO-'T - 14.25 x 1O-6T') tIl' 
'98 
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+ 0.5 I" (25.59 + 13.25 x 1O-'T - 4.20 x 1O-'T2
) dT 

)298 

+ 3.761T (27.02 + 5.81 X 1O-'T - 0.29 X 1O-'T2
) dT 

298 

295,571 = 141.l4T + 35.37 X 1O-'T2 
- 5.81 X 1O-'T' - 45,047 

the solution to which is (by Newton's method starting at T = 2000 K) 

T = 1828 K 

Self-Assessment Test 

467 

1. Calculate the theoretical flame temperature when hydrogen burns with 400% excess dry 
air at 1 atm. The reactants enter at lOOoe. 

Thought Problems 

1. Would burning a fuel with oxygen or with air yield a higher adiabatic flame temperature? 
2. A recent news article said: 

Two workers were killed and 45 others hurt when a blast at the ~ __ ~ __ 
refinery shook a neighborhood and shot flames 500 feet into the air. Hydrogen from a 
"cracker unit" that separates crude oil into such products as gasoline and diesel fuel 
burned at temperatures from 4,000 to 5,000 degrees in the 9:50 A.M. accident at the 
refinery. The fire was put out about an hour later. 

Is the temperature cited reasonable? 

4.8 HEATS OF SOLUTION AND MIXING 

4.8-1 Enthalpy Changes for Mixtures 

Your objectives in studying this 
section are to be able to: 

1. Distinguish between ideal solutions and real solutions. 
2. Calculate the heat of mixing, or the heat of dissolution, at standard 

conditions given the moles of the materials forming the mixture. 
3. Calculate the standard integral heat of solution. 
4. Define the standard integral heat of solution at infinite dilution. 
S. Apply the energy balance to problems in which the heat of mixing is 

significant. 
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So far in our energy calculations, we have been considering each substance to be a 
completely pure and separate material. The physical properties of an ideal solution 
or mixture may be computed from the sum of the properties in question for the indi
vidual components. For gases, mole fractions can be used as weighting values, or, 
alternatively, each component can be considered to be independent of the others. In 
most instances so far in this book we have used the latter procedure. Using the for
mer technique, as we did in a few instances, we could write down, for the heat ca
pacity of an ideal mixture, 

Cprnixture = XACPA + XBCPB + xcCpc + .. 
or, for the enthalpy, 

I:!.Hmi,,",, = xAI:!.HA + xBI:!.HB + xcl:!.Hc + 

These equations are applicable to ideal mixtures only. 

(4.52) 

(4.53) 

When two or more pure substances are mixed to form a gas or liquid solution, 
we frequently find heat is absorbed or evolved from the system upon mixing. Such a 
solution would be called a "real" solution. Per mole of solute 

.6.H~na1SOlution - LlHfnitial components = .6.H~i:dng (4.54) 

The heat of mixing (I:!.H~,;",,) (i.e, the enthaply change on mixing) has to be deter
mined experimentally, but can be retrieved from tabulated experimental (smoothed) 
results, once such data are available. This type of energy change has been given the 
formal name heat of solution when one substance dissolves in another; and there is 
also the negative of the heat of solution, the heat of dissolution, for a substance that 
separates from a solution. 

Tabulated data for heats of solution appear in Table 4.12 in terms of energy per 
mole of solute for consecutively added quantities of solvent to the solute; the gram 
mole refers to the gram mole of solute. Heats of solution are somewhat similar to 

------heats-of-reaction-in-thatan-energy change takes place because ofdiff~!"l'!lces in the_ 
forces of attraction of the solvent and solute molecules. Of course, these energy 
changes are much smaller than those we find accompanying the breaking and 
combining of chemical bonds. Heats of solution are conveniently treated in exactly 
the same way as are the heats of reaction in the energy balance. 

The solution process can be represented by an equation such as the following: 

HCI(g) + 5H20 ----,> HCI· 5H2 0 

or 

HCl(g) + 5H20 ----,> HCI(5H20) 

Ml';,ln = -64,047 Jig mol HCI(g) 

The expression HCI(5H20) means that 1 mole of HCI has been dissolved in 5 moles 
of water, and the enthalpy change for the process is -64,047 Jig mol of HCI. Table 
4.12 shows the heat of solution for various cumulative numbers of moles of water 
added to 1 mole of HC!. 

The standard integral heat of solution is the cumulative I:!.H~Oln as shown in 
the next to last column for the indicated number of molecules of water. As succes-
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TABLE 4.12 Heat of Solution of HCl' (at 25'C and 1 atm) 

-aH° for each Integral heat Heat of 
Total moles incremental step of solution: formation 

H20 added to (Jig mol Hel) cumulative -tilij 
Composition 1 mole Hel = -M~ilution -tili' (Jig mol Hel) (Jig mol Hel) 

HCl(g) 0 92,311 
HCl'lH,O(aq) 1 26,225 26,225 118,536 
HCl'2H,O(aq) 2 22,593 48,818 141,129 
HCl'3H,O(aq) 3 8,033 56,851 149,161 
HCl·4H,O(aq) 4 4,351 61,202 153,513 
HCI'5H,O(aq) 5 2,845 64,047 156,358 
HCl·8H,O(aq) 8 4,184 68,231 160,542 
HCI'IOH,O(aq) 10 1,255 69,486 161,797 
HCl'15H,O(aq) 15 1,503 70,989 163,300 
HCl'25H,O(aq) 25 1,276 72,265 164,576 
HCl'50H,O(aq) 50 1,013 73,278 165,589 
HCHOOH,O(aq) 100 569 73,847 166,158 
HCl'200H,O(aq) 200 356 74,203 166,514 
HCl·500H,O(aq) 500 318 74,521 166,832 
HCl'1000H,O(aq) 1,000 163 74,684 166,995 
HCI'50,000H,O(aq) 50,000 146 75,077 167,388 
HCl,ooH,O 67 75,144 167,455 

'To convert to calig mol multiply by 0.2390. 
SOURCE: National Bureau of Standards Circular 500, U.S. Govermnent Printing Office, Washington, 
D.C., 1952. 

sive increments of water are added to the mole of Hel, the cumulative heat of solu
tion (the integral heat of solution) increases, but the incremental enthalpy change 
decreases as shown in Table 4.12. Note that both the reactants and products have to 
be at standard conditions. The heat of dissolution would be just the negative of these 
values. The integral heat of the solution is plotted in Fig. 4.20, and you can see that 
an asymptotic value is approached as the solution becomes more and more dilute. At 
infinite dilution this value is called the standard integral heat of solution at infinite 
dilution and is -75,144 Jig mol of He!. What can you conclude about the reference 
state for the heat of solution of pure Hel from Fig. 4.20? In Appendix H are other 
tables presenting standard integral heat of solution data and the heats of formation of 

-6Hs~lution 

75,144 

Jig mole 

o 

---------------

HCl'n H20 
Figure 4.20 Integral heat of solu
tion of Hel in water. 
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solutions. Since the energy changes for heats of solution are point functions, you can 
easily look up any two concentrations of HCI and find the energy change caused by 
adding or subtracting water. For example, if you mix I mole of HCI·15 H20 and 
I mole of HCI'5H20, you obtain 2 moles of HCHOH20, and the total enthalpy 
change at 25°C is 

!!.W = [2(-69,486)] - [1(-70,989) + 1(-64,047)] 

= -3936 J 

You would have to remove 3936 J to keep the temperature of the final mixture at 
25°C. 

To calculate the standard heat of formation of a solute in solution, you proceed 
as follows. What is the standard heat of formation of I g mol of HCI in 5 g mol of 
H20? We treat the solution process in an identical fashion to a chemical reaction: 

r H2(g) + rCI,(g) 

HCI(g) + 5H20 

Jig mol 

= HCI(g) A: !!.I'll = -92,311 

= HCI(5H20) ",B:....: _-=!!.",H",,' ~""Oln,-= __ -...::6:..:.4z..::,0...:..:.47 

rH2(g) + l:CI,(g) + 5H20 = HCI(5H,O) A + B: !!.IIJ = -156,358 

It is important to remember that the heat of formation of H20 itself does not enter 
into the calculation. The heat of formation of HCl in an infinitely dilute solution is 

!!.HJ = -92,311 - 75,144 = -167,455 kJ/g mol 

Another type of heat of solution which is occasionally encountered is the par
tial molal heat of solution. Information about this thermodynamic property can be 
found in most standard thermodynamic texts or in books on thermochemistry, but 
we do not have the space to discuss it here. 

One poinrof-special-importance-concernnhe-formation-of-watedn-a-chemical
reaction. When water participates in a chemical reaction in solution as a reactant or 
product of the reaction, you must include the heat of formation of the water as well 
as the heat of solution in the energy balance. Thus, if I mole of HCI reacts with I 
mole of sodium hydroxide to form water and the reaction is carried out in only 2 
moles of water to start with, it is apparent that you will have 3 moles of water at the 
end of the process. Not only do you have to take into account the heat of reaction 
when the water is formed, but there is also a heat of solution contribution. If gaseous 
HCI reacts with crystalline sodium hydroxide and the product is I mole of gaseous 
water vapor, you could employ the energy balance without worrying about the heat 
of solution effect. 

EXAMPLE 4.42 Application of Heat of Solution Data 

Hydrochloric acid is an important industrial chemical. To make aqueous solutions of it of 
commercial grade (known as muriatic acid), purified HCI(g) is absorbed in water in a tanta
lum absorber in a continuous process. How much heat must be removed from the absorber 
per 100 kg of product if hot HCI(g) at 120°C is fed into water in the absorber as shown in 
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Cooling Water Out-

1.=;=:'--- Feed Water 25° C 

DoOOO 

Product Hel (aq) 
25% 35° C 

--- Cooling Water In 
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Figure E4.42 

Fig. E4.42? The feed water can be assumed to be at 25'C, and the exit product HCI(aq) is 
25% HCI (by weight) at 35'C. 

Steps 1, 2, and 3 We need to add to the figure enthalpy data which are easiest to get 
per mole of HCI. Consequently, we will first convert the product into moles of HCI and 
moles of H20. 

Component 

HCI 
H20 

Total 

kg 

25 
75 

100 

Mol. wt. 

36.37 
18.02 

kg mol 

0.685 
4.163 
4.848 

The mole ratio of H2 0 to HCI is 4.163/0.685 = 6.077. 

Mole fraction 

0.141 
0.859 
1.000 

Step 4 The system will be the HCI and water (not including the cooling water). 

Basis: 100 kg of product 

Ref. temperature: 25'C 

Steps 5 and 6 Equation (4.40) can be used to calculate Q = I!.H, and both the initial 
and final enthalpies of all the streams are known or can be calculated directly, hence the 
problem has a unique solution. The kg and moles of HCI in and out, and the water in and out, 
have been calculated above. 

Step 3 (Continued) The enthalpy values for the streams are [Cp for the HCI(g) is 
from Table E.I; Cp for the product is approximately 2.7 J/(g)('C)]: 
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Stream 

Feed H20 0 

HCI(g) 685 (120 Cp If[' = 685(2747) = 1.883 X 10' J 
J25 

HCI(aq) 10' I' Cp If[' = 2.7 X 10' J 

By interpolation, the heat of solution data from Table 4.12 give 

.6.H~olutioll = -65,442 JIg mol He} 

MI:olotioo = (-65,442)(685) = -4.4828. x 10' J 
Steps 7, 8, and 9 

Q = !1H = .6.HfinalProducls - fl.Henlerlngfeeds + .6.H~olulion 
= 2.7 X 10' - 1.883 X 10' + (-4.4828 X 10') 

= -4.4 x 10' J 

The negative value of Q means heat is removed from the system. 

Self·Assessment Test 

1. Is a gas mixture an ideal solution? 

Chap. 4 

2. Give (a) two examples of exothermic mixing of two liquids and (b) two examples of en
dothermic mixing based on your experience. 

3. (a) What is the reference state for H20 in the table for the heat of solution of HCI? 
(b) What is the value of the enthalpy of H20 in the reference state? 

4. Use the heat of solution data in Appendix H to determine the heat transferred per mole of 
entering-solution-into or out of (state which)-a process;n -which -2 g mol-of-a 50 mole--%
solution of sulfuric acid at 25°C is mixed with water at 25°C to produce a solution at 25°C 
containing a mole ratio of IOH20 to !H2S04. 

5 •. Calculate the heat that must be added or removed per ton of 50 wt % H2S04 produced by 
the process shown. 

400o~.-------, 

Catalytic 
converter 

.-------,IIO°C 

Cooler 

o Water 
65°F 

Thought Problems 

84.3% N2 
11.2%02 
4.5% HeO 

5Qwt % 
H2S04 
BO°F 

1. A tanker truck of hydrochloric acid was inadvertently unloaded into a large storage tank 
used for sulfuric acid. After about one-half of the 3000-gal load had been discharged, a 
violent explosion occurred, breaking the inlet and outlet lines and buckling the tank. 

What might be the cause of the explosion? 
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2. A concentrated solution (73%) of sodium hydroxide was stored in a vessel. Under normal 
operations. solution was forced out by air pressure as needed. 'When application of air 
pressure did not work, apparently due to solidification of the caustic solution, water was 
poured through a manhole to dilute the caustic and free up the pressure line. An explosion 
took place and splashed caustic out of the manhole 15 ft into the air. 

What caused the incident? 

4.8-2 Enthalpy-Concentration Charts 

Your objectives in studying this 
section are to be able to: 

1. Prepare an enthalpy-concentration chart for a binary mixture given 
the enthalpy or heat capacity data for the pure components, the heat 
capacity data for mixtures at various concentrations, and the neces
sary heats of mixing at va"rious concentrations. 

2. Use the enthalpy-concentration chart in solving material and energy 
balances. 

A convenient way to represent enthalpy data for binary solutions "is via an en
thalpy-concentration diagram. Enthalpy-concentration diagrams (H-x) are plots of 
specific enthalpy versus concentration (usually weight or mole fraction) with temper
ature as a parameter. Figure 4.21 illustrates one such plot. If available,'· such charts 
are useful in making combined material and energy balances calculations in distilla
tion, crystallization, and all sorts of mixing and separation problems. You will find a 
few examples of enthalpy-concentration charts in Appendix 1. 

According to the phase rule F = C - 'lP + 2, hence in the single-phase re
gion for a two-component system (with no reaction), C = 2, 'lP = I, and 
F = 2 - 1 + 2 = 3. The enthalpy~concentration chart is for a fixed pressure; 
hence the state of the system is determined by specifying two of the following inten-
sive variables: T, I1H, or w (or x or y). " 

At some time in your career. you may find you have to make numerous repeti
tive material and energy balance calculations on a given binary system and would 
like to use an enthalpy-concentration chart for the system, but you cannot find one in 
the literature or in your files. How do you go about constructing such a chart? 

26 For a literature survey as of 1957, see Robert Lemlich, Chad Gottschlich, and Ronald Hoke, 
Chem. Eng. Data Ser .. v. 2, p. 32 (1957), Additional references: for CC4, see M. M. Krishnaiah et aI., 
J. Chern. Eng. Data, v. 10, p. 117 (1965); for EtOH-EtAc, see Robert Lemlich, Chad Gottschlich, and 
Ronald Hoke, Br. Chern. Eng., v. 10, p. 703 (1965); for methanol-toluene, see C. A. Plank and D. E. 
Burke; Hydrocarbon Process., v. 45, no. 8, p. 167 (1966); for acetone-isopropanol, see S. N. Bala
subramanian, Br. Chern. Eng., v. 11, p. 1540 (1966); for alcohol-aromatic systems, see C. C. Reddy 
and P. S. Murti, Br. Chern. Eng., v. 12, p. 1231 (1967); for acetonitrile-water-ethanol, see Reddy and 
Murti, ibid., v. 13, p. 1443 (1968); for alcohol-aliphatics, see Reddy and Murti, ibid., v. 16, p. 1036 
(1971); and for H2S04 , see D. D. Huxtable and D. R. Poole, Proc. Int. Solar Energy Soc., Winnipeg, 
August 15, 1976, v. 8, p. 178 (1977). 
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Figure 4.21 Enthalpy concentra
tion chart for n-butane-n-heptane at 
100 psia. Curve DFHC is the satu
rated vapor; curve BEGA is the sat
urated liquid. The dashed lines are 
equilibrium tie lines connecting y 
and x at the same temperature. 

As usual, the first thing to do is choose a basis-some given amount of the 
mixture, usually lib (or kg) or lib mole (or kg mol). Then choose a reference tem
perature (!l1Io ~ 0 at To) for the enthalpy calculations. Assuming that 1 lb is the ba
sis, you then write an energy balance for solutions of various compositions at various 
temperatures: 

_(<I~5) 

where !!.Rmi,,,,,, = enthalpy of 1 lb of the mixture 
!!.RA , !!.R. = enthalpies of the pure components per pound relative to the 

reference temperature (the reference temperature does not have to 
be the same for A as for B) 

!!.Rmi<i" = heat of mixing (solution) per pound at the temperature of the 
given calculation 

w = mass fraction 

In the common case where the !!.Rmi'i', is known only at one temperature (usually 
77°F), a modified procedure as discussed below would have to be followed to calcu
late the enthalpy of the mixture. 

The choice of the reference temperatures for A and B locates the zero enthalpy 
datum on each side of the diagram (see Fig. 4.22). From enthalpy tables such as the 
steam tables, or by finding 
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Pressure:: Constant 
Pure A Pure B 
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o 

J 

o 

__ T,5 ------1iT7)---
_-~4-----

Dew point locUS K 

/' 
N /' 

L /' /' 
~ /' 

""H8 
(Btu/lbi 

Bubble point LOc~_ T.
5
..--........... / 

- H 

6H80t 
B T ~ 77' F --____ --T, 

T, G 
r, F 

D E 

Reference point 
for A at TOA 

W :: Weight fraction B 

~ 
Reference 
point for 
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o 

Figure 4.22 Enthalpy--<:oncentra
tion diagram. 

you can find ;:"i'IA at 77°P and similarly obtain ;:"B. at 77°P for the pure substances. 
Now you have located points A and B. If one of the components is water, it is advis
able to choose 32°P as To because then you can use the steam tables as a source of 
data. 

Now that you have ;:"i'IA and ;:"i'I. at 77°P (or any other temperature at which 
;:"i'Imix"g is known), you can calculate Mm"ture at 77°P by Eq. (4.55). For various 
mixtures such as 10% B, and 90% A., 20% B, and 80% A., and so on, plot the cal
culated ;:"i'Imixture as shown by the points C, D, E, and so on, in Fig. 4.22, and con
nect these points with a continuous line. 

You can calculate ;:"i'Iml,<ure at any other temperature T, once this 77°F isotherm 
has been constructed, by again calculating an enthalpy change as follows: 

IlHnUxtureatanYT = ilHmixtureat77"F + (T Cpw dt J770 F 

(4.56) 

where Cpw is the heat capacity of the solution at concentration w. These heat capac
ities must be determined experimentally, although in a pinch they might be esti
mated. Points F, G, H, and so on, can be determined in this way for a given compo
sition, and then additional like calculations at other fixed concentrations will give 
you enough points so that all isotherms can be drawn up to the bubble-point line for 
the mixture at the pressure for which the chart is being constructed. 

To include the vapor region on the enthalpy concentration chart, you need to 
know: 
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(a) The heat of vaporization of the pure components (to get points J and K) 
(b) The composition of the vapor in equilibrium with a given composition of liquid 

(to get the tie lines L-M. N-O, etc.) 
(c) The dew point temperatures of the vapor (to get the isotherms in the vapor re

gion) 
(d) The heats of mixing in the vapor region, usually negligible [to fix the points M, 

0, etc., by means of Eq. (4.55)] (Alternatively, the heat of vaporization of a 
given composition could be used to fix points M, 0, etc.) 

The use of enthalpy-concentration diagrams for combination material-energy 
balance problems will now be illustrated. 

EXAMPLE 4.43 Application of the Enthalpy-Concentration Chart 

Solution 

One hundred pounds of a 73% NaOH solution at 350°F is to be diluted to give a 10% solution 
at gO°F. How many pounds of water at 80°F and ice at 32°P are required if there is no exter
nal source of cooling available? See Fig. E4.43. Use the steam tables and the NaOH-H20 
enthalpy-concentration chart in Appendix I as your source of data. (The reference conditions 
for the latter chart are AH = 0 at 32°F for liquid water and AH = 0 for an infinitely dilute 
solution of NaOH, with pure caustic having an enthalpy at 68°F of 455 Btu/lb above this da
tum.) 

Figure E4.43 

The data required to make a material and an energy balance are as follows: 

From Appendix I 

NaOH 
cone. Temp. (OF) AH (Btu/lb) From the steam tables 

73 350 468 Ail of liquid H2O 
= 48 Btu/lb 

10 80 42 Ail of ice = -143 Btullb 
(i.e., minus the heat 
of fusion) 
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We can make a material balance first. Assume a steady state adiabatic flow process occurs. 

Basis: 100 Ib of 73% NaOH at 350°F 

NaOH balance: 100(0.73) = P(O.IO) 

Total balance: 100 + W + I = P = 730 
Hence water plus ice added = 730 - 100 = 630 lb. 

hence P = 730 Ib 

Next we make an energy balance; the process is steady state, so that 

IlHoverall = 0 or AHin = I1Hout 

To differentiate between the ice and the liquid water added. let us designate the ice as lIb, 
and then the H20 becomes (630 - I) Ib: 

In 

73% NaOH solution H2 0 ice 
~---"-.,..--~ 

_IO--,O....:lb,,-+....:4.::,68:.,B::.t:=u' +' (630 - I)lb 148 Btu '+ ·I:.,I"'b-+----=.14.:.:3....:B:..:t.::U 
lli lli lli 

46,800 + 30,240 - 19][ = 30,660 

I = 243 Ib ice at 32°F 

liquid H20 at 80°F = 387 Ib 

Out 

10% NaOH solution 

730lb 42 Btu 
Ib 

EXAMPLE 4.44 Application of the Enthalpy-Concentration Chart 

Solution 

Six hundred pounds of 10% NaOH per hour at 200°F are added to 400 Ib/hr of 50% NaOH at 
the boiling point. Calculate the following: 

(a) The final temperature of the exit solution 
(b) The final concentration of the exit solution 
(c) The pounds of water evaporated per hour during the process 

Basis: 1000 Ib of final solution = I hr 

Use the same NaOH-H20 enthalpy-concentration chart as in Example 4.43 to obtain the en
thalpy data. We can write the following material balance: 

Component 10% solution + 50% solution = Final solution 

NaOH 

H20 

Total 

60 

540 

600 

200 

200 

400 

Next, the energy (enthalpy) balance (in Btu) is 

Data: 

10% solution 

Alf(Btu/lb): 152 

260 

740 

1000 

50% solution 

290 

wt% 

26 

74 

100 
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10% solution 

600(152) 

91,200 

+ 

+ 

50% solution 

400(290) 

116,000 

Energy Ba lances 

Final solution 

I!.H 

207,200 

Chap. 4 

Note that the enthalpy of 50% solution at its boiling point is taken from the bubble-point 
curve at w = 0.50. The enthalpy per pound is 

207,200 Btu = 207 B lb 
1000lb tul 

On the enthalpy-concentration chart for NaOH-H20, for a 26% NaOH solution with an en
thalpy of 207 Btu/lb, you would find that only a two-phase mixture of (I) saturated H20 va
por and (2) NaOH-H2 0 solution at the boiling point could exist. To get the fraction H2 0 va
por, we have to make an additional energy (enthalpy) balance. By interpolation, draw the tie 
line through the point x = 0.26, H = 207 (make it parallel to the 220' and 250'F tie lines). 
The final temperature appears from Fig. E4.44 to be 232'F; the enthalpy of the liquid at the 
bubble point is about 175 Btu/lb. The enthalpy of the saturated water vapor (no NaOH is in 
the vapor phase) from the steam tables at 232'F is 1158 Btu/lb. Let x = lb of H2 0 evapo
rated. 

t 
~!i 

(Bfu/lb) 

Basis: looOlb of final solution 

x(1158) + (1000 - x)175 = 1000(207.2) 

x = 32.6 lb of H20 evaporated/hr 

Interpolated Tie Line 

~!i"207~====~~==~ 
~!i" 175 ~=::::.±:';:;:,~S--=-Finol temperature of the 

solution: 232°F 

x---

EXAMPLE 4.45 Nonadiabatic Equilibrium Vaporization 

Figure E4.44 

Enthalpy-concentration charts help make vaporization problems easy to solve. According to 
the phase rule F = C - C!J + 2, and for a binary mixture of two phases without reaction, 
C = 2, rg> = 2, and F = 2. If the pressure is fixed at some value, only one more intensive 
needs to be specified to fix completely the state and other properties of the system. In vapor
ization, suppose that you continuously feed a vapor-liquid mixture of known composition and 
temperature to a flash drum, and produce as product saturated liquid and vapor, the latter be
ing of some preset composition. If the vapor is saturated and the mass fraction is given. the 
temperature of the vapor and liquid and all the other properties of the two products are fixed. 

For example, suppose that 1000 lb/hr of a saturated liquid-vapor mixture of NH,-H2 0 
at 200'F with an overall mass fraction for the combined phases of 30% NH, by weight is fed 
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to a flash drum operating at 50 psia. If the exit saturated vapor is to be produced with a com
position of 90% by weight, what is the composition of the saturated liquid product, the tem
perature of both phases, and the Btu/hr of heat added to or removed from the process if the 
products are at equilibrium? Use the ammonia-water chart in Appendix I for the data. See 
Fig. E4.45. 

H20 W=0.70-l . cvopor 
NH, w = 0.30 'I P = 50 PSiO 

200' F . Liquid 
Figure E4.4S 

We will just sketch the details of the solution here, skipping the 10-step procedure to save 
space. At 50 psia, the following data can be retrieved from the ammonia-water chart (the val
ues are not precise because the chart is so small): 

tili 
(Btu/lb mixture) OJNH, T (OF) 

Entering mixture 305 0.30 200 
Exit vapor 800 0.90 160 
Exit liquid 80 0.24 160 

To get the data, you need to draw a 200'F tie line and a tie line line from w = 0.90 for the 
saturated vapor, both at 50 psia. We also must calculate the lb of liquid and vapor in the 
product in order to make an energy balance. Let the basis be 1 hr = 1000 lb material. 

The material balances are 

Total: 1000 = V + L 

NH,: 1000(0.30) = V (0.90) + L (0.24) 

V = 91lb L=9091b 

The energy balance reduces to 

Q = I!.H = 909(80) + 91(800) - 1000(305) = -159,000 Btu/hr 

Heat must be removed. 

Enthalpy changes can also be calculated using graphical techuiques that are de
scribed in texts treating the unit operations of chemical engineering. 

Self-Assessment Test 

1. Use the NH,--H,O enthalpy-concentration chart in Appendix I to determine for I atm 
pressure what the mass fraction ammonia is at eqUilibrium in the gas and liquid phases for 
a liquid temperature of 130'F. 

2. Estimate the heat of vaporization of an ethanol-water mixture at 1 atm and an ethanol 
mass fraction of 0.50 from the enthalpy-concentration chart in Appendix I. 
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3. Prepare an enthalpy-<ooncentration chart for ethanol and water using the data in Table 1.1 
similar to the one in Appendix I for the acetic acid-water system. 

4. For the sulfuric aCid-:;water system. what ,are the phase(s). composition(s). and en
thalpy(ies) existing at H = 120 Btu/lb and T = 260'F? 

4.9 HUMIDITY CHARTS AND THEIR USE 

Your objectives in studying this 
section are to be able to: 

1. Define humidity, humid heat, humid volume, dry-bulb temperature, 
wet-bulb temperature, humidity chart, moist volume, and adiabatic 
cooling line. . 

2. Explain and show by use of equations why the slope of the wet-bulb 
lines are the same as the adiabatic cooling lines for water-air mix
tures. 

3. Prepare a humidity chart given relations for the heat capacities of air 
and water. 

4. Use the humidity chart to determine the properties of moist air, and to 
calculate enthalpy changes and solve heating and cooling problems 
involving moist air. 

In Chap. 3 we discussed humidity, condensation, and vaporization. In this section 
we apply simultaneous material and energy balances to solve problems involving hu
midification, air conditioning, water cooling, and the like. Before proceeding, you 
should review briefly the sections in eilap. -rdealmg-with-vapor pressure and partial 
saturation. 

Recall that the humidity ~ is the mass (lb or kg) of water vapor per mass (lb or 
kg) of bone-dry air (some texts use moles of water vapor per mole of dry air as the 
humidity) 

~ = 18pH,d = 18nH,o 
29( PT - PH,O) 29(nT - nHzo) 

(4.57) 

Table 4.13 lists some of the pertinent notation and data needed in preparing 
humidity charts. 

You will also find it indispensable to learn the following definitions and rela
tions. 

(a) The humid heat is the heat capacity of an air-water vapor mixture expressed 
on the basis of 1 lb or kg of bone-dry air. Thus the humid heat Cs is 

(4.58; 
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TABLE 4.13 Pertinent Data for Humidity Charts 

Symbol Meaning SI value 

481 

American 
engineering value 

Cpm 

CPH20 vapor 

aHvap 

Heat capacity of air 
Heat capacity of water vapor 

Specific heat of vaporization 

1.00 kJ/(kg)(K) 
1.88 kJ/(kg)(K) 
4502 kJ/kg 

0.24 Btu/(lb)(OP) 
0.45 Btu/(lb)CP) 
1076 Btu/lb 

of water at O°C (32°P) 

Specific enthalpy of air 
Specific enthalpy of water 

vapor 

where the heat capacities are all per mass and not per mole. Assuming that the 
heat capacities of air and water vapor are constant under the narrow range of 
conditions experienced for air-conditioning and humidification calculations, we 
can write in American engineering units 

Cs = 0.240 + 0.45(~) BtuWF)(lb dry air) (4.59) 

or in SI units, 

Cf = 1.00 + l.88(~) kJ/(K)(kg dry air) (4.59a) 

(b) The humid volume is the volume of I Ib or kg of dry air plus the water vapor 
in the air. In the American engineering system. 

v = 359 ft' 
lib mol 

I Ib mol air 
29 Ib air 

Top + 460 
32 + 460 

+ 359 ft' I Ib mol H2 0 
1 Ib mol 18 Ib H20 

= (0.730Top + 336)(i9 + ~) 

Top + 460 
32 + 460 

where V is in ft'llb dry air. In the SI system, 

V = 22.4 m' 
1 kg mol 

1 kg mol air TK 
29 kg air 273 

+ 22.4 m' 
1 kg mol 

1 kg mol H20 
18 kg H2 0 

= 2.83 X lO-'TK + 4.56 X lO-'~ 

where V is in m'/kg dry air. 

~ Ib H20 
Ib air 

~kgH20 

kg air 

(4.60) 

(4.60a) 

(e) The dry-bulb temperature (TD.) is the ordinary temperature you always have 
been using for a gas in of or °C (or oR or K). 

(d) The wet-bulb temperature (T WB) you may guess, even though you may never 
have heard of this term before, has something to do with water (or other liq-
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uid. if we are concerned not with humidity but with saturation) evaporating 
from around an ordinary mercury thermometer bulb. Suppose that you put a 
wick, or porous cotton cloth, on the mercury bulb of a thermometer and wet 
the wick. Next you either (1) whirl the thermometer in the air as in Fig. 4.23 
(this apparatus is called a sling psychrometer when the wet-bulb and dry-bulb 
thermometers are mounted together), or (2) set up a fan to blow rapidly on the 
bulb at 1000 ft'tmin or more. What happens to the temperature recorded by the 
wet-bulb thermometer? 

Air 
(Energy in) 

Thermometer 

Wet Wick 

7 H20 Evaporating 
(Energy Loss) 

Figure 4.23 Wet-bulb temperature 
obtained with a sling psychrometer. 

As the water from the wick evaporates, the wick cools down and continues to 
cool until the rate of energy transferred to the wick by the air blowing on it equaIs 
the rate of loss of energy caused by the water evaporating from the wick. We say that 
the temperature of the bulb with the wet wick at equilibrium is the wet-bulb temper
ature. (Of course, if water continues to evaporate, it eventually will all disappear, 
and the wick temperature will rise.) The equilibrium temperature for the process de
scribed above will lie on the 100% relative humidity curve (saturated-air curve). 

Suppose that we prepare a graph on which the vertical axis is the humidity and 
the horizontal axis is the dry-bulb temperature. We want to plot the temperature of 
the thermometer as it changes to reach Tws. This line is the so called wet-bulb line. 
--The-equation-for-the-wet-bulb-lines is-based on-a-numbeLof-assumptions,. a de,_ 
tailed discussion of which is beyond the scope of this book. Nevertheless, the idea of 
the wet-bulb temperature is based on the equilibrium between the rates of energy 
transfer to the bulb and evaporation of water. Rates of processes are a topic that we 
have not discussed. The fundamental idea is that a large amount of air is brought 
into contact with a little bit of water and that presumably the evaporation of the wa
ter leaves the temperature and humidity of the air unchanged. Only the temperature 
of the water changes. The equation of the wet-bulb line is an energy balance 

h«T - Tws) = kU.i[",('Jews - 'Je) (4.61) 
heat transfer to water heat transfer from water 

where h. = heat transfer coefficient for convection to the bulb 
T = temperature of moist air 
k; = mass transfer coefficient 

!J.H", = latent heat of vaporization 
'Je = humidity of moist air 
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Next, we can form the ratio 

'ilCWB - 'iIC he 
(4.62) 

TWB - T (k;)/ili". 

to get the slope of !he wet bulb line. For water only, it so happens that he/k; = Cs 
(i.e., the numerical value is about 0.25), which gives the wet-bulb lines the slope of 

'ilCWB - 'iIC Cs 
(4.63) TWB - T = - ClHvap 

For other substances, the value of he/k; can be as much as twice the value of Cs for 
water. 

Figure 4.24 shows the plot of the wet-bulb line as TDB --> TWB • The line is ap
proximately straight and has a negative slope. Does this result agree with Eq. 
(4.63)? 

Adiabntic saturation line and 
Wet bulb temperature line 

Dew Point 

I I 
I I 
I Top ITW8 TOB 

Dew point 
temperature 

Wet bulb 
temperature 

Temperature ............ 

Dry bulb 
temperature 

Figure 4.24 General layout of the 
humidity chart showing the location 
of the wet-bulb and dry-bulb tem
peratures, the dew point and dew
point temperature, and the adiabatic 
saturation line and wet-bulb line. 

Another type of process of some importance occurs when adiabatic cooling or 
humidification takes place between air and water that is recycled as illustrated in Fig. 
4.25. In this process the air is both cooled and humidified (its water content rises) 
while a little bit of the recirculated water is evaporated. At equilibrium, in the steady 
state, the temperature of the air is the same as the temperature of the water, and the 
exit air is saturated at this temperature. By making an overall energy balance around 
the process (Q = 0), we can obtain the equation for the adiabatic cooling of the air. 

Recirculated Woter 
COOling Tower T = constant = Tsaturated 

- 1\1\/\ -

W A' - 1\ /\/\ _COOler Air orm If 1\ 1\/\ 
Toir _ 1\ 1\1\ _ iSofurated 

Makeup 
woter 

/\/\/\ 

Figure 4.25 Adiabatic humidifica
tion with recycle of water. 
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The equation. when plotted on the humidity chart, yields what is known as an adia
batic cooling line. We take the equilibrium temperature of the water, Ts, as a refer
ence temperature rather than O°C or 32°F. Do you see why? We ignore the small 
amount of makeup water or assume that it enters at Ts. The energy balance is 

enthalpy of air enthalpy of water vapor 
entering in air 8[1tering 

'Cp,,;,(T,,;, - Ts) '+ 'Je,~[aHVOPH20"T, + CPH20Wpo,(T,,;, - Ts)] 

enthalpy of air enthalpy of water vapor 
leaving in air leaving 

=' Cp,-'(T~ - Ts) '+ :l'fs[aHVOPH20"TS + C~H20Wpo,(Ts - Ts)] , 

Equation (4.64) can be reduced to 

T . = aHVOP H20"T,('JeS - 'Je,.) + T 
~ ~ S 

Cpair + CPH20vapor <H'air 

which is the equation for adiabatic cooling. 
Notice that this equation can be written as 

'Jes - 'Je Cs 
Ts - Tair = - AHvapatTs 

(4.64) 

(4.65) 

(4.66) 

Compare Eq. (4.66) with Eq. (4.63). Can you conclude that the wet-bulb process 
equation, for water only, is essentially the same as the adiabatic cooling equation? 

Of course! We have the nice feature that two processes can be represented by 
the same set of lines. For a detailed discussion of the uniqueness of this coincidence, 
consult any of the references at the end of the chapter. For most other substances be
sides water, the two equations will have different slopes. 

Now that you have an idea of what the various features portrayed on the hu-
__ midily_chart(psychrometric_ch!!fJ) are,Jet us look at the chart itself (Fig. 4.26). It is 

nothing more than a graphical means to assist in the presentation of material and eri~
ergy balances in water vapor-air mixtures and various associated parameters. Its 
skeleton consists of a humidity ('JCj-temperature (TDB ) set of coordinates together 
with the additional parameters (lines) of 

(a) Constant relative humidity indicated in percent 
(b) Constant moist volume (humid volume) 
(c) Adiabatic cooling lines which are the same (for water vapor only) as the wet

bulb or psychrometeric lines 
(d) The 100% relative humidity (identical to the 100% absolute humidity) curve 

(i.e., saturated-air curve) 

With any two values known, you can pinpoint the air-moisture condition on 
the chart and determine all the other associated values. 

Off to the left of the 100% relative humidity line you will observe scales show
ing the enthalpy per mass of dry air of a saturated air-water vapor mixture. Enthalpy 
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adjustments for air less than saturated (identified by minus signs) are shown on the 
chart itself by a series of curves. The enthalpy of the wet air, in energy/mass of dry 
air, is 

I:!.B = I:!.B,,, + I:!.HH20"polllf) 

We should mention at this point that the reference conditions for the humidity 
chart are liquid water at 32°F (O°C) and I atin (not the vapor pressure of H20) for 
water, and OaF and 1 atm for air. The chart is suitable for use only at normal atmo
spheric conditions and must be modified" if the pressure is significantly different 
than 1 atm. If you wanted to, you could calculate the enthalpy values shown on the 
chart directly from tables listing the enthalpies of air and water vapor or you could 
compute the enthalpies with reasonable accuracy from the following equation 

heat of vaporation 
of water at Traf 

I:!.H = Cp,,,(T - T~f)'" + ~[I:!.k,p + Cp.,(T - T~f)w,to,l 
enthalpy for air enthalpy for water vapor 

In American engineering units, Eq. (4.67) is 

I:!.B '" 0.240T." + ~(I061 + 0.45T.,,) 

(4.67) 

(4.68) 

because Cs = 0.240 + 0.45~ and Two = Ts. Thus the wet-bulb process equation, 
for water only, is essentially the same as the adiabatic cooling equation. For other 
materials these two equations have different slopes. 

Only two of the quantities in Eq. (4.67) are variables, if Ts is known, because 
'~s is the humidity of saturated air at Ts and I:!.B"PH20ruT, is fixed by Ts. Thus, for any 
value of Ts, you can make a plot of Eqs. (4.65) and/or (4.68) on the humidity chart 
in the form of ~ vs. T "". These curves, which are essentially linear, will intersect 
the 100% relative humidity curve at ~s and Ts, as described earlier. 

The adiabatic cooling lines are lines of almost constant enthalpy for the enter
ing air-water mixture, and you can use them as such without much error (lor 2%). 
However, if you want to correct a saturated enthalpy value for the deviation which 
exists for a less-than-saturated air-water vapor mixture, you can employ the en
thalpy deviation lines which appear on the chart and which can be used as illustrated 
in the examples below. Any process that is not a wet-bulb process or an adiabatic 
process with recirculated water can be treated by the usual material and energy bal
ances" taking the basic data for the calculation froni the humidity charts. If there is 
any increase or decrease in the moisture content of the air in a psychrometric proc
ess, the small enthalpy effect of the moisture added to the air or lost by the air may 
be included in the energy balance for the process to make it more exact as illustrated 
in Examples 4.47 and 4.49. 

You can find further details regarding the construction of humidity charts in 
the references at the end of the chapter. Tables are also available listing all the ther-

27 See G. E. McElroy. U.S. Bur. Mines Rep. Invest. No. 4615, December 1947, or other Carrier 
charts. See Educational Materials. Carrier Corp., Syracuse, N.Y., 1980. 
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modynamic properties (p, 11, 'ift, and f).H) in great detail.'"' Although we shall be 
discussing humidity charts exclusively, charts can be prepared for mixtures of any 
two substances in the vapor phase, such as CCL. and air or acetone and nitrogen, by 
use of Eqs. (4.57)-(4.67) if all the values of the physical constants for water and air 
are replaced by those of the desired gas and vapor. The equations themselves can be 
used for humidity problems if charts are too inaccurate or are not available. In the 
pocket in the back of this book is a Fortran computer program from which psy
chrometic data can be retrieved. 

EXAMPLE 4.46 Properties of Moist Air from the Humidity Chart 

Solution 

List all the properties you can find on the humidity chart in American engineering units for 
moist air at a dry-bulb temperature of 90°F and a wet-bulb temperature of 70°F. 

A diagram will help explain the various properties obtained from the humidity chart. See Fig. 
E4.46. You can find the location of point A for 90°F DB (dry bulb) and 70°F WB (wet bulb) 
by following a vertical line at TDB = 90°F until it crosses the wet-bulb line for 70°F. This 
wetbulb line can be located by searching along the 100% humidity line until the saturation 
temperature of 70°F is reached, or, alternatively, by proceeding up a vertical line at 700f un
til it intersects the 100% humidity line. From the wet-bulb temperature of 70°F, follow the 
adiabatic cooling line (which is the same as the wet-bulb temperature line on the humidity 
chart) to the right until it intersects the. 90°F DB line. Now that point A has been fixed, you 
can read the other properties of the moist air from the chart. 

(a) Dew point. When the air at A is cooled at constant pressure (and in effect at constant 
humidity), as described in Chap. 3, it eventually reaches a temperature at which the 
moisture begins to condense. This is represented by a horizontal line, a constant
humidity line, on the humidity chart, and the dew point is located at B, or about 60°F . 

.. (b)_Relative.humidily_.Jly interRolating between the 40% (iJl'iJe and 30% '(iJl'iJe lines you can 
find that point A is at about 37% (iJl'iJe. 

(e) Humidity ('iJe). You can read the humidity from the right-hand ordinate as 0.0112 lb 
H,O/lb dry air. 

28 Byron Engelbach, Microfilms of Psychrometric Tables, University Microfilms, Ann Arbor, 
Mich., 1953. 

Saturated Air line 
(100% relative humidity) 

401 14.0 It' 
'39 

./ 70 
60 B __ 

32°F 60°F 70°F 90°F 
T 

14.5 ft' 

Figure E4.46 
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(d) Humid volume. By interpolation again between the 14.0- and the 14.5-ft' lines. you 
can find the humid volume to be 14.097 ft'/lb dry air. 

(e) Enthalpy. The enthalpy value for saturated air with a wet-bulb temperature of 70°F is 
I!.H = 34.1 Btu/lb dry air (a more accurate value can be obtained from psychrometric 
tables if needed). The enthalpy deviation (not shown in Fig. E4.46-see Fig. 4.26) for 
less-than-saturated air is about -0.2 Btu/lb of dry air; consequently. the actual en
thalpy of air at 37% 'lJt'Jt is 34.1 - 0.2 = 33.9 Btu/lb of dry air. 

EXAMPLE 4.47 Heating at Constant Humidity 

Solution 

Moist air at 38°C and 48% 'lJt'Jt is heated in your furnace to 86°C. How much heat has to be 
added per cubic meter of initial moist air, and what is the final dew point of the air? 

As shown in Fig. E4.47, the process goes from point A to point B on a horizontal line of con
stant humidity. The initial conditions are fixed at rOB = 38°C and 48% 'lJt'Jt. Point B is fixed 
by the intersection of the horizontal line from A and the vertical line at 86°C. The dew point 
is unchanged in this proc"ess and is located at C at 24.8°C. 

24.8 38 86 
Figure E4.47 

The enthalpy values are as follows (all in kJ/kg of dry air): 

Point 

A 
B 

90.0 
143.3 

8H 

-O.S 
-3.3 

89.S 
140.0 

Also, at A the volume of the moist air is 0.91 m'/kg of dry air. Consequently, the heat added 
is (Q = I!.H)140.0 - 89.S = SO.S kJ/kg of dry air . 

. S:.:O:.:.S:....::k:,J -+-=I-=k",g:,:d;:r.<..Y.;:a::ir S S kJf ,. .. I . . 
:-' 0.91 m3 = 5. m lOItta mOIst aIr kg dry air 

EXAMPLE 4.48 Cooling and Humidification 

One way of adding moisture to air is by passing it through water sprays or air washers. See 
Fig. 4.48a. Normally, the ~water used is recirculated rather than wasted. Then, in the steady 
state, the water is at the adiabatic saturation temperature, which is the same as the wet-bulb 
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H2O 

t 

~ / 111~ \ ~ 
II 11\\ 

Make-up H2O Figure E4.48a 

temperature. The air passing through the washer is cooled, and if the contact time between 
the air and the water is long enough, the air will be at the wet-bulb temperature also. How
ever, We shall ~ssume that the washer is s~an enough so that the air does not reach the wet
bulb temperature; instead, the following conditions prevail: 

TDB(OC) 

Entering air: 40 22 

Exit air: 27 

Find the moisture added per kilogram of dry air. 

The whole process is assumed to be adiabatic. and, as shown in Fig. E4.48b, takes place be
tween points A and B along the adiabatic cooling line. The wet-bulb temperature remains 
constant at 22°C. Humidity values are 

'iIC( kg H20 ) 
kg dry air 

------------B--0.0I45-----------

A 0.0093 

Difference: 

27°C 40° C 
T 

0.0052 kg H20 
kg dry aIr 

0.0145 
0.0093 

added 

Figure E4.48b 
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EXAMPLE 4.49 Cooling and Dehumidification 

Solution 

A process that takes moisture out of the air by passing the air through water sprays sounds 
peculiar but is perfectly practical as long as the water temperature is below the dew point of 
the air. Equipment such as shown in Fig. E4.49a would do the trick. If the entering air has a 
dew point of 70"F and is at 40% '!It'JC, how much heat has to be removed by the cooler, and 
how much water vapor is removed, if the exit air is at 56°F with a dew point of 54°P? 

Bleed H20 
(excess) 

Cold Water 

Pump 

Cooler 

Figure E4.49a 

From Fig. 4.26 in American engineering units the initial and final values' of the enthalpies 
and humidities are 

'JC(grainS H20) 
Ib dry air 

tili( Btu ) 
Ib dry air 

A 

III 

41.3 - 0.2 = 41.1 

B 

62 

23.0 - 0 = 23.0 

Look at Fig. E4.49b for the relative positions of A and B. The grains of H20 removed are 

III - 62 = 49 grainsllb dry air 

70"F:"'<--~E-
;II 

T 

The cooling duty is approximately 

Figure E4.49b 

41.1 - 23.0 = 18.1 Btullb dry air 

~-~-~-~----
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In the upper left of the humidity chart is a little insert that gives the value of the small 
correction factor for the water condensed from the air which leaves the system. Assuming that 
the water leaves at the dew point of 54°F, read for 49 grains a correction of -0.15 Btu/lb of 
dry air. You could calculate the same value by taking the enthalpy of liquid water from the 
steam tables and saying, 

.::2.:..2.::B:..:t.:..u+='-I.:..lb:....::H:::.20"-+4.c9~gra.c.:..in=s-=r"'eJ<C· e.:..ct..::e.:..d = 0.154 Btu/lb dr air 
lb H20 7000 grains I lb dry aIr y 

The energy (enthalpy) balance will then give us the cooling load: 

DoH I1H I1H 
air in air out H20 out 
~~~ 

41.1 - 23.0 - 0.15 = 17.9 Btu/lb dry air 

EXAMPLE 4.50 Combined Material and Energy Balances for a Cooling Tower 

Solution 

You have been requested to redesign a water-cooling tower that has a blower with a capacity 
of 8.30 x 106 ft'/hr of moist air (at 80°F and a wet-bulb temperature of 65°F). The exit air 
leaves at 95°P and 90°F wet bulb. How much water can be cooled in pounds per hour if the 
water to be cooled is not recycled, enters the tower at 120oP, and leaves the tower at 90OP? 

Enthalpy, humidity, and humid volume data for the air taken from the humidity chart are as 
follows (see Fig. E4.50): 

A B 

'Je( lb H 20 ) 
lb dry air 

0.0098 0.0297 

'Je( grains H20) 69 208 
----------=\ lb-dry-air- ------=-=---------~---=-_____ _ 

~( Btu ) 
I!Jl lb dry air 

~( ft' ) 
V lb dry air 

A 
Air 

TOB = 80°F 
Twa = 65°F 

30.05 - 0.12 = 29.93 

13.82 

H20 ot 120°F 

B 
Air 

fOB = 95°F 
twa = gO°F 

H20 ot 90°F 

Figure E4.50 

55.93 - 0.10= 55.83 

80°F 95°F 
t 

14.65 



Sec. 4.9 Humidity Charts and Their Use 493 

The cooling-water exit rate can be obtained from an energy balance around the process. 

Basis: 8.30 x 106 ft'/hr of moist air 

8.30 X 106 ft' Ib dry air . 
=""-;-hr=-=+:;IO;3::;:.8~2-:ft""' = 6.00 x 10' Ib dry a!T/hr 

The relative enthalpy of the entering water stream is (reference temperature is 32°F and 
I atm) 

!J.H = C
PH20

!J.T = 1(120 - 32) = 88 Btu/lb H20 

and that of the exit stream is 58 Btu/lb H20. [The value from the steam tables at 1200p for 
liquid water of 87.92 Btullb H20 is slightly different since it represents water at its vapor 
pressnre (1.69 psia) based on reference conditions of 32°F and liquid water at its vapor pres
snre.] Any other datum could be used instead of 32°F for the liquid water. For example, if 
you chose 90°F, one water stream would not have to be taken into account because its relative 
enthalpy would be zero. 

The loss of water to the air is 

0.0297 - 0.0098 = 0.0199 Ib H20/lb dry air 

(a) Material balance for water stream: Let W = Ib H20 entering the tower in the water 
stream per Ib dry air. Then 

W - 0.0199 = Ib H20 leaving tower in the water stream per Ib dry air 

(b) Energy balance (enthalpy balance) around the entire process: 

air and water in air entering water stream entering 

29.93 Btu 

Ib dry air 
6.00 X 10' Ib dry air + ;:;!.:,8 H;;~-:~::--t--;;-~==--t_6::..:.0::cO=---X-,I:..:0_' "'lb:....::dr"'y'-aIT=· 

air and water in air leaving 

55.83 Btu 6.00 x 10' Ib dry air 
Ib dry air 

water stream leaving 

+ 58 Btu (W - 0.0199)lb H20 6.00 x 10' Ib dry air 

Ib H2 0 Ib dry air 

29.93 + 88W = 55.83 + 58(W - 0.0199) 

W = 0.825 Ib H2 0/lb dry air 

W - 0.0199 = 0.805 Ib H20llb dry air 

The total water leaving the tower is 

0.8051b H2 0 
Ib dry air 

6.00 x 1~ Ib dry air = 4.83 X 10' Ib/hr 
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Self-Assessment Test 

1. What is the difference between the wet- and dry-bulb temperatures? 
2. Can the wet-bulb temperature ever be higher than the dry-bulb temperature? 
3. Explain why the slope of the wet-bulb lines are essentially the same as the slope of the 

adiabatic cooling lines for gaseous air and water mixtures. 
4. Estimate for air at 70'C dry-bulb temperature. I atm. and 15% relative humidity the: 

(3) kg H20/kg of dry air 
(b) m'/kg of dry air 
(c) Wet-bulb temperature (in 'c) 
(d) Specific enthalpy 
(e) Dew point (in 'c) 

5. Calculate the following properties of moist air at 1 atm and compare with values read 
from the humidity chart. 
(3) The humidity of saturated air at 120'F 
(b) The enthalpy of air in part (a) per pound of dry air 
(c) The volume per pound of dry air of part (a) 
(d) The humidity of air at 160'F with a wet-bulb temperature of 120'F 

6. Humid air at I atm and 2oo'F, and containing 0.0645 Ib of H,O/Ib of dry air, enters a 
cooler at the rate of 1000 Ib of dry air per hour (plus accompanying water vapor). The air 
leaves the cooler at 100'F, saturated with water vapor (0.0434 Ib of H,O/Ib of dry air). 
Thus 0.0211 Ib H20 is condensed per pound of dry air. How much heat is transferred to 
the cooler? 

7. A cooling tower that uses a cold-water spray provides a method of cooling and dehumidi
fying a school. During the day, the average number of students in the school is 100 and 
the average heat-generation rate per person is 800 Btu/hr. Suppose that the ambient condi
tions outside the school in the summer are expected to be 100'F and 95% 'I/t'ilC. You run 
this air through the cooler-dehumidifier and then mix the saturated exit air with recircu
lated air from the exhaust of the school building. You need to supply the mixed air to the 
building at 70'F and 60% 'I/t'iIC and keep the recirculated air leaving 'the building at not 

----- -----more-than-72.F~beakage-occurs-from-the-building-oLthe-72'EaiLalso._Caiculate: ___ _ 
(a) The volumetric rate of air recirculation per hour in cubic feet at 70'F and 60% 'I/t'iIC 
(b) The volume of fresh air required at entering conditions 
(c) The heat transferred in the cooler-dehumidifier from the inlet air per hour 

Thought Problems 

1. The use of home humidifiers has recently been promoted in advertisements as a means of 
providing more comfort in houses with the thermostat turned down. "Humidification 
makes life more comfortable and prolongs the life of furniture." Many advertisers de
scribe a humidifier as an energy-saving device because it allows lower temperatures (4 or 
5'F lower) with comfort. 

Is this true? 
2. In cold weather, water vapor exhausted from cooling towers condenses and fog is formed 

as a plume. What are one or two economically practical methods of preventing such cool
ing tower fog? 
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PROBLEMS 

An asterisk designates problems appropriate for solution using a computer. 
Refer also to the problems that require writing computer programs at the end 
of the chapter. 

Section 4.1 

4.1. Convert 45.0 Btu/Ibm to the following: 
(a) cal/kg 
(e) kWh/kg 

(b) J/kg 
(d) (ft)(lbr)/lbm 

4.2. Convert the following physical properties of liquid water at O°C and I atm from the 
given SI units to the equivalent values in the listed American engineering units. 
(a) Heat capacity of 4.184 J/(g)(K) Btu/(lb)(OP) 
(b) Enthalpy of -41.6 J/kg Btu/lb 
(e) Thermal conductivity of 0.59 (kg)(m)/(s')(K) Btu/(ft)(hr)(OP) 

4.3. Convert the following quantities as specified. 
(a) A rate of heat flow of 6000 Btu/(hr)(ft') to cal/(s)(cm2). 
(b) A heat capacity of 2.3 Btu/(lb)(OP) to cal/(g)(°C) 
(e) A thermal conductivity of 200 Btu/(hr)(ft)(OP) to cal/(s)(cm)(°C). 
(d) The gas constant, 10.73 (psia)(ft')/(lb molWR) to cal/(g mol)(K). 

4.4. A simplified equation for the heat transfer coefficient from a pipe to air is 

0.026Go.6 

h = D o.4 

where h = heat transfer coefficient, Btu/(hr)(ft')(OP) 
G = mass rate of flow, Ibm/(hr)(ft') 
D = outside diameter of the pipe, (ft) 

If h is to be expressed in J/(min)(cm'Wc), what should the new constant in the 
equation be in place of 0.026? 

4.5. A problem for many people in the United States is excess body weight stored as fut. 
Many persons have tried to capitalize on this problem with fruitless weight-loss 
schemes. However, since energy is conserved, an energy balance reveals only two 
real ways to lose weight (other than water loss); (I) reduce the caloric intake, and/or 
(2) increase the caloric expenditure. In answering the following questions, assume 
that fut contains approximately 7700 kcal/kg (1 kcal is called a "dietic calorie" in 
nutrition, or commonly just "calorie"). 
(a) If a normal diet containing 2400 kcal/day is reduced by 500 kcal/day, how 

many days does it take to lose 1 Ib of fut? 
(b) How many miles would you have to run to lose lib of fut if running at a moder

ate pace of 12 km/hr expends 400 kJ/km? 
(e) Suppose that two joggers each run 10 km/day. One runs at a pace of 5 km/hr 

and the other at 10 km/hr. Which will lose more weight (ignoring water loss)? 
4.6. The energy from the sun incident on the surfuce of the earth averages 2.0 cal/(min) 

(cm'). It has been proposed to use space stations in synchronous orbits 36,000 km 
from earth to collect solar energy. How large a collection sumce is needed (in m') 
to obtain 1011 watts of electricity? Assume that 10% of the collected energy is con
verted to electricity. Is this a reasonable size? 
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4.7. Explain specifically what the system is for each of the following processes; indicate 
if the energy transfer that takes place is by heat or work (use the symbols Q and W, 
respectively) or is zero. 
(a) A liquid inside a metal can, well insulated on the outside of the can, is shaken 

very rapidly in a vibrating shaker. 
(b) Hydrogen is exploded in a calometric bomb and the water layer outside the 

bomb rises in temperature by 1°C. 
(c) A motor boat is driven by an outboard-motor propeller. 
(d) Water flows through a pipe at 1.0 mlmin, and the temperature of the water and 

the air surrounding the pipe are the same. 
4.8. Draw a simple sketch of each of the following processes, and, in each, label the sys

tem boundary. the system, the surroundings, and the streams of material and energy 
that cross the system boundary. 
(a) Water enters a boiler, is vaporized, and leaves as steam. The energy for vapor

ization is obtained by combustion of a fuel gas with air outside the boiler sur
face. 

(b) Steam enters a rotary steam turbine and turns a shaft connected to an electric 
generat')!. The steam is exhausted at a low pressure from th.~ turbine. 

(c) A battery is charged by connecting it to a source of current. 
4.9. Draw a simple sketch of the following processes; indicate the system boundary; and 

classify the system as open or closed. 
(a) Automobile engine (b) Water wheel 
(c) Pressure cooker (d) Human being 
(e) River (f) The earth and its atmosphere 
(g) Air compressor (h) Coffee pot 

4.10. Are the following variables intensive or extensive variables? Explain for each. 
(a) Pressure (b) Volume 
(c) SF-ccific volume (d) Refractive index 
(e) Surface tension 

4.11. Classify the following measurable physical characteristics of a gaseous mixture of 
- -- -- --two-components-as-C-J-)-an-intensive-property;-(2)-an-extensive-property;-(-3)-both;-or

(4) neither: 
(a) Temperature 
(c) Pressure 

(b) Composition 
(d) Mass 

4.12, Find the kinetic energy in (ft)(lbr)/(lbm) of water moving at the rate of 10 ftls 
through a pipe 2 in. !D. 

4.13. A windmill converts the kinetic energy of the moving air into electrical energy at an 
efficiency of about 30%, depending on the windmill design and speed of the wind. 
Estimate the power in kW for a wind flowing perpendicular to a windmill with 
blades 15 m in diameter when the wind is blowing at 20 mi/hr at 27°C and I atm. 

4.14. ~efore it lands, a vehicle returning from space must convert its enormous kinetic 
energy to heat. To get some idea of what is involved, a vehicle returning from the 
moon at 25,000 mi/hr can, in converting its kinetic energy, increase the internal 
energy of the vehicle sufficiently to vaporize it. Obviously, a large part of the total 
kinetic energy must be transferred from the vehicle. How much kinetic energy does 
the vehicle have (in Btu)? How much energy must be transferred by heat if the vehi
cle is to heat up only 20OP/lb? 

4.15. If benzene (sp gr = 0.879) flows at 4630 Llhr with a pressure differential of 
3450 kPa, what is the power requirement in watts of the pump (if 100% efficient)? 
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4.16. If benzene (sp gr = 0.879) flows at 1220 gallhr and a pressure differential of 500 
psia, what is the power requirement of the pump in hp (if 100% efficient)? 

4.17. You have a positive-displacement pump with a piston area of I m'. The piston 
moves 4.63 m/hr to pump 4.63 m'/hr of fluid. The required force will be 3450 kN. 
What is the power needed in kW? 

4.18. Benzene (sp gr = 0.879) flows through an orifice that is 0.8 cm in diameter at the 
rate of 4.63 m'/hr. What is the kinetic energy of the fluid in J/kg? 

4.19. You pump benzene at the rate of 1220 gallhr through an orifice that is 0.315 in.' in 
diameter. What is the kinetic energy of the fluid in Btu/lbm? 

4.20. Constant advances in laser technology are aiding ongoing research in nuclear fusion 
at the Lawrence Livermore National Laboratory, California. Lasers are being used 
to heat deuterium-tritium fuel pellets, causing the surface to explode. The explosion 
heats and compresses the interior of the pellet, which causes fusion to take place. 
The laboratory has acquired a new laser system which combines the power of sev
eral lasers and has a maximum capability of delivering an energy pulse of 200 to 
300 kJ (depending on the frequency of the light) in just one billionth of a second. 
What is the equivalent range of power expressed in watts? 

4.21. The world's largest plant that obtains energy from tidal changes is at Saint Malo, 
France. The plant uses both the rising and fulling cycle (one period in and out is 6 hr 
10 min in duration). The tidal range from low to high is 14 m, and the tidal estuary 
(the LaRance River) is 21 km long with an area of 23 km'. Assume that the 
efficiency of the plant in converting potential to electrical energy is 85%, and esti
mate the average power produced by the plant. (Note: Also assume that after high 
tide, the plant does not release water until the sea level drops 7 m, and after a low 
tide does not permit water to enter the basin until the level outside the basin rises 
7 m, and the level differential is maintained during discharge and charge.) 

4.22. Steam is used to cool a polymer reaction. The stearn in the steam chest of the ap
paratus is found to be at 250.5'C and 4000 kPa absolute during a routine measure
ment at the beginning of the day. At the end of the day the measurement showed 
that the temperature was 650'C and the pressure 10,000 kPa absolute. What was the 
internal energy change of I kg of steam in the chest during the day? Obtain your 
data from the steam tables. 

4.23. (a) Ten pound moles of an ideal gas are originally in a tank at 100 atm and 40'F. 
The gas is heated to 44O"F. The specific molal enthalpy, Ail, of the ideal gas is 
given by the equation 

Aii = 300 + 8.00T 

where Ali is in Btu/lb mol and T is the temperature in 'F. 
(1) Compute the volume of the container (fl'). 
(2) Compute the final pressure of the gas (atm). 
(3) Compute the enthalpy change of the gas. 

(b) Use the equation above to develop an equation giving the molal internal energy, 
AU, in cal/g mol as a function of temperature, T, in °C. 

4.24. You have calculated that specific enthalpy of I kg mol of an ideal gas at 300 kN/m' 
and lOO'C is 6.05 X 10' J/kg mol (with reference to O'C and 100 kN/m'). What is 
the specific internal energy of the gas? 

4.25. One hundred and fifty pounds of CO, has a specitic-enthalpy of 45,000 (ft)(1b,)/lbm 

with reference to O'F and I psia. What is the enthalpy of this CO, in Btullb inol? 
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What is the total internal energy if the pressure is 6 atm and the temperature is 
50°F? 

4.26. One kilogram mole of steam at 150°C and 150 kPa is expanded to 210°C and 
100 kPa. Thereafter it is condensed to water at 25°C and 100 kPa, and finally 
heated back to 150°C and 150 kPa. What is the overall (a) enthalpy change and (b) 
internal energy change per kilogram mole of steam for the process? 

4.27. State which of the following variables are point, or state, variables, and which are 
not; explain your decision in one sentence for each one: 
(a) Pressure (b) Density 
(e) Molecular weight (d) Heat capacity 
(e) Internal energy (f) Ionization constant 

Section 4.2 

4.28. * Experimental values calculated for the heat capacity of ammonia from -40 to 
1200°C are: 

co p co p 

TCC) [call(g mol)CC)] T (OC) [cal/(g mol)CC)] 

-40 8.180 500 12.045 
-20 8.268 600 12.700 

0 8.371 700 13.310 
18 8.472 800 13.876 
25 8.514 900 14.397 

100 9.035 1000 14.874 
200 9.824 1100 15.306 
300 10.606 1200 15.694 
400 11.347 

-----------IFit-the-data-by-least-squares-for-the-following-two-functions::~.--------

C; = a + bT + CT'} . . ° 
co bT T' ~3 where T IS III C p=a+ +c +U.l , 

4.29. Experimental values of the heat capacity Cp have been determined in the laboratory 
as follows; fit a second-order polynomial in temperature to the data (Cp = 
a + bT + cT'): 

T CC) Cp [J/(g mol)("C)] 

100 40.54 
200 43.81 
300 46.99 
400 49.33 
500 51.25 
600 52.84 
700 54.14 

(The data are for carbon dioxide.) 
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4.30. A laboratory analysis from No. 46 well yields the following composition by volume 
for a product gas. 

Component Vol. % Component Vol. % 

Clf. 90.05 N, 5.518 
C2H6 1.984 0, 1.467 
C,H, 0.202 H2 0.31 
C4HiO 0.069 CO2 0.662 
CSH12 0.018 

What is the heat capacity (in Btu/(lb molWF) of this gas at room temperature? 
4.31. In a computer program you find that the relation for the specific enthalpy (J/g mol) 

of a gas is given by 

iI = 32.97T + 6.694 x IO-'T' - 6.745 x IO-'T' + 5.481 X IO-sp 

where T is in °C and p is in kPa, and the reference state is unspecified. 
(a) Determine the value of the heat capacity Cp of the gas in J/(kg mol)('C) at 

100'C and 100 kPa. 
(b) What is a function that expresses the specific internal energy (for the same ref

erence state) assuming that the gas acts as an ideal gas. 
(c) Determine the value of the heat capacity Co of the gas in J/(kg mol)('C) at 

100'C and 100 kPa. 
4.32. An equation for the heat capacity of acetone vapor is 

Cp = 71.96 + 20.10 X IO-'T - 12.78 X 1O-'T2 + 34.76 X IO-'T' 

where Cp is in J/(g mol)('C) and T is in 'C. Convert the equation so that Cp is in 
Btu/(lb mol)('F) and T is in 'F. 

4.33. Your assistant has developed the following equation to represent the heat capacity of 
air (with Cp in cal/(g mol) (K) and Tin K): 

Cp = 6.39 + 1.76 X IO-'T - 0.26 X IO-'T' 

(a). Derive an equation giving Cp but with the temperature expressed in °e. 
(b) Derive an equation giving Cp in terms of Btu per pound per degree Fahrenheit 

with the temperature being expressed in degrees Fahrenheit. 
4.34. To evaluate the suitability of Kopp's rule for the heat capacities of solids, compute 

the heat capacities of sodium sulfate (Na,SO,), dextrose (C,H1,O,), and copper am
monium sulfate [CuSO,(Nlf.h SO, . 6H,O] and compare your values with the ex
perimental ones at 25°C. 

4.35. One hundred pounds of a 35' API distillate with an average boiling point of 250'F is 
cooled from 4oo'F to 300'F. Estimate the heat capacity of the distillate at each tem
perature using the equation in the text and the charts in Appendix K. 

4.36. Estimate the' heat capacity of gaseous isobutane at 1000 K and 200 mm Hg by using 
the Kothari-Doraiswamy relation 

Cp = A + B 10gIO T, 

from the following experimental data at 200 mm Hg: 
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CAcali(K)(g mo!)] 35.62 
Temp. (K) 500 

The experimental value is 54.40; what is the percentage error in the estimate? 

Section 4.3 

4.37. The heat capacity of carbon monoxide is given by the following equation: 

Cp = 6.935 + 6.77 x 1O-4 T + 1.3 x IO-'T' 

where Cp = cali(g mol)('C) 
T = °C 

What is the enthalpy change associated with heating carbon monoxide from 5000e 
to 1000°C? 

4.38. Two gram moles of nitrogen are heated from 50°C to 250°C in a cylinder. What is 
AH for the process? The heat capacity equation is 

Cp = 27.32 + 0·.6226 x 10-2T - 0.0950 x 10-'T2 

where T is in kelvin and Cp is in J/(g mol)('C). 
4.39. Calculate the enthalpy change (in J/kg mol) that takes place in raising the tempera

ture of I kg mol of the following gas mixture from 50°C to 550°C. 

Component Mol % 

SO 
20 

4.40. Can you find the enthalpy change at constant pressure of substance such as CO2 
from the solid to the gaseous state by integrating f~2 Cp dI from TJ (the solid tem

.. - . perature)" to-T2-( tne-ga:nemperature)-for-.-constant~pressure-path?---

4.41.* Calculate the change in enthalpy for 5 kg mol of CO which is cooled from 927°C to 
327°C using the program ENTH on the disk included with the book. 

4.42. * Hydrogen sulfide is heated from 77°C to 227°C. What is the enthalpy change due to 
the heating? Use the program ENTH on the disk at the back of the book. 

4.43.* What is the enthalpy change for acetylene when heated from 37.SoC to 93.3°C? Use 
the program ENTH on the disk in the back of the book. 

4.44. * Use the steam tables to calculate the enthalpy change (in joules) of 2 kg mol of 
steam when heated from 400 K and 100 kPa to 900 K and 100 kPa. Repeat using 
the table in the text for the enthalpies of combustion gases. Repeat using the heat ca
pacity for steam. Compare your answers. Which is most accurate? 

4.45. A closed vessel contains steam at 1000.0 psia in a 4-to-l vapor volume-to-liquid 
volume ratio. What is the steam quality? 

4.46. Use the tables for the heat capacities of the combustion gases to compute the en
thalpy change (in Btu) that takes place when a mixture of 6.00 lb mol of gaseous 
H20 and 4.00 lb mol of Co, is heated from 600 P to 600°F. 

4.47. Chemical vapor deposition (CYD) is an important technique in producing solid-state 
materials because of its potential application to a variety of materials with COD-
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trolled properties. Although this method has advantages, the film formation rates 
are so low, usually 0.1 to 1.0 nmls, that the application of this method has been 
limited to date to very expensive materials. 

In Qne trial to test film growth the temperature was controlled by use of steam 
on the underside of the film surface in the reactor assembly. Titanium tetraisopro
poxide [Ti(OC3H7)4] was carried by a helium stream over the condensing surface, 
where it decomposed to TiOz plus gases. 

The steam entered the reactor at 523 K and 130 kPa and exited at 540 K and 
100 kPa. What was the internal energy change per kg of steam going through the 
reactor? Use the steam tables. 

4.48. In a proposed molten-iron coal gasification process (Chemical Engineering, p. 17, 
July 1985), pulverized coal of up to 3 mm size is blown into a molten iron bath, and 
oxygen and steam are blown in from the bottom of the vessel. Materials such as 
lime for settling the slag, or steam for bath cooling and hydrogen generation, can be 
injected at,the same time. The sulfur in the coal reacts with lime to form calcium 
sulfide, which dissolves into the slag. The process operates at atmospheric pressure 
and 1400 to 1500°C. Under these conditions, coal volatiles escape immediately and 
are cracked. T!1e carbon conversion rate is said to be above 98%, and the gas is typ
ically 65 to 70% CO, 25 to 35% H" and less than 2% CO,. Sulfur content of the 
gas is less than 20 ppm. 

Assume that the product gas is 68% CO, 30% H2 , and 2% CO" and calculate 
the enthalpy change that occurs on the cooling of 1000 m' of gaseous product from 
1400°C to 25°C at 101 kPa. Use the table for the enthalpies of the combustion 
gases. 

4.49. Use the CO, chart in the following calculations. 
(a) Four pounds of CO2 are heated from saturated liquid at 20°F to 600 psia and 

180°F. 
(1) What is the specific volume of the CO2 at the final state? 
(2) Is the CO2 in the final state gas, liquid, solid, or a mixture of two or three 

phases? 
(b) The 4 Ib of CO, is then cooled at 600 psia until the specific volume is 0.07 ft'l 

lb. 
(1) What is the temperature of the final state? 
(2) Is the CO2 in the final state gas, liquid, solid, or a mixture of two or three 

phases? 
4.50. The heat capacity of chlorine has been determined experimentally as follows: 

TeC) Cp [cal/(g mol)(K)] 

0 8.00 
18 8.08 
25 8.11 

100 8.36 
200 8.58 
300 8.71 
400 8.81 
500 8.88 
600 8.92 
700 8.95 
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T CC) Cp [cal/(g mol)(K)] 

800 8.98 
900 9.01 

1000 9.03 
1100 9.05 
1200 9.07 

Calculate the enthalpy change required to raise I g mol of chlorine from O'C to 
1200'C. 

Section 4.4 

4.51. Water can exist in various states, depending on its temperature, pressure, and so on. 
From what you have learned in Sec. 3.7. what is the state (gaseous, liquid, solid, or 
combinations thereof) for water at the following conditions: 
(a) 250'F and I atm 
(b) - 10'C and 720 mrn Hg 
(e) 32'F and 100 psia 

4.52. Calculate the enthalpy change (in joules) that occurs when I kg of benzene vapor at 
150'C and 100 kPa condenses to a solid at -20.0'C and 100 kPa. 

4.53. The vapor pressure of zinc in the range 600 to 985'C is given by the equation 

6160 
10gIOp ~ -T + 8.10 

where p = vapor pressure, mm Hg 
T ~ temperature, K 

Estimate the latent heat of vaporization of zinc at its normal boiling point of 907°C. 
_______ ---"4.5A._AfteLgraduation_y.ou_accepLa_joh_as_a_chemicaLengineeLaUhe_Muleshoe NaturaL 

Gasoline Co. The laboratory technician brings you the following data for n-butane 
(C,HIO) made at 30'C. Are these data internally consistent or not? Explain your an
swer in complete detail. 

Data: Liquid specific gravity (water ~ 1.00 at 4'C) is 0.564 
Vapor specific gravity (air ~ 1.00 at O'C and I aim) is 6.50 
Latent heat of vaporization is 85.2 callg 
Vapor pressure relation (p is in atm and T is in K) 

1337 
10gIO P ~ 1.767 - T + 1.75 10gIO T - 0.004 T 

4.55. The vapor pressure of phenylhydrazine has been found to be (from 25' to 240'C) 

* 2366.4 
10gIO p ~ 7.9046 - T + 230 

where p * is in atm and T is in °C. What is the heat of vaporization of phenylhy
drazine in Btu/lb at 200'F? Use the Clausius-Clapeyron equation. 

4.56. Check the precision of the empirical relation proposed by Watson to calculate heats 
of vaporization. Take water as a test example. With boiling water at IOOoe as the 
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reference temperature, estimate the heat of vaporization of water at 300°C from Wat
son's relation. Compare your result with the actual value from the steam tables 

4.57. * Make an Othmer plot for refrigerant 12. and calculate the latent heat of vaporization 
at lOQoF; compare this value with the one calculated from the following experimen
tal data: 

T ('F) 

86 
90 

100 
120 
140 

p* (psia) 

108.04 
114.49 
131.86 
172.35 
22l.32 

The experimental value is 55.93 Btuflb. 

VO) (ft'/lb) 

0.01240 
0.01248 
0.01269 
0.01317 
0.01375 

Vo, (ft'llb) 

0.37657 
0.35529 
0.30794 
0.23326 
0.17799 

4.58. Make an Othmer plot to determine the heat of vaporization of at 
,..--::-_,..-__ °C. Compare with an experimental value if one can be found in a 
handbook. 

4.59. (a) Using the following data on the vapor pressure of Ch. plot log p* against 1fT, 
and calculate the latent heat of vaporization of Ch as a function of temperature: 

T (,F) p* (psia) 

-22 17.8 
32 53.5 
86 126.4 

140 258.5 
194 463.5 
248 771 
284 1050 

How satisfactory are these data? 
(b) The vapor pressure of Ch is given by Lange by the equation 

B 
logp* = A ---

C+T 

where p * is the vapor pressure in mm Hg, T is in °e, and for chlorine, 
A = 6.86773, B = 821. 107, and C = 240. Calculate the latent heat of vapor
ization of chlorine at the normal boiling point (in Btuflb). Compare with the ex
perimental value. 

4.60. Use of the steam tables: 
(a) What is the enthalpy change needed to change 3 lb of liquid water at 32'F to 

steam at I atm and 300'F? 
(b) What is the enthalpy change needed to heat 3 lb of water from 60 psia and 32'F 

to steam at I atm and 300'F? 
(c) What is the enthalpy change needed to heat 1 lb of water at 60 psia and 40'F to 

steam at 300'F and 60 psia? 
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(d) What is the enthalpy change needed to change I lb of a water-steam mixfure of 
60% quality to one of 80% quality if the mixture is at 300°F? 

(e) Calculate the tJ.H value for an isobaric (constant pressure) change of steam from 
120 psia and 500°F to saturated liquid. 

(f) Repeat part (e) for an isothermal change to saturated liquid. 
(g) Does an enthalpy change from saturated vapor at 450°F to 210°F and 7 psia rep

resent an enthalpy increase or decrease? a volume increase or decrease? 
(h) In what state is water at 40 psia and 267.24°F? At 70 psia and 302°F? At 70 psia 

and 304°F? 
(i) A 2.5-ft' tank of water at 160 psia and 363SF has how many cubic feet of liq

uid water in it? Assume that you start with lIb of H20. Could it contain 5 lb of 
H2 0 under these conditions? 

(j) What is the volume change when 2 lb of H20 at 1000 psia and 200°F expands to 
245 psia and 460°F? 

(k) Ten pounds of wet steam at 100 psia has an enthalpy of 9000 Btu. Find the 
quality of the wet steam. 

Section 4.5 

4.61. A cylinder contains I lb of steam at 600 psia and a temperature of 500°F. It is con
nected to another equal-sized cylinder which is evacuated. A valve between the 
cylinders is opened. If the steam expands into the empty cylinder. and the final tem
perature of the steam in both cylinders is 500°F, calculate Q, W, tJ.U, and tJ.H for 
the system comprised of both cylinders. 

4.62. One pound of stearn at 130 psia and 600°F is expanded isothermally to 75 psia in a 
closed system. Thereafter it is cooled at constant volume to 60 psia. Finally, it is 
compressed adiabatically to back to its original state. For each of the three steps of 
the process, compute 6.U and Mi. For each of the three steps, where possible, also 
calculate Q and W. 

4.63. Two I_m3 tanks submerged in a constant-temperature water bath of 77°C are con
nected by a globe valve. One tank contains steam at 40 kPa, while the second is 

---completely-evacuated-;-The-valve-is-opened-and-the-pressure-in-the-two-tanks-equili-
brates. Calculate: 
(3) The work done in the expansion of the steam 
(b) The heat transferred to the tanks from the water bath 
(c) The change in internal energy of the combined steam system 

4.64. You have 0.37 lb of CO2 at I atm abs and lOO°F contained in a cylinder closed by a 
piston. The CO2 is compressed to 70°F and 1000 psia. During the process, 40.0 Btu 
of heat is removed. Compute the work required for the compression. 

4.65. A system consists of 25 lb of water vapor at the dew point. The system is com
pressed isothermally at 400°F, and 988 Btu of work are done on the system by the 
surroundings. What volume of liquid was present in the system before and after 
compression? 

4.66. Steam fills tank I at 1000 psia and 700°F. The volume of tank I equals the volume 
of tank 2. A vacuum exists in tank 2 initially. See Fig. P4.66. The valve connecting 

,----!><1f-----, 

6 ~ Figure P4.66 
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the two tanks is opened, and isothermal expansion of the steam occurs from tank 1 
to tank 2. Find the enthalpy change per pound of steam for the entire process. 

4.67. (a) A large piston does 12.500 (ft)(lb,) of work in compressing 3 ft3 of air to 
25 psia. Five pounds of water circulates into and out of the water jacket around 
the piston and increases in temperature 2.3°P by the end of the process. What is 
the change of internal energy of the air? 

(b) Suppose that the water does not circulate but is stationary and increases in tem
perature the same amount. What is the change now in the internal energy of the 
air? 

(c) Suppose that the piston after compressing the gas returns to its original position, 
and all the 12,500 (ft)(lb,) of work is recovered. What will the water tempera
ture be in part (b)? 

4.68. A household freezer is placed inside an insulated sealed room. If the freezer door is 
left open with the freezer operating, will the temperature of the room increase or 
decrease? Explain your answer. 

4.69. One pound of water at 70°F is put into a closed tank of constant volume. If the tern· 
perature is brought to 80°F by heating, find Q, W, AU, and AH for the process (in 
Btu). If the same temperature change is accomplished by a stirrer that agitates the 
water, find Q, W, AE, and AH. What assumptions are needed? 

4.70. On a winter day (38°P or 3°C outside average temperature) a "standard" house loses 
heat at the following rates: 

(1) 2.1 kW is lost through partially insulated walls and roof by conductance, 
(2) 0.3 kW is lost through the floor by conductance, and 
(3) 1.9 kW is lost through the windows (no storm windows) by conductance. 

Energy is also needed at the following rates: 

(1) 2.3 kW to heat the air entering the house through cracks, flues, etc. 
(infiltration losses) and 

(2) 1.1 kW to humidify the incoming air (because warm air must contain more 
water vapor than cold air for people to be comfortable). 

On the same winter day, some energy is supplied to the house in the follow
ing amounts (on a day with average cloudiness): 

(1) Sunlight through windows 
(2) People's heat transfer 
(3) Appliances' heat transfer 

0.5 kW 
0.2 kW 
1.2kW 

If the house temperature is to be maintained at a constant value, what is the 
rate of energy that must be provided by the heating system in the house? 

Suppose that the following design changes are made in the house: 

(1) Added insultation of walls, roof, and floors cuts the losses incurred there by 
60%. 

(2) Tightly fitting double-glazed windows with selective coatings to reduce the 
passage of infrared light, or with special shutters, cut conductance losses by 
70%. 
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(3) Elimination of cracks, closing of fiues, and so on, cuts infiltration losses by 
70%. 

Now what is the total rate at which energy is lost from this house, all other factors 
remaining the same? 

4.71. In the vapor-recompreSsion evaporator shown in Fig. P4.71, the vapor produced on 
evaporation is compressed to a higher press1:lre and passed through the heating coil 
to provide the energy for evaporation. The steam entering the compressor is 98% 
vapor and 2% liquid, at 10 psia; the steam leaving the compressor is at 50 psia and 
400"F; and 6 Btu of heat are lost from the compressor per pound orsteam through
out. The condensate leaving the heating coil is at 50 psia, 200'F. 
(a) Compute: The Btu of heat supplied for evaporation in the heating coil per Btu of 

work needed for compression by the compressor. 
(b) If 1,000,000 Btu per hour of heat is to be transferred in the evaporator, what 

must be the intake capacity of the compressor in fe of wet vapor per minute? 

Compressor 

Heating Coil 

Condensate Figure P4.71 

4.72. A 55-gal drum of fuel oil (l5'API) is to be heated from 70'F to ISO'F by means of 
an immersed steam coil. Steam is available at 220oP. How much steam is required if 

__ it leaves the ~~l as liquid water at 1 atm p_r_es_s-cuocreoc?~~~~ ___ _ 
4.73. Oil of average Cp - O.S Btu/(lb)('F) flows at 2000 lb/min from an open res"i'voir

standing on a hill 1000 ft high into another open reservoir at the bottom. To ensure 
rapid flow, heat is put into the pipe at the rate of 100,000 Btu/hI. What is the en
thalpy change in the oil per pound? Suppose that a l-hp pump (50% efficient) is 
added to the pipeline to assist in moving the oil. What is the enthalpy change per 
pound of the oil now? 

4.74. Write the simplified energy balances for the following changes: 
(a) A fluid flows steadily through a poorly designed coil in which it is heated from 

70'F to 250'F. The pressure at the coil inlet is 120 psia, and at the coil outlet is 
70 psia. The coil is of uniform cross section, and the fluid enters with a velocity 
of 2 ftIsec. 

(b) A fluid is expanded through a well-designed adiabatic nozzle from a pressure of 
200 psia and a temperature of 6500 P to a pressure of 40 psia and a temperature 
of 350'F. The fluid enters the nozzle with a velocity of 25 ftIsec. 

(c) A turbine directly connected to an electric generator operates adiabatically. The 
working fluid enters the turbine at 1400 kPa absolute and 340'C. It leaves the 
turbine at 275 kPa absolute and at a temperature of ISO'C. Entrance and exit 
velocities are negligible. 
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(d) The fluid leaving the nozzle of part (b) is brought to rest by passing through the 
blades of an adiabatic turbine rotor and leaves the blades at 40 psia and at 
4000 P. 

4.75. Your company produces small power plants that generate electricity by expanding 
waste process steam in a turbine. One way to ensure good efficiency in turbine oper
ation is to operate adiabatically. For one turbine, measurements showed that for 
1000 lb/hr steam at the inlet conditions of 5000 P and 250 psia. the work output 
from the turbine was 86.5 hp and the exit steam leaving the turbine was at 14.7 psia 
with 15% wetness (i.e., with a quality of 85%). 

Check whether the turbine is operating adiabatically by calculating the value 
ofQ. 

4.76. Feedwater heaters are used to increase the efficiency of steam power plants. A par
ticular heater is used to preheat 10 kgis of boiler feed water from 20°C to 188°C at a 
pressure of 1200 kPa by mixing it with saturated steam bled from a turbine at 
1200 kPa, as shown in Pig. P4.76. Although insulated, the heater loses heat at the 
rate of 50 J per gram of exiting ~xture. What fraction of the exit stream is steam? 

1200 kPa 
188° C 

. 0.13 m dia 

0.4 m dia 

r-----~------

I 

I 
I 
I 

I I 
I I L ___________ ..J 

0.15 m dia 

15 kg/s (Saturated Vapor from Turbine) 
1200 kPa 

(Liquid) 
10 kg!s 
1200 kPa 
20° C 

Figure P4.76 

4.77. Hot reaction products (assume that the products have same properties as air) at 
lOOOQC leave a reactor (see Fig. P4.77), To prevent further reaction, the process is 
designed to reduce the temperature of the products to 400°C by immediately spray
ing liquid water at 25°C into the gas stream. 
(a) How many moles of water at 25°C are required per mole of products, and how 

many Ib of water per 1000 ft3 of products (measured at 400°C and 0.41 in. Hg 
pressure gauge-the barometer is 29.75 in. Hg)? 

Reactants ---..... ..j Reactor 

H20 at 25° C 

Products 
~--~~~--~400°F 

1000° C Figure P4.77 
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(b) Based on the data in part (a), explain in words and if possible with specific 
numbers how you would make the following adjustments or calculations. 
(1) What was the work done by or on the system if the system is the reactor? 
(2) What would be the increase or decrease in the Ib of water required if the ve-

locity of the lOOO'C gas was assumed to be 20 ftlsec? 
(3) What would be the change in Ib of water required if the reactor were not in

sulated and as a result lost 2000 Btu/lb mol of the IOoo'C exit products? 
(4) What would be the change in Ib of water required if the water temperature 

were 40'C instead of 25'C? 
(5) What would happen in your calculations if the hot gases contained a product 

that condensed at 5OO'C and I atm? 
4.78. A plant is proposing to utilize waste gas, now being discarded at 750'F, to supply 

the heat for a waste heat boiler which is to produce saturated steam at 400°F from 
feed water at 70'F. The average molal heat capacity of the gas is 8.2. Under ideal 
conditions (Le., no heat losses to the surroundings and very large heat exchange 
sJ,Ufaces), what is the maximum possible production of steam, expressed as pounds 
of steam per pound mole of gas? 

4.79. In a continuous reactor, the oxygen feed is compressed adiabatically from 100 to 
200 kPa at a rate of 2 kg/min. The entering temperature of the oxygen is 20'C and 
the exit temperature is 100'C. If 7.675 kJ/hr of work are done on a system and the 
change in kinetic energy (~) is a negative 10.0 kJ/kg, calculate the change in in
ternal energy (aU) per 1.0 kg 0, flowing through the compressor for the process. 
The change in potential energy (/lP) is negligible. Oxygen behaves ideally at these 
conditions. 

4.80. Cell growth liberates energy which must be removed; otherwise, the temperature 
will rise so much that the cells may be killed. In a continuous fermenter for the pro
duction of Penicillium chrysogenum, the cells generate 27.6 kJ/L per hour, and the 
volume of the well-insulated fermenter is 2 L. The feed temperature is 25'C and the 
exit temperature is equal to the temperature in the fermenter. Penicillium chryso
genum cannot grow above 42°C. Will the cells survive? Assume for simplicity that 

______ . _the_inleLand_outleLstreams_have_a.heaLcapacity_oL4_J/(g)(~C)_and_the. mass. flow. 

4.81. 
rates of 1025 glhr are constant. 
Three hundred kilograms per hour of air flow through a countercurrent heat ex
changer as shown in Fig. P4.81. 1\vo hundred thirty kilograms per hour of potas-
sium carbonate solution are heated by the air. Assume that the heat exchanger has 
negligible heat losses. The terminal temperatures are given in Fig. P4.81. Calculate 
the temperature, in kelvin, of the exit potassium carbonate stream. 

127' C 

27' C 
230 kg/hr 

2.5% K2C03 

97.5% H20 

Heat 
Exchanger 

300 kg/hr Air 
227' C 

TOul =? 

Figure P4.81 

4.82. Boilers such as those used for generating steam must be purged periodically to pre
vent solids buildup. Solids in the boiler wi!llower both the efficiency and quality of 
the product steam. This process and the liquid removed are refered to as the blow-
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down. So that this energy is not wasted, the blowdown from a boiler operating at 
1000 kPa is run into a flash chamber from which steam at 200 kPa is withdrawn. 
What fraction of the blowdown becomes available as steam at 200 kPa? 

4.83. In a recycle fermenter, a cell separater is used to concentrate the cells and return 
them to the fermenter. The steady-state rate of cell production in the fermentation 
vessel is Q = ",XV, where", is a growth rate constant. X the (dry) cell concentra
tion, and V the volume of the vessel. The volumetric flow rate into the fermenter 
and out of the separater is F. For the recycle fermenter shown in Fig. P4.83: 
(a) Calculate the constant", as a function of R, F, V. X" Xl. 
(b) If X,/X l = 1.5, calculate ",/D for R/F = 0.5, where D is the dilution rate 

(FlO/V). 
(c) For X,/X l = 1.5 and R/F = 0.5, calculate X,/X l . 

F 

x, 

F Fermenter F + R 
_·X(y -.. --XI V _ %1 

Separator 

R 

x, Figure 1P4.83 

4.84. A chemical plant has just perfected a process for the manufacture of a new revoh
tionary drug. A large plant must be designed even before complete data are avail
able. The research laboratory has obtained the following data for the drug. 

boiling point at 101.3 kPa 

vapor pressure at 230°C 

specific gravity, 28/4 

melting point 

solubility in water at 76°C 

molecular weight 

heat capacity of liquid 

heat capacity of liquid 

250°C 

55 kPa 

1.316 

122.4°C 

2.2/100 parts water by weight 

122 

at 150°C is 2.09 kJ!(kg)CC) 

at 240°C is 2.13 kJ!(kg)(°C) 

Calculate the heat duty for a vaporizer that will be ,equired to vaporize 10,000 kg/hr 
of this chemical at atmospheric pressure (assume that no superheating of the vapor 
occurs). The entering temperature of the drug will be 130°C. 

4.85. Water at 250 psia and 700 P enters a boiler, where it is converted to superheated 
steam at 250 psi absolute and 700°F. The superheated steam passes through an adia
batic turbine and emerges at a pressure of IS psi gauge, 98% quality (i.e., 98% va
por). The exit wet stearn is then condensed and subcooled to 1000P at a constant 
pressure of IS psi gauge by heating air from 60°F to 200°F. 

Per pound of steam, calculate Q, W, !J.H, and !J.U for (a) the boiler and 
(b) the turbine. 
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4.86. Saturated steam at 227°C is used in a heat exchanger to preheat a reactor feed 
stream. 
(a) If the condensate is removed from the heat exchanger at 152°C and the flow rate 

is 1000 kg/hr, how many kJ are transferred to the feed stream in I hr? 
(b) How much additional steam would be required if the condensate is removed at 

227°C with the exit reactor feed stream temperature the same? 
4.87. A process involving catalytic dehydrogenation in the presence of hydrogen is known 

as hydro forming. Toluene, benzene, and other aromatic materials can be economi
cally produced from naphtha feed stocks in this way. After the toluene is separated 
from the other components, it is condensed and cooled in a process such as the ODe 

shown in Fig. P4.87. For every 100 kg of stock charged into the system, 27.5 kg of 
a toluene and water mixture (9.1 % water) are produced as overhead vapor and con
densed by the charge stream. Calculate: 
(a) The temperature of the charge stream after it leaves the condenser 
(b) The kilograms of cooling water required per hour 

Additional data: 

Stream Cp [kJI(kg)Cc)] B.P. ("C) 6H"p (kJlkg) 

F, 
27.5 kg Vapor 
100.0 kg Stack 

9.1% H2 O 

150° C 

H,O(l) 4.2 
H,O(g) 2.1 
C,H,(I) 1.7 
C,H,(g) 1.3 
Stock (I) 2.1 

T2 =? 

C2 

Condenser 
F2 

Sat. Liquid 
90° C 

C, 

50,000 kg/day Stack 
20° C 

Figure P4.87 

100 2260 

111 230 

H20, 60° C 

W2 

Separator P 
Liquid 40° C 

W, 

H20 20° C 

4.88. Simplify the general energy balance so as to represent the process in each of the fol
lowing cases. Number each term in the general balance, Eq. (4.24a), and state why 
you retained or deleted it. 
(a) A bomb calorimeter is used to measure the heating value of natural gas. A mea

sured volume of gas is pumped into the bomb. Oxygen is then added to give a 
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total pressure of 10 atm, and the gas mixture is exploded using a hot wire. The 
resulting heat transfer from the bomb to the surrounding water bath is measured. 
The final products in the bomb are CO, and water. 

(b) Cogeneration (generation of stearn both for power and heating) involves the use 
of gas turbines or engines as prime movers, with the exhausted steam going to 
the process to be used as a heat source. A typical installation is shown in Fig. 
P4.88. 

(c) In a mechanical refrigerator the Preon liquid is expanded through a small insu
lated orifice so that part of it flashes into vapor. Both the liquid and vapor exit at 
a lower temperature than the temperature of the liquid entering. 

Stack 

Steam to Process 

Fuel Boiler 

Wark Done Figure P4.88 

4.89. A desalted crude oil (40° API) is being heated in a parallel-flow heat exchanger from 
700 P to 2000P with a straight-run gasoline vapor available at 2800P. If 400 gallhr of 
gasoline is available (measured at 600 P. 63°API). how much crude can be heated per 
hour? Would countercurrent flow of the gasoline to the crude change your answer to 
this problem? Assume that K = II for the oil and 12.2 for the gasoline. Cp of the 
vapor is 0.95 Btu/(lb)(OP). 

4.90. The process of throttling (i.e., expansion of a gas through a small orifice) is an im
portant part of refrigeration. If wet steam (fraction vapor is 0.975) at 700 kPa abso
lute is throttled to I atm. find the following for the process: 
(a) Heat transferred to or from steam 
(b) Work done 
(c) Enthalpy change 
(d) Internal energy change 
(e) Exit temperature 

4.91. Solid CO, is being produced by adiabatically expanding high-pressure CO, at 700P 
through a valve to a pressure of 20.0 psia. 
(a) If 30% conversion of the initial CO, to the solid is desired, at what pressure 

must the CO2 be before expansion? 
(b) Is the high-pressure CO2 gas. liquid. or a mixture of each? 
(c) What is the approximate volume change per pound of CO2 during the expan

sion? 

4.92. Examine the simplified refinery power plant flow sheet in Pig. P4.92 and calculate 
the energy loss (in Btii/hr) for the plant. Also calculate the energy loss as a percent
age of the energy input. 

4.93. Start with the general energy balance, and simplify it for each of the processes 
listed below to obtain an energy balance that represents the process. Label each 
term in the general energy balance by number, and list by their numbers the terms 
retained or deleted followed by your explanation. (You do not have to calculate any 
quantities in this problem.) 
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(a) One hundred kilograms per second of water is cooled from 100°C to 50°C in a 
heat exchanger. The heat is used to heat up 250 kg/s of benzene entering at 
20°C. Calculate the exit temperature of benzene. 

(b) A feedwater pump in a power generation cycle pumps water at the rate of 
500 kg/min from the turbine condensers to the steam generation plant, raising 
the pressure of the water from 6.5 kPa to 2800 kPa. If the pump operates adia
batically with an overall mechanical efficiency of 50% (including both pump 
and its drive motor), calculate the electric power requirement of the pump mo
tor (in kW). The inlet and outlet lines to the pump are of the same diameter. 
Neglect any rise in temperature across the pump due to friction (Le., the pump 
may be considered to operate isothermally). 

(c) A caustic soda solution is placed in a mixer together with water to dilute it from 
20% NaOH in water to 10%. What is the final temperature of the mixture if the 
materials initially are at 25°C and the process is adiabatic? 

4.94. A distillation process has been set up to separate an ethylene-ethane mixture as 
shown in Fig. P4.94. The product stream will consist of 98% ethylene and it is de
sired to recover 97% of the ethylene in the feed. The feed, 1000 lb per hour of 35% 
ethylene, enters the preheater as a subcooled liquid (temperature = - 100"F, pres
sure = 250 psia). The feed experiences a 20°F temperature rise before it enters the 
still. The heat capacity of liquid ethane may be considered to be constant and equal 
to 0.65 Btu/(lb)(OF) and the heat capacity of ethylene may be considered to be con
stant and equal to 0.55 Btu/(lbWF). Heat capacities and saturation temperatures of 
mixtures may be determined on a weight fraction basis. An optimum reflux ratio of 
6.1 lb reflux/lb product has been previously determined and will be used. Operating 
pressure in the still will be 250 psia. Additional data are as follows: 

Component 

1000lb/hr 
Pre-heater 

Pressure = 250 psia 

Temp. sat. eF) 

Still 

Bottoms 

Figure P4.94 

Heat of vaporizatioin (Btu/lb) 

140 
135 

Refrigerant in 

f-__ Refrigerant 
c,:::=-' out 

'::-c,,-L------ Product 
Reflux 

'---Condensate 



L 

516 Energy Balances Chap. 4 

Determine: 
(a) The pounds of 30 psig ~team required in the reboiler per pound of feed. 
(bj The gallons of refrigerant required ·in the condenser per hour assumirig a 25'F 

rise in the temperature of the refrigerant. Heat capacity is approximately 
1.0 Btu/(lbWF) and density = 50lb/ft'. 

(e) The temperature of the bottoms as it leaves the preheater. 
4.95. A dryer with a rating of 5.0 x lOs lis is available to dry the products leaving the 

separator of a plant, as shown in Fig. P4.95. Is the heat input to the dryer large 
enough to do the job? 

Urea 
Solvent 

Condenser 

10% NoOH 

Cp [J/(kg)(OC)] 

2500 
2800 

Solvent vapor 

9000 kg/hr 

H", (J/kg) 

4.50 x ros 

4000kg :7~0~~f'~H~,0~ __ ~~~~r-~s~o,?,e~nt;'~iq~Ui~d __ l Separator 
hr 20% Urea plus urea 

15°C \5° C 

Fignre P4.95 

Section 4.6 

Urea 
500 kg/hr 

4.96. A phase change (condensation, melting, etc.) of a pure component is an example of 
a reversible- process-because the temperature and pressure remain constant-during---
the change. Use the definition of work to calculate the work done by butane when 
1 kg of saturated liquid butane at 70 kPa vaporizes completely. Can you calculate 
the work done by the butane from the energy balance alone? 

4.97. Calculate the work done when 1 Ib mol of water in an open vessel evaporates com
pletely at 212'F. Express your result in Btu. 

4.98. One kilogram of steam goes through the following reversible process. In its initial 
state (state 1) it is at 2700 kPa and 540'C. It is thenexpand.ed isothermally to state 
2, which is at 700 kPa. Then it is cooled at constant volume to 400 kPa (state 3). 
Next it is cooled at constant pressure to a volume of 0.4625 m'lkg (state 4). Then it 

. is compressed adiabatically to 2700 kPa, and 425'C (state 5), and finally it is heated 
at constant pressure back to the original state. 
(a) Sketch the path of each step in a p-V diagram. 
(b) Compute t:.U and t:.H for each step and for the entire process. 
(e) Compute Q and W whenever possible for each step of the process. 

4.99. Calculate the work done when 1 lb mol of water evaporates completely at 212'F in 
the following cases. Express your results in Btu/lb mol. 
(a) A steady-state flow process: water flowing in a pipeline at 1 lb mol/min neglect

ing the potential and kinetic energy changes .. 
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(b) A nonflow process: water contained in a constant-pressure, variable-volume 
tank. 

4.100. A system consists of 2S Ib of water vapor at the dew point. The system is com
pressed isothermally at 400°F, and 988 Btu of work is done on the system by the 
surroundings. What volume of liquid was present in the system before and after 
compression? 

4.101. An inventor claims that his new device will compress steam isothermally from 
14.7 psia and SOO°F to 200 psia and SOO°F with 100,% efficiency. If so, what is the 
work in Btu per pound of steam calculated 
(a) For a batch (closed) process? 
(b) For a flow (open) process? 

4.102. In the transport of pulverized coal by pipeline, water is the usual fluid to carry the 
coal. However, problems exist in obtaining water in arid western states so that liq
uid CO2 (obtained from burning some of the coal) has been proposed as the trans
port fluid. To liquefy the pure CO2 gas obtained after separation from N2 and H20, 
the CO2 is compressed isothermally and essentially reversibly from IS psia and 60°F 
to saturated liquid. State assumptions about the states of the compounds. 
(a) What is the specific volume of the saturated liquid? 
(b) What is the final pressure on the saturated liquid? 
(c) What is the work of compression per Ib of CO2? 
(d) If the efficiency of the compressor is actually 90% (III % of the reversible work 

is the actual work required), and the cost of compression is $0.034/kWh, how 
much does it cost to liquefy I Ib of CO2? 

4.103. In a processing plant, milk flows from a storage tank maintained at SoC through a 
valve to a pasteurizer via an insulated I O-cm -diameter pipe at the rate of 1000 L! 
min. The upstream pressure is 290 kPa and downstream pressure is 140 kPa. Deter
mine the lost work (Eo) in J/min and the temperature change which occurs in the 
milk as a result of this throttling process. (Milk and water are sufficiently equivalent 
in properties for you to use those of water.) 

4.104. A power plant is as shown in Fig. P4.104. If the pump moves 100 gal/min into the 
boiler with an overall efficiency of 40%, find the horsepower required for the pump. 
List all additional assumptions required. 

500 psia 
Turbine 

Feed water pump 
100°F 

L----i:1---.:::..::..~ Condenser 
Satd Figure P4.104 

4.105. An office building requires water at two different floors. A large pipe brings the city 
water supply into the building in the basememt level, where a booster pump is lo
cated. The water leaving the pump is transported by smaller insulated pipes to the 
second and fourth floors, where the water is needed. Calculate the minimum amount 
of work per uuit time (in horsepower) that the pump must do in order to deliver the 
necessary water, as indicated in Fig. P4.lOS. (Minimum refers to the fact that you 
should neglect the friction and pump energy losses in your calculations.) The water 
does not change temperature. 
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p = 101m Figure P4.10S 

4.106. Water at 20°C is being pumped from a constant-head tank open to the atmosphere to 
an elevated tank kept at a constant pressure of 1150 kPa in an experiment as shown 
in Fig. P4.106. If water is flowing in the 5.0-cm line at a rate of 0.40 m'/min, find 
(a) The rating of the pump in joules per kilogram 
(b) The rating of the pump in joules per minute 
The pump and motor have an overall efficiency of 70% and the energy loss in the 
line can be determined to be 60.0 J/kg. 

Water 

J I 
I 

I 

1 
10m 

I 
Pump 

----

Figure P4.106 

Section 4.7 

....--5.0 em lin e II.D.I 

4.107. Calculate the heat of reaction at 77°F and 1 atmosphere for the following reactions: 
(a) Fe,O,(s) + 2Al(s) ---> Al,O,(s) + 2Fe(s) 

Data: l>HJ for Al,O, = -399.09 kcal/g mol 
(b) 4FeS,(s) + 150,(g) ---> 2Fe,O,(s) + 8S0,(g) 
(c) C,H,CHO(I) + 80,(g) --> 7CO,(g) + 3H,O(I) 

4.108. Calculate the heat of reaction in the standard state for 1 mole of C,H,(g) for the fol
lowing reaction from the given data: 

C,H,(l) + 50,(g) ---> 3CO,(g) + 4H,O(I) 

Compound 

C,H,(g) 
C<h(g) 
H,O(g) 

-foHJ (kcal/g mol) 

24.820 
94.052 
57.798 

Vaporization at 25°C 
kcal/g mol 

3.823 
1.263 

10.519 
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4.109. At Texas City, Amoco operates a hydroformer in which cycloparaffin hydrocarbon 
vapors plus recycled hydrogen are passed at about 500°C and 20 atm pressure over a 
catalyst that produces an aromatic hydrocarbon. Cyclohexane produces benzene and 
hydrogen. 

C,H12(g) --> C,H,(g) + 3H,(g) 

The cyc10hexane vapors are condensed, separated by distillation, and recycled in the 
process. Three volumes of hydrogen are recycled for every volume of feed stock, 
which consists of cyc10hexane containing 5 mol % berizene. To initiate a design for 
the reactor, calculate standard heat of reaction per g mol of C6H12 . 

4.110. Hydrogen is used in many industrial processes, such as the production of ammonia 
for fertilizer. Hydrogen also has been considered to have a potential as an energy 
source because its combustion yields a clean product and it is easily stored as metal 
hydrides. Thermochemical cycles (a series of reactions resulting in a recycle of 
some of the reactants) can be used in the production of hydrogen from an abundant 
natural compound-water. One process involving a series of five steps is outlined 
below. State assumptions about the states of the compounds. 

3Fez03 + 18HCl 
120'C 

6FeCl, + 9H,O (I) --> 

6FeCI, 
420'C 

6FeCl, + 3Cl, (2) --> 

6FeCl, + 8H,O 
650'C 

2Fe30, + 12HCl + 2H, (3) --> 

2Fe)04 + t02 
350'C 

3Fe,03 (4) --> 

3H,O + 3Cl, 
800'C 

6HCl + ~O, (5) --> 

(a) Calculate the standard heat of reaction for each step. State whether the reaction 
is endothermic or exothermic. 

(b) What is the overall reaction? Is it exothermic or endothermic? 
4.111. J. D. Park et al. [JACS 72, 331-3 (1950)] determined the heat of hydrobromination 

of propene and cyctopropane. For hydrobromination (addition of HBr) of propene 
to 2-bromopropane (C3H,Br), they found that AH = -84,441 Jig mol. The heat 
of hydrogenation of propene to propane is AN = -126,000 Jig mol. N.B.S. Circ. 
500 gives the heat of formation of HBr(g) as -36,233 Jig mol when the bromine is 
liquid and the heat of vaporization of bromine as 30,710 Jig mol. Calculate the 
heat of bromination of propane using gaseous bromine to form 2-bromopropane us
ing the above data? 

4.112. Compare prices of five fuels: 

(1) Natural gas (all CH,) at $2.20 per 103 ft' 
(2) No.2 fuel oil (33'API) at $0.85 per gallon 

(3) Dry yellow pine at $95 per cord 
(4) High-volatile A bituminous coal at $55.00 per ton 
(5) Electricity at $0.032 per kilowatt 

List the cost of each in descending order per 106 Btu. As far as energy consumption 
is concerned, would you be better off with a gas dryer or an electric dryer? Should 
you heat your house with wood, No.2 fuel 011, or coal? (Note: A cord of wood is a 
pile 8 ft long, 4 ft high, and 4 ft wide.) 

4.113. How would you determine the heat of formation of gaseous fluorine at 25°C and 
1 atm? 
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4.114. Calculate the heat of reaction at the standard reference state for the following reac
tions: 
(a) CO,(g) + H,(g) ---> CO(g) + H,O(l) 
(b) 2CaO(s) + 2MgO(s) + 4H,O(1) ---> 2Ca(OHh(s) + 2Mg(OHh(s) 
(c) Na,S04(s) + C(s) ---> Na,SO,(s) + CO(g) 
(d) NaCl(s) + H,S04(1) ---> NaHS04(s) + HC1(g) 
(e) NaCl(s) + 2S0,(g) + 2H,O(1) + O,(g) ---> 2Na,S04(s) + 4HC1(g) 
(f) SO,(g) + ~ O,(g) + H,O(1) ---> H,S04(1) 
(g) N,(g) + O,(g) ---> 2NO(g) 
(h) Na,CO,(s) + 2Na,S(s) + 4S0,(g) ---> 3Na,S,O,(s) + CO,(g) 
(i) NaNO,(s) + Pb(s) ---> NaNO,(s) + PbO(s) 
(j) Na,CO,(s) + 2NH.Cl(s) ---> 2NaCl(s) + 2NH,(g) + H,O(1) + CO,(g) 
(k) Ca,(P04h(s) + 3SiO,(s) + 5C ---> 3CaSiO,(s) + 2P(s) + 5CO(g) 
(1) P,O,(s) + 3H,O(l) ---> 2H,P04(l) 
(m) CaCN,(s) + 2NaCl(s) + C(s) ---> CaCI,(s) + 2NaCN(s) 
(0) NH,(g) + HNO,(aq) ---> NH,NO,(aq) 

• (0) 2NH,(g) + CO,(g) + H,O(1) ---> (NH.),CO,(aq) 
. (p) (NH.),CO,(aq) + CaS04' 2H,O(s) ---> CaCO,(s) + 2H,O(l) 

+ (NH.),S04(aq) 
(q) CuS04(aq) + Zn(s) ---> ZnS04(aq) + Cu(s) 
(r) C,H,(1) + Cl,(g) ---> C,H,Cl(1) + HC1(g) 

benzene chlorobenzene 

(s) CS,(1) + Ch(g) ---> S,CI,(l) + CCl4(l) 
(t) C,H4(g) + HC1(g) ---> CH,CH,Cl(g) 

ethylene ethylchloride 

(u) CH,OH(g) + ~O,(g) ---> H,CO(g) + H,O(g) 
methyl alcohol formaldehyde 

(v) C,H,(g) + H,O(1) ---> CH,CHO(l) 
acetylene acetaldehyde 

(w) n- C.HIO(g) ---> C2H4(g) + C,H,(g) 
butane ethylene ethane 

(x) c,H.(g) + c.a.(l) ---> ethyl benzene(l) 
ethylene benzene 

(y) 2C,H.(g) ---> C4H,(I) 
ethylene 1-butane 

(z) C,H,(g) + C,H,(l) ---> cumene(l) 
propene benzene isopropyl benzene 

4.115. The process of converting SO, to sulfuric acid with the aid of nitrogen oxides can 
be expressed on an overall basis as follows: 

SO,(g) + NO,(g) + H,O(l) ---> H,S04(1) + NO(g) 

This process has been used by the chemical industry for over a century in what is 
known as the chamber process. With the high dilution of N, that accompanies the 
SOz, the raw gases have to pass at low velocities through large lead chambers in OI

der to react sufficiently. If 10,000 ft'/hr of NO (measured at S.c.) and 2750 Ib/hr of 
H2S04 are produced, what is the cooling required if the reaction is to proceed 
isothermally at 77°F? 

4.116. Determine the heat of reaction at 25°C and 1 aim for the following reactions from 
heat of combustion data: 
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(a) HzS(g) + ~ O,(g) ----> SO,(g) + HzO(g) 
(b) N,(g) + Oz(g) ----> 2NO(g) 
(c) NO(g) + ~H,(g) ----> NH,(g) + H,O(g) 
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4.117. A mixture of gaseous methane (CH,) and hydrogen (Hz) was found to transfer heat 
in a reaction at 25°C of -150.0 kcal/g mol mixture; however, this value was de
tennined under conditions such that the water produced left as a vapor rather than 
as a liquid as required for the standard values. Calculate the relative compositions 
of the mixture of CH4 and Hz. 

4.118. The following enthalpy changes are known for reactions at 25°C in the standard 
thermochemical state: 

No. 

1 C,H6(g) + H,(g) ----> C,H8(g) 

2 C,Hg(g) + 50z(g) ----> 3CO,(g) + 4HzO(I) 

3 Hz(g) + tOz(g) ----> H,O(l) 

4 HzO(I) ----> H,O(g) 

5 C( diamond) + O,(g) ----> CO,(g) 

6 C(graphite) + Oz(g) ----> COz(g) 

Calculate: 
(a) The heat of formation of propylene 
(b) The heat of combustion of propylene 

t;W(kJ) 

-123.8 

-2220.0 

-285.8 

43.9 

-395.4 

-393.5 

4.119. When 2.00 g of MgO (mol. wI. = 40.32) are formed by burning Mg in air, the 
laboratory reports that 31,780 J were absorbed by the calorimeter. What is the heat 
of combustion of Mg per g mol? 

4.120. About 30% of crude oil is processed eventually into automobile gasoline. As 
petroleum prices rise and resources dwindle, alternatives must be found. However, 
automobile engines can be tuned so that they will run on simple alcohols:. Methanol 
and ethanol can be derived from coal or plant biomass, respectively. While the al
c0hols produce fewer pollutants than gasoline, they also reduce the travel radius of a 
tank of fuel. What percent increase in the size of fuel tank is needed to give an 
equivalent travel radius if gasoline is replaced by alcohol? Base your calculations on 
40 kJ/g of gasoline having a sp gr of 0.84, and with the product water as a gas. 
Make the calculations for (a) methanol; (b) ethanol. 

4.121. Calculate the heat of formation at 25°C of ethyl mercaptan (CzH,SH). The follow
ing thermal values at 25°C are available. 

CzH,SH(g) + 4.50z(g) ----> 2COz(g) + 3Hz0(1) + SOz(g) 
l!.H = -1,895,600 Jig mol 

Hz(g) + 0.50z(g) ---> HzO(g) l!.H = -241,826 Jig mol 
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Latent heat of vaporization of water at 25'C is 44,012 Jig mol. 

C(j3) + O,(g) --> CO,(g) 

S(s) + O,(g) --> SO,(g) 

tJ.H = -393,510 Jig mol 

tJ.H = -296,900 JIg! mol 

Chap. 4 

If the first reaction were carried out in a constant-volume calorimeter, what 
would be the amount of heat liberated? 

4.122. A consulting laboratory is called upon to determine the heating value of a natural 
gas in which the combustible is entirely methane. They do not have a Sargent flow 
calorimeter, but do have a Parr bomb calorimeter. They pump a measured volume 
of the natural gas into the Parr bomb, add oxygen to give a total pressure of 
1000 kPa, and explode the gas-O, mixture with a hot wire. From the data they cal
culate that the gas has a heating value of 3.44 x 10' kJ/m'. Should they report this 
value? Explain. 

4.123. Calculate the heat of reaction at 25'C for the following reaction if it takes place at 
constant volume. 

C,R.(g) + 2H,(g) --> 2CH.(g) 

4.124. If I Ib mol of Cu and lIb mol of H,SO.(lOO%) react together completely in a bomb 
calorimeter, how many Btu is absorbed (or evolved)? Assume that the products are 
H,(g) and solid CuSO,. The initial and final temperatures in the bomb are 25'C. 

4.125. In the reaction 

4FeS,(s) + 11 O,(g) --> 2Fe,O,(s) + 8S0,(g) 

the conversion of FeS,(s) to Fe,O,(s) is only 80% complete. If the standard heat of 
reaction for the reaction is calculated to be -197.7 kcallg mol FeS,(s), what value 
of tJ.H'i,.. will you use in the energy balance per kg of FeS, fed? 

4.126. Find the higher (gross) heating value of H,(g) at O'C. 
4.127. The chemist for a gas company finds a gas analyzes 9.2% CO" 0.4% C,R., 20.9% 

CO, 15.6% H2 , 1.9% CR., and 52.0% N2• What should the chemist report as the 
- - -gross-heating-value-of-the-gas? 

4.128. What is the higher heating value of I m' of n-propylbenzene measured at 25'C and 
1 aim and with a relative humidity of 40%? 

4.129. An off-gas from a crude oil topping plant has the following composition: 

Component Vol. % 

Methane 88 
Ethane 6 
Propane 4 
Butane 2 

Ca) Calculate the higher heating value on the following bases: (1) Btu per pound, 
(2) Btu per mole, and (3) Btu per cubic foot of off-gas measured at 60'F and 
760mmHg. 

(b) Calculate the lower heating value on the same three bases indicated in part (a). 
4.130. Calculate the lower heating value of methane at lOO'C. 
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4.131. Compute the heat of reaction at 600 K for the following reaction: 

S( C) + O,(g) --> SO,(g) 

4.132. Calculate the heat of reaction at 500°C for the decomposition of propane. 

C,H, --> C,H, + ClL, + H, 

4.133. In a new process for the recovery of tin from low-grade ores, it is desired to oxidize 
stannous oxide, SoO, to stannic oxide, Sn02, which is then soluble in caustic solu
tion. What is the heat of reaction at 90°C and 1 atm for the reaction 
SnO + ! O2 --+ Sn02? Data are: 

lilil(kJ/g mol) Cp [J/(g mol)(K)]. Tin K 

SnO -283.3 39.33 + 15.15 X 10-' T 

SnO, -577.8 73.89 + 10.04 X IO-'T - 2.16 T~ 10' 

4.134. Develop an equation to be used in a computer code from which the heat of the fol
lowing reaction in kJ/g mol FeO can be calculated at any temperature T (in K). 

FeO(s) + CO(g) --> Fe(s) + CO,(g) 

Cp [J/(g mol)(K)] 

Fe 14.1 + 29.71 X IO-'T + 1.80 X 10'1' 
FeO 38.79 + 20.08 X IO-'T 
CO 27.61 + 5.02 X IO-'T 
CO, 32.21 + 22.18 X IO-'T - 3.47 X IO-'T' 

4.135. To take care of peak loads in the winter, the local gas company wishes to supple
ment its !intited supply of natural gas (CR.) by catalytically hydrogenating a heavy 
liquid petroleum oil that it can store in tanks. The supplier says that the oil has a 
V.O.P. Characterization Factor of 12.0 and an API gravity of 30oAPI. To ntinintize 
carbon deposition on the catalyst, twice the required amount of hydrogen is intro
duced with the oil. The reactants enter at 70"1' and after heat exchange the products 
leave at 70°F. Calculate the following, per 1000 ft' of CR. at the standard condi
tions in the gas industry: 
(a) The pounds of oil required 
(b) The heat input or output to the catalytic reactor 

4.136. Calculate the heat of reaction of the following reactions at the stated temperature: 
850°C 

(a) MgO(s) + C(s) + Clz(g) ---> MgCIz(s) + CO(g) 
2OQ°C 

(b) CH,OH(g) + !O,(g) ---> H,CO(g) + H,O(g) 
methyl alcohol formaldehyde 

300°C 
(c) SO,(g) + !O,(g) ---> SO,(g) 
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4.137. Sulfur can be recovered from the H,S in natural gas by the following reaction: 

4.138. 

--------c 

4.139. 

3H2S(g) + 1402(g) ----> 3S(s) + 3H,O(g) 

For the stoichiometric ratio of materials, with HzS and O2 entering the process at 
3000P and the products leaving the reactor at 1 GO°F, calculate the heat of reaction in 
British thermal units per pound of sulfur formed. Assume that the reaction is com
plete. If it is only 75% complete, will this change your answer, and if so, how 
much? 
Propane, butane, or liquefied petroleum gas (LPG) has seen practical service in pas
senger automobiles for 30 years or more. Because it is used in the vapor phase, it 
pollutes less than gasoline but more than natural gas. A number of cars in the Clean 
Air Car Race ran on LPG. The table below lists their results and those for natural 
gas. It must be kept in mind that these vehicles were generally equipped with plat
inum catalyst reactors and with exhaust-gas recycle. Therefore, the gains in emission 
control did not come entirely from the fuels. 

Natural gas, LPG. 
avg. 6 cars avg. 13 cars Fed std. 

HC (g/mi) 1.3 0.49 0.22 
CO (g/mi) 3.7 4.55 2.3 
NO, (g/mi) 0.55 1.26 0.6 

Suppose that in a test butane gas at 100°F is burned completely with the stoi
chiometric amount of heated air which is at 400°F and a dew point of 77°P in an en
gine. To cool the engine, 12.5 Ib of steam at 100 psia and 95% quality was gener-

. ated from water at 77°F per pound of butane burned. It may be assumed that 7% of 
the gross heating value of the butane is lost as radiation from the engine. Will the 
exhaust' gaees leaving the engine exceed the temperature limit of the catalyst of 
1000"1'-1------ --- -

Liquid hydrazine (N,H.) is injected into a jet combustion chamber at 100°C. where 
it is ignited and burns in an airstream with 100% excess air preheated to 500°C. The 
hot gases issue directly from the end of the reactor. What is their temperature? 

N,H.(l) + O,(g) -> N,(g) + 2H,O(g) 
Cp N,H.(I) = 33.2 cal/(g moI)("C) 
f>.H, N2H,(I) = 10.7 kcal/g mol at 25°C 

4.140. The oata for this problem have been taken from D. Dyer. G. Maples, and J. C. 
Maxwell, Measuring and Improving the Efficiency of Boilers (Cambridge. Mass.: 

-MIT Press, 1982). Chapter 2. A boiler (see Fig. P4.140) burns the following fuel: 

CH, 90.05% N, 5.518% 

C,H, 

C,H, 

C4 HlO 

CsH12 

1.98% 

0.202% 

0.069% 

0.018% 

0, 

H, 

CO, 

1.467% 

0.31% 

0.662% 
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-j-~ Generated Steam 

Figure P4.140 

In a test for boiler efficiency, the following. data were collected: 

Variable 

Feedwater mass flow rate 
Feedwater inlet temperature 
Steam exit pressure 
Mass loss due to blowdown 
Enthalpy of steam 
Mass flow rate of fuel 
Inlet temperature of the fuel 
Inlet pressure of the fuel 
Inlet temperature of the air 
Inlet pressure of the air 
Relative humidity of the air 
Flue-gas temperature 
Orsat analysis: 
CO2 volume in flue gas 
CO volume in flue gas 
O2 volume in flue gas 

Value 

. 50,603 Ib/hr 
228°F 

. 347.5 psig 
o 
1196.4 Btu/lb 
2790.2 Ib/hr 
55°F 
8.5 psig 
70°F 
14.7 psia 
20% 
345°F 

10.1% 
0.1% 
1.9% 

Carry out material and energy balances, and calculate the boiler efficiency defined 
by 

ffi 
. (mass of water evaporated/hr)(aHsteam - t1Hfeedwater) 

e clency = 
. . (mass of fuel flow/hr)(HHV'"I) . 

Also calculate the dew point of the exit flue gas and the air-to-fuel ratio in.lb/lb. 

4.141. Formaldehyde can be made by the partial oxidation of natural gas using pure oxy
gen made industrially from liquid air. The natural gas must be in large excess. 

CH. + O2 -----> CH20 + H20 

The CH. is heated to 400°C and the O2 to 300°C and introduced into a reaction 
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4.142. 
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chamber. The products leave the cooled chamber at 600°C and show an Orsat analy· 
sis of CO, 1.9, CH,O 11.7, 0,3.8, and ClL. 82.6%. How much heat is removed 
from the reaction chamber per 1000 kg of formaldehyde produced? 

In a new process for making phenol, curnene (isopropylbenzene) is oxidized with air 
to form cumene hydroperoxide, which is then changed to phenol and acetone. The 
curnene is made by the direct alkylation of gaseous benzene, using a phosphoric 
acid-kieselguhr catalyst and operating conditions of 500 K. 

benzene propylene 

O 
(propene) 

+ CH,CH=CH2 

Calculate the heat of reaction at 500 K. 

CH, 
cumene / 

O
/CH" 

---> CHi 

Enthalpy data for benzene (C,H,) amd cumene (C,H,,) are as follows: 

lili IJ I g mol) 
TIK) CoHo C9HI2 

273 0 0 
298 1,946 3,628 
400 2,109 21,585 
500 24,372 43,786 

4.143. A catalytic converter for the production of SO, from S02 is operating as illustrated 
in Fig. P4.143. The material balance for 1 hr of operation is also shown in Fig. 
P4.143. 

SO,(g) + 0.50,(g) ----> SO, tili'ls = -98,280 Jig mol 

_ ~ ____ 'I'he unit isjn~ulat~dll!l(Lhe~tlosses arenegligible. Ithll§)"en(ound that corrosion 
can be reduced considerably by keeping the discharge temperature at approximately 
400°C. 

Determine the heat duty of a cooler for the converter that will accomplish this 
purpose. 

moles moles 

SO, 6.4 
SO_ 8.0 SO_ 1.6 

0_ 11.0 Converter 0_ 7.8 
N_ 82.8 p=1atm N_ 82.8 

400°C 400°C Figure P4.143 

4.144. It is desired to volatilize the iron from a reaction mixture by treating it with chlorine 
gas and driving off the ferric chloride formed. The reaction is 

Fe,O,(s) + 3C(s) + 3CI,(g) ---> 3CO(g) + 2FeCI,(g) 

The reaction mixture containing 10% Fe,O, plus C is introduced into the reactor at 
50°C. The CI, gas is used in 10% excess and is preheated to 200°C by the products 
leaving. The reactor is kept at the vaporization point of FeCI, (300°C) at which the 
liquid FeCI, is vaporized and swept out by the gases formed. 
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Calculate the heat that must be added or removed from the reactor per gram 
of charge in order that the temperature will be maintained at 300'C. Use the follow
ing data if applicable. 

FeCh: fl.H fusion" C' ----7 ) 1 
280'C 

43,095 Jig mol 

D..H~aPQrization I -----7 g 26,108 JIg mol 
3000C 

Approximate C~(s) = 121 J/(g mol)(K) 

Approximate Cp{t) = 102.5 J/(g mol)(K) 

Approximate Cp of the charge = 1.26 J/(g)(K) 

4.145. Three fuels are being considered as a heat source for a metallurgical process: 

Components Percent 

Gas CH, 96.0 
CO, 3.0 
N, 1.0 

Oil (liquid) C16H34 99.0 
S 1.0 

Coke C 95.0 
ash 5.0 

Calculate the maxim4m flame temperature (Le., combustion with the theoretically 
required amount of air) for each of the three fuels assuming that the fuels and air en
ter at 18'C, and the ash (Cp = 1.15 J/(g)('C)) leaves the combustion chamber con
taining no carbon and at 527'C. Which fuel gives the highest temperature? 

4.146.' Calculate the adiabatic flame temperature of C,H,(g) at I atm when burned with 
20% excess air, and the reactants enter at 25°C. 

4.147.' A fuel oil (liquid) composed of C (86.0%), H (10.0%), and S (4.0%) is burned With 
20% excess air. The oil enters the process at 200'F and the air at 300'F. The water 
vapor-in the air is at a dew point of IOI'F when the barometer reads 750 rnm Hg. 
Compute the adiabatic flame temperature in the process. The mean heat capacity of 
the oil can be assumed to be 0.50 Btu/(lb)('F) and the heat of reaction [to form 
CO,(g), H,O(g), and SO,(g)] is 17,860 Btullb at 25'C and I atm. 

4.148. * If CO at constant pressure is burned with excess air and the theoretical flame tem
perature is 1255 K, what was the percent;:tge of excess air used? The reactants enter 
at 93'C. . 

4.149.' Which substance will give the higher theoreti<;al flame temperature if the inlet per
centage of excess air and temperature conditions are identical: (I) ClL;, (2) C 2 lL;, or 
(3) C,H,? 

Section 4.8 

4.150. A mixture containing 65% H,SO, (and 35% water) is at 320'F and I atm. Answer 
the following questions. 
(a) How many phases are present in the mixture? 
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(b) What is the percent liquid and/or vapor in the mixture, and what is the mass 
fraction of each component? 

(c) What is the enthalpy of the mixture? 
(d) If 100 lb of this mixture is added to 50 lb of a 20% solution of H2S04 at 220oP, 

what is the (1) mass, (2) composition, and (3) temperature and enthalpy of the 
final solution? 

4.151. (a) In a petrochemical plant I ton/hr of 50% by weight H2S04 is being produced at 
2500P by concentrating 30% H2S04 supplied at lOOoP. Prom the data provided, 
find the heat that has to be supplied per hour. 

Btu evolved at lOO°F 
per Ib mol H2S04 

18,000 
21,000 
23,000 
24,300 
27,800 
31,200 

Moles of H20 
per mol of H2S04 

2 
3 
4 
5 

10 
22 

C, [Btu/(lb)(,F)] 30% H2S04 

100 
250 

0.80 
0.75 

0.70 
0.60 

The Cp of water vapor is about 0.50, and for water use, 1.0. 
(b) Using the same data as in part (a), what is the temperature of a solution of 30% 

by weight H2S04 if it is made from 50% H2 S04 at 1000P and pure water at 
QOO~F-if--the-process-is-adiabatic?--- -----

4.152.* (a) Prom the data plot the enthalpy of I mole of solution at 27°C as a function of 
the weight percent RNO,. Use as reference states liquid water at O°C and liquid 
RNO, at O°C. You can assume that C, for H20 is 75 J/(g mol)(OC) and for 
RNO" 125 J/(g mol)(OC). 

-fj,Hso1n at 27°C 
(Jig mol HN03) 

o 
3,350 
5,440 
6,900 
8,370 

10,880 
14,230 
17,150 
20,290 
24,060 

Moles H20 added 
to 1 mole RNO 

0.0 
0.1 
0.2 
0.3 
0.5 
0.67 
1.0 
1.5 
2.0 
3.0 
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-Msoln at 27°C 
(JIg mol HNO,) 

25,940 
27,820 
30,540 
31,170 

Moles H20 added 
to 1 mole HNO 

4.0 
5.0 

10.0 
20.0 
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(b) Compute the energy absorbed or evolved at 27'C on making a solution of 4 
moles of HNO" and 4 moles of water by mixing a solution of 33! mol % acid 
with one of 60 mol % acid. 

4.153. * National Bureau of Standards Circular 500 gives the following data for cal
cium chloride (mol. wt. 111) and water: 

Formula 

H20 

cae!, 

CaCI,'H20 
CaCI,'2H,O 
CaCI,'4H20 
CaCI,·6H20 

Calculate the following: 

State 

Liquid 
Gas 
Crystal 
in 25 moles 

of H2O 
50 

100 
200 
500 

1000 
5000 

00 

Crystal 
Crystal 
Crystal 
Crystal 

-Mf at25°C 
(kcal/g mol) 

68.317 
57.798 

190.0 
208.51 

208.86 
209.06 
209.20 
209.30 
209.41 
209.60 
209.82 
265.1 
335.5 
480.2 
623.15 

(a) The energy evolved when I lb mol of Caeh is made into a 20% solution at 77'F 
(b) The heat of hydration of the dihydrate to the hexahydrate 
(c) The energy evolved when a 20% solution containing lib mol of CaCh is diluted 

with water to 5% at 77'F 
4.154. A vessel contains 100 g of an NH.,OH-H20 liquid mixture at 25'C and I atm that is 

15.0% by weight NH.,OH. Justenough aqueous H2S04 is added to the vessel from 
an H,S04liquid mixture at 25'C and I atm (25.0 mole % H2S04) so that the reac
tion to (NH,)2S04 is complete. After the reaction, the products are again at 25'C 
and 1 atm. How much heat (in J) is absorbed or evolved by this process? It may be 
assumed that the final volume of the products is equal to the sum of the volumes of 
the two initial mixtures. 
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4.155. An ammonium hydroxide solution is to be prepared at 77'F by dissolving gaseous 
NH3 in water. Prepare charts showing: 
(a) The amount of cooling needed (in Btu) to prepare a solution containing lib mol 

of NH3 at any concentration desired 
(b) The amount of cooling needed (in Btu) to prepare 100 gal of a solution of any 

concentration up to 35% NH3 
(e) If a 10.5% NH, solution is made up without cooling. at what temperature will 

the solution be after mixing? 
4.156. Prepare an enthalpy-concentration chart for the sulfuric acid-water system, and 

compare your chart with the one in Appendix I. You will have to look up the neces
sary data in reference books or the literature. 

4.157. Draw the saturated-liquid line (I atm isobar) on an enthalpy concentration chart for 
caustic soda solutions. Show the 200'F, 250'F, 300'F, 350'F, and 4oo'F isotherms 
in the liquid region, and draw tie lines for these temperatures to the vapor region. 
Using the data from National Bureau of Standards Circular 500, show where molten 
NaOH would be on this chart. Take the remaining data from the following table and 
the steam tables. 

x, Satd. !:oH, 
liquid cone. Enthalpy, satd. 

Temp. (,F) wt fraction liquid (Btu/lb) 

200 0 168 
250 0.34 202 
300 0.53 314 
350 0.68 435 
400 0.78 535 

Cp for NaOH solutions [Btu/(lb)('F)] 

Temperature eF) 
Wt% 
NaOH 32 60 100 140 180 

10 0.882 0.897 0.911 0.918 0.922 
20 0.842 0.859 0.875 0.884 0.886 
30 0.837 0.855 0.866 0.869 
40 0.815 0.826 0.831 0.832 
50 0.769 0.767 0.765 

NOTE: All H 20 tie lines extend to pure water vapor. 
SOURCE: J. W. Bertetti and W. L. McCabe, Ind. Eng. Chern., v. 28, p. 375 
(1936). 

4.158. An evaporator at atmospheric pressure is designed to concentrate 10,000 Ib/hr of a 
10% NaOH solution at 70'F into a 40% solution. The steam pressure inside the 
steam chest is 40 psig. Determine the pounds of steam needed per hour if the exit 
strong caustic preheats the entering weak caustic in a heat exchanger, leaving the 
heat exchanger at I oo'F. 
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4.159. A' 50% by weight sulfuric acid solution is to be made by mixing the following: 

(1) Ice at 32°F 
(2) 80% H2S04 at 100°F 
(3) 20% H2S04 at 100°F 

How much of each must be added to make 1000 Ib of the 50% solution with a final 
temperature of 100°F if the mixing is adiabatic? 

4.160. Saturated steam at 300°F is blown continuously into a tank of 30% H2S04 at 70°F. 

€jhat is the highest concentration of liquid H2S04 that can result from this process? 
4.161. 'ne thousand pounds of 10% NaOH solution at 100°F is to be fortified to 30% 

aOH by adding 73% NaOH at 200°F. How much 73% solution must be used? How 
much cooling must be provided so that the final temperature will be 70°F? 

4.162. A mixture of ammonia and water in the vapor phase, saturated at 250 psia and con
taining 80% by weight ammonia, is passed through a condenser at a rate of 10,000 
Ib/hr. Heat is removed from the mixture at the rate of 5,800,000 Btu/hr wliiie the 
mixture passes through a cooler. The mixture is then expanded to a pressure of 100 
psia and passes into a separator. A flow sheet of the process is given Fig. P4.162. If 
the heat loss from the equipment to the surroundings is neglected, determine the 
composition of the liquid leaving the separator by a material and energy balance set 
of equations. 

Saturated 
vapor ot 

A ..:2:.:5",0-,p.::si,::.a ---1 
80 wt. % 
Ammonia 
10,000 Ib/hr 

Figure P4.162 

Section 4.9 

Vapor 

Liquid 

4.163. Autumn air in the deserts of the southwestern United States during the day. will typ
ically be moderately hot and dry. If a dry-bulb temperature of 27°C and a wet-bulb 
temperature of 17°C is measured for the air at noon: 
(a) What is the dew point? 
(b) What is the percent relative humidity? 
(c) What is the percent humidity? 

4.164. The air supply for a dryer has a dry-bulb temperature of 32°C and a wet-bulb tem
perature of 25.soC. It is heated to 90°C by coils and blown into the dryer. In the 
dryer, it cools along an adiabatic cooling line as it picks up moisture from the dehy
drating material and leaves the dryer fully saturated. 
(a) What is the dew point of the initial air? 
(b) What is its humidity? 
(c) What is its percent relative humidity? 
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(d) How much heat is needed to heat 100 m3 to 90'C? 
(e) How much water will be evaporated per 100 m3 of air entering the dryer? 
(f) At what temperature does the air leave the dryer? 

4.165. Moist air at 100 kPa, a dry·bulb temperature of 90'C, and a wet-bulb temperature of 
46°C is enclosed in a rigid container. The container and its contents are cooled to 
43'C. 
(a) What is the molar humidity of the cooled moist air? 
(b) What is the final total pressure in atm in the container? 
(e) What is the dew point in 'C of the cooled moist air? 

4.166. Calculate: 
(a) The humidity of air saturated at 120'F 
(b) The saturated volume at 120'F 
(e) The adiabatic saturation temperature and wet-bulb temperature of air having a 

dry-bulb T = 120'F and a dew point = 60'F 
(d) The percent saturation when the air in (3) is cooled to 82'F 
(e). The pounds of water condensedllOO lb of moist air in (3) when the air is cooled 

to 40'F . 

4.167. A rotary dryer operating at atmospheric pressure dries 10 tons/day of wet grain at 
70oP, from a moisture content of 10% to 1 % moisture. The air flow is countercur
rent to the flow of grain, enters at 225'F dry-bulb and lIO'F wet-bulb temperature, 
and leaves at 125'F dry-bulb. See Fig. P4.167. Determine: 
(a) The humidity of the entering and leaving air 
(b) The water removal in pounds per hour 
(e) The daily product output in pounds per day 
(d) The heat input to the dryer 
Assume that there is no heat loss from the dryer, that the grain is discharged at 
110"F; and that its specific heat is 0.18 . 

. Saturafed 
Air 

125'To8~ 
---- - - ---- --- ---Groii1----- -

IO.%H,O- _ I 
70°F 

o 

4.168. Temperatures (in 'F) taken around a forced-draft cooling tower are as follows: 

Air 
Water 

In Out 

85 
102 

90 
89 

The wet-bulb temperature of the entering air is 77"F. Assuming the air leaving the 
tower to be saturated, calculate with the aid of the data given below: 
(a) The humidity of the entering air 
(b) The pounds of dry air through the tower per pound of water into the tower 
(e) The percentage of water vaporized in passing through the tower 
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T (,F) 85 89 90 100 102 

Saturated "Je 0.0264 0.030 0.031 0.0425 0.0455 

Cp air = 0.24; Cp water vapor = 0.45; b.Ho = 1040 Btu/lb at any of the tempera
tures encountered in this problem. 

4.169. A dryer produces 180 kg/hr of a product containing 8% water from a feed stream 
that contains 1.25 g of water per gram of dry material. The air enters the dryer at 
100°C dry-bulb and a wet bulb temperature of 38°C; the exit air leaves at 53°C dry
bulb and 60% relative humidity. Part of the exit air is mixed with the fresh air sup
plied at 21°C, 52% relative humidity, as shown in Fig. P4.169. Calculate the air 
and heat supplied to the heater, neglecting any heat lost by radiation, used in heating 
the conveyor trays, and so forth. The specific heat of the product is 0.18. 

Air 
Dew Point 3SoC 

r ___ -I--L~ Exit Air,53°C 60%!JU{ 
1.25g H20, per Dryer Ib . 

~e1~~ gDryMalerial ---j_:::'::~-.l---~r~~tfI400hr,8%H20 

Figure P4.169 

4.170. Air, dry bulb 38°C, wet bulb 27°C, is scrubbed with water to remove dust. The wa
ter is maintained at 24°C. Assume that the time of contact is sufficient to reach 
complete equilibrium between air and water. The air is then heated to 93°C by pass
ing it over steam coils. It is then used in an adiabatic rotary drier from which it is
sues at 49°C. It may be assumed that the material to be dried enters and leaves at 
46°C. The material loses 0.05 kg H20 per kilogram of product. The total product is 
1000 kg/hr. 
(a) What is the humidity: 

(1) Of the initial air? 
(2) After the water sprays? 
(3) After reheating? 
(4) Leaving the drier? 

(b) What is the percent humidity at each of the points in part (a)? 
(e) What is the total weight of dry air used per hour? 
(d) What is the total volume of air leaving the drier? 
(e) What is the total amount of heat supplied to the cycle in joules per hour? 

PROBLEMS THAT REQUIRE WRITING COMPUTER 
PROGRAMS 

4.1. The enthalpy of a mixture of constant composition at any constant temperature T is 

• 
b.Hmi,wre(T, p) = L. Xi L. meT, p) - b.H';",wre(T, p) 

i=1 
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where the deviation, 6.HD , is a correction because of high pressure. Use of the 
Benedict-Webb-Rubin (BWR) equation (see Table 3.2) gives the following for AHD: 

AHD = (BoRT - 2Ao - 4~:)P + ~(2bRT - 3a)p' + ~(aap5) 

cp [3[1 - exp (_yp2)] (I 2) ( 2)] + - - - - yp exp -yp 
T' yp' 2 

Use the density values calculated in Computer Problem 3.3 for p. and prepare an 
additional subroutine to give IlH~ixture(T, p) for selected T and p pairs. Refer to 
Computer Problem 3.3 for other pertinent information. 

4.2. Prepare a computer program to find the adiabatic flame temperature of a gas such as 
in Problem 4.129. Assume that the principal reactant is completely burned. 

4.3. Prepare a more general program than the one in Computer Problem 4.2 to compute 
the adiabatic flame temperature. Assume that several hydrocarbons of the form CHll 

can be burned with various amounts of excess air. The percentage of excess air is to 
be read into the program as well as the type of fuel gas or solid. The only combus
tion products that need to be considered are carbon dioxide, carbon monoxide, wa
ter, hydrogen, oxygen, and nitrogen. Make provision for the following additional 
parameters: 
(a) Pressure in the burner 
(b) Humidity of the incoming air 
(e) Number of moles of each hydrocarbon and of nitrogen in the fuel stream 
(d) Standard heats of formation for all the hydrocarbon gases burned and the prod-

ucts (Assume that gaseous water is formed in the reaction.) 
(e) Heat capacities of all components 
(f) Inlet reactant temperature, which may be different for each reactant. 
The gases can be treated as an ideal mixture. 

4.4. Gonzales-Pozo listed the coefficients that can be used to predict the properties of 
saturated liquid water and steam based on the equation 

Y-=-Ap-+-Bjp-+-Cp 1/2-+-D-ln-p-+-Ep'-+-Fp'- + G---

where p is the pressure in psia. Prepare a computer program to calculate the liquid 
and vapor specific volume, temperature, liquid enthalpy, heat of vaporization, vapor 
enthalpy, liquid internal energy, and vapor internal energy based on the set of 
coefficients in Table P4.4, Check your program calculations with the steam tables. 

4.5. Prepare a graph in which the vertical axis shows the fraction of the gross energy in
put from the fuel in a combustion process tha~ is available for transfer to the process 
as a fraction of the stack gas temperature in OF on the horizontal axis. Use as a third 
parameter lines of percent excess air that are used in the combustion. The graph ypu 
prepare can be used to answer such questions as: 
(a) How much energy could be saved if the stack gas temperature were reduced 

10% or the excess air reduced 1O%? 
(b) What conditions limit the extent to which the efficiency can be improved? 

4.6. Prepare a Fortran program that will use the input number of atoms of C, H, and 0 
in the fuel, the reactant moles and temperatures, and product composition and tem
perature, to make both material and energy balances for a combustion process. As
sume that the process is adiabatic. Take the heat capacity equations and flHJ data 
from Appendix K and Table D.l. 
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4.7. Prepare a Fortran program that uses either (a) the dry-bulb temperature plus the 
wet-bulb temperature, or (b) the dry-bulb temperature and the dew point, or (c) the 
dry-bulb temperature and the relative humidity of (1) the inlet air and (2) the outlet 
air, respectively, to calculate the amount of water condensed, the heat adde~ or re
moved, and the dew point temperature of outlet air for a cooling unit given the input 
of wet air in m3/min. 

TABLEP4.4 

Property A B C 

Temperature eF) -0.17724 3.83986 11.48345 
Liquid specific volume (fP/tb) -5.280126 x 10-7 2.99461 x 10-5 1.521874 X 10-4 

Vapor specific volume (ft3J1b) 
1-200 psia -0.48799 304.717614 9.8299035 
200-1,500 psia 2.662 X 10-3 457.5802 -0.176959 

Liquid enthalpy (Btullb) -0.15115567 3.671404 11.622558 
Vaporization enthalpy (Stu/Ib) 0.008676153 -1.3049844 -8.2137368 
Vapor enthalpy (BtulIb) -0.14129 2.258225 3.4014802 
Liquid entropy [Btul(lb)(OR)] -1.67772 x 10-4 4.272688 X 10-3 0.01048048 
Vaporization entropy 

[Btul(lb)C'R)) 3.454439 x 10-5 -2.75287 X 10-3 -7.33044 X 10-3 

Vapor entropy [Btul(lb)('R)] -1.476933 x 10-4 1.2617946 X 10-3 3.44201 X 10-3 

Liquid internal energy (Btu/lb) -0.1549439 3.662121 11.632628 
Vapor internal energy (Btullb) -0.0993951 1.93961 2.428354 

Property D E F G 

Temperature (OF) 31.1311 8.762969 x 10-5 -2.78794 x 10-8 86.594 
Liquid specific volume (ft3/lb) 6.62512 x 10-5 8.408856 X 10-10 1.86401 X 10-14 0.01596 
Vapor specific volume (fellb) 

1-200 psia -16.455274 9.474745 x 10-4 -1.363366 x 10-' 19.53953 
200-1,500 P 0.82682 -4.601876 x 10-7 6.3181 X 1O-1l -2.3928 

Liquid enthalpy (Btullb) 30.832667 8.74117 x 10-5 -2.62306 X 10-8 54.55 
Vaporization enthalpy (Btullb -16.37649 -4.3043 x 10-5 9.763 X 10-9 1,045.81 
Vapor enthalpy (Btullb) 14.438078 4.222624 x 10-5 -1.569916 X 10-' 1,100.5 
Liquid entropy [Btul(lb)(R)] 0.05801509 9.101291 x 10-8 -2.7592 X 10-11 0.11801 
Vaporization entropy 

[Btul(lb)(R)] -0.14263733 -3.49366 x 10-8 7.433711 X 10-12 1.85565 
Vapor entropy [Btu/(lb)(OR)] -0.08494128 6.89138 x 10-8 -2.4941 X 10-11 1.97364 
Liquid internal energy (Btullb 30.82137 8.76248 x 10-5 -2.646533 X 10-8 54.56 
Vapor internal energy (Btu/lb) 10.9818864 2.737201 x 10-5 -1.057475 X 10-8 1,040.03 

SOURCE: V. Gonzalez-Pozo, Chern. Eng., p. 123 (May 12, 1986). 
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SOLVING MATERIAL 5 
AND ENERGY BALANCES 
VIA COMPUTER CODES 

5.1 Analysis of the Degrees of Freedom 537 
5.2 Solving Material and Energy Balanc.'s Using Flowsheeting Codes 550 

Now that you have accumulated some experience in making energy balances and in 
the principles of thermochemistry, it is time to apply this knowledge to more com
plex problems involving both material and energy balances. You have already en
countered some simple examples of combined material and energy balances, as, for 

-----------

Chapter 2~ Chapter 4 

Material 5,11 "f h 
Balance r-------' Determination ate Energy 

Techniques 
Number of Degrees Balances 
of Freedom 

I 
Chapter 1 ~ Solution of Material 

Chapter 3 

Gases, 
Background and Energy Balances 

Liquids, 
Information Using Flowsheeting 

Codes Solids 

Figure 5.0 Hierarch of topics to be studied in this chapter (section num
bers are in the upper left-hand corner of the boxes), 
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example, in the calculation of the adiabatic reaction temperature, where a material 
balance provides the groundwork for the writing of an energy balance, In fact, in all 
energy balance problems, however trifling they may seem, you must know the 
amount of material entering and leaving the process if you are to apply successfully 
the appropriate energy balance equation(s). 

In this chapter we first examine how to make sure that a problem is properly 
and completely specified by extending our earlier treatment in Chap. 2 of the analy
sis of the degrees of freedom. Then we review how computer codes and, in particu
lar, flowsheeting codes can be employed to solve complex problems. Figure 5.0 
shows the relationships among two topics to be discussed in this chapter, and the re
lationships with topics in previous chapters. 

5.1 ANALYSIS OF THE DEGREES OF FREEDOM 

Your objectives in studying this 
section are to be able to: 

1. Identify the names and numbers of variables in the streams entering 
and leaving a processing unit, and the variables associated with the 
unit itself. 

2. Identify the types and numbers of all the equations (= 0) (and any in
equality constraints (sO)) that relate to the variables. 

3. Determine the number of independent equations for each processing 
unit. 

4. Calculate the number of degrees of freedom (decision variables) for 
single units and combination of units both without and with a reaction 
taking place. 

5. Specify the values of variables equal to the number of degrees of free
dom for a unit. 

6. Accomplish numbers 1 through 5 for combinations of units, including 
bypass and recycle streams. 

An important aspect of combined material and energy balance problems is how to 
ensure that the process equations or sets of modules are determinate, that is, have at 
least one solution, and hopefully no more than one solution. The question is: How 
many variables are unknown, and how many must have their values specified in any 
problem? The number of degrees of freedom is the number of variables in a set of 
independent equations to which values must be assigned to make the number of un
known variables plus the variables assigned values equal to the number of equations. 
We will first discuss the number of degrees of freedom associated with a process 
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stream, next evaluate how many degrees of freedom exist for a unit module, and 
finally examine the degrees of freedom in a complete f1owsheet. 

Let Nd = number of degrees of freedom, N, = number of variables, and 
N, = number of equations (restrictions, constraints). Then for N, independent equa
tions in general 

(5.1) 

and we conclude that N, - N, variables must be specified as long as the N, equa
tions are still independent. The latter is an important point because, as we showed 
in Chap. 2, it is not always easy to write the set of equations that exactly model a 
unit operation (ignoring problems with the theory underlying the equations). You 
can write too many equations, but not notice that one or more of them are not inde
pendent (i.e., can be derived by combining others). If you make a mistake in the 
count for Nd , you may formulate a set of equations that has an infinite number of so
lutions or a least-squares solution (for a set of indeterminate equations), and not un
derstand why, or perhaps not even notice, that the results returned by executing a 
computer code are wrong. 

How many variables are required to specify a process stream completely? To 
characterize a process streani we can select among temperature, pressure, total flow, 
overall mole fractions, phase fractions, mole fractions, total enthalpy, phase en
thalpies, and so on. How many variables are needed to fix completely the state of 
the stream if we assume that phase and chemical equilibrium exist in the stream? A 
review of the phase rule shows that for a single phase, the degrees of freedom asso
ciated with a stream are equal to C - 1 + 2 = C + 1 intensive variables. A little 
thought will indicate that in the absence of reaction, you must in addition add the to
tal flow rate of a stream to the count to specify the stream completely. The variables 
often associated with a stream are p, T, the total molar (mass) flow, and C - I 
overall mole (mass) fractions for the components. An equivalent set would be p, T, 

----'and-the-individual-component-molar-fiow-ratescYou-cannat specify-G-compositions, 
and the molar flow rate as one composition is redundant. 

Thus we can conclude that the number of variables needed to specify the con
dition of a stream completely is given by 

N, = N,. + 2 (5.2) 

where N,. is the number of chemical species in the stream. You should keep in mind 
that in a binary system, for example, in which one stream component is zero, for 
consistency you would count N,. = 2 with the one component having a zero value 
treated as a restriction. 

Next, let us look at how to ascertain the number of degrees of freedom for a 
complete process unit. We will see that each process unit has a different number of 
degrees of freedom associated with it. In particular we need to pay close attention as 
to how to countN, and N, in Eq. (5.1). The total number of variables for all streams 
entering or leaving the boundaries of a process unit would be 

N, = N,(N,. + 2) + NQ + Nw + Np (5.3) 
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where N, = total number of streams 
NQ = number of heat transfer variables 
Nw = number of work variables 
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Np = number of equipment parameters, such as kinetic rate constants, equi
librium constants, recycle ratio, and so on 

What types of constraints do you have to include in the count for N, for a proc
ess unit? Here is a list of the common restrictions: 

(a) Material balances 
(b) One energy balance 
(c) Equipment constraints involving the equipment parameters and equilibrium re

lations 
(d) Variables with prespecified values-one constraint for each specification (as 

long as the material and energy balances are still independent), or fixed ratios 
of components and so on. Note that if the energy balance is not involved in the 
process, the energy balance as a constraint will not be independent. It will be 
the same as an overall material balance. 

We now take up five simple processes in Example 5.1, and evaluate the number 
of degrees of freedom for each. 

EXAMPLE 5.1 Determining the Degrees of Freedom in a Process 

We shall consider five typical processes, as depicted by the respective figures below, and for 
each ask the question: How many variables have to be specified [i.e., what are the degrees of 
freedom (Nd)] to make the problem of solving the combined material and energy balances de
terminate? All the processes will be steady-state ones, and the entering and exit streams 
single-phase streams. 

(a) Stream splitter (Fig. E5.la): We assume that Q = W = 0, and that the energy 
balance is not involved in the process. By implication of a splitter, the temperatures, pres
sures, and compositions of the inlet and outlet streams are identical, and Np = O. The count 
of the total number of variables, total number of constraints, and degrees of freedom is as fol
lows. 

Total number of variables 
No = N.(N.p + 2) = 

Number of independent equality constraints 
Material balances 
Compositions of Z. PI, and P2 

are the same 
TP1 = Tp2 = Tz 
PP, = PP2 = pz 

Total no. d.f. 

2(N.p - I) 
2 
2 

3(N.p + 2) 

2Nsp + 3 
Nsp + 3 

Did you note that we did not count Nsp material balances but only one? Why? Let uS look at 
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some of the balances: 

Z-<P, 
P2 Figure ES.la 

Component 1: Zx\Z = P,XIP\ + P2XlP2 

Component 2: ZX2Z = P,X2Pt + P2X2P2 

etc. 

Chap. 5 

If x,z = x\Pt = XIP2 and the same is true for X2. and so on, only one independent material ex
ists. 

Do you understand the counts resulting from making the compositions equal in Z, PI, 
and Pz? Write down the expressions for each component: XiZ = XiP, = XiP2' Each set repre
sents 2Nsp constraints. But you cannot specify every XI in a stream, only Nsf' - 1 of them. Do 
you remember why? 

To make the problem determinate we might specify the values of the following decision 
variables: 

Flow rate Z 
Composition of Z 
Tz 
pz 
Ratio of split a = P./ P 2 

Total no. d.f. 

Nsp - 1 
I 
I 
I 

N" + 3 

(b) Mixer (Fig. E5.lb): For this process we assume that W = 0, but Q is not. 

Total number of variables (3 streams + Q) 3(N" + 2) + I 
Number of independent equality constraints 

-~---Material-balances Nsm,---
Energy balance I 

Total no. d.f. = 3(N" + 2) + I - (N" + I) = 2N" + 6 

T, 
Z,,--'--I 

P, 

T2 P2 

Z2 

Q 

T, 
1--"---- P 

P, 

Figure ES.lb 

Z, -----;(Jwif'MiWr--- P, 

Z2 P2 

Q 

Figure ES.lc 

(c) Heat exchanger (Fig. E5.lc): For this process we assume that W = 0 (but not Q) 
andNp=O. 
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Total number of variables 
No = N,(N" + 2) + I = 

Number of independent equality constraints 
Material balances (streams 1 and 2) 
Energy balance 

Composition of inlet and 
outlet streams the same 

Total no. d.f. 

2 

2(N" - 1) 

4N" + 9 

2N" + 1 
2N", + 8 
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One might specify four temperatnres. four pressures. 2(N" - 1) compositions in Z, and Zz. 
and Z, and Zz themselves to use up 2N" + 8 degrees of freedom. 

(d) Pump (Fig. ES.ld): Here Q = 0 but W is not; Np = O. 

Total number of variables 
No = N,(N" + 2) + 1 

Number of independent equality constraints 
Material balances 
Composition of inlet and 

outlet streams the same 
Energy balance 

Total no. d.f. 

1 

Nsp - 1 
1 

Q --t-:-:-'-::-t 

Figure E5.1d Figure ES.le 

(e) Two-phase well-mixed tank (stage) at equilibrium (Fig. ES.le) (L. liquid phase; 
V. vapor phase): Here W = O. Although two phases exist (V, and L,) at equilibrium inside the 
system. the streams entering and leaving are single-phase streams. By equilibrium we mean 
that both phases are at the same temperature and pressure and that an equation is known that 
relates the composition in ODe phase to that in the other for each component. 

Total number of variables (4 streams + Q) 4(N" + 2) + 1 
Number of independent equality constraints 

Material balances Nsp 

Energy balance 1 
Composition relations at equilibrium Nsp 

Temperatures of the streams VI and Ll in 
the two phases equal 1 

Pressures of the streams. VI and L, in the 
two phases equal 1 
Total no. d.f. = 4(N" + 2) + 1 - 2N" - 3 = 2N" + 6 
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In general you might specify the following variables to make the problem determinate: 

Input stream L2 
Input stream Vo 
Pressure 
Q 

Total 

Nsp + 2 
Nsp + 2 

I 
I 

2N" + 6 

Other choices are of course possible, but such choices must leave the equality con
straints independent. 

EXAMPLE 5.2 Proper Process Specification 

Solution 

Figure E5.2 shows an isothermal separations column. At present the column specifications 
call for the feed mass fractions to be wc. = 0.15, wc, = 0.20, WiC, = 0.30, and wc, = 0.35; 
the overhead mass fractions to be {J)cs = 0.40 and WC6 = 0; and the residual product mass 
fraction to be WC4 = O. Unless specified as 0, the component exists in a stream. 

T,=30°C 
P

F
= 1 atm 

F = 100 Ib/hr 

WC4 = 0.15 
WCs = 0.20 
WiCs= 0.30 

0.35 

Overhead Product P1 

we, = 0.40 
we, = 0 

Q=O 

WCs = 
Residual Product P2 

__________ we. =_O __ ----"1gure ES.2 

Given that F = 100 Ib/hr, is the separator completely specified, that is, are the degrees 
of freedom Nd = 01 The streams P1 and P2 are not in equilibrium. 

First we calculate Nv and then Nr • We will assume that all the stream temperatures and pres
sures are identical. Number of variables Nv: 

No = (N" + 2)(3) = (4 + 2)(3) = 

Number of restrictions and equations for N,: 

Component mass balances (no reaction) = Nsp = 4 
~=~,=~ 2 
PF = PPI = PP2 2 

Initial column specifications: 

(4 in F, 2 in Ph and I in P2 plus TF = 30°C and PF = I atm) 
Total for N, 

Number of degress of freedom Nd: 18 - 17 = 

9 
I~ 

I 
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Note that only four factors can be specified in stream F, namely the rate of F itself and 
three cu's; one of the w's is redundant. One more variable must be specified for the process, 
but one that will not reduce the number of independent equations and restrictions already enu
merated. 

So far we have examined single units without a reaction occurring in the unit. 
How is the count for Nd affected by the presence of a reaction in the unit? The way 
N, is calculated does not change. As to N" all restrictions and constraints are de
ducted from N, that represent independent restrictions on the unit. Thus the number 
of material balances is not necessarily equal to the number of species (H20, O2, 

CO2 , etc.) but instead is the number of independent material balances that exist de
termined in the same way as we did in Secs. 2.2 to 2.4, usually (but not always) 
equal to the number of elemental balances (H, 0, C, etc.). Fixed ratios of materials 
such as the O,JN2 ratio in air or the CO/C02 ratio in a product gas would be a re
striction, as would be a specified conversion fraction or a known molar flow rate of a 
material. If some degrees of freedom exist still to be specified, improper 
specification of a variable may disrupt the independence of equations and/or 
specifications previously enumerated in the unit of N" so be careful. 

EXAMPLE 5.3 Degrees of Freedom with a Reaction Taking Place In the System 

A classic reaction for producing H2 is the so-called "water gas shift" reactidn: 

co + H,O :;==': CO2 + H2 

Figure E5.3 shows the process data and the given information. How many degrees of free
dom remain to be satisfied? For simplicity assume that the temperature and pressures of all 
entering and exit streams are the same and that all streams are gases. The amount of water 
which is in excess of that needed to convert all the CO completely to CO, is prespecified. 

XC02 = 0.02 0 

xco = 0.20 

t XN, = 0.78 xN, 

F, = 100 Reactor 
xH, 

CO + H20 --------- CO 2 + H, 
p 

F, xco = 0 

xH, 0.50 

1 
xCOz 

xco 0.50 x H20 

W 

xH 20 = 1 

Figure E5.3 
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No = N,(N" + 2) + I = 4(5 + 2) + 1 = 
(+1 is for Q) 

N,: Independent material balances 
(C, 0, N, H) 
Energy balance 
TFI = TF2 = T w = Tp 
PFI = PF2 = pw = pp 

Compositions and flows specified: 
In F, (XH,O = XH, = 0) 
In F2 (XN2 = XC02 = XH20 = 0) 
In W (all but XH,O are 0) 
In P (xco = 0) 

Excess W given 

Nd =29-26= 

4 
1 
3 
3 

5 
4 
4 
1 

11 

14 
1 

29 

26 
'3 

Chap. 5 

In the streams F2 and W, only four compositions can be specified; a fifth specification is 
redundant. The total flows are not known. The given value of the excess water provides the 
information about the reaction products. Certainly, the temperature and pressure need to be 
specified, absorbing two degrees of freedom. The remaining degree of freedom might be the 
Nz/H, ratio in P, or the value of F" or the ratio of FdF" and so on. 

EXAMPLE 5.4 Degrees of Freedom for the Case of Multiple Reactions 

Methane burns in a furnace with 10% excess air, but not completely, so some CO exits the 
furnace, but no Cf4 exits. The reactions are: 

CH. + 1.50, ----> CO + 2H,O 

CH. + 20, ----> CO2 + 2H,O 

CO + 0.502 ----> CO2 

--- ---Garry~out-a~degree-of-freedom-analysis-for-this~combustion-problem.----

Solution 
Figure E5,4 shows the process; all streams are assumed to be gases. Only two of the reac
tions are independent. Q is a variable here. For simplicity assume that the entering and exit 
streams are at the same temperatures and pressures. 

No = 3(6 + 2) + I = 25 
(+1 is for Q) 

Nr: 

Material balances 4 
(C, H, 0, N) 
Energy balance 
TA = TF = Tp 2 
PA = PF = pp 2 

Compositions specified: 
In A (N" - I) 5 
In F (N" - 1) 5 
InP 1 11 

Percent excess air: I 
21 

Nd = 25 - 21 = 4 
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o 

CO, xCOz 

xo, = 0.21 CO xco 
Furnace P 0, xo, 

xN, = 0.79 N, xN, 
H,O XHzO 

CH. CH. XCH 4 = 0 

F 

XCH. = 1.0 Figure E5.4 

To have a well-defined problem you should specify (a) the temperature, (b) the pres
sure, (c) either the feed rate, or the air rate, or the product rate, and (d) either the CO/CO, 
ratio or the fraction of CH. converted to CO or alternatively to CO,. 

You can compute the degrees of freedom for combinations of like or different 
simple processes by proper combination of their individual degrees of freedom. In 
adding the degrees of freedom for units, you must eliminate any double counting ei
ther for variables or constraints and take proper account of interconnecting streams 
whose characteristics are often fixed only by implication. 

Examine the mixer-separator in Fig. 5.1. For the mixer considered as a sepa
rate unit, from Example 5.1b, Nd = 2N,p + 6. For the separator, an equilibirum 
unit: 

No = 3(N,p + 2) + 1 
N r : 

Material balances N,p 
Equilibrium relations N,p 
Energy balance 1 
Tz = Tpl = Tp , 2 
pz = PPI = PP, 2 

Nd = (3N,p + 7) - (2N,p + 5) = 

3N,p + 7 

2N,. + 5 
N,p + 2 

The sum of the mixer and separator is 3N,p + 8. 

Liquid 
Ii Tl , Pl 

Mixer Seporator 

Z-+---:I 

Figure 5.1 Degrees of freedom in 
combined units. 

p Vapor 
1 

P2 Liquid 
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We must deduct redundant variables and add redundant restrictions as follows: 

Redundant variables: 
Remove 1 Q 
RemoveZ 

Redundent constraints: 
1 energy balance 

1 
N,. + 2 

1 

Then Nd = (3N,. + 8) - (N,. + 3) + 1 = 2N,. + 6, the same as in Example 
5.1e. 

EXAMPLE 5.5 Degrees of Freedom in a System Composed of Several Units 

Ammonia is produced by reacting N2 and H2: 

N2 + 3H2 -----> 2NH, 

Figure E5.5a shows a simplified flowsheet. All the units except the separator and lines are 
adiabatic. The liquid ammonia product is essentially free of N2 , Hz, and A, and assume that 
the purge gas is free of NH,. Treat the process as four separate units for a degree·of-freedom 
analysis, and then remove redundant variables and add redundant constraints to obtain the 
degrees of freedom for the overall process. The fraction conversion in the reactor is 25%. 

0=0 

F 
50° C, 100 atm 
Fresh Feed, Gas 

N, 
NH, H, Splitter 

/' '\ A /'--\ Purge Gas ~2 p 
V _~: __________ Rea~~ _ ---L .... =-=---,-1-===-~\,,;_;;,[-:-:-~4::J~,±.-/t=~~_=~50~C-_A_' _ 

A Mixer 

2 

3 
Separator f-------...... 

0---.., 

NH, 

-500 C, Saturated Liquid 
100 aIm 

Fignre ES.Sa 
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Solution 

Mixer: 
No = 3(N" + 2) + I = 3(6) + I = 19 
NT: 

Material balances (H2 , N" A only) 3 
Energy balance 1 
Specifications: 

NH3 concentration is zero 3 
Tp = -50'C 1 
TF = 50'C 1 
Assume that PF = PmilCOut = Psplit = 100 3 
Q=O I 13 

Nd: 19 - 13 = 6 

Reactor: 
No = 2(N" + 2) + 1 = 2(6) + 1 = 13 
NT: 

Material balances (H, N, A) 3 
Energy balances I 
Specifications: 

NH3 entering = 0 
Q=O 1 
Fraction conversion I 
pin = POUI = 100 atm 2 
Energy balance 1 10 

Nd = 13 - 10 3 
= 

Separator: 
No = 3(N" + 2) + I = 3(6) + I = 19 
NT: 

Material balances 4 
Energy balance I 
Specifications: 

Tout = -50°C I 
pr = Pin = PNH3 = 100 3 
NHJ concentration is 0 in 

recycle gas I 
N2, H2 , A are 0 in liquid 

NH, 3 13 
Nd = 19 - 13 6 

= 
Splitter: 

No = 3(N" + 2) = 3(6) = 18 
NT: 

Material balances 
Specifications: 

NH3 concentration = 0 I 
Compositions same 2(N" - 1) 6 
Stream temperatures same = - 50°C 3 
Stream pressures same = 1 00 atm 3 14 

Nd = 18 - 14 4 
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The total number of degrees of freedom is 19 less the redundant information, which is 
as follows: 

Redundant variables in interconnecting streams being eliminated: 

Stream 1: (4 + 2) = 6 
Stream 2: (4 + 2) = 6 
Stream 3: (4 + 2) = 6 
Stream 4: (4 + 2) = 6 

24 

Redundant constraints being eliminated: 

Stream 1: 
NH3 concentration = 0 
p = 100 atm 

Stream 2: 
p = 100 aim 1 

Stream 3: 
NH3 concentration = 0 
p = 100 atm 
T = -50°C 1 

Stream 4: 
NH3 concentration = 0 1 
T = -50°C 
p = 100 atm 

9 

Overall the number of degrees of freedom should be 

Nd = 19 - 24 + 9 = 4 

We can check the count for Nd by making a degrees-of-freedom analysis about the en
tire process as follows: 

- Examine Eig._ES.5b. 

o 

tOO atm 
50° C 

F 

NH, 
100 atm 
-50° C 

p -50° C 
100 atm 

Figure E5.5b 
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N" = 3(4 + 2) + 1 = 
Nr: 

Material balances 
(H. N. A) 

Energy balance 
Specifications: 

Stream F (T = 50"C, P = 
100 atm, NH, = 0) 

NH, stream (T = - 50"C, 
p = 100 atm, three compo
nents have 0 concentra
tion) 

Purge stream (T = - 50"C, 
P = 100 atm, NH, = 0) 

Nd = 19 - 15 = 

3 
1 

3 

5 

3 

19 

15 

4 
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We do not have the space to illustrate additional combinations of simple units 
to form more complex units, but Kwauk1

, prepared several excellent tables summa
rizing the variables and degrees of freedom for distillation columns, absorbers, heat 
exchangers, and the like. 

SeN-Assessment Test 

1. Is there any difference between the number of species present in a process and the number 
of components in the process? 

2. Why are there Nsp + 2 variables associated with each stream? 
3. Determine the number of degrees of freedom for a still. 

4. Determine the number of degrees of freedom in the following process: 

o 
r---'a;;:-~,D 

Reactor Dis-)----iF.~'~--~~~}--,~F~3o-__{ A,B A,B,D lill-
otion 

A,a 
p 

• M. Kwauk, AlChE J .. v. 2, p. 240 (1956). 
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The encircled variables have known values. The reaction parameters in the reactor are 
known as is the fraction split at the splitter between F4 and Fs. Each stream is a single 
phase. 

S. The accompanying figure represents the schematic flowsheet of a distillation tower used to 
recover gasoline from the products of catalytic cracker. Is the problem completely 
specified, that is, is the number of degrees of freedom equal to zero for the purpose of cal
culating the heat transfer to the cooling water in the condenser? 

Distillate (g) 

v 

W2 

Cooling waler 

L--r~::r--;;wr, -
Catalytic Distillate (Q) 0 
cracker I---;;"''::;':::'';;-''--{><)--'''''::'-- Distillate (el 

F products lel Distillation Recycle Rl Divider gasoline product 
60,000 Ib/hr lower 20,0001b/hr 
1000F Bottoms (g) 180°C 
Cp = 0.37 Btu/ Recycle R2 Cp = 0.39 SIu/(lbWF) 

(lbll'F) 

Bottoms (el 

Process steam L 

~ Saturated vopor 
100 psia 

Saturated liquid 

420 psia 

~ Saturated liquid 
100 psia 

52 

B f--=-- Bottoms discharge (el 
40,000Ib/h. 
40aoF 
Cp = 0.36 Btu/(lbll'F) 

Steam (420 psia, 5000 Fl 
20,000 Ib/h. 

5, 

5.2 SOLVING MATERIAL AND ENERGY BALANCES 
---- -USING FLOWSHEETING-C()[)ES ----

In Sec. 2.4 we discussed combining units from the viewpoint of making material 
balances. As more and more units are connected together in a plant, you can under
stand that the degree of complexity requires that the solution of material and energy 
balances be carried out via a computer code. Such a program can also, at the same 
time, determine the size of equipment and piping, evaluate costs, and optimize per
formance. 

Once the process flowsheet is specified, the solution of the appropriate steady
state process material and energy balances is referred to as liowsheeting, and the 
computer code used in the solution is known as a liowsheeting package. The essen
tial problem in flowsheeting without associated optimization is to solve (satisfy) a 
large set of linear and nonlinear equations to an acceptable degree of precision, nor
mally by an iterative procedure. In flowsheeting without optimization, you must 
make sufficient specifications to take up all the degrees of freedom. Table 2.5 lists 
some typical codes used to execute liowsheeting. Individual process units that make 
up the process liowsheet are represented in the form of modules (building blocks) or 
as equation sets. 
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Figure 5.2 illustrates the main features of a flowsheeting program. We will ex
amine some of the details concerning the material and energy balance phase. Funda
mental to all flowsheeting codes is the calculation of mass and energy balances for 
the entire process. Inputs to the material and energy balances phase of the calcula
tions for the ftowsheet must be defined in sufficient detail to determine all tbe inter
mediate and product streams and the unit performance variables for all units. 

Frequently. process plants contain recycle streams and control loops, and the 
solution for the stream properties requires iterative calculations. Thus efficient nu
merical methods for convergence must be used. In addition, appropriate physical 
properties and thermodynamic data have to be retrieved from a data base. Finally, a 
master program must exist that links all the building blocks, physical property data, 
thermodynamic calculations, subroutines, and numerical subroutines, and that also 
supervises the information flow. You will find that optimization and economic analy
sis are really the ultimate goal in the use of flowsheet codes. 

Two extremes are encountered in flowsheeting software. At one extreme the 
entire set of equations (and inequalities) representing the process is written down, 
including the material and energy balances, the stream connections, and the rela-

Flowsheeting Functions 

l 
Numerical Energy and Subroutines 

Material 
Balancing 

For All Streams and Units 

Equipment 
Sizing 

Equipment Sizes 

Utilities and 
Raw Materials 
Requirements Cost 

Estimation 

Capital and MCinufactu 

Economic 
Evaluation 

~ 
Profitability 

Sizing Data 

Cost Dato 

ring Costs 

Project Data 

Figure 5.2 Inforination flow in a 
typical flowsheeting code. 
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tions representing the equipment functions. This representation is known as the 
eqnation-oriented method of flowsheeting. The equations can be solved in a se
quential fashion analogous to the modular representation described below or simulta
neously by Newton's method (or the equivalent), or by employing sparse matrix 
techniques to reduce the extent of matrix manipulations; references can be found at 
the end of this chapter. 

At the other extreme, the process can be represented by a collection of mod
ules (the modnlar method) in which the equations (and other information) repre
senting each subsystem or piece of equipment are collected together and coded so 
that the module may be used in isolation from the rest of the flowsheet and hence is 
portable from one flowsheet to another. A module is a model of an individual ele
ment in a flowsheet (such as a reactor) that can be coded, analyzed, debugged, and 
interpreted by itself. Examine Fig. 5.3. Each module contains the equipment sizes, 
material and energy balance relations, the component flow rates, and the tempera
tures, pressures, and phase conditions of each stream that enters and leaves the phys
ical equipment represented by the module. Values of certain of these parameters and 
variables determine the capital and operating costs for the units. Of course, the in
terconnections set up for the modules must be such that information can be trans
ferred from module to module concerning the streams, compositions, flow rates, 
coefficients, and so on. In other words, the modules comprise a set of building 
blocks that can be arranged in general ways to represent any process. 

Inlet 
Information 

• Variabl es 
ienls • Coeffic 

- - -(Stream-and 
Energy Flow 

-----

s) 

A MODULE 

A Subsystem Model 
Containing Coded 

• Equations 
• Inequalities 

· Listed Data 
• Coils to 

Dota Base 
-----------

Retention of Parameters, 
Variables For Iteration 

-

Outlet 
Information 

• Variables 
• Coefficients 

-(Str:eam-ond- - -- - - -
Energy Flows) 

Figure 5.3 A typical process module showing the necessary interconnec
tions of infonnation. 

Both sequential and simultaneous calculational sequences have been proposed 
for the modular approach as well as the equation-oriented approach. Either the pro
gram and/or the user must select the decision variables for recycle and provide esti
mates of certain stream values to make sure that covergence of the calculations oc
curs, especially in a process with many recycle streams. Reviews by Evans' and 
Rosen' point out many of the problems and practices pertaining to f1owsheeting. 

In addition to the two extremes, combinations of equations and modules can be 

2L. B. Evans, "Flowsbeeting: A State of the Art Review," Proc. Chemcomp. 1982, G. F. Fro~ 
ment, ed., p. 1, KVI, Antwerp, Belgium (1982). 

3E. Rosen, "Steady State Chemical Simulation-State of the Art Review," Computer Applications 
to Chemical Engineering, R. G. Squires and G. V. Reklaitis, eds., ACS Symposuim Series, no. 124, p. 
3, 1980. 
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used. Equations can be lumped into modules, whereas modules can be represented 
by their basic equations or by polynomials that fit the input-output information. 

In current practice, modularly organized simulators seems to prevail because 
(1) the modules are easier to construct and understand; (2) addition and deletion of 
modules for a flowsheet is easily accomplished without changing the solution strat
egy; (3) modules are easier to program and debug than sets of equations, and diag
nostics for them easier to analyze; and (4) the modules already exist and work, 
whereas equation blocks for equipment are not prevalent. Difficulties encoun tered in 
equation-based codes usually stem from sets of equations associated with particular 
units. Embedding these equations as subproblems with special routines often allevi
ates the difficulties. By permitting the user to mix equations and subroutines, use can 
be made of "macros" in the general network representing a process. We will review 
equation-based flowsheeting first because it is much closer to the techniques used up 
to this point in this book, and then turn to consideration of modular-based 
flowsheeting. 

5.2-1 Equation-Based Flowsheeting 

Sets of linear and/or nonlinear equations can be solved simultaneously using an ap
propriate computer code (see Table L.l) by one of the methods described in Ap
pendix L. Equation-based flowsheeting codes pertaining to chemical engineering 
can be used for the same purpose. The latter have some advantages in that the phys
ical property data needed for the coefficients in the equations are transparently trans
mitted from a data base at the proper time in the sequence of calculations. 

Whatever the code used to solve material and energy balance problems, you 
must provide certain input information to the code in an acceptable format. All 
flowsheeting codes require that you convert the information in the flowsheet (see 
Fig. 5.4) to an information flowsheet as illustrated in Fig. 5.5, or something equiva
lent. In the information flowsheet, you use the name of the mathematical model 
(subroutine for modular-based flowsheeting) that will be used for the calculations in
stead of the name of the process unit. 

Once the information flowsheet is set up, the determination of the process to
pology is easy, that is, you can immediately write down the stream interconnections 
between the modules (or subroutines) that have to be included in the input data set. 
For Fig. 5.5 the matrix of stream connections (the process matrix) is (a negative 
sign designates an exit stream) 

Unit Associated streams 

1 1 -2 
2 2 -3 
3 3 8 -4 -13 
4 4 7 11 -9 -5 
5 5 -6 
6 6 -8 -7 
7 10 -11 -12 
8 9 -10 



554 Solving Material and Energy Balances via Computer Codes 

Fired 
Heater 

2 
13 

Heat 
Exchanger 

4 

Distillation 
Column 

Cooler 

Divider 0 

11 

7 

Divider ® 
8 

Figure 5.4 Hypothetical process flow sheet. 
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The interconnections between the unit modules may represent information flow as 
well as material and energy flow. In the mathematical representation of the plant. 
the interconnection equations are the material and energy balance flows between 
model sUbsystems. Equations for models such as mixing, reaction, heat exchange, 
and so on, must also be listed so that they can be entered into the computer code 
used to solve the equation. Table 5. I lists the common type of equations that might 
be used for a single subsystem. In general, similar process units repeatedly occur in a 
plant and can be represented by the same set of equations, which differ only in the 
names of variables, the number of terms in the summations, and the values of any 
coefficients in the equations. 

Equation-based codes can be formatted to include inequality constraints along 
with the equations. Such constraints might be of the form a,x, + a,x, + ... ;;;; b, 
and might arise from such factors as 

1. Conditions imposed in linearizing nonlinear equations 
2. Process limits for temperature, pressure, concentration 
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5" 

FHTR 52 REAC 5, 

Ci) CD 

Figure 5.5 Information flow sheet for the hypothetical process (8 stands for 
stream; module or computer code number is encircled). 

TABLE 5.1 Generic Equations for a Steady-state Open System> 

System diagram 

o 

1 
'\ 

Incoming j 
material 
streams 

2 

NI 

Total mass balance (or mole balance 
without reaction) 

NI NT 

LF,= L F, 
i=1 i=Nl+1 

Energy balance 
NI 

L FR, + Q. - W". = 
i=1 

NI 

L FH. 
;=Nt + 1 

, 
Flow 

. Process 
n 

/ 
w 

, NI + 1 

NI + 2 

NT, 
) 

Outgoing 
material 
streams 

Component mass or mole balances 
(without reaction) 

NI NT 

2: Fjwj,j = 2: FjWi,j 
i=1 i=NI+l 

for j = 1, 2, ... , NC 
Summation of mole or mass fractions 
NC 

L W,,} = l.0 
j=l 

for i = I, 2, , , . , NI 
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TABLE 5.1 (cont.) 

Vapor-liquid equilibrium distribution 

Yj = Kjxj for j = 1, 2, ... , NC 

Physical property functions 

Hi = HvL(Th Pi, Wi) 
i = 1,2, .. " NI 

Sj = SVL(Ti, Pi. Wi) 

Equilibrium vaporization coefficients 

Kj = K(Ti, p" Wi) j = 1,2, for. , NC 

Total mole balance (with reaction) 

Component mole balances (with reaction) 
NI NR NT 

L ~wI.j + L '0"R, = L F,wi,j 
i=1 /=1 j';"NHl 

for j = 1,2, .. , , NC 

Molar atom balances 

NI [NC ] 
'" P, '" ",. ·a· k L.J I .LJ I,J). 
;=1 j=l 

NT [NC ] 
'" F, '" w- ·a· k L.J I L.J I,) 1. 

i=Nl+l j=l 
for k = 1,2, ... , NE 

Mechanical energy balance 

NI NI LP2,I N NT LP2.j 
L(K, + P,) + L Vi dp, = L (Ki + P,) + . L Vi dPi + W,," + E,," 
1=) I=} PI. I i=NI+l I=NI+I PI,; 

*Notation: 
aj,k number of atoms of the kth chemical element in the jth component 
~ total flow rate of the ith stream 
H, relative enthalpy of the ith stream 
Jy vaporization coefficient of the jth compol!ent 

--------NC-----num:ber ofcheniicalcomponents (compounds) 
NE number of chemical elements 
NI number of incoming material streams 
NR number of chemical reactions 
NT total number of material streams 
Pi pressure of the ith stream 
Qn heat transfer for the nth process unit 
Rl reaction expression for the lth chemical reaction 
1; temperature of the ith stream 
\j,l stoichiometric coefficient of the jth component in the lth chemical reaction 
W',j fractional composition (mass of mole) of the jth component in the ith stream 
Wi average composition in the ith stream 
Ws,n work for the nth process unit 
Xj mole fraction of component j in the liquid 
Yj mole fraction of component j in the vapor 



Sec. 5.2 Solving Material and Energy Balances Using Flowsheeting Codes 557 

3. Requirements that variables be in a certain order 
4. Requirements that variables be positive or integer 

A slack variable has to be included in such relations to make them into equa
tions. 

Four codes currently under development for equation-based flowsheeting are 
ASCEND,' Quasilin,' Speedup,' and TISFLO-II.7 An equation-based code should 
include the following characteristics: 

1. A method of easily entering the equations and inequality constraints in the 
code used to solve them. Slack variables can be used to transform the inequal
ity constraints into equality constraints. 

2. A possibility of using both continuous and discrete variables, the latter being 
particularly necessary to accommodate changes in phase or changes from one 
correlation to another.' 

3. The option to use alternative forms of a function depending on the value of 
logical variables that outline the state of the process. A typical example is the 
calculation of p-V-T relations as the phase changes from gas to liquid. To fix 
on the appropriate form, the problem must be treated as an optimization prob
lem in which feasibility is required on each cycle for each state with the logical 
variables treated as constraints for a state. Alternatively, the code can guess 
the state and if the logical constraints are violated, another guess can be made. 

4. A method of solving submodels that defy normal equation-solving subroutines 
or are specially suited to ad hoc methods of solution. 

5. The ability to build macros, that is, create complex models comprised of stan
dard subelements. For example, distillation might be composed of trays, flash 
units, splitters, mixers, heat exchangers, and so on. 

6. Provision for equivalence variables, that is, using the same name for two dif
ferent variables if they are equal, such as the mass flow rate through a pump. 

7. A method for solving individual models such as Newton or quasi-Newton 
methods combined with sparse matrix methods to convert the nonlinear alge-

4M. H. Locke, and A. W. Westerberg "The Ascend-II System-A Flowsheeting Application of 
Successive Quadratic Programming Methodology," Comput. Chern. Eng" v. 7, p. 615 (1983). 

!iH. P. Hutchinson, D. J. Jackson, and W. Morton. "Equation Oriented Flowsheet Simulation, 
Design and Optimization," Proc. Europ. Fed. Chern. Eng. Conj. Campu!. Appl. Chern. Eng .. Paris, 
April 1983; "The Development of an Equation-Oriented Flowsheet Simulation and Optimization Pack
age," Comput. Chen!. Eng" v. 10, p. 19 (1986). 

6R. W. H. Sargent, J. D. Perkins. and S. Thomas, "Speedup: Simulation Program for Economic 
Evaluation and Design of Unified Processes," in Computer-Aided Process Plant DeSign, M. E. Leesley, 
ed., Gulf Publishing Company, Houston, 1982. 

7 J. A. de Leeuw den Bouter, A. G. Swenber, and M. G. G. Van Meulebrouk, "Simulation and 
Optimization with TISFLO-ll," Proc. Chemplant 80, Heviz, Hungary, September 1980. 

8J. D. Perkins, "Equation Oriented Flowsheeting," in Foundations oj Computer-Aided Design," 
A. W. Westerberg and J. J. Chien, eels., Cache Corp., Austin, Tex. 1983. 
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braic equations in the model to linearized approximates. Then the linearized 
equations can be solved iteratively taking advantage of their structure. The al
ternative is to use tearing. Tearing is discussed in detail in Sec. 5.2-2, treating 
modular-based flowsheeting, but briefly, by "tearing" we mean selecting cer
tain output variables from a set of equation, as known values so that the re
maining variables can be solved by serial substitution. A residual set of equa
tions equal to the number of tear variables will remain, and if these are not 
satisfied, new guesses are made for the values of the tear variables, and the se
quence repeated. Examine Fig. 5.6c. Furthermore, the sensitivity of functions 
with respect to variables (the first partial derivatives) developed in Newton
like methods provides valuable information. 

S. A method for precedence ordering so as to partition a model into a sequence of 
smaller models containing sets of irreducible equations (equations that have to 
be solved simultaneously as illustrated in Fig. 5.6). 

9. A method to select initial guesses for the Newton-like solution procedure for 
the algebraic equations. Poor choices may lead to unsatisfactory results. You 
want the initial guesses to be as close to the correct answer as possible so that 
the procedure will converge. You can perhaps solve approximate models, and 
then pass to more complex ones. 

10. Provision for scaling of the variables and equations. By scaling of variables we 
mean introducing transformations that make all the variables have ranges in 
the same order of magnitude. By scaling of equations we mean multiplying 
each equation by a factor that causes the value of the deviation of each equation 
from zero to be of the same order of magnitude. 

An example of an equation-oriented flowsheeting code is ASCEND by Locke 
and Westerberg. Figure 5.7 shows the configuration of the various subroutines in
volved. Phasing of inputs, solving a problem, and generating outputs can be ordered 
by the user. Several independent programs operate on a file of the values of the vari
ables and pointers that represent a flowsheet. A user supplies or makes use of exist
ing subroutines containing equations that model a component in the flowsheet plus 
an input file that defines how these submodels should be assembled. ASCEND main
tains a file that includes the user-supplied definition of the configuration plus 
definitions of variable packets (groups of associated variables), equation packets, 
types of variable and equation packets associated with an element in the flowsheet, a 
procedure to allow the user to create complex models (called "macros'') from a sim
ple set of inputs and default values so that the user has only to input the important 
parameters of interest or the exceptions to the default values. 

Internal representation and storage in ASCEND-II of a flowsheet which may 
contain hundreds or even thousands of variables is carried out by the GEV (Genera
tor, Equation packet, Variable packet) method proposed by Berna, et al. (1980). 
Figure 5.8 shows (I) a flowsheet element, (2) the internal formulation of the ele
ment, and (3) the matrix representation of the element. A generator is a subroutine. 
It calculates the necessary partial derivatives and equation residuals for the Newton
Raphson portion of a solution. Equation packets are groups of equations grouped to
gether because they represent the equations of the process matrix reserved for a sin-
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h1 : X~X2 - 2X~·5 + 4 = 0 

h2 : X2 + 2x5 - 8 = 0 

h3: X1X4X~ - 2X3 - 7 = 0 

h4 : -2x2 + X5 + 5 = 0 
hs: x2 x!XS + X2X4 - 6 = 0 

(a) The n independent equations 
involving n variables (n = 5), 

x, x, x, 

(b) The occurrence matrix (the l's represent the 
occurrence of Q voriable in an equation). 

X, x, x. x, x, 
h, 0 ® h. I I 

@) h, I CD I ITJ 
h, I I D h, I I I 

(c) The rearranged (partitioned) occurrence matrix with 
groups of equations (sets I, II, and III) that have 
to be solved simultaneously collected together in a 
precedence order for solution. 

Figure 5.6 Partitioning and tearing. The equations are partitioned into 
blocks containing common variables. as in (e). Equations '" and ". (set I) 
are solved simultaneously for x, and x, first. then h, (set II) is solved for 
X4, and lastly hI and h3 are solved simultaneously. For example. assume a 
value for X3; solve hI for Xl then check to see if Equation h3 is satisfied. If 
not, adjust X3, solve hI for XI, recheck h3' and so on until both hi and h3 

are satisfied. 

gle generator. In Fig. 5.8b, the corresponding equation packet would contain the 
equations for the material balance, equilibrium, and enthalpy balance for the flash 
unit. Variable packets are groups of associated variables grouped together for conve
nience. One example of a variable packet would be a stream variable packet contaiu
iug the flowrate, temperature, pressure, enthalpy, and compouent mole fractions of 
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Initialize 
Variables 

Enter 
User 
Data 

Print Variables, 
Equation 
Residuals 

Scale 
Variables 

Mass 
Memory 

Scale 
Equations 

Solve 
Equations; 
Test For 

Convergence 

Calculate 
Constrained 
Derivatives 

Figure 5.7 Infonnation flow in ASCEND-II. 

a stream. By specifying the elements in Fig. 5.8c, the user designates the generator 
to be used to calculate the partial derivatives and equation residuals for Newton or 
quasi-Newton methods of solution. Thus, an entire tlowsheet can be characterized 
by a set of generators with associated variable packets and equation packets . 

.-----0_ Vapor Stream (SV) 

Feed Stream (SF) ----I 

'-----o-Liquid Stream (SL) 

(0) The flowsheet element - a flash unit 

SV 

SF--~ Fla(rl----1IFLEP (Flowsheet Liquid 
~ Equilibrium Plate) 

SL 

(b) Internol representation of the flow sheet element via GEV 

Figure 5.8 Three representations of an element in a flowsheet in AS
CEND-II. (a) The flowsheet element-a flash unit. (b) Internal representa
tion of Ibe flow sheet element via GEV (c) Representation of the flowsheet 
element. 
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SF SV SL 

Material Balance 

Equilibrium Relation 0 

Enthalpy Balance 

(c) Process matrix representation of the flowsheet element 

Figure 5.8 (cont.) 

EXAMPLE 5.6 Sequential Solutiou of Material Balances 

~ 
c 
0 
.~ 

" .[ 

Solution 

Figure E5.6 shows 10 units that are part of a larger plant. The independent linear equations 
relating the flows of materials in and out of the units are listed in the figure. The incident ma
trix is shown below. 

Interface 
Variables variables 

Yl2 Yl3 y" y" y" y" y" Y67 Y86 Y78 Y710 Y" Yl Y, Y, YIO 

I -1 -1 0 0 0 0 0 0 0 0 0 0 +1 0 0 0 
2 +1 0 -1 +1 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 +1 +1 -1 -1 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 -1 0 0 0 0 0 0 0 +1 0 0 
5 0 0 0 0 0 +1 -1 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 +1 0 +1 -I +1 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 +1 0 "':1 -1 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 -I +1 0 -1 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 +1 0 0 -1 0 

10 0 0 0 0 0 0 0 0 0 0 +1 0 0 0 0 -I 

Incidence matrix 

Suppose that instead of a simultaneous solution of the equations, a sequential solution is 
wanted. In what order should the equations be solved? Partition the equations so that a se
quential solution can be executed. Lump together blocks of equations that still have to be 
solved simultaneously. 

From Fig. E5.6 you can see that it is not necessary to solve all 10 equations simultaneously. 
The system of equations can be broken up into lower-order subsystems, some of which can be 
comprised of individual equations or small groups of equations. These groups are associated 
with the so-called irreducible sets of equations. By inspection you can establish the following 
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Inputs 
I I 
I I 

--+------.1.--

Subsystem Balance 

5 
o = Y1 - Y12 - Y13 

2 o = Y\2 + Y32 - Y23 

3 0 = Y23 - Y32 - Y35 + Y13 

6 
4 o = Y4 - Y45 

5 o = Y45 - Y56 

6 o = Y36 + Y56 + YS6 - Y67 

7 o = Y67 - Y78 - Y710 

8 o = Y78 - Y86 - J89 

9 o = Y89 - Y9 

10 o = Y710 - YlO 

10 

--~------t--
t t 

Outputs 

Figure E5.6 An example system containing recycle and bypass streams. 

precedence order: 

Step Subsystem equations(s) 

1 1 
2 4 
3 5 
4 2 and 3 simullaneously 
5 6, 7, and 8 simullaneously 
6 9 
7 10 

In the case of more complicated sets of equations that cannot easily be decomposed by 
inspection, refer to some of the supplementary references at the end of this chapter for suit
able algoritInns. 
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EXAMPLE 5.7 Simultaneous Material and Energy Balances 

Solution 

A distillation column separates 10,000 Ib/hr of a 40% benzene-60% chlorobenzene liquid so
lution which is at 70"F. The liquid product from the top of the column is 99.5% benzene, 
while the bottoms (stream from the rebailer) contains 1 % benezene. The total condenser uses 
water that enters at 600P and leaves at 140oP, while the reboiler uses saturated steam at 280°F. 
The reflux ratio (the ratio of the liquid overhead returned to the column to the liquid overhead 
product removed) is 6 to 1. Assume that both the condenser and rebeiler operate at 1 atm 
pressure, that the temperature calculated for the condenser is 178°P and for the reboiler 
268"F, and that the calculated fraction benzene in the vapor from the reboiler is 3.9 wt% (5.5 
mole %). Calculate the following: 

(a) The pounds of overhead product (distillate) and bottoms per hour 
(b) The pounds of reflux per hour 
(c) The pounds of liquid entering the reboiler and the reboiler vapor per hour 
(d) The pounds of steam and cooling water used per hour 

Steps 1, 2, and 7 Figure E5.7a will help visualize the process and assist in pointing 
out what additional data have to be determined. 

I 

TF = 70° F Still 
F 10,000 Ib/hr 

XB,F = 0.40 Bz 
XC,F = 0.60 CI I 

MW CI 112.6 I 
Bz 78.1 

V, Condenser 

II~ 

l 
R T = 178" F 

Xe, VD = 0.039 

XC,VD = 0.961 
T = 268" F 

VD I 
L 

III 
Reboiler 

IQQOOQ 

280" F 

Saturat~ Steam t 
Os = + 

Figure ES.7a 

w 
H2O 

60° F 

140" F 

-, .. Oc =-

P Product 
XB,P = 0.995 Bz 
Xc,P = 0.005 CI 

D Bottoms 
XB,D = 0.01 Bz 
Xc D = 0.99 CI 
T ;" 2680 F 
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Steps 5 and 6 An analysis of the degrees of freedom will reveal whether the process 
is properly specified or not. We assume that I::J.Hi is a function of temperature only so that aft 
could be replaced as a variable by r,. The water (W) and steam (S) can be calculated directly 
from Qc and Qs, respectively, hence will not be considered in the analysis of the degrees of 
freedom. Also, since the condenser is a total condenser, the liquid P and R have the same 
temperature and composition, and V; must have the same composition as P. B is benzene and 
C is chlorobenzene. 

Subsystem I (still) 

7 unknown variables (R, YD. V;, L, WB,!., Tv,. TL) 

-3 equations (components Band C, and energy) 

4 net degrees of freedom 

Subsystem II (condenser) 

S unknown variables (V" R, P, Qeo Tv,) 

-2 equations (component B only independent, and energy) 

3 net degrees of freedom 

Subsystem III (reboiler) 

6 unknown variables (L, D, VD , Qs, WB.L, TL) 

-3 equations (components Band C, and energy) 

3 net degrees of freedom 

Whole system 

\0 subsystem degrees of freedom (4 + 3 + 3) 

-7 interconnections (VI. Tv,. R, L, WB,L. TL• Vo) 

-I additional relations (reflex ratio specified: R/ P = 6) 

2 net degrees of freedom for the process 

For the whole process, there are 7 + S + 6 = 18 minus 7 equals 11 variables whose values 
are unknown, and 9 equations plus extra relations. 

Table ES.7 lists the possible equations for review to help decide on the two additional 
specifications needed. Not all of the equations are independent, of course, and some are non
linear. Let us assume that V, is saturated vapor at Tv, = 178°P and L is subcooled liquid at 
TL = 248°F. 

Consequently, the process has the correct number of specifications and can be solved. 
You must always check to make sure that the equations are independent because the data 
given might in some instances (as shown in Chap. 2) lead to dependence among two or more 
equations. 

Rather than solve nine equations simultaneously for the nine values of the variables 
which are unknown, some of which will be nonlinear, we will carry out a sequential proce
dure that leads to the final solution via solving small sets of linear equations simultaneously. 

Step 4 

Basis: I hr 
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TABLEES.7 

Balance 

Overall process 
(a) Total mass (Ib) 
(b) Benzene (lb) 
(c) Energy (Btu) 

Process I (still) 
(d) Total mass (Ib) 
(e) Benzene (lb) 
(J) Energy (Btu) 

Process II (condenser) 
(g) Total mass (lb) 
(h) Benzene (Ib) 
(i) Energy (Btu) 

In 

10,000 
10,000 (0.40) 

Qc + Qs + lO,oooLlRF•7o•F 

Out 

=P+D 
= P (0.1'95) + D (O.O\) 
= P MiP ,17S"F + D 6.Hd ,26S"F 

10,000 + R + VD = V, + L 
10,000(0.40) + R(0.995) + VD(0.039) = V,(0.995) + LB L 

1O,000(LlRF •7o•F),+ R LlRB• l78•F = V, LlRv,.TV + ~ LlRL'TL + VD 6.HVD ,268°F ( 

v, 
V,(0.995) 

=R+P 
= R (0.995) + P (0.995) 

(j) Reflex ratio given 
Qc + V

R 
tlHV,.Tv, = R DJiR,I7S"F + p aHp , 17S"F 

= 6P 

Process III (reboiler) 
(k) Total (Ib) 
(I) Benzene (lb) 
(m) Energy (Btu) 

L 
Ln,L 

Qs + L LlRL'TL 

= VD + D 
= VD(0.039) + D (0.01) 
= Vd6.HvD.268°F + DAHo.268·F 

Step 3 First we have to get some pertinent enthalpy or heat capacity data so that the 
energy balances can be used. If you used a computer program, the data would be retrieved 
from a data base. (The exit streams have the same composition as the solutions in the con
denser or reboiler, respectively.) The heat capacity data for liquid benzene (Bz) and 
chlorobenzene (Cl) will be assumed to be as follows (no enthalpy tables are available): 

Cp [Btu/(lb)(OF)] t:JJ vaporizalion (B tullb ) 

Temp. (OF) CI Bz CI Bz 

70 0.31 0.405 
90 0.32 0.415 

120 0.335 0.43 
150 0.345 0.45 
180 0.36 0.47 140 170 
210 0.375 0.485 135 166 
240 0.39 0.50 130 160 
270 0.40 0.52 126 154 

SOURCE: Data estimated from tabulations in D. Q. Kern, 
Process Heat Transfer, McGraw-Hill, New York, 1950, 
Appendix. 

Assume that the solutions are ideal so that each component can be treated independently. 
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Steps 7 and 8 Next we determine the sequence of solution of the system equations. If 
you used a computer code, you might be asked to provide such a sequence, or possibly the 
code would select a sequence for you if you wished. As indicated by Fig. 5.6. we first pre
pare an occurrence matrix and then rearrange the matrix (here by inspection since it is a 
small matrix) to give the precedence order for solution. Figure E5.7b is the occurrence ma
trix, and Fig. E5.7c is the precedence matrix with the encircled numbers and associated 

Eq. R VD V, L P 0 WS,L OC Os 

D I I 

b I I 

c I I I I 

g I I I 

i I I I I 

j I I 

k I I I 

I I I I I 

m I I I I 
Figure ES.7b Occurence Matrix 

Eq. 0 P R V, Oc Os L VD wa,L 

D I I 
0) 

b I I 

j I [i]@ 
g I I [i]G) 
i I I I [i]0 
c I I I [i]0 
m I I I I 

0-
k I I I 

I I I I [i] 
Figure ES.7c Precedence Ma 
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boxes indicating the equation to be solved, or set of equations to be solved, simultaneously. 
Note that we have substituted the overall balances for the process I (still) balances because 
common sense dictates making overall balances first. 

Step 9 
(1) Solution of Eqs. (a) and (b): 

P = 3959 lb/hr <-- ~ 
D = 60411b/hr <-- @ 

(The encircled letters indicate answers to the questions posed.) 
(2) Solution of Eq. (j): 

R = 6P = 6(3959) = 23,754 Ib/hr <-- eEl 
(3) Solution of Eq. (g): 

V; = R + P = 23,754 + 3959 = 27,713 Ib/hr 

(4) Solution of Eq. (i): 

Qc = -27,713AHv,.178'F + 23,754AHR•178'F + 3959AHp •I78'F 

Use a reference temperature of 178°P so that the sensible heat changes are zero. In a com
puter code, all the calculations might use the same common reference temperature such as 
77'F or 32'F; hence all the terms in Eq. (i) would be involved, but we do not know the heat 
capacity data with sufficient accuracy here to integrate over large temperature ranges. 

AHv,.I78'F = 0.995(170) + 0.005(140) '" 170 Btu/lb 

IlHR,17S0 F = 0 

AHp ,17S0 F = 0 

(liquid) 

(liquid) 

Qc = -4.711 X 106 Btu/hr (heat removed) 

To calculate W, assume that CPH,o = I Btu/(lb)('F) 

Qc = WCPH ,o(140 - 60) = W (80) 

W = 5.89 X 10' Ib H,O/hr <-- @J) 
(5) Solution of Eq. (c): 

(vapor) 

-4.711 X 10' + Qs + IO,OOOAHF •7o'F = 3959AHp •I78'F + 604IAHo.''''F 

Use as a reference temperature 70'F (an streams are liquid). To save space we make the 
assumption that the P stream is pure benzene and the B stream is pure chlorobenzene, and 
that average heat capacities are reasonable to use, quite satisfactory assumptions since the 
value of Qc is one order of magnitude larger than the sensible heat terms. 

aFh.70·F = .... 0 

AHp •I78'F = (78 Cpp dT = 0.435(178 - 70) = 47.0 Btu/lb 
J70 

AHo.'68'F = ('68 Cpo dT = 0.355(268 - 70) = 70.3 Btu/lb 
J70 

Qs = 5.32 X 106 Btu/hr (heat introduced) 
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To calculate S, assume that the saturated steam exits as saturated liquid at 280°F 
(!:J.H", = 923 Btu/lb from the steam tables) 

Qs = !:J.H",H,O S = 923(S) 

at 280'P 

= 5.32 x 10
6 

Btu/hr = 5760lb h <-- td,' 
S 923 Btu/lb / r II:SI 

(6) Solution of Eqs. (m) and (k): 

L = VD + 6041 

5.32 x 10' + L t:.HL •248°F = VD!:J.HvD.268°F + 6041t:.HD.268oF 

Use a reference temperature of 248°P, as we do not know the composition of stream L. 

!l.Fh,248·F = 0 (liquid) 

= [0.039(0.515) + 0.961(0.395)](268 - 248) 

+ [0.039(154) + 0.961(126) = 127.1 Btu/lb 

t:.HD.268°F = 70.3 Btu/lb (liquid) 

VD = 38,520 Ib/hr <-- @ 
L = 44,560 Ib/hr <-- (0 

(7) Solution of Eq. (I): 

44,560 WB.L = 38,520(0.039) + 6041(0.01) 

Wu = 0.035 (not required) 

5.2-2 Modular-Based Flowsheeting 

(vapor) 

The sequential modular method of flowsheeting, as mentioned previously, is the one 
most commonly encoun tered in computer packages. A module exists for each proc
ess unit in the information flowsheet. Given the values of each input stream compo
sition, flow rate, temperature, pressure, enthalpy, and the equipment parameters, 
the module calculates the properties of its outlet streams. The output stream for a 
module can become the input stream for another module for which the calculations 
proceed until the material and energy balances are resolved for the entire process. 

The underlying concept of modularity in flowsheeting packages for design and 
analysis is to represent equipment or unit operations by portable computer subrou
tines. By portable we mean that such a subroutine can be assembled as an element of 
a large group of subroutines and successfully represent a certain type of equipment 
in any process. Figure 5.9(a and b) shows typical standardized unit operations mod
ules together with their flowsheet symbols. Internally, a very simple module might 
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MIXER SPLIT VALVE FDRUM FURNC EXCHR 
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Mixer Splitter Valve Flash Drum Furnace Heat 
Exchanger 

COMPR TURBN PPUMP ABSOR XTRCT STRIP 
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Compressor Turbine Process Pump Absorber Extractor Stripper 

DISTF CXCOl RSIMP REQUl RPlUG RCSTR 
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I-

Distillation Complex Simple Reactor Equilibrium Plug Flow C.S. Tonk 
Column Column Reactor Reactor Reacfor 

Figure 5.9a Typical process modules used in sequential modular-based 
fiowsheeting codes with their subroutine names. 

just be a table look-up program. However, most modules consist of Fortran subrou
tines that execute a sequence of calculations. Suroutines may consist of 100 to thou
sands of lines of code. Figure 5.10 illustrates the program used to execute a simple 
unit operation, the liquid pump subroutine PUMPX, in the FLOWTRAN package. 

Other modules take care of equipment sizing and cost estimation, perform nu
merical calculations, handle recycle calculation (described in more detail below), op
timize, and serve as controllers (executives) for the whole set of modules so that 
they function in the proper sequence. Figure 5.11 illustrates the information flow in 
a flowsheeting package composed of modules. 

Modules representing equipment are written to be as general and as flexible as 
possible, so that they can be used for the analysis or design of a wide variety of 
plants. Then they can be applied to specific situations in the plant under consider
ation by introducing the parameters of the plant into the modules. Appropriate 
parameters are called upon as needed under the control of the executive program. 
These parameters may be physical dimensions (such as tube size in a heat ex-
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Figure S.9b A feedback control module, Nl: a graphical representation 
of a subroutine that adjusts equipment parameters to force a desired value 
of a stream variable. In the figure the feedback control block compares the 
stream variable value with the specification. When the convergence toler
ance is satisfied, the next unit in the calculation order is computed. Other
wise, the control block adjusts the reflux ratio so as to achieve a specified 
distillate mole fraction. 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 

SUBROUTINE PUMPX (F. B. p. R) 

Title 
Files 
Subprograms 

: Centrifugal pump size and power 
= FORTRAN 1, 6 
::: MOL VOL 

B 
F 
p(1) 
PI') 
'(1) 
'(') 
'(3) 
'(4) 
'(5) 
'(6) 
'(7) 

Stream data for pump effluent 
Stream data for pump feed 
Outlet pressure. psia 
Unit name 
Flowrate. gpm 
Pressure increase, psi 
Fluid horsepower. hp 
Pump efficiency 
Brake horsepower. hp 
Motor efficiency 
Electrical power. kilowatts 

IMPLICIT DOUBLE PRECISION (A - H, 0 - Z) 
COMMON II BHP. BHPL, DELP, EFFM, EFFP. EKW, FHP, GPM, GPML, 

1 VL. VV, X(2D) 
COMMON ICDNTRLI NC. KOUT, KSKIP, KONV 
DIMENSION B(*). F(*), P(2), R(7) 

IF 
DO 11 

11 

Initialize 
UNAM • P(2) 
(KOUT .EQ. 2) GO TO 500 
I = 1, 7 
'(I) • o. 

C Set outlet stream data from inlet stress 

c 

c 

00211 =1,NC+5 
21 B(I)· F(I) 

IF 

IF 
IF 

Set outlet pressure 
(P(I) .LE. 0.) GO TO 400 
B(NC + 3) = P(l) 

Check inlet flow and vapor fraction 
(F(NC + 1) .LE. 0.) GO TO 402 
(F(NC + 5) .G1. 0.) WRITE(1, 924) UNAM 
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C 
C Compute pump flow and pressure increase 

C 

DO 31 
31 

IF 
1 

'" 1, NC 
X(I) , F(I)/F(NC , 1) 
(MOlVOL(VL, VV, F(NC + 2), F(NC + 3), 

GO TO 406 
GPM "F(NC + 1)*VL*.12468 
DEL? :: B(NC + 3) - F(NC + 3) 

X. X. 2, 1) .EQ. 2) 

C Compute fluid horsepower, pump efficiency, 
C and brake horsepower 

FHP " GPWOELP*.5833E-3 
GP~'L '" LOG(~IAX (2000. MI NC GPI~. 500000») 
EFFP ,,-.3161 + GPML*{.240123 - GPMl*.0119889) 
BKP " FHPjEFFP 

C 
C Compute motor efficiency and electrical 
C power 

C 
C 

C 
C 

C 

BHPL :: LOG(MAX(lDO, MIN(BHP, 500000))) 
EFFM :: .7982 + BHPL*(.033270 - BHPL*.0019334) 
EKW :: 8HP/(1.34102*EFFM) 

'(1) , GPM 
'(2) , DELP 
'(3) , FHP 
'(4) , EFFP 
'(5) , 'HP 
R(6) '" EFFH 
R(7) "EKW 

Save results, print history report 

WRITE (1, 902) UNAH, B(NC + 3), BCNC + 1) 
RETURN 

400 WRITE (t. 920) UNAM 
RETURN 

402 WRITE (1, 922) UNAH 
RETURN 

406 WRITE (1, 926) UNAM 
RETURN 

Print warninq and error messaqes 

C Print unit report 
500 WRITE (6, 950) UNAM, F(NC + 6). B(NC + 6) 

W'ITE (6, S52) '(1), R(2), R(3), R(5), R(7), '(4), '(6) 
IF (F(NC, 5) .GT. 0.) W'ITE (6,.954) 
IF (B(NC + 3) .LE. F(NC + 3» WRITE (6, 956) 
RETURN 

C902 FORMAT(tX, A6, 2tH(PU~lPX) Outlet pres"" F7.t, \t2H psia, 
1 Fla. t. 9H Ibmol/hr) \ 

Flow",. 

C 

C 

920 FORMAT(5H ***, A6, '(PUMPX) PARAM 1 is in error. Feed', 
, pressure was used.') 1 

922 FORMAT(5H ***, A6, 
924 FORMAT(5H ***, A6, 
926 FORMAT(5H ***, A6, 

'(PUMPX) Feed flow ;s zero.') 
'(PUMPX) Feed is not all liquid.') 
'(PUr~pX) Cannot compute fluid volume.') 

950 FORMAT(j / 
952 FORMAT(5X, 

1 5X, 
2 
3 5X. 

954 FORMAT(' 
956 FORMAT ( , 

1 
END 

tX, A6, t7H(PUMPX) Inlet", A4, 12H , Outlet" , A4) 
tlHFlow, gpm =, F9.2, 17H , Delta P, psi =, FB.2/ 
1tHFluid hp =, F9.2, l7H , Brake hp =, FB.2. 

12H , Elec kw ", FB.2/. 
l1HPump eff =, F9.4, 17H , Driver eff =, F8.4) 
*Note: Inlet pressure ;s not less than outlet.') 
*Note: Feed is not all liquid. Outlet T AND FV " 

'may be wrong.') 

Figure 5.10 FLOWTRAN Subroutine for a Pump Block. The dummy 
arguments of the subroutine are: (I) F and B, the feed and effluent stream 
vectors containing stream flow information; (2) the equipment paramenter 
vector, R, which contains the outlet pressure; and (3) the retention vector, 
R, which contains the flowrate, pressure increase, fluid Hp, pump 
efficiency, brake Hp, motor efficiency, and electrical power in kilowatts, 
all of which are to be printed out. From Seader, I. D., W. D. Seider, and 
A. C. Pauls, Flow/ran Simulation-An Introduction 3rd ed., CACHE, 
Austin, TX (1987). 
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Figure 5.11 Information flow between modules in a typical sequential 
modular-based flowsheeting package. 

changer), operating conditions (such as reflux ratio in a distillation column), reaction 
rate constants, convergence factors, and so one. Table 5.2 is a specification for a 
two-phase flash unit and Fig. 5.12 is the representation of a flash in FLOWTRAN. 

Information flows between modules via the material streams. Associated with 
each stream is an ordered list of numbers that characterize the stream. Table 5.3 lists 
a typical set of parameters associated with a stream. As a user of a modular-based 
code, you have to provide 

1. The process topology 
2. Input stream information including physical properties, connections 
3. Design parameters needed in the modules and equipment specifications 
4. Convergence criteria 

In addition, you may have to insert a preferred calculation order for the mod
ules. When economic evaluation and optimization are being carried out, you must 
also provide cost data and optimization criteria. 

Table 5.4 is a computer printout of the type of input data (for stream 11) 
needed for a process. The input data can be entered either in a batch mode or an in
teractive mode through a terminal, depending on the options available in the 
f10wsheeting code, and its interactive flexibility. Most execute in a batch mode, but 
some allow preparation of input data in a conversational mode. In the initial proc
essing of the input data, a main program is generated, compiled, loaded, and con
nected with the required modules and all the needed subprograms, and storage is al
located all prior to execution. Although you have to check the input data to make 
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TABLE 5.2 Specifications for a Two-phase Equilibrium Flash 

Description 
This flash capability solves the single-stage heat balance, material balance, and phase 

equilibrium relations for given inlet streams and user specifications. It applies to both 
the vapor-liquid and liquid-liquid cases. For liquid-liquid equilibria, replace "vapor" 
by "1st liquid" and "liquid" by "2nd liquid." 

Inlet streams: Any number of vapor-liquid. 
Outlet streams: One vapor and one liquid stream or one vapor-liquid stream. 
Options for specifications 

1. Temperature and pressure specified 
2. Pressure and vapor fraction specified 
3. Temperature and vapor fraction specified 
4. Pressure and heat added specified 
5. Temperature and heat added specified 
6. Specified vapor flow rate 

For all options, the vapor mole fraction and enthalpy, liquid mole fraction and 
enthalpy, and the unspecified values of temperature, pressure, or vapor fraction are 
calculated. In options 4 and 5, the inlet stream enthalpy must be known. In options 1, 
2, and 3, the heat duty will be calculated if inlet stream enthalpy is known. 

Under options 1, 4, and 5, it is possible for the result to be a subcooled liquid or a 
superheated vapor, in which case the vapor fraction is set equal to zero or 1 as 
appropriate, and the nonexistent phase composition has no meaning. 

Additional results: Heat duty as discussed above 
PPS requirements: K values and phase enthalpies 
Outlet attributes: T, p, H, V 

SOURCE: Adapted from Functional Specifications for ASPEN, Department of Chemical 
Engineering, Massachusetts Institute of Technology, December 1977. 

r--~v.v 

Q 
'--~L,X 

(a) Flash Vessel 

FEED 

r--~VAP 

F1 
IFLSH 

'-----lIO 

(b) Simulation Flowsheel 

TITLE C5-C6 FLASH 
PROPS 2 1 1 1 1 
RETR N-PENTANE Ne6 
BLOCK Fl IFLSH FEEO LIQ VAP 
PARAM F1 1 120 13.23 
MOLES FEED 1 0.5 0.5 
Tmp FEED 130 
PRESS FEED 73.5 
END CASE 
END JOB 

(e) FLOWTRAN Progrom 

Figure 5.12 Simulation of a Flash Unit in FLOWTRAN. From Sender, 
1. D., W. D. Seider, and A. C. Pauls, Flowtran Simulation-An Introduc
tion, CACHE, Austin, TX (1987). 
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TABLE 5.3 Stream Parameters 

1. Stream number* 
2. Stream flag (designates type of stream) 
3. Total flow, Ib mollhr 
4. Temperature, OP 
5. Pressure, psia 
6. Flow of component I, Ib mollhr 
7. Flow of component 2, Ib mollhr 
8. Flow of component 3, Ib mollhr 
9. Molecular weight 

10. Vapor fraction 
11. Enthalpy 
12. Sensitivity 

*Corresponds to an arbitrary numbering 
scheme used on the information ftowsheet. 

Chap. 5 

certain that they are correct, most packages have extensive input data capabilities as 
part of the preprocessing phase that give diagnostic error and warning messages. 

You can regard a module as an information modifier. It receives information 
about feed streams, streams coming from other modules, together with parameters, 
carries out computations with the information, and produces output information 
which is forwarded to other modules andlor is reported. Under some circumstances 
output information may be fed back as input to the module. 

Often, modules are prepared at several levels of sophistication for the same 
type of equipment. Approximate models in modules are used in the initial stages of 
setting up a study of the whole plant to get a rough idea of whether a design is worth 
pursuing, and to investigate the suitability of various convergence techniques. Sub
sequently, the approximate models can be replaced by more comprehensive models. 
The more comprehensive and accurate the model is, the greater the cost of program 
development and program execution. Also, you may find complex programs more 
difficult to understand and use, and it is easier to make mistakes in using them. 

Modular-based flowsheeting exhibits several advantages in design. The 
flowsheet architecture is easily understood because it closely follows the process 
flowsheet. Individual modules can easily be added and removed from the computer 
package. Furthermore, new modules may be added to or removed from the 
flowsheet without any difficulty or affecting other modules. Modules at two different 
levels of accuracy can be substituted for one another as mentioned above. 

Modular-based flowsheeting also has certain drawbacks. 

1. The output of one module is the input to another. The input and output vari
abies in a computer module are fixed so that you cannot arbitrarily introduce 
an output and generate an input as can be done with an equation-based code. 

2. The modules make it costly to generate reasonable accurate derivatives or their 
substitutes, especially if a module contains tables, functions with discrete vari
ables, discontinuities, and so on. Perturbation of the input to a module is the 
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TABLES.4 Typical Input Data for a Process 

COMPONENT NO. MOL. WT. LBS. 

1 2 0 

2 60 0 
3 78 4644.9 

4 84 0 
APPROX. TOTAL 4644.9 

NO. STREAM 

11 

TEMP. , "F 
100.0 

NO. em-WON. 
4 

PRESS, PSIG 

285. 

LB MOLES DENSITY, LB/CU. FT. SPEC. HEAT, BTU/ (LB) (F) HT. VAPOR. 

0 

0 
S9.551 

0 

S9.551 

FLOW RATE 

59.551 

54.7 
44.3 

AVG. MOL. WT. 

78.0 

CONNECTIONS 
12 -4 

CONVG. FRACT. 

0.02 

3.5 

0.43 154 

CALC. ORDER 

6 

EQUIPMENT 

2 
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primary way in which a finite-difference substitnte for a derivative can be gen
erated. 

3. The modules may require a fixed precedence order of solution, that is, the out
put of one module must become the input of another; hence convergence may 
be slower than in an equation-solving method, and the computational costs 
may be high. 

4. To specify a parameter in a module as a design variable, you have to place a 
control block around the module and adjust the parameter such that design 
specifications are met. This arrangement creates a loop. If the values of many 
design variables are to be determined, you might end up with several nested 
loops of calculation (which do, however, enhance stability). A similar arrange
ment must be used if you want to impose constraints. 

5. Conditions imposed on a process (or a set of equations for that matter) may 
cause the unit physical states to move from a two-phase to a single-phase oper
ation, or the reverse. As the code shifts from one module to another to repre
sent the process properly, a severe discontinuity occurs and physical property 
values may jump about. 

To obtain a solution for the material and energy balances in a flowsheet by the 
sequential modular method, you must partition the flowsheet, select tear streams, 
nest the computations, and thus determine the computation sequence. 

Partitioning of the modules in a block information diagram into minimum
sized subsets of modules that have to be solved simultaneously can be executed by 
many methods. As with solving sets of equations, you want to obtain the smallest 
block of modules in which the individual modules are tied together by the informa
tion flow of outputs and inputs. Between blocks, the information flow occurs seri
ally. A simple algorithm is to trace a path of the flow of information (material usu
ally but could be energy or a signal) from one module to the next through the module 
output streams. The tracing continues until (a) a module in the path is encountered 
again, in which case all the modules in the path up to the repeated module form a 
group together which is collapsed and treated as a single module in subsequent trac
ing, or (b) a module or group with no output is encountered, in which case the mod
ule or group of modules is deleted from the block diagram. The block diagram in 
Fig. 5.13 can be partitioned by the following steps. 

Start with an arbitrary unit, say 4, and any sequence. 

Path 1: Start: 4->5->6->4 collapse as (456) 
Continue: (456) -> 2 -> 4 collapse as (4562) 
Continue: (4562) -> I -> 2 collapse as (45621) 
Continue: (45621) -> 7 -> 8 -> 7 collapse (78) 
Continue: (45621) -> (78) -> 9 terminate (no output) 

Put number 9 on the precedence order list and delete module 9 from the information 
block diagram. 

Continue: (45621) -> (78) -> 9 Terminate (put 78 on the list before 9) 

Delete (78) from the block diagram. 
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r----- -----, 
I 

Figure 5.13 Block diagram to be 
partitioned. 

Continue: (45621) Terminate (put 45621 before 78 in the list) 

Delete (45621) from the block diagram 
This completes the search in path 1, as no more modules exist. 

Path 2: Start: 10 -> 3 Terminate (put 3 in list before 45621) 

Continue: 10 Terminate (put 10 in list before 3) 

All of the modules have been deleted from the block diagram, and no more paths 
have to be searched. Computer techniques to partition complex sets of modules be
sides the one described above can be found in the supplementary references at the 
end of this chapter. Simple sets can be partitioned by inspection. 

From a computational viewpoint, the presence of recycle streams is one of the 
major impedements in the sequential solution of a flowsheeting problem. Without 
recycle streams, the flow of information would proceed in a forward direction, and 
the calculational sequence for the modules could easily be determined from the 
precedence order analysis outlined above. With recycle streams present, large 
groups of modules have to be solved simultaneously, defeating the concept of a se
quential solution module by module. For example, in Fig. 5.14, you cannot make a 
material balance on the reactor without knowing the information in stream S6, but 
you have to carry out the computations for the cooler module first to evaluate S6, 
which in turn depends on the separator module, which in turn depends on the reactor 
module. Partitioning will identify those collections of modules that have to be 
solved simultaneously (termed maximal cyclical subsystems or irreducible nets). 
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Figure 5.14 Modules in which recycle occurs; information (material) 
from the cooler module is fed back to the reactor. 

Chap. 5 

To execute a sequential solution for a set of modules, you have to tear certain 
streams. Tearing in connection with modular flowsheeting involves decoupling the 
interconnections between the modules so that sequential information flow can take 
place. Tearing is required because of the loops of information created by recycle 
streams. What you do in tearing is to provide initial guesses for values of some of· 
the unknowns (the tear variables), usually but not necessarily the recycle streams, 
and then calculate the values of the tear variables from the modules. These calcu
lated values form new guesses, and so on, until the differences between the esti
mated and calculated values are sufficiently small. Nesting of the computations de
termines which tear streams are to be converged simultaneously and in which order 
collections of tear streams are to be converged. 

Physical insight and experience in numerical analysis are important in selecting 
which variables to tear. For example, Fig. 5.15 illustrates an equilibrium vapor
liquid separator for which the combined material and equilibrium equations give the 
relation 

(5.4) 

where z} is the mole fraction of species j out of C components in the feed stream, 
Kj = yJlXj is the vapor-liquid equilibrium coefficient, a function of temperature, and 
the stream flow rates are noted in the figure. For narrow-boiling systems, you can 
guess V IF, Yi> and xi> and use Eq. (5.4) to calculate 10 and hence the temperature. 
This scheme works well because T lies within a narrow range. For wide-boiling ma-

T, 

,
..-----:,-- Vapor, V 

P, 

, r, 
'-~-:-- Liquid, L 

P, Figure 5.15 Vapor-liquid separato! 
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terials, the scheme does not converge welL It is better to solve Eq. (5.4) for V IF by 
guessing T, y, and x, because V IF lies within a narrow range even for large changes 
in T. Usually, the convergence routines for the code comprise a separate module 
whose variables are connected to the other modules via the tear variables. Examine 
Fig. 5.16. 

5, 

Convergence 
Block 

Guessed r - -, Calculated 

Values L _.J~---"V"'OI"-u-es-----' 

54 
3 

5, 

5, 

5, 
Guessed r - -, Colculated 

Values L_-.J Values 
Convergence 

Block 

Figure 5.16 A computational sequence modular fiowsheeting. Initial val
ues of both recycles are guessed, then the modules are solved in the order 
1,2,3,4,5, and 6. Calculated values for recycle streams S9 and SIO are 
compared to guessed values in a convergence block, and unless the differ
ence is less than some prescribed tolerance, another iteration takes place 
with the calculated values, or estimates based on them, forming the new 
initial guessed values of the recycle streams. 

5, 

An engineer can usually carry out the partitioning, tearing, nesting, and deter
mine the computational sequence for a flowsheet by inspection if the flowsheet is not 
too complicated. In codes such as FLOWTRAN, the user supplies the computational 
sequence as input. Other codes determine the sequence automatically. In ASPEN, 
for example, the code is capable of determining the entire computational sequence, 
but the user can supply as many specifications as desired, up to and including the 
complete sequence. Consult one of the supplementary references at the end of this 
chapter for detailed information on optimal techniques of partitioning and tearing, 
techniques beyond our scope in this text. 

Once the tear streams are identified and the sequence of calculations specified, 
everything is in order for the solution of material and energy balances. All that has 
to be done is to calculate the correct values for the stream flow rates and their prop
erties. To execute the calculations, many computer codes use the method of succes
sive substitution, which is described in Appendix L. The output(s) of each module on 
interation k is expressed as an explicit function of the input(s) calculated from the 
previous iteration, k - I. For example, in Fig. 5.16 for module I, 

S2(') = f(Sl('-I), SlOtH), coefficients) 
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To accelerate recycle stream convergence, the Wegstein method (refer to Ap
pendix L) has been the mainstay of sequential modular fiowsheeting for almost 25 
years. Although this method neglects possible interaction between variables in tear 
streams, for most systems it works very well. A number of heuristics have been de
veloped to improve convergence by delaying application of the Wegstein acceleration 
step until a specified number of direct substitution steps have been made and by set
ting bounds on the maximum acceleration allowed. With the use of Wegstein's 
method or direct substitution, it is necessary to control the convergence of recycle 
streams separately from the convergence of module specifications. Newton or quasi
Newton methods can also be used to solve for recycle streams. 

EXAMPLE 5.8 Solution of Material and Energy Balances Using a Sequential Modular-Based 
Flowsheeting Code 

Figure E5.8 is a hypothetical process used for demonstration by Diamond Shamrock Co. of 
their fiowsheeting code PROVES. Makeup gas is compressed, combined with recycle gas, 
and fed, together with liquid raw material, into a three-phase, suspended bed catalytic reac
tor. The reactor is cooled by recirculating liquid through a heat reclamation steam generator. 
Reaction products are condensed and the pressure of the exit stream reduced in two stages. 
The gas from the first-stage separator is recirculated, whereas the liquid from the second
stage separator is fed into a distillation column. Pure product is withdrawn from the bottom 
of the column. The distillate is a by-product that is pumped to another plant. 

Table E5.8a lists the input data for the fiowsheeting code needed to solve the material 
and energy balances. Table E5.8b is a computer printout of the flow rates, temperatures, and 
pressures of the 21 major streams. 
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TABLE ES.8a Input Data 

Number of streams 21 (first 21 only) 

Number of components 4 
Number of operations 9 

Component [name, mol. wt. , no. , density (lb/ft'), Cp (Btu/ (lb) (F) ) , .6.HvGP] 

Gas 2. 1 0 3.5 0 

Catalyst 60. 2 0 0 0 

Liquid A 78. 3 54.7 0.43 169. 

Liquid B 84. 4 44.3 0.48 154. 

stream Data 

No. Flow Rate Units* Temp ("F) Press (psig) 

1 59.551 0 100. 0 

2 183. 0 100. 0 

3 0 0 140. 285. 

4 0 0 100. 285. 

5 0 0 400. 275. 

6 0 0 120. 270. 

7 0 0 120. 265. 

8 0 0 120. 265. 

9 0 0 120. 265. 

10 183. 0 250. 95. 

11 183. 0 120. 95. 

12 183. 0 250. 285. 

13 9000. 1 400. 285. 

14 9000. 1 295. 285. 

15 0.8 1 100. 0 

16 0 0 120. 0 

17 0 0 120. 0 

18 0 0 200. 15. 

19 0 0 200. 0 

20 0 0 230. 5. 

21 0 0 120. 0 

Component Data 

stream No. Gas Catalyst Liquid A LiquidB 

1 0 0 59.551 0 

2 183. 0 0 0 

3 0 0 0 0 

4 0 0 0 0 

5 0 0 0 0 

6 0 0 0 0 

7 0 0 0 0 

8 0 0 0 0 

9 9 9 9 9 

10 183. 0 0 0 
11 183. 0 0 0 
12 183. 0 0 0 
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TABLEE5.8a (Continuetf) 

13 0 760. Bl. B9159. 
14 0 760. Bl. B9159. 
15 0 O.B 0 0 
16 0 0 0 0 
17 0 0 0 0 
1B 0 0 0 0 
19 0 0 0 0 
20 0 0 0 0 
21 0 0 0 0 

Stream Connections 

Module streams (-1 ~ out) 

T1 1 - 1 
C1 2 11 - 10 - 12 
E1 10 -11 
C2 B 3 
M1 12 3 1 - 4 
R1 4 15 14 - 15 - 13 -5 
E2 13 - 14 
E3 5 6 
T2 6 - 7 - 16 
M4 7 - B - 26 
M6 26 22 - 9 
T3 16 - 22 - 17 
E4 25 - 25 
E5 17 - 18 
D1 1B 25 24 - 23 - 27 
E6 23 - 23 
T4 23 - 23 
M7 27 - 20 - 25 
E7 20 - 21 
T5 21 - 21 
P1 1 - 1 
P2 13 - 13 
P3 17 - 17 
P4A 24 - 24 

P4B 19 - 19 
P5 21 - 21 

suggested Calculation Order (1 = serial, 2 = in loop, 3 = end of loop) 

Ml Rl T2 M4 E3 C2 E5 D1 E7 
2 2 2 2 2 3 1 1 1 

Convergence Tolerances 

Total flow 0.05 
Component flow 0.02 0.02 0.02 0.02 
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TABLE E5.8a (Continued) 

Designation of Operations (type, no. inlet streams, fractional split) 

Ml MIXR 3 0 

M4 MIXR 1 0.07479 

E3 EXCH 1 0 

C2 COMP 2 0 

E5 EXCH 1 0 

E7 EXCH 1 0 

Separation 
(type, fraction of inlet component that goes into first outlet stream) 

T2 SEPN 1 0 0 0 

Distillation 
[mole fraction in outlet stream (+ = 1st stream; - = 2nd stream)] 

D1 DIST 0 0 -0.01099 0.01958 

Reactor 
(type, fraction conversion of key component, key component number, 
stoichiometric coefficient of components 1, 2, . ) 

Rl 0.9 3.0 3.01423 o 1 -1. 00032 

Cooling Water Temperatures [F (inlet, temperature difference)] 

87 28 

Generated steam Pressure [psig, temperature, 6Hvnp (Btu/lb)] 

40 287 920 

Compressor 
[stream suction, stream discharge, key component, eplev • efficiency, 
interstage temperature of cooling gas ("1<')] 

C1 2 12 1 1. 41 0.72 120 

C2 8 3 1 1.41 0.72 

Heat Exchanger (1 = liq., 2 = gas, 4 = liq. + solid, 6 = boiling liq. , 

Chap. 5 

7 = condensing vapor, 8 = noncondensable gas + condensing vapor) 
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TABLE E5.8a (Continued) 

stream No. at Phase at stream No. at Phase at Heat Duty 
Cool End cool End Warm End Warm End (Btu/hr) 

E1 11 2 10 2 
E2 14 4 13 4 1.7XI06 

E3 6 8 5 8 
E4 25 1 25 1 
E5 17 1 18 6 
E6 23 7 23 1 
E7 21 1 20 1 

Pump 
[stream no. , key component no., equipment type, dynamic head (ft) , efficiency] 

PI 1 3 1 600. 0.45 
P2 13 4 1 80. 0.45 
P3 17 4 1 50. 0.45 
P4 23 4 1 50. 0.45 
P5 21 4 1 20. 0.45 

Reactor-Fluidized Bed [inlet stream no., outlet stream no. , key component of product, 
reaction temp. (F), avg. press (psig), productivity (lb/hr) (ft3) , reactor/bed volume] 

RI 4 5 4 395. 285. 16. 1.5 

Tank stream No. Final Retention 
Inlet Outlet Pressure (psig) Phaset Key Compo Time ehr) 

T1 1 - 1 O. 1 3 24. 
T2 6 - 7 - 16 265. 1 4 0.1 
T3 16 - 17 - 22 1 4 0.1 
T4 23 - 19 - 24 1 4 0.1 
T5 21 - 21 1 4 12. 

*0, lbmollhr; 1, lb/hr. 
'liquid and/or solid; 2, gas; 3, gas + liquid (and solid). 
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TABLE ES.8b 

co M P 0 N E NT S T R E A M NO. 

1 2 
NO. NAME MOL. WT. LBS LBMOLES LBS LBMOLES 

1 GAS 2.0 0.0 0.000 366.0 183.000 

2 CATALYST 60.0 0.0 0.000 0.0 0.000 

3 LIQUID A 78.0 4644.9 59.551 0.0 0.000 
4 LIQUIDB 84.0 0.0 0.000 0.0 0.000 

APPROX. TOTAL 4644.9 59.551 366.0 183.000 

TEMPERATURE, F. 100.0 100.0 
PRESSURE, PSIG. 0.0 0.0 
AVG. MOL. WEIGHT 78.0 2.0 

6 7 
NO. NAME MOL. WT. LBS LBMOLES LBS LBMOLES 

1 GAS 2.0 477.6 238.813 477.6 238.813 

2 CATALYST 60.0 0.0 0.000 0.0 0.000 
3 LIQUID A 78.0 464.4 5.955 0.0 0.000 
4 LIQUIDB 84.0 4503.4 53.613 0.0 0.000 

APPROX. TOTAL 5445.6 298.381 477.6 238.813 

TEMPERATURE, F. 120.0 120.0 
PRESSURE, PSIG. 270.0 265.0 
AVG. MOL. WEIGHT 18.2 2.0 

11 12 
NO. NAME MOL. WT. LBS LBMOLES LBS LBMOLES 

1 GAS 2.0 366.0 183.000 366.0 183.000 
2 CATALYST 60.0 0.0 0.000 0.0 0.000 
3 LIQUID A 78.0 0.0 0.000 0.0 0.000 

4 LIQUID B 84.0 0.0 0.000 0.0 0.000 

APPROX, TOTAL 366.0 183.000 366.0 183.000 

TEMPERATURE, F. 120.0 250.0 
PRESSURE, PSIG. 95.0 285.0 
AVG. MOL. WEIGHT 2.0 2.0 
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3 
LBS LBMOLES 

434.7 217.363 
0.0 0.000 
0.0 0.000 
0.0 0.000 

434.7 217.363 

140.0 
285.0 

2.0 

8 

LBS LBMOLES 

441. 9 220.952 

0.0 0.000 
0.0 0.000 
0.0 0.000 

441. 9 220.952 

LBS 

120.0 
265.0 

2.0 

13 

0.0 
760.0 

81. 0 

LBMOLES 

0.000 

12.666 
1. 038 

89159.0 1061. 416 

90000.0 1075.122 

400.0 
285.0 

83.7 

S T R E AM 
4 

LBS LBMOLES 

800.7 400.363 

0.0 0.000 

4644.9 59.551 

0.0 0.000 

5445.7 459.914 

100.0 
285.0 

11. 8 

9 

LBS LBMOLES 

35.7 17.860 

0.0 0.000 

0.0 0.000 

0.0 0.000 

35.7 17.860 

120.0 
265.0 

2.0 

14 

LBS LBMOLES 

0.0 0.000 

760.0 12.888 

81. 0 1. 038 

89159.0 1061. 416 

90000.0 1075.122 

295.0 
285.0 

83.7 

N O. 
5 

LBS LBMOLES 

477.6 238.813 
0.0 0.000 

484.4 5.955 
4503.4 53.613 

5445.6 293.381 

400.0 
275.0 
18.2 

10 
LBS LBMOLES 

366.0 183.000 
0.0 0.000 
0.0 0.000 
0.0 0.000 

366.0 183.000 

250.0 
95.0 
2.0 

15 
LBS LBMOLES 

0.0 0.000 
0.8 0.013 
0.0 0.000 
0.0 0.000 

0.8 0.013 

100.0 
0.0 

60.0 
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TABLE ES.8b (Continued) 

COM P 0 N E N T 

NO. NAME MOL. WT. 

1 GAS 2.0 
2 CATALYST 60.0 
3 LIQUID A 78. 0 
4 LIQUID B 84. 0 

APPROX. TOTAL 

TEMPERATURE, F. 

PRESSURE, PSIG. 

Ava. MOL. WEIGHT 

EQUIPMENT SPECIFICATION 

ITEM NAME 

NO. 

1 COMPRESSOR 
2 COMPRESSOR 
3 HEAT EXCHANGER 

4 HEAT EXCHANGER 

5 HEAT EXCHANGER 

6 PUMP 

7 PUMP 

8 REACTOR 

9 TANK 

10 TANK 

11 TANK 

12 DISTILN. COLUMN 
13 BOILER 

14 CONDENSER 

15 REFLUX PUMP 

16 REFLUX TANK 

17 HEAT EXCHANGER 

18 HEAT EXCHANGER 
19 PUMP 

20 PUMP 

21 PUMP 

22 TANK 

EQUI. 

NO. 

1 
2 
1 
2 
3 
1 
2 
1 
1 
2 
3 

1 
1 
1 
1 
1 
1 
2 
1 
2 
3 
1 

S T R E A M N O. 

16 17 
LBS LBMOLES LBS LBMOLES 

O. 0 0.000 o. 0 0.000 

o. 0 0.000 0.0 0.000 
464.4 5.955 464,4 5.955 

4503.4 53.613 4503.4 53.613 

4967.9 59.568 4967.9 59. 568 

120.0 

0.0 
83.4 

TYPE 

120.0 

0.0 
83.4 

REQUIRED 

NO. 

2-ST. DUPL. REC. 1 
I-STAGE RECIPR. 1 

FIXED TUBE SHEET 1 
FLOATING HEAD 1 

FLOATING HEAD 1 

CENTRIFUGAL 1 

CENTRIFUGAL 1 

FLUIDIZED BED 1 

CYLINDRICAL 1 

CYLINDRICAL 1 

CYLINDRICAL 1 

BUBBLE PLATE 1 

FIXED TUBES 1 

FLOATING HEAD 1 

CENTRIFIGUAL 1 

CYLINDRICAL 1 

FLOATING HEAD 3 

FLOATING HEAD 1 

CENTRIFUGAL 2 

CENTRIFUGAL 1 

CENTRIFUGAL 1 

CYLINDRICAL 2 
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S T R E AM N O. 

18 19 20 21 

LBS LBMOLES LBS LBMOLES LBS LBMOLES LBS LBMOLES 

0.0 0.000 0.0 0.000 0.0 0.000 0.0 0.000 

0.0 0.000 0.0 0.000 0.0 0.000 0.0 0.000 

464.4 5.955 418.1 5.360 46.3 0.594 46.3 0.594 

4503.4 53.613 8.9 0.107 4494.5 53.505 4494.5 53.505 

4967.9 59.568 427.1 5.467 4540.8 54.100 4540.8 54.100 

200.0 200.0 230.0 120.0 

285.0 0.0 5.0 0.0 

83.4 78.1 83.9 83.9 

TEMP. PRES. PARAMETER 1 PARAMETER 2 MATERIAL 

F psrG 

250. 285. 1094. SCFPM 285. PSI.OIF. 
140. 285. 1322. SCFPM 20. PSLDIF. 

250. 95. 237. SQ. FT. 166. M BTU/HR STEEL 

400. 285. 571. SQ.FT. 1700. M BTU/HR STEEL 
400. 275. 212. SQ. FT. 1862. M BTU/HR STEEL 
100. O. 10. GPM 600. FT. CAST IRON 
400. 285. 253. GPM 80. FT. CAST IRON 
395. 285. 422. CU. FT. O. STEEL 
100. O. 19820. GAL. O. STEEL 
120. 265. 109. GAL. O. STEEL 

120. O. 109. GAL. O. STEEL 

230. 10. 39. PLATES 22. IN. DIA. STEEL 

338. 100. 59. SQ. FT. 70l. M BTU/HR STEEL 

200. 40. 47. SQ. FT. 792. M BTU/HR STEEL 

200. 10. 9. GPM 70. FT. CAST IRON 

200. 10. 78. GAL. O. STEEL 
338. 100. 13. SQ. FT. 339. M BTU/HR STEEL 

230. 40. 24. SQ. FT. 239. M BTU/HR STEEL 

120. o. 13. GPM 50. FT. CAST IRON 
120. O. 13. GPM 50. FT. CAST IRON 
120. O. 699. GPM 20. FT. CAST IRON 
120. O. 5981. GAL. O. STEEL 
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TABLE ES.8b (Colltillued) 

UTILITIES REQUIREMENTS 

EL. POWER STEAM WATER G. STEAM* BOILER 

500 V 100 PSIG COOLING 50 PSIG FEEDWAT. 

IT. EQUIP-
NO. MENT KW LBS/HR GPM LBS/HR GPM 

1 COMP 1 184. 1 0.0 o. 0 o. 0 0.0 
2 COMP 2 3.7 0.0 0.0 0.0 0.0 
3 EXCH 1 0.0 0.0 13.0 0.0 0.0 
4 EXCH 2 0.0 0.0 0.0 1663.0 3.6 
5 EXCH3 0.0 0.0 146.3 0.0 0.0 
6 PUMP 1 2.3 0.0 0.0 0.0 0.0 
7 PUMP 2 6.0 0.0 0.0 0.0 0.0 

TOTAL 196.2 0.0 159.4 1663.0 3.6 

* G. STEAM = GENERATED STEAM 
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PROBLEMS 

An asterisk designates problems appropriate for solution using a computer. 
Refer also to the problems that require writing computer programs at the end 
of the chapter. 
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EL. POWER STEAM WATER G. STEAM* BOILER 
500 V 100 PSIG COOLING 50 PSIG FEEDWAT. 

IT. EQUIP-

NO. MENT KW LBS/HR GPM LBS/HR GPM 

1 DIST 1 0.2 857.0 62.0 0.0 0.0 
2 EXCH5 0.0 415.3 0.0 0.0 0.0 

3 EXCH 7 0.0 0.0 18.8 0.0 0.0 

4 PUMP 3 0.1 0.0 0.0 0.0 0.0 

5 PUMP 4 0.1 0.0 0.0 0.0 0.0 

6 PUMP 5 0.0 0.0 0.0 0.0 0.0 

TOTAL 0.6 1272.3 18.1 0.0 0.0 

Section 5.1 

5.1. Determine the number of degrees of freedom for the condenser shown in Fig. P5.1. 

Heai-

Liquid Figure P5.1 

5.2. Determine the number of degrees of freedom for the reboiler shown in Fig. P5.2. 
What variables should be specified to make the solution of the material and energy 
balances determinate? 

LiqUid-~VoPor 

o Figure P5.2 

5.3. If to the equilibrium stage shown in Example 5.1 you add a feed stream. determine 
the number of degrees of freedom. See Fig. P5.3. 
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, L \,+1 

Feed o 

L, Figure PS.3 

5.4. How many variables must be specified for the furnace shown in Fig. P5.4 to absorb 
all the degrees of freedom? 

25 % Excess Dry Air 

\100" F 

080 %CH4 
Fuel 70 F 20 % N2 Furnace 

o (Loss) 

co, 
CO 

Flue Gases H 0 
1900" F ' N, 

0, 

Figure PS.4 

5.5. Figure P5.5 shows a simple absorber or extraction unit. S is the absorber oil (or 
fresh solvent). and F is the feed from which material is to be recovered. Each stage 
has a Q (not shown); the total number of equilibrium stages is N. What is the num
ber of degrees of freedom for the column? What variables should be specified? 

Figure PS.S 

5.6. In a reactor model, rather than assume that the components exit from the reactor at 
equilibrium, an engineer will specify the r independent reactions that occur in the 
reactor, and the extent of each reaction, gi. The reactor model must also provide for 
heating or cooling. How many degrees of freedom are associated with such a reac
tor model? 

lin> Pin' Fin' XII' x12 .•• Reactor Tout, Pout' F;,ut. xOI ' x02 ... 

I UUUUUUQ 

o 
Figure PS.6 
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5.7. Set up decomposition schemes for the processes shown in Figure PS.7. What addi
tional variables must be specified to make the system determinate if (a) the feed 
conditions are known; or (b) the product conditions are specified? 

v,.>; V2 , Y2 V3' Y3 V4 , Y4 Vs , Ys V6 , Y6 
By-product Solvent 

2 3 4 5 
Feed Product 

Lo• Xo L1• Xl L2• X2 L3 • X3 L 4 • X4 Ls. Xs 

Figure PS.7 

5.8. Determine whether or not the following problems are determinate in the sense that 
all the values of the material flows can be calculated. 
(a) A vapor mixture containing 45 weight percent ammonia, balance water, and 

having an enthalpy of 1125 Btu per pound, is to be fractionated in a bubble-cap 
column operating at a pressure of 250 psia. The column is to be equipped with a 
total condenser. The distillate product is to contain 99.0 weight percent ammo
nia and the bottom product is to contain 10.0 weight percent ammonia. The dis
tillate and the reflux leaving the condenser will have an enthalpy of 18 Btullb 
(Figure PS.8a). 

(b) An engineer designed an extraction unit (Fig. P5.8b) to recover oil from a pulp 
using alcohol as a solvent. The inerts refer to oil-free and solvent-free pulp. 
Several of the streams in the plant were also used for oil recovery. These 
streams are shown as Fo and Fl. Notice that the extracts from the first two stages 
were not clear but contained some inerts. (Both VI and V2 contain all three com
ponents: oil, solvent, and inerts.) Equal amounts of SI and LI were added to 
stage 2. There are 2 Ib of L, for each Ib of V, leaving the second stage. 

The raffinate from stage 1, Lb contains 32.5 percent alcohol and also in 
this same stream the weight ratio of inerts to solution is 60 Ib inertllOO Ib solu
tion. The remaining raffinate streams,~, L3, and L4• contain 60 lb inert/IOO lb 
alcohol. The L, stream contains 15 percent oil. 

Feed 
45 w t. % NH3 

r 

Bottom 
• plate 

I 

~ 
Condenser 
and Cooler 

Reflux • 

Bottoms , 
10 wI. y, NH, 

(a) 

Figure PS.8a 

Distillate 
99.0 wt. % NH3 
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Solvent line: Composition = 95 percent alcohol 
5 percent inerts 

(b) 

Figure PS.8b 

Chap. 5 

5.9. Examine Fig. P5.9. Values of Fit Xu. X12, X13, X14. and XL:l are known. Streams F2 

and F3 are in equilibrium, and the three streams all have the same (known) tempera
tures and pressures. Is the problem completely specified, underspecified, or over
specified? Assume that the values of K in the equilibrium relations can be calculated 
from the given temperatures and pressures. 

3 
F, Vapor Stream 

x" 
x" 
x" 

Feed Stream F, X'4 

x" x" 
x" 
x" 2 
X '4 F, Liquid Stream 

X15 x" 
x" 
x" 
X'4 

x" 
Description of the variables: 

~. - Molor flow for i lh stream 

xij - Mole fraction of /h component in ifh stream 

Kj - Phose-equilibrium coefficient for the jlh component 

The design variables are: 

The Feed Stream. Flo X11 • X12 • X'3, X14 

The Phase-Equilibrium coefficients, K1, K2 , K3• K4• K5 

Figure PS.9 
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S.10. Book9 describes a mixer-heat exchanger section of a monoethylamine plant that is 
illustrated in Fig. P5.10 along with the notation. Trimethylamine recyde enters in 
stream 4, is cooled in the heat exchanger, and is mixed with water from stream 1 in 
mixer 1. The trimethylamine-water mixture is used as the cold-side fluid in the heat 
exchanger and is then mixed with the ammonia-methanol stream from the gas ab
sorber in mixer 3. The mixture leaving mixer 3 is the reaction mixture which feeds 
into the preheater of the existing plant. 

Table P5.1O lists the 31 equations that represent the process in Fig. P5 .10. Ci 

Mixer 

(V" f,J 
1 

2 

Heat 
Exchanger 

4 

Figure PS.I0 

5 

Mixer 

(V" f,) 
3 

7 

9 N. L. Book, Structural Analysis and Solution of Systems of Algebraic Design Equations, Ph. D. 
dissertation, University of Colorado, 1976. 
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TABLE P5.10 List of Equations to Model 
the Process 

Material Balance Equations 
Mole fraction equations 

1. XI.I - 1 = 0 
2. X,., - 1 = 0 
3. XI,3 + X2,) - 1 = 0 
4. X'.4 - I = 0 
5. Xl,5 + X2,S - 1 = 0 
6. X3,6 + X4,6 - 1 = 0 
7. Xl,? + X2,? + X3,7 + X4.7 - 1 = 0 

Flow balance equations 
8. FI + F, - F, = 0 
9. F, - F4 = 0 

10. F, - F, = 0 
11. F, + F6 - F, = 0 

Component balance equations 
12. xl.IFI - YI = 0 
13. XI,3F3 - y, = 0 
14. xI.sFs - y, == a 
15. xl"F, - YI = 0 
16. X2,lF2 - Yz = 0 
17. X2,3F3 - Yz = 0 
18, x,,4F4 - Y' = 0 
19, x",F, - y, = 0 
20, x",F, - y, = 0 
21. X,,6F6 - Y, = 0 
22. X3,7F7 - Y3 = 0 
23, X4,6F6 - Y4 = 0 
24, x4"F, - Y4 = 0 

Energy Balance Equations 
25, CIFITI + C,F,T, - C,F,T, = 0 
26, C4F4T4 - Q, - C,F,T, = 0 
27, C,F,T, + Q, - C,F,T, = 0 
28, C,F,T, + C6F6T6 - C,F,T, = 0 

Equipment Specification Equations 

29, VI - (F,)C;D/p, = 0 

30, Q, - U,A, llT,m, = 0 

31. V, - (F')(~)/p, = 0 

Chap. 5 
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is a heat capacity (a constant), Fi a flow rate, A area (a constant). I:!J.T1m a log mean 
temperature difference 

(T, - T,) - (T, - T,) 
In [(T, - T,)/(Tz - T,)] 

U is a heat transfer coefficient (a constant), Vi a volume, Yi the molar flow rate of 
component i, Xi the mole fraction of component i, Q the heat transfer rate, and Pi the 
molar density (a constant). The question is: How many degrees of freedom exist for 
the process? 

5.11. Cavett proposed the following problem as a test problem for computer-aided design. 
Four flash drums are connected as shown in Fig. P5.11. The temperature in each 
flash drum is specified, and equilibrium is assumed to be independent of composi
tion so that vapor-liquid equilibrium constants are truly constant. Is the problem 
properly specified, or do additional variables have to be given? If the latter, what 
should they be? The feed is as follows 

Component Feed 

1. Nitrogen and helium 358.2 
2. Carbon dioxide 4,965.6 
3. Hydrogen sulfide 339.4 
4. Methane 2,995.5 
5. Ethane 2,395.5 
6. Propane 2,291.0 
7. Isobutane 604.1 
8. n-Butane 1,539.9 
9. Isopentane 790.4 

10. n-Pentane 1,129.9 
11. Hexane 1,764.7 
12. Heptane 2,606.7 
13. Octane 1,844.5 
14. Nonane 1,669.0 
15. Decane 831.7 
16. Undecane plus 1,214.5 

Total 27,340.6 

5.12. The flowsheet (Fig. P5.12) has a high-pressure feed stream of gaseous component A 
contaminated with a small amount of B. It mixes first with a recycle stream consist
ing mostly of A and passes into a reactor. where an exothermic reaction to form C 
from A takes place. The stream is cooled to condense out component C and passed 
through a valve into a flash unit. Here most of the llnreacted A and the contaminant 
B flash off, leaving a fairly pure C to be withdrawn as the liquid stream. Part of the 
recycle is bled off to keep the concentration of B from building up in the system. 
The rest is repressurized in a compressor and mixed, as stated earlier, with the feed 
stream. The number of parameters/variables for each unit are designated by the 
number within the symbol for the unit. 

How many degrees of freedom exist for this process? 
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5.13. Determine a precedence order for solution of the set of seven equations and seven 
variables given by the following occurrence matrix: 

Variable 
-> 

Equation Xl X, X, X4 X, X, X, 

t 1 0 0 0 0 
2 0 1 0 0 0 1 0 
3 0 0 0 0 1 1 1 
4 0 0 0 0 0 0 
5 0 0 1 0 0 0 
6 0 0 0 0 1 0 
7 0 0 0 1 0 1 

5.14. Suggest a solution order for the set of equations in Table P5.14 representing the 
flash separator in Fig. P5.14. The selection of the first seven of the eight design 
variables to be calculated (feed stream variables and the equilibrium pressure) is 
standard for flash separations. The last design variable is usually selected as either 

TABLE P5.14 Equations for the Flash Separator in 
Figure P5.14. 

Equation No. 

1 

2-5 

6 

7 

8 

9-13 
14-18 

19 
20 

21 
22 
23 
24 

Equation 

The overall material balance equation: 
F, + F, - Fl = 0 
The individual component balance equations: 
F2X2j + F3X3j - FIXlj = 0 j = 1,2,3,4 
The stream composition equations: 

4 

XIS + 2: xlj = 
}=1 , 
2: X~ = 1 
j"l , 
2: X'j = 1 
}=I 

The phase equilibrium equations: 
Kj = K/T" p,) j = 1,2,3,4,5 
X3i - KjX2J = 0 j = 1,2,3,4,5 

T,-T,=O 
p,-p,=O 

The enthalpies and energy balance equations: 
H, = BI(T\, Ph XII. X12, X13. X14, XIS) 

H2 = H1(T2, P2, X2!, X22. X23, XZ4, X2!i) 

H3 = H3(T3, P3, X3!' XJ2, Xl), X34, X3S) 

FlHI - F,H, - F,H, + Q = 0 



3 
..---"---->-Vapor Stream: F3 • T3• P3. H3• X31 • 

X32 , X33 , X341 X35 

Q 
2 

L... __ "-_ __>_ Liquid Stream:~. Tz, pz, Hz, X21J 

Variables: 

F; - Molar flow rote for the jth stream 

T; - Temperature of the flh stream, in degrees Rankine 

Pi - Pressure of the flh stream, in atmospheres 

Hi - Enthalpy of the fill stream, in Btu/mole 

Xi; - Mole fraction of the jill component in the jill stream 

~. - Phase equilibrium coefficient of the /Ilcomponent 

o - Heat transfer to the unit Btu/hour 

The Design Variables are: 

Feed Stream: F" Ttl Pl. X,h X,21 X, 3. X ,4 

Equilibrium pressure: Pz 

Heat load to the unit: Q 

Figure PS.14 

X227 XZ3, xz4 • xZ5 

the equilibrium temperature, Tz• or Q. The choice of T2 uncouples the material and 
energy balances, hence here Q has been selected, requiring a more challenging so
lution. 

5.15. For the units shown in Fig. P5.15. indicate which recycle streams should be cut 
first. 

5.16. Prepare a block diagram for the material flows in a methane evaporation plant. The 
following blocks can be used in addition to those shown in Fig. 5.9a: evaporator, 
tank. boiler. 

5.17. Prepare a diagram of the modules for sequential solution of the phenosolvan plant in 
Fig. P5.17. Use Fig. 5.9a for the modules. 

5.18. Prepare a block diagram of the modules involved in solving the material and energy 
balances for the extraction process used in a refinery for the production of normal 
paraffins shown in Fig. P5.18. Which additional modules not in Fig. 5.9a would 
you need? Also indicate what streams might be cut for a sequential modular solution 
of the material and energy balances. 

5.19. In petroleum refining, lubricating oil is treated with sulfuric acid to remove unsatu
rated compounds, and after settling, the oil and acid layers are separated. The acid 
layer is added to water and heated to separate the sulfuric acid from the sludge con
tained in it. The dilute sulfuric acid, now 20% H2S04 at 82°C, is fed to a 

600 
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1 ~ 0- Y f l IT 

Figure PS.lS 

Simonson-Mantius evaporator, which is supplied with saturated steam at 400 kPa 
gauge to lead coils submerged in the acid, and the condensate leaves at the satura
tion temperature. A vacuum is maintained at 4.0 kPa by means of a barometric leg. 
The acid is concentrated to 80% H2S04 ; the boiling point at 4.0 kPa is 121aC. How 
many kilograms of acid can be concentrated per 1000 kg of steam condensed? 

S.20. * You are asked to perform a feasibility study on a continuous stirred tank reactor 
shown in Fig. P5.20 (which is presently idle) to determine if it can be used for the 
second-order reaction 

2A--->B+C 

Since the reaction is exothermic, a cooling jacket will be used to control the reactor 
temperature. The total amount of heat transfer may be calculated from an overall 
heat transfer coefficient (U) by the equation 

Q = UA tJ.T 

where Q = total rate of heat transfer from the reactants to the water jacket in the 
steady state 

U = empirical coefficient 
A = area of transfer 

tJ.T = temperature difference (here T4 - T2) 

Some of the energy released by the reaction will appear as sensible heat in stream 
F 2, and some concern exists as to whether the fixed flow rates will be sufficient to 
keep the fluids from boiling while still obtaining good conversion. Feed data is a~ 
follows. 

Component 

A 
B 
C 

Feed rate (lb mollhr) 

214.58 
23.0 
0.0 

Cp [Btu/(lb mol)('F)] 

41.4 
68.4 
4.4 

MW 

46 
76 
6 
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Gas-

Excess 
CO2 CO 2 + Steam 

Ammonia + 
Steam 

liquor ,--, 
3 

Make up 
Butyl Acetate 

2 5 

Steam Steam 

Crude 
PhenOlS 

6 

Liquor to 
Biological 
Treatment 

Figure PS.17 Phenosolvan plant-only one stream shown. Key: I. Tar-oil separa
tion (gravity); 2. Saturation tower; 3. Phenol extractor; 4. Butyl-acetate recovery 
tower; 5. Butyl-acetate stripping tower; 6. Ammonia stripping tower; 7. Atmo
spheric distillation tower; 8. Vacuum distillation tower; 9. Separator drum; 10. 
Butyl-acetate circulating drUID. 

The consumption rate of A may be expressed as 

-2k(CA)'VR 

where 

_ (Ft.A)(p) _. 3 
CA - L (Ft.,)(MW,) - concentratlOn of A, Ib mollfl 

k = ko exp (~:) 
/CO, E, R are constants and T is absolute temperature. 

Write a computer program to solve for the temperatures of the exit streams 
and the product composition of the steady-state reactor using the following data: 

Fixed parameters 

reactor volume = VR = 13.3 ft' 

heat transfer area = A = 29.9 fl2 
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heat transfer coefficient = U = 74.5 Btu/(hr)(ft,)(OF) 

Variable input 

reactant feed rate = F, (see table above) 

reactant feed temperature = TJ = SOop 

waterfeed rate = F, = 247.7 Ib mol/hr water 

water feed temperature = T3 = 75°P 

Physical and thermodynamic data 

reaction rate constant = ko = 34 Ib mol B/(hr)(ft') 

activation energy/gas constant = E/R = 10000R 

heat of reaction = 6.H = - 5000 Btu/lb mol A 

heat capacity of water = Cpw = 18 Btu/(lb mol)(OF) 

product component density = p = 55 Ib/ft' 

605 

The densities of each of the product components are essentially the same. Assume 
that the reactor contents are perfectly mixed as well as the water in the jacket, and 
that the respective exit stream temperatures are the same as reactor contents or 
jacket contents. 

5.21. The steam flows for a plant are shown in Fig. P5.21. Write the material and energy 
balances for the system and calculate the unknown quantities in the diagram (A to 
F). There are two main levels of steam flow: 600 psig and 50 psig. Use the steam 
tables for the enthalpies. 

5.22. Figure P5.22 shows a calciner and the process data. The fuel is natural gas. How 
can the energy efficiency of this process be improved by process modification? Sug
gest at least two ways based on the assumption that the supply conditions of the air 
and fuel remain fixed (but these streams can be possibly passed through heat ex
changers). Show all calculations. 
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5.23. Limestone (CaCO,) is converted into CaO in a continuous vertical kiln (see Fig, 
P5,23), Heat is supplied by combustion of natural gas (CH,) in direct contact with 
the limestone using 50% excess air. Determine the kilograms of CaC03 that can be 
processed per kilograms of natural gas. Assume that the following average heat ca
pacities apply: 

CoCO, ,,-_---, 
0125 C 

CoO 
01900' C 

Cp of CaCO, = 234 J/(g molWC) 

Cp of CaO = III J/(g molWC) 

,---Gases Oul 01 25° C 

'---- Natural Gas 01 25° C 
Figure P5.23 

5.24. A feed stream of 16,000 Ib/hr of 7% by weight NaCI solution is concentrated to a 
40% by weight solution in an evaporator. The feed enters the evaporator, where it is 
heated to 180oP. The water vapor from the solution and the concentrated solution 
leave at 180'F. Steam at the rate of 15,000 Ib/hr enters at 230'F and leaves as con
densate at 230'F. See Fig. P5.24. 
(a) What is the temperature of the feed as it enters the evaporator? 
(b) What weight of 40% NaCI is produced per hour? 

Assume that the following data apply: 

Average Cp 7% NaCI soln: 

Average Cp 40% NaCI soln: 

0.92 Btu/(lb)('F) 

0.85 Btu/(lb)('F) 

11k" H2 0 at 180'F = 990 Btu/lb 

I1IL" H2 0 at 230'F = 959 Btuilb 

7% NoGI ------l __ +-_..-J 
16,0001b/hr 

Concentrated Solution 
40% NoCI 

1800 F 

Condensote 2300 F Figure PS.24 
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5.25. The Blue Ribbon Sour Mash Company plans to make commercial alcohol by a 
process shown in Fig. PS.2S. Grain mash is fed through a heat exchanger where it is 
heated to 170'F. The alcohol is removed as 60% by weight alcohol from the first 
fractionating column; the bottoms contain no alcohol. The 60% alcohol is further 
fractionated to 95% alcohol and essentially pure water in the second colunin. Both 
stills operate at a 3 : 1 reflux ratio and heat is supplied to the bottom of the columns 
by steam. Condenser water is obtainable at SO°F. The operating data and physical 
properties of the streams have been accumulated and are listed for convenience: 

Boiling Heat of 
point Cp[Btu/(lb)("F)] vaporization 

Stream State ('F) Liquid Vapor (Btu/lb) 

Feed Liquid 170 0.96 950 
60% alcohol Liquid or vapor 176 0.S5 0.56 675 
Bottoms I Liquid 212 1.00 0.50 970 
95% alcohol Liquid or vapor 172 0.72 0.48 650 
Bottoms II Liquid 212 1.00 0.50 970 

Prepare the material balances for the process, calculate the precedence order for so
lution, and 
(a) Determine the weight of the following streams per hour: 

(1) Overhead product, column I 
(2) Reflux, column I 
(3) Bottoms, column I 
(4) Overhead product, column II 
(5) Reflux, column II 
(6) Bottoms, column II 

(b) Calculate the temperature of the bottoms leaving heat exchanger III. 
(c) Determine the total heat input to the system in Btu/hr. 

80% Water 
10% Alcohol 
10% Organic material 

10,000 
Ib/hr 
aO'F 

Heat 
Exchanger 

ill 

To 
Vanillin 

Plant 

Liquid 170°F 

Overhead 
176'F Vapor 

Steam 

Bottoms 
210'F 

Overhead 
172'F Vapor 

Reflux 160'F 
Still I--"'='-~ Liquid 

II 

Steam 

Heat 
Exchanger 

II 

Saturated 
Steam 
176'F 

Condensate H20 100'F H20 
80°F 

Figure P5.25 
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(d) Calculate the water requirements for each condenser and heat exchanger II in 
gal/hr if the maximum exit temperature of water from this equipment is 130oP. 

5.26. Toluene, manufactured by the conversion of n-heptane with a Cr203-on-Ah03 
catalyst 

~CH, 
CH,CH,CH,CH,CH,CH,CH, -- V + 4H, 

by the method of hydroforming is recovered by use of a solvent. See Fig. P5.26 for 
the process and conditions. 

The yield of toluene is 15 mole % based on the n-heptane charged to the reac
tor. Assume that 10 kg of solvent are used per kilogram of toluene in the extractors. 
(a) Calculate how much heat has to be added or removed from the catalytic reactor 

to make it isothermal at 425°C. 
(b) Find the temperature of the n-heptane and solvent stream leaving the mixer-set

tlers if both streams are at the same temperature. 
(c) Find the temperature of the solvent stream after it leaves the heat exchanger. 
(d) Calculate the heat duty of the fractionating column in kJ/kg of n-heptane feed to 

the process. 

C,[J/(gWCll 
-Iili/* .6.H vaporiuuion 

(kJ/g mol) Liquid Vapor (kJ/kg) 

Toulenet 12.00 2.22 2.30 364 
n-Heptane -224.4 2.13 1.88 318 
Solvent 1.67 2.51 

• As liquids. 
t The heat of solution of toluene in the solvent is -23 Jig toluene. 

n_HePlone.~+t_s_uP,-e_'h,..e_ot_e_, -f!4;25,,-;°C 
18°C -

Saturated 
toluene 
vapor 

Fresh solvent 

j 

Catalytic 

reactor 

Figure PS.26 
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434 
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5.27. One hundred thousand pounds of a mixture of 50% benzene, 40% toluene, and 10% 
o-xylene is separated every day in a distillation-fractionation plant as shown on the 
flowsheet for Fig. P5.27. 

Boiling Latent heat 
point Cp Liquid of yap. Cp vapor 
('C) [cal/(g)(°C)] (cal/g) [cal/(g)('C)] 

Benzene 80 0.44 94.2 0.28 
Toluene 109 0.48 86.5 0.30 
o.;xylene 143 0.48 81.0 0.32 
Charge 90 0.46 88.0 0.29 
Overhead Tl 80 0.45 93.2 0.285 
Residue Ii 120 0.48 83.0 0.31 
Residue Til 143 0.48 81.5 0.32 

The reflux ratio for tower I is 6 : 1; the reflux l,'atio for tower II is 4 : 1; the charge to 
tower I is liquid; the charge to tower II is liquid. Compute' 
Ca) The temperature of the mixture at the outlet of the heat exchanger (marked as 

T*) 
Cb) The Btu supplied by the steam reboiler in each column 
Ce) The quantity of cooling water required in gallons per day for the whole plant 
Cd) The energy balance around tower I 

5.28. Sulfur dioxide emission from coal-burning power plants causes serious atmospheric 
pollution in the eastern and midwestern portions of the United States. Unfortu..: 
nately, the supply of low-sulfur coal is insufficient to meet the demand. Processes 
presently under consideration to alleviate the situation include coal gasification fol
lowed by desulfurization and stack -gas cleaning. One of the more promising stack
gas-cleaning processes involves reacting S02 and O2 in the stack gas with a solid 
metal oxide sorbent to give the metal sulfate and then thermally regenerating the 
sorbent and absorbing the resulting SO, to produce sulfuric acid. Recent laboratory 
experiments indicate that sorption and regeneration can be carried out with several 
metal oxides, but no pilot or full-scale processes have yet been put into operation. 

You are asked to provide a preliminary design for a process that will remove 
95% of the SO, from the stack gas of a 1000-MW power plant. Some data are given 
below and in the flow diagram of the process (Fig. P5.28). The sorbent consists of 
fine particles of a dispersion of 30% by weight CuO in a matrix of inert porous 
AhO,. This solid reacts in the fluidized-bed sorber at 315°C. Exit solid is sent to 
the regenerator, where S03 is evolved at 70QoC, converting all the CUS04 present 
back to CuO. The fractional conversion of CuO to CUS04 that occurs in the sorber 
is called a and is an important design variable. You are asked to carry out your cal
culations for a = 0.2, 0.5, and 0.8. The SO, produced in the regenerator is swept 
out by recirculating air. The S03-laden air is sent to the acid tower, where the S03 
is absorbed in recirculating sulfuric acid and oleum, part of which is withdrawn as 
salable by-products. You will notice that the sorber, regenerator, and perhaps the 
acid tower are adiabatic; their temperatures are adjusted by heat exchange with in
coming streams. Some of the heat exchangers (nos. 1 and 3) recover heat by coun
tercurrent exchange between the feed and exit streams. Additional heat is provided 
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by withdrawing flue gas from the power plant at any desired high temperature up to 
l100°C and then returning it at a lower temperature. Cooling is provided by water at 
25°C. As a general rule, the temperature difference across heat-exchanger walls sep
arating the two streams should average about 28°C. The nominal operating pressure 
of the whole process is 100 kPa. The three blowers provide 6 kPa additional head 
for the pressure losses in the equipment, and the acid pumps have a discharge pres
sure of 90 kPa gauge. You are asked to write the material and energy balances and 
some equipment specifications as follows: 
(a) Sorber, regenerator, and acid tower. Determine the flow rate, composition, and 

temperature of all streams entering and leaving. 
(b) Heat exchangers. Determine the heat load, and flow rate, temperature, and en-

thalpy of all streams. 
(c) Blowers. Determine the flow rate and theoretical horsepower. 
(d) Acid pump. Determine the flow rate and theoretical horsepower. 
Use SI units. Also, use a basis of 100 kg of coal burned for all your calculations; 
then convert to the operating basis at the end of the calculations. 

Power plant operation. The power plant burns 340 metric tons/hr of coal hav
ing the analysis given below. The coal is burned with 18% excess air, based on 
complete combustion to CO" H,O, and SO,. In the combustion only the ash and ni
trogen is left unburned; all the ash has been removed from the stack gas. 

Element Wt. % 

C 76.6 
H 5.2 
0 6.2 
S 2.3 
N 1.6 
Ash 8.1 

Data on Solids' 

Ah0 3 CuO CUS04 

T(K) Cp HT - H298 Cp HT - H298 Cp HT - H298 

298 79.04 0.00 42.13 0.00 98.9 0.00 
400 96.19 9.00 47.03 4.56 114.9 10.92 
500 106.10 19.16 50.04 9.41 127.2 23.05 
600 112.5 30.08 52.30 14.56 136.3 36.23 
700 117.0 41.59 54.31 19.87 142.9 50.25 
800 120.3 53.47 56.19 25.40 147.7 64.77 
900 122.8 65.65 58.03 31.13 151.0 79.71 

1000 124.7 77.99 59.87 37.03 153.8 94.98 

• Units of Cp are II (g mol)(K); units of Hare kIlg mol. 

5.29. When coal is distilled by heating without contact with air, a wide variety of solid, 
liquid, and gaseous products of commercial importance is produced, as well as 
some significant air pollutants. The nature and amounts of the products produced 
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depend on the temperature used in the decomposition and the type of coal. At low 
temperatures (400 to 750'C) the yield of synthetic gas is small relative to the yield 
of liquid products, whereas at high temperatures (above 9OO'C) the reverse is true. 
For the typical process flow sheet, shown in Fig. P5.29: 
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(a) How many tons of the various products are being produced? 
(b) Make an energy balance around the primary distillation tower and benzol 

tower. 
(e) How much (in pounds) of 40% NaOH solution is used per day for the purifica-

tion of the phenol? 
(d) How much 50% H2S04 is used per day in the pyridine purification? 
(e) What weight of Na2 S04 is produced per day by the plant? 
(I) How many cubic feet of gas per day is produced? What percent of the gas (vol

ume) is needed for the ovens? 

Mean Cp Mean Cp Mean Cp Melting Boiling 
Products produced liquid vapor solid point point 

per ton of coal charged (cal/g) (cal/g) (cal/g) (0C) ("C) 

Synthetic gas-IO,OOO ft' 
(555 Btu/f!') 

(NH,),SO, ,22 Ib 
Benzol, 15 Ib 0.50 0.30 60 
Toluol, 5 Ib 0.53 0.35 109.6 
Pyridine, 3 Ib 0.41 0.28 114.1 
Phenol, 5 Ib 0.56 0.45 182.2 
Naphthalene, 7 Ib 0.40 0.35 0.281 80.2 218 

+0.001 I IToF 

Cresols, 20 Ib 0.55 0.50 202 
Pitch, 40lb 0.65 0.60 400 
Coke, 1500 Ib 0.35 

AHvap I11lfwion 

(caUg) (caUg) 

Benzol 97.5 
Toluol 86.53 
Pyridine 107.36 
Phenol 90.0 
Naphthalene 75.5 35.6 
Cresols 100.6 
Pitch 120 

5.30. * A gas consisting of 95 mol % hydrogen and 5 mol % methane at 100°F and 30 psia 
is to be compressed to 569 psia at a rate of 440 Ib mol/hr. A two-stage compresser 
system has been proposed with intermediate cooling of the gas to 100°F via a heat 
exchanger. See Fig. P5.30. The pressure drop in the heat exchanger from the inlet 
stream (SI) to the exit stream (S2) is 2.0 psia. Using a process simulator program, 
analyze all of the stearn parameters subject to the foI1owing constraints; the exit 
stream from the first stage is 100 psia; both compressers are positive-displacement 
type and have a mechanical efficency of 0.8, a polytropic efficiency of 1.2, and a 
clearance fraction of 0.05. Flowtran is organized to solve this problem with min
imual effort, but other fiowsheeting packages can be used. 
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5.31. A gas feed mixture at 85°C and 100 psia having the composition shown in Fig. 
P5.31 is flashed to separate the majority of the light components from the heavy. 
The flash chamber operates at SoC and 25 psia. To improve the separation process, it 
has been suggested to introduce a recycle as shown in Fig. P5 .31. Will a significant 
improvement be made by adding a 25% recycle of the bottoms? 50%? With the aid 
of a computer process simulator, determine the molar flow rates of the streams for 
each of the three cases. This problem may readily be solved using Flowtran; how
ever, other fiowsheeting packages can be used. 

Overhead 

Flash 

1-__ 5.;.' --1 Chamber 
f--:"""->-j Mixer 5° C 

Recycle 

Figure P5.31 

25 psia 

Bottoms 

5, 
l--~-I Spitter >----

Product 

5.32. Conventional refrigeration cycles require vapor compression to high pressures. Ttlli 
requires a substantial amount of work, and typically it is the most expensive step oj 

the process. However, a thermal compressor allows the mixture of a high-pressun 
vapor to be mixed with a low-pressure vapor to form an intermediate-pressure va 
por. Using this device. it is possible to create a refrigeration cycle in which only va 
por is pumped to a higher pressure, thus allowing substantial savings in energy cost 
Solve the material and energy balances for the process shown in Fig. P5.32 subjec 
to the following specifications: 100 lb mollhr of isopropyl alcohol refrigerant flow 
through the condenser, and there is a high/low pressure recycle ratio of 9 to I at th 
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stream split. Calculate the energy exchange of each process unit. This problem may 
be readily solved using Flowtran; however, other fiowsheeting packages can be 
used. 

5.33. A mixture of three petroleum fractions containing lightweight hydrocarbons is to be 
purified and recycled back to a process. Each of the fractions is denoted by its nor
mal boiling point: BP135, BP260, and BP500. The gases separated from this feed 
are to be compressed as shown in Fig. P5.33. The inlet feed stream (I) is at 45"C 
and 450 kPa, and has the composition shown. The exit gas (10) is compressed to 
6200 kPa by a three-stage compressor process with intercooling of the vapor 
streams to 60°C by passing through a heat exchanger. The exit pressure for com
pressor I is 1100 kPa and 2600 kPa for compressor 2. The efficiencies for compres
sors I, 2, and 3, with reference to an adiabatic compression, are 78, 75, and 72%, 
respectively. Any liquid fraction drawn off from a separator is recycled to the previ
ous stage. Estimate the heat duty (in kJ/hr) of the heat exchangers and the various 
stream compositions (in kg mol/hr) for the system. Note that the separators may be 
considered as an adiabatic flash tanks in which the pressure decrease is zero. This 
problem has been formulated from Application Briefs of Process, the user manual 
for the computer simulation software package of Simulation Science, Inc., but other 
flowsheeting packages can be used to solve it. 
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Separate 
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Figure P5.33 

Component kg mollhr M.W. sp gr Normal boiling point (0C) 

Nitrogen 181 
Carbon dioxide 1,920 
Methane 14,515 
Ethane 9,072 
Propane 7,260 
Isobutane 770 
n-Butane 2,810 
Isopentane 953 
n-Pentane 1,633 
Hexane 1,542 
BP135 11,975 120 0.757 135 
BP260 9,072 200 0.836 260 
BP500 9,072 500 0.950 500 

5.34. A demethanizer tower is used in a refinery to separate natural gas from a light hy
drocarbon gas mixture stream (1) having the composition listed below. However, 
initial calculations show that there is a considerable energy wastage in the process. 
A proposed improved system is outlined in Fig. P5.34. Calculate the temperature 
eF), pressure (psig), and composition (lb mollhr) of all the process streams in the 
proposed system. 

Inlet gas at 120°F and 588 psig stream (1) is cooled in the tube side of a gas
gas heat exchanger by passing the tower overhead stream (8) through the shell side. 
The temperature difference between the exit streams (2) and (10) of the heat ex· 
changer is to be 10°F. Note that the pressure drop through the tube side is 10 psi' 
and 5 psia on the shell side. The feed stream (2) is then passed through a chiller ir 
which the temperature drops to _84°P and a pressure loss of 5 psi results. An adia· 
batic flash separater is used to separate the partially condensed vapor from the reo 
maining gas. The vapor then passes through an expander turbine and is fed to th( 
first tray of the tower at 125 psig. The liquid stream (5) is passed through a valve 
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Figure P5.34 

reducing the pressure to that of the third tray on the tower. The expander transfers 
90% of its energy output to the compressor. The efficiency with respect to an adia
batic compression is 80% for the expander and 75% for the compressor. The proc
ess requirements are such that the methane-ta-ethane ratio in the demethanizer liq
uids in stream 9 is to be 0.015 by volume; the heat duty on the reboiler is variable to 
achieve this ratio. A process rate of 23.06 X 10' standard cubic feet per day of feed 
stream I is required. 

Component Mol % 

nitrogen 7.91 
methane 73.05 
ethane 7.68 
propane 5.69 
isopropane 0.99 
n-butane 2.44 
isopentane 0.69 
n-pentane 0.82 
C, 0.42 
C7 0.31 

Total 100.00 

The tower has 10 trays, including the reboiler. Note: To reduce the number of trials, 
the composition of stream 3 may be referenced to stream 1 and if the exit stream of 
the chiller is given a dummy symbol, the calculations sequence can begin at the sep
arator, thus eliminating the recycle loop. 

Carry out the solution of the material and energy balances for the flowsheet 

11 

9 
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in P5.34, determine the component and total mole flows, and determine the en
thalpy flows for each stream. Also find the heat duty of each heat exchanger. 

This problem has been formulated from Application Briefs of Process, the 
user manual for the computer simulation software package of Simulation Sciences, 
Inc., and is conveniently solved using Process, but other fiowsheeting packages can 
be used. 

5.35. A crude oil stream (I) at 1000 pSia and 150"F having the composition shown in 
Table P5.35a is to be processed for shipping. The objectives are to (I) separate the 
hydrocarbons from the water and (2) reduce the pressure of the separated oil to at
mospheric. Figure A in Fig. PS.35 illustrates a simplified version of a three-stage 
letdown process to carry out the objectives. The exit pressure of stream 3 from the 
first flash chamber, flash 1, is to be determined such that the product oil, stream 5, 
has a vapor pressure close to 14.7 psia. This specification is made directly on the 
process controller, and the exit pressure of the flash chamber 2 is the controlled 
parameter. To save computation time, each of the two compressor-heat 
exchanger-separator series shown in Figure B in Fig. P5.35 may first be modeled as 
isothermal flash units 4 and 5 inside the recycle loop. However, once the recycle is 
solved, the series should be substituted for these isothermal flash units in figure A in 
Fig. P5.35 and a rigorous calculation performed. Finally, a bubble point flash at 
100°F should be performed on stream 5 as a check on the vapor pressure. 

Other restrictions that are made on the system by the available equipment and 
the process are as follows. The water stream (WI) separated from flash I is split and 
40% of the mass is delivered to the flash unit 2. All other water streams are dis
carded. The heat exchangers use utility water at 65"F and expel it at 75°F to cool the 

TABLE P5.35a Feed Composition 

lb mo1!hr 

Water 3000.0 
Carbon dioxide 35.0 
Nitrogen 30.0 
Methane 890.0 
Ethane 300.0 
Propane 520.0 
Isobutane 105.0 
n-Butane 283.0 
Isopentane 100.0 
n-Pentane 133.0 
Cut I 165.0 
Cut 2 303.0 
Cut 3 560.0 
Cut 4 930.0 
Cut 5 300.0 
Cut 6 300.0 
Cut 7 300.0 
Cut 8 280.0 
Cut 9 260.0 
Cut 10 ~ 

Total 8794.0 



III -

Compressor 1 

@l 

Flash 
1 

Heat 

CD 
@ -

Flash 
2 

Fig. B 

Separator 2 

o Flash 
3 

Compressor 2 

@ 

@ 

Heat 
Exchanger 3 

Heat Exchanger 1 

(0 

® o 

@ 

Separator 3 

Flash 
4 

Separator 1 

@ 

@ 
Flash 

5 

Fig. A 

Controller 

@ 

~ ____________________________ J 

Figure PS.3S 

... ------~--~ 



622 Solving Material and Energy Balances via Computer Codes Chap. 5 

inlet streams to an exit temperature of 120°F. The pass through each exchanger re
sults in a pressure drop of 3 psia in the hydrocarbon stream. Each compressor is 
70% efficient with respect to an adiabatic compression and the outlet of pressure for 
compressors 1 and 2 are 100 psia and 300 psia, respectively. The operating condi
tions of the flash units are given in Table P5.35b. Additional data on the petroleum 
cuts are given in Table P5.35c. 

Find the temperature, pressure, and liquid fraction of the exit product, and 
heat duty (if any) of each of the units in P5.35A. 

This problem has been formulated from Application Briefs of Process, the 
user manual for the computer simulation software package of Simulation Sciences, 
Inc., but other fiowsheeting packages can be used. 

TABLE P5,35b 

Flash unit T(OF) P (psia) 

1 200 300 
2 100 
3 14.7 
4 120 97 
5 120 297 

TABLE PS,3Sc Petroleum Cut Data 

API 
MW Gravity 

Cut I 91 64 
Cut 2 100 61 
Cut 3 120 55 
Cut 4 150 48 
Cut 5 200 40 
Cut 6 245 35 
Cut 7 300 30 
Cut 8 360 26 
Cut 9 430 22 
Cut 10 500 19 

Operating condition 

Isothermal 
Adiabatic 
Adiabatic 
Isothermal 
Isothermal 

NBP 
of 

180 
210 
280 
370 
495 
590 
687 
770 
865 
940 

PROBLEMS THAT REQUIRE WRITING COMPUTER 
PROGRAMS 

5.1, Determine the values of the unknown quantities in Fig. CP5.1 by solving the fol
lowing set of linear material and energy balances that represent the steam balance: 
(a) 181.60 - X3 - 132.57 - X4 - x, = -Yl - y, + y, + Y4 = 5.1 
(b) 1.17X3 - X6 = 0 
(c) 132.57 - 0.745x7 = 61.2 
OO~+~-~-~-~+~=~+~-~=~·I 
(e) Xs + X9 + XIO + XII - Xt2 - Xl3 = -Y7 = -8.4 
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Figure CPS.1 

(f) x, - x" = YI2'- Ys = 24.2 
(g) -I.IS(181.60) + x, - X6 + Xu + X16 = I.ISy, - y, + 0.4 = -19.7 
(h) 181.60 - 4.S94xl2 - O.llx16 = -y, + 1.023Sy, + 2.4S = 3S.0S 
(i) -0.0423(181.60) + XII = 0.0423y, = 2.88 
(j) -0.016(181.60) + X4 = 0 
(k) x, - 0.0147x16 = 0 
(I) Xs - 0.07xl4 = 0 
(m) -0.080S(181.60) + x, = 0 
(n) Xu - XI4 + X16 = 0.4 - y, = -97.9 

623 

There are four levels of steam: 680, 21S, 170, and 37 psia. The 14 Xi, i = 3, ... , 
16, are the unknowns and the Yi are given parameters for the system. Both Xi and Yi 

have the units of 10' Ib/hr. 
S.2. Wilson and Belkin (D. B. Wilson and H. M. Belkin, in Stoichiometry, E. Henley, 

ed., Cache Corp., Austin, Tex., 1972, p. 180) described a simplified refinery shown 
in Fig. CPS.2a that used three different crude oils and could produce eight products. 
Figure CP5.2b shows the boilingRpoint elevation curves that characterize each type 
of crude. Table CPS.2a lists the respective products and uses. Table CPS.2b lists the 
desired production rates. 

You are asked to specify the proper operating temperatures (10 of them) indi-
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cated in Fig. CP5.2a by T(I) to T(IO), given that the refinery will be supplied with 
30,000 Ib/hr of mixed-base crude and 43,000 lb/hr of paraffin-based crude. 

Show that the process has 17 streams and 51 variables plus the fraction split 
between the two main topping units to give 52 variables in total and 34 degrees of 
freedom. Also show that if 10 values of the temperature are specified for three 
crude streams, 30 degrees of freedom are used. The other 4 degrees of freedom are 
taken up by specifying values for the three crude stream flows and the split between 
the topping units. 

Table CP5.2c lists some of the restrictions placed on the temperatures se
lected and the possible range of values for each temperature. Functional relations for 
the boiling-point curves in terms of weight % distilled (FA, FB, and FC) versus 
temperature ("F) are 

FA(T) = 

(27.50241 - 0.2061958T + 0.4441638 * IO-'T' - 0.1853541 * 1O-'T')/100 

FB(T) = (-0.2065866 + 0.7854635 * IO-'T + 0.6124981 * 1O-4 T2 

- 0.4395732 * IO-'T')/Ioo 

FC(T) = (0.2424332 - 0.1l5J307T + 0.7828064 * 1O-'T2 

- 0.9227250 * IO-'T' + 0.3437206 • 10-'1")/100 

Prepare a computer program in Fortran that determines the 10 temperatures in 
the refinery given the crude flow rates cited above and the fraction of crude C that is 
sent to topping unit 1. To adjust the temperatures, use any iterative technique that 
you wish. 
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TABLE CPS.2a Hydroskimming Refinery Products 

Symbol 

PI 

P2 
P3 

P4 
P5 

P6 

P7 
P8 

Name 

Fuel gas 

Gasoline 
Naphtha 

Kerosene 
Gas oil 

Cylinder stock 

Fuel oil 
Tar and asphalt 

TABLE CPS.2b 

Gasoline 
Naphtha 
Kerosene 

Product 

Gas oil 
Cylinder stock 
Fuel oil 
Tar and asphalt 

'lIue boiling-
point range (Of) 

150 

125-425 
355-510 

422-555 
440-700 

615-830 

750-1000 
950-1400 

Fuel gas (to run equipment) 

TABLE CPS.2c Temperature Ranges 

Temperature point Range of Values eF) 

T(l) 100-150 
T(2) 225-375 
T(3) 300-1000 
T(4) 225-375 
T(5) 300-1050 
T(6) 125-350 
T(7; 325-500 
T(8) 350-650 
T(9) 440-700 
T(IO) 610-950 

Description of uses 

Volatile products used by refinery for 
fuel 

Fuel for internal combustion engines 
Cleaner's solvents, paint thinners, 

chemical solvents, and stocks for 
blending of motor fuels 

Tractor fuel oil, stove oil, jet fuel 
Diesel engine fuel, fuels for industrial 

and household furnaces 
Unfinished heavy-oil stocks used 

directly as lubricants for steam 
engine cylinders; usually filtered but 
not dewaxed 

Industrial fuel 
Asphalt, road oil, roofing materials, 

and protective coating 

Desired production rates (lb/hr) 

As much as possible 
Any amount 

7400 
Any amount 
13,400 
1l,000 
21,000 

380 

Restrictions 

T(I) < T(2) 
T(2) < T(3) 

T(4) < T(5) 

T(6) < T(7) 

T(8) < T(9) and T(8) < T(IO) 
T(9) < T(lO) 
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6.1 Unsteady-State Material and Energy Balances 627 

In previous chapters all the material and all the energy balances you have encoun
tered, except for the batch system balances, were steady-state balances, that is, bal
ances for processes in which the accumulation term was zero. Now it is time for us 
to focus our attention briefly on unsteady·state processes. These are processes in 
which quantities or operating conditions within the system change with time. Some
times you will hear the word transient state applied to such processes. The unsteady 
state is somewhat more complicated than the steady state and in general problems in
volving unsteady-state processes are somewhat more difficult to formulate and solve 
than those involving steady-state processes. However, a wide variety of important 
industrial problems fall into this category, such as the startup of equipment, batch 
heating or reactions, the change from one set of operating conditions to another, and 
the pertnrbations that develop as process conditions fluctnate. In this chapter we 
consider only one category of unsteady-state processes, but it is the one that is the 
most widely used, the lumped or macroscopic balances. 

6.1 UNSTEADY·STATE MATERIAL AND ENERGY 
BALANCES 

Your objectives in studying this 
section are to be able to: 

1. Write down the macroscopic unsteady-state material and energy bal
ances in words and in symbols. 

2. Solve single linear ordinary differential material or energy balance 
equations given the initial conditions. 

3. Take a word problem and translate it into a differential equation(s). 

627 
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The basic expression in words, for either the material or the energy balance should 
by now be well known to you and is repeated below as Eq. (6.1). However, you 
should also realize that this equation can be applied at various levels, or strata, of de
scription. In other words, an engineer can portray the operation of a real process by 
writing balances on a number of physical scales. A typical illustration of this concept 
might be in meterology, where the following different degrees of detail can be used 
on a descending scale of magnitude in the real world: 

Global weather pattern 
Local weather pattern 
Individual clouds 
Convective flow in clouds 
Molecular transport 
The molecules themselves 

Similarly, in chemical engineering we write material and energy balances from 
the viewpoint of various scales of information: 

(a) Molecular and atomic balances 
(h) Microscopic balances 
( c) Dispersion balances 
(d) Plug flow balances 
(e) Macroscopic balances (overall balances, lumped balances) 

in decreasing order of degree of detail about a process 1 In this chapter, the type of 
balance to be described and applied is the Simplest one, the macroscopic balance [(e) 
in the list above J. 

The macroscopic balance ignores all the detail within a system and conse
quently results in a balance about the entire system. Only time remains as an inde
pendent variable in the balance. The dependent variables, such as concentration and 
temperature, are not functions of position but represent overall averages throughout 
the entire volume of the system. In effect, the system is assumed to be sufficiently 
well mixed so that the output concentrations and temperatures are equivalent to the 
concentrations and temperatures inside the system. 

To assist in the translation of Eq. (6.1) 

(

accumUlation] [ transport into I [ transport out ] 
or depletiOn system through of system 

= -
within the system through system 

system boundary boundary (6.1; 

{ 

g~ne:atiOn} { c~ns~mptiOn} 
+ wlthm - within 

system system 

1 Additional information together with applications concerning these various types of balanCe< 
can be found in D. M. Himmelblau and K. B. Bischoff, Process Analysis and Simulation, Swift Publish· 
ing Co., Austin, Tex., 1980. 
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into mathematical symbols, you should refer to Fig. 6.1. Equation (6.1) can be ap
plied to the mass of a single species or to the total amount of material or energy in 
the system. Let us write each of the terms in Eq. (6.1) in mathematical symbols for 
a very small time interval At. Let the accumulation be positive in the direction in 
which time is positive, that is, as time increases from t to t + At. Then, using the 
component mass balance as an example, the accumulation will be the mass of A in 
the system at time t + At minus the mass of A in the system at time t, 

accumulation = PA vi t+l1t - PA V It 
where' PA = mass of component A per unit volume 

V = volume of the system 

Note that the net dimensions of the accumulation term are the mass of A. 
We shall split the mass transport across the system boundary into two parts, 

transport through defined surfaces SI and S" whose areas are known, and transport 
across the system boundary through other (undefined) surfaces. The net transport of 
A into (through SI) and out of (through S,) the system through defined surfaces can 
be written as 

net flow across boundary via SI and S2 = PAVS Atl SI - PAVS At Is, 
where v = fluid velocity in a duct of cross section S 

S = defined cross-sectional area perpendicular to material flow 

Again note that the net dimensions of the transport term are the mass of A. Other 
types of transport across the system boundary can be represented by 

net residual flow across boundary = W A At 

where .vA is the rate of mass flow of component A through the system boundaries 
other than the defined surfaces SI and S,. 

Finally, the net generation-consumption term will be assumed to be due to a 
chemical reaction rA: 

Transport 
In 

net generation-consumption = fA At 
System Boundary 

Transport 
Out 

2 

Figure 6.1 General unsteady-state process with transport in and out and 
internal generation and consumption. 

2The symbol/, means that the quantities preceding the vertical line are evaluated at time t, or 
time t + Ill, or at surface S i> or at surface S2. as the case may be as denoted by the subscript. 
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where fA is the net rate of generation-consumption of component A by chemical re
action. 

Introduction of all these terms into Eq. (6.1) gives Eq. (6.2). Equations (6.3) 
and (6.4) can be developed from exactly the same type of analysis. Try to formulate 
Eqs. (6.3) and (6.4) yourself. 

Species material balances: 

PA vl'H' - PA vI, = PAVS At lSI - PAVS Iltls2 + WA Ilt + fA Ilt (6.2) 
accumulation transport through defined transport genera-

boundaries through ticn or 
other consump-
boundaries ticn 

Total material balance: 

pvl ,+A, - pV I, = pvS Iltl SI + pvS At IS2 + W Ilt (6.3) 
accumulation transport through defined transport 

boundaries through 

Energy balance: 

EI<+A' - EI, = I (Ii + ~2 + gh)m Ilt lSI 

other 
boundaries 

accumulation transport through defined boundaries 

+ Q Ilt - W Ilt + B Ilt 
heat work transport 

through 
other 
boundaries 

where B = rate of energy transfer accompanying W 
m = rate of mass transfer through defined surfaces 
Q = rate of heat transfer to system 
W = rate of work done by the system 

(6.4) 

W = rate of total mass flow through the system boundaries other than through 
the defined surfaces SI and S2 

P = total mass per unit volume 

The other notation for the material and energy balances is identical to that of Chaps. 
2 and 4; note that the work, heat, generation, and mass transport are now all ex
pressed as rate terms (mass or energy per unit time). 

If each side of Eq. (6.2) is divided by Ilt, we obtain 

(6.5) 

Similar relations can be obtained from Eqs. (6.3) and (6.4). Next, if we take the 
limit of each side of Eq. (6.5) as Ilt -> 0, we get 

d(PA V) A( S) . . 
dt = -I..l PAV + WA + rA (6.6) 
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Similar treatment of the total mass balance and the energy balance yields the follow
ing two equations: 

deE) 
--= 

dt 

d(pV) = -1l(pvS) + IV 
dt 

-Il[ (H + ~' + gh)mJ + Q - W + B 

Can you get Eqs. (6.7) and (6.8) from (6.3) and (6.4), respectively? Try it. 

(6.7) 

(6.8) 

The relation between the energy balance given by Eq. (6.8), which has the 
units of energy per unit time, and the energy balance given by Eq. (4.24), which has 
the units of energy, should now be fairly clear. Equation (4.24) represents the inte
gration of Eq. (6.8) with respect to time, expressed formally as follows: 

J
" 

E" - E'1 = {-Il[(H + k + P)lh] + Q + B - W}dt 
'1 

(6.9) 

The quantities designated in Eqs. (4.24) or (4.24a) without the superscript dot are 
the respective integrated values from Eq. (6.9). 

To solve One or a combination of the very general equations (6.6), (6.7), or 
(6.8) analytically may be quite difficult, and in the fOllowing examples we shall have 
to restrict our analyses to simple cases. If we make enough (reasonable) assumptions 
and work with simple problems, we can consolidate or eliminate enough terms of the 
equations to be able to integrate them and develop some analytical anSwers. Numeri
cal solutions are also possible for nonlinear equations. 

In the solution of unsteady-state problems you have to apply the usual proce
dures of problem solving discussed in Chaps. 1, 2, and 4. Two major tasks exist: 

(a) To set up the unsteady-state equation(s) 
(b) To solve it (them) once the equation(s) is (are) established 

After you draw a diagram of the system and set down all the information avail
able, you should try to recognize the important variables and represent them by let
ters. Next, decide which variable is the independent one, and label it. The indepen
dent variable is the One you select to have One or a series of values, and then the 
other variables are all dependent ones-they are determined by the first variable(s) 
and the initial state of the process you selected. Which is chosen as an independent 
and which as a dependent variable is usually fixed by the problem but may be arbi
trary. Although there are nO general rules applicable to all cases, the quantities that 
appear prominently in the statement of the problem are usually the best choices. You 
will need as many independent equations as you have dependent variables. 

As mentioned before, in the macroscopic balance the independent variable is 
time. In mathematics, when the quantity x varies with time, we consider dx to be the 
change in x that occurs during time dt if the process continues through the interval 
beginning at time t. Let us say that t is the independent variable and x is the depen
dent one. In solving problems you can use one or a combination of Eqs. (6.6)-(6.8) 
directly, or alternatively you can proceed, as shown in some of the examples, to set 
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up the differential equations from scratch exactly in the same fashion as Eqs. 
(6.2)-(6.4) were formulated. For either approach the objective is to translate the 
problem statement in words into one or more simultaneous differential equations 
having the form 

dx 
dt = f(x, t) (6.10) 

Then, assuming this differential equation can be solved, x can be found as a function 
of t. Of course, we have to know some initial condition(s) or at one (or more) given 
time(s) know the value(s) of x. 

If dt and dx are always considered positive when increasing, you can use Eq. 
(6.1) without having any difficulties with signs. However, if you for some reason 
transfer an output to the left-hand side of the equation, or the equation is written in 
some other form, you should take great care in the use of signs (see Example 6.2 be
low). We are now going to examine some very simple unsteady-state problems 
which are susceptible to reasonably elementary mathematical analysis. You can (and 
will) find more complicated examples in texts dealing with all phases of mass trans
fer, heat transfer, and fluid dynamics. 

EXAMPLE 6.1 Unsteady-State Material Balance without Generation 

Solution 

A tank holds 100 gal of a water-salt solution in which 4.0 Ib of salt is dissolved. Water runs 
into the tank at the rate of 5 gal/min and salt solution overflows at the same rate. If the mix
ing in the tank is adequate to keep the concentration of salt in the tank uniform at all times, 
how much salt is in the tank at the end of 50 min? Assume that the density of the salt solution 
is essentially the same as that of water. 

We shall set up from scratch the differential equations that describe the process. 
Step 1 Draw a picture, and put down the known data. See Fig. E6.1. 

5 gal/min 

pure H20 
(0 Ib salt/gal) 

100 gal 
41b salt 

5 gal/min 

Figure E6.1 

Step 2 Choose the independent and dependent variables. Time, of course, is the in
dependent variable, and either the salt quantity or concentration in the tank can be the depen
dent variable. Suppose that we make the mass (quantity) of salt the dependent variable. Let 
x = Ib of salt in the tank at time t. 

Step 3 Write the known value of x at a given value of t. This is the initial condition: 

att = 0 x = 4.0 Ib 

Step 4 It is easiest to make a total material balance and a component material bal
ance on the salt. (No energy balance is needed because the system can be assumed to be 
isothermal.) 

Total balance: 
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accumulation = in 

S gal At min 
[mlOI Ib]r+D.1 - [mlOI IbJr = -'-''''. "-j---""::"'''--,-I-''-=,",,,+=-== 

mm 

S gal 
min 

out 

Atmin=O 
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This equation tells us that the flow of water into the tank equals the flow of solution out of the 
tank if PH20 = Psoln as assumed. Otherwise, there is an accumulation term. 

Salt balance: 

accumulation = in - out 

S gal At min 
[x Ib].+A, - [x Ibl, = 0 - -'-".::::.-/---:c;;;:;:-=--;--t-=:::..:= 

mm 

Dividing by At and taking the limit as At approaches zero, 

lim [xl, .. , - [xl, = -O.OSx 
.1,-+0 t1t 

or 
dx 
- = -O.OSx 
dt 

(a) 

Notice how we have kept track of the units in the normal fashion in setting up these equa
tions. Because of our assumption of uniform concentration of salt in the tank, the concentra
tion of salt leaving the tank is the same as that in the tank, or x Ib/lOO gal of solution. 

Step 5 Solve the unsteady-state material balance on the salt. By separating the inde-
pendent and dependent variables, we get 

dx 
- = -O.OS dt 
x 

This equation is easily integrated between the definite limits of 

t = 0 

t = SO 

x = 4.0 

X = the unknown value of x Ib 

L
x dx Lso 

- = -o.os dt 
4.0 x 0 

X 
In- = -2.S 

4.0 

4.0 _ 22 X-I. 

4.0 
In X = 2.S 

4.0 
X = - = 0.328 Ib saIt 

12.2 

An equivalent differential equation to Eq. (a) can be obtained directly from the compo
nent mass balance in the form of Eq. (6.6) if we let PA = concentration of salt in the tank at 
any time t in terms of Ib/gaI: 

d(PA V) = _(.::..s£ga=-I+",PA,,-I:::.b) _ 0 
dt min gal 
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If the tank holds 100 gal of solution at all times, V is a constant and equal to 100, so that 

dPA = _ 5pA 
dt 100 

The initial conditions are 

at t = 0 PA = 0.04 

The solution of Eq. Cb) would be carried out exactly as the solution of Eq. (a). 

Cb) 

EXAMPLE 5.2 Unsteady-State Material Balance without Generation 

Solution 

A square tank 4 m on a side and 10 m high is filled to the brim with water. Find the time 
required for it to empty through a hole in the bottom 5 cm2 in area. 

Step 1 Draw a diagram of the process, and put down the data. See Fig. E6.2a. 

Step 2 Select the independent and dependent variables. Again, time will be the inde
pendent variable. We CQuid select the quantity of water in the tank as the dependent variable, 
but since the cross section of the tank is constant, let us choose h, the height of the water in 
the tank, as the dependent variable. 

Step 3 Write the known value of Iz at a given value of t: 

att = 0 h = 10m 

Step 4 Develop the unsteady-state ba1ance(s) for the process. In an elemental time 
At, the height of the water in the tank drops Ah. The mass of water leaving the tank is in the 
form of a cylinder 5 cm2 in area, and we can calculate the quantity as 

5 em'l ( 1 m )'1 v'm 1 P kg 1 At s = 5 X IO-'v*p At 
100 em s m' kg 

where p = density of water 
v* = average velocity of the water leaving the tank 

The depletion of water inside the tank in terms of the variable h, expressed in pounds, 
is 

16 m'l P ~g I h m I 
m f+dl 

16 m' 
kg 

An overall material balance indicates that 

accumulation = in - out 

16pA./z = 0 - 5 X lO-'pv* At Cal 
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Although fj.}z is a negative value, our equation takes account of this automatically. The accu
mulation is positive if the right-hand side is positive, and the accumulation is negative if the 
right-hand side is negative. Here the accumulation is really a depletion. You can see that the 
term p. the density of water. cancels Qut, and we could just as well have made our material 
balance on a volume of water. 

Equation (a) becomes 

Ilh 5 X 1O-'v * 
-= 
Ilt 16 

Taking the limit as Ilh and Ilt approach zero, we get 

dh 
dt 

5 X 1O-4v * 
16 

(b) 

Step 5 Unfortunately, this is an equation with one independent variable, t, and two 
dependent variables, hand v*. We must find another equation to eliminate either h or v* if 
we want to obtain a solution. Since we want OUr final equation to be expressed in terms of h, 
the next step is to find some function that relates v * to hand t, and then we can substitute for 
v * in the unsteady-state equation. 

We shall employ the steady-state mechanical energy balance for an incompressible 
fluid, discussed in Chap. 4, to relate v* and h. See Fig. E6.2b. Recall from Eq. (4.30) with 
W = OandE, = o that 

(c) 

Lo 
Figure E6.2b 

We assume that the pressures are the same at section CD-the ,water surface-and section 
Q)-the hole-for the system consisting of the water in the tank. Equation (c) reduces to 

v~ - VI 
2 + g (h, - h,) = 0 (d) 

where v, = exit velocity through the 5 cm' hole at boundary Q) 
VJ = velocity of the water in the tank at boundary CD 

If v\ = O. a reasonable assumption for the water in the large tank at any time. at least com
pared to V2. we have 

v~ = -2g(0 - h,) = 2gh 

v, = Y'iih 
(e) 

Because the exit-stream flow is not frictionless and because of turbulence and orifice ef
fects in the exit hole. we must correct the value of v given by Eq. (e) for frictionless flow by 
an empirical adjustment factor as follows: 

v, = cY'iih = v* (f) 
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where c is an orifice correction which we could find (from a text discussing fluid dynamics) 
has a value of 0.62 for this case. Thus 

v* = 0.62V2(9.80)h = 2.74Yh mls 

Let us substitute this relation into Eq. (b) in place of v*. Then we obtain 

or 

dh (SA X 1O-')(2.74)(h)I/2 

dt 16 

4 dh 
-1.08 x 10 hl/2 = dt 

Equation (g) can be integrated between 

h = 10 m att = 0 

and 

h = a m at t = 0, the unknown time 

10 dh L' -1.08 x 10' 10 hl/2 = 0 dt 

to yield e, 

L
IO dh e = 1.08 x 10' 0 h 1/2 = 1.08 x IO'[2YhlIO = 6.83 x 10' s 

EXAMPLE 6.3 Material Balance in Batch Distillation 

(g) 

A small still is separating propane and butane at 135°C and initially contains 10 kg moles of 
a mixture whose composition is x = 0.30 (x = mole fraction butane). Additional mixture 
(XF = 0.30) is fed at the rate of 5 kg mol/hr. If the total volume of the liquid in the still is 
constant, and the concentration of the vapor from the still (XD) is related to Xs as follows: 

Xs 
XD=--

1 + Xs 

how long will it take for the value of Xs to change from 0.30 to OAO? What is the steady-state 
("equilibrium") value of Xs in the still (I.e., when Xs becomes constant)? See Fig. E6.3. 

Feed 

" 
Composition: 
Propane 0.70 
Butone 0.30 

Stili 

Figure E6.3 
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Since butane and propane form ideal solutions, we do not have to worry about volume 
changes on mixing or separation. Only the material balance is needed to answer the questions 
posed. If t is the independent variable and Xs the dependent variable, we can say that 

Butane Balance (C,): The input to the still is 

S mol feed 0.30 mol C4 !J.t hr 
hr mol feed 

The output from the still is equal to the amount condensed. 

S mol condo !J.t hr 

hr 

The accumulation is 

10 mol in still Xs mol C'i 10 mol in still Xs mol CH41 = IO!J. 
mol in still t Xs 

accumulation = in - out 

10 !J.xs = I.S !J.t - SXD !J.t 

or, dividing by 6.t and taking the limit as At approaches zero, 

dxs dt = O.IS - O,SXD 

As in Example 6.2, it is necessary to reduce the equation to one dependent variable by substi
tuting for XD: 

Then 

Xs 
XD=--

1 + Xs 

dxs Xs 
- = O.IS - --(0.5) 
dt 1 + Xs 

dxs = dt 
O.IS _ O.Sxs 

1 + Xs 

The integration limits are 

att = 0 Xs = 0.30 

t = e Xs = 0.40 

L
o.

40 
dxs = LO dt = e 

0.30 O.IS - [O.SXs/(1 + Xs)] ° 

Lo... (1 + xs) dxs = e = [_ ~ - _1_, In (O.IS _ 0.3SXS)]0.40 
0.30 O.IS - O.3Sxs O.3S (0.3S) 0.30 

e = S.8Shr 
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If you did not know how to integrate the equation analytically. or if you only had ex
perimental data for XD as a function of Xs instead of the given equation. you could always inte
grate the equation numerically on a digital computer. 

The steady-state value of Xs is established at infinite time or, alternatively, when the ac
cumulation is zero. At that time, 

O.IS = O.Sxs 
1 + Xs 

or Xs = 0.428 

The value of Xs could never be greater than 0.428 for the given conditions. 

EXAMPLE 6.4 Unsteady-State Chemical Reaction 

Solution 

A compound dissolves in water at a rate proportional to the product of the amount undis
solved and the difference between the concentration in a saturated solution and the concentra
tion in the actual solution at any time. A saturated solution of compound contains 40 g/lOO g 
H20. In a test run starting with 20 kg of undissolved compound in 100 kg of pure compound 
is found that S kg is dissolved in 3 hr. If the test continues, how many kilograms of com
pound will remain undissolved after 7 hr? Assume that the system is isothermal. 

Step 1 See Fig. E6.4. 

Solution containing 
undissolved compound 

Figure E6.4 

Step 2 Let the dependent variable x = the kilograms of undissolved compound a 
time t (the independent variable). 

Step 3 At any time t the concentration of dissolved compound is 

20 - X(kg compound) 
100 Ib H20 

The rate of dissolution of compound according to the problem statement is 

kg k( )[40 kg compound (20 - x) kg compound] 
rate hr = x kg 100 kg H

2
0 - 100 kg H20 

where k is the proportionality constant. We could have utilized a concentration measured on 
volume basis rather than one measured on a weight basis, but this would just change the vah 
and units of the constant k. 

Next we make an unsteady-state balance for the compound in the solution (the systerr. 

accumulation = in - out + generation 

dx 
dt 
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or 

dx kx 
-=-(20+x) 
dt 100 

Step 4 Solution of the unsteady-state equation: 

dx k 
-xO":(2-='0-'+-x-") = -10-0 dt 

This equation can be split into two parts and integrated, 

dx dx k 
----=-dt 
x x + 20 5 

or integrated directly for the conditions 

to = 0 

tl = 3 

t2 = 7 

Xo = 20 

x, = 15 

Since k is an unknown, the first pair of conditions is given in order to evaluate k. 
To find k, we integrate between the limits stated in the test run: 

J," dx J," dx k l' 
20 --;- 20 x+20=5" 0 dt 

In_x_ = -(3 - 0) 
[ ]

" k 
x+20 20 5 

k = -0.257 
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(Note that the negative value of k corresponds to the actual physical situation in which undis
solved material is consumed.) To find the unknown amount of undissolved compound at the 
end of 7 hr, we have to integrate again: 

1", dx 1"' dx - -0.257 1' -- ----- dt 
20X 20x+20 50 

[
In _x_]"' = _--=..0.-=-02=:5..:.7 (7 - 0) 

x+20 20 5 

x, = 10.7 kg 

EXAMPLE 6.5 Overall Unsteady-State Process 

Solution 

A 15% Na,SO, solution is fed at the rate of 12 lblmin into a mixer that initially holds 100 lb 
of a 50-50 mixture of Na,SO, and water. The exit solution leaves at the rate of 10 lb/min. As
suming uniform mixing, what is the concentration of Na2 S04 in the mixer at the end of 
10 min? Ignore any volume changes on mixing. 

In contrast to Example 6.1, both the water and the salt concentrations, and the total material 
in the vessel, change with time in this problem. 
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Step 1 See Fig. E6.5. 

12lb/min 

1.8 Ib No,SO. 
10.2 Ib H,O 

Figure E6.5 

Step 2 

fr · 0· h nk· (lb Na,S04) Let x = achon Na2S 4 In t e ta at tIme t, Ib total 

y = total pounds of material in the tank at time t 

Step 3 At time t = 0, x = 0.50, Y = 100. 
Step 4 Material balances between time t and t + At: 
(a) Total balance: 

accumulation = in out 

121b At min 10 lb At min 
[yj,+A, - [yj, = Ay = -.:-+---

(b) Na, S04 balance: 

accumulation 

nun min 

dy = 2 
dt 

[
"X..:lb:,...:.N::a;::,S,-0:.:4,-+-,,-Y...:l::.b..:to:.:t=al] _ [x lb Na,S04 y lb total], 

lb total <+" lb total 

or 

= in 

= 1.8 lb Na,so'l 
mm 

At min 

d(xy) = 1.8 - lOx 
dt 

out 

10 lb total x lb Na,S04 

min lb total 

Chap. 6 

(a) 

At min 

(b) 

Step 5 There are a number of ways to handle the solution of these two differential 
equations with two unknowns. Perhaps the easiest is to differentiate the xy product in Eq. (b) 
and substitute Eq. (a) into the appropriate term containing dy/dt: 

d(xy) dy dx 
---:it = x dt + y dt 

To get y, we have to integrate Eq. (a): 
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l'dy '=J,'2dt' 
100 0 

y-100=2t 

Y = 100 + 2t 

d(xy) dx -- = x(2) + (100 + 21)- = 1.8 - lOx 
dl dt 

dx 
-(100 + 21) = 1.8 - 12x 
dl 

1" dx' L10 
dt' 

0.50 1.8 - 12x = 0 100 + 2t 

I 1.8 - 12x I 100 + 20 
- 12 In 1.8 _ 6.0 = '2 In 100 

x = 0.267 Ib Na,SO~ 
I~ total solutIon 
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An alternative method of setting up the dependent variable would have been to let 
x = Ib of Na,SO, in the tank at the time I. Then the Na,S04 balance would be 

dx Ib Na,SO, 1.8 Ib Na,S04 10 Ib total x Ib Na,S04 
dt min min min y Ib total 

dx lOx 
- = 18-dt . 100 + 2t 

or 

dx 10 
dt + 100 + 2t X = 1.8 

The solution to this linear differential equation gives the pounds of Na2 S04 after 10 min; the 
concentration then can be calculated as x/yo To integrate the linear differential equation, we 
introduce the integrating factor ef(df/IO+O.2f): 

xef (dljlO+O.21) = f (ef{dl/IO+0.2tJ)(1.8) dt + C 

x(1O + 0.2t)' = 1.8 f (10 + 0.2t)' dt + C 

at x = 50, t = 0, and C = 35 + 10'; 

at t = 10 min; 

35 X 10' 
x = 1.5(10 + 0.2t) + (l0 + 0.2t)' 

35 X 10' 
x = 1.5(12) + (l2)' = 32.1 

l 
I 

I 

I 

I 
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The concentration is 

x 32.1 = 0267 Ib Na,S04 
y 100 + 20 . Ib total solution 

EXAMPLE 6.6 Unsteady-State Energy Balance 

Solution 

Five thousand pounds of oil initially at 60'F is being heated in a stirred (perfectly mixed) tank 
by saturated steam which is condensing in the steam coils at 40 psia. If the rate of heat trans
fer is given by Newton's heating law, 

where Q is the heat transferred in Btu and h is the heat transfer coefficient in the proper units, 
how long does it take for the discharge from the tank to rise from 60'F to 90'F? What is the 
maximum temperature that can be achieved in the tank? 
Additional Data: 

motor horsepower = 1 hp; efficiency is 0.75 

entering oIl flow rate = 10 18 lb/hr at a temperature of 60'F 

discharge oil flow rate = 10 18 lb/hr at a temperature of T 

h = 291 Btu/(hr)('F) 

CP'H = 0.5 Btu/(lb)('F) 

The process is shown in Fig. E6.6. The independent variable will be t. the time; the depen
dent variable'will be tbe temperature of the oil in tbe tank, which is the same as the tempera
ture of the oil discharged. The material balance is not needed because the process, insofar as I 

the quantity of oil is concerned, is assumed to be in the steady state. 
Our next step is to set up the nnsteady-state energy balance for the interval I!.t. Let 

Ts = the steam temperature and T = the oil temperature: 

accumulation ~ input - output 

'';==-__ 1018 Ib/hr 
~r 'out = T 

Temperature of 
saturated steam 
IS' 267'F Fignre E6.6 
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A good choice for a reference temperature for the enthalpies is 600 P because this choice 
makes the input enthalpy zero. 

enthalpy of the 

input steam 

heat transfer 

enthalpy of the 

output stream 

enthalpy 

change 

inside 
tank 

1018 Ib 

hr 

1018 Ib 

hr 

[50001b 

_[5000Ib 

Ll.thr=o 1 
Ll.t hr 

input (Btu) 

Ll.t hr 
output (Btu) 

(T - 60)OF] 1 
Hat 

(T - 60)"Fl 

accumulation (Btu) 

The rate of change of energy inside the tank is nothing more than the rate of change of inter
nal energy, which, in turn, is essentially the same as the rate of change of enthalpy (i.e., 
dE/dt = dU/dt =.dH/dt) because d(pV)/dt = o. 

We use Eq. (6.8) with B = O. The energy introduced by the motor enters the tank as W 
and is: 

Then 

0= 1.52 hr. 

3 hp 0.7608 Btu 3600 sec W = .:...::c'-+~-'-7',.=c.-I-..:.c:c:..:,..;--
4 (sec)(hp) I hr 

1910 Btu 

hr 

2500':{, = 291(267 - T) - 509(T - 60) + 1910 

dT 
dt = 44.1 - 0.32T 

190 dT L' -:-:--:---:-= = dt = 0 
60 44.1 - 0.32T 0 

A numerical solution using an appropriate computer program can be carried 
out for those differential equations for which analytical solutions are not possible. 

Self-Assessment Test 

1. In a batch type of chemical reactor. do we have to have the starting conditions to predict 
the yield? 

2. Is time the independent or dependent variable in macroscopic unsteady-state equations? 
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3_ How can you obtain the steady-state balances from Eqs. (6.6)-(6.8)? 

~I (~ M WI 

BGEJB 
4. Which of the following plots of the response vs. time are not transient state processes? 
5. Group the following words in sets of synonyms: (1) response, (2) input variable, (3) 

parameter, (4) state variable, (S) system parameter, (6) initial condition, (7) output, (8) 
independent variable, (9) dependent variable, (10) coefficient, (11) output variable, (12) 
constant. 

6. A chemical inhibitor must be added to the water in a boiler to avoid corrosion and scale. 
The inhibitor concentration must be maintained between 4 and 30 ppm. The boiler system 
always contains 100,000 kg of water and the blowdown (purge) rate is IS,OOO kg/hr. The 
makeup water contains no inhibitor. An initial 2.8 kg of inhibitor is added to the water 
and thereafter 2.1 kg is added periodically. What is the maximum time interval until the 
first addition of inhibitor? 

7. In a reactor a small amount of undesirable by-product is continuously formed at the rate of 
O.S lblhr when the reactor contains a steady inventory of 10,000 lb of material. The reac
tor inlet stream contains traces of the by-product (40 ppm), and the effluent stream is 
1400 lb/hr. If on startup, the reactor contains SOOO pm of the by-product, what will be the 
concentration in ppm in 10 hr? 
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PROBLEMS 

6.1. A tank containing 100 kg of a 60% brine (60% salt) is filled with a 10% salt solu
tion at the rate of 10 kg/min. Solution is removed from the tank at the rate of 15 
kg/min. Assuming complete mixing, find the kilograms of salt in the tank after 
10 min. 

6.2. A defective tank of 1500 ft' volume containing 100% propane gas (at 1 atm) is to be 
flushed with air (at 1 atm) until the propane concentration reduced to less than 1 %. 
At that concentration of propane the defect can be repaired by welding. If tp . flow 
rate of air into the tank is 30 ft3/min, for how many minutes must the tank be 
flushed out? Assume that the flushing operation is conducted so that the gas in the 
tank is well mixed. 

6.3. A 2% uranium oxide slurry (2 Ib UO,/IOO Ib H,O) flows into a 100-gal tank at the 
rate of 2 gal/min. The tank initially contains 500 Ib of H,O and no UO,. The slurry 
is well mixed and flows out at the same rate at which it enters. Find the concentra
tion of slurry in the tank at the end of I hr. 

6.4. The catalyst in a fluidized-bed reactor of 200-m' volume is to be regenerated by 
contact with a hydrogen stream. Before the hydrogen can be introduced into the re
actor, the 02 content of the air in the reactor must be reduced to 0.1 %. If pure N2 
can be fed into the reactor at the rate of 20 m3/min, for how long should the reactor 
be purged with N,? Assume that the catalyst solids occupy 6% of the reactor volume 
and that the gases are well mixed. 

6.5. An advertising firm wants to get a spherical inflated sign out of a warehouse. The 
sign is 20 ft in diameter and is filled with H, at 15 psig. Unfortunately, the door to 
the warehouse is only 19 ft high by 20 ft wide. The maximum rate of H, that can be 
safely vented from the balloon is 5 fe/min (measured at room conditions). How 
long will it take to get the sign small enough to just pass through the door? 
(a) First assume that the pressure inside the balloon is constant so that the flow rate 

is constant. 
(b) Then assume the amount of H, escaping is proportional to the volume of the 

balloon, and initially is 5 ft'/min. 
(c) Could a solution to this problem be obtained if the amount of escaping H, were 

proportional to the pressure difference inside and outside the balloon? 
6.6. A plant at Canso, Nova .Scotia, makes fish-protein concentrate (FPC). It takes 

6.6 kg of whole fish to make I kg of FPC, and therein is the problem-to make 
money, the plant must operate most of the year. One of the operating problems is 
the drying of the FPC. It dries in the fluidized dryer ata rate approximately propor
tional to its moisture content. If a given batch of FPV loses one-half of its initial 
moisture in the first 15 min, how long will it take to remove 90% of the water in the 
batch of FPC? 

6.7. Water flows from a conical tank at the rate of 0.020(2 + h') m'/min, as shown in 
Fig. P6.7. If the tank is initially full, how long will it take for 75% of the water to 
flow out of the tank? What is the flow rate at that time? 

6.8. A sewage disposal plant has a big concrete holding tank of 100,000 gal capacity. It 
is three-fourths full of liquid to start with and contains 60,000 Ib of organic material 
in suspension. Water runs into the holding tank at the rate of 20,000 gal/hr and the 
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5m 

Figure P6.7 

solution leaves at the rate of 15.000 gallhr. How much organic material is in the 
tank at the end of 3 hr? 

6.9. Suppose that in Problem 6.8 the bottom of the tank is covered with sludge (precipi
tated organic material) and that the stirring of the tank causes the sludge to go into 
suspension at a rate proportional to the difference between the concentration of 
sludge in the tank at any time and 10 Ib of sludge/gal. If no organic material were 
present, the sludge would go into suspension at the rate of 0.05 Ib/(min) (gal solu
tion) when 75,000 gal of solution are in the tank. How much organic material is in 
the tank at the end of 3 hr? 

6.10. In a chemical reaction the products X and Yare formed according to the equation 

C--'>X+Y 

The rate at which each of these products is being formed is proportional to the 
amount of C present. Initially: C = I, X = 0, Y = O. Find the time for the amount 
of X to equal the amount of C. 

6.11. A tank is filled with water. At a given instant two orifices in the side of the tank are 
opened to discharge the water. The water at the start is 3 m deep and one orifice is 
2 m below the top while the other one is 2.5 m below the top. The coefficient of dis
charge of each orifice is known to be 0.6\. The tank is a vertical right circular 
cylinder 2 m in diameter. The upper and lower orifices are 5 and 10 em in diameter, 
respectively. How long will be required for the tank to be drained so that the water 
level is at a depth of 1.5 m? 

6.12. Suppose that you have two tanks in series, as diagrammed in Fig. P6.12. The vol
ume of liquid in each tank remains constant because of the design of the overflow 
lines. Assume that each tank is filled with a solution containing 10 Ib of A, and that 
the tanks contain 100 gal of aqueous solution each. If fresh water enters at the rate 
of 10 gallhr, what is the concentration of A in each tank at the end of 3 hr? Assume 
complete mixing in each tank and ignore any change of volume with concentration. 

Figure P6.12 

6.13. A well-mixed tank has a maximum capacity of lOa gal and it is initially half 
full. The discharge pipe at the bottom is very long and thus it offers resistance to 
the flow of water through it. The force that causes the water to flow is the height of 
the water in the tank, and in fact that flow is just proportional to this height. Since 
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the height is proportional to the total volume of water in the tank, the volumetric 
flow rate of water out, qo, is 

q. = kV 

The flow rate of water into the tank, q;, is constant. Use the information given in 
Fig. P6.13 to decide whether the amount of water in the tank increases, decreases, 
or remains the same. If it changes, how much time is required to completely empty 
or fill the tank. as the case may be? 

Volume of Tonk = 100go1 
Inifial Amount of H20 = 50 gal 
Qj = 2 gal/min 
k = 0.01 min-1 

~ F~re~D 

6.14. A stream containing a radioactive fission product with a decay constant of 0.01 hr- I 

(i.e .• dn/dt = 0.01 n), is run into a holding tank at the rate of 100 gallhr for 24 hr. 
Then the stream is shut off for 24 hr. If the initial concentration of the fission 
product was 10 mg/liter and the tank volume is constant at 10,000 gal of solution 
(owing to an overflow line), what is the concentration of fission product: 
(a) At the end of the first 24-hr period? 
(b) At the end of the second 24-hr period? 
What is the maximum concentration of fission product? Assume complete mixing in 
the tank. 

6.15. A radioactive waste that contains 1500 ppm of "Sr is pumped into a holding tank 
that contains 0.40 m3 at the rate of 1.5 X 10-3 m3/min. 92Sr decays as follows: 

nSr ~ 92y ~ 92Zr 

half-life: 2.7 hr 3.5 hr 

If the tank contains clear water initially and the solution runs out at the rate of 
1.5 X 10-3 m3/min, assuming perfect mixing: 
(a) What is the concentration of Sr, Y, and Zr after I day? 
(b) What is the equilibrium concentration of Sr and Y in the tank? 
The rate of decay of such isotopes is dN /dt = -AN, where A = 0.693/t,/, and the 
half-life is '1/" N = moles. 

6.16. A cylinder contains 3 m3 of pure oxygen at atmospheric pressure. Air is slowly 
pumped into the tank and mixes uniformly with the contents, an equal volume of 
which is forced out of the tank. What is the concentration of oxygen in the tank af
ter 9 m3 of air has been admitted? 

6.17. Suppose that an organic compound decomposes as follows: 

C,H 12 ----> C,H, + C,H. 

If I mole of C,H12 exists at t = a but no C,H, and C,H., set up equations showing 
the moles of C4 Hg and C2 H4 as a function of time. The rates of formation of C4 Hs 
and C 2H4 are each proportional to the number of moles of C6 HI2 present. 
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6.18. A large tank is connected to a smaller tank by means of a valve. The large tank con
tains N, at 690 kPa while the small tank is evacuated. If the valve leaks between the 
two tanks and the rate of leakage of gas is proportional to the pressure difference 
between the two tanks (PI - p,), how long does it take for the pressure in the 
small tank to be one-half its final value? The instantaneous initial flow rate with the 
small tank evacuated is 0.091 kg mol/hr. 

Initial pressure (kPa) 
Volume (m') 

Tank 1 

700 
30 

Tank 2 

o 
15 

Assume that the temperature in both tanks is constant and is 20°C. 

6.19. The following chain reactions take place in a constant-volume batch tank: 

A~B~C 

Each reaction is first order and irreversible. If the initial concentration of A is CAo 
and if only A is present initially, find an expression for CB as a function of time. Un
der what conditions will the concentration of B be dependent primarily on the rate 
of reaction of A? 

6.20. Consider the following chemical reaction in a constant-volume batch tank: 

All the indicated reactions are first order. The initial concentnltion of A is CAO' and 
nothing else.is present at that time. Determine the concentrations of A, B, and C as 
functions of time. 

6.21. Tanks A, B, and C are each filled with 1000 gal of water. See Fig. P6.21. Workers 
have instructions to dissolve 2000 Ib of salt in each tank. By mistake, 3000 Ib is dis
solved in each of tanks A and C and none in B. You wish to bring all the composi
tions to within 5% of the specified 2 Ib/gal. If the units are connected A-B-C-A by 
three 50-gpm pumps. 
(a) Express the concentrations CA. CB • and Cc in terms of t (time). 
(b) Find the shortest time at which all concentrations are within the specified range. 

Assume the tanks are all well mixed. 

r 50 gpm 

50 gpm 

50 gpm 

d llj ~ 1000 gal 1000 gal Figure P6.21 

6.22. Determine the time required to heat a 10,000-lb batch of liquid from 60°F to 120°F 
using an external, counterflow heat exchanger having an area of 300 fe. Water a' 
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180°F is used as the heating medium and flows at a rate of 6000 Ib/hr. An overall 
heat transfer coefficient of 40 Btu/(hr)(ft')CF) may be assumed; use Newton's law of 
heating. The liquid is circulated at a rate of 6000 Ib/hr, and the specific heat of the 
liquid is the same as that of water (1.0). Assume that the residence time of the liq
uid in the external heat exchanger is very small and that there is essentially no 
holdup of liquid in this circuit. 

6.23. A ground material is to be suspended in water and heated in preparation for a chem
ical reaction. It is desired to carry out the mixing and heating simultaneously in a 
tank equipped with an agitator and a steam coil. The cold liquid and solid are to be 
added continuously and the heated suspension will be withdrawn at the same rate. 
One method of operation for starting up is to (I) fill the tank initially with water and 
solid in the proper proportions, (2) start the agitator, (3) introduce fresh water and 
solid in the proper proportions and simultaneously begin to withdraw the suspension 
for reaction, and (4) turn on the steam. An estimate is needed of the time required, 
after the steam is turned on, for the temperature of the effluent suspension to reach a 
certain elevated temperature. 
(a) Using the nomenclature given below, formulate a differential equation for this 

process. Integrate the equation to obtain n as a function of Band cp (see nomen
clature). 

(b) Calculate the time required for the effiuent temperature to reach 180°F if the ini
tial contents of the tank and the inflow are both at 120°F and the steam temper
ature is 220°F. The surface area for heat transfer is 23.9 ft2, and the heat transfer 
coefficient is 100 Btu/(hr)(ff)("F). The tank contains 6000 Ib, and the rate of 
flow of both streams is 1200 Ib/hr. In the proportions used, the specific heat of 
the suspension may be assumed to be 1.00. 

If the area available heat transfer is doubled, how will the time required be affected? 
Why is the time with the larger area less than half that obtainea previously? The 
heat transferred is Q = UA(Tumk - TSlcam). 

Nomenclature 

W = weight of tank contents, Ib 
G = rate of flow of suspension, Ib/hr 
Ts = temperature of steam, of 

T = temperature in tank at any instant, perfect mixing assumed, of 
To = temperature of suspension introduced into tank; also initial temperature of 

tank contents, OF 
U = heat-transfer coefficient, Btu/(hr)(ft')("F) 
A = area of heat-transfer surface, ft2 

Cp = specific heat of suspension, Btu/(lb)(OF) 
t = time elapsed from the instant the steam is turned on, hr 
n = dimensionless time, Gt /W 
B = dimensionless ratio, UA/GCp 

¢ = dimensionless temperature (relative approach to the steam temperature) 
(T - To)/(T, - To) 

6.24. Consider a well-agitated cylindrical tank in which the heat transfer surface is in the 
form of a coil that is distributed uniformly from the bottom of the tank to the top of 
the tank. The tank itself is completely insulated. Liquid is introduced into the tank 
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at a uniform rate, starting with no liquid in the tank, and the steam is turned on at 
the instant that liquid flows into the tank. 
(a) Using the nomenclature of Problem 6.23. formulate a differential equation for 

this process. Integrate this expression to obtain an equation for 4> as a function 
of B andJ, where J = fraction filled = W jW'UOd' 

(b) If the heat transfer surface consists of a coil of 10 turns of l-in.-OD tubing 4 ft 
in diameter, the feed rate is 1200 lb/hr, the heat capacity of the liquid is 1.0 
Btu/(lb)(OF), the heat transfer coefficient is 100 Btu/(hr)("F)(ft2) of covered 
area, the steam temperature is 2000f'. and the temperature of the liquid intro
duced into the tank is 70oP, what is the temperature in the tank when it is com
pletely full? What is the temperature when the tank is half full? The heat transfer 
is given by Q = UA (Tlank - TSlcam). 

6.25. A cylindrical tank 5 ft in diameter and 5 ft high is full of water at 70°F. The water is 
to be heated by means of a stearn jacket around the sides only. The steam tempera
ture is 230oP. and the overall coefficient of heat transfer is constant at 40 Btu/ 
(hr)(ff)(,F). Use Newton's law of cooling (heating) to estimate the heat transfer. 
Neglecting the heat losses from the top and the bottom, calculate the time necessary 
to raise the temperature of the tank contents to 170°F. Repeat, taking the heat losses 
from the top and the bottom into account. The air temperature around the tank is 
70°F, and the overall coefficient of heat transfer for both the top and the bottom is 
constant at 10 Btu/(hr)(ft')(OF). 

PROBLEM THAT REQUIRES WRITING A COMPUTER 
PROGRAM 

6.1. Write a Fortran computer program for batch distillation. Calculate the mass fraction 
composition in the pot and the mass retrieved from the condenser given the initial 
mass and composition in the pot, and the final mass in the pot. Use Example 6.3 for 
the vapor-liquid equilibrium data and the general setup. 



Appendix A 

ANSWERS TO 
SELF-ASSESSMENT TESTS 

Section 1.1 

1. 2.10 x 10-' m'/s 
2. (a) 252 Ibm; (b) 29.6 Ib, 
3. Examine the conversion factors inside the cover. 
4. c is dimensionless. 
5. 32.174 (ft)(lbm)/(s')(lb,) 
6. (a) 

7. A has the same units as k; B has the units of T. 
8. (a) 28.349, 0.454; (b) 1.609; (c) 37.85 

Section 1.2 

1. 60.05 
2. A kilogram mole contains 6.02 x 1026 molecules, whereas a pound mole contains 

(6.02 x 10")(0.454) molecules. 
3. 0.123 kg mol NaCl/kg mol H,O 
4. 1.177 Ib mol 
5. 0.121 kg/s 

Section 1.3 

1. (a) F; (b) T; (c) F; (d) T 
2. 13.6 glcm' 
3. 62.4 Ibm/ft' (10' kglm') 
4. This means that th~ density at 10°C of liquid HCN is 1.2675 times the density of water 

at 4°C. 
5. 0.79314 glcm' (Note that you need the density of water at 60°F.) 
6. 9 
7. (a) 63%; (b) 54.3; (c) 13.8 651 
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8. 8.11 fI' 
9. (a) 0.33; (b) 18.7 

10. (a) C4 - 0.50, C, - 0.30, C, - 0.20; (b) C4 - 0.57, C, - 0.28, C, - 0.15; (c) 
C4 - 57, C, - 28, C, - 15; (d) 62.2 kg/kg mol 

Section 1.4 

1. See p. 32. 
2. (a) 100 kg or 1001b 

(b) 1 ton of water 
(c) The stated mass for each case 
(d) 100 em' mixture 

Section 1.5 

1. (a) O°C and 100°C; (b) 32°F and 212°F 
2. 1l.°F(1.8) = ll.°C. 
3. Yes. Yes. 
4. 92.76 + 0.198T·F• 

5. 
°C OF K "R 

-40.0 -40.0 233 420 
25.0 77.0 298 537 

425 796 698 1256 
-234 -390 38.8 69.8 

6. Immerse in ice-water bath and mark ooe. Immerse in boiling water at 1 atm pressure 
and mark lOOoe. Interpolate between ooe and 100°C in desired intervals. 

7. (a) 1°C; (b) 1°C; (c) 1 ll.°C 

Section 1.6 

1. Gauge pressure + barometric pressure = absolute pressure. 
2. See p. 49. 
3. Barometric pressure - vacuum pressure = absolute pressure. 
4. (a) 15.5; (b) 106.6 kPa; (c) 1.052; (d) 35.6 
5. (a) Gauge pressure; (b) barometric pressure, absolute pressure; (c) 50 in. Hg 
6. In the absence of the barometric pressure, assume 101.3 kPa; then absolute pressure is 

61.3 kPa. 
7. (a) T; (b) T 

Section 1.7 

1. See p. 57. 
2. (a) Chemical Engineers' Handbook and/or Properties of Gases and Liquids 

(b) Technical Data Boole-Petroleum Refining 
(c) Handbook of Physics and Chemistry and others 
(d) Chemical Engineers' Handbook 
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Section 1-8 

1. A serial sequence is adequate; some steps can be in parallel. Feedback may be inserted 
at various stages. 

3. (a) Find a reason to remember~ talk to others who are interested to ascertain what mo
tivated them. Write down the reason for periodic pep talks with yourself. 

(b) Get a "bird's-eye view" of the whole section. Use the figure numbered 0 to see the 
relation to other sections. Look at a similar textbook. Ask for help; do not wait. 

(c) After scanning the serious reading count. 
(d) Take a few minutes as you read to mentally test yourself on what you have just 

read to reinforce learning. Continue to test at periodic intervals. 
(e) Practice using the information for an assumed quiz; predict quiz questions; use text 

examples or problems as samples. 

Section 1.9 

1. (8) C,H,. + :>,'0, ---> 9CO, + 9H,O 
(b) FeS, + 1l0, ---> 2Fe,O, + 8S0, 

2. 3.08 

3. 323 

4. (8) CaCO, - 43.4%; CaD - 56.6%; (b) 0.308 

5. (8) H,O; (b) NaCl; (e) NaCl, H,O, NaOH (assuming that the gas escapes) 

Section 2.1 

1, 2. The systems are somewhat arbitrary, as are the time intervals selected, but (a) and 
(c) can be closed systems (ignoring evaporation) and (b) open. 

3. See Eqs. (2.1), (2.2), (2.3), and (2.3a). 

4. (a) batch; (b) flow; (c) flow; (d) flow. 
S. Accumulation is zero. 

6. Figure 2.3-No, because many streams have no values and some streams, such as 
gases, are not included in the diagram. Figure 2.4-Yes. 

7. Equation (2.1) or simplifications thereof. 

8. (8) T; (b) T if C is regarded as an element; F if the exit compound is CO, and the enter
ing reactant is C; (e) F 

9. No chemical reaction takes place, or with reaction, the moles of reactants may equal 
the moles of product by accident. 

Section 2.2 

1. A set of unique values for the variables in the equations representing the problem. 

2. (8) one; (b) three; (e) three 
3. (8) two; (b) two of these three: acetic acid, water, total; (e) two; (d) feed of the 10% 

solution and mass fraction (j) of the acetic acid in P; (e) 14% acetic acid, 86% water 

4. Not for a unique solution. Only two are independent. 
S. Substitution; Gauss-Jordan elimination; use of determinants. 

6. Select the most accurate equations that will provide a unique solution. (Or use least 
squares if all must be used.) 
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7. The sum of the mass or mole fractions in one stream is unity. 
8. Collect additional data so as to specify or evaluate the values of the excess unknown 

variables. 
9. F, D, P, WD2. WPI. 

10. Only two independent material balances caD be written. The sum of the mass fractions 
for streams D and P yields two additional independent equations. One value of F, D, or 
P must be specified to obtain a solution. Note that specifying WD2 or WPI will not help. 

11. One 

Section 2.3 

1. Orsat (dry basis) does not include the 
water vapor in the analysis. 

5. More 
6.4.5% 

2. So, is not included in the gas analysis. 7. moles: 5.95 CO2, 3.747 O2 , 44.0 N2 
3. See Eqs. (2.9)-(2.11). 8. 178 kg/hr 
4. Yes. See Eq. (2.9). 9. (a) 28% Na,SO,; (b) 33.3 

Section 2.4 

1. Three components = three independent 
equations. Any three of the four 
(1, 2, 3, total) will do. 

2. A = 35 kgjhr; B = 65 kgjhr 
3. 3.7321,0.2680 
4. x = 0.2268; Y = 0.3696 
5. (a) 252; (b) 1.063; (c) 2.31; (d) 33.8% 

Section 2.5 

1. ....!L JL.. 
tol 396 0.644 
bz 19.68 0.032 
xyl 200.00 0.325 

Section 2.6 

6. 33.3 kg 
7. 186 kg 
8. (a) 23.34; (b) 66.5% 
9. 0.994 

10. 0.81 

2. 863 lb air/lb S 
Converter Burner 

S02 0.5% 9.5% 
SO, 9.4 
O2 7.4 \1.5 
N2 82.7 79.0 

1. Recycle is feedback from downstream to upstream in the materials flow bypassing one 
or more units. Bypassing is feedforward bypassing one or more units. 

2. Purge is a side stream usually small in quantity relative to main stream that is bled 
from the main stream to remove impurities from the system. 

3. The stoichiometric ratio 
4. (a) R = 3000 kgjhr; (b) air = 85,100 kgjhr 
5. (a) 908 recycled and 3.2 purged; (b) 9.05% conversion 
6. (a) 1200.6 kgjhr; (b) 194.9 kgjhr 
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Section 3.1-1 

1. pV = nRT 

2. T: absolute temperature in degrees; p: absolute pressure in mass/(length)(time)2; V: 
(length)'/mole; n: mole; R: (mass)(length)2/(time)2(mole)(degree) 

3. See p. 240. 
4. 1883 ft' 
5. 2.98 kg 
6. 1.32 

7. 28.3 m'/hr 

Section 3_1-2 

1. 0.0493 kg/m' 
2. 1.02 (lb CHJft' CH, at 70°F and 2 atm)/(lb air/ft' at S.C.) 

Section 3.1-3 

1. See Eqs. (3.3) and (3.6). 

2. (a) N2, 0.28 psia; CH" 10.9 psia; C2H" 2.62 psia 
(b) N2, 0.04 f1'; CH" 1.58 ft'; C2H" 0.38 f1' 
(c) Same as the mole fractions 

3. (a) 11.18 psia at 2 ft' and 120°F; (b) 0.28 psia at 2 ft' and 120°F 

Section 3.1-4 

1. (a) 2,735 ft'/hr; (b) 5,034 ft'/hr, (c) 22,429 ft'/hr, (d) 30,975 ft'/hr 
2. 118,400 f1'lhr 

Section 3.2-1 

1. See the last paragraph in Sec. 3.2-1. Also, they can be used for interpolation and ex
trapolation. 

2. (a) Least squares and theory; (b) least squares would give the least error. 
3. Comparison with experimental data; reduction in limit of ideal gas to pV = nRT; go 

through the critical point; holding one variable constant, the residual expression should 
be correct; derivatives give proper functions. 

4. The volume occupied by the moles of the gas-by using (V - nb), and the attractive 
forces existing between the molecules of the gas-by adding [p + (n 2a/V2)J. 

5. b is m'; a is (K)1/2(m)'(kPa). 

6. V = 0.60 ft' 
7. 314 K 
8. (8) 50.7 atm; (b) 34.0 atm 
9. 0.316 m'/kg mol 

Section 3.2-2 

1. Veo = RTc/ P c' It can be used to calculate Vri• which is a parameter on the Nelson and 
Obert charts. 
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2. (a) No; (b) 5.08 ft'; (e) 1.35 ft' 
3. 1.65 kg 
4. 14.9 atm 

Section 3.2-4 

1. (a) 289 atm 
(b) 300 atm 
(e) 262 atm 

Section 3.3 

1. See Fig. 3.9. 
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2. Ice at its vapor pressure changes to liquid water at 32"F (at 0.0886 psia) and the pres
sure increases as shown in Fig. 3.12 with vapor and liquid in equilibrium. At 250"F, 
the pressure is 29.82 psia. 

3. (a) 75 psia (5.112 atm); (b) it sublimes. 

4. Experimentalp* = 219.9 mm Hg; predicted 220.9 mm Hg 
5. 80.I"C 

Section 3.4 

1. The partial pressure of the vapor equals the vapor pressure of the gas. Liquid and vapor 
are in equilibrium. 

2. Yes; yes 
3. 21 "C; benzene 

4. 0.0373 
5. 4.001b 
6. (a) Both gas; (b) some liquid water, residual is gas; (e) both gas; (d) some liquid water, 

residual is gas. 
7. 190 psia; C2H, = 0.0677, C,H, = 0.660, i-C,HiO = 0.2415, n-C,HiO = 0.0308 

Section 3.5 

1. 0.063 

Section 3.6 

2. 57.3% 3. 86% '!!t'ilt 

1. 53"C (126"F) 2. 71.2% H20 3. 94.0%; 100% 

Section 3.7 

1. No, gas and liquid in equilibrium. The triple point in the p-T projection is actually a 
line on the pVT surface. The pressure and temperature are fixed but the volume is not 
fixed. 

2. Nothing. The points are not realizable equilibrium values. 
3. Yes for a liquid-vapor if the process goes above the critical point. Probably not for a 

solid-vapor unless a solid-liquid region can be formed with a smooth property transi
tion. 
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4. See Fig. 3.23. 
5. (a) C = 3. '!f> = 1, F = 4; (b) C = 2, '!f> = 2, F = 2 
6. No. C = 2, '!f> = 6, F is negative, which is not possible. 

7. Two 

8. One 

Section 4.1 

1. Intensive-independent of quantity of material; extensive-dependent of quantity of 
material. Measurable-temperature, pressure; unmeasurable-internal energy, en
thalpy. State variable-difference in value between two states depends only on the 
states; path variable-difference in two states depends on trajectory reaching in the 
final state. 

2. Heat: energy transfer across a system boundary due to a temperature difference. Work: 
energy transfer across a system boundary by means of a vector force acting through a 
vector deplacernent on the boundary. 

3. (a) Open; (b) open; (c) open; (d) closed; (e) closed 
4. (a) 

6. Decrease 
7. (a) Ko = 0, Po = 4900 J; (b) Kf = 0; Pf = 0; (c) 6.K = 0, 6.P = -4900 J (a de

crease); (d) 1171 cal, 4.64 Btu 
8. Assume Palm = 1 atm is constant; 1.26 x 105 J 

Section 4.2 

1. Cp = 4.25 + 0.002T 

2. ~R 
3. (a) cali(g mol)(6.K); (b) cali(g mol)(6.K)(K); (c) cali(g mol)(6.K)(K'); (d) cali 

(g mol)(6.K)(K') 

4. 7.11 cal/(g mol)(K) 
5. (a) 0.58 cali(g)('C); (b) 0.49 cali(g)('C); experimental = 0.535 cali(g)('C) 

6. 27,115 + 6.55T - 9.98 x 1O-4T' 

Section 4.3 

1. 32,970 J (7880 cal) 

2. 192 Btu for 2 Ib 
3. (a) Liquid; (b) two phase; (c) two phase; (d) vapor; (e) vapor 

4. 13,900 Btu 
5. 19,013 J/kg 

Section 4.4 

1. -334 Btullb 

2. 6567 Btu 
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Section 4.5-1 

1. (a) T = 90.19 K; (b) m = 1.48 x JO' g; (c) x = 3.02 x 10-4; (d) 49.6 hr; (e) from a 
handbook, T = 100 K approx (for process at constant volume) 

2. (a) Down; (b) probably up, depending on room temperature; (c) down 
3. (a) T, = 166.2'C, T, = 99.63'C; (b) Q = -6.40 x 10" J 
4. 594 Btu 
5. (a) 0; (b) 0; (c) 0; (d) if ideal gas IlT = 0, T, = room temperature; (e) 0.26 atm 
6.7m 

Section 4.5-2 

1. 12,200 Ib/hr 3. 1847 watts (2.48 hpj 
2. 99'C 4. -19.7 Btuls 

Section 4.6 

1. (2) 

2. Thermal-presumably internal energy or heat-not freely convertible to mechanical 
energy. The latter types of energy are freely convertible one to the other. 

3. Process in which total of freely convertible forms of energy are not reduced. 
4. W = 27.6 kJ; Q = -27.6 kJ; IlE = IlH = 0 
5. 38.8 hp 

Section 4.7-1 

1. -74.83 kJ/g mol C!L, (-17.88 kcal) 

2. 597.32 kJ/g mol C,H6 (142.76 kcal) 

Section 4.7-2 

1. -148.53 k cal/g mol 3. 230 Btulft' at 60'F and 30.0 in. Hg 

2. No 

Section 4.7-3 

1. No. The result depends on the values in Eq. (4.38) and may be positive or negative. 
2. (a) p = 2 atm; (b) Q, = -3.55 kcal/g mol CO (evolved) 

Section 4.7-4 

1. 125 Btulft' at SC. 

Section 4.7-5 

1. -248,100 J (-59,299 kcal) 

2. 6020 Btullb methane 

Section 4.7-6 

1. 975K 

3. 0.521b 
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Section 4.8-1 

1. Almost always 
2. (a) HNO" HC1, or H2S04 in water; (b) NaC!, KC1, NH4 NO, in water 
3. (a) 25'C and I atm; (b) 0 
4. -4,655 callg mol soln (heat transfer is from solution to surroundings) 
5. Q = -1.61 X 10' Btu 

Section 4.8-2 

1. Wv = 0.85; WL = 0.15 
2. 500 Btu/lb 

4. Two phase; for the liquid WH20 = 0.50 and H = 8 Btu/lb; for the vapor WH20 = 1.00 
and H = 1174 Btu/lb 

Section 4.9 

1. fDS = gas temperature; tWB = temperature registered at equilibrium between evaporat-
ing water around temperature sensor and surroundings at tDB 

2. No 
3. See Eqs. (5.21)-(5.26). 
4. (a) 0.03 kg/kg dry air; (b) 1.02 m'/kg dry air; (c) 38'C;,; (d) 151 kJ/kg dry air; (e) 

31SC 
5. (a) X = 0.0808 lb H2 0/1b dry air; (b) H = 118.9 Btu/lb dry air; (c) V = 16.7 ft'/lb 

dry air; (d) ~C = 0.0710 lb H20/1b dry air 
6. 49,700 Btu 
7. (a) 1.94 x 106 ft'/hr; (b) 3.00 X 104 ft'/hr; (c) 2.44 X 10' Btu/hr 

Section 5_1 

1. Yes. See Appendix L. 
2. For one phase, Nsp - 1 + 2 intensive variable (from the phase rule) plus one extensive 

variable are needed to completely specify a stream. 
3. 9 
4. Any number from 7 to 11 may be acceptable, depending on assumptions concerning 

the relations among the pressures in the reactor and mixer streams. 
5. Yes 

Chapter 6 

1. The solution of the differential equation requires the initial conditions to be able to pre-
dict the response at other times. 

2. Independent 
3. Let the derivatives vanish (delete them from the equations). 
4_ (a) 

5. (I), (4), (7), (9), (11); (2), (8); (3), (5), (10), (12); (6) 



Appendix B 

ATOMIC WEIGHTS 
AND NUMBERS 

TABLEB.1 Relative Atomic Weights, 1965 (Based on the Atomic Mass of 12C = 12) 

The values for atomic weights given in the table apply to elements as they exist in nature, without 
artificial alteration of their isotopic composition, and, further, to natural mixtures that do not 
include isotopes of radiogenic origin. 

Atomic A!Omic Atomic Atomic 
Name Symbol Number Weight Name Symbol Number Weight 

Actinium Ao 89 Mercury Hg 80 200.59 
Aluminum Al 13 26.9815 Molybdenum Mo 42 95.94 
Americium Am 95 Neodymium Nd 6{} 144.24 
Antimony Sb 51 121.75 Neon N, \0 20.183 
Argon Ac 18 39.948 Neptunium Np 93 
Arsenic A, 33 74.9216 Nickel Ni 28 58.71 
Astatine A< 85 Niobium Nb 41 92.906 
Barium B. " 137.34 Nitrogen N 7 14.0067 
Berkelium Bk 97 Nobelium No \02 
Beryllium B, 4 9.0122 Osmium 0, 7S 190.2 
Bismuth Bi 83 208.980 Oxygen 0 8 15.9994 
Boron B 5 10.811 Palladium PO 46 106.4 
Bromine B, 35 79.904 Phosphorus P 15 30.9738 
Cadmium Cd 48 J 12.40 Platinum Pc 78 195.09 
Caesium C, 55 132.9{}5 Plutonium p, 94 
Calcium C. 20 40.08 Polonium Po 84 
Californium Cf 98 Potassium K 19 39.102 
Carbon C 6 !2.Q1115 Praseodym P, " 140.907 
Cerium C, 58 140.12 Promethium Pm 61 
Chlorine CI 17 35.4S3b Protactinium P. 91 
Chromium C, 24 51.996b Radium R. 88 
Cobalt Co 27 58.9332 Radon R, 86 
Copper C, 29 63.546b Rhenium R, 7S 186.2 
Curium Cm 96 Rhodium Rh 45 102.905 
Dysprosium 0, 66 162.50 Rubidium Rb 37 84.57 
Einsteinium '" 99 Ruthenium R, 44 101.07 
Erbium E, 68 167.26 Samarium Sm 62 150.35 
Europium E, 63 151.96 Scandium So 21 44.956 
Fermium Fm 100 Selenium S, 34 78.96 
Fluorine F 9 18.9984 Silicon Si 14 28.086 
Francium F, 87 Silver A, 47 107.868 
Gadolinium Gd 64 157.25 Sodium N. II 22.9898 
Gallium Go 31 69.72 Strontium S, 38 87.62 
Germanium G, 32 72.59 Sulfur S 16 32.064 
Gold A' 79 196.967 Taotalum T. 73 180.948 
Hafnium Hf 72 178.49 Technetium To 43 
Helium H, 2 4.0026 Tellurium T, 52 127.60 
Holmium Ho 67 164.930 Terbium Tb OS· 158.924 
Hydrogen H I IJYJ797 Thallium TI 81 204.37 
Indium I, 49 114.82 Thorium Th 90 232.038 
Iodine I 53 126.9044 Thulium 1m " 168.934 
Iridium h 77 192.2 Tin S, " 118.69 
h" F, 26 55.847 Titanium T; 22 47.90 
Krypton K, 36 83.80 Thngsten W 74 183.85 
Lanthanum C. 57 138.91 Uranium U 92 238.03 
Lawrencium Lc 103 Vanadium V 23 50.942 
!.ud Pb 82 207.19 Xenon X, 54 131.30 
Lithium Li 3 6.939 Ytterbium Yb 70 173.04 
Lutetium L, 71 174.97 Yttrium Y 39 88.905 
Magnesium M, 12 24.312 Zinc Z, 30 65.37 
Manganese M, 25 54.9380 Zirconium Z, 40 91.22 
Mendelevium Md 101 

SOURCE: Camptes Reruius, ",d IUPAC Conference, 1965, Butterworth's, London, 1965, 
660 pp. 177-178. 



Appendix C 

STEAM TABLES 

Note: Tables in SI and American Engineering units for superheated steam are on the chart 
in the pocket in the back of the book. 

Absolute pressure = atmospheric pressure - vacuum. 
Barometer and vacuum columns may be corrected to mercury at 32°P by 

subtracting 0.00009 X (I - 32) X column height, where 1 is the column tempera-
ture in of. 

One inch of mercury at 32°P = 0.4912 Ib/in2 

Example: 
Barometer reads 30.17 in. at 70oP. Vacuum column reads 28.26 in. at 80oP. 

Pounds pressure = (30.17 - 0.00009 X 38 X 30.17) - 28.26 - 0.00009 X 48 
X 28.26) = 1.93 in. of mercury at 32°P. 

Saturation temperature (from table) = lOOoP. 

TABLE C.I Saturated Steam: Temperature Table 

Absolute pressure Specific volume Enthalpy 
Temp. Sat. Sat. Sat. Sat. 
Fahr. Lb/in. 2 In. Hg Liquid Evap. Vapor Liquid Evap. Vapor 

p 32°P vf vf, v, hf hf' h, 

32 0.0886 0.1806 0.01602 3305.7 3305.7 0 1075.1 1075.1 
34 0.0961 0.1957 0.01602 3060.4 3060.4 2.01 1074.9 1076.0 
36 0.1041 0.2120 0.01602 2836.6 2836.6 4.03 1072.9 1076.9 
38 0.1126 0.2292 0.01602 2632.2 2632.2 6.04 1071.7 1077.7 
40 0.1217 0.2478 0.01602 2445.1 2445.1 8.05 1070.5 1078.6 
42 0.1315 0.2677 0.01602 2271.8 2271.8 10.06 1069.3 1079.4 
44 0.1420 0.2891 0.01602 2112.2 2112.2 12.06 1068.2 1080.3 
46 0.1532 0.3119 0.01602 1965.5 1965.5 14.07 1067.1 1081.2 
48 0.1652 0.3364 0.01602 1829.9 1829.9 16.07 1065.9 1082.0 
50 0.1780 0.3624 0.01602 1704.9 1704.9 18.07 1064.8 1082.9 
52 0.1918 0.3905 0.01603 1588.4 1588.4 20.07 1063.6 1083.7 
54 0.2063 0.4200 0.01603 1482.4 1482.4 22.07 1062.5 1084.6 
56 0.2219 0.4518 0.01603 1383.5 1383.5 24.07 1061.4 1085.5 
58 0.2384 0.4854 0.01603 1292.7 1292.7 26.07 1060.2 1086.3 
60 0.2561 0.5214 0.01603 1208.1 1208.1 28.07 1059.1 1087.2 
62 0.2749 0.5597 0.01604 1129.7 1129.7 30.06 1057.9 1088.0 
64 0.2949 0.6004 0.01604 1057.1 1057.1 32.06 1056.8 1088.9 
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TABLE C.I (cont.) 

Absolute pressure Specific volume Enthalpy 
Temp. Sat. Sat. Sat. Sat. 
Fahr. Lh/in.2 In. Hg Liquid Evap. Vapor Liquid Evap. Vapor 

p 32°P vr vr, v, ,~ hr, h, 

68 0.3388 0.6898 0.01605 927.0 927.0 36.05 1054.5 1090.6 

70 0.3628 0.7387 0.01605 868.9 868.9 38.05 1053.4 1091.5 
72 0.3883 0.7906 0.01606 814.9 814.9 40.04 1052.3 1092.3 
74 0.4153 0.8456 0.01606 764.7 764.7 42.04 1051.2 1093.2 
76 0.4440 0.9040 0.01607 718.0 718.0 44.03 1050.1 1094.1 
78 0.4744 0.9659 0.01607 674.4 674.4 46.03 1048.9 1094.9 
80 0.5067 1.032 0.01607 633.7 633.7 48.02 1047.8 1095.8 
82 0.5409 1.101 0.01608 595.8 595.8 50.02 1046.6 1096.6 
84 0.5772 1.175 0.01608 560.4 560.4 52.01 1045.5 1097.5 
86 0.6153 1.253 0.01609 527.6 527.6 54.01 1044.4 1098.4 
88 0.6555 1.335 0.01609 497.0 497.0 56.00 1043.2 1099.2 
90 0.6980 1.421 0.01610 468.4 468.4 58.00 1042.1 1100.1 
92 0.7429 1.513 0.01611 441.7 441.7 59.99 1040.9 1100.9 
94 0.7902 1.609 0.01611 416.7 416.7 61.98 1039.8 1101.8 
96 0.8403 1.711 0.01612 393.2 393.2 63.98 1038.7 1102.7 
98 0.8930 1.818 0.01613 371.3 371.3 65.98 1037.5 1103.5 

100 0.9487 1.932 0.01613 350.8 350.8 67.97 1036.4 1104.4 
102 1.0072 2.051 0.01614 331.5 331.5 69.96 1035.2 1105.2 
104 1.0689 2.176 0.01614 313.5 313.5 71.96 1034.1 1106.1 
106 1.1338 2.308 0.01615 296.5 296.5 73.95 1033.0 1107.0 
108 1.2020 2.447 0.01616 280.7 280.7 75.94 1032.0 1107.9 
110 1.274 2.594 0.01617 265.7 265.7 77.94 1030.9 1108.8 
112 1.350 2.749 0.01617 251.6 251.6 79.93 1029.7 1109.6 
114 1.429 2.909 0.01618 238.5 238.5 81.93 1028.6 1110.5 
116 1.512 3.078 0.01619 226.2 226.2 83.92 1027.5 1111.4 
118 1.600 3.258 0.01620 214.5 214.5 85.92 1026.4 1112.3 
120 1.692 3.445 0.01620 203.45 203.47 87.91 1025.3 1113.2 
122 1.788 3.640 0.01621 193.16 193.18 89.91 1024.1 1114.0 
124 1.889 3.846 0.01622 183.44 183.46 91.90 1023.0 1114.9 
126 1.995 4.062 0.01623 174.26 174.28 93.90 1021.8 1115.7 
128 2.105 4.286 0.01624 165.70 165.72 95.90 1020.7 1116.6 
130 2.221 4.522 0.01625 157.55 157.57 97.89 1019.5 1117.4 
132 2.343 4.770 0.01626 149.83 149.85 99.89 1018.3 1118.2 
134 2.470 5.029 0.01626 142.59 142.61 101.89 1017.2 1119.1 
136 2.603 5.300 0.01627 135.73 135.75 103.88 1016.0 1119.9 
138 2.742 5.583 0.01628 129.26 129.28 105.88 1014.9 1120.8 

140 2.887 5.878 0.01629 123.16 123.18 107.88 1013.7 1121.6 
142 3.039 6.187 0.01630 117.37 117.39 109.88 1012.5 1122.4 
144 3.198 6.511 0.01631 111.88 111.90 111.88 1011.3 1123.2 
146 3.363 6.847 0.01632 106.72 106.74 113.88 1010.2 1124.1 
148 3.536 7.199 0.01633 101.82 101.84 115.87 1009.0 1124.9 

150 3.716 7.566 0.01634 97.18 97.20 117.87 1007.8 1125.7 
152 3.904 7.948 0.01635 92.79 92.81 119.87 1006.7 1126.6 
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TABLE C.l (cont.) 

Absolute pressure Specific volume Enthalpy 
Temp. Sat. Sat. Sat. Sat. 
Fahr. Lb/in. 2 In. Hg Liquid Evap. Vapor Liquid Evap. Vapor 

p 32°F vf vf, v, hf hf' h, 

154 4.100 8.348 0.01636 88.62 88.64 121.87 1005.5 1127.4 
156 4.305 8.765 0.01637 84.66 84.68 123.87 1004.4 1128.3 
158 4.518 9.199 0.01638 80.90 80.92 125.87 1003.2 1129.1 
160 4.739 9.649 0.01639 77.37 77.39 127.87 1002.0 1129.9 
162 4.970 10.12 0.01640 74.00 74.02 129.88 1000.8 1130.7 
164 5.210 10.61 0.01642 70.79 70.81 131.88 999.7 1131.6 
166 5.460 11.12 0.01643 67.76 67.78 133.88 998.5 1132.4 
168 5.720 11.65 0.01644 64.87 64.89 135.88 997.3 1133.2 
170 5.990 12.20 0.01645 62.12 62.14 137.89 996.1 1134.0 
172 6.272 12.77 0.01646 59.50 59.52 139.89 995.0 1134.9 
174 6.565 13.37 0.01647 57.01 57.03 141.89 993.8 1135.7 
176 6.869 13.99 0.01648 56.64 54.66 143.90 992.6 1136.5 
178 7.184 14.63 0.01650 52.39 52.41 145.90 991.4 1137.3 
180 7.510 15.29 0.01651 50.26 50.28 147.91 990.2 1138.1 
182 7.849 15.98 0.01652 48.22 48.24 149.92 989.0 1138.9 
184 8.201 16.70 0.01653 46.28 46.30 151.92 987.8 1139.7 
186 8.566 17.44 0.01654 44.43 44.45 153.93 986.6 1140.5 
188 8.944 18.21 0.01656 42.67 42.69 155.94 985.3 1141.3 
190 9.336 19.01 0.01657 40.99 41.01 157.95 984.1 1142.1' 
192 9.744 19.84 0.01658 39.38 39.40 159.95 982.8 1142.8 
194 10.168 20.70 0.01659 37.84 37.86 161.96 981.5 1143.5 
196 10.605 21.59 0.01661 36.38 36.40 163.97 980.3 1144.3 
198 11.057 22.51 0.01662 34.98 35.00 165.98 979.0 1145.0 
200 11.525 23.46 0.01663 33.65 33.67 167.99 977.8 1145.8 
202 12.010 24.45 0.01665 32.37 32.39 170.Dl 976.6 1146.6 
204 12.512 25.47 0.01666 31.15 31.17 172.02 975.3 1147.3 
206 13.031 26.53 0.01667 29.99 30.01 174.03 974.1 1148.1 
208 13.568 27.62 0.01669 28.88 28.90 176.04 972.8 1148.8 
210 14.123 28.75 0.01670 27.81 27.83 178.06 971.5 1149.6 
212 14.696 29.92 0.01672 26.81 26.83 180.07 970.3 1150.4 
215 15.591 0.01674 25.35 25.37 186.10 968.3 1151.4 
220 17.188 0.01677 23.14 23.16 188.14 965.2 1153.3 
225 18.915 0.01681 21.15 21.17 193.18 961.9 1155.1 
230 20.78 0.01684 19.371 19.388 198.22 958.7 1156.9 
235 22.80 0.01688 17.761 17.778 203.28 955.3 1158.6 
240 24.97 0.01692 16.307 16.324 208.34 952.1 1160.4 
245 27.31 0.01696 15.010 15.027 213.41 948.7 1162.1 
250 29.82 0.01700 13.824 13.841 218.48 945.3 1163.8 
255 32.53 0.01704 12.735 12.752 223.56 942.0 1165.6 
260 35.43 0.01708 11.754 11.771 228.65 938.6 1167.3 
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TABLE C.l (cont.) 

Absolute pressure Specific volume Enthalpy 
Temp. Sat. Sat. Sat. Sat. 
Fam. Lb/in.2 In. Hg Liquid Evap. Vapor Liquid Evap. Vapor 

p 32°F Vj Vj, v, I~ hlg ii, 

270 41.85 0.01717 10.053 10.070 238.84 931.8 1170.6 
275 45.40 0.01721 9.313 9.330 243.94 928.2 1172.1 
280 49.20 0.01726 8.634 8.651 249.06 924.6 1173.7 
285 53.25 0.01731 8.015 8.032 254.18 921.0 1175.2 
290 57.55 0.01735 7.448 7.465 259.31 917.4 1176.7 
295 62.13 0.01740 6.931 6.948 264.45 913.7 1178.2 
300 67.01 0.01745 6.454 6.471 269.60 910.1 1179.7 
305 72.18 0.01750 6.014 6.032 274.76 906.3 1181.1 
310 77.68 0.01755 5.610 5.628 279.92 902.6 1182.5 
315 83.50 0.01760 5.239 5.257 285.10 898.8 1183.9 
320 89.65 0.01765 4.897 4.915 290.29 895.0 1185.3 
325 96.16 0.01771 4.583 4.601 295.49 891.1 1186.6 
330 103.03 0.01776 4.292 4.310 300.69 887.1 1187.8 
335 110.31 0.01782 4.021 4.039 305.91 883.2 1189.1 
340 117.99 0.01788 3.771 3.789 311.14 879.2 1190.3 
345 126.10 0.01793 3.539 3.557 316.38 875.1 1191.5 
350 134.62 0.01799 3.324 3.342 321.64 871.0 1192.6 
355 143.58 0.01805 3.126 3.144 326.91 866.8 1193.7 
360 153.01 0.01811 2.940 2.958 332.19 862.5 1194.7 
365 162.93 0.01817 2.768 2.786 337.48 858.2 1195.7 
370 173.33 0.01823 2.607 2.625 342.79 853.8 1196.6 
375 184.23 0.01830 2.458 2.476 348.11 849.4 1197.5 
380 195.70 0.01836 2.318 2.336 353.45 844.9 1198.4 
385 207.71 0.01843 2.189 2.207 358.80 840.4 1199.2 
390 220.29 0.01850 2.064 2.083 364.17 835.7 1199.9 
395 233.47 0.01857 1.9512 1.9698 369.56 831.0 1200.6 
400 247.25 0.01864 1.8446 1.8632 374.97 826.2 1201.2 
405 261.67 0.01871 1.7445 1.7632 380.40 821.4 1201.8 
410 276.72 0.01878 1.6508 1.6696 385.83 816.6 1202.4 
415 292.44 0.01886 1.5630 1.5819 391.30 811.7 1203.0 
420 308.82 0.01894 1.4806 1.4995 396.78 806.7 1203.5 
425 325.91 0.01902 1.4031 1.4221 402.28 801.6 1203.9 
430 343.71 0.01910 1.3303 1.3494 407.80 796.5 1204.3 
435 362.27 0.01918 1.2617 1.2809 413.35 791.2 1204.6 
440 381.59 0.01926 1.1973 1.2166 418.91 785.9 1204.8 
445 401.70 0.01934 1.1367 1.1560 424.49 780.4 1204.9 
450 422.61 0.01943 1.0796 1.0990 430.11 774.9 1205.0 
455 444.35 0.0195 1.0256 1.0451 435.74 769.3 1205.0 
460 466.97 0.0196 0.9745 0.9941 441.42 763.6 1205.0 
465 490.43 0.0197 0.9262 0.9459 447.10 757.8 1204.9 
470 514.70 0.0198 0.8808 0.9006 452.84 751.9 1204.7 
475 539.90 0.0199 0.8379 0.8578 458.59 745.9 1204.5 
480 566.12 0.0200 0.7972 0.8172 464.37 739.8 1204.2 
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TABLE C.I (cont.) 

Absolute pressure Specific volume Enthalpy 
Temp. Sat. Sat. Sat. Sat. 
Pahr. Lb/in.2 In. Hg Liquid Evap. Vapor Liquid Evap. Vapor 

p 32°F vf VIg v, hf hfg h, 

485 593.28 0.0201 0.7585 0.7786 470.18 733.6 1203.8 
490 621.44 0.0202 0.7219 0.7421 476.01 727.3 1203.3 
495 650.59 0.0203 0.6872 0.7075 481.90 720.8 1202.7 
500 680.80 0.0204 0.6544 0.6748 487.80 714.2 1202.0 
505 712.19 0.0206 0.6230 0.6436 493.8 707.5 1201.3 
510 744.55 0.0207 0.5932 0.6139 499.8 700.6 1200.4 
515 777.96 0.0208 0.5651 0.5859 505.8 693.6 1199.4 
520 812.68 0.0209 0.5382 0.5591 511.9 686.5 1198.4 
525 848.37 0.0210 0.5128 0.5338 518.0 679.2 1197.2 
530 885.20 0.0212 0.4885 0.5097 524.2 671.9 1196.1 
535 923.45 0.0213 0.4654 0.4867 530.4 664.4 1194.8 
540 962.80 0.0214 0.4433 0.4647 536.6 656.7 1193.3 
545 1003.6 0.0216 0.4222 0.4438 542.9 648.9 1191.8 
550 1045.6 0.0218 0.4021 0.4239 549.3 640.9 1190.2 
555 1088.8 0.0219 0.3830 0.4049 555.7 632.6 1188.3 
560 1133.4 0.0221 0.3648 0.3869 562.2 624.1 1186.3 
565 1179.3 0.0222 0.3472 0.3694 568.8 615.4 1184.2 
570 1226.7 0.0224 0.3304 0.3528 575.4 606.5 1181.9 
575 1275.7 0.0226 0.3143 0.3369 582.1 597.4 1179.5 
580 1326.1 0.0228 0.2989 0.3217 588.9 588.1 1177.0 
585 1378.1 0.0230 0.2840 0.3070 595.7 578.6 1174.3 
590 1431.5 0.0232 0.2699 0.2931 602.6 568.8 1171.4 
595 1486.5 0.0234 0.2563 0.2797 609.7 558.7 1168.4 
600 1543.2 0.0236 0.2432 0.2668 616.8 548.4 1165.2 
605 1601.5 0.0239 0.2306 0.2545 624.1 537.7 1161.8 
610 1661.6 0.0241 0.2185 0.2426 631.5 526.6 1158.1 
615 1723.4 0.0244 0.2068 0.2312 638.9 515.3 1154.2 
620 1787.0 0.0247 0.1955 0.2202 646.5 503.7 1150.2 
625 1852.4 0.0250 0.1845 0.2095 654.3 491.5 1145.8 
630 1919.8 0.0253 0.1740 0.1993 662.2 478.8 1141.0 
635 1989.0 0.0256 0.1638 0.1894 670.4 465.5 1135.9 
640 2060.3 0.0260 0.1539 0.1799 678.7 452.0 1130.7 
645 2133.5 0.0264 0.1441 0.1705 687.3 437.6 1124.9 
650 2208.8 0.0268 0.1348 0.1616 696.0 422.7 1118.7 
655 2286.4 0.0273 0.1256 0.1529 705.2 407.0 1112.2 
660 2366.2 0.0278 0.1167 0.1445 714.4 390.5 1104.9 
665 2448.0 0.0283 0.1079 0.1362 724.5 372.1 1096.6 
670 2532.4 0.0290 0.0991 0.1281 734.6 353.3 1087.9 
675 2619.2 0.0297 0.0904 0.1201 745.5 332.8 1078.3 
680 2708.4 0.0305 0.0810 0.1115 757.2 310.0 1067.2 

~ 
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TABLE C.I (cont.) 

Absolute pressure Specific volume Enthalpy 
Temp. Sat. Sat. Sat. Sat. 
Fam. Lh/in.2 In. Hg Liquid Evap. Vapor Liquid Evap. Vapor 

p 32°P vf vf, v, hf hf' h, 

690 2895.0 0.0328 0.0617 0.0945 784.2 254.9 1039.1 
695 2992.7 0.0345 0.0511 0.0856 801.3 219.1 1020.4 

700 3094.1 0.0369 0.0389 0.0758 823.9 171.7 995.6 
705 3199.1 0.0440 0.0157 0.0597 870.2 77.6 947.8 

705.34' 3206.2 0.0541 0 0.0541 910.3 0 910.3 

"Critical temperature. v = specific volume, ft3llb. h = enthalpy, Btu/lb. 

Source: Combustion Engineering, Inc. 
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tables D.2-D. and heat capacities of several gases in Table E.I, Appendix E.) 

2. Lange, N. A., Handbook o/Chemistry, 12th ed., McGraw-Hill, New York, 1979. 
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ington, D.C., 1952. 
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of Hydrocarbons and Related Compounds," American Petroleum Institute Research Pro
ject 44, 1953 and subsequent years. 

7. Weast, Robert c., Handbook 0/ Chemistry and Physics, 59th ed., CRC Press, Boca Ra
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TABLED.1 Physical Properties of Various Organic and Inorganic Substances' 
To convert to kcallg mol multiply by 0.2390; to Btu/lb mol multiply by 430.2. 

Ol 
I!.R I!.RVap. Ol co 

Melting Fusion at b.p. Vo 
Formula Temp. (kJ/g Normal (kJ/g To po (cm3Jg 

Compound Formula Wt Sp Gr (K) mol) b.p.(K) mol) (OK) (atm) mol) Zo 

Acetaldehyde C,lLO 44.05 0.783 18"/4" 149.5 293.2 461.0 
Acetic acid CH,CHO, 60.05 1.049 289.9 12.09 390.4 24.4 594.8 57.1 171 0.200 
Acetone C,H,O 58.08 0.791 178.2 5.69 329.2 30.2 508.0 47.0 213 0.238 
Acetylene C2H2 26.04 0.9061(A) 191.7 3.7 191.7 17.5 309.5 61.6 113 0.274 
Air 1.000 132.5 37.2 
Ammonia NH, 17.03 0.817'''' 195.40 5.653 239.73 23.35 405.5 111.3 72.5 0.243 

0.597(A) 
Ammonium (NH.),CO,· H,O 114.11 (decomposes at 331 K) 

carbonate 
Ammonium NH.CI 53.50 2.53 17' (decomposes at 623 K) 

chloride 
Ammonium NH.NO, 80.05 1.725'" 442.8 5.4 (decomposes at 483.2 K) 

nitrate 
Ammonium (NlLhSO. 132.14 1.769 786 (decomposes at 786 K after melting) 

sulfate 
Aniline C,H,N 93.12 1.022 266.9 457.4 699 52.4 
Benzaldehyde C,H,CHO 106.12 1.046 247.16 452.16 38.40 
Benzene CoHo 78.11 0.879 278.693 9.837 353.26 30.76 562.6 48.6 260 0.274 
Benzoic acid C,H,O, 122.12 1.31628014" 395.4 523.0 
Benzyl alcohol C,H,O 108.13 1.045 257.8 478.4 
Boron oxide B,O, 69.64 1.85 723 22.0 
Bromine Br, 159.83 3.119'" 265.8 10.8 331.78 31.0 584 102 144 0.306 

5.87(A) 
1, 2-Butadiene C.H, 54.09 0.6522()" 136.7 283.3 446 
1, 3-Butadiene C.H, 54.09 0.621 164.1 268.6 425 42.7 221 0.271 
Butane n-C4H IO 58.12 0.579 134.83 4.661 272.66 22.31 425.17 37.47 255 0.374 
iso-Butane iso-C4HIO 58.12 0.557 113.56 4.540 261.43 21.29 408.1 36.0 263 0.283 



r·····-·-~- u_ .... ...., .......... J. 1"' ............... "" 

yric acid n-C4Hs02 88.10 0.958 267 437.1 628 52.0 290 0.293 
utyric iso-C.JIsO, 88.10 0.949 226 427.7 609 
d 
m Ca,(AsO,h 398.06 1723 

:enate 
m Ca,C, 64.10 2.2218' 2573 

"bide 
m CaCO, 100.09 2.93 (decomposes al 1098 K) 

'bonate 
m CaCh 110.99 2.15215' 1055 28.4 

oride CaCh·H,O 129.01 
CaCh·2H,O 147.Q3 
CaCh06H,O 219.09 1.7817' 303.4 37.3 (-6H,O al 473 K) 

m CaCN, 80.11 2.29 
namide 
m Ca(CN), 92.12 

mide 
om Ca(OHh 74.10 2.24 (-H,O al 853 K) 
lroxide 
llm oxide CaO 56.08 2.62 2873 50 3123 
om Ca,(PO,), 310.19 3.14 1943 
)Sphale 
llm silicate CaSiO, 117.17 2.915 1803 48.62 
llm sulfate CaSO,·2H,O 172.18 2.32 (-ltH,O al 301'K) 
'psum) 
m C 12.010 2.26 3873 46.0 4473 
)ll dioxide CO, 44.01 1.53(A) 217,05,2atm 8.32 (sublimes al 195 K) 304.2 72.9 94 0.275 

1.229 saId. liq, al 5162 kPa 
m CS, 76.14 1.26122'/20' 161.1 4.39 319.41 26.8 552.0 78.0 170 0.293 
olfide 2.63(A) 
m CO 28.01 0.968(A) 68.10 0.837 81.66 6.042 133.0 34.5 93 0.294 
noxide 
m CCL. 153.84 1.595 250.3 2.5 349.9 30.0 556.4 45.0 276 0.272 
llchloride 
ine Ch 70.91 2.49(A) 172.16 6.406 239.10 20.41 417.0 76.1 124 0.276 

ces of data are listed at the beginning of Appendix D. 
= 20'C/4'C unless specified. Sp gr for gas referred to air (A). 



TABLE D.l (cont.) 

!1H !1H Vap. 
C» Melting Fusion at b.p . V< .... 
C> Formula Temp. (kJ/g Normal (kJ/g To P< (cm3/g 

Compound Formula Wt Sp Gr (K) mol) b.p.(K) mol) (K) (atm) mol) z< 

Chlorobenzene CJI,Cl 112.56 1.107 228 405.26 36.5 632.4 44.6 308 0.265 
Chlorofonn CHCb 119.39 1.489"'" 209.5 334.2 536.0 54.0 240 0.294 
Chromium Cr 52.01 7.1 
Copper Cu 63.54 8.92 1356.2 13.0 2855 305 
Cumene C9H12 120.19 0.862 177.125 7.1 425.56 37.5 636 31.0 440 0.260 
Cupric sulfate CuSO, 159.61 3.60515" (decomposes at 873 K) 
Cyclohexane C6Hl2 84.16 0.779 279.83 2.677 353.90 30.1 553.7 40.4 308 0.274 
Cyclopentane C5HIO 70.13 0.745 179.71 0.6088 322.42 27.30 511.8 44.55 260 0.27 
Decane ClOH22 142.28 0.73020" 243.3 447.0 619.0 20.8 602 0.2476 
Dibutyl CgH220 4 278.34 1.045'1" 613 

phthalate 
Diethyl ether (C,H,),O 74.12 0.708'" 156.86 7.301 307.76 26.05 467 35.6 281 0.261 
Ethane CzH, 30.07 1.049(A) 89.89 2.860 184.53 14.72 305.4 48.2 148 0.285 
Ethanol C,H,O 46.07 0.789 158.6 5.021 351.7 38.6 516.3 63.0 167 0.248 
Ethyl acetate C,H,O, 88.10 0.901 189.4 350.2 523.1 37.8 286 0.252 
Ethyl benzene CSHIO 106.16 0.867 178.185 9.163 409.35 36.0 619.7 37.0 360 0.260 
Elhyl bromide C,H,Br 108.98 1.460 154.1 311.4 504 61.5 215 0.320 
Ethyl chloride CH,CH,CI 64.52 0.90310" 134.83 4.452 285.43 25 460.4 52.0 199 0.274 
3-Ethyl hexane CgH'8 114.22 0.7169 391.69 34.3 567.0 26.4 466 0.264 
Ethylene C,li. 28.05 0.975(A) 103.97 3.351 169.45 13.54 283.1 50.5 124 0.270 
Elhylene glycol C,H,O, 62.07 1.1131'- 260 11.23 470.4 56.9 
Ferric oxide FeZ03 159.70 5.12 1833 (decomposes at 1833 K) 
Ferric sulfide Fe2S3 207.90 4.3 (decomposes) 
Ferrous sulfide FeS 87.92 4.84 1466 (decomposes) 
Fonnaldehyde H,CO 30.03 0.815 - '0" 154.9 253.9 24.5 
Formic acid CH,O, 46.03 1.220 281.46 12.7 373.7 22.3 
Glycerol C,H,O, 92.09 1.260'0" 291.36 18.30 563.2 
Helium He 4.00 0.1368(A) 3.5 0.02 4.216 0.084 5.26 2.26 58 0.304 
Heptane C7H'6 100.20 0.684 182.57 14.03 371.59 31.69 540.2 27.0 426 0.260 



gen H, £.Vl0 V.VOY4~lA) U.YO V.l£ ~V.5Y U.YU4 53.3 12.8 65 U.304 

'gen HCI 36.47 1.268(A) 158.94 1.99 188.11 16.15 324.6 81.5 87 0.266 
oride 
Igen HF 20.01 1.15 238 293 503.2 
'fide 
Igen H,S 34.08 1.1 895(A) 187.63 2.38 212.82 18.67 373.6 88.9 98 0.284 

fide 
r, 253.8 4.9320' 386.5 457.4 826.0 
Fe 55.85 7.7 1808 15 3073 353 

,xide Fe,O, 231.55 5.2 1867 138 (decomposes at 1867 K after melting) 
Pb 207.21 11.337"" 600.6 5.10 2023 180 

oxide PbO 223.21 9.5 1159 11.7 1745 213 
esium Mg 24.32 1.74 923 9.2 1393 132 
esium MgCh 95.23 2.325'" 987 43.1 1691 137 
oride 
esium Mg(OHh 58.34 2.4 (decomposes at 623 K) 
roxide 

lesium oxide MgO 40.32 3.65 3173 77.4 3873 
ury Hg 200.61 13.54620' 
ane CH, 16.04 0.554(A) 90.68 0.941 111.67 8.180 190.7 45.8 99 0.290 
anol CH,OH 32.04 0.792 175.26 3.17 337.9 35.3 513.2 78.5 118 0.222 
yl acetate C,H,O, 74.08 0.933 174.3 330.3 506.7 46.3 228 0.254 
yl amine CH,N 31.06 0.699- 11 ' 180.5 266.3758mm 429.9 73.6 
yl CH,C1 50.49 1.785(A) 175.3 249 416.1 65.8 143 0.276 
oride 
yl ethyl C.,H,O 72.10 0.805 186.1 352.6 
one 
yl C7H14 98.18 0.769 146.58 6.751 374.10 31.7 572.2 34.32 344 0.251 
:lohexane 
bdenum Mo 95.95 10.2 
talene elORs 128.16 1.145 353.2 491.0 
,1 Ni 58.69 8.9020' 1725 3173 
: acid HNO, 63.02 1.502 231.56 10.47 359 30.30 
benzene C,H,O,N 123.11 1.203 278.7 483.9 
gen N, 28.02 12.5(D) 63.15 0.720 77.34 5.577 126.2 33.5 90 0.291 
gen NO, 46.01 1.448 263.86 7.334 294.46 14.73 431.0 100.0 82 0.232 
Ixide 

ces of data are listed at the beginning of Appendix D. 
, = 20°C/4°C unless specified. Sp gr for gas referred to air (A). 



TABLED.1 (cont.) 

AH Afl Vap. 
m Melting Fusion at b.p. V, .... Formula Temp. (kJ/g Normal (kJ/g 7; (cm'/g '" p, 

Compound Formula Wt Sp Or (K) mol) b.p.(K) mol) (K) (atm) mol) z, 

Nitrogen NO 30.01 1.0367(A) 109.51 2.301 121.39 13.78 19.2 65.0 58 0.256 
oxide 

Nitrogen N,O, 108.02 1.63"" 303 320 
pentoxide 

Nitrogen NZ0 4 92 1.448'" 263.7 294.3 431.0 99.0 
tetraoxide 

Nitrogen N,O, 76.02 1.447'0 171 276.5 
trioxide 

Nitrous oxide N,O 44.02 1.226-'''} 
1.530(A) 182.1 184.4 309.5 71.7 96.3 0.272 

n-Nonane C9H20 128.25 0.718 219.4 423.8 595 23 
n-Octane CgH'8 114.22 0.703 216.2 398.7 595.0 22.5 543 0.250 
Oxalic acid C,H,04 90.04 1.90 (decomposes at 459 K) 
Oxygen 0, 32.00 1.1053(A) 54.40 0.443 90.19 6.820 154.4 49.7 74 0.290 
n-Pentane CSH12 72.15 0.630'" 143.49 8.393 309.23 25.77 469.8 33.3 311 0.269 
iso-Pentane iso-CsHl2 72.15 0.62119" 113.1 300.9 461.0 32.9 308 0.268 
I-Pentane CsHIO 70.13 0.641 107.96 4.937 303.13 474 39.9 
Phenol C,H,OH 94.11 1.071'" 315.66 11.43 454.56 692.1 60.5 
Phenyl hydrazine C,H,N, 108.14 1.097'" 292.76 16.43 51.66 
Phosphoric acid H,P04 98.00 1.834'" 315.51 10.5 (- 4H,O at 486 K) 
Phosphorus P4 123.90 2.20 863 81.17 863 41.84 

(red) 
Phosphorus P4 123.90 1.82 317.4 2.5 553 49.71 

(white) 
Phosphorus P20s 141.95 2.387 (sublimes at 523 K) 

pentoxide 
Propane C,H, 44.09 1.562(A) 85.47 3.524 231.09 18.77 369.9 42.0 200 0.277 
Propene C,H, 42.08 1.498(A) 87.91 3.002 225.46 18 .42 365.1 45.4 181 0.274 
Propionic acid C3H60 2 74.08 0.993 252.2 414.4 612.5 53.0 



'IlVl 

'Pyl C,H,O 60.09 0.785 183.5 355.4 508.8 53.0 219 0.278 
hoI 
Iyl benzene C9HI2 120.19 0.862 173.660 8.54 432.38 38.2 638.7 31.3 429 0.257 
dioxide SiO, 60.09 2.25 1883 8.54 2503 
bisulfate NaHSO, 120.07 2.742 455 
carbonate Na,CO,'10H,O 286.15 1.46 306.5 (-H,O at 306.5 K) 

soda) 
carbonate Na,CO, 105.99 2.533 li27 33.4 (decomposes) 

a ash) 
chloride NaCl 58.45 2.163 1081 28.5 1738 171 
cyanide NaCN 49.01 835 16.7 1770 155 

n hydorxide NaOH 40.00 2.130 592 8.4 1663 
nitrate NaNO, 85.00 2.257 583 15.9 (decomposes at 653 K) 
nitrite NaNO, 69.00 2.1680' 544 (decomposes at 593 K) 
sulfate Na,S04 142.05 2.698 li63 24.3 
sulfide Na,S 78.05 1.856 1223 6.7 

n sulfite Na,SO, 126.05 2.6331
" (decomposes) 

Na2S203 158.li 1.667 
ulfate 

S, 256.53 2.07 386 10.0 717.76 84 
mbic) 

S, 256.53 1.96 392 14.17 717.76 84 
noclinic) 
chloride S,CL, 135.05 1.687 193.0 411.2 36.0 
no) 
dioxide SO, 64.07 2.264(A) 197.68 7.402 263.14 24.92 430.7 77.8 122 0.269 
trioxide SO, 80.07 2.75(A) 290.0 24.5 316.5 41.8 491.4 83.8 126 0.262 
c acid H,S04 98.08 1.8341

" 283.51 9.87 (decomposes at 613 K) 
e C,H,CH, 92.13 0.866 178.169 6.619 383.78 33.5 593.9 40.3 318 0.263 

H,O 18.016 1.00" 273.16 6.009 373.16 40.65 647.4 218.3 56 0.230 
ne CSRIO 106.16 0.864 225.288 11.57 412.26 34.4 619 34.6 390 0.27 
ne CSHIO 106.16 0.880 247.978 13.60 417.58 36.8 631.5 35.7 380 0.26 
ne CSHIO 106.16 0.861 286.423 17.li 411.51 36.1 618 33.9 370 0.25 

Zn 65.38 7.140 692.7 6.673 li80 li4.8 
Ifate ZnSO, 161.44 3.741

" (decomposes at 1013 K) 

es of data are listed at the beginning of Appendix D. 
= 20'C/4'C unless specified. Sp gr for gas referred to air (A). 
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TABLE D.2 Enthalpies of Paraffinic Hydrocarbons, C1-C. (JIG MOL) 
To convert to Btu/lb mol, multiply by 0.4306. 

K C, C, C, n-C4 i-C4 n-C~ Il-C6 

273 0 
291 630 912 1,264 1,709 1,658 2,125 2,545 
298 879 1,277 1,771 2,394 2,328 2,976 3,563 
300 950 1,383 1,919 2,592 2,522 3,222 3,858 
400 4,740 7,305 10,292 13,773 13,623 17,108 20,463 
500 9,100 14,476 20,685 27,442 27,325 34,020 40,622 
600 14,054 22,869 32,777 43,362 43,312 53,638 64,011 
700 19,585 32,342 46,417 61,186 61,220 75,604 90,123 
800 25,652 42,718 61,337 80,600 80,767 99,495 118,532 
900 32,204 53,931 77,404 101,378 101,754 125,101 148,866 

1,000 39,204 65,814 94,432 123,428 123,971 152,213 181,041 
1,100 46,567 78,408 112,340 146,607 147,234 180,665 214,764 
1,200 54,308 91,504 131,042 170,707 171,418 210,246 249,868 
1,300 62,383 105,143 150,331 195,727 196,480 240,872 286,143 
1,400 70,709 119,202 170,205 221,375 222,212 272,378 323,465 
1,500 79,244 133,678 190,581 247,650 248,571 304,595 361,539 
1,600 88,031 
1,800 106,064 
2,000 124,725 
2,200 143,804 
2,500 173,050 

TABLE D.3 Entha\pies of Monoolefinic Hydrocarbons, C,-C, (JIG MOL) 
To convert to Btu/\b mol, multiply by 0.4306. 

1- iso- cis-2- trans-2-
K Ethylene Propylene Butene Butene Butene Butene 

273 0 0 0 0 0 0 
291 753 1,104 1,536 1,538 1,354 1,520 
298 1,054 1,548 2,154 2,154 1,895 2,125 
300 1,125 1,665 2,313 2,322 2,020 2,263 
400 6,008 8,882 12,455 12,367 11,070 12,112 
500 11,890 17,572 24,765 24,468 22,346 23,995 
600 18,648 27,719 38,911 38,425 35,614 37,668 
700 26,158 39,049 54,643 53,889 50,542 53,011 
800 34,329 51,379 71,755 70,793 66,985 69,705 
900 43,053 64,642 89,997 88,826 84,684 87,654 

1,000 52,258 78,742 109,286 107,947 103,470 106,692 
1,100 61,923 93,470 129,494 123,846 123,260 126,649 
1,200 71,964 108,825 150,456 148,866 143,845 147,402 
1,300 82,341 124,683 172,087 170,414 165,184 168,824 
1,400 92,968 141,000 194,304 188,363 187,150 190,874 
1,500 103,888 157,736 217,065 215,183 209,702 213,467 



TABLE D.4 Enthalpies of Nitrogen and Some of its Oxides (JIG MOL) 
To convert to Btuilb mol. mUltiply by 0.4306. 

K N, NO N,O NO, N20 4 

273 0 0 0 0 0 
291 524 537 681 658 1.384 
298 728 746 951 917 1,937 
300 786 801 9,660 985 2,083 
400 3,695 3,785 13,740 4,865 10,543 
500 6,644 6,811 18,179 9,070 19,915 
600 9,627 9,895 22,919 13,564 30,124 
700 12,652 13,054 27,924 18,305 
800 15,756 16,292 33,154 23,242 
900 18,961 19.597 38,601 28,334 

1,000 22,171 22,970 44,258 33,551 
1,100 25,472 26,392 50,115 38,869 
1,200 28,819 29,861 56,170 44,266 
1,300 32,216 33,371 62,425 49,731 
1,400 35,639 36,915 68,868 55,258 
1,500 39,145 40,488 75,504 60,826 
1,750 47,940 49,505 
2,000 56,902 58,634 
2,250 65,981 67,856 
2,500 75,060 77,127 

TABLE D.S Enthalpies of Sulfur Compounds (JIG MOL) 

To convert to Btuilb mol, multiply by 0.4306. 

K S,(g) SO, SO, H2S CS2 

273 0 0 0 0 0 
291 579 706 899 607 807 
298 805 984 1,255 845 1,125 
300 869 1,064 1,338 909 1,217 
400 4,196 5,234 6,861 4,372 5,995 
500 7,652 9,744 13,033 7,978 11,108 
600 11,192 14,514 19,832 11,752 16,455 
700 14,790 19,501 27,154 15,706 21,974 
800 18,426 24,647 34,748 19,840 27,631 
900 22,087 29,915 42,676 24,145 33,388 

1,000 25,769 35,275 50,835 28,610 39,220 
1,100 29,463 40,706 59,203 33,216 45,1.03 
1,200 33,174 46,191 67,738 37,953 51,044 
1,300 36,898 51,714 76,399 42,802 57,027 
1,400 40,630 57,320 47,739 63,052 
1,500 44,371 62,927 52,802 69,119 
1,600 48,116 68,533 57,906 75,186 
1,700 51,881 74,182 63,094 81,295 
1,800 55,605 79,872 68,324 87,361 , 0 0 
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,EE.l Heat Capacity Equations for Organic and Inorganic Compounds (at Low Pressures)" 
: (I) C~ = a + b(T) + crT)' + d(T)'; 

(2) c~ = a + b(T) + c(T)-'. 
Units of C~ are 1/(g mol)(K or 'c). 
To convert to call(g mol)(K or 'C) = Btu/(lb mol)CR or 'F), multiply by 0.2390. 

Temp. 
Mol. Range 

Compound Formula Wt. State Form T a b· 10' co lOs d· 10' (in T) 

ne CH,COCH, 58.08 g 'C 71.96 20.10 -12.78 34.76 0-1200 
lene C,H, 26.04 g 'C 42.43 6.053 -5.033 18.20 0-1200 

29.0 g 'C 28.94 0.4147 0.3191 -1.965 0-1500 
g K 28.09 0.1965 0.4799 -1.965 273-1800 

onia NH, 17.03 g 'C 35.15 2.954 0.4421 -6.686 0-1200 
onium sulfate (NH.,),SO, 132.15 c K 215.9 275-328 
'ne C,H, 78.11 1 K -7.27329 77.054 -164.82 1,897.9 279-350 

g 'C 74.06 32.95 -25.20 77.57 0-1200 
ane C.~HlO 58.12 g 'C 89.46 30.13 -18.91 49.87 0-1200 
ane C4HlO 58.12 g 'C 92.30 27.88 -15.47 34.98 0-1200 
ene C,H, 56.10 g 1 'C 82.88 25.64 - 17.27 50.50 0-1200 
1m carbide CaC, 64.10 c 2 K 68.62 1.19 -8.66 x 10" 298-720 
1m carbonate CaCO, 100.09 c 2 K 82.34 4.975 -12.87 x 10" 273-1033 
m hydroxide Ca(OH), 74.10 c 1 K 89.5 276-373 

1m oxide CaO 56.08 c 2 K 41.84 2.03 -4.52 x 10" 10273-1173 
'n C 12:01 c' 2 K 11.18 1.095 -4.891 x 10" 273-1373 
'n dioxide CO, 44.01 g I 'c 36.11 4.233 -2.887 7.464 0-1500 
'n monoxide CO 28.01 g I 'c 28.95 0.4110 0.3548 -2.220 0-1500 
'n tetrachloride CC4 153.84 I I K 12.285 0.01095 -318.26 3,425.2 273-343 
ine CI, 70.91 g 'c 33.60 1.367 -1.607 6.473 0-1200 

" Cu 63.54 c K 22.76 0.06117 273-1357 
:TIe C9H12 120.19 g 'c 139.2 53.76 -39.79 120.5 0-1200 
'Propyl benzene) 
exane C6H12 84.16 g 'c 94.140 49.62 -31.90 80.63 0-1200 

hite. 
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TABLEE.l (coni.) 

Temp. 
Mol. Range 

Compound Formula Wt. State Form T a b·IO' c'IO' d·IO' (in 1) 

Cylopentane CSHlO 70.13 g I °C 73.39 39.28 -25.54 68.66 0-1200 
Ethane C2H6 30.07 g I °C 49.37 13.92 -5.816 7.280 0-1200 
Ethyl alcohol C,H6O 46.07 1 1 K -325.137 0.041379 -1,403.1 1.7035 x WI 250-400 

g 1 °C 61.34 15.72 -8.749 19.83 0-1200 
Ethylene C2lL 28.05 g I °C 40.75 11.47 -6.891 17.66 0-1200 
Ferric oxide F",O, 159.70 c 2 K 103.4 6.711 -17.72 x 1010 273-1097 
Formaldehyde CH20 30.03 g I °C 34.28 4.268 0.0000 -8.694 0-1200 
Helium He 4.00 g I °C 20.8 All 
n-Hexane C6H14 86.17 I 1 K 31.421 0.97606 -235.37 3,092.7 273-400 

g 1 °C 137.44 40.85 -23.92 57.66 0-1200 
Hydrogen H2 2.016 g I °C 28.84 0.00765 0.3288 -0.8698 0-1500 
Hydrogen bromide HBr 80.92 g I °C 29.10 -0.0227 0.9887 -4.858 0-1200 
Hydrogen chloride HCI 36.47 g I °C 29.13 -0.1341 0.9715 -4.335 0-1200 
Hydrogen cyanide HCN 27.03 g I °C 35.3 2.908 1.092 0-1200 
Hydrogen sulfide H2S 34.08 g I °C 33.51 1.547 0.3012 -3.292 0-1500 
Magnesium chloride MgCh 95.23 c 1 K 72.4 1.58 273-991 
Magnesium oxide MgO 40.32 c 2 K 45.44 0.5008 -8.732 x 1010 273-2073 
Methane ClL 16.04 g I °C 34.31 5.469 0.3661 -11.00 0-1200 

g I K 19.87 5.021 1.268 -11.00 273-1500 
Methyl alcohol CH,OH 32.04 I I K -259.25 0.03358 -1,1639 1.4052 x j(f 273-400 

g I °C 42.93 8.301 -1.87 -8.03 0-700 



cyc10hexane C7H I4 98.18 g °C 121.3 56.53 -37.72 100.8 0-1200 
cyc10pentane C6HI2 84.16 g °C 98.83 45.857 -30.44 83.81 0-1200 

acid HNO, 63.02 1 °C 110.0 25 
oxide NO 30.01 g °C 29.50 0.8188 -0.2925 0.3652 0-3500 
n N, 28.02 g °C 29.00 0.2199 0.5723 -2.871 0-1500 
n dioxide NO, 46.01 g °C 36.07 3.97 -2.88 7.87 0-1200 
n tetraoxide N20 4 92.02 g °C 75.7 12.5 -11.3 0-300 
oxide N,O 44.02 g °C 37.66 4.151 -2.694 10.57 0-1200 

0, 32.00 g °C 29.10 1.158 -0.6076 1.311 0-1500 
ane CsHI2 72.15 1 K 33.24 192.41 -236.87 17,944 270-350 

g °C 114.8 34.09 -18.99 42.26 0-1200 
e C,H, 44.09 g °C 68.032 22.59 -13.11 31.71 0-1200 
ne C,H, 42.08 g °C 59.580 17.71 -10.17 24.60 0-1200 
carbonate Na,CO, 105.99 c K 121 288-371 
carbonate Na,CO, 286.15 c K 535.6 298 

°10H,O 
S 32.07 c' K 15.2 2.68 273-368 

c' K 18.5 1.84 368-392 
c acid H,S04 98.08 1 °C 139.1 15.59 10-45 
dioxide SO, 64.07 g °C 38.91 3.904 -3.104 8.606 0-1500 
trioxide SO, 80.Q7 g °C 48.50 9.188 -8.540 32.40 0-1000 
e C7H, 92.13 1 K 1.8083 81.222 -151.27 1,630 270-370 

g °C 94.18 38.00 -27.86 80.33 0-1200 
H,O 18.016 1 K 18.2964 47.212 -133.88 1,314.2 273-373 

g °C 33.46 0.6880 0.7604 -3.593 0-1500 

,bic. 'Monoclinic. 
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TABLEE.2 Heat Capacity Equations for Organic and Inorganic Compounds (at Low Pressures)' 
Form: (I) C; = a + b(T) + c(T)' + d(T)'; 

The following relations have the units of cal!(g mol)(OC or K) = Btu/(lb molWF or OR), and T is in ~ or~. 

Temp. 
Mol. Range 

Compound Formula Wt. State Form T a b'IO' c'IO' d'IO' (in T) 

Acetylene C,H, 26.04 
g I of 9.89 0.8273 -0.3783 0.7457 32-2200 

Air g I ~ 6.900 0.02884 0.02429 -0.08052 32-2700 
g I ~ 6.713 0.02609 0.03540 -0.08052 492-3200 

Ammonia NH, 17.03 
g of 8.2765 0.39006 0.035245 -0.2740 32-2200 

Nitrogen N, 28.02 g ~ 6.895 0.07624 -0.007009 
Oxygen 0, 32.00 g of 7.104 0.07851 -0.005528 
Carbon dioxide CO, 44.01 g of 8.448 0.5757 -0.2159 0.3059 0-3500 
Carbon monoxide CO 28.01 g of 6.865 0.08024 -0.007367 
Cyclohexane C.H12 84.16 I of 37.05 50 

~ 41.26 150 
g ~ 30.84 50 

Cyclopentane CSHIO 70.13 I I ~ 32.95 100 
Toluene C,H,>CH, I ~ 20.869 5.293 -2.086 3.929 32-2200 

'Sources of data are listed at the beginning of Appendix D. 
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TABLE F.l Heats of Formation and Heats of Combustion of Compounds at 2S'C"' 
Standard states of products for !lil~ are CO,(g), H,O(l), N,(g), SO,(g), and HCI(aq). To convert to Btu/lb 
mol, multiply by 430.6. 

-MIJ -tili~ 
Compound Formula Mol. wt. State (kJ/g mol) (kJ/g mol) 

Acetic acid CH,COOH 60.05 486.2 871.69 
g 919.73 

Acetaldehyde CH,CHO 40.052 g 166.4 1192.36 
Acetone C,H,O 58.08 aq,200 410.03 

g 216.69 1821.38 
Acetylene C,H, 26.04 g -226.75 1299.61 
Ammonia NH, 17.032 I 67.20 

g 46.191 382.58 
Ammonium carbonate (NH.),CO, 96.09 c 

aq 941.86 
Ammonium chloride NH.CI 53.50 c 315.4 
Ammonium hydroxide NH.OH 35.05 aq 366.5 
Ammonium nitrate NH.NO, 80.05 c 366.1 

aq 339.4 
Ammonium sulfate (NH.)S04 132.15 c 1179.3 

aq 1173.1 
Benzaldehyde C,H,CHO 106.12 I 88.83 

g 40.0 
Benzene CoH, 78.11 I -48.66 3267.6 
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TABLE F.l (cont.) 

-tiliJ -AfI~ 
Compound Formula Mol. wt. State (kJ/g mol) (kJ/g mol) 

Bromine Br, 159.832 0 
g -30.7 

n-Butane C4HiO 58.12 1 147.6 2855.6 
g 124.73 2878.52 

Isobutane C4HIO 58.12 1 158.5 2849.0 
g 134.5 2868.8 

I-Butene C,JI, 56.104 g -1.172 2718.58 
Calcium arsenate Ca,(AsO,h 398.06 c 3330.5 
Calcium carbide CaC, 64.10 c 62.7 
Calcium carbonate CaCO, 100.09 c 1206.9 
Calcium chloride CaC]' 110.99 c 794.9 
Calcium cyanamide CaCN, 80.11 c 352 
Calcium hydroxide Ca(OH), 74.10 c 986.59 
Calcium oxide CaO 56.08 c 635.6 
Calcium phosphate Ca,(PO,h 310.19 c 4137.6 
Calcium silicate CaSiO, 116.17 c 1584 
Calcium sulfate CaSO, 136.15 c 1432.7 

aq 1450.5 
Calcium sulfate (gypsum) CaSO,'2H2O 172.18 c 2021.1 
Carbon C 12.01 c 0 393.51 

Graphite (f3) 
Carbon dioxide CO2 44.01 g 393.51 

I 412.92 
Carbon disulfide CS2 76.14 I -87.86 1075.2 

g -115.3 1102.6 
Carbon monoxide CO 28.01 g 110.52 282.99 
Carbon tetrachloride CCI, 153.838 I 139.5 352.2 

g 106.69 384.9 
Chloroethane C2H,CI 64.52 g 105.0 1421.1 

I 41.20 5215.44 
Cumene (isopropylbenzene) C,H,CH(CH,h 120.19 g -3.93 5260.59 

c 769.86 
Cupric sulfate CuSO, 159.61 aq 843.12 

c 751.4 
Cyclohexane C6HI2 84.16 g 123.1 3953.0 
Cyclopentane CSHlO 70.130 I 105.8 3290.9 

g 77.23 3319.5 
Ethane C2H6 30.07 g 84.667 1559.9 
Ethyl acetate CH,C02C,H, 88.10 I 442.92 2274.48 
Ethyl alcohol C2H,OH 46.068 I 277.63 1366.91 

g 235.31 1409.25 
Ethyl benzene C6Hs'C2Hs 106.16 I 12.46 4564.87 

g -29.79 4607.13 
Ethyl chloride C2H,CI 64.52 g 105 
Ethylene C,H, 28.052 g -52.283 1410.99 
Ethylene chloride C,H,CI 62.50 g -31.38 1271.5 
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TABLEF.l (cont.) 

-tilij -tili~ 
Compound Formula Mol. wt. State (kJ/g mol) (kJ/g mol) 

3-Ethyl hexane CgH'8 114.22 250.5 5470.12 
g 210.9 5509.78 

Ferric chloride FeCI, c 403.34 
Ferric oxide Fe,O, 159.70 c 822.156 
Ferric sulfide FeS, see Iron sulfide see Iron sulfide 
Ferrosoferric oxide Fe304 231.55 c 1116.7 
Ferrous chloride FeCI, c 342.67 303.76 
Ferrous oxide FeO 71.85 c 267 
Ferrous sulfide FeS 87.92 c 95.06 
Formaldehyde H,CO 30.026 g ·~ii5.89 563.46 
n-Heptane C7H16 100.20 1 224.4 4816.91 

g 187.8 4853.48 
n-Hexane C6H14 86.17 1 198.8 4163.1 

g 167.2 4194.753 
Hydrogen H, 2.016 g 0 285.84 
Hydrogen bromide HBr 80.924 g 36.23 
Hydrogen chloride HCl 36.465 g 92.311 
Hydrogen cyanide HCN 27.026 g -130.54 
Hydrogen sulfide H,S 34.082 g 20.15 562.589 
Iron sulfide FeS, 119.98 c 177.9 
Lead oxide PbO 223.21 c 219.2 
Magnesium chloride MgCl, 95.23 c 641.83 
Magnesium hydroxide Mg(OHh 58.34 c 924.66 
Magnesium oxide MgO 40.32 c 601.83 
Methane CH. 16.041 g 74.84 890.4 
Methyl alcohol CH,OH 32.042 I 238.64 726.55 

g 201.25 763 .. 96 
Methyl chloride CH,Cl 50.49 g 81.923 766.63t 
Methyl cyclohexane C7HI4 98.182 1 190.2 4565.29 

g 154.8 4600.68 
Methyl cyclopentane C6HI2 84.156 1 138.4 3937.7 

g 106.7 3969.4 
Nitric acid HNO, 63.02 1 173.23 

aq 206.57 
Nitric oxide NO 30.01 g -90.374 
Nitrogen dioxide NO, 46.01 g -33.85 
Nitrous oxide N,O 44.02 g -81.55 
n-Pentane CSHI2 72.15 1 173.1 3509.5 

g 146.4 3536.15 
Phosphoric acid H,PO, 98.00 c 1281 

aq (!H,O) 1278 
Phosphorus P, 123.90 c 0 
Phosphorus pentoxide P,O, 141.95 c 1506 
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TABLEF.l (cont.) 

-Ail} -6.fj~ 
Compound Formula MoL wt. State (kJ/g mol) (kJ/g mol) 

n- Propyl alcohol C,H,O 60.09 g 255 2068.6 
n- Propylbenzene C,!f,'CH"C,H, 120.19 I 38.40 5218.2 

g -7.824 5264.5 
Silicon dioxide SiO, 60.09 c 851.0 
Sodium bicarbonate NaHCO, 84.01 c 945.6 
Sodium bisulfate NaHS04 120.07 c 1126 
Sodium carbonate Na,CO, 105.99 c 1130 
Sodium chloride NaCI 58.45 c 411.00 
Sodium cyanide NaCN 49.01 c 89.79 
Sodium nitrate NaNO, 85.00 c 466.68 
Sodium nitrite NaNO, 69.00 c 359 
Sodium sulfate Na,S04 142.05 c 1384.5 
Sodium sulfide Na,S 78.05 c 373 
Sodium sulfite Na,SO, 126.05 c 1090 
Sodium thiosulfate Na2S203 158.11 c 1117 
Sulfur S 32.07 c 0 

(rhombic) 
c -0.297 

(monoclinic) 
Sulfur chloride S,Ci, 135.05 I 60.3 
Sulfur dioxide SO, 64.066 g 296.90 
Sulfur trioxide SO, 80.066 g 395.18 
Sulfuric acid H,S04 98.08 I 811.32 

aq 907.51 
Toluene C,H,oCH, 92.13 I -11.99 3909.9 

g -50.000 3947.9 
Water H,O 18.016 I 285.840 

g 241.826 
m-Xylene C,H4(CH,), 106.16 I 25.42 4551.86 

g -17.24 4594.53 
o-Xylene C,H4(CH,h 106.16 I 24.44 4552.86 

g -19.00 4596.29 
p-Xylene C,H4(CH,h 106.16 I 24.43 4552.86 

g -17.95 4595.25 
Zinc sulfate ZnS04 161.45 c 978.55 

aq 1059.93 

'Sources of data are given at the beginning of Appendix D, References I, 4, and 5. 
'Standard state HCI(g). 
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VAPOR PRESSURES 

TABLEG.l Vapor Pressures of Various Substances 
Antoine equation: 

In (pO) = A - c! T 

wherep 0 

= vapor pressure, mm Hg 
T = temperature, K 

A, B, C = constants 

Name Formula Range (K) A B C 

Acetic acid C,lLO, 290-430 16.8080 3405.57 -56.34 
Acetone C,H,O 241-350 16.6513 2940.46 -35.93 
Ammonia NH, 179-261 16.9481 2132.50 -32.98 
Benzene C,H, 280-377 15.9008 2788.51 -52.36 
Carbon disulfide CS, 288-342 15.9844 2690.85 -31.62 
Carbon tetrachloride CCL. 253-374 15.8742 2808.19 -45.99 
Chloroform CHC!, 260-370 15.9732 2696.79 -46.16 
Cyc10hexane C6H12 280-380 15.7527 2766.63 -50.50 
Ethyl acetate C.H,O, 260-385 16.1516 2790.50 -57.15 
Ethyl alcohol C,H,O 270-369 18.5242 3578.91 -50.50 
Ethyl bromide C2H~Br 226-333 15.9338 2511.68 -41.44 
n-Heptane C7HI6 270-400 15.8737 2911.32 ":'56.51 
fl- Hexane C6HI4 245-370 15.8366 2697.55 -48.78 
Methyl alcohol ClLO 257-364 18.5875 3626.55 -34.29 
n-Pentane CSH12 220-330 15.8333 2477.07 -39.94 
Sulfur dioxide SO, 195-280 16.7680 2302.35 -35.97 
Toluene C,HsCH, 280-410 16.0137 3096.52 -53.67 

" 
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Appendix H 

TABLE H.I Integral Heats of Solution and Dilution at 25°c 

-dB! -6.il~oln -6.H~il 
Formula Description State (kJ/g mol) (kJ/g mol) (kJ/g mol) 

NaOH crystalline II 426.726 
in 3 H2O aq 455.612 28.869 28.869 

4 H20 aq 461.156 34.434 5.564 
5 H2O aq 464.486 37.739 3.305 

10 H2O aq 469.227 42.509 4.769 
20 H2O aq 469.591 42.844 .334 
30 H2O aq 469.457 42.718 .125 
40 H2O aq 469.340 42.593 .125 
50 H2O aq 469.252 42.509 .083 

100 H2O aq 469.059 42.342 .167 
200 H2O aq 469.026 42.258 .083 
300 H2O aq 469.047 42.300 .041 
500 H2O aq 469.097 42.383 .083 

1,000 H2O aq 469.189 42.467 .083 
2,000 H2O aq 469.285 42.551 .083 

10,000 H2O aq 469.448 42.718 .041 
50,000 H2O aq 469.528 42.802 .083 

"'H2O aq 469.595 42.886 .083 
H2SO4 liq 811.319 

in 0.5 H2O aq 827.051 15.731 15.731 
1.0 H2O aq 839.394 28.074 12.343 
1.5 H2O aq 848.222 36.902 8.823 

2 H20 aq 853.243 41.923 5.021 
3 H2O aq 860.314 48.994 7.071 
4 H2O aq 865.376 54.057 5.063 
5 H2O aq 869.351 58.032 3.975 

10 H2O aq 878.347 67.027 8.995 
25 H2O aq 883.618 72.299 5.272 
50 H2O aq 884.664 73.345 1.046 

100 H2O aq 885.292 73.973 0.628 
500 H2O aq 888.054 76.734 2.761 

1,000 H2O aq 889.894 78.575 1.841 
10,000 H2O aq 898.388 87.069 2.636 

100,000 H2O aq 904.957 93.637 6.568 
500,000 H2O aq 906.630 95.311 1.674 

00 H2O aq 907.509 96.190 0.879 

SOURCE: F. D. Rossini et aI., "Selected Values of Chern. Thermo. Properties," Natl. 
Bur. Std. Gire. 500, U.S. Government Printing Office, Washington, D.C., 1952. 
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ENTHALPY
CONCENTRATION DATA 

Appendix I 

TABLE 1.1 Enthalpy-concentration Data for the Single-phase Liquid Region and 
Also the Saturated Vapor of the Acetic Acid-water System at 1 Atmosphere 
Reference state: Liquid water at 32°F and I atm; solid acid at 32°F and I atm. 

Liquid or Vapor Enthalpy-Btullb Liquid Solution 
Enthalpy 

Mole Weight Satu- Saturated 
Fraction Fraction 20'C 40'C 6O'C SO'C lOO'C rated Vapor 
Water Waler 6S'F iQ4°F 140°F 176°F 212°F Liquid Btu/lb 

0.00 0.00 93,54 IliA 129.9 149.1 169.0 187.5 361.8 
0.05 0.01555 93.96 112.2 130.9 15Q.4 170.6 186.9 
0.10 0.03225 93.82 112.3 131.5 151.3 172.0 186.5 374.6 
0.20 0.0698 92.61 111.9 131.7 152.2 173.8 185.2 395.3 
0.30 0.1140 90.60 110.7 131.3 152.6 175.0 183.8 423.7 
0040 0.1667 87.84 108.9 130.6 152.9 176.1 182.9 461.4 
0.50 0.231 83.96 106.3 129.1 152.7 177.1 182.4 510.5 
0.55 0.268 81.48 104.5 128.1 152.5 177.5 182.3 
0.60 0.3105 78.53 102.5 126.9 152.1 178.0 182.0 573.4 
0.65 0.358 75.36 100.2 125.5 151.6 178.3 181.9 
0.70 0.412 71.72 97.71 123.9 151.1 178.8 181.7 656.0 
0.75 0.474 67.59 94.73 122.2 149.9 179.3 182.1 
0.80 0.545 62.88 91.43 l20.2 149.7 179.9 181.6 767.3 
0.85 0.630 57.44 87.56 117.8 148.9 180.5 181.6 
0.90 0.730 51.03 83.02 llS.l 147.8 180.8 181.7 921.6 
0.95 0.851 43.74 77.65 111.7 146.4 181.2 181.5 
1.00 1.00 36.06 71.91 107.7 143.9 180.1 180.1 1150.4 

SOURCE: Data calculated from miscellaneous literature sources and smoothed. 

TABLE 1.2 Vapor-liquid Equilibrium Data 
for the Acetic Acid-water System; Pressure = 1 
Atmosphere 

x y 
Mole Fraction Waler Mole Fraction Waler 

in the Liquid in the Vapor 

0.020 0.035 
0.040 0.069 
0.060 0.103 
0.080 0,135 
0.100 0.165 
0.200 0.303 
0.300 0.425 
0.400 0.531 
0.500 0.627 
0.600 0.715 
0.700 0.796 
0.800 0.865 
0.900 0.929 
0,940 0.957 
0.980 0.985 
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Mass fraction ethanol in ethanol-water mixtures 

Figure 1.2 Enthalpy-composition diagram for the ethanol-water system, showing 
liquid and vapor phases in equilibrium at 1 atm. 

App.1 



App. I Enthalpy-Concentration Data 

c 
o 
:;: 
" o 
~ 

_S~and;rd s~alesl:. _ -c-:--:-~I~ 1-t--+-rl-t--t--1f-\\"<tJ. 1. f 
Water - hquid ot 32°F \ \~ ~~ I 

5001-+-+ NoOH - infinitely dilute \vlg 
solution 01 68'F \ \ v,11~':> I 

~~+-~-''-+-+~~~~I~~V~/,~~~/-r~ 

Solid phose 

NoOH, % by weight 

Figure 1.3 Enthalpy~concentration chart for sodium hydroxide-water. 
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! I 

40 60 80 
Percentage H2S04 

Figure 1.4 Enthalpy-concentration of sulfuric acid-water system relative to pure 
components. (Water and H2S04 at 32°P and own vapor pressure.) (Data from Inter
national Critical Tables, © 1943 O. A. Hougen and K. M. Watson.) 
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PHYSICAL PROPERTIES 
OF PETROLEUM 

FRACTIONS 

Appendix K 

In the early 1930s, tests were developed which characterized petroleum oils and 
petroleum fractions, so that various physical characteristics of petroleum products 
could be related to these tests. Details of the tests can be found in Petroleum Prod
ucts and Lubricants, an annual publication of the Committee D-2 of the American 
Society for Testing Materials.' These tests are not scientifically exact, and hence the 
procedure used in the tests must be followed faithfully if reliable results are to be ob
tained. However, the tests have been adopted because they are quite easy to perform 
in the ordinary laboratory and because the properties of petroleum fractions can be 
predicted from the results. The specifications for fuels, oils, and so on, are set out in 
terms of these tests plus many other properties, such as the flashpoint, the percent 
sulfur, and the viscosity. 

Over the years various phases of the initial work have been extended and de
velopment of a new characterization scheme using the pseudocompound approach is 
evolving. Daubert' summarizes the traditional and new methods insofar as predict
ing molecular weights, pseudocritical temperature and pressure, acentric factor, and 
characterization factors. 

In this appendix we present the results of the work of Smith and Watson and 
associates,3-' who related petroleum properties to a factor known as the characteri
zationJactor (sometimes called the UOP characterizationJactor). It is defined as 

(TBl'/' 
K=-S-

where K = UOP characterization factor 
T = cubic average boiling point, oR 
S = specific gravity at 60oP/60oP 

I Report of Committee D-2, ASTM, Philadelphia, annually. 
2 T. E. Daubert, "Property Predictions," Hydrocarbon Proc., pp. 107-110 (March 1980). 
'R. L. Smith and K. M. Watson, Ind. Eng. Chem., v. 29, p. 1408 (1937). 



696 Physical Properties of Petroleum Fractions App. K 

Other averages for boiling points are used in evaluating K and the other physical 
properties in this Appendix. (Refer to Danbert or Maxwell' for details.) This factor 
has been related to many of the other simple tests and properties of petroleum frac
tions, such as viscosity, molecular weight, critical temperature, and percentage of 
hydrogen, so that it is quite easy to estimate the factor for any particular sample. 
Furthermore, tables of the UOP characterization factor are available for a wide vari
ety of common types of petroleum fractions as shown in Table K.l for typical liq
uids. 

Van Winkle' discusses the relationships among the volumetric average boiling 
point, the molal average boiling point, the cubic average boiling point, the weight 
average boiling point, and the mean average boiling point, and illustrates how the K 
and other properties of petroleum fractions can be evaluated from experimental data. 
In Table K.2 are shown the source, boiling-point basis, and any special limitations 
of the various charts in this appendix. 

TABLE K.l Typical UOP Characterization Factors 

Type of stock 

Pennsylvania crude 
Mid-Continent crude 
Gulf Coast crude 
East Texas crude 
California crude 
Benzene 

K 

12.2-12.5 
11.8-12.0 
11.0-11.8 
11.9 
10.98-11.9 
9.5 

Type of stock 

Propane 
Hexane 
Octane 
Natural gasoline 
Light gas oil 
Kerosene 

K 

14.7 
12.8 
12.7 
12.7-12.8 
10.5 
10.5-11.5 

Riazi' has proposed an equation to predict the basic properties of crude and 
products based on the equation 

value of property = an S' 

where TB is the normal boiling point in OR and S is the specific gravity at 60°F; a, b, 
and c are empirical constants. 

For use in computer-aided calculations, the following empirical correlations 
can be of assistance. Refer to the original references and Daubere for an assessment 
of the accuracy of each relation with respect to any material. 

Heat capacity of hydrogen vapor 10 

Cp = (0.0450K - 0.233) + (0.440 + O.OI77K)(IO-'I) - 0.1520(10-612
) 

where Cp = specific heat of vapor, Btu/(lbm)('F) 
1 = temperature, OF 

K = characterization mctor 

6 J. B. Maxwell, Data Book 011 Hydrocarbons, New York; Van Nostrand, 1950. 
7M. Van Winkle, Pet. Refiner, v. 34, pp. 136-138 (June 1955). 

8 M. R. Riazi, Ph.D. dissertation, Pennsylvania State University. 1980. 
9Daubert, Hydrocarbon Process., p. 107. 
10 J. F. Fallon and K. M. Watson,"Thermal Properties of Hydrocarbons," Nat. Pet. News (Tech. 

Sec.), p. R-372 (June 7, 1944). 
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TABLE K.2 Information Concerning Charts in Appendix K 

I. Specific heats of hydrocarbon liquids 
Source: J. B. Maxwell, Data Book on Hydrocarbons, Van Nostrand Reinhold, New 

York, 1950, p. 93 (original from M. W. Kellogg Co.). 
Description: A chart of Cp (0.4 to 0.8) vs. t(O to 1000'F) for petroleum fractions 

from 0 to 120' API. 
Boiling-point basis: Volumetric average boiling point, which is equal to graphical 

integration of the differential ASTM distillation curve (Van Winkle's "exact 
method"). 

Limitations; This chart is not valid at temperatures within 500 P of the pseudocritical 
temperatures. 

2. Vapor pressure of hydrocarbons 
Source: Maxwell, Data Book on Hydrocarbons, p. 42. 
Description: Vapor pressure (0.002 to 100 atm) vs. temperature (50 to 1200'F) for 

hydrocarbons with normal boiling point of 100 to 1200'F (C,H IO and C,H12 lines 
shown). 

Boiling-point basis: Normal boiling points (pure hydrocarbons). 
Limitations: These charts apply well to all hydrocarbon series except the lowest

boiling members of each series. 
3. Heat of combustion alfuel oils and petroleum!ractions 

Source: Maxwell, Data Book on Hydrocarbons, p. 180. 

fl97 

Description: Heats of combustion above 60'F (17,000 to 25,000 Btu/lb) vs. gravity (0 
to 60' API) with correction for sulfur and inerts included (as shown on chart). 

4. Properties of petroleum fractions 
Source: O. A. Hougen and K. M. Watson, Chemical Process Principles Charts, 

Wiley, New York, 1946, Chart 3. 
Description: 'API(-IO to 90'API) vs. boiling point (100 to 1000'F) with molecular 

weight, critical temperature, and K factors as parameters. 
Boiling-point basis: Use cubic average boiling point when using the K values; use 

mean average boiling point when using the molecular weights. 
5. Heats of vaporization of hydrocarbons and petroleum fractions at 1.0 atm pressure 

Source: Hougen and Watson, Chemical Process Principles Chart, Chart 68. 
Description: Heats of vaporization (60 to 180 Btu/lb) vs. mean average boiling point 

(100 to 1000'F) with molecular weight and API gravity as parameters. 
Boiling-point basis: Mean average boiling point. 

Heat capacity of hydrocarbon liquids 11 

Cp = [(0.355 + 0.128 x 1O-'API) + (0.503 + 0.117 x 1O-'API)(IO-'t)] 

x (O.05K + OAI) 

where API = gravity degrees API and the other units are the same as for vapor heat ca
pacity. 

Specific gravity 
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Figure K.l Specific heats of hydrocarbon liquids. 

where sp gr = specific gravity, 60/60°F 
° API = degrees API 

Pseudo critical temperature 12 

t; = ao + a, T + a,T2 + a3AT + a4 T 3 + a,T2 + a,A2T 2 

where t~ = pseudo-critical temperature, OR 
T = molal average boiling point, OF 
A = degrees API 
a, = constants in the correlation (see Table K.3) 

Pseudo critical pressure 13 

p; = bo + biT + b2 T2 + b3AT + b4 T3 + b,AT2 + b6 A2T + b,A2T' 

where p; = pseudo-critical pressure psia 
T = mean average boiling point, OF 
A = degrees API 
b, = constants in the correlation (see Table K.3) 

!2R. H. Cavett. "Physical Data for Distillation CalculationsNapor~Liquid Equilibria," Proc. Am. 
Pel. Insl. Diy. Refining. v. 42, p. 351 (1962). 

13 Ibid. 
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Figure K.2 Vapor pressure of hydrocarbons. 

Enthalpy. Calculated as 

iT, 1T 
I1H = C Pliq dt + I1H vaporization at T 1 + _ C Pvap dt 

Trcf T] 

where T, is the mean average boiling point. 

TABLE K.3 Constants for Cavett Correlations 

o 
I 
2 
3 
4 

a; 

768.07121 
( 0.17133693) (10 ) 
(-0.10834003) (10-2

) 

(-0.89212579) (10-2
) 

( 0.38890584) (10-6) 
( , ? -S) 

b, 

2.8290406 
( 0.94120109) (10-3) 

(-0.30474749) (lO-S) 
(-0.20876110) (10-') 
( 0.15184103) (10-') 

(1 -7) 
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Figure K.3 Heat of combustion of fuel oils and petroleum fractions. 

Heat of vaporization 14 

!ili""P = 2.303 {(Zg - zl)R(T,)[A + 40T;(T, - b)e-20(T, - b)2]) 

where H", = latent heat of vaporization, Btu/Ibm 
Zg - Z, = pressure correction (see Fallon and Watson for table of values) 

R = universal gas constant 
Tc = critical temperature, OR 

14Fallon and Watson, "Thermal Properties," p. Rw372. 
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T, = reduced temperature 
A, b = constants (see Fallon and Watson for ways to calculate values) 

or (a somewhat less accurate equation)" 

( 
Te )2( I - T, )0.38 

M/", = O.95RTe TB _ 43 I - T,B 

where Te = molal average boiling point, oR 
T, = reduced temperature 

T,e = reduced Te 

Boiling-point relations 

" 
(a) tv = L: Xvi tbi 

i=i 

where Xoi = volume fraction of the ith component of the petroleum fraction 
fbi = normal boiling point of the midpoint of the ith volume fraction, of 

or oR 
n = number of volume fractions in the distillation curve to characterize the 

petroleum product 

13K. M. Watson, "Thermodynamics of the Liquid State," Ind. Eng. Chem., v. 35, p. 398 (1943). 
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200.---.----.---,---,----,---,---,----,---,---, 

80f----I--t---j', 

Average boiling point, of 

Figure K.5 Heats of vaporization of hydrocarbon and petroleum fractions at 1.0 
atmosphere pressure. 

(b) 

where I = cubic average boiling point, of 
Vi = volume fraction i of a petroleum product having a normal boiling point 

of Ii 
h = temperature, OF 

(c) 

where Ix = molar average boiling point, OF 
Xi = the mole fractions of the narrow boiling range with normal boiling 

points Ii 
ti = temperature, OF 

(d) 
- tx + t 
tM =----

2 

where t/tf is the mean average boiling point, OF. 
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Appendix L 

SOLUTION OF SETS 
OF EQUATIONS 

L.1 INDEPENDENT LINEAR EQUATIONS 

This appendix contains a brief summary of methods of solving linear and nonlinear 
equations. It is only a summary; for details consult one of the numerous texts on nu
merical analysis that can be found in any library. 

If you write several linear material balances, say m in number, they will take 
the form 

(L.l) 

or in compact matrix notation 

ax = b (L.la) 

where Xl, X2, . , . , Xn represent the unknown variables, and the aij and bi represent 
the constants and known variables. As an example of Eq. (L.I), we can write the 
three component mass balances corresponding to Fig. L.I: 

0.50(100) = 0.80(P) + 0.05(W) 

0.40(100) = 0.05(P) + 0.925(W) (L.2) 

1 OJ = 11 1 <;1 p\ + 11 1l?<;IW\ 
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Composition 

50% EIOH 

40 H20 

10 MeOH 

Solution of Sets of Equations 

F = 100 kg 

Composition 

{ 

EIOH 5.0% 

W = ? H20 92.5 

MeOH 2.5 

System 
Boundary 

p=? 

Figure L.l. Data for a material balance. 

Composition 

80% EtOH 

5 H2O 

15 MeOH 

App. L 

(a) There is no set of x's that satisfies Eq. (L.I). 
(b) There is a unique set of x' s that satisfies Eq. (L.I). 
(c) There is an infinite number of sets of x's that satisfy Eq. (L.I). 

Figure L.2 represents each of the three cases geometrically in two dimensions. 
Case I is usually termed inconsistent, whereas cases 2 and 3 are consistent; but to an 
engineer who is interested in the solution of practical problems, case 3 is as unsatis
fying as case I. Hence case 2 will be termed determinate, and case 3 will be termed 
indeterminate. 

To ensure that a system of equations represented by (L.I) has a unique solu
tion, it is necessary to first show that (L.l) is consistent, that is, that the coefficient 

, , , , , 

CASE 1 

x, 
2 

2 x, 

-: ) 
xl + x, - -1 x + x = 1 , , 
No solution - the lines 
never intersect 

CASE 2 

-2 -1 
-1 

/ 
/~2 

A unique solution - the 
lines intersect 

-2 

CASE 3 

x,+x2 =1 

2x, +2x2 = 1 

An infinite number of 

solutions - the lines 
coincide 

Figure L.2. Types of solutions of linear equations. 
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matrix a and the augmented matrix [a, b] must have the same rank r. Then, if 
n = r, the system (L.l) is determinate, whereas if r < n, as may be the case, then 
the number (n - r) variables must be specified in SOme manner or determined by 
optimization procedures. If the equations are independent, m = r. 

As an illustration of these ideas, consider the case of the three equations corre
sponding to the set of Eqs. (L.2) in which we have more equations than unknowns 
(m > n). The matrix [a, b] is 

[

0.80 0.05 50] 
[a, b] = 0.05 0.925 40 

0.15 0.025 10 

Note how the rank of a (the rank of a matrix is given by the size of the largest 
nonzero determinant that can be formed from the matrix), the matrix composed of 
the first two columns, can at the most be 2 and that the rank of [a, b] is also 2 be
cause the determinant of [a, b] is zero. To obtain a consistent set of equations, one 
of the three material balances must be eliminated, leaving two equations in two un
knowns, P and W, that have a unique solution (m = r = 2 and n; 2). The third 
equation is a redundant equation. It would probably be best to pick the two equations 
in which the coefficients were known with the greatest precision. 

As another example, consider a set of 10 equations involving 16 unknowns 
(m < n) so that (n - m) = 6. Consequently, six more variables must be specified 
in some manner before the system of equations becomes determinate. 

Next, suppose that you are interested in solving n linear independent equations 
in n unknown variables: 

au Xl + a12X2 + ... + QlnXn = hI 

ax = b (L.3) 

QnlXt + Q n2X2 + ... + annXn = bn 

In general there are two ways to solve Eq. (L.3) for x" ... , x.: elimination tech
niques and iterative techniques. Both are easily executed by computer programs. In 
the pocket in the back cover of this book you will find a disk containing Fortran 
computer programs that can be used in solving sets of linear equations. We shall il
lustrate the Gauss-Jordan elimination method. Other techniques can be found in 
texts on matrices, linear algebra, and numerical analysis. 

The essence of the Gauss-Jordan method is to transform Eq. (L. 3) into Eq. 
(L.4) by sequential nonunique elementary operations on Eq. (L.3): 

Xl + 0 + ... + 0 = b; 
o + X, + ... + 0 = bj (L.4) 

o + 0 + ... + x. = b; 
Equation (L.4) has a solution for x" ... ,X. that can be obtained by inspection. 
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EXAMPLEL.l 

To illustrate the elementary operations that are required to execute the Gauss-Jordan method, 
consider the following independent set of three equations in three unknowns: 

The augmented matrix is 

4xI + 2x, + X3 = 15 

20xI + 5x, - 7X3 = 0 

8xI - 3x, + 5X3 = 24 

~ -~ I~] 
-3 524 

(I) 

(2) 

(3) 

Take the all element as a pivot. To make it 1 and the other elements in the first column zero. 
carry out the following elementary operations shown in order for each row: 

(a) Subtract (lJ) Eq. (I), from Eq. (2). 
(b) Subtract (b Eq. (I), from Eq. (3). 
(c) Multiply Eq. (I) by i. 

to get 

neweq. no. 

(la) 

(2a) 
(3a) 

Carry out the following elementary operations to make the pivot element a22 equal to I 
and the other elements in the second column equal to zero: 

(d) subtract W)/ -5] of Eq. (2a), from Eq. (Ia). 
(e) Subtract (-7/-5) of Eq. (2a), from Eq. (3a). 
(f) Multiply Eq. (2.) by (1/-5). 

to obtain 

new eq. no. 

[

I 0 -~ -¥] (Ib) 
o I ¥ 15 (2b) 
o 0 lt 99 (3b) 

Another series of elementary operations (left for you io propose) leads to • I for the el
ement a33 and zeros for the other two elements in the third column: 

[
I 0 0 I] 
o 103 
o 0 I 5 
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The solution to the original set of equations is 

X2 = 3 

X3 = 5 

as can be observed from the augmentation column. 
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To obtain good accuracy and avoid numerical errors, the choice of the pivot should be 
made by scanning all the eligible coefficients and choosing the one with the greatest magni
tude for the next pivot. For example, you might choose Q2! for the first pivot, and then find 
that Q31 would be the next pivot and finally an the last pivot to give 

[~ ~ ~ n 
By exchanging rows I and 2, you get exactly the form as (L.4). 

EXAMPLE L,2 

Solution 

Determine the number of independent components (which is the same as the number of inde
pendent material balances) for a process involving the following two competing reactions: 

CO + 2H, ----> CH30H 

CO + 3H, ----> CH4 + H20 

Prepare a matrix in which the rows are the atomic species for which the balances are to be 
made and the columns are chemical compounds entering and leaving the process. Each ele
ment in the matrix is the number of atoms in the chemical compound. 

H 
o 
C 

H2 H20 CO CH4 CH3 0H 

[~ 
2 

1 
o 

o 4 

o 

Transform the matrix by elementary operations so that there are l' s on the main diagonal 
starting at the all position, and only zeros below the main diagonal. The sum of the diagonal 
elements [starting at the all position] is the rank of the matrix that is equivalent to the number 
of components. Do you get three for the matrix above? 

The number of independent components is not always equal to the number of 
atomic species, as shown in the next example. 

EXAMPLE L,3 

Determine the number of independent components for a process involving the following reac
tion: 

SO, + H,O ----> H,SO, 
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Solution 

Form the species matrix and determine its rank. 

H2O SO, H2SO, 

H[ 2 
0 !] S 0 1 

o 1 3 

Are you able to make the transformation to 

H2O SO, H2SO, 

H[ 1 
0 

~J S 0 1 
o 0 0 

Note that the rank of the matrix is 2, not 3; hence only two independent components exist for 
independent material balances. 

To summarize, you will find the information flow diagram in Fig. L.3 helpful. 
Linear equations can also be solved by the iterative methods described in the next 
section. 

Sel of m Ilneor equoltons 
wllh n unknown vanables 

Figure L.3. a is the m x n matrix of the coefficients in the equations, and [a, b] 
is the m x (n + 1) augmented matrix. 

L.2 NONLINEAR INDEPENDENT EQUATIONS 

The precise criteria used to ascertain if a linear system of equations is determinate 
cannot be neatly extended to nonlinear systems of equations. Furthemore, the solu
tion of sets of nonlinear equations requires the use of computer codes that may fuil to 
solve your problem for one or more of a variety of reasons, a few of which are men
tioned below. The problem to be solved can be written as 

J;(XI, . , Xn) =0 

) !2(X" . ,x.) = 0 
f(x) = 0 (L.5) 

!.(Xl, . , Xn) =0 
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where each function j,(xt, ... , x,) corresponds to a nonlinear function containing 
one or more of the variable whose values are unknown. 

Figure LA classifies the major general methods of solving systems of nonlinear 
equations. Within each category and as combinations of categories you can find in
numerable variations and submethods in the literature and available as computer 
codes. Table L.l lists several of the computer codes that can be found in most com
puter center libraries and can be used to solve sets of nonlinear equations. In the disk 
in the pocket in the back of this book is a simple Fortran code that makes use of the 

Wegsfein .- Acceleration (1) 

Successive r--Substitution 

Dominant 
'-- Eigenvalues 

Acceleration (2) 

.- Quasi-Newton (3) r--
Newton r-- I-- Minimization (6) 

f-- Secant (3) r--

'--
Levenberg- r--Marquardt {4} 

r- Continuation {5} 

Differential I--Homotopy 

'-- Discrete 

Figure L.4. General categories of techniques to solve nonlinear equations. 
References for Figure AL.4 
I. Wegstein, 1. H., Commu. ACM. vol. I, p. 9 (1958) 
2. Orbach, 0., and C. M. Crowe, Can. J. Chem. Eng .. vol. 49, p. 509 (1971). 
3. Dennis, J. E. and R. B. Schnabel, Numerical Methods for Unconstrained Opti-

mization and Nonlinear Equations, Prentice-Hall, Englewood Cliffs, N.J., 1983. 
4. Marquardt, D., SIAM J Appld. Math., vol. II, p. 431 (1963). 
5. Davidenko, D., Ukrain Math., vol. 5, p. 196 (1953). 
6. Edgar, T. F. and D. M. Himmelblau, Optimization of Chemical Processes. 

McGraw-Hill, New York, 1988. 
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TABLE L.1 Computer Codes to Solve Sets of Nonlinear Equations 

Code 

C05NAF 

DEPAR 

HYBRD 

SOSNLE 

Various 

ZSYSTM 

Method 

Powell's hybrid 

Homotopy plus Newton 

Powell's hybrid 

Homotopy 

Brown's method 

Newton, secant 

Brent's method 

Source 

NAG, 1101 31st St., Suite 100, Downers 
Grove, IL 60515 

Algorithm 502, ACM Trans. Math. Software, 
v. 2, p. 98 (1976) 

MINIPACK, Argonne Natl. Lab., Argonne, IL 
60439. 

J. D. Seader, Dept. Chern. Eng., University 
of Utah, Salt Lake City, UT 84112. 

Numerical Math. Div., Sandia Natl. Lab., 
Albuquerque, NM 87185 

1. E. Dennis, and R. B. Schnabel, Numerical 
Methods for Unconstrained Optimization and 
Nonlinear Equations, 1983, Appendix A, 
Prentice-Hall, Englewood Cliffs, NJ 07632 

IMSL, 7500 Bellaire Blvd., Houston, TX 
77036 

basic Newton method. However, it is only a simplified code, and for professional 
work a more robust code should be employed. 

Newton's Method 

Refer to equations (L.5). For a single equation (and variable), j(x) = 0, Newton's 
method uses the expansion of j(x) in a first-order Taylor series about a reference 
point (a starting guess for the solution) Xo. 

dj(xo) 
j(x) = j(xo) + ~(x - xo) (L.6) 

Note that Eq. (L.6) is a linear equation which is tangent toj(x) atxo. Examine Fig. 
L.5. The right-hand side of Eq. (L.6) is equated to zero and the resulting equation 
solved for (x - xo). 

j(Xo) 
x - Xo = - dj(xo)/dx (L.7) 

For example, suppose thatj(x) = 4x3 
- I = 0, hence dj(x)/dx = 12x2

• The 
sequence of steps to apply Newton's method using Eq. (L. 7) starting at Xo = 3 
would be 

4x3 - I 
Xl = Xo -

12x2 

= 3 - :~~ = 2.009259 
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fIx) 
df(xo) 

f(xo) + ---,;;- (x - xo) is 

tangent to fix) of xk 

x 

Figure L.S. Newton's Method applied to the solution off(x) = 0 starting atx,l:. 
Xk+l is the next reference point for linearization. x* is the solution. 

31.4465 
X2 = 2.00926 - 48.4454 1.36015 

Additional iterations yield the following values for x,: 

k x, 

0 3.00000 
1 2.009259 
2 1.3601480 
3 0.9518103 
4 0.7265254 
5 0.6422266 
6 0.6301933 
7 0.6299606 
8 0.6299605 
9 0.6299605 

so that the solution is given with increasing precision as k increases. 
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Suppose that two independent equations in two variables whose values are to 
be determined are 

!,(xt, X2) = 0 

f,(x" X2) = 0 
(L.8) 

To apply Newton's method, expand each equation as a first-order Taylor series to get 
a set of linear equations at the point (XIO, X20). 
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afbw, X20) afl(xw, XZO) 
fl(xJ, XZ) = fl(XW, X20) + (XI - XW) + (XZ - XZO) 

ax} aX2 
(L.9) 

a fz(xw, XZO) a f,(Xw, XZO) 
f,(XJ, Xz) = f,(xw, XZO) + (XI - Xw) + (Xz - XZO) 

aXI aX2 

Let the partial derivatives be designed by the constants aij = a fJ aXj to simplify the 
notation, and let (XI - XiQ) = fu:1. Then, after equating the right-hand side of Eqs. 
(L.9) to zero, they become 

all AXI + alZ fu:z = - fl(XW, X20) 
(L.lO) 

a21 Ax\ + a22 fu:2 = - f,(xw, XZO) 

These equations are linear and can be solved by a linear equation solver to get the 
next reference point (XII, X21). Itenition is continued until a solution of satisfuctory 
precison is reached. Of course, a solution may not be reached, as illustrated in Fig. 
L.6c, or may not be reached because of round-off or truncation errors. If the Jaco
bian matrix [see Eq. (L.ll) below] is singular, the linearized equations may have no 
solution or a whole family of solutions, and Newton's method probably will fail to 
obtain a solution. It is quite common for the Jacobian matrix to become ill-condi
tioned because if Xo is far from the solution or the nonlinear equations are badly 
scaled, the correct solution will not be obtained. 

The analog of (L.lO) in matrix notation is 

J,(x - x,) = -f(Xk) (L.ll) 

where J is the Jacobian matrix (the matrix whose elements are composed of the first 
partial derivatives of the equations with respect to the variables). For two equations 

Quasi-Newton Methods 

x = [~:J 
f = [~] 

A quasi-Newton method in general is one that imitates Newton's method. Iff(x) is 
not given by a formula, or the formula is so complicted that analytical derivatives 
cannot be formulated, you can replace df / dx in Eq. (L. 7) with a finite difference ap
proximation 

f(x) 
Xk+\ = X, - [f(x + h) - f(x - h)]/2h (L.12) 

A central difference has been used in Eq. (L.12) but forward differences or any 
other difference scheme would suffice as long as the step size h is selected to match 
the difference formula and the computer (machine) precision for the computer on 
which the calculations are to be executed. 
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x, 

A 
Unique (0) 
Solution 

I,(x" x,) = 0 

x' x, 

x, 
I,(x" x,) = 0 

MUltiple (b) 
Solutions 

I,(x" x,) = 0 

x, 

x, 

~f2(Xl)X2)=O No 
Solution (e) 

~"(X"x,)=O 
Exists 

x, 

Figure L.6. Possible cases for the solution of two independent nonlinear equa
tions!l(x\, Xz) = 0 and!2(X" Xz) = 0 in two unknown variables. 
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Other than the problem of the selection of the value of h, the only additional 
disadvantage of a quasi-Newton method is that additional function evaluations are 
needed on each iteration k. Eq. (L.12) can be applied to sets of equations if the par
tial derivatives are replaced by finite difference approximations. 

Secant Methods 

In the secant method the approximate model analogous to the right hand side of Eq. 
(4.6) (equated to zero) is 

!(Xk) + m(x - Xk) = 0 (L.13) 

where m is the slope of the line connecting the a point Xk and a second point Xq , 

given by 
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m= 
f (Xq) - f (Xk) 

Xq - Xk 

Thus the secant method, imitates Newton's method (in this sense the secant method 
is also a quasi-Newton method (see Figure L.7) 

Secant methods start out by using two points Xk and Xq spanning the interval of 
x, points at which the values off(x) are of opposite sign. The zero off(x) is pre
dicted by 

i = x _ f(xq) 
q f(xq) - f(Xk) 

(L.14) 

Xq - Xk 

The two points retained for the next step are i and either Xq or Xk, the choice being 
made so that the pair of values f (i) , and eitherf(xk) orf(xq), have opposite signs to 
maintain the bracket on x *. (This variation is called "regula falsi" or the method of 
false position.) In Figure L. 7, for the (k + I)st stage, i and Xq would be selected as 
the end points of the secant line. Secant methods may seem crude, but they work 
well in practice. The details of the computational aspects of a sound algorithm to 
solve multiple equations by the secant method are too lengthy to outline here (partic
ularly the calculation of a new Jacobian matrix from the former one; instead refer to 
Dennis and Schnabel"). 

The application of Eq. (L.14) yields the following results for f (x) = 
4x' - 1 = 0 starting at Xk = -3 and Xq = 3. Some of the values off (x) and x dur
ing the search are shown below; note that Xq remains unchanged in order to maintain 
the bracket withf(x) > O. 

f(xl 

o 
x 

f(xl 

Figure L.7. Secant Method for the solution ofj(x) = O. x* is the solution, i the 
approximate to x *, and Xq and Xk the starting points for iteration k of the secant 
method. 

I Dennis, J. E. and R. B. Schnabel, Numerical Methods for Unconstrained Optimization and Non
linear Equations (1983, Appendix A) Prentice-Hall, Englewood Cliffs, NJ 07632. 



k X, Xk I (x,) 

0 3 -3 -109.0000 
1 3 0.0277778 - 0.9991 
2 3 0.055296 0.9992 
3 3 0.0825434 0.9977 
4 3 0.1094966 0.9899 
5 3 0.1361213 0.9899 

20 3 0.4593212 - 0.6124 
50 3 0.6223007 0.0360 

100 3 0.6299311 1.399 x 10-' 
132 3 0.6299597 3.952 x 10-6 

Brent's and Brown's Methods 

Brent'sb and Brown's' methods are variations of Newton's method that improve 
convergence. The calculation of the elements in Jk in Eq. (L.ll) and the solving of 
the linear equations are intermingled. Each row of Jk is obtained as needed using the 
latest information available. Then one more step in the solution of the linear equa
tions is executed. Brown's method is an extension of Gaussian elimination; Brent's 
method is an extension of QR factorization. Computer codes are generally imple
mented by using numerical approximations for the partial derivatives in Jk. 

Powell Hybrid and Levenberg-Marquardt Methods 

Powell' and Levenberg'-Marquardt' calculated a new point X(k+l) from the old one 
X(k) by (note in the next two equations the superscript (k) is used instead of a sub
script k to denote the stage of iteration so that the notation is less confusing) 

(L.15) 

where AX(k) was obtained by solving the set of linear equations 

"" " 22 [I-' (k) I ij + 22 fir) l~)lAxj') = - 22 lir) f,(X(k» i=l, ... , n (L.16) 
j=l t""'l t=1 

where Iij is an element of the unit matrix I and I-'(k) is a non-negative parameter 
whose value is chosen to reduce the sum of squares of the deviations (fi- 0) on each 
stage of the calculations. Powell used numerical approximations for the elements of 
J. In matrix notation Eq. (L.16) can be derived by premultiplying Eq. (L.ll) by Jf. 

Jf JkAxk = -Jf f(xk) 

and adding a weighting factor I-'k I to the left hand side to insure JD is positive 
definite. 

bBrent, R. P., SIAM J. Num. Allal., vol. 10, p. 327 (1973). 
cBrown, K. M., PhD Dissertation, Purdue University, 1966. 

dPowell, M.J.D. in Numerical Methods for Nonlinear Algebraic Equations. ed. P. Rabinowitz, 
Chapt. 6, Gordon Breach, New York, 1970. 

'Levenberg, K., Quart. Appld. Math., vol. 2, p. 164 (1944). 
'Marquardt, D. W., J. SIAM, vol. 11, p. 431 (1963). 715 
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Minimization Methods 

The solution of a set of nonlinear equations can be accomplished by minimizing the 
sum of squares of the deviations between the function values and zero. 

" 
Minimize F = 2:: fl(x) i = 1, ... ,m 

1=1 

Edgar and Himmelblau' list a number of codes to minimize F including codes that 
enable you to place constraints on the variables. 

Method of Successive Substitutions 

Successive substitution (or resubstitution) starts by solving each equationj,(x) for a 
single (different) output variable. For example, for three equations, you solve for an 
output variable (J2 for Xlo Is for x" andf, for X2) 

f,(x) = 3x, + X2 + 2x, - 3 = 0 

f,(x) = -3x, + 5xl + 2x,x, - I = 0 

f,(x) = 25xIX2 + 20x, + 12 = 0 

and rearrange them as follows 

5x~ 2X3X\ 1 
X, = F,(x) = 3 + -3- - 3 

X2 = F2(x) = -3xI - 2x, + 3 

x, = F,(x) = _ 25x IX2 _ 12 
20 20 

x = F(x) (L.17) 

An initial vector (XIO, X20, X30) is guessed and then introduced into the right hand side 
of (L.17) to get the next vector (XII, X210 X'I), which is in turn introduced into the 
right hand side and so on. In matrix notation the iteration from k to k+ I is 

x,+, = F(x,) (L.18) 

For the procedure of successive substitution to be guaranteed to converge, the 
value of the largest absolute eigenvalue of the Jacobian matrix of F(x) evaluated at 
each iteration point must be less than (or equal to) one. If more than one solution ex
ists for Eqs. (L.17), the starting vector and the selection of the variable to solve for 
in an equation controls the solution located. Also, different arrangements of the 
equations and different selection of the variable to solve for may yield different con
vergence results. 

The Wegstein and Dominant Eigenvalue methods listed in Figure L.3 are use
ful techniques to speed up convergence (or avoid non -convergence) of the method of 

&Edgar, T. F., and D. M. Himmelblau, Optimization ajChemical Processes, Chapters 6 and 8, 
McGraw-Hill, New York, 1988. 
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successive substitutions. Consult the references cited in Figure L.3 for the specific 
details. 

Wegstein's method, which is used in many fiowsheeting codes, accelerates the 
convergence of the method of successive substitutions on each iteration. In the se
cant method, the approximate slope is 

m= 
j (x,) - j (Xk-l) 

where x, is the value of x on the klh (current) iteration and Xk-I is the value of x on 
the (k - l)sl (previous) iteration. The equation of a line through x, andj(xk) with 
slope m is 

j(x) - j(x,) = m(x - Xk). 

In successive substitutions we solve x = j(x). Introduce x = j(x) into the 
equation for the line 

x - j(x,) = m(x - x,) 

and solve for x: 

I m 
x = --j(x,) - --x,. 

I-m I-m 

Lett = -1-
1-. Then for the (k + l)sl (next) iteration, -m 

Xk+1 = (I - I)X, + Ij(Xk). 

For the solution of several equations simultaneously, each x is treated indepen
dently, a procedure that may possibly cause some instability if the x's interact. In 
such cases, an upper limit should be placed on I, say 0 ::5 1 ::5 I. The Wegstein al
gorithm is for stage k. 

1. Calculate x, from the previous stage. 
2. Evaluate j (x,). 
3. Calculate m and t. 
4. Calculate XH I. 

5. Set x, -> X'+I and repeat the above, starting with 2. 
6. Terminate when Xk+1 - x, < tolerance assigned. 

Homotopy (Continuation) Methods 

Homotopy methodsh., can be viewed as methods that widen the domain of conver-

'M. Kubicek, "Algorithm 502," ACM TrailS. Math. Software, v. 2, p. 98 (1976). 
'w. 1. Lin, 1. D. Seader, and T. L. Wayburn, A/ChE J., v. 33, p. 886 (1987). 
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gence of any particular method of solving nonlinear equations, or, alternatively, as a 
method of obtaining starting guesses satisfactorily close to the desired solution. A 
set of functions F(x) is modified as follows to be a linear combination of a parameter 
t: 

F(I<, t) = F(x) + (I - t)F(xo) = 0 (L.19) 

where t is a scalar parameter such that when t is a fixed number the trajectory F(x, 
t) = 0 occurs [a mapping of F(x)] and when t = I the trajectory of the set of equa
tions reaches the desired solution F(x*) = O. With this definition x describes a curve 
in space (a continuous mapping called a homotopy) with one end point at a known 
value (the starting guess) for x, namely XQ, and the other end point at a solution of 
F(x) = 0, x*. 

Lin et ai. outline the procedure, which is first to determine x and t as functions 
of the arc length ofthe homotopy trajectory. Then Eq. (L.19) is differentiated with 
respect to the arc length to yield an initial value problem in ordinary differential 
equations. Starting at Xo and to, the initial value problem is transformed by using Eu
ler's method to a set of linear algebraic equations that yield the next step in the tra
jectory. The trajectory may reach some or all of the solutions of F(x) = 0; hence 
several starting points may have to be selected to create paths to all the solutions, 
and many undesired solutions (from a physical viewpoint) will be obtained. A num
ber of practical matters to make the technique work can be found in the review by 
Seydel and Hlavacek.i 

SUPPLEMENTARY REFERENCE 

RHEINBOLT, W. C., Numerical Analysis of Parameterized Nonlinear Equations. Wiley-Inter
science, New York, 1986. 

jR. Seydel, and V. Hlavacek, Chem. Eng. Sci., v. 42, p. 1231 (1987). 



Appendix M 

FITTING FUNCTIONS 
TO DATA 

Frequently, you would like to estimate the best values of the coefficients in an equa
tion from experimental data. The equation might be a theoretical law or just a poly
nomial, but the procedure is the same. Let y be the dependent variable in the equa
tion, b i be the coefficients in the equation, and Xi be the independent variables in the 
equation so that the model is of the form 

y = !(bo, b\, ... ; Xo, X\, ... ) (M.I) 

Let erepresent the error between the observation ofy, Y, and the predicted value of 
y using the values of Xi and the estimated values of the coefficients bi: 

Y=y+e (M.2) 

The classical way to get the best estimates of the coefficients is by least 
squares, that is, by minimizing the sum of the squares of the errors (of the devia
tions) between Y and y for all the j sets of experimental data: 

p p 

Minimize F = 2: (ej? = 2: (Yj - !)' (M.3) 
j=l i'''''l 

Let us use a model linear in the coefficients with one independent variable X 

y = bo + b,x (M.4) 

(in which Xo associated with bo always equals I in order to have an intercept) to illus
trate the principal features of the least-squares method to estimate the model 
coefficients. The objective function is 

p p 

F = 2: (Yj - y)' = 2: (Yj - bo - b,xj)' 
j=l j=l 

(M.5) 
719 
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There are two unknown coefficients, bo and bI, and p known pairs of experimental 
values of }} and Xj. We want to minimize F with respect to bo and bl • Recall from 
calculus that you take the first partial derivatives of F and equate them to zero to get 
the necessary conditions for a minimum. 

aF P 
- = 0 = 2 2: (Yj - bo - blxj) (-I) 
abo j~1 

(M.6a) 

aFo P 
- = 0 = 2 2: (Yj - bo - blxj) (-x) 
ab l j~1 

(M.6b) 

Rearrangement yields a set of linear equations in two unknowns, bo and bl : 

P P P 

2: bo + 2: blxj = 2: }} 
j=l j=J j=l 

P P P 

2: boxj + 2: blxJ = 2: Xj}} 
j=J f=1 j=J 

The summation ~f" I bo is (p )(bo) and in the other summations the constants bo and h 
can be removed from within the summation signs so that 

p p 

bo(p) + bl 2: Xj = 2: }} (M.7a) 
j=i j=l 

P P p 

bo2: Xj + bl 2:xJ = 2: Xj}} (M.7b) 
j=l j=1 j=l 

The two linear equations above in two unknowns, bo and bl , can be solved quite eas
ily for bo the intercept and bl the slope. 

EXAMPLE M.I Application of Least Squares 

Solution 

Fit the model y = {30 + {31 X to the following data (Y is the measured response and x the in
dependent variable). 

x Y 

o 0 
I 2 
2 4 
3 6 
4 8 
5 10 

The computations needed to solve Eqs. (M.7) are 

2: Xj = 15 2: Xj}} = 110 
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Then 

Fitting Functions to Data 

LY;=30 L xJ = 55 

6bo + 15b, = 30 

15bo + 55b, = 110 

Solution of these two equations yields 

bo = 0 

and the model becomes Y = 2x, where Y is the predicted value for a given x. 
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The least-squares procedure outlined above can be extended to any number of 
variables as long as the model is linear in the coefficients. For example, a polyno
mial 

y = a + bx + ex' 

is linear in the coefficients (but not in x), and would be represented as 

y = bo + blx, + b,x, 

where a = bo, b = b" e = b" XI = x, and x, = x'. Linear equations equivalent to 
Eqs. (M.7) with several independent variables can be solved via a computer. If the 
equation you want to fit is nonlinear in the coefficients such as 

y = boe blX + b2x2 

you can minimize F in Eq. (M.3) directly by the computer program on the disk in 
the back of this book, or by using a nonlinear least-squares computer code taken 
from a library of computer codes. 

Additional useful information can be extracted from a least-squares analysis if 
four basic assumptions are made in addition to the presumed linearity of y in x: 

1. The x's are deterministic variables (not random). 
2. The variance of Ej is constant or varies only with the x's. 
3. The observations Y; are mutually statistically independent. 
4. The distribution of Y; about Yj given Xj is a normal distribution. 

For further details, see Box, Hunter, and Hunter' or Box and Draper'. 

10. E. P. Box, W. G. Hunter, and J. S. Hunter, Statisticsjor Experimenters, WileY-Interscience. 
New York. 1978. 

20. E. P. Box and N. R. Draper, Empirical Model Building and Response Surfaces, Wiley, New 
York. 1987. 



ANSWERS TO SELECTED 
PROBLEMS 

Chapter 1 

Appendix N 

1.2 (a) 6.707 x 108; (b) 116.45; (c) 96.6; (d) 91.44 
1.7 5.86 W; 17.58 W 

1.12 (a) 40; (b) 30; (c) 2293; (d) 8; (e) 400; (f) 2 
1.18 J/(s)(m')(°C) 
1.21 No 
1.22 I; 1.248 x 10'; 2: 2.10 X 10' 
1.30 (a) 9.9 x 10' g; (b) 408.3 Ib; (c) 22.6 Ib 
1.31 (a) ll.45 Ib; (b) 201 Ib; (c) 41,100 lb 
1.38 0.03ll lb mol H,SO"/gal 
1.42 59.29 Ib/ft' and 7.93 lb/gal 
1.45 He: 0.167; N,: 0.389; 0,: 0.444 
1.49 Yes 
1.51 (a) 42.412 Llmin 
1.54 (a) 34; (b) 0.125 

1.58 ClL: 8.5%; C,H, 4.0%; CO,; 87.5% 

1.62 Analysis: A: 32.2%; B: 27.2%; C: 40.6% mol 
1.66 (a) 21.1 °c, 294 K, 5300R 
1.67 -321.4°P; 138.6°R for N,; -268.8°C, 4.4 K for He 
1.72 (a) 6.9 x 10' N/m', 69 kN/m'. 69 kPa; (b) I atm, 101.3 kN/m', 0.1013 MN/m' 
1.74 63.8 psia 
1.80 (a) ll5 ft; (b) No 
1.84 655 rom Hg 
1.94 0.42 kPa 
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1.97 Yes, yes, yes 
1.101 (b) 4.47 g; (d) 3.41 g; (f) 6.08 Ib; (b) 8.21 Ib 
1.104 30.8 Ib 0, 
1.109 (a) 609 ton S; (b) 913.5 ton 0,; (c) 342.6 ton H,O 
1.115 (a) 33% excess C; (b) 86.0% Fe,O, 
1.119 (a) C; (b) Ca,(p04)' and SiO,; (c) 0.170 

Chapter 2 

2.2 Yes 
2.5 (a) unsteady state, open 
2.8 4 balances including total material balance; 3 are independent 

2.11 No stream values; 2 compositions; no. 
2.13 CO,(13%), H,0(14.3%), N,(67.6%), 0,(5.1%) 
2.16 (a) CO,(14.1%), SO,(0.32%), H,O(6.5%), N,(75.8%), 0.,(3.37%) 
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(b) H,O(6.4O%), SO,(0.32%), CO,(11.4%), CO(2.08%), 0,(5.07%), N,(74.96%) 
2.22 CO,(8.2%), CO(3.5%), 0,(5.4%), N,(82.3%) 
2.25 47.8 kg 
2.31 (a) 33%; (b) 8.0 
2.36 0.801 ton 

2.39 417 spent acid, 1761b concentrated HNO" 407 Ib concentrated H,S04 
2.45 (a) A(0.600), B(0.350), C(0.05); (b) an infinite number of solutions exist 
2.50 7980 gal/hr 
2.S3 0.236 mol airlmol exhaust gas 

2.SS 2 
2.59 8 unknowns (C, D, E, F, G, H, -"F.e" -"F.e,; balances: unit 1-3, unit 2-2, unit 3-3 for a 

total of 8. Note: 1 - -"F.e, - -"F.e, can be added by including one more unknown 
2.62 P = 35.9; Xc. = 0.504, Xc. = 0.496 
2.67 (a) 53% 

2.68 ratio = 0.199 mol Rlmol SiCL. exiting 
2.69 R = 7670 kglhr 
2.74 (a) B = 586 Ib/hr; (b) D = 4141b/hr; (c) Fraction = 0.551 
2.80 80.8% 
2.8S (a) 14.25 kg mol; (b) 29.7 kg mol 

Chapter 3 

3.1 1.026 L 
3.5 1.46 x 10-' kg H,O 

3.11 (a) 0.107 ft' at 125 psia and T; (b) 1.017 ft' at 14.7 psia and T 
3.16 0.325 ft' 
3.20 3.56 ft' at 70° F, 29.4 in. Hglft' gas at 9O"F, 35 in. Hg 
3.25 (a) 0.080; (b) 15.47 m' at 300 K and 101.4 kPaJkg fuel 
3.29 C,H. 
3.34 (a) 0.0952 kglm'; (b) 0.069 = sp.gr. 
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3.37 pressure CO, = 17.7 mm Hg 
3.41 (a) N, (83.35%), CO, (11.06%), H,(5.59%); (b) 2.187; (c) 28.26 
3.44 van der Waals: 10.60 g mol; Redlich-Kwong: 10.61 g mol 
3.49 (a) 26.5 atm; (b) 26.5 atm; (c) 25.95 atm 
3.51 500'R 
3.54 24.61b 
3.58 435 K 
3.63 (n,/n,) = 0.291 for the real gas 
3.67 31.9 kg/m' at 393 K and 3500 kPa 

App.N 

3.71 (n) 194.6 mm Hg vs. 199.1 from handbook; T = 316A'K (43A°C) vs. 42.7 from 
handbook 

3.74 27 atm at lOO'C 
3.79 (a) 47.6 ft' at 9O'F and 29.80 in. Hg; (b) 0.107Ib H,O 
3.83 0,: 296 ft' at 745 mm, 25'C; C,H,: 54 ft' at 745 mm, 25°C 
3.67 T - 82°C; mol fro C,R, - 0.73, hence condensation occurs starting at - 88°C 
3.91 Bubble point: 375.1 K; Dewpoint: 381.5 K 
3.96 561.6 total mol liquid and 566.4 total mol vapor 

3.100 (a) 12.3%; (b) 14.9%; (c) 75'F 
3.104 (a) 2.75 x 10-' mol Bz/mol gas; (b) 2.758 x 10-' mol Bz/mol Bz free gas 

(c) 0.0074; (d) 0.023 
3.110 717 ft' at 30'C and 750 mm Hg 
3.115 47.4°C 
3.119 (8) CO, (6.7%), CO(12.4%), 0,(18.1%), N,(62.8%); (b) 35.8 ft' air at T and p/lb 

H,C,04; (c) 106.2 ft' at T and p/lb H,C,04, (d) Ill'F 
3.122 (a) 89 ft'/min; (b) 1180 mm Hg 
3.125 37,920 ft' at 70'F and 760 mm Hg 
3.129 2 
3.131 (1):1; (2):1, (3):4 
3.133 (1):1 

Chapter 4 

4.1 (a) 2.5 x lO" cal/kg; (b) 1.048 x 10' J/kg; (c) 2.91 x 10-' (kW)(hr)lkg; 
(d) 3.5 x 104 (ft)(lb,)I(lbm ) 

4.4 8.56 x 10-4; 6.20 x 10-' if the units of Dare cm and Gg/(min)(cm') 

4.12 1.55 (ft)Ob,) 
4.174.4 kW 
4.21 5 x 10' W 
4.24 -2.50 x 10' Jig mol 
4.27 All yes except internal energy (a.U would be yes). 
4.29 C, = 36.7 + 0.0403T - 0.0000221 T' 
4.33 (0) Cp = 6.852 + 1.62 x IO-'T"" - 0.26 x 10-'1""" 
4.34 (a) Kopp's rule: 33.8 calJ(g moI)('C); 32.8 calJ(g moI)('C) from Perry; 

(b) 62.4; 65.41 from Perry (c) 133.0 calJ(g moI)("C) 
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4.37 3759 caUg mol 
4.43 2.563 x 10' Jig mol 
4.47 26.8 kJ/kg 
4.50 10,590 cal/g mol CI, 
4.53 117,950 Jig mol (28,190 caUg mol) 
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4.59 (a) 8640 Btu/lb mol; the data appear valid as they yield a straight line for 10gIO p vs. 
liT; (b) 9110 Btu/lb mol; (e) 8770 Btullb mol 

4.60 (a) 3576 Btu; (b) 3576 Btu; (e) 1173.35 Btu; (d) 182 Btu/lb; (e) -964.2 Btullb; 
(f) 788.9 Btu/lb 

4.64 Use CO2 chart or tables; -73.4 Btu/lb 

4.69 (a) W = 0; Q = ll.U = Cvll.T = C,ll.T = 10 Btu; (b) Q = 0, -W = ll.U "" ll.H = 
C,ll.T = 10 Btu 

4.73 (a) 2.120 Btu/lb; (b) 2.131 Btu/lb 

4.78 2.47 Ib steamllb mol waste gas 
4.82 0.1171 
4.87 (a) 86°C; (b) 7,887 kg H,O 
4.91 (a) CO, is at 800 psia and (b) is all liquid; (e) ll. V = 3 ft'/lb 

4.95 No. 
4.96 (a) 2.72 kJ/kg (b) No. (Q is not known) 

4.100 (a) Initial volume: 0; (b) final volume: 0.218 ft' 
4.105 6.62 hp 
4.112 (a) $2.21110' Btu; (b) $6.45110' Btu 
4.116 (a) -123.94 k caUg mol; (b) 43.200 k caUg mol; (e) -90.434 k caUg mol 
4.123 -199.5 kJ/g mol 
4.127 141 Btu/ft' at SC of NGI 
4.129 a!. -23,600 Btu/lb; bl. -21,500 Btu/lb 

4.135 (a) 35.84 Ib; (0) 53,600 Btu output 
4.141 -9.92 x 10' kJllOOO kg 
4.144 16.60 kJ/lOO g charge or 0.166 kJ/g charge 
4.146 2180 K 
4.149 C4H, if equilibrium is ignored 
4.151 (a) 1.70 x 10' Btu; (b) 168°F 
4.153 (a) -33,000 Btu/lb mol; (b) -289.65 k caUg mol CaC!,; (e) -1440 Btu/lb mol CaC], 
4.160 28% 
4.161 (a) 465 lb of 73% NaOH added 
4.165 (a) 0.079 kg mol H 20/kg mol air; (b) 87.1 kPa; (e) 37°C 
4.168 (a) 0.01813 Ib H,Ollb air; (b) 0.031 lb H,Ollb air; (e) 1.14% 

Chapter 5 

5.1 Degrees of freedom = C + 4 
5.5 Degrees of freedom = 2C + 2N + 5; specify p(N), Q(N), F(C + 2), S(C + 2), 

N(l) for each stage 
5.12 Degrees of freedom = 16 
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5.19 1,129.5 kg/feed 
5.21 B = 240,270, C = 95,930, D = 10,270, E = 44,750, F = 4,480, A = 336,200 al1 

Ib/hr 
5.24 (a) 90°F; (b) 2,800 lb of 40% NaCl produced/hr. 
5.29 (a) 3000 lb (NH,), 1i,000 lb (NRthS04, 7,500 lb Benzol, 2,500 lb Toluol, 1,500 lb 

Pyridine; (c) 2660 lb 40% NaOH; (d) 3720 lb 50% H2S04 
5.33 Heat duty for exchangers (in MM kJ/hr): No. I = 82.04, No. 2 = 120.33, No. 

3 = 165.35 (al1 temperatures 60°C) 

Chapter 6 

6.2 230.5 min 
6.8 37,700 lb 

6.11 121.5 s 
6.17 moles C6Hl2 = e-kt 

6.21 28 min 
6.24 (b) 129°F for half-ful1 



Nomenclature 

NOMENCLATURE* 

A = area 
A = constant 
a = acceleration 
a = coefficient matrix 
a = constant in general 
a = constant in van der Waals' equation, (Eq. 3.11) 

a, b, c = constants in heat capacity equation 
s!lH = absolute saturation 

°API = specific gravity of oil defined in Eq. (1.9) 
B = constant 
b = constant in van der Waals' equation, Eq. (3.11) 
iJ = rate of energy transfer accompanying w 

(c) = crystalline 
C = constant in Eq. (1.1) 
C = number of chemical components in the phase rule 

c * = rank of the atom matrix 
Cp = heat capacity at constant pressure 

Cpm = mean heat capacity 
C, = humid heat 
C = heat capacity at constant volume 
D = diameter 
D = distillate product 
E = total energy in system = U + K + P 

E. = irreversible conversion of mechanical energy to internal energy 
F = force 
F = number of degrees of freedom in the phase rule 
F = feed stream 

(g) = gas 
g = acceleration due to gravity 

_ . 32. 174(ft)(lbm) 
g, - converSion factor of (sec2)(lbr) 

fI = enthalpy per unit mass or mole 
h = distance above reference plane 
h = number of stoichiometric constraints 
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H = enthalpy, with appropriate subscripts, relative to a reference enthalpy 
iJC = humidity, Ib water vapor/lb dry air 
(I) = liquid 
h, = heat transfer coefficient 

t;.fI = enthalpy change per unit mass or mole 
t;.H = enthalpy change, with appropriate subscripts 

t;.Ho = constant 
t;.H,," = heat of reaction 
t;.H,,/" = heat of solution 
t;.H~ = standard heat of combustion 

'Units are discussed in text. 
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IlHJ = standard heat of formation 
K = characterization factor 
K = degree Kelvin 
K = kinetic energy 
k; = mass transfer coefficient 
Kj = vaporlliquid equilibrium, Eq. (3.39) 
L = moles of liquid, Eq. (3.44) 
I = distance 

Ib = pound, as a mass 
Ibl = pound, as a force 

Ibm = pound, as a mass 
m = mass of material 
m = number of equations 
In = rate of mass transport through defined surfaces 

mol. wt. = molecular weight 
n = number of moles 
n = number of unknown variables 

Nd = degrees of freedom 
Np = number of equipment parameters 
NQ = number of heat transfer variables 
NR, = Reynolds number 
N, = number of independent constraints 
N, = number of streams 

N,p = number of chemical species 
N" = total number of variables 
Nw = number of work variables 

'!J> = number of phases in the phase rule 
p = partial pressure (with a suitable subscript for p) 
p = pressure 

p; = pseudocritical pressure 
p * = vapor pressure 
p, = critical pressure 
P = potential energy 
P = product 

p; = pseudoreduced pressure 
p, = reduced pressure = p / p, 
p, = total pressure in a system 
Q = heat transferred 
Q = rate of heat transferred (per unit time) 
q = volumetric flow rate 

Qp = heat evolved in a constant pressure process 
Q" = heat evolved in a constant volume process 
(s) = solid 
R = recycle stream 
R = universal gas constant 

Nomenclature 
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r = rank of a matrix in Chap. 2 
fA = rate of generation of consumption of component A (by chemical 

reaction) 
'1k'iJC = relative humidity 
'1k S = relative saturation 

S = cross-sectional area perpendicular to material flow 
s = second 

sp gr = specific gravity 
T = absolute temperature or temperature in general 
t = temperature in °C Or of 
t = time 

T: = pseudocritical temperature 
T; = pseudoreduced temperature 
Tb = normal boiling point (in K or OR) 
Tc = critical temperature (absolute) 

To. = dry-bulb temperature 
~ = melting point (in K) 
T, = reduced temperature = T ITc 

T WB ,;, wet-bulb temperature 
U = internal energy 
V = humid volume 
V = specific volume (volume per unit mass or mole) 
V = system volume of fluid volume in general 
" = velocity 

Vc = critical volume 
V" = ideal critical volume = RTcl pc 
V" = pseudocritical ideal volume 
Vg = volume of gas 
Vi = volume of liquid 
V, = reduced volume = V IVc 
v" = ideal reduced volume = V IV" 
W = rate of work done by system (per unit time) 
W = waste stream 
W = work done by the system 

IVA, IV = rate of mass flow of component A and total mass flow, respectively, 
through system boundary other than a defined surface 

x = mass or mole fraction in general 
x = mass or mole fraction in the liquid phase for two-phase systems 
x = unknown variable 
y = mass or mole fraction in the vapor phase for two-phase systems 
Z = compressibility factor 

z; = pseudocritical compressibility factor 
Zc = critical compressibility factor 
Zj = mole fraction of j 

Zm = mean compressibility factor 
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Greek letters: 

01, (3, 'Y = constants in heat capacity equation 
'Y = constant in Eq. (3.17) 

Nomenclature 

/!; = difference between exit and entering stream; also used for final minus 
initial times or small time increments 

A = molal heat of vaporization 
Af = molal latent heat of fusion at the melting point 
p = density 

PA, P = mass of component A, or total mass, respectively, per unit volume 
PL = liquid density 
I-' = viscosity 
E = error 

pv = vapor density 
U) = mass fraction 

Subscripts: 

A, B = components in a mixture 
c = critical 
i = any component 
i = ideal state 
r = reduced state 
t = at constant temperature 
t = total 

1, 2 = system boundaries 

Superscript: 
, = per unit mass or per mole 
. = per unit time ( a rate) 
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Abbreviations, SI, 14 
Absolute humidity, 312 
Absolute pressure, 44, 49, 242 
Absolute temperature, 36, 242 
Absolute zero, 36 
Acceleration of gravity, 11 
Accumulation, 410 
Acentric factor. 275, 277 
Activity coefficients, 305 
Adiabatic, 421 
Adiabatic cooling. 482 
Adiabatic humidification, 482ff 
Adiabatic reaction temperature, 464 
Adiabatic saturation, 487 
Air: 

analysis of, 26, 28 
average molecular weight, 27 
excess, 135 
required, 135 

Air pollutants, 29 
Amagat's law, 282 
American engineering system of units. 

Sff 
Ammonia, enthalpy-concentration 

chart, 689 
Analysis: 

of air, 26 
of coal, 447 
of flue gas, 134 
of gases, 26 
of petroleum fractions, 695ff 

API gravity, 25 
ASCEND,557 
ASPEN, 573, 579 
Atmosphere, standard, 49 
Atomic mass and weight, 21, table, 
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Atomic species, 124 
Average molecular weight. 27 
Average velocity, 30 

Barometer. 44 
Basis of calculations, 32ff 
Batch calorimeter, 449 
Batch system, 105, 367 
Beattie~Bridgeman equation, 260 
Benedict~Webb~Rubin equation, 260 
Bernoulli equation, 433 
Boiling point: 

normal. 289 
petroleum fractions. 695ff 

Boundary, system. 105,367 
Bourdon gauge, 45 
Boyle's law, 239 
British engineering system of units, 9, 

366 
Bubble point. 291. 306 
Butane chart. 396 
Bypass, 173. 184 

Calculation order, 558 
Calories. 366 
Carbon dioxide: 
p-V~T diagram, 240 
pressure~enthalpy diagram. 694 

Celsuis,36 
Characterization factor, petroleum, 

695ff 
Charles' law, 239 
Chemical equation, balancing, 65 
Chemical formula, Appendices 
Chemical properties, 54, references 
Chemical reaction, heat of (see Heat of 

reaction) 
Chen's equation, 404 
Clausius~Clapeyron equation, 402, 403 
Closed system, 105, 367 
Coal: 

analysis, 447 
heating value, 445 

Combustion, heat of (see Heat of com~ 
bustion) 

Complete combustion, 135, 136 
Completion of a reaction, 71 
Component balance, 114, 117ff 
Composition, methods of expressing, 

26ff (see also Analysis) 
Compounds, 54 
Compressibility factor, 268, 270 

critical, 668ff 
for mixtures, 282 
mean, 282 

Computer, 191, 193.708 
based~solutions, 572ff 
codes, software, 193ff, 199 
modular approach, 552, 56Sff 
programs, 199 

Concentration, 29 

Condensation, 289, 291, 317 
Connection matrix, 566 
Conservation of energy, (see Energy, 

balance) 
Conservation of mass (see Material 

balance) 
Constant pressure process (see Isobaric 

process) 
Constant values. 175 
Constant volume process (see Isochoric 

process) 
Continuity equation (see Material bal~ 

ance) 
Convergence, 579 
Conversion: 

in chemical reactions, 71, l79ff 
factors, 6, 14 
of pressure, 50 
of temperature, 39 
of units. 6ff, 14 

Corresponding states: 
principle of, 269 

Countercurrent, l70 
Cox chart, 294 
Cricondenbar, 332 
Cricondentherm, 332 
Critical: 

compressibility factor, 668ff 
constants, Appendix D 
point, envelope, 330 
pseudocritical point. 331 
state, definition of, 269 

Critical isotherm, 330 
Critical pressure, 269, 668ff 
Critical temperature, 269. 668ff 
Critical volume, 668ff 

Dalton's law, 282 
Data base, 399, 572 
Data sources (see Appendices) 
Degree of completion, 71 
Degrees of freedom, 125, 326, 573ff 
Degrees of superheat, 291 
Density, 23 

of gases, 247 
of liquids, 23 
measurement of, 23 

Design variables, 545 
Dew point, 289, 291, 299, 317 
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Dew point temperature, 307 
Diagram, thermodynamic, 396, 693 
Difference equation, 172 
Differential equation, setting up, 629ff 
Dimensional consistency, 15 
Dimensional equation, 6 
Dimensions, 4 
Draft pressure, 46 
Dry basis, 134 
Dry bulb temperature, 481 
Duhring plot, 404 
Dulong's formula, 445 

Efficiency, 431 
Element balance, 113 
Endothermic reaction, 437 
Energy: 

balance, 409ff 
for batch process, 410f( 
for flow process, 417ff 
for unsteady-state process, 412, 

627ff 
mechanical. 428, 432 
with reaction, 437ff 

changes. 365 
concept, 366 
conservation (see Energy, balance) 
internal,371 
kinetic, 370 
mechanical (see Mechanical work) 
potential, 370 
units of, 366 
and material balances combined, 

572ff 
Enthalpy: 

absolute values of, 373 
balance (see Energy, balance) 
calculation of, 386ff 
changes. 373, 386 
changes in phase transitions, 400 
charts, 395-97, 694 
data sources, 388, 392, 399 
definition of, 373 
estimation, 398 
of humid air, 485 
of ideal gas mixtures (see Ideal gas, 

mixtures) 
of solutions (see Heat of solution) 
standard change for a chemical re

action (see Heat of reaction) 
tables of values, 390, 674ff 

Enthalpy-concentration charts: 
for acetic acid-water, 687 
for ammonia-water, 689 
construction of, 474 
for ethanol-water, 688 
graphical interpretation of, 474ff 
for sodium hydroxide-water, 691 
for sulfuric acid-y,.ater, 692 

Equation-based flowsheeting, 191, 
197,552ff 

Equation packet, 559 
Equation-solving methods, 134ff, Ap-

pendix L 
Gauss Jordon, 705 
homotopy, 717 
linear, 705 

Newton, 710 
nonlinear, 709 
secant, 713 
substitution, 716 
tearing, 201, 558, 578 
Wegstein, 717 

Equations of state, 262ff, 266 
Benedict-Webb-Rubin equation, 260 
Van der Waals, 262 

Equilibria: 
concept of, 236, 482, 483 
gas-liquid, 298, 304 
liquid-liquid, 308 
liquid-solid, 308 

Evaporation, 289 
Excess air, 70, 135 
Excess oxygen, 135, 158 
Excess reactant, 70 
Exothermic reaction, 437 
Extensive property, concept of. 326 

Fahrenheit temperature, 36 
Feed to the process, 173, 180 
First law of thermodynamics (see 

Energy, balance) 
Fitting data, 719ff 
Flame temperature, adiabatic, 464 
Flash vaporization, 307 
Flow calorimeter, 449 
Flow process, 367 
Flow system, 105 
Flow work, 418 
Flowsheeting, 108, 550ff 

equation-oriented, 197 
modular, 198 

FLOWTRAN, 569 
Flue gas, 134, 158 
Force, 8 
Force of gravity. 11 
Fresh feed, 175, 180 
Friction factor, 433 
Function, state or point, 373 
Fusion, latent heat of, 400 

lk. 11 
Gas: 

analysis, 56 
constant, (R), 239 

calculation of, 241 
density, 247 
ideal,239 
mixtures, 251ff, 281 
real, 258 
saturated, 291, 314 
specific gravity. 247, 248 
-vapor mixtures, 289 

Gauge pressure, 49 
GEV,558 
Gibbs phase rule, 326 
Gram mole, 20 
Gravity, 11 

Heat, as a form of energy, 369, 411, 
412 

Heat, sensible, 386, 438 
Heat, specific (see Heat capacity) 

Heat capacity: 
at constant pressure, 376 
at constant volume, 377 
definition of, 376, 412 
equations for, 379, 677ff 
estimation of, 383 
of gases, 379, 384, 677ff 
of gas mixtures, 379 
of hydrocarbons, 695ff 
of ideal gases, 379 
of liquids, 384, 677ff 
of solids, 383, 677ff 
of solutions, 384 
specific heat, 380 
units and conversion, 377 

Heat of combustion: 
definition of, 444 
determination of, 444ff 
gross, 445 
net, 445 

Index 

of petroleum fractions, 695ff 
table of standard values, 681ff 

Heat of condensation, 400 
Heat of formation, 438, 439 

table of values, 443, 681ff 
Heat of fusion, 401, 667ff 
Heat of mixing, 468 
Heat of reaction: 

calculation of. 439ff 
constant volume vs. constant pres-

sure, 448 
definition of, 437 
effect of temperature on, 454ff 
for incomplete reactions, 451 
standard, 439 
standard states, 440, 444 

Heat of solution, 467ff, 686 
Heat of sublimation, 400 
Heat of transition. 400, 455 
Heat of vaporization, 400, 667ff 

of water, 443 
Heat transfer, 642 
Heating value of fuel: 

gross, 445 
net, 445 
of petroleum fractions, 695ff 

Henry's law, 305 
Higher heating value, 445 
Homotopy methods, 717 
Humid heat. 480 
Humidification. 482, 491 
Humidity, 311, 312, 314, 480 

absolute, 312 
charts, 484ff 
material balances, 317ff, 480ff 
percentage, 312 
relative, 312 

Humid volume, 481 

Ideal gas: 
constant, 239 
definition of, 239 
equations for, 239 
gas Jaws, 239 
mix.tures, 251ff 

Ideal liquids, 296 
Ideal reduced volume, 270 
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Ideal solution, definition of. 468 
Implicit constraints, 118 
Incidence matrix, 561 
Incomplete reactions, 71, 451 
Independent equations, 118, 543, 703 
Independent properties, 326 
Integral balance, 107 
Integral heat of solution. 468 
Intensive property, 326 
Interconnections. 554 
Internal energy. 371 
Invariant system. 327 
Irreducible equations, 148 
Irreversibility, 428 
Isobaric process, 329. 421 
Isochore, 329 
Isochoric process, 329. 421 
Isometric process, 329, 421 
Isothermal process, 329, 421 

Joule, 8 

K values, 305, 695ff 
Kay's method, 283 
Kelvin temperature, 38 
Kinetic energy, 370 
Koop's rule, 383 

Latent heat, 400 
Latent heat of fusion, 400-401 
Latent heat of vaporization, 400, 402 
Limiting reactant, 69 
Linear equations, 703ff 
Liquid, saturated, 291 
Liquid properties, 289, 296 
Lower heating value, 445 

Macros, 195, 557 
Manometer, 45 
Mass, units of, 12 
Mass flow rate, 30 
Mass fraction, 25, 188 
Mass transfer, 482 
Material balance, 104ff 

algebraic techniques, 135ff 
with chemical reaction, 114, 120 
without chemical reaction, 114, 118 
and combined energy balances, 

550ff 
component balances, 117, 119 
computer codes, 191 
condensation, 317 
coupled, 118, 148 
of gases, 254 
independent, 118, 124 
overall balance, 179 
principles of, 104ff 
recycle, 173ff 
solution of equations, Appendix L 
steady state, 107, 114 
strategy of analysis, 115, 131 
tie components, 149 
total, 106, 110, 114 
unsteady state, 627ff 
using computers, 536ff 
vaporization, 317 

Maximal cyclical subsystems, 577 
Mean compressibility factor. 282 
Mechanical energy balance for flow 

process. 428. 432 
Mechanical work, 428. 433 
Melting point, 667ff 
Mixing point, 164 
Mixture of gases: 

air~water (see Humidity) 
p-V-T relations for real gases, 259ff 
p-V-T relations for ideal gases, 239 

Mixtures, 54, 473ff 
.Modular flowsheeting, 198, 552, 568ff 
Moist air properties, 484ff 
Molal saturation, 313 
Molarity, 29 
Mole: 

definition, 20 
gram, 20 
pound, 20 

Mole fraction, 25, 234 
Mole percent, 33, 28 
Molecular weight average, 27 
Molecular weight, 4, 20, (see also Ap-

pendices) 
Mother liquor. 147 

Nelson and Obert charts, 268, 271 
Nesting, 578 
Newton, 8 
Newton's corrections, 271 
Newton's method, 7lO 
Noncondensable gas, 289, 298 
Non-flow process, lOS, 367 
Nonidealliquids, 296 
Nonlinear equations, 708 
Normal boiling point, 289, 667ff 
Normality, 29 

Occurence matrix. 566 
Once-through fraction conversion, 180 
Open system, 105, 367 
Orsat analysis, 26, 134 
Othmer plot, 404 
Overall fraction conversion, 179 
Overspecified problems, 124 
Oxygen, excess and required, 135, 

158 

p~V-T relationships: 
equations of state for gases, 241, 

259, 260ff 
generalized equations for gases, 280 
ideal gas, 239 

Partial pressure, 251, 298 
Partial saturation. 311 
Partial solution. ISO 
Partial volume, 251 
Partitioning, 559, 576 
Parts per million. 29 
Path function, 368 
Perfect gas law, 239 
Petroleum properties, 25, 57, 695ff 
Phase, 237 
Phase behavior: 

mixtures. 331 

pure components, 329 
Phase diagrams, 329 

water, 330 
Phase rule, 325, 326 
Phase rule variables, 326 
Physical properties, references, 54 
Point function, 373 
Potential energy, concept of, 370 
Pound force, 11 
Pound mass, II 
Pound mole, 20 
Poundal,9 
Power, 8 
Precedence matrix, 566 
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Precedence ordering (see Calculation 
order) 

Prefixes for units, 14 
Pressure: 

absolute, 44, 49 
atmospheric, 48 
barometric, 44, 49 
conversion, 50 
critical, 269, 667ff 
critical, mixtures, 283 
definition, 42 
draft, 46 
equilibrium, 289 
gauge, 45, 49 
measurement of, 44ff 
partial, 251ff, 298 
pseudocritical, 281, 283, 331 
reduced, 270 
units, 48 
vacuum, 46, 49 

Pressure-composition diagram, 331 
Pressure-enthalpy diagram, 473ff 
Pressure-temperature-diagram, 332 
Pressure-volume diagram, 269 
Problem solving, 60ff, lIS, 126 
Process, 104 
Process units matrix, 553 
Propagation of error, 18 
Properties: 

definition of, 236, 367 
extensive, 326, 367 
gas-vapor mixtures, 298 
ideal solutions, 468 
independent, 326ff 
intensive, 326, 367 
liquid,296 
tables, 55, (see also Appendices) 

Pseudocritical constants, 282 
Pseudoreduced ideal molal volume, 

282 
Psychrometer, 482 
Psychrometric charts, 484ff 
Pure-component volume, 329 
Purge, 173, 184 
Pyrometer. 36 

Quality of steam, 291 
Quasi-static process, 428 

R. 239. 242 
Rankine temperature, 38 
Raoult's law, 304 
Rate, 107 
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Reactant, excess and limiting, 69 
Reaction temperature, 464 
Real gas, 258ff 
Real solution, 468 
Recycle, 173ff 
Redlich-Kwong equation, 260, 263, 

266 
Reduced conditions (parameters), 268, 

270 
Reference books, 57ff 
Reference state, 439, 468 
Reference substance, 293 
Relative humidity and saturation, 

312 
Required reactant, 70 
Reversibility, 428 
Reversible process: 

concept of, 428 
work in, 429ff 

Saturated liquid and vapor, 304 
Saturation: 

absolute, 314 
definition of, 291, 298 
material balances, 317ff 
molal,313 
partial, 311 
percentage, 314 
relative, 312 

Scaling, 558 
Secant methods, 713 
Selectivity, 71 
Sensible heat, 386 
Sequential modular fiowsheeting, 

568 
51 system of units, 8ff 
Simultaneous equations (see Equation-

solving methods, Appendix L) 
Single pass conversion, 180 
Slug, 9 
Solution of equations, 134ff, Ap-

pendix L (see Equation
solving methods) 
Solution of problems, 60,126 
Solutions: 

non-ideal, 468 
Solving problems, 60, 116ff 
Specific gravity: 

concept of, 24 
of gases, 247, 248 
of liquids and solids, 24 
table, 667ff 

Specific heat (see Heat capacity) 
Specific volume, 25 
Speedup, 557 
Spreadsheets, 194, 195 

grnph" 195 
macros, 195 
translations, 195 
windows, 195 

Stack gas, 134 
Stagewise, 171 
Standard atmosphere, 49 
Standard conditions, 38, 240 
Standard heat of reaction (see Heat of 

reaction) 

Standard state: 
for gases, 240, 440, 444 
for liquids, 440, 444 

State, concept of, 236, 367 
State functions, 373 
Steady-state flow process, 107, 114, 

174,418,432 
Steam tables, 661ff 
Stoichiometry, 64ff, 328 
Stream connections, 553 
Stream flows, 30, 124 
Stream parameters, 574 
Subcooled, 291 
Sublimation, 291 
Substitution, 709, 716 (see also 

Equation-solving methods) 
Subsystems, 164 
Summation of mass or mole fractions, 

117, 120 
Superheated vapor, 291 
Surroundings, 367 
Symbols, SI, 10 
System: 

boundaries of, lOS, 367 
choice of, 105, 164 
closed, 105 
definition of, 105,367 
open, 105 

Tables of thermodynamic properties, 
413, Appendices 

Tearing, 201, 558, 578 
Tear variables, 201, 578 
Temperature: 

absolute, 36 
adiabatic flame, 464 
Celsius, 36 
concept of, 36 
conversion, 39 
critical, 269, 668ff 
critical for mixtures, 282 
definition, 36 
dew point, 307 
difference, 36 
dry bulb, 481 
Fahrenheit, 36 
Ideal gas, 38 
Kelvin, 38 
measurement, 36 
pseudocritical, 283 
Rankine, 38 
reduced, 270 
theoretical flame, 464 
thermodynamic, 36 
wet bulb, 481 

Temperature-pressure diagram, 305 
Temperature scales, comparison of, 

38 
Theoretical oxygen and air, 135, 

158 
Thermistor, 36 
Thermochemical data, sources, 392, 

399 
Thermocouple, 36 
Thermodynamic: 

diagrams, 396, 693 

law (see Energy, balance) 
properties (see Properties) 
state (see State) 
system (see System) 
tables, 390, Appendices 
temperature, 36 

Thermodynamics, first law, 412 
Tie component, 149 
Toluene, chart, 693 

Index 

Transient process, 627ff 
Trial-and-error solution, 264, 410 
Triple point, 330 
Triple-point line, 330 
Two-phase systems, 329ff 

Underspecified problems, 124 
Unique solution, 116 
Units, 4, 9, 10 

abbreviations, 15 
conversion, 6 
of energy, 8, 10,386 
of heat capacity, 377 
of length, 8 
of mass, 12 
prefixes, 14 
of pressure, 48 
system of, 8 
of temperature, 36 

Unsteady state process, 107, 627ft' 
UQP, 695ff 

Vacuum, 46 
Van der Waals: 

constants, 263 
equation of state, 243, 262 

Vapor: 
-free gas, 314 
pure, 298 
wet, 291 

Vaporization, 289, 291 
flash, 307 
heat of (see Heat of vaporization) 
material balance problem, 317 
of hydrocarbons, 695ff 

Vapor pressure: 
charts, 329 
Cox chart, 294 
curve, 329 
definition of, 289 
effect of pressure on, 294 
effect of temperature on, 292 
equations for, 293, 685 
of hydrocarbons, 695ft' 

Virial equation of state, 266 
Volume: 

critical, 668ff 
partial,251 
pseudocritical, 282 
pure component, 298 
specific, 25 

Volumetric flow rate, 30 

Watson equation, 404 
Watt, 8 
Wegstein's method, 717 
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Weight, 12 
Weight balance (see Material balance) 
Weight fraction, 25 
Weight percent, 167 
Well mixed, 164 
Wet basis. 134 
Wet bulb line, 482 

Wet bulb process, 482 
Wet bulb temperature. 481 
Work: 

definition of, 367. 412 
of expansion, 431 
mechanical. 412 
reversibility. 428 
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shaft, 412 
sign convention, 412 

Yield, 71 

z,270 
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