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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 student 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.1 shows the information flow among the chapters.

Chapter 1
Background
Informotion

Chapter 3
Gases, Liquids,
Solids

Chapler 2 Appendix I Chapler 4
Moterial Balance Data Solution Energy
Techniques || Technigues Bolances

Chapter 5 H_
Material ond

Energy Balances
via a Computer

Chapter 6

Unsteady State
Balances

Figure P.1 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 concrete 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.

e 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
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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 following 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 of 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 tn 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 SI 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 flowsheeting
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 flowsheeting
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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1.1 Units and Dimensions

1.2 The Mole Unit

1.3 Conventions in Methods of Analysis and Measurement

1.4 Basis
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1.6 Pressure

1.7 Physical and Chemical Properties of Compounds and Mixtures
1.8 Techniques of Problem Solving

1.9 The Chemical Equation and Stoichiometry

The chemical engineering profession encompasses a wide variety of activities and is
engaged in resolving problems that occur in industry, government, and academia.
Problems encountered 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, synthetic resins

20
22
32
35
42
54
60



2 Introduction to Engineering Calculations Chap. 1

Rubber products

Soap and toiletries

Solid-state materials

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

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 our
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 10? Ib) Fertilizers (in 10° tons)
Sulfuric acid 73.64 Nitrogen 10.4
Nitrogen 48.62 Phosphate (P,Os) 8.6
Oxygen 33.03 Potash (K.0) 1.0
Ethylene 32.81
Lime 30.34 Pesticides and herbicides (in 10¢1b)
Ammonia 28.01 Herbicides 756
Sodium hydroxide 22.01 Insecticides 370
Chlorine 20.98 Fungicides 109
Phosphoric acid 18.41
Propylene 17.34 Plastics (in 10° Ib)
Sodivm carbonate 17.20 Thermosetting resins 5.8
Ethylene dichioride 14.53 (phenols, urea,
Nitric acid 13.12 polyesters, epoxies)
Ured 12.06 Thermoplastic resins 33.6
Ammonium nitrate 11.11 (polyetheyne, polystyrene,
Benzene 10.23 polypropylene, copolymers)
Ethylbcnz..enc? 8.92 Synthetic fibers
Carbon dioxide 8.50 .
. . Cellulosics (rayon, acetate) 0.6
Vinyl chloride 8.42
St 784 Polyester 33
yrene ’ Nylon 2.5
Olefini i 3.0
Minerals (in 10° tons) efinic and acrylic
Phosphate rock 1.2
Salt 36.8
Sulfur 12.2

Synthetic rubber (in metric tons) 4380
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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 neéw 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
(¢) Measures of concentration

(d) Temperature
(e) Pressure

1.1] Units
and Dimensions
1.2
D Mole ¢
e
f L3 o
! Density v
n e
1' (.3:2 r
: V35 s
o | Concentration !
0
n n
511.5
Temperature
1 Technique 16]
of Problem Pressure
Solving _‘_J
141 Choosing 7] Sources 19 Chemicol
a Bosis of Data quaﬂ_on and
Stoichiometry
4 I
CLE Digital .
Computers 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 Sl and American engineer-
ing systems for mass, length, volume, density, and time, and their
eguivalences.

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

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

o

“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
manijpulated on a hand-held calculator.

(¢) 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 m%60 cm must first be con-
verted to 3 m%0.6 m and then to 5 m. 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

Solution

Add the following:
(a) 1 foot + 3 seconds

(b) 1 horsepower + 300 watts

The operation indicated by
1ft+ 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. 1t contains both units and numbers. One
quantity is multiplicd 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| 1100 ft | 1mi 605 | 60 min _ . mi
| s |5280ft| 1min| Lhr hr
or
mi
2 | 1100 ft O mi
s = = 1500
88 —

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 nurnerical 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 1 mi 60 sec 60 min

KSO ft \mln \
s min

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:

.54
10om { L Sin cm # 25.4 cmm but instead = 25. 4@—

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

Change 400 in.*/day to cm?/min.

400in.” | (2.54cm\’ | tday | lhe _ _ cm’
' — = 4.56 —
day ]\ 11n./—|24h:|60mm rain

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 1072 kg and the feathers
are measured in avoirdupois units, in which 1 oz = 2.834 x 1072 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 (Systéme Interna-
tional) system' 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 SI 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 SI 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 <= m?*-kg-s?
with the short name joule, and symbol J. The unit of power is the wart, 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, g,
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)

where? F = force
C = a constant whose numerical value and units depend on those selected
for F, m, and a
mass
= acceleration

m
a
"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 Commeon Systems of Units

Length Time Mass Force Energy* Temperature Remarks
Absolute (dynamic) systems

Cegs centimeter second  gram dyne* erg, joule, K, °C Formerly common

or calorie scientific

Fps (ft-1b-s or foot second  pound poundal* ft poundal °R, °F

English absolute)

SI meter second  kilogram newton* Jjoule K, °C  Internationally adopted
units for ordinary
and scientific use

Gravitational systems

British engineering foot second  slug* pound weight  Btu(ft)(Iby) °R, °F

American engineering foot second, pound mass pound force Btu °R, °F  Used by chemical and

hour (Ibw) (Ibp) or (hp)(hr) petroleum engineers

in the United States

*Unit derived from basic units; all energy units are derived.
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TABLE 1.2 SI Units Encountered in this Book
Basic SI units
Symbol
for
Physical quantity Name of unit unit*
Length metre, meter m
Mass kilogramme, kilogram kg
Time second s
Thermodynamic temperature kelvin K
Amount of substance molc mol
Derived SI units
Symbol Definition
Physical for of
quantity Name of unit unit* unit
Energy joule J kg-m?-s™?
Force newton N kg'm-s2<=J-m™
Power watt w kg-m?-s3 = Js7!
Frequency hertz Hz cycle/s
Area square meter m?
Volume cubic meter m’
Density kilogram per cubic meter kg m™3
Velocity meter per second m-s™!
Angular velocity  radian per second rad-s™!
Acceleration meter per second squared m-s™?
Pressure newton per square meter, pascal N'm™2 Pa
Specific. heat joule per (kilogram - kelvin) J-kg™'-K™!
Alternative units
Symbol
Physical Allowable for
quantity unit unit*
Time minute min
hour h
day d
year a
Temperature degree Celsius °C
Volume litre, liter (dm?) L
Mass tonne, ton (Mg) t
gram g
Pressure bar (10°Pa) 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)/s?, then when 1 g is accelerated at 1 cm/s?

_ 1 dyme | Ig‘ 1;m=1d}me

(g)(cm)

SZ
Similarly, in the SI system in which the unit of force is defined to be the newton (N),
if C = 1 N/(kg)(m)/s?, then when 1 kg is accelerated at 1 m/s?,

1
IN | lkg | 1£n=1N
(kg)(m) s
SZ

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 lb, is accelerated at g ft/s?, where g is the acceleration of gravity (about
32.2 ft/s* depending on the location of the mass), we can make the force be 1 lb; by
choosing the proper numerical value and units for C:

| Ibw | g ft
F = (C) gsz = 11b; (1.2)

Observe that for Eq. (1.2) to hold, the units of C have to be
Ib¢

o)
‘

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>. The acceleration of gravity, 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,
_ [ 1(b)(s?) ) (1 Ibm | gf[) _
F= (32.174(lbm)(ft) (o)~ Iby

The inverse of C is given the special symbo] g.:

(ft)(Ibm)
(s?)(Iby)

Division by g. 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 g/g. is equal to 1, as it is approximately in most
cases. A nonstandard usage sometimes encountered analogous to b and Ibn is kgs

C <

gc = 32.174

(1.3)
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and kgn; 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 g. 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/s*) = 49(kg)(m)(s™* if g = 9.80 m/s?

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 Ib
without a subscript the quantity pound mass.

EXAMPLE 1.4 Use of g,

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

Solution
kinetic energy = K = imo?

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

1] 100Tbn | (10 £6)? | :
B ERA G R
O (sH)(iby)

EXAMPLE 1.5 Use of g.

What is the potential energy in (ft)(Ib;) of a 100-1b drum hanging 10 ft above the surface of
the earth with reference to the surface of the earth? '
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Solution
potential energy = P = mgh
Assume that the 100 Ib means 100 1b mass; g = acceleration of gravity = 32.2 ft/s2.
p — 1001b, | 32.2ft | 101t |
32174 ——

§2
(s)(Iby)

Notice that in the ratio of g/g., or 32.2 ft/s? divided by 32.174 (ft/s*)(Ibm/Ibs), the numerical
values are almost equal. A good many people would solve the problem by saying that
100 b X 10 ft = 1000 (ft)(Ib) without realizing that in effect they are canceling out the
numbers in the g/g. ratio.

oy 100! (£t)(1by)

EXAMPLE 1.6 Weight

What is the difference in the weight in newtons of a 100-kg rocket at height of 10 km above
the surface of the earth, where g = 9.76 m/s?, as opposed to its weight on the surface of the
earth, where g = 9.80 m/s*?

Solution

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%):
100kg | (9.80 - 9.76)m | 1IN
s’ (kg)(m)
SZ

=4.00 N

weight difference =

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*

Introduction to Engineering Calculations Chap. 1

Conversion: American
engineering to SI

Dimension American engineering
Length 12 in.
3 ft
5280 ft
Volume 1ft3
Density 1 ft* H,0 = 62-4 lb,
Mass 1 ton, = 2000 Ib,*
Time 1 min = 60 s

1 hr = 60 min

(I
N

I
I

1 m® H:0 = 1000 kg

1000 g = 1 kg

1 mint = 60 s
1 ht = 60 min'

1 cm’
1m

1Lt

lin. = 2.54 cm

328ft=1m
35.31 ft* = 1.00 m?
11b = 0.454 kg

*Some conversion factors in this table are approximate but have sufficient precision for

engineering calculations.
"An acceptable but not preferred unit in the SI system.

#2000 Ib,, is the “short ton”; 2240 lb, is the “long ton”; 1000 kg = 2204.6 lb,, is the

“metric ton.”

TABLE 1.4 SI Prefixes

Factor Prefix Factor Prefix Symbol
10'® exa E 107! deci* d
104 penta P 1072 centi* c
102 tera T 1073 milli m
10° giga G 107¢ micro i
106 mega M 107° nano n
10° kilo k 10712 pico p
102 hecto* h 1071 femto f
10! deka* da 10718 atto a

*Avoid except for areas and volumes.

kg). Do not use double prefixes; that is, use nanometer, not millimicromester. The
strict use of these prefixes leads to some amusing combinations of nonenphonious
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 mo confu-
sion will result, or if the symbols are separated by exponents, as in N- m’kg™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., m/s
or m-s™' 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 12 650 instead of inserting a comma, as in 12,650,
will be ignored to avoid confusion in handwritten numbers.

Note that in the SI 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 cm® as
(1072-m)® = 107%m?), not as 1073(m?).

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 Jeading to such
unusual formulas as

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

F=m@B2m-s"% (the first m stands for mass)
1.1-3 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:

(p +$5>(V — b) = RT

Inspection of the equation shows that the constant a must have the units of
[(pressure)(volume)?] 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 cm?,
a will have the units specifically of [(atm)(cm)®]. Similarly, b must have the same
units as V, or in this particular case the units of cm®. All equations must exhibit di-
mensional consistency.
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EXAMPLE 1.7 Dimensional Consistency

Your handbook shows that microchip etching roughly follows the relation
d =162 — 16,2700 t <200

where d is the depth of the etch in microns (micrometers; p.m) and ¢ 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 ¢ can be used in minutes.

Solution
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 |/seconds.

0:02) 80 s ¢, min
162pm| 1m | 39.37in (1 ., ¢ [tmn )
[ 100 pLm | 1m
6.38 X 107%(1 — ¢~ 6min)

dinA =

I

Groups of symbols may be put together, either by theory or experiment, 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.

D
Reynolds number = TUP = Nre

where D is the pipe diameter, say in cm; v is the fluid velocity, say in cm/s; p is the
fluid density, say in g/cm?; and w 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 u into
Dvp/u, we find, as expected, that all the units cancel out.

ot | ent| g | Lem)(s]
5 || g

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 al.? 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

3G. 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 10°

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

Number of

Number significant digits
4, 1
4.0 2
4.0 x 10? 2
4.000 x 10? 4
3.14096 X 1072 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 = 10.00 kg. You will also occasionally encounter fractions such as 3, 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 7 = 3.1416, \/E = 1.414, or
Avogadro’s number N = 6.02 X 10%. 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 0°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
Given the maximum absolute errors in the pressures

= 2.0=*x03
pr»=80=%05
p3=4.0=0.1
what are the maximum absolute and relative errors in
ps = pip2t ps
and
_bp2
Ps s
Solution
The fractional relative errors are:
0.3
— =0.15
pi 55~ 01
0.5
: — = 0.063
P 5o~ 00
0.1

For pa:

M.R.E. in p;p, = 0.15 + 0.063 = 0.213 M.A.E. in ps = 3.408 + 0.1 = 3.508

3.5
M.A.E. in pyp, = (0.213)(16) = 3.408 M.R.E. in ps = 2—008 = 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 pi = 32 is
M.R.E.: (0.15)5 = 0.75
M.AE. (0.75)32 = 24!

In the next section we review the concept of a mole of a material.
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Self-Assessment Test*

. Convert 20 gal/hr to m®s; 50 Ib¢/in.” to N/m?2.
. On Phobos, the inner moon of Mars, the acceleration of gravity is 3.78 ft/sec?. Suppose

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

(a) What is the mass in lb,, of the astronaut plus suit and equipment?

(b) How much would the space-suited astronaut weigh in pounds on Phobos?

. 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).

. 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

B
p

where » = fluid velocity
Ap = pressure drop

p = demnsity of the flowing fluid

¢ = constant of proportionality

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

. What are the value and units of g.?
. In the SI system of units, the weight of a2 180-Ib man standing on the surface of the earth

is approximately:
(a) 801 N (b) 81.7 kg
(c) Neither of these (d) Both of these

. The thermal conductivity k of a liquid metal is predicted via the empirical equation & =

A exp (B/T), where k is in J/(s)(m)(K) and A and B are constants. What are the units of
A? Of B?

. 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

. 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.

. 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.

L

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.* In particular, the 1969 Inter-
national Committee on Weights and Measures approved the mole (symbol mol in the
ST 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 10** 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 Ib mol), which has 6.023 X 10 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:

mass in g

ths gl molecular weight (14)
mass in lb
il it = molecular weight (13)
or
mass in g = (mol. wt.)(g mol) (1.6)
mass in Ib = (mol. wt.)(Ib mol) (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 Eqgs. (1.4) and (1.5) even if they are not standard units. If you read

*For a discussion of the mole concept, refer to the series of articles in J. Chem. Fduc., v. 38, pp.
549~556 (1961), and to M. L. McGlashan, Phys. Educ., p. 276 (July 1977).
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about a unit such as a kilomole (kmol) without an associated mass specification, or a
kg mol, assume that it refers to the SI system and 10* 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 '*C, whose nucleus contains 6 pro-
tons and 6 neutrons. The terms atomic “weight” and molecular “weight” are univer-
sally used by chemists and engineers instead 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-
ca] 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 H, O 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 '2C atom as 12.0000, and you can attach any unit of mass you de-
sire to these weights; for example, H, can be 2.016 g/g mol, 2.016 Ib/Ib mol,
2.016 ton/ton 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 b refers to lb, unless
otherwise stated.

EXAMPLE 1.9 Use of Molecular Weights

Solution

If a bucket holds 2.00 Ib 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 Ib of NaOH

2.00 1b NaOH | 1 Ib mol NaOH
| 40.0 1b NaOH

2.00 Ib NaOH | 1 1b mol NaOH | 454 g mol
| 40.0 b NaOH | 1 1b mol

(@ = (0.050 ]b mol NaOH

(by)

= 22.7 g mol
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or

2.00 Ib NaOH | 454 g | 1 g mol NaOH
| 11b | 40.0 g NaOH

(b2) = 22.7 g mol

Chap. 1

EXAMPLE 1.10 Use of Molecular Weights
How many pounds of NaOH are in 7.50 g mol of NaOH?

Solution

Basis: 7.50 g mol of NaOH

7.50 g mol NaOH | 11bmol | 40.0 Ib NaOH

= 0.6611b N
(454 gmel | 1 T mol NegH 0 00L b FaOH

Self-Assessment Test
. What is the molecular weight of acetic acid (CH;COOH)?

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

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

. How many pound moles of NaNQOj are there in 100 1b?

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

Thought Problem

. 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. Define density and specific gravity.

2. Calculate the density of a liguid 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 one 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.

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/m? or Ib/ft’. 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 commmon 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-

K,0
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0.6+ NH3
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VIS R S WU | N W RO S S Figure 1.1 Densities of liquid H,O
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10°C
40°C
| ! L I | Figure 1.2 Density of a mixture of
o 02 04 fe as 10 ethyl alcohol and water as a function
Composition, weight fraction alcohol of composition.

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.

1.3-2 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:

(Ib/ft) L (g/em?)s | (kg/m?)4
(b/f)er  (g/lem)rer  (K/M?)rer

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

sp gr = specific gravity = (1.8)

20°
4°
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

sp gr = 0.73
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very close to 1.0000 g/cm’ 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 1b/ft> and the density of water is about 62.4
1b/ft?, 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 °API. The equation for the API scale
is

141.5
° = ——— — 131 1.
API S r§9_° 131.5 (1.9)
P g 60°
or
60° 141.5

P TG T SAPL + 1315 {210
The volume and therefore the density of petroleum products vary with temperature,
and the petroleum industry has established 60°F 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 Baumé (°Be) and the Twaddell (°Tw) sys-
tems. Relationships among the various systems of density may be found in standard
reference books.

1.3-3 Specific Volume - =

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*/
Ib., ft*/1b mole, cm?/g, bbl/lb,, m*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
fr = 12
mass (weight) fraction of A o] pass (weight (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 components 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
5.00 _ 0.278 _
H.O , 5.00 100~ 0.500 18.0 0.278 0403 0.690
5.00 _ 0.125 _
NaOH 5.00 100 - 0.500 40.0 0.125 0403 = 0.310
Total 10.00 1.000 0.403 1.00

The kilogram moles are calculated as follows:

5.00 kg H,O | 1 kg mol H,0
| 18.0 kg H,O

= 0.278 kg mol H,0
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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

If dibromopentane (DBP) has a specific gravity of 1.57, what is its density in (a) g/cm®? (b)
Ib./ft*? and (c) kg/m3?

Solution

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 10° kg/m?® (1.00 g/cm?®).

DBP H
1.57& 1,008 120
cm’® cm g DBP
(2) == =157
1.00 82 ~
m DBP -
1,57 0nDBP | o) 4 PomiLO
) ft2 0 _ 4 gy 1bnDBP
| 0o PeF:O ' fr
' ft3
1.57 g DBP | /100 cm\?® | 1kg , kg DBP
= 1.57 x 10° =——
© cm® |\ Im /) | 1000g m
or
1.57 kg DBP | 1.00 x 10° kg H,O
m? m’ kg DBP
=1.57 x 10°
1.00 kg H,O 7 m?
m}

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

EXAMPLE 1.13 Average Molecular Weight of Air
What is the average molecular weight of air and its composition by weight percent?

Solution
Basis: 100 Ib mol of air

Component Moles = percent Mol. wt. Ib weight %
0. 21.0 32 672 23.17
Ny* 79.0 28.2 2228 76.83

Total 100 2900 100.00

*Includes Ar, CO,, Kr, Ne, 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 Ib/100 1b 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 0~0.000001
Nitrogen dioxide 0-0.000002
Sulfur dioxide 0-0.0001

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

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.

Solution

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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0.412 kg Drug
.
0.588 kg Water

—  Reoctor

Figure E1.14

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:;l" 1,000% —_

density of solution = .0 = 1.025 gcm3
1.000 2
cm

Next

0.412 kg drug | 1.025 g soln | 1kg | 10° cny’
1.000 kgsoln | tem® [10°g| 1L

= 0.422 kg drug/L soln

To get the flow rate, we take a different basis, 1 minute.
Basis: 1 min = 10.3 L solution

10.3 L soln | 0.422 kg drug | 1 kg mol drug _
1 min | L soln l 192 kg drug

0.0226 kg mol/min

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 (b, of solute/ft*, g of solute/L, by, of solute/bbl, kg of
solute/m?).

(b) Moles per unit volume (Ib mol of solute/ft*, g mol of solute/liter, g mol of sol-
ute/cm?).

(¢) Parts per million—a method of expressing the concentration of extremely di-
Iute 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 fraction for gases. Why?

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

(@) Sulfur dioxide: 365 wg/m® averaged over a 24-hr period
(b) Particulate matter: 260 ug/m’ averaged over a 24-hr period
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(¢) Carbon monoxide: 10 mg/m® (9 ppm) when averaged over an 8-hr period;
40 mg/m* (35 ppm) when averaged over 1 hr

(d) Nitrogen dioxide: 100 wg/m® 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, 7, from a known volumetric flow rate, g,
you multiply the volumetric flow rate by the mass concentration thus

3
gm pk3g=mk¥’2
S m 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

qg = 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
denstty of the mercury?

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

4. For liquid HCN, a handbook gives: sp gr 10°C/4°C = 1.2675. What does this mean?

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

6. Commercial sufuric acid is 98% H, SO, and 2% H, O. What is the mole ratio of H, SO,
to H, O?

7. A container holds 1.704 1b of HNOy/Ib of H,O and has a specific gravity of 1.382 at
20°C. Compute the composition in the following ways:
(a) Weight percent HNO;
(b) Pounds HNO; per cubic foot of solution at 20°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 1b?

9. A solution contains 25% salt by weight in water. The solution has a density of 1.2 g/em?®.
Express the composition as:
(a) Kilograms salt per kilogram of H, O
(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 Hm 50
n-Cs H12 30
n-CsHis 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 2 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 says, “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 nonsense.” 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. Jade is either jadite (sp gr 3.2 to 3.4) or nephrite (sp gr 3.0). What lig-
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 CO, 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?
(¢) 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 1 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 1 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

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?

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

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



Sec. 1.4 Basis 33

kg = percent or kg mol or
Component lb = percent Mol. wt. 1b mol
C 80 12.0 6.67
H 20 1.008 19.84
Total 100

Consequently, the C/H ratio in moles is

6.67
C/H = m = 0.336

EXAMPLE 1.16 Choosing a Basis

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% H,, 40.0% CHy, 30.0% CO, and
20.0% CO,, what is the average molecular weight of the gas?

Solution

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 mol or Ib mol of gas, and proceed as follows:

Basis: 100 kg mol or 1b mol of gas

percent = kg mol

Component or Jb mol Mol. wt. kgorlb
CO: 20.0 44.0 880
CcoO 30.0 28.0 840
CH, 40.0 16.04 642
H, 10.0 2.02 20
Total 100.0 2382
2382 kg

average molecular weight = = 23.8 kg/kg mol

100 kg mol

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

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 H/C = 9. Calculate the weight fraction composi-
tion of the coal with the ash and the moisture omitted.

Solution
Take as a basis 100 kg of coal, for then percent = kilograms.
Basis: 100 kg of coal
The sum of the S + N + O + ash + water is
2+1+6+11+3=23kg

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/C 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
S _

H T+9 - 0.90 90 1.008 90.7

c —L =010 10 12 120
1+9 o o
Total 1.00 100 210.7

Finally, to return to the original basis, we have

U 77kg | 90.7kgH
‘ | 210.7 kg total

=33.15kg H
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T7kg | 120kgC

: = 43,
¢ [210.7 kg total ~ -8 ke €
and we can prepare a table summarizing the resuits.
Component kg Wt. fraction

C 43.85 0.51
H 33.15 0.39
) 2 0.02
N 1 0.01
0 6 0.07

Total 86.0 1.00

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
1.477

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 {°C, K, °F, °R) 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).-

(¢) 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 dlfferent 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 energy 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 SI 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 Ag 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.



Sec. 1.5 Temperature

°R°F °c K

_ 5500 a
Iron boils 3000
2800
5500 2800 )
5000
i 2700 3000
Molybdenum melrs. 2600 =
5000 2
lridium melts 4300 2200 1
ST 2400 2
Silicon boils 2300 g
o
4500 2|5
4000 2500 2500 g 3
Aluminum boils 2100 e
Aluming melts 2000 2
. 4000 o
Rhod It 3500
ium melts 1300 2
Titanium melts 1800 g
Platinum melts L
’ 3500 34500 1700 2990 5z
Lead boils 1600 %3
Iron melis g8
Nickel melts - 1500 E"E
Silcon melis 3000 1400 SI o
- 2500 By
. o=
g
1200 900 €3
Gloss melfs 2500 <
Gold mells ~ 2000] 1100 ~ TNV N
Silver melts 1060 o |2 F g
Bross melts 2000 900 gi S = = e
o, c S| =
Sodium chioride melts -+ 1200|800 s 8 |3 5|5
700 1000 | 8 B 83|32
4 =. = ﬁ L —
1. s g B |S|8i8
1800 5501 - 500 2 =182 1%
_ : 500 3 =8| 5
Sulphur boils : z ' 232N
: 400 b S ERERERE:
Mercury boils S 1§ 3
R 1000 300 S 131818 &
500 sn 500 S (Z |32
z E e =
| s | | 1813
c212l 100 e 318
500, P N T |a
Water freezes 32 0—273.15 w Ta
_ -100 N
Oxygen bmls. ‘ 200 AN N/
Hydrogen boils . « "
Helium boils O -45958| 27315 0 . Absolute zero

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.

37
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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. 0°C
and its equivalents are known as standard conditions of temperature.

212|672 Boiling point of 373[100
T water gt 760 mm Hg
180 100
l 32|49z Freezing point of water 273 0
0[460 255|-18
—40|420 °C=°F 233|-40

Celsius

Fuﬁrenheif
Rankine
Kelvin

~469[0 Absolute zero 0]-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 A°F represent the unmit temperature difference in the
Fahrenheit scale, A°R be the unit temperature difference in the Rankine scale, and
A°C and AK be the analogous units in the other two scales, you should be aware that

A°F = AR (1.13)
A°C = AK (1.14)
Also, if you keep in mind that the A°C is larger than the A°F,
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A°C _— o
E— 1.8 or A°C = 1.8A°F | (115)
AK

=1. = 1.84° 16
o168 o AK 8A°R (1.16)

Unfortunately, the symbols A°C, A°F, AK, and A°R are not in standard usage be-
cause the A symbol becomes inconvenient, especially in typing. A few books try to
maintain the difference between degrees of temperature (°C, °F, etc.) and the unit
degree by assigning the unit degree the symbol C°, F°, 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, °F, K, and °R, as either the temperature or
the unit temperature difference, must 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 °R and °F and between K and °C are, respectively,

1 AR

T T»F(l A°F) + 460 (1.17)
1 AK

Tx = Tec (—1 A°C) + 273 (1.18)

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

Te — 32 = TOC(I.S A F)

TaC (1.19)

After you have used Egs. (1.17)—(1.19) a bit, they will become 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)

Ts = by + bilc (1.20)

Insert two known pairs of values of T and 7:c in Eq. (1.20) and solve the resulting
two equations together. For example, 0°C corresponds to 32°F, and-100°C corre-
sponds to 212°F:

32 = bo + b (0) - (1.21a)
212 = b + bET00) (1.21b)
Solution of Egs. (1.21a) and (1.21b) together yields
bo = 32.00. b = 1.800
so that Tp = 32 + 1.8T. a
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EXAMPLE 1.18 Temperature Conversion
Convert 100°C to (a) K, (b) °F, and (c) °R,

Solution
1 AK
+ 273)° =
(a) (100 + 273) C1 A 313K
or with suppressicn of the A symbol,
(100 + 273)°C loK =373 K
1°C
1.8°
(b) (100°C) IE CF + 32°F = 212°F
I°R .
(c) (212 + 460)F - = 672R
or
1. o
373K L8R — e72or

1K

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

EXAMPLE 1.19 Temperature Conversion

The thermal conductivity of aluminum at 32°F is 117 Btu/(hr)(f2)(°F/ft). Find the equivalent
value at 0°C in terms of Btu/{hr)(ft®)(K/ft).

Solution

Since 32°F is identical to 0°C, the value is already at the proper temperatore. The ““F” in the
denominator of the thermal conductivity actually stands for A°F, so that the equivalent value
is
117 (Bw)(ft) | 1.8 A°F | 1A°C
(he)(f2)(A°F) | 1A°C | 1AK

or with the A symbol suppressed,

117 (Btu)(ft) | 1.8°F | 1°C
(h)(f)°F) | 1°¢ | 1K

= 211 (Btu)/(hr) (FA)(K/ft)

= 211 (Btu)/(hr){ft)(K /ft)

EXAMPLE 1.20 Temperature Conversion

The heat capacity of sulfuric acid in 2 handbook has the units cal/(g mel)(°C) and is given by
the relation

heat capacity = 33.25 + 3.727 x 10T
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where T is expressed in °C. Modify the formula so that the resulting expression gives units of
Btu/(Ib mol){(°R) and T is in °R.

Solution

The units of °C in the denominator of the heat capacity are A°C, whereas the units of T are
°C. First, substitute the proper relation in the formula to convert T in °C to 7 in °R, and then
convert the units in the resulting expression to those requested.

cal

i 1
ity = {33. 727 X 107 (T — 460 — 32) T2 [ ro— s
heat capacity {33 25+ 3.727 X 10 [(TR 460 — 32) 1.8]} (g mol)(°C)

[ 1Bm |454gmol | 1°C

= 23.06 + 2. X 1072 T
[252cal | 1lbmol | 18K 0 071 X 107 1=

[

Self-Assessment Test

. What arc the reference points of (a) the Celsius and (b) Fahrenheit scales?
. How do you convert a temperature difference, A, from Fahrenheit to Celsius?
. Is the unit temperature difference A°C a larger interval than A°F? Is 10°C higher than

10°F?

. In Appendix E, the heat capacity of sulfur is C, = 15.2 + 2.687, where C, is in

J/(g mol)(K) and T is in K. Convert so that C, is in cal/(g mol)(°F) with T in °F.

. Complete the following table with the proper equivalent temperatures:

°C °F K R

—40.0

77.0

698

69.8

. Supposé that you are given a tube partly filled with an unknown liquid and are asked to

calibrate a scale on the tube in °C. How would you proceed?

. Answer the following questions:

(a) In relation to absolute zero, which is higher, 1°C, or 1°F?
(b) In relation to 0°C, which is higher, 1°C, or 1°F?
{c) Which is larger, 1A°C or 1A°F? ;

Thought Problem

. In reading a report on the space shuttle you find the statement that “the maximum temper-

ature on reentry is 1482.2°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, baromeiric pressure, standard
pressure, and vacuum,

2. Explain the difference between absolute pressure and relative pres-

sure (gauge pressure).

. List four ways to measure pressure.

. Convert from gauge pressure t¢ absolute pressure and the reverse.

5. Convert a pressure measured in ane set of units to another set, includ-
ing kPa, mm Hg, in. H. 0, 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.

oW

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 atinosphere, 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=y=pghtp (1.22)
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50

Ciosure plore  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 1 ¢m?® and is 50 cm high.
From Table D.1 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 1-cm? section of that plate
by the column of mercury is

po13558 | 980¢m | 50em | 1em® | 1kg | Im | IN
em* | §* | | | 1000 g | 100 em | 1 (kg)(m)
SZ
=6.64 N
The pressure on the section of the plate covered by the mercury is
_ 6.64 N | (100 cm\?® _ N
=T U im = 6.64 X 10°—

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

_ 84551, | 32.2ft [ S0cm | Tin. | 1ft |
18 | s | | 2.54 cm | 12 in. | 32.174(ft)(Ibn)
(s(Ib)
_ 13galr
= 1388-;

Sometimes in engineering practice, a liquid column is referred to as head of liguid,
the head being the height of the column of liquid. A pressure can be interpreted as
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the head, &, 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) = P, (in inches of Hg) + 4 (in inches of Hg) (1.23)

where py 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.
H>O. 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. H,O + 2 ft (12 1n./ft) = 428.92 in. H, 0 (1.24)

Whether relative or absolute pressure is measured in a pressare-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

¥
A =110 inHg
i

TEITDIITIYY

An=40.10

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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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. 1.7a for an open-end U-tube manometer, if the pressure measured for the N,
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 Ny, Furthermore, the difference between the height of
fuid 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 pressute 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.
1.9}, 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 converted into a dial movement by gears and levers. Figure
1.9 also illustrates a dlaphragm capsule gauge. Figure 1.10 indicates the pressure
ranges for the various pressure-measuring devices.

Pressure scales may be temporarily somewhat more confuslng 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 (1.25)
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Bourdon Tube
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, Motion
Connection Perpendicular
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Source Tubing

(c) Convex Diaphragm Caopsule

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 1.11 Pressure comparisons when barometer réading is 29.1 in
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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 (D in the
figure is a pressure of 19.3 psi referred to a complete vacuum or 5 psi re-
ferred to the barometric pressure: (2) is the complete vacuum, (3) 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.

(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 cm 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 systemns of expressing pressure exist; in fact, 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 H,O)

(¢) Atmospheres (atm)

(d) Bars (bar): 100 kPa = 1 bar

(e) Kilograms (force) per square centimeter (kg#cm®)—a common but theoreti-
cally prohibited measure®

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

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

® Although the units of pressure in the SI system are pascal, you frequently find in common usage
pressures denoted in the units of kg/cm? (i.e., kggem?), units that have to be multiplied by

9.80 x 10% (?f;;&::;) (c?m:) 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 0°C 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 H,O)
14.7 (14.696, more exactly) pounds per square inch absolute (psia)
20.92  (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/m?);-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 pe 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).

Do+ PAghA = pp -+ Pagha

or

hu _ pa

hs  pa

How can you arrange to get the same po for each column? Will leaving 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.
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Solution
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
14.7 psia
——

= 71.24 in. Hg

an identity

EXAMPLE 1.22 Pressure Conversion

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 kilopascal?

Solution
Basis: 340 mm Hg

340 mm Hg | 33.91 ft H,0 | 12in.
[ 760mm Hg | 1ft

340 min Hg |  101.3 kPa
[ 760.0 mm Hg

= 182 in. H,O

= 45,3 kPa

EXAMPLE 1.23 Pressure Conversion

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.

51 psi

N Eerey
Figure E1.23

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.

Solution

Basis: Barometric pressure = 28.0 in. Hg

28.0in. Hg | 14.7 psia
| 29.92 in. Hg

atrospheric pressure = = 13.76 psia
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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. 1.13. When the columns of fluids are at equilibrium (it may take some
time!} the relation between p;, p, and the heights of the various columns of fluid is

D1t pidig = pa + pagdy + pagds {1.26a)

Py

[—

H a e—ruid3, p,
| SR
Fluid 1, p, — t T ;-
w2
s J~—Fluid 2, p,

Figure 1.13 Manometer with three
fluids.

Can you show for the case in which p; = p; = p that the manometer expression re-
duces to

pr— p2 = (p: — plgds (1.26b)

Finally, suppose that fluids 1 and 3 are gases. Can you ignore the gas density p
relative to the manometer fiuid density? For what types of fluids?

EXAMPLE 1.24 Pressure Conversion

Air is flowing through a duct under a draft of 4.0 cm H, Q. 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 ————=

_+
4.0cmH 0
¥

Figure E1.24
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Solution

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

Basis: 730 mm Hg

730 mm Hg | 29.92 in. Hg _ .
| 760 mm Hg 28.7 in. Hg

atmospheric pressure =

Basis: 4.0 cm H, O draft (under atmospheric)

40cmH,0| 1in | 1ft | 29.92in. Hg
[ 254 em [ 12 in. | 33.91 ft H,O
‘What is another way to make the conversion?

Since the reading is 4.0 cm H, O draft (under atmospheric), the absolute reading in
uniform units is

= (.12 in. Hg

28.7 — 0.12 = 28.6 in. Hg absolute

EXAMPLE 1.25 Vacuum Pressure Reading

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 cmHy

Figure E1.25

Solution
Basis: 64.5 cm 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 cm

Hg below atmospheric, the absolute pressure in the tank is

64.5 cm Hg | 101.3 kPa
[ 76.0 cm Hg

The mice probably will not survive.

100 kPa — = 100 — 86 = 14 kPa absolute
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EXAMPLE 1.26 Calculation of Pressure Difference

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 p; — p» in

pascal.
Fluid Crifice
ui L/
Water, p = 10%kg/m3
—32mm
4
d
i10 mm
~—— Manometer fluid,
= 3 3
p,=110x107ka/™  Figyre E1.26
Solation

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,

pi— p2= (ot — plgd
~ (1.10 — 1.00)10° kg | 9.807 m | (22)(10%)m | 1 (N)(s) | 1 (Pa)(m?)
h m’ [ | [ Gkm) [ 1(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 H,O

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?

20 in. Hg.
Helium
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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

Helium

6. An cvaporator 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. E1.26 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 180°, 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.

Accurate values of physical properties are needed in almost all phases of chemical
ehgineering design and analysis. Two ways to obtain data for the physical properties
of components are: (a) by experimental measurement and/or (b) by estimation. As
far as the cost of obtaining data is concerned, a substantial difference exists between
the two approaches. To produce critically evaiuated 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 tirne required for exper-
imental measutements,

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, petroleurn products, and natural
gas—which ate 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 all) 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

Ranges reported*

Chlorides {mg/L) 200-960
COD (mg/L) 140--640
BODs (mg/L) 97-280
Suspended solids (mg/L) 30450
Alkalinity (mg/L as CaCOs;) 77-210
Temperature, (°F) 69-100
Ammonia, nitrogen (mg/L:) 56-120
Qil (mmg/L) 23-130
Phosphate (mg/L:) 20-97

Phenolics (mg/L) 7.6-61

pH 7.1-9.5
Sulfides (mg/L) ; 1.3-38

Chromium (mg/L) 0.3-0.7

*Values are the averages of the minima and
maxima reported by 12 refineries treating total
effluent. Individual plants have reported data well
outside many of thesé 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; CH, C:Hg C:Hg CsHyo CsHyz+

Natural gas 6.5 71.5 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 2.9 5.0 3.5

Butane 2.0 35 73.4 n-butane
18.1 isobutane

[lluminants
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 34

Producer gas 4.5 0.6 509 27.0 14.0 3.0

Blast furnace gas 54 07 83 37,0 473 1.3

Sewage gas 22.0 6.0 2.0 68.0

*Dry gas contains much less propane (C;H;) and higher hydrocarbons than wet gas does.

TSour implies that the gas contains significant amounts of hydrogen sulfide.

SOURCE: Fuel Flue Gases, American Gas Association, New York, 1941, p. 20.
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TABLE 1.8 Ultimate Analysis of Petroleum Crude
Weight %
Type Sp Gr At°C C . H N 0 S
Pennsylvania 0.862 15 85.5 14.2
Humbolt, Kan. 0.921 85.6 12.4 0.37
Beaumont, Tex. 0.91 85.7 11.0 2.61 0.70
Mexico 0.97 15 83.0 11.0 1.7
Baku USSR 0.897 86.5 12.0 1.5

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

New York, 195

8.

TABLE 1.9 Chemical Analyses of Various Wastes

Garbage Garbage
Dry Charred Charred com- com-
Raw Charred Tire sewage sewage animal posite posite
Material paper paper rubber sludge sludge manure A B
Moisture 3.8 0.3 0.5 13.6 1.2 0.0 3.4 12.3
Hydrogen* 6.9 31 4.3 6.7 1.4 5.4 6.6 7.0
Carbon 45.8 34.9 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 04 25 34 349 45.7 25.5 10.2 5.9

* The hydrogen and oxygen values reflect 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 Sources of Physical Property Data

American Chemical Society, Physical Properties of Chemical Compounds, Vol. 22,
ACS, Washingten, 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, ST Chemical Data, 2nd ed., Wiley, New York,

1976.
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TABLE 1.10 (continued)

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 Compilatrion—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 fiir 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-ID-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, Fl., annual editions.

Hilsenrath, J., 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, Ametican
Imstitute of Chemical Engineers, New York, 1985.

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

Lin, C. T., et al., “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., 1977-8(.

McCail, W. D., Properties of Petroleum Fluids, Petroleum Publishing Company, Tulsa,
Okla., 1973,

Natural Gas Processors Suppliers Association, Engineering Data Book, Tulsa, Okla.
(Continuing editions.)

Perry, R. H. 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 Liguids,
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 Chemisiry 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 Journal of Chemical Engineering
Chemical Enginecering 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
Journal 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

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: Bvery 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.”

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 ;Suouy 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-

Read the problem

Analyze and #ry to understend the problem

Review ond write down key fectures

Oraw c dicgram of flows, variables

Stale what the problem is; the objective(s)
Enter known data on diggram

Enfer symbols for unknown data on diagram
List relevant physice] laws, principles
Empioy suitable notation

Fix the sysiem

List assumptions, inferred conditiens
Locote missing information

Pick a basis

Plan the prablem solving strategy. [dentify
the probiem fype

—I Yes

Standard of known | . | Can the problem be
problem type converted to a
(recall from memory) stendard type

Y

No

Generate alternaiive ways to solve the problems

‘,Yes

Select strofegy from
among cptions

i

Review othier key relations, principles

Hypothesize, visualize

Divide the problem up into simpler subprgblems

Simplify, opproximete

Eliminafe afternatives thet are too expensive or
will not reach objectives

|

| Design o new strategy; list the steps I

- i
!

Execufe 1he strategy; check
each step to eliminate blunders

|

Obtain cnd check answer

Interpret resulis

constraints

Is it reasonable in magnitude
Try aliernate path to answer

Does it sctisfy assumptions,

Figure 1.14 Program for problem solving.

8@. Polya, How 1o 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.

{c) 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. 1.4.

(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
cxactly how to proceed from what is available to what is wanted, then you should:

{f) 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.

(h) 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) Relating the physical problem to theory
() 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 quahty 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-Solving Habits of a Novice and an

Expert

A novice:

An expert:

Starts solving a problem before fully
understanding what is wanted
and/or what a good route 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 assumptions, 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

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 get 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.?

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!)

(@) 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
(¢) 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.

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

4

®B. 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.

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?

CHe +110, — 7C0; + 8 H:0 (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 lby, 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 £ mole of C;Hys. Also, 1 mole of H>O is formed

CsHig + 1102 —_— 7CO, + 8H,0
Qualitative information
heptane  reacts oxyeen to carbon and water
with V8 give dioxide
Quantitative information
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 11(6.023 x 1023) 7(6.023 x 102%) 8(6.023 x 1023)
molecules molecules — molecules 3+ molecules
of CsH of O3 of CO; of H:0
1 g mole + 11 g moles 7 g moles + 8 g moles
of CsH of Oz of CO, of HaO
1 kg mole - 11 kg moles s 7 kg moles + 8 kg moles
of CsHys of Oz of COz of H,O
116 mole + 11 1b moles 7 1b moles + 81b moles
of C;H s of O3 of CO, of H20
1 ton mole -+ 11 ton moles 7 ton moles <+ § ton moles
of C;H s of O of CO, of H2O
1{100) g + 1i(32)g _ Tdd)y g + 808)¢g
of C4H ¢ of Oz of CO; of H2O
S — e S S——
100 g 3s2¢g 308g 144 ¢
453 g = 452 g
452 kg = 452 kg
452 ton = 452 ton
452 b = 452 [b

Figure 1.15 Application of the chemical equation.
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with each 7 mole of CO,. Thus the equation tells us in terms of moles (nof mass) the
ratios among reactants and products. The coefficients of the compounds in the equa-
tion are known as stoeichiometric coefficients: 1 for C;H,g, 11 for O, and so on.

Stoichiometry (stoi-ki-om-e-tri)'® 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 (b, 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 calculate 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 calculations.

Basis: 10.0kg C.H, .

Component Mol. wt
C-Hjs 100.1
(873 32.0
CO, 44.0
H:0 18.0
1 kg mole 7 kg mole
CHig + 110 —> 7C0O; + 8H,0
10.0 kg C,:..H16 0.700 kg mole CO

= 0.100 kg mole C H, . —> 2 = 30.8 kg CO,

100.1 kg C'J'His 1 kg mole CO2
Fkegmole C.H, T 440 CO,
gmole C.H, 44.0 CO,

10.0 kg C7H16 yields 30.8 kg CO2

Figure 1.16 Stoichiometry.

EXAMPLE 1.27 Use of the Chemical Equation

In the combustion of heptane, CO; is produced. Assume that you want to produce 500 kg of
dry ice per hour and that 50% of the CO; can be converted into dry ice, as shown in Fig.
E1.27. How many kilograms of heptane must be burned per hour?

Qther Products
€0, Gas
(50%)

€0, Solid
-G7Hg Gas (50%)

— Reactor |———
500 kg/hr

_Figure E1.27

1° From the Greek stoicheion, basic constituent, and metrein, 1o measure.
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Solation
Basis: 500 kg of dry ice (or 1 hr)
Mol. wt. heptane = 100.1. Chemical equation as in Fig, 1.15.

500 kg dry ice 1kgCO. | 1kgmol CO; | 1 kg mol C/His
0.5kgdryice | 44kgCO. | 7 kg mol CO,

| 100.1 kg C;His

T kg mol Gl -2 K& CrHis

Since the basis of 500 kg of dry ice is identical to 1 hr, 325 kg of C;H;s; 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

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

2Na2803 - 02 e 2Na2804

How many pounds of sodium sulfite are theoretically required (for complete reaction) to re-
move the oxygen from 8,330,000 Ib of water (10° 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.

HyQ: 8,330,000 Ib Ha0: 8,330,000 Ib
10 ppm 02 no oxygen

Nap505
Figure E1.28
Solution

Additional data: mol. wt. of Na,S0s is 126. Chemical equation: 2Na,SQ; + O, — 2NapSQ..
Basis: 8,330,000 1b of H,O with 10 ppm Oz or 83.3 Ib of O

8,330,000 1b HO 10 1Ib O,
(1,000,000 — 10 1b O,)Ib HO

=833B 0

N\

effectively san;e as 1,000,000

8,330,000 b H,O0 | 101b0O; | 11bmol O; | 2 Ib mol NaSOs
1°bH0 | 321b0; | 1lbmolO;

| 126 1b Na,8S0O; | 1.35
[1 b mol Na,SO5 | 1

= 886 1b Na,S0;
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EXAMPLE 1.29 Stoichiometry
A limestone analyzes

CaCO; 92.89%
MgCOs 5.41%
Insoluble 1.70%

(a) How many pounds of calcium oxide can be made from 5 tons of this limestone?
(b) How many pounds of CO; can be recovered per pound of limestone?
(c) How many pounds of limestone are needed to make 1 ton of lime?

Solution

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

I——FC02
/ | Ca0
Mg0 Lime

Limestone

Heat Insotuble
Figure E1.29

To complete the preliminary analysis you need the following chemical equations:
CaCO; —— Ca0 + CO,
_ MgCO; — Mg0 + CO,
Additional data: .
| CaCO; MgCOs Ca0  MgO  CO;
Mol. wt.:  100.1 84.32 56.08 40.32 44
Basis: 100 Ib of limestone

This basis was selected because pounds = percent.

Component " 1lb = percent Ib mol Lime b CO,(Ib)
CaCO; 92.89 0.9280 Ca0 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:

52.21b CaO | 20001b | 5 ton
100 Ib stone | 1ton |

43.6 1b CO;
= 2 = 0.436]
(b) CO; recovered 100 Ib stone 0.436 Ib

{a) Ca0 produced = = 5220 1b CaO

or

100 Ib stone | 2000 Ib

56.4 1o lime | Lton  ->t0 lbstone

{c) Limestone required =

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 2 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'! must be under-
stood: :
(a) Limiting reactant is the reactant that is present in the smaklest stoichio-
metric amount. 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 C;H;s and 12 g mol of O, are mixed,
C7H,s 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 Ratio in chemical equation
0O, 12 11
: — =12 > — =11
C:His 1 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

"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+ 20 —— 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 feed Ratio in chemical equation
B 3.2 3
—: —_—= . < _ =
A 1.1 291 1 3
C 2.4 2
—: — =2, - —_ =
1 T3 2,18 1 2

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)l,sothat 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

moles .
eSS T Q,ﬁffgg‘h;w_ % excess = moles in excess (100)

moles required to react with limiting 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 réquirements 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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moles of feed (or a compound in the feed) that react
moles of feed (or a compound in the feed) introduced

100

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 Ib of
product A per R 1b 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 o maximize production of the desired product
and minimize production of the unwanted products. Do you want high or low selec-
tivity? Yieid?

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, Sa) with scrap iron and drawing off
the molten antimony from the bottom of the reaction vessel:

SbyS; + 3Fe ——  25b + 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 kg Mol. wt. g mol
SbaSs3 0.600 339.7 1.77
Fe 0.250 55.85 4.48
Sb 0.200 121.8 1.64
FeS 87.91

The process is illustrated in Fig. E1.30.
1.77 g mol S0, 5;
—————{

Fe 5
4.48 g mal Fe Reoctor ="
——r—n|

1.64 gmol Sb Figure E1.30

(a) To find the limiting reactant, we examine the chemical reaction equation and note that
if 1.77 g mol of Sb, 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 Sb25; to be available,
Thus Fe is present in the smallest stoichiometric amount and is the limiting reactant;
Sb, Ss is the excess reactant.

{b) The percentage of excess reactant is

1.77 - 1.4
% excess = 1—499(100) = 18.8% excess Sb2 S

(¢} 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
|2g mol Sb

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

= 2.46 g mol Fe

\ 2.46
fractional degree of completion = 248 = 0.55
(d) Let us assume that the percent conversion refers to the Sb, S; since the reference com-
pound is not specified in the question posed.

1.64 g mol Sb | 1 g mol Sb:S;
| 2 gmol Sb

= 0.82 g mol Sb, S;

% conversion of Sb, S5 to Sb = %(100) = 46.3%

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

q_ 0200kgSb _ 1 kgSb _ 0.33kgSh
Y 0.600 kg Sb,S;  3kg Sb;S; 1 Kg SbsSs
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EXAMPLE 1.31 Limiting Reactant and Incomplete Reactions
Aluminum sulfate can be made by reacting crushed bauxite ore with sulfuric acid, according
to the following equation:
Alg 03 + 3stO4 e Alz(SO4)3 + 3H20

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

To produce crude aluminum sulfate containing 1798 Ib of pure aluminum sulfaie,
1080 b 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?

Solution

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 1b AL(SO.)s | 1 1b mol AL(SO.)s

= 5.25 b mol
[342.2 b AL(S0.) e
1080 Ib bauxite | 0.554 b ALO; | 11b mol ALO; _ 587 b mol
11b bauxite | 101.96 Ib ALO;
2510 b acid | 0.777 Ib H2SO, | 1 Ib mol H,SO,
=19.88 b
[hacid | 98.11bH,s0, ol mol
(a) The excess reactant can be determined as follows:
Ratio in feed Ratio in chemical equation
H.S0