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In this fifth edition we have retained the objectives of the first four editions:

> to present a thorough treatment of engineering thermodynamics from the classical viewpoint,
> to provide a sound basis for subsequent courses in fluid mechanics and heat transfer, and
> to prepare students to use thermodynamics in engineering practice.

While the fifth edition retains the basic organization and level of the previous editions,
we have introduced several enhancements proven to be effective for student learning. In-
cluded are new text elements and interior design features that help students understand and
apply the subject matter. With this fifth edition, we aim to continue our leadership in effec-
tive pedagogy, clear and concise presentations, sound developments of the fundamentals, and
state-of-the-art engineering applications.

New in the Fifth Edition

> An engaging new feature called “Thermodynamics in the News” is intro-
duced in every chapter. News boxes tie stories of current interest to concepts discussed
in the chapter. The news items provide students with a broader context for their
learning and form the basis for new Design and Open Ended problems in each chapter.

> Other class-tested content changes have been introduced:

—A new discussion of the state-of-the-art of fuel cell technology (Sec. 13.4).

—Streamlined developments of the energy concept and the first law of thermodynamics
(Secs. 2.3 and 2.5, respectively).

—Streamlined developments of the mass and energy balances for a control volume
(Secs. 4.1 and 4.2, respectively).

—Enhanced presentation of second law material (Chap. 5) clearly identifies key concepts.

—Restructuring of topics in psychrometrics (Chap. 12) and enthalpy of combustion and
heating values (Chap. 13) further promotes student understanding.

—Functional use of color facilitates data retrieval from the appendix tables.

» End-of-chapter problems have been substantially refreshed. As in previous editions, a
generous collection of problems is provided. The problems are classified under head-
ings to assist instructors in problem selection. Problems range from confidence-building
exercises illustrating basic skills to more challenging ones that may involve several
components and require higher-order thinking.

» The end-of-chapter problems are organized to provide students with the opportunity to
develop engineering skills in three modes:
—Conceptual. See Exercises: Things Engineers Think About.
—SKkill Building. See Problems: Developing Engineering Skills.
—Design. See Design and Open ended Problems: Exploring Engineering Practice.

» The comfortable interior design from previous editions has been enhanced with an even
more learner-centered layout aimed at enhancing student understanding.

Core Text Features

This edition continues to provide the core features that have made the text the global leader
in engineering thermodynamics education.

» Exceptional class-tested pedagogy. Our pedagogy is the model that others emulate.
For an overview, see How fo Use this Book Effectively inside the front cover of the book.
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> Systematic problem solving methodology. Our methodology has set the standard for
thermodynamics texts in the way it encourages students to think systematically and
helps them reduce errors.

> Effective development of the second law of thermodynamics. The text features the
entropy balance (Chap. 6) recognized as the most effective way for students to learn
how to apply the second law. Also, the presentation of exergy analysis (Chaps. 7
and 13) has become the state-of-the-art model for learning that subject matter.

> Software to enhance problem solving for deeper learning. We pioneered the use of
software as an effective adjunct to learning engineering thermodynamics and solving
engineering problems.

» Sound developments of the application areas. Included in Chaps. 8—14 are compre-
hensive developments of power and refrigeration cycles, psychrometrics, and combus-
tion applications from which instructors can choose various levels of coverage ranging
from short introductions to in-depth studies.

» Emphasis on engineering design and analysis. Specific text material on the design
process is included in Sec. 1.7: Engineering Design and Analysis and Sec. 7.7:
Thermoeconomics. Each chapter also provides carefully crafted Design and Open
Ended Problems that allow students to develop an appreciation of engineering practice
and to enhance a variety of skills such as creativity, formulating problems, making
engineering judgments, and communicating their ideas.

» Flexibility in units. The text allows an SI or mixed SI/English presentation. Careful
use of units and systematic application of unit conversion factors is emphasized
throughout the text.

Ways to Meet Different Course Needs

In recognition of the evolving nature of engineering curricula, and in particular of the di-
verse ways engineering thermodynamics is presented, the text is structured to meet a variety
of course needs. The following table illustrates several possible uses of the text assuming a
semester basis (3 credits). Coverage would be adjusted somewhat for courses on a quarter
basis depending on credit value. Detailed syllabi for both semester and quarter bases are pro-
vided on the Instructor’s Web Site. Courses could be taught in the second or third year to
engineering students with appropriate background.

Type of course Intended audience Chapter coverage

» Principles. Chaps. 1-6.

Non-majors » Applications. Selected topics from
Chaps. 8-10 (omit compressible flow in Chap. 9).

Surveys
» Principles. Chaps. 1-6.
Majors > Applications. Same as above plus selected

topics from Chaps. 12 and 13.

» First course. Chaps. 1-8.

Two-course Mai (Chap. 7 may deferred to second course or omitted.)
ajors
sequences 0 » Second course. Selected topics from

Chaps. 9-14 to meet particular course needs.
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How to Use This Book Effectively

This book has several features that facilitate study and contribute further to understanding:

» Examples

» Numerous annotated solved examples are provided that feature the solution methodol-
ogy presented in Sec. 1.7.3 and illustrated in Example 1.1. We encourage you to study
these examples, including the accompanying comments.

» Less formal examples are given throughout the text. They open with
> for example... and close with €. These examples also should be studied.

» Exercises

» Each chapter has a set of discussion questions under the heading Exercises: Things
Engineers Think About that may be done on an individual or small-group basis. They
are intended to allow you to gain a deeper understanding of the text material, think
critically, and test yourself.

> A large number of end-of-chapter problems also are provided under the heading
Problems: Developing Engineering Skills. The problems are sequenced to coordinate
with the subject matter and are listed in increasing order of difficulty. The problems are
also classified under headings to expedite the process of selecting review problems to
solve.

Answers to selected problems are provided in the appendix (pp. 865—868).

> Because one purpose of this book is to help you prepare to use thermodynamics in
engineering practice, design considerations related to thermodynamics are included.
Every chapter has a set of problems under the heading Design and Open Ended
Problems: Exploring Engineering Practice that provide brief design experiences to help
you develop creativity and engineering judgment. They also provide opportunities to
practice communication skills.

» Further Study Aids
» Each chapter opens with an introduction giving the engineering context and stating the
chapter objective.

» Each chapter concludes with a chapter summary and study guide that provides a point
of departure for examination reviews.

> Key words are listed in the margins and coordinated with the text material at those
locations.

> Key equations are set off by a double horizontal bar, as, for example, Eq. 1.10.

» Methodology update in the margin identifies where we refine our problem-solving
methodology, as on p. 9, or introduce conventions such as rounding the temperature
273.15 K to 273 K, as on p. 20.

» For quick reference, conversion factors and important constants are provided on the
next page.

> A list of symbols is provided on the inside back cover and facing page.

vii
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Constants
Universal Gas Constant Standard Atmospheric Pressure
R = 8.314 kJ/kmol - K 1 atm = 1.01325 bar

Standard Acceleration of Gravity Temperature Relations
g = 9.80665 m/s? T(°C) = T(K) — 273.15
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Getting Started:
Introductory
Concepts and
Definitions

b ) AR G - R - R o |

The word thermodynamics stems from
the Greek words therme (heat) and dynamis (force). Although various aspects of what is
now known as thermodynamics have been of interest since antiquity, the formal study of
thermodynamics began in the early nineteenth century through consideration of the motive
power of heat: the capacity of hot bodies to produce work. Today the scope is larger,
dealing generally with energy and with relationships among the properties of matter.

Thermodynamics is both a branch of physics and an engineering science. The scientist
is normally interested in gaining a fundamental understanding of the physical and chemical
behavior of fixed quantities of matter at rest and uses the principles of thermodynamics to
relate the properties of matter. Engineers are generally interested in studying systems and
how they interact with their surroundings. To facilitate this, engineers extend the subject of
thermodynamics to the study of systems through which matter flows.

The of this chapter is to introduce you to some of the fundamental concepts
and definitions that are used in our study of engineering thermodynamics. In most instances
the introduction is brief, and further elaboration is provided in subsequent chapters.

Engineers use principles drawn from thermodynamics and other engineering sciences, such
as fluid mechanics and heat and mass transfer, to analyze and design things intended to meet
human needs. The wide realm of application of these principles is suggested by Table 1.1,
which lists a few of the areas where engineering thermodynamics is important. Engineers
seek to achieve improved designs and better performance, as measured by factors such as an
increase in the output of some desired product, a reduced input of a scarce resource, a
reduction in total costs, or a lesser environmental impact. The principles of engineering
thermodynamics play an important part in achieving these goals.

An important step in any engineering analysis is to describe precisely what is being studied.
In mechanics, if the motion of a body is to be determined, normally the first step is to de-
fine a free body and identify all the forces exerted on it by other bodies. Newton’s second
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TABLE 1.1 Selected Areas of Application of Engineering Thermodynamics

Automobile engines

Turbines

Compressors, pumps

Fossil- and nuclear-fueled power stations

Propulsion systems for aircraft and rockets

Combustion systems

Cryogenic systems, gas separation, and liquefaction

Heating, ventilating, and air-conditioning systems
Vapor compression and absorption refrigeration
Heat pumps

Cooling of electronic equipment

Alternative energy systems
Fuel cells
Thermoelectric and thermionic devices
Magnetohydrodynamic (MHD) converters
Solar-activated heating, cooling, and power generation
Geothermal systems
Ocean thermal, wave, and tidal power generation
Wind power

Biomedical applications International Space Station
Life-support systems
Artificial organs

Solar-cell arrays

Surfaces with thermal
control coatings

Steam generator

Condenser

Condensate

Cooling water

Refrigerator Electrical power plant

Turbojet engine Biomedical applications




law of motion is then applied. In thermodynamics the term system is used to identify the
subject of the analysis. Once the system is defined and the relevant interactions with other
systems are identified, one or more physical laws or relations are applied.

The system is whatever we want to study. It may be as simple as a free body or as com-
plex as an entire chemical refinery. We may want to study a quantity of matter contained
within a closed, rigid-walled tank, or we may want to consider something such as a pipeline
through which natural gas flows. The composition of the matter inside the system may be
fixed or may be changing through chemical or nuclear reactions. The shape or volume of the
system being analyzed is not necessarily constant, as when a gas in a cylinder is compressed
by a piston or a balloon is inflated.

Everything external to the system is considered to be part of the system’s surroundings.
The system is distinguished from its surroundings by a specified boundary, which may be
at rest or in motion. You will see that the interactions between a system and its surround-
ings, which take place across the boundary, play an important part in engineering thermo-
dynamics. It is essential for the boundary to be delineated carefully before proceeding with
any thermodynamic analysis. However, the same physical phenomena often can be analyzed
in terms of alternative choices of the system, boundary, and surroundings. The choice of a
particular boundary defining a particular system is governed by the convenience it allows in
the subsequent analysis.

TYPES OF SYSTEMS

Two basic kinds of systems are distinguished in this book. These are referred to, respectively,
as closed systems and control volumes. A closed system refers to a fixed quantity of matter,
whereas a control volume is a region of space through which mass may flow.

A closed system is defined when a particular quantity of matter is under study. A closed
system always contains the same matter. There can be no transfer of mass across its bound-
ary. A special type of closed system that does not interact in any way with its surroundings
is called an isolated system.

Figure 1.1 shows a gas in a piston—cylinder assembly. When the valves are closed, we can
consider the gas to be a closed system. The boundary lies just inside the piston and cylinder
walls, as shown by the dashed lines on the figure. The portion of the boundary between the
gas and the piston moves with the piston. No mass would cross this or any other part of the
boundary.

In subsequent sections of this book, thermodynamic analyses are made of devices such
as turbines and pumps through which mass flows. These analyses can be conducted in prin-
ciple by studying a particular quantity of matter, a closed system, as it passes through the
device. In most cases it is simpler to think instead in terms of a given region of space
through which mass flows. With this approach, a region within a prescribed boundary is
studied. The region is called a control volume. Mass may cross the boundary of a control
volume.

A diagram of an engine is shown in Fig. 1.2a. The dashed line defines a control volume
that surrounds the engine. Observe that air, fuel, and exhaust gases cross the boundary. A
schematic such as in Fig. 1.2b often suffices for engineering analysis.

The term control mass is sometimes used in place of closed system, and the term open
system is used interchangeably with control volume. When the terms control mass and con-
trol volume are used, the system boundary is often referred to as a control surface.

In general, the choice of system boundary is governed by two considerations: (1) what is
known about a possible system, particularly at its boundaries, and (2) the objective of the
analysis. » for example... Figure 1.3 shows a sketch of an air compressor connected
to a storage tank. The system boundary shown on the figure encloses the compressor, tank,
and all of the piping. This boundary might be selected if the electrical power input were

1.2 Defining Systems 3

system

surroundings

boundary

closed system

isolated system

control volume

Boundary

A Figure 1.1 Closed
system: A gas in a
piston—cylinder assembly.
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known, and the objective of the analysis were to determine how long the compressor must
operate for the pressure in the tank to rise to a specified value. Since mass crosses the
boundary, the system would be a control volume. A control volume enclosing only the com-
pressor might be chosen if the condition of the air entering and exiting the compressor were
known, and the objective were to determine the electric power input. <

I3 Describing Systems and Their Behavior

Engineers are interested in studying systems and how they interact with their surroundings.
In this section, we introduce several terms and concepts used to describe systems and how
they behave.

MACROSCOPIC AND MICROSCOPIC VIEWS OF THERMODYNAMICS

Systems can be studied from a macroscopic or a microscopic point of view. The macro-
scopic approach to thermodynamics is concerned with the gross or overall behavior. This
is sometimes called classical thermodynamics. No model of the structure of matter at the
molecular, atomic, and subatomic levels is directly used in classical thermodynamics.
Although the behavior of systems is affected by molecular structure, classical thermody-
namics allows important aspects of system behavior to be evaluated from observations of
the overall system.

% <« Figure 1.3 Air compressor and
+

storage tank.
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The microscopic approach to thermodynamics, known as statistical thermodynamics, is
concerned directly with the structure of matter. The objective of statistical thermodynamics
is to characterize by statistical means the average behavior of the particles making up a system
of interest and relate this information to the observed macroscopic behavior of the system.
For applications involving lasers, plasmas, high-speed gas flows, chemical kinetics, very low
temperatures (cryogenics), and others, the methods of statistical thermodynamics are essen-
tial. Moreover, the microscopic approach is instrumental in developing certain data, for
example, ideal gas specific heats (Sec. 3.6).

For the great majority of engineering applications, classical thermodynamics not only pro-
vides a considerably more direct approach for analysis and design but also requires far fewer
mathematical complications. For these reasons the macroscopic viewpoint is the one adopted
in this book. When it serves to promote understanding, however, concepts are interpreted
from the microscopic point of view. Finally, relativity effects are not significant for the systems
under consideration in this book.

PROPERTY, STATE, AND PROCESS

To describe a system and predict its behavior requires knowledge of its properties and how

those properties are related. A property is a macroscopic characteristic of a system such as  property
mass, volume, energy, pressure, and temperature to which a numerical value can be assigned

at a given time without knowledge of the previous behavior (history) of the system. Many

other properties are considered during the course of our study of engineering thermody-

namics. Thermodynamics also deals with quantities that are not properties, such as mass flow

rates and energy transfers by work and heat. Additional examples of quantities that are not
properties are provided in subsequent chapters. A way to distinguish nonproperties from prop-

erties is given shortly.

The word state refers to the condition of a system as described by its properties. Since stafe
there are normally relations among the properties of a system, the state often can be speci-
fied by providing the values of a subset of the properties. All other properties can be deter-
mined in terms of these few.

When any of the properties of a system change, the state changes and the system is said
to have undergone a process. A process is a transformation from one state to another. How-  process
ever, if a system exhibits the same values of its properties at two different times, it is in the
same state at these times. A system is said to be at steady state if none of its properties steady state
changes with time.

A thermodynamic cycle is a sequence of processes that begins and ends at the same state.  thermodynamic cycle
At the conclusion of a cycle all properties have the same values they had at the beginning.
Consequently, over the cycle the system experiences no net change of state. Cycles that are
repeated periodically play prominent roles in many areas of application. For example, steam
circulating through an electrical power plant executes a cycle.

At a given state each property has a definite value that can be assigned without knowl-
edge of how the system arrived at that state. Therefore, the change in value of a property as
the system is altered from one state to another is determined solely by the two end states and
is independent of the particular way the change of state occurred. That is, the change is in-
dependent of the details of the process. Conversely, if the value of a quantity is independent
of the process between two states, then that quantity is the change in a property. This pro-
vides a test for determining whether a quantity is a property: A quantity is a property if its
change in value between two states is independent of the process. It follows that if the value
of a particular quantity depends on the details of the process, and not solely on the end states,
that quantity cannot be a property.
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extensive property

intensive property

phase

pure substance

EXTENSIVE AND INTENSIVE PROPERTIES

Thermodynamic properties can be placed in two general classes: extensive and intensive.
A property is called extensive if its value for an overall system is the sum of its values for
the parts into which the system is divided. Mass, volume, energy, and several other proper-
ties introduced later are extensive. Extensive properties depend on the size or extent of a
system. The extensive properties of a system can change with time, and many thermody-
namic analyses consist mainly of carefully accounting for changes in extensive properties
such as mass and energy as a system interacts with its surroundings.

Intensive properties are not additive in the sense previously considered. Their values are
independent of the size or extent of a system and may vary from place to place within the
system at any moment. Thus, intensive properties may be functions of both position and time,
whereas extensive properties vary at most with time. Specific volume (Sec. 1.5), pressure,
and temperature are important intensive properties; several other intensive properties are in-
troduced in subsequent chapters.

> for example. .. to illustrate the difference between extensive and intensive prop-
erties, consider an amount of matter that is uniform in temperature, and imagine that it is
composed of several parts, as illustrated in Fig. 1.4. The mass of the whole is the sum of the
masses of the parts, and the overall volume is the sum of the volumes of the parts. However,
the temperature of the whole is not the sum of the temperatures of the parts; it is the same
for each part. Mass and volume are extensive, but temperature is intensive. <

PHASE AND PURE SUBSTANCE

The term phase refers to a quantity of matter that is homogeneous throughout in both chem-
ical composition and physical structure. Homogeneity in physical structure means that the
matter is all solid, or all liquid, or all vapor (or equivalently all gas). A system can contain
one or more phases. For example, a system of liquid water and water vapor (steam) con-
tains rwo phases. When more than one phase is present, the phases are separated by phase
boundaries. Note that gases, say oxygen and nitrogen, can be mixed in any proportion to
form a single gas phase. Certain liquids, such as alcohol and water, can be mixed to form
a single liquid phase. But liquids such as oil and water, which are not miscible, form fwo
liquid phases.

A pure substance is one that is uniform and invariable in chemical composition. A pure
substance can exist in more than one phase, but its chemical composition must be the same
in each phase. For example, if liquid water and water vapor form a system with two phases,
the system can be regarded as a pure substance because each phase has the same composi-
tion. A uniform mixture of gases can be regarded as a pure substance provided it remains a
gas and does not react chemically. Changes in composition due to chemical reaction are

(a) ®)

A Figure 1.4 Figure used to discuss the extensive and intensive property concepts.
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considered in Chap. 13. A system consisting of air can be regarded as a pure substance as
long as it is a mixture of gases; but if a liquid phase should form on cooling, the liquid would
have a different composition from the gas phase, and the system would no longer be con-
sidered a pure substance.

EQUILIBRIUM

Classical thermodynamics places primary emphasis on equilibrium states and changes from
one equilibrium state to another. Thus, the concept of equilibrium is fundamental. In mechanics,  equilibrium

equilibrium means a condition of balance maintained by an equality of opposing forces. In
thermodynamics, the concept is more far-reaching, including not only a balance of forces but
also a balance of other influences. Each kind of influence refers to a particular aspect of ther-
modynamic, or complete, equilibrium. Accordingly, several types of equilibrium must exist in-
dividually to fulfill the condition of complete equilibrium; among these are mechanical, ther-
mal, phase, and chemical equilibrium.

Criteria for these four types of equilibrium are considered in subsequent discussions.
For the present, we may think of testing to see if a system is in thermodynamic equilib-
rium by the following procedure: Isolate the system from its surroundings and watch for
changes in its observable properties. If there are no changes, we conclude that the sys-
tem was in equilibrium at the moment it was isolated. The system can be said to be at an
equilibrium state. equilibrium state

When a system is isolated, it does not interact with its surroundings; however, its state
can change as a consequence of spontaneous events occurring internally as its intensive prop-
erties, such as temperature and pressure, tend toward uniform values. When all such changes
cease, the system is in equilibrium. Hence, for a system to be in equilibrium it must be a
single phase or consist of a number of phases that have no tendency to change their condi-
tions when the overall system is isolated from its surroundings. At equilibrium, temperature
is uniform throughout the system. Also, pressure can be regarded as uniform throughout as
long as the effect of gravity is not significant; otherwise a pressure variation can exist, as in
a vertical column of liquid.

ACTUAL AND QUASIEQUILIBRIUM PROCESSES

There is no requirement that a system undergoing an actual process be in equilibrium during
the process. Some or all of the intervening states may be nonequilibrium states. For many
such processes we are limited to knowing the state before the process occurs and the state
after the process is completed. However, even if the intervening states of the system are not
known, it is often possible to evaluate certain overall effects that occur during the process.
Examples are provided in the next chapter in the discussions of work and heat. Typically,
nonequilibrium states exhibit spatial variations in intensive properties at a given time. Also,
at a specified position intensive properties may vary with time, sometimes chaotically. Spa-
tial and temporal variations in properties such as temperature, pressure, and velocity can be
measured in certain cases. It may also be possible to obtain this information by solving ap-
propriate governing equations, expressed in the form of differential equations, either analyt-
ically or by computer.

Processes are sometimes modeled as an idealized type of process called a quasiequilibr-  quasiequilibrium
ium (or quasistatic) process. A quasiequilibrium process is one in which the departure from process
thermodynamic equilibrium is at most infinitesimal. All states through which the system
passes in a quasiequilibrium process may be considered equilibrium states. Because
nonequilibrium effects are inevitably present during actual processes, systems of engineer-
ing interest can at best approach, but never realize, a quasiequilibrium process.
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base unit

SI base units

Our interest in the quasiequilibrium process concept stems mainly from two consider-
ations:

» Simple thermodynamic models giving at least qualitative information about the behav-
ior of actual systems of interest often can be developed using the quasiequilibrium
process concept. This is akin to the use of idealizations such as the point mass or the
frictionless pulley in mechanics for the purpose of simplifying an analysis.

» The quasiequilibrium process concept is instrumental in deducing relationships that
exist among the properties of systems at equilibrium (Chaps. 3, 6, and 11).

1% Measuring Mass, Length, Time, and Force

When engineering calculations are performed, it is necessary to be concerned with the units
of the physical quantities involved. A unit is any specified amount of a quantity by compar-
ison with which any other quantity of the same kind is measured. For example, meters, cen-
timeters, kilometers, feet, inches, and miles are all units of length. Seconds, minutes, and
hours are alternative time units.

Because physical quantities are related by definitions and laws, a relatively small number
of physical quantities suffice to conceive of and measure all others. These may be called
primary dimensions. The others may be measured in terms of the primary dimensions and
are called secondary. For example, if length and time were regarded as primary, velocity and
area would be secondary.

Two commonly used sets of primary dimensions that suffice for applications in mechanics
are (1) mass, length, and time and (2) force, mass, length, and time. Additional primary
dimensions are required when additional physical phenomena come under consideration.
Temperature is included for thermodynamics, and electric current is introduced for applica-
tions involving electricity.

Once a set of primary dimensions is adopted, a base unit for each primary dimension is
specified. Units for all other quantities are then derived in terms of the base units. Let us
illustrate these ideas by considering briefly the SI system of units.

> 1.4.01 SI Units

The system of units called SI, takes mass, length, and time as primary dimensions and re-
gards force as secondary. SI is the abbreviation for Systeme International d’Unités (Interna-
tional System of Units), which is the legally accepted system in most countries. The con-
ventions of the SI are published and controlled by an international treaty organization. The
SI base units for mass, length, and time are listed in Table 1.2 and discussed in the follow-
ing paragraphs. The SI base unit for temperature is the kelvin, K.

The SI base unit of mass is the kilogram, kg. It is equal to the mass of a particular cylin-
der of platinum—iridium alloy kept by the International Bureau of Weights and Measures near
Paris. The mass standard for the United States is maintained by the National Institute of Stan-
dards and Technology. The kilogram is the only base unit still defined relative to a fabricated
object.

The SI base unit of length is the meter (metre), m, defined as the length of the path traveled
by light in a vacuum during a specified time interval. The base unit of time is the second, s.
The second is defined as the duration of 9,192,631,770 cycles of the radiation associated
with a specified transition of the cesium atom.

The SI unit of force, called the newton, is a secondary unit, defined in terms of the base
units for mass, length, and time. Newton’s second law of motion states that the net force
acting on a body is proportional to the product of the mass and the acceleration, written
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TABLE 1.2 Units and dimensions for Mass, Length, Time

SI
Quantity Unit Dimension Symbol
mass kilogram M kg
length meter L m
time second t S

F o ma. The newton is defined so that the proportionality constant in the expression is equal
to unity. That is, Newton’s second law is expressed as the equality

F = ma (1.1)

The newton, N, is the force required to accelerate a mass of 1 kilogram at the rate of 1 meter
per second per second. With Eq. 1.1

IN = (1kg)(1 m/s*) = 1kg-m/s’ 1.2)

> for example... to illustrate the use of the SI units introduced thus far, let us
determine the weight in newtons of an object whose mass is 1000 kg, at a place on the earth’s
surface where the acceleration due to gravity equals a standard value defined as 9.80665 m/s?.
Recalling that the weight of an object refers to the force of gravity, and is calculated using
the mass of the object, m, and the local acceleration of gravity, g, with Eq. 1.1 we get

F =mg
(1000 kg)(9.80665 m/s*) = 9806.65 kg - m/s*

This force can be expressed in terms of the newton by using Eq. 1.2 as a unit conversion
factor. That is

kg'm\| 1N
F= (9806.65 . )‘ ~ 9806.65 N <

S 1 kg - m/s?

Since weight is calculated in terms of the mass and the local acceleration due to gravity,
the weight of an object can vary because of the variation of the acceleration of gravity with
location, but its mass remains constant. » for example. .. if the object considered pre-
viously were on the surface of a planet at a point where the acceleration of gravity is, say,
one-tenth of the value used in the above calculation, the mass would remain the same but
the weight would be one-tenth of the calculated value. <

SI units for other physical quantities are also derived in terms of the SI base units. Some
of the derived units occur so frequently that they are given special names and symbols, such
as the newton. SI units for quantities pertinent to thermodynamics are given in Table 1.3.

TABLE 1.3
Quantity Dimensions Units Symbol Name
Velocity Lt m/s
Acceleration Lt m/s?
Force MLt 2 kg m/s? N newtons
Pressure ML™! t72 kg m/s*> (N/m?) Pa pascal
Energy ML? t 2 kg m%s* (N m) J joule

Power ML?t? kg m?%/s® (/s) W watt

METHODOLOGY
UPDATE

Observe that in the cal-
culation of force in
newtons, the unit
conversion factor is set
off by a pair of vertical
lines. This device is used
throughout the text to
identify unit conversions.
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TABLE 1.4 SI Unit

Prefixes

Factor Prefix Symbol
102 tera T
10° giga G
105 mega M
10° kilo k
10> hecto h
1072 centi ¢
1073 milli m
107 micro u
107° mnano n
1072 pico p

specific volume

Since it is frequently necessary to work with extremely large or small values when using the
SI unit system, a set of standard prefixes is provided in Table 1.4 to simplify matters. For
example, km denotes kilometer, that is, 10° m.

> 1.4.2 English Engineering Units

Although ST units are the worldwide standard, at the present time many segments of the en-
gineering community in the United States regularly use some other units. A large portion of
America’s stock of tools and industrial machines and much valuable engineering data utilize
units other than SI units. For many years to come, engineers in the United States will have
to be conversant with a variety of units.

15 Two Measurable Properties: Specific
Volume and Pressure

Three intensive properties that are particularly important in engineering thermodynamics are
specific volume, pressure, and temperature. In this section specific volume and pressure are
considered. Temperature is the subject of Sec. 1.6.

» 1.5.01 Specific Volume

From the macroscopic perspective, the description of matter is simplified by considering it
to be distributed continuously throughout a region. The correctness of this idealization, known
as the continuum hypothesis, is inferred from the fact that for an extremely large class of
phenomena of engineering interest the resulting description of the behavior of matter is in
agreement with measured data.

When substances can be treated as continua, it is possible to speak of their intensive
thermodynamic properties “at a point.” Thus, at any instant the density p at a point is
defined as

(3

p=fimly 1

where V' is the smallest volume for which a definite value of the ratio exists. The volume

V' contains enough particles for statistical averages to be significant. It is the smallest vol-

ume for which the matter can be considered a continuum and is normally small enough that

it can be considered a “point.” With density defined by Eq. 1.8, density can be described
mathematically as a continuous function of position and time.

The density, or local mass per unit volume, is an intensive property that may vary from

point to point within a system. Thus, the mass associated with a particular volume V is

determined in principle by integration

m= J pdV (1.4)
v

and not simply as the product of density and volume.

The specific volume v is defined as the reciprocal of the density, v = 1/p. It is the volume
per unit mass. Like density, specific volume is an intensive property and may vary from point
to point. SI units for density and specific volume are kg/m* and m®/kg, respectively. How-
ever, they are also often expressed, respectively, as g/cm® and cm?/g.

In certain applications it is convenient to express properties such as a specific volume
on a molar basis rather than on a mass basis. The amount of a substance can be given on a
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molar basis in terms of the kilomole (kmol) or the pound mole (Ibmol), as appropriate. In  molar basis
either case we use

| 4 n=— (1.5)

The number of kilomoles of a substance, n, is obtained by dividing the mass, m, in kilograms
by the molecular weight, M, in kg/kmol. Appendix Table A-1 provides molecular weights for
several substances.

To signal that a property is on a molar basis, a bar is used over its symbol. Thus, U sig-
nifies the volume per kmol. In this text, the units used for v are m>/kmol. With Eq. 1.10, the
relationship between U and v is

v=Mv (1.6)

where M is the molecular weight in kg/kmol or Ib/lbmol, as appropriate.

» 1.5.2 Pressure

Next, we introduce the concept of pressure from the continuum viewpoint. Let us begin by con-
sidering a small area A passing through a point in a fluid at rest. The fluid on one side of the
area exerts a compressive force on it that is normal to the area, F,,,,. An equal but oppositely
directed force is exerted on the area by the fluid on the other side. For a fluid at rest, no other
forces than these act on the area. The pressure p at the specified point is defined as the limit  pressure

. <Fnormal>
p= lim|{—— 1.7)

A—A/ A

where A’ is the area at the “point” in the same limiting sense as used in the definition of
density.

If the area A’ was given new orientations by rotating it around the given point, and the
pressure determined for each new orientation, it would be found that the pressure at the point
is the same in all directions as long as the fluid is at rest. This is a consequence of the
equilibrium of forces acting on an element of volume surrounding the point. However, the
pressure can vary from point to point within a fluid at rest; examples are the variation of at-
mospheric pressure with elevation and the pressure variation with depth in oceans, lakes, and
other bodies of water.

Consider next a fluid in motion. In this case the force exerted on an area passing through
a point in the fluid may be resolved into three mutually perpendicular components: one normal
to the area and two in the plane of the area. When expressed on a unit area basis, the com-
ponent normal to the area is called the normal stress, and the two components in the plane
of the area are termed shear stresses. The magnitudes of the stresses generally vary with the
orientation of the area. The state of stress in a fluid in motion is a topic that is normally
treated thoroughly in fluid mechanics. The deviation of a normal stress from the pressure,
the normal stress that would exist were the fluid at rest, is typically very small. In this book
we assume that the normal stress at a point is equal to the pressure at that point. This as-
sumption yields results of acceptable accuracy for the applications considered.

PRESSURE UNITS
The SI unit of pressure and stress is the pascal.

1 pascal = 1 N/m?
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absolute pressure

gage pressure

vacuum pressure

However, in this text it is convenient to work with multiples of the pascal: the kPa, the bar,
and the MPa.

1 kPa = 10° N/m?
1 bar = 10° N/m?
1 MPa = 10° N/m?

Although atmospheric pressure varies with location on the earth, a standard reference value
can be defined and used to express other pressures.

1 standard atmosphere (atm) = 1.01325 X 10° N/m?

Pressure as discussed above is called absolute pressure. Throughout this book the term
pressure refers to absolute pressure unless explicitly stated otherwise. Although absolute pres-
sures must be used in thermodynamic relations, pressure-measuring devices often indicate
the difference between the absolute pressure in a system and the absolute pressure of the
atmosphere existing outside the measuring device. The magnitude of the difference is called
a gage pressure or a vacuum pressure. The term gage pressure is applied when the pressure
in the system is greater than the local atmospheric pressure, p .

p(gage) = p(absolute) — p,m(absolute) (1.8)

When the local atmospheric pressure is greater than the pressure in the system, the term vac-
uum pressure is used.

p(vacuum) = p,.(absolute) — p(absolute) (1.9)

The relationship among the various ways of expressing pressure measurements is shown in
Fig. 1.5.

p (gage)

Atmospheric
pressure

Absolute
pressure
that is greater
than the local
atmospheric

pressure

p (absolute) p (vacuum)

Absolute
pressure that
is less than
than the local
atmospheric
pressure

Zero pressure Zero pressure

A Figure 1.5 Relationships among the absolute, atmospheric, gage, and
vacuum pressures.
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PRESSURE MEASUREMENT

Two commonly used devices for measuring pressure are the manometer and the Bourdon
tube. Manometers measure pressure differences in terms of the length of a column of liquid
such as water, mercury, or oil. The manometer shown in Fig. 1.6 has one end open to the at-
mosphere and the other attached to a closed vessel containing a gas at uniform pressure. The
difference between the gas pressure and that of the atmosphere is

P ~ Pam = P8L (1.10)

where p is the density of the manometer liquid, g the acceleration of gravity, and L the dif-
ference in the liquid levels. For short columns of liquid, p and g may be taken as constant.
Because of this proportionality between pressure difference and manometer fluid length, pres-
sures are often expressed in terms of millimeters of mercury, inches of water, and so on. It
is left as an exercise to develop Eq. 1.15 using an elementary force balance.

A Bourdon tube gage is shown in Fig. 1.7. The figure shows a curved tube having an
elliptical cross section with one end attached to the pressure to be measured and the other
end connected to a pointer by a mechanism. When fluid under pressure fills the tube, the
elliptical section tends to become circular, and the tube straightens. This motion is
transmitted by the mechanism to the pointer. By calibrating the deflection of the pointer
for known pressures, a graduated scale can be determined from which any applied pres-
sure can be read in suitable units. Because of its construction, the Bourdon tube meas-
ures the pressure relative to the pressure of the surroundings existing at the instrument.
Accordingly, the dial reads zero when the inside and outside of the tube are at the same
pressure.

Pressure can be measured by other means as well. An important class of sensors utilize the
piezoelectric effect: A charge is generated within certain solid materials when they are de-
formed. This mechanical input/electrical output provides the basis for pressure measurement
as well as displacement and force measurements. Another important type of sensor employs
a diaphragm that deflects when a force is applied, altering an inductance, resistance, or
capacitance. Figure 1.8 shows a piezoelectric pressure sensor together with an automatic data
acquisition system.

Elliptical metal Pointer

Bourdon tube ﬁ

Patm
Gas at
pressure p
Tank L

~——"  Manometer
liquid
A Figure 1.6 Pressure
measurement by a
manometer.

Pinion
gear
Support
Linkage
Gas at pressure p ‘
A Figure 1.7 Pressure measurement by a A Figure 1.8 Pressure sensor with automatic data

Bourdon tube gage. acquisition.
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16 Measuring Temperature

In this section the intensive property temperature is considered along with means for meas-
uring it. Like force, a concept of temperature originates with our sense perceptions. It is
rooted in the notion of the “hotness” or “coldness” of a body. We use our sense of touch to
distinguish hot bodies from cold bodies and to arrange bodies in their order of “hotness,” de-
ciding that 1 is hotter than 2, 2 hotter than 3, and so on. But however sensitive the human
body may be, we are unable to gauge this quality precisely. Accordingly, thermometers and
temperature scales have been devised to measure it.

» 1.6.1 Thermal Equilibrium

A definition of temperature in terms of concepts that are independently defined or accepted
as primitive is difficult to give. However, it is possible to arrive at an objective understand-
ing of equality of temperature by using the fact that when the temperature of a body changes,
other properties also change.

To illustrate this, consider two copper blocks, and suppose that our senses tell us that one
is warmer than the other. If the blocks were brought into contact and isolated from their sur-
roundings, they would interact in a way that can be described as a thermal (heat) interaction.
During this interaction, it would be observed that the volume of the warmer block decreases
somewhat with time, while the volume of the colder block increases with time. Eventually,
no further changes in volume would be observed, and the blocks would feel equally warm.
Similarly, we would be able to observe that the electrical resistance of the warmer block de-
creases with time, and that of the colder block increases with time; eventually the electrical
resistances would become constant also. When all changes in such observable properties cease,
the interaction is at an end. The two blocks are then in thermal equilibrium. Considerations
such as these lead us to infer that the blocks have a physical property that determines whether
they will be in thermal equilibrium. This property is called femperature, and we may postu-
late that when the two blocks are in thermal equilibrium, their temperatures are equal.

The rate at which the blocks approach thermal equilibrium with one another can be slowed
by separating them with a thick layer of polystyrene foam, rock wool, cork, or other insu-
lating material. Although the rate at which equilibrium is approached can be reduced, no ac-
tual material can prevent the blocks from interacting until they attain the same temperature.
However, by extrapolating from experience, an ideal insulator can be imagined that would
preclude them from interacting thermally. An ideal insulator is called an adiabatic wall. When
a system undergoes a process while enclosed by an adiabatic wall, it experiences no thermal
interaction with its surroundings. Such a process is called an adiabatic process. A process
that occurs at constant temperature is an isothermal process. An adiabatic process is not nec-
essarily an isothermal process, nor is an isothermal process necessarily adiabatic.

It is a matter of experience that when two bodies are in thermal equilibrium with a third
body, they are in thermal equilibrium with one another. This statement, which is sometimes
called the zeroth law of thermodynamics, is tacitly assumed in every measurement of tem-
perature. Thus, if we want to know if two bodies are at the same temperature, it is not nec-
essary to bring them into contact and see whether their observable properties change with
time, as described previously. It is necessary only to see if they are individually in thermal
equilibrium with a third body. The third body is usually a thermometer.

» 1.6.2 Thermometers

Any body with at least one measurable property that changes as its temperature changes can
be used as a thermometer. Such a property is called a thermometric property. The particular
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Thermodynamics in the News...

Mercury Thermometers
Quickly Vanishing

The mercury-in-glass fever thermometers, once found in
nearly every medicine cabinet, are a thing of the past. The
American Academy of Pediatrics has designated mercury as
too toxic to be present in the home. Families are turning to
safer alternatives and disposing of mercury thermometers.
Proper disposal is an issue, experts say.

The present generation of liquid-in-glass fever thermome-
ters for home use contains patented liquid mixtures that are
nontoxic, safe alternatives to mercury. Battery-powered digital
thermometers also are common today. These devices use the
fact that electrical resistance changes predictably with tem-

The safe disposal of millions of
obsolete mercury-filled thermo-
meters has emerged in its own
right as an environmental issue.
For proper disposal, thermometers
must be taken to hazardous-waste
collection stations rather than sim-
ply thrown in the trash where they
can be easily broken, releasing
mercury. Loose fragments of bro-
ken thermometers and anything
that contacted its mercury should
be transported in closed containers
to appropriate disposal sites.
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perature to safely check for a fever.

substance that exhibits changes in the thermometric property is known as a thermometric
substance.

A familiar device for temperature measurement is the liquid-in-glass thermometer
pictured in Fig. 1.9a, which consists of a glass capillary tube connected to a bulb filled
with a liquid such as alcohol and sealed at the other end. The space above the liquid is
occupied by the vapor of the liquid or an inert gas. As temperature increases, the liquid
expands in volume and rises in the capillary. The length L of the liquid in the capillary
depends on the temperature. Accordingly, the liquid is the thermometric substance and L
is the thermometric property. Although this type of thermometer is commonly used for
ordinary temperature measurements, it is not well suited for applications where extreme
accuracy is required.

OTHER TEMPERATURE SENSORS

Sensors known as thermocouples are based on the principle that when two dissimilar met-
als are joined, an electromotive force (emf) that is primarily a function of temperature will
exist in a circuit. In certain thermocouples, one thermocouple wire is platinum of a speci-
fied purity and the other is an alloy of platinum and rhodium. Thermocouples also utilize

« Figure 1.9 Thermometers.
(a) Liquid-in-glass. (b) Infrared-
(@) (b sensing ear thermometer.
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Gas bulb

Manometer
<« Figure 1.10 Constant-volume gas

thermometer.

copper and constantan (an alloy of copper and nickel), iron and constantan, as well as sev-
eral other pairs of materials. Electrical-resistance sensors are another important class of
temperature measurement devices. These sensors are based on the fact that the electrical
resistance of various materials changes in a predictable manner with temperature. The ma-
terials used for this purpose are normally conductors (such as platinum, nickel, or copper)
or semiconductors. Devices using conductors are known as resistance temperature detec-
tors. Semiconductor types are called thermistors. A variety of instruments measure tem-
perature by sensing radiation, such as the ear thermometer shown in Fig. 1.9(b). They are
known by terms such as radiation thermometers and optical pyrometers. This type of
thermometer differs from those previously considered in that it does not actually come in
contact with the body whose temperature is to be determined, an advantage when dealing
with moving objects or bodies at extremely high temperatures. All of these temperature
sensors can be used together with automatic data acquisition.

The constant-volume gas thermometer shown in Fig. 1.10 is so exceptional in terms of pre-
cision and accuracy that it has been adopted internationally as the standard instrument for
calibrating other thermometers. The thermometric substance is the gas (normally hydrogen or
helium), and the thermometric property is the pressure exerted by the gas. As shown in the figure,
the gas is contained in a bulb, and the pressure exerted by it is measured by an open-tube mercury
manometer. As temperature increases, the gas expands, forcing mercury up in the open tube.
The gas is kept at constant volume by raising or lowering the reservoir. The gas thermometer is
used as a standard worldwide by bureaus of standards and research laboratories. However, because
gas thermometers require elaborate apparatus and are large, slowly responding devices that de-
mand painstaking experimental procedures, smaller, more rapidly responding thermometers are
used for most temperature measurements and they are calibrated (directly or indirectly) against
gas thermometers. For further discussion of gas thermometry, see box.

MEASURING TEMPERATURE WITH THE GAS
THERMOMETER—THE GAS SCALE

It is instructive to consider how numerical values are associated with levels of tem-
perature by the gas thermometer shown in Fig. 1.10. Let p stand for the pressure in a
constant-volume gas thermometer in thermal equilibrium with a bath. A value can be
assigned to the bath temperature very simply by a linear relation

where « is an arbitrary constant. The linear relationship is an arbitrary choice; other
selections for the correspondence between pressure and temperature could also be
made.




1.6 Measuring Temperature

The value of @ may be determined by inserting the thermometer into another bath
maintained at a standard fixed point: the triple point of water (Sec. 3.2) and measuring
the pressure, call it p,,, of the confined gas at the triple point temperature, 273.16 K.
Substituting values into Eq. 1.16 and solving for «

273.16
a =
Pip

The temperature of the original bath, at which the pressure of the confined gas is p, is then

T = 273.16<p> (1.12)
Pip

However, since the values of both pressures, p and p,, depend in part on the
amount of gas in the bulb, the value assigned by Eq. 1.17 to the bath temperature
varies with the amount of gas in the thermometer. This difficulty is overcome in pre-
cision thermometry by repeating the measurements (in the original bath and the ref-
erence bath) several times with less gas in the bulb in each successive attempt. For
each trial the ratio p/p,, is calculated from Eq. 1.17 and plotted versus the corre-
sponding reference pressure p,, of the gas at the triple point temperature. When several
such points have been plotted, the resulting curve is extrapolated to the ordinate where
Py = 0. This is illustrated in Fig. 1.11 for constant-volume thermometers with a num-
ber of different gases.

Inspection of Fig. 1.11 shows an important result. At each nonzero value of the ref-
erence pressure, the p/p,, values differ with the gas employed in the thermometer. How-
ever, as pressure decreases, the p/p,, values from thermometers with different gases
approach one another, and in the limit as pressure tends to zero, the same value for
p/py, is obtained for each gas. Based on these general results, the gas temperature scale
is defined by the relationship

T = 273.16 lim 2~ (1.13)
Pip
where “lim” means that both p and p,, tend to zero. It should be evident that the de-
termination of temperatures by this means requires extraordinarily careful and elabo-
rate experimental procedures.

Although the temperature scale of Eq. 1.18 is independent of the properties of any
one gas, it still depends on the properties of gases in general. Accordingly, the meas-
urement of low temperatures requires a gas that does not condense at these tempera-
tures, and this imposes a limit on the range of temperatures that can be measured by
a gas thermometer. The lowest temperature that can be measured with such an instru-
ment is about 1 K, obtained with helium. At high temperatures gases dissociate, and
therefore these temperatures also cannot be determined by a gas thermometer. Other
empirical means, utilizing the properties of other substances, must be employed to
measure temperature in ranges where the gas thermometer is inadequate. For further
discussion see Sec. 5.5.

Measured data for a
fixed level of

to zero pressy 0,

- N,
» 4/’//
Pip ==
\*He
HZ

T=273.1611mp£
p
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temperature, extrapolated

Prp
A Figure 1.11 Read-
ings of constant-volume
gas thermometers, when
several gases are used.

» 1.6.2 Kelvin Scale

Empirical means of measuring temperature such as considered in Sec. 1.6.2 have inherent
limitations. » for example. .. the tendency of the liquid in a liquid-in-glass thermometer
to freeze at low temperatures imposes a lower limit on the range of temperatures that can be
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Kelvin scale

triple point

Celsius scale

measured. At high temperatures liquids vaporize, and therefore these temperatures also can-
not be determined by a liquid-in-glass thermometer. Accordingly, several different ther-
mometers might be required to cover a wide temperature interval. <

In view of the limitations of empirical means for measuring temperature, it is desirable
to have a procedure for assigning temperature values that does not depend on the proper-
ties of any particular substance or class of substances. Such a scale is called a thermodyn-
amic temperature scale. The Kelvin scale is an absolute thermodynamic temperature scale
that provides a continuous definition of temperature, valid over all ranges of temperature.
Empirical measures of temperature, with different thermometers, can be related to the
Kelvin scale.

To develop the Kelvin scale, it is necessary to use the conservation of energy principle
and the second law of thermodynamics; therefore, further discussion is deferred to Sec. 5.5
after these principles have been introduced. However, we note here that the Kelvin scale has
a zero of 0 K, and lower temperatures than this are not defined.

The Kelvin scale and the gas scale defined by Eq. 1.18 can be shown to be identical in
the temperature range in which a gas thermometer can be used. For this reason we may
write K after a temperature determined by means of constant-volume gas thermometry.
Moreover, until the concept of temperature is reconsidered in more detail in Chap. 5, we
assume that all temperatures referred to in the interim are in accord with values given by
a constant-volume gas thermometer.

» 1.6.4 Celsius Scale

Temperature scales are defined by the numerical value assigned to a standard fixed point. By
international agreement the standard fixed point is the easily reproducible triple point of water:
the state of equilibrium between steam, ice, and liquid water (Sec. 3.2). As a matter of conven-
ience, the temperature at this standard fixed point is defined as 273.16 kelvins, abbreviated as
273.16 K. This makes the temperature interval from the ice point' (273.15 K) to the steam point®
equal to 100 K and thus in agreement over the interval with the Celsius scale discussed next,
which assigns 100 Celsius degrees to it. The kelvin is the SI base unit for temperature.

The Celsius temperature scale (formerly called the centigrade scale) uses the unit degree
Celsius (°C), which has the same magnitude as the kelvin. Thus, temperature differences are
identical on both scales. However, the zero point on the Celsius scale is shifted to 273.15 K,
as shown by the following relationship between the Celsius temperature and the Kelvin
temperature

7(°C) = T(K) — 273.15 (1.14)

From this it can be seen that on the Celsius scale the triple point of water is 0.01°C and that
0 K corresponds to —273.15°C.

7 Engineering Design and Analysis

An important engineering function is to design and analyze things intended to meet human
needs. Design and analysis, together with systematic means for approaching them, are
considered in this section.

'The state of equilibrium between ice and air-saturated water at a pressure of 1 atm.

The state of equilibrium between steam and liquid water at a pressure of 1 atm.
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> 1.7.1 Design

Engineering design is a decision-making process in which principles drawn from engineer-

ing and other fields such as economics and statistics are applied, usually iteratively, to de-

vise a system, system component, or process. Fundamental elements of design include the

establishment of objectives, synthesis, analysis, construction, testing, and evaluation. Designs

typically are subject to a variety of consfraints related to economics, safety, environmental design constraints
impact, and so on.

Design projects usually originate from the recognition of a need or an opportunity that
is only partially understood. Thus, before seeking solutions it is important to define the
design objectives. Early steps in engineering design include pinning down quantitative per-
formance specifications and identifying alternative workable designs that meet the speci-
fications. Among the workable designs are generally one or more that are “best” accord-
ing to some criteria: lowest cost, highest efficiency, smallest size, lightest weight, etc. Other
important factors in the selection of a final design include reliability, manufacturability,
maintainability, and marketplace considerations. Accordingly, a compromise must be
sought among competing criteria, and there may be alternative design solutions that are
very similar.?

> 1.7.2 Analysis

Design requires synthesis: selecting and putting together components to form a coordinated
whole. However, as each individual component can vary in size, performance, cost, and so
on, it is generally necessary to subject each to considerable study or analysis before a final
selection can be made. » for example... a proposed design for a fire-protection sys-
tem might entail an overhead piping network together with numerous sprinkler heads. Once
an overall configuration has been determined, detailed engineering analysis would be nec-
essary to specify the number and type of the spray heads, the piping material, and the pipe
diameters of the various branches of the network. The analysis must also aim to ensure that
all components form a smoothly working whole while meeting relevant cost constraints and
applicable codes and standards. <

3For further discussion, see A. Bejan, G. Tsatsaronis, and M. J. Moran, Thermal Design and Optimization, John
Wiley & Sons, New York, 1996, Chap. 1
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Engineers frequently do analysis, whether explicitly as part of a design process or for
some other purpose. Analyses involving systems of the kind considered in this book use, di-
rectly or indirectly, one or more of three basic laws. These laws, which are independent of
the particular substance or substances under consideration, are

» the conservation of mass principle
» the conservation of energy principle

» the second law of thermodynamics

In addition, relationships among the properties of the particular substance or substances
considered are usually necessary (Chaps. 3, 6, 11-14). Newton’s second law of motion
(Chaps. 1, 2, 9), relations such as Fourier’s conduction model (Chap. 2), and principles of
engineering economics (Chap. 7) may also play a part.

The first steps in a thermodynamic analysis are definition of the system and identification
of the relevant interactions with the surroundings. Attention then turns to the pertinent phys-
ical laws and relationships that allow the behavior of the system to be described in terms of

engineering model an engineering model. The objective in modeling is to obtain a simplified representation of
system behavior that is sufficiently faithful for the purpose of the analysis, even if many as-
pects exhibited by the actual system are ignored. For example, idealizations often used in
mechanics to simplify an analysis and arrive at a manageable model include the assumptions
of point masses, frictionless pulleys, and rigid beams. Satisfactory modeling takes experi-
ence and is a part of the art of engineering.

Engineering analysis is most effective when it is done systematically. This is considered next.

> .7.2 Methodology for Solving Thermodynamics Problems

A major goal of this textbook is to help you learn how to solve engineering problems that
involve thermodynamic principles. To this end numerous solved examples and end-of-chapter
problems are provided. It is extremely important for you to study the examples and solve
problems, for mastery of the fundamentals comes only through practice.

To maximize the results of your efforts, it is necessary to develop a systematic approach.
You must think carefully about your solutions and avoid the temptation of starting problems
in the middle by selecting some seemingly appropriate equation, substituting in numbers, and
quickly “punching up” a result on your calculator. Such a haphazard problem-solving
approach can lead to difficulties as problems become more complicated. Accordingly, we
strongly recommend that problem solutions be organized using the five steps in the box be-
low, which are employed in the solved examples of this text.

@ Known: State briefly in your own words what is known. This requires that you read the problem carefully and think
about it.

@ Find: State concisely in your own words what is to be determined.

@ Schematic and Given Data: Draw a sketch of the system to be considered. Decide whether a closed system or control vol-
ume is appropriate for the analysis, and then carefully identify the boundary. Label the diagram with relevant information from
the problem statement.

Record all property values you are given or anticipate may be required for subsequent calculations. Sketch appropriate prop-
erty diagrams (see Sec. 3.2), locating key state points and indicating, if possible, the processes executed by the system.

The importance of good sketches of the system and property diagrams cannot be overemphasized. They are often instrumen-
tal in enabling you to think clearly about the problem.
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@ Assumptions: To form a record of how you model the problem, list all simplifying assumptions and idealizations made to
reduce it to one that is manageable. Sometimes this information also can be noted on the sketches of the previous step.

® Analysis: Using your assumptions and idealizations, reduce the appropriate governing equations and relationships to forms
that will produce the desired results.

It is advisable to work with equations as long as possible before substituting numerical data. When the equations are reduced
to final forms, consider them to determine what additional data may be required. Identify the tables, charts, or property equa-
tions that provide the required values. Additional property diagram sketches may be helpful at this point to clarify states and
processes.

When all equations and data are in hand, substitute numerical values into the equations. Carefully check that a consistent and
appropriate set of units is being employed. Then perform the needed calculations.

Finally, consider whether the magnitudes of the numerical values are reasonable and the algebraic signs associated with the
numerical values are correct.

The problem solution format used in this text is intended to guide your thinking, not sub-
stitute for it. Accordingly, you are cautioned to avoid the rote application of these five steps,
for this alone would provide few benefits. Indeed, as a particular solution evolves you may
have to return to an earlier step and revise it in light of a better understanding of the problem.
For example, it might be necessary to add or delete an assumption, revise a sketch, deter-
mine additional property data, and so on.

The solved examples provided in the book are frequently annotated with various com-
ments intended to assist learning, including commenting on what was learned, identifying
key aspects of the solution, and discussing how better results might be obtained by relaxing
certain assumptions. Such comments are optional in your solutions.

In some of the earlier examples and end-of-chapter problems, the solution format may
seem unnecessary or unwieldy. However, as the problems become more complicated you will
see that it reduces errors, saves time, and provides a deeper understanding of the problem
at hand.

The example to follow illustrates the use of this solution methodology together with im-
portant concepts introduced previously.

EXAMPLE 1.1 Identifying System Interactions

A wind turbine—electric generator is mounted atop a tower. As wind blows steadily across the turbine blades, electricity is
generated. The electrical output of the generator is fed to a storage battery.

(a) Considering only the wind turbine—electric generator as the system, identify locations on the system boundary where the
system interacts with the surroundings. Describe changes occurring within the system with time.

(b) Repeat for a system that includes only the storage battery.
SOLUTION
Known: A wind turbine—electric generator provides electricity to a storage battery.

Find: For a system consisting of (a) the wind turbine—electric generator, (b) the storage battery, identify locations where the
system interacts with its surroundings, and describe changes occurring within the system with time.
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Schematic and Given Data:

_____ Part (a)

|
|
|
Air flow : Turbine—generator
| |
| |
| |
| |
| |
| |
| |
| ,ﬁ |
(—— | Electric ———————  Part (b)
| | current | |
| | flow 1
| | Storage’\
| | battery | Thermal
interaction
Analysis:

Assumptions:
1. In part (a), the system is the control volume shown by
the dashed line on the figure.

2. In part (b), the system is the closed system shown by
the dashed line on the figure.

3. The wind is steady.

< Figure E1.1

(a) In this case, there is air flowing across the boundary of the control volume. Another principal interaction between the
system and surroundings is the electric current passing through the wires. From the macroscopic perspective, such an interaction
is not considered a mass transfer, however. With a steady wind, the turbine—generator is likely to reach steady-state operation,
where the rotational speed of the blades is constant and a steady electric current is generated.

(b) The principal interaction between the system and its surroundings is the electric current passing into the battery through
the wires. As noted in part (a), this interaction is not considered a mass transfer. The system is a closed system. As the bat-
tery is charged and chemical reactions occur within it, the temperature of the battery surface may become somewhat elevated
and a thermal interaction might occur between the battery and its surroundings. This interaction is likely to be of secondary
importance.

@ Using terms familiar from a previous physics course, the system of part (a) involves the conversion of kinetic energy to

electricity, whereas the system of part (b) involves energy sforage within the battery.

Chapter Summary and Study Guide ;

In this chapter, we have introduced some of the fundamental
concepts and definitions used in the study of thermodynam-
ics. The principles of thermodynamics are applied by engi-
neers to analyze and design a wide variety of devices intended
to meet human needs.

An important aspect of thermodynamic analysis is to iden-
tify systems and to describe system behavior in terms of prop-
erties and processes. Three important properties discussed in
this chapter are specific volume, pressure, and temperature.

In thermodynamics, we consider systems at equilibrium
states and systems undergoing changes of state. We study
processes during which the intervening states are not equilibrium

states as well as quasiequilibrium processes during which the
departure from equilibrium is negligible.

In this chapter, we have introduced SI units for mass,
length, time, force, and temperature. You will need to be fa-
miliar of units as you use this book.

Chapter 1 concludes with discussions of how thermody-
namics is used in engineering design and how to solve ther-
modynamics problems systematically.

This book has several features that facilitate study and con-
tribute to understanding. For an overview, see How To Use
This Book Effectively.



The following checklist provides a study guide for this
chapter. When your study of the text and the end-of-chapter
exercises has been completed you should be able to

> write out the meanings of the terms listed in the margin
throughout the chapter and understand each of the
related concepts. The subset of key concepts listed below
is particularly important in subsequent chapters.

Problems: Developing Engineering Skills 23

» work on a molar basis using Eq. 1.5.

» identify an appropriate system boundary and describe the
interactions between the system and its surroundings.

> apply the methodology for problem solving discussed in
Sec. 1.7.3.

Key Engineering Concepts

surroundings p. 3 process p. 5
boundary p. 3 thermodynamic
closed system p. 3 cycle p. 5

control volume p. 3

property p. 5
state p. 5

extensive property p. 6
intensive property p. 6
phase p. 6

isothermal
process p. 14
Kelvin scale p. 18

pure substance p. 6
equilibrium p. 7
specific volume p. 10
pressure p. 11
temperature p. 14
adiabatic process p. 14

Rankine scale p. **

Exercises: Things Engineers Think About

1. For an everyday occurrence, such as cooking, heating or cool-
ing a house, or operating an automobile or a computer, make a
sketch of what you observe. Define system boundaries for ana-
lyzing some aspect of the events taking place. Identify interac-
tions between the systems and their surroundings.

2. What are possible boundaries for studying each of the
following?

(a) a bicycle tire inflating.

(b) a cup of water being heated in a microwave oven.

(c) a household refrigerator in operation.

(d) a jet engine in flight.

(e) cooling a desktop computer.

(f) a residential gas furnace in operation.

(g) a rocket launching.
3. Considering a lawnmower driven by a one-cylinder gasoline
engine as the system, would this be best analyzed as a closed sys-
tem or a control volume? What are some of the environmental
impacts associated with the system? Repeat for an electrically
driven lawnmower.

4. A closed system consists of still air at 1 atm, 20°C in a closed
vessel. Based on the macroscopic view, the system is in equilib-
rium, yet the atoms and molecules that make up the air are in
continuous motion. Reconcile this apparent contradiction.

5. Air at normal temperature and pressure contained in a closed
tank adheres to the continuum hypothesis. Yet when sufficient air
has been drawn from the tank, the hypothesis no longer applies
to the remaining air. Why?

6. Can the value of an intensive property be uniform with posi-
tion throughout a system? Be constant with time? Both?

7. A data sheet indicates that the pressure at the inlet to a pump
is —10 kPa. What might the negative pressure denote?

8. We commonly ignore the pressure variation with elevation for
a gas inside a storage tank. Why?

9. When buildings have large exhaust fans, exterior doors can be
difficult to open due to a pressure difference between the inside
and outside. Do you think you could open a 3- by 7-ft door if the
inside pressure were 1 in. of water (vacuum)?

10. What difficulties might be encountered if water were used
as the thermometric substance in the liquid-in-glass thermome-
ter of Fig. 1.97

11. Look carefully around your home, automobile, or place of
employment, and list all the measuring devices you find. For each,
try to explain the principle of operation.

Problems: Developing Engineering Skills

Exploring System Concepts

1.1 Referring to Figs. 1.1 and 1.2, identify locations on the
boundary of each system where there are interactions with the
surroundings.

1.2 As illustrated in Fig. P1.2, electric current from a storage
battery runs an electric motor. The shaft of the motor is con-
nected to a pulley—mass assembly that raises a mass. Consid-
ering the motor as a system, identify locations on the system
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boundary where the system interacts with its surroundings and
describe changes that occur within the system with time. Re-
peat for an enlarged system that also includes the battery and
pulley—mass assembly.

(1777

Battery 2 Motor

Mass

A Figure P1.2

1.3 As illustrated in Fig. P1.3, water circulates between a stor-
age tank and a solar collector. Heated water from the tank is
used for domestic purposes. Considering the solar collector as
a system, identify locations on the system boundary where the
system interacts with its surroundings and describe events that
occur within the system. Repeat for an enlarged system that
includes the storage tank and the interconnecting piping.

Hot water
supply

Hot water
storage
tank

Solar
collector

Circulating

pump Cold water

return

A Figure P1.3

1.4 As illustrated in Fig. P1.4, steam flows through a valve and
turbine in series. The turbine drives an electric generator. Con-
sidering the valve and turbine as a system, identify locations
on the system boundary where the system interacts with its
surroundings and describe events occurring within the system.
Repeat for an enlarged system that includes the generator.

S

Turbine

\

Generator

Steam

A Figure P14

1.5 As illustrated in Fig. P1.5, water for a fire hose is drawn
from a pond by a gasoline engine—driven pump. Consider-
ing the engine-driven pump as a system, identify locations
on the system boundary where the system interacts with its
surroundings and describe events occurring within the sys-
tem. Repeat for an enlarged system that includes the hose and
the nozzle.

Intake hose

Pond

A Figure P1.5

1.6 A system consists of liquid water in equilibrium with a
gaseous mixture of air and water vapor. How many phases
are present? Does the system consist of a pure substance?
Explain. Repeat for a system consisting of ice and liquid
water in equilibrium with a gaseous mixture of air and water
Vapor.

1.7 A system consists of liquid oxygen in equilibrium with oxy-
gen vapor. How many phases are present? The system under-
goes a process during which some of the liquid is vaporized.
Can the system be viewed as being a pure substance during
the process? Explain.

1.8 A system consisting of liquid water undergoes a process.
At the end of the process, some of the liquid water has frozen,
and the system contains liquid water and ice. Can the system
be viewed as being a pure substance during the process?
Explain.

1.9 A dish of liquid water is placed on a table in a room. Af-
ter a while, all of the water evaporates. Taking the water and
the air in the room to be a closed system, can the system be
regarded as a pure substance during the process? After the
process is completed? Discuss.



Working with Force and Mass

1.10  An object weighs 25 kN at a location where the acceler-
ation of gravity is 9.8 m/s. Determine its mass, in kg.

1.11 An object whose mass is 10 kg weighs 95 N. Determine

(a) the local acceleration of gravity, in m/s>.
(b) the mass, in kg, and the weight, in N, of the object at a
location where g = 9.81 m/s>.

1.12  Atomic and molecular weights of some common sub-
stances are listed in Appendix Table A-1. Using data from the
appropriate table, determine the mass, in kg, of 10 kmol of
each of the following: air, H,O, Cu, SO..

1.13  When an object of mass 5 kg is suspended from a spring,
the spring is observed to stretch by 8 cm. The deflection of the
spring is related linearly to the weight of the suspended mass.
What is the proportionality constant, in newton per cm, if g =
9.81 m/s*?

1.14 A simple instrument for measuring the acceleration of
gravity employs a linear spring from which a mass is sus-
pended. At a location on earth where the acceleration of grav-
ity is 9.81 m/s%, the spring extends 0.739 cm. If the spring ex-
tends 0.116 in. when the instrument is on Mars, what is the
Martian acceleration of gravity? How much would the spring
extend on the moon, where g = 1.67 m/s>?

1.15 Estimate the magnitude of the force, in N, exerted by a
seat belt on a 25 kg child during a frontal collision that decel-
erates a car from 8 km/h to rest in 0.1 s. Express the car’s de-
celeration in multiples of the standard acceleration of gravity,
or g’s.

1.16 An object whose mass is 2 kg is subjected to an applied
upward force. The only other force acting on the object is the
force of gravity. The net acceleration of the object is upward
with a magnitude of 5 m/s®. The acceleration of gravity is
9.81 m/s®. Determine the magnitude of the applied upward
force, in N.

1.17 A closed system consists of 0.5 kmol of liquid water and
occupies a volume of 4 X 1073 m®. Determine the weight of
the system, in N, and the average density, in kg/m®, at a loca-
tion where the acceleration of gravity is g = 9.81 m/s%.

1.18 The weight of an object on an orbiting space vehicle is
measured to be 42 N based on an artificial gravitational ac-
celeration of 6 m/s%. What is the weight of the object, in N, on
earth, where g = 9.81 m/s*?

1.19  If the variation of the acceleration of gravity, in m/s?, with
elevation z, in m, above sea level is g = 9.81 — (3.3 X 1079z,
determine the percent change in weight of an airliner landing
from a cruising altitude of 10 km on a runway at sea level.

1.20  As shown in Fig. P1.21, a cylinder of compacted scrap
metal measuring 2 m in length and 0.5 m in diameter is
suspended from a spring scale at a location where the accel-
eration of gravity is 9.78 m/s%. If the scrap metal density, in
kg/m?, varies with position z, in m, according to p = 7800 —
360(z/L)?, determine the reading of the scale, in N.
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<« Figure P1.20

Using Specific Volume and Pressure

1.21 Fifteen kg of carbon dioxide (CO,) gas is fed to a cylin-

der having a volume of 20 m? and initially containing 15 kg
of CO, at a pressure of 10 bar. Later a pinhole develops and
the gas slowly leaks from the cylinder.

(a) Determine the specific volume, in m3/kg, of the CO, in the
cylinder initially. Repeat for the CO, in the cylinder after
the 15 kg has been added.

(b) Plot the amount of CO, that has leaked from the cylinder,
in kg, versus the specific volume of the CO, remaining in
the cylinder. Consider v ranging up to 1.0 m¥/kg.

1.22  The following table lists temperatures and specific vol-

umes of water vapor at two pressures:

p = 1.0 MPa p = 1.5 Mpa
T (°C) v (m¥/kg) T (°C) v (m¥/kg)
200 0.2060 200 0.1325
240 0.2275 240 0.1483
280 0.2480 280 0.1627

Data encountered in solving problems often do not fall exactly
on the grid of values provided by property tables, and linear
interpolation between adjacent table entries becomes neces-
sary. Using the data provided here, estimate

(a) the specific volume at T = 240°C, p = 1.25 MPa, in m3/kg.
(b) the temperature at p = 1.5 MPa, v = 0.1555 m3/kg, in °C.
(¢) the specific volume at T = 220°C, p = 1.4 MPa, in m*/kg.

1.23 A closed system consisting of 5 kg of a gas undergoes a

process during which the relationship between pressure and
specific volume is pv'? = constant. The process begins with
py = 1 bar, v; = 0.2 m*kg and ends with p, = 0.25 bar. De-
termine the final volume, in m®, and plot the process on a graph
of pressure versus specific volume.
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1.24 A gas initially at p; = 1 bar and occupying a volume of
1 liter is compressed within a piston—cylinder assembly to a
final pressure p, = 4 bar.

(a) If the relationship between pressure and volume during the
compression is pV = constant, determine the volume, in
liters, at a pressure of 3 bar. Also plot the overall process
on a graph of pressure versus volume.

(b) Repeat for a linear pressure—volume relationship between
the same end states.

1.25 A gas contained within a piston—cylinder assembly un-
dergoes a thermodynamic cycle consisting of three processes:

Process 1-2: Compression with pV = constant from p, = 1 bar,
V,=10m’to V, = 0.2 m’
Process 2-3: Constant-pressure expansion to V; = 1.0 m?

Process 3-1: Constant volume

Sketch the cycle on a p—V diagram labeled with pressure and
volume values at each numbered state.

1.26  As shown in Fig. 1.6, a manometer is attached to a tank
of gas in which the pressure is 104.0 kPa. The manometer lig-
uid is mercury, with a density of 13.59 g/cm?. If g = 9.81 m/s?
and the atmospheric pressure is 101.33 kPa, calculate

(a) the difference in mercury levels in the manometer, in cm.
(b) the gage pressure of the gas, in kPa.

[

.27 The absolute pressure inside a tank is 0.4 bar, and the sur-
rounding atmospheric pressure is 98 kPa. What reading would
a Bourdon gage mounted in the tank wall give, in kPa? Is this
a gage or vacuum reading?

[

.28 Water flows through a Venturi meter, as shown in Fig.
P1.28. The pressure of the water in the pipe supports columns
of water that differ in height by 30 cm. Determine the dif-
ference in pressure between points a and b, in MPa. Does
the pressure increase or decrease in the direction of flow?
The atmospheric pressure is 1 bar, the specific volume of water
is 1073 m/kg, and the acceleration of gravity is g = 9.81 m/s>.

- T Patm = 1 bar
g =9.81 m/s?
L=30cm. Water
v=10-3 m¥kg
| - a . R — .

A Figure P1.28

1.29  Figure P1.29 shows a tank within a tank, each containing

air. Pressure gage A is located inside tank B and reads 1.4 bar.
The U-tube manometer connected to tank B contains mercury.
Using data on the diagram, determine the absolute pressures
inside tank A and tank B, each in bar. The atmospheric pres-
sure surrounding tank B is 101 kPa. The acceleration of grav-
ity is g = 9.81 m/s>.

Tank B A Pam = 101 kPa
L=20cm
2D
Tank A
Gage A
Poage, o = 1.4 bar Mercury (p = 13.59 g/em?)
g =9.81 m/s?

A Figure P1.29

1.30 A vacuum gage indicates that the pressure of air in a closed

chamber is 0.2 bar (vacuum). The pressure of the surrounding
atmosphere is equivalent to a 750-mm column of mercury. The
density of mercury is 13.59 g/cm?®, and the acceleration of grav-
ity is 9.81 m/s®. Determine the absolute pressure within the
chamber, in bar.

1.31 Refrigerant 22 vapor enters the compressor of a refrigera-

tion system at an absolute pressure of .1379 MPa.> A pressure
gage at the compressor exit indicates a pressure of 1.93 MPa.”
(gage). The atmospheric pressure is .1007 MPa.? Determine
the change in absolute pressure from inlet to exit, in MPa?,
and the ratio of exit to inlet pressure.

1.32  Air contained within a vertical piston—cylinder assembly

is shown in Fig. P1.32. On its top, the 10-kg piston is attached
to a spring and exposed to an atmospheric pressure of 1 bar.
Initially, the bottom of the piston is at x = 0, and the spring
exerts a negligible force on the piston. The valve is opened and
air enters the cylinder from the supply line, causing the vol-
ume of the air within the cylinder to increase by 3.9 X 10™* m>.
The force exerted by the spring as the air expands within the
cylinder varies linearly with x according to

F, kx

spring =

where k = 10,000 N/m. The piston face area is 7.8 X 107> m>.
Ignoring friction between the piston and the cylinder wall,
determine the pressure of the air within the cylinder, in bar,
when the piston is in its initial position. Repeat when the piston
is in its final position. The local acceleration of gravity is
9.81 m/s?,
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A Figure P1.32

1.33 Determine the total force, in kN, on the bottom of a
100 X 50 m swimming pool. The depth of the pool varies lin-
early along its length from 1 m to 4 m. Also, determine the
pressure on the floor at the center of the pool, in kPa. The
atmospheric pressure is 0.98 bar, the density of the water is
998.2 kg/m’, and the local acceleration of gravity is 9.8 m/s>.

1.34  Figure P1.34 illustrates an inclined manometer making an
angle of 0 with the horizontal. What advantage does an in-
clined manometer have over a U-tube manometer? Explain.

A Figure P1.34

1.35 The variation of pressure within the biosphere affects not
only living things but also systems such as aircraft and under-
sea exploration vehicles.

(a) Plot the variation of atmospheric pressure, in atm, versus
elevation z above sea level, in km, ranging from O to 10 km.
Assume that the specific volume of the atmosphere, in
m3/kg, varies with the local pressure p, in kPa, according
tov = 72.435/p.

(b) Plot the variation of pressure, in atm, versus depth z be-
low sea level, in km, ranging from O to 2 km. Assume that
the specific volume of seawater is constant, v = 0.956 X
1073 m¥/kg.

In each case, g = 9.81 m/s* and the pressure at sea level is

1 atm.

1.36  One thousand kg of natural gas at 100 bar and 255 K is
stored in a tank. If the pressure, p, specific volume, v, and tem-
perature, T, of the gas are related by the following expression

p = [(5.18 X 107)T/(v — 0.002668)] — (8.91 X 107%)/v?

where v is in m*/kg, T is in K, and p is in bar, determine the
volume of the tank in m>. Also, plot pressure versus specific
volume for the isotherms T = 250 K, 500 K, and 1000 K.
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1.37 Derive Eq. 1.10 and use it to determine the gage pressure,
in bar, equivalent to a manometer reading of 1 cm of water (den-
sity = 1000 kg/m?*). Repeat for a reading of 1 cm of mercury.

The density of mercury is 13.59 times that of water.

Exploring Temperature

1.38 Two temperature measurements are taken with a ther-
mometer marked with the Celsius scale. Show that the
difference between the two readings would be the same if the
temperatures were converted to the Kelvin scale.

1.39  The relation between resistance R and temperature 7 for
a thermistor closely follows

11
#= e85~ 7))

where R, is the resistance, in ohms ({)), measured at temper-
ature 7, (K) and B is a material constant with units of K. For
a particular thermistor R, = 2.2 ) at T, = 310 K. From a cal-
ibration test, it is found that R = 0.31 Q at T = 422 K. De-
termine the value of 3 for the thermistor and make a plot of
resistance versus temperature.

1.40  Over a limited temperature range, the relation between
electrical resistance R and temperature 7 for a resistance tem-
perature detector is

R=RJl + aT - Ty)]

where R, is the resistance, in ohms ({}), measured at reference
temperature T, (in °C) and « is a material constant with units
of (°C)”!. The following data are obtained for a particular re-
sistance thermometer:

T(°0) R Q)
Test 1 (Ty) 0 (Ro) 51.39
Test 2 91 51.72

What temperature would correspond to a resistance of 51.47 Q)
on this thermometer?

1.41 A new absolute temperature scale is proposed. On this scale
the ice point of water is 150°S and the steam point is 300°S. De-
termine the temperatures in °C that correspond to 100° and 400°S,
respectively. What is the ratio of the size of the °S to the kelvin?

1.42  Asshownin Fig. P1.42, a small-diameter water pipe passes
through the 6-in.-thick exterior wall of a dwelling. Assuming
that temperature varies linearly with position x through the wall
from 20°C to —6°C, would the water in the pipe freeze?

T=20°C T=-6°C
| fPipe

3in. |

6 in.

< Figure P1.42
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Design & Open Ended Problems: Exploring Engineering Practice

1.1D  The issue of global warming is receiving considerable at-
tention these days. Write a technical report on the subject of
global warming. Explain what is meant by the term global
warming and discuss objectively the scientific evidence that is
cited as the basis for the argument that global warming is
occurring.

1.2D  Economists and others speak of sustainable development
as a means for meeting present human needs without com-
promising the ability of future generations to meet their own
needs. Research the concept of sustainable development, and
write a paper objectively discussing some of the principal
issues associated with it.

1.3D  Write a report reviewing the principles and objectives of
statistical thermodynamics. How does the macroscopic ap-
proach to thermodynamics of the present text differ from this?
Explain.

1.4D Methane-laden gas generated by the decomposition of
landfill trash is more commonly flared than exploited for some
useful purpose. Research literature on the possible uses of land-
fill gas and write a report of your findings. Does the gas rep-
resent a significant untapped resource? Discuss.

1.5D  You are asked to address a city council hearing concern-
ing the decision to purchase a commercially available 10-kW
wind turbine—generator having an expected life of 12 or more
years. As an engineer, what considerations will you point out
to the council members to help them with their decision?

1.6D Develop a schematic diagram of an automatic data acqui-
sition system for sampling pressure data inside the cylinder of
a diesel engine. Determine a suitable type of pressure transd-
ucer for this purpose. Investigate appropriate computer software
for running the system. Write a report of your findings.

1.7D  Obtain manufacturers’ data on thermocouple and ther-

mistor temperature sensors for measuring temperatures of hot
combustion gases from a furnace. Explain the basic operating
principles of each sensor and compare the advantages and
disadvantages of each device. Consider sensitivity, accuracy,
calibration, and cost.

1.8D  The International Temperature Scale was first adopted by

the International Committee on Weights and Measures in 1927
to provide a global standard for temperature measurement. This
scale has been refined and extended in several revisions, most
recently in 1990 (International Temperature Scale of 1990,
ITS-90). What are some of the reasons for revising the scale?
What are some of the principal changes that have been made
since 19277

1.9D A facility is under development for testing valves used in

nuclear power plants. The pressures and temperatures of flow-
ing gases and liquids must be accurately measured as part of
the test procedure. The American National Standards Institute
(ANSI) and the American Society of Heating, Refrigerating,
and Air Conditioning Engineers (ASHRAE) have adopted stan-
dards for pressure and temperature measurement. Obtain copies
of the relevant standards, and prepare a memorandum discussing
what standards must be met in the design of the facility and
what requirements those standards place on the design.

1.10D  List several aspects of engineering economics relevant

to design. What are the important contributors to cost that
should be considered in engineering design? Discuss what is
meant by annualized costs.

1.11D Mercury Thermometers Quickly Vanishing (see box

Sec. 1.6). Investigate the medical complications of mercury ex-
posure. Write a report including at least three references.
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Energy is a fundamental concept of
thermodynamics and one of the most significant aspects of engineering analysis. In
this chapter we discuss energy and develop equations for applying the principle of
conservation of energy. The current presentation is limited to closed systems. In Chap. 4
the discussion is extended to control volumes.

Energy is a familiar notion, and you already know a great deal about it. In the present
chapter several important aspects of the energy concept are developed. Some of these
you have encountered before. A basic idea is that energy can be stored within systems in
various forms. Energy also can be converted from one form to another and transferred
between systems. For closed systems, energy can be transferred by work and heat
transfer. The total amount of energy is conserved in all conversions and transfers.

The of this chapter is to organize these ideas about energy into forms
suitable for engineering analysis. The presentation begins with a review of energy
concepts from mechanics. The thermodynamic concept of energy is then introduced as
an extension of the concept of energy in mechanics.

Building on the contributions of Galileo and others, Newton formulated a general descrip-
tion of the motions of objects under the influence of applied forces. Newton’s laws of motion,
which provide the basis for classical mechanics, led to the concepts of work, kinetic energy,
and potential energy, and these led eventually to a broadened concept of energy. The present
discussion begins with an application of Newton’s second law of motion.

The curved line in Fig. 2.1 represents the path of a body of mass m (a closed system) mov-
ing relative to the x—y coordinate frame shown. The velocity of the center of mass of the
body is denoted by V.! The body is acted on by a resultant force F, which may vary in
magnitude from location to location along the path. The resultant force is resolved into a
component F, along the path and a component F, normal to the path. The effect of the

'Boldface symbols denote vectors. Vector magnitudes are shown in lightface type.
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kinetic energy

work

y
Path

<« Figure 2.1 Forces acting on a moving
X system.

component F| is to change the magnitude of the velocity, whereas the effect of the compo-
nent F, is to change the direction of the velocity. As shown in Fig. 2.1, s is the instantaneous
position of the body measured along the path from some fixed point denoted by 0. Since the
magnitude of F can vary from location to location along the path, the magnitudes of F, and
F, are, in general, functions of s.

Let us consider the body as it moves from s = s,;, where the magnitude of its velocity is V|,
to s = s,, where its velocity is V,. Assume for the present discussion that the only interaction
between the body and its surroundings involves the force F. By Newton’s second law of motion,
the magnitude of the component F is related to the change in the magnitude of V by

Fy=m— 2.1
s T me 2.0

Using the chain rule, this can be written as

avds_ o av

F, = = 22
T Mas ar " s @2
where V = ds/dt. Rearranging Eq. 2.2 and integrating from s, to s, gives
v, 52
J mV dV = J F.ds 2.3)
Vv, K
The integral on the left of Eq. 2.3 is evaluated as follows
v, 1 v, 1
J mV dV = sz} =-—m(V3 — V) (2.4)
v, 2 v, 2

The quantity 3mV? is the kinetic energy, KE, of the body. Kinetic energy is a scalar quan-
tity. The change in kinetic energy, AKE, of the body is’

1
AKE = KE, — KE, = Em(V% - Vi (2.5)

The integral on the right of Eq. 2.3 is the work of the force F; as the body moves from s, to
s, along the path. Work is also a scalar quantity.
With Eq. 2.4, Eq. 2.3 becomes

S

1 2
Em(vg - Vi) = J F-ds (2.6)

$i

The symbol A always means “final value minus initial value.”



Thermodynamics in the News...

Hybrids Harvest Energy

Ever wonder what happens to the kinetic energy when you
step on the brakes of your moving car? Automotive engineers
have, and the result is the hybrid electric vehicle combining
an electric motor with a small conventional engine.

When a hybrid is braked, some of its kinetic energy is har-
vested and stored in batteries. The electric motor calls on the
stored energy to help the car start up again. A specially de-
signed transmission provides the proper split between the en-
gine and the electric motor to minimize fuel use. Because

2.1 Reviewing Mechanical Concepts of Energy 3|

stored energy assists
the engine, these cars
get better fuel econ-
omy than comparably
sized conventional
vehicles.

To further reduce fuel consumption, hybrids are designed
with minimal aerodynamic drag, and many parts are made
from sturdy, lightweight materials such as carbon fiber-metal
composites. Some models now on the market achieve gas
mileage as high as 60-70 miles per gallon, manufacturers say.

iy

where the expression for work has been written in terms of the scalar product (dot product)
of the force vector F and the displacement vector ds. Equation 2.6 states that the work of the
resultant force on the body equals the change in its kinetic energy. When the body is accel-
erated by the resultant force, the work done on the body can be considered a transfer of

energy fo the body, where it is stored as kinetic energy.

Kinetic energy can be assigned a value knowing only the mass of the body and the mag-
nitude of its instantaneous velocity relative to a specified coordinate frame, without regard
for how this velocity was attained. Hence, kinetic energy is a property of the body. Since
kinetic energy is associated with the body as a whole, it is an extensive property.

UNITS.

Work has units of force times distance. The units of kinetic energy are the same as

for work. In SI, the energy unit is the newton-meter, N - m, called the joule, J. In this book

it is convenient to use the kilojoule, kJ.

POTENTIAL ENERGY

Equation 2.6 is the principal result of the previous section. Derived from Newton’s second N
law, the equation gives a relationship between two defined concepts: kinetic energy and work.
In this section it is used as a point of departure to extend the concept of energy. To begin,
refer to Fig. 2.2, which shows a body of mass m that moves vertically from an elevation z;
to an elevation z, relative to the surface of the earth. Two forces are shown acting on the sys- J
tem: a downward force due to gravity with magnitude mg and a vertical force with magni- f
tude R representing the resultant of all other forces acting on the system.

The work of each force acting on the body shown in Fig. 2.2 can be determined by
using the definition previously given. The total work is the algebraic sum of these indi-

2

VT
g Z

—1
z m, 1

T Earth’s surface

vidual values. In accordance with Eq. 2.6, the total work equals the change in kinetic

energy. That is

1 &
2m(V§—V%)=J Rdz—J

mg dz

z

al

A Figure 2.2 [llustra-
tion used to introduce the

2.7) potential energy concept.

A minus sign is introduced before the second term on the right because the gravitational
force is directed downward and z is taken as positive upward.

The first integral on the right of Eq. 2.7 represents the work done by the force R on the
body as it moves vertically from z, to z,. The second integral can be evaluated as follows

1

J mg dz = mg(z, — )

(2.8)
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where the acceleration of gravity has been assumed to be constant with elevation. By incor-
porating Eq. 2.8 into Eq. 2.7 and rearranging

1 2
SV~ VD) + (e~ 2) = | R 29
<1
gravitational potential The quantity mgz is the gravitational potential energy, PE. The change in gravitational
energy potential energy, APE, is
> APE = PE, — PE, = mg(z, — ;) (2.10)

The units for potential energy in any system of units are the same as those for kinetic en-
ergy and work.

Potential energy is associated with the force of gravity and is therefore an attribute of a
system consisting of the body and the earth together. However, evaluating the force of grav-
ity as mg enables the gravitational potential energy to be determined for a specified value of
g knowing only the mass of the body and its elevation. With this view, potential energy is
regarded as an extensive property of the body. Throughout this book it is assumed that ele-
vation differences are small enough that the gravitational force can be considered constant.
The concept of gravitational potential energy can be formulated to account for the variation
of the gravitational force with elevation, however.

To assign a value to the kinetic energy or the potential energy of a system, it is necessary
to assume a datum and specify a value for the quantity at the datum. Values of kinetic and
potential energy are then determined relative to this arbitrary choice of datum and reference
value. However, since only changes in kinetic and potential energy between two states are
required, these arbitrary reference specifications cancel.

When a system undergoes a process where there are changes in kinetic and potential en-
ergy, special care is required to obtain a consistent set of units.

> for example. .. to illustrate the proper use of units in the calculation of such terms,
consider a system having a mass of 1 kg whose velocity increases from 15 m/s to 30 m/s
while its elevation decreases by 10 m at a location where g = 9.7 m/s’. Then

1
AKE = —m(V3 — V})

2
-] (03] - (53] Iy s fw
VK8 s s 1kg-m/s*| [10°N-m
= 0.34kJ
APE = mg(z, — )
m IN 1kJ
= (1kg)| 9.7 )(—10
( g)( sz)( m)‘lkg'm/sz ‘103N~m‘

= —0.10kJ

CONSERVATION OF ENERGY IN MECHANICS

Equation 2.9 states that the total work of all forces acting on the body from the surround-
ings, with the exception of the gravitational force, equals the sum of the changes in the kinetic
and potential energies of the body. When the resultant force causes the elevation to be
increased, the body to be accelerated, or both, the work done by the force can be considered
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a transfer of energy to the body, where it is stored as gravitational potential energy and/or
kinetic energy. The notion that energy is conserved underlies this interpretation.

The interpretation of Eq. 2.9 as an expression of the conservation of energy principle can
be reinforced by considering the special case of a body on which the only force acting is that
due to gravity, for then the right side of the equation vanishes and the equation reduces to

1
gm(V% — Vi) +mg(z, —z) =0

or 2.11)

1 1
Eng + mgz, = EmV% + mgz,

Under these conditions, the sum of the kinetic and gravitational potential energies remains
constant. Equation 2.11 also illustrates that energy can be converted from one form to an-
other: For an object falling under the influence of gravity only, the potential energy would
decrease as the kinetic energy increases by an equal amount.

CLOSURE

The presentation thus far has centered on systems for which applied forces affect only their
overall velocity and position. However, systems of engineering interest normally interact with
their surroundings in more complicated ways, with changes in other properties as well. To
analyze such systems, the concepts of kinetic and potential energy alone do not suffice, nor
does the rudimentary conservation of energy principle introduced in this section. In thermo-
dynamics the concept of energy is broadened to account for other observed changes, and the
principle of conservation of energy is extended to include a wide variety of ways in which
systems interact with their surroundings. The basis for such generalizations is experimental
evidence. These extensions of the concept of energy are developed in the remainder of the
chapter, beginning in the next section with a fuller discussion of work.

2:2 Broadening Our Understanding of Work

The work W done by, or on, a system evaluated in terms of macroscopically observable forces
and displacements is

W=J2F'ds (2.12) €

1

This relationship is important in thermodynamics, and is used later in the present section to
evaluate the work done in the compression or expansion of gas (or liquid), the extension of
a solid bar, and the stretching of a liquid film. However, thermodynamics also deals with
phenomena not included within the scope of mechanics, so it is necessary to adopt a broader
interpretation of work, as follows.
A particular interaction is categorized as a work interaction if it satisfies the following cri-
terion, which can be considered the thermodynamic definition of work: Work is done by a  thermodynamic

system on its surroundings if the sole effect on everything external to the system could have definition of work

been the raising of a weight. Notice that the raising of a weight is, in effect, a force acting
through a distance, so the concept of work in thermodynamics is a natural extension of the
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sign convention for work
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__________ ! : ! <« Figure 2.3 Two examples of
[ pppp——— J work.

concept of work in mechanics. However, the test of whether a work interaction has taken
place is not that the elevation of a weight has actually taken place, or that a force has actu-
ally acted through a distance, but that the sole effect could have been an increase in the
elevation of a weight.

> for example... consider Fig. 2.3 showing two systems labeled A and B. In
system A, a gas is stirred by a paddle wheel: the paddle wheel does work on the gas. In
principle, the work could be evaluated in terms of the forces and motions at the boundary
between the paddle wheel and the gas. Such an evaluation of work is consistent with Eq. 2.12,
where work is the product of force and displacement. By contrast, consider system B, which
includes only the battery. At the boundary of system B, forces and motions are not evident.
Rather, there is an electric current i driven by an electrical potential difference existing
across the terminals a and b. That this type of interaction at the boundary can be classified
as work follows from the thermodynamic definition of work given previously: We can
imagine the current is supplied to a hypothetical electric motor that lifts a weight in the
surroundings. <

Work is a means for transferring energy. Accordingly, the term work does not refer to
what is being transferred between systems or to what is stored within systems. Energy is
transferred and stored when work is done.

> 2.2.1 Sign Convention and Notation

Engineering thermodynamics is frequently concerned with devices such as internal combus-
tion engines and turbines whose purpose is to do work. Hence, in contrast to the approach
generally taken in mechanics, it is often convenient to consider such work as positive. That
is,

W > 0: work done by the system
W < 0: work done on the system

This sign convention is used throughout the book. In certain instances, however, it is con-
venient to regard the work done on the system to be positive, as has been done in the dis-
cussion of Sec. 2.1. To reduce the possibility of misunderstanding in any such case, the
direction of energy transfer is shown by an arrow on a sketch of the system, and work is re-
garded as positive in the direction of the arrow.

To evaluate the integral in Eq. 2.12, it is necessary to know how the force varies with the
displacement. This brings out an important idea about work: The value of W depends on the
details of the interactions taking place between the system and surroundings during a process
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and not just the initial and final states of the system. It follows that work is not a property — work is not a property
of the system or the surroundings. In addition, the limits on the integral of Eq. 2.12 mean
“from state 1 to state 2” and cannot be interpreted as the values of work at these states. The
notion of work at a state has no meaning, so the value of this integral should never be indi-
cated as W, — W,.
The differential of work, W, is said to be inexact because, in general, the following in-
tegral cannot be evaluated without specifying the details of the process

2
J wW=Ww
1

On the other hand, the differential of a property is said to be exact because the change in
a property between two particular states depends in no way on the details of the process
linking the two states. For example, the change in volume between two states can be de-
termined by integrating the differential dV, without regard for the details of the process,
as follows

Va
J dV: V2_ Vl

Vi

where V, is the volume at state 1 and V, is the volume ar state 2. The differential of every
property is exact. Exact differentials are written, as above, using the symbol d. To stress the
difference between exact and inexact differentials, the differential of work is written as 6W.
The symbol & is also used to identify other inexact differentials encountered later.

> 2.2.2 Power

Many thermodynamic analyses are concerned with the time rate at which energy transfer

occurs. The rate of energy transfer by work is called power and is denoted by W.When a power
work interaction involves a macroscopically observable force, the rate of energy transfer

by work is equal to the product of the force and the velocity at the point of application of

the force

W=F-V (2.13) «

A dot appearing over a symbol, as in W, is used throughout this book to indicate a time rate.
In principle, Eq. 2.13 can be integrated from time #, to time #, to get the total work done dur-
ing the time interval

ho 1
W= j Wdt = J F-Vdt 2.14)
1 t

1

The same sign convention applies for W as for W. Since power is a time rate of doing work,
it can be expressed in terms of any units for energy and time. In SI, the unit for power is J/s,
called the watt. In this book the kilowatt, kW, is generally used.

> for example... to illustrate the use of Eq. 2.13, let us evaluate the power required
for a bicyclist traveling at 8.94 m/s to overcome the drag force imposed by the surrounding
air. This aerodynamic drag force is given by

F, = 1C,ApV?
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where Cy is a constant called the drag coefficient, A is the frontal area of the bicycle and
rider, and p is the air density. By Eq. 2.13 the required power is F; -V or
W = (3C,ApVA)V
= 1CApV?

Using typical values: C; = 0.88, A = 0.362 m?, and p = 1.2 kg/m’, together with V = 8.94 m/s,
the power required is

o1
W = (0.88)(0.362 m*)(1.2 ke/m’)(8.94 m/s)*

= 136.L6 W «

» 2.2.2 NModeling Expansion or Compression Work

There are many ways in which work can be done by or on a system. The remainder of this
section is devoted to considering several examples, beginning with the important case of the
work done when the volume of a quantity of a gas (or liquid) changes by expansion or
compression.

Let us evaluate the work done by the closed system shown in Fig. 2.4 consisting of a gas
(or liquid) contained in a piston—cylinder assembly as the gas expands. During the process
the gas pressure exerts a normal force on the piston. Let p denote the pressure acting at the
interface between the gas and the piston. The force exerted by the gas on the piston is sim-
ply the product pA, where A is the area of the piston face. The work done by the system as
the piston is displaced a distance dx is

oW = pA dx (2.15)

The product A dx in Eq. 2.15 equals the change in volume of the system, dV. Thus, the
work expression can be written as

oW =pdv (2.16)

Since dV is positive when volume increases, the work at the moving boundary is positive

when the gas expands. For a compression, dV is negative, and so is work found from Eq. 2.16.

These signs are in agreement with the previously stated sign convention for work.
For a change in volume from V, to V,, the work is obtained by integrating Eq. 2.16

\%3
> W= J pdV 2.17)

Vi

Although Eq. 2.17 is derived for the case of a gas (or liquid) in a piston—cylinder assembly,
it is applicable to systems of any shape provided the pressure is uniform with position over
the moving boundary.

System boundary

Area=A Average pressure at
the piston face = p

| <« Figure 2.4 Expansion or
Xy Xy compression of a gas or liquid.
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ACTUAL EXPANSION OR COMPRESSION PROCESSES

To perform the integral of Eq. 2.17 requires a relationship between the gas pressure at the
moving boundary and the system volume, but this relationship may be difficult, or even
impossible, to obtain for actual compressions and expansions. In the cylinder of an auto-
mobile engine, for example, combustion and other nonequilibrium effects give rise to
nonuniformities throughout the cylinder. Accordingly, if a pressure transducer were
mounted on the cylinder head, the recorded output might provide only an approximation
for the pressure at the piston face required by Eq. 2.17. Moreover, even when the measured
pressure is essentially equal to that at the piston face, scatter might exist in the pressure—
volume data, as illustrated in Fig. 2.5. Still, performing the integral of Eq. 2.17 based on
a curve fitted to the data could give a plausible estimate of the work. We will see later that
in some cases where lack of the required pressure—volume relationship keeps us from eval-
uating the work from Eq. 2.17, the work can be determined alternatively from an energy
balance (Sec. 2.5).

QUASIEQUILIBRIUM EXPANSION OR COVMPRESSION PROCESSES

An idealized type of process called a quasiequilibrium process is introduced in Sec. 1.3. A
quasiequilibrium process is one in which all states through which the system passes may be
considered equilibrium states. A particularly important aspect of the quasiequilibrium process
concept is that the values of the intensive properties are uniform throughout the system, or
every phase present in the system, at each state visited.

To consider how a gas (or liquid) might be expanded or compressed in a quasiequilib-
rium fashion, refer to Fig. 2.6, which shows a system consisting of a gas initially at an
equilibrium state. As shown in the figure, the gas pressure is maintained uniform through-
out by a number of small masses resting on the freely moving piston. Imagine that one of
the masses is removed, allowing the piston to move upward as the gas expands slightly.
During such an expansion the state of the gas would depart only slightly from equilibrium.
The system would eventually come to a new equilibrium state, where the pressure and all
other intensive properties would again be uniform in value. Moreover, were the mass re-
placed, the gas would be restored to its initial state, while again the departure from equi-
librium would be slight. If several of the masses were removed one after another, the gas
would pass through a sequence of equilibrium states without ever being far from equilib-
rium. In the limit as the increments of mass are made vanishingly small, the gas would
undergo a quasiequilibrium expansion process. A quasiequilibrium compression can be
visualized with similar considerations.

Equation 2.17 can be applied to evaluate the work in quasiequilibrium expansion or com-
pression processes. For such idealized processes the pressure p in the equation is the pressure
of the entire quantity of gas (or liquid) undergoing the process, and not just the pressure at
the moving boundary. The relationship between the pressure and volume may be graphical
or analytical. Let us first consider a graphical relationship.

A graphical relationship is shown in the pressure—volume diagram (p-V diagram) of
Fig. 2.7. Initially, the piston face is at position x;, and the gas pressure is p;; at the conclu-
sion of a quasiequilibrium expansion process the piston face is at position x,, and the pres-
sure is reduced to p,. At each intervening piston position, the uniform pressure throughout
the gas is shown as a point on the diagram. The curve, or path, connecting states 1 and 2 on
the diagram represents the equilibrium states through which the system has passed during
the process. The work done by the gas on the piston during the expansion is given by [ p dV,
which can be interpreted as the area under the curve of pressure versus volume. Thus, the
shaded area on Fig. 2.7 is equal to the work for the process. Had the gas been compressed
from 2 to 1 along the same path on the p—V diagram, the magnitude of the work would be

p o Measured data
- Curve fit
QZEZ o
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© .
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A Figure 2.5 Pressure—
volume data.

quasiequilibrium process

Incremental masses removed
during an expansion of the
gas or liquid

Boundary
A Figure 2.6 Illustra-
tion of a quasiequilibrium
expansion or compression.
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Area = work
for process A

A Figure 2.8 [llustra-
tion that work depends on
the process.

polytropic process

P~
Path
SW=pdV
g
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P2~ 2
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ﬁ pdv
2 av V,
: Volume :
I I
| Gas or :
I liquid
L |
| | <« Figure 2.7 Work of a quasiequilibrium
™ X Xy . .
x expansion or compression process.

the same, but the sign would be negative, indicating that for the compression the energy trans-
fer was from the piston to the gas.

The area interpretation of work in a quasiequilibrium expansion or compression process
allows a simple demonstration of the idea that work depends on the process. This can be
brought out by referring to Fig. 2.8. Suppose the gas in a piston—cylinder assembly goes from
an initial equilibrium state 1 to a final equilibrium state 2 along two different paths, labeled
A and B on Fig. 2.8. Since the area beneath each path represents the work for that process,
the work depends on the details of the process as defined by the particular curve and not just
on the end states. Using the test for a property given in Sec. 1.3, we can conclude again
(Sec. 2.2.1) that work is not a property. The value of work depends on the nature of the
process between the end states.

The relationship between pressure and volume during an expansion or compression process
also can be described analytically. An example is provided by the expression pV" = constant,
where the value of # is a constant for the particular process. A quasiequilibrium process de-
scribed by such an expression is called a polyfropic process. Additional analytical forms for
the pressure—volume relationship also may be considered.

The example to follow illustrates the application of Eq. 2.17 when the relationship between
pressure and volume during an expansion is described analytically as pV" = constant.

EXAMPLE 2.1 Evaluating Expansion Work

A gas in a piston—cylinder assembly undergoes an expansion process for which the relationship between pressure and volume

is given by

pV" = constant

The initial pressure is 3 bar, the initial volume is 0.1 m?, and the final volume is 0.2 m®. Determine the work for the process,
inkJ,if (@) n = 1.5, (b)n = 1.0, and (¢) n = 0.
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SOLUTION
Known: A gas in a piston—cylinder assembly undergoes an expansion for which pV" = constant.
Find: Evaluate the work if (a) n = 1.5, (b) n = 1.0, (c) n = 0.

Schematic and Given Data: The given p-V relationship and the given data for pressure and volume can be used to construct
the accompanying pressure—volume diagram of the process.

3.0 — 1 2c
AR ! =3.0 bar
| P
B 20 ! S V,=0.1m’
B |
< Lo || =R —
= 2 Lopvi= .
| constant : V,=02m
1.0 - Area = work 2a L J
for part a
0.1 02
v (m?)
< Figure E2.1
Assumptions:

1. The gas is a closed system.
2. The moving boundary is the only work mode.

3. The expansion is a polytropic process.

Analysis: The required values for the work are obtained by integration of Eq. 2.17 using the given pressure—volume relation.

(a) Introducing the relationship p = constant/V" into Eq. 2.17 and performing the integration

W= JVZP . J"z constantdv

n
v, %

(constant) Vy™" — (constant) V|™"

1—n

The constant in this expression can be evaluated at either end state: constant = p,V{ = p,V;. The work expression then
becomes

(szg) V;ﬂ' i (plvln) Vi’" - Vo — piV,
1—n 1 —n

)

This expression is valid for all values of n except n = 1.0. The case n = 1.0 is taken up in part (b).
To evaluate W, the pressure at state 2 is required. This can be found by using p,V{ = p,Vj, which on rearrangement yields

= <V'>n— 3b <0'1)1'5—106b
D2 = P v, = (3 bar) 02 Sl ar

((1.06 bar)(0.2 m3) = (3)(0.1))‘ 10° N/m?2
1—-1.5 1 bar

Accordingly

1kJ ‘
10°N-m
= +17.6kJ
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(b) For n = 1.0, the pressure—volume relationship is pV = constant or p = constant/V. The work is

V2 dVv V. V
W = constant J’v\ v - (constant) lnvf = (pV)) anT )
Substituting values
W = (3 bar)(0.1 m’) ARGl oL o ‘ 1 (0'2> +20.79 kJ
= ar)(0.1 m nl—|= :
1 bar 10°N - m 0.1

@ (c) For n = 0, the pressure—volume relation reduces to p = constant, and the integral becomes W = p(V, — V,), which is a
special case of the expression found in part (a). Substituting values and converting units as above, W = +30 kJ.

@ In each case, the work for the process can be interpreted as the area under the curve representing the process on the ac-
companying p—V diagram. Note that the relative areas are in agreement with the numerical results.

@ The assumption of a polytropic process is significant. If the given pressure—volume relationship were obtained as a fit to
experimental pressure—volume data, the value of [p dV would provide a plausible estimate of the work only when the
measured pressure is essentially equal to that exerted at the piston face.

@ Observe the use of unit conversion factors here and in part (b).

@ 1t is not necessary to identify the gas (or liquid) contained within the piston—cylinder assembly. The calculated values for
W are determined by the process path and the end states. However, if it is desired to evaluate other properties such as tem-
perature, both the nature and amount of the substance must be provided because appropriate relations among the proper-
ties of the particular substance would then be required.

> 2.2.4 Further Examples of Work

To broaden our understanding of the work concept, we now briefly consider several other
examples.

EXTENSION OF A SOLID BAR. Consider a system consisting of a solid bar under tension,
as shown in Fig. 2.9. The bar is fixed at x = 0, and a force F is applied at the other end. Let
the force be represented as F' = g A, where A is the cross-sectional area of the bar and o the
normal stress acting at the end of the bar. The work done as the end of the bar moves a

distance dx is given by 6W = —oA dx. The minus sign is required because work is done on
the bar when dx is positive. The work for a change in length from x; to x, is found by
integration

W= —J oA dx (2.18)

Equation 2.18 for a solid is the counterpart of Eq. 2.17 for a gas undergoing an expansion
or compression.

STRETCHING OF A LIQUID FILM. Figure 2.10 shows a system consisting of a liquid film
suspended on a wire frame. The two surfaces of the film support the thin liquid layer inside
by the effect of surface tension, owing to microscopic forces between molecules near the
liquid—air interfaces. These forces give rise to a macroscopically measurable force perpen-
dicular to any line in the surface. The force per unit length across such a line is the surface
tension. Denoting the surface tension acting at the movable wire by 7, the force F indicated
on the figure can be expressed as F = 2Ir, where the factor 2 is introduced because two
film surfaces act at the wire. If the movable wire is displaced by dx, the work is given by
O0W = —2It dx. The minus sign is required because work is done on the system when dx is
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Rigid wire frame

4
|4:+ Movable

I .
wire

/x

A Figure 2.9 Elongation of a solid bar. A Figure 2.10 Stretching of a liquid film.

positive. Corresponding to a displacement dx is a change in the total area of the surfaces in
contact with the wire of dA = 2l dx, so the expression for work can be written alternatively
as 8W = —7 dA. The work for an increase in surface area from A, to A, is found by
integrating this expression

Az
W= —J 7 dA (2.19)

A

POWER TRANSMITTED BY A SHAFT. A rotating shaft is a commonly encountered ma-
chine element. Consider a shaft rotating with angular velocity w and exerting a torque J on
its surroundings. Let the torque be expressed in terms of a tangential force F, and radius
R: I = F,R. The velocity at the point of application of the force is V = Rw, where o is in
radians per unit time. Using these relations with Eq. 2.13, we obtain an expression for the
power transmitted from the shaft to the surroundings

W= FV = (9/R)(Rw) = Tw (2.20)

A related case involving a gas stirred by a paddle wheel is considered in the discussion of
Fig. 2.3.

ELECTRIC POWER. Shown in Fig. 2.11 is a system consisting of an electrolytic cell. The
cell is connected to an external circuit through which an electric current, i, is flowing. The
current is driven by the electrical potential difference € existing across the terminals labeled
a and b. That this type of interaction can be classed as work is considered in the discussion
of Fig. 2.3.

The rate of energy transfer by work, or the power, is

W= —%i @21)
Since the current i equals dZ/dr, the work can be expressed in differential form as
oW = —€dz (2.22)

where dZ is the amount of electrical charge that flows into the system. The minus signs are
required to be in accord with our previously stated sign convention for work. When the power
is evaluated in terms of the watt, and the unit of current is the ampere (an SI base unit), the
unit of electric potential is the volt, defined as 1 watt per ampere.

WORK DUE TO POLARIZATION OR MAGNETIZATION. Let us next refer briefly to the
types of work that can be done on systems residing in electric or magnetic fields, known as
the work of polarization and magnetization, respectively. From the microscopic viewpoint,

—_ 1
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A Figure 2.11 Electro-
lytic cell used to discuss
electric power.
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electrical dipoles within dielectrics resist turning, so work is done when they are aligned by
an electric field. Similarly, magnetic dipoles resist turning, so work is done on certain other
materials when their magnetization is changed. Polarization and magnetization give rise to
macroscopically detectable changes in the total dipole moment as the particles making up
the material are given new alignments. In these cases the work is associated with forces im-
posed on the overall system by fields in the surroundings. Forces acting on the material in
the system interior are called body forces. For such forces the appropriate displacement in
evaluating work is the displacement of the matter on which the body force acts. Forces act-
ing at the boundary are called surface forces. Examples of work done by surface forces
include the expansion or compression of a gas (or liquid) and the extension of a solid.

> 2.2.5 Further Examples of Work in Quasiequilibrium Processes

Systems other than a gas or liquid in a piston—cylinder assembly can also be envisioned as
undergoing processes in a quasiequilibrium fashion. To apply the quasiequilibrium process
concept in any such case, it is necessary to conceive of an ideal situation in which the ex-
ternal forces acting on the system can be varied so slightly that the resulting imbalance is
infinitesimal. As a consequence, the system undergoes a process without ever departing sig-
nificantly from thermodynamic equilibrium.

The extension of a solid bar and the stretching of a liquid surface can readily be envisioned
to occur in a quasiequilibrium manner by direct analogy to the piston—cylinder case. For the
bar in Fig. 2.9 the external force can be applied in such a way that it differs only slightly from
the opposing force within. The normal stress is then essentially uniform throughout and can
be determined as a function of the instantaneous length: o = o (x). Simila