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O Pretace

Professors Moran and Shapiro are delighted to wel-
come two new co-authors for the seventh edition of
Fundamentals of Engineering Thermodynamics.
Dr. Daisie D. Boettner, PE, professor of mechanical
engineering at the United States Military Academy at
West Point, and Dr. Margaret B. Bailey, PE, professor
of mechanical engineering at the Rochester Institute
of Technology, bring outstanding experience in engi-
neering education, research, and service to the team.
Their perspectives enrich the presentation and build
upon our existing strengths in exciting new ways.

A Textbook for the 21°* Century

In the twenty-first century, engineering thermodynamics
plays a central role in developing improved ways to pro-
vide and use energy, while mitigating the serious human
health and environmental consequences accompanying
energy—including air and water pollution and global cli-
mate change. Applications in bioengineering, biomedical
systems, and nanotechnology also continue to emerge. This
book provides the tools needed by specialists working in
all such fields. For non-specialists, this book provides back-
ground for making decisions about technology related to
thermodynamics—on the job and as informed citizens.

Engineers in the twenty-first century need a solid set
of analytical and problem-solving skills as the founda-
tion for tackling important societal issues relating to
engineering thermodynamics. The seventh edition
develops these skills and significantly expands our cov-
erage of their applications to provide

e current context for the study of thermodynamic
principles.

e relevant background to make the subject meaningful
for meeting the challenges of the decades ahead.

e significant material related to existing technologies
in light of new challenges.

In the seventh edition, we build on the core features
that have made the text the global leader in engineer-
ing thermodynamics education. (The present discussion
of core features centers on new aspects; see the Preface
to the sixth edition for more.) We are known for our
clear and concise explanations grounded in the funda-
mentals, pioneering pedagogy for effective learning,
and relevant, up-to-date applications. Through the cre-
ativity and experience of our newly expanded author
team, and based on excellent feedback from instructors
and students, we continue to enhance what has become
the leading text in the field.

New in the Seventh Edition

In a major departure from previous editions of this
book and all other texts intended for the same student
population, we have introduced animations that
strengthen students’ understanding of basic phenom-
ena and applications. The seventh edition also fea-
tures a crisp new interior design aimed at helping
students

e better understand and apply the subject matter, and

e fully appreciate the relevance of the topics to engi-
neering practice and to society.

This edition also provides, inside the front cover under
the heading an updated
roadmap to core features of this text that make it so
effective for student learning. To fully understand all of
the many features we have built into the book, be sure
to see this important element.

In this edition, several enhancements to improve stu-
dent learning have been introduced or upgraded:

e New animations are offered at key subject matter
locations to improve student learning. When view-
ing the animations, students will develop deeper
understanding by visualizing key processes and
phenomena.

e Special text elements feature important illustra-
tions of engineering thermodynamics applied to
our environment, society, and world:

* New ENERGY & ENVIRONMENT presenta-
tions explore topics related to energy resource use
and environmental issues in engineering.

e Updated BIOCONNECTIONS discussions tie
textbook topics to contemporary applications in
biomedicine and bioengineering.

e Additional Horizons features have been
included that link subject matter to thought-
provoking 21st century issues and emerging
technologies.

Suggestions for additional reading and sources for
topical content presented in these elements provided
on request.

* End-of-Chapter problems in each of the three
modes: conceptual, skill building, and design have
been extensively revised and hundreds of new
problems added.
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* New and revised class-tested material contributes
to student learning and instructor effectiveness:

e Significant new content explores how thermody-
namics contributes to meet the challenges of the
21st century.

e Key aspects of fundamentals and applications
within the text have been enhanced.

e In response to instructor and student needs, class-
tested changes that contribute to a more just-in-
time presentation have been introduced:

e TAKE NOTE... entries in the margins are expanded
throughout the textbook to improve student
learning. For example, see p. 8.

* Boxed material allows students and instructors
to explore topics in greater depth. For example,
see p. 188.

e New margin terms at many locations aid in
navigating subject matter.

Supplements
The following supplements are available with the text:

e Outstanding Instructor and Student companion
web sites (visit www.wiley.com/college/moran)
that greatly enhance teaching and learning:

e Instructor Companion Site: Assists instructors in
delivering an effective course with resources
including

o animations—new in this edition.

o chapter-by-chapter summary of Special Fea-
tures, including

= the subject of each solved example,

= the topics of all ENERGY & ENVIRONMENT,
BIOCONNECTIONS, and Horizons
features,

= the themes of the accompanying m
& OPEN ENDED PROBLEMS

a complete solution manual that is easy to navi-
gate.

o

o

solutions to computer-based problems for use
with both IT: Interactive Thermodynamics as
well as EES: Engineering Equation Solver.

[}

image galleries with text images available in
various helpful electronic formats.

o

sample syllabi on semester and quarter bases.

o errata for both the text and problems.

o chapter summary information, including Key
Terms and Key Equations.

o chapter learning outcomes.

o correlation guides to ease transition between
editions of this text and for switching to this
edition from another book.

o text Preface.

Student Companion Site: Helps students learn
the subject matter with resources including

o animations—new in this edition.
o answers to selected problems.
o errata for both the text and problems.

o chapter summary information, including Key Terms
and Key Equations.

o chapter learning outcomes.

o chapter-by-chapter summary of Special Features as
listed in the Instructor Companion Site.

o text Preface.

e Interactive Thermodynamic: IT software is avail-
able as a stand-alone product or with the text-
book. IT is a highly-valuable learning tool that
allows students to develop engineering models,
perform “what-if” analyses, and examine princi-
ples in more detail to enhance their learning. Brief
tutorials of IT are included within the text and the
use of IT is illustrated within selected solved
examples.

e WileyPLUS is an online set of instructional, prac-
tice, and course management resources, including
the full text, for students and instructors.

Visit www.wiley.com/college/moran or contact your
local Wiley representative for information on the
above-mentioned supplements.

Ways to Meet Different Course Needs

In recognition of the evolving nature of engineering
curricula, and in particular of the diverse ways engi-
neering thermodynamics is presented, the text is struc-
tured to meet a variety of course needs. The following
table illustrates several possible uses of the textbook
assuming a semester basis (3 credits). Courses could be
taught using this textbook to engineering students with
appropriate background beginning in their second year
of study.


http://www.wiley.com/college/moran
http://www.wiley.com/college/moran

Type of course Intended audience
Nonmajors

Surveys
Majors

Two-course sequences Majors

Preface

Chapter coverage

e Principles. Chaps. 1-6.
e Applications. Selected topics from Chaps.
8-10 (omit compressible flow in Chap. 9).

e Principles. Chaps. 1-6.
e Applications. Same as above plus
selected topics from Chaps. 12 and 13.

e First course. Chaps. 1-7. (Chap. 7 may be
deferred to second course or omitted.)

e Second course. Selected topics from Chaps.
8-14 to meet particular course needs.
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Fluids such as air and water exert pressure, introduced in Sec. 1.6. © Jeffrey Warrington/Alamy

ENGINEERING CONTEXT Although aspects of thermodynamics have been studied since ancient
times, the formal study of thermodynamics began in the early nineteenth century through consideration of
the capacity of hot objects to produce work. Today the scope is much larger. Thermodynamics now provides
essential concepts and methods for addressing critical twenty-first-century issues, such as using fossil fuels
more effectively, fostering renewable energy technologies, and developing more fuel-efficient means of trans-
portation. Also critical are the related issues of greenhouse gas emissions and air and water pollution.

Thermodynamics is both a branch of science and an engineering specialty. 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 study-
ing systems and how they interact with their surroundings. To facilitate this, thermodynamics has been extended
to the study of systems through which matter flows, including bioengineering and biomedical systems.

The objective 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 this introduction is brief, and further
elaboration is provided in subsequent chapters.




Getting Started

Introductory Concepts
and Definitions

> LEARNING OUTCOMES

When you complete your study of this chapter, you will be able to...

» demonstrate understanding of several fundamental concepts used throughout the book . . .
including closed system, control volume, boundary and surroundings, property, state,
process, the distinction between extensive and intensive properties, and equilibrium.

» apply SI and English Engineering units, including units for specific volume, pressure, and
temperature.

» work with the Kelvin, Rankine, Celsius, and Fahrenheit temperature scales.

» apply the problem-solving methodology used in this book.
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@ Using Thermodynamics

Engineers use principles drawn from thermodynamics and other engineering sciences,
including fluid mechanics and heat and mass transfer, to analyze and design things
intended to meet human needs. Throughout the twentieth century, engineering applica-
tions of thermodynamics helped pave the way for significant improvements in our quality
of life with advances in major areas such as surface transportation, air travel, space
flight, electricity generation and transmission, building heating and cooling, and improved
medical practices. The wide realm of these applications is suggested by Table 1.1.

In the twenty-first century, engineers will create the technology needed to achieve a
sustainable future. Thermodynamics will continue to advance human well-being by address-
ing looming societal challenges owing to declining supplies of energy resources: oil, natural
gas, coal, and fissionable material; effects of global climate change; and burgeoning popula-
tion. Life in the United States is expected to change in several important respects by mid-
century. In the area of power use, for example, electricity will play an even greater role than
today. Table 1.2 provides predictions of other changes experts say will be observed.

If this vision of mid-century life is correct, it will be necessary to evolve quickly from
our present energy posture. As was the case in the twentieth century, thermodynamics
will contribute significantly to meeting the challenges of the twenty-first century, includ-
ing using fossil fuels more effectively, advancing renewable energy technologies, and
developing more energy-efficient transportation systems, buildings, and industrial prac-
tices. Thermodynamics also will play a role in mitigating global climate change, air
pollution, and water pollution. Applications will be observed in bioengineering, bio-
medical systems, and the deployment of nanotechnology. This book provides the tools
needed by specialists working in all such fields. For nonspecialists, the book provides
background for making decisions about technology related to thermodynamics—on the
job, as informed citizens, and as government leaders and policy makers.

@ Defining Systems

The key initial step in any engineering analysis is to describe precisely what is being stud-
ied. In mechanics, if the motion of a body is to be determined, normally the first step is
to define a free body and identify all the forces exerted on it by other bodies. Newton’s
second law of motion is then applied. In thermodynamics the term system is used to iden-
tify 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 complex 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 reac-
tions. 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
surroundings, which take place across the boundary, play an important part in engi-
neering thermodynamics.

Two basic kinds of systems are distinguished in this book. These are referred to, respec-
tively, 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.
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
control volume are used, the system boundary is often referred to as a control surface.
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TABLE 1.1

Selected Areas of Application of Engineering Thermodynamics

Aircraft and rocket propulsion
Alternative energy systems
Fuel cells
Geothermal systems
Magnetohydrodynamic (MHD) converters
Ocean thermal, wave, and tidal power generation
Solar-activated heating, cooling, and power generation
Thermoelectric and thermionic devices
Wind turbines
Automobile engines
Bioengineering applications
Biomedical applications
Combustion systems
Compressors, pumps
Cooling of electronic equipment
Cryogenic systems, gas separation, and liquefaction
Fossil and nuclear-fueled power stations
Heating, ventilating, and air-conditioning systems Al surfaceswith thermal
Absorption refrigeration and heat pumps control coatings
Vapor-compression refrigeration and heat pumps International Space Station
Steam and gas turbines
Power production
Propulsion

Steam generator

. —

Cod Generator

Condenser

N

Refrigerator Electrical power plant Vehicle engine

Cooling water

Trachea ~_

Lung

Heart

Turbojet engine Biomedical applications
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Fig. 1.1 Closed system: A gas
in a piston-cylinder assembly.

control volume

TABLE 1.2

Predictions of Life in the United States in 2050

» Homes are constructed better to reduce heating and cooling needs.

» Homes have systems for electronically monitoring and regulating energy use.
» Appliances and heating and air-conditioning systems are more energy-efficient.
» Use of solar energy for space and water heating is common.

» More food is produced locally.

Transportation

» Plug-in hybrid vehicles and all-electric vehicles dominate.

» Hybrid vehicles mainly use biofuels.

» Use of public transportation within and between cities is common.
» An expanded passenger railway system is widely used.

Lifestyle

» Efficient energy-use practices are utilized throughout society.

» Recycling is widely practiced, including recycling of water.

» Distance learning is common at most educational levels.

» Telecommuting and teleconferencing are the norm.

» The Internet is predominately used for consumer and business commerce.

Power generation

» Electricity plays a greater role throughout society.

» Wind, solar, and other renewable technologies contribute a significant share of the nation’s
electricity needs.

» A mix of conventional fossil-fueled and nuclear power plants provide a smaller, but still
significant, share of the nation’s electricity needs.

» A smart and secure national power transmission grid is in place.

1.2.1 ¢ Closed Systems

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 boundary. 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. Since the portion of
the boundary between the gas and the piston moves with the piston, the system vol-
ume varies. No mass would cross this or any other part of the boundary. If combustion
occurs, the composition of the system changes as the initial combustible mixture
becomes products of combustion.

1.2.2 LControI Volumes

In subsequent sections of this book, we perform thermodynamic analyses of devices
such as turbines and pumps through which mass flows. These analyses can be con-
ducted in principle 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.
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also draw in water and nutrients through their roots.

BIOCONNECTIONS Living things and their organs can be studied as control
volumes. For the pet shown in Fig. 1.3a, air, food, and drink essential to sustain life
and for activity enter across the boundary, and waste products exit. A schematic
such as Fig. 1.3b can suffice for biological analysis. Particular organs, such as the heart,
also can be studied as control volumes. As shown in Fig. 1.4, plants can be studied from a
control volume viewpoint. Intercepted solar radiation is used in the production of essential
chemical substances within plants by photosynthesis. During photosynthesis, plants take
in carbon dioxide from the atmosphere and discharge oxygen to the atmosphere. Plants

1.2.3 ¢ Selecting the System Boundary

The system boundary should be delineated carefully before proceeding with any ther-
modynamic 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 depends heavily on the conve-

nience it allows in the subsequent analysis.

Ingestion
(food, drink)

CO,, other gases
CO,, other gases

Air
Ingestion i'é'_ ___—I
(food, drink) | I~ Boundary
: | (control
L__ ¢ 7% | surface)
Excretion
(waste products)

V
Excretion Excretion
(undigested food) (urine)

@) (b)

Fig. 1.3 Example of a control volume (open system) in biology.

sy S

radiation

Photosyhthesis
—~(leaf)

v, minerls
Fig. 1.44 Example of a control volume (open
system) in botany.
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TAKE NOTE... \
Animations reinforce many
of the text presentations,
You can view these anima-
tions by going to the
student companion site
for this book.

Animations are keyed to
specific content by an icon
in the margin.

The first of these icons
appears directly below. In
this example, the label
System_Types refers to
the text content while
A.1-Tabs a,b&c refers to
the particular animation
(A.1) and the tabs (Tabs

a,b&c) of the animation
recommended for viewing
now to enhance your
understanding.

System_Types
@ A1 -Tabs a, b, & ¢
®

Air compressor

I
I
I
I
I
I
I
I
: Tank
I
I
I
I
I
I
I

Fig. 1.5 Air compressor and storage
tank. =a

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.

Figure 1.5 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
is known, and the objective of the analysis is 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 compressor might be chosen if the condition of the air entering
and exiting the compressor is known, and the objective is to determine the electric

power input. < <

Describing Systems and Their
Behavior

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

1.3.1 ¢ Macroscopic and Microscopic Views of Thermodynamics

Systems can be studied from a macroscopic or a microscopic point of view. The mac-
roscopic 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 thermody-
namics. Although the behavior of systems is affected by molecular structure, classical
thermodynamics allows important aspects of system behavior to be evaluated from
observations of the overall system.

The microscopic approach to thermodynamics, known as statistical thermodynamics,
is concerned directly with the structure of matter. The objective of statistical thermo-
dynamics 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 macro-
scopic behavior of the system. For applications involving lasers, plasmas, high-speed
gas flows, chemical kinetics, very low temperatures (cryogenics), and others, the meth-
ods of statistical thermodynamics are essential. The microscopic approach is used in
this text to interpret internal energy in Chap. 2 and entropy in Chap 6. Moreover, as
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noted in Chap. 3, the microscopic approach is instrumental in developing certain data,
for example ideal gas specific heats.

For a wide range of engineering applications, classical thermodynamics not only
provides 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. Finally, relativity effects are not significant for the
systems under consideration in this book.

1.3.2 1 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 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.

The word state refers to the condition of a system as described by its properties.
Since there are normally relations among the properties of a system, the state often
can be specified by providing the values of a subset of the properties. All other prop-
erties can be determined 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. However, if a system exhibits the same values of its properties at two dif-
ferent times, it is in the same state at these times. A system is said to be at steady
state if none of its properties change with time.

Many properties are considered during the course of our study of engineering
thermodynamics. 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. For a way
to distinguish properties from nonproperties, see the box on p. 10.

1.3.3 ¢ Extensive and Intensive Properties

Thermodynamic properties can be placed in two general classes: extensive and inten-
sive. 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 sev-
eral other properties 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 thermodynamic 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 val-
ues 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 can vary only with time. Specific
volume (Sec. 1.5), pressure, and temperature are important intensive properties;
several other intensive properties are introduced in subsequent chapters.

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. 1.6. 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 tem-
perature is intensive. < <

property

state

process

steady state

Prop_State_Process

A2 -Tab a

9

@

extensive property

intensive property

Ext_Int_Properties
A3 -Tab a

@
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Fig. 1.6 Figure used to
discuss the extensive and
intensive property concepts.

equilibrium

equilibrium state

Distinguishing Properties from Nonproperties

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 prop-
erty 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 independent 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 provides a test for determining whether a quantity is a prop-
erty: A quantity is a property if, and only 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.

1.3.4 ¢ Equilibrium

Classical thermodynamics places primary emphasis on equilibrium states and changes
from one equilibrium state to another. Thus, the concept of equilibrium is fundamen-
tal. In mechanics, 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 thermodynamic, or complete, equilibrium.
Accordingly, several types of equilibrium must exist individually to fulfill the condi-
tion of complete equilibrium; among these are mechanical, thermal, phase, and chem-
ical equilibrium.

Criteria for these four types of equilibrium are considered in subsequent discus-
sions. For the present, we may think of testing to see if a system is in thermodynamic
equilibrium 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 system was in equilibrium at the moment it was isolated. The system can be
said to be at an 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 properties, such as temperature and pressure, tend toward uniform values.
When all such changes cease, the system is in equilibrium. At equilibrium, temperature
is uniform throughout the system. Also, pressure can be regarded as uniform through-
out as long as the effect of gravity is not significant; otherwise a pressure variation can
exist, as in a vertical column of liquid.

There is no requirement that a system undergoing a 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.



1.4 Measuring Mass, Length, Time, and Force

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 comparison with which any other quantity of the same kind is measured.
For example, meters, centimeters, 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 are
called primary dimensions. The others are measured in terms of the primary dimen-
sions and are called secondary. For example, if length and time were regarded as
primary, velocity and area would be secondary.

A set of primary dimensions that suffice for applications in mechanics are mass,
length, and time. Additional primary dimensions are required when additional phys-
ical phenomena come under consideration. Temperature is included for thermody-
namics, and electric current is introduced for applications involving electricity.

Once a set of primary dimensions is adopted, a base unit for each primary dimen-
sion is specified. Units for all other quantities are then derived in terms of the base
units. Let us illustrate these ideas by considering briefly two systems of units: SI units
and English Engineering units.

1.4.1 ¢ SI Units

In the present discussion we consider the system of units called SI that takes mass,
length, and time as primary dimensions and regards force as secondary. SI is the
abbreviation for Systeme International d’Unités (International System of Units),
which is the legally accepted system in most countries. The conventions of the SI are
published and controlled by an international treaty organization. The Sl base units for
mass, length, and time are listed in Table 1.3 and discussed in the following 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
cylinder 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 Standards 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.

TABLE 1.3

Units for Mass, Length, Time, and Force

SI English
Quantity unit Symbol unit T Symbol
mass kilogram kg pound mass b
length meter m foot ft
time second s second s
force newton N pound force Ibf

(= 1 kg - m/s?) (= 32.1740 b - ft/s?)

base unit

S| base units

11
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TAKE NOTE... \
Observe that in the calcu-
lation of force in newtons,
the unit conversion factor

is set off by a pair of verti-
cal lines. This device is used
throughout the text to
identify unit conversions,

TABLE 1.4

S| Unit Prefixes

Factor Prefix Symbol
10" tera T
10° giga G
10° mega M
10° kilo k
10° hecto h
102 centi C
103 milli m
107° micro m
10 ° nano n
10 ? pico p

English base units

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 /' o< ma. The newton is defined so that the proportionality con-
stant 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

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 IN
F =1{9806.65——; 3
S 1 kg - m/s

= 9806.65 N

4 <«

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.

if the object considered previously were on the surface of a
planet at a point where the acceleration of gravity is 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. < <

ST 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 as they
are introduced in the text. 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 SI units are the worldwide standard, at the present time many segments of
the engineering community in the United States regularly use other units. A large
portion of America’s stock of tools and industrial machines and much valuable engi-
neering 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.

In this section we consider a system of units that is commonly used in the United
States, called the English Engineering system. The English base units for mass, length,
and time are listed in Table 1.3 and discussed in the following paragraphs. English
units for other quantities pertinent to thermodynamics are given as they are intro-
duced in the text.



The base unit for length is the foot, ft, defined in terms of the meter as
1 ft = 0.3048 m 1.3)
The inch, in., is defined in terms of the foot
12in. = 1ft

One inch equals 2.54 cm. Although units such as the minute and the hour are often
used in engineering, it is convenient to select the second as the English Engineering
base unit for time.

The English Engineering base unit of mass is the pound mass, 1b, defined in terms
of the kilogram as

11b = 0.45359237 kg 1.4)

The symbol 1bm also may be used to denote the pound mass.

Once base units have been specified for mass, length, and time in the English
Engineering system of units, a force unit can be defined, as for the newton, using
Newton’s second law written as Eq. 1.1. From this viewpoint, the English unit of force,
the pound force, Ibf, is the force required to accelerate one pound mass at 32.1740 ft/s?,
which is the standard acceleration of gravity. Substituting values into Eq. 1.1

11bf = (11b)(32.1740 ft/s*) = 32.1740 1b - ft/s* (1.5)

With this approach force is regarded as secondary.

The pound force, 1bf, is not equal to the pound mass, Ib, introduced previously.
Force and mass are fundamentally different, as are their units. The double use of the
word “pound” can be confusing, however, and care must be taken to avoid error.

to show the use of these units in a single calculation, let us deter-
mine the weight of an object whose mass is 1000 1b at a location where the local
acceleration of gravity is 32.0 ft/s>. By inserting values into Eq. 1.1 and using Eq. 1.5
as a unit conversion factor, we get

ft 1 Ibf
F=mg = (10001b){ 32.0 )| =5 | = 994.59 Ibf
s°/132.1740 1b - ft/s
This calculation illustrates that the pound force is a unit of force distinct from the
pound mass, a unit of mass. < <«

@ Specific Volume

Three measurable intensive properties that are particularly important in engineering
thermodynamics are specific volume, pressure, and temperature. Specific volume is
considered in this section. Pressure and temperature are considered in Secs. 1.6 and
1.7, respectively.

From the macroscopic perspective, the description of matter is simplified by con-
sidering 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 inten-
sive thermodynamic properties “at a point.” Thus, at any instant the density p at a
point is defined as

= Jim & 1.6

P=y\y (1.6

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

1.5 Specific Volume
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volume 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. 1.6, 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 1.7
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. However, they are also often expressed, respec-
tively, as g/cm’® and cm®/g. English units used for density and specific volume in
this text are 1b/ft’ and ft*/lb, respectively.

In certain applications it is convenient to express properties such as specific vol-
ume on a molar basis rather than on a mass basis. A mole is an amount of a given
substance numerically equal to its molecular weight. In this book we express the
amount of substance on a molar basis in terms of the kilomole (kmol) or the pound
mole (Ibmol), as appropriate. In each case we use

(1.8)

SNE

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. Similarly, the number of pound
moles, n, is obtained by dividing the mass, m, in pound mass by the molecular weight,
M, in Ib/lbmol. When m is in grams, Eq. 1.8 gives » in gram moles, or mol for short.
Recall from chemistry that the number of molecules in a gram mole, called Avogadro’s
number, is 6.022 X 10”. Appendix Tables A-1 and A-1E provide molecular weights
for several substances.

To signal that a property is on a molar basis, a bar is used over its symbol. Thus,
v signifies the volume per kmol or Ibmol, as appropriate. In this text, the units used
for v are m*’/kmol and ft’/lbmol. With Eq. 1.8, the relationship between v and v is

v =My 1.9

where M is the molecular weight in kg/kmol or 1b/Ibmol, as appropriate.

@ Pressure

Next, we introduce the concept of pressure from the continuum viewpoint. Let us
begin by considering 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,oma- 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

. F normal
p = lim () (1.10)

A—A A

where A’ is the area at the “point” in the same limiting sense as used in the defini-
tion of density.
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Nanoscience is the study of molecules and molec-

ular structures, called nanostructures, having one or

more dimensions less than about 100 nanometers. One
nanometer is one billionth of a meter: 1 nm = 10 ? m. To grasp
this level of smallness, a stack of 10 hydrogen atoms would have
a height of 1 nm, while a human hair has a diameter about
50,000 nm. Nanotechnology is the engineering of nanostruc-
tures into useful products. At the nanotechnology scale, behavior
may differ from our macroscopic expectations. For example, the

Kr Big Hopes For Nanotechnology...............................................

continuum model may no longer apply owing to the interactions
among the atoms under consideration. Also at these scales, the
nature of physical phenomena such as current flow may depend
explicitly on the physical size of devices. After many years of fruitful
research, nanotechnology is now poised to provide new products
with a broad range of uses, including implantable chemotherapy
devices, biosensors for glucose detection in diabetics, novel elec-
tronic devices, new energy conversion technologies, and ‘smart
materials’, as for example fabrics that allow water vapor to escape
while keeping liquid water out.

\Qeraging used to assign property values at a point in the

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 sur-
rounding the point. However, the pressure can vary from point to point within a fluid
at rest; examples are the variation of atmospheric 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 com-
ponents: one normal to the area and two in the plane of the area. When expressed
on a unit area basis, the component normal to the area is called the normal stress,
and the two components in the plane of the area are termed shear stresses. The mag-
nitudes 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 assumption
yields results of acceptable accuracy for the applications considered. Also, the term
pressure, unless stated otherwise, refers to absolute pressure: pressure with respect to
the zero pressure of a complete vacuum.

1.6.1 LPressure Measurement

Manometers and barometers measure pressure in terms of the length of a column of
liquid such as mercury, water, or oil. The manometer shown in Fig. 1.7 has one end
open to the atmosphere and the other attached to a tank containing a gas at a uniform
pressure. Since pressures at equal elevations in a continuous mass of a liquid or gas
at rest are equal, the pressures at points a and b of Fig. 1.7 are equal. Applying an
elementary force balance, the gas pressure is

P = Pam T pgL (1.11)

where p,, is the local atmospheric pressure, p is the density of the manometer liquid,
g is the acceleration of gravity, and L is the difference in the liquid levels.

The barometer shown in Fig. 1.8 is formed by a closed tube filled with liquid mer-
cury and a small amount of mercury vapor inverted in an open container of liquid
mercury. Since the pressures at points a and b are equal, a force balance gives the

absolute pressure

Patm
Gas at
pressure p

n
1

~— Manometer
liquid
Fig. 1.7 Manometer.

Mercury vapor, Pyapor

Patm

Mercury, pp,

Fig. 1.8 Barometer.
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Elliptical metal
Bourdon tube W

Pointer  atmospheric pressure as

Patm = Pvapor + ngL (1.12)

where p,, is the density of liquid mercury. Because the pressure of the mercury
v Wl pinion Vvapor is much less than that of the atmosphere, Eq. 1.12 can be approximated
gear closely as p,m = pmgL. For short columns of liquid, p and g in Egs. 1.11 and
1.12 may be taken as constant.
Pressures measured with manometers and barometers are frequently
Linkage  expressed in terms of the length L in millimeters of mercury (mmHg),
inches of mercury (inHg), inches of water (inH,O), and so on.

a barometer reads 750 mmHg. If p,, = 13.59 g/cm’
‘ and g = 9.81 m/s’, the atmospheric pressure, in N/m?, is calculated as

‘ ‘ Gas at pressure p

follows:
Fig. 1.9 Pressure measurement
by a Bourdon tube gage. Pam = PmgL
1 kg |[10? 1 IN
_ KIS 59)‘ £ H cm }[9.81“5}[(750 mmHg)‘ _ m -
10°¢g S 10°mm []]1 kg - m/s
= 10°N/m?

A Bourdon tube gage is shown in Fig. 1.9. 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 pressure can be read in suitable units. Because of its con-
struction, the Bourdon tube measures 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 deformed. This mechan-
ical input/electrical output provides the basis for pressure measure-
ment 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.
Fig. 1.10 Pressure sensor with automatic data Figure 1.10 shows a piezoelectric pressure sensor together with an
acquisition. automatic data acquisition system.

1.6.2 ¢ Buoyancy

When a body is completely, or partially, submerged in a liquid, the resultant pressure

buoyant force force acting on the body is called the buoyant force. Since pressure increases with depth
from the liquid surface, pressure forces acting from below are greater than pressure
forces acting from above; thus the buoyant force acts vertically upward. The buoyant
force has a magnitude equal to the weight of the displaced liquid (Archimedes’
principle).

applying Eq. 1.11 to the submerged rectangular block shown in
Fig. 1.11, the magnitude of the net force of pressure acting upward, the buoyant



force, is
F=A(p — p1) = A(Pam + pgL2) = A(Pam + pgL1)
= pgA(L, — L)
= pgV

where V is the volume of the block and p is the density of the
surrounding liquid. Thus, the magnitude of the buoyant force
acting on the block is equal to the weight of the displaced
liquid. <4 < «

1.6.3 LPressure Units

The SI unit of pressure and stress is the pascal.

1 pascal = 1 N/m*
submerged body.

However, multiples of the pascal: the kPa, the bar, and the MPa
are frequently used.

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

Commonly used English units for pressure and stress are pounds force per square
foot, Ibf/ft>, and pounds force per square inch, Ibf/in.?

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

1.01325 X 10° N/m’
1 standard atmosphere (atm) = ¢ 14.696 Ibf/in.” 1.13)
760 mmHg = 29.92 inHg

Since 1 bar (10° N/m?) closely equals one standard atmosphere, it is a convenient
pressure unit despite not being a standard SI unit. When working in SI, the bar, MPa,
and kPa are all used in this text.

Although absolute pressures must be used in thermodynamic relations, pressure-
measuring devices often indicate the difference between the absolute pressure of 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 of the system is greater than
the local atmospheric pressure, p .

p(gage) = p(absolute) — p..(absolute) (1.14)

When the local atmospheric pressure is greater than the pressure of the system, the
term vacuum pressure is used.

p(vacuum) = p,.(absolute) — p(absolute) (1.15)

Engineers in the United States frequently use the letters a and g to distinguish between
absolute and gage pressures. For example, the absolute and gage pressures in pounds
force per square inch are written as psia and psig, respectively. The relationship among
the various ways of expressing pressure measurements is shown in Fig. 1.12.
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Fig. 1.11 Evaluation of buoyant force for a
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In this book, the term pres-
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otherwise.
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p (9age)

Absolute
pressure that is
greater than the local
atmospheric
pressure

Atmospheric
pressure

Absolute
pressure that is

less than the local
atmospheric
pressure

Zero pressure Zero pressure

Fig. 1.12 Relationships among the absolute, atmospheric, gage, and vacuum pressures.

( N
BIOCONNECTIONS One in three Americans is said to have high blood pres-
sure. Since this can lead to heart disease, strokes, and other serious medical compli-
cations, medical practitioners recommend regular blood pressure checks for everyone.

Blood pressure measurement aims to determine the maximum pressure (systolic pressure)

in an artery when the heart is pumping blood and the minimum pressure (diastolic pressure)

when the heart is resting, each pressure expressed in millimeters of mercury, mmHg. The
systolic and diastolic pressures of healthy persons should be less than about 120 mmHg and

8o mmHg, respectively.

The standard blood pressure measurement apparatus in use for decades involving an
inflatable cuff, mercury manometer, and stethoscope is gradually being replaced because
of concerns over mercury toxicity and in response to special requirements, including mon-
itoring during clinical exercise and during anesthesia. Also, for home use and self-monitoring,
many patients prefer easy-to-use automated devices that provide digital displays of blood
pressure data. This has prompted biomedical engineers to rethink blood pressure measure-
ment and develop new mercury-free and stethoscope-free approaches. One of these uses
a highly-sensitive pressure transducer to detect pressure oscillations within an inflated cuff
placed around the patient’s arm. The monitor’s software uses these data to calculate the
systolic and diastolic pressures, which are displayed digitally.

: )

@ Temperature

In this section the intensive property temperature is considered along with means for
measuring it. A concept of temperature, like our concept of force, originates with our
sense perceptions. Temperature is rooted in the notion of the “hotness” or “coldness”
of objects. We use our sense of touch to distinguish hot objects from cold objects and
to arrange objects in their order of “hotness,” deciding that 1 is hotter than 2, 2 hotter




than 3, and so on. But however sensitive human touch may be, we are unable to gauge
this quality precisely.

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 understanding of equality of temperature by using the fact that when the
temperature of an object 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 surroundings, 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 decreases with time,
and that of the colder block increases with time; eventually the electrical resis-
tances 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 prop-
erty that determines whether they will be in thermal equilibrium. This property is
called temperature, and we postulate that when the two blocks are in thermal equi-
librium, their temperatures are equal.

It is a matter of experience that when two objects are in thermal equilibrium with
a third object, they are in thermal equilibrium with one another. This statement, which
is sometimes called the zeroth law of thermodynamics, is tacitly assumed in every mea-
surement of temperature. Thus, if we want to know if two objects are at the same
temperature, it is not necessary 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 object. The third
object is usually a thermometer.

1.7.1 kThermometers

Any object 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 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. 1.13a, 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 appli-
cations where extreme accuracy is required.

More accurate sensors known as thermocouples are based on the principle that
when two dissimilar metals are joined, an electromotive force (emf) that is primarily
a function of temperature will exist in a circuit. In certain thermocouples, one ther-
mocouple wire is platinum of a specified purity and the other is an alloy of platinum
and rhodium. Thermocouples also utilize copper and constantan (an alloy of copper
and nickel), iron and constantan, as well as several 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 materials used for this purpose
are normally conductors (such as platinum, nickel, or copper) or semiconductors.
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Fig. 1.13 Thermometers. (a) Liquid-in-glass. (b) Electrical-resistance (c) Infrared-sensing ear
thermometer.

Devices using conductors are known as resistance temperature detectors. Semiconductor
types are called thermistors. A battery-powered electrical-resistance thermometer
commonly used today is shown in Fig. 1.13b.

A variety of instruments measure temperature by sensing radiation, such as the
ear thermometer shown in Fig. 1.13c. They are known by terms such as radiation
thermometers and optical pyrometers. This type of thermometer differs from those
previously considered because it is not required to come in contact with the object
whose temperature is to be determined, an advantage when dealing with moving
objects or objects at extremely high temperatures.

l

ENERGY & ENVIRONMENT 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 safe disposal of millions of obsolete mercury-filled thermometers has emerged in its own
right as an environmental issue. For proper disposal, thermometers must be taken to hazardous-
waste collection stations rather than simply thrown in the trash where they can be easily broken,
releasing mercury. Loose fragments of broken thermometers and anything that contacted mercury
should be transported in closed containers to appropriate disposal sites.

The present generation of liquid-in-glass fever thermometers for home use contains patented
liquid mixtures that are nontoxic, safe alternatives to mercury. Other types of thermometers also
are used in the home, including battery-powered electrical-resistance thermometers.

)

1.7.2 ¢ Kelvin and Rankine Temperature Scales

Empirical means of measuring temperature such as considered in Sec. 1.71 have inherent
limitations.

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



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

In view of the limitations of empirical means for measuring temperature, it is desit-
able to have a procedure for assigning temperature values that does not depend on
the properties of any particular substance or class of substances. Such a scale is called
a thermodynamic temperature scale. The Kelvin scale is an absolute thermodynamic
temperature scale that provides a continuous definition of temperature, valid over all
ranges of temperature. The unit of temperature on the Kelvin scale is the kelvin (K).
The kelvin is the SI base unit for temperature.

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. 5.8 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.

By definition, the Rankine scale, the unit of which is the degree rankine (°R), is
proportional to the Kelvin temperature according to

T(°R) = 1.87(K) (1.16)

As evidenced by Eq. 1.16, the Rankine scale is also an absolute thermodynamic scale
with an absolute zero that coincides with the absolute zero of the Kelvin scale. In
thermodynamic relationships, temperature is always in terms of the Kelvin or
Rankine scale unless specifically stated otherwise. Still, the Celsius and Fahrenheit
scales considered next are commonly encountered.

1.7.3 LCeIsius and Fahrenheit Scales

The relationship of the Kelvin, Rankine, Celsius, and Fahrenheit scales is shown in
Fig. 1.14 together with values for temperature at three fixed points: the triple point,
ice point, and steam point.

By international agreement, temperature scales are defined by the numerical value
assigned to the easily reproducible triple point of water: the state of equilibrium between
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steam, ice, and liquid water (Sec. 3.2). As a matter of convenience, 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, which assigns
100 Celsius degrees to it.

Celsius scale The Celsius temperature 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 (1.17)

From this it can be concluded that on the Celsius scale the triple point of water is
0.01°C and that 0 K corresponds to —273.15°C. These values are shown on Fig. 1.14.

Fahrenheit scale A degree of the same size as that on the Rankine scale is used in the Fahrenheit
scale, but the zero point is shifted according to the relation

T(°F) = T(°R) — 459.67 (1.18)

TAKE NOTE... A
When making engineering Substituting Eqs. 1.17 and 1.18 into Eq. 1.16, we get
calculations, it's usually
okay to round off the last T(°F) = 1.87(°C) + 32 (1.19)
Numbers in Eqs. 1.17 and
1.18 to 273 and 460, This equation shows that the Fahrenheit temperature of the ice point (0°C) is 32°F
respectively. This is fre- and of the steam point (100°C) is 212°F. The 100 Celsius or Kelvin degrees between
quently done in this book. the ice point and steam point correspond to 180 Fahrenheit or Rankine degrees, as

shown in Fig. 1.14.

G ”

BIOCONNECTIONS Cryobiology, the science of life at low temperatures,

comprises the study of biological materials and systems (proteins, cells, tissues,

and organs) at temperatures ranging from the cryogenic (below about 120 K) to the
hypothermic (low body temperature). Applications include freeze-drying pharmaceuticals,
cryosurgery for removing unhealthy tissue, study of cold-adaptation of animals and plants,
and long-term storage of cells and tissues (called cryopreservation).

Cryobiology has challenging engineering aspects owing to the need for refrigerators capa-
ble of achieving the low temperatures required by researchers. Freezers to support research
requiring cryogenic temperatures in the low-gravity environment of the International Space
Station, shown in Table 1.1, are illustrative. Such freezers must be extremely compact and
miserly in power use. Further, they must pose no hazards. On-board research requiring a
freezer might include the growth of near-perfect protein crystals, important for understanding
the structure and function of proteins and ultimately in the design of new drugs.

\ )

@ Engineering Design and Analysis

The word engineer traces its roots to the Latin ingeniare, relating to invention. Today
invention remains a key engineering function having many aspects ranging from
developing new devices to addressing complex social issues using technology. In pur-
suit of many such activities, engineers are called upon to design and analyze things
intended to meet human needs. Design and analysis 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.



1.8 Engineering Design and Analysis

1.8.1 ¢ Design

Engineering design is a decision-making process in which principles drawn from engi-
neering and other fields such as economics and statistics are applied, usually itera-
tively, to devise 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 constraints related to
economics, safety, environmental impact, and so on.

Design projects usually originate from the recognition of a need or an opportunity
that is only partially understood initially. Thus, before seeking solutions it is important
to define the design objectives. Early steps in engineering design include pinning
down quantitative performance specifications and identifying alternative workable
designs that meet the specifications. Among the workable designs are generally one
or more that are “best” according 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 consid-
erations. Accordingly, a compromise must be sought among competing criteria, and
there may be alternative design solutions that are feasible.’

1.8.2 ¢ Analysis

Design requires synthesis: selecting and putting together components to form a coor-
dinated 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.

a proposed design for a fire-protection system might entail an
overhead piping network together with numerous sprinkler heads. Once an overall

configuration has been determined, detailed engineering analysis is necessary 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 also must aim to
ensure all components form a smoothly working whole while meeting relevant cost
constraints and applicable codes and standards. < <

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, directly or indirectly, one or more of three basic laws. These laws, which
are independent of the particular substance or substances under consideration, are

1. the conservation of mass principle
2. the conservation of energy principle
3. the second law of thermodynamics

In addition, relationships among the properties of the particular substance or sub-
stances 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) also may play a part.

The first steps in a thermodynamic analysis are definition of the system and identifi-
cation of the relevant interactions with the surroundings. Attention then turns to the
pertinent physical laws and relationships that allow the behavior of the system to be
described in terms of an engineering model. The objective in modeling is to obtain a
simplified representation of system behavior that is sufficiently faithful for the purpose

3For further discussion, see A. Bejan, G. Tsatsaronis, and M. J. Moran, Thermal Design and Optimization, John
Wiley & Sons, New York, 1996, Chap. 1.

design constraints

engineering model
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of the analysis, even if many aspects 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 experience and is a part of the art of engineering.

Engineering analysis is most effective when it is done systematically. This is con-
sidered next.

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 exam-
ples 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 prob-
lems 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. Accord-
ingly, it is strongly recommended that problem solutions be organized using the five steps
in the box below, 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 volume 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 property 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 instrumental in enabling you to think clearly about the problem.

@ Engineering Model: 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. The development of an appropriate model is a key aspect of successful
problem solving.

©® Analysis: Using your assumptions and idealizations, reduce the appropriate governing equations and relation-
ships 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 equa-
tions are reduced to final forms, consider them to determine what additional data may be required. Identify
the tables, charts, or property equations 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.
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The problem solution format used in this text is intended to guide your thinking,
not substitute 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 solu-
tion 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, determine additional property data, and so on.

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

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 compli-
cated you will see that it reduces errors, saves time, and provides a deeper understand-
ing of the problem at hand.

The example to follow illustrates the use of this solution methodology together
with important system concepts introduced previously, including identification of
interactions occurring at the boundary.

Using the Solution Methodology and System Concepts

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.

Schematic and Given Data:

————— Part (a) Engineering Model:

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

Air flow Turbine—generator

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

3. The wind is steady.

Electric ——————— 1 Part (b)
|

current  |/AAs\e

flow / ==
I Storage
' /

| Thermal
interaction

Fig. E1.1

Analysis:

(a) In this case, the wind turbine is studied as a control volume with air flowing across the boundary. 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
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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 @ Skills Developed
current is generated.

...................

Ability to...

@ (b) In this case, the battery is studied as a closed system. The principal Q apply the problem-solving
interaction between the system and its surroundings is the electric current methodology used in this
passing into the battery through the wires. As noted in part (a), this interac- book.
tion is not considered a mass transfer. As the battery is charged and chem- Q define a control volume and
ical reactions occur within it, the temperature of the battery surface may identify interactions on its
become somewhat elevated and a thermal interaction might occur between boundary.
the battery and its surroundings. This interaction is likely to be of second- Q define a closed system and
ary importance. Also, as the battery is charged, the state within changes identify interactions on its
with time. The battery is not at steady state. boundary.

Q distinguish steady-state
operation from nonsteady

@ Using terms familiar from a previous physics course, the system of part (a) operation

involves the conversion of kinetic energy to electricity, whereas the system
of part (b) involves energy storage within the battery.

May an overall system consisting of the turbine-generator and
battery be considered as operating at steady state? Explain. Ans. No. A
system is at steady state only if none of its properties change with time.

» CHAPTER SUMMARY AND STUDY GUIDE

In this chapter, we have introduced some of the fundamental con- This book has several features that facilitate study and con-
cepts and definitions used in the study of thermodynamics. The prin-  tribute to understanding. For an overview, see How To Use This
ciples of thermodynamics are applied by engineers to analyze and  Book Effectively inside the front cover of the book.

design a wide variety of devices intended to meet human needs. The following checklist provides a study guide for this chap-

An important aspect of thermodynamic analysis is to identify  ter. When your study of the text and the end-of-chapter exercises
systems and to describe system behavior in terms of properties  has been completed you should be able to
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 processes (changes of state). We study
processes during which the intervening states are not equilib-
rium states and processes during which the departure from equi-
librium is negligible.

In this chapter, we have introduced Sl and English Engineering
units for mass, length, time, force, and temperature. You will
need to be familiar with both sets of units as you use this book.
For Conversion Factors, see inside the front cover of the book.

Chapter 1 concludes with discussions of how thermodynamics

» 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 particu-
larly important in subsequent chapters.

» use S| and English units for mass, length, time, force, and

temperature and apply appropriately Newton’s second law

and Egs. 1.16-1.19.

work on a molar basis using Eq. 1.8.

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

» apply the methodology for problem solving discussed in

v

is used in engineering design and how to solve thermodynamics Sec. 1.9.

problems systematically.

> KEY ENGINEERING CONCEPTS

system, p. 4 state, p. 9 pressure, p. 14
surroundings, p. 4 process, p. 9 temperature, p. 19
boundary, p. 4 extensive property, p. 9 Kelvin scale, p. 21
closed system, p. 6 intensive property, p. 9 Rankine scale, p. 21

control volume, p. 6 equilibrium, p. 10
property, p. 9 specific volume, p. 14



> KEY EQUATIONS

n = mlM

(1.8) p. 14
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Relation between amounts of matter on a mass basis, m, and on a molar basis, n.

T(°R) = 1.8T(K)

(1.16) p. 21

Relation between the Rankine and Kelvin temperatures.

T(°C) = T(K) — 273.15

(1.17) p. 22

Relation between the Celsius and Kelvin temperatures.

T(°F) = T(°R) — 459.67

(1.18) p. 22

Relation between the Fahrenheit and Rankine temperatures.

T(°F) = 1.8T(°C) + 32

(1.19) p. 22

Relation between the Fahrenheit and Celsius temperatures.

> EXERCISES: THINGS ENGINEERS THINK ABOUT

1. In 1998, owing to a mix-up over units, the NASA Mars Climate
Orbiter veered off-course and was lost. What was the mix-up?

2. Operating rooms in hospitals typically have a positive
pressure relative to adjacent spaces. What does this mean
and why is it done?

3. The driver’s compartment of race cars can reach 60°C during
a race. Why?

4. You may have used the mass unit slug in previous engineering
or physics courses. What is the relation between the slug and
pound mass? Is the slug a convenient mass unit?

5. Based on the macroscopic view, a quantity of air at 100 kPa,
20°C is in equilibrium. Yet the atoms and molecules of the
air are in constant motion. How do you reconcile this
apparent contradiction?

6. Laura takes an elevator from the tenth floor of her office
building to the lobby. Should she expect the air pressure on
the two levels to differ much?

7. How do dermatologists remove pre-cancerous skin blemishes
cryosurgically?

Exploring System Concepts

1.1 Using the Internet, obtain information about the operation
of an application listed or shown in Table 1.1. Obtain sufficient
information to provide a full description of the application,
together with relevant thermodynamic aspects. Present your
findings in a memorandum.

1.2 As illustrated in Fig. P1.2, water circulates through a piping
system, servicing various household needs. Considering the
water heater as a system, identify locations on the system
boundary where the system interacts with its surroundings
and describe significant occurrences within the system. Repeat
for the dishwasher and for the shower. Present your findings
in a memorandum.

8. When one walks barefoot from a carpet onto a ceramic tile
floor, the tiles feel colder than the carpet even though each
surface is at the same temperature. Explain.

9. Air at 1 atm, 70°F 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?

10. Are the systolic and diastolic pressures reported in blood

pressure measurements absolute, gage, or vacuum pressures?

11. When the instrument panel of a car provides the outside
air temperature, where is the temperature sensor located?

12. How does a pressure measurement of 14.7 psig differ from
a pressure measurement of 14.7 psia?

13. What is a nanotube?

14. If a system is at steady state, does this mean intensive
properties are uniform with position throughout the system
or constant with time? Both uniform with position and constant
with time? Explain.

» PROBLEMS: DEVELOPING ENGINEERING SKILLS

1.3 Reef aquariums such as shown in Fig. P1.3 are popular
attractions. Such facilities employ a variety of devices, in-
cluding heaters, pumps, filters, and controllers, to create
a healthy environment for the living things residing in
the aquarium, which typically include species of fish,
together with corals, clams, and anemone. Considering a
reef aquarium as a system, identify locations on the system
boundary where the system interacts with its surroundings.
Using the Internet, describe significant occurrences within
the system, and comment on measures for the health
and safety of the aquatic life. Present your findings in a
memorandum.
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Working with Units
1.4 Perform the following unit conversions:

(a)1 L to in?

(b) 650 J to Btu

(c) 0.135 kW to ft - Ibf/s

(d) 378 g/s to Ib/min

(e) 304 kPa to Ibf/in.2

(f) 55 m’h to ft’s

(g) 50 km/h to ft/s

(h) 8896 N to ton (=2000 Ibf)

1.5 Perform the following unit conversions:

(a) 122 in’ to L

(b) 778.17 ft - Ibf to kJ

(c) 100 hp to kW

(d) 1000 Ib/h to kg/s

(e) 29.392 Ibf/in.” to bar
(f) 2500 ft'/min to m?/s
(g) 75 mile/h to km/h

(h) 1 ton (=2000 Ibf) to N

Working with Force and Mass

1.6 If Superman has a mass of 100 kg on his birth planet
Krypton, where the acceleration of gravity is 25 m/s?
determine (a) his weight on Krypton, in N, and (b) his mass,
in kg, and weight, in N, on Earth where g = 9.81 m/s’.

1.7 A person whose mass is 150 1b weighs 144.4 1bf. Determine
(a) the local acceleration of gravity, in ft/s?, and (b) the
person’s mass, in Ib and weight, in Ibf, if g = 32.174 ft/s>.

1.8 A gas occupying a volume of 25 ft* weighs 3.5 Ibf on the
moon, where the acceleration of gravity is 5.47 ft/s
Determine its weight, in 1bf, and density, in b/, on Mars,
where g = 12.86 ft/s’.

1.9 Atomic and molecular weights of some common substances
are listed in Appendix Tables A-1 and A-1E. Using data from
the appropriate table, determine

(a) the mass, in kg, of 20 kmol of each of the following: air,
C, H,0, CO,.

(b) the number of Ibmol in 50 1b of each of the following:
Hz, Nz, NH3, C3H8.

1.10 In severe head-on automobile accidents, a deceleration of
60 g’s or more (1 g = 32.2 ft/s*) often results in a fatality.
What force, in Ibf, acts on a child whose mass is 50 1b, when
subjected to a deceleration of 60 g’s?

1.11 At the grocery store you place a pumpkin with a mass of
12.5 1b on the produce spring scale. The spring in the scale
operates such that for each 4.7 1bf applied, the spring elongates
one inch. If local acceleration of gravity is 32.2 ft/s*>, what
distance, in inches, did the spring elongate?

1.12 A spring compresses in length by 0.14 in. for every 1 Ibf
of applied force. Determine the mass of an object, in pounds
mass, that causes a spring deflection of 1.8 in. The local
acceleration of gravity = 31 ft/s*.

1.13 At a certain elevation, the pilot of a balloon has a mass
of 120 1b and a weight of 119 Ibf. What is the local acceleration
of gravity, in ft/s, at that elevation? If the balloon drifts to
another elevation where g = 32.05 ft/s?, what is her weight,
in Ibf, and mass, in 1b?

1.14 Estimate the magnitude of the force, in Ibf, exerted on a
12-1b goose in a collision of duration 107 s with an airplane
taking off at 150 miles/h.

1.15 Determine the upward applied force, in Ibf, required to
accelerate a 4.5-1b model rocket vertically upward, as
shown in Fig. P1.15, with an acceleration of 3 g’s. The only
other significant force acting on the rocket is gravity, and
1g =322 ft/s’.

1.16 An object is subjected to an applied upward force of
10 1bf. The only other force acting on the object is the force of
gravity. The acceleration of gravity is 32.2 ft/s”. If the object
has a mass of 50 1b, determine the net acceleration of the
object, in ft/s*. Is the net acceleration upward or downward?

1.17 An astronaut weighs 700 N on Earth where g = 9.81 m/s’,
What is the astronaut’s weight, in N, on an orbiting space
station where the acceleration of gravity is 6 m/s*? Express
each weight in Ibf.



m=451Ib
a=23g

Fig. P1.15

1.18 Using local acceleration of gravity data from the Internet,
determine the weight, in N, of a person whose mass is 80 kg
living in:

(a) Mexico City, Mexico

(b) Cape Town, South Africa
(c) Tokyo, Japan

(d) Chicago, 1L

(e) Copenhagen, Denmark

1.19 A town has a 1-million-gallon storage capacity water tower.
If the density of water is 62.4 Ib/ft® and local acceleration of
gravity is 32.1 ft/s?, what is the force, in 1bf, the structural base
must provide to support the water in the tower?

Using Specific Volume, Volume, and Pressure

1.20 A closed system consists of 0.5 kmol of ammonia occupying
a volume of 6 m®. Determine (a) the weight of the system,
in N, and (b) the specific volume, in m*/kmol and m*/kg. Let
g = 9.81 m/s*.

1.21 A spherical balloon holding 35 Ib of air has a diameter of
10 ft. For the air, determine (a) the specific volume, in ft*/Ib
and ft’/lbmol, and (b) the weight, in Ibf. Let g = 31.0 ft/s*.

1.22 A closed vessel having a volume of 1 liter holds 2.5 X 10%
molecules of ammonia vapor. For the ammonia, determine
(a) the amount present, in kg and kmol, and (b) the specific
volume, in m*kg and m*kmol.

1.23 The specific volume of water vapor at 0.3 MPa, 160°C is
0.651 m*/kg. If the water vapor occupies a volume of 2 m’,
determine (a) the amount present, in kg and kmol, and
(b) the number of molecules.
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1.24 The pressure of the gas contained in the piston—cylinder
assembly of Fig. 1.1 varies with its volume according to
p = A + (B/V), where A, B are constants. If pressure is in
Ibf/ft> and volume is in ft*, what are the units of A and B?

1.25 As shown in Figure P1.25, a gas is contained in a piston—
cylinder assembly. The piston mass and cross-sectional area
are denoted m and A, respectively. The only force acting on
the top of the piston is due to atmospheric pressure, p,um.
Assuming the piston moves smoothly in the cylinder and
the local acceleration of gravity g is constant, show that the
pressure of the gas acting on the bottom of the piston remains
constant as gas volume varies. What would cause the gas
volume to vary?

Piston m, A
Patm

Gas
Pgas

Fig. P1.25

1.26 As shown in Fig. P1.26, a vertical piston—cylinder assembly
containing a gas is placed on a hot plate. The piston initially
rests on the stops. With the onset of heating, the gas pressure
increases. At what pressure, in bar, does the piston start rising?
The piston moves smoothly in the cylinder and g = 9.81 m/s*

Patm = 1 bar

Fig. P1.26

1.27 Three kg of gas in a piston—cylinder assembly undergo a
process during which the relationship between pressure and
specific volume is pv™ = constant. The process begins with
p1 = 250 kPa and V| = 1.5 m® and ends with p> = 100 kPa.
Determine the final specific volume, in m*/kg. Plot the process
on a graph of pressure versus specific volume.

1.28 A closed system consisting of 2 1b of a gas undergoes a
process during which the relation between pressure and
volume is pV" = constant. The process begins with p; =
20 Ibffin%, V; = 10 ft® and ends with p, = 100 Ibf/in2, V, = 2.9 ft’.
Determine (a) the value of n and (b) the specific volume at
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states 1 and 2, each in ft*/Ib. (c) Sketch the process on pressure-
volume coordinates.

1.29 A system consists of carbon monoxide (CO) in a piston—
cylinder assembly, initially at p, = 200 Ibf/in.?, and occupying
a volume of 2.0 m®. The carbon monoxide expands to p, =
40 Ibf/in.? and a final volume of 3.5 m®. During the process,
the relationship between pressure and volume is linear.
Determine the volume, in ft’, at an intermediate state where
the pressure is 150 Ibf/in.%, and sketch the process on a graph
of pressure versus volume.

1.30 Figure P1.30 shows a gas contained in a vertical piston—
cylinder assembly. A vertical shaft whose cross-sectional area
is 0.8 cm? is attached to the top of the piston. Determine the
magnitude, F, of the force acting on the shaft, in N, required if
the gas pressure is 3 bar. The masses of the piston and attached
shaft are 24.5 kg and 0.5 kg, respectively. The piston diameter
is 10 cm. The local atmospheric pressure is 1 bar. The piston
moves smoothly in the cylinder and g = 9.81 m/s”.

Piston

Gas atp = 3 bar

Fig. P1.30

1.31 A gascontained within a piston—cylinder assembly undergoes
three processes in series:

Process 1-2: Compression with pV = constant from p,; = 1 bar,
V,=10m’to V, = 02 m’

Process 2-3: Constant-pressure expansion to V3 = 1.0 m’

Process 3-1: Constant volume
Sketch the processes in series on a p—V diagram labeled with
pressure and volume values at each numbered state.

1.32 Referring to Fig. 1.7,

(a) if the pressure in the tank is 1.5 bar and atmospheric
pressure is 1 bar, determine L, in m, for water with a density
of 997 kg/m® as the manometer liquid. Let g = 9.81 m/s”.

(b) determine L, in cm, if the manometer liquid is mercury
with a density of 13.59 g/em® and the gas pressure is 1.3 bar. A
barometer indicates the local atmospheric pressure is 750
mmHg. Let g = 9.81 m/s*.

1.33 Figure P1.33 shows a storage tank holding natural gas. In
an adjacent instrument room, a U-tube mercury manometer
in communication with the storage tank reads L = 1.0 m.
If the atmospheric pressure is 101 kPa, the density of the

mercury is 13.59 g/em’®, and g = 9.81 m/s?, determine the
pressure of the natural gas, in kPa.

Natural gas

Instrument room

Fig. P1.33

1.34 As shown in Figure P1.34, the exit of a gas compressor

empties into a receiver tank, maintaining the tank contents
at a pressure of 200 kPa. If the local atmospheric pressure
is 1 bar, what is the reading of the Bourdon gage mounted
on the tank wall in kPa? Is this a vacuum pressure or a gage
pressure? Explain.

Patm = 1 bar

Gas

Inlet compressor

Fig. P1.34

1.35 The barometer shown in Fig. P1.35 contains mercury

(p = 13.59 g/cm?). If the local atmospheric pressure is 100 kPa
and g = 9.81 m/s’, determine the height of the mercury
column, L, in mmHg and inHg.

Mercury vapor

Pam = 100 kPa

\ |

& /

Liquid mercury, py, = 13.59 g/cm®
Fig. P1.35

1.36 Water flows through a Venturi meter, as shown in Fig. P1.36.

The pressure of the water in the pipe supports columns of
water that differ in height by 10 in. Determine the difference
in pressure between points a and b, in Ibf/in.> Does the



pressure increase or decrease in the direction of flow? The
atmospheric pressure is 14.7 Ibf/in.%, the specific volume of
water is 0.01604 ft*/Ib, and the acceleration of gravity is
g = 32.0 ft/s%

Patm = 14.7 Ibf/in.2 B
g = 32.0 ft/s?
Water L=10in.
v =0.01604 ft3/Ib

Fig. P1.36

1.37 Figure P1.37 shows a tank within a tank, each containing
air. The absolute pressure in tank A is 2677 kPa. Pressure
gage A is located inside tank B and reads 140 kPa. The U-
tube manometer connected to tank B contains mercury. Using
data on the diagram, determine the absolute pressure inside
tank B, in kPa, and the column length L,in cm.The atmospheric
pressure surrounding tank B is 101 kPa. The acceleration of
gravity is g = 9.81 m/s’.

Tank B A Pam = 101 kPa
_ L
Tank A, pa :'
=267.7 kPa Gage A

Mercury (p = 13.59 g/cm?)

Pyage.a = 140 kPa
g g=9.81 m/s?

Fig. P1.37

1.38 As shown in Fig. P1.38, an underwater exploration vehicle
submerges to a depth of 1000 ft. If the atmospheric pressure
at the surface is 1 atm, the water density is 62.4 1b/ft, and
g = 322 ft/s>, determine the pressure on the vehicle, in atm.

1.39 A vacuum gage indicates that the pressure of carbon dioxide
in a closed tank is —10 kPa. A mercury barometer gives the
local atmospheric pressure as 750 mmHg. Determine the ab-
solute pressure of the carbon dioxide, in kPa. The density of
mercury is 13.59 g/em® and g = 9.81 m/s’.
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Patm = 1 atm,
g =32.2 ft/s?
1000 ft

Fig. P1.38

1.40 A gas enters a compressor that provides a pressure ratio

(exit pressure to inlet pressure) equal to 8. If a gage indicates
the gas pressure at the inlet is 5.5 psig, what is the absolute
pressure, in psia, of the gas at the exit? Atmospheric pressure
is 14.5 Ibf/in.”

1.41 As shown in Fig. P141, air is contained in a vertical piston-

cylinder assembly fitted with an electrical resistor. The atmosphere
exerts a pressure of 14.7 Ibf/in.> on the top of the piston, which
has a mass of 100 Ib and face area of 1 ft*. As electric current
passes through the resistor, the volume of the air increases
while the piston moves smoothly in the cylinder. The local
acceleration of gravity is g = 32.0 ft/s>. Determine the pressure
of the air in the piston-cylinder assembly, in Ibf/in.? and psig.

Piston Patm = 14.7 Iof/in.2

mpismn = 1002|b
Apiston = 1 ft

Sl

Fig. P1.41

1.42 Warm air is contained in a piston-cylinder assembly oriented

horizontally as shown in Fig. P1.42. The air cools slowly from
an initial volume of 0.003 m® to a final volume of 0.002 m’.
During the process, the spring exerts a force that varies linearly
from an initial value of 900 N to a final value of zero. The
atmospheric pressure is 100 kPa, and the area of the piston face
is 0.018 m? Friction between the piston and the cylinder wall
can be neglected. For the air in the piston-cylinder assembly,
determine the initial and final pressures, each in kPa and atm.
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A=0.018 m?

Patm = 100 kPa

Spring force varies linearly from 900 N when
V, = 0.003 m® to zero when V, = 0.002 m*

Fig. P1.42

1.43 The pressure from water mains located at street level may
be insufficient for delivering water to the upper floors of tall
buildings. In such a case, water may be pumped up to a tank
that feeds water to the building by gravity. For an open storage
tank atop a 300-ft-tall building, determine the pressure, in
Ibf/in.2, at the bottom of the tank when filled to a depth of
20 ft. The density of water is 62.2 /tt3, g =320 ft/s%, and the
local atmospheric pressure is 14.7 1bf/in.?

1.44 Figure P1.44 shows a tank used to collect rainwater having a
diameter of 4 m. As shown in the figure, the depth of the tank
varies linearly from 3.5 m at its center to 3 m along the perimeter.
The local atmospheric pressure is 1 bar, the acceleration of
gravity is 9.8 m/s’, and the density of the water is 9871 kg/m’.
When the tank is filled with water, determine

(a) the pressure, in kPa, at the bottom center of the tank.

1.46 As shown in Figure P1.46, an inclined manometer is used

to measure the pressure of the gas within the reservoir.
(a) Using data on the figure, determine the gas pressure, in
Ibf/in.? (b) Express the pressure as a gage or a vacuum
pressure, as appropriate, in Ibf/in.” (c) What advantage does
an inclined manometer have over the U-tube manometer
shown in Figure 1.7?

Patm = 14.7 Ibf/in.2

Gas reservoir

Mercury (p = 845 Io/ft%)
Fig. P1.46

1.47 Figure P1.47 shows a spherical buoy, having a diameter of

1.5 m and weighing 8500 N, anchored to the floor of a lake by
a cable. Determine the force exerted by the cable, in N. The
density of the lake water is 10° kg/m® and g = 9.81 m/s*.

(b) the total force, in kN, acting on the bottom of the tank.

Patm = 1 bar

Water p = 10° kg/m®

Fig. P1.44

1.45 If the water pressure at the base of the water tower shown
in Fig. P1.45 is 4.15 bar, determine the pressure of the air
trapped above the water level, in bar. The density of the water
is 10° kg/m® and g = 9.81 m/s”.

Fig. P1.47

1.48 Because of a break in a buried oil storage tank, groundwater
has leaked into the tank to the depth shown in Fig. P1.48.
Determine the pressure at the oil-water interface and at the
bottom of the tank, each in Ibf/in.” (gage). The densities of
the water and oil are, respectively, 62 and 55, each in 1b/ft’.
Let g = 32.2 ft/s*.

Fig. P1.45



Patm
Standpipe open
to atmosphere
17 ft
QOil
3t
—r

Fig. P1.48

1.49 Figure P1.49 shows a closed tank holding air and oil
to which is connected a U-tube mercury manometer and a
pressure gage. Determine the reading of the pressure gage,
in Ibf/in.? (gage). The densities of the oil and mercury are 55
and 845, respectively, each in Ib/ft’. Let g = 32.2 ft/s”.

Pressure /7 p
gage

L, =3ft
L,=05ft
Ly=0.75 ft

Mercury (p = 845 Ib/ft%)
g = 32.2 ft/s?

Fig. P1.49

Exploring Temperature

1.50 The 30-year average temperature in Toronto, Canada, during
summer is 19.5°C and during winter is —4.9°C. What are the
equivalent average summer and winter temperatures in °F
and °R?

1.51 Convert the following temperatures from °F to °C:
(a) 86°F, (b) —22°F, (c) 50°F, (d) —40°F, (e) 32°F, (f) —459.67°F.
Convert each temperature to K.

1.52 Natural gas is burned with air to produce gaseous products
at 1985°C. Express this temperature in K, °R, and °F.

1.53 The temperature of a child ill with a fever is measured as
40°C. The child’s normal temperature is 37°C. Express both
temperatures in °F.

1.54 Does the Rankine degree represent a larger or smaller
temperature unit than the Kelvin degree? Explain.
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1.55 Figure P1.55 shows a system consisting of a cylindrical
copper rod insulated on its lateral surface while its ends are
in contact with hot and cold walls at temperatures 1000°R
and 500°R, respectively.

(a) Sketch the variation of temperature with position through
the rod, x.
(b) Is the rod in equilibrium? Explain.

D

Insulation

1000°R|—» X  Rod

/

Fig. P1.55

1.56 What is (a) the lowest naturally occurring temperature
recorded on Earth, (b) the lowest temperature recorded in
a laboratory on Earth, (c) the lowest temperature recorded
in the Earth’s solar system, and (d) the temperature of deep
space, each in K?

1.57 What is the maximum increase and maximum decrease
in body temperature, each in °C, from a normal body
temperature of 37°C that humans can experience before
serious medical complications result?

1.58 For liquid-in-glass thermometers, the thermometric property
is the change in length of the thermometer liquid with tem-
perature. However, other effects are present that can affect the
temperature reading of such thermometers. What are some of
these?

Reviewing Concepts
1.59 Answer the following true or false. Explain.

(a) A closed system always contains the same matter; there
is no transfer of matter across its boundary.

(b) The volume of a closed system can change.

(c) One nanosecond equals 10° seconds.

(d) When a closed system undergoes a process between two
specified states, the change in temperature between the end
states is independent of details of the process.

(e) Body organs, such as the human heart, whose shapes
change as they perform their normal functions can be studied
as control volumes.

(f) This book takes a microscopic approach to thermodynamics.

1.60 Answer the following true or false. Explain.

(a) 1 N equals 1 kg - m/s* but 1 Ibf does not equal 1 Ib - ft/s>.
(b) Specific volume, the volume per unit of mass, is an
intensive property while volume and mass are extensive
properties.

(c) The kilogram for mass and the meter for length are examples
of SI base units defined relative to fabricated objects.

(d) If the value of any property of a system changes with
time, that system cannot be at steady state.
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(e) The composition of a closed system cannot change.

(f) According to Archimedes’ principle, the magnitude of
the buoyant force acting on a submerged body is equal to
the weight of the body.

1.61 Answer the following true or false. Explain.

(a) A refrigerant at an absolute pressure of 0.8 atm is at a
gage pressure of 0.2 atm.

(b) Temperature is the property that is the same for each of
two systems when they are in thermal equilibrium.

1.1D In the United States today, nearly all of our electricity
is produced by fossil-fuel power plants burning coal or
natural gas, nuclear power plants, and hydroelectric power
plants. Using the Internet, determine the percent contributions
of these types of electricity generation to the U.S. total. For
each of the four types, determine at least three significant
environmental considerations associated with it and how
such environmental aspects affect the respective plant
design, operation, and cost. Write a report with at least three
references.

1.2D Mercury is recognized as a significant biohazard. This
has led to the elimination of mercury-in-glass thermometers
(see Energy & Environment in Sec.1.71) and increasing
regulation of coal-fired power plants, emissions from which
are the major source of U.S. soil and water mercury con-
tamination. Investigate medical complications of mercury
exposure and their economic impact. Report your findings
in a well-documented PowerPoint presentation.

1.3D Ecological footprints measure humankind’s demands
on nature. Using the Internet, estimate the amount of
land and water needed annually to support your con-
sumption of goods and services and to absorb your wastes.
Prepare a memorandum reporting your estimates and
listing at least three things you can do to reduce your
footprint.

1.4D One type of prosthetic limb relies on suction to attach
to an amputee’s residual limb. The engineer must consider
the required difference between atmospheric pressure
and the pressure inside the socket of the prosthetic limb
to develop suction sufficient to maintain attachment. What
other considerations are important as engineers design this
type of prosthetic device? Write a report of your findings
including at least three references.

1.5D Design a low-cost, compact, light-weight, hand-held,
human-powered air pump capable of directing a stream
of air for cleaning computer keyboards, circuit boards,
and hard-to-reach locations in electronic devices. The
pump cannot use electricity, including batteries, nor
employ any chemical propellants. All materials must be
recyclable. Owing to existing patent protections, the pump
must be a distinct alternative to the familiar tube and
plunger bicycle pump and to existing products aimed at
accomplishing the specified computer and electronic
cleaning tasks.

(c) The Rankine degree is a smaller temperature unit than
the Kelvin degree.

(d) A vessel holding 0.5 kmol of oxygen (O,) contains 16 1b
of O,.

(e) A control volume is a special type of closed system that
does not interact in any way with its surroundings.

(f) The pressure unit psia indicates an absolute pressure
expressed in pounds force per square inch.

> DESIGN & OPEN ENDED PROBLEMS: EXPLORING ENGINEERING PRACTICE

1.6D Magnetic resonance imaging (MRI) employs a strong
magnetic field to produce detailed pictures of internal organs
and tissues. As shown in Fig. P1.6D, the patient reclines on a
table that slides into the cylindrical opening where the field is
created. Considering a MRI scanner as a system, identify
locations on the system boundary where the system interacts
with its surroundings. Also describe significant occurrences
within the system and the measures taken for patient comfort
and safety. Write a report including at least three references.

MRI scanner

Fig. P1.6D

1.7D A major barrier to wider deployment of solar power
systems by homeowners and small businesses is the initial
cost to purchase and install rooftop components. Today some
U.S. municipalities and utilities are developing plans to assist
property owners to acquire such components through loans
and leasing arrangements. Investigate and critically evaluate
these and other options for fostering deployment of solar
power systems discovered through design-group brainstorming
and use of the Internet. Report your findings in a poster
presentation.

1.8D The sphygmomanometer commonly used to measure blood
pressure is shown in Fig. P1.8D. During testing, the cuff is placed
around the patient’s arm and fully inflated by repeated squeez-
ing of the inflation bulb. Then, as the cuff pressure is gradually
reduced, arterial sounds known as Korotkoff sounds are
monitored with a stethoscope. Using these sounds as cues, the
systolic and diastolic pressures can be identified. These pressures
are reported in terms of the mercury column length, in mmHg.
Investigate the physical basis for the Korotkoff sounds, their
role in identifying the systolic and diastolic pressures, and why
these pressures are significant in medical practice. Write a report
including at least three references.
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Patm

Mercury column
Cuff pressure, p,

Inflation bulb

Pressure release valve ~ One-way valve

Fig. P1.8D

1.9D Over the globe, unsafe levels of arsenic, which is a tasteless,
odorless, and colorless poison, are present in underground
wells providing drinking water to millions of people. The object
of this project is to identify low-cost, easy-to-deploy, and easy-
to-use treatment technologies for removing arsenic from
drinking water. Technologies considered should include, but
not be limited to, applications of smart materials and other
nanotechnology approaches. Write a report critically evaluat-
ing existing and proposed technologies. List at least three
references.

1.10D Conduct a term-length design project in the realm of
bioengineering done on either an independent or a small-

group basis. The project might involve a device or technique
for minimally invasive surgery, an implantable drug-delivery
device, a biosensor, artificial blood, or something of special
interest to you or your design group. Take several days to
research your project idea and then prepare a brief written
proposal, including several references, that provides a general
statement of the core concept plus a list of objectives. During
the project, observe good design practices such as discussed
in Sec. 1.3 of Thermal Design and Optimization, John Wiley
& Sons Inc., New York, 1996, by A. Bejan, G. Tsatsaronis, and
M. J. Moran. Provide a well-documented final report, including
several references.

1.11D Conduct a term-length design project involving the

International Space Station pictured in Table 1.1 done on
either an independent or a small-group basis. The project
might involve an experiment that is best conducted in a low-
gravity environment, a device for the comfort or use of the
astronauts, or something of special interest to you or your
design group. Take several days to research your project idea
and then prepare a brief written proposal, including several
references, that provides a general statement of the core
concept plus a list of objectives. During the project, observe
good design practices such as discussed in Sec. 1.3 of Thermal
Design and Optimization, John Wiley & Sons Inc., New
York, 1996, by A. Bejan, G. Tsatsaronis, and M. J. Moran.
Provide a well-documented final report, including several
references.



In Sec. 2.1, the relationship between kinetic and gravitational potential energies is considered.
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ENGINEERING CONTEXT 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 objective 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.
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Energy and the
First Law of
Thermodynamics

> LEARNING OUTCOMES

When you complete your study of this chapter, you will be able to...

>

demonstrate understanding of key concepts related to energy and the first law of
thermodynamics . . . including internal, kinetic, and potential energy, work and power,
heat transfer and heat transfer modes, heat transfer rate, power cycle, refrigeration cycle,
and heat pump cycle.

apply closed system energy balances, appropriately modeling the case at hand, and
correctly observing sign conventions for work and heat transfer.

conduct energy analyses of systems undergoing thermodynamic cycles, evaluating as
appropriate thermal efficiencies of power cycles and coefficients of performance of
refrigeration and heat pump cycles.
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TAKE NOTE...

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

Reviewing Mechanical Concepts
of Energy

Building on the contributions of Galileo and others, Newton formulated a general
description 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.

2.1.1 1 Work and Kinetic Energy

The curved line in Fig. 2.1 represents the path of a body of mass m (a closed system)
moving 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 component F, is to change the magnitude of the velocity, whereas
the effect of the component 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 Vi, 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

dv

Fo=m—— 2.1
s=m— 2.1

Using the chain rule, this can be written as

avds _ dv

= = 2.2
Fomma a =™ s (5
where V = ds/dt. Rearranging Eq. 2.2 and integrating from s; to s, gives
Va K
J mV dV = J F,ds 2.3)
\'A K

Path

% Fig. 2.1 Forces acting on a moving system.
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The integral on the left of Eq. 2.3 is evaluated as follows

V2 1 V, 1
J mV dV = Esz = Em(V% - Vi) 2.4)

Vi Vi

The quantity 3mV? is the kinetic energy, KE, of the body. Kinetic energy is a scalar
quantity. 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

$2

%m(V% - Vi) = J F - ds (2.6)

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 accelerated by the resultant force, the work done on the body can
be considered a transfer of energy to 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 magnitude 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.

ENERGY & ENVIRONMENT Did you 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 vehicle combining regenerative braking, batteries, an
electric motor, and a conventional engine. When brakes are applied in a hybrid vehicle, some of
the vehicle’s kinetic energy is harvested and stored on board electrically for use when needed.
Through regenerative braking and other innovative features, hybrids get much better mileage than
comparably sized conventional vehicles.

Hybrid vehicle technology is quickly evolving. Today’s hybrids use electricity to supplement con-
ventional engine power, while future plug-in hybrids will use the power of a smaller engine to sup-
plement electricity. The hybrids we now see on the road have enough battery power on board for
acceleration to about 20 miles per hour and after that assist the engine when necessary. This
improves fuel mileage, but the batteries are recharged by the engine—they are never plugged in.

Plug-in hybrids achieve even better fuel economy. Instead of relying on the engine to recharge
batteries, most recharging will be received from an electrical outlet while the car is idle —overnight,
for example. This will allow cars to get the energy they need mainly from the electrical grid, not
the fuel pump. Widespread deployment of plug-ins awaits development of a new generation of
batteries and ultra-capacitors (see Sec. 2.7).

Better fuel economy not only allows our society to be less reliant on oil to meet transportation
needs but also reduces release of CO, into the atmosphere from vehicles. Each gallon of gasoline
burned by a car’s engine produces about 9 kg (20 lb) of CO,. A conventional vehicle produces
several tons of CO, annually; fuel-thrifty hybrids produce much less. Still, since hybrids use elec-
tricity from the grid, we will have to make a greater effort to reduce power plant emissions by
including more wind power, solar power, and other renewables in the national mix.

1

£

kinetic energy

TAKE NOTE... \
The symbol A always means
“final value minus initial

value.”
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z

Earth's surface

Fig. 2.2 Illustration used to

introduce the potential energy

concept.

gravitational potential
energy

2.1.2 1 Potential Energy

Equation 2.6 is a principal result of the previous section. Derived from
Newton’s second 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 system: a downward force due to gravity with magnitude mg and a
vertical force with magnitude 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
individual values. In accordance with Eq. 2.6, the total work equals the change in
kinetic energy. That is

1 22 2
Em(V% - Vi) = J Rdz — J mg dz

21 21

2.7

A minus sign is introduced before the second term on the right because the gravita-
tional 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:

J‘“mg dz =mg(z, — z1) 2.8)

where the acceleration of gravity has been assumed to be constant with elevation. By
incorporating Eq. 2.8 into Eq. 2.7 and rearranging

1 2
EM(Vi — V) +mg(za—2z) = J Rdz 2.9

21

The quantity mgz is the gravitational potential energy, PE. The change in gravitational
potential energy, APE, is

APE = PE2 - PEl = mg(zz - Zl) (2-10)

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 gravity 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. Through-
out this book it is assumed that elevation differences are small enough that the grav-
itational 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. Val-
ues 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 specifica-
tions cancel.
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2.1.3 ¢ Units for Energy

Work has units of force times distance. The units of kinetic energy and potential
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. Commonly
used English units for work, kinetic energy, and potential energy are the foot-pound
force, ft - Ibf, and the British thermal unit, Btu.

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

eV TSD  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 = Em(vi - Vi)

1 . . IN 1kJ
=50 (03) (157 || el ot

2 S S lkg-m/s7| [10°N - m
=0.34kJ

APE = mg(z2 - Zl)
m 1IN 1kJ

=(1kg) 9.7 J(—10m

( g)< sz>( )‘lkg-m/sz 103N-m’

= —0.10kJ

For a system having a mass of 1 Ib whose velocity increases from 50 ft/s to 100 ft/s
while its elevation decreases by 40 ft at a location where g = 32.0 ft/s?, we have

1 ft\? ft 2] 1 1bf ’ 1 Btu ‘
AKE = —(11b)|( 100— ] — (50—
2( )K S> ( s) 32.21b - fi/s>| | 778 ft - Ibf
= (.15 Btu
ft 1 Ibf 1 Btu
APE = (11b)(32.0— ) (—40 ft
( )( 52>( )‘32.21b-ft/sz 778ft-lbf‘

= —0.05 Btu < <

2.1.4 { Conservation of Energy in Mechanics

Equation 2.9 states that the total work of all forces acting on the body from the sur-
roundings, 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 a transfer of energy to the body, where it is stored as gravi-
tational 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 prin-
ciple 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
Em(V% — Vi) +mg(za—2) =0
or @2.11)

1 2 1 2
Esz + mgz, = EmV, + mgz,
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thermodynamic
definition of work

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 another: For an object falling under the influence of gravity only, the potential
energy would decrease as the kinetic energy increases by an equal amount.

2.1.5 { Closing Comment

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 poten-
tial energy alone do not suffice, nor does the rudimentary conservation of energy
principle introduced in this section. In thermodynamics 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.

Broadening Our Understanding
of Work

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

W= J F - ds 2.12)
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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, thermody-
namics 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 criterion, which can be considered the thermodynamic definition of work:
Work is done by a system on its surroundings if the sole effect on everything exter-
nal to the system could have 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 concept of work in mechanics. How-
ever, the test of whether a work interaction has taken place is not that the eleva-
tion of a weight has actually taken place, or that a force has actually acted through
a distance, but that the sole effect could have been an increase in the elevation of
a weight.

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 con-
sistent with Eq. 2.12, where work is the product of force and displacement. By con-
trast, 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
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1 System A

Fig. 2.3 Two examples of work.

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 1 Sign Convention and Notation

Engineering thermodynamics is frequently concerned with devices such as internal
combustion 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  sign convention for work
convenient to regard the work done on the system to be positive, as has been done
in the discussion 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 regarded 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 and not just the initial and final states of the system.
It follows that work is not a property of the system or the surroundings. In addition, work is not a property
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 indicated as W, — W,.

f Nanoscale Machines on the MOVe: ««ccceeeteetteeeosscessscsossssssssscssassssasas

Engineers working in the field of nanotechnology, the  such as creating and repairing cells, circulating oxygen, and digest-

engineering of molecular-sized devices, look forward to  ing food. These studies have yielded positive results. Molecules

the time when practical nanoscale machines can be fabri- mimicking the function of mechanical devices have been fabricated,

cated that are capable of movement, sensing and responding to including gears, rotors, ratchets, brakes, switches, and abacus-like
stimuli such as light and sound, delivering medication within the  structures. A particular success is the development of molecular
body, performing computations, and numerous other functions that ~ motors that convert light to rotary or linear motion. Although
promote human well being. For inspiration, engineers study bio-  devices produced thus far are rudimentary, they do demonstrate the

N

\\l\ogical nanoscale machines in living things that perform functions  feasibility of constructing nanomachines, researchers say.

)
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power

units for power

The differential of work, 6W, is said to be inexact because, in general, the following
integral cannot be evaluated without specifying the details of the process

2
J(SW:W
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 determined by integrating the differential dV, without regard for the details
of the process, as follows

Va
J dV:V2_V]

Vi

where V; is the volume at state 1 and V), is the volume at 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 §W. The symbol § is also used to identify other inexact differentials
encountered later.

2.2.2 LPower

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 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 during the time interval

b b
W= J Wdt=J F-Vdt (2.14)

1 i

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. Com-
monly used English units for power are ft - Ibf/s, Btu/h, and horsepower, hp.

to illustrate the use of Eq. 2.13, let us evaluate the power required
for a bicyclist traveling at 20 miles per hour to overcome the drag force imposed by
the surrounding air. This aerodynamic drag force is given by

Fy = $C4ApV?

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,ApVHV
= 3C,ApV?
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Using typical values: Cqy = 0.88, A = 3.9 ft*, and p = 0.075 Ib/ft’, together with
V = 20 mi/h = 29.33 ft/s, and also converting units to horsepower, the power
required is
] 1b fr)’
= —(0. 9 f) 0.075— )| 29.33—
w > (0.88)(3.9 ft )(O 075&3)( 9.33 s)
= 0.183 hp < <

1 1bf
32.21b - ft/s?

‘ 1 hp
550 ft - Ibf/s

Drag can be reduced by streamlining the shape of a moving object and using the
strategy known as drafting (see box).

Drafting

Drafting occurs when two or more moving vehicles or individuals align closely to reduce
the overall effect of drag. Drafting is seen in competitive events such as auto racing,
bicycle racing, speed-skating, and running.

Studies show that air flow over a single vehicle or individual in motion is character-
ized by a high-pressure region in front and a low-pressure region behind. The difference
between these pressures creates a force, called drag, impeding motion. During drafting,
as seen in the sketch below, a second vehicle or individual is closely aligned with
another, and air flows over the pair nearly as if they were a single entity, thereby altering
the pressure between them and reducing the drag each experiences. While race-car
drivers use drafting to increase speed, non—-motor sport competitors usually aim to
reduce demands on their bodies while maintaining the same speed.

2.2.3 1 Modeling 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 impor-
tant 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. Dur-
ing 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

System boundary

Area=A Average pressure at
‘ the piston face = p

_____ ﬁ\\ 7
F=pA/ | II
Gasor | | |

 liguid \

| Fig. 2.4 Expansion or compression
X1 X2 of a gas or liquid.
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® Measured data ) - . - e ° )
- Curve fit pression process, this relationship may be difficult, or even impossible,

by the gas on the piston is simply 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

Va
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.

2.2.4 ¢ Expansion or Compression Work in Actual Processes

There is no requirement that a system undergoing a 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.

Typically, at a nonequilibrium state intensive properties vary with position at a
given time. Also, at a specified position intensive properties may vary with time,
sometimes chaotically. In certain cases, spatial and temporal variations in properties
such as temperature, pressure, and velocity can be measured, or obtained by solving
appropriate governing equations, which are generally differential equations.

To perform the integral of Eq. 2.17 requires a relationship between
the gas pressure at the moving boundary and the system volume. How-
ever, due to nonequilibrium effects during an actual expansion or com-

to obtain. In the cylinder of an automobile engine, for example, com-
bustion 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

Fig. 2.5 Pressure at the piston face versus

cylinder volume.

quasiequilibrium process

v 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 evaluating the work from Eq. 2.17 the
work can be determined alternatively from an energy balance (Sec. 2.5).

2.2.5 1 Expansion or Compression Work in Quasiequilibrium
Processes

Processes are sometime modeled as an idealized type of process called a quasiequilib-
rium (or quasistatic) process. A quasiequilibrium process is one in which the departure
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from 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 engineering interest can at best approach, but never realize, a quasiequilibrium
process. Still the quasiequilibrium process plays a role in our study of engineering
thermodynamics. For details, see the box.

To consider how a gas (or liquid) might be expanded or compressed in a quasi-
equilibrium 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
throughout 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 replaced, the gas would be restored to its initial
state, while again the departure from equilibrium 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 equilibrium. In the limit as the incre-
ments of mass are made vanishingly small, the gas would undergo a quasiequilibrium
expansion process. A quasiequilibrium compression can be visualized with similar
considerations.

Using the Quasiequilibrium Process Concept

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

» Simple thermodynamic models giving at least qualitative information about the behavior
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).

Equation 2.17 can be applied to evaluate the work in quasiequilibrium expansion or
compression 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
conclusion of a quasiequilibrium expansion process the piston face is at position x,,
and the pressure 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 the same, but the sign
would be negative, indicating that for the compression the energy transfer 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.

Incremental masses removed
during an expansion of the
gas or liquid

Boundary

Fig. 2.6 Illustration of a
quasiequilibrium expansion
or compression.
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Fig. 2.8 Illustration that work
depends on the process.

Fig. 2.7 Work of a quasiequilibrium expansion
or compression 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. 1.3.3, 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 relation between pressure and volume, or pressure and specific volume,
also can be described analytically. A quasiequilibrium process described by
pV" = constant, or pv" = constant, where n is a constant, is called a polytropic
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.

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, in kJ, if (a) n = 1.5, (b) n = 1.0, and (¢) n = 0.

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.
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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.

Engineering Model:
3.0 1 2c 1. The gas is a closed system.
{"76;;": Py =30 ba13r 2. The moving boundary is the
= 20k : I Vi=0.1m only work mode.
Ch Lo | = — - :
=S % : IOVt=t ! 02 m 3. The expansion is a polytropic
nstan =
(1] | constant Vz=02m process. (2
10— Area=work 128 L .
for part a
0.1 0.2
V (m3) Fig. E2.1

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

v " constant
W= J P dv = J T av
Vi Vi
(constant)Vy™" — (constant)V; "
1—n

The constant in this expression can be evaluated at either end state: constant = p,V| = p,V5. The work expression
then becomes

_ (PV3)Va " = (pVI)Vi " _ Vo — Vi

()

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,V5, which on rear-
rangement yields

V] n 0.1 1.5
=l L) = =) =1,
D2 p'(V) (3 bar)(0'2> 06 bar
Accordingly,

_ ((1.06 bar)(0.2 m") — (3)(0.1)|10° N/m?
W_< 1-15 )‘ 1 bar

1kJ ‘
(3] 10°N - m

= +17.6kJ
(b) For n = 1.0, the pressure—volume relationship is pV = constant or p = constant/V. The work is

Va
w t IJ (constant) 1 v (P Vi) 1 £
= _— = n—= n—
constan ; % constian Vl P1Vi Vl (b)

Substituting values

10° N/m>
1 bar

W = (3 bar)(0.1 m*)

1 kJ 0.2
‘ - ‘m () = +20.79 kJ
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 = +30kJ.

o
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@ In cach case, the work for the process can be interpreted as the area under
the curve representing the process on the accompanying 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).

@ In cach of the cases considered, it 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

(¥ skills Developed

Ability to..

Q apply the problem-solving
methodology.

Q define a closed system and

identify interactions on its
boundary.

U evaluate work using Eq 2.17.
U apply the pressure-volume
relation pV" = constant.

to evaluate a property such as temperature, both the nature and amount of the substance must be provided
because appropriate relations among the properties of the particular substance would then be required.

Ans. 22.16 k.

Evaluate the work, in k], for a two-step process consisting of
an expansion with n = 1.0 from p, = 3 bar, V, = 0.1 m? to V = 0.15 m?,
followed by an expansion with n = o from V = o0.15 m? to V, = 0.2 m>.

2.2.6 1 Further Examples of Work

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

X2

Fig. 2.9 Elongation of a solid bar.

Rigid wire frame

—'rL Movable

;

I
I
I
I
s

Fig. 2.10 Stretching of a liquid film.

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' = oA, 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 8W = —g A 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 = 2/7, 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 6W = —2Ir dx. The minus sign is
required because work is done on the system when dx is positive. Corresponding
to a displacement dx is a change in the total area of the surfaces in contact with
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the wire of dA = 2[ dx, so the expression for work can be written alternatively as
0W = —1 dA. The work for an increase in surface area from A; to A, is found by
integrating this expression

A,
W= — J T dA (2.19)
Ay

Power Transmitted by a Shaft

A rotating shaft is a commonly encountered machine 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 = FR.
The velocity at the point of application of the force is V = Rw, where w is in
radians per unit time. Using these relations with Eq. 2.13, we obtain an expres-
sion for the power transmitted from the shaft to the surroundings

W=FV = (JIR)(Ro) = T (2.20)

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

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

W= —€i (2.21)
Since the current i equals dZ/dt, 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 appearing in Eqs. 2.21 and 2.22 are required to be in accord with our previously
stated sign convention for work.

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, 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 mate-
rial are given new alignments. In these cases the work is associated with forces
imposed 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.

2.2.7 ¢ Further Examples of Work in Quasiequilibrium Processes

Systems other than a gas or liquid in a piston—cylinder assembly also can 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

—_——

System
boundary :

Fig. 2.11 Electrolytic cell used
to discuss electric power.

TAKE NOTE... A

When power is evaluated in
terms of the watt, and the
unit of current is the
ampere (an Sl base unit),
the unit of electric potential
is the volt, defined as 1 watt
per ampere.
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TAKE NOTE... N
Some readers may elect to
defer Secs. 2.2.7 and 2.2.6
and proceed directly to

Sec. 2.3 where the energy
concept is broadened.

which the external 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 significantly 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 instanta-
neous length: o = o(x). Similarly, for the liquid film shown in Fig. 2.10 the external
force can be applied to the movable wire in such a way that the force differs only
slightly from the opposing force within the film. During such a process, the surface
tension is essentially uniform throughout the film and is functionally related to the
instantaneous area: 7 = 7(A). In each of these cases, once the required functional rela-
tionship is known, the work can be evaluated using Eq. 2.18 or 2.19, respectively, in
terms of properties of the system as a whole as it passes through equilibrium states.

Other systems also can be imagined as undergoing quasiequilibrium processes. For
example, it is possible to envision an electrolytic cell being charged or discharged in
a quasiequilibrium manner by adjusting the potential difference across the terminals
to be slightly greater, or slightly less, than an ideal potential called the cell electromo-
tive force (emf). The energy transfer by work for passage of a differential quantity of
charge to the cell, dZ, is given by the relation

SW = —€dz (2.23)

In this equation € denotes the cell emf, an intensive property of the cell, and not just
the potential difference across the terminals as in Eq. 2.22.

Consider next a dielectric material residing in a uniform electric field. The energy
transferred by work from the field when the polarization is increased slightly is

5W = —E - d(VP) (2.24)

where the vector E is the electric field strength within the system, the vector P is the
electric dipole moment per unit volume, and V is the volume of the system. A simi-
lar equation for energy transfer by work from a uniform magnetic field when the
magnetization is increased slightly is

SW = —uoH - d(VM) (2.25)

where the vector H is the magnetic field strength within the system, the vector M is
the magnetic dipole moment per unit volume, and u, is a constant, the permeability
of free space. The minus signs appearing in the last three equations are in accord with
our previously stated sign convention for work: W takes on a negative value when
the energy transfer is into the system.

2.2.8 1 Generalized Forces and Displacements

The similarity between the expressions for work in the quasiequilibrium processes
considered thus far should be noted. In each case, the work expression is written in
the form of an intensive property and the differential of an extensive property. This
is brought out by the following expression, which allows for one or more of these
work modes to be involved in a process

SW=pdV—od(Ax) — 7dA — €dZ — E-d(VP) — uH - d(VM) + -+ (2.26)

where the last three dots represent other products of an intensive property and the
differential of a related extensive property that account for work. Because of the
notion of work being a product of force and displacement, the intensive property in
these relations is sometimes referred to as a “generalized” force and the extensive
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property as a “generalized” displacement, even though the quantities making up the
work expressions may not bring to mind actual forces and displacements.

Owing to the underlying quasiequilibrium restriction, Eq. 2.26 does not represent
every type of work of practical interest. An example is provided by a paddle wheel
that stirs a gas or liquid taken as the system. Whenever any shearing action takes
place, the system necessarily passes through nonequilibrium states. To appreciate
more fully the implications of the quasiequilibrium process concept requires consid-
eration of the second law of thermodynamics, so this concept is discussed again in
Chap. 5 after the second law has been introduced.

Broadening Our Understanding
of Energy

The objective in this section is to use our deeper understanding of work developed
in Sec. 2.2 to broaden our understanding of the energy of a system. In particular, we
consider the rotal energy of a system, which includes kinetic energy, gravitational
potential energy, and other forms of energy. The examples to follow illustrate some
of these forms of energy. Many other examples could be provided that enlarge on
the same idea.

When work is done to compress a spring, energy is stored within the spring. When
a battery is charged, the energy stored within it is increased. And when a gas (or lig-
uid) initially at an equilibrium state in a closed, insulated vessel is stirred vigorously
and allowed to come to a final equilibrium state, the energy of the gas is increased in
the process. In keeping with the discussion of work in Sec. 2.2, we can also think of other
ways in which work done on systems increases energy stored within those systems—
work related to magnetization, for example. In each of these examples the change in
system energy cannot be attributed to changes in the system’s overall kinetic or grav-
itational potential energy as given by Eqgs. 2.5 and 2.10, respectively. The change in
energy can be accounted for in terms of internal energy, as considered next.

In engineering thermodynamics the change in the total energy of a system is con-
sidered to be made up of three macroscopic contributions. One is the change in
kinetic energy, associated with the motion of the system as a whole relative to an
external coordinate frame. Another is the change in gravitational potential energy,
associated with the position of the system as a whole in the earth’s gravitational field.
All other energy changes are lumped together in the internal energy of the system.
Like kinetic energy and gravitational potential energy, internal energy is an extensive
property of the system, as is the total energy.

Internal energy is represented by the symbol U, and the change in internal energy
in a process is U, — U,. The specific internal energy is symbolized by u or u, respec-
tively, depending on whether it is expressed on a unit mass or per mole basis.

The change in the total energy of a system is

E2 - El = (U2 - Ul) + (KE2 - KEl) + (PEZ - PEI) (2.273)
or
AE = AU + AKE + APE (2.27b)

All quantities in Eq. 2.27 are expressed in terms of the energy units previously intro-
duced.

The identification of internal energy as a macroscopic form of energy is a signifi-
cant step in the present development, for it sets the concept of energy in thermody-
namics apart from that of mechanics. In Chap. 3 we will learn how to evaluate changes

=
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microscopic interpretation
of internal energy for a gas

Hot plate

energy transfer by heat

sign convention for heat

transfer

@
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in internal energy for practically important cases involving gases, liquids, and solids
by using empirical data.

To further our understanding of internal energy, consider a system we will often
encounter in subsequent sections of the book, a system consisting of a gas contained
in a tank. Let us develop a microscopic interpretation of internal energy by thinking of
the energy attributed to the motions and configurations of the individual molecules,
atoms, and subatomic particles making up the matter in the system. Gas molecules
move about, encountering other molecules or the walls of the container. Part of the
internal energy of the gas is the translational kinetic energy of the molecules. Other
contributions to the internal energy include the kinetic energy due to rotation of the
molecules relative to their centers of mass and the kinetic energy associated with
vibrational motions within the molecules. In addition, energy is stored in the chemical
bonds between the atoms that make up the molecules. Energy storage on the atomic
level includes energy associated with electron orbital states, nuclear spin, and binding
forces in the nucleus. In dense gases, liquids, and solids, intermolecular forces play an
important role in affecting the internal energy.

@ Energy Transfer by Heat

Thus far, we have considered quantitatively only those interactions between a system
and its surroundings that can be classed as work. However, closed systems also can
interact with their surroundings in a way that cannot be categorized as work.

when a gas in a rigid container interacts with a hot plate, the
energy of the gas is increased even though no work is done. < <

This type of interaction is called an energy transfer by heat.

On the basis of experiment, beginning with the work of Joule in the early part of
the nineteenth century, we know that energy transfers by heat are induced only as a
result of a temperature difference between the system and its surroundings and occur
only in the direction of decreasing temperature. Because the underlying concept is
so important in thermodynamics, this section is devoted to a further consideration of
energy transfer by heat.

2.4.1 ¢ Sign Convention, Notation, and Heat Transfer Rate

The symbol Q denotes an amount of energy transferred across the boundary of a
system in a heat interaction with the system’s surroundings. Heat transfer info a sys-
tem is taken to be positive, and heat transfer from a system is taken as negative.

O > 0: heat transfer to the system
O < 0: heat transfer from the system

This sign convention is used throughout the book. However, as was indicated for work,
it is sometimes convenient to show the direction of energy transfer by an arrow on
a sketch of the system. Then the heat transfer is regarded as positive in the direction
of the arrow.

The sign convention for heat transfer is just the reverse of the one adopted for
work, where a positive value for W signifies an energy transfer from the system to
the surroundings. These signs for heat and work are a legacy from engineers and
scientists who were concerned mainly with steam engines and other devices that
develop a work output from an energy input by heat transfer. For such applications,
it was convenient to regard both the work developed and the energy input by heat
transfer as positive quantities.
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The value of a heat transfer depends on the details of a process and not just the
end states. Thus, like work, heat is not a property, and its differential is written as 6Q.
The amount of energy transfer by heat for a process is given by the integral

2
0= J 50 (2.28)
1

where the limits mean “from state 1 to state 2” and do not refer to the values of heat
at those states. As for work, the notion of “heat” at a state has no meaning, and the
integral should never be evaluated as Q, — Q.

The net rate of heat transfer is denoted by Q. In principle, the amount of energy
transfer by heat during a period of time can be found by integrating from time ¢, to
time ¢,

153
0= f Q dt (2:29)
4]
To perform the integration, it is necessary to know how the rate of heat transfer varies
with time.
In some cases it is convenient to use the heat flux, ¢, which is the heat transfer
rate per unit of system surface area. The net rate of heat transfer, 0, is related to the
heat flux ¢ by the integral

0= J g dA (2.30)
A

where A represents the area on the boundary of the system where heat transfer occurs.
The units for heat transfer Q and heat transfer rate Q are the same as those introduced
previously for W and W, respectively. The units for the heat flux are those of the heat
transfer rate per unit area: kW/m? or Btu/h - ft*.
The word adiabatic means without heat transfer. Thus, if a system undergoes a pro-
cess involving no heat transfer with its surroundings, that process is called an adiabatic
process.

(7 N
BIOCONNECTIONS Medical researchers have found that by gradually increas-
ing the temperature of cancerous tissue to 41-45°C the effectiveness of chemotherapy
and radiation therapy is enhanced for some patients. Different approaches can be used,

including raising the temperature of the entire body with heating devices and, more selectively,

by beaming microwaves or ultrasound onto the tumor or affected organ. Speculation about
why a temperature increase may be beneficial varies. Some say it helps chemotherapy pene-
trate certain tumors more readily by dilating blood vessels. Others think it helps radiation
therapy by increasing the amount of oxygen in tumor cells, making them more receptive to
radiation. Researchers report that further study is needed before the efficacy of this approach

is established and the mechanisms whereby it achieves positive results are known.

\\ )

2.4.2 LHeat Transfer Modes

Methods based on experiment are available for evaluating energy transfer by heat.
These methods recognize two basic transfer mechanisms: conduction and thermal
radiation. In addition, empirical relationships are available for evaluating energy
transfer involving a combined mode called convection. A brief description of each of
these is given next. A detailed consideration is left to a course in engineering heat
transfer, where these topics are studied in depth.

heat is not a property

rate of heat transfer

adiabatic
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Fig. 2.12 Illustration of
Fourier’s conduction law.
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Conduction

Energy transfer by conduction can take place in solids, liquids, and gases. Conduction
can be thought of as the transfer of energy from the more energetic particles of a
substance to adjacent particles that are less energetic due to interactions between
particles. The time rate of energy transfer by conduction is quantified macroscopically
by Fourier’s law. As an elementary application, consider Fig. 2.12 showing a plane
wall of thickness L at steady state, where the temperature 7(x) varies linearly with
position x. By Fourier’s law, the rate of heat transfer across any plane normal to the x
direction, Q,, is proportional to the wall area, A, and the temperature gradient in the
x direction, dT/dx:

Q.= —kA— (2.31)

where the proportionality constant « is a property called the thermal conductivity.
The minus sign is a consequence of energy transfer in the direction of decreasing
temperature.

in the case of Fig. 2.12 the temperature varies linearly; thus, the
temperature gradient is

dT T2 - Tl
dx L ( )

and the rate of heat transfer in the x direction is then

T2_T1:|
L

b | .

Values of thermal conductivity are given in Table A-19 for common materials. Sub-
stances with large values of thermal conductivity such as copper are good conductors,
and those with small conductivities (cork and polystyrene foam) are good insulators.

Radiation

Thermal radiation is emitted by matter as a result of changes in the electronic configu-
rations of the atoms or molecules within it. The energy is transported by electromag-
netic waves (or photons). Unlike conduction, thermal radiation requires no intervening
medium to propagate and can even take place in a vacuum. Solid surfaces, gases, and
liquids all emit, absorb, and transmit thermal radiation to varying degrees. The rate
at which energy is emitted, Q., from a surface of area A is quantified macroscopically
by a modified form of the Stefan-Boltzmann law

0. = ec AT} (2.32)

which shows that thermal radiation is associated with the fourth power of the abso-
lute temperature of the surface, T} The emissivity, ¢, is a property of the surface that
indicates how effectively the surface radiates (0 =< e = 1.0), and o is the Stefan—
Boltzmann constant:

o =567X10"°Wm?:K*=0.1714 X 10" % Bw/h - ft*> - °R*

In general, the net rate of energy transfer by thermal radiation between two surfaces
involves relationships among the properties of the surfaces, their orientations with
respect to each other, the extent to which the intervening medium scatters, emits, and
absorbs thermal radiation, and other factors. A special case that occurs frequently is
radiation exchange between a surface at temperature 7}, and a much larger surround-
ing surface at T, as shown in Fig. 2.13. The net rate of radiant exchange between the
smaller surface, whose area is A and emissivity is &, and the larger surroundings is

0. = eoA[T! — T4 (2.33)
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Cooling air flow

Surrounding
surface at Tg

Surface of emissivity &, area A,
and temperature T,

Circuit board

Fig. 2.13 Net radiation exchange. Fig. 2.14 Illustration of Newton’s law of cooling.

Convection

Energy transfer between a solid surface at a temperature 7}, and an adjacent gas or
liquid at another temperature 7; plays a prominent role in the performance of many
devices of practical interest. This is commonly referred to as convection. As an illus-
tration, consider Fig. 2.14, where T, > T;. In this case, energy is transferred in the
direction indicated by the arrow due to the combined effects of conduction within the
air and the bulk motion of the air. The rate of energy transfer from the surface to
the air can be quantified by the following empirical expression:

Q. = hA(T, — T) (2.34)
known as Newton’s law of cooling. In Eq. 2.34, A is the surface area and the proportion-
ality factor h is called the heat transfer coefficient. In subsequent applications of Eq. 2.34,
a minus sign may be introduced on the right side to conform to the sign convention
for heat transfer introduced in Sec. 2.4.1.

The heat transfer coefficient is not a thermodynamic property. It is an empirical
parameter that incorporates into the heat transfer relationship the nature of the flow
pattern near the surface, the fluid properties, and the geometry. When fans or pumps
cause the fluid to move, the value of the heat transfer coefficient is generally greater
than when relatively slow buoyancy-induced motions occur. These two general categories
are called forced and free (or natural) convection, respectively. Table 2.1 provides typical
values of the convection heat transfer coefficient for forced and free convection.

2.4.3 1 Closing Comments

The first step in a thermodynamic analysis is to define the system. It is only after
the system boundary has been specified that possible heat interactions with the
surroundings are considered, for these are always evaluated at the system boundary.

TABLE 2.1

Applications h (W/m? - K) h (Btu/h - ft*> - °R)
Free convection

Gases 2-25 0.35—4.4

Liquids 50—-1000 8.8-180
Forced convection

Gases 25-250 YA

Liquids 50—20,000 8.8-3500
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first law of thermodynamics

In ordinary conversation, the term heat is often used when the word energy would
be more correct thermodynamically. For example, one might hear, “Please close the
door or ‘heat’ will be lost.” In thermodynamics, heat refers only to a particular
means whereby energy is transferred. It does not refer to what is being transferred
between systems or to what is stored within systems. Energy is transferred and
stored, not heat.

Sometimes the heat transfer of energy to, or from, a system can be neglected.
This might occur for several reasons related to the mechanisms for heat transfer
discussed above. One might be that the materials surrounding the system are good
insulators, or heat transfer might not be significant because there is a small tem-
perature difference between the system and its surroundings. A third reason is that
there might not be enough surface area to allow significant heat transfer to occur.
When heat transfer is neglected, it is because one or more of these considerations
apply.

In the discussions to follow, the value of Q is provided or it is an unknown in the
analysis. When Q is provided, it can be assumed that the value has been determined
by the methods introduced above. When Q is the unknown, its value is usually found
by using the energy balance, discussed next.

Energy Accounting: Energy Balance
for Closed Systems

As our previous discussions indicate, the only ways the energy of a closed system can
be changed are through transfer of energy by work or by heat. Further, based on the
experiments of Joule and others, a fundamental aspect of the energy concept is that
energy is conserved; we call this the first law of thermodynamics. For further discussion
of the first law, see the box.

Joule’s Experiments and the First Law

In classic experiments conducted in the early part of the nineteenth century, Joule stud-
ied processes by which a closed system can be taken from one equilibrium state to
another. In particular, he considered processes that involve work interactions but no
heat interactions between the system and its surroundings. Any such process is an
adiabatic process, in keeping with the discussion of Sec. 2.4.1.

Based on his experiments Joule deduced that the value of the net work is the same
for all adiabatic processes between two equilibrium states. In other words, the value of
the net work done by or on a closed system undergoing an adiabatic process between
two given states depends solely on the end states and not on the details of the adiabatic
process.

If the net work is the same for all adiabatic processes of a closed system between a
given pair of end states, it follows from the definition of property (Sec. 1.3) that the net
work for such a process is the change in some property of the system. This property is
called energy.

Following Joule’s reasoning, the change in energy between the two states is defined by

E, — E, = =Wy (a)

where the symbol E denotes the energy of a system and W,, represents the net work for
any adiabatic process between the two states. The minus sign before the work term is in
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accord with the previously stated sign convention for work. Finally, note that since any
arbitrary value E; can be assigned to the energy of a system at a given state 1, no par-
ticular significance can be attached to the value of the energy at state 1 or at any other
state. Only changes in the energy of a system have significance.

The foregoing discussion is based on experimental evidence beginning with the exper-
iments of Joule. Because of inevitable experimental uncertainties, it is not possible to
prove by measurements that the net work is exactly the same for all adiabatic processes
between the same end states. However, the preponderance of experimental findings sup-
ports this conclusion, so it is adopted as a fundamental principle that the work actually
is the same. This principle is an alternative formulation of the first law, and has been used
by subsequent scientists and engineers as a springboard for developing the conservation
of energy concept and the energy balance as we know them today.

Summarizing Energy Concepts
All energy aspects introduced in this book thus far are summarized in words as follows:

change in the amount net amount of energy net amount of energy
of energy contained transferred in across transferred out across
within a system = | the system boundary by [ — | the system boundary
during some time heat transfer during by work during the
interval the time interval time interval

This word statement is just an accounting balance for energy, an energy balance. It
requires that in any process of a closed system the energy of the system increases or
decreases by an amount equal to the net amount of energy transferred across its
boundary.

The phrase net amount used in the word statement of the energy balance must be
carefully interpreted, for there may be heat or work transfers of energy at many dif-
ferent places on the boundary of a system. At some locations the energy transfers
may be into the system, whereas at others they are out of the system. The two terms
on the right side account for the net results of all the energy transfers by heat and
work, respectively, taking place during the time interval under consideration.

The energy balance can be expressed in symbols as

E2 - El = Q - W (2.353)
Introducing Eq. 2.27 an alternative form is
AKE + APE+ AU=0 - W (2.35b)

which shows that an energy transfer across the system boundary results in a change
in one or more of the macroscopic energy forms: kinetic energy, gravitational poten-
tial energy, and internal energy. All previous references to energy as a conserved
quantity are included as special cases of Eqgs. 2.35.

Note that the algebraic signs before the heat and work terms of Egs. 2.35 are
different. This follows from the sign conventions previously adopted. A minus sign
appears before W because energy transfer by work from the system fo the sur-
roundings is taken to be positive. A plus sign appears before O because it is
regarded to be positive when the heat transfer of energy is into the system from
the surroundings.

energy balance

Energy_Bal_Closed
_Sys A.8 - All Tabs
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time rate form of the
energy balance

//

BIOCONNECTIONS The energy required by animals to sustain life is derived

from oxidation of ingested food. We often speak of food being burned in the body.

This is an appropriate expression because experiments show that when food is
burned with oxygen, approximately the same energy is released as when the food is oxi-
dized in the body. Such an experimental device is the well-insulated, constant-volume
calorimeter shown in Fig. 2.15.

Access port
rEn— s

() Thermometer

i o, o
Igniter ke
\J:]_/ Stirrer
Sample
Water bath
Fig. 2.15 Constant-volume
Insulation calorimeter.

A carefully weighed food sample is placed in the chamber of the calorimeter together
with oxygen (0,). The entire chamber is submerged in the calorimeter’s water bath. The
chamber contents are then electrically ignited, fully oxidizing the food sample. The energy
released during the reaction within the chamber results in an increase in calorimeter tem-
perature. Using the measured temperature rise, the energy released can be calculated from
an energy balance for the calorimeter as the system. This is reported as the calorie value
of the food sample, usually in terms of kilocalorie (kcal), which is the “Calorie” seen on

food labels.

)

2.5.1 ¢ Important Aspects of the Energy Balance

Various special forms of the energy balance can be written. For example, the energy
balance in differential form is

dE = 8Q — 6W (2.36)

where dE is the differential of energy, a property. Since Q and W are not properties,
their differentials are written as 6Q and 6W, respectively.

The instantaneous time rate form of the energy balance is

dE .

w2V (2.37)

The rate form of the energy balance expressed in words is

time rate of change net rate at which net rate at which

of the energy energy is being energy is being

contained within |=| transferred in |—| transferred out
the system at by heat transfer by work at

time t at time t time t
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Since the time rate of change of energy is given by

dE. dKE dPE dU
—_—= e — 4+ —
dt dt dt dt
Equation 2.37 can be expressed alternatively as
dKE dPE dU . .
e+ —=0-W
dt dt dt (2.38)
Equations 2.35 through 2.38 provide alternative forms of the energy balance that
are convenient starting points when applying the principle of conservation of energy
to closed systems. In Chap. 4 the conservation of energy principle is expressed in
forms suitable for the analysis of control volumes. When applying the energy balance
in any of its forms, it is important to be careful about signs and units and to distin-
guish carefully between rates and amounts. In addition, it is important to recognize
that the location of the system boundary can be relevant in determining whether a
particular energy transfer is regarded as heat or work.

consider Fig. 2.16, in which three alternative systems are shown
that include a quantity of a gas (or liquid) in a rigid, well-insulated container. In
Fig. 2.16a, the gas itself is the system. As current flows through the copper plate, there
is an energy transfer from the copper plate to the gas. Since this energy transfer occurs
as a result of the temperature difference between the plate and the gas, it is classified
as a heat transfer. Next, refer to Fig. 2.16b, where the boundary is drawn to include the
copper plate. It follows from the thermodynamic definition of work that the energy
transfer that occurs as current crosses the boundary of this system must be regarded
as work. Finally, in Fig. 2.16¢, the boundary is located so that no energy is transferred
across it by heat or work. < <

Copper Rotating
plate

Electric
generator l

System Insulation

boundary

Fig. 2.16 Alternative choices for system boundaries.
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Closing Comments

Thus far, we have been careful to emphasize that the quantities symbolized by W and
Q in the foregoing equations account for transfers of energy and not transfers of work
and heat, respectively. The terms work and heat denote different means whereby
energy is transferred and not what is transferred. However, to achieve economy of
expression in subsequent discussions, W and Q are often referred to simply as work
and heat transfer, respectively. This less formal manner of speaking is commonly used
in engineering practice.

The five solved examples provided in Secs. 2.5.2-2.5.4 bring out important ideas about
energy and the energy balance. They should be studied carefully, and similar approaches
should be used when solving the end-of-chapter problems. In this text, most applications
of the energy balance will not involve significant kinetic or potential energy changes. Thus,
to expedite the solutions of many subsequent examples and end-of-chapter problems, we
indicate in the problem statement that such changes can be neglected. If this is not made
explicit in a problem statement, you should decide on the basis of the problem at hand
how best to handle the kinetic and potential energy terms of the energy balance.

2.5.2 1 Using the Energy Balance: Processes of Closed Systems

The next two examples illustrate the use of the energy balance for processes of closed
systems. In these examples, internal energy data are provided. In Chap. 3, we learn
how to obtain internal energy and other thermodynamic property data using tables,
graphs, equations, and computer software.

Cooling a Gas in a Piston-Cylinder

Four-tenths kilogram of a certain gas is contained within a piston—cylinder assembly. The gas undergoes a process
for which the pressure—volume relationship is

pV'? = constant

The initial pressure is 3 bar, the initial volume is 0.1 m®, and the final volume is 0.2 m®. The change in specific
internal energy of the gas in the process is u, — u; = —55 kJ/kg. There are no significant changes in kinetic or
potential energy. Determine the net heat transfer for the process, in kl.

SOLUTION

Known: A gas within a piston—cylinder assembly undergoes an expansion process for which the pressure-volume
relation and the change in specific internal energy are specified.

Find: Determine the net heat transfer for the process.

Schematic and Given Data:

pV1® = constant

Area = work

Engineering Model:
u, — Uy =-55 kl/kg .
1. The gas is a closed system.

s —: 2. The process is described by

P Gas pV"Y = constant.

| | »

| opvis= | 3. There is no change in the
2 | constant | kinetic or potential energy

S of the system.

v Fig. E2.2
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Analysis: An energy balance for the closed system takes the form
AKE' + APE°+ AU=0Q0 - W

where the kinetic and potential energy terms drop out by assumption 3. Then, writing AU in terms of specific
internal energies, the energy balance becomes

m(u, —u)) =0 —W
where m is the system mass. Solving for Q
O=m(uy —uy)) + W

The value of the work for this process is determined in the solution to part (a) of Example 2.1: W = +176 klJ.
The change in internal energy is obtained using given data as

kJ
m(uy — uy) = 0.4 kg(—SS k) =22k
g

Substituting values

(2] 0=-22+17.6=—-44K]

@ The given relationship between pressure and volume allows the process to @ Skills Developed
be represented by the path shown on the accompanying diagram. The area S
under the curve represents the work. Since they are not properties, the — APility fo..
values of the work and heat transfer depend on the details of the process Q define a closed system and
and cannot be determined from the end states only. identify interactions on its

boundary.

Q apply the closed-system

energy balance.

® The minus sign for the value of Q means that a net amount of energy has
been transferred from the system to its surroundings by heat transfer.

If the gas undergoes a process for which pV = constant and
Au = o, determine the heat transfer, in kJ, keeping the initial pressure and
given volumes fixed. Ans. 20.79 kJ.

In the next example, we follow up the discussion of Fig. 2.16 by considering two
alternative systems. This example highlights the need to account correctly for the heat
and work interactions occurring on the boundary as well as the energy change.

Considering Alternative Systems

Air is contained in a vertical piston—cylinder assembly fitted with an electrical resistor. The atmosphere exerts
a pressure of 14.7 Ibf/in.” on the top of the piston, which has a mass of 100 Ib and a face area of 1 ft>. Electric
current passes through the resistor, and the volume of the air slowly increases by 1.6 ft* while its pressure remains
constant. The mass of the air is 0.6 Ib, and its specific internal energy increases by 18 Btu/lb. The air and piston
are at rest initially and finally. The piston—cylinder material is a ceramic composite and thus a good insulator.
Friction between the piston and cylinder wall can be ignored, and the local acceleration of gravity is g = 32.0 ft/s>.
Determine the heat transfer from the resistor to the air, in Btu, for a system consisting of (a) the air alone,
(b) the air and the piston.

SOLUTION

Known: Data are provided for air contained in a vertical piston—cylinder fitted with an electrical resistor.

Find: Considering each of two alternative systems, determine the heat transfer from the resistor to the air.
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Schematic and Given Data:

Piston . Piston
Patm = 14.7 Iof/in.2 System
System Myiston = 100 Ib boundary
boundary Apiston = 1 2 for part (b)
for part (a) e .
} **—J + } **—J +
I Air e } Air ==
[ =3I =1
| |
| . | EL
I - I -
] My, = 0.6 1b L]
V-V, =16 ft3
Au,, = 18 Btu/lb X
(@) (b) Fig. E2.3

Engineering Model:

1. Two closed systems are under consideration, as shown in the schematic.

2. The only significant heat transfer is from the resistor to the air, during which the air expands slowly and
its pressure remains constant.

3. There is no net change in kinetic energy; the change in potential energy of the air is negligible; and since the
piston material is a good insulator, the internal energy of the piston is not affected by the heat transfer.

4. Friction between the piston and cylinder wall is negligible.
5. The acceleration of gravity is constant; g = 32.0 ft/s’.
Analysis: (a) Taking the air as the system, the energy balance, Eq. 2.35, reduces with assumption 3 to
(AKE® + APE’ + AU),, =0 - W
Or, solving for Q
Q=W+ AUy

For this system, work is done by the force of the pressure p acting on the bottom of the piston as the air
expands. With Eq. 2.17 and the assumption of constant pressure

Vs
W= J pdv=rpV, = V)
Vi

To determine the pressure p, we use a force balance on the slowly moving, frictionless piston. The upward
force exerted by the air on the bottom of the piston equals the weight of the piston plus the downward force of
the atmosphere acting on the top of the piston. In symbols

pApiston = mpiston 8 + pathpiston
Solving for p and inserting values

p = Miiston + P
Apiston
_ (1001b)(3§.0ft/sz) 1 Ibf : ‘ 1ff2 1+ 14.7%: 15’4%
1ft 32.21b - ft/s”| | 144 in. in. in.
Thus, the work is
W=p(Va= W)
- (15.4_1b£>(1.6 i) |14 T‘z ‘ ! B ‘ — 4.56 Btu
in. 1f¢ | 1778 ft - Ibf

With AU, = mgi(Auy;,), the heat transfer is
Q =W+ mair(Auair)

Bt
= 4.56 Btu + (0.6 lb)(18 1b“> = 15.36 Btu
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(b) Consider next a system consisting of the air and the piston. The energy change of the overall system is the
sum of the energy changes of the air and the piston. Thus, the energy balance, Eq. 2.35, reads

(AKE® + APE’ + AU),; + (AKE® + APE + AV") i = 0 — W
where the indicated terms drop out by assumption 3. Solving for O
Q =W+ (APE)piston + (AU)air

For this system, work is done at the top of the piston as it pushes aside the surrounding atmosphere. Applying
Eq. 2.17

Vs
W:J pdV:palm<V2_V1)

Vi

= (14.7 ,“{)(1.6 ft')

m.

144 in?
1ft

1 Btu
778 ft - 1bf

‘ = 4.35Btu

The elevation change, Az, required to evaluate the potential energy change of the piston can be found from
the volume change of the air and the area of the piston face as

V, -V, 16f¢

Az = = 1.6 ft
¢ Apiston 1 ftz
Thus, the potential energy change of the piston is
(APE)piston = mpiston gAZ
ft 1 1bf 1 Btu
= (1001b){ 32.0 — (1.6 ft = 0.2 Bt
( )< 82)( )‘32.2 Ib - ft/s* | 778 fc - lbf‘ .

Finally,
Q =W+ (APE)piston + mairAuair
Btu
= 4.35Btu + 0.2 Btu + (0.6 1b)<18 lb> = 15.35 Btu

© © To within round-off, this answer agrees with the result of part (a).

@ Although the value of Q is the same for each system, observe that the values
for W differ. Also, observe that the energy changes differ, depending on @ Skills Developed
whether the air alone or the air and the piston is the system. = = “rrortrcceeeeei..

Ability to...
@ For the system of part (b), the following energy balance sheet gives a full Q define alternative closed
accounting of the heat transfer of energy to the system: systems and identify inter-

actions on their boundaries.

Energy In by Heat Transfer Q evaluate work using

1535 Btu Eq. 2.17.
Disposition of the Energy In 1 apply the closed-system
energy balance.
e Energy stored Q develop an energy balance
Internal energy of the air 10.8 Btu (70.4%) sheet.
Potential energy of the piston 0.2 Btu ( 1.3%)
e Energy out by work 4.35 Btu (28.3%)

15.35 Btu (100%)

What is the change in potential energy of the air, in Btu?
Ans. =107 Btu.
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2.5.3 1 Using the Energy Rate Balance: Steady-State Operation

A system is at steady state if none of its properties change with time (Sec. 1.3). Many
devices operate at steady state or nearly at steady state, meaning that property vari-
ations with time are small enough to ignore. The two examples to follow illustrate
the application of the energy rate equation to closed systems at steady state.

Evaluating Energy Transfer Rates of a Gearbox at Steady State

During steady-state operation, a gearbox receives 60 kW through the input shaft and delivers power through the
output shaft. For the gearbox as the system, the rate of energy transfer by convection is

0= —hA(T, - Ty)

where h = 0.171 kW/m? - K is the heat transfer coefficient, A = 1.0 m? is the outer surface area of the gearbox,
T, = 300 K (27°C) is the temperature at the outer surface, and 7; = 293 K (20°C) is the temperature of the
surrounding air away from the immediate vicinity of the gearbox. For the gearbox, evaluate the heat transfer
rate and the power delivered through the output shaft, each in kW.

SOLUTION

Known: A gearbox operates at steady state with a known power input. An expression for the heat transfer rate
from the outer surface is also known.

Find: Determine the heat transfer rate and the power delivered through the output shaft, each in kW.

Schematic and Given Data:

:’ __________ I T,=300K Engineering Model:
W, = 60 kW ! ! 1. The gearbox is a closed system at steady state.
I _ . .
110 ) = Tr=293K 2. For the gearbox, convection is the dominant heat
: | h=0.171 kw/m? - K transfer mode.
|
| | .
Input ! I AL 1
shaft ! g T
i ;v
Gearbox | |I
| — ,' Output
Outer surface shaft
A=10m? Fig. E2.4

Analysis: Using the given expression for Q together with known data, the rate of energy transfer by heat is
o 0 = —hA(T, — Ty)

kW
= —<0.171 5 >(1.0 m?)(300 — 293) K
m” - K

= —-12kW

The minus sign for Q signals that energy is carried out of the gearbox by heat transfer.
The energy rate balance, Eq. 2.37 reduces at steady state to

0
d . . . .
o %—Q—W or W=0

The symbol W represents the net power from the system. The net power is the sum of W, and the output power W,

W=W, + W,
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With this expression for W, the energy rate balance becomes

W] + W2 = Q
Solving for W,, inserting 0 = —1.2kW, and W, = —60 kW, where the minus sign is required because the input
shaft brings energy into the system, we have

0 Wz = Q - Wl
= (—1.2kW) — (—60kW)
+58.8 kW

@ The positive sign for W, indicates that energy is transferred from the system through the output shaft, as
expected.

© In accord with the sign convention for the heat transfer rate in the energy
rate balance (Eq. 2.37), Eq. 2.34 is written with a minus sign: Q is negative @Skills Developed
since Ty, is greater than 7. )

Ability to...
@ Properties of a system at steady state do not change with time. Energy E is Q define a closed system and
a property, but heat transfer and work are not properties. identify interactions on its
boundary.

@ For this system, energy transfer by work occurs at two different locations,

and the signs associated with their values differ. Q evaluate the rate of energy

transfer by convection.
O At steady state, the rate of heat transfer from the gear box accounts for the  Q apply the energy rate balance

difference between the input and output power. This can be summarized by for steady-state operation.
the following energy rate “balance sheet” in terms of magnitudes: Q develop an energy rate
balance sheet.
Input Output
60 kW (input shaft) 58.8 kW (output shaft)
1.2 kW (heat transfer)
Total: 60 kW 60 kW

For an emissivity of 0.8 and taking T, = T;, use Eq. 2.33 to
determine the net rate at which energy is radiated from the outer surface
of the gearbox, in kW. Ans. 0.03 kW.

Determining Surface Temperature of a Silicon Chip at Steady State

A silicon chip measuring 5 mm on a side and 1 mm in thickness is embedded in a ceramic substrate. At steady state,
the chip has an electrical power input of 0.225 W. The top surface of the chip is exposed to a coolant whose tem-
perature is 20°C. The heat transfer coefficient for convection between the chip and the coolant is 150 W/m?* - K. If
heat transfer by conduction between the chip and the substrate is negligible, determine the surface temperature of
the chip, in °C.

SOLUTION

Known: A silicon chip of known dimensions is exposed on its top surface to a coolant. The electrical power input
and convective heat transfer coefficient are known.

Find: Determine the surface temperature of the chip at steady state.
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Schematic and Given Data:

Coolant Engineering Model:

h =150 W/m? - K 1. The chip is a closed system at steady state.
T =20°C

2. There is no heat transfer between the chip and the substrate.

Ceramic substrate Fig. E2.5

Analysis: The surface temperature of the chip, 7T}, can be determined using the energy rate balance, Eq. 2.37,
which at steady state reduces as follows

0
d .
(1) %-Q—W

With assumption 2, the only heat transfer is by convection to the coolant. In this application, Newton’s law of
cooling, Eq. 2.34, takes the form

(2] Q = —hA(T, — Ty)

Collecting results

Solving for T

=Yg
b hA f
In this expression, W = —0.225 W, A = 25 X 10" ® m? h = 150 W/m? - K, and T; = 293 K, giving
—(—0.225 W)
T, = + 293K :
" = (150 Winr® - K)(25 X 10 *m) @ skills Developed
= 353 K (80°C) Ability to..

Q define a closed system and

) o ) identify interacti i
@ Properties of a system at steady state do not change with time. Energy E is onsonits

a property, but heat transfer and work are not properties. Q :\(szigyfhe rate of energy
@ In accord with the sign convention for heat transfer in the energy rate bal- transfer by convection.

ance (Eq. 2.37), Eq. 2.34 is written with a minus sign: Q is negative since T, 9 apply the energy rate balance

is greater than 7. for steady-state operation.

If the surface temperature of the chip must be no greater than
60°C, what is the corresponding range of values required for the convec-
tive heat transfer coefficient, assuming all other quantities remain
unchanged? Ans. h = 225 W/m? - K.

2.5.4 1 Using the Energy Rate Balance: Transient Operation

Many devices undergo periods of transient operation where the state changes with
time. This is observed during startup and shutdown periods. The next example
illustrates the application of the energy rate balance to an electric motor during
startup. The example also involves both electrical work and power transmitted by
a shaft.
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Investigating Transient Operation of a Motor

The rate of heat transfer between a certain electric motor and its surroundings varies with time as
0= —02[1 — 700]

where ¢ is in seconds and Q is in kW. The shaft of the motor rotates at a constant speed of w = 100 rad/s (about
955 revolutions per minute, or RPM) and applies a constant torque of J = 18 N - m to an external load. The
motor draws a constant electric power input equal to 2.0 kW. For the motor, plot Q and W, each in kW, and the
change in energy AFE, in kJ, as functions of time from ¢ = 0 to t+ = 120 s. Discuss.

SOLUTION

Known: A motor operates with constant electric power input, shaft speed, and applied torque. The time-varying
rate of heat transfer between the motor and its surroundings is given.

Find: Plot O, W, and AE versus time, Discuss.
Schematic and Given Data:

T=18N-m Engineering Model: The system shown in the accompanying
=100 rad/s sketch is a closed system.

o] Wshaft l\

=-0.2 [1 - e(-0.050] KW

Fig. E2.6a
Analysis: The time rate of change of system energy is
dE .
i Q W

W represents the net power from the system: the sum of the power associated with the rotating shaft, W, and the
power associated with the electricity flow, W

W = Wshafl + Welec
The rate W,y is known from the problem statement: Wy, = —2.0 kW, where the negative sign is required because
energy is carried into the system by electrical work. The term W, can be evaluated with Eq. 2.20 as
Wipate = Tw = (18 N - m)(100 rad/s) = 1800 W = +1.8 kW

Because energy exits the system along the rotating shaft, this energy transfer rate is positive.
In summary,

W= Waee + Wy = (—2.0kW) + (+1.8kW) = —0.2 kW

where the minus sign means that the electrical power input is greater than the power transferred out along the shaft.
With the foregoing result for W and the given expression for Q, the energy rate balance becomes

dE

=== =021 = & 7*%] = (=0.2) = 0.2¢! 7"
dt

Integrating

t
AE = jO.Ze(O‘(’S’)dt

0

0.2

t
_ (0.051) | = 4] — p(~0.051)
(—0.05)° L (1=

@ The accompanying plots, Figs. E2.6b and ¢, are developed using the given expression for 0 and the expressions
for W and AFE obtained in the analysis. Because of our sign conventions for heat and work, the values of Q
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@ At steady state, the value of Q is constant at —0.2 kW. This constant value
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5
4 -0.05 [~
o3 Z w0}
< s o
2 ‘O -015 :
w
1 -0.20 — ‘
ol L L 1 11111 ol L L L 1 1 1 1 | |
0 10 20 30 40 50 60 70 80 90 100 “70 10 20 30 40 50 60 70 80 90 100
Time, s Time, s
Fig. E2.6b and c
and W are negative. In the first few seconds, the net rate that energy is carried in by work greatly exceeds the
rate that energy is carried out by heat transfer. Consequently, the energy stored in the motor increases rapidly
as the motor “warms up.” As time elapses, the value of Q approaches W, and the rate of energy storage dimin-
ishes. After about 100 s, this transient operating mode is nearly over, and there is little further change in the
amount of energy stored, or in any other property. We may say that the motor
@ is then at steady state. @Skllls Developed
Ability to... '
@ Figures E.2.6b and ¢ can be developed using appropriate software or can be Q define a closed system and
drawn by hand. identify interactions on its
boundary.

Q apply the energy rate bal-
ance for transient operation.

Q develop and interpret graphical
data.

for the heat transfer rate can be thought of as the portion of the electrical
power input that is not obtained as a mechanical power output because of
effects within the motor such as electrical resistance and friction.

If the dominant mode of heat transfer from the outer surface of
the motor is convection, determine at steady state the temperature T, on
the outer surface, in K, for h = 0.17 kW/m? - K, A = 0.3 m?, and T; = 293 K.

Ans. 297 K.
@ Energy Analysis of Cycles
In this section the energy concepts developed thus far are illustrated further by appli-
thermodynamic cycle cation to systems undergoing thermodynamic cycles. A thermodynamic cycle is a

sequence of processes that begins and ends at the same state. 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.

The study of systems undergoing cycles has played an important role in the devel-
opment of the subject of engineering thermodynamics. Both the first and second laws
of thermodynamics have roots in the study of cycles. Additionally, there are many
important practical applications involving power generation, vehicle propulsion, and
refrigeration for which an understanding of thermodynamic cycles is essential. In this
section, cycles are considered from the perspective of the conservation of energy
principle. Cycles are studied in greater detail in subsequent chapters, using both the
conservation of energy principle and the second law of thermodynamics.
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M Son

|
|
|
: System e
|
|
|

I Gl
? |
|
System 4_.:_
g Qin i Weycte = Qout = Qin

: Weyele = Qin — Qout
|

Fig. 2.17 Schematic
diagrams of two
important classes of
cycles. (a) Power cycles.
(b) Refrigeration and heat
(@) (b) pump cycles.

2.6.1 1 Cycle Energy Balance

The energy balance for any system undergoing a thermodynamic cycle takes the form
AE(:ycle = Qcycle - chcle (2'39)

where Qcee and Wy . represent net amounts of energy transfer by heat and work,
respectively, for the cycle. Since the system is returned to its initial state after the
cycle, there is no net change in its energy. Therefore, the left side of Eq. 2.39 equals
zero, and the equation reduces to

chcle = Qcycle (2'40)

Equation 2.40 is an expression of the conservation of energy principle that must be sat-
isfied by every thermodynamic cycle, regardless of the sequence of processes followed by
the system undergoing the cycle or the nature of the substances making up the system.

Figure 2.17 provides simplified schematics of two general classes of cycles considered
in this book: power cycles and refrigeration and heat pump cycles. In each case pictured,
a system undergoes a cycle while communicating thermally with two bodies, one hot
and the other cold. These bodies are systems located in the surroundings of the system
undergoing the cycle. During each cycle there is also a net amount of energy exchanged
with the surroundings by work. Carefully observe that in using the symbols Q;, and
Qo on Fig. 2.17 we have departed from the previously stated sign convention for heat
transfer. In this section it is advantageous to regard Q;, and Q,,, as transfers of energy
in the directions indicated by the arrows. The direction of the net work of the cycle,
Weyeles 18 also indicated by an arrow. Finally, note that the directions of the energy trans-

y
fers shown in Fig. 2.17b are opposite to those of Fig. 2.17a.

2.6.2 1 Power Cycles

Systems undergoing cycles of the type shown in Fig. 2.17a deliver a net work transfer
of energy to their surroundings during each cycle. Any such cycle is called a power cycle.
From Eq. 2.40, the net work output equals the net heat transfer to the cycle, or

Weyete = Oin — Qout (power cycle) (2.41)

where Q;, represents the heat transfer of energy info the system from the hot body, and
O, represents heat transfer out of the system to the cold body. From Eq. 2.41 it is clear

TAKE NOTE... \
When analyzing cycles, we
normally take energy trans-
fers as positive in the direc-
Tions of arrows on a sketch
of the system and write the
energy balance accordingly.

power cycle
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thermal efficiency

Power_Cycle
@ A9-Tabsa &b

that Q;, must be greater than Q,, for a power cycle. The energy supplied by heat transfer
to a system undergoing a power cycle is normally derived from the combustion of fuel or
a moderated nuclear reaction; it can also be obtained from solar radiation. The energy
Qou 1s generally discharged to the surrounding atmosphere or a nearby body of water.

The performance of a system undergoing a power cycle can be described in terms
of the extent to which the energy added by heat, Q;,, is converted to a net work
output, W.. The extent of the energy conversion from heat to work is expressed by
the following ratio, commonly called the thermal efficiency

chcle
m= 0 (power cycle) 2.42)
Introducing Eq. 2.41, an alternative form is obtained as
n= 9in — Qo _ 1 - Dou (power cycle) (2.43)
Qin Qin

Since energy is conserved, it follows that the thermal efficiency can never be greater
than unity (100%). However, experience with actual power cycles shows that the value
of thermal efficiency is invariably less than unity. That is, not all the energy added to the
system by heat transfer is converted to work; a portion is discharged to the cold body
by heat transfer. Using the second law of thermodynamics, we will show in Chap. 5 that
the conversion from heat to work cannot be fully accomplished by any power cycle. The

refrigeration and heat
pump cycles

@ thermal efficiency of every power cycle must be less than unity: 7 < 1 (100%).

(4 \
ENERGY & ENVIRONMENT Today fossil-fueled power plants can have ther-
mal efficiencies of 40%, or more. This means that up to 60% of the energy added by
heat transfer during the power plant cycle is discharged from the plant other than by

work, principally by heat transfer. One way power plant cooling is achieved is to use water drawn

from a nearby river or lake. The water is eventually returned to the river or lake but at a higher
temperature, which is a practice having several possible environmental consequences.

The return of large quantities of warm water to a river or lake can affect its ability to hold dis-
solved gases, including the oxygen required for aquatic life. If the return water temperature is
greater than about 35°C (95°F), the dissolved oxygen may be too low to support some species of
fish. If the return water temperature is too great, some species also can be stressed. As rivers and
lakes become warmer, non-native species that thrive in the warmth can take over. Warmer water
also fosters bacterial populations and algae growth.

Regulatory agencies have acted to limit warm water discharges from power plants, which has
made cooling towers (Sec. 12.9) adjacent to power plants a common sight.

\ )

2.6.3 1 Refrigeration and Heat Pump Cycles

Next, consider the refrigeration and heat pump cycles shown in Fig. 2.17b. For cycles
of this type, Q;, is the energy transferred by heat info the system undergoing the cycle
from the cold body, and Q,,, is the energy discharged by heat transfer from the sys-
tem to the hot body. To accomplish these energy transfers requires a net work input,
Wyae- The quantities Qin, Qou, and Wy, are related by the energy balance, which for
refrigeration and heat pump cycles takes the form

Weyte = Qout — Oin (refrigeration and heat pump cycles) (2.44)

Sinc