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Quotes on Ethics

Without ethics, everything happens as if we were all five billion passengers
on a big machinery and nobody is driving the machinery. And it’s going faster
and faster, but we don’t know where.

—Jacques Cousteau

Because you’re able to do it and because you have the right to do it doesn’t
mean it’s right to do it.

—Laura Schlessinger

A man without ethics is a wild beast loosed upon this world.
—Manly Hall

The concern for man and his destiny must always be the chief interest of all
technical effort. Never forget it among your diagrams and equations.
—Albert Einstein

To educate a man in mind and not in morals is to educate a menace to
society.
—Theodore Roosevelt

Politics which revolves around benefit is savagery.
—Said Nursi

The true test of civilization is, not the census, nor the size of the cities, nor the
crops, but the kind of man that the country turns out.
—Ralph W. Emerson

The measure of a man’s character is what he would do if he knew he never
would be found out.

—Thomas B. Macaulay
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PREFACE

BACKGROUND

Thermodynamics is an exciting and fascinating subject that deals with energy,
and thermodynamics has long been an essential part of engineering curricula all
over the world. It has a broad application area ranging from microscopic organ-
isms to common household appliances, transportation vehicles, power generation
systems, and even philosophy. This introductory book contains sufficient material
for two sequential courses in thermodynamics. Students are assumed to have an
adequate background in calculus and physics.

OBJECTIVES

This book is intended for use as a textbook by undergraduate engineering students
in their sophomore or junior year, and as a reference book for practicing engi-
neers. The objectives of this text are

o To cover the basic principles of thermodynamics.

o To present a wealth of real-world engineering examples to give students a
feel for how thermodynamics is applied in engineering practice.

o To develop an intuitive understanding of thermodynamics by emphasizing
the physics and physical arguments that underpin the theory.

It is our hope that this book, through its careful explanations of concepts and its
use of numerous practical examples and figures, helps students develop the neces-
sary skills to bridge the gap between knowledge and the confidence to properly
apply knowledge.

PHILOSOPHY AND GOAL

The philosophy that contributed to the overwhelming popularity of the prior edi-
tions of this book has remained unchanged in this edition. Namely, our goal has
been to offer an engineering textbook that

o Communicates directly to the minds of tomorrow’s engineers in a simple
yet precise manner.

o Leads students toward a clear understanding and firm grasp of the basic
principles of thermodynamics.

o Encourages creative thinking and development of a deeper understanding
and intuitive feel for thermodynamics.

o Is read by students with interest and enthusiasm rather than being used as
an aid to solve problems.

Special effort has been made to appeal to students’ natural curiosity and to help
them explore the various facets of the exciting subject area of thermodynamics.
The enthusiastic responses we have received from users of prior editions—from
small colleges to large universities all over the world—and the continued transla-
tions into new languages indicate that our objectives have largely been achieved.
It is our philosophy that the best way to learn is by practice. Therefore, special
effort is made throughout the book to reinforce material that was presented earlier.

Yesterday’s engineer spent a major portion of his or her time substituting values
into the formulas and obtaining numerical results. However, formula manipula-
tions and number crunching are now being left mainly to computers. Tomorrow’s
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engineer will need a clear understanding and a firm grasp of the basic principles
so that he or she can understand even the most complex problems, formulate
them, and interpret the results. A conscious effort is made to emphasize these
basic principles while also providing students with a perspective of how computa-
tional tools are used in engineering practice.

The traditional classical, or macroscopic, approach is used throughout the text,
with microscopic arguments serving in a supporting role as appropriate. This
approach is more in line with students’ intuition and makes learning the subject
matter much easier.

NEW IN THIS EDITION

All the popular features of the previous editions have been retained. Updates and
changes for clarity and readability have been made throughout the text. Some
end-of-chapter problems in the text have been modified and some problems were
replaced by new ones. Also, some example problems have been replaced. Recent
new definitions of kilogram, mole, ampere, and kelvin in the 26th General Con-
ference on Weights and Measures in 2018 are incorporated in Chaps. 1 and 2.

The lengthy “Chapter 7 Entropy,” in the 9th edition is split into two chapters:
“Chapter 7 Entropy,” which covers the fundamentals of entropy, and “Chapter 8
Entropy Analysis,” which covers the engineering application of entropy as well as
the entropy balance. The new organization should provide instructors more flex-
ibility for selective coverage of the subject matter.

In the new Chapter 7, the coverage of Relative Pressure P, and Relative Spe-
cific Volume v, used for isentropic processes of ideal gases, as well as their cor-
responding columns in the air tables in the Appendices (Tables A-17 and A-17E),
are removed. Instead, a more versatile new entropy function s* is defined for the
first time and its values are listed in the air tables. The s* function makes it pos-
sible to calculate the entropy change of ideal gases with variable specific heats
when specific volume information is given instead of the pressure information.
The existing s° function together with the new s* function allows us to do every-
thing we could do with the functions P, and v,, plus more.

In the new Chapter 9 on exergy, we eliminated the use of the symbols ¢ and
y for the specific exergies of stationary masses and flowing fluids, and replaced
them with x4, and xq.., respectively. This change ensures consistent use of
the symbols x, X, and X for the specific, total, and time rate of exergy, in paral-
lel to their counterparts e, E, and E for energy and s, S, and S for entropy. Also,
we have enhanced the chapter with cryogenic applications to attract attention to
the tremendous work potential of substances at low temperatures, such as LNG
at about —160°C. Further, we did away with the occasional use of the traditional
sign convention by replacing the expression Q — W for the net energy transfer
by the heat and work in the energy balance relations by Q, . i, + W, i,» With the
remark that a negative quantity for the net heat or work term represents output
instead of input.

A most noteworthy change in this edition is the addition of “Check Your Under-
standing CYU” questions at the end of most sections. About 400 multiple-choice
CYU questions are now included in the book. The CYU questions are intended for
the students to check their understanding of the main concepts right after studying
a section and to enhance the self-learning experience of the students. Most CYU
questions are based on fundamental concepts. The ones that involve numerical
values are formulated such that they can be answered without the use of a calcula-
tor. Instructors may just provide the answers of CYU questions to the students or
incorporate them into their teaching by posing some of the questions in class and
set the stage for interactive discussions. The instructors can also modify the ques-
tions easily for use in quizzes and exams.



LEARNING TOOLS

EARLY INTRODUCTION OF THE FIRST LAW OF
THERMODYNAMICS

The first law of thermodynamics is introduced early in Chapter 2, “Energy,
Energy Transfer, and General Energy Analysis.” This introductory chapter sets
the framework of establishing a general understanding of various forms of energy,
mechanisms of energy transfer, the concept of energy balance, thermoeconomics,
energy conversion, and conversion efficiency using familiar settings that involve
mostly electrical and mechanical forms of energy. It also exposes students to some
exciting real-world applications of thermodynamics early in the course, and helps
them establish a sense of the monetary value of energy. There is special emphasis
on the utilization of renewable energy such as wind power and hydraulic energy,
and the efficient use of existing resources.

EMPHASIS ON PHYSICS

A distinctive feature of this book is its emphasis on the physical aspects of the
subject matter in addition to mathematical representations and manipulations. The
authors believe that the emphasis in undergraduate education should remain on
developing a sense of underlying physical mechanisms and a mastery of solving
practical problems that an engineer is likely to face in the real world. Developing
an intuitive understanding should also make the course a more motivating and
worthwhile experience for students.

EFFECTIVE USE OF ASSOCIATION

An observant mind should have no difficulty understanding engineering sciences.
After all, the principles of engineering sciences are based on our everyday experi-
ences and experimental observations. Therefore, a physical, intuitive approach
is used throughout this text. Frequently, parallels are drawn between the subject
matter and students’ everyday experiences so that they can relate the subject mat-
ter to what they already know. The process of cooking, for example, serves as an
excellent vehicle to demonstrate the basic principles of thermodynamics.

SELF-INSTRUCTING

The material in the text is introduced at a level that an average student can follow
comfortably. It speaks to students, not over students. In fact, it is self-instructive.
The order of coverage is from simple to general. That is, it starts with the simplest
case and adds complexities gradually. In this way, the basic principles are repeat-
edly applied to different systems, and students master how to apply the principles
instead of how to simplify a general formula. Noting that the principles of sci-
ences are based on experimental observations, all the derivations in this text are
based on physical arguments, and thus they are easy to follow and understand.

LEARNING OBJECTIVES AND SUMMARIES

Each chapter begins with an overview of the material to be covered and
chapter-specific learning objectives. A summary is included at the end of each
chapter, providing a quick review of basic concepts and important relations, and
pointing out the relevance of the material.

NUMEROUS WORKED-OUT EXAMPLES WITH A SYSTEMATIC
SOLUTIONS PROCEDURE

Each chapter contains several worked-out examples that clarify the material and
illustrate the use of the basic principles. An intuitive and systematic approach is
used in the solution of the example problems, while maintaining an informal con-
versational style. The problem is first stated, and the objectives are identified.
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The assumptions are then stated, together with their justifications. The properties
needed to solve the problem are listed separately if appropriate. Numerical values
are used together with their units to emphasize that numbers without units are
meaningless, and that unit manipulations are as important as manipulating the
numerical values with a calculator. The significance of the findings is discussed
following the solutions. This approach is also used consistently in the solutions
presented in the instructor’s solutions manual.

A WEALTH OF REAL-WORLD, END-OF-CHAPTER PROBLEMS
The end-of-chapter problems are grouped under specific topics to make problem
selection easier for both instructors and students. Within each group of prob-
lems are Concept Questions, indicated by “C”, to check the students’ level of
understanding of basic concepts. The problems under Review Problems are more
comprehensive in nature and are not directly tied to any specific section of a chap-
ter—in some cases they require review of material learned in previous chapters.
Problems designated as Design and Essay are intended to encourage students to
make engineering judgments, to conduct independent exploration of topics of
interest, and to communicate their findings in a professional manner. Problems
designated by an “E” are in English units, and SI users can ignore them. Prob-
lems with the E are comprehensive in nature and are intended to be solved with
a computer, using appropriate software. Several economics- and safety-related
problems are incorporated throughout to promote cost and safety awareness
among engineering students. Answers to selected problems are listed immediately
following the problem for convenience to students. In addition, to prepare stu-
dents for the Fundamentals of Engineering Exam and to facilitate multiple-choice
tests, over 200 multiple-choice problems are included in the end-of-chapter prob-
lem sets. They are placed under the title Fundamentals of Engineering (FE) Exam
Problems for easy recognition.

CYU QUESTIONS

“Check Your Understanding CYU” questions are included at the end of most sec-
tions. The CYU questions are intended for the students to check their understanding
of the main concepts right after studying a section and to enhance the self-learning
experience of the students. Most CYU questions are based on fundamental con-
cepts. The ones that involve numerical values are formulated such that they can be
answered without the use of a calculator. Instructors may just provide the answers
of CYU questions to the students or incorporate them into their teaching by pos-
ing some of the questions in class and set the stage for interactive discussions. The
instructors can also modify the questions easily for use in quizzes and exams.

RELAXED SIGN CONVENTION

The use of a formal sign convention for heat and work is abandoned as it often
becomes counterproductive. A physically meaningful and engaging approach is
adopted for interactions instead of a mechanical approach. Subscripts “in” and
“out,” rather than the plus and minus signs, are used to indicate the directions of
interactions.

PHYSICALLY MEANINGFUL FORMULAS

The physically meaningful forms of the balance equations rather than formu-
las are used to foster deeper understanding and to avoid a cookbook approach.
The mass, energy, entropy, and exergy balances for any system undergoing any
process are expressed as

Mass balance: my, —mg, = Amsystem
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Energy balance: E,—-E, = AE em
—_——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies
Entropy balance: Sin = Souw + Seen = ASiem
—_— <
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Exergy balance: Xin - Xoul - Xdeeroyed = AXsystem
—_— —_———
Net exergy transfer Exergy Change
by heat, work, and mass destruction in exergy

These relations reinforce the fundamental principles that during an actual process
mass and energy are conserved, entropy is generated, and exergy is destroyed.
Students are encouraged to use these forms of balances in early chapters after
they specify the system, and to simplify them for the particular problem. A more
relaxed approach is used in later chapters as students gain mastery.

A CHOICE OF SI ALONE OR SI/ENGLISH UNITS

In recognition of the fact that English units are still widely used in some industries,
both SI and English units are used in this text, with an emphasis on SI. The mate-
rial in this text can be covered using combined SI/English units or SI units alone,
depending on the preference of the instructor. The property tables and charts in the
appendices are presented in both units, except the ones that involve dimensionless
quantities. Problems, tables, and charts in English units are designated by “E” after
the number for easy recognition, and they can be ignored by SI users.

TOPICS OF SPECIAL INTEREST

Most chapters contain a section called “Topic of Special Interest” where interest-
ing aspects of thermodynamics are discussed. Examples include Thermodynamic
Aspects of Biological Systems in Chapter 4, Household Refrigerators in Chapter 6,
Implications of the Second-Law Concepts in Daily Life in Chapter 9, and
Saving Fuel and Money by Driving Sensibly in Chapter 10. The topics selected for
these sections provide intriguing extensions to thermodynamics, but they can be
ignored if desired without a loss in continuity.

GLOSSARY OF THERMODYNAMIC TERMS

Throughout the chapters, when an important key term or concept is introduced
and defined, it appears in boldface type. Fundamental thermodynamic terms and
concepts also appear in a glossary located on our accompanying website. This
unique glossary helps to reinforce key terminology and is an excellent learning and
review tool for students as they move forward in their study of thermodynamics.

CONVERSION FACTORS

Frequently used conversion factors and physical constants are listed at the end of
the text.

PROPERTIES TABLE BOOKLET

(ISBN 1-266-77001-1)

This booklet provides students with an easy reference to the most important prop-
erty tables and charts, many of which are found at the back of the textbook in both
the SI and English units.
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Online Resources for Students and Instructors

PROCTORIO
Remote Proctoring & Browser-Locking Capabilities

8 connect + ag ' proctorio

Remote proctoring and browser-locking capabilities, hosted by Proctorio within
Connect, provide control of the assessment environment by enabling security
options and verifying the identity of the student.

Seamlessly integrated within Connect, these services allow instructors to con-
trol the assessment experience by verifying identification, restricting browser
activity, and monitoring student actions.

Instant and detailed reporting gives instructors an at-a-glance view of poten-
tial academic integrity concerns, thereby avoiding personal bias and supporting
evidence-based claims.

m ReadAnywhere”

Read or study when it’s convenient for you with McGraw Hill’s free ReadAny-
where® app. Available for iOS or Android smartphones or tablets, ReadAnywhere
gives users access to McGraw Hill tools including the eBook and SmartBook® 2.0
or Adaptive Learning Assignments in Connect. Take notes, highlight, and com-
plete assignments offline—all of your work will sync when you open the app with
Wi-Fi access. Log in with your McGraw Hill Connect username and password to
start learning—anytime, anywhere!

OLC-ALIGNED COURSES

Implementing High-Quality Instruction and Assessment
through Preconfigured Courseware

In consultation with the Online Learning Consortium (OLC) and our certified
Faculty Consultants, McGraw Hill has created pre-configured courseware using
OLC’s quality scorecard to align with best practices in online course delivery.
This turnkey courseware contains a combination of formative assessments, sum-
mative assessments, homework, and application activities, and can easily be cus-
tomized to meet an individual instructor’s needs and desired course outcomes. For
more information, visit https://www.mheducation.com/highered/olc.

Tegrity: Lectures 24/7

Tegrity in Connect is a tool that makes class time available 24/7 by automati-
cally capturing every lecture. With a simple one-click, start-and-stop process, you
capture all computer screens and corresponding audio in a format that is easy to
search, frame by frame. Students can replay any part of any class with easy-to-
use, browser-based viewing on a PC, Mac, or mobile device.

Educators know that the more students can see, hear, and experience class
resources, the better they learn. In fact, studies prove it. Tegrity’s unique search
feature helps students efficiently find what they need, when they need it, across
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an entire semester of class recordings. Help turn your students’ study time into
learning moments immediately supported by your lecture. With Tegrity, you also
increase intent listening and class participation by easing students’ concerns about
note-taking. Using Tegrity in Connect will make it more likely you will see stu-
dents’ faces, not the tops of their heads.

Adaptive STEM Prep Modules

Available in Connect, Adaptive STEM Prep modules offer students a self-paced
adaptive review of a variety of prerequisitie course skills, such as significant
figures and units, needed for success.

Writing Assignment

Available within Connect and Connect Master, the Writing Assignment tool
delivers a learning experience to help students improve their written communica-
tion skills and conceptual understanding. As an instructor, you can assign, moni-
tor, grade, and provide feedback on writing more efficiently and effectively.

Application-Based Activities in Connect

Application-Based Activities in Connect are highly interactive, assignable exer-
cises that provide students a safe space to apply the concepts they have learned to
real-world, course-specific problems. Each Application-Based Activity involves
the application of multiple concepts, allowing students to synthesize information
and use critical thinking skills to solve realistic scenarios.

CREATE
Your Book, Your Way

McGraw Hill’s Content Collections Powered by Create® is a self-service website
that enables instructors to create custom course materials—print and eBooks—by
drawing upon McGraw Hill’s comprehensive, cross-disciplinary content. Choose
what you want from our high-quality textbooks, articles, and cases. Combine
it with your own content quickly and easily, and tap into other rights-secured,
third-party content such as readings, cases, and articles. Content can be arranged
in a way that makes the most sense for your course, and you can include the
course name and information as well. Choose the best format for your course:
color print, black-and-white print, or eBook. The eBook can be included in your
Connect course and is available on the free ReadAnywhere® app for smartphone
or tablet access as well. When you are finished customizing, you will receive a
free digital copy to review in just minutes! Visit McGraw Hill Create®—www
.mcgrawhillcreate.com—today and begin building!

Reflecting the Diverse World Around Us

McGraw Hill believes in unlocking the potential of every learner at every stage
of life. To accomplish that, we are dedicated to creating products that reflect, and
are accessible to, all the diverse, global customers we serve. Within McGraw Hill,
we foster a culture of belonging, and we work with partners who share our com-
mitment to equity, inclusion, and diversity in all forms. In McGraw Hill Higher
Education, this includes, but is not limited to, the following:

= Refreshing and implementing inclusive content guidelines around topics
including generalizations and stereotypes, gender, abilities/disabilities, race/
ethnicity, sexual orientation, diversity of names, and age.
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Enhancing best practices in assessment creation to eliminate cultural, cogni-
tive, and affective bias.

Maintaining and continually updating a robust photo library of diverse images
that reflect our student populations.

Including more diverse voices in the development and review of our content.
Strengthening art guidelines to improve accessibility by ensuring meaning-
ful text and images are distinguishable and perceivable by users with limited
color vision and moderately low vision.



Instructors
Student Success Starts with You

Tools to enhance your unique voice 65%

Want to build your own course? No problem. Prefer to use an .
OLC-aligned, prebuilt course? Easy. Want to make changes throughout Less Time
the semester? Sure. And you’ll save time with Connect’s auto-grading, too. Grading

Affordable solutions,
added value

Make technology work for you with

LMS integration for single sign-on access,
mobile access to the digital textbook,
and reports to quickly show you how
each of your students is doing. And with
our Inclusive Access program, you can
provide all these tools at at the lowest
available market price to your students.
Ask your McGraw Hill representative for
more information.

A unique path for each student

In Connect, instructors can assign an adaptive reading
experience with SmartBook® 2.0. Rooted in advanced
learning science principles, SmartBook 2.0 delivers
each student a personalized experience, focusing
students on their learning gaps, ensuring that the time
they spend studying is time well-spent.
mheducation.com/highered/connect/smartbook

Solutions for
your challenges

A product isn’t a solution. Real
solutions are affordable, reliable,

and come with training and ongoing
support when you need it and how you
want it. Visit supportateverystep.com
for videos and resources both you and
your students can use throughout the
term.
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Get Learning that Fits You

Effective tools for efficient studying

Connect is designed to help you be more productive with simple, flexible, intuitive tools that maximize
your study time and meet your individual learning needs. Get learning that works for you with Connect.

Study anytime, anywhere

Download the free ReadAnywhere® app and
access your online eBook, SmartBook® 2.0,

or Adaptive Learning Assignments when it’s
convenient, even if you're offline. And since
the app automatically syncs with your Connect
account, all of your work is available every time
you open it. Find out more at
mheducation.com/readanywhere
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Learning for everyone

McGraw Hill works directly with Accessibility
Services Departments and faculty to meet the

learning needs of all students. Please contact your
Accessibility Services Office and ask them to email

accessibility@mheducation.com, or visit
mheducation.com/about/accessibility
for more information.

“I really liked this
app—it made it easy
to study when you
don't have your text-
book in front of you.”

- Jordan Cunningham,
Eastern Washington University
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INTRODUCTION AND
BASIC CONCEPTS

very science has a unique vocabulary associated with it, and thermody-

namics is no exception. Precise definition of basic concepts forms a sound

foundation for the development of a science and prevents possible mis-
understandings. We start this chapter with an overview of thermodynamics and
the unit systems, and continue with a discussion of some basic concepts such as
system, state, state postulate, equilibrium, process, and cycle. We discuss inten-
sive and extensive properties of a system and define density, specific gravity, and
specific weight. We also discuss temperature and temperature scales. We then
present pressure, which is the normal force exerted by a fluid per unit area, and
we discuss absolute and gage pressures, the variation of pressure with depth,
and pressure measurement devices, such as manometers and barometers. Careful
study of these concepts is essential for a good understanding of the topics in the
following chapters. Finally, we present an intuitive systematic problem-solving
technique that can be used as a model in solving engineering problems.

CHAPTER

EEEEEERN
OBJECTIVES
The objectives of Chapter 1 are to:

Identify the unique vocabulary
associated with thermodynamics
through the precise definition

of basic concepts to form

a sound foundation for the
development of the principles of
thermodynamics.

Review the metric Sl and the
English unit systems that will be
used throughout the text.

Explain the basic concepts

of thermodynamics such as
system, state, state postulate,
equilibrium, process, and cycle.

Discuss properties of a system
and define density, specific
gravity, and specific weight.

Review concepts of
temperature, temperature
scales, pressure, and absolute
and gage pressure.

Introduce an intuitive
systematic problem-solving
technique.
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Energy cannot be created or
destroyed; it can only change forms
(the first law).
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1-1 = THERMODYNAMICS AND ENERGY

Thermodynamics can be defined as the science of energy. Although everybody
has a feeling of what energy is, it is difficult to give a precise definition for it.
Energy can be viewed as the ability to cause changes.

The name thermodynamics stems from the Greek words therme (heat) and
dynamis (power), which is most descriptive of the early efforts to convert heat
into power. Today the same name is broadly interpreted to include all aspects of
energy and energy transformations including power generation, refrigeration, and
relationships among the properties of matter.

One of the most fundamental laws of nature is the conservation of
energy principle. It simply states that during an interaction, energy can change
from one form to another but the total amount of energy remains constant. That
is, energy cannot be created or destroyed. A rock falling off a cliff, for example,
picks up speed as a result of its potential energy being converted to kinetic energy
(Fig. 1-1). The conservation of energy principle also forms the backbone of the
diet industry: A person who has a greater energy input (food) than energy output
(exercise) will gain weight (store energy in the form of fat), and a person who has
a smaller energy input than output will lose weight (Fig. 1-2). The change in the
energy content of a body or any other system is equal to the difference between
the energy input and the energy output, and the energy balance is expressed as
Ein - Eout = AE.

The first law of thermodynamics is simply an expression of the conservation
of energy principle, and it asserts that energy is a thermodynamic property. The
second law of thermodynamics asserts that energy has quality as well as quan-
tity, and actual processes occur in the direction of decreasing quality of energy.
For example, a cup of hot coffee left on a table eventually cools, but a cup of cool
coffee in the same room never gets hot by itself (Fig. 1-3). The high-temperature
energy of the coffee is degraded (transformed into a less useful form at a lower
temperature) once it is transferred to the surrounding air.

Although the principles of thermodynamics have been in existence since the
creation of the universe, thermodynamics did not emerge as a science until the
construction of the first successful atmospheric steam engines in England by
Thomas Savery in 1697 and Thomas Newcomen in 1712. These engines were
very slow and inefficient, but they opened the way for the development of a new
science.

The first and second laws of thermodynamics emerged simultaneously in the
1850s, primarily out of the works of William Rankine, Rudolph Clausius, and
Lord Kelvin (formerly William Thomson). The term thermodynamics was first
used in a publication by Lord Kelvin in 1849. The first thermodynamics text-
book was written in 1859 by William Rankine, a professor at the University
of Glasgow.

It is well known that a substance consists of a large number of particles called
molecules. The properties of the substance naturally depend on the behavior of
these particles. For example, the pressure of a gas in a container is the result of
momentum transfer between the molecules and the walls of the container. How-
ever, one does not need to know the behavior of the gas particles to determine
the pressure in the container. It would be sufficient to attach a pressure gage to
the container. This macroscopic approach to the study of thermodynamics that
does not require a knowledge of the behavior of individual particles is called
classical thermodynamics. It provides a direct and easy way to solve engi-
neering problems. A more elaborate approach, based on the average behavior
of large groups of individual particles, is called statistical thermodynamics.
This microscopic approach is rather involved and is used in this text only in a
supporting role.



Application Areas of Thermodynamics

All activities in nature involve some interaction between energy and matter; thus,
it is hard to imagine an area that does not relate to thermodynamics in some man-
ner. Therefore, developing a good understanding of basic principles of thermody-
namics has long been an essential part of engineering education.

Thermodynamics is commonly encountered in many engineering systems and
other aspects of life, and one does not need to go very far to see some applica-
tion areas of it. In fact, one does not need to go anywhere. The heart is constantly
pumping blood to all parts of the human body, various energy conversions occur
in trillions of body cells, and the body heat generated is constantly rejected to
the environment. Human comfort is closely tied to the rate of this metabolic heat
rejection. We try to control this heat transfer rate by adjusting our clothing to the
environmental conditions.

Other applications of thermodynamics are right where one lives. An ordi-
nary house is, in some respects, an exhibition hall filled with wonders of ther-
modynamics (Fig. 1-4). Many ordinary household utensils and appliances are
designed, in whole or in part, by using the principles of thermodynamics. Some
examples include the electric or gas range, the heating and air-conditioning sys-
tems, the refrigerator, the humidifier, the pressure cooker, the water heater, the
shower, the iron, and even the computer and the TV. On a larger scale, thermo-
dynamics plays a major part in the design and analysis of automotive engines,
rockets, jet engines, and conventional or nuclear power plants, solar collectors,
and the design of vehicles from ordinary cars to airplanes (Fig. 1-5). The energy-
efficient home that you may be living in, for example, is designed on the basis of
minimizing heat loss in winter and heat gain in summer. The size, location, and
the power input of the fan of your computer is also selected after an analysis that
involves thermodynamics.

S
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The design of many engineering
systems, such as this solar
hot water system, involves

thermodynamics.

CYU 11 — Check Your Understanding

NOTE TO STUDENTS: The Check Your Understanding (CYU) questions at the end of sections are intended to help
you assess your level of understanding of the subject matter after you complete studying the section. You should not
need a calculator to answer the questions with numerical values.

CYU 1-1.1 Choose the wrong statement about the first law of thermodynamics.
(a) During an interaction, energy can change from one form to another.

(b) During an interaction, the total amount of energy remains constant.

(c) Energy can be destroyed but it cannot be created.

(d) Energy is a thermodynamic property.

(e) A system with more energy input than output will gain energy.

CYU 1-1.2 Which statement best expresses the second law of thermodynamics?

(a) The temperature of a well-sealed room increases when a fan in the room is turned on.
(b) A cup of cool coffee in a warm room never gets hot by itself.

(c) Heat is generated when there is friction between two surfaces.

(d) A household refrigerator supplies heat to the kitchen when operating.

(e) A person who has a smaller energy input than output will lose weight.
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(a) Refrigerator (b) Boats (c) Aircraft and spacecraft

(d) Power plants (e) Human body (f) Cars

(h) Food processing (7) A piping network in an industrial facility.

FIGURE 1-5

Some application areas of thermodynamics.

(a) Jill Braaten/McGraw-Hill Education; (b) Doug Menuez/Forrester Images/Photodisc/Getty Images; (c) llene MacDonald/Alamy Stock Photo; (d) Malcolm
Fife/Photodisc/Getty Images; (e) Ryan McVay/Getty Images; (f) Mark Evans/Getty Images; (g) iStockphoto/Getty Images; (h) Glow Images; (i) Toca Marine/
Shutterstock.

1-2 = IMPORTANCE OF DIMENSIONS
AND UNITS

Any physical quantity can be characterized by dimensions. The magnitudes
assigned to the dimensions are called units. Some basic dimensions such as mass
m, length L, time ¢, and temperature 7 are selected as primary or fundamental
dimensions, while others such as velocity V, energy E, and volume V are expressed
in terms of the primary dimensions and are called secondary dimensions, or
derived dimensions.

A number of unit systems have been developed over the years. Despite strong
efforts in the scientific and engineering community to unify the world with a
single unit system, two sets of units are still in common use today: the English
system, which is also known as the United States Customary System (USCS), and
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the metric SI (from Le Systéeme International d’ Unités), which is also known as
the International System. The Sl is a simple and logical system based on a deci-
mal relationship between the various units, and it is being used for scientific and
engineering work in most of the industrialized nations, including England. The
English system, however, has no apparent systematic numerical base, and various
units in this system are related to each other rather arbitrarily (12 in = 1 ft, 1 mile
= 5280 ft, 4 qt = 1 gal, etc.), which makes it confusing and difficult to learn. The
United States is the only industrialized country that has not yet fully converted to
the metric system.

The systematic efforts to develop a universally acceptable system of units dates
back to 1790 when the French National Assembly charged the French Academy
of Sciences to come up with such a unit system. An early version of the metric
system was soon developed in France, but it did not find universal acceptance
until 1875 when The Metric Convention Treaty was prepared and signed by
17 nations, including the United States. In this international treaty, meter and
gram were established as the metric units for length and mass, respectively, and a
General Conference of Weights and Measures (CGPM) was established that was
to meet every six years. In 1960, the CGPM produced the SI, which was based
on six fundamental quantities, and their units were adopted in 1954 at the Tenth
General Conference of Weights and Measures: meter (m) for length, kilogram
(kg) for mass, second (s) for time, ampere (A) for electric current, degree Kelvin
(°K) for temperature, and candela (cd) for luminous intensity (amount of light). In
1971, the CGPM added a seventh fundamental quantity and unit: mole (mol) for
the amount of matter.

Accurate and universal definitions of fundamental units have been challenging
for the scientific community for many years. Recent new definitions of kilogram,
mole, ampere, and kelvin are considered to be a historical milestone.

The kilogram unit represents the mass of one liter of pure water at 4°C. Previ-
ously, the kilogram was officially defined as the mass of a shiny metal cylinder that
has been stored in Paris since 1889. This International Prototype of Kilogram is an
alloy of 90 percent platinum and 10 percent iridium, also known as Le Grand K.

On November 26, 2018, representatives from 60 countries gathered for the 26th
General Conference on Weights and Measures in Versailles, France, and adopted
a resolution to define the unit of mass in terms of the Planck constant /4, which has
a fixed value of 6.62607015 x 1073* m>-kg/s.

At the same conference, the approach of using fixed universal constants was also
adopted for the new definitions of the mole, the kelvin, and the ampere. The mole
(sometimes mol) is related to the value of Avogadro’s constant and the ampere to
the value of the elementary charge. The kelvin is related to the Boltzmann con-
stant, whose value is fixed at 1.380649 x 10~ J/K.

The standard meter unit was originally defined as 1/10,000,000 of the distance
between the north pole and the equator. This distance was measured as accurately
as possible at the time, and in the late 18th century a “master metre” stick of this
length was made. All other meters were measured from this stick. Subsequent
calculations of the pole-equator distance showed that the original measurement
was inaccurate. In 1983, the meter is redefined as the distance traveled by light in ~ The seven fundamental (or primary)

a vacuum in 1/299,792,458 of a second. dimremaions sindl ey pms in I
Based on the notational scheme introduced in 1967, the degree symbol was  Dimension Unit

officially dropped from the absolute temperature unit, and all unit names were Length et )

to be written without capitalization even if they were derived from proper names ¢

- . . : . kilogram (kg)
(Table 1-1). However, the abbreviation of a unit was to be capitalized if the unit Time second (s)
was derived from a proper name. For example, the SI unit of force, which is named =~ Temperature kelvin (K)
after Sir Isaac Newton (1647—1723), is newton (not Newton), and it is abbreviated ~ Electric current ampere (A)

Amount of light candela (cd)

as N. Also, the full name of a unit may be pluralized, but its abbreviation cannot.
Amount of matter  mole (mol)

For example, the length of an object can be 5 m or 5 meters, not 5 ms or 5 meter.
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TABLE 1-2

Standard prefixes in SI units

Multiple Prefix
10** yotta, Y
102! zetta, Z
108 exa, E
101 peta, P
10" tera, T
10° giga, G
106 mega, M
10° kilo, k
10? hecto, h
10! deka, da
107! deci, d
1072 centi, ¢
1073 milli, m
1076 micro, p
107° nano, n
10712 pico, p
10-1 femto, f
10718 atto, a
102! zepto, z
107 yocto, y
)
—— o
200 I‘
—VVW—
‘ 02L ” )
_— (106 Q)

FIGURE 1-6
The SI unit prefixes are used in all
branches of engineering.

a=1m/s?
m=1kg F=1N
a=1ft/s*
m =32.174 Ibm F=11Ibf

FIGURE 1-7
The definition of the force units.

Finally, no period is to be used in unit abbreviations unless they appear at the end
of a sentence. For example, the proper abbreviation of meter is m (not m.).

The move toward the metric system in the United States seems to have started in
1968 when Congress, in response to what was happening in the rest of the world,
passed a Metric Study Act. Congress continued to promote a voluntary switch
to the metric system by passing the Metric Conversion Act in 1975. A trade bill
passed by Congress in 1988 set a September 1992 deadline for all federal agencies
to convert to the metric system. However, the deadlines were relaxed later with no
clear plans for the future.

The industries that are heavily involved in international trade (such as the auto-
motive, soft drink, and liquor industries) have been quick to convert to the met-
ric system for economic reasons (having a single worldwide design, fewer sizes,
smaller inventories, etc.). Today, nearly all the cars manufactured in the United
States are metric. Most car owners probably do not realize this until they try an
English socket wrench on a metric bolt. Most industries, however, resisted the
change, thus slowing down the conversion process.

At present the United States is a dual-system society, and it will stay that way
until the transition to the metric system is completed. This puts an extra burden on
today’s engineering students, since they are expected to retain their understanding
of the English system while learning, thinking, and working in terms of the SI.
Given the position of the engineers in the transition period, both unit systems are
used in this text, with particular emphasis on SI units.

As pointed out, the SI is based on a decimal relationship between units. The
prefixes used to express the multiples of the various units are listed in Table 1-2.
They are standard for all units, and the student is encouraged to memorize them
because of their widespread use (Fig. 1-6).

Some Sl and English Units

In SI, the units of mass, length, and time are the kilogram (kg), meter (m), and
second (s), respectively. The respective units in the English system are the pound-
mass (Ibm), foot (ft), and second (s). The pound symbol [b is actually the abbrevi-
ation of libra, which was the ancient Roman unit of weight. The English retained
this symbol even after the end of the Roman occupation of Britain in 410. The
mass and length units in the two systems are related to each other by

1 Ibm = 0.45356 kg

1 ft =0.3048 m

In the English system, force is usually considered to be one of the primary
dimensions and is assigned a nonderived unit. This is a source of confusion and
error that necessitates the use of a dimensional constant (g,) in many formulas. To
avoid this nuisance, we consider force to be a secondary dimension whose unit is
derived from Newton’s second law, that is,

Force = (Mass)(Acceleration)

or

F=ma (1-1)

In SI, the force unit is the newton (N), and it is defined as the force required to
accelerate a mass of 1 kg at a rate of 1 m/s>. In the English system, the force unit
is the pound-force (Ibf) and is defined as the force required to accelerate a mass
of 1 slug (32.174 Ibm) at a rate of 1 ft/s’ (Fig. 1-7). That is,

IN=1kg-m/s?
1 1bf = 32.174 Ibm-ft/s?



A force of 1 N is roughly equivalent to the weight of a small apple (m = 102 g),
whereas a force of 1 Ibf is roughly equivalent to the weight of four medium apples
(M, = 454 g), as shown in Fig. 1-8. Another force unit in common use in many
European countries is the kilogram-force (kgf), which is the weight of 1 kg mass
at sea level (1 kgf = 9.807 N).

The term weight is often incorrectly used to express mass, particularly by the
“weight watchers.” Unlike mass, weight W is a force. It is the gravitational force
applied to a body, and its magnitude is determined from Newton’s second law,

W=mg (N) (1-2)

where m is the mass of the body, and g is the local gravitational acceleration
(g is 9.807 m/s? or 32.174 ft/s” at sea level and 45° latitude). An ordinary bath-
room scale measures the gravitational force acting on a body.

The mass of a body remains the same regardless of its location in the universe.
Its weight, however, changes with a change in gravitational acceleration. A body
weighs less on top of a mountain since g decreases with altitude. On the surface
of the moon, astronauts weigh about one-sixth of what they normally weigh on
earth (Fig. 1-9).

At sea level a mass of 1 kg weighs 9.807 N, as illustrated in Fig. 1-10. A mass
of 1 Ibm, however, weighs 1 1bf, which misleads people into believing that pound-
mass and pound-force can be used interchangeably as pound (Ib), which is a major
source of error in the English system.

It should be noted that the gravity force acting on a mass is due to the attraction
between the masses, and thus it is proportional to the magnitudes of the masses
and inversely proportional to the square of the distance between them. Therefore,
the gravitational acceleration g at a location depends on latitude, the distance to
the center of the earth, and to a lesser extent, the positions of the moon and the
sun. The value of g varies with location from 9.832 m/s? at the poles (9.789 at
the equator) to 7.322 m/s? at 1000 km above sea level. However, at altitudes up
to 30 km, the variation of g from the sea-level value of 9.807 m/s? is less than
1 percent. Therefore, for most practical purposes, the gravitational acceleration
can be assumed to be constant at 9.807 m/s%, often rounded to 9.81 m/s%. It is
interesting to note that at locations below sea level, the value of g increases with
distance from the sea level, reaches a maximum at about 4500 m, and then starts
decreasing. (What do you think the value of g is at the center of the earth?)

The primary cause of confusion between mass and weight is that mass is usually
measured indirectly by measuring the gravity force it exerts. This approach also
assumes that the forces exerted by other effects such as air buoyancy and fluid
motion are negligible. This is like measuring the distance to a star by measur-
ing its redshift, or measuring the altitude of an airplane by measuring barometric
pressure. Both of these are also indirect measurements. The correct direct way of
measuring mass is to compare it to a known mass. This is cumbersome, however,
and it is mostly used for calibration and measuring precious metals.

Work, which is a form of energy, can simply be defined as force times distance;
therefore, it has the unit “newton-meter (N-m),” which is called a joule (J). That is,

1J=1Nm (1-3)

A more common unit for energy in SI is the kilojoule (1 kJ = 10° J). In the
English system, the energy unit is the Btu (British thermal unit), which is
defined as the energy required to raise the temperature of 1 lbm of water at
68°F by 1°F. In the metric system, the amount of energy needed to raise the
temperature of 1 g of water at 14.5°C by 1°C is defined as 1 calorie (cal), and
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1 kef

10 apples
m=1kg

4 apples

1 apple m =1 lbm

mw~102 g

FIGURE 1-8
The relative magnitudes of the force

units newton (N), kilogram-force
(kgf), and pound-force (Ibf).

= e = = =

/«:3\ — — ==

nrm:r'“ — ": ———— = \\77"7\”'7

e, ——

P~ = Dy
FIGURE 1-9

A body weighing 150 Ibf on earth will
weigh only 25 1bf on the moon.

g = 9.807 m/s? g = 32.174 fi/s?

W=9.807 kgm/s> W =32.174 Ibm-ft/s>
=9.807N =11bf
=1 kgf

FIGURE 1-10
The weight of a unit mass at sea level.
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FIGURE 1-11

A typical match yields about one Btu (or
one kJ) of energy if completely burned.
John M. Cimbala

FIGURE 1-12
A wind turbine, as discussed in
Example 1-1.

Bear Dancer Studios

1 cal = 4.1868 J. The magnitudes of the kilojoule and Btu are almost identical
(1 Btu = 1.0551 kJ). Here is a good way to get a feel for these units: If you light a
typical match and let it burn itself out, it yields approximately one Btu (or one kJ) of
energy (Fig. 1-11).

The unit for time rate of energy is joule per second (J/s), which is called a watt
(W). In the case of work, the time rate of energy is called power. A commonly
used unit of power is horsepower (hp), which is equivalent to 746 W. Electrical
energy typically is expressed in the unit kilowatt-hour (kWh), which is equiva-
lent to 3600 kJ. An electric appliance with a rated power of 1 kW consumes
1 kWh of electricity when running continuously for one hour. When dealing with
electric power generation, the units kW and kWh are often confused. Note that
kW or kJ/s is a unit of power, whereas kWh is a unit of energy. Therefore, state-
ments like “the new wind turbine will generate 50 kW of electricity per year” are
meaningless and incorrect. A correct statement should be something like “the
new wind turbine with a rated power of 50 kW will generate 120,000 kWh of
electricity per year.”

Dimensional Homogeneity

We all know that apples and oranges do not add. But we somehow manage to do
it (by mistake, of course). In engineering, all equations must be dimensionally
homogeneous. That is, every term in an equation must have the same unit. If, at
some stage of an analysis, we find ourselves in a position to add two quantities
that have different units, it is a clear indication that we have made an error at an
earlier stage. So checking dimensions can serve as a valuable tool to spot errors.

]
EXAMPLE 1-1 Electric Power Generation by a Wind Turbine [
|
A school is paying $0.12/kWh for electric power. To reduce its power bill, the school m

installs a wind turbine (Fig. 1-12) with a rated power of 30 kW. If the turbine operates ®
2200 hours per year at the rated power, determine the amount of electric power generated
by the wind turbine and the money saved by the school per year.

SOLUTION A wind turbine is installed to generate electricity. The amount of electric
energy generated and the money saved per year are to be determined.

Analysis The wind turbine generates electric energy at a rate of 30 kW or 30 kJ/s. Then the
total amount of electric energy generated per year becomes

Total energy = (Energy per unit time)(Time interval)
= (30 kW)(2200h)
= 66,000 kWh

The money saved per year is the monetary value of this energy determined as

Money saved = (Total energy)(Unit cost of energy)
= (66,000 kWh)($0.12/kWh)
= $7920

Discussion The annual electric energy production also could be determined in kJ by unit
manipulations as

):2.38><108kJ
ih N\ Tkw

which is equivalent to 66,000 kWh (1 kWh = 3600 kJ).



We all know from experience that units can give terrible headaches if they are
not used carefully in solving a problem. However, with some attention and skill,
units can be used to our advantage. They can be used to check formulas; sometimes
they can even be used to derive formulas, as explained in the following example.

]
m EXAMPLE 1-2 Obtaining Formulas from Unit Considerations

|
m A tank is filled with oil whose density is p = 850 kg/m>. If the volume of the tank
m is / =2 m?, determine the amount of mass m in the tank.

SOLUTION The volume of an oil tank is given. The mass of oil is to be determined.
Assumptions Oil is a nearly incompressible substance and thus its density is constant.
Analysis A sketch of the system just described is given in Fig. 1-13. Suppose we forgot the
formula that relates mass to density and volume. However, we know that mass has the unit of
kilograms. That is, whatever calculations we do, we should end up with the unit of kilograms.
Putting the given information into perspective, we have

p=2850kg/m> and V=2m’

It is obvious that we can eliminate m® and end up with kg by multiplying these two quanti-
ties. Therefore, the formula we are looking for should be

m=pV
Thus,
m = (850 kg/m?)(2 m*) = 1700 kg

Discussion Note that this approach may not work for more complicated formulas. Nondi-
mensional constants also may be present in the formulas, and these cannot be derived from unit
considerations alone.

You should keep in mind that a formula that is not dimensionally homogeneous
is definitely wrong (Fig. 1-14), but a dimensionally homogeneous formula is not
necessarily right.

Unity Conversion Ratios

Just as all nonprimary dimensions can be formed by suitable combinations of pri-
mary dimensions, all nonprimary units (secondary units) can be formed by combi-
nations of primary units. Force units, for example, can be expressed as

ft
2

IN=1 kgE2 and 1 Ibf =32.174 1bm
S S

They can also be expressed more conveniently as unity conversion ratios as

IN -1 d 1 Ibf _
1 kg-m/s? 32.174 Ibm-ft/s?

Unity conversion ratios are identically equal to 1 and are unitless, and thus such
ratios (or their inverses) can be inserted conveniently into any calculation to prop-
erly convert units (Fig. 1-15). You are encouraged to always use unity conversion
ratios such as those given here when converting units. Some textbooks insert the
archaic gravitational constant g, defined as g. = 32.174 Ibm-ft/Ibf's?> = 1 kg-m/N-s?
= 1 into equations in order to force units to match. This practice leads to unneces-
sary confusion and is strongly discouraged by the present authors. We recommend
that you instead use unity conversion ratios.

o
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V=2m’

p = 850 kg/m>
m=7?

FIGURE 1-13
Schematic for Example 1-2.

CAUTIOM!
EVERY TERM IM AM
EQUATION MUST HAVE
THE SaME UMITS

FIGURE 1-14
Always check the units in your
calculations.

(32.174 Ibm-ft/s?| |1 kg-m/s?
1w IN

1W 1kJ 1 kPa
11/s ) (1000 N-m | {1000 N/m2

0.3048 m || 1 min 1 Ibm
1ft 60s ) (0.45359 kg

FIGURE 1-15

Every unity conversion ratio (as well
as its inverse) is exactly equal to 1.
Shown here are a few commonly used
unity conversion ratios, each within its
own set of parentheses.
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FIGURE 1-16

A mass of 1 Ibm weighs 1 1bf on earth.

Weight?
I thought gram
was a unit of mass!

Net weight:
One poung
(454 grams)

FIGURE 1-17
A quirk in the metric system of units.

Surroundings

§ System ]

Boundary

FIGURE 1-18
System, surroundings, and boundary.

EXAMPLE 1-3 The Weight of One Pound-Mass

Using unity conversion ratios, show that 1.00 Ibm weighs 1.00 Ibf on earth (Fig. 1-16).

is to be determined.

Assumptions Standard sea-level conditions are assumed.

Properties The gravitational constant is g = 32.174 ft/s>.

Analysis We apply Newton’s second law to calculate the weight (force) that corresponds to
the known mass and acceleration. The weight of any object is equal to its mass times the local
value of gravitational acceleration. Thus,

1 Ibf

W =mg = (1.00 1bm)(32.174 ft/s> (7
8= A ) 32.174 Ibm-ft/s*

) = 1.00 Ibf
Discussion The quantity in large parentheses in this equation is a unity conversion ratio.

Mass is the same regardless of its location. However, on some other planet with a different

]
|
|
|
|
SOLUTION A mass of 1.00 Ibm is subjected to standard earth gravity. Its weight in 1bf
value of gravitational acceleration, the weight of 1 Ibm would differ from that calculated here.

When you buy a box of breakfast cereal, the printing may say “Net weight:
One pound (454 grams).” (See Fig. 1-17.) Technically, this means that the cereal
inside the box weighs 1.00 Ibf on earth and has a mass of 453.6 g (0.4536 kg).
Using Newton’s second law, the actual weight of the cereal on earth is

W = mg = (453.6 £)(9.81 m/s2)< IN ) < I kg ) = 449N
1 kg:m/s?/ \ 1000 g

CYU 1-2 — Check Your Understanding

CYU 1-2.1 Which of the following is not a correct unit for work?
(@) kg-m/s? (b) N-m (¢) kPa-m?
d) kJ (e) kWh

CYU 1-2.2 Using unit considerations, select the correct equations.
I. Mass = Force X Acceleration II. Work = Force X Distance
III. Work = Power X Time

(a) I and IT (b) Tand III

(d) I, 11, and III (e) IL III, and IV

IV. Density = Mass X Volume
(c) II and IIT

CYU 1-2.3 What is the weight of 10 kg?
(a) 10N (b) 10 Ibf
(d) 98 N (e) 322 1bf

(c) 98N

1-3 = SYSTEMS AND CONTROL VOLUMES

A system is defined as a quantity of matter or a region in space chosen for study.
The mass or region outside the system is called the surroundings. The real or
imaginary surface that separates the system from its surroundings is called the
boundary (Fig. 1-18). The boundary of a system can be fixed or movable. Note



that the boundary is the contact surface shared by both the system and the sur-
roundings. Mathematically speaking, the boundary has zero thickness, and thus it
can neither contain any mass nor occupy any volume in space.

Systems may be considered to be closed or open, depending on whether a
fixed mass or a fixed volume in space is chosen for study. A closed system
(also known as a control mass or just system when the context makes it clear)
consists of a fixed amount of mass, and no mass can cross its boundary. That is,
no mass can enter or leave a closed system, as shown in Fig. 1-19. But energy,
in the form of heat or work, can cross the boundary; and the volume of a closed
system does not have to be fixed. If, as a special case, even energy is not allowed
to cross the boundary, that system is called an isolated system.

Consider the piston-cylinder device shown in Fig. 1-20. Let us say that we would
like to find out what happens to the enclosed gas when it is heated. Since we are
focusing our attention on the gas, it is our system. The inner surfaces of the piston
and the cylinder form the boundary, and since no mass is crossing this boundary,
it is a closed system. Notice that energy may cross the boundary, and part of the
boundary (the inner surface of the piston, in this case) may move. Everything out-
side the gas, including the piston and the cylinder, is the surroundings.

An open system, or a control volume, as it is often called, is a properly
selected region in space. It usually encloses a device that involves mass flow such
as a compressor, turbine, or nozzle. Flow through these devices is best studied
by selecting the region within the device as the control volume. Both mass and
energy can cross the boundary of a control volume.

A large number of engineering problems involve mass flow in and out of a
system and, therefore, are modeled as control volumes. A water heater, a car radia-
tor, a turbine, and a compressor all involve mass flow and should be analyzed as
control volumes (open systems) instead of as control masses (closed systems). In
general, any arbitrary region in space can be selected as a control volume. There
are no concrete rules for the selection of control volumes, but the proper choice
certainly makes the analysis much easier. If we were to analyze the flow of air
through a nozzle, for example, a good choice for the control volume would be the
region within the nozzle.

The boundaries of a control volume are called a control surface, and they can be
real or imaginary. In the case of a nozzle, the inner surface of the nozzle forms the
real part of the boundary, and the entrance and exit areas form the imaginary part,
since there are no physical surfaces there (Fig. 1-21a).

A control volume can be fixed in size and shape, as in the case of a nozzle, or it
may involve a moving boundary, as shown in Fig. 1-215. Most control volumes,
however, have fixed boundaries and thus do not involve any moving boundaries. A
control volume can also involve heat and work interactions just as a closed system,
in addition to mass interaction.

Imaginary

boundary Real boundary

—
S | I
\w\\ : \ Moving :
} = ! boundary !
_;_> CvV —l—» : [6\' l
} (a nozzle) } | ) |
| e | Fixed |
/ _:'> boundary:
| _=== | [T

(a) A control volume (CV) with real and
imaginary boundaries

(b) A control volume (CV) with fixed and
moving boundaries as well as real and
imaginary boundaries
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Closed D E——

system

|
|
|
|
m = constant |
|

\I Energy Yes

e

FIGURE 1-19
Mass cannot cross the boundaries of a
closed system, but energy can.

Moving
oundary

Fixed
. boundary

FIGURE 1-20

A closed system with a moving
boundary.

FIGURE 1-21

A control volume can involve
fixed, moving, real, and
imaginary boundaries.
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FIGURE 1-22
An open system (a control volume)
with one inlet and one exit.

Christopher Kerrigan/McGraw Hill
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l

1 : 1
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T | T
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p i p
FIGURE 1-23

Criterion to differentiate intensive and

Extensive
properties

Intensive
properties

extensive properties.

As an example of an open system, consider the water heater shown in Fig. 1-22.
Let us say that we would like to determine how much heat we must transfer to the
water in the tank in order to supply a steady stream of hot water. Since hot water
will leave the tank and be replaced by cold water, it is not convenient to choose a
fixed mass as our system for the analysis. Instead, we can concentrate our atten-
tion on the volume formed by the interior surfaces of the tank and consider the
hot and cold water streams as mass leaving and entering the control volume. The
interior surfaces of the tank form the control surface for this case, and mass is
crossing the control surface at two locations.

In an engineering analysis, the system under study must be defined carefully. In
most cases, the system investigated is quite simple and obvious, and defining the
system may seem like a tedious and unnecessary task. In other cases, however, the
system under study may be rather involved, and a proper choice of the system may
greatly simplify the analysis.

CYU 1-3 — Check Your Understanding

CYU 1-3.1 Choose the wrong statement regarding systems and control volumes.
(a) The mass or region outside the system is called the surroundings.

(b) The real or imaginary surface that separates the system from its
surroundings is called the boundary.

(c) The boundary has zero thickness.

(d) The boundary can neither contain any mass nor occupy any volume
in space.

(e) The boundary of a system is fixed; it cannot move.

CYU 1-3.2 Choose the wrong statement regarding systems and control volumes.
(a) Both mass and energy can cross the boundary of a control volume.

(b) Mass cannot enter or leave a closed system but energy can.

(c) Mass can enter or leave an isolated system but energy cannot.

(d) The boundaries of a control volume can be real or imaginary.

(e) The volume of a closed system does not have to be fixed.

1-4 = PROPERTIES OF A SYSTEM

Any characteristic of a system is called a property. Some familiar properties
are pressure P, temperature 7, volume U/, and mass m. The list can be extended
to include less familiar ones such as viscosity, thermal conductivity, modulus of
elasticity, thermal expansion coefficient, electric resistivity, and even velocity
and elevation.

Properties are considered to be either infensive or extensive. Intensive
properties are those that are independent of the mass of a system, such as tem-
perature, pressure, and density. Extensive properties are those whose values
depend on the size—or extent—of the system. Total mass, total volume, and total
momentum are some examples of extensive properties. An easy way to determine
whether a property is intensive or extensive is to divide the system into two equal
parts with an imaginary partition, as shown in Fig. 1-23. Each part will have the
same value of intensive properties as the original system, but half the value of the
extensive properties.
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Generally, uppercase letters are used to denote extensive properties (with mass
m being a major exception), and lowercase letters are used for intensive properties
(with pressure P and temperature 7 being the obvious exceptions).

Extensive properties per unit mass are called specific properties. Some examples of
specific properties are specific volume (U = V/m) and specific total energy (e = E/m).

Continuum

Matter is made up of atoms that are widely spaced in the gas phase. Yet it is very
convenient to disregard the atomic nature of a substance and view it as a continu-
ous, homogeneous matter with no holes, that is, a continuum. The continuum
idealization allows us to treat properties as point functions and to assume the
properties vary continually in space with no jump discontinuities. This idealiza-
tion is valid as long as the size of the system we deal with is large relative to the o
space between the molecules. This is the case in practically all problems, except : 1 atm, 20°C
some specialized ones. The continuum idealization is implicit in many statements
we make, such as “the density of water in a glass is the same at any point.”

To have a sense of the distance involved at the molecular level, consider a 3 % 10" molecules/mm*
container filled with oxygen at atmospheric conditions. The diameter of the
oxygen molecule is about 3 X 1071 m and its mass is 5.3 x 1072° kg. Also, the
mean free path of oxygen at 1 atm pressure and 20°C is 6.3 x 10~® m. That

is, an oxygen molecule travels, on average, a distance of 6.3 X 10™8 m (about &(// Void k«
200 times its diameter) before it collides with another molecule.
Also, there are about 3 X 10'® molecules of oxygen in the tiny volume of 1 mm? at N
1 atm pressure and 20°C (Fig. 1-24). The continuum model is applicable as long as
the characteristic length of the system (such as its diameter) is much larger than the FIGURE 1-24
mean free path of the molecules. At very high vacuums or very high elevations, the Despite the relatively large gaps

mean free path may become large (for example, it is about 0.1 m for atmospheric between molecules, a gas can usually
air at an elevation of 100 km). For such cases the rarefied gas flow theory should be treated as a continuum because of
be used, and the impact of individual molecules should be considered. In this text the very large number of molecules
we will limit our consideration to substances that can be modeled as a continuum. even in an extremely small volume.

CYU 1-4 — Check Your Understanding

CYU 1-4.1 Which properties are intensive?
I. Volume, m? I1. Density, kg/m? III. Temperature, °C  IV. Pressure, kPa
(a) 1 and 1T (b) 1ML and TV (¢) L1, and TIT (@ 1L, 1L, and TV (¢) L 1L, 1L, and TV

1-5 = DENSITY AND SPECIFIC GRAVITY

Density is defined as mass per unit volume (Fig. 1-25).

Density: p= % (kg/m?) (1-4)

The reciprocal of density is the specific volume v, which is defined as volume per
unit mass. That is,

V 1
V== B (1-5) FIGURE 1-25
Density is mass per unit volume;
For a differential volume element of mass ém and volume SV, density can be specific volume is volume

expressed as p = dm/SV. per unit mass.
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TABLE 1-3

Specific gravities of some
substances at 0°C

Substance SG
Water 1.0
Blood 1.05
Seawater 1.025
Gasoline 0.7
Ethyl alcohol 0.79
Mercury 13.6
Wood 0.3-0.9
Gold 19.2
Bones 1.7-2.0
Ice 0.92
Air (at 1 atm) 0.0013

The density of a substance, in general, depends on temperature and pressure.
The density of most gases is proportional to pressure and inversely proportional
to temperature. Liquids and solids, on the other hand, are essentially incompress-
ible substances, and the variation of their density with pressure is usually neg-
ligible. At 20°C, for example, the density of water changes from 998 kg/m? at
1 atm to 1003 kg/m? at 100 atm, a change of just 0.5 percent. The density of lig-
uids and solids depends more strongly on temperature than it does on pressure.
At 1 atm, for example, the density of water changes from 998 kg/m? at 20°C to
975 kg/m? at 75°C, a change of 2.3 percent, which can still be neglected in many
engineering analyses.

Sometimes the density of a substance is given relative to the density of a well-
known substance. Then it is called specific gravity, or relative density, and is
defined as the ratio of the density of a substance to the density of some stan-
dard substance at a specified temperature (usually water at 4°C, for which py o =
1000 kg/m?). That is,

Specific gravity: SG= pL (1-6)
H,0

Note that the specific gravity of a substance is a dimensionless quantity. How-
ever, in SI units, the numerical value of the specific gravity of a substance is
exactly equal to its density in g/cm? or kg/L (or 0.001 times the density in kg/m?)
since the density of water at 4°C is 1 g/cm® = 1 kg/L = 1000 kg/m®. The specific
gravity of mercury at 0°C, for example, is 13.6. Therefore, its density at 0°C is
13.6 g/cm® = 13.6 kg/L = 13,600 kg/m?. The specific gravities of some substances
at 0°C are given in Table 1-3. Note that substances with specific gravities less
than 1 are lighter than water, and thus they would float on water.

The weight of a unit volume of a substance is called specific weight and is
expressed as

Specific weight: v, =pg (N/m’) (1-7)

where g is the gravitational acceleration.

The densities of liquids are essentially constant, and thus they can often be
approximated as being incompressible substances during most processes without
sacrificing much in accuracy.

CYU 1-5 — Check Your Understanding

CYU 1-5.1 A 1-m? tank contains 0.5 kg of a gas. What is the density (in kg/m?) and specific volume (in m*/kg) of the

gas, respectively?
(a) 1,0.5 (b) 0.5, 1

(c) 05,2 (d) 2,05 (e) 0.5,0.5

CYU 1-5.2 What is the specific volume of a fluid whose specific gravity is 1.25?
(a) 1.25 m’/kg (b) 1250 m*/kg (¢) 1/1.25 m*/kg (d) 1/1250 m’/kg (e) 1.25 m'/kg

CYU 1-5.3 What is the specific weight of a fluid whose specific gravity is 1?

(@) 1 N/m? (b) 9.8 N/m*

(¢) 10 N/m? (d) 980 N/m? (e) 9800 N/m*
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1-6 = STATE AND EQUILIBRIUM

Consider a system not undergoing any change. At this point, all the properties
can be measured or calculated throughout the entire system, which gives us a set
of properties that completely describes the condition, or the state, of the system.
At a given state, all the properties of a system have fixed values. If the value of
even one property changes, the state will change to a different one. In Fig. 1-26 a
system is shown at two different states.

Thermodynamics deals with equilibrium states. The word equilibrium implies
a state of balance. In an equilibrium state there are no unbalanced potentials (or (@) State 1 () State 2
driving forces) within the system. A system in equilibrium experiences no changes FIGURE 1-26
when it is isolated from its surroundings. .

e . . . . A system at two different states.

There are many types of equilibrium, and a system is not in thermodynamic equi-
librium unless the conditions of all the relevant types of equilibrium are satisfied.
For example, a system is in thermal equilibrium if the temperature is the same

throughout the entire system, as shown in Fig. 1-27. That is, the system involves 20°C 23°C 32°C 32°C
no temperature differential, which is the driving force for heat flow. Mechanical 30°C 32°C
equilibrium is related to pressure, and a system is in mechanical equilibrium if there 355 40°C 0eC 3o
is no change in pressure at any point of the system with time. However, the pressure 4200 300
may vary within the system with elevation as a result of gravitational effects.

For example, the higher pressure at a bottom layer is balanced by the extra weight (a) Before (b) After
it must carry, and, therefore, there is no imbalance of forces. The variation of pressure
as a result of gravity in most thermodynamic systems is relatively small and usually FIGURE 1-27
disregarded. If a system involves two phases, it is in phase equilibrium when the A closed system reaching thermal
mass of each phase reaches an equilibrium level and stays there. Finally, a system is equilibrium.

in chemical equilibrium if its chemical composition does not change with time, that
is, no chemical reactions occur. A system will not be in equilibrium unless all the rel-
evant equilibrium criteria are satisfied.

The State Postulate

As noted earlier, the state of a system is described by its properties. But we
know from experience that we do not need to specify all the properties in order
to fix a state. Once a sufficient number of properties are specified, the rest of
the properties assume certain values automatically. That is, specifying a cer-
tain number of properties is sufficient to fix a state. The number of properties
required to fix the state of a system is given by the state postulate:

The state of a simple compressible system is completely specified by two
independent, intensive properties.

A system is called a simple compressible system in the absence of electrical,
magnetic, gravitational, motion, and surface tension effects. These effects are due
to external force fields and are negligible for most engineering problems. Other-
wise, an additional property needs to be specified for each effect that is signifi-
cant. If the gravitational effects are to be considered, for example, the elevation z
needs to be specified in addition to the two properties necessary to fix the state.

The state postulate requires that the two properties specified be independent to fix
the state. Two properties are independent if one property can be varied while the
other one is held constant. Temperature and specific volume, for example, are always
independent properties, and together they can fix the state of a simple compressible
system (Fig. 1-28). Temperature and pressure, however, are independent properties
for single-phase systems, but are dependent properties for multiphase systems. At
sea level (P = 1 atm), water boils at 100°C, but on a mountaintop where the pressure
is lower, water boils at a lower temperature. That is, 7 = f(P) during a phase-change FIGURE 1-28
process; thus, temperature and pressure are not sufficient to fix the state of a two- The state of nitrogen is fixed by two
phase system. Phase-change processes are discussed in detail in Chap. 3. independent, intensive properties.

Nitrogen
= 254C
u=0.9 m¥kg
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Property A
A
State 2
Process path
State 1
Property B
FIGURE 1-29

A process between states 1 and 2 and
the process path.

(a) Slow compression
(quasi-equilibrium)

(b) Very fast compression
(nonquasi-equilibrium)

FIGURE 1-30
Quasi-equilibrium and nonquasi-
equilibrium compression processes.

PA
Final state

Process path

Initial
state

FIGURE 1-31
The P-V diagram of a compression
process.

CYU 1-6 — Check Your Understanding

CYU 1-6.1 Choose the wrong statement regarding state and equilibrium.
(a) A set of properties completely describes the state of a system.
(b) At a given state, all the properties of a system have fixed values.

(c) The state of a system only changes if the values of at least two properties
change.

(d) In an equilibrium state there are no driving forces within the system.

(e) A system in equilibrium experiences no changes when it is isolated from its
surroundings.

1-7 = PROCESSES AND CYCLES

Any change that a system undergoes from one equilibrium state to another is
called a process, and the series of states through which a system passes during a
process is called the path of the process (Fig. 1-29). To describe a process com-
pletely, one should specify the initial and final states of the process, as well as the
path it follows, and the interactions with the surroundings.

When a process proceeds in such a manner that the system remains infinites-
imally close to an equilibrium state at all times, it is called a quasi-static, or
quasi-equilibrium, process. A quasi-equilibrium process can be viewed as a suf-
ficiently slow process that allows the system to adjust itself internally so that prop-
erties in one part of the system do not change any faster than those at other parts.

This is illustrated in Fig. 1-30. When a gas in a piston-cylinder device is com-
pressed suddenly, the molecules near the face of the piston will not have enough
time to escape, and they will have to pile up in a small region in front of the piston,
thus creating a high-pressure region there. Because of this pressure difference, the
system can no longer be said to be in equilibrium, and this makes the entire pro-
cess nonquasi-equilibrium. However, if the piston is moved slowly, the molecules
will have sufficient time to redistribute, and there will not be a molecule pileup
in front of the piston. As a result, the pressure inside the cylinder will always be
nearly uniform and will rise at the same rate at all locations. Since equilibrium is
maintained at all times, this is a quasi-equilibrium process.

It should be pointed out that a quasi-equilibrium process is an idealized process and
is not a true representation of an actual process. But many actual processes closely
approximate it, and they can be modeled as quasi-equilibrium with negligible error.
Engineers are interested in quasi-equilibrium processes for two reasons. First, they
are easy to analyze; second, work-producing devices deliver the most work when
they operate on quasi-equilibrium processes. Therefore, quasi-equilibrium processes
serve as standards to which actual processes can be compared.

Process diagrams plotted by employing thermodynamic properties as coordi-
nates are very useful in visualizing the processes. Some common properties that
are used as coordinates are temperature 7, pressure P, and volume V (or specific
volume V). Figure 1-31 shows the P-V diagram of a compression process of a gas.

Note that the process path indicates a series of equilibrium states through which
the system passes during a process and has significance for quasi-equilibrium pro-
cesses only. For nonquasi-equilibrium processes, we cannot characterize the entire
system by a single state, and thus we cannot speak of a process path for a system
as a whole. A nonquasi-equilibrium process is denoted by a dashed line between
the initial and final states instead of a solid line.
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The prefix iso- is often used to designate a process for which a particular
property remains constant. An isothermal process, for example, is a process dur- Mass __
ing which the temperature 7 remains constant; an isobaric process is a process
during which the pressure P remains constant; and an isochoric (or isometric)

300°C  250°C

Control volume

process is a process during which the specific volume U remains constant. 225°C Mass

A system is said to have undergone a cycle if it returns to its initial state at the %—’ out
end of the process. That is, for a cycle the initial and final states are identical. 200°C  150°C
Time: 1 PmM

The Steady-Flow Process

The terms steady and uniform are used often in engineering, and thus it is important ~ Mass __ 300°C  250°C
to have a clear understanding of their meanings. The term steady implies no change ™
with time. The opposite of steady is unsteady, or transient. The term uniform, how- Control volume
ever, implies no change with location over a specified region. These meanings are 225°C Mass
consistent with their everyday use (steady relationship, uniform properties, etc.). > ut
A large number of engineering devices operate for long periods of time under ARG IURE
the same conditions, and they are classified as steady-flow devices. Processes Time: 3 PM
involving such devices can be represented reasonably well by a somewhat ideal-
FIGURE 1-32

ized process, called the steady-flow process, which can be defined as a process
during which a fluid flows through a control volume steadily (Fig. 1-32). That During a stf.:ad.y-flow process, fluid
is, the fluid properties can change from point to point within the control volume, properties within the control volume
but at any fixed point they remain the same during the entire process. Therefore, ~May change with position but not with
the volume V, the mass m, and the total energy content E of the control volume ume.
remain constant during a steady-flow process (Fig. 1-33).

Steady-flow conditions can be closely approximated by devices that are intended
for continuous operation such as turbines, pumps, boilers, condensers, and heat
exchangers or power plants or refrigeration systems. Some cyclic devices, such as i Control
reciprocating engines or compressors, do not satisfy any of the conditions stated velimne
above since the flow at the inlets and the exits will be pulsating and not steady.
However, the fluid properties vary with time in a periodic manner, and the flow
through these devices can still be analyzed as a steady-flow process by using time-
averaged values for the properties.

mcy = const.
Mass
—

Ecy = const.
v out

FIGUR.E 1-33
1-8 = TEMPERATURE AND THE ZEROTH LAW OF | 0 o o e

mass and energy contents of a control

THERMODYNAMICS volume remain constant.

Although we are familiar with temperature as a measure of “hotness” or “cold-
ness,” it is not easy to give an exact definition for it. Based on our physiological
sensations, we express the level of temperature qualitatively with words like freez-
ing cold, cold, warm, hot, and red-hot. However, we cannot assign numerical val-
ues to temperatures based on our sensations alone. Furthermore, our senses may
be misleading. A metal chair, for example, will feel much colder than a wooden
one even when both are at the same temperature.

Fortunately, several properties of materials change with temperature in a repeat-
able and predictable way, and this forms the basis for accurate temperature mea-
surement. The commonly used mercury-in-glass thermometer, for example, is
based on the expansion of mercury with temperature. Temperature is also mea-
sured by using several other temperature-dependent properties.

It is a common experience that a cup of hot coffee left on the table eventually
cools off and a cold drink eventually warms up. That is, when a body is brought
into contact with another body that is at a different temperature, heat is transferred

from the body at higher temperature to the one at lower temperature until both FIGURE 1-34
bodies attain the same temperature (Fig. 1-34). At that point, the heat transfer Two bodies reaching thermal
stops, and the two bodies are said to have reached thermal equilibrium. The equilibrium after being brought into

equality of temperature is the only requirement for thermal equilibrium. contact in an isolated enclosure.
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The zeroth law of thermodynamics states that if two bodies are in thermal
equilibrium with a third body, they are also in thermal equilibrium with each
other. It may seem silly that such an obvious fact is called one of the basic laws of
thermodynamics. However, it cannot be concluded from the other laws of thermo-
dynamics, and it serves as a basis for the validity of temperature measurement. By
replacing the third body with a thermometer, the zeroth law can be restated as two
bodies are in thermal equilibrium if both have the same temperature reading even
if they are not in contact.

The zeroth law was first formulated and labeled by R. H. Fowler in 1931. As the
name suggests, its value as a fundamental physical principle was recognized more
than half a century after the formulation of the first and the second laws of ther-
modynamics. It was named the zeroth law since it should have preceded the first
and the second laws of thermodynamics.

Temperature Scales

Temperature scales enable us to use a common basis for temperature measure-
ments, and several have been introduced throughout history. All temperature
scales are based on some easily reproducible states such as the freezing and boil-
ing points of water, which are also called the ice point and the steam point, respec-
tively. A mixture of ice and water that is in equilibrium with air saturated with
vapor at 1 atm pressure is said to be at the ice point, and a mixture of liquid water
and water vapor (with no air) in equilibrium at 1 atm pressure is said to be at the
steam point.

The temperature scales used in the SI and in the English system today are
the Celsius scale (formerly called the centigrade scale; in 1948 it was renamed
after the Swedish astronomer A. Celsius, 1702-1744, who devised it) and the
Fahrenheit scale (named after the German instrument maker G. Fahrenheit,
1686—1736), respectively. On the Celsius scale, the ice and steam points were
originally assigned the values of 0°C and 100°C, respectively. The corresponding
values on the Fahrenheit scale are 32°F and 212°F. These are often referred to as
two-point scales since temperature values are assigned at two different points.

In thermodynamics, it is very desirable to have a temperature scale that is inde-
pendent of the properties of any substance or substances. Such a temperature scale
is called a thermodynamic temperature scale, which is developed later in con-
junction with the second law of thermodynamics. The thermodynamic tempera-
ture scale in the SI is the Kelvin scale, named after Lord Kelvin (1824-1907).
The temperature unit on this scale is the kelvin, which is designated by K (not °K;
the degree symbol was officially dropped from kelvin in 1967). The lowest tem-
perature on the Kelvin scale is absolute zero, or 0 K. Then it follows that only one
nonzero reference point needs to be assigned to establish the slope of this linear
scale. Using nonconventional refrigeration techniques, scientists have approached
absolute zero kelvin (they achieved 0.000000002 K in 1989).

The thermodynamic temperature scale in the English system is the Rankine
scale, named after William Rankine (1820-1872). The temperature unit on this
scale is the rankine, which is designated by R.

A temperature scale that turns out to be nearly identical to the Kelvin scale is the
ideal-gas temperature scale. The temperatures on this scale are measured using a
constant-volume gas thermometer, which is basically a rigid vessel filled with a
gas, usually hydrogen or helium, at low pressure. This thermometer is based on the
principle that at low pressures, the temperature of a gas is proportional to its pres-
sure at constant volume. That is, the temperature of a gas of fixed volume varies
linearly with pressure at sufficiently low pressures. Then the relationship between
the temperature and the pressure of the gas in the vessel can be expressed as

T=a+bP (1-8)



where the values of the constants a and b for a gas thermometer are determined
experimentally. Once a and b are known, the temperature of a medium can be cal-
culated from this relation by immersing the rigid vessel of the gas thermometer into
the medium and measuring the gas pressure when thermal equilibrium is estab-
lished between the medium and the gas in the vessel whose volume is held constant.

An ideal-gas temperature scale can be developed by measuring the pressures of
the gas in the vessel at two reproducible points (such as the ice and the steam points)
and assigning suitable values to temperatures at those two points. Considering that
only one straight line passes through two fixed points on a plane, these two mea-
surements are sufficient to determine the constants a and b in Eq. 1-8. Then the
unknown temperature 7 of a medium corresponding to a pressure reading P can be
determined from that equation by a simple calculation. The values of the constants
will be different for each thermometer, depending on the type and the amount of the
gas in the vessel, and the temperature values assigned at the two reference points. If
the ice and steam points are assigned the values 0°C and 100°C, respectively, then
the gas temperature scale will be identical to the Celsius scale. In this case the value
of the constant a (which corresponds to an absolute pressure of zero) is determined
to be —273.15°C regardless of the type and the amount of the gas in the vessel
of the gas thermometer. That is, on a P-T diagram, all the straight lines passing
through the data points in this case will intersect the temperature axis at —273.15°C
when extrapolated, as shown in Fig. 1-35. This is the lowest temperature that can be
obtained by a gas thermometer, and thus we can obtain an absolute gas temperature
scale by assigning a value of zero to the constant a in Eq. 1-8. In that case, Eq. 1-8
reduces to T = bP, and thus we need to specify the temperature at only one point to
define an absolute gas temperature scale.

It should be noted that the absolute gas temperature scale is not a thermody-
namic temperature scale, since it cannot be used at very low temperatures (due to
condensation) and at very high temperatures (due to dissociation and ionization).
However, absolute gas temperature is identical to the thermodynamic tempera-
ture in the temperature range in which the gas thermometer can be used. Thus,
we can view the thermodynamic temperature scale at this point as an absolute
gas temperature scale that utilizes an “ideal” or “imaginary” gas that always acts
as a low-pressure gas regardless of the temperature. If such a gas thermometer
existed, it would read zero kelvin at absolute zero pressure, which corresponds to
—273.15°C on the Celsius scale (Fig. 1-36).

The Kelvin scale is related to the Celsius scale by

T(K) = T(°C) + 273.15 (1-9)
The Rankine scale is related to the Fahrenheit scale by
T(R) = T(°F) + 459.67 (1-10)

It is common practice to round the constant in Eq. 1-9 to 273 and that in Eq. 1-10
to 460.
The temperature scales in the two unit systems are related by

T(R) = 1.8T(K) (1-11)

T(°F) = 1.87(°C) + 32 (1-12)

A comparison of various temperature scales is given in Fig. 1-37.

The reference temperature chosen in the original Kelvin scale was 273.15 K
(or 0°C), which is the temperature at which water freezes (or ice melts) and water
exists as a solid-liquid mixture in equilibrium under standard atmospheric pressure
(the ice point). At the Tenth General Conference on Weights and Measures in 1954,
the reference point was changed to a much more precisely reproducible point, the tri-
ple point of water (the state at which all three phases of water coexist in equilibrium),
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Measured
data points

}/ Gas B
ExtrapolatiV ? Gas C

PA

Gas D
/-
22
-273.15 0 T,°C

FIGURE 1-35

P versus T plots of the experimental
data obtained from a constant-volume
gas thermometer using four different
gases at different (but low) pressures.

T (°C) T (K) P (kPa)

Absolute
vacuum
V/ = constant

FIGURE 1-36

A constant-volume gas thermometer
would read —273.15°C at absolute
ZEero pressure.
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°C K °F R

Triple
0.011273.16  32.02 [11491.69 point of
water

-273.15 110 —459.67 ({0 Absolute
Zero
© ©®
FIGURE 1-37

Comparison of temperature scales.

1K 1°C 1.8R| 1.8°F

FIGURE 1-38
Comparison of magnitudes of
various temperature units.

which is assigned the value 273.16 K. The Celsius scale was also redefined at this
conference in terms of the ideal-gas temperature scale and a single fixed point, which
is again the triple point of water with an assigned value of 0.01°C.

The International Temperature Scale of 1990, which supersedes the Interna-
tional Practical Temperature Scale of 1968 (IPTS-68), 1948 (IPTS-48), and 1927
(ITS-27), was adopted by the International Committee of Weights and Measures
at its meeting in 1989 at the request of the Eighteenth General Conference on
Weights and Measures. The ITS-90 is similar to its predecessors except that it is
more refined with updated values of fixed temperatures, has an extended range,
and conforms more closely to the thermodynamic temperature scale. On this
scale, the unit of thermodynamic temperature 7 is the kelvin (K), defined as the
fraction 1/273.16 of the thermodynamic temperature of the triple point of water.
The ice point remains the same at 0°C (273.15 K) in both ITS-90 and IPTS-68,
but the steam point (the boiling temperature of water at atmospheric pressure) is
99.975°C in ITS-90, whereas it was 100.000°C in IPTS-68.

In 2018, at the 26th General Conference on Weights and Measures in Versailles,
France, the kilogram, the mole, the ampere, and the kelvin were redefined using
fixed values of universal constants. The new official definition of the kelvin is:
The kelvin, symbol K, is the SI unit of thermodynamic temperature; its magni-
tude is set by fixing the numerical value of the Boltzmann constant to be equal to
exactly 1.380649 x 10-* J/K. This new definition provides a universal measure-
ment of temperature that is independent of the properties of any substance. The
values for the triple point, the ice point, and the steam point of water as set in ITS-
90 are not affected by the new universal definition of the kelvin.

We emphasize that the magnitudes of each division of 1 K and 1°C are identi-
cal (Fig. 1-38). Therefore, when we are dealing with temperature differences AT,
the temperature interval on both scales is the same. Raising the temperature of a
substance by 10°C is the same as raising it by 10 K. That is,

AT(K) = AT(°C) (1-13)
AT(R) = AT(°F) (1-14)

Some thermodynamic relations involve the temperature 7 and often the question
arises of whether it is in K or °C. If the relation involves temperature differences
(such as a = bAT), it makes no difference, and either can be used. However, if the
relation involves temperatures only instead of temperature differences (such as
a = bT) then K must be used. When in doubt, it is always safe to use K because
there are virtually no situations in which the use of K is incorrect, but there are
many thermodynamic relations that will yield an erroneous result if °C is used.

|
EXAMPLE 1-4 Expressing Temperatures in Different Units [
|
Humans are most comfortable when the temperature is between 65°F and 75°F. Express these m

temperature limits in °C. Convert the size of this temperature range (10°F) to K, °C, and R. Is ®
there any difference in the size of this range as measured in relative or absolute units?

SOLUTION A temperature range given in °F unit is to be converted to °C unit, and the
temperature difference in °F is to be expressed in K, °C, and R.
Analysis The lower and upper limits of comfort in °C are

TCF) —32 _ 65-32
18 138
T(°F)—32 _75-32
18 18

17(°C) = = 18.3°C

17(°C) = = 23.9°C
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A temperature change of 10°F in various units are

AT(R) = AT(°F) = 10 R
ATCH _ 10 _ 5 6oc
18 18

AT(K) = AT(°C) =5.6 K

AT(°C) =

Therefore, the units °C and K in the SI system and °F and R in the English system are
interchangeable when dealing with temperature differences.

Discussion Students should be careful when making temperature unit conversions. They
should identify first whether the conversion involves a temperature value or a temperature
change value.

CYU 1-8 — Check Your Understanding

CYU 1-8.1 The initial and final temperatures of an object are 20°C and 300 K. The temperature change of the object is
(a) 27°C (b) 20°C (c) 7°C (d) 300 K (e) 280K

CYU 1-8.2 A temperature change of 10°C is equal to
I. 18°F I. 18R II. 10 K
(a) Only I (b) Only II (¢c) Iand II (d) T and III (e) L 1L, and IIT

CYU 1-8.3 A temperature change of 36°F is equal to
1. 20°C II.36 K III. 36 R
(@) Only I (b) Only IT (c¢) Tand II (d) T and III (e) 1, II, and III

1-9 = PRESSURE

Pressure is defined as a normal force exerted by a fluid per unit area. Normally,
we speak of pressure when we deal with a gas or a liquid. The counterpart of pres-
sure in solids is normal stress. Note, however, that pressure is a scalar quantity
while stress is a tensor. Since pressure is defined as force per unit area, it has the
unit of newtons per square meter (N/m?), which is called a pascal (Pa). That is,

1 Pa=1N/m?

The pressure unit pascal is too small for most pressures encountered in practice.
Therefore, its multiples kilopascal (1 kPa = 10° Pa) and megapascal (1 MPa = 10° Pa)
are commonly used. Three other pressure units commonly used in practice, especially
in Europe, are bar, standard atmosphere, and kilogram-force per square centimeter:

1 bar = 10° Pa = 0.1 MPa = 100 kPa
1 atm = 101,325 Pa=101.325 kPa = 1.01325 bars

1 kgf/cm? = 9.807 N/ecm? = 9.807 x 10* N/m? = 9.807 x 10* Pa

= 0.9807 bar
= 0.9679 atm
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FIGURE 1-39

The normal stress (or “pressure’)
on the feet of a larger person is
much greater than on the feet of
a smaller person.
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FIGURE 1-40
A basic pressure gage.
Oil and Gas Photographer/Shutterstock

FIGURE 1-41
Absolute, gage, and vacuum pressures.

Note the pressure units bar, atm, and kgf/cm? are almost equivalent to each other.
In the English system, the pressure unit is pound-force per square inch (Ibf/in?
or psi), and 1 atm = 14.696 psi. The pressure units kgf/cm? and Ibf/in? are also
denoted by kg/cm? and 1b/in?, respectively, and they are commonly used in tire
gages. It can be shown that 1 kgf/cm? = 14.223 psi.

Pressure is also used on solid surfaces as synonymous with normal stress, which
is the force acting perpendicular to the surface per unit area. For example, a 150-
pound person with a total foot imprint area of 50 in? exerts a pressure of 150 1bf/
50 in> = 3.0 psi on the floor (Fig. 1-39). If the person stands on one foot, the
pressure doubles. If the person gains excessive weight, he or she is likely to
encounter foot discomfort because of the increased pressure on the foot (the size
of the bottom of the foot does not change with weight gain). This also explains
how a person can walk on fresh snow without sinking by wearing large snow-
shoes, and how a person cuts with little effort when using a sharp knife.

The actual pressure at a given position is called the absolute pressure, and
it is measured relative to absolute vacuum (i.e., absolute zero pressure). Most
pressure-measuring devices, however, are calibrated to read zero in the atmosphere
(Fig. 1-40), and so they indicate the difference between the absolute pressure and
the local atmospheric pressure. This difference is called the gage pressure. P,
can be positive or negative, but pressures below atmospheric pressure are some-
times called vacuum pressures and are measured by vacuum gages that indicate
the difference between the atmospheric pressure and the absolute pressure. Abso-
lute, gage, and vacuum pressures are related to each other by

(1-15)

P =P

vac atm P abs (1-16)
This is illustrated in Fig. 1-41.

Like other pressure gages, the gage used to measure the air pressure in an auto-
mobile tire reads the gage pressure. Therefore, the common reading of 32.0 psi
(2.25 kgf/cm?) indicates a pressure of 32.0 psi above the atmospheric pressure. At
a location where the atmospheric pressure is 14.3 psi, for example, the absolute
pressure in the tire is 32.0 + 14.3 = 46.3 psi.

In thermodynamic relations and tables, absolute pressure is almost always used.
Throughout this text, the pressure P will denote absolute pressure unless specified
otherwise. Often the letters “a” (for absolute pressure) and “g” (for gage pressure)

are added to pressure units (such as psia and psig) to clarify what is meant.

atm atm

Absolute Absolute

vacuum h vacuum
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m EXAMPLE 1-5

|
m A vacuum gage connected to a chamber reads 5.8 psi at a location where the atmospheric

B pressure is 14.5 psi. Determine the absolute pressure in the chamber.

Absolute Pressure of a Vacuum Chamber

SOLUTION The gage pressure of a vacuum chamber is given. The absolute pressure in
the chamber is to be determined.
Analysis The absolute pressure is easily determined from Eq. 1-16 to be

Py =Py — Py = 14.5 — 5.8 = 8.7 psi

Discussion Note that the local value of the atmospheric pressure is used when determining
the absolute pressure.

Variation of Pressure with Depth

It will come as no surprise to you that pressure in a fluid at rest does not change
in the horizontal direction. This can be shown easily by considering a thin hori-
zontal layer of fluid and doing a force balance in any horizontal direction. How-
ever, this is not the case in the vertical direction in a gravity field. Pressure in
a fluid increases with depth because more fluid rests on deeper layers, and the
effect of this “extra weight” on a deeper layer is balanced by an increase in pres-
sure (Fig. 1-42).

To obtain a relation for the variation of pressure with depth, consider a rectan-
gular fluid element of height Az, length Ax, and unit depth (Ay = 1 into the page)
in equilibrium, as shown in Fig. 1-43. Assuming the density of the fluid p to be
constant, a force balance in the vertical z-direction gives

YF,=ma,=0: P, AxAy — P,AxAy — pg AxAyAz=0

where W = mg = pg Ax Ay Azis the weight of the fluid element and Az = z, — z;,.
Dividing by Ax Ay and rearranging gives

AP=P,— P, =—-pgAz=—y Az (1-17)

where y, = pg is the specific weight of the fluid. Thus, we conclude that the pres-
sure difference between two points in a constant density fluid is proportional to the
vertical distance Az between the points and the density p of the fluid. Noting the
negative sign, pressure in a static fluid increases linearly with depth. This is what
a diver experiences when diving deeper in a lake.

An easier equation to remember and apply between any two points in the same
fluid under hydrostatic conditions is

P = Pabove + /)glAZ| = Pabove + Y\|AZ| (1-18)

below

where “below” refers to the point at lower elevation (deeper in the fluid) and
“above” refers to the point at higher elevation. If you use this equation consis-
tently, you should avoid sign errors.

For a given fluid, the vertical distance Az is sometimes used as a measure of
pressure, and it is called the pressure head.

We also conclude from Eq. 1-17 that for small to moderate distances, the varia-
tion of pressure with height is negligible for gases because of their low density.
The pressure in a tank containing a gas, for example, can be considered to be
uniform since the weight of the gas is too small to make a significant difference.
Also, the pressure in a room filled with air can be approximated as a constant
(Fig. 1-44).
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FIGURE 1-42

The pressure of a fluid at rest
increases with depth (as a result of
added weight).

B
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T

FIGURE 1-43
Free-body diagram of a rectangular
fluid element in equilibrium.

(A 5-m-high room)

P =-1.006 atm
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FIGURE 1-44

In a room filled with a gas, the
variation of pressure with height is
negligible.
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If we take the “above” point to be at the free surface of a liquid open to the
atmosphere (Fig. 1-45), where the pressure is the atmospheric pressure P, , then
atm from Eq. 1-18 the pressure at a depth & below the free surface becomes

atm?®

P P,

above —

\V4

P=P,,+pgh or P,.=pgh (1-19)

h Liquids are essentially incompressible substances, and thus the variation of den-
sity with depth is negligible. This is also the case for gases when the elevation
Pociow = Puy + p8h change is not very large. The variation of density of liquids or gases with tem-
perature can be significant, however, and may need to be considered when high
accuracy is desired. Also, at great depths such as those encountered in oceans, the
change in the density of a liquid can be significant because of the compression by
FIGURE 1-45 the tremendous amount of liquid weight above.
Pressure in a liquid at rest increases The gravitational acceleration g varies from 9.807 m/s? at sea level to 9.764 m/s?
linearly with distance from the free at an elevation of 14,000 m where large passenger planes cruise. This is a change
surface. of just 0.4 percent in this extreme case. Therefore, g can be approximated as a
constant with negligible error.

For fluids whose density changes significantly with elevation, a relation for the
variation of pressure with elevation can be obtained by dividing Eq. 1-17 by Az,
and taking the limit as Az — 0. This yields

P _
dz
Note that dP is negative when dz is positive since pressure decreases in an upward

direction. When the variation of density with elevation is known, the pressure

difference between any two points 1 and 2 can be determined by integration to be
2

AP=P,—-P,= —J pgdz (1-21)
1

—pg (1-20)

For constant density and constant gravitational acceleration, this relation reduces
to Eq. 1-17, as expected.

Pressure in a fluid at rest is independent of the shape or cross section of the
container. It changes with the vertical distance but remains constant in other direc-
tions. Therefore, the pressure is the same at all points on a horizontal plane in
a given fluid. The Dutch mathematician Simon Stevin (1548—1620) published
in 1586 the principle illustrated in Fig. 1-46. Note that the pressures at points

Water

Py=Pp=Pc=Pp=Pp=Pp=Pg=Pyny+pgh
Py#P,;

FIGURE 1-46
Under hydrostatic conditions, the pressure is the same at all points on a horizontal plane in a given fluid regardless of geometry,
provided that the points are interconnected by the same fluid.



A, B, C, D, E, F, and G are the same since they are at the same depth, and they are
interconnected by the same static fluid. However, the pressures at points H and /
are not the same since these two points cannot be interconnected by the same fluid
(i.e., we cannot draw a curve from point / to point H while remaining in the same
fluid at all times), although they are at the same depth. (Can you tell at which
point the pressure is higher?) Also notice that the pressure force exerted by the
fluid is always normal to the surface at the specified points.

A consequence of the pressure in a fluid remaining constant in the horizontal
direction is that the pressure applied to a confined fluid increases the pressure
throughout by the same amount. This is called Pascal’s law, after Blaise Pascal
(1623-1662). Pascal also knew that the force applied by a fluid is proportional to
the surface area. He realized that two hydraulic cylinders of different areas could
be connected, and the larger could be used to exert a proportionally greater force
than that applied to the smaller. “Pascal’s machine” has been the source of many
inventions that are a part of our daily lives such as hydraulic brakes and lifts. This
is what enables us to lift a car easily with one arm, as shown in Fig. 1-47. Noting
that P, = P, since both pistons are at the same level (the effect of small height
differences is negligible, especially at high pressures), the ratio of output force to
input force is determined to be

F 1 F 2 F 2 A2

P, =P - A1=2 5 —Z="2 1-22
1 2 A, A, F, A, ( )

The area ratio A,/A, is called the ideal mechanical advantage of the hydraulic lift.
Using a hydraulic car jack with a piston area ratio of A,/A, = 100, for example, a
person can lift a 1000-kg car by applying a force of just 10 kgf (= 90.8 N).
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FIGURE 1-47

Lifting of a large weight by a small
force by the application of Pascal’s law.
A common example is a hydraulic jack.
(Top) Stockbyte/Getty Images

CYU 1-9 — Check Your Understanding

CYU 1-9.1 Select all of the pressure units.
I. N/cm? II. bar I11. MPa IV. kJ/m3
(o) L IL, 111, and IV (b) 11, 11, and TV (¢) I and TIT (d) II and IV (e) Tand I

CYU 1-9.2 The pressure units Pa and psi are equivalent to
(a) Pa = kgf/m?, psi = lbm/in? (b) Pa = kgf/cm?, psi = Ibm/ft>
(d) Pa = N/m?, psi = Ibf/in’ (e) Pa=N/cm? psi = Ibf/in?

(c) Pa=N/m? psi= Ibf/ft>

CYU 1-9.3 The gage pressure of a gas in a tank is 230 kPa. If the atmospheric pressure is 100 kPa, what is the absolute

pressure of the gas?

1. 330 kPa 1. 33 bar I1. 130 kPa IV. 0.13 MPa V. 0.23 MPa
(a) Only I (b) Only III (c) Only V (d) T and IV () Tand II

CYU 1-9.4 A tank whose surface is open to the atmosphere is filled with water with a depth of 10 m. If the atmospheric

pressure is 100 kPa, what is the absolute pressure at the bottom of the tank?

(a) 98,100 kPa (b) 98,000 kPa (c) 100 kPa (d) 110 kPa (e) 198 kPa

1-10 = PRESSURE MEASUREMENT DEVICES

The Barometer
Atmospheric pressure is measured by a device called a barometer; thus, the
atmospheric pressure is often referred to as the barometric pressure.
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FIGURE 1-48

The basic barometer.
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FIGURE 1-49

The length and the cross-sectional area
of the tube have no effect on the height
of the fluid column of a barometer,
provided that the tube diameter is

large enough to avoid surface tension
(capillary) effects.

Engine

FIGURE 1-50

At high altitudes, a car engine
generates less power and a person gets
less oxygen because of the lower
density of air.

The Italian Evangelista Torricelli (1608—1647) was the first to conclusively
prove that the atmospheric pressure can be measured by inverting a mercury-
filled tube into a mercury container that is open to the atmosphere, as shown in
Fig. 1-48. The pressure at point B is equal to the atmospheric pressure, and the
pressure at point C can be taken to be zero since there is only mercury vapor above
point C, and the pressure is very low relative to P, and can be neglected to an
excellent approximation. Writing a force balance in the vertical direction gives

P =pgh (1-23)

where p is the density of mercury, g is the local gravitational acceleration, and &
is the height of the mercury column above the free surface. Note that the length
and the cross-sectional area of the tube have no effect on the height of the fluid
column of a barometer (Fig. 1-49).

A frequently used pressure unit is the standard atmosphere, which is defined as
the pressure produced by a column of mercury 760 mm in height at 0°C (py, =
13,595 kg/m?) under standard gravitational acceleration (g = 9.807 m/s?). If water
instead of mercury were used to measure the standard atmospheric pressure, a
water column of about 10.3 m would be needed. Pressure is sometimes expressed
(especially by weather forecasters) in terms of the height of the mercury column.
The standard atmospheric pressure, for example, is 760 mmHg (29.92 inHg) at
0°C. The unit mmHg is also called the torr in honor of Torricelli. Therefore,
1 atm = 760 torr and 1 torr = 133.3 Pa.

Atmospheric pressure P, changes from 101.325 kPa at sea level to 89.88,
79.50, 54.05, 26.5, and 5.53 kPa at altitudes of 1000, 2000, 5000, 10,000, and
20,000 meters, respectively. The typical atmospheric pressure in Denver (elevation
= 1610 m), for example, is 83.4 kPa. Remember that the atmospheric pressure at
a location is simply the weight of the air above that location per unit surface area.
Therefore, it changes not only with elevation but also with weather conditions.

The decline of atmospheric pressure with elevation has far-reaching ramifica-
tions in daily life. For example, cooking takes longer at high altitudes since water
boils at a lower temperature at lower atmospheric pressures. Nose bleeding is a
common experience at high altitudes since the difference between the blood pres-
sure and the atmospheric pressure is larger in this case, and the delicate walls of
veins in the nose are often unable to withstand this extra stress.

For a given temperature, the density of air is lower at high altitudes, and thus
a given volume contains less air and less oxygen. So it is no surprise that we tire
more easily and experience breathing problems at high altitudes. To compensate
for this effect, people living at higher altitudes develop more efficient lungs. Simi-
larly, a 2.0-L car engine will act like a 1.7-L car engine at 1500 m altitude (unless
it is turbocharged) because of the 15 percent drop in pressure and thus 15 percent
drop in the density of air (Fig. 1-50). A fan or compressor will displace 15 percent
less air at that altitude for the same volume displacement rate. Therefore, larger
cooling fans may need to be selected for operation at high altitudes to ensure the
specified mass flow rate. The lower pressure and thus lower density also affects
lift and drag: airplanes need a longer runway at high altitudes to develop the
required lift, and they climb to very high altitudes for cruising in order to reduce
drag and thus achieve better fuel efficiency.

EXAMPLE 1-6 Measuring Atmospheric Pressure with a

Barometer

Determine the atmospheric pressure at a location where the barometric reading is ®
740 mmHg and the gravitational acceleration is g = 9.805 m/s?. Assume the temperature of
mercury to be 10°C, at which its density is 13,570 kg/m?.
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SOLUTION The barometric reading at a location in height of mercury column is given.
The atmospheric pressure is to be determined.

Assumptions The temperature of mercury is assumed to be 10°C.

Properties The density of mercury is given to be 13,570 kg/m®.

Analysis From Eq. 1-23, the atmospheric pressure is determined to be

Pym = pgh

= (13,570 kg/m*)(9.805 m/s)(0.740 m) [ — I kPa
1 kg'm/s?/ \ 1000 N/m?

= 98.5 kPa

Discussion Note that density changes with temperature, and thus this effect should be con-
sidered in calculations.

EXAMPLE 1-7 Gravity-Driven Flow from an IV Bottle

Intravenous infusions usually are driven by gravity by hanging the fluid bottle at sufficient
height to counteract the blood pressure in the vein and to force the fluid into the body
(Fig. 1-51). The higher the bottle is raised, the higher the flow rate of the fluid will be. (a)
If it is observed that the fluid and the blood pressures balance each other when the bottle is
1.2 m above the arm level, determine the gage pressure of the blood. (b) If the gage pres-
sure of the fluid at the arm level needs to be 20 kPa for sufficient flow rate, determine how
high the bottle must be placed. Take the density of the fluid to be 1020 kg/m?.

SOLUTION Itis given that an IV fluid and the blood pressures balance each other when FIGURE 1-51
the bottle is at a certain height. The gage pressure of the blood and elevation of the bottle Schematic for Example 1-7.
required to maintain flow at the desired rate are to be determined.

Assumptions 1TheIV fluid is incompressible. 2 The IV bottle is open to the atmosphere.

Properties The density of the IV fluid is given to be p = 1020 kg/m’.

Analysis (a) Noting that the IV fluid and the blood pressures balance each other when the

bottle is 1.2 m above the arm level, the gage pressure of the blood in the arm is simply equal to

the gage pressure of the IV fluid at a depth of 1.2 m,

Pgage,arm = Pabs - Palm = pgharm—bottle

(1020 kg/m?)(9.81 m/s)(1.20 m)  — N < 1 kPa )
1000 kg-m/s?/ \1 kN/m?

12.0 kPa

(b) To provide a gage pressure of 20 kPa at the arm level, the height of the sur-
face of the IV fluid in the bottle from the arm level is again determined from

P cagearm — P8 Moein-poute 1O bE
h arm-bottle — M
P8
B 20 kPa ( 1000 kg~m/sz> ( 1 kN/mZ)
(1020 kg/m?)(9.81 m/s2) 1 kN 1 kPa
= 2.00 m

Discussion Note that the height of the reservoir can be used to control flow rates in gravity-
driven flows. When there is flow, the pressure drop in the tube due to frictional effects also
should be considered. For a specified flow rate, this requires raising the bottle a little higher to
overcome the pressure drop.
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FIGURE 1-52
Schematic for Example 1-8.
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FIGURE 1-53

The variation of gage pressure with
depth in the gradient zone of the solar
pond.

EXAMPLE 1-8 Hydrostatic Pressure in a Solar Pond with
Variable Density

Solar ponds are small artificial lakes a few meters deep that are used to store solar energy. ®
The rise of heated (and thus less dense) water to the surface is prevented by adding salt at
the pond bottom. In a typical salt gradient solar pond, the density of water increases in the
gradient zone, as shown in Fig. 1-52, and the density can be expressed as

p=pot/1 + tan’ T3
4 H

where p; is the density on the water surface, s is the vertical distance measured downward
from the top of the gradient zone (s = —z), and H is the thickness of the gradient zone. For
H=4m, p, = 1040 kg/m?, and a thickness of 0.8 m for the surface zone, calculate the gage
pressure at the bottom of the gradient zone.

SOLUTION The variation of density of saline water in the gradient zone of a solar pond
with depth is given. The gage pressure at the bottom of the gradient zone is to be determined.
Assumptions The density in the surface zone of the pond is constant.

Properties The density of brine on the surface is given to be 1040 kg/m?>.

Analysis We label the top and the bottom of the gradient zone as 1 and 2, respectively.
Noting that the density of the surface zone is constant, the gage pressure at the bottom of the
surface zone (which is the top of the gradient zone) is

1 kN

P, =pgh, = (1040 kg/m*)(9.81 m/s?)(0.8 m)[ ——————
1=pghy=( g/m)( )( )<1000kg.m/S2

) = 8.16 kPa

since 1 kN/m? = 1 kPa. Since s = —z, the differential change in hydrostatic pressure across
a vertical distance of ds is given by

dP = pg ds

Integrating from the top of the gradient zone (point 1 where s = 0) to any location s in the
gradient zone (no subscript) gives

P—Pl=ngds - P=P1+Jp0\/1+tan2<;—ré>gds
o o

Performing the integration gives the variation of gage pressure in the gradient zone to be

4H . s
P=P, + —s1nh‘1(tan——>
1 Pok 4H

Then the pressure at the bottom of the gradient zone (s = H = 4 m) becomes

P, = 8.16 kPa + (1040 kg/m")(9.81 m/s?) 2 ™Winn1 (1an T4 (LN _
n 4 4 ) \ 1000 kg-m/s?

= 54.0 kPa (gage)

Discussion The variation of gage pressure in the gradient zone with depth is plotted in
Fig. 1-53. The dashed line indicates the hydrostatic pressure for the case of constant density
at 1040 kg/m® and is given for reference. Note that the variation of pressure with depth is not
linear when density varies with depth. That is why integration was required.

The Manometer

We notice from Eq. 1-17 that an elevation change of —Az in a fluid at rest cor-
responds to AP/pg, which suggests that a fluid column can be used to measure
pressure differences. A device based on this principle is called a manometer,



and it is commonly used to measure small and moderate pressure differences. A
manometer consists of a glass or plastic U-tube containing one or more fluids
such as mercury, water, alcohol, or oil (Fig. 1-54). To keep the size of the manom-
eter to a manageable level, heavy fluids such as mercury are used if large pressure
differences are anticipated.

Consider the manometer shown in Fig. 1-55 that is used to measure the pres-
sure in the tank. Since the gravitational effects of gases are negligible, the pressure
anywhere in the tank and at position 1 has the same value.

Furthermore, since pressure in a fluid does not vary in the horizontal direction
within a fluid, the pressure at point 2 is the same as the pressure at point 1,
P,=P,

The differential fluid column of height 4 is in static equilibrium, and it is
open to the atmosphere. Then the pressure at point 2 is determined directly from
Eq. 1-18 to be

Py =P+ pgh (1-24)

where p is the density of the manometer fluid in the tube. Note that the cross-
sectional area of the tube has no effect on the differential height / and thus on the
pressure exerted by the fluid. However, the diameter of the tube should be large
enough (more than several millimeters) to ensure that the surface tension effect
and thus the capillary rise is negligible.

|

m EXAMPLE 1-9 Measuring Pressure with a Manometer

|

m A manometer is used to measure the pressure of a gas in a tank. The fluid used has a spe-

B cific gravity of 0.85, and the manometer column height is 55 cm, as shown in Fig. 1-56. If
the local atmospheric pressure is 96 kPa, determine the absolute pressure within the tank.

SOLUTION The reading of a manometer attached to a tank and the atmospheric pres-
sure are given. The absolute pressure in the tank is to be determined.

Assumptions The density of the gas in the tank is much lower than the density of the
manometer fluid.

Properties The specific gravity of the manometer fluid is given to be 0.85. We take the stan-
dard density of water to be 1000 kg/m’.

Analysis The density of the fluid is obtained by multiplying its specific gravity by the den-
sity of water,

P = SG (P yer) = (0.85)(1000 kg/m3) =850 kg/m3
Then from Eq. 1-24,

P = P+ pgh

96 kPa + (850 kg/m?)(9.81 m/s%)(0.55 m) IN I kPa
1 kg-m/s?/ \ 1000 N/m?

100.6 kPa

Discussion Note that the gage pressure in the tank is 4.6 kPa.

Some manometers use a slanted or inclined tube in order to increase the resolu-
tion (precision) when reading the fluid height. Such devices are called inclined
manometers.

Many engineering problems and some manometers involve multiple immiscible
fluids of different densities stacked on top of each other. Such systems can be
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FIGURE 1-54

A simple U-tube manometer, with
high pressure applied to the right side.
John M. Cimbala

FIGURE 1-55
The basic manometer.
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P, =96kPa

SG = 0.85/\/

FIGURE 1-56
Schematic for Example 1-9.
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FIGURE 1-57

In stacked-up fluid layers at rest, the
pressure change across each fluid
layer of density p and height 4 is pgh.
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FIGURE 1-58

Measuring the pressure drop across
a flow section or a flow device by a
differential manometer.

analyzed easily by remembering that (1) the pressure change across a fluid col-
umn of height 4 is AP = pgh, (2) pressure increases downward in a given fluid and
decreases upward (i.e., Pyoyom > Pyop)s and (3) two points at the same elevation in a
continuous fluid at rest are at the same pressure.

The last principle, which is a result of Pascal’s law, allows us to “jump” from one
fluid column to the next in manometers without worrying about pressure change
as long as we stay in the same continuous fluid and the fluid is at rest. Then the
pressure at any point can be determined by starting with a point of known pressure
and adding or subtracting pgh terms as we advance toward the point of interest.
For example, the pressure at the bottom of the tank in Fig. 1-57 can be determined
by starting at the free surface where the pressure is P, ,, moving downward until
we reach point 1 at the bottom, and setting the result equal to P,. It gives

Pumtp18h  +p28hy +p38hy =P,

In the special case of all fluids having the same density, this relation reduces to
P+ pghy+h,+ h))=P,.

Manometers are particularly well-suited to measure pressure drops across a hor-
izontal flow section between two specified points due to the presence of a device
such as a valve or heat exchanger or any resistance to flow. This is done by con-
necting the two legs of the manometer to these two points, as shown in Fig. 1-58.
The working fluid can be either a gas or a liquid whose density is p,. The density
of the manometer fluid is p,, and the differential fluid height is 4. The two fluids
must be immiscible, and p, must be greater than p,.

A relation for the pressure difference P, — P, can be obtained by starting at
point 1 with P, moving along the tube by adding or subtracting the pgh terms
until we reach point 2, and setting the result equal to P,:

Py +pgla+h)—pgh—pga=P"p, (1-25)

Note that we jumped from point A horizontally to point B and ignored the part
underneath since the pressure at both points is the same. Simplifying,

P, —P,=(p,—p,)gh (1-26)

Note that the distance @ must be included in the analysis even though it has
no effect on the result. Also, when the fluid flowing in the pipe is a gas, then
p; < p, and the relation in Eq. 1-26 simplifies to P, — P, = p,gh.

EXAMPLE 1-10 Measuring Pressure with a Multifluid
Manometer

The water in a tank is pressurized by air, and the pressure is measured by a multifluid ®
manometer as shown in Fig. 1-59. The tank is located on a mountain at an altitude of
1400 m where the atmospheric pressure is 85.6 kPa. Determine the air pressure in the tank

if h; = 0.1 m, h, = 0.2 m, and h; = 0.35 m. Take the densities of water, oil, and mercury to
be 1000 kg/m?, 850 kg/m?, and 13,600 kg/m?, respectively.

SOLUTION The pressure in a pressurized water tank is measured by a multifluid
manometer. The air pressure in the tank is to be determined.

Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is neg-
ligible due to its low density), and thus we can determine the pressure at the air—water interface.
Properties The densities of water, oil, and mercury are given to be 1000 kg/m?, 850 kg/m?,
and 13,600 kg/m?, respectively.

Analysis Starting with the pressure at point 1 at the air—water interface, moving along the
tube by adding or subtracting the pgh terms until we reach point 2, and setting the result equal
to P, since the tube is open to the atmosphere gives
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Pl + pwaterghl + poilgh2 - pmercurygh3 = P2 = Palm m ﬁ— Oil

Solving for P, and substituting, Air
1
Pl = Palm - pwalerghl - poilth + pmercuryghS
Water
= Palm + g@mercurth - pwalerhl - poi1h2) hl
= 85.6 kPa + (9.81 m/s?)[(13,600 kg/m?)(0.35 m) — (1000 kg/m?)(0.1 m) JL T T 1>
1 1 kP
— (850 kg/m*)(0.2 m)] [ —N a hy hy
1 kg-m/s*/ \ 1000 N/m>

= 130 kPa
Discussion Note that jumping horizontally from one tube to the next and realizing that — SUJ
pressure remains the same in the same fluid simplifies the analysis considerably. Also Mercury
note that mercury is a toxic fluid, and mercury manometers and thermometers are being

replaced by ones with safer fluids because of the risk of exposure to mercury vapor during

an accident. FIGURE 1-59

Schematic for Example 1-10;
drawing not to scale.

Other Pressure Measurement Devices N

Another type of commonly used mechanical pressure measurement device is the
Bourdon tube, named after the French engineer and inventor Eugene Bourdon
(1808-1884), which consists of a bent, coiled, or twisted hollow metal tube whose

end is closed and connected to a dial indicator needle (Fig. 1-60). When the tube -~
is open to the atmosphere, the tube is undeflected, and the needle on the dial at C-type Spiral
this state is calibrated to read zero (gage pressure). When the fluid inside the tube e
is pressurized, the tube stretches and moves the needle in proportion to the applied
pressure.

Electronics have made their way into every aspect of life, including pressure
measurement devices. Modern pressure sensors, called pressure transducers,
use various techniques to convert the pressure effect to an electrical effect such as

. . . Twisted tube
a change in voltage, resistance, or capacitance. Pressure transducers are smaller

and faster, and they can be more sensitive, reliable, and precise than their mechan- 4 :
ical counterparts. They can measure pressures from less than a millionth of 1 atm Tu cross sein Helical
to several thousands of atm.

A wide variety of pressure transducers is available to measure gage, absolute,
and differential pressures in a wide range of applications. Gage pressure transduc-
ers use the atmospheric pressure as a reference by venting the back side of the
pressure-sensing diaphragm to the atmosphere, and they give a zero signal output
at atmospheric pressure regardless of altitude. Absolute pressure transducers are
calibrated to have a zero signal output at full vacuum. Differential pressure trans-
ducers measure the pressure difference between two locations directly instead of
using two pressure transducers and taking their difference.

Strain-gage pressure transducers work by having a diaphragm deflect between
two chambers open to the pressure inputs. As the diaphragm stretches in response
to a change in pressure difference across it, the strain gage stretches and a Wheat-
stone bridge circuit amplifies the output. A capacitance transducer works simi-
larly, but capacitance change is measured instead of resistance change as the
diaphragm stretches.

Piezoelectric transducers, also called solid-state pressure transducers, work
on the principle that an electric potential is generated in a crystalline substance
when it is subjected to mechanical pressure. This phenomenon, first discovered
by brothers Pierre and Jacques Curie in 1880, is called the piezoelectric (or press-
electric) effect. Piezoelectric pressure transducers have a much faster frequency

FIGURE 1-60

Various types of Bourdon tubes used
to measure pressure. They work on the
same principle as party noise-makers
(bottom photo) due to the flat tube
cross section.

John M. Cimbala
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Weights response compared to diaphragm units and are very suitable for high-pressure
applications, but they are generally not as sensitive as diaphragm-type transduc-

Ol ers, especially at low pressures.
Pismn\\ fesgrvolr Another type of mechanical pressure gage called a deadweight tester is used
Adjustable  primarily for calibration and can measure extremely high pressures (Fig. 1-61).
plunger  Ag its name implies, a deadweight tester measures pressure directly through appli-
A, cation of a weight that provides a force per unit area—the fundamental definition

oil), along with a tight-fitting piston, cylinder, and plunger. Weights are applied

_ | . H of pressure. It is constructed with an internal chamber filled with a fluid (usually
nternal chamber Oil

Reference pressure port Crank to the top of the piston, which exerts a force on the oil in the chamber. The total

force F acting on the oil at the piston—oil interface is the sum of the weight of the
FIGURE 1-61 piston plus the applied weights. Since the piston cross-sectional area A, is known,
A deadweight tester can measure the pressure is calculated as P = F/A,. The only significant source of error is that
extremely high pressures (up to due to static friction along the interface between the piston and cylinder, but even
10,000 psi in some applications). this error is usually negligibly small. The reference pressure port is connected to

either an unknown pressure that is to be measured or to a pressure sensor that is
to be calibrated.

CYU 1-10 — Check Your Understanding

CYU 1-9.1 The pressure at the top of a mountain is 95 kPa. If the atmospheric pressure is 100 kPa at the bottom level
of the mountain, what is the height of the mountain? Take the average density of air and the gravitational acceleration
to be 1 kg/m? and 10 m/s.

(a) 50 m (b) 100 m (c) 500 m (d) 1000 m (e) 5000 m

Solution 1-11 = PROBLEM-SOLVING TECHNIQUE

/ The first step in learning any science is to grasp the fundamentals and to gain a
sound knowledge of it. The next step is to master the fundamentals by testing this
knowledge. This is done by solving significant real-world problems. Solving such
problems, especially complicated ones, requires a systematic approach. By using
a step-by-step approach, an engineer can reduce the solution of a complicated
problem into the solution of a series of simple problems (Fig. 1-62). When you
are solving a problem, we recommend that you use the following steps zealously
as applicable. This will help you avoid some of the common pitfalls associated
with problem solving.

\ﬂ’ﬁ

Hard way —

Problem

FIGURE 1-62

A step-by-step approach can greatly
simplify problem solving.

Step 1: Problem Statement

In your own words, briefly state the problem, the key information given, and the
quantities to be found. This is to make sure that you understand the problem and
the objectives before you try to solve the problem.

Step 2: Schematic

Draw a realistic sketch of the physical system involved, and list the relevant infor-
mation on the figure. The sketch does not have to be something elaborate, but it
should resemble the actual system and show the key features. Indicate any energy
and mass interactions with the surroundings. Listing the given information on the
sketch helps one to see the entire problem at once. Also, check for properties that
remain constant during a process (such as temperature during an isothermal pro-
cess), and indicate them on the sketch.
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Step 3: Assumptions and Approximations -
State any appropriate assumptions and approximations made to simplify the prob- Given: Air temperature in Denver
lem to make it possible to obtain a solution. Justify the questionable assumptions. @)
_— ) To be found: Density of air

Assume reasonable values for missing quantities that are necessary. For example,
in the absence of specific data for .atmospherlc pressure, it can be tgken to be Missing information: Atmospheric
1 atm. However, it should be noted in the analysis that the atmospheric pressure pressure
decreases with increasing elevation. For example, it drops to 0.83 atm in Denver )
(elevation 1610 m) (Fig. 1-63). AT AN B LA

fe (Inappropriate. Ignores effect of

. altitude. Will cause more than

Step 4: Physical Laws 15% error.)
A_pply all the relevant basic phys1cal. laws and principles (such as the conserva- Assumption #2: Take P = 0.83 atm
tion of mass), and reduce them to their simplest form by utilizing the assumptions (Appropriate. Ignores only minor
made. However, the region to which a physical law is applied must be clearly effects such as weather.)
identified first. For example, the increase in speed of water flowing through a | ~
nozzle is analyzed by applying conservation of mass between the inlet and outlet
of the nozzle.

Step 5: Properties

FIGURE 1-63
Determine the unknown properties at known states necessary to solve the problem The assumptions made while solving
from property relations or tables. List the properties separately, and indicate their an engineering problem must be
source, if applicable. reasonable and justifiable.

Step 6: Calculations

Substitute the known quantities into the simplified relations and perform the cal-
culations to determine the unknowns. Pay particular attention to the units and

unit cancellations, and remember that a dimensional quantity without a unit is Energy use: $80/yr
meaningless. Also, don’t give a false implication of high precision by copying all

the digits from the screen of the calculator—round the results to an appropriate Energy saved $200/yr
number of significant digits (see the subsection on significant digits at the end of by insulation:

this section).

IMPOSSIBLE!

Step 7: Reasoning, Verification, and Discussion

Check to make sure that the results obtained are reasonable and intuitive, and
verify the validity of the questionable assumptions. Repeat the calculations that
resulted in unreasonable values. For example, insulating a water heater that uses
$80 worth of natural gas a year cannot result in savings of $200 a year (Fig. 1-64).

Also, point out the significance of the results, and discuss their implications.
State the conclusions that can be drawn from the results and any recommendations
that can be made from them. Emphasize the limitations under which the results
are applicable, and caution against any possible misunderstandings and using the
results in situations where the underlying assumptions do not apply. For example,
if you determined that wrapping a water heater with a $30 insulation jacket will
reduce the energy cost by $40 a year, indicate that the insulation will pay for itself
from the energy it saves in less than a year. However, also indicate that the analy-
sis does not consider labor costs, and that this will be the case if you install the
insulation yourself.

Keep in mind that the solutions you present to your instructors, and any engi-
neering analysis presented to others, is a form of communication. Therefore neat-
ness, organization, completeness, and visual appearance are of utmost importance
for maximum effectiveness (Fig. 1-65). Besides, neatness also serves as a great
checking tool since it is very easy to spot errors and inconsistencies in neat work. FIGURE 1-65
Carelessness and skipping steps to save time often end up costing more time and Neatness and organization are highly
unnecessary anxiety. valued by employers.

FIGURE 1-64

The results obtained from an
engineering analysis must be checked
for reasonableness.

Help Wante
Organized
Engineer
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5 </

FIGURE 1-66

An excellent word-processing program
does not make a person a good writer;
it simply makes a good writer a more
efficient writer.

Tre

agefotostock/Alamy Stock Photo

The approach described here is used in the solved example problems without
explicitly stating each step, as well as in the Solutions Manual of this text. For
some problems, some of the steps may not be applicable or necessary. For exam-
ple, often it is not practical to list the properties separately. However, we cannot
overemphasize the importance of a logical and orderly approach to problem solv-
ing. Most difficulties encountered while solving a problem are not due to a lack
of knowledge; rather, they are due to a lack of organization. You are strongly
encouraged to follow these steps in problem solving until you develop your own
approach that works best for you.

Engineering Software Packages

You may be wondering why we are about to undertake an in-depth study of the
fundamentals of another engineering science. After all, almost all such problems
we are likely to encounter in practice can be solved using one of several sophis-
ticated software packages readily available in the market today. These software
packages not only give the desired numerical results, but also supply the outputs
in colorful graphical form for impressive presentations. It is unthinkable to prac-
tice engineering today without using some of these packages. This tremendous
computing power available to us at the touch of a button is both a blessing and a
curse. It certainly enables engineers to solve problems easily and quickly, but it
also opens the door for abuses and misinformation. In the hands of poorly edu-
cated people, these software packages are as dangerous as sophisticated, powerful
weapons in the hands of poorly trained soldiers.

Thinking that a person who can use the engineering software packages without
proper training on fundamentals can practice engineering is like thinking that a
person who can use a wrench can work as a car mechanic. If it were true that
the engineering students do not need all these fundamental courses they are tak-
ing because practically everything can be done by computers quickly and easily,
then it would also be true that the employers would no longer need high-salaried
engineers since any person who knows how to use a word-processing program can
also learn how to use those software packages. However, the statistics show that
the need for engineers is on the rise, not on the decline, despite the availability of
these powerful packages.

We should always remember that all the computing power and the engineer-
ing software packages available today are just fools, and tools have meaning
only in the hands of masters. Having the best word-processing program does
not make a person a good writer, but it certainly makes the job of a good writer
much easier and makes the writer more productive (Fig. 1-66). Hand calcula-
tors did not eliminate the need to teach our children how to add or subtract, and
the sophisticated medical software packages did not take the place of medical
school training. Neither will engineering software packages replace the tradi-
tional engineering education. They will simply cause a shift in emphasis in the
courses from mathematics to physics. That is, more time will be spent in the
classroom discussing the physical aspects of the problems in greater detail, and
less time on the mechanics of solution procedures.

All these marvelous and powerful tools available today put an extra bur-
den on today’s engineers. They must still have a thorough understanding of
the fundamentals, develop a “feel” of the physical phenomena, be able to put
the data into proper perspective, and make sound engineering judgments, just
like their predecessors. However, they must do it much better, and much faster,
using more realistic models because of the powerful tools available today. The
engineers in the past had to rely on hand calculations, slide rules, and later
hand calculators and computers. Today they rely on software packages. The
easy access to such power and the possibility of a simple misunderstanding



or misinterpretation causing great damage make it more important today than
ever to have solid training in the fundamentals of engineering. In this text we
make an extra effort to put the emphasis on developing an intuitive and physical
understanding of natural phenomena instead of on the mathematical details of
solution procedures.

Equation Solvers

You are probably familiar with the equation solving capabilities of spread-
sheets such as Microsoft Excel. Despite its simplicity, Excel is commonly used
in solving systems of equations in engineering as well as finance. It enables
the user to conduct parametric studies, plot the results, and ask “what if” ques-
tions. It can also solve simultaneous equations if properly set up. There are also
many sophisticated equation solvers that are commonly used in engineering
practice, such as the Engineering Equation Solver (EES), which is a program
that easily solves systems of linear or nonlinear algebraic or differential equa-
tions numerically. It has a large library of built-in thermodynamic property
functions as well as mathematical functions, and it allows the user to supply
additional property data.

Unlike some software packages, equation solvers do not solve engineering
problems; they only solve the equations supplied by the user. Therefore, the user
must understand the problem and formulate it by applying any relevant physical
laws and relations. Equation solvers save the user considerable time and effort by
simply solving the resulting mathematical equations. This makes it possible to
attempt significant engineering problems not suitable for hand calculations and to
conduct parametric studies quickly and conveniently.

]
m EXAMPLE 1-11 Solving a System of Equations Numerically

]
m The difference of two numbers is 4, and the sum of the squares of these two numbers is
B equal to the sum of the numbers plus 20. Determine these two numbers.

SOLUTION Relations are given for the difference and the sum of the squares of two
numbers. The two numbers are to be determined.

Analysis We first solve the problem using EES. We start the EES program by double-
clicking on its icon, open a new file, and type the following on the blank screen that appears:

x-y=4
2+ y"2=x+y+20

which is an exact mathematical expression of the problem statement with x and y denot-
ing the unknown numbers. The solution to this system of equations (one linear and one
nonlinear) with two unknowns is obtained by a single click on the “calculator” icon on the
taskbar. It gives (Fig. 1-67)

x=5 and y=1

We now solve the same problem using Excel. Start Excel. File/Options/Add-Ins/Solver
Add-In/OK, where the underline means to click on that option and the slash separates each
sequential option. Choose a cell for x and a cell for y and enter initial guesses there (we chose
cells C25 and D25 and guessed 0.5 and 0.5). We must rewrite the two equations so that no
variables are on the right-hand side (RHS): x — y = 4 and x*> + y> — x — y = 20. Choose a
cell for the RHS of each equation and enter the formula there (we chose cells D20 and D21;
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s

tis Equations Window @

eaE=]

—

w-y =4 |
w2y =y + 20

i Solution ®| oo

Fain 1
Unit Settings: 51 C kPa kJ mass deg
x=5 w=1

Mo unit problerms were detected,

Calculation time = 1 sec.

FIGURE 1-67
EES screen images for Example 1-11.

Microsoft Corporation
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A B C D
18 Equation RHS of equation
20 x-y=4 =C25-D25
21 x2aylox-y=20 =C25'2 + D25*2 -C25-D25
23 Variable values:
24 A
25 05 05
(a)
A B c D
18 Equation RHS of equation
20 x-y=4 4
21 x%ayx-y=20 20
23 Variable values:
24 x Yy
25 5 1
(b)
FIGURE 1-68

Excel screen images for

Example 1-11. (a) Equations, with
initial guesses highlighted. (») Final
results after using Excel’s Solver, with
converged values highlighted.

Microsoft Corporation

Given: Volume: I/ =3.75L

O Density: p = 0.845 kg/L
(3 significant digits)

Also, 3.75 x 0.845 = 3.16875

Find: Mass: m = pl/ = 3.16875 kg

C  Rounding to 3 significant digits:
m=3.17 kg

FIGURE 1-69

A result with more significant digits
than that of given data falsely implies
more precision.

see the equations in Fig. 1-68a). Data/Solver. Set the cell for the RHS of the first equation
(D20) as the “Objective” with a value of 4, set the cells for x and y (C25:D25) as those sub-
jectto constraints, and set the constraint such that the cell for the RHS of the second equation
(D21) must equal 20. Solve/OK. The solution iterates to the correct final values of x =5 and
y = 1, respectively (Fig. 1-68b). Note: For better convergence, the precision, number of
allowed iterations, etc., can be changed in Data/Solver/Options.

Discussion Note that all we did was formulate the problem as we would on paper; EES
or Excel took care of all the mathematical details of the solution. Also note that equations
can be linear or nonlinear, and they can be entered in any order with unknowns on either
side. Friendly equation solvers such as EES allow the user to concentrate on the physics
of the problem without worrying about the mathematical complexities associated with the
solution of the resulting system of equations.

A Remark on Significant Digits

In engineering calculations, the information given is not known to more than a
certain number of significant digits, usually three digits. Consequently, the results
obtained cannot possibly be accurate to more significant digits. Reporting results
in more significant digits falsely implies greater accuracy than exists, and it should
be avoided.

For example, consider a 3.75-L container filled with gasoline whose density is
0.845 kg/L, and try to determine its mass. Probably the first thought that comes
to your mind is to multiply the volume and density to obtain 3.16875 kg for the
mass, which falsely implies that the mass determined is accurate to six significant
digits. In reality, however, the mass cannot be more accurate than three significant
digits since both the volume and the density are accurate to three significant digits
only. Therefore, the result should be rounded to three significant digits, and the
mass should be reported to be 3.17 kg instead of what appears in the screen of the
calculator. The result 3.16875 kg would be correct only if the volume and density
were given to be 3.75000 L and 0.845000 kg/L, respectively. The value 3.75 L
implies that we are fairly confident that the volume is accurate within +0.01 L,
and it cannot be 3.74 or 3.76 L. However, the volume can be 3.746, 3.750, 3.753,
etc., since they all round to 3.75 L (Fig. 1-69). It is more appropriate to retain all
the digits during intermediate calculations and to do the rounding in the final step
since this is what a computer will normally do.

When solving problems, we will assume the given information to be accurate
to at least three significant digits. Therefore, if the length of a pipe is given to be
40 m, we will assume it to be 40.0 m in order to justify using three significant dig-
its in the final results. You should also keep in mind that all experimentally deter-
mined values are subject to measurement errors, and such errors will reflect in
the results obtained. For example, if the density of a substance has an uncertainty
of 2 percent, then the mass determined using this density value will also have an
uncertainty of 2 percent.

You should also be aware that we sometimes knowingly introduce small errors
in order to avoid the trouble of searching for more accurate data. For example,
when dealing with liquid water, we just use the value of 1000 kg/m? for density,
which is the density value of pure water at 0°C. Using this value at 75°C will
result in an error of 2.5 percent since the density at this temperature is 975 kg/
m?. The minerals and impurities in the water will introduce additional error. This
being the case, you should have no reservation in rounding the final results to a
reasonable number of significant digits. Besides, having a few percent uncertainty
in the results of engineering analysis is usually the norm, not the exception.
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CYU 111 — Check Your Understanding

CYU 1-11.1 Which numbers have three significant digits?

1. 0.005 II. 0.050
(a) Tand IT (b) IIT and IV

III. 0.500
(¢) 1, III, and TV

IV. 50.0

(d) T, 1, and TV (e) L II, TII, and IV

SUMMARY

In this chapter, the basic concepts of thermodynamics are intro-
duced and discussed. Thermodynamics is the science that pri-
marily deals with energy. The first law of thermodynamics is
simply an expression of the conservation of energy principle, and
it asserts that energy is a thermodynamic property. The second
law of thermodynamics asserts that energy has quality as well as
quantity, and actual processes occur in the direction of decreas-
ing quality of energy.

A system of fixed mass is called a closed system, or control
mass, and a system that involves mass transfer across its bound-
aries is called an open system, or control volume. The mass-
dependent properties of a system are called extensive properties
and the others intensive properties. Density is mass per unit vol-
ume, and specific volume is volume per unit mass.

A system is said to be in thermodynamic equilibrium if it main-
tains thermal, mechanical, phase, and chemical equilibrium. Any
change from one state to another is called a process. A process
with identical end states is called a cycle. During a quasi-static
or quasi-equilibrium process, the system remains practically
in equilibrium at all times. The state of a simple, compressible
system is completely specified by two independent, intensive
properties.

The zeroth law of thermodynamics states that two bodies are
in thermal equilibrium if both have the same temperature reading
even if they are not in contact.

The temperature scales used in the SI and the English system
today are the Celsius scale and the Fahrenheit scale, respectively.
They are related to absolute temperature scales by

T(K) = T(°C) + 273.15
T(R) = T(°F) + 459.67

The magnitudes of each division of 1 K and 1°C are identical, and
so are the magnitudes of each division of 1 R and 1°F. Therefore,

AT(K) = AT(°C) and AT(R)= AT(°F)

REFERENCES AND SUGGESTED READINGS

The normal force exerted by a fluid per unit area is called pres-
sure, and its unit is the pascal, 1 Pa = 1 N/m? The pressure
relative to absolute vacuum is called the absolute pressure, and
the difference between the absolute pressure and the local atmo-
spheric pressure is called the gage pressure. Pressures below
atmospheric pressure are called vacuum pressures. The absolute,
gage, and vacuum pressures are related by

Pgage =Pabs_P

1# =/ atm P abs

vac

(for pressure above P

atm atm)

(for pressure below P,

The pressure at a point in a fluid has the same magnitude in all

directions. The variation of pressure with elevation is given by
dP g
dz

where the positive z direction is taken to be upward. When the

density of the fluid is constant, the pressure difference across a

fluid layer of thickness Az is

AP=P,— P, =pg Az

The absolute and gage pressures in a liquid open to the atmosphere
at a depth & from the free surface are

P=P,,+pgh or Py, =pgh

Small to moderate pressure differences are measured by a
manometer. The pressure in a stationary fluid remains constant
in the horizontal direction. Pascal’s principle states that the pres-
sure applied to a confined fluid increases the pressure throughout
by the same amount.

The atmospheric pressure is measured by a barometer and is
given by

Py = pgh

where £ is the height of the liquid column.

1. American Society for Testing and Materials. Standards for
Metric Practice. ASTM E 380-79, January 1980.

2.J. A. Schooley. Thermometry. Boca Raton, FL: CRC Press,
1986.
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PROBLEMS*

Thermodynamics

1-1C  Why does a bicyclist pick up speed on a downhill road
even when not pedaling? Does this violate the conservation of
energy principle?

1-2C  One of the most amusing things a person can experience
is when a car in neutral appears to go uphill when its brakes are
released. Can this really happen or is it an optical illusion? How
can you verify if a road is pitched uphill or downhill?

1-3C An office worker claims that a cup of cold coffee on his
table warmed up to 80°C by picking up energy from the sur-
rounding air, which is at 25°C. Is there any truth to his claim?
Does this process violate any thermodynamic laws?

1-4C What is the difference between the classical and the sta-
tistical approaches to thermodynamics?

Mass, Force, and Units
1-5C Explain why the light-year has the dimension of length.

1-6C What is the difference between pound-mass and
pound-force?

1-7C What is the net force acting on a car cruising at a constant
velocity of 70 km/h (@) on a level road and (b) on an uphill road?

1-8 What is the weight, in N, of an object with a mass of
200 kg at a location where g = 9.6 m/s>?

1-9E If the mass of an object is 10 Ibm, what is its weight, in
Ibf, at a location where g = 32.0 ft/s??

1-10 The acceleration of high-speed aircraft is sometimes
expressed in g’s (in multiples of the standard acceleration of
gravity). Determine the upward force, in N, that a 90-kg person
would experience in an aircraft whose acceleration is 6 g’s.

1-11 The value of the gravitational acceleration g decreases
with elevation from 9.807 m/s? at sea level to 9.767 m/s* at an
altitude of 13,000 m, where large passenger planes cruise. Deter-
mine the percent reduction in the weight of an airplane cruising
at 13,000 m relative to its weight at sea level.

1-12 A 3-kg plastic tank that has a volume of 0.2 m? is filled
with liquid water. Assuming the density of water is 1000 kg/m?,
determine the weight of the combined system.

1-13 A 2-kg rock is thrown upward with a force of 200 N at a
location where the local gravitational acceleration is 9.79 m/s>.
Determine the acceleration of the rock, in m/s2.

1-14 -3 Solve Prob. 1-13 using appropriate software. Print
== out the entire solution, including the numerical
results with proper units.

1-15 A 4-kW resistance heater in a water heater runs for
3 hours to raise the water temperature to the desired level. Deter-
mine the amount of electric energy used in both kWh and kJ.

* Problems designated by a “C” are concept questions, and students
are encouraged to answer them all. Problems designated by an “E”
are in English units, and the Sl users can ignore them. Problems with
the —‘.;«'. icon are comprehensive in nature and are intended to be
solved with appropriate software.

1-16E A 150-Ibm astronaut took a bathroom scale (a spring
scale) and a beam scale (compares masses) to the moon, where
the local gravity is g = 5.48 ft/s?. Determine how much the astro-
naut will weigh (a) on the spring scale and (b) on the beam scale.
Answers: (a) 25.5 Ibf, (b) 150 Ibf

1-17 While solving a problem, a person ends up with the equa-
tion E =25 kJ + 7 kl/kg at some stage. Here E is the total energy
and has the unit of kilojoules. Determine how to correct the error
and discuss what may caused it.

1-18 The gas tank of a car is filled with a nozzle that discharges
gasoline at a constant flow rate. Based on unit considerations of
quantities, obtain a relation for the filling time in terms of the
volume U of the tank (in L) and the discharge rate of gasoline
V (in L/s).

Systems, Properties, State, and Processes

1-19C How would you define a system to determine the rate
at which an automobile adds carbon dioxide to the atmosphere?

1-20C A large fraction of the thermal energy generated in the
engine of a car is rejected to the air by the radiator through the
circulating water. Should the radiator be analyzed as a closed sys-
tem or as an open system? Explain.

FIGURE P1-20C

Christopher Kerrigan/McGraw-Hill
Education

1-21C A can of soft drink at room temperature is put into the
refrigerator so that it will cool. Would you model the can of soft
drink as a closed system or as an open system? Explain.

1-22C How would you define a system to determine the tem-
perature rise created in a lake when a portion of its water is used
to cool a nearby electrical power plant?

1-23C How would you describe the state of the air in the atmo-
sphere? What kind of process does this air undergo from a cool
morning to a warm afternoon?

1-24C What is the difference between intensive and extensive
properties?

1-25C The specific weight of a system is defined as the weight
per unit volume (note that this definition violates the normal
specific property-naming convention). Is the specific weight an
extensive or intensive property?

1-26C Is the number of moles of a substance contained in a
system an extensive or intensive property?



1-27C What is the state postulate?

1-28C Is the state of the air in an isolated room completely
specified by the temperature and the pressure? Explain.

1-29C What is a quasi-equilibrium process? What is its impor-
tance in engineering?

1-30C Define the isothermal, isobaric, and isochoric processes.
1-31C  What is specific gravity? How is it related to density?

1-32 | The density of atmospheric air varies with eleva-
I tion, decreasing with increasing altitude.
(a) Using the data given in the table, obtain a relation for the
variation of density with elevation, and calculate the density at an
elevation of 7000 m. (b) Calculate the mass of the atmosphere
using the correlation you obtained. Assume the earth to be a per-
fect sphere with a radius of 6377 km, and take the thickness of

the atmosphere to be 25 km.

z, km p, kg/m?
6377 1.225
6378 1.112
6379 1.007
6380 0.9093
6381 0.8194
6382 0.7364
6383 0.6601
6385 0.5258
6387 0.4135
6392 0.1948
6397 0.08891
6402 0.04008

Temperature

1-33C What are the ordinary and absolute temperature scales
in the SI and the English system?

1-34C Consider an alcohol and a mercury thermometer that
read exactly 0°C at the ice point and 100°C at the steam point.
The distance between the two points is divided into 100 equal
parts in both thermometers. Do you think these thermometers
will give exactly the same reading at a temperature of, say, 60°C?
Explain.

1-35C Consider two closed systems A and B. System A con-
tains 3000 kJ of thermal energy at 20°C, whereas system B con-
tains 200 kJ of thermal energy at 50°C. Now the systems are
brought into contact with each other. Determine the direction of
any heat transfer between the two systems.

1-36C What is the zeroth law of thermodynamics?

1-37E  Consider a system whose temperature is 18°C. Express
this temperature in R, K, and °F.

1-38E Steam enters a heat exchanger at 300 K. What is the
temperature of this steam in °F?

1-39 The temperature of a system rises by 130°C during a
heating process. Express this rise in temperature in kelvins.

1-40E The temperature of a system drops by 45°F during
a cooling process. Express this drop in temperature in K, R,
and °C.
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1-41E  The temperature of the lubricating oil in an automobile
engine is measured as 150°F. What is the temperature of this oil
in °C?

1-42E Heated air is at 150°C. What is the temperature of this
air in °F?

1-43 During a heating process, the temperature of a system
rises by 10°C. Express this rise in temperature in K, °F, and R.

Pressure, Manometer, and Barometer

1-44C  What is the difference between gage pressure and abso-
lute pressure?

1-45C Explain why some people experience nose bleeding and
some others experience shortness of breath at high elevations.

1-46C A health magazine reported that physicians measured
100 adults’ blood pressure using two different arm positions:
parallel to the body (along the side) and perpendicular to the
body (straight out). Readings in the parallel position were up
to 10 percent higher than those in the perpendicular position,
regardless of whether the patient was standing, sitting, or lying
down. Explain the possible cause for the difference.

1-47C Someone claims that the absolute pressure in a liquid
of constant density doubles when the depth is doubled. Do you
agree? Explain.

1-48C Consider two identical fans, one at sea level and the
other on top of a high mountain, running at identical speeds.
How would you compare (a) the volume flow rates and (b) the
mass flow rates of these two fans?

1-49E The absolute pressure in a compressed air tank is
200 kPa. What is this pressure in psia?

1-50E A manometer measures a pressure difference as
40 inches of water. What is this pressure difference in pound-
force per square inch, psi? Answer: 1.44 psi

1-51 A vacuum gage connected to a chamber reads 35 kPa at
a location where the atmospheric pressure is 92 kPa. Determine
the absolute pressure in the chamber.

1-52E The maximum safe air pressure of a tire is typically
written on the tire itself. The label on a tire indicates that the
maximum pressure is 35 psi (gage). Express this maximum pres-
sure in kPa.

FIGURE P1-52E

1-53E A pressure gage connected to a tank reads 50 psi at
a location where the barometric reading is 29.1 in Hg. Deter-
mine the absolute pressure in the tank. Take py, = 848.4 Ibm/ft’.
Answer: 64.3 psia
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1-54 A pressure gage connected to a tank reads 500 kPa at a
location where the atmospheric pressure is 94 kPa. Determine
the absolute pressure in the tank.

1-55E A 200-pound person has a total foot imprint area of
72 in%. Determine the pressure this person exerts on the ground
(a) while standing on both feet and (b) while standing on one foot.

1-56 The gage pressure in a liquid at a depth of 3 m is read to
be 42 kPa. Determine the gage pressure in the same liquid at a
depth of 9 m.

1-57 The absolute pressure in water at a depth of 9 m is read
to be 185 kPa. Determine (a) the local atmospheric pressure and
(b) the absolute pressure at the same depth in a different liquid
whose specific gravity is 0.85 and that is at the same local atmo-
spheric pressure found in part (a).

1-58 Consider a 1.75-m-tall person standing vertically in water
and completely submerged in a pool. Determine the difference
between the pressures acting at the head and at the toes of the
person, in kPa.

1-59 The barometer of a mountain hiker reads 750 mbars at the
beginning of a hiking trip and 650 mbars at the end. Neglecting
the effect of altitude on local gravitational acceleration, deter-
mine the vertical distance climbed. Assume an average air den-
sity of 1.20 kg/m3.  Answer: 850 m

1-60 The basic barometer can be used to measure the height of
a building. If the barometric readings at the top and at the bottom
of a building are 675 and 695 mmHg, respectively, determine the
height of the building. Take the densities of air and mercury to be
1.18 kg/m? and 13,600 kg/m?, respectively.
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FIGURE P1-60
McGraw Hill Education

‘ Solve Prob. 1-60 using appropriate software. Print
== out the entire solution, including the numerical
results with proper units.

1-62 A gasiscontained in a vertical, frictionless piston—cylinder
device. The piston has a mass of 3.2 kg and a cross-sectional area
of 35 cm?. A compressed spring above the piston exerts a force of
150 N on the piston. If the atmospheric pressure is 95 kPa, deter-
mine the pressure inside the cylinder. Answer: 147 kPa

150 N
Pym =95 kPa

atm

m,=3.2kg

FIGURE P1-62

Reconsider Prob. 1-62. Using appropriate software,

<= investigate the effect of the spring force in the range
of 0 to 500 N on the pressure inside the cylinder. Plot the pressure
against the spring force, and discuss the results.

1-64 The piston of a vertical piston—cylinder device con-
taining a gas has a mass of 60 kg and a cross-sectional area of
0.04 m?, as shown in Fig. P1-64. The local atmospheric pres-
sure is 0.97 bar, and the gravitational acceleration is 9.81 m/s.
(a) Determine the pressure inside the cylinder. (b) If some heat
is transferred to the gas and its volume is doubled, do you expect
the pressure inside the cylinder to change?

P, = 0.97 bar

atm

m=60kg

FIGURE P1-64

1-65 Both a gage and a manometer are attached to a gas tank
to measure its pressure. If the reading on the pressure gage is
80 kPa, determine the distance between the two fluid levels of the



manometer if the fluid is (a) mercury (p = 13,600 kg/m?) or (b)
water (p = 1000 kg/m?).

FIGURE P1-65

1-66 | Reconsider Prob. 1-65. Using appropriate software,
! investigate the effect of the manometer fluid density
in the range of 800 to 13,000 kg/m? on the differential fluid
height of the manometer. Plot the differential fluid height against

the density, and discuss the results.

1-67 A manometer containing oil (p = 850 kg/m?) is attached
to a tank filled with air. If the oil-level difference between
the two columns is 80 cm and the atmospheric pressure is
98 kPa, determine the absolute pressure of the air in the tank.
Answer: 105 kPa

1-68E A manometer is used to measure the air pressure in a
tank. The fluid used has a specific gravity of 1.25, and the dif-
ferential height between the two arms of the manometer is
28 in. If the local atmospheric pressure is 12.7 psia, determine
the absolute pressure in the tank for the cases of the manometer
arm with the (a) higher and (b) lower fluid level being attached
to the tank.

1-69E The pressure in a natural gas pipeline is measured by
the manometer shown in Fig. P1-69E with one of the arms open
to the atmosphere where the local atmospheric pressure is 14.2
psia. Determine the absolute pressure in the pipeline.

—H
Air 2in
10 in
25 in
6in
Mercury
SG=13.6
Water

FIGURE P1-69E
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1-70E  Repeat Prob. 1-69E by replacing air with oil with a spe-
cific gravity of 0.69.

1-71E  Blood pressure is usually measured by wrapping a
closed air-filled jacket equipped with a pressure gage around
the upper arm of a person at the level of the heart. Using a
mercury manometer and a stethoscope, the systolic pres-
sure (the maximum pressure when the heart is pumping)
and the diastolic pressure (the minimum pressure when the
heart is resting) are measured in mmHg. The systolic and dia-
stolic pressures of a healthy person are about 120 mmHg and
80 mmHg, respectively, and are indicated as 120/80. Express both
of these gage pressures in kPa, psi, and meter water column.

1-72  The maximum blood pressure in the upper arm of a
healthy person is about 120 mmHg. If a vertical tube open to
the atmosphere is connected to the vein in the arm of the person,
determine how high the blood will rise in the tube. Take the den-
sity of the blood to be 1050 kg/m?.

HEART

FIGURE P1-72

1-73 Consider a U-tube whose arms are open to the atmo-
sphere. Now water is poured into the U-tube from one arm,
and light oil (p = 790 kg/m?) from the other. One arm contains
70-cm-high water, while the other arm contains both fluids with
an oil-to-water height ratio of 4. Determine the height of each
fluid in that arm.

> ‘

Oil
70 em ‘Water

FIGURE P1-73

1-74 Consider a double-fluid manometer attached to an air
pipe shown in Fig. P1-74. If the specific gravity of one fluid
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is 13.55, determine the specific gravity of the other fluid for
the indicated absolute pressure of air. Take the atmospheric pres-

sure to be 100 kPa. Answer: 1.59
Air
P =69 kPa
40 cm
SG,
28 cm
SG, = 13.55

FIGURE P1-74

1-75 Calculate the absolute pressure, P,, of the manometer
shown in Fig. P1-75 in kPa. The local atmospheric pressure is
758 mmHg.

Atmospheric
pressure
3 i
12 cm ISlcm
Siﬁ . Fluid B
B 8 kN/m?
30 cm
Fluid A
10 kN/m? v
FIGURE P1-75

1-76 Consider the manometer in Fig. P1-75. If the specific
weight of fluid A is 100 kN/m?, what is the absolute pressure,
in kPa, indicated by the manometer when the local atmospheric
pressure is 90 kPa?

1-77 Consider the manometer in Fig. P1-75. If the specific
weight of fluid B is 20 kN/m?, what is the absolute pressure, in
kPa, indicated by the manometer when the local atmospheric
pressure is 720 mmHg?

1-78 The hydraulic lift in a car repair shop has an output diam-
eter of 30 cm and is to lift cars up to 2500 kg. Determine the fluid
gage pressure that must be maintained in the reservoir.

1-79 Consider the system shown in Fig. P1-79. If a change of
0.7 kPa in the pressure of air causes the brine—-mercury interface
in the right column to drop by 5 mm in the brine level in the right
column while the pressure in the brine pipe remains constant,
determine the ratio of A,/A,.

Y
N

Air
N

Water

Area, A,

Mercury
SG = 13.56

Area, A

FIGURE P1-79

1-80 The gage pressure of the air in the tank shown in
Fig. P1-80 is measured to be 80 kPa. Determine the differential
height £ of the mercury column.

I

oil
80 kPa SG=0.72  T~L

Mercury
SG=13.6

FIGURE P1-80

1-81 Repeat Prob. 1-80 for a gage pressure of 40 kPa.

Solving Engineering Problems and
Equation Solvers

1-82C What is the value of the engineering software packages
in (a) engineering education and (b) engineering practice?

1-83 ‘ Determine a positive real root of this equation using

=

appropriate software:
223 — 10493 = 3x = -3

, Solve this system of two equations with two
= unknowns using appropriate software:

xX—=y*=59
3xy+y=3.5



1-85 Solve this system of three equations with three
unknowns using appropriate software:

2x—y+z=7
3x2+3y=2+3
xy+2z=4

1-86 Solve this system of three equations with three
unknowns using appropriate software:

X*y—z=1
x =3y +xz=-2
xX+y—z=2

Review Problems

1-87E  The reactive force developed by a jet engine to push an
airplane forward is called thrust, and the thrust developed by the
engine of a Boeing 777 is about 85,000 1bf. Express this thrust
in N and kgf.

1-88 The weight of bodies may change somewhat from
one location to another as a result of the variation of the
gravitational acceleration g with elevation. Accounting for this
variation using the relation g = a — bz where a = 9.807 m/s”
and b = 3.32 x 107% s72, determine the weight of an 80-kg person
at sea level (z = 0), in Denver (z = 1610 m), and on the top of
Mount Everest (z = 8848 m).

1-89E A person goes to a traditional market to buy a steak for
dinner. They find a 12-oz steak (1 Ibm = 16 oz) for $5.50. They
then go to the adjacent international market and find a 300-g
steak of identical quality for $5.20. Which steak is the better buy?

1-90E What is the weight of a 1-kg substance in N, kN, kg-m/s?,
kgf, Ibm-ft/s?, and 1bf?

1-91E The pressure in a steam boiler is given to be 92 kgf/cm?.
Express this pressure in psi, kPa, atm, and bars.

1-92 A hydraulic lift is to be used to lift a 1900-kg weight
by putting a weight of 25 kg on a piston with a diameter of
10 cm. Determine the diameter of the piston on which the weight
is to be placed.

Fy

N
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FIGURE P1-92
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1-93 The average atmospheric pressure on earth is approxi-
mated as a function of altitude by the relation P, = 101.325
(1 —0.022562)>*¢, where P,,,, is the atmospheric pressure in kPa
and z is the altitude in km with z = 0 at sea level. Determine
the approximate atmospheric pressures at Atlanta (z = 306 m),
Denver (z = 1610 m), Mexico City (z = 2309 m), and the top of

Mount Everest (z = 8848 m).

1-94E Hyperthermia of 5°C (i.e., 5°C rise above the normal
body temperature) is considered fatal. Express this fatal level of
hyperthermia in (a) K, (b) °F, and (¢) R.

1-95E The boiling temperature of water decreases by about
3°C for each 1000-m rise in altitude. What is the decrease in the
boiling temperature in (a) K, () °F, and (¢) R for each 1000-m
rise in altitude?

1-96E A house is losing heat at a rate of 1800 kJ/h per °C
temperature difference between the indoor and the outdoor
temperatures. Express the rate of heat loss from this house per
(a) K, (b) °F, and (c) R difference between the indoor and the
outdoor temperature.

1-97E  The average body temperature of a person rises by about
2°C during strenuous exercise. What is the rise in the body tem-
perature in (a) K, (b) °F, and (¢) R during strenuous exercise?

1-98 The average temperature of the atmosphere in the world
is approximated as a function of altitude by the relation

T, =288.15 - 6.5

where T, is the temperature of the atmosphere in K and
z is the altitude in km with z = 0 at sea level. Determine the
average temperature of the atmosphere outside an airplane that is

cruising at an altitude of 12,000 m.

1-99 A vertical, frictionless piston—cylinder device contains a
gas at 180 kPa absolute pressure. The atmospheric pressure out-
side is 100 kPa, and the piston area is 25 cm?. Determine the
mass of the piston.

1-100 A vertical piston—cylinder device contains a gas at a pres-
sure of 100 kPa. The piston has a mass of 10 kg and a diameter
of 14 cm. Pressure of the gas is to be increased by placing some
weights on the piston. Determine the local atmospheric pressure
and the mass of the weights that will double the pressure of the
gas inside the cylinder. Answers: 93.6 kPa, 157 kg

Weights

Gas

FIGURE P1-100

1-101 The force generated by a spring is given by F = kx,
where k is the spring constant and x is the deflection of the spring.
The spring of Fig. P1-101 has a spring constant of 8 kN/cm.
The pressures are P, = 5000 kPa, P, = 10,000 kPa, and
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P, = 1000 kPa. If the piston diameters are D; = 8 cm and
D, =3 cm, how far will the spring be deflected? Answer: 1.72 cm

D,
A

FIGURE P1-101

1-102  An air-conditioning system requires a 35-m-long section
of 15-cm-diameter ductwork to be laid underwater. Determine
the upward force the water will exert on the duct. Take the densi-
ties of air and water to be 1.3 kg/m? and 1000 kg/m?, respectively.

1-103 Balloons are often filled with helium gas because it
weighs only about one-seventh of what air weighs under iden-
tical conditions. The buoyancy force, which can be expressed as
Fy, = 0,::8 Voaioon Will push the balloon upward. If the balloon has
a diameter of 12 m and carries two people, 85 kg each, determine
the acceleration of the balloon when it is first released. Assume
the density of air is p = 1.16 kg/m?, and neglect the weight of the
ropes and the cage. Answer: 22.4 m/s?

ple carried in the balloon on acceleration. Plot the acceleration
against the number of people, and discuss the results.

1-105 Determine the maximum amount of load, in kg, the bal-
loon described in Prob. 1-103 can carry. Answer: 900 kg

1-106 The lower half of a 6-m-high cylindrical container is
filled with water (p = 1000 kg/m?) and the upper half with oil that
has a specific gravity of 0.85. Determine the pressure difference
between the top and bottom of the cylinder. Answer: 54.4 kPa

Water

FIGURE P1-106

1-107 A pressure cooker cooks a lot faster than an ordinary
pan by maintaining a higher pressure and temperature inside. The
lid of a pressure cooker is well sealed, and steam can escape only
through an opening in the middle of the lid. A separate metal
piece, the petcock, sits on top of this opening and prevents steam
from escaping until the pressure force overcomes the weight of
the petcock. The periodic escape of the steam in this manner pre-
vents any potentially dangerous pressure buildup and keeps the
pressure inside at a constant value. Determine the mass of the
petcock of a pressure cooker whose operation pressure is 100 kPa
gage and has an opening cross-sectional area of 4 mm?. Assume
an atmospheric pressure of 101 kPa, and draw the free-body dia-
gram of the petcock. Answer: 40.8 g

P, = 101 kPa

atm —

Pressure cooker

FIGURE P1-107

1-108 The pilot of an airplane reads the altitude 6400 m
and the absolute pressure 45 kPa when flying over a city. Cal-
culate the local atmospheric pressure in that city in kPa and in



mmHg. Take the densities of air and mercury to be 0.828 kg/m?
and 13,600 kg/m?, respectively.

Altitude: 6.4 km
P =45kPa

.‘._‘—M

FIGURE P1-108
Michal Krakowiak/E+/Getty Images

1-109 A glass tube is attached to a water pipe, as shown in Fig.
P1-109. If the water pressure at the bottom of the tube is 107 kPa
and the local atmospheric pressure is 99 kPa, determine how high
the water will rise in the tube, in m. Take the density of water to
be 1000 kg/m?.

Py = 99 kPa

|
|

Water

FIGURE P1-109

1-110E  Consider a U-tube whose arms are open to the atmo-
sphere. Now equal volumes of water and light oil (p = 49.3 Ibrmy/ft)
are poured from different arms. A person blows from the oil side
of the U-tube until the contact surface of the two fluids moves to
the bottom of the U-tube, and thus the liquid levels in the two arms
are the same. If the fluid height in each arm is 30 in, determine the
gage pressure the person exerts on the oil by blowing.

FIGURE P1-110E
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1-111E A water pipe is connected to a double-U manometer as
shown in Fig. P1-111E at a location where the local atmospheric
pressure is 14.2 psia. Determine the absolute pressure at the cen-
ter of the pipe.

0il SG = 0.80
0il SG = 0.80
£ % U
20 in 4
30in

60in || ¥
LA

25 in
| 2

Mercury
SG=13.6

FIGURE P1-111E

1-112 A gasoline line is connected to a pressure gage through
a double-U manometer, as shown in Fig. P1-112. If the reading
of the pressure gage is 370 kPa, determine the gage pressure of
the gasoline line.

0il SG=0.79

Gasoline SG = 0.70

Air

FIGURE P1-112

1-113 Repeat Prob. 1-112 for a pressure gage reading of
180 kPa.

1-114 When measuring small pressure differences with a
manometer, often one arm of the manometer is inclined to
improve the accuracy of reading. (The pressure difference is
still proportional to the vertical distance and not the actual
length of the fluid along the tube.) The air pressure in a circu-
lar duct is to be measured using a manometer whose open arm
is inclined 45° from the horizontal, as shown in Fig. P1-114.
The density of the liquid in the manometer is 0.81 kg/L, and
the vertical distance between the fluid levels in the two arms
of the manometer is 12 cm. Determine the gage pressure of air in
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the duct and the length of the fluid column in the inclined arm
above the fluid level in the vertical arm.

Air

7,

Vi
o7

/1457

FIGURE P1-114

1-115 Consider the flow of air through a wind turbine whose
blades sweep an area of diameter D (in m). The average air veloc-
ity through the swept area is V (in m/s). On the bases of the units
of the quantities involved, show that the mass flow rate of air (in
kg/s) through the swept area is proportional to air density, the
wind velocity, and the square of the diameter of the swept area.

1-116 The drag force exerted on a car by air depends on a
dimensionless drag coefficient, the density of air, the car velocity,
and the frontal area of the car. That is, F, = Fi(Cype Apron, 2> V)-
Based on unit considerations alone, obtain a relation for the drag
force.

FIGURE P1-116

1-117E It is well known that cold air feels much colder in
windy weather than what the thermometer reading indicates
because of the “chilling effect” of the wind. This effect is due
to the increase in the convection heat transfer coefficient with
increasing air velocities. The equivalent wind chill tempera-
ture in °F is given by [ASHRAE, Handbook of Fundamentals
(Atlanta, GA, 1993), p. 8.15]

=914 — (914 — T, piend)
X (0.475 — 0.0203V + 0.304V/V)

Tequi v

where Vis the wind velocity in mi/h and T, ;.. is the ambient air
temperature in °F in calm air, which is taken to be air with light
winds at speeds up to 4 mi/h. The constant 91.4°F in the given
equation is the mean skin temperature of a resting person in a
comfortable environment. Windy air at temperature 7, and

ambient

velocity V will feel as cold as the calm air at temperature 7.
Using proper conversion factors, obtain an equivalent relation in
SI units where V is the wind velocity in km/h and T, is the

ambient air temperature in °C.

mbient

Answer: T equiv = 33.0 — (33.0 — T ambient)
X (0.475 — 0.0126V + 0.240VV)

1-118E Reconsider Prob. 1-117E. Using appropriate

software, plot the equivalent wind chill tempera-
tures in °F as a function of wind velocity in the range of 4 to
40 mph for the ambient temperatures of 20, 40, and 60°F.
Discuss the results.

Fundamentals of Engineering (FE) Exam Problems

1-119 During a heating process, the temperature of an object
rises by 10°C. This temperature rise is equivalent to a tempera-
ture rise of

(@) 10°F (b)42°F (c) 18 K (d) 18R (e)283 K

1-120  An apple loses 3.6 kJ of heat as it cools per °C drop in its
temperature. The amount of heat loss from the apple per °F drop
in its temperature is

(@)05k] (b)1.8K] (c)20Kk] (d)3.6k] (e)6.5k]

1-121 At sea level, the weight of 1 kg mass in SI units is
9.81 N. The weight of 1 Ibm mass in English units is
(a) 11bf (b)9.811bf (c)32.21bf (d)0.11bf (e)0.031 Ibf

1-122  Consider a fish swimming 5 m below the free surface
of water. The increase in the pressure exerted on the fish when it
dives to a depth of 25 m below the free surface is

(a) 196 Pa  (b) 5400 Pa (c) 30,000 Pa (d) 196,000 Pa

(e) 294,000 Pa

1-123 The atmospheric pressures at the top and the bottom of
a building are read by a barometer to be 96.0 and 98.0 kPa. If the
density of air is 1.0 kg/m?, the height of the building is

(@17m (B)20m (c)170m (d)204m (e) 252 m

1-124 Consider a 2.5-m-deep swimming pool. The pressure
difference between the top and bottom of the pool is

(@)2.5kPa (b)) 12.0kPa (c) 19.6 kPa (d)24.5 kPa

(e) 250 kPa

Design and Essay Problems

1-125 Write an essay on different temperature measurement
devices. Explain the operational principle of each device, its
advantages and disadvantages, its cost, and its range of applica-
bility. Which device would you recommend for use in the follow-
ing cases: taking the temperatures of patients in a doctor’s office,
monitoring the variations of temperature of a car engine block at
several locations, and monitoring the temperatures in the furnace
of a power plant?

1-126 Write an essay on the various mass- and volume-
measurement devices used throughout history. Also, explain the
development of the modern units for mass and volume.



ENERGY, ENERGY
TRANSFER, AND
GENERAL ENERGY
ANALYSIS

hether we realize it or not, energy is an important part of most aspects

of daily life. The quality of life, and even its sustenance, depends on

the availability of energy. Therefore, it is important to have a good
understanding of the sources of energy, the conversion of energy from one form to
another, and the ramifications of these conversions.

Energy exists in numerous forms such as thermal, mechanical, electric, chemi-
cal, and nuclear. Even mass can be considered a form of energy. Energy can be
transferred to or from a closed system (a fixed mass) in two distinct forms: heat
and work. For control volumes, energy can also be transferred by mass flow.
An energy transfer to or from a closed system is heat if it is caused by a tempera-
ture difference. Otherwise it is work, and it is caused by a force acting through
a distance.

We start this chapter with a discussion of various forms of energy and energy
transfer by heat. We then introduce various forms of work and discuss energy trans-
fer by work. We continue with developing a general intuitive expression for the
first law of thermodynamics, also known as the conservation of energy principle,
which is one of the most fundamental principles in nature, and we then demon-
strate its use. Finally, we discuss the efficiencies of some familiar energy conversion
processes and examine the impact on energy conversion on the environment.
Detailed treatments of the first law of thermodynamics for closed systems and
control volumes are given in Chaps. 4 and 5, respectively.

It should be kept in mind that physical laws or the laws of nature, such as the first
law of thermodynamics, are universally accepted statements related to observed
phenomena. They are conclusions drawn on the basis of numerous scientific
experiments and observations over a long period of time. A physical law dictates
that a particular phenomenon always occurs when specified conditions are pres-
ent. Everything in the universe obeys them with no exception, and there can be
no violations. As such, physical laws serve as powerful predictive tools, enabling
scientists to predict how things will happen in the physical universe before they
happen. They remain unchanged since first discovered, and nothing in nature
seems to affect the laws of nature.

CHAPTER

EEEEEERN
OBJECTIVES
The objectives of Chapter 2 are to:

Introduce the concept of energy
and define its various forms.

Discuss the nature of internal
energy.

Define the concept of heat and
the terminology associated with
energy transfer by heat.

Define the concept of work,

including electrical work and
several forms of mechanical

work.

Introduce the first law of
thermodynamics, energy
balances, and mechanisms
of energy transfer to or from
a system.

Determine that a fluid flowing
across a control surface of a
control volume carries energy
across the control surface in
addition to any energy transfer
across the control surface that
may be in the form of heat and/
or work.

Define energy conversion
efficiencies.

Discuss the implications of
energy conversion on the
environment.
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Well-sealed and
well-insulated room

FIGURE 2-1

A refrigerator operating with its
door open in a well-sealed and well-
insulated room.

Well-sealed and
well-insulated
room

FIGURE 2-2

A fan running in a well-sealed and
well-insulated room will raise the
temperature of air in the room.

2—1 = INTRODUCTION

We are familiar with the conservation of energy principle, which is an expression
of the first law of thermodynamics, back from our high school years. We are told
repeatedly that energy cannot be created or destroyed during a process; it can only
change from one form to another. This seems simple enough, but let’s test our-
selves to see how well we understand and truly believe in this principle.

Consider a room whose door and windows are tightly closed, and whose walls
are well-insulated so that heat loss or gain through the walls is negligible. Now
let’s place a refrigerator in the middle of the room with its door open, and plug it
into a wall outlet (Fig. 2—1). You may even use a small fan to circulate the air in
order to maintain temperature uniformity in the room. Now, what do you think
will happen to the average temperature of air in the room? Will it be increasing or
decreasing? Or will it remain constant?

Probably the first thought that comes to mind is that the average air temperature
in the room will decrease as the warmer room air mixes with the air cooled by the
refrigerator. Some may draw our attention to the heat generated by the motor of
the refrigerator, and may argue that the average air temperature may rise if this
heating effect is greater than the cooling effect. But they will get confused if it
is stated that the motor is made of superconducting materials, and thus there is
hardly any heat generation in the motor.

Heated discussion may continue with no end in sight until we remember the
conservation of energy principle that we take for granted: If we take the entire
room—including the air and the refrigerator—as the system, which is an adiabatic
closed system since the room is well-sealed and well-insulated, the only energy
interaction involved is the electrical energy crossing the system boundary and
entering the room. The conservation of energy requires the energy content of the
room to increase by an amount equal to the amount of the electrical energy drawn
by the refrigerator, which can be measured by an ordinary electric meter. The
refrigerator or its motor does not store this energy. Therefore, this energy must
now be in the room air, and it will manifest itself as a rise in the air temperature.
The temperature rise of air can be calculated on the basis of the conservation of
energy principle using the properties of air and the amount of electrical energy
consumed. What do you think would happen if we had a window air conditioning
unit instead of a refrigerator placed in the middle of this room? What if we oper-
ated a fan in this room instead (Fig. 2-2)?

Note that energy is conserved during the process of operating the refrigerator
placed in a room—the electrical energy is converted into an equivalent amount of
thermal energy stored in the room air. If energy is already conserved, then what
are all those speeches on energy conservation and the measures taken to conserve
energy? Actually, by “energy conservation” what is meant is the conservation of
the quality of energy, not the quantity. Electricity, which is of the highest quality
of energy, for example, can always be converted to an equal amount of thermal
energy (also called heat). But only a fraction of thermal energy, which is the
lowest quality of energy, can be converted back to electricity, as we discuss in
Chap. 6. Think about the things that you can do with the electrical energy that
the refrigerator has consumed, and the air in the room that is now at a higher
temperature.

Now if asked to name the energy transformations associated with the operation
of a refrigerator, we may still have a hard time answering because all we see is
electrical energy entering the refrigerator and heat dissipated from the refrigera-
tor to the room air. Obviously there is need to study the various forms of energy
first, and this is exactly what we do next, followed by a study of the mechanisms
of energy transfer.



CYU 2-1 — Check Your Understanding

CYU 2-1.1 A refrigerator is placed in the middle of a room. The refrigera-
tor consumes 0.5 kW of electricity while removing heat from the refrigerated
space at a rate of 0.6 kW. What is the net effect of operating this refrigerator
on the room?

(a) 0.1 kW cooling (b) 0.6 kW cooling (¢) 0.5 kW heating
(d) 1.1 kW heating (e) 1.1 kW cooling

CYU 2-1.2 A fan is operating in an isolated a room. The fan consumes 300 W
of electricity and converts 75 percent of this electricity to the kinetic energy of
air. What is the heating rate of the room by the fan?

(a) 315 W (b) 300 W (c) 225W
d 15w (e) 0

2-2 = FORMS OF ENERGY (»)

Energy can exist in numerous forms such as thermal, mechanical, kinetic, poten-
tial, electric, magnetic, chemical, and nuclear (Fig. 2—-3), and their sum constitutes
the total energy E of a system. The total energy of a system on a unit mass basis
is denoted by e and is expressed as

E
e==  (ki/kg) (2-1)
m

Thermodynamics provides no information about the absolute value of the total
energy. It deals only with the change of the total energy, which is what matters in
engineering problems. Thus the total energy of a system can be assigned a value
of zero (E = 0) at some convenient reference point. The change in total energy of
a system is independent of the reference point selected. The decrease in the poten-
tial energy of a falling rock, for example, depends on only the elevation difference
and not the reference level selected.

In thermodynamic analysis, it is often helpful to consider the various forms of
energy that make up the total energy of a system in two groups: macroscopic and
microscopic. The macroscopic forms of energy are those a system possesses as a
whole with respect to some outside reference frame, such as kinetic and potential
energies (Fig. 2-4). The microscopic forms of energy are those related to the
molecular structure of a system and the degree of the molecular activity, and they
are independent of outside reference frames. The sum of all the microscopic forms
of energy is called the internal energy of a system and is denoted by U.

The term energy was coined in 1807 by Thomas Young, and its use in thermo-
dynamics was proposed in 1852 by Lord Kelvin. The term internal energy and its
symbol U first appeared in the works of Rudolph Clausius and William Rankine
in the second half of the 19th century, and it eventually replaced the alternative
terms inner work, internal work, and intrinsic energy commonly used at the time.

The macroscopic energy of a system is related to motion and the influence of
some external effects such as gravity, magnetism, electricity, and surface tension.
The energy that a system possesses as a result of its motion relative to some refer-
ence frame is called kinetic energy (KE). When all parts of a system move with
the same velocity, the kinetic energy is expressed as

V2
KE = m- (kJ) (2-2)
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(b)

FIGURE 2-3

At least six different forms of energy
are encountered in bringing power
from a nuclear plant to your home:
nuclear, thermal, mechanical, kinetic,
magnetic, and electrical.

(a) Creatas/PunchStock;
(b) Tetra Images/Getty Images

FIGURE 2-4

The macroscopic energy of an object
changes with velocity and elevation.



50

ENERGY, ENERGY TRANSFER

A.=nD%4
D Vavg m =pA/ avg
Steam E = me
FIGURE 2-5

Mass and energy flow rates associated
with the flow of steam in a pipe of
inner diameter D with an average
velocity of V.

or, on a unit mass basis,

V2
ke = 5l (kJ/kg) (2-3)

where V denotes the velocity of the system relative to some fixed reference frame.
The kinetic energy of a rotating solid body is given by %Ia)2 where / is the moment
of inertia of the body and w is the angular velocity.

The energy that a system possesses as a result of its elevation in a gravitational
field is called potential energy (PE) and is expressed as

PE = mgz (kJ) (2-4)

or, on a unit mass basis,
pe =gz (kJ/kg) (2-5)

where g is the gravitational acceleration and z is the elevation of the center of
gravity of a system relative to some arbitrarily selected reference level.

The magnetic, electric, and surface tension effects are significant in some spe-
cialized cases only and are usually ignored. In the absence of such effects, the total
energy of a system consists of the kinetic, potential, and internal energies and is
expressed as

2
E:U+KE+PE:U+mV?+ng (kJ) (2-6)
or, on a unit mass basis,
VZ
e=u+ke+pe=u+ Y + 82 (kJ/kg) (2-7)

Most closed systems remain stationary during a process and thus experience no
change in their kinetic and potential energies. Closed systems whose velocity
and elevation of the center of gravity remain constant during a process are often
referred to as stationary systems. The change in the total energy AE of a sta-
tionary system is identical to the change in its internal energy AU. In this text, a
closed system is assumed to be stationary unless stated otherwise.

Control volumes typically involve fluid flow for long periods of time, and it is
convenient to express the energy flow associated with a fluid stream in the rate
form. This is done by incorporating the mass flow rate m, which is the amount
of mass flowing through a cross section per unit time. It is related to the volume
flow rate V, which is the volume of a fluid flowing through a cross section per
unit time, by

Mass flow rate: m= pV =pA.Y 4 (kg/s) (2-8)

which is analogous to m = pV. Here p is the fluid density, A, is the cross-
sectional area of flow, and V,,, is the average flow velocity normal to A,. The dot

over a symbol is used to indicate time rate throughout the book. Then the energy
flow rate associated with a fluid flowing at a rate of m is (Fig. 2-5)

Energy flow rate: E = e (kJ/s or kW) (2-9)

which is analogous to E = me.



Some Physical Insight to Internal Energy

Internal energy was defined earlier as the sum of all the microscopic forms of
energy of a system. It is related to the molecular structure and the degree of
molecular activity and can be viewed as the sum of the kinetic and potential ener-
gies of the molecules.

To have a better understanding of internal energy, let us examine a system
at the molecular level. The molecules of a gas move through space with some
velocity, and thus they possess some kinetic energy. This is known as the trans-
lational energy. The atoms of polyatomic molecules rotate about an axis, and the
energy associated with this rotation is the rotational kinetic energy. The atoms of
a polyatomic molecule may also vibrate about their common center of mass, and
the energy associated with this back-and-forth motion is the vibrational kinetic
energy. For gases, the kinetic energy is mostly due to translational and rotational
motions, with vibrational motion becoming significant at higher temperatures.
The electrons in an atom rotate about the nucleus and thus possess rotational
kinetic energy. Electrons at outer orbits have larger kinetic energies. Electrons
also spin about their axes, and the energy associated with this motion is the spin
energy. Other particles in the nucleus of an atom also possess spin energy. The
portion of the internal energy of a system associated with the kinetic energies of
the molecules is called the sensible energy (Fig. 2-6). The average velocity and
the degree of activity of the molecules are proportional to the temperature of the
gas. Therefore, at higher temperatures, the molecules possess higher kinetic ener-
gies, and as a result the system has a higher internal energy.

The internal energy is also associated with various binding forces between the
molecules of a substance, between the atoms within a molecule, and between the
particles within an atom and its nucleus. The forces that bind the molecules to
each other are, as one would expect, strongest in solids and weakest in gases. If
sufficient energy is added to the molecules of a solid or liquid, the molecules
overcome these molecular forces and break away, turning the substance into a gas.
This is a phase-change process. Because of this added energy, a system in the gas
phase is at a higher internal energy level than it is in the solid or the liquid phase.
The internal energy associated with the phase of a system is called the latent
energy. The phase-change process can occur without a change in the chemical
composition of a system. Most practical problems fall into this category, and one
does not need to pay any attention to the forces binding the atoms in a molecule
to each other.

An atom consists of neutrons and positively charged protons bound together by
very strong nuclear forces in the nucleus, and negatively charged electrons orbiting
around it. The internal energy associated with the atomic bonds in a molecule is
called chemical energy. During a chemical reaction, such as a combustion pro-
cess, some chemical bonds are destroyed while others are formed. As a result, the
internal energy changes. The nuclear forces are much larger than the forces that
bind the electrons to the nucleus. The tremendous amount of energy associated
with the strong bonds within the nucleus of the atom itself is called nuclear energy
(Fig. 2-7). Obviously, we need not be concerned with nuclear energy in thermody-
namics unless, of course, we deal with fusion or fission reactions. A chemical reac-
tion involves changes in the structure of the electrons of the atoms, but a nuclear
reaction involves changes in the core or nucleus. Therefore, an atom preserves its
identity during a chemical reaction but loses it during a nuclear reaction. Atoms
may also possess electric and magnetic dipole-moment energies when subjected
to external electric and magnetic fields due to the twisting of the magnetic dipoles
produced by the small electric currents associated with the orbiting electrons.

The forms of energy already discussed, which constitute the total energy of a
system, can be contained or stored in a system, and thus can be viewed as the
static forms of energy. The forms of energy not stored in a system can be viewed
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The various forms of microscopic
energies that make up sensible energy.
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The internal energy of a system
is the sum of all forms of the
microscopic energies.
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Microscopic kinetic
energy of molecules
(does not turn the wheel)

Macroscopic kinetic en::gﬁN
(turns the wheel)
FIGURE 2-8
The macroscopic kinetic energy is an
organized form of energy and is much
more useful than the disorganized

microscopic kinetic energies of the
molecules.
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FIGURE 2-9

The fission of uranium and the fusion
of hydrogen during nuclear reactions,
and the release of nuclear energy.

as the dynamic forms of energy or as energy interactions. The dynamic forms of
energy are recognized at the system boundary as they cross it, and they represent
the energy gained or lost by a system during a process. The only two forms of
energy interactions associated with a closed system are heat transfer and work.
An energy interaction is heat transfer if its driving force is a temperature differ-
ence. Otherwise it is work, as explained in the next section. A control volume can
also exchange energy via mass transfer since any time mass is transferred into or
out of a system, the energy content of the mass is also transferred with it.

In daily life, we often refer to the sensible and latent forms of internal energy as
heat, and we talk about heat content of bodies. In thermodynamics, however, we
usually refer to those forms of energy as thermal energy to prevent any confusion
with heat transfer.

A distinction should be made between the macroscopic kinetic energy of an
object as a whole and the microscopic kinetic energies of its molecules that con-
stitute the sensible internal energy of the object (Fig. 2-8). The kinetic energy
of an object is an organized form of energy associated with the orderly motion
of all molecules in one direction in a straight path or around an axis. In contrast,
the kinetic energies of the molecules are completely random and highly disor-
ganized. As you will see in later chapters, the organized energy is much more
valuable than the disorganized energy, and a major application area of thermo-
dynamics is the conversion of disorganized energy (heat) into organized energy
(work). You will also see that the organized energy can be converted to disorga-
nized energy completely, but only a fraction of disorganized energy can be con-
verted to organized energy by specially built devices called heat engines (like
car engines and power plants). A similar argument can be given for the macro-
scopic potential energy of an object as a whole and the microscopic potential
energies of the molecules.

More on Nuclear Energy

The best-known fission reaction involves the splitting of the uranium atom
(the U-235 isotope) into other elements. It is commonly used to generate elec-
tricity in nuclear power plants, to power nuclear submarines and aircraft carri-
ers, and even to power spacecraft, in addition to its use in nuclear bombs. The
percentage of electricity produced by nuclear power is 76 percent in France,
19 percent in Russia and the U.K., 14 percent in Germany, and 20 percent in
the United States.

The first nuclear chain reaction was achieved by Enrico Fermi in 1942, and the
first large-scale nuclear reactors were built in 1944 for the purpose of produc-
ing material for nuclear weapons. When a uranium-235 atom absorbs a neutron
and splits during a fission process, it produces a cesium-140 atom, a rubidium-93
atom, three neutrons, and 3.2 x 107! J of energy. In practical terms, the complete
fission of 1 kg of uranium-235 releases 8.314 x 10'° kJ of heat, which is more
than the heat released when 3700 tons of coal are burned. Therefore, for the same
amount of fuel, a nuclear fission reaction releases several million times more
energy than a chemical reaction. The safe disposal of used nuclear fuel, however,
remains a concern.

Nuclear energy by fusion is released when two small nuclei combine into a
larger one. The huge amount of energy radiated by the sun and the other stars orig-
inates from such a fusion process, which involves the combination of two hydro-
gen nuclei into a helium nucleus. When two heavy hydrogen (deuterium) nuclei
combine during a fusion process, they produce a helium-3 atom, a free neutron,
and 5.1 x 1072 J of energy (Fig. 2-9).

Fusion reactions are much more difficult to achieve in practice because of
the strong repulsion between the positively charged nuclei, called the Coulomb



repulsion. To overcome this repulsive force and to enable the two nuclei to fuse
together, the energy level of the nuclei must be raised by heating them to about
100 million °C. But such high temperatures are found only in the center of stars or
in exploding atomic bombs (the A-bomb). In fact, the uncontrolled fusion reaction
in a hydrogen bomb (the H-bomb) is initiated by a small atomic bomb. The uncon-
trolled fusion reaction was achieved in the early 1950s, but all the efforts since
then to achieve controlled fusion by massive lasers, powerful magnetic fields, and
electric currents to generate power have failed.

||

m EXAMPLE 2-1 A Car Powered by Nuclear Fuel

|

m An average car consumes about 5 L of gasoline a day, and the capacity of the fuel tank of a

B car is about 50 L. Therefore, a car needs to be refueled once every 10 days. Also, the den-
sity of gasoline ranges from 0.68 to 0.78 kg/L, and its lower heating value is about 44,000
kJ/kg (that is, 44,000 kJ of heat is released when 1 kg of gasoline is completely burned).
Suppose all the problems associated with the radioactivity and waste disposal of nuclear
fuels are resolved, and a car is to be powered by U-235. If a new car comes equipped with
0.1 kg of the nuclear fuel U-235, determine if this car will ever need refueling under aver-
age driving conditions (Fig. 2—-10).

SOLUTION A car powered by nuclear energy comes equipped with nuclear fuel. It is to
be determined if this car will ever need refueling.

Assumptions 1 Gasoline is an incompressible substance with an average density of
0.75 kg/L. 2 Nuclear fuel is completely converted to thermal energy.

Analysis The mass of gasoline used per day by the car is

M gsoline = (pV) aasoline = (0.75 kg/L)(5 L/day) = 3.75 kg/day

Noting that the heating value of gasoline is 44,000 kJ/kg, the energy supplied to the car
per day is

E = (M g,01ine)(Heating value)
= (3.75 kg/day) (44,000 kl/kg) = 165,000 kl/day

The complete fission of 0.1 kg of uranium-235 releases
(8.314 x 10'° kJ/kg)(0.1 kg) = 8.314 x10° kJ
of heat, which is sufficient to meet the energy needs of the car for

Energy content of fuel _ 8.314 x 10° kJ
Daily energy use 165,000 kJ/day

No. of days = = 50,390 days

which is equivalent to about 138 years. Considering that no car will last more than 100
years, this car will never need refueling. It appears that nuclear fuel of the size of a cherry
is sufficient to power a car during its lifetime.

Discussion Note that this problem is not quite realistic since the necessary critical mass
cannot be achieved with such a small amount of fuel. Further, all of the uranium cannot be
converted in fission, again because of the critical mass problems after partial conversion.

Mechanical Energy

Many engineering systems are designed to transport a fluid from one location to
another at a specified flow rate, velocity, and elevation difference, and the system
may generate mechanical work in a turbine or it may consume mechanical work
in a pump or fan during this process (Fig. 2—-11). These systems do not involve
the conversion of nuclear, chemical, or thermal energy to mechanical energy.
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FIGURE 2-10
Schematic for Example 2-1.

FIGURE 2-11

Mechanical energy is a useful
concept for flows that do not involve
significant heat transfer or energy
conversion, such as the flow of
gasoline from an underground tank
into a car.

Wavebreakmedia Ltd/Getty Images
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FIGURE 2-12

Mechanical energy is illustrated by

an ideal hydraulic turbine coupled

with an ideal generator. In the absence
of irreversible losses, the maximum
produced power is proportional to

(a) the change in water surface elevation
from the upstream to the downstream
reservoir or (b) (close-up view) the drop
in water pressure from just upstream to
just downstream of the turbine.

FIGURE 2-13
A site for a wind farm as discussed in
Example 2-2.

Image Source/Getty Images

Also, they do not involve any heat transfer in any significant amount, and they
operate essentially at constant temperature. Such systems can be analyzed con-
veniently by considering the mechanical forms of energy only and the frictional
effects that cause the mechanical energy to be lost (i.e., to be converted to thermal
energy that usually cannot be used for any useful purpose).

The mechanical energy can be defined as the form of energy that can be
converted to mechanical work completely and directly by an ideal mechanical
device such as an ideal turbine. Kinetic and potential energies are the familiar
forms of mechanical energy. Thermal energy is not mechanical energy, however,
since it cannot be converted to work directly and completely (the second law of
thermodynamics).

A pump transfers mechanical energy to a fluid by raising its pressure, and a
turbine extracts mechanical energy from a fluid by dropping its pressure. There-
fore, the pressure of a flowing fluid is also associated with its mechanical energy.
In fact, the pressure unit Pa is equivalent to Pa = N/m? = N-m/m® = J/m?, which
is energy per unit volume, and the product PV or its equivalent P/p has the unit
J/kg, which is energy per unit mass. Note that pressure itself is not a form of
energy, but a pressure force acting on a fluid through a distance produces work,
called flow work, in the amount of P/p per unit mass. Flow work is expressed in
terms of fluid properties, and it is convenient to view it as part of the energy of a
flowing fluid and call it flow energy. Therefore, the mechanical energy of a flow-
ing fluid can be expressed on a unit mass basis as

P V2
Chech = — +—+ 82 (2-10)
p 2
where Plp is the flow energy, V%2 is the kinetic energy, and gz is the potential
energy of the fluid, all per unit mass. It can also be expressed in rate form as

: . . (P V2 >
E q=mey,=m|l—+-—+gz (2-11)
p 2
where m is the mass flow rate of the fluid. Then the mechanical energy change of
a fluid during incompressible (p = constant) flow becomes
P,-P Vi-Vi

Aoy = p +— +g(z,—z)  (klkg) (2-12)

and

mech — me

. ‘ [(P,—P, Vi-V2

AE, M A ech, = m( PR I 8(z, = z.)) kW) (2-13)
Therefore, the mechanical energy of a fluid does not change during flow if its
pressure, density, velocity, and elevation remain constant. In the absence of any
irreversible losses, the mechanical energy change represents the mechanical work
supplied to the fluid (if Ae,., > 0) or extracted from the fluid (if Ae, ., <0). The
maximum (ideal) power generated by a turbine, for example, is W, = mAe
as shown in Fig. 2-12.

mech?

|

EXAMPLE 2-2 Wind Energy [
|

A site evaluated for a wind farm is observed to have steady winds at a speed of 8.5 m/s m

(Fig. 2-13). Determine the wind energy (a) per unit mass, (b) for a mass of 10 kg, and (c) ®
for a flow rate of 1154 kg/s for air.

SOLUTION A site with a specified wind speed is considered. Wind energy per unit
mass, for a specified mass, and for a given mass flow rate of air are to be determined.
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Assumptions Wind flows steadily at the specified speed.

Analysis The only harvestable form of energy of atmospheric air is the kinetic energy,
which is captured by a wind turbine.

(a) Wind energy per unit mass of air is

V:_ (@85 m/s)2< 1 J/kg

2 2\ m2/s2> =36.10/ke

e=ke =

(b) Wind energy for an air mass of 10 kg is
E = me = (10 kg)(36.1 J/kg) = 361 J
(c) Wind energy for a mass flow rate of 1154 kg/s is

1 kW
1000 J/s

E = rie = (1154 kg/s)(36.1 J/kg)( ) =41.7 kW

Discussion It can be shown that the specified mass flow rate corresponds to a
12-m-diameter flow section when the air density is 1.2 kg/m>. Therefore, a wind turbine
with a span diameter of 12 m has a power generation potential of 41.7 kW. Real wind tur-
bines convert about one-third of this potential to electric power.

CYU 2-2 — Check Your Understanding

CYU 2-2.1 Select the correct list of energy forms that constitute internal energy:
(a) Potential and kinetic (b) Sensible, chemical, and Kinetic
(¢) Sensible and latent (d) Sensible, chemical, and nuclear

(e) Sensible, latent, chemical, and nuclear

CYU 2-2.2 To what velocity do we need to accelerate a car at rest to increase its kinetic energy by 1 kJ/kg?
(a) 1 m/s (b) 1.4 m/s (¢) 10 m/s (d) 44.7 m/s (e) 90 m/s

CYU 2-2.3 How many meters do we need to raise a mass of 1 kg to increase its potential energy by 1 kJ?
(@) 1 m (b) 9.8 m (c) 49m (d) 98 m (e) 102 m

CYU 2-2.4 What is the total energy of a 5-kg object with KE = 10 kJ, PE = 15 kJ, u = 20 kJ/kg
(a) 20kJ (b) 25kJ (c) 45KJ (d) 125k] (e) 225 kI

CYU 2-2.5 What is the total mechanical energy of a fluid flowing in a horizontal pipe at a velocity is 10 m/s? The pres-
sure of the fluid is 200 kPa and its specific volume is 0.001 m?/kg.

(a) 0.050 kJ/kg (b) 0.2 kl/kg (c) 0.25 kl/kg (d) 50 kJ/kg (e) 50.2 kl/kg

2—-3 = ENERGY TRANSFER BY HEAT @

Energy can cross the boundary of a closed system in two distinct forms: heat and
work (Fig. 2—-14). It is important to distinguish between these two forms of energy.
Therefore, they will be discussed first, to form a sound basis for the development
of the laws of thermodynamics.
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System boundary We know from experience that a can of cold soda left on a table eventually
warms up and that a hot baked potato on the same table cools down. When a body
i is left in a medium that is at a different temperature, energy transfer takes place

Closed ~=I=— Heat between the body and the surrounding medium until thermal equilibrium is estab-
system i lished, that is, the body and the medium reach the same temperature. The direction
i of energy transfer is always from the higher temperature body to the lower temper-

(m= conStam):f:’ Work ature one. Once the temperature equality is established, energy transfer stops. In
77777777777 the processes described above, energy is said to be transferred in the form of heat.
Heat is defined as the form of energy that is transferred between two systems (or

a system and its surroundings) by virtue of a temperature difference (Fig. 2-15).
That is, an energy interaction is heat only if it takes place because of a temperature
difference. Then it follows that there cannot be any heat transfer between two sys-

FIGURE 2-14

Energy can cross the boundaries of a
closed system in the form of heat and

work. tems that are at the same temperature.
Several phrases in common use today—such as heat flow, heat addition, heat
R%%fglcaif rejection, heat absorption, heat removal, heat gain, heat loss, heat storage, heat
generation, electrical heating, resistance heating, frictional heating, gas heat-
ing, heat of reaction, liberation of heat, specific heat, sensible heat, latent heat,
No heat 8 I/s waste heat, body heat, process heat, heat sink, and heat source—are not consis-

ransfer tent with the strict thermodynamic meaning of the term heat, which limits its

use to the transfer of thermal energy during a process. However, these phrases
are deeply rooted in our vocabulary, and they are used by both ordinary people
and scientists without causing any misunderstanding since they are usually
interpreted properly instead of being taken literally. (Besides, no acceptable
alternatives exist for some of these phrases.) For example, the phrase body
heat is understood to mean the thermal energy content of a body. Likewise,
heat flow is understood to mean the transfer of thermal energy, not the flow
FIGURE 2-15 of a fluidlike substance called heat, although the latter incorrect interpreta-
Temperature difference is the driving  tjon, which is based on the caloric theory, is the origin of this phrase. Also,
force for heat transfer. The larger the the transfer of heat into a system is often referred to as heat addition and the
temperature difference, the higher is transfer of heat out of a system as heat rejection. Perhaps there are thermo-
the rate of heat transfer. dynamic reasons for being so reluctant to replace heat with thermal energy:
It takes less time and energy to say, write, and comprehend heat than it does

2kJ thermal energy.
Surrounding air t:;;?; Heat is energy in transition. It is recognized onl.y as it crosses the boqndary of a
———————— system. Consider the hot baked potato one more time. The potato contains energy,
f Heat but this energy is heat transfer only as it passes through the skin of the potato (the
2K system boundary) to reach the air, as shown in Fig. 2—16. Once in the surround-
heat ings, the transferred heat becomes part of the internal energy of the surroundings.

Thus, in thermodynamics, the term heat simply means heat transfer.

A process during which there is no heat transfer is called an adiabatic process
(Fig. 2-17). The word adiabatic comes from the Greek word adiabatos, which
means not to be passed. There are two ways a process can be adiabatic: Either
the system is well insulated so that only a negligible amount of heat can pass
through the boundary, or both the system and the surroundings are at the same
temperature and therefore there is no driving force (temperature difference) for
heat transfer. An adiabatic process should not be confused with an isothermal
process. Even though there is no heat transfer during an adiabatic process, the
energy content and thus the temperature of a system can still be changed by other
means such as work.

As a form of energy, heat has energy units, kJ (or Btu) being the most common
one. The amount of heat transferred during the process between two states (states 1
and 2) is denoted by Q,,, or just Q. Heat transfer per unit mass of a system is
denoted ¢ and is determined from

System

boundary 2k

thermal
energy

=~ -

FIGURE 2-16
Energy is recognized as heat transfer
only as it crosses the system boundary.

q= Q (kJ/kg) (2-14)
m



Sometimes it is desirable to know the rate of heat transfer (the amount of heat
transferred per unit time) instead of the total heat transferred over some time inter-
val (Fig. 2-18). The heat transfer rate is denoted Q, where the overdot stands for
the time rate, or “per unit time.” The heat transfer rate Q has the unit kJ/s, which is
equivalent to kW. When Q varies with time, the amount of heat transfer during a
process is determined by integrating Q over the time interval of the process:

0= .[ ZQ d (k) (2-15)

When Q remains constant during a process, this relation reduces to
0=0At (k) (2-16)

where Af = t, —t, is the time interval during which the process takes place.

Historical Background on Heat

Heat has always been perceived to be something that produces in us a sensation
of warmth, and one would think that the nature of heat is one of the first things
understood by humankind. However, it was only in the middle of the 19th cen-
tury that we had a true physical understanding of the nature of heat, thanks
to the development at that time of the kinetic theory, which treats molecules
as tiny balls that are in motion and thus possess kinetic energy. Heat is then
defined as the energy associated with the random motion of atoms and mol-
ecules. Although it was suggested in the 18th and early 19th centuries that heat
is the manifestation of motion at the molecular level (called the live force), the
prevailing view of heat until the middle of the 19th century was based on the
caloric theory proposed by the French chemist Antoine Lavoisier (1744-1794)
in 1789. The caloric theory asserts that heat is a fluidlike substance called the
caloric that is a massless, colorless, odorless, and tasteless substance that can
be poured from one body into another (Fig. 2-19). When caloric was added to
a body, its temperature increased; when caloric was removed from a body, its
temperature decreased. When a body could not contain any more caloric, much
the same as when a glass of water could not dissolve any more salt or sugar, the
body was said to be saturated with caloric. This interpretation gave rise to the
terms saturated liquid and saturated vapor that are still in use today.

The caloric theory came under attack soon after its introduction. It maintained
that heat is a substance that could not be created or destroyed. Yet it was known
that heat can be generated indefinitely by rubbing one’s hands together or rubbing
two pieces of wood together. In 1798, the American Benjamin Thompson (Count
Rumford) (1754-1814) showed in his papers that heat can be generated continu-
ously through friction. The validity of the caloric theory was also challenged by
several others. But it was the careful experiments of the English James P. Joule
(1818-1889) published in 1843 that finally convinced the skeptics that heat was
not a substance after all, and thus put the caloric theory to rest. Although the
caloric theory was totally abandoned in the middle of the 19th century, it contrib-
uted greatly to the development of thermodynamics and heat transfer.

Heat is transferred by three mechanisms: conduction, convection, and radia-
tion. Conduction is the transfer of energy from the more energetic particles of
a substance to the adjacent less energetic ones as a result of interaction between
particles. Convection is the transfer of energy between a solid surface and the
adjacent fluid that is in motion, and it involves the combined effects of conduc-
tion and fluid motion. Radiation is the transfer of energy due to the emission of
electromagnetic waves (or photons). An overview of the three mechanisms of heat
transfer is given at the end of this chapter as a Topic of Special Interest.

57

CHAPTER 2

Insulation

S L

Adiabatic

%24

2 A0
2

et A s

system

2 Sus Sy
DO DO DL

FIGURE 2-17

During an adiabatic process, a
system exchanges no heat with
its surroundings.

|

0 = 6 kW
q =15kJ/kg

FIGURE 2-18
The relationships among ¢, Q, and Q.

Contact
surface

FIGURE 2-19

In the early 19th century, heat was
thought to be an invisible fluid called
the caloric that flowed from warmer
bodies to cooler ones.
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CYU 2-3 — Check Your Understanding

CYU 2-3.1 If an energy transfer between a closed system and its surroundings is not heat, it must be
(a) Work (b) Energy transfer by mass  (¢) Work or energy transfer by mass
(d) Mechanical energy (e) Thermal energy

CYU 2-3.2 Select the wrong statement regarding energy transfer mechanisms.

(a) Heat always flows from high temperature to low temperature.

(b) There cannot be any net heat transfer between two systems that are at the same temperature.

(c) If a system undergoes an adiabatic process, the temperature of the system must remain constant.

(d) Heat transfer is recognized only as it crosses the boundary of a system.

CYU 2-3.3 A 2-kg closed system receives 6 kJ heat from a source for a period of 10 min. The rate of heat transfer and
the heat transfer per unit mass are

(@) 3 W, 10 kl/kg (b) 10W, 3 kl/kg (c) 3kW, 10kl/kg  (d) 0.6kW,3kl/kg  (e) 0.6 W, 3 ki/kg

2—4 = ENERGY TRANSFER BY WORK

Work, like heat, is an energy interaction between a system and its surroundings.
As mentioned earlier, energy can cross the boundary of a closed system in the
form of heat or work. Therefore, if the energy crossing the boundary of a closed
system is not heat, it must be work. Heat is easy to recognize: Its driving force is

W=30kJ a temperature difference between the system and its surroundings. Then we can

m = 2kg simply say that an energy interaction that is not caused by a temperature differ-

At=35s ence between a system and its surroundings is work. More specifically, work is

l the energy transfer associated with a force acting through a distance. A rising

. piston, a rotating shaft, and an electric wire crossing the system boundaries are
W=6kW all associated with work interactions.

w=15kl/kg Work is also a form of energy transferred like heat and, therefore, has energy

units such as kJ. The work done during a process between states 1 and 2 is denoted
by W,,, or simply W. The work done per unit mass of a system is denoted by w and
FIGURE 2-20 is expressed as
The relationships among w, W, and W.

w= w (kJ/kg) (2-17)
m

The work done per unit time is called power and is denoted W (Fig. 2-20). The
unit of power is kJ/s, or kW.

Heat and work are directional quantities, and thus the complete description of
a heat or work interaction requires the specification of both the magnitude and
direction. One way of doing that is to adopt a sign convention. The generally
accepted formal sign convention for heat and work interactions is as follows:
heat transfer to a system and work done by a system are positive; heat transfer
Jrom a system and work done on a system are negative. Another way is to use the
subscripts in and out to indicate direction (Fig. 2-21). For example, a work input
of 5 kJ can be expressed as W, = 5 kJ, while a heat loss of 3 kJ can be expressed
as Q. = 3 kJ. When the direction of a heat or work interaction is not known, we
FIGURE 2-21 can simply assume a direction for the interaction (using the subscript in or out)
Specifying the directions and solve for it. A positive result indicates the assumed direction is right. A nega-
of heat and work. tive result, on the other hand, indicates that the direction of the interaction is the

Surroundings




opposite of the assumed direction. This is just like assuming a direction for an
unknown force when solving a statics problem, and reversing the direction when a
negative result is obtained for the force. We will use this intuitive approach in this
book as it eliminates the need to adopt a formal sign convention and the need to
carefully assign negative values to some interactions.

Note that a quantity that is transferred to or from a system during an interaction
is not a property since the amount of such a quantity depends on more than just
the state of the system. Heat and work are energy transfer mechanisms between a
system and its surroundings, and there are many similarities between them:

1. Both are recognized at the boundaries of a system as they cross the boundar-
ies. That is, both heat and work are boundary phenomena.

2. Systems possess energy, but not heat or work.

3. Both are associated with a process, not a state. Unlike properties, heat or
work has no meaning at a state.

4. Both are path functions (i.e., their magnitudes depend on the path followed
during a process as well as the end states).

Path functions have inexact differentials designated by the symbol 8. Therefore, a
differential amount of heat or work is represented by 6Q or 6W, respectively, instead
of dQ or dW. Properties, however, are point functions (i.e., they depend on the state
only, and not on how a system reaches that state), and they have exact differentials
designated by the symbol d. A small change in volume, for example, is represented
by dV, and the total volume change during a process between states 1 and 2 is

2
JdV:VZ—Vl=AV
1

That is, the volume change during process 1-2 is always the volume at state 2
minus the volume at state 1, regardless of the path followed (Fig. 2-22). The total
work done during process 1-2, however, is

2
J WwW=W, (not AW)
1

That is, the total work is obtained by following the process path and adding the
differential amounts of work (6W) done along the way. The integral of 6W is not
W, — W, (i.e., the work at state 2 minus work at state 1), which is meaningless
since work is not a property and systems do not possess work at a state.

]
m EXAMPLE 2-3 Burning of a Candle in an Insulated Room

|

m A candle is burning in a well-insulated room. Taking the room (the air plus the candle) as

B the system, determine (a) if there is any heat transfer during this burning process and (b) if
there is any change in the internal energy of the system.

SOLUTION A candle burning in a well-insulated room is considered. It is to be deter-
mined whether there is any heat transfer and any change in internal energy.

Analysis (a) The interior surfaces of the room form the system boundary, as indicated
by the dashed lines in Fig. 2-23. As pointed out earlier, heat is recognized as it crosses the
boundaries. Since the room is well insulated, we have an adiabatic system, and no heat will
pass through the boundaries. Therefore, Q = 0 for this process.

(b) The internal energy involves energies that exist in various forms (sensible, latent,
chemical, nuclear). During the process just described, part of the chemical energy is con-
verted to sensible energy. Since there is no increase or decrease in the total internal energy
of the system, AU = 0 for this process.
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FIGURE 2-22

Properties are point functions; but
heat and work are path functions
(their magnitudes depend on the path
followed).
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FIGURE 2—-23
Schematic for Example 2-3.
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Oven

EXAMPLE 2—4 Heating of a Potato in an Oven

A potato initially at room temperature (25°C) is being baked in an oven that is maintained

Heat 20V o at 200°C, as shown in Fig. 2-24. Is there any heat transfer during this baking process?

Potato

s\ e ([[) SOLUTION A potato is being baked in an oven. It is to be determined whether there is
any heat transfer during this process.

Analysis This is not a well-defined problem since the system is not specified. Let us
@ assume that we are observing the potato, which will be our system. Then the outer surface
i of the skin of the potato can be viewed as the system boundary. Part of the energy in the
oven will pass through the skin to the potato. Since the driving force for this energy trans-
fer is a temperature difference, this is a heat transfer process.

FIGURE 2-24
Schematic for Example 2—4.

System boundary EXAMPLE 2-5  Heating of an Oven by Work Transfer

A well-insulated electric oven is being heated through its heating element. If the entire
oven, including the heating element, is taken to be the system, determine whether this is a
heat or work interaction.

Electric oven

SOLUTION A well-insulated electric oven is being heated by its heating element. It is to
be determined whether this is a heat or work interaction.

Analysis For this problem, the interior surfaces of the oven form the system boundary,
as shown in Fig. 2-25. The energy content of the oven obviously increases during this pro-
cess, as evidenced by a rise in temperature. This energy transfer to the oven is not caused

Heating element

FIGURE 2-25 by a temperature difference between the oven and the surrounding air. Instead, it is caused
Schematic for Example 2-5 by electrons crossing the system boundary and thus doing work. Therefore, this is a work
interaction.

S EXAMPLE 2—6 Heating of an Oven by Heat Transfer
ystem boundary

Answer the question in Example 2-5 if the system is taken as only the air in the oven with-
out the heating element.

Electric oven

SOLUTION The question in Example 2-5 is to be reconsidered by taking the system to
be only the air in the oven.

Heating element Analysis This time, the system boundary will include the outer surface of the heating
element and will not cut through it, as shown in Fig. 2-26. Therefore, no electrons will be
crossing the system boundary at any point. Instead, the energy generated in the interior of
the heating element will be transferred to the air around it as a result of the temperature
difference between the heating element and the air in the oven. Therefore, this is a heat
FIGURE 2—-26 transfer process.

Schematic for Example 2-6. Discussion For both cases, the amount of energy transfer to the air is the same. These
two examples show that an energy transfer can be heat or work, depending on how the
system is selected.

Electrical Work

It was pointed out in Example 2-5 that electrons crossing the system boundary do
electrical work on the system. In an electric field, electrons in a wire move under
the effect of electromotive forces, doing work. When N coulombs of electrical
charge move through a potential difference V, the electrical work done is

W, = VN
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which can also be expressed in the rate form as

W=Vl (W) (2-18)
. W, = VI R A%
where W, is the electrical power and / is the number of electrical charges flowing =1I’R
per unit time, that is, the current (Fig. 2-27). In general, both V and 7 vary with = V%R

time, and the electrical work done during a time interval Az is expressed as

2
W, = J VI dt (kJ) (2-19) FIGURE 2-27
! Electrical power in terms of

resistance R, current /, and
When both V and / remain constant during the time interval A¢, it reduces to potential difference V.

W,=VIAt  (K) (2-20)

CYU 2-4 — Check Your Understanding

CYU 2-4.1 Select the wrong statement regarding heat and work interactions.

(a) Both heat and work are boundary phenomena.

(b) Heat and work are defined at a state of a system.

(c) The magnitudes of heat and work depend on the path followed during a process.
(d) The magnitudes of heat and work depend on the initial and final states of a system.

(e) The temperature of a well-insulated system can be changed by energy transfer as work.

CYU 2-4.2 Work is done on a 0.5-kg closed system by a rotating shaft in the amount of 10 kJ during a period of 20 s.
The work per unit mass and the power are

(a) 10 kJ/kg, 5 kW (b) 5kJ/kg, 2 kW (c) 20kl/kg, 0.5 kW  (d) 2000 J/kg, SO0 W  (e) 2 kl/kg, 5 kW

2-5 = MECHANICAL FORMS OF WORK 1 £ oL

There are several different ways of doing work, each in some way related to a
force acting through a distance (Fig. 2-28). In elementary mechanics, the work |
done by a constant force F on a body displaced a distance s in the direction of the

force is given by

FIGURE 2-28
The work done is proportional to the
W=Fs (kJ) (2-21) force applied (F') and the distance

traveled (s).
If the force F is not constant, the work done is obtained by adding (i.e., integrat-

ing) the differential amounts of work,
2
W= I Fds (k) (2-22)
1

Obviously, one needs to know how the force varies with displacement to perform
this integration. Equations 2-21 and 2-22 give only the magnitude of the work.
The sign is easily determined from physical considerations: The work done on
a system by an external force acting in the direction of motion is negative, and
work done by a system against an external force acting in the opposite direction to
motion is positive.
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Boat

FIGURE 2-29

Energy transmission through rotating
shafts is commonly encountered in
practice.

W, = 2znT

Torque = Fr

FIGURE 2-30

Shaft work is proportional to the
torque applied and the number of
revolutions of the shaft.

7 = 4000 rpm
T =200 N-m
FIGURE 2-31

Schematic for Example 2—7.

There are two requirements for a work interaction between a system and its sur-
roundings to exist: (1) there must be a force acting on the boundary, and (2) the
boundary must move. Therefore, the presence of forces on the boundary without
any displacement of the boundary does not constitute a work interaction. Like-
wise, the displacement of the boundary without any force to oppose or drive this
motion (such as the expansion of a gas into an evacuated space) is not a work
interaction since no energy is transferred.

In many thermodynamic problems, mechanical work is the only form of work
involved. It is associated with the movement of the boundary of a system or with
the movement of the entire system as a whole. Some common forms of mechani-
cal work are discussed next.

Shaft Work

Energy transmission with a rotating shaft is very common in engineering prac-
tice (Fig. 2-29). Often the torque T applied to the shaft is constant, which
means that the force F applied is also constant. For a specified constant torque,
the work done during n revolutions is determined as follows: A force F acting
through a moment arm r generates a torque T of (Fig. 2-30)

T=Fr - F=L (2-23)
r

This force acts through a distance s, which is related to the radius r by
s = 2nrn (2-24)

Then the shaft work is determined from
T
W, =Fs= (—)(2ﬂrn) =2anT (kJ) (2-25)
r

The power transmitted through the shaft is the shaft work done per unit time,
which can be expressed as

W, =2miT (kW) (2-26)

where 7 is the number of revolutions per unit time.

EXAMPLE 2-7 Power Transmission by the Shaft of a Car

Determine the power transmitted through the shaft of a car when the torque applied is
200 N-m and the shaft rotates at a rate of 4000 revolutions per minute (rpm).

SOLUTION The torque and the rpm for a car engine are given. The power transmitted
is to be determined.

Analysis A sketch of the car is given in Fig. 2-31. The shaft power is determined
directly from

W, = 2miT = 2x) (4000 #)(200 N-m)<1 mm) (ﬁ)
min 60 s /\1000 N-m

=83.8kW (or 112 hp)

Discussion Note that power transmitted by a shaft is proportional to torque and the
rotational speed.



Spring Work

It is common knowledge that when a force is applied on a spring, the length of the
spring changes (Fig. 2-32). When the length of the spring changes by a differen-
tial amount dx under the influence of a force F, the work done is

oW,

spring =

Fdx (2-27)
To determine the total spring work, we need to know a functional relationship
between F and x. For linear elastic springs, the displacement x is proportional to
the force applied (Fig. 2-33). That is,
F=kx  (kN) (2-28)
where k is the spring constant and has the unit kN/m. The displacement x is mea-
sured from the undisturbed position of the spring (that is, x = 0 when F = 0).
Substituting Eq. 2-28 into Eq. 2-27 and integrating yield
W,rine = 2k(x3 — x3)

spring (kJ) (2-29)
where x, and x, are the initial and the final displacements of the spring, respec-
tively, measured from the undisturbed position of the spring.

There are many other forms of mechanical work. Next we introduce some of

them briefly.

Work Done on Elastic Solid Bars

Solids are often modeled as linear springs because under the action of a force they
contract or elongate, as shown in Fig. 2-34, and when the force is lifted, they return
to their original lengths, like a spring. This is true as long as the force is in the
elastic range, that is, not large enough to cause permanent (plastic) deformations.
Therefore, the equations given for a linear spring can also be used for elastic solid
bars. Alternately, we can determine the work associated with the expansion or con-
traction of an elastic solid bar by replacing pressure P with its counterpart in solids,
normal stress o, = F/A, in the work expression:

2 2
W, astic = J Fdx = I c,Adx (kJ) (2-30)
1

1

where A is the cross-sectional area of the bar. Note that the normal stress has pres-
sure units.

Work Associated with the Stretching

of a Liquid Film

Consider a liquid film such as soap film suspended on a wire frame (Fig. 2-35).
We know from experience that it will take some force to stretch this film by the
movable portion of the wire frame. This force is used to overcome the micro-
scopic forces between molecules at the liquid—air interfaces. These microscopic
forces are perpendicular to any line in the surface, and the force generated by these
forces per unit length is called the surface tension o,, whose unit is N/m. There-
fore, the work associated with the stretching of a film is also called surface tension
work. It is determined from

(2-31)

S

2
Wurface = J O-sdA (kJ)
1
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FIGURE 2-32
Elongation of a spring under
the influence of a force.
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The displacement of a linear spring
doubles when the force is doubled.
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FIGURE 2-34

Solid bars behave as springs under the
influence of a force.
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Rigid wire frame

S A o .
Liquid film ¥ Wire

FIGURE 2-35

Stretching a liquid film with a
U-shaped wire, and the forces acting
on the movable wire of length b.

Motor

{3

Elevator
car

FIGURE 2-36

The energy transferred to a body while
being raised is equal to the change in
its potential energy.

FIGURE 2-37
Schematic for Example 2—-8.
Lars A. Niki

where dA = 2bdx is the change in the surface area of the film. The factor 2 is due
to the fact that the film has two surfaces in contact with air. The force acting on
the movable wire as a result of surface tension effects is ' = 2bo, where o, is the
surface tension force per unit length.

Work Done to Raise or to Accelerate a Body

When a body is raised in a gravitational field, its potential energy increases. Like-
wise, when a body is accelerated, its kinetic energy increases. The conservation of
energy principle requires that an equivalent amount of energy must be transferred
to the body being raised or accelerated. Remember that energy can be transferred
to a given mass by heat and work, and the energy transferred in this case obviously
is not heat since it is not driven by a temperature difference. Therefore, it must
be work. Then we conclude that (1) the work transfer needed to raise a body is
equal to the change in the potential energy of the body, and (2) the work transfer
needed to accelerate a body is equal to the change in the kinetic energy of the body
(Fig. 2-36). Similarly, the potential or kinetic energy of a body represents the
work that can be obtained from the body as it is lowered to the reference level or
decelerated to zero velocity.

This discussion together with the consideration for friction and other losses
form the basis for determining the required power rating of motors used to drive
devices such as elevators, escalators, conveyor belts, and ski lifts. It also plays a
primary role in the design of automotive and aircraft engines, and in the determi-
nation of the amount of hydroelectric power that can be produced from a given
water reservoir, which is simply the potential energy of the water relative to the
location of the hydraulic turbine.

]

EXAMPLE 2-8 Work Requirement to Push a Cart Uphill [

|

A person whose mass is 100 kg pushes a cart whose mass, including its contents, is 100 kg m

up a ramp that is inclined at an angle of 20° from the horizontal (Fig. 2-37). The local ®
gravitational acceleration is 9.8 m/s?. Determine the work, in kJ, needed to move along
this ramp a distance of 100 m considering (a) the person and the cart and (b) just the cart.

SOLUTION A person is pushing a cart with its contents up a ramp that is inclined at an
angle of 20° from the horizontal. The work needed to move along this ramp is to be deter-
mined considering (a) the person and (b) the cart and its contents as the system.

Analysis (a) Considering the person as the system, letting / be the displacement along
the ramp, and letting @ be the inclination angle of the ramp,

W = Fl sinf = mgl sinf
= (100 + 100 kg)(9.8 m/s2)(100 m)(sin 20°) <%

1000 m2/32> = 070K

This is work that the person must do to raise the weight of the cart and contents, plus their
own weight, a distance of / sin 6.
(b) Applying the same logic to the cart and its contents gives

W = Fl sinf = mgl sin@

= (100 kg)(9.8 m/s%)(100 m)(sin 20°) <%

1000 m2/52> =Sk

Discussion The result in part () is more realistic since the person has to move
themselves in addition to the cart.
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||

m EXAMPLE 2-9 Power Needs of a Car to Accelerate

|

m Determine the power required to accelerate a 900-kg car shown in Fig. 2-38 from rest to a

B velocity of 80 km/h in 20 s on a level road.

SOLUTION The power required to accelerate a car to a specified velocity is to be

j\eterlmh'led'Th k needed 1 body is simply the ch in the kineti FIGURE 2-38
nalysis e work needed to accelerate a bo y 1S simply the ¢l ange 1n the netic Schematic fOT Example 2_9
energy of the body,
80,000 m 2 1 kl/kg
W, =im(v2 - v =1900k [(7> —02] (—)
a=2m(V2= V1) =7000kg)| { 1000 m¥/s?

=222KkJ]
The average power is determined from
Wa _ w, _ 222 kJ

At 20s

=11L.1kW  (or 14.9 hp)

Discussion This is in addition to the power required to overcome friction, rolling resis-
tance, and other imperfections.

Nonmechanical Forms of Work

The treatment in Section 2-5 represents a fairly comprehensive coverage of
mechanical forms of work except the moving boundary work that is covered
in Chap. 4. Some work modes encountered in practice are not mechanical in
nature. However, these nonmechanical work modes can be treated in a similar
manner by identifying a generalized force F acting in the direction of a gener-
alized displacement x. Then the work associated with the differential displace-
ment under the influence of this force is determined from 6W = Fdx.

Some examples of nonmechanical work modes are electrical work, where the
generalized force is the voltage (the electrical potential) and the generalized dis-
placement is the electrical charge, as discussed earlier; magnetic work, where the
generalized force is the magnetic field strength and the generalized displacement
is the total magnetic dipole moment,; and electrical polarization work, where the
generalized force is the electric field strength and the generalized displacement is
the polarization of the medium (the sum of the electric dipole rotation moments
of the molecules). Detailed consideration of these and other nonmechanical work
modes can be found in specialized books on these topics.

CYU 2-5 — Check Your Understanding

CYU 2-5.1 Which of the following is not mechanical work?
(a) Spring work (b) Shaft work (c¢) Work for stretching of a liquid film
(d) Work to accelerate a body (e) Electrical work

CYU 2-5.2 Which of the following are mechanical work?

I. Electrical work II. Magnetic work III. Spring work IV. Shaft work

(a) Tand IT (b) T and III (¢) 1T and IV (d) 1L, and IV (e) I, III, and IV
CYU 2-5.3 The velocity of a 1000-kg car is increased from rest to 72 km/h in 10 s. What is the required power for
acceleration?

(a) 518 kW (b) 259 kW (c) 200 kW (d) 20 kW (e) 2kW
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2 PE, =10k 2—6 = THE FIRST LAW OF THERMODYNAMICS
KEr=0 So far, we have considered various forms of energy such as heat Q, work W, and

total energy E individually, and no attempt is made to relate them to each other
during a process. The first law of thermodynamics, also known as the conser-
vation of energy principle, provides a sound basis for studying the relationships
among the various forms of energy and energy interactions. Based on experimen-
tal observations, the first law of thermodynamics states that energy can be nei-
ther created nor destroyed during a process, it can only change forms. Therefore,
every bit of energy should be accounted for during a process.

We all know that a rock at some elevation possesses some potential energy,
and part of this potential energy is converted to kinetic energy as the rock falls
(Fig. 2-39). Experimental data show that the decrease in potential energy
(mg Az) exactly equals the increase in kinetic energy [m(V3 — V31)/2| when the air
resistance is negligible, thus confirming the conservation of energy principle for
mechanical energy.

Consider a system undergoing a series of adiabatic processes from a specified
state 1 to another specified state 2. Being adiabatic, these processes obviously
cannot involve any heat transfer, but they may involve several kinds of work
interactions. Careful measurements during these experiments indicate the fol-
lowing: For all adiabatic processes between two specified states of a closed
system, the net work done is the same regardless of the nature of the closed sys-
tem and the details of the process. Considering that there are an infinite number
of ways to perform work interactions under adiabatic conditions, this statement
appears to be very powerful, with a potential for far-reaching implications. This
statement, which is largely based on the experiments of Joule in the first half of
the 19th century, cannot be drawn from any other known physical principle and
is recognized as a fundamental principle. This principle is called the first law of
thermodynamics or just the first law.

A major consequence of the first law is the existence and the definition of

Potato the property total energy E. Considering that the net work is the same for all
AE=5kJ adiabatic processes of a closed system between two specified states, the value
of the net work must depend on the end states of the system only, and thus
it must correspond to a change in a property of the system. This property is
the rotal energy. Note that the first law makes no reference to the value of the

H PE,=7K

n KE,=3kJ

FIGURE 2-39
Energy cannot be created or destroyed;
it can only change forms.

FIGURE 2-40 total energy of a closed system at a state. It simply states that the change in the
The increase in the energy of a potato  total energy during an adiabatic process must be equal to the net work done.
in an oven is equal to the amount of Therefore, any convenient arbitrary value can be assigned to total energy at a
heat transferred to it. specified state to serve as a reference point.

Implicit in the first law statement is the conservation of energy. Although the
essence of the first law is the existence of the property total energy, the first law
is often viewed as a statement of the conservation of energy principle. Next, we
develop the first law or the conservation of energy relation with the help of some
familiar examples using intuitive arguments.

First, we consider some processes that involve heat transfer but no work interac-
tions. The potato baked in the oven is a good example for this case (Fig. 2—40).
As a result of heat transfer to the potato, the energy of the potato will increase. If
we disregard any mass transfer (moisture loss from the potato), the increase in the
total energy of the potato becomes equal to the amount of heat transfer. That is, if
5 kJ of heat is transferred to the potato, the energy increase of the potato will also

be 5 kJ.
FIGURE 2-41 As another example, consider the heating of water in a pan on top of a range
In the absence of any work (Fig. 2-41). If 15 KJ of heat is transferred to the water from the heating element
interactions, the energy change of a and 3 kJ of it is lost from the water to the surrounding air, the increase in energy

system is equal to the net heat transfer.  of the water will be equal to the net heat transfer to water, which is 12 kJ.



Now consider a well-insulated (i.e., adiabatic) room heated by an electric heater
as our system (Fig. 2—42). As a result of electrical work done, the energy of the
system will increase. Since the system is adiabatic and cannot have any heat trans-
fer to or from the surroundings (Q = 0), the conservation of energy principle dic-
tates that the electrical work done on the system must equal the increase in energy
of the system.

Next, let us replace the electric heater with a paddle wheel (Fig. 2-43). As a result
of the stirring process, the energy of the system will increase. Again, since there is
no heat interaction between the system and its surroundings (Q = 0), the shaft work
done on the system must show up as an increase in the energy of the system.

Many of you have probably noticed that the temperature of air rises when it
is compressed (Fig. 2—44). This is because energy is transferred to the air in
the form of boundary work. In the absence of any heat transfer (Q = 0), the
entire boundary work will be stored in the air as part of its total energy. The
conservation of energy principle again requires that the increase in the energy
of the system be equal to the boundary work done on the system.

We can extend these discussions to systems that involve various heat and work
interactions simultaneously. For example, if a system gains 12 kJ of heat during a
process while 6 kJ of work is done on it, the increase in the energy of the system
during that process is 18 kJ (Fig. 2-45). That is, the change in the energy of a system
during a process is simply equal to the net energy transfer to (or from) the system.

Energy Balance

In the light of the preceding discussions, the conservation of energy principle can
be expressed as follows: The net change (increase or decrease) in the total energy
of the system during a process is equal to the difference between the total energy
entering and the total energy leaving the system during that process. That is,

< Total energy ) B ( Total energy ) _ ( Change in the total )
entering the system leaving the system/ ~ \energy of the system

or
Ein - Eout = AE|

system

This relation is often referred to as the energy balance and is applicable to any
kind of system undergoing any kind of process. The successful use of this rela-
tion to solve engineering problems depends on understanding the various forms of
energy and recognizing the forms of energy transfer.

Energy Change of a System, AE_ .,

The determination of the energy change of a system during a process involves
the evaluation of the energy of the system at the beginning and at the end of the
process, and taking their difference. That is,

Energy change = Energy at final state — Energy at initial state

or
AE

system — Efinal - Einitial = E2 - El (2-32)

Note that energy is a property, and the value of a property does not change unless
the state of the system changes. Therefore, the energy change of a system is zero
if the state of the system does not change during the process. Also, energy can
exist in numerous forms such as internal (sensible, latent, chemical, and nuclear),
kinetic, potential, electric, and magnetic, and their sum constitutes the total energy
E of a system. In the absence of electric, magnetic, and surface tension effects

(i.e., for simple compressible systems), the change in the total energy of a system
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Adiabatic

AE=5K]

FIGURE 2-42

The work (electrical) done on an
adiabatic system is equal to the
increase in the energy of the system.

Adiabatic
AE=8LJ Wonan =81
gc C#
FIGURE 2-43

The work (shaft) done on an adiabatic
system is equal to the increase in the
energy of the system.

(Adiabatic)

FIGURE 2-44

The work (boundary) done on an
adiabatic system is equal to the
increase in the energy of the system.
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FIGURE 2-45
The energy change of a system during
a process is equal to the net work and
heat transfer between the system and
its surroundings.

Stationary Systems

21=2— APE=0
Vi=V,-» AKE=0
AE =AU

FIGURE 2-46
For stationary systems,

AKE = APE = 0; thus AE = AU.

Mass _’El

Control
volume

FIGURE 2-47

—
< W
150
Mass
—

out

The energy content of a control
volume can be changed by mass
flow as well as by heat and work

interactions.

during a process is the sum of the changes in its internal, kinetic, and potential
energies and can be expressed as

AE =AU+ AKE + APE (2-33)
where
AU = m(uy — u,)
AKE = 1m(V} -V}
APE = mg(z, — z,)

When the initial and final states are specified, the values of the specific internal
energies u#, and u, can be determined directly from the property tables or thermo-
dynamic property relations.

Most systems encountered in practice are stationary, that is, they do not involve
any changes in their velocity or elevation during a process (Fig. 2—46).

Thus, for stationary systems, the changes in kinetic and potential energies are
zero (that is, AKE = APE = 0), and the total energy change relation in Eq. 2-33
reduces to AE = AU for such systems. Also, the energy of a system during a pro-
cess will change even if only one form of its energy changes while the other forms
of energy remain unchanged.

Mechanisms of Energy Transfer, E;, and E_,

Energy can be transferred to or from a system in three forms: heat, work, and mass
flow. Energy interactions are recognized at the system boundary as they cross it,
and they represent the energy gained or lost by a system during a process. The
only two forms of energy interactions associated with a fixed mass or closed sys-
tem are heat transfer and work.

1. Heat Transfer, O Heat transfer to a system (heat gain) increases the energy of
the molecules and thus the internal energy of the system, and heat transfer from
a system (heat loss) decreases it since the energy transferred out as heat comes
from the energy of the molecules of the system.

2. Work Transfer, W An energy interaction that is not caused by a temperature
difference between a system and its surroundings is work. A rising piston, a
rotating shaft, and an electrical wire crossing the system boundaries are all
associated with work interactions. Work transfer to a system (i.e., work done
on a system) increases the energy of the system, and work transfer from a sys-
tem (i.e., work done by the system) decreases it since the energy transferred
out as work comes from the energy contained in the system. Car engines and
hydraulic, steam, or gas turbines produce work, while compressors, pumps,
and mixers consume work.

3. Mass Flow, m Mass flow in and out of the system serves as an additional
mechanism of energy transfer. When mass enters a system, the energy of
the system increases because mass carries energy with it (in fact, mass is
energy). Likewise, when some mass leaves the system, the energy contained
within the system decreases because the departing mass takes out some
energy with it. For example, when some hot water is taken out of a water
heater and is replaced by the same amount of cold water, the energy content
of the hot-water tank (the control volume) decreases as a result of this mass
interaction (Fig. 2-47).

Noting that energy can be transferred in the forms of heat, work, and mass, and that
the net transfer of a quantity is equal to the difference between the amounts trans-
ferred in and out, the energy balance can be written more explicitly as

Ein - Eout = (Qin - Qout) + (Win - Wout) + (Emass,in - Emass,oul) = AEsyslem (2-34)



where the subscripts in and out denote quantities that enter and leave the sys-
tem, respectively. All six quantities on the right side of the equation represent
“amounts,” and thus they are positive quantities. The direction of any energy
transfer is described by the subscripts in and out.

The heat transfer Q is zero for adiabatic systems, the work transfer W is zero
for systems that involve no work interactions, and the energy transport with
mass E,_, is zero for systems that involve no mass flow across their boundaries
(i.e., closed systems).

Energy balance for any system undergoing any kind of process can be expressed
more compactly as

Ein - Eout = AEsyslem (kJ) (2-35)
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

or, in the rate form, as

Ein - Eout = dEsystcm/dt (kW) (2-36)
. S —_—
Rate of net energy transfer Rate of change in internal,
by heat, work, and mass kinetic, potential, etc., energies

For constant rates, the total quantities during a time interval Ar are related to the
quantities per unit time as

0=Q0A1, W=WAt, and AE=(dE/d)Ar  (K)) (2-37)
The energy balance can be expressed on a per unit mass basis as

€in ~ Cour — Ae

ssem (kI/kg) (2-38)
which is obtained by dividing all the quantities in Eq. 2-35 by the mass m of the
system. Energy balance can also be expressed in the differential form as

SE, — SE,, = dE

or de, —ode,, =de (2-39)

system ut system

For a closed system undergoing a cycle, the initial and final states are identical,
and thus AE .., = E, — E; = 0. Then the energy balance for a cycle simplifies
to E,, — E . = 0or E;, = E_,. Noting that a closed system does not involve any
mass flow across its boundaries, the energy balance for a cycle can be expressed
in terms of heat and work interactions as

‘/Vnel,out = Qnel,in or anel,out = Qnel,in (fOI' a CyCIe) (2_40)

That is, the net work output during a cycle is equal to net heat input (Fig. 2-48).

]

EXAMPLE 2-10 Cooling of a Hot Fluid in a Tank [
|

A rigid tank contains a hot fluid that is cooled while being stirred by a paddle wheel. Ini- m
tially, the internal energy of the fluid is 800 kJ. During the cooling process, the fluid loses ®

500 kJ of heat, and the paddle wheel does 100 kJ of work on the fluid. Determine the final
internal energy of the fluid. Neglect the energy stored in the paddle wheel.

SOLUTION A fluid in a rigid tank loses heat while being stirred. The final internal
energy of the fluid is to be determined.
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FIGURE 2-48
For a cycle AE = 0, thus net
heat input is equal to net work output.
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71 Oout = 500 KJ
7 |
N

Tl

FIGURE 2-49
Schematic for Example 2-10.

Air «—

FIGURE 2-50
Schematic for Example 2—-11.
Design Pics

U, =800 kJ Wihin =

100 kJ

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes
are zero, AKE = APE = 0. Therefore, AE = AU and internal energy is the only form of the
system’s energy that may change during this process. 2 Energy stored in the paddle wheel
is negligible.
Analysis Take the contents of the tank as the system (Fig. 2—49). This is a closed system
since no mass crosses the boundary during the process.

We observe that the volume of a rigid tank is constant, and thus there is no moving
boundary work. Also, heat is lost from the system, and shaft work is done on the system.
Applying the energy balance on the system gives

Ein - Eout = AE'system
e —_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies
VVsh,in - Qoul = AU = U2 - Ul

100 kJ — 500 kJ = U, — 800 kJ
U, = 400 kJ

Therefore, the final internal energy of the system is 400 kJ.

EXAMPLE 2—11 Acceleration of Air by a Fan

A fan that consumes 20 W of electric power when operating is claimed to discharge air
from a ventilated room at a rate of 1.0 kg/s at a discharge velocity of 8 m/s (Fig. 2-50).
Determine if this claim is reasonable.

SOLUTION A fan is claimed to increase the velocity of air to a specified value while con-
suming electric power at a specified rate. The validity of this claim is to be investigated.
Assumptions The ventilating room is relatively calm, and air velocity in it is negligible.
Analysis First, let’s examine the energy conversions involved: The motor of the fan con-
verts part of the electrical power it consumes to mechanical (shaft) power, which is used
to rotate the fan blades in air. The blades are shaped such that they impart a large fraction
of the mechanical power of the shaft to air by mobilizing it. In the limiting ideal case of
no losses (no conversion of electrical and mechanical energy to thermal energy) in steady
operation, the electric power input will be equal to the rate of increase of the kinetic energy
of air. Therefore, for a control volume that encloses the fan-motor unit, the energy balance
can be written as

Ein - Eout = d /dt/()(steddw = 0 = Ein = Eout

Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc., energies

system

14 m,. ke

elect,in — "fair™“~out — "fair 2

Solving for V_ . and substituting gives the maximum air outlet velocity to be

52
elect in 2(20 J/S) = 6.3 m/s
1.0 kg/s 1 J/kg

which is less than 8 m/s. Therefore, the claim is false.

Discussion The conservation of energy principle requires the energy to be preserved as
it is converted from one form to another, and it does not allow any energy to be created or
destroyed during a process. From the first law point of view, there is nothing wrong with
the conversion of the entire electrical energy into kinetic energy. Therefore, the first law
has no objection to air velocity reaching 6.3 m/s—but this is the upper limit. Any claim

out

o
g
. __________________________________________________________________________NENNN]



of higher velocity is in violation of the first law, and thus impossible. In reality, the air
velocity will be considerably lower than 6.3 m/s because of the losses associated with the
conversion of electrical energy to mechanical shaft energy, and the conversion of mechani-
cal shaft energy to kinetic energy or air.

EXAMPLE 2-12 Heating Effect of a Fan

A room is initially at the outdoor temperature of 25°C. Now a large fan that consumes
200 W of electricity when running is turned on (Fig. 2-51). The heat transfer rate between
the room and the outdoor air is given as Q = UA(T, — T,) where U = 6 W/m?-°C is the overall
heat transfer coefficient, A = 30 m? is the exposed surface area of the room, and 7} and T, are
the indoor and outdoor air temperatures, respectively. Determine the indoor air temperature
when steady operating conditions are established.

SOLUTION A large fan is turned on and kept on in a room that loses heat to the outdoors.
The indoor air temperature is to be determined when steady operation is reached.
Assumptions 1 Heat transfer through the floor is negligible. 2 There are no other
energy interactions involved.
Analysis The electricity consumed by the fan is energy input for the room, and thus the
room gains energy at a rate of 200 W. As a result, the room air temperature tends to rise.
But as the room air temperature rises, the rate of heat loss from the room increases until the
rate of heat loss equals the electric power consumption. At that point, the temperature of
the room air, and thus the energy content of the room, remains constant, and the conserva-
tion of energy for the room becomes

Ein - Eout = dE,

system!’

/dt/»O(steady) =0 Ein = Eou

—_— [ —
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc., energies

t

Wiietin = Qoue = UAT, = T,)
Substituting,
200 W = (6 W/m?-°C)(30 m?)(T; — 25°C)
It gives
T,=26.1°C

Therefore, the room air temperature will remain constant after it reaches 26.1°C.
Discussion Note that a 200-W fan heats a room just like a 200-W resistance heater. In the
case of a fan, the motor converts part of the electric energy it draws to mechanical energy
in the form of a rotating shaft, while the remaining part is dissipated as heat to the room air
because of the motor inefficiency (no motor converts 100 percent of the electric energy it
receives to mechanical energy, although some large motors come close with a conversion
efficiency of over 97 percent). Part of the mechanical energy of the shaft is converted to
kinetic energy of air through the blades, which is then converted to thermal energy as air mol-
ecules slow down because of friction. At the end, the entire electric energy drawn by the fan
motor is converted to thermal energy of air, which manifests itself as a rise in temperature.

EXAMPLE 2-13 Annual Lighting Cost of a Classroom

The lighting needs of a classroom are met by 30 fluorescent lamps, each consuming
80 W of electricity (Fig. 2-52). The lights in the classroom are kept on for 12 hours a day
and 250 days a year. For a unit electricity cost of 11 cents per kWh, determine the annual
energy cost of lighting for this classroom. Also, discuss the effect of lighting on the heating
and air-conditioning requirements of the room.
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elect,in

FIGURE 2-51
Schematic for Example 2—-12.

FIGURE 2-52

Fluorescent lamps lighting a classroom
as discussed in Example 2—-13.
PhotoLink/Getty Images
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SOLUTION The lighting of a classroom by fluorescent lamps is considered. The annual
electricity cost of lighting for this classroom is to be determined, and the lighting’s effect on
the heating and air-conditioning requirements is to be discussed.

Assumptions The effect of voltage fluctuations is negligible, so each fluorescent lamp
consumes its rated power.

Analysis The electric power consumed by the lamps when all are on and the number of
hours they are kept on per year are

Lighting power = (Power consumed per lamp) X (No. of lamps)
= (80 W/lamp)(30 lamps)
= 2400 W =24 kW

Operating hours = (12 h/day)(250 days/year) = 3000 h/year
Then the amount and cost of electricity used per year become

Lighting energy = (Lighting power)(Operating hours)
= (2.4 kW)(3000 h/year) = 7200 kWh/year

Lighting cost = (Lighting energy)(Unit cost)
= (7200 kWh/year)($0.11/kWh) = $792/year

Light is absorbed by the surfaces it strikes and is converted to thermal energy. Disregarding
the light that escapes through the windows, the entire 2.4 kW of electric power consumed
by the lamps eventually becomes part of thermal energy of the classroom. Therefore, the
lighting system in this room reduces the heating requirements by 2.4 kW but increases the
air-conditioning load by 2.4 kW.

Discussion Note that the annual lighting cost of this classroom alone is close to
$800. This shows the importance of energy conservation measures. If incandescent
lightbulbs were used instead of fluorescent tubes, the lighting costs would be four
times as much since incandescent lamps use four times as much power for the same
amount of light produced.

CYU 2-6 — Check Your Understanding

CYU 2-6.1 Energy can be transferred to or from a system by
I. Mass flow II. Work III. Heat transfer
(a) L 11, and TIT (b) Tand 1 (¢) Tand III (d) T and 1T (e) Only III

CYU 2-6.2 Heat is lost from a system in the amount of 3 kJ. If the energy of the system is decreased by 5 kJ, what is
the work interaction?

(@) W,,=2K] (b) W,, =2kl (c) W,,= 8Kl d) W,, =8kl (&) W,, =3kl

CYU 2-6.3 30 kJ of energy enters a well-insulated piston-cylinder device by mass flow while piston rises and does
40 kJ of work. What is the change in the total energy of the system?

(a) 40J (b) =7kJ (c) 7T0kJ (d) —10KkJ (e) 10kJ

CYU 2-6.4 Heat is transferred to a closed system in the amount of 13 kJ while 8 kJ electrical work is done on the sys-
tem. If there are no kinetic and potential energy changes, what is the internal energy change of the system?

(a) SKI (b) —=5KkJ (c) 21kJ (d) —21kJ (e) 8kI



2—7 = ENERGY CONVERSION EFFICIENCIES

Efficiency is one of the most often used terms in thermodynamics, and it indicates
how well an energy conversion or transfer process is accomplished. Efficiency
is also one of the most often misused terms in thermodynamics and a source of
misunderstandings. This is because efficiency is often used without being prop-
erly defined first. Next, we will clarify this further and define some efficiencies
commonly used in practice.

Efficiency, in general, can be expressed in terms of the desired output and the
required input as

Desired output

Efficiency = (2-41)

Required input

If you are shopping for a water heater, a knowledgeable salesperson will tell
you that the efficiency of a conventional electric water heater is about 90 percent
(Fig. 2-53). You may find this confusing, since the heating elements of electric
water heaters are resistance heaters, and the efficiency of all resistance heaters is
100 percent as they convert all the electrical energy they consume into thermal
energy. A knowledgeable salesperson will clarify this by explaining that the heat
losses from the hot-water tank to the surrounding air amount to 10 percent of the
electrical energy consumed, and the efficiency of a water heater is defined as the
ratio of the energy delivered to the house by hot water to the energy supplied to the
water heater. A clever salesperson may even talk you into buying a more expen-
sive water heater with thicker insulation that has an efficiency of 94 percent. If
you are a knowledgeable consumer and have access to natural gas, you will prob-
ably purchase a gas water heater whose efficiency is only 55 percent since a gas
unit costs about the same as an electric unit to purchase and install, but the annual
energy cost of a gas unit will be much less than that of an electric unit.

Perhaps you are wondering how the efficiency for a gas water heater is defined,
and why it is much lower than the efficiency of an electric heater. As a general
rule, the efficiency of equipment that involves the combustion of a fuel is based
on the heating value of the fuel, which is the amount of heat released when a
unit amount of fuel at room temperature is completely burned and the combus-
tion products are cooled to the room temperature (Fig. 2-54). Then the perfor-
mance of combustion equipment can be characterized by combustion equipment
efficiency 7., equip» defined as

Quseful

— Xuseful _ Quseful

E Miyep HV fuel

fuel

Rate of useful heat delivered, kJ/s
Rate of chemical fuel energy consumed, kJ/s

(2-42)

Mcomb equip

where i, is the amount of fuel burned in the combustion equipment per unit
time in kg/s, and HV, is the heating value of the fuel in kJ/kg.

This efficiency can take different names, depending on the type of the combus-
tion unit such as furnace efficiency #;,,,...» boiler efficiency #, ;... or heater effi-
ciency 7., For example, an efficiency of 70 percent for a coal-burning heater
used to heat a building in winter indicates that 70 percent of the heating value of
the coal is transferred to the building as useful heat while the remaining 30 per-
cent is lost, mostly by the hot stack gases leaving the heater.

Most fuels contain hydrogen, which forms water when burned, and the heat-
ing value of a fuel will be different depending on whether the water in combus-
tion products is in the liquid or vapor form. The heating value is called the lower
heating value, or LHV, when the water leaves as a vapor, and the higher heat-
ing value, or HHV, when the water in the combustion gases is completely con-
densed and thus the heat of vaporization is also recovered. The difference between
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Water heater

Type Efficiency
Gas, conventional 55%
Gas, high-efficiency 62%
Electric, conventional 90%
Electric, high-efficiency 94%
FIGURE 2-53

Typical efficiencies of conventional
and high-efficiency electric and
natural gas water heaters.

Christopher Kerrigan/McGraw Hill

Combustion gases
25°C  CO,, H)O, N, etc.

LHV = 44,000 kl/kg

1kg
Air ) Gasoline
25°C Combustion 2500
N chamber —
FIGURE 2-54
The definition of the heating value of
gasoline.
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TABLE 2-1

The efficacy of different lighting
systems

Efficacy,

Type of lighting lumens/W
Combustion

Candle 0.3

Kerosene lamp 1-2
Incandescent

Ordinary 6-20

Halogen 15-35
Fluorescent

Compact 40-87

Tube 60-120
High-intensity discharge

Mercury vapor 40-60

Metal halide 65-118

High-pressure sodium 85-140

Low-pressure sodium 70-200
Solid-State

LED 20-160

OLED 15-60
Theoretical limit 300"

*This value depends on the spectral distribution of the
assumed ideal light source. For white light sources,
the upper limit is about 300 Im/W for metal halide,
350 Im/W for fluorescents, and 400 Im/W for LEDs.
Spectral maximum occurs at a wavelength of 555 nm
(green) with a light output of 683 Im/W.

=

15W

=

60 W

FIGURE 2-55

A 15-W compact fluorescent lamp
provides as much light as a 60-W
incandescent lamp.

these two heating values is equal to the product of the amount of water and the
enthalpy of vaporization of water at room temperature. For example, the lower
and higher heating values of gasoline are 44,000 kJ/kg and 47,300 kJ/kg, respec-
tively. An efficiency definition should make it clear whether it is based on the
higher or lower heating value of the fuel. Efficiencies of cars and jet engines are
normally based on lower heating values since water normally leaves as a vapor in
the exhaust gases, and it is not practical to try to recover the heat of vaporization.
Efficiencies of furnaces, on the other hand, are based on higher heating values.

The efficiency of space heating systems of residential and commercial build-
ings is usually expressed in terms of the annual fuel utilization efficiency, or
AFUE, which accounts for the combustion equipment efficiency as well as other
losses such as heat losses to unheated areas and start-up and cool-down losses.
The AFUE of most new heating systems is about 85 percent, although the AFUE
of some old heating systems is under 60 percent. The AFUE of some new high-
efficiency furnaces exceeds 96 percent, but the high cost of such furnaces cannot
be justified for locations with mild to moderate winters. Such high efficiencies are
achieved by reclaiming most of the heat in the flue gases, condensing the water
vapor, and discharging the flue gases at temperatures as low as 38°C (or 100°F)
instead of about 200°C (or 400°F) for the conventional models.

For car engines, the work output is understood to be the power delivered by the
crankshaft. But for power plants, the work output can be the mechanical power at
the turbine exit, or the electrical power output of the generator.

A generator is a device that converts mechanical energy to electrical
energy, and the effectiveness of a generator is characterized by the generator
efficiency, which is the ratio of the electrical power output to the mechanical
power input. The thermal efficiency of a power plant, which is of primary interest
in thermodynamics, is usually defined as the ratio of the net shaft work output of
the turbine to the heat input to the working fluid. The effects of other factors are
incorporated by defining an overall efficiency for the power plant as the ratio of
the net electrical power output to the rate of fuel energy input. That is,

Wietelectric

M overall = M comb equip! thermal’l generator — . (2_43)
a ¢ HHV X

The overall efficiencies are about 25-35 percent for gasoline automotive engines,
35-40 percent for diesel engines, and up to 60 percent for large power plants.

We are all familiar with the conversion of electrical energy to light by incandes-
cent lightbulbs, fluorescent tubes, and high-intensity discharge lamps. The effi-
ciency for the conversion of electricity to light can be defined as the ratio of the
energy converted to light to the electrical energy consumed. For example, com-
mon incandescent lightbulbs convert about 5 percent of the electrical energy they
consume to light; the rest of the energy consumed is dissipated as heat, which adds
to the cooling load of the air conditioner in summer. However, it is more common
to express the effectiveness of this conversion process by lighting efficacy, which
is defined as the amount of light output in lumens per W of electricity consumed.

The efficacy of different lighting systems is given in Table 2—1. Note that a
compact fluorescent lightbulb produces about four times as much light as an
incandescent lightbulb per W, and thus a 15-W fluorescent bulb can replace a
60-W incandescent lightbulb (Fig. 2-55). Also, a compact fluorescent bulb lasts
about 10,000 h, which is 10 times as long as an incandescent bulb, and it plugs
directly into the socket of an incandescent lamp. Therefore, despite their higher
initial cost, compact fluorescents reduce the lighting costs considerably through
reduced electricity consumption. Sodium-filled high-intensity discharge lamps
provide the most efficient lighting, but their use is limited to outdoor use because
of their yellowish light.



TABLE 2-2

Energy costs of cooking a casserole with different appliances™

Cooking Cooking Energy Cost of
Cooking appliance temperature time used energy
Electric oven 350°F (177°C) 1h 2.0 kWh $0.19
Convection oven (elect.) 325°F (163°C) 45 min 1.39 kWh $0.13
Gas oven 350°F (177°C) 1h 0.112 therm $0.13
Frying pan 420°F (216°C) 1h 0.9 kWh $0.09
Toaster oven 425°F (218°C) 50 min 0.95 kWh $0.09
Crockpot 200°F (93°C) 7h 0.7 kWh $0.07
Microwave oven “High” 15 min 0.36 kWh $0.03

*Assumes a unit cost of $0.095/kWh for electricity and $1.20/therm for gas.

[From J. T. Amann, A. Wilson, and K. Ackerly, Consumer Guide to Home Energy Savings, 9" ed., American Council for
an Energy-Efficient Economy, Washington, D.C., 2007, p. 163.]

We can also define efficiency for cooking appliances since they convert
electrical or chemical energy to heat for cooking. The efficiency of a cooking
appliance can be defined as the ratio of the useful energy transferred to the food
to the energy consumed by the appliance (Fig. 2-56). Electric ranges are more
efficient than gas ranges, but it is much cheaper to cook with natural gas than with
electricity because of the lower unit cost of natural gas (Table 2-2).

The cooking efficiency depends on user habits as well as the individual appli-
ances. Convection and microwave ovens are inherently more efficient than
conventional ovens. On average, convection ovens save about one-third and
microwave ovens save about two-thirds of the energy used by conventional ovens.
The cooking efficiency can be increased by using the smallest oven for baking,
using a pressure cooker, using an electric slow cooker for stews and soups, using
the smallest pan that will do the job, using the smaller heating element for small
pans on electric ranges, using flat-bottomed pans on electric burners to assure
good contact, keeping burner drip pans clean and shiny, defrosting frozen foods in
the refrigerator before cooking, avoiding preheating unless it is necessary, keeping
the pans covered during cooking, using timers and thermometers to avoid over-
cooking, using the self-cleaning feature of ovens right after cooking, and keeping
inside surfaces of microwave ovens clean.

Using energy-efficient appliances and practicing energy conservation measures
help our pocketbooks by reducing our utility bills. This also helps the environment
by reducing the amount of pollutants emitted to the atmosphere during the com-
bustion of fuel at home or at the power plants where electricity is generated. The
combustion of each therm of natural gas produces 6.4 kg of carbon dioxide, which
causes global climate change; 4.7 g of nitrogen oxides and 0.54 g of hydrocarbons,
which cause smog; 2.0 g of carbon monoxide, which is toxic; and 0.030 g of sulfur
dioxide, which causes acid rain. Each therm of natural gas saved eliminates the
emission of these pollutants while saving $0.60 for the average consumer in the
United States. Each kWh of electricity conserved saves 0.4 kg of coal consumption,
and 1.0 kg of CO, and 15 g of SO, emissions from a coal power plant.

[
m EXAMPLE 2-14 Cost of Cooking with Electric and Gas Ranges

|

m The efficiency of cooking appliances affects the internal heat gain from them since an inef-

B ficient appliance consumes a greater amount of energy for the same task, and the excess
energy consumed shows up as heat in the living space. The efficiency of open burners

I is determined to be 73 percent for electric units and 38 percent for gas units (Fig. 2-57).
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2kW

Energy utilized

Efficiency = Energy supplied to appliance
—3kWh_
5kWh o
FIGURE 2-56

The efficiency of a cooking
appliance represents the fraction of
the energy supplied to the appliance
that is transferred to the food.

FIGURE 2-57

Schematic of the 73 percent efficient
electric heating unit and 38 percent
efficient gas burner discussed in
Example 2-14.
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V20, V,=12.1m/s
i1=2
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Monech fon = AE:mech,ﬂuid _ {th/ 2
’ Wihaftin Wihaftin
_(0.506 kg/s)(12.1 m/s)2/2
B 50.0 W

=0.741

FIGURE 2-58

The mechanical efficiency of a fan
is the ratio of the rate of increase of
the mechanical energy of air to the
mechanical power input.

—>
—>
50.0 W\ |l —> 4 = 0.506 kg/s
° —_> —>e
@® @
—>
—>
—>

Consider a 2-kW electric burner at a location where the unit costs of electricity and natural
gas are $0.12/kWh and $1.20/therm, respectively. Determine the rate of energy consump-
tion by the burner and the unit cost of utilized energy for both electric and gas burners.

SOLUTION The operation of electric and gas ranges is considered. The rate of energy
consumption and the unit cost of utilized energy are to be determined.

Analysis The efficiency of the electric heater is given to be 73 percent. Therefore, a
burner that consumes 2 kW of electrical energy will supply

O, = (Energy input) x (Efficiency) = (2 kW)(0.73) = 1.46 kW

of useful energy. The unit cost of utilized energy is inversely proportional to the efficiency
and is determined from

Cost of energy input _ $0.12/kWh

— = $0.164/kWh
Efficiency 0.73

Cost of utilized energy =

Noting that the efficiency of a gas burner is 38 percent, the energy input to a gas burner
that supplies utilized energy at the same rate (1.46 kW) is

Efficiency 0.38

=3.84 kW (= 13,100 Btu/h)

Qinput, gas =

since 1 kW = 3412 Btu/h. Therefore, a gas burner should have a rating of at least 13,100
Btu/h to perform as well as the electric unit.

Noting that 1 therm = 29.3 kWh, the unit cost of utilized energy in the case of a gas
burner is determined to be

Cost of energy input _ $1.20/29.3 kWh
Efficiency 0.38
= $0.108/kWh

Cost of utilized energy =

Discussion The cost of utilized gas is less than that of utilized electricity. Therefore,
despite its higher efficiency, cooking with an electric burner will cost about 52 percent
more compared to a gas burner in this case. This explains why cost-conscious consumers
always ask for gas appliances, and it is not wise to use electricity for heating purposes.

Efficiencies of Mechanical and Electrical Devices

The transfer of mechanical energy is usually accomplished by a rotating shaft,
and thus mechanical work is often referred to as shaft work. A pump or a fan
receives shaft work (usually from an electric motor) and transfers it to the fluid as
mechanical energy (less frictional losses). A turbine, on the other hand, converts
the mechanical energy of a fluid to shaft work. In the absence of any irrevers-
ibilities such as friction, mechanical energy can be converted entirely from one
mechanical form to another, and the mechanical efficiency of a device or process
can be defined as (Fig. 2-58)

Mechanical energy output _ Erechout _ Emechioss

1 2-44
E ( )

Mech =

Mechanical energy input  E

mech,in mech,in

A conversion efficiency of less than 100 percent indicates that conversion is less
than perfect and some losses have occurred during conversion. A mechanical effi-
ciency of 97 percent indicates that 3 percent of the mechanical energy input is
converted to thermal energy as a result of frictional heating, and this will manifest
itself as a slight rise in the temperature of the fluid.

In fluid systems, we are usually interested in increasing the pressure, velocity,
and/or elevation of a fluid. This is done by supplying mechanical energy to the



fluid by a pump, a fan, or a compressor (we will refer to all of them as pumps). Or
we are interested in the reverse process of extracting mechanical energy from a
fluid by a turbine and producing mechanical power in the form of a rotating shaft
that can drive a generator or any other rotary device. The degree of perfection of
the conversion process between the mechanical work supplied or extracted and the
mechanical energy of the fluid is expressed by the pump efficiency and turbine
efficiency, defined as

_ Mechanical energy increase of the fluid AEmcch.ﬂuid _ Wpump.u (2-45)
Mechanical energy input W W

shaft,in pump

77pump

where AE.mechqﬂuid = L’*'"mecmt — E echin 18 the rate of increase in the mechanical
energy of the fluid, which is equivalent to the useful pumping power W, sup-

pump,u
plied to the fluid, and

Mechanical energy output _ Wahattonr— Wibine
W,

turbine,e

Mturbine = (2-46)

Mechanical energy decrease of the fluid | AE, s iid

where AEmech’ﬂuid = Emech‘m — E\cenou 18 the rate of decrease in the mechanical
energy of the fluid, which is equivalent to the mechanical power extracted from
the fluid by the turbine W, ;.. .- and we use the absolute value sign to avoid nega-
tive values for efficiencies. A pump or turbine efficiency of 100 percent indicates
perfect conversion between the shaft work and the mechanical energy of the fluid,
and this value can be approached (but never attained) as the frictional effects are
minimized.

Electrical energy is commonly converted to rotating mechanical energy by elec-
tric motors to drive fans, compressors, robot arms, car starters, and so forth. The
effectiveness of this conversion process is characterized by the motor efficiency
Nimotor» Which is the ratio of the mechanical energy output of the motor to the elec-
trical energy input. The full-load motor efficiencies range from about 35 percent
for small motors to over 97 percent for large high-efficiency motors. The differ-
ence between the electrical energy consumed and the mechanical energy delivered
is dissipated as waste heat.

The mechanical efficiency should not be confused with the motor efficiency
and the generator efficiency, which are defined as

Mechanical power output W, .
Motor: motor = Electric zwer in uf = @-47)
p p Wclcct.in
and
Electric power output 14
Generator: 7 generator = P P _clectout (2-48)

Mechanical power input Wpatiin
A pump is usually packaged together with its motor, and a turbine with its genera-
tor. Therefore, we are usually interested in the combined or overall efficiency
of pump-motor and turbine-generator combinations (Fig. 2-59), which are
defined as

AE, o o
_ _ ""pump,u __ mech, fluid
npump—molor - npumprlmomr - - . (2_49)
elect,in Welect,in
and
_ _ Wclecl,oul _ Wclecl,()ul
”lurbine—gen - nturbinerlgenerator - - . (2_50)
Wturbine.e AE‘mech.fluid
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Mturbine = 0.75 ngeneralor =097

1 WelecL out

Turbine

N
Y

1 ”turbine—gen = r]turbine”generalor
=0.75%x0.97

=0.73

FIGURE 2-59

The overall efficiency of a turbine—
generator is the product of the
efficiency of the turbine and the
efficiency of the generator, and

it represents the fraction of the
mechanical power of the fluid
converted to electrical power.
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—> m = 1500 kg/s

Generator Turbine

FIGURE 2-60
Schematic for Example 2-15.

All the efficiencies just defined range between 0 and 100 percent. The lower limit
of 0 percent corresponds to the conversion of the entire mechanical or electric
energy input to thermal energy, and the device in this case functions like a resis-
tance heater. The upper limit of 100 percent corresponds to the case of perfect
conversion with no friction or other irreversibilities, and thus no conversion of
mechanical or electric energy to thermal energy.

EXAMPLE 2-15 Power Generation from a Hydroelectric Plant

Electric power is to be generated by installing a hydraulic turbine—generator at a site 70 m
below the free surface of a large water reservoir that can supply water at a rate of 1500 kg/s
steadily (Fig. 2—-60). If the mechanical power output of the turbine is 800 kW and the elec-
tric power generation is 750 kW, determine the turbine efficiency and the combined tur-
bine—generator efficiency of this plant. Neglect losses in the pipes.

SOLUTION A hydraulic turbine—generator installed at a large reservoir is to generate
electricity. The combined turbine—generator efficiency and the turbine efficiency are to be
determined.

Assumptions 1 The water elevation in the reservoir remains constant. 2 The mechanical
energy of water at the turbine exit is negligible.

Analysis We take the free surface of water in the reservoir to be point 1 and the tur-
bine exit to be point 2. We also take the turbine exit as the reference level (z, = 0) so that
the potential energies at 1 and 2 are pe, = gz, and pe, = 0. The flow energy P/p at both
points is zero since both 1 and 2 are open to the atmosphere (P, = P, = P,,,). Further, the
kinetic energy at both points is zero (ke, = ke, = 0) since the water at point 1 is essentially
motionless, and the kinetic energy of water at turbine exit is assumed to be negligible. The
potential energy of water at point 1 is

1 kl/kg

e, =gz, = (9.81 m/s? 70m(—
pe; =gz, =( Y70 ™\ 1600 m/s?

) = 0.687 kl/kg

Then the rate at which the mechanical energy of water is supplied to the turbine becomes

= m(emech,in - emech,out) = m(pel - 0) = mpel
(1500 kg/s)(0.687 kl/kg)

1031 kW

AE mech,fluid

The combined turbine—generator and the turbine efficiency are determined from their defi-
nitions to be

Welect,out _ 750 kW

ine—gen — 1 - = =0.727 or 72.7%
ﬂturbmc g |AEmWh,flllid 1031 kW 0
W,
N = 2 uneu_ SOOKW. _ ¢ 776 o 77.69%
|Emech,fluid 1031 kW

Therefore, the reservoir supplies 1031 kW of mechanical energy to the turbine, which
converts 800 kW of it to shaft work that drives the generator, which then generates 750 kW
of electric power.

Discussion This problem can also be solved by taking point 1 to be at the turbine inlet
and using flow energy instead of potential energy. It would give the same result since the
flow energy at the turbine inlet is equal to the potential energy at the free surface of the
IeServoir.



]
m EXAMPLE 2-16 Cost Savings Associated with

: High-Efficiency Motors

B A 60-hp electric motor (a motor that delivers 60 hp of shaft power at full load) that has an
efficiency of 89.0 percent is worn out and is to be replaced by a 93.2 percent efficient high-
efficiency motor (Fig. 2-61). The motor operates 3500 hours a year at full load. Taking
the unit cost of electricity to be $0.08/kWh, determine the amount of energy and money
saved as a result of installing the high-efficiency motor instead of the standard motor.
Also, determine the simple payback period if the purchase prices of the standard and high-
efficiency motors are $4520 and $5160, respectively.

SOLUTION A worn-out standard motor is to be replaced by a high-efficiency one. The
amount of electrical energy and money saved as well as the simple payback period are to
be determined.

Assumptions The load factor of the motor remains constant at 1 (full load) when
operating.

Analysis The electric power drawn by each motor and their difference can be expressed as

Welectric in, standard = Wshaft/ ’751 = (Rated power)(Load factor)/ ’751

W,

electric in, efficient =

' at/Mese = (Rated power)(Load factor)/# .

Welectric in, efficient

Power savings = W,

electric in, standard —

= (Rated power)(Load factor)(1/y — 1/5.)

where 7 is the efficiency of the standard motor, and 7 is the efficiency of the comparable
high-efficiency motor. Then the annual energy and cost savings associated with the instal-
lation of the high-efficiency motor become

Energy savings = (Power savings)(Operating hours)
= (Rated power)(Operating hours)(Load factor)(1/54 — 177.5)
= (60 hp)(0.7457 kW/hp)(3500 h/year)(1)(1/0.89 — 1/0.932)
= 7929 kWh/year

Cost savings = (Energy savings)(Unit cost of energy)
= (7929 kWh/year)($0.08/kWh)
= $634/year

Also,
Excess initial cost = Purchase price differential = $5160 — $4520 = $640
This gives a simple payback period of

Excess initial cost _ $640
Annual cost savings  $634/year

Simple payback period = = 1.01 year

Discussion Note that the high-efficiency motor pays for its price differential within
about one year from the electrical energy it saves. Considering that the service life of
electric motors is several years, the purchase of the higher efficiency motor is definitely
indicated in this case.
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Standard motor

High-efficiency motor

FIGURE 2-61
Schematic for Example 2-16.
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CYU 2-7 — Check Your Understanding

CYU 2-7.1 A house is heated by a natural gas heater. During a 1-h period, 0.5 kg natural gas is consumed and 20,000 kJ
heat is delivered to the house. The heating value of natural gas is 50,000 kJ/kg. What is the efficiency of the heater?

(a) 0% (b) 20% (c) 50% (d) 80% (e) 100%

CYU 2-7.2 The overall efficiency of a natural gas power plant is 45 percent. The thermal efficiency is 50 percent and
the generator efficiency is 100 percent. What is the efficiency of the natural gas furnace?

(a) 100% (b) 90% (c) 45.5% (d) 22.5% (e) 10%

CYU 2-7.3 The motor of a pump consumes 5 kW of electrical power. If the pump efficiency is 80 percent and the motor
efficiency is 90 percent, what is the shaft power input to the pump?

(a) 1.4 kW (b) 3.6 kW (c) 4 kW (d) 4.5 kW (e) SkW

CYU 2-7.4 A turbine-generator unit has a combined efficiency of 72 percent. The turbine efficiency is 80 percent and
the mechanical energy decrease of the fluid across the turbine is 1 MW. The shaft power output from the turbine and the
electrical power output from the generator, respectively, are

(a) 0.8 MW, 0.72MW (b) 0.72 MW, 0.8 MW (c) 0.9 MW, 0.72 MW (d) 0.72 MW, 0.9 MW

(e) 0.9 MW, 0.8 MW

2—8 = ENERGY AND ENVIRONMENT

The conversion of energy from one form to another often affects the environment
and the air we breathe in many ways, and thus the study of energy is not complete
without considering its impact on the environment (Fig. 2-62). Fossil fuels such
as coal, oil, and natural gas have been powering the industrial development and
the amenities of modern life that we enjoy since the 1700s, but this has not been
without any undesirable side effects. From the soil we farm and the water we
drink to the air we breathe, the environment has been paying a heavy toll for it.
Pollutants emitted during the combustion of fossil fuels are responsible for smog,
acid rain, global warming, and climate change. The environmental pollution has

FIGURE 2-62 reached such high levels that it has become a serious threat to vegetation, wildlife,
Energy conversion processes and human health. Air pollution has been the cause of numerous health problems,
are often accompanied by including asthma and cancer. It is estimated that over 60,000 people in the United
environmental pollution. States alone die each year due to heart and lung diseases related to air pollution.

Martin Haas/Shutterstock Hundreds of elements and compounds such as benzene and formaldehyde are

known to be emitted during the combustion of coal, oil, natural gas, and wood in
electric power plants, engines of vehicles, furnaces, and even fireplaces. Some
compounds are added to liquid fuels for various reasons (such as MTBE to raise
the octane number of the fuel and also to oxygenate the fuel in winter months to
reduce urban smog). The largest source of air pollution is motor vehicles, and the
pollutants released by the vehicles are usually grouped as hydrocarbons (HC),
nitrogen oxides (NO,), and carbon monoxide (CO) (Fig. 2-63). The HC emis-
sions make up a large portion of volatile organic compound (VOC) emissions, and
the two terms are generally used interchangeably for motor vehicle emissions. A
significant portion of the VOC or HC emissions is caused by the evaporation of
fuels during refueling or spillage during spitback or by evaporation from gas tanks
FIGURE 2-63 with faulty caps that do not close tightly. The solvents, propellants, and household
Motor vehicles are the largest source cleaning products that contain benzene, butane, or other HC products are also
of air pollution. significant sources of HC emissions.




The increase of environmental pollution at alarming rates and the rising aware-
ness of its dangers made it necessary to control it by legislation and international
treaties. In the United States, the Clean Air Act of 1970 (whose passage was aided
by the 14-day smog alert in Washington that year) set limits on pollutants emit-
ted by large plants and vehicles. These early standards focused on emissions of
hydrocarbons, nitrogen oxides, and carbon monoxide. New cars were required to
have catalytic converters in their exhaust systems to reduce HC and CO emissions.
As a side benefit, the removal of lead from gasoline to permit the use of catalytic
converters led to a significant reduction in toxic lead emissions.

Emission limits for HC, NO,, and CO from cars have been declining steadily
since 1970. The Clean Air Act of 1990 made the requirements on emissions even
tougher, primarily for ozone, CO, nitrogen dioxide, and particulate matter (PM).
As a result, today’s industrial facilities and vehicles emit a fraction of the pollut-
ants they used to emit a few decades ago. The HC emissions of cars, for example,
decreased from about 8 gpm (grams per mile) in 1970 to 0.33 gpm in 2010. This is
a significant reduction since many of the gaseous toxics from motor vehicles and
liquid fuels are hydrocarbons.

Children are most susceptible to the damages caused by air pollutants since their
organs are still developing. They are also exposed to more pollution since they are
more active, and thus they breathe faster. People with heart and lung problems,
especially those with asthma, are most affected by air pollutants. This becomes
apparent when the air pollution levels in their neighborhoods rise to high levels.

Ozone and Smog

If you live in a metropolitan area such as Los Angeles, you are probably familiar
with urban smog—the dark yellow or brown haze that builds up in a large, stag-
nant air mass and hangs over populated areas on calm, hot summer days. Smog
is made up mostly of ground-level ozone (Os), but it also contains many other
chemicals, including carbon monoxide (CO), particulate matter such as soot and
dust, and volatile organic compounds (VOCs) such as benzene, butane, and other
hydrocarbons. The harmful ground-level ozone should not be confused with the
useful ozone layer high in the stratosphere that protects the earth from the sun’s
harmful ultraviolet rays. Ozone at ground level is a pollutant with several adverse
health effects.

The primary source of both nitrogen oxides and hydrocarbons is motor vehicles.
Hydrocarbons and nitrogen oxides react in the presence of sunlight on hot, calm days
to form ground-level ozone (Fig. 2-64). Smog formation usually peaks in late after-
noons when the temperatures are highest and there is plenty of sunlight. Although
ground-level smog and ozone form in urban areas with heavy traffic or industry, the
prevailing winds can transport them several hundred miles to other cities. This shows
that pollution knows no boundaries, and it is a global problem.

Ozone irritates eyes and damages the air sacs in the lungs where oxygen and car-
bon dioxide are exchanged, causing eventual hardening of this soft and spongy tis-
sue. It also causes shortness of breath, wheezing, fatigue, headaches, and nausea,
and it aggravates respiratory problems such as asthma. Every exposure to ozone
does a little damage to the lungs, just like cigarette smoke, eventually reducing a
person’s lung capacity. Staying indoors and minimizing physical activity during
heavy smog minimizes damage. Ozone also harms vegetation by damaging leaf
tissues. To improve the air quality in areas with the worst ozone problems, refor-
mulated gasoline (RFG) that contains at least 2 percent oxygen was introduced.
The use of RFG has resulted in a significant reduction in the emission of ozone
and other pollutants, and its use is mandatory in many smog-prone areas.

The other serious pollutant in smog is carbon monoxide, which is a colorless,
odorless, poisonous gas. It is mostly emitted by motor vehicles, and it can build to
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FIGURE 2-64

Ground-level ozone, which is the
primary component of smog, forms
when HC and NO, react in the
presence of sunlight on hot, calm days.
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FIGURE 2-65

Sulfuric acid and nitric acid are
formed when sulfur oxides and
nitric oxides react with water
vapor and other chemicals high
in the atmosphere in the presence
of sunlight.

dangerous levels in areas with heavy congested traffic. It deprives the body’s organs
from getting enough oxygen by binding with the red blood cells that would other-
wise carry oxygen. At low levels, carbon monoxide decreases the amount of oxy-
gen supplied to the brain and other organs and muscles, slows body reactions and
reflexes, and impairs judgment. It poses a serious threat to people with heart disease
because of the fragile condition of the circulatory system and to fetuses because
of the oxygen needs of the developing brain. At high levels, it can be fatal, as evi-
denced by the many deaths caused by cars that are warmed up in closed garages or
by exhaust gases leaking into the cars.

Smog also contains suspended particulate matter such as dust and soot emitted
by vehicles and industrial facilities. Such particles irritate the eyes and the lungs
since they may carry compounds such as acids and metals.

Acid Rain

Fossil fuels are mixtures of various chemicals, including small amounts of sulfur.
The sulfur in the fuel reacts with oxygen to form sulfur dioxide (SO,), which is an
air pollutant. The main source of SO, is the electric power plants that burn high-
sulfur coal. The Clean Air Act of 1970 has limited the SO, emissions severely,
which forced the plants to install SO, scrubbers, to switch to low-sulfur coal, or to
gasify the coal and recover the sulfur. Motor vehicles also contribute to SO, emis-
sions since gasoline and diesel fuel also contain small amounts of sulfur. Volcanic
eruptions and hot springs also release sulfur oxides (the cause of the rotten egg
smell).

The sulfur oxides and nitric oxides react with water vapor and other chemicals
high in the atmosphere in the presence of sunlight to form sulfuric and nitric acids
(Fig. 2—-65). The acids formed usually dissolve in the suspended water droplets in
clouds or fog. These acid-laden droplets, which can be as acidic as lemon juice,
are washed from the air onto the soil by rain or snow. This is known as acid rain.
Soil can neutralize a certain amount of acid, but the amounts produced by burn-
ing high-sulfur coal are more than the soil can handle. As a result, many lakes
and rivers in industrial areas such as New York, Pennsylvania, and Michigan have
become too acidic for fish to grow. Forests in those areas also experience a slow
death because they absorb the acids through their leaves, needles, and roots. Even
marble structures deteriorate due to acid rain. The magnitude of the problem was
not recognized until the early 1970s, and measures have been taken since then to
reduce the sulfur dioxide emissions drastically by installing scrubbers in power
plants and by desulfurizing coal before combustion.

The Greenhouse Effect:
Global Warming and Climate Change

You have probably noticed that when you leave your car under direct sunlight on
a sunny day, the interior of the car gets much warmer than the air outside, and
you may have wondered why the car acts like a heat trap. This is because glass at
thicknesses encountered in practice transmits over 90 percent of radiation in the
visible range and is practically opaque (nontransparent) to radiation in the longer
wavelength infrared regions. Therefore, glass allows the solar radiation to enter
freely but blocks the infrared radiation emitted by the interior surfaces. This
causes a rise in the interior temperature as a result of the thermal energy buildup
in the car. This heating effect is known as the greenhouse effect because it is
exploited primarily in greenhouses.

The greenhouse effect is also experienced on a larger scale on earth. The sur-
face of the earth, which warms up during the day as a result of the absorption of
solar energy, cools down at night by radiating part of its energy into deep space
as infrared radiation. Carbon dioxide (CO,), water vapor, and trace amounts of



some other gases such as methane and nitrogen oxides act like a blanket and keep
the earth warm at night by blocking the heat radiated from the earth (Fig. 2—-66).
Therefore, these gases are called “greenhouse gases,” with CO, being the primary
component. Water vapor is usually taken out of this list since it comes down as
rain or snow as part of the water cycle and because human activities that produce
water (such as the burning of fossil fuels) do not have much impact on its concen-
tration in the atmosphere (which is mostly due to evaporation from rivers, lakes,
and oceans). CO, is different, however, in that people’s activities do make a differ-
ence in CO, concentration in the atmosphere.

The greenhouse effect makes life on earth possible by keeping the earth warm
(about 30°C warmer). However, excessive amounts of these gases disturb the deli-
cate balance by trapping too much energy, which causes the average temperature
of the earth to rise and the climate at some localities to change. These undesir-
able consequences of the greenhouse effect are referred to as global warming or
global climate change.

Global climate change is due to the excessive use of fossil fuels such as coal,
petroleum products, and natural gas in electric power generation, transportation,
buildings, and manufacturing, and it has been a concern in recent decades. In 2016,
a total of 9.9 billion tons of carbon was released to the atmosphere as CO,. The
current concentration of CO, in the atmosphere is about 400 ppm (or 0.04 percent).
This is 30 percent higher than the level a century ago, and it is projected to increase
to over 700 ppm by the year 2100. Under normal conditions, vegetation consumes
CO, and releases O, during photosynthesis, and thus it keeps the CO, concentra-
tion in the atmosphere in check. A mature, growing tree consumes about 12 kg of
CO, a year and exhales enough oxygen to support a family of four. However, defor-
estation and the huge increase in CO, production in recent decades has disturbed
this balance.

In a 1995 report, the world’s leading climate scientists concluded that the earth
has already warmed about 0.5°C during the last century, and they estimate that the
earth’s temperature will rise another 2°C by the year 2100. It is feared that a rise of
this magnitude could cause severe changes in weather patterns with storms, heavy
rains, and flooding in some places and drought in others, major floods due to the
melting of ice at the poles, a loss of wetlands and coastal areas due to rising sea
levels, variations in water supply, changes in the ecosystem due to the inability of
some animal and plant species to adjust to the changes, increases in epidemic dis-
eases due to the warmer temperatures, and adverse side effects on human health
and socioeconomic conditions in some areas.

The seriousness of these threats has moved the United Nations to establish a
committee on climate change. A world summit in 1992 in Rio de Janeiro, Brazil,
attracted world attention to the problem. The agreement prepared by the commit-
tee in 1992 to control greenhouse gas emissions was signed by 162 nations. In
the 1997 meeting in Kyoto (Japan), the world’s industrialized countries adopted
the Kyoto Protocol and committed to reduce their CO, and other greenhouse gas
emissions by 5 percent below the 1990 levels by 2008 to 2012. In December 2011,
countries agreed in Durban, South Africa, to forge a new deal forcing the biggest
polluting countries to limit greenhouse gas emissions. The Kyoto Protocol was
extended to allow five more years to finalize a wider agreement. The goal was to
produce a new, legally binding accord to cut greenhouse gas emissions that would
be completed by 2015 and would come into force by 2020.

In 2015, the United Nations Climate Change Conference was held in Paris
(France), resulting in the Paris Agreement on the reduction of climate change. The
conference included participants from 196 nations. The main result of the confer-
ence was the establishment of a goal to limit global warming to less than 2°C
compared to preindustrial times. According to the agreement, human-made green-
house emissions should be eliminated during the second half of the 21st century.
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FIGURE 2-67

The average car produces several times
its weight in CO, every year (it is
driven 13,500 miles a year, consumes
600 gallons of gasoline, and produces
20 Ibm of CO, per gallon).

milehightraveler/iStockphoto/Getty Images

FIGURE 2-68

Renewable energies such as wind are
called “green energy” since they emit
no pollutants or greenhouse gases.
Bear Dancer Studios/Mark Dierker

Greenhouse gas emissions can be reduced by increasing conservation efforts
and improving conversion efficiencies, while new energy demands should be met
by the use of renewable energy (such as hydroelectric, solar, wind, and geothermal
energy) rather than by fossil fuels.

Major sources of greenhouse gas emissions are the industrial sector and trans-
portation. Each kilowatt-hour of electricity produced by a fossil-fueled power plant
produces 0.6 to 1.0 kg (1.3 to 2.2 Ibm) of carbon dioxide. Each liter of gasoline
burned by a vehicle produces about 2.5 kg of CO, (or, each gallon of gasoline
burned produces about 20 1bm of CO,). An average car in the United States is
driven about 13,500 miles a year, and it consumes about 600 gallons of gasoline.
Therefore, a car emits about 12,000 Ibm of CO, to the atmosphere a year, which is
about four times the weight of a typical car (Fig. 2-67). This and other emissions
can be reduced significantly by buying an energy-efficient car that burns less fuel
over the same distance, and by driving sensibly. Saving fuel also saves money and
the environment. For example, choosing a vehicle that gets 30 rather than 20 miles
per gallon will prevent 2 tons of CO, from being released to the atmosphere every
year while reducing the fuel cost by $1000 per year (under average driving condi-
tions of 13,500 miles a year and at a fuel cost of $4.4/gal).

Considerable amounts of pollutants are emitted as the chemical energy in fos-
sil fuels is converted to thermal, mechanical, or electrical energy by combustion,
and thus power plants, motor vehicles, and even stoves take the blame for air pol-
lution. In contrast, no pollution is emitted as electricity is converted to thermal,
chemical, or mechanical energy, and thus electric cars are often touted as “zero
emission” vehicles, and their widespread use is seen by some as the ultimate solu-
tion to the air pollution problem. It should be remembered, however, that the elec-
tricity used by electric cars is generated somewhere else, mostly by burning fuel
and thus emitting pollution. Therefore, each time an electric car consumes 1 kWh
of electricity, it bears the responsibility for the pollution emitted as 1 kWh of
electricity (plus the conversion and transmission losses) is generated elsewhere.
Electric cars can truly be zero-emission vehicles only when the electricity they
consume is generated by emission-free renewable resources such as hydroelec-
tric, solar, wind, and geothermal energy (Fig. 2-68). Therefore, the use of renew-
able energy should be encouraged worldwide, with incentives, as necessary, to
make the earth a better place to live in. The advancements in thermodynamics
have contributed greatly in recent decades to improve conversion efficiencies (in
some cases doubling them) and thus to reduce pollution. As individuals, we can
also help by practicing energy conservation measures and by making energy effi-
ciency a high priority in our purchases.

]
EXAMPLE 2—-17 Reducing Air Pollution by Geothermal Heating =
|
A geothermal power plant in Nevada is generating electricity using geothermal water m

extracted at 180°C and injected back into the ground at 85°C. It is proposed to use the ®
injected brine to heat the residential and commercial buildings in the area, and calculations
show that the geothermal heating system can save 18 million therms of natural gas a year.
Determine the amount of NO, and CO, emissions the geothermal system will save each
year. Take the average NO, and CO, emissions of gas furnaces to be 0.0047 kg/therm and
6.4 kg/therm, respectively.

SOLUTION The gas heating systems in an area are being replaced by a geothermal
district heating system. The amounts of NO, and CO, emissions saved per year are to be
determined.
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Analysis The amounts of emissions saved per year are equivalent to the amounts emit-
ted by furnaces when 18 million therms of natural gas are burned,
NO, savings = (NO, emission per therm)(No. of therms per year)
= (0.0047 kg/therm)(18 x 10° therm/year)
= 8.5 x 10* kg/year

CO, savings = (CO, emission per therm)(No. of therms per year)
= (6.4 kg/therm)(18 x 106 therm/year)
= 1.2 x 103 kg/year

Discussion A typical car on the road generates about 8.5 kg of NO, and 6000 kg of CO,
a year. Therefore the environmental impact of replacing the gas heating systems in the area
with the geothermal heating system is equivalent to taking 10,000 cars off the road for
NO, emission and taking 20,000 cars off the road for CO, emission. The proposed system
should have a significant effect on reducing smog in the area.

CYU 2-8 — Check Your Understanding

CYU 2-8.1 Which of the emissions listed below is not an air pollutant?

(a) Hydrocarbons (b) Nitrogen oxides (¢) Carbon monoxide (d) Carbon dioxide (e) Sulfur dioxide
CYU 2-8.2 Ground-level ozone, which is the primary component of smog, forms when and

react in the presence of sunlight on hot, calm days.

(a) CO, NO, (b) CO, HC (c) HC, NO, (d) CO, SO, (e) SO,, NO,

CYU 2-8.3 The primary greenhouse gas is
(a) Hydrocarbons (b) Nitrogen oxides (¢) Carbon monoxide (d) Carbon dioxide (e) Water vapor

TOPIC OF SPECIAL INTEREST* Mechanisms of Heat Transfer

Heat can be transferred in three different ways: conduction, convection, and
radiation. We will give a brief description of each mode to familiarize you with
the basic mechanisms of heat transfer. All modes of heat transfer require the
existence of a temperature difference, and all modes of heat transfer are from
the high-temperature medium to a lower temperature one.

Conduction is the transfer of energy from the more energetic particles of a
substance to the adjacent less energetic ones as a result of interactions between
the particles. Conduction can take place in solids, liquids, or gases. In gases
and liquids, conduction is due to the collisions of the molecules during their
random motion. In solids, it is due to the combination of vibrations of mol-
ecules in a lattice and energy transport by free electrons. A cold canned drink
in a warm room, for example, eventually warms up to the room temperature as
a result of heat transfer from the room to the drink through the aluminum can
by conduction (Fig. 2-69).

*This section can be skipped without a loss in continuity.
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Heat conduction from warm air
to a cold canned drink through
the wall of the aluminum can.

TABLE 2-3

Thermal conductivities of some
materials at room conditions

Thermal

conductivity,
Material W/m-K
Diamond 2300
Silver 429
Copper 401
Gold 317
Aluminum 237
Iron 80.2
Mercury (/) 8.54
Glass 1.4
Brick 0.72
Water (/) 0.613
Human skin 0.37
Wood (oak) 0.17
Helium (g) 0.152
Soft rubber 0.13
Glass fiber 0.043
Air (g) 0.026
Urethane, rigid foam 0.026

It is observed that the rate of heat conduction Q,,, through a layer of con-
stant thickness Ax is proportional to the temperature difference AT across the
layer and the area A normal to the direction of heat transfer, and is inversely
proportional to the thickness of the layer. Therefore,

: AT
Qcond = kAE (W) (2-51)

where the constant of proportionality & is the thermal conductivity of
the material, which is a measure of the ability of a material to conduct heat
(Table 2-3). Materials such as copper and silver, which are good electric
conductors, are also good heat conductors, and therefore have high k values.
Materials such as rubber, wood, and styrofoam are poor conductors of heat and
therefore have low k values.

In the limiting case of Ax — 0, the preceding equation reduces to the dif-
ferential form

Qcond = _kAd_T

W
I (W)

(2-52)

which is known as Fourier’s law of heat conduction. It indicates that the rate
of heat conduction in a direction is proportional to the temperature gradient
in that direction. Heat is conducted in the direction of decreasing temperature,
and the temperature gradient becomes negative when temperature decreases
with increasing x. Therefore, a negative sign is added in Eq. 2—52 to make heat
transfer in the positive x direction a positive quantity.

Temperature is a measure of the kinetic energies of the molecules. In a liquid
or gas, the kinetic energy of the molecules is due to the random motion of the
molecules as well as the vibrational and rotational motions. When two mol-
ecules possessing different kinetic energies collide, part of the kinetic energy
of the more energetic (higher temperature) molecule is transferred to the less
energetic (lower temperature) particle, in much the same way as when two elas-
tic balls of the same mass at different velocities collide, part of the kinetic
energy of the faster ball is transferred to the slower one.

In solids, heat conduction is due to two effects: the lattice vibrational waves
induced by the vibrational motions of the molecules positioned at relatively
fixed position in a periodic manner called a lattice, and the energy trans-
ported via the free flow of electrons in the solid. The thermal conductivity of
a solid is obtained by adding the lattice and the electronic components. The
thermal conductivity of pure metals is primarily due to the electronic compo-
nent, whereas the thermal conductivity of nonmetals is primarily due to the
lattice component. The lattice component of thermal conductivity strongly
depends on the way the molecules are arranged. For example, the thermal
conductivity of diamond, which is a highly ordered crystalline solid, is much
higher than the thermal conductivities of pure metals, as can be seen from
Table 2-3.

Convection is the mode of energy transfer between a solid surface and the
adjacent liquid or gas that is in motion, and it involves the combined effects of
conduction and fluid motion. The faster the fluid motion, the greater the convec-
tion heat transfer. In the absence of any bulk fluid motion, heat transfer between
a solid surface and the adjacent fluid is by pure conduction. The presence of
bulk motion of the fluid enhances the heat transfer between the solid surface and
the fluid, but it also complicates the determination of heat transfer rates.
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Velocity

Consider the cooling of a hot block by blowing cool air over its top surface variation T
(Fig. 2-70). Energy is first transferred to the air layer adjacent to the surface of ofair S
the block by conduction. This energy is then carried away from the surface by Air Temperature
convection—that is, by the combined effects of conduction within the air, flow  — variation
which is due to random motion of air molecules, and the bulk or macroscopic =) of air
motion of the air, which removes the heated air near the surface and replaces it 0
with the cooler air. A .

Convection is called forced convection if the fluid is forced to flow in a tube / f(\ T,
or over a surface by external means such as a fan, pump, or the wind. In con- —

. . 5 o : . . Hot block
trast, convection is called free (or natural) convection if the fluid motion is
caused by buoyancy forces induced by density differences due to the variation FIGURE 2-70
of temperature in the fluid (Fig. 2-71). For ex%.lmpl.e, in the absence of a fan, Heat transfer from a hot surface to air
heat transfer from the surface of the hot block in Fig. 2-70 will be by natural by convection.
convection since any motion in the air in this case will be due to the rise of the
warmer (and thus lighter) air near the surface and the fall of the cooler (and
thus heavier) air to fill its place. Heat transfer between the block and surround-
Forced convection Natural convection

ing air will be by conduction if the temperature difference between the air and
the block is not large enough to overcome the resistance of air to move and thus
to initiate natural convection currents.

Heat transfer processes that involve change of phase of a fluid are also con-
sidered to be convection because of the fluid motion induced during the pro-
cess such as the rise of the vapor bubbles during boiling or the fall of the liquid
droplets during condensation. .

The rate of heat transfer by convection Q
law of cooling, expressed as

. FIGURE 2-71
Qeony = hA(T, — T}) W) (=) The cooling of a boiled egg by forced
and natural convection.

is determined from Newton’s

conv

where & is the convection heat transfer coefficient, A is the surface area
through which heat transfer takes place, T is the surface temperature, and 7, is
bulk fluid temperature away from the surface. (At the surface, the fluid tem-
perature equals the surface temperature of the solid.)

The convection heat transfer coefficient 4 is not a property of the fluid. It is
an experimentally determined parameter whose value depends on all the vari-
ables that influence convection such as the surface geometry, the nature of fluid
motion, the properties of the fluid, and the bulk fluid velocity. Typical values
of h, in W/m?>:K, are in the range of 2-25 for the free convection of gases,
50-1000 for the free convection of liquids, 25-250 for the forced convection
of gases, 50-20,000 for the forced convection of liquids, and 2500—-100,000 for
convection in boiling and condensation processes.

Radiation is the energy emitted by matter in the form of electromagnetic
waves (or photons) as a result of the changes in the electronic configurations Person
of the atoms or molecules. Unlike conduction and convection, the transfer of
energy by radiation does not require the presence of an intervening medium
(Fig. 2-72). In fact, energy transfer by radiation is fastest (at the speed of light)
and it suffers no attenuation in a vacuum. This is exactly how the energy of the
sun reaches the earth.

In heat transfer studies, we are interested in thermal radiation, which is the
form of radiation emitted by bodies because of their temperature. It differs

5°C Fire
900°C
NS e

_ha\ ¥,

o Radiation dg\

from other forms of electromagnetic radiation such as X-rays, gamma rays, FIGURE 2-72
microwaves, radio waves, and television waves that are not related to temper- Unlike conduction and convection,
ature. All bodies at a temperature above absolute zero emit thermal radiation. heat transfer by radiation can occur

Radiation is a volumetric phenomenon, and all solids, liquids, and gases emit, between two bodies even when they
absorb, or transmit radiation of varying degrees. However, radiation is usually are separated by a medium colder than

both of them.
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TABLE 2-4

Emissivity of some materials at 300 K

Material Emissivity
Aluminum foil 0.07
Anodized aluminum 0.82
Polished copper 0.03
Polished gold 0.03
Polished silver 0.02
Polished stainless steel 0.17
Black paint 0.98
White paint 0.90
White paper 0.92-0.97
Asphalt pavement 0.85-0.93
Red brick 0.93-0.96
Human skin 0.95
Wood 0.82-0.92
Soil 0.93-0.96
Water 0.96
Vegetation 0.92-0.96
Qincidem

Q

ref —

\

Qabs = aQincidem

(I-a) Qincidem

/

FIGURE 2-73
The absorption of radiation incident
on an opaque surface of absorptivity a.

considered to be a surface phenomenon for solids that are opaque to thermal
radiation such as metals, wood, and rocks since the radiation emitted by the
interior regions of such material can never reach the surface, and the radiation
incident on such bodies is usually absorbed within a few microns from the
surface.

The maximum rate of radiation that can be emitted from a surface at an abso-
lute temperature 7, is given by the Stefan—Boltzmann law as

= cAT? W) (2-54)

Qemil,max

where A is the surface area and ¢ = 5.67 X 1078 W/m>K* is the Stefan—
Boltzmann constant. The idealized surface that emits radiation at this max-
imum rate is called a blackbody, and the radiation emitted by a blackbody
is called blackbody radiation. The radiation emitted by all real surfaces is
less than the radiation emitted by a blackbody at the same temperatures and is
expressed as

Qi = €6ATH (W) (2-55)

where ¢ is the emissivity of the surface. The property emissivity, whose value
is in the range 0 < € < 1, is a measure of how closely a surface approximates
a blackbody for which & = 1. The emissivities of some surfaces are given in
Table 2—4.

Another important radiation property of a surface is its absorptivity, @, which
is the fraction of the radiation energy incident on a surface that is absorbed by
the surface. Like emissivity, its value is in the range 0 < @ < 1. A blackbody
absorbs the entire radiation incident on it. That is, a blackbody is a perfect
absorber (a = 1) as well as a perfect emitter.

In general, both € and a of a surface depend on the temperature and the wave-
length of the radiation. Kirchhoff’s law of radiation states that the emissivity
and the absorptivity of a surface are equal at the same temperature and wave-
length. In most practical applications, the dependence of ¢ and a on the tem-
perature and wavelength is ignored, and the average absorptivity of a surface is
taken to be equal to its average emissivity. The rate at which a surface absorbs
radiation is determined from (Fig. 2—73)

Qubs = aQincidcnt (W) (2-56)

where O, it 18 the rate at which radiation is incident on the surface and « is
the absorptivity of the surface. For opaque (nontransparent) surfaces, the por-
tion of incident radiation that is not absorbed by the surface is reflected back.
The difference between the rates of radiation emitted by the surface and
the radiation absorbed is the net radiation heat transfer. If the rate of radiation
absorption is greater than the rate of radiation emission, the surface is said
to be gaining energy by radiation. Otherwise, the surface is said to be losing
energy by radiation. In general, the determination of the net rate of heat trans-
fer by radiation between two surfaces is a complicated matter since it depends
on the properties of the surfaces, their orientation relative to each other, and
the interaction of the medium between the surfaces with radiation. However,
in the special case of a relatively small surface of emissivity ¢ and surface
area A at absolute temperature 7, that is completely enclosed by a much larger
surface at absolute temperature 7, . separated by a gas (such as air) that does

surr



not intervene with radiation (i.e., the amount of radiation emitted, absorbed,
or scattered by the medium is negligible), the net rate of radiation heat transfer
between these two surfaces is determined from (Fig. 2-74)

Oua=eoAT} = TYy) (W) (2-57)
In this special case, the emissivity and the surface area of the surrounding sur-

face do not have any effect on the net radiation heat transfer.

EXAMPLE 2-18 Heat Transfer from a Person

Consider a person standing in a breezy room at 20°C. Determine the total rate of heat
transfer from this person if the exposed surface area and the average outer surface tem-
perature of the person are 1.6 m? and 29°C, respectively, and the convection heat transfer
coefficient is 6 W/m?-°C (Fig. 2-75).

SOLUTION A person is standing in a breezy room. The total rate of heat loss from the
person is to be determined.

Assumptions 1 The emissivity and heat transfer coefficient are constant and uniform.
2 Heat conduction through the feet is negligible. 3 Heat loss by evaporation is disregarded.
Analysis The heat transfer between the person and the air in the room will be by convec-
tion (instead of conduction) since it is conceivable that the air in the vicinity of the skin or
clothing will warm up and rise as a result of heat transfer from the body, initiating natural
convection currents. It appears that the experimentally determined value for the rate of
convection heat transfer in this case is 6 W per unit surface area (m?) per unit temperature
difference (in K or °C) between the person and the air away from the person. Thus, the rate
of convection heat transfer from the person to the air in the room is, from Eq. 2-53,

Qconv = hA(Ts - Tf)
= (6 W/m2-°C)(1.6 m?)(29 — 20)°C
=864 W

The person will also lose heat by radiation to the surrounding wall surfaces. We take
the temperature of the surfaces of the walls, ceiling, and the floor to be equal to the air
temperature in this case for simplicity, but we recognize that this does not need to be the
case. These surfaces may be at a higher or lower temperature than the average temperature
of the room air, depending on the outdoor conditions and the structure of the walls. Con-
sidering that air does not intervene with radiation and the person is completely enclosed
by the surrounding surfaces, the net rate of radiation heat transfer from the person to the
surrounding walls, ceiling, and floor is, from Eq. 2-57,

Q.4 = €cA(T = T2 )

= (0.95)(5.67 x 1078 W/m2-K*)(1.6 m?) x [(29 + 273)* — (20 + 273)*]K*
=81.7W

Note that we must use absolute temperatures in radiation calculations. Also note that we
used the emissivity value for the skin and clothing at room temperature since the emissiv-
ity is not expected to change significantly at a slightly higher temperature.

Then the rate of total heat transfer from the body is determined by adding these two
quantities to be

Ot = Coomy + g = 86.4 + 81.7 = 168.1 W

The heat transfer would be much higher if the person were not dressed since the exposed
surface temperature would be higher. Thus, an important function of the clothes is to serve
as a barrier against heat transfer.

Discussion 1In the preceding calculations, heat transfer through the feet to the floor by
conduction, which is usually very small, is neglected. Heat transfer from the skin by perspira-
tion, which is the dominant mode of heat transfer in hot environments, is not considered here.
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Large
enclosure

FIGURE 2-74
Radiation heat transfer between a body
and the inner surfaces of a much larger
enclosure that completely surrounds it.

Qcond

FIGURE 2-75
Heat transfer from the person
described in Example 2-18.
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SUMMARY

The sum of all forms of energy of a system is called total energy,
which consists of internal, kinetic, and potential energy for sim-
ple compressible systems. Internal energy represents the molecu-
lar energy of a system and may exist in sensible, latent, chemical,
and nuclear forms.

Mass flow rate m is defined as the amount of mass flowing
through a cross section per unit time. It is related to the volume
flow rate U, which is the volume of a fluid flowing through a
Ccross section per unit time, by

= pV=pA Yy,

The energy flow rate associated with a fluid flowing at a rate of
mis

E = rie

which is analogous to E = me.

The mechanical energy is defined as the form of energy that
can be converted to mechanical work completely and directly by
a mechanical device such as an ideal turbine. It is expressed on a
unit mass basis and rate form as

P V2
emech=_+_+gz
p 2

and

: : : (P V2 )
Emech =Me e, =M\ — +——+ 82
p 2
where Plp is the flow energy, V*2 is the kinetic energy, and gz is
the potential energy of the fluid per unit mass.

Energy can cross the boundaries of a closed system in the form
of heat or work. For control volumes, energy can also be trans-
ported by mass. If the energy transfer is due to a temperature dif-
ference between a closed system and its surroundings, it is heat;
otherwise, it is work.

Work is the energy transferred as a force acts on a system
through a distance. Various forms of work are expressed as
follows:

Electrical work: W, = VIAt
Shaft work: W, = 2anT

REFERENCES AND SUGGESTED READINGS
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PROBLEMS*

Forms of Energy

2-1C What is the difference between the macroscopic and
microscopic forms of energy?

2-2C What is total energy? Identify the different forms of
energy that constitute the total energy.

2-3C List the forms of energy that contribute to the internal
energy of a system.

2-4C How are heat, internal energy, and thermal energy related
to each other?

2-5C What is mechanical energy? How does it differ from
thermal energy? What are the forms of mechanical energy of a
fluid stream?

2-6C Portable electric heaters are commonly used to heat
small rooms. Explain the energy transformation involved during
this heating process.

2-7C Natural gas, which is mostly methane CH,, is a fuel and
a major energy source. Can we say the same about hydrogen
gas, H,?

2-8C Consider the falling of a rock off a cliff into seawater,
and eventually settling at the bottom of the sea. Starting with the
potential energy of the rock, identify the energy transfers and
transformations involved during this process.

2-9 Electric power is to be generated by installing a hydrau-
lic turbine—generator at a site 120 m below the free surface
of a large water reservoir that can supply water at a rate of
1500 kg/s steadily. Determine the power generation potential.

2-10E The specific kinetic energy of a moving mass is given
by ke = V2/2, where V is the velocity of the mass. Determine the
specific kinetic energy of a mass whose velocity is 100 ft/s, in
Btu/lbm. Answer: 0.2 Btu/Ibm

2-11 Determine the specific kinetic energy of a mass whose
velocity is 30 m/s, in kJ/kg.

2-12E Calculate the total potential energy, in Btu, of an object
that is 20 ft below a datum level at a location where g = 31.7 ft/s?
and which has a mass of 100 1bm.

2-13 Determine the specific potential energy, in kJ/kg, of an
object 50 m above a datum in a location where g = 9.8 m/s.

2-14 An object whose mass is 100 kg is located 20 m above a
datum level in a location where standard gravitational acceleration
exists. Determine the total potential energy, in kJ, of this object.

2-15 A water jet that leaves a nozzle at 60 m/s at a flow rate of
120 kg/s is to be used to generate power by striking the buckets
located on the perimeter of a wheel. Determine the power gen-
eration potential of this water jet.

* Problems designated by a “C” are concept questions, and students
are encouraged to answer them all. Problems designated by an “E”
are in English units, and the Sl users can ignore them. Problems with
the g icon are comprehensive in nature and are intended to be
solved with appropriate software.

2-16 Consider a river flowing toward a lake at an average
velocity of 3 m/s at a rate of 500 m%/s at a location 90 m above the
lake surface. Determine the total mechanical energy of the river
water per unit mass and the power generation potential of the
entire river at that location.

River —— 3 m/s

FIGURE P2-16

2-17 At a certain location, wind is blowing steadily at 10 m/s.
Determine the mechanical energy of air per unit mass and the
power generation potential of a wind turbine with 60-m-diameter
blades at that location. Take the air density to be 1.25 kg/m?.

Energy Transfer by Heat and Work

2-18C What is the caloric theory? When and why was it
abandoned?

2-19C What are point and path functions? Give some examples.

2-20C In what forms can energy cross the boundaries of a
closed system?

2-21C What is an adiabatic process? What is an adiabatic
system?

2-22C When is the energy crossing the boundaries of a closed
system heat and when is it work?

2-23C Consider an automobile traveling at a constant speed
along a road. Determine the direction of the heat and work inter-
actions, taking the following as the system: (a) the car radiator,
(b) the car engine, (c¢) the car wheels, (d) the road, and (e) the air
surrounding the car.

2-24C A room is heated by an iron that is left plugged in. Is
this a heat or work interaction? Take the entire room, including
the iron, as the system.

2-25C A room is heated as a result of solar radiation coming
in through the windows. Is this a heat or work interaction for the
room?

2-26C A gas in a piston—cylinder device is compressed, and as a
result its temperature rises. Is this a heat or work interaction?

2-27 A small electrical motor produces 5 W of mechanical
power. What is this power in (a) N, m, and s units; and (b) kg, m,
and s units? Answers: (a) 5 N-m/s, (b) 5 kg-m?/s°

Mechanical Forms of Work

2-28C A car is accelerated from rest to 85 km/h in 10 s. Would
the energy transferred to the car be different if it were accelerated
to the same speed in 5 s?
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2-29E A construction crane lifts a prestressed concrete beam
weighing 3 short tons from the ground to the top of piers that
are 24 ft above the ground. Determine the amount of work done
considering (a) the beam and () the crane as the system. Express
your answers in both 1bf-ft and Btu.

2-30E Determine the torque applied to the shaft of a car that
transmits 225 hp and rotates at a rate of 3000 rpm.

2-31E A spring whose spring constant is 200 1bf/in has an ini-
tial force of 100 Ibf acting on it. Determine the work, in Btu,
required to compress it another 1 in.

2-32 How much work, in kJ, can a spring whose spring con-
stant is 3 kN/cm produce after it has been compressed 3 cm from
its unloaded length?

2-33 A ski lift has a one-way length of 1 km and a vertical
rise of 200 m. The chairs are spaced 20 m apart, and each chair
can seat three people. The lift is operating at a steady speed of
10 km/h. Neglecting friction and air drag and assuming that the
average mass of each loaded chair is 250 kg, determine the power
required to operate this ski lift. Also estimate the power required
to accelerate this ski lift in 5 s to its operating speed when it is
first turned on.

2-34 The engine of a 1500-kg automobile has a power rating
of 75 kW. Determine the time required to accelerate this car from
rest to a speed of 100 km/h at full power on a level road. Is your
answer realistic?

2-35 A damaged 1200-kg car is being towed by a truck.
Neglecting the friction, air drag, and rolling resistance, deter-
mine the extra power required (@) for constant velocity on
a level road, (b) for constant velocity of 50 km/h on a 30°
(from horizontal) uphill road, and (c) to accelerate on a level
road from stop to 90 km/h in 12 s. Answers: (a) O, (b) 81.7 kW,
(c) 31.3 kW

2-36 As a spherical ammonia vapor bubble rises in liquid
ammonia, its diameter changes from 1 cm to 3 cm. Calculate the
amount of work produced by this bubble, in kJ, if the surface ten-
sion of ammonia is 0.02 N/m. Answer: 5.03 X 10~% kJ

2-37 Asteelrod of 0.5 cm diameter and 10 m length is stretched
3 cm. Young’s modulus for this steel is 21 kN/cm? How much
work, in kJ, is required to stretch this rod?

The First Law of Thermodynamics

2-38C What are the different mechanisms for transferring
energy to or from a control volume?

2-39C For a cycle, is the net work necessarily zero? For what
kinds of systems will this be the case?

2-40C On a hot summer day, a student turns their fan on before
leaving the room in the morning. When the student returns in the
evening, will the room be warmer or cooler than the neighboring
rooms? Why? Assume all the doors and windows are kept closed.

2-41 Water is being heated in a closed pan on top of a range
while being stirred by a paddle wheel. During the process, 30 kJ
of heat is transferred to the water, and 5 kJ of heat is lost to the
surrounding air. The paddle-wheel work amounts to 500 N-m.

Determine the final energy of the system if its initial energy is
12.5 kJ. Answer: 38.0 kJ

SkJ

30 kJ

FIGURE P2-41

2-42  An adiabatic closed system is accelerated from 0 m/s to
30 m/s. Determine the specific energy change of this system, in
kl/kg.

2-43 A fanis to accelerate quiescent air to a velocity of 8 m/s at
arate of 9 m%/s. Determine the minimum power that must be sup-
plied to the fan. Take the density of air to be 1.18 kg/m>. Answer:
340 W

2-44E A vertical piston—cylinder device contains water and
is being heated on top of a range. During the process, 65 Btu
of heat is transferred to the water, and heat losses from the
side walls amount to 8 Btu. The piston rises as a result of
evaporation, and 5 Btu of work is done by the vapor. Deter-
mine the change in the energy of the water for this process.
Answer: 52 Btu

2-45E At winter design conditions, a house is projected to lose
heat at a rate of 60,000 Btu/h. The internal heat gain from peo-
ple, lights, and appliances is estimated to be 6000 Btu/h. If this
house is to be heated by electric resistance heaters, determine
the required rated power of these heaters in kW to maintain the
house at constant temperature.

2-46E A water pump increases the water pressure from
15 psia to 70 psia. Determine the power input required, in hp,
to pump 0.8 ft3/s of water. Does the water temperature at the
inlet have any significant effect on the required flow power?
Answer: 11.5 hp

2-47 The lighting needs of a storage room are being met by
six fluorescent light fixtures, each fixture containing four lamps
rated at 60 W each. All the lamps are on during operating hours of
the facility, which are 6 a.m. to 6 p.m. 365 days a year. The stor-
age room is actually used for an average of 3 h a day. If the price
of electricity is $0.11/kWh, determine the amount of energy and



money that will be saved as a result of installing motion sensors.
Also, determine the simple payback period if the purchase price
of the sensor is $32 and it takes 1 h to install it at a cost of $40.

2-48 A university campus has 200 classrooms and 400 faculty
offices. The classrooms are equipped with 12 fluorescent tubes,
each consuming 110 W, including the electricity used by the bal-
lasts. The faculty offices, on average, have half as many tubes.
The campus is open 240 days a year. The classrooms and faculty
offices are not occupied an average of 4 h a day, but the lights
are kept on. If the unit cost of electricity is $0.11/kWh, deter-
mine how much the campus will save a year if the lights in the
classrooms and faculty offices are turned off during unoccupied
periods.

2-49 Consider a room that is initially at the outdoor tempera-
ture of 20°C. The room contains a 40-W lightbulb, a 110-W TV
set, a 300-W refrigerator, and a 1200-W iron. Assuming no heat
transfer through the walls, determine the rate of increase of the
energy content of the room when all of these electric devices are
on.

2-50 An escalator in a shopping center is designed to move 50
people, 75 kg each, at a constant speed of 0.6 m/s at 45° slope.
Determine the minimum power input needed to drive this escala-
tor. What would your answer be if the escalator velocity were to
be doubled?

2-51 Consider a 2100-kg car cruising at constant speed of
70 km/h. Now the car starts to pass another car by accelerating
to 110 km/h in 5 s. Determine the additional power needed to
achieve this acceleration. What would your answer be if the total
mass of the car were only 700 kg? Answers: 117 kW, 38.9 kW

2-52E One way to improve the fuel efficiency of a car is to use
tires that have a lower rolling resistance—tires that roll with less
resistance. Highway tests at 65 mph showed that tires with the low-
est rolling resistance can improve fuel efficiency by nearly 2 mpg
(miles per gallon). Consider a car that gets 35 mpg on high-rolling-
resistance tires and is driven 15,000 miles per year. For a fuel cost
of $3.5/gal, determine how much money will be saved per year by
switching to low-rolling-resistance tires.

Energy Conversion Efficiencies

2-53C What is mechanical efficiency? What does a mechani-
cal efficiency of 100 percent mean for a hydraulic turbine?

2-54C How is the combined pump—motor efficiency of a pump
and motor system defined? Can the combined pump-motor effi-
ciency be greater than either the pump or the motor efficiency?

2-55C Define turbine efficiency, generator efficiency, and
combined turbine—generator efficiency.

2-56C Can the combined turbine—generator efficiency be
greater than either the turbine efficiency or the generator effi-
ciency? Explain.

2-57 Consider a 2.4-kW hooded electric open burner in an area
where the unit costs of electricity and natural gas are $0.10/kWh
and $1.20/therm (1 therm = 105,500 kJ), respectively. The effi-
ciency of open burners can be taken to be 73 percent for electric
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burners and 38 percent for gas burners. Determine the rate of
energy consumption and the unit cost of utilized energy for both
electric and gas burners.

2-58E The steam requirements of a manufacturing facility are
being met by a boiler whose rated heat input is 5.5 x 10° Btu/h.
The combustion efficiency of the boiler is measured to be 0.7 by
a handheld flue gas analyzer. After tuning up the boiler, the com-
bustion efficiency rises to 0.8. The boiler operates 4200 h a year
intermittently. Taking the unit cost of energy to be $13/10° Btu,
determine the annual energy and cost savings as a result of tuning
up the boiler.

2-59E | Reconsider Prob. 2-58E. Using appropriate soft-
! ware, study the effects of the unit cost of energy, the
new combustion efficiency on the annual energy, and cost savings.
Let the efficiency vary from 0.7 to 0.9, and let the unit cost vary
from $12 to $14 per million Btu. Plot the annual energy and cost
savings against the efficiency for unit costs of $12, $13, and $14

per million Btu, and discuss the results.

2-60 A 75-hp (shaft output) motor that has an efficiency of
91.0 percent is worn out and is replaced by a high-efficiency
75-hp motor that has an efficiency of 95.4 percent. Determine the
reduction in the heat gain of the room due to higher efficiency
under full-load conditions.

2-61 A 90-hp (shaft output) electric car is powered by an electric
motor mounted in the engine compartment. If the motor has an
average efficiency of 91 percent, determine the rate of heat supply
by the motor to the engine compartment at full load.

2-62 An exercise room has six weight-lifting machines that have
no motors and seven treadmills each equipped with a 2.5-hp (shaft
output) motor. The motors operate at an average load factor of 0.7,
at which their efficiency is 0.77. During peak evening hours, all 13
pieces of exercising equipment are used continuously, and there
are also two people doing light exercises while waiting in line for
one piece of the equipment. Assuming the average rate of heat dis-
sipation from people in an exercise room is 600 W, determine the
rate of heat gain of the exercise room from people and the equip-
ment at peak load conditions.

2-63 A room is cooled by circulating chilled water through a
heat exchanger located in the room. The air is circulated through
the heat exchanger by a 0.25-hp (shaft output) fan. Typical effi-
ciency of small electric motors driving 0.25-hp equipment is
60 percent. Determine the rate of heat supply by the fan—-motor
assembly to the room.

2-64 The water in a large lake is to be used to generate electric-
ity by the installation of a hydraulic turbine-generator at a location
where the depth of the water is 50 m. Water is to be supplied at a
rate of 5000 kg/s. If the electric power generated is measured to
be 1862 kW and the generator efficiency is 95 percent, determine
(a) the overall efficiency of the turbine—generator, (b) the mechan-
ical efficiency of the turbine, and (c) the shaft power supplied by
the turbine to the generator.

2-65 A 7-hp (shaft) pump is used to raise water to an elevation
of 15 m. If the mechanical efficiency of the pump is 82 percent,
determine the maximum volume flow rate of water.
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2-66 A geothermal pump is used to pump brine whose density
is 1050 kg/m? at a rate of 0.3 m>/s from a depth of 200 m. For
a pump efficiency of 74 percent, determine the required power
input to the pump. Disregard frictional losses in the pipes, and
assume the geothermal water at 200 m depth to be exposed to the
atmosphere.

2-67 At a certain location, wind is blowing steadily at 7 m/s.
Determine the mechanical energy of air per unit mass and the power
generation potential of a wind turbine with 80-m-diameter blades at
that location. Also determine the actual electric power generation
assuming an overall efficiency of 30 percent. Take the air density
to be 1.25 kg/m?>.

2-68 i‘ Reconsider Prob. 2-67. Using appropriate software,

<< investigate the effect of wind velocity and the blade
span diameter on wind power generation. Let the velocity vary
from 5 to 20 m/s in increments of 5 m/s, and let the diameter vary
from 20 to 120 m in increments of 20 m. Tabulate the results, and
discuss their significance.

2-69 Water is pumped from a lower reservoir to a higher reser-
voir by a pump that provides 20 kW of shaft power. The free sur-
face of the upper reservoir is 45 m higher than that of the lower
reservoir. If the flow rate of water is measured to be 0.03 m%/s,
determine mechanical power that is converted to thermal energy
during this process due to frictional effects.

FIGURE P2-69

2-70E  An 80-percent-efficient pump with a power input of
20 hp is pumping water from a lake to a nearby pool at a rate
of 1.5 ft¥/s through a constant-diameter pipe. The free sur-
face of the pool is 80 ft above that of the lake. Determine the
mechanical power used to overcome frictional effects in pip-
ing. Answer: 2.37 hp

2-71 Water is pumped from a lake to a storage tank 15 m
above at a rate of 70 L/s while consuming 15.4 kW of electric
power. Disregarding any frictional losses in the pipes and any
changes in kinetic energy, determine (a) the overall efficiency of

the pump-motor unit and (b) the pressure difference between the
inlet and the exit of the pump.

Storage tank

e
I5Sm
Pump
FIGURE P2-71

2-72 Large wind turbines with a power capacity of 8§ MW
and blade span diameters of over 160 m are available for elec-
tric power generation. Consider a wind turbine with a blade span
diameter of 100 m installed at a site subjected to steady winds at
8 m/s. Taking the overall efficiency of the wind turbine to be 32
percent and the air density to be 1.25 kg/m?, determine the elec-
tric power generated by this wind turbine. Also, assuming steady
winds of 8 m/s during a 24-h period, determine the amount of
electric energy and the revenue generated per day for a unit price
of $0.09/kWh for electricity.

2-73 A hydraulic turbine has 85 m of elevation difference
available at a flow rate of 0.25 m?/s, and its overall turbine—
generator efficiency is 91 percent. Determine the electric power
output of this turbine.

2-74 The water behind Hoover Dam in Nevada is 206 m higher
than the Colorado River below it. At what rate must water pass
through the hydraulic turbines of this dam to produce 50 MW of
power if the turbines are 100 percent efficient?

FIGURE P2-74

photo by Lynn Betts, USDA Natural
Resources Conservation Service

2-75 An oil pump is drawing 44 kW of electric power while
pumping oil with p = 860 kg/m? at a rate of 0.1 m%s. The inlet
and outlet diameters of the pipe are 8 cm and 12 cm, respectively.
If the pressure rise of oil in the pump is measured to be 500 kPa



and the motor efficiency is 90 percent, determine the mechanical
efficiency of the pump.

12 cm

Pump /\
8 cm v

0il T AP =500 kPa
0.1 m%/s

FIGURE P2-75

2-76 A wind turbine is rotating at 15 rpm under steady winds
flowing through the turbine at a rate of 42,000 kg/s. The tip
velocity of the turbine blade is measured to be 250 km/h. If
180 kW power is produced by the turbine, determine («a) the aver-
age velocity of the air and (b) the conversion efficiency of the
turbine. Take the density of air to be 1.31 kg/m>.

2-77 Liquefied natural gas (LNG) enters a cryogenic turbine at
5000 kPa and —160°C at a rate of 27 kg/s and leaves at 600 kPa.
The actual power produced by the turbine is measured to be
240 kW. If the density of LNG is 423.8 kg/m?, determine the
efficiency of the cryogenic turbine.

2-78 A well-established electrical energy storage technology is
pumped hydroelectric storage (PHS). The electricity generated
from a renewable energy system such as solar panels or wind tur-
bines is used to pump water from a lower reservoir to a higher
reservoir during off-peak hours. During peak hours, the water in
the higher reservoir is used to drive a water turbine to generate
electricity. Consider a PHS system in which 25,000 m? of water
is pumped to an average height of 38 m. Determine the amounts
of electricity consumed by the pump and produced by the turbine
if the overall efficiency of the pump—motor unit and that of the
turbine—generator unit are 75 percent. What is the overall effi-
ciency of this PHS system?

Energy and Environment

2-79C How does energy conversion affect the environment?
What are the primary chemicals that pollute the air? What is the
primary source of these pollutants?

2-80C What is acid rain? Why is it called “rain”? How do the
acids form in the atmosphere? What are the adverse effects of
acid rain on the environment?

2-81C Why is carbon monoxide a dangerous air pollutant?
How does it affect human health at low levels and at high levels?

2-82C What is the greenhouse effect? How does the excess
CO, gas in the atmosphere cause the greenhouse effect? What are
the potential long-term consequences of the greenhouse effect?
How can we combat this problem?

2-83C What is smog? What does it consist of? How does
ground-level ozone form? What are the adverse effects of ozone
on human health?
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2-84E Consider a household that uses 14,000 kWh of electric-
ity per year and 900 gal of fuel oil during a heating season. The
average amount of CO, produced is 26.4 Ibm/gal of fuel oil and
1.54 1bm/kWh of electricity. If this household reduces its oil and
electricity usage by 15 percent by implementing some energy
conservation measures, determine the reduction in the amount of
CO, emissions by that household per year.

2-85 When a hydrocarbon fuel is burned, almost all of the car-
bon in the fuel burns completely to form CO, (carbon dioxide),
which is the principal gas causing the greenhouse effect and thus
global climate change. On average, 0.59 kg of CO, is produced
for each kWh of electricity generated from a power plant that
burns natural gas. A typical new household refrigerator uses
about 700 kWh of electricity per year. Determine the amount
of CO, production that is due to the refrigerators in a city with
300,000 households.

2-86 Repeat Prob. 2-85, assuming the electricity is produced
by a power plant that burns coal. The average production of CO,
in this case is 1.1 kg per kWh.

2-87 A typical car driven 20,000 km a year emits to the atmo-
sphere about 11 kg per year of NO, (nitrogen oxides), which cause
smog in major population areas. Natural gas burned in the fur-
nace emits about 4.3 g of NO, per therm (1 therm = 105,500 kJ),
and the electric power plants emit about 7.1 g of NO, per kWh of
electricity produced. Consider a household that has two cars and
consumes 9000 kWh of electricity and 1200 therms of natural
gas per year. Determine the amount of NO, emission to the atmo-
sphere per year for which this household is responsible.

11 kg NO,
per year

FIGURE P2-87

2-88E A Ford Taurus driven 12,000 miles a year will use about
650 gal of gasoline compared to a Ford Explorer that would use
850 gal. About 19.7 Ibm of CO,, which causes global warming,
is released to the atmosphere when a gallon of gasoline is burned.
Determine the extra amount of CO, produced during a 5-year
period if a driver trades in a Taurus for an Explorer.

Special Topic: Mechanisms of Heat Transfer
2-89C What are the mechanisms of heat transfer?
2-90C Which is a better heat conductor, diamond or silver?

2-91C How does forced convection differ from natural
convection?

2-92C What is a blackbody? How do real bodies differ from a
blackbody?

2-93C Define emissivity and absorptivity. What is Kirchhoff’s
law of radiation?
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2-94 The inner and outer surfaces of a 5-m X 6-m brick wall
of thickness 30 cm and thermal conductivity 0.69 W/m-°C are
maintained at temperatures of 20°C and 5°C, respectively. Deter-
mine the rate of heat transfer through the wall, in W.

)
97
f
-4_30 cm"?‘w
o/ :” '
20°C ://// 5°C

FIGURE P2-94

2-95 An aluminum pan whose thermal conductivity is
237 W/m-°C has a flat bottom whose diameter is 20 cm and
thickness 0.6 cm. Heat is transferred steadily to boiling water in
the pan through its bottom at a rate of 700 W. If the inner surface
of the bottom of the pan is 105°C, determine the temperature of
the outer surface of the bottom of the pan.

2-96 Two surfaces of a 2-cm-thick plate are maintained at 0°C
and 100°C, respectively. If it is determined that heat is trans-
ferred through the plate at a rate of 500 W/m?, determine its ther-
mal conductivity.

2-97 Hot air at 80°C is blown over a 2-m X 4-m flat surface at
30°C. If the convection heat transfer coefficient is 55 W/m?-°C,
determine the rate of heat transfer from the air to the plate, in kW.

2-98 For heat transfer purposes, a standing person can be mod-
eled as a 30-cm-diameter, 175-cm-long vertical cylinder with
both the top and bottom surfaces insulated and with the side sur-
face at an average temperature of 34°C. For a convection heat
transfer coefficient of 10 W/m2-°C, determine the rate of heat
loss from this person by convection in an environment at 20°C.
Answer: 231 W

2-99 A 1000-W iron is left on the ironing board with its base
exposed to the air at 23°C. The convection heat transfer coeffi-
cient between the base surface and the surrounding air is 20 W/
m?2-°C. If the base has an emissivity of 0.4 and a surface area of
0.02 m?, determine the temperature of the base of the iron.

FIGURE P2-99

2-100 A thin metal plate is insulated on the back and exposed
to solar radiation on the front surface. The exposed surface of
the plate has an absorptivity of 0.8 for solar radiation. If solar
radiation is incident on the plate at a rate of 450 W/m? and the
surrounding air temperature is 25°C, determine the surface tem-
perature of the plate when the heat loss by convection equals the
solar energy absorbed by the plate. Assume the convection heat
transfer coefficient to be 50 W/m?-°C, and disregard heat loss by
radiation.

FIGURE P2-100

2-101 Reconsider Prob. 2-100. Using appropriate soft-

ware, investigate the effect of the convection heat
transfer coefficient on the surface temperature of the plate. Let the
heat transfer coefficient vary from 10 to 90 W/m?2-°C. Plot the sur-
face temperature against the convection heat transfer coefficient,
and discuss the results.

2-102 A hollow spherical iron container whose outer diameter
is 40 cm and thickness is 0.4 c¢m is filled with iced water at 0°C.
If the outer surface temperature is 3°C, determine the approxi-
mate rate of heat loss from the sphere, and the rate at which ice
melts in the container.

0.4 cm

FIGURE P2-102

Review Problems

2-103 Some engineers have developed a device that provides
lighting to rural areas with no access to grid electricity. The
device is intended for indoor use. It is driven by gravity, and it
works as follows: A bag of rock or sand is raised by human power
to a higher location. As the bag descends very slowly, it powers
a sprocket-wheel which also rotates slowly. A gear train mecha-
nism converts this slow motion to high speed, which drives a DC
generator. The electric output from the generator is used to power
an LED bulb.



Consider a gravity-driven LED bulb that provides 16 lumens of
lighting. The device uses a 10-kg sandbag that is raised by human
power to a 2-m height. For continuous lighting, the bag needs to be
raised every 20 minutes. Using an efficacy of 150 lumens per watt
for the LED bulb, determine (a) the velocity of the sandbag as it
descends and (b) the overall efficiency of the device.

2-104 Consider a classroom for 55 students and one instructor,
each generating heat at a rate of 100 W. Lighting is provided by
18 fluorescent lightbulbs, 40 W each, and the ballasts consume
an additional 10 percent. Determine the rate of internal heat gen-
eration in this classroom when it is fully occupied.

2-105 Consider a homeowner who is replacing a 25-year-old
natural gas furnace that has an efficiency of 55 percent. The home-
owner is considering a conventional furnace that has an efficiency
of 82 percent and costs $1600 and a high-efficiency furnace that
has an efficiency of 95 percent and costs $2700. The homeowner
would like to buy the high-efficiency furnace if the savings from
the natural gas pay for the additional cost in less than 8 years. If the
homeowner now pays $1200 a year for heating, determine if the
conventional or the high-efficiency model is a better buy.

2-106 A homeowner is considering these home heating sys-
tems: Electric resistance heating with $0.12/kWh and 1 kWh =
3600 kJ, gas heating with $1.24/therm and 1 therm = 105,500 kJ,
and oil heating with $2.3/gal and 1 gal of oil = 138,500 kJ.
Assuming efficiencies of 100 percent for the electric furnace and
87 percent for the gas and oil furnaces, determine the heating
system with the lowest energy cost.

2-107 The U.S. Department of Energy estimates that 570,000
barrels of oil would be saved per day if every household in the
United States lowered the thermostat setting in winter by 6°F
(3.3°C). Assuming the average heating season to be 180 days
and the cost of oil to be $55/barrel, determine how much money
would be saved per year.

2-108 A typical household pays about $1200 a year on energy
bills, and the U.S. Department of Energy estimates that 46 per-
cent of this energy is used for heating and cooling, 15 percent
for heating water, 15 percent for refrigerating and freezing,
and the remaining 24 percent for lighting, cooking, and run-
ning other appliances. The heating and cooling costs of a poorly
insulated house can be reduced by up to 30 percent by adding
adequate insulation. If the cost of insulation is $200, determine
how long it will take for the insulation to pay for itself from the
energy it saves.

2-109 A diesel engine with an engine volume of 4.0 L and an
engine speed of 2500 rpm operates on an air—fuel ratio of 18 kg
air/kg fuel. The engine uses light diesel fuel that contains 500
ppm (parts per million) of sulfur by mass. All of this sulfur is
exhausted to the environment, where the sulfur is converted to
sulfurous acid (H,SO,). If the rate of the air entering the engine
is 336 kg/h, determine the mass flow rate of sulfur in the exhaust.
Also, determine the mass flow rate of sulfurous acid added to
the environment if for each kmol of sulfur in the exhaust, 1 kmol
sulfurous acid will be added to the environment.

2-110 The force F required to compress a spring a distance x is
given by F — F,, = kx where £ is the spring constant and F is the
preload. Determine the work, in kJ, required to compress a spring
a distance of 1 cm when its spring constant is 300 N/cm and the
spring is initially compressed by a force of 100 N.
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2-111 The force required to expand the gas in a gas spring a
distance x is given by

_ Constant

- k

F
X
where the constant is determined by the geometry of this device
and k is determined by the gas used in the device. Such a gas
spring is arranged to have a constant of 1000 N-m'? and k = 1.3.
Determine the work, in kJ, required to compress this spring from
0.1 m to 0.3 m. Answer: 1.87 kJ

2-112 Consider a TV set that consumes 120 W of electric
power when it is on and is kept on for an average of 6 h per day.
For a unit electricity cost of 12 cents per kWh, determine the cost
of electricity this TV consumes per month (30 days).

2-113E  Water is pumped from a 200-ft-deep well into a 100-ft-
high storage tank. Determine the power, in kW, that would be
required to pump 200 gal/min.

2-114 Consider a vertical elevator whose cabin has a total mass
of 800 kg when fully loaded and 150 kg when empty. The weight of
the elevator cabin is partially balanced by a 400-kg counterweight
that is connected to the top of the cabin by cables that pass through
a pulley located on top of the elevator well. Neglecting the weight
of the cables and assuming the guide rails and the pulleys to be
frictionless, determine (@) the power required while the fully loaded
cabin is rising at a constant speed of 1.2 m/s and (b) the power
required while the empty cabin is descending at a constant speed
of 1.2 m/s. What would your answer be to (@) if no counterweight
were used? What would your answer be to (b) if a friction force of
800 N has developed between the cabin and the guide rails?

2-115 A grist mill of the 1800s employed a waterwheel that
was 14 m high; 480 L/min of water flowed onto the wheel near
the top. How much power, in kW, could this waterwheel have
produced? Answer: 1.10 kW

2-116 1In a hydroelectric power plant, 65 m?/s of water flows
from an elevation of 90 m to a turbine, where electric power
is generated. The overall efficiency of the turbine—generator is
84 percent. Disregarding frictional losses in piping, estimate the
electric power output of this plant. Answer: 48.2 MW

Turbine

84%

Generator

n turbine-gen —

FIGURE P2-116

2-117 The demand for electric power is usually much higher
during the day than it is at night, and utility companies often sell
power at night at much lower prices to encourage consumers to
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use the available power generation capacity and to avoid building
new, expensive power plants that will be used only a short time
during peak periods. Utilities are also willing to purchase power
produced during the day from private parties at a high price.

Suppose a utility company is selling electric power for
$0.05/kWh at night and is willing to pay $0.12/kWh for power
produced during the day. To take advantage of this opportunity,
an entrepreneur is considering building a large reservoir 40 m
above the lake level, pumping water from the lake to the reservoir
at night using cheap power, and letting the water flow from the
reservoir back to the lake during the day, producing power as the
pump—motor operates as a turbine—generator during reverse flow.
Preliminary analysis shows that a water flow rate of 2 m¥/s can
be used in either direction. The combined pump-motor and tur-
bine—generator efficiencies are expected to be 75 percent each.
Disregarding the frictional losses in piping and assuming the sys-
tem operates for 10 h each in the pump and turbine modes during
a typical day, determine the potential revenue this pump—turbine
system can generate per year.

Reservoir

40 m

Pump- l
turbine

Lake

FIGURE P2-117

2-118 The pump of a water distribution system is powered by a
15-kW electric motor whose efficiency is 90 percent. The water
flow rate through the pump is 50 L/s. The diameters of the inlet
and outlet pipes are the same, and the elevation difference across
the pump is negligible. If the pressures at the inlet and outlet of
the pump are measured to be 100 kPa and 300 kPa (absolute),
respectively, determine the mechanical efficiency of the pump.
Answer: 74.1 percent

Water
T 50 L/s
300 kPa Nmotor = 90%
Motor
15 kW
100 kPa

FIGURE P2-118

2-119 An automobile moving through the air causes the air
velocity (measured with respect to the car) to decrease and fill a
larger flow channel. An automobile has an effective flow channel
area of 3 m?. The car is traveling at 90 km/h on a day when the
barometric pressure is 70 cm of mercury and the temperature is
20°C. Behind the car, the air velocity (with respect to the car) is
measured to be 82 km/h, and the temperature is 20°C. Determine
the power required to move this car through the air and the area of
the effective flow channel behind the car.

Flow
channel

FIGURE P2-119

2-120 Wind energy has been used since 4000 BC to power
sailboats, grind grain, pump water for farms, and generate elec-
tricity. In the United States alone, more than 6 million small
windmills, most of them under 5 hp, have been used since the
1850s to pump water. Small windmills have been used to gener-
ate electricity since 1900, but the development of modern wind
turbines occurred toward the end of the 20th century in response
to the energy crises in the early 1970s. Regions with an aver-
age wind speed of above 5 m/s are potential sites for economi-
cal wind power generation. A typical wind turbine has a blade
span (or rotor) diameter of about 100 m and generates about
3 MW of power. Recent wind turbines have power capacities above
10 MW and rotor diameters of over 150 m.

Consider a wind turbine with an 80-m-diameter rotor that is
rotating at 20 rpm (revolutions per minute) under steady winds
at an average velocity of 30 km/h. Assuming the wind turbine
has an efficiency of 35 percent (i.e., it converts 35 percent of
the kinetic energy of the wind to electricity), determine (a) the
power produced, in kW; (b) the tip speed of the blade, in km/h;
and (c) the revenue generated by the wind turbine per year if
the electric power produced is sold to the utility at $1.15/kWh.
Take the density of air to be 1.20 kg/m?>.

FIGURE P2-120
Imagevixens/123RF



Fundamentals of Engineering (FE) Exam Problems

2-121 A 2-kW electric resistance heater in a room is turned on
and kept on for 50 min. The amount of energy transferred to the
room by the heater is

(@)2k] (b) 100 kJ
(d) 6000 kJ (e) 12,000 kJ

2-122 Consider a refrigerator that consumes 320 W of elec-
tric power when it is running. If the refrigerator runs only one-
quarter of the time and the unit cost of electricity is $0.13/kWh,
the electricity cost of this refrigerator per month (30 days) is

(c) 3000kJ

(a) $4.9 (b) $5.8 (c) $7.5
(d) $8.3 (e) $9.7
2-123 A 75-hp compressor in a facility that operates at full

load for 2500 h a year is powered by an electric motor that has
an efficiency of 93 percent. If the unit cost of electricity is $0.11/
kWh, the annual electricity cost of this compressor is

(a) $14,300 (b) $15,380 (¢) $16,540

(d) $19,180 (e) $22,180

2-124 On a hot summer day, the air in a well-sealed room is
circulated by a 0.50-hp fan driven by a 65 percent efficient motor.
(Note that the motor delivers 0.50 hp of net shaft power to the
fan.) The rate of energy supply from the fan—motor assembly to
the room is

(a) 0.769 Kl/s
(d)0.373 kl/s

2-125 A fan is to accelerate quiescent air to a velocity of 9 m/s
at a rate of 3 m’/s. If the density of air is 1.15 kg/m?, the mini-
mum power that must be supplied to the fan is

(b) 0.325 kl/s
(e) 0.242 kl/s

(c) 0.574 kJ/s

(a) 41 W ) 122 W (c) 140 W
(d) 206 W (e) 280 W
2-126 A 900-kg car cruising at a constant speed of 60 km/h is

to accelerate to 100 km/h in 4 s. The additional power needed to
achieve this acceleration is

(a) 56 kW (b) 222 kW
(d) 62 kW (e) 90 kW

(c) 2.5 kW

2-127 The elevator of a large building is to raise a net mass of
550 kg at a constant speed of 12 m/s using an electric motor. The
minimum power rating of the motor should be

(a) O kW (b) 4.8 kW (c) 12kW

(d) 45 kW (e) 65 kW

2-128 Electric power is to be generated in a hydroelectric
power plant that receives water at a rate of 70 m¥/s from an ele-
vation of 65 m using a turbine—generator with an efficiency of
85 percent. When frictional losses in piping are disregarded, the
electric power output of this plant is

(a) 3.9 MW (b) 38 MW (c) 45 MW
(d) 53 MW (e) 65 MW
2-129 A 2-kW pump is used to pump kerosene (p = 0.820 kg/L)

from a tank on the ground to a tank at a higher elevation. Both
tanks are open to the atmosphere, and the elevation difference
between the free surfaces of the tanks is 30 m. The maximum
volume flow rate of kerosene is
(a)83Ll/s (b)72L/s
(d)12.1L/s (e) 17.8 L/s

(c) 6.8 L/s
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2-130 A glycerin pump is powered by a 5-kW electric motor.
The pressure differential between the outlet and the inlet of the
pump at full load is measured to be 211 kPa. If the flow rate
through the pump is 18 L/s and the changes in elevation and the
flow velocity across the pump are negligible, the overall effi-
ciency of the pump is
(a) 69 percent

(d) 79 percent

(b) 72 percent
(e) 82 percent

(c) 76 percent

The Following Problems Are Based on the Optional
Special Topic of Heat Transfer

2-131 A 10-cm-high and 20-cm-wide circuit board houses on
its surface 100 closely spaced chips, each generating heat at a rate
of 0.08 W and transferring it by convection to the surrounding air
at 25°C. Heat transfer from the back surface of the board is negli-
gible. If the convection heat transfer coefficient on the surface of
the board is 10 W/m?-°C and radiation heat transfer is negligible,
the average surface temperature of the chips is

(a) 26°C (b) 45°C (c) 15°C

(d) 80°C (e) 65°C

2-132 A 50-cm-long, 0.2-cm-diameter electric resistance wire
submerged in water is used to determine the boiling heat transfer
coefficient in water at 1 atm experimentally. The surface tem-
perature of the wire is measured to be 130°C when a wattmeter
indicates the electric power consumption to be 4.1 kW. Then the
heat transfer coefficient is

(a) 43,500 W/m>-°C (b) 137 W/m?-°C
(d) 10,038 W/m*°C (e) 37,540 W/m>-°C

2-133 A 3-m? hot surface of a blackbody at 80°C is losing heat
to the surrounding air at 25°C by convection with a convection heat
transfer coefficient of 12 W/m?-°C, and by radiation to the surround-
ing surfaces at 15°C. The total rate of heat loss from the surface is
(a) 1987 W (b) 2239 W (c) 2348 W

(d) 3451 W (e) 3811 W

2-134 Heat is transferred steadily through a 0.2-m-thick,
8 m X 4 m wall at a rate of 2.4 kW. The inner and outer surface
temperatures of the wall are measured to be 15°C and 5°C. The
average thermal conductivity of the wall is

(a) 0.002 W/m-°C  (b) 0.75 W/m-°C  (c¢) 1.0 W/m-°C

(d) 1.5 W/m-°C (e) 3.0 W/m-°C

2-135 The roof of an electrically heated house is 7 m long,
10 m wide, and 0.25 m thick. It is made of a flat layer of concrete
whose thermal conductivity is 0.92 W/m-°C. During a certain win-
ter night, the temperatures of the inner and outer surfaces of the
roof were measured to be 15°C and 4°C, respectively. The average
rate of heat loss through the roof that night was

()41 W b)) 17T W (c) 4894 W

(d) 5567 W (e) 2834 W

(c) 68,330 W/m*°C

Design and Essay Problems

2-136 An average vehicle puts out nearly 20 lbm of carbon
dioxide into the atmosphere for every gallon of gasoline it burns,
and thus one thing we can do to reduce global warming is to buy
a vehicle with higher fuel economy. A U.S. government publica-
tion states that a vehicle that gets 25 rather than 20 miles per
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gallon will prevent 10 tons of carbon dioxide from being released
over the lifetime of the vehicle. Making reasonable assumptions,
evaluate if this is a reasonable claim or a gross exaggeration.

2-137 Your neighbor lives in a 2500-square-foot (about
250 m?) older house heated by natural gas. The current gas heater
was installed in the early 1980s and has an efficiency (called the
Annual Fuel Utilization Efficiency rating, or AFUE) of 65 per-
cent. It is time to replace the furnace, and the neighbor is trying
to decide between a conventional furnace that has an efficiency
of 80 percent and costs $1500 and a high-efficiency furnace that
has an efficiency of 95 percent and costs $2500. Your neighbor
offered to pay you $100 if you help them make the right deci-
sion. Considering the weather data, typical heating loads, and the
price of natural gas in your area, make a recommendation to your
neighbor based on a convincing economic analysis.

2-138 Find out the prices of heating oil, natural gas, and elec-
tricity in your area, and determine the cost of each per kWh of
energy supplied to the house as heat. Go through your utility bills
and determine how much money you spent for heating last Janu-
ary. Also determine how much your January heating bill would
be for each of the heating systems if you had the latest and most
efficient system installed.

2-139 Prepare a report on the heating systems available in your
area for residential buildings. Discuss the advantages and disad-
vantages of each system and compare their initial and operating
costs. What are the important factors in the selection of a heat-
ing system? Give some guidelines. Identify the conditions under
which each heating system would be the best choice in your area.

2-140 The roofs of many homes in the United States are cov-
ered with photovoltaic (PV) solar cells that resemble roof tiles,
generating electricity quietly from solar energy. An article stated
that over its projected 30-year service life, a 4-kW roof PV sys-
tem in California will reduce the production of CO, that causes
global warming by 433,000 1bm, sulfates that cause acid rain by
2900 1bm, and nitrates that cause smog by 1660 1bm. The article

also claims that a PV roof will save 253,000 1bm of coal, 21,000
gal of oil, and 27 million ft® of natural gas. Making reasonable
assumptions for incident solar radiation, efficiency, and emis-
sions, evaluate these claims and make corrections if necessary.

2-141 Pressure changes across atmospheric weather fronts are
typically a few centimeters of mercury, while the temperature
changes are typically 2-20°C. Develop a plot of front pressure
change versus front temperature change that will cause a maxi-
mum wind velocity of 10 m/s or more.

2-142 The performance of a device is defined as the ratio of
the desired output to the required input, and this definition can be
extended to nontechnical fields. For example, your performance
in this course can be viewed as the grade you earn relative to
the effort you put in. If you have been investing a lot of time in
this course and your grades do not reflect it, you are performing
poorly. In that case, perhaps you should try to find out the underly-
ing cause and how to correct the problem. Give three other defini-
tions of performance from nontechnical fields and discuss them.

2-143 Some engineers have suggested that air compressed into
tanks can be used to propel personal transportation vehicles. Cur-
rent compressed-air tank technology permits us to compress and
safely hold air at up to 4000 psia. Tanks made of composite materi-
als require about 10 1bm of construction materials for each 1 ft* of
stored gas. Approximately 0.01 hp is required per pound of vehicle
weight to move a vehicle at a speed of 30 miles per hour. What is
the maximum range that this vehicle can have? Account for the
weight of the tanks only and assume perfect conversion of the
energy in the compressed air.

2-144  Solar energy reaching the earth is about 1350 W/m? out-
side the earth’s atmosphere, and 950 W/m? on earth’s surface nor-
mal to the sun on a clear day. Someone is marketing 2 m X 3 m
photovoltaic cell panels with the claim that a single panel can meet
the electricity needs of a house. How do you evaluate this claim?
Photovoltaic cells have a conversion efficiency of about 16 percent.



PROPERTIES OF PURE
SUBSTANCES

e start this chapter with the introduction of the concept of a pure sub-

stance and a discussion of the physics of phase-change processes.

We then illustrate the various property diagrams and P-U-T surfaces of
pure substances. After demonstrating the use of the property tables, the hypothetical
substance ideal gas and the ideal-gas equation of state are discussed. The compress-
ibility factor, which accounts for the deviation of real gases from ideal-gas behavior,
is introduced, and some of the best-known equations of state such as the van der
Waals, Beattie-Bridgeman, and Benedict-Webb-Rubin equations are presented.

CHAPTER

EEEEEERN
OBJECTIVES
The objectives of Chapter 3 are to:

Introduce the concept of a pure
substance.

Discuss the physics of phase-
change processes.

lllustrate the P-v, T-u, and P-T
property diagrams and P-U-T
surfaces of pure substances.
Demonstrate the procedures
for determining thermodynamic
properties of pure substances
from tables of property data.

Describe the hypothetical
substance “ideal gas” and the
ideal-gas equation of state.

Apply the ideal-gas equation of
state in the solution of typical
problems.

Introduce the compressibility
factor, which accounts for the
deviation of real gases from
ideal-gas behavior.

Present some of the best-known
equations of state.
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FIGURE 3-1
Nitrogen and gaseous air are
pure substances.

(a) H,0O

(b) Air

FIGURE 3-2

A mixture of liquid and gaseous water
is a pure substance, but a mixture of
liquid and gaseous air is not.

/
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FIGURE 3-3

The molecules in a solid are kept at
their positions by the large springlike
intermolecular forces.

3—-1 = PURE SUBSTANCE

A substance that has a fixed chemical composition throughout is called a pure
substance. Water, nitrogen, helium, and carbon dioxide, for example, are all pure
substances.

A pure substance does not have to be of a single chemical element or com-
pound, however. A mixture of various chemical elements or compounds also
qualifies as a pure substance as long as the mixture is homogeneous. Air, for
example, is a mixture of several gases, but it is often considered to be a pure
substance because it has a uniform chemical composition (Fig. 3—1). However, a
mixture of oil and water is not a pure substance. Since oil is not soluble in water,
it will collect on top of the water, forming two chemically dissimilar regions.

A mixture of two or more phases of a pure substance is still a pure substance as
long as the chemical composition of all phases is the same (Fig. 3-2). A mixture
of ice and liquid water, for example, is a pure substance because both phases have
the same chemical composition. A mixture of liquid air and gaseous air, however,
is not a pure substance since the composition of liquid air is different from the
composition of gaseous air, and thus the mixture is no longer chemically homoge-
neous. This is due to different components in air condensing at different tempera-
tures at a specified pressure.

3—-2 = PHASES OF A PURE SUBSTANCE

We all know from experience that substances exist in different phases. At room
temperature and pressure, copper is a solid, mercury is a liquid, and nitrogen is
a gas. Under different conditions, each may appear in a different phase. Even
though there are three principal phases—solid, liquid, and gas—a substance
may have several phases within a principal phase, each with a different molecu-
lar structure. Carbon, for example, may exist as graphite or diamond in the
solid phase. Helium has two liquid phases; iron has three solid phases. Ice may
exist at seven different phases at high pressures. A phase is identified as having
a distinct molecular arrangement that is homogeneous throughout and sepa-
rated from the others by easily identifiable boundary surfaces. The two phases
of H,O in iced water represent a good example of this.

When studying phases or phase changes in thermodynamics, one does not need
to be concerned with the molecular structure and behavior of different phases.
However, it is very helpful to have some understanding of the molecular phenom-
ena involved in each phase, and a brief discussion of phase transformations follows.

Intermolecular bonds are strongest in solids and weakest in gases. This is why
molecules in solids are closely packed together, whereas in gases they are sepa-
rated by relatively large distances.

The molecules in a solid are arranged in a three-dimensional pattern
(lattice) that is repeated throughout (Fig. 3-3). Because of the small distances
between molecules in a solid, the attractive forces of molecules on each other are
large and keep the molecules at fixed positions. Note that the attractive forces
between molecules turn to repulsive forces as the distance between the molecules
approaches zero, thus preventing the molecules from piling up on top of each
other. Even though the molecules in a solid cannot move relative to each other,
they continually oscillate about their equilibrium positions. The velocity of the
molecules during these oscillations depends on the temperature. At sufficiently
high temperatures, the velocity (and thus the momentum) of the molecules may
reach a point where the intermolecular forces are partially overcome and groups
of molecules break away (Fig. 3—4). This is the beginning of the melting process.

The molecular spacing in the liquid phase is not much different from that of
the solid phase, except the molecules are no longer at fixed positions relative to
each other and they can rotate and translate freely. In a liquid, the intermolecular
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FIGURE 3-4

The arrangement of atoms in different phases: (a) molecules are at relatively fixed positions
in a solid, (b) groups of molecules move about each other in the liquid phase, and
(c) molecules move about at random in the gas phase.

forces are weaker relative to solids, but still relatively strong compared with
gases. The distances between molecules generally experience a slight increase
as a solid turns liquid, with water being a notable exception.

In the gas phase, the molecules are far apart from each other, and a molecular
order is nonexistent. Gas molecules move about at random, continually colliding
with each other and the walls of the container they are in. Particularly at low den-
sities, the intermolecular forces are very small, and collisions are the only mode
of interaction between the molecules. Molecules in the gas phase are at a consid-
erably higher energy level than they are in the liquid or solid phases. Therefore,
the gas must release a large amount of its energy before it can condense or freeze.

3-3 = PHASE-CHANGE PROCESSES @
OF PURE SUBSTANCES

There are many practical situations where two phases of a pure substance coexist
in equilibrium. Water exists as a mixture of liquid and vapor in the boiler and the
condenser of a steam power plant. The refrigerant turns from liquid to vapor in the
freezer of a refrigerator. Even though many homeowners consider the freezing of
water in underground pipes to be the most important phase-change process, atten-
tion in this section is focused on the liquid and vapor phases and their mixture. As
a familiar substance, water is used to demonstrate the basic principles involved.
Remember, however, that all pure substances exhibit the same general behavior.

Compressed Liquid and Saturated Liquid

Consider a piston—cylinder device containing liquid water at 20°C and
1 atm pressure (state 1, Fig. 3-5). Under these conditions, water exists in the
liquid phase, and it is called a compressed liquid, or a subcooled liquid, mean-
ing that it is not about to vaporize. Heat is now transferred to the water until
its temperature rises to, say, 40°C. As the temperature rises, the liquid water
expands slightly, and so its specific volume increases. To accommodate this
expansion, the piston moves up slightly. The pressure in the cylinder remains
constant at 1 atm during this process since it depends on the outside barometric
pressure and the weight of the piston, both of which are constant. Water is still
a compressed liquid at this state since it has not started to vaporize.

As more heat is transferred, the temperature keeps rising until it reaches 100°C
(state 2, Fig. 3-6). At this point water is still a liquid, but any heat addition will
cause some of the liquid to vaporize. That is, a phase-change process from liquid
to vapor is about to take place. A liquid that is about to vaporize is called a
saturated liquid. Therefore, state 2 is a saturated liquid state.

State 1

Heat

FIGURE 3-5

At 1 atm and 20°C, water exists

in the liquid phase (compressed liquid
or subcooled liquid).

State 2

Heat

FIGURE 3-6

At 1 atm pressure and 100°C, water
exists as a liquid that is ready to
vaporize (saturated liquid).
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State 3

Saturated
vapor
Saturated
liquid
Heat
FIGURE 3-7

As more heat is transferred, part of the
saturated liquid vaporizes (saturated
liquid—vapor mixture).

State 4

Heat

FIGURE 3-8

At 1 atm pressure, the temperature
remains constant at 100°C until
the last drop of liquid is vaporized
(saturated vapor).

State 5

P =1 atm
T =300°C

Heat

FIGURE 3-9

As more heat is transferred, the
temperature of the vapor starts to rise
(superheated vapor).

FIGURE 3-10
T-v diagram for the heating process of
water at constant pressure.

Saturated Vapor and Superheated Vapor

Once boiling starts, the temperature stops rising until the liquid is completely
vaporized. That is, the temperature will remain constant during the entire
phase-change process if the pressure is held constant. This can easily be veri-
fied by placing a thermometer into boiling pure water on top of a stove. At sea
level (P =1 atm), the thermometer will always read 100°C if the pan is uncov-
ered or covered with a light lid. During a boiling process, the only change we
will observe is a large increase in the volume and a steady decline in the liquid
level as a result of more liquid turning to vapor.

Midway about the vaporization line (state 3, Fig. 3—7), the cylinder contains
equal amounts of liquid and vapor. As we continue transferring heat, the vaporiza-
tion process continues until the last drop of liquid is vaporized (state 4, Fig. 3-8).
At this point, the entire cylinder is filled with vapor that is on the borderline of the
liquid phase. Any heat loss from this vapor will cause some of the vapor to con-
dense (phase change from vapor to liquid). A vapor that is about to condense is
called a saturated vapor. Therefore, state 4 is a saturated vapor state. A substance
at states between 2 and 4 is referred to as a saturated liquid-vapor mixture since
the liguid and vapor phases coexist in equilibrium at these states.

Once the phase-change process is completed, we are back to a single-phase
region again (this time vapor), and further transfer of heat results in an increase in
both the temperature and the specific volume (Fig. 3-9). At state 5, the tempera-
ture of the vapor is, let us say, 300°C; and if we transfer some heat from the vapor,
the temperature may drop somewhat but no condensation will take place as long
as the temperature remains above 100°C (for P = 1 atm). A vapor that is not about
to condense (i.e., not a saturated vapor) is called a superheated vapor. There-
fore, water at state 5 is a superheated vapor. This constant-pressure phase-change
process is illustrated on a 7-V diagram in Fig. 3-10.

If the entire process described here is reversed by cooling the water while main-
taining the pressure at the same value, the water will go back to state 1, retracing
the same path, and in so doing, the amount of heat released will exactly match the
amount of heat added during the heating process.

In our daily life, water implies liquid water and steam implies water vapor. In
thermodynamics, however, both water and steam usually mean only one thing: H,O.
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Saturation Temperature and Saturation Pressure

It probably came as no surprise to you that water started to boil at 100°C. Strictly
speaking, the statement “water boils at 100°C” is incorrect. The correct statement
is “water boils at 100°C at 1 atm pressure.” The only reason water started boiling
at 100°C was because we held the pressure constant at 1 atm (101.325 kPa). If the
pressure inside the cylinder were raised to 500 kPa by adding weights on top of
the piston, water would start boiling at 151.8°C. That is, the temperature at which
water starts boiling depends on the pressure; therefore, if the pressure is fixed, so
is the boiling temperature.

At a given pressure, the temperature at which a pure substance changes phase
is called the saturation temperature 7. Likewise, at a given temperature,
the pressure at which a pure substance changes phase is called the saturation
pressure P_,. At a pressure of 101.325 kPa, T, is 99.97°C. Conversely, at a tem-
perature of 99.97°C, P, is 101.325 kPa. (At 100.00°C, P, is 101.42 kPa in the
ITS-90 discussed in Chap. 1.)

Saturation tables that list the saturation pressure against the temperature (or the
saturation temperature against the pressure) are available for practically all sub-
stances. A partial listing of such a table is given in Table 3—1 for water. This table
indicates that the pressure of water changing phase (boiling or condensing) at
25°C must be 3.17 kPa, and the pressure of water must be maintained at 3976 kPa
(about 40 atm) to have it boil at 250°C. Also, water can be frozen by dropping its
pressure below 0.61 kPa.

It takes a large amount of energy to melt a solid or vaporize a liquid. The
amount of energy absorbed or released during a phase-change process is called
the latent heat. More specifically, the amount of energy absorbed during melt-
ing is called the latent heat of fusion and is equivalent to the amount of energy
released during freezing. Similarly, the amount of energy absorbed during vapor-
ization is called the latent heat of vaporization and is equivalent to the energy
released during condensation. The magnitudes of the latent heats depend on the
temperature or pressure at which the phase change occurs. At 1 atm pressure, the
latent heat of fusion of water is 333.7 klJ/kg and the latent heat of vaporization is
2256.5 kJ/kg.

During a phase-change process, pressure and temperature are obviously depen-
dent properties, and there is a definite relation between them, that is, P, = f(T,,).
A plot of P, versus T, such as the one given for water in Fig. 3-11, is called
a liquid—vapor saturation curve. A curve of this kind is characteristic of all
pure substances.

Itis clear from Fig. 3—11 that 7, increases with P,. Thus, a substance at higher
pressures boils at higher temperatures. In the kitchen, higher boiling temperatures
mean shorter cooking times and energy savings. A beef stew, for example, may
take 1 to 2 h to cook in a regular pan that operates at 1 atm pressure, but only 20
min in a pressure cooker operating at 3 atm absolute pressure (corresponding boil-
ing temperature: 134°C).

The atmospheric pressure, and thus the boiling temperature of water, decreases
with elevation. Therefore, it takes longer to cook at higher altitudes than it does
at sea level (unless a pressure cooker is used). For example, the standard atmo-
spheric pressure at an elevation of 2000 m is 79.50 kPa, which corresponds to
a boiling temperature of 93.3°C as opposed to 100°C at sea level (zero eleva-
tion). The variation of the boiling temperature of water with altitude at standard
atmospheric conditions is given in Table 3-2. For each 1000 m increase in eleva-
tion, the boiling temperature drops by a little over 3°C. Note that the atmospheric
pressure at a location, and thus the boiling temperature, changes slightly with the
weather conditions. But the corresponding change in the boiling temperature is no
more than about 1°C.

sat
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TABLE 3-1

Saturation (or vapor) pressure of water
at various temperatures

Saturation
Temperature pressure
T, °C P, kPa
-10 0.260
-5 0.403
0 0.611
5 0.872
10 1.23
15 1.71
20 2.34
25 3.17
30 4.25
40 7.38
50 12.35
100 101.3 (1 atm)
150 475.8
200 1554
250 3973
300 8581
P, kPa
A
600
400
200
0 | | |
0 50 100 150 200
saI’OC
FIGURE 3-11

The liquid—vapor saturation curve
of a pure substance (numerical
values are for water).

TABLE 3-2

Variation of the standard atmospheric
pressure and the boiling (saturation)
temperature of water with altitude

Atmospheric  Boiling

Elevation,  pressure, tempera-
m kPa ture, °C
0 101.33 100.0
1,000 89.55 96.5
2,000 79.50 93.3
5,000 54.05 83.3
10,000 26.50 66.3
20,000 5.53 34.7
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N, vapor
-196°C

i

Test
chamber
-196°C

25°C

Liquid N,
-196°C
Insulation

FIGURE 3-12

The temperature of liquid nitrogen
exposed to the atmosphere remains
constant at —196°C, and thus it
maintains the test chamber at —196°C.

Temperature,
°C
3
Start of cooling
(25°C, 100 kPa)
25|-————————- <
End of cooling
(0°C, 0.61 kPa)
0 I I I I
0 061 1 3.17 10 100
Pressure, kPa
FIGURE 3-13

The variation of the temperature of fruits
and vegetables with pressure during
vacuum cooling from 25°C to 0°C.

Some Consequences of T_, and P__, Dependence

We mentioned earlier that a substance at a specified pressure boils at the satura-
tion temperature corresponding to that pressure. This phenomenon allows us to
control the boiling temperature of a substance by simply controlling the pressure,
and it has numerous applications in practice. In this section we give some exam-
ples. The natural drive to achieve phase equilibrium by allowing some liquid to
evaporate is at work behind the scenes.

Consider a sealed can of liquid refrigerant-134a in a room at 25°C. If the can
has been in the room long enough, the temperature of the refrigerant in the can
is also 25°C. Now, if the lid is opened slowly and some refrigerant is allowed to
escape, the pressure in the can will start dropping until it reaches the atmospheric
pressure. If you are holding the can, you will notice its temperature dropping rap-
idly, and even ice forming outside the can if the air is humid. A thermometer
inserted in the can will register —26°C when the pressure drops to 1 atm, which
is the saturation temperature of refrigerant-134a at that pressure. The temperature
of the liquid refrigerant will remain at —26°C until the last drop of it vaporizes.

Another aspect of this interesting physical phenomenon is that a liquid cannot
vaporize unless it absorbs energy in the amount of the latent heat of vaporization,
which is 217 kJ/kg for refrigerant-134a at 1 atm. Therefore, the rate of vaporiza-
tion of the refrigerant depends on the rate of heat transfer to the can: the larger the
rate of heat transfer, the higher the rate of vaporization. The rate of heat transfer
to the can and thus the rate of vaporization of the refrigerant can be minimized by
insulating the can heavily. In the limiting case of no heat transfer, the refrigerant
will remain in the can as a liquid at —26°C indefinitely.

The boiling temperature of nitrogen at atmospheric pressure is —196°C
(see Table A-3a). This means the temperature of liquid nitrogen exposed to the
atmosphere must be —196°C since some nitrogen will be evaporating. The tem-
perature of liquid nitrogen remains constant at —196°C until it is depleted. For
this reason, nitrogen is commonly used in low-temperature scientific studies (such
as superconductivity) and cryogenic applications to maintain a test chamber at a
constant temperature of —196°C. This is done by placing the test chamber into
a liquid nitrogen bath that is open to the atmosphere. Any heat transfer from the
environment to the test section is absorbed by the nitrogen, which evaporates iso-
thermally and keeps the test chamber temperature constant at —196°C (Fig. 3-12).
The entire test section must be insulated heavily to minimize heat transfer and thus
liquid nitrogen consumption. Liquid nitrogen is also used for medical purposes
to burn off unwanted spots on the skin. This is done by soaking a cotton swab in
liquid nitrogen and wetting the target area with it. As the nitrogen evaporates, it
freezes the affected skin by rapidly absorbing heat from it.

A practical way of cooling leafy vegetables is vacuum cooling, which is based
on reducing the pressure of the sealed cooling chamber to the saturation pressure
at the desired low temperature and evaporating some water from the products to
be cooled. The heat of vaporization during evaporation is absorbed from the prod-
ucts, which lowers the product temperature. The saturation pressure of water at
0°C s 0.61 kPa, and the products can be cooled to 0°C by lowering the pressure to
this level. The cooling rate can be increased by lowering the pressure below 0.61
kPa, but this is not desirable because of the danger of freezing and the added cost.

In vacuum cooling, there are two distinct stages. In the first stage, the products at
ambient temperature, say at 25°C, are loaded into the chamber, and the operation
begins. The temperature in the chamber remains constant until the saturation pressure
is reached, which is 3.17 kPa at 25°C. In the second stage that follows, saturation con-
ditions are maintained inside at progressively lower pressures and the corresponding
lower temperatures until the desired temperature is reached (Fig. 3—13).

Vacuum cooling is usually more expensive than the conventional refrigerated
cooling, and its use is limited to applications that result in much faster cooling.
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Products with large surface area per unit mass and a high tendency to release mois-  Insulation =0 —> Air + Vapor
ture such as lettuce and spinach are well suited for vacuum cooling. Products with a Vacuum @
low surface area—to—mass ratio are not suitable, especially those that have relatively ‘ ey
impervious peels such as tomatoes and cucumbers. Some products such as mush-
. . 1 Low vapor pressure

rooms and green peas can be vacuum cooled successfully by wetting them first. Evaporation

The vacuum cooling just described becomes vacuum freezing if the vapor :
pressure in the vacuum chamber is dropped below 0.61 kPa, the saturation pres-
sure of water at 0°C. The idea of making ice by using a vacuum pump is nothing
new. Dr. William Cullen actually made ice in Scotland in 1775 by evacuating the
air in a water tank (Fig. 3—-14). Water

Package icing is commonly used in small-scale cooling applications to remove
heat and keep the products cool during transit by taking advantage of the large
latent heat of fusion of water, but its use is limited to products that are not harmed FIGURE 3-14
by contact with ice. Also, ice provides moisture as well as refrigeration.

27 RTINS @

R Oh Bt 5 2, 9 ;
%» High vapor pressure

Ice

In 1775, ice was made by evacuating
the airspace in a water tank.

CYU 3-3 — Check Your Understanding

CYU 3-3.1 A vapor that is not about to condense is called a and a vapor that is about to condense
is called a

(a) Subcooled vapor, saturated vapor (b) Superheated vapor, saturated vapor

(c) Saturated vapor, superheated vapor (d) Saturated vapor, compressed vapor

(e) Superheated vapor, subcooled vapor

CYU 3-3.2 A typical sealed bottled water at room temperature is at a state of
I. Saturated liquid II. Compressed liquid  III. Subcooled liquid
(a) Only I (b) Only II (c) Iand IT (d) I'and III (e) II and III

CYU 3-3.3 At what state is the temperature of water at 1 atm pressure the lowest?
I. Saturated liquid II. Compressed liquid III. Saturated vapor IV. Superheated vapor
(a) Only I (b) Only II (¢) Only IIT (d) Tand IT (e) Iand III

CYU 3-3.4 At what state is the pressure of water at 30°C the lowest?
I. Saturated liquid II. Compressed liquid III. Saturated vapor IV. Superheated vapor

(a) Only I (b) Only II (¢) Only III (d) Only IV (e) I and III
CYU 3-3.5 For which case does the cooking of a certain stew take the longest time?

(a) Sea level, regular pan (b) Sea level, pressure cooker

(c) 1500-m elevation, regular pan (d) 3000-m elevation, regular pan

(e) 1500-m elevation, pressure cooker

3—4 = PROPERTY DIAGRAMS FOR
PHASE-CHANGE PROCESSES

The variations of properties during phase-change processes are best studied and
understood with the help of property diagrams. Next, we develop and discuss the
T-v, P-v, and P-T diagrams for pure substances.
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FIGURE 3-15

T-v diagram of constant-pressure
phase-change processes of a pure
substance at various pressures
(numerical values are for water).

1 The T-v Diagram

The phase-change process of water at 1 atm pressure was described in detail in the
last section and plotted on a 7-V diagram in Fig. 3—10. Now we repeat this process
at different pressures to develop the 7-U diagram.

Let us add weights on top of the piston until the pressure inside the cylinder
reaches 1 MPa. At this pressure, water has a somewhat smaller specific volume
than it does at 1 atm pressure. As heat is transferred to the water at this new
pressure, the process follows a path that looks very much like the process path
at 1 atm pressure, as shown in Fig. 3—15, but there are some noticeable differ-
ences. First, water starts boiling at a much higher temperature (179.9°C) at this
pressure. Second, the specific volume of the saturated liquid is larger and the
specific volume of the saturated vapor is smaller than the corresponding values
at 1 atm pressure. That is, the horizontal line that connects the saturated liquid
and saturated vapor states is much shorter.

As the pressure is increased further, this saturation line continues to shrink, as
shown in Fig. 3-15, and it becomes a point when the pressure reaches 22.06 MPa
for the case of water. This point is called the critical point, and it is defined as the
point at which the saturated liquid and saturated vapor states are identical.

The temperature, pressure, and specific volume of a substance at the critical
point are called, respectively, the critical temperature T, critical pressure P,
and critical specific volume U,. The critical-point properties of water are
P, = 22.06 MPa, T, = 373.95°C, and v, = 0.003106 m*/kg. For helium, they
are 0.23 MPa, —267.85°C, and 0.01444 m3/kg. The critical properties for various
substances are given in Table A—1 in the appendix.

At pressures above the critical pressure, there is not a distinct phase-change
process (Fig. 3—16). Instead, the specific volume of the substance continually
increases, and at all times there is only one phase present. Eventually, it resem-
bles a vapor, but we can never tell when the change has occurred. Above the
critical state, there is no line that separates the compressed liquid region and the

T,°CA

373.95

| Saturated Saturated
: liquid vapor

|

|

|

|

|

0.003106 v, m¥/kg



superheated vapor region. However, it is customary to refer to the substance as
superheated vapor at temperatures above the critical temperature and as com-
pressed liquid at temperatures below the critical temperature.

The saturated liquid states in Fig. 3—15 can be connected by a line called the
saturated liquid line, and saturated vapor states in the same figure can be con-
nected by another line, called the saturated vapor line. These two lines meet at
the critical point, forming a dome as shown in Fig. 3—17a. All the compressed
liquid states are located in the region to the left of the saturated liquid line, called
the compressed liquid region (or subcooled liquid region). All the superheated
vapor states are located to the right of the saturated vapor line, called the super-
heated vapor region. In these two regions, the substance exists in a single phase,
a liquid or a vapor. All the states that involve both phases in equilibrium are
located under the dome, called the saturated liquid—vapor mixture region, or
the wet region.

2 The P-v Diagram

The general shape of the P-U diagram of a pure substance is very much like the
T-v diagram, but the T = constant lines on this diagram have a downward trend, as
shown in Fig. 3—17b.

Consider again a piston—cylinder device that contains liquid water at 1 MPa
and 150°C. Water at this state exists as a compressed liquid. Now the weights on
top of the piston are removed one by one so that the pressure inside the cylinder
decreases gradually (Fig. 3—18). The water is allowed to exchange heat with the
surroundings so its temperature remains constant. As the pressure decreases, the
volume of the water increases slightly. When the pressure reaches the saturation-
pressure value at the specified temperature (0.4762 MPa), the water starts to boil.
During this vaporization process, both the temperature and the pressure remain
constant, but the specific volume increases. Once the last drop of liquid is vapor-
ized, further reduction in pressure results in a further increase in specific volume.
Notice that during the phase-change process, we did not remove any weights.
Doing so would cause the pressure and therefore the temperature to drop [since
T, = f(P,y], and the process would no longer be isothermal.
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FIGURE 3-16

At supercritical pressures (P > P_),
there is no distinct phase-change
(boiling) process.

Critical
point

Superheated
vapor
region

Saturated
liquid—vapor
region

(a) T-v diagram of a pure substance

(b) P-v diagram of a pure substance

FIGURE 3-17
Property diagrams of a pure substance.
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Heat

FIGURE 3-18

The pressure in a piston—cylinder
device can be reduced by reducing the
weight of the piston.

Critical
point

Solid

Solid + liquid
Liquid

Liquid + vapor

Triple line

When the process is repeated for other temperatures, similar paths are obtained
for the phase-change processes. Connecting the saturated liquid and the saturated

vapor states by a curve, we obtain the P-U diagram of a pure substance, as shown
in Fig. 3-17b.

Extending the Diagrams to Include
the Solid Phase

The two equilibrium diagrams developed so far represent the equilibrium states
involving the liquid and the vapor phases only. However, these diagrams can eas-
ily be extended to include the solid phase as well as the solid-liquid and the
solid—vapor saturation regions. The basic principles discussed in conjunction
with the liquid—vapor phase-change process apply equally to the solid—liquid and
solid—vapor phase-change processes. Most substances contract during a solidi-
fication (i.e., freezing) process. Others, like water, expand as they freeze. The
P-v diagrams for both groups of substances are given in Figs. 3—19a and 3-19b.
These two diagrams differ only in the solid-liquid saturation region. The 7-vU
diagrams look very much like the P-U diagrams, especially for substances that
contract on freezing.

The fact that water expands upon freezing has vital consequences in nature.
If water contracted on freezing as most other substances do, the ice formed
would be heavier than the liquid water, and it would settle to the bottom of riv-
ers, lakes, and oceans instead of floating at the top. The sun’s rays would never
reach these ice layers, and the bottoms of many rivers, lakes, and oceans would
be covered with ice at times, seriously disrupting marine life.

We are all familiar with two phases being in equilibrium, but under
some conditions all three phases of a pure substance coexist in equilibrium
(Fig. 3-20). On P-v or T-v diagrams, these triple-phase states form a line called
the triple line. The states on the triple line of a substance have the same pressure
and temperature but different specific volumes. The triple line appears as a point
on the P-T diagrams and, therefore, is often called the triple point. The triple-
point temperatures and pressures of various substances are given in Table 3-3.
For water, the triple-point temperature and pressure are 0.01°C and 0.6117 kPa,

Solid + vapor

(a) P-v diagram of a substance that contracts on freezing

FIGURE 3-19
P-v diagrams of different substances.
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(b) P-v diagram of a substance that expands on freezing (such as water)
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Triple-point temperatures and pressures of various substances .
apor

Substance Formula T, K P, kPa ’
Acetylene C,H, 192.4 120 Liquid
Ammonia NH, 195.40 6.076
Argon A 83.81 68.9 i"“"i
Carbon (graphite) C 3900 10,100 .‘;“El.
Carbon dioxide Co, 216.55 517 == =
Carbon monoxide CcO 68.10 15.37
Deuterium D, 18.63 17.1 . FIGURE 3-20
Ethane C,H, 89 89 8 % 104 At triple-point pressure ar}d
Ethylene CH, 104.0 0.12 temperature, a substance.e.)(ls'ts n
Helium 4 (A point) He 2.19 51 three phases in equilibrium.
Hydrogen H, 13.84 7.04
Hydrogen chloride HCl 158.96 13.9
Mercury Hg 234.2 1.65 x 1077
Methane CH, 90.68 11.7
Neon Ne 24.57 43.2
Nitric oxide NO 109.50 21.92
Nitrogen N, 63.18 12.6
Nitrous oxide N,O 182.34 87.85
Oxygen 0O, 54.36 0.152
Palladium Pd 1825 3.5x 107
Platinum Pt 2045 2.0x 10+*
Sulfur dioxide SO, 197.69 1.67
Titanium Ti 1941 5.3 %107
Uranium hexafluoride UF, 337.17 151.7
Water H,O 273.16 0.61
Xenon Xe 161.3 81.5
Zinc Zn 692.65 0.065

Source: Data from National Bureau of Standards (U.S.) Circ., 500 (1952).

respectively. That is, all three phases of water coexist in equilibrium only if the
temperature and pressure have precisely these values. No substance can exist in
the liquid phase in stable equilibrium at pressures below the triple-point pressure.
The same can be said for temperature for substances that contract on freezing.
However, substances at high pressures can exist in the liquid phase at tempera- . -
tures below the triple-point temperature. For example, water cannot exist in liquid "“.“i
form in equilibrium at atmospheric pressure at temperatures below 0°C, but it can .%.
exist as a liquid at —20°C at 200 MPa pressure. Also, ice exists at seven different SR VA
solid phases at pressures above 100 MPa.

There are two ways a substance can pass from the solid to the vapor phase:
either it melts first into a liquid and subsequently evaporates, or it evaporates
directly without melting first. The latter occurs at pressures below the triple-point
value, since a pure substance cannot exist in the liquid phase at those pressures
(Fig. 3-21). Passing from the solid phase directly into the vapor phase is called
sublimation. For substances that have a triple-point pressure above the atmo-
spheric pressure such as solid CO, (dry ice), sublimation is the only way to change
from the solid to the vapor phase at atmospheric conditions.

FIGURE 3-21

At low pressures (below the triple-
point value), solids evaporate without
melting first (sublimation).

3 The P-T Diagram

Figure 3-22 shows the P-T diagram of a pure substance. This diagram is often
called the phase diagram since all three phases are separated from each other by
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FIGURE 3-22
P-T diagram of pure substances.
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FIGURE 3-23
P-U-T surface of a substance that
contracts on freezing.

Pressure

FIGURE 3-24
P-u-T surface of a substance that
expands on freezing (like water).
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three lines. The sublimation line separates the solid and vapor regions, the vapor-
ization line separates the liquid and vapor regions, and the melting (or fusion) line
separates the solid and liquid regions. These three lines meet at the triple point,
where all three phases coexist in equilibrium. The vaporization line ends at the
critical point because no distinction can be made between liquid and vapor phases
above the critical point. Substances that expand and contract on freezing differ
only in the melting line on the P-T diagram.

The P-u-T Surface

The state of a simple compressible substance is fixed by any two independent,
intensive properties. Once the two appropriate properties are fixed, all the other
properties become dependent properties. Remembering that any equation with
two independent variables in the form z = z(x, y) represents a surface in space,
we can represent the P-U-T behavior of a substance as a surface in space, as
shown in Figs. 3-23 and 3-24. Here T and U may be viewed as the independent
variables (the base) and P as the dependent variable (the height).

All the points on the surface represent equilibrium states. All states along the
path of a quasi-equilibrium process lie on the P-U-T surface since such a process
must pass through equilibrium states. The single-phase regions appear as curved
surfaces on the P-U-T surface, and the two-phase regions as surfaces perpendicular
to the P-T plane. This is expected since the projections of two-phase regions on the
P-T plane are lines.

All the two-dimensional diagrams we have discussed so far are merely projec-
tions of this three-dimensional surface onto the appropriate planes. A P-V dia-
gram is just a projection of the P-U-T surface on the P-U plane, and a 7-U diagram
is nothing more than the bird’s-eye view of this surface. The P-U-T surfaces pre-
sent a great deal of information at once, but in a thermodynamic analysis it is
more convenient to work with two-dimensional diagrams, such as the P-v and
T-v diagrams.
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CYU 3-4 — Check Your Understanding

CYU 3-4.1 For which case is the value of the specific volume of water the highest?
(a) Saturated liquid, 100 kPa (b) Saturated liquid, 500 kPa (c) Saturated vapor, 100 kPa

(d) Saturated vapor, 500 kPa (e) Saturated vapor, 800 kPa

CYU 3-4.2 At which two states are the temperatures of a pure substance at a specified pressure equal?

I. Saturated liquid II. Subcooled liquid III. Saturated vapor IV. Superheated vapor
(a) Iand I (b) I and 111 (c¢) II and IIT (d) Iand IV (e) Tand IV

CYU 3-4.3 The triple point pressures of some substances are given below. Which substance do you think will experi-

ence sublimation?

(a) Water, 0.61 kPa (b) Ammonia, 6.08 kPa (¢) Carbon dioxide, 517 kPa (d) Xenon, 81.5 kPa

3-5 = PROPERTY TABLES

For most substances, the relationships among thermodynamic properties are too
complex to be expressed by simple equations. Therefore, properties are frequently
presented in the form of tables. Some thermodynamic properties can be mea-
sured easily, but others cannot, and the latter are calculated by using the rela-
tions between them and measurable properties. The results of these measurements
and calculations are presented in tables in a convenient format. In the following
discussion, the steam tables are used to demonstrate the use of thermodynamic
property tables. Property tables of other substances are used in the same manner.
For each substance, the thermodynamic properties are listed in more than one
table. In fact, a separate table is prepared for each region of interest such as the
superheated vapor, compressed liquid, and saturated (mixture) regions. Property
tables are given in the Appendix in both SI and English units. The tables in
English units carry the same number as the corresponding tables in SI, followed
by an identifier E. Tables A—6 and A—6E, for example, list properties of super-
heated water vapor, the former in SI and the latter in English units. Before we get
into the discussion of property tables, we define a new property called enthalpy.

Enthalpy—A Combination Property

A person looking at the tables will notice two new properties: enthalpy 4 and
entropy s. Entropy is a property associated with the second law of thermodynam-
ics, and we will not use it until it is properly defined in Chap. 7. However, it is
appropriate to introduce enthalpy at this point.

In the analysis of certain types of processes, particularly in power generation
and refrigeration (Fig. 3-25), we often encounter the combination of properties u
+ Pv. For the sake of simplicity and convenience, this combination is defined as a
new property, enthalpy, and given the symbol A:

h=u+ Pv (kJ/kg) (3-1)
or,

H=U+PV (kJ) (3-2)

iy

Py,

Control
volume

FIGURE 3-25

The combination u + PV is often
encountered in the analysis of control
volumes.
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Both the total enthalpy H and specific enthalpy / are simply referred to as
enthalpy since the context clarifies which one is meant. Notice that the equations
r a given above are dimensionally homogeneous. That is, the unit of the pressure—

volume product may differ from the unit of the internal energy by only a factor
(Fig. 3-26). For example, it can be easily shown that 1 kPa-m® = 1 kJ. In some

kPam’ = kJ tables encountered in practice, the internal energy u is frequently not listed, but it
kPa-m/kg = kl/kg can always be determined from u = h — Pv.

bar-m’ = 100 kJ The widespread use of the property enthalpy is due to Professor Richard Mol-

MPa-m? = 1000 kJ lier, who recognized the importance of the group u + PV in the analysis of steam

S 3 . . . . . .
psift) = O co0R R turbines and in the representation of the properties of steam in tabular and graphi-

cal form (as in the famous Mollier chart). Mollier referred to the group u + PV as
& 4 heat content and total heat. These terms were not quite consistent with the modern
thermodynamic terminology and were replaced in the 1930s by the term enthalpy
(from the Greek word enthalpien, which means to heat).

1a Saturated Liquid and Saturated
FIGURE 3-26 Vapor States

The product pressure X volume has

s The properties of saturated liquid and saturated vapor for water are listed in Tables
energy units.

A—4 and A-5. Both tables give the same information. The only difference is that in
Table A—4 properties are listed under temperature and in Table A—5 under pressure.
Therefore, it is more convenient to use Table A—4 when temperature is given and
Table A—5 when pressure is given. The use of Table A—4 is illustrated in Fig. 3-27.

The subscript fis used to denote properties of a saturated liquid and the sub-
script g to denote the properties of saturated vapor. These symbols are com-

Specific volume

3
/k . . .. .
Sat. Rk monly used in thermodynamics and originated from German. Another subscript
;rémp. i;ess. lsizzid Ezgor commonly used is fg, which denotes the difference between the saturated vapor
a . .
T P Uy v, and saturated liquid values of the same property. For example,
sat
85  57.868 |0.001032 2.8261 U, = specific volume of saturated liquid

90 70.183 [0.001036  2.3593

e i iy U, = specific volume of saturated vapor

T T Uy, = difference between v, and v, (that is Up =V, — Uf)

Temperature Egﬁficof The quantity h,, is called the enthalpy of vaporization (or latent heat of
saturated vaporization). It represents the amount of energy needed to vaporize a unit
liquid mass of saturated liquid at a given temperature or pressure. It decreases as the

Corresponding Specific temperature or pressure increases and becomes zero at the critical point.
saturation volume of
pressure saturated .
vapor EXAMPLE 3—-1 Pressure of Saturated Liquid in a Tank
FIGURE 3-27 A rigid tank contains 50 kg of saturated liquid water at 90°C. Determine the pressure in the

C o tank and th 1 f the tank.
A partial list of Table A—4. ank and the volume of fhe fan

SOLUTION A rigid tank contains saturated liquid water. The pressure and volume of
the tank are to be determined.

Analysis The state of the saturated liquid water is shown on a 7-U diagram in
Fig. 3-28. Since saturation conditions exist in the tank, the pressure must be the saturation
pressure at 90°C:

P =P 9pc =70.183 kPa (Table A-4)
The specific volume of the saturated liquid at 90°C is
U= U@ gpec = 0.001036 m?3/kg (Table A-4)
Then the total volume of the tank becomes

V = mu = (50 kg)(0.001036 m*/kg) = 0.0518 m*



||

m EXAMPLE 3-2 Temperature of Saturated Vapor in a Cylinder

|

m A piston—cylinder device contains 2 ft* of saturated water vapor at 50-psia pressure. Deter-

B mine the temperature and the mass of the vapor inside the cylinder.

SOLUTION A cylinder contains saturated water vapor. The temperature and the mass of
vapor are to be determined.

Analysis The state of the saturated water vapor is shown on a P-U diagram in
Fig. 3-29. Since the cylinder contains saturated vapor at 50 psia, the temperature inside must be
the saturation temperature at this pressure:

T= Tsat @ 50 psia

= 280.99°F (Table A-SE)

The specific volume of the saturated vapor at 50 psia is

U=U, @ s0psia = 3-5175 ft3/Ibm (Table A-5E)
Then the mass of water vapor inside the cylinder becomes
3
m=Yo__ 21" _g33516m

U 85175 f3/Ibm

EXAMPLE 3-3 Volume and Energy Change During Evaporation

A mass of 200 g of saturated liquid water is completely vaporized at a constant pressure
of 100 kPa. Determine (a) the volume change and (b) the amount of energy transferred to
the water.

SOLUTION Saturated liquid water is vaporized at constant pressure. The volume
change and the energy transferred are to be determined.

Analysis (a) The process described is illustrated on a P-U diagram in Fig. 3-30. The volume
change per unit mass during a vaporization process is Uy, which is the difference between U,
and ;. Reading these values from Table A5 at 100 kPa and substituting yield

U, =V, —U,=1.6941 — 0.001043 = 1.6931 m3/kg
Thus,
AV = my, = (0.2 kg)(1.6931 m3/kg) =0.3386 m*

(b) The amount of energy needed to vaporize a unit mass of a substance at a given pressure
is the enthalpy of vaporization at that pressure, which is h, = 2257.5 kJ/kg for water at
100 kPa. Thus, the amount of energy transferred is

mhy, = (0.2 kg)(2257.5 kl/kg) = 451.5 kJ

Discussion Note that we have considered the first four decimal digits of Uy, and disregarded
the rest. This is because U, has significant numbers to the first four decimal places only, and we
do not know the numbers in the other decimal places. Copying all the digits from the calculator
would mean that we are assuming U, = 1.694100, which is not necessarily the case. It could
very well be that v, = 1.694138 since this number, too, would truncate to 1.6941. All the digits
in our result (1.6931) are significant. But if we did not truncate the result, we would obtain U, =
1.693057, which falsely implies that our result is accurate to the sixth decimal place.

1b Saturated Liquid—Vapor Mixture

During a vaporization process, a substance exists as part liquid and part vapor.
That is, it is a mixture of saturated liquid and saturated vapor (Fig. 3-31). To
analyze this mixture properly, we need to know the proportions of the liquid and
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T =90°C

Sat. liquid

FIGURE 3-28
Schematic and 7-U diagram for
Example 3-1.

Saturated
vapor

P =50 psia
U =0kt

7

50 ~ T =280.99°F
|
|
|
|
U, v
FIGURE 3-29
Schematic and P-U diagram for
Example 3-2.
P, kPa
T Sat. vapor
P =100 kPa
Sat. liquid
100 -
| |
| |
| |
1 1 >
vy U, v
FIGURE 3-30

Schematic and P-U diagram for
Example 3-3.



116

PROPERTIES OF PURE SUBSTANCES

PorTH

Critical point

Sat. vapor

Sat. liquid

FIGURE 3-31

The relative amounts of liquid and
vapor phases in a saturated mixture
are specified by the quality x.

a 4
Saturated vapor
v o Uavg
— Saturated
v liqui'd;vapor
mixture
Saturated liquid
>, Y 4

FIGURE 3-32

A two-phase system can be treated
as a homogeneous mixture for
convenience.

PorT

FIGURE 3-33
Quality is related to the horizontal
distances on P-U and 7-U diagrams.

vapor phases in the mixture. This is done by defining a new property called the
quality x as the ratio of the mass of vapor to the total mass of the mixture:

= m vapor (3-3)
M opal

where

Mgl = Miiquia + Myapor = Myt 1,

Quality has significance for saturated mixtures only. It has no meaning in the
compressed liquid or superheated vapor regions. Its value is between 0 and
1. The quality of a system that consists of saturated liquid is 0 (or O percent),
and the quality of a system consisting of saturated vapor is 1 (or 100 percent).
In saturated mixtures, quality can serve as one of the two independent intensive
properties needed to describe a state. Note that the properties of the saturated
liquid are the same whether it exists alone or in a mixture with saturated vapor.
During the vaporization process, only the amount of saturated liquid changes, not
its properties. The same can be said about a saturated vapor.

A saturated mixture can be treated as a combination of two subsystems: the sat-
urated liquid and the saturated vapor. However, the amount of mass for each phase
is usually not known. Therefore, it is often more convenient to imagine that the
two phases are mixed well, forming a homogeneous mixture (Fig. 3-32). Then the
properties of this “mixture” will simply be the average properties of the saturated
liquid—vapor mixture under consideration. Here is how it is done.

Consider a tank that contains a saturated liquid—vapor mixture. The volume
occupied by saturated liquid is Vf, and the volume occupied by saturated vapor is
V,. The total volume V is the sum of the two:

V=Vt V,

V=mv—mu,,=myU,+my,

my=m,—m, — myV,, = m,—m)V,+my,

Dividing by m, yields
Upe =1 =X)Us+xU,

since x = m,/m,. This relation can also be expressed as
Uy = Vs +xU;,  (m/kg) (3-4)

where Uy, = U, — U,. Solving for quality, we obtain

y=-"—" (3-5)

Based on this equation, quality can be related to the horizontal distances on a
P-v or T-v diagram (Fig. 3-33). At a given temperature or pressure, the numerator
of Eq. 3-5 is the distance between the actual state and the saturated liquid state,
and the denominator is the length of the entire horizontal line that connects the
saturated liquid and saturated vapor states. A state of 50 percent quality lies in the
middle of this horizontal line.

The analysis given above can be repeated for internal energy and enthalpy with

the following results:
Upe = Up+xuy,  (K/kg) (3-6)

By = hp+ xhy, (kJ/kg) (3-7)
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All the results are of the same format, and they can be summarized in a single Por7T%

equation as Sat. vapor

— v v
ya\rg - yf' + “\)fg &

Sat. liquid
Uf

where y is U, u, or h. The subscript “avg” (for “average”) is usually dropped for
simplicity. The values of the average properties of the mixtures are always between
the values of the saturated liquid and the saturated vapor properties (Fig. 3-34).
That is,

yfsyavgs.yg

Finally, all the saturated-mixture states are located under the saturation curve, and
to analyze saturated mixtures, all we need are saturated liquid and saturated vapor
data (Tables A—4 and A-5 in the case of water).

U U<U<y, U, v
FIGURE 3-34
The v value of a saturated liquid—
: EXAMPLE 3—-4 Pressure and Volume of a Saturated Mixture vapor mixture lies betwee.n.the U and
B U, values at the specified T or P.
m A rigid tank contains 10 kg of water at 90°C. If 8 kg of the water is in the liquid form and
B the rest is in the vapor form, determine (@) the pressure in the tank and () the volume of
the tank.
T, °C/
SOLUTION A rigid tank contains saturated mixture. The pressure and the volume of the
tank are to be determined.
Analysis (a) The state of the saturated liquid—vapor mixture is shown in Fig. 3-35. Since the
two phases coexist in equilibrium, we have a saturated mixture, and the pressure must be the
saturation pressure at the given temperature:

T =90°C
m,=2kg

P =P oq-c=70.183 kPa (Table A—4)

(b) At 90°C, we have U, = 0.001036 m*/kg and v, = 2.3593 m*/kg (Table A—-4). One way
of finding the volume of the tank is to determine the volume occupied by each phase and
then add them:

L 1 >

V=V, +V, =mu, +m,, U =0.001036 U, =2.3593 U, m¥kg
= (8 kg)(0.001036 m?/kg) + (2 kg)(2.3593 m*/k

- i 73g)(3 ) + (2 kg)( 2 FIGURE 3-35

- Sem Schematic and 7-v diagram for

Example 34.

Another way is to first determine the quality x, then the average specific volume U, and
finally the total volume:

_Ms_2ke 4,
m, 10kg
U= Uf+ fog
= 0.001036 m3/kg + (0.2)[(2.3593 — 0.001036) m>/kg]
= 0.473 m®/kg

and
V =mu = (10 kg)(0.473 m3/kg) = 4.73 m>

Discussion The first method appears to be easier in this case since the masses of each phase
are given. In most cases, however, the masses of each phase are not available, and the second
method becomes more convenient.
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P, kPa

R-134a

P =160 kPa
m=4kg

T =-15.60°C

160 —I

vr=0.0007435 U, =0.12355 U, m’/kg

hy=3118  h,=241.14 h K/kg
FIGURE 3-36
Schematic and P-v diagram for
Example 3-5.
(@
(@)
v u h
T.°C| mikg ki/kg kl/kg
P =0.1 MPa (99.61°C)
Sat. | 1.6941 2505.6 2675.0
100 | 1.6959 2506.2 2675.8
o 150 1.93_67 2582.9 2776.6
1300 7.2605 4687.2 5413.3
P =0.5MPa (151.83°C)
Sat. | 0.37483 2560.7 2748.1
200 | 0.42503 2643.3 2855.8
o 2501 0.47443 2723.8 2961.0
FIGURE 3-37

A partial listing of Table A—6.

EXAMPLE 3-5 Properties of Saturated Liquid—Vapor Mixture

An 80-L vessel contains 4 kg of refrigerant-134a at a pressure of 160 kPa. Determine (a) m
the temperature, (b) the quality, (c) the enthalpy of the refrigerant, and (d) the volume ®
occupied by the vapor phase.

SOLUTION A vessel is filled with refrigerant-134a. Some properties of the refrigerant
are to be determined.
Analysis (a) The state of the saturated liquid—vapor mixture is shown in Fig. 3-36. At this
point we do not know whether the refrigerant is in the compressed liquid, superheated vapor,
or saturated mixture region. This can be determined by comparing a suitable property to the
saturated liquid and saturated vapor values. From the information given, we can determine the
specific volume:
3

v=Y_0080m_ 45 mikg

m 4 kg

At 160 kPa, we read
U= 0.0007435 m*/kg
v, = 0.12355 m3/kg (Table A-12)

Obviously, U < U < U,, and the refrigerant is in the saturated mixture region. Thus, the
temperature must be the saturation temperature at the specified pressure:

T=Ty e 160kpa = —15.60°C

(b) Quality can be determined from

_U-U; 0.02-0.0007435
U,  0.12355—0.0007435

8

X 157

(¢) At 160 kPa, we also read from Table A—12 that i, = 31.18 kJ/kg and A, = 209.96 kl/kg.
Then,
h = h; + xhy,
= 31.18 kl/kg + (0.157)(209.96 kJ/kg)
= 64.1 kJ/kg

(d) The mass of the vapor is

m, = xm, = (0.157)(4 kg) = 0.628 kg

4

and the volume occupied by the vapor phase is
V, =mu, = (0.628 kg)(0.12355 m?¥/kg) = 0.0776 m* (or 77.6 L)

The rest of the volume (2.4 L) is occupied by the liquid.

Property tables are also available for saturated solid—vapor mixtures. Properties
of saturated ice—water vapor mixtures, for example, are listed in Table A—8. Satu-
rated solid—vapor mixtures can be handled just as saturated liquid—vapor mixtures.

2 Superheated Vapor

In the region to the right of the saturated vapor line and at temperatures above the
critical point temperature, a substance exists as superheated vapor. Since the super-
heated region is a single-phase region (vapor phase only), temperature and pressure
are no longer dependent properties, and they can conveniently be used as the two
independent properties in the tables. The format of the superheated vapor tables is
illustrated in Fig. 3-37.



In these tables, the properties are listed against temperature for selected pres-
sures starting with the saturated vapor data. The saturation temperature is given in
parentheses following the pressure value.

Compared to saturated vapor, superheated vapor is characterized by

Lower pressures (P < P, ata given T)

sat

Higher temperatures (7' > T,

sat

at a given P)
Higher specific volumes (U > v, ata given P or T)
Higher internal energies (u > u, at a given P or T)

Higher enthalpies (h > h, at a given P or T)

|

m EXAMPLE 3-6 Cooling of Superheated Water Vapor

|

m One pound-mass of water fills a 2.29-ft> rigid container at an initial pressure of 250 psia.

B The container is then cooled to 100°F. Determine the initial temperature and final pressure
of the water.

SOLUTION A rigid container that is filled with water is cooled. The initial temperature
and final pressure are to be determined.
Analysis The initial specific volume is
_V_229 fe®
m 11lbm

= 2.29 ft¥/lbm

1

At 250 psia, the specific volume of saturated vapor is U, = 1.8440 ft*/lbm (Table A-5E).
Since U, > U,, the water is initially in the superheated vapor region. The temperature is
determined to be

P, =250 psia

T, = 550°F (Table A—6E)
v, = 2.29 ft*/lbm

This is a constant volume cooling process (U = V/m = constant), as shown in Fig. 3-38.
The final state is saturated mixture and thus the pressure is the saturation pressure at the

final temperature:
T, = 100°F » . oo e
= D e = \b sia able
U,=U, =229 ft}lbm | ° { @ 100°F p

Discussion When a substance undergoes a process in a closed rigid tank, the specific vol-
ume remains constant, and the process appears as a vertical line in the P-U diagram.

EXAMPLE 3-7 Temperature of Superheated Vapor

Determine the temperature of water at a state of P = 0.5 MPa and / = 2890 kl/kg.

SOLUTION The temperature of water at a specified state is to be determined.
Analysis At 0.5 MPa, the enthalpy of saturated water vapor is i, = 2748.1 kl/kg. Since
h> h,, as shown in Fig. 3-39, we again have superheated vapor. Under 0.5 MPa in Table A-6
we read

T,°C  h kl/kg
200 2855.8
250 2961.0

Obviously, the temperature is between 200 and 250°C. By linear interpolation it is deter-
mined to be
T=216.3°C
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H,0 0
250 psia
1 Ibm
2.29 ft3
PA
1
2
v
FIGURE 3-38
Schematic and P-v diagram for
Example 3-6.
TA

FIGURE 3-39

At a specified P, superheated
vapor exists at a higher /4 than the
saturated vapor (Example 3-7).
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Given: Pand T

VZUer

U=Urar

h= h/ @r

00 @

FIGURE 3-40

A compressed liquid may be
approximated as a saturated liquid at
the given temperature.

3 Compressed Liquid

Compressed liquid tables are not as commonly available, and Table A-7 is the
only compressed liquid table in this text. The format of Table A-7 is very much
like the format of the superheated vapor tables. One reason for the lack of com-
pressed liquid data is the relative independence of compressed liquid properties
from pressure. Variation of properties of compressed liquid with pressure is very
mild. Increasing the pressure 100 times often causes properties to change less than
1 percent.

In the absence of compressed liquid data, a general approximation is to treat
compressed liquid as saturated liquid at the given temperature (Fig. 3—40). This
is because the compressed liquid properties depend on temperature much more
strongly than they do on pressure. Thus,

YEVrer (3-8)

for compressed liquids, where y is U, u, or h. Of these three properties, the prop-
erty whose value is most sensitive to variations in the pressure is the enthalpy A.
Although the preceding approximation results in negligible error in UV and u, the
error in 4 may reach undesirable levels. However, the error in £ at low to moder-
ate pressures and temperatures can be reduced significantly by evaluating it from

h=her+ViarP—=Pyar (3-9)

instead of taking it to be just /,. Note, however, that the approximation in
Eq. 3-9 does not yield any significant improvement at moderate to high tempera-
tures and pressures, and it may even backfire and result in greater error due to over-
correction at very high temperatures and pressures (see Kostic, 2000).

In general, a compressed liquid is characterized by

Higher pressures (P > P, ata given T)

sat

Lower temperatures (7' < T,

o at a given P)

Lower specific volumes (U < U at a given P or T)
Lower internal energies (u < uat a given P or T)

Lower enthalpies (h < i at a given P or T)

But unlike superheated vapor, the compressed liquid properties are not much dif-
ferent from the corresponding saturated liquid values.

Sometimes the degree of subcooling of a liquid at a given temperature and
pressure, which is a measure of deviation of the liquid temperature from the satu-
ration temperature of the substance at the given pressure, is of interest in engineer-
ing applications that involve cooling below the saturation temperature, such as
the condensers of refrigerators and power plants. The degree of subcooling of a
subcooled liquid at a given temperature 7 and pressure P is simply the difference
between the saturation temperature of the substance at the given pressure and the
actual temperature. That is,

ATsubcool = Tsat @p T

For example, noting that the saturation temperature of water 1 atm pressure is
100°C, the degree of subcooling of water at 20°C and 1 atm pressure is

AT,

subcool — Tsal@ latm — T=100°C - 20°C = 80°C

Therefore, a typical sealed bottled water at 20°C is subcooled by 80°C. A glass
of water at 20°C is also subcooled by the same amount, provided that the free
surface of water is covered so that water has no direct contact with air. When

water is heated to 30°C, we still have subcooled water and no water will evaporate.



But when the lid of the bottle or the cover of the glass is removed and water
is exposed to air, the situation changes. In this case the saturation temperature
becomes the temperature that corresponds to the partial pressure of vapor in the
air, as discussed in detail in the section “Vapor Pressure and Phase Equilibrium”
at the end of this chapter. Under equilibrium conditions at a specified tempera-
ture, liquid water exposed to air saturated with water vapor (a relative humidity of
100 percent) is saturated water. Water in an uncovered glass left in a room eventu-
ally evaporates since the air in living spaces is usually not saturated.

EXAMPLE 3-8 Approximating Compressed Liquid as Saturated
Liquid

Determine the internal energy of compressed liquid water at 80°C and 5 MPa, using (a) ®
data from the compressed liquid table and (b) saturated liquid data. What is the error
involved in the second case?

SOLUTION The exact and approximate values of the internal energy of liquid water are
to be determined.

Analysis At 80°C, the saturation pressure of water is 47.416 kPa, and since
5 MPa > P_,, we obviously have compressed liquid, as shown in Fig. 3-41.

(a) From the compressed liquid table (Table A—7)

P =5 MPa
T =80°C

} u = 333.82 kJ/kg
(b) From the saturation table (Table A—4), we read
U Upq gooc = 334.97 kJ/Kkg

The error involved is

334.97 — 333.82
333.82

% 100 = 0.34%

which is less than 1 percent.

Reference State and Reference Values

The values of u, i, and s cannot be measured directly, and they are calculated from
measurable properties using the relations between thermodynamic properties.
However, those relations give the changes in properties, not the values of proper-
ties at specified states. Therefore, we need to choose a convenient reference state
and assign a value of zero for a convenient property or properties at that state. For
water, the state of saturated liquid at 0.01°C is taken as the reference state, and the
internal energy and entropy are assigned zero values at that state. For refrigerant-
134a, the state of saturated liquid at —40°C is taken as the reference state, and the
enthalpy and entropy are assigned zero values at that state. Note that some proper-
ties may have negative values as a result of the reference state chosen.

It should be mentioned that sometimes different tables list different values for
some properties at the same state as a result of using a different reference state.
However, in thermodynamics we are concerned with the changes in properties,
and the reference state chosen is of no consequence in calculations as long as we
use values from a single consistent set of tables or charts.
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FIGURE 3-41
Schematic and 7-u diagram for
Example 3-8.
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EXAMPLE 3-9 The Use of Steam Tables to Determine
Properties

Determine the missing properties and the phase descriptions in the following table for
water:

T, °C P, kPa u, kJ/kg X Phase description
(a) 200 0.6
(b) 125 1600
(¢ 1000 2950
(d) 75 500
(e) 850 0.0

SOLUTION Properties and phase descriptions of water are to be determined at various
states.

Analysis (a) The quality is given to be x = 0.6, which implies that 60 percent of the mass
is in the vapor phase and the remaining 40 percent is in the liquid phase. Therefore, we have
saturated liquid—vapor mixture at a pressure of 200 kPa. Then the temperature must be the satu-
ration temperature at the given pressure:

T =T, 000k = 120.21°C (Table A-5)

At 200 kPa, we also read from Table A5 that u, = 504.50 kJ/kg and u,, = 2024.6 kJ/kg.
Then the average internal energy of the mixture is
U=+ XU,
=504.50 kJ/kg + (0.6)(2024.6 kJ/kg)
=1719.26 kJ/kg

(b) This time the temperature and the internal energy are given, but we do not know which
table to use to determine the missing properties because we have no clue as to whether we
have saturated mixture, compressed liquid, or superheated vapor. To determine the region
we are in, we first go to the saturation table (Table A—4) and determine the u,and u, values
at the given temperature. At 125°C, we read u,= 524.83 kJ/kg and u, = 2534.3 kJ/kg. Next
we compare the given u value to these u;and u, values, keeping in mind that

it u<u we have compressed liquid
if w,<u<u, wehavesaturated mixture
it u>u, we have superheated vapor
In our case the given u value is 1600 kJ/kg, which falls between the u, and u, values at

125°C. Therefore, we have saturated liquid—vapor mixture. Then the pressure must be the
saturation pressure at the given temperature:

P =P o 125:c = 232.23 kPa (Table A—4)

The quality is determined from

LU 160052483 oo
1y, 2009.5

The preceding criteria for determining whether we have compressed liquid, saturated
mixture, or superheated vapor can also be used when enthalpy /4 or specific volume U is
given instead of internal energy u, or when pressure is given instead of temperature.

(c) This is similar to case (), except pressure is given instead of temperature. Following
the argument given above, we read the u; and u, values at the specified pressure. At 1 MPa,
we have u,=761.39 kl/kg and u, = 2582.8 kJ/kg. The specified u value is 2950 kJ/kg, which
is greater than the u, value at 1 MPa. Therefore, we have superheated vapor, and the tem-
perature at this state is determined from the superheated vapor table by interpolation to be

T =395.2°C (Table A—6)
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We would leave the quality column blank in this case since quality has no meaning for a
superheated vapor.
(d) In this case the temperature and pressure are given, but again we cannot tell which table
to use to determine the missing properties because we do not know whether we have satu-
rated mixture, compressed liquid, or superheated vapor. To determine the region we are in,
we go to the saturation table (Table A-5) and determine the saturation temperature value
at the given pressure. At 500 kPa, we have 7,,, = 151.83°C. We then compare the given 7 75

sat —
value to this 7, value, keeping in mind that

151.83

if T<Tgy @uenp Wehavecompressed liquid
if T=Tg @uwenp Wehavesaturated mixture
if T>Tg @ewenp Wehave superheated vapor
e FIGURE 3-42
In our case, the given 7 value is 75°C, which is less than the T, value at the specified Ata given P and T, a pure
pressure. Therefore, we have compressed liquid (Fig. 3-42), and normally we would substance will exist as a
determine the internal energy value from the compressed liquid table. But in this case compressed liquid if 7' < T, @ p-

the given pressure is much lower than the lowest pressure value in the compressed liquid
table (which is 5 MPa), and therefore we are justified to treat the compressed liquid as
saturated liquid at the given temperature (not pressure):

U Uy g50c = 313.99 k) /kg (Table A—4)

We would leave the quality column blank in this case since quality has no meaning in the
compressed liquid region.

(e) The quality is given to be x = 0, and thus we have saturated liquid at the specified
pressure of 850 kPa. Then the temperature must be the saturation temperature at the given
pressure, and the internal energy must have the saturated liquid value:

T =T ess01pa = 172.94°C
U= s gsorpa = 131.00 kJ/kg (Table A-5)

CYU 3-5 — Check Your Understanding

CYU 3-5.1 Select the wrong description associated with a compressed liquid or a superheated vapor:

(a) Superheated vapor: P is less than P at a given T.

sat

(b) Compressed liquid: 7 is greater than 7, at a given P.

at
(¢) Superheated vapor: U is greater than U, at a given T or P.
(d) Compressed liquid: U is less than U, at a given 7 or P.

(e) Compressed liquid: / is less than s at a given T or P.

CYU 3-5.2 What is the internal energy of a fluid whose enthalpy, pressure, and specific volume are given to be
2500 klJ/kg, 2 MPa, and 0.1 m*/kg, respectively.

(a) 2700 kl/kg (b) 2520 kl/kg (c) 2500 kl/kg (d) 2480 kl/kg (e) 2300 kl/kg

CYU 3-5.3 Water is boiled at a constant pressure of 90 kPa. How much heat needs to be transferred to 1kg water to turn
it into vapor?

(@) g= U, @ 90 kPa () q= hfg @ 90 kPa () g= hg @ 90 kPa (d) g= hfg @ 100°C (e) g= U @ 100°C
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CYU 3-5.4 What is the specific volume and entropy of water at P = 300 kPa and 7= 133.52°C? See water tables.
(@) v=10.001073 m*/kg, s = 1.6717 kl/kg-K  (b) u=10.001073 m/kg, s = 6.9917 kJ/kg-K
(¢) u=0.60582 m¥/kg, s = 1.6717 kJ/kg-K (d) v=0.60582 m*/kg, s = 6.9917 kl/kg-K

(e) Insufficient information

CYU 3-5.5 What is the internal energy and enthalpy of water at P = 300 kPa and 7'= 110°C? See water tables.
(a) u=1561.11kJ/kg, h = 561.43 kl/kg (b) u=2543.2kJ/kg, h =2724.9 kl/kg

(¢) u=461.27 kJ/kg, h = 461.42 kl/kg (d) u=2517.7kl/kg, h = 2691.1 kl/kg

(e) u=1982.1kJ/kg, h =2163.5 kl/kg

CYU 3-5.6 What is the entropy of water at P = 0.6 MPa and T = 200°C? See water tables.
(a) 6.9683 kl/kg-K (b) 6.7593 kl/kg-K (c) 1.9308 kl/kg-K (d) 6.4302 kl/kg-: K (e) 2.3305 kl/kg-K

CYU 3-5.7 What is the pressure of water at 7= 170°C and u = 2000 kJ/kg? See water tables.
(a) Less than 792.18 kPa (b) 792.18 kPa (¢) Greater than 792.18 kPa
(d) 100 kPa (e) 1000 kPa

3—-6 = THE IDEAL-GAS EQUATION OF STATE

Property tables provide very accurate information about the properties, but they
are bulky and vulnerable to typographical errors. A more practical and desirable
approach would be to have some simple relations among the properties that are
sufficiently general and accurate.

Any equation that relates the pressure, temperature, and specific volume of a
substance is called an equation of state. Property relations that involve other
properties of a substance at equilibrium states are also referred to as equations of
state. There are several equations of state, some simple and others very complex.
The simplest and best-known equation of state for substances in the gas phase is
the ideal-gas equation of state. This equation predicts the P-U-T behavior of a gas
quite accurately within some properly selected region.

Gas and vapor are often used as synonymous words. The vapor phase of a sub-
stance is customarily called a gas when it is above the critical temperature. Vapor
usually implies a gas that is not far from a state of condensation.

In 1662, Robert Boyle, from England, observed during his experiments with
a vacuum chamber that the pressure of gases is inversely proportional to their
volume. In 1802, J. Charles and J. Gay-Lussac, both from France, experimentally
determined that at low pressures the volume of a gas is proportional to its tem-
perature. That is,

or

PU=RT (3-10)

where the constant of proportionality R is called the gas constant. Equation 3-10
is called the ideal-gas equation of state, or simply the ideal-gas relation, and a
gas that obeys this relation is called an ideal gas. In this equation, P is the absolute
pressure, T is the absolute temperature, and U is the specific volume.
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The gas constant R is different for each gas (Fig. 3—43) and is determined from

R = % (kJ/kgK or kPam’s/kgK) Substance R, k]/kgK
Air 0.2870
where R, is the universal gas constant and M is the molar mass (also called Helium 2.0769
. . Argon 0.2081
ﬁsoieelcl'zleairs weight) of the gas. The constant R, is the same for all substances, and Nitrogen 02968
8.31447 kJ/kmol-K 00 @)
8.31447 kPa-m?3/kmol-K
2 10.0831447 bar-m*/kmol- K _ FIGURE 3-43
« =1 1.98588 Btu/lbmol-R (3-1) Different substances have different

10.7316 psia-ft*/Ibmol-R gas constants.
1545.37 ft-1bf/1Ibmol-R

The molar mass M can simply be defined as the mass of one mole (also called a
gram-mole, abbreviated gmol) of a substance in grams, or the mass of one kmol
(also called a kilogram-mole, abbreviated kgmol) in kilograms. In English units,
it is the mass of 1 Ibmol in Ibm. Notice that the molar mass of a substance has the
same numerical value in both unit systems because of the way it is defined. When
we say the molar mass of nitrogen is 28, it simply means the mass of 1 kmol of
nitrogen is 28 kg, or the mass of 1 Ibmol of nitrogen is 28 Ibm. That is, M = 28 kg/
kmol = 28 Ibm/Ibmol.

The mass of a system is equal to the product of its molar mass M and the mole
number N:

m=MN  (kg) (3-12)

The values of R and M for several substances are given in Table A—1.
The ideal-gas equation of state can be written in several different forms:

V=mv— PV=mRT (3-13)
mR = (MN)R = NR, — PV =NR,T (3-14) Per unit mass  Per unit mole
U, m/kg U, m*/kmol
V=Nvu— PU=R,T (3-15) u, kJ/kg u, kJ/kmol

h, kl/kg h, kJ/kmol

where U is the molar specific volume, that is, the volume per unit mole
(in m*kmol or ft*/lbmol). A bar above a property denotes values on a unit-mole
basis throughout this text (Fig. 3—44).

By writing Eq. 3—13 twice for a fixed mass and simplifying, the properties of an
ideal gas at two different states are related to each other by

PV, PV,
=== (3-16)
T, T,
An ideal gas is an imaginary substance that obeys the relation PU = RT. It has been FIGURE 3-44
experimentally observed that the ideal-gas relation given closely approximates the P-U- Properties per unit mole are denoted
T behavior of real gases at low densities. At low pressures and high temperatures, the with a bar on the top.

density of a gas decreases, and the gas behaves as an ideal gas under these conditions.
What constitutes low pressure and high temperature is explained later.

In the range of practical interest, many familiar gases such as air, nitrogen, oxy-
gen, hydrogen, helium, argon, neon, and carbon dioxide and even heavier gases
such as krypton can be treated as ideal gases with negligible error (often less than
1 percent). Dense gases such as water vapor in steam power plants and refrigerant
vapor in refrigerators, however, should not be treated as ideal gases. Instead, the
property tables should be used for these substances.
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EXAMPLE 3-10 Temperature Rise of Air in a Tire During a Trip

The gage pressure of an automobile tire is measured to be 210 kPa before a trip m
and 220 kPa after the trip at a location where the atmospheric pressure is 95 kPa ®
(Fig. 3-45). Assuming the volume of the tire remains constant and the air temperature before
the trip is 25°C, determine air temperature in the tire after the trip.

SOLUTION The pressure in an automobile tire is measured before and after a trip. The
temperature of air in the tire after the trip is to be determined.

Assumptions 1 The volume of the tire remains constant. 2 Air is an ideal gas.

Properties The local atmospheric pressure is 95 kPa.

Analysis The absolute pressures in the tire before and after the trip are

Py =Pye; + Py = 210 + 95 =305 kPa
Py =P+ Py =220 + 95 = 315kPa

FIGURE 3-45 Note that air is an ideal gas and the volume is constant. The air temperature after the trip
Stockbyte/Getty Images is determined to be
Pl—V1=P2—V2—> T2=& = 315 kPa (25 +273) K=307.8 K =34.8°C
i T, 2 305 kPa

Therefore, the absolute temperature of air in the tire will increase by 3.3 percent during this trip.
Discussion Note that the air temperature has risen nearly 10°C during this trip. This shows
the importance of measuring the tire pressures before long trips to avoid errors due to the tem-
perature increase of air in tires. Also note that the unit kelvin is used for temperature in the
ideal-gas relation.

Is Water Vapor an Ideal Gas?

This question cannot be answered with a simple yes or no. The error involved in
treating water vapor as an ideal gas is calculated and plotted in Fig. 3-46. It is clear
from this figure that at pressures below 10 kPa, water vapor can be treated as an
ideal gas, regardless of its temperature, with negligible error (less than 0.1 percent).
At higher pressures, however, the ideal-gas assumption yields unacceptable errors,
particularly in the vicinity of the critical point (over 100 percent) and the saturated
vapor line. Therefore, in air-conditioning applications, the water vapor in the air
can be treated as an ideal gas with essentially no error since the pressure of the
water vapor is very low. In steam power plant applications, however, the pressures
involved are usually very high; therefore, the ideal-gas relation should not be used.

CYU 3-6 — Check Your Understanding

CYU 3-6.1 A fixed amount of ideal gas in a rigid tank at 7', and P, undergoes a process until the pressure increases to
P,. The temperature at the final state 7, is

(@) T,=T,(P,JP)  (b) T,=T,(P/P,) (¢) T,=0.5T, d) T,=2T, () T,=T,

CYU 3-6.2 A piston-cylinder device contains a fixed mass of air at a given pressure and temperature. If both the tem-
perature and pressure are doubled, the volume of the air will

(a) Double (b) Decrease by half (¢) Remain constant (d) Insufficient information

CYU 3-6.3 A rigid tank contains a fixed mass of air at 10°C and 100 kPa. If the temperature is increased to 20°C, the
air pressure will be

(a) 100 kPa (b) Between 100 and 200 kPa (¢) 200 kPa (d) More than 200 kPa

(e) Insufficient information
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withdrawn from the tank and the pressure is decreased to 150 kPa, the nitrogen temperature will be
(a) More than 400 K
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CYU 3-6.4 A rigid tank contains a fixed mass of nitrogen gas at 400 K and 300 kPa. If half of the nitrogen mass is

0
0.001

(b) 400 K (¢) Between 200 and 400 K (d) 200K (e) Less than 200 K
T,°C/
10.8 5.0 2.4 0.5 . . .
600 \ 0.0 0.0 0.0
\
\
\
\
500 hos ks 4.1 \\ 0.8 0.1 0.0 0.0
\
1 Ideal gas
\
17.6 j
400 74 13 \\ 0.1 0.0 0.0
\\
\
\
\
\
49.5 3
300 - 16.7 2.6 \ 0.2 0.0 0.0
\
\
5 MPa 25.7 \\
\
\
\
\
200 |- 6.0 "40.5 0.0
7.6
\
\
\
\
\
\ FIGURE 3-46
1.6 4 0.0 0.0 P
) ercentage of error
. ([Viapte = VigearlViapie] X 100)
0.1 involved in assuming steam to be an
ideal gas, and the region where steam
0.0 can be treated as an ideal gas with less
0.01 0.1 1 10 100 v, m¥kg

3—7 = COMPRESSIBILITY FACTOR—A MEASURE

OF DEVIATION FROM IDEAL-GAS BEHAVIOR

The ideal-gas equation is very simple and thus very convenient to use. However,

It can also be expressed as

_ v

actual

_kv
RT

Pv=ZRT

Uideal

(3-17)

(3-18)

(3-19)

as illustrated in Fig. 3-47, gases deviate from ideal-gas behavior significantly at
states near the saturation region and the critical point. This deviation from ideal-gas
behavior at a given temperature and pressure can accurately be accounted for by the
introduction of a correction factor called the compressibility factor Z, defined as

than 1 percent error.

FIGURE 3—-47
The compressibility factor is

unity for ideal gases.
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where U, = RT/P. Obviously, Z = 1 for ideal gases. For real gases Z can be
greater than or less than unity (Fig. 3—47). The farther away Z is from unity, the
more the gas deviates from ideal-gas behavior.

We have said that gases follow the ideal-gas equation closely at low pressures
and high temperatures. But what exactly constitutes low pressure or high tempera-
ture? Is —100°C a low temperature? It definitely is for most substances but not for
air. Air (or nitrogen) can be treated as an ideal gas at this temperature and atmo-
spheric pressure with an error under 1 percent. This is because nitrogen is well
over its critical temperature (—147°C) and away from the saturation region. At
this temperature and pressure, however, most substances would exist in the solid
phase. Therefore, the pressure or temperature of a substance is high or low relative
to its critical temperature or pressure.

Gases behave differently at a given temperature and pressure, but they behave
very much the same at temperatures and pressures normalized with respect to their
critical temperatures and pressures. The normalization is done as

Pp=— and Tp= (3-20)
Here P, is called the reduced pressure and 7 the reduced temperature. The
Z factor for all gases is approximately the same at the same reduced pressure and

temperature. This is called the principle of corresponding states. In Fig. 3-48,

1.1

1.0

——— N Tp=2.00

,—
07 Ao - Tr =130 ‘/;7
RS 0, O e

AT
X
X o X /
&~
2|2 06 A x X -
1]
ONy Tg=1.20 .BB‘Q/M <
x A 0,8 /
o
X
0.5 /uﬂ
Tp=1.10 X
04 xb\e X &z‘/e Legend: =
¢ / X Methane m Iso-pentane
) Tg=100 _, O Ethyl )
03 ylene n-Heptane |
/u A Ethane A Nitrogen
o ] O Propane ©® Carbon dioxide
0.2 C O n-Butane ® Water -
Average curve based on data on
hydrocarbons
0.1 [ [ [ [
0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 5.5 6.0 6.5 7.0

Reduced pressure P

FIGURE 3-48
Comparison of Z factors for various gases.
Source: Gour-Jen Su, “Modified Law of Corresponding States,” Ind. Eng. Chem. (international ed.) 38 (1946), p. 803.



the experimentally determined Z values are plotted against P, and T} for several
gases. The gases seem to obey the principle of corresponding states reasonably
well. By curve-fitting all the data, we obtain the generalized compressibility

chart that can be used for all gases (Fig. A—15).

The following observations can be made from the generalized compressibility

chart:

1. At very low pressures (P, << 1), gases behave as ideal gases regardless of

temperature (Fig. 3—49).

2. At high temperatures (7 > 2), ideal-gas behavior can be assumed with good

accuracy regardless of pressure (except when P, >> 1).

3. The deviation of a gas from ideal-gas behavior is greatest in the vicinity of

the critical point (Fig. 3-50).

EXAMPLE 3—-11 The Use of Generalized Charts

Determine the specific volume of refrigerant-134a at 1 MPa and 50°C, using (a) the
ideal-gas equation of state and () the generalized compressibility chart. Compare the val-
ues obtained to the actual value of 0.021796 m’/kg and determine the error involved in
each case.

SOLUTION The specific volume of refrigerant-134a is to be determined assuming
ideal- and nonideal-gas behavior.

Analysis The gas constant, the critical pressure, and the critical temperature of
refrigerant-134a are determined from Table A—1 to be

R = 0.0815 kPa-m*/kg-K
P, =4.059 MPa
T,=3742K

(a) The specific volume of refrigerant-134a under the ideal-gas assumption is

v RT _ (0.0815 kPa-m*/kg-K)(323 K)
P 1000 kPa

= 0.026325 m’/kg

Therefore, treating the refrigerant-134a vapor as an ideal gas would result in an error of
(0.026325 — 0.021796)/0.021796 = 0.208, or 20.8 percent in this case.

(b) To determine the correction factor Z from the compressibility chart, we first need to
calculate the reduced pressure and temperature:

p=t = IMPa__ 06
P, 4059 MPa S oss
To=L =32K _o863
T, 3742K

Thus
U =2V, = (0.84)(0.026325 m?3/kg) = 0.022113 m?/kg

Discussion The error in this result is less than 2 percent. Therefore, in the absence of tabu-
lated data, the generalized compressibility chart can be used with confidence.
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gas gas
FIGURE 3—-49

At very low pressures, all gases
approach ideal-gas behavior
(regardless of their temperature).

TA
Ideal-gas
Nonideal-gas behavior
behavior
Ideal-gas
behavior
v
FIGURE 3-50

Gases deviate from the ideal-gas
behavior the most in the neighborhood
of the critical point.
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@
O
P
P, =
T T
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U .
Up=———— | (Fig. A-15)
K RTCT/PCI’
O

———————— S —

FIGURE 3-51

The compressibility factor can also
be determined from a knowledge
of Py and U,.

H,0

T = 600°F
v = 0.51431 ft3/lbm
P=17

FIGURE 3-52
Schematic for Example 3—12.

O
O
P, psia
Exact 1000
Z chart 1056
Ideal gas 1228
e (from Example 3-12)

W

FIGURE 3-53

Results obtained by using the
compressibility chart are usually
within a few percent of actual values.

When P and v, or T and v, are given instead of P and 7, the generalized com-
pressibility chart can still be used to determine the third property, but it would
involve tedious trial and error. Therefore, it is necessary to define one more
reduced property called the pseudo-reduced specific volume U, as

Uactuu]

= 3-21
RTCF/PCF ( )

Ur

Note that Uy is defined differently from P, and T. It is related to 7, and P,
instead of U_,. Lines of constant U, are also added to the compressibility charts,
and this enables one to determine 7 or P without having to resort to time-
consuming iterations (Fig. 3-51).

EXAMPLE 3-12 Using Generalized Charts to Determine Pressure

Determine the pressure of water vapor at 600°F and 0.51431 ft3/lbm, using (@) the steam
tables, (b) the ideal-gas equation, and (c) the generalized compressibility chart.

]
|
|
[
[
SOLUTION The pressure of water vapor is to be determined in three different ways.
Analysis A sketch of the system is given in Fig. 3-52. The gas constant, the critical
pressure, and the critical temperature of steam are determined from Table A—1E to be

R = 0.5956 psia-ft*/lbm-R
P = 3200 psia
T,=1164.8 R

(a) The pressure at the specified state is determined from Table A—6E to be

v =0.51431 ft3/1bm} P = 1000 psia
T = 600°F

This is the experimentally determined value, and thus it is the most accurate.
(b) The pressure of steam under the ideal-gas assumption is determined from the ideal-gas
relation to be

_ RT _ (0.5956 psia-ft*/Ibm-R)(1060 R)
v 0.51431 ft3/Ibm

P

= 1228 psia

Therefore, treating the steam as an ideal gas would result in an error of (1228 — 1000)/
1000 = 0.228, or 22.8 percent in this case.

(c) To determine the correction factor Z from the compressibility chart (Fig. A-15), we
first need to calculate the pseudo-reduced specific volume and the reduced temperature:

Vyornal (051431 ft'/1bm)(3200 psia)  _ , 5.
RT, /P, (0.5956 psia-ft}/Ibm-R)(1164.8R)

7 - T _ 10600R _ o
BT " 1164.8R

cr

Ur

P,=033

Thus,
P = PP, = (0.33)(3200 psia) = 1056 psia

Discussion Using the compressibility chart reduced the error from 22.8 to 5.6 percent,
which is acceptable for most engineering purposes (Fig. 3-53). A bigger chart, of course,
would give better resolution and reduce the reading errors. Notice that we did not have to deter-
mine Z in this problem since we could read P, directly from the chart.
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CYU 3-7 — Check Your Understanding

CYU 3-7.1 Gases typically behave as an ideal gas at

(a) Low pressures and low temperatures (b) Low pressures and high temperatures

(c) High pressures and high temperatures (d) High pressures and low temperatures

(e) Around critical pressure and temperature

CYU 3-7.2 The compressibility factor is defined as

(a) Z= RTIPv (b) Z = mRTIPv (¢) Z=mPVIRT @) Z=VyeulVoorra (@ Z =Vl Videa

CYU 3-7.3 A gas deviates from the ideal gas behavior most when the compressibility factor Z is

(a) 0.3 (b) 0.5 (c) 0.7 @1

3-8 = OTHER EQUATIONS OF STATE

The ideal-gas equation of state is very simple, but its range of applicability is
limited. It is desirable to have equations of state that represent the P-U-T behav-
ior of substances accurately over a larger region with no limitations. Such equa-
tions are naturally more complicated. Several equations have been proposed for
this purpose (Fig. 3—54), but we shall discuss only three: the van der Waals
equation because it is one of the earliest, the Beattie-Bridgeman equation of
state because it is one of the best known and is reasonably accurate, and the
Benedict-Webb-Rubin equation because it is one of the more recent and is very
accurate.

van der Waals Equation of State

The van der Waals equation of state was proposed in 1873, and it has two con-
stants that are determined from the behavior of a substance at the critical point. It
is given by

<P + 1) (U—b)=RT (3-22)
U2

Van der Waals intended to improve the ideal-gas equation of state by includ-
ing two of the effects not considered in the ideal-gas model: the intermolecu-
lar attraction forces and the volume occupied by the molecules themselves. The
term a/V? accounts for the intermolecular forces, and b accounts for the volume
occupied by the gas molecules. In a room at atmospheric pressure and tempera-
ture, the volume actually occupied by molecules is only about one-thousandth of
the volume of the room. As the pressure increases, the volume occupied by the
molecules becomes an increasingly significant part of the total volume. Van der
Waals proposed to correct this by replacing U in the ideal-gas relation with the
quantity U — b, where b represents the volume occupied by the gas molecules per
unit mass.

The determination of the two constants appearing in this equation is based on the
observation that the critical isotherm on a P-U diagram has a horizontal inflection

(e) 1.1

e ﬂﬁ

van der Waals
Berthelet
Redlich-Kwang
Beattie-Bridgeman
Benedict-Webb-Rubin

Strobridge
Virial

FIGURE 3-54
Several equations of state have been
proposed throughout history.
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P A

Critical point

FIGURE 3-55

Critical isotherm of a pure substance
has an inflection point at the critical
state.

point at the critical point (Fig. 3—-55). Thus, the first and the second derivatives of
P with respect to U at the critical point must be zero. That is,

2
((3[’) =0 and <(”;> =0
v T=T,=const o T=T.,=const

By performing the differentiations and eliminating U

.- the constants a and b are
determined to be

27R*T?
— cr and b — RTcr (3_23)
64P_, 8P

The constants @ and b can be determined for any substance from the
critical-point data alone (Table A-1).

The accuracy of the van der Waals equation of state is often inadequate, but it
can be improved by using values of a and b that are based on the actual behavior
of the gas over a wider range instead of a single point. Despite its limitations, the
van der Waals equation of state has a historical value in that it was one of the first
attempts to model the behavior of real gases. The van der Waals equation of state
can also be expressed on a unit-mole basis by replacing the v in Eq. 3-22 by U and
the R in Eqs. 3-22 and 3-23 by R,,

Beattie-Bridgeman Equation of State

The Beattie-Bridgeman equation, proposed in 1928, is an equation of state based
on five experimentally determined constants. It is expressed as

R T c \ — A
u2< < )om -2 (3-24)
where
A=A (1—9) and B—B(l—é) 3-25
0 7 0 7 (3-25)

The constants appearing in this equation are given in Table 3—4 for various sub-
stances. The Beattie-Bridgeman equation is known to be reasonably accurate for
densities up to about 0.8p_,, where p, is the density of the substance at the critical
point.

Benedict-Webb-Rubin Equation of State

Benedict, Webb, and Rubin extended the Beattie-Bridgeman equation in 1940 by
raising the number of constants to eight. It is expressed as

p=Rd (BORL,T — Ay - %)i GORI—a, aa, c (1 + l)e‘y’vz (3-26)
v

UZ U? Ué U3T2 U2

The values of the constants appearing in this equation are given in Table 3—4.
This equation can handle substances at densities up to about 2.5p.. In 1962,
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TABLE 3-4

Constants that appear in the Beattie-Bridgeman and the Benedict-Webb-Rubin equations of state

(a) When P is in kPa, U is in m*kmol, T'is in K, and R,=8314 kPa-m?/kmol-K, the five constants in the Beattie-Bridgeman equation are
as follows:

Gas A, a B, b c

Air 131.8441 0.01931 0.04611 -0.001101 4.34 x 10*
Argon, Ar 130.7802 0.02328 0.03931 0.0 5.99 x 10*
Carbon dioxide, CO, 507.2836 0.07132 0.10476 0.07235 6.60 x 10°
Helium, He 2.1886 0.05984 0.01400 0.0 40
Hydrogen, H, 20.0117 —0.00506 0.02096 —0.04359 504
Nitrogen, N, 136.2315 0.02617 0.05046 -0.00691 4.20 x 10*
Oxygen, O, 151.0857 0.02562 0.04624 0.004208 4.30 x 10*

Source: Gordon J. Van Wylen and Richard E. Sonntag, Fundamentals of Classical Thermodynamics, English/SI Version, 3rd ed. (New York: John Wiley & Sons, 1986),
p. 46, table 3.3.

(b) When P is in kPa, U is in m*/kmol, 7'is in K, and R, = 8.314 kPa-m*/kmol-K, the eight constants in the Benedict-Webb-Rubin equation
are as follows:

Gas a Ay b B, c G a V4
n-Butane, C,H,, 190.68 1021.6 0.039998  0.12436  3.205x 10"  1.006 x 10°  1.101 X 102  0.0340
Carbon dioxide, CO, 13.86 27730 0.007210  0.04991  1.511 x10°  1.404x 107 8.470x 10  0.00539
Carbon monoxide, CO 3.71 135.87  0.002632  0.05454  1.054x10° 8.673x10° 1.350x 10*  0.0060
Methane, CH, 5.00 187.91  0.003380  0.04260 2578 x 10° 2286 x 10°  1.244x 10*  0.0060
Nitrogen, N, 2.54 106.73  0.002328  0.04074 7.379x 10*  8.164x 10°  1.272x 10*  0.0053

Source: Kenneth Wark, Thermodynamics, 4th ed. (New York: McGraw-Hill, 1983), p. 815, table A-21M. Originally published in H. W. Cooper and J. C. Goldfrank,
Hydrocarbon Processing 46, no. 12 (1967), p. 141.

Strobridge further extended this equation by raising the number of constants 4}{ ?‘ﬁ
to 16 (Fig. 3-56). /

van der Waals: 2 constants.
Accurate over a limited range.

Virial Equation of State

Beattie-Bridgeman: 5 constants.

The equation of state of a substance can also be expressed in a series form as Accurate for p < 0.8p,,.
RT a(T) b(T) oT) d(T) Benedict-Webb-Rubin: 8 constants.
P= v + v2 + B * vt * U’ e (3-27) Accurate for p < 2.5p,,

Strobridge: 16 constants.
More suitable for
computer calculations.

This and similar equations are called the virial equations of state, and the coeffi-
cients a(T'), b(T), c¢(T), and so on, that are functions of temperature alone are called
virial coefficients. These coefficients can be determined experimentally or theoreti-
cally from statistical mechanics. Obviously, as the pressure approaches zero, all the
virial coefficients will vanish and the equation will reduce to the ideal-gas equa-
tion of state. The P-U-T behavior of a substance can be represented accurately with
the virial equation of state over a wider range by including a sufficient number of

Virial: may vary.
Accuracy depends on the
number of terms used.

terms. The equations of state discussed here are applicable to the gas phase of the —
substances only, and thus should not be used for liquids or liquid—vapor mixtures. FIGURE 3-56

Complex equations represent the P-U-T behavior of substances reasonably well Complex equations of state represent
and are very suitable for digital computer applications. For hand calculations, how- the P-U-T behavior of gases more
ever, it is suggested that the reader use the property tables or the simpler equations accurately over a wider range.

of state for convenience. This is particularly true for specific-volume calcula-
tions since all the earlier equations are implicit in U and require a trial-and-error
approach. The accuracy of the van der Waals, Beattie-Bridgeman, and Benedict-
Webb-Rubin equations of state is illustrated in Fig. 3-57. It is apparent from this
figure that the Benedict-Webb-Rubin equation of state is usually the most accurate.
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FIGURE 3-57

Percentage of error involved in various equations of state for nitrogen (% error = [(|Vyypie = Vequation/Viapte] X 100).

EXAMPLE 3—-13 Different Methods of Evaluating Gas Pressure

Predict the pressure of nitrogen gas at 7 = 175 K and U = 0.00375 m?/kg on the basis of m
(a) the ideal-gas equation of state, (b) the van der Waals equation of state, (c) the Beattie- ®
Bridgeman equation of state, and (d) the Benedict-Webb-Rubin equation of state. Compare
the values obtained to the experimentally determined value of 10,000 kPa.

SOLUTION The pressure of nitrogen gas is to be determined using four different equa-
tions of state.

Properties The gas constant of nitrogen gas is 0.2968 kPa-m’/kgK (Table A—1).
Analysis (a) Using the ideal-gas equation of state, the pressure is found to be

_ RT _ (0.2968 kPa-m*/kg-K)(175 K)
v 0.00375 m?3/kg

P = 13,851 kPa

which is in error by 38.5 percent.
(b) The van der Waals constants for nitrogen are determined from Eq. 3-23 to be

a = 0.175 m%kPa/kg?
b =0.00138 m/kg



From Eq. 3-22,

RT 4 _ 9471 kPa
U2

Tu-b

which is in error by 5.3 percent.
(c) The constants in the Beattie-Bridgeman equation are determined from Table 3—4 to be

A =102.29
B =0.05378
c=42x10*

Also, U= Mu = (28.013 kg/kmol)(0.00375 m*/kg) = 0.10505 m*/kmol. Substituting these
values into Eq. 3-24, we obtain

R,T c \ — A
p=?(1 _ﬁ)(wg) ~£;=10110kPa

which is in error by 1.1 percent.
(d) The constants in the Benedict-Webb-Rubin equation are determined from Table 3—4
to be

a=254 A, =106.73

b =0.002328 B,=0.04074
c=17379x 10* C,=8.164 x 10°
a=1272x10"* y =0.0053

Substituting these values into Eq. 3-26 gives
bRT—a aa c

R T Cy\ 1
P=-“+(BRT—A,— 2 )=+"—"L +—+
U < ok 0 T2>v2 U3 Ut

= 10,009 kPa

which is in error by only 0.09 percent. Thus, the accuracy of the Benedict-Webb-Rubin
equation of state is rather impressive in this case.

TOPIC OF SPECIAL INTEREST

Vapor Pressure and Phase Equilibrium
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The pressure in a gas container is due to the individual molecules striking the
wall of the container and exerting a force on it. This force is proportional to the
average velocity of the molecules and the number of molecules per unit volume
of the container (i.e., molar density). Therefore, the pressure exerted by a gas
is a strong function of the density and the temperature of the gas. For a gas
mixture, the pressure measured by a sensor such as a transducer is the sum of
the pressures exerted by the individual gas species, called the partial pressure.
It can be shown (see Chap. 14) that the partial pressure of a gas in a mixture is
proportional to the number of moles (or the mole fraction) of that gas.

Atmospheric air can be viewed as a mixture of dry air (air with zero moisture
content) and water vapor (also referred to as moisture), and the atmospheric
pressure is the sum of the pressure of dry air P, and the pressure of water vapor,
called the vapor pressure P, (Fig. 3-58). That is,

18 i = 1 T 1P, (3-28)

*This section can be skipped without a loss in continuity.

Pim=F,+P,
O O
0 % 0599 g0
Ooo°o°0 o
o ©
00°%%0 %0 ol — Air
o
°gooo ° o O
o ol
0 o o°O°O°
0,0 ) Water
ooooogo O:
o 00.0Q © o vapor
O 00
©0o ooocbooo
FIGURE 3-58

Atmospheric pressure is the sum
of the dry air pressure P, and the
vapor pressure P,
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Water

Salty
water
(a) Before (b) After
FIGURE 3-59

Whenever there is a concentration
difference of a physical quantity in

a medium, nature tends to equalize
things by forcing a flow from the high-
to the low-concentration region.

(Note that in some applications, the phrase “vapor pressure” is used to indicate
saturation pressure.) The vapor pressure constitutes a small fraction (usually
under 3 percent) of the atmospheric pressure since air is mostly nitrogen and
oxygen, and the water molecules constitute a small fraction (usually under 3
percent) of the total molecules in the air. However, the amount of water vapor
in the air has a major impact on thermal comfort and many processes such as
drying.

Air can hold a certain amount of moisture only, and the ratio of the actual
amount of moisture in the air at a given temperature to the maximum amount
air can hold at that temperature is called the relative humidity ¢. The relative
humidity ranges from O for dry air to 100 percent for saturated air (air that
cannot hold any more moisture). The vapor pressure of saturated air at a given
temperature is equal to the saturation pressure of water at that temperature. For
example, the vapor pressure of saturated air at 25°C is 3.17 kPa.

The amount of moisture in the air is completely specified by the temper-
ature and the relative humidity, and the vapor pressure is related to relative
humidity ¢ by

P\f = ¢Psal @T (3-29)

where P, , ;15 the saturation pressure of water at the specified temperature. For
example, the vapor pressure of air at 25°C and 60 percent relative humidity is

P, =P @ r5:c = 0.6 X (3.17 kPa) = 1.90 kPa

The desirable range of relative humidity for thermal comfort is 40 to 60 percent.

Note that the amount of moisture air can hold is proportional to the saturation
pressure, which increases with temperature. Therefore, air can hold more mois-
ture at higher temperatures. Dropping the temperature of moist air reduces its
moisture capacity and may result in the condensation of some of the moisture
in the air as suspended water droplets (fog) or as a liquid film on cold surfaces
(dew). So it is no surprise that fog and dew are common occurrences at humid
locations, especially in the early morning hours when the temperatures are the
lowest. Both fog and dew disappear (evaporate) as the air temperature rises
shortly after sunrise. You also may have noticed that electronic devices such
as camcorders come with warnings against bringing them into humid indoor
environments when the devices are cold to prevent moisture from condensing
on their sensitive electronics.

It is commonly seen that whenever there is an imbalance of a commodity
in a medium, nature tends to redistribute it until a “balance” or “equality” is
established. This tendency is often referred to as the driving force, which is the
mechanism behind many naturally occurring transport phenomena such as heat
transfer, fluid flow, electric current, and mass transfer. If we define the amount
of a commodity per unit volume as the concentration of that commodity, we
can say that the flow of a commodity is always in the direction of decreas-
ing concentration, that is, from the region of high concentration to the region
of low concentration (Fig. 3-59). The commodity simply creeps away during
redistribution, and thus the flow is a diffusion process.

We know from experience that a wet T-shirt hanging in an open area eventu-
ally dries, a small amount of water left in a glass evaporates, and the mouthwash
in an open bottle quickly disappears. These and many other similar examples
suggest that there is a driving force between the two phases of a substance that
forces the mass to transform from one phase to another. The magnitude of this
force depends on the relative concentrations of the two phases. A wet T-shirt
dries much faster in dry air than it would in humid air. In fact, it does not dry



at all if the relative humidity of the environment is 100 percent and thus the
air is saturated. In this case, there is no transformation from the liquid phase
to the vapor phase, and the two phases are in phase equilibrium. For liquid
water that is open to the atmosphere, the criterion for phase equilibrium can be
expressed as follows: The vapor pressure in the air must be equal to the satura-
tion pressure of water at the water temperature. That is (Fig. 3—60),

Phase equilibrium criterion for water exposed to air: P, =P o1 (3-30)

Therefore, if the vapor pressure in the air is less than the saturation pressure
of water at the water temperature, some liquid will evaporate. The larger the
difference between the vapor and saturation pressures, the higher the rate of
evaporation. The evaporation has a cooling effect on water, and thus reduces
its temperature. This, in turn, reduces the saturation pressure of water and thus
the rate of evaporation until some kind of quasi-steady operation is reached.
This explains why water is usually at a considerably lower temperature than
the surrounding air, especially in dry climates. It also suggests that the rate of
evaporation of water can be increased by increasing the water temperature and
thus the saturation pressure of water.

Note that the air at the water surface is always saturated because of the direct
contact with water, and thus the vapor pressure. Therefore, the vapor pressure
at the lake surface is the saturation pressure of water at the temperature of the
water at the surface. If the air is not saturated, then the vapor pressure decreases
to the value in the air at some distance from the water surface, and the difference
between these two vapor pressures is the driving force for the evaporation of water.

The natural tendency of water to evaporate in order to achieve phase equilib-
rium with the water vapor in the surrounding air forms the basis for the opera-
tion of evaporative coolers (also called the swamp coolers). In such coolers,
hot and dry outdoor air is forced to flow through a wet cloth before entering a
building. Some of the water evaporates by absorbing heat from the air, and thus
cooling it. Evaporative coolers are commonly used in dry climates and provide
effective cooling. They are much cheaper to run than air conditioners since they
are inexpensive to buy, and the fan of an evaporative cooler consumes much
less power than the compressor of an air conditioner.

Boiling and evaporation are often used interchangeably to indicate phase
change from liquid to vapor. Although they refer to the same physical process,
they differ in some aspects. Evaporation occurs at the liguid—vapor interface
when the vapor pressure is less than the saturation pressure of the liquid at a
given temperature. Water in a lake at 20°C, for example, evaporates to air at
20°C and 60 percent relative humidity since the saturation pressure of water at
20°C is 2.34 kPa, and the vapor pressure of air at 20°C and 60 percent relative
humidity is 1.4 kPa. Other examples of evaporation are the drying of clothes,
fruits, and vegetables; the evaporation of sweat to cool the human body; and the
rejection of waste heat in wet cooling towers. Note that evaporation involves no
bubble formation or bubble motion (Fig. 3-61).

Boiling, on the other hand, occurs at the solid—liquid interface when a liquid
is brought into contact with a surface maintained at a temperature 7, sufficiently
above the saturation temperature 7, of the liquid. At 1 atm, for example, liquid
water in contact with a solid surface at 110°C boils since the saturation tem-
perature of water at 1 atm is 100°C. The boiling process is characterized by the
rapid motion of vapor bubbles that form at the solid-liquid interface, detach
from the surface when they reach a certain size, and attempt to rise to the free
surface of the liquid. When cooking, we do not say water is boiling unless we
see the bubbles rising to the top.
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FIGURE 3-60

When open to the atmosphere, water is
in phase equilibrium with the vapor in
the air if the vapor pressure is equal to
the saturation pressure of water.
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FIGURE 3-61

A liquid-to-vapor phase change
process is called evaporation if it
occurs at a liquid—vapor interface,
and boiling if it occurs at a solid—
liquid interface.

Air
25°C
¢ =10%
Pv
7: . . Pv = Psal @; T
Lake l
FIGURE 3-62

Schematic for Example 3—-14.

f
\

John A. Rizzo/Getty Images; David Chasey/Getty Images

EXAMPLE 3—-14 Temperature Drop of a Lake Due to Evaporation

On a summer day, the air temperature over a lake is measured to be 25°C. Determine the
water temperature of the lake when phase equilibrium conditions are established between
the water in the lake and the vapor in the air for relative humidities of 10, 80, and 100 per-
cent for the air (Fig. 3-62).

SOLUTION Air at a specified temperature is blowing over a lake. The equilibrium tem-
peratures of water for three different cases are to be determined.

Analysis The saturation pressure of water at 25°C, from Table 31, is 3.17 kPa. Then the vapor
pressures at relative humidities of 10, 80, and 100 percent are determined from Eq. 3-29 to be

Relative humidity = 10%: P, = ¢,P,, @ 15 = 0.1 X (3.17 kPa)

=0.317 kPa

Relative humidity = 80%: P, = ¢, Py @ 25c = 0.8 X (3.17 kPa)
=2.536 kPa

Relative humidity = 100%: P,3; = ¢3 Py @ 250c = 1.0 X (3.17 kPa)
=3.17 kPa

The saturation temperatures corresponding to these pressures are determined from Table
3—1 (or Table A-5) by interpolation to be

T,=-8.0°C T,=21.2°C and T,;=25°C

Therefore, water will freeze in the first case even though the surrounding air is hot. In the
last case the water temperature will be the same as the surrounding air temperature.
Discussion You are probably skeptical about the lake freezing when the air is at
25°C, and you are right. The water temperature drops to —8°C in the limiting case of
no heat transfer to the water surface. In practice the water temperature drops below
the air temperature, but it does not drop to —8°C because (1) it is very unlikely
for the air over the lake to be so dry (a relative humidity of just 10 percent) and (2) as the
water temperature near the surface drops, heat transfer from the air and the lower parts of
the water body will tend to make up for this heat loss and prevent the water temperature
from dropping too much. The water temperature stabilizes when the heat gain from the
surrounding air and the water body equals the heat loss by evaporation, that is, when a
dynamic balance is established between heat and mass transfer instead of phase equilib-
rium. If you try this experiment using a shallow layer of water in a well-insulated pan, you
can actually freeze the water if the air is very dry and relatively cool.




SUMMARY

A substance that has a fixed chemical composition throughout
is called a pure substance. A pure substance exists in different
phases depending on its energy level. In the liquid phase, a sub-
stance that is not about to vaporize is called a compressed or sub-
cooled liquid. In the gas phase, a substance that is not about to
condense is called a superheated vapor. During a phase-change
process, the temperature and pressure of a pure substance are
dependent properties. At a given pressure, a substance changes
phase at a fixed temperature, called the saturation temperature.
Likewise, at a given temperature, the pressure at which a sub-
stance changes phase is called the saturation pressure. During a
boiling process, both the liquid and the vapor phases coexist in
equilibrium, and under this condition the liquid is called safu-
rated liquid and the vapor saturated vapor.

In a saturated liquid—vapor mixture, the mass fraction of vapor

is called the quality and is expressed as
mvapor

m

=]
total

Quality may have values between 0 (saturated liquid) and 1
(saturated vapor). It has no meaning in the compressed liquid or
superheated vapor regions. In the saturated mixture region, the
average value of any intensive property y is determined from

Y=Yt Xy,

where f stands for saturated liquid and g for saturated vapor.

In the absence of compressed liquid data, a general approxi-
mation is to treat a compressed liquid as a saturated liquid at the
given temperature,

YEVYrer

where y stands for U, u, or h.

The state beyond which there is no distinct vaporization pro-
cess is called the critical point. At supercritical pressures, a sub-
stance gradually and uniformly expands from the liquid to vapor
phase. All three phases of a substance coexist in equilibrium at
states along the friple line characterized by triple-line temper-
ature and pressure. The compressed liquid has lower U, u, and
h values than the saturated liquid at the same T or P. Likewise,
superheated vapor has higher v, u, and & values than the saturated
vapor at the same 7 or P.

Any relation among the pressure, temperature, and specific
volume of a substance is called an equation of state. The sim-
plest and best-known equation of state is the ideal-gas equation
of state, given as

Pv =RT
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where R is the gas constant. Caution should be exercised in using
this relation since an ideal gas is a fictitious substance. Real
gases exhibit ideal-gas behavior at relatively low pressures and
high temperatures.

The deviation from ideal-gas behavior can be properly
accounted for by using the compressibility factor Z, defined as

7 = & or Z= l)actual
RT

Uideal
The Z factor is approximately the same for all gases at the same
reduced temperature and reduced pressure, which are defined as

T /B
T.,=— and P,=—
T op

cr cr
where P, and T, are the critical pressure and temperature,
respectively. This is known as the principle of corresponding
states. When either P or T is unknown, it can be determined from
the compressibility chart with the help of the pseudo-reduced
specific volume, defined as

— Uaclual

v, =
R RT,IP,

The P-U-T behavior of substances can be represented more accu-
rately by more complex equations of state. Three of the best
known are

van der Waals: (P + %)(U —b)=RT

where
27R?T?
a=——>= and b= RT
64P 8P,
R T c \ - A
Beattie-Bridgeman: P = l_:z (1 = _—T3)(U + B) — a

where
A =A0(1 —i) and B=BO<1 —2)
v V)

Benedict-Webb-Rubin:

R T C\N1 bRT-—a aa
P:%+(B J—A ——°>_—+u_7+__
U oR o 12 )y Ul Ul
c Y\, -vv?
+ (1)

where R, is the universal gas constant and U is the molar specific
volume.

3. M. Kostic. “Analysis of Enthalpy Approximation for
Compressed Liquid Water.” ASME J. Heat Transfer,
Vol. 128, pp. 421-426, 2006.
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PROBLEMS*

Pure Substances, Phase-Change Processes,
Property Diagrams

3-1C A propane tank is filled with a mixture of liquid and
vapor propane. Can the contents of this tank be considered a pure
substance? Explain.

3-2C Isiced water a pure substance? Why?

3-3C What is the difference between saturated vapor and
superheated vapor?

3-4C What is the difference between saturated liquid and com-
pressed liquid?

3-5C If the pressure of a substance is increased during a boil-
ing process, will the temperature also increase or will it remain
constant? Why?

3-6C Is it true that water boils at higher temperature at higher
pressure? Explain.

3-7C What is the difference between the critical point and the
triple point?

3-8C A homemaker is cooking beef stew for their family in
a pan that is (a) uncovered, (b) covered with a light lid, and
(c¢) covered with a heavy lid. For which case will the cooking
time be the shortest? Why?

3-9C How does a boiling process at supercritical pressures dif-
fer from the boiling process at subcritical pressures?

3-10C Is there any difference between the intensive properties
of saturated vapor at a given temperature and the vapor of a satu-
rated mixture at the same temperature?

3-11C  Why are the temperature and pressure dependent prop-
erties in the saturated mixture region?

3-12C Is it possible to have water vapor at —10°C?

Property Tables

3-13C What is quality? Does it have any meaning in the super-
heated vapor region?

3-14C Does the amount of heat absorbed as 1 kg of saturated
liquid water boils at 100°C have to be equal to the amount of heat
released as 1 kg of saturated water vapor condenses at 100°C?

3-15C Does the reference point selected for the properties of
a substance have any effect on thermodynamic analysis? Why?

3-16C What is the physical significance of £,? Can it be
obtained from a knowledge of /2, and h,? How?

3-17C  Does hy, change with pressure? How?

3-18C Is it true that it takes more energy to vaporize 1 kg of
saturated liquid water at 100°C than it would at 120°C?

3-19C Which process requires more energy: completely vapor-
izing 1 kg of saturated liquid water at 1 atm pressure or completely
vaporizing 1 kg of saturated liquid water at 8 atm pressure?

3-20C In what kind of pot will a given volume of water boil at
a higher temperature: a tall and narrow one or a short and wide
one? Explain.

3-21C It is well known that warm air in a cooler environment
rises. Now consider a warm mixture of air and gasoline on top of
an open gasoline can. Do you think this gas mixture will rise in a
cooler environment?

3-22C In the absence of compressed liquid tables, how is
the specific volume of a compressed liquid at a given P and T
determined?

3-23C A perfectly fitting pot and its lid often stick after cook-
ing, and it becomes very difficult to open the lid when the pot
cools down. Explain why this happens and what you would do
to open the lid.

3-24 Complete this table for H,O:

T, °C P, kPa u, kl/’kg Phase description
400 1450
220 Saturated vapor
190 2500
4000 3040

*Problems designated by a “C” are concept questions, and students
are encouraged to answer them all. Problems designated by an “E”
are in English units, and the Sl users can ignore them. Problems with
the g icon are comprehensive in nature and are intended to be
solved with appropriate software.

3-25 Complete this table for H,O:

T, °C P, kPa v, m¥/kg Phase description
140 0.035

550 Saturated liquid
125 750
300 0.140

3-26E Complete this table for H,O:

T, °F P, psia u, Btu/lbm Phase description
300 782
40 Saturated liquid
500 120
400 400
3-27E Reconsider Prob. 3-26E. Using appropriate soft-

ware, determine the missing properties of water.
Repeat the solution for refrigerant-134a, refrigerant-22, and
ammonia.

3-28 Complete this table for H,O:

T, °C P, kPa h, kl/kg X Phase description
200 0.7
140 1800
950 0.0
80 500
800 3162.2




3-29E Complete this table for refrigerant-134a:
T, °F P, psia h, Btu/lbm  x Phase description
80 78
15 0.6
10 70
180 129.46
110 1.0

3-30 Complete this table for refrigerant-134a:

T, °C P, kPa u, kl/kg Phase description
20 95
=12 Saturated liquid
400 300
8 600
3-31 A 1.8-m’rigid tank contains steam at 220°C. One-third of

the volume is in the liquid phase and the rest is in the vapor form.
Determine (a) the pressure of the steam, (b) the quality of the
saturated mixture, and (c) the density of the mixture.

Steam
1.8 m3
220°C

FIGURE P3-31

3-32E 1 Ibm of water fills a container whose volume is 2 ft’.
The pressure in the container is 100 psia. Calculate the total
internal energy and enthalpy in the container. Answers: 661 Btu,
698 Btu

3-33 A piston—cylinder device contains 0.85 kg of refrigerant-
134a at —10°C. The piston that is free to move has a mass of 12 kg
and a diameter of 25 cm. The local atmospheric pressure is 88 kPa.
Now, heat is transferred to refrigerant-134a until the temperature
is 15°C. Determine (a) the final pressure, (b) the change in the
volume of the cylinder, and (c) the change in the enthalpy of the
refrigerant-134a.

FIGURE P3-33

3-34 10 kg of R-134a fill a 1.115-m? rigid container at an ini-
tial temperature of —30°C. The container is then heated until the
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pressure is 200 kPa. Determine the final temperature and the ini-
tial pressure. Answers: 14.2°C, 84.43 kPa

3-35 What is the specific internal energy of water at 50 kPa
and 200°C?

3-36 What is the specific volume of water at 5 MPa and 100°C?
What would it be if the incompressible liquid approximation were
used? Determine the accuracy of this approximation.

3-37 What is the specific volume of R-134a at 20°C and
700 kPa? What is the internal energy at that state?

3-38 Refrigerant-134a at 200 kPa and 25°C flows through a
refrigeration line. Determine its specific volume.

3-39 1 kg of R-134a fills a 0.14-m> weighted piston—cylinder
device at a temperature of —26.4°C. The container is now heated
until the temperature is 100°C. Determine the final volume of the
R-134a. Answer: 0.3014 m?

3-40 1 kg of water vapor at 200 kPa fills the 1.1989-m? left
chamber of a partitioned system shown in Fig. P3—40. The right
chamber has twice the volume of the left and is initially evacu-
ated. Determine the pressure of the water after the partition has
been removed and enough heat has been transferred so that the
temperature of the water is 3°C.

Water
1 kg

1.1989 m3 Evacuated

200 kPa

FIGURE P3-40

3-41E The temperature in a pressure cooker during cooking at
sea level is measured to be 250°F. Determine the absolute pres-
sure inside the cooker in psia and in atm. Would you modify your
answer if the place were at a higher elevation?

FIGURE P3-41E

3-42E How much error would one expect in determining the
specific enthalpy by applying the incompressible-liquid approxi-
mation to water at 3000 psia and 400°F?

3-43 Water is to be boiled at sea level in a 30-cm-diameter
stainless steel pan placed on top of a 3-kW electric burner.
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If 60 percent of the heat generated by the burner is transferred to
the water during boiling, determine the rate of evaporation of water.

Vapor

FIGURE P3-43

3-44 Repeat Prob. 3-43 for a location at an elevation of
1500 m where the atmospheric pressure is 84.5 kPa and thus the
boiling temperature of water is 95°C.

3-45 10 kg of R-134a at 300 kPa fills a rigid container whose
volume is 14 L. Determine the temperature and total enthalpy in
the container. The container is now heated until the pressure is
600 kPa. Determine the temperature and total enthalpy when the
heating is completed.

R-134a 0
300 kPa

10 kg
14L

FIGURE P3-45

3-46 100 kg of R-134a at 200 kPa are contained in a piston—
cylinder device whose volume is 12.322 m?®. The piston is now
moved until the volume is one-half its original size. This is done such
that the pressure of the R-134a does not change. Determine the final
temperature and the change in the total internal energy of the R-134a.

3-47 Water initially at 200 kPa and 300°C is contained in a pis-
ton—cylinder device fitted with stops. The water is allowed to cool
at constant pressure until it exists as a saturated vapor and the piston
rests on the stops. Then the water continues to cool until the pres-
sure is 100 kPa. On the 7-U diagram, sketch, with respect to the
saturation lines, the process curves passing through the initial, inter-
mediate, and final states of the water. Label the 7, P, and U values for
end states on the process curves. Find the overall change in internal
energy between the initial and final states per unit mass of water.

Water

200 kPa
300°C

FIGURE P3-47

3-48 Saturated steam coming off the turbine of a steam power
plant at 40°C condenses on the outside of a 3-cm-outer-diameter,
35-m-long tube at a rate of 70 kg/h. Determine the rate of heat trans-
fer from the steam to the cooling water flowing through the pipe.

3-49 A person cooks a meal in a 30-cm-diameter pot that is
covered with a well-fitting lid and lets the food cool to the room
temperature of 20°C. The total mass of the food and the pot is
8 kg. Now the person tries to open the pan by lifting the lid up.
Assuming no air has leaked into the pan during cooling, determine
if the lid will open or if the pan will move up together with the lid.

3-50 Water is boiled at 1 atm pressure in a 25-cm-internal-
diameter stainless steel pan on an electric range. If it is observed
that the water level in the pan drops by 10 cm in 45 min, deter-
mine the rate of heat transfer to the pan.

3-51 Repeat Prob. 3-50 for a location at 2000-m elevation
where the standard atmospheric pressure is 79.5 kPa.

3-52  Water is boiled in a pan covered with a poorly fitting lid at a
specified location. Heat is supplied to the pan by a 2-kW resistance
heater. The amount of water in the pan is observed to decrease by
1.19 kg in 30 min. If it is estimated that 75 percent of electricity
consumed by the heater is transferred to the water as heat, determine
the local atmospheric pressure in that location.  Answer: 85.4 kPa

3-53 A rigid tank with a volume of 1.8 m? contains 40 kg of
saturated liquid—vapor mixture of water at 90°C. Now the water
is slowly heated. Determine the temperature at which the liquid
in the tank is completely vaporized. Also, show the process on a
T-v diagram with respect to saturation lines. Answer: 256°C

3-54 A piston—cylinder device contains 0.005 m?® of liquid

water and 0.9 m® of water vapor in equilibrium at 600 kPa. Heat

is transferred at constant pressure until the temperature reaches

200°C.

(a) What is the initial temperature of the water?

(b) Determine the total mass of the water.

(c¢) Calculate the final volume.

(d) Show the process on a P-U diagram with respect to saturation
lines.

P = 600 kPa

FIGURE P3-54

| Reconsider Prob. 3—54. Using appropriate software,
! investigate the effect of pressure on the total mass of
water in the tank. Let the pressure vary from 0.1 MPa to 1 MPa.
Plot the total mass of water against pressure, and discuss the
results. Also, show the process in Prob. 3-54 on a P-U diagram
using the property plot feature of the software.

3-55

3-56E A 5-ft® rigid tank contains a saturated mixture of
refrigerant-134a at 50 psia. If the saturated liquid occupies
20 percent of the volume, determine the quality and the total
mass of the refrigerant in the tank.

3-57E Superheated water vapor at 180 psia and 500°F is
allowed to cool at constant volume until the temperature drops to



250°F. At the final state, determine (a) the pressure, (b) the qual-
ity, and (c) the enthalpy. Also, show the process on a 7-U diagram
with respect to saturation lines. Answers: (a) 29.84 psia, (b) 0.219,
(c) 426.0 Btu/lbm

3-58E ‘ | Reconsider Prob. 3—57E. Using appropriate soft-
<= ware, investigate the effect of initial pressure on

the quality of water at the final state. Let the pressure vary from

100 psia to 300 psia. Plot the quality against initial pressure, and

discuss the results. Also, show the process in Prob. 3-57E on a

T-v diagram using the property plot feature of the software.

3-59 1 kg of water fills a 150-L rigid container at an initial pres-

sure of 2 MPa. The container is then cooled to 40°C. Determine the
initial temperature and the final pressure of the water.

FIGURE P3-59

3-60 10 kg of R-134a fill a 0.7-m® weighted piston—cylinder
device at a pressure of 200 kPa. The container is now heated until
the temperature is 30°C. Determine the initial temperature and
final volume of the R-134a.

3-61 A piston—cylinder device contains 0.6 kg of steam at
300°C and 0.5 MPa. Steam is cooled at constant pressure until
one-half of the mass condenses.

(a) Show the process on a 7-U diagram.

(b) Find the final temperature.

(c¢) Determine the volume change.

3-62 A piston—cylinder device initially contains 1.4 kg saturated
liquid water at 200°C. Now heat is transferred to the water until the
volume quadruples and the cylinder contains saturated vapor only.
Determine (a) the volume of the cylinder, (b) the final temperature
and pressure, and (c) the internal energy change of the water.

FIGURE P3-62

3-63 Water is being heated in a vertical piston—cylinder
device. The piston has a mass of 40 kg and a cross-sectional
area of 150 cm?. If the local atmospheric pressure is 100 kPa,
determine the temperature at which the water starts boiling.

3-64 A rigid tank initially contains 1.4 kg saturated liquid
water at 200°C. At this state, 25 percent of the volume is occu-
pied by water and the rest by air. Now heat is supplied to the
water until the tank contains saturated vapor only. Determine
(a) the volume of the tank, (b) the final temperature and pressure,
and (c) the internal energy change of the water.

3-65 A piston—cylinder device initially contains 50 L of liquid
water at 40°C and 200 kPa. Heat is transferred to the water at
constant pressure until the entire liquid is vaporized.

143

CHAPTER 3

(@) What is the mass of the water?

(b) What is the final temperature?

(c) Determine the total enthalpy change.

(d) Show the process on a 7-U diagram with respect to saturation
lines.

Answers: (a) 49.61 kg, (b) 120.21°C, (c) 125,950 kJ

3-66 The spring-loaded piston—cylinder device shown in
Fig. P3-66 is filled with 0.5 kg of water vapor that is initially
at 4 MPa and 400°C. Initially, the spring exerts no force against
the piston. The spring constant in the spring force relation
F = kx is k = 0.9 kN/cm and the piston diameter is D = 20 cm.
The water now undergoes a process until its volume is one-half
of the original volume. Calculate the final temperature and the
specific enthalpy of the water.  Answers: 220°C, 1721 kJ/kg

Steam
| |
[ D |
FIGURE P3-66

3-67 A piston—cylinder device initially contains steam at
3.5 MPa, superheated by 5°C. Now, steam loses heat to the sur-
roundings and the piston moves down, hitting a set of stops, at
which point the cylinder contains saturated liquid water. The
cooling continues until the cylinder contains water at 200°C.
Determine () the initial temperature, () the enthalpy change per
unit mass of the steam by the time the piston first hits the stops,
and (c) the final pressure and the quality (if mixture).

| |
Steam Q
3.5 MPa
FIGURE P3-67

Ideal Gas

3-68C Under what conditions is the ideal-gas assumption suit-
able for real gases?

3-69C What is the difference between mass and molar mass?
How are these two related?

3-70C Propane and methane are commonly used for heat-
ing in winter, and the leakage of these fuels, even for short
periods, poses a fire danger for homes. Which gas leakage do you
think poses a greater risk for fire? Explain.
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3-71E What is the specific volume of oxygen at 25 psia and
80°F?

3-72 A 100-L container is filled with 1 kg of air at a tempera-
ture of 27°C. What is the pressure in the container?

3-73E A mass of 1 Ibm of argon is maintained at 200 psia and
100°F in a tank. What is the volume of the tank?

3-74 A 400-L rigid tank contains 5 kg of air at 25°C. Deter-
mine the reading on the pressure gage if the atmospheric pressure
is 97 kPa.

3-75 The pressure gage on a 2.5-m?® oxygen tank reads 500 kPa.
Determine the amount of oxygen in the tank if the temperature is
28°C and the atmospheric pressure is 97 kPa.

P, = 500 kPa
02
V=25m
T = 28°C
FIGURE P3-75

3-76 A spherical balloon with a diameter of 9 m is filled
with helium at 27°C and 200 kPa. Determine the mole
number and the mass of the helium in the balloon. Answers:
30.6 kmol, 123 kg

3-77 - Reconsider Prob. 3-76. Using appropriate software,

<= investigate the effect of the balloon diameter on the
mass of helium contained in the balloon for the pressures of
(a) 100 kPa and (b) 200 kPa. Let the diameter vary from 5 m to 15 m.
Plot the mass of helium against the diameter for both cases.

3-78 A 1-m’ tank containing air at 10°C and 350 kPa is
connected through a valve to another tank containing 3 kg
of air at 35°C and 150 kPa. Now the valve is opened, and the
entire system is allowed to reach thermal equilibrium with
the surroundings, which are at 20°C. Determine the volume
of the second tank and the final equilibrium pressure of air.
Answers: 1.77 m3, 222 kPa

n

3-79 A mass of 10 g of oxygen fill a weighted piston—
cylinder device at 20 kPa and 100°C. The device is now cooled
until the temperature is 0°C. Determine the change of the volume
of the device during this cooling.

3-80 A mass of 0.1 kg of helium fills a 0.2 m? rigid vessel at
350 kPa. The vessel is heated until the pressure is 700 kPa. Cal-
culate the temperature change of helium (in °C and K) as a result
of this heating.

350 kPa

FIGURE P3-80

3-81 A rigid tank whose volume is unknown is divided into
two parts by a partition. One side of the tank contains an ideal gas
at 927°C. The other side is evacuated and has a volume twice the
size of the part containing the gas. The partition is now removed
and the gas expands to fill the entire tank. Heat is now transferred
to the gas until the pressure equals the initial pressure. Determine
the final temperature of the gas. Answer: 3327°C

Ideal gas Evacuated

927°C 0
U, 2V, ’

FIGURE P3-81

3-82E A rigid tank contains 20 Ibm of air at 20 psia and 70°F.
More air is added to the tank until the pressure and temperature
rise to 25 psia and 90°F, respectively. Determine the amount of
air added to the tank. Answer: 4.09 Ibm

3-83E In an informative article in a magazine it is stated that
tires lose roughly 1 psi of pressure for every 10°F drop in outside
temperature. Investigate whether this is a valid statement.

3-84 The pressure in an automobile tire depends on the temper-
ature of the air in the tire. When the air temperature is 25°C, the
pressure gage reads 210 kPa. If the volume of the tire is 0.025 m?,
determine the pressure rise in the tire when the air temperature in
the tire rises to 50°C. Also, determine the amount of air that must
be bled off to restore pressure to its original value at this tempera-
ture. Assume the atmospheric pressure is 100 kPa.

FIGURE P3-84

Compressibility Factor

3-85C What is the physical significance of the compressibility
factor Z?

3-86 Determine the specific volume of refrigerant-134a vapor
at 0.9 MPa and 70°C based on (a) the ideal-gas equation, () the
generalized compressibility chart, and (c) data from tables. Also,
determine the error involved in the first two cases.

3-87E Refrigerant-134a at 400 psia has a specific volume of
0.1384 ft’/lbm. Determine the temperature of the refrigerant
based on (a) the ideal-gas equation, (b) the generalized com-
pressibility chart, and (c) the refrigerant tables.

3-88 Determine the specific volume of superheated water vapor at
15 MPa and 350°C using (a) the ideal-gas equation, (b) the generalized



compressibility chart, and (c) the steam tables. Also determine the
error involved in the first two cases. Answers: (@) 0.01917 m®/kg, 67.0
percent, (b) 0.01246 m3/kg, 8.5 percent, (c) 0.01148 m/kg

3-89 | Reconsider Prob. 3-88. Solve the problem using
I appropriate software. Compare the specific volume
of water for the three cases at 15 MPa over the temperature range
of 350 to 600°C in 25°C intervals. Plot the percent error involved
in the ideal-gas approximation against temperature, and discuss

the results.

3-90 Determine the specific volume of superheated water
vapor at 3.5 MPa and 450°C based on (a) the ideal-gas equation,
(b) the generalized compressibility chart, and (c¢) the steam tables.
Determine the error involved in the first two cases.

3-91 Determine the specific volume of nitrogen gas at
10 MPa and 150 K based on («a) the ideal-gas equation and (b) the
generalized compressibility chart. Compare these results with the
experimental value of 0.002388 m?/kg, and determine the error
involved in each case. Answers: (a) 0.004452 m3/kg, 86.4 percent,
(b) 0.002404 m3/kg, 0.7 percent

3-92 Ethylene is heated at constant pressure from 5 MPa and
20°C to 200°C. Using the compressibility chart, determine the
change in the ethylene’s specific volume as a result of this heat-
ing. Answer:0.0172 m°/kg

3-93 Carbon dioxide gas enters a pipe at 3 MPa and 500 K at
a rate of 2 kg/s. CO, is cooled at constant pressure as it flows
in the pipe, and the temperature of the CO, drops to 450 K at
the exit. Determine the volume flow rate and the density of car-
bon dioxide at the inlet and the volume flow rate at the exit of
the pipe using (a) the ideal-gas equation and (b) the generalized
compressibility chart. Also, determine (c) the error involved in
the first case.

3 MPa

500 K k CO)—> K450 K
2 kg/ls

FIGURE P3-93

3-94E Ethane in a rigid vessel is to be heated from 50 psia and
100°F until its temperature is 540°F. What is the final pressure of
the ethane as predicted by the compressibility chart?

395 A 0.016773-m> tank contains 1 kg of refrigerant-134a at
110°C. Determine the pressure of the refrigerant using (@) the ideal-
gas equation, (b) the generalized compressibility chart, and (c) the
refrigerant tables. Answers: (a) 1.861 MPa, (b) 1.583 MPa, (c) 1.6 MPa

3-96E Saturated water vapor at 400°F is heated at constant
pressure until its volume has doubled. Determine the final tem-
perature using the ideal-gas equation of state, the compressibility
charts, and the steam tables.

3-97 What is the percentage of error involved in treating carbon
dioxide at 5 MPa and 25°C as an ideal gas? Answer: 45 percent

3-98 Methane at 10 MPa and 300 K is heated at constant pres-
sure until its volume has increased by 80 percent. Determine the
final temperature using the ideal gas equation of state and the com-
pressibility factor. Which of these two results is more accurate?
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Other Equations of State

3-99C What is the physical significance of the two constants
that appear in the van der Waals equation of state? On what basis
are they determined?

3-100E Refrigerant-134a at 400 psia has a specific volume
of 0.1144 ft’/Ibm. Determine the temperature of the refrigerant
based on (a) the ideal-gas equation, (b) the van der Waals equa-
tion, and (c) the refrigerant tables.

3-101 A 3.27-m? tank contains 100 kg of nitrogen at 175 K.
Determine the pressure in the tank using (a) the ideal-gas
equation, (b) the van der Waals equation, and (c) the Beattie-

Bridgeman equation. Compare your results with the actual value
of 1505 kPa.

3-102 Nitrogen at 150 K has a specific volume of 0.041884 m?*/
kg. Determine the pressure of the nitrogen using (a) the ideal-
gas equation and (b) the Beattie-Bridgeman equation. Compare
your results to the experimental value of 1000 kPa.  Answers:
(a) 1063 kPa, (b) 1000.4 kPa

3-103 | Reconsider Prob. 3-102. Using appropriate

! software, compare the specific volume results of
the ideal-gas and Beattie-Bridgeman equations with nitrogen
data supplied by the software. Plot temperature versus specific
volume for a pressure of 1000 kPa over the range of

110K < T < 150 K.

3-104 100 grams of carbon monoxide are contained in a
weighted piston—cylinder device. Initially the carbon monoxide
is at 1000 kPa and 200°C. It is then heated until its temperature
is 500°C. Determine the final volume of the carbon monoxide,
treating it as (a) an ideal gas and (b) a Benedict-Webb-Rubin gas.

3-105 A 1-m’ tank contains 2.841 kg of steam at 0.6 MPa.
Determine the temperature of the steam, using (a) the ideal-
gas equation, (b) the van der Waals equation, and (c¢) the steam
tables. Answers: (a) 457.6 K, (b) 465.9 K, (c) 473 K

3-106 | Reconsider Prob. 3—105. Solve the problem using
I appropriate software. Compare the temperature of
water for the three cases at constant specific volume over the
pressure range of 0.1 MPa to 1 MPa in 0.1-MPa increments. Plot
the percent error involved in the ideal-gas approximation against

pressure, and discuss the results.

3-107E 1 Ibm of carbon dioxide is heated in a constant-
pressure apparatus. Initially, the carbon dioxide is at 1000 psia
and 200°F, and it is heated until its temperature becomes 800°F.
Determine the final volume of the carbon dioxide, treating it as
(a) an ideal gas and (b) a Benedict-Webb-Rubin gas.

Special Topic: Vapor Pressure and Phase Equilibrium

3-108 During a hot summer day at the beach when the air tem-
perature is 30°C, someone claims the vapor pressure in the air to
be 5.2 kPa. Is this claim reasonable?

3-109 Consider a glass of water in a room that is at 20°C and
40 percent relative humidity. If the water temperature is 15°C,
determine the vapor pressure (a) at the free surface of the water
and (b) at a location in the room far from the glass.

3-110 During a hot summer day when the air tempera-
ture is 35°C and the relative humidity is 70 percent, you buy a
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supposedly “cold” canned drink from a store. The store owner
claims that the temperature of the drink is below 10°C. Yet the
drink does not feel so cold, and you are skeptical since you notice
no condensation forming outside the can. Can the store owner be
telling the truth?

3-111 Consider two rooms that are identical except that one is
maintained at 25°C and 40 percent relative humidity while the
other is maintained at 20°C and 55 percent relative humidity.
Noting that the amount of moisture is proportional to the vapor
pressure, determine which room contains more moisture.

3-112E A thermos bottle is half-filled with water and is left
open to the atmospheric air at 60°F and 35 percent relative
humidity. If heat transfer to the water through the thermos walls
and the free surface is negligible, determine the temperature of
water when phase equilibrium is established.

Review Problems

3-113 Complete the blank cells in the following table of prop-
erties of steam. In the last column, describe the condition of steam
as compressed liquid, saturated mixture, superheated vapor, or
insufficient information, and, if applicable, give the quality.

P, kPa T,°C  u,mkg u kl/kg Phase description and
quality (if applicable)
200 30
270.3 130
400 1.5493
300 0.500
500 3084

3-114 Complete the blank cells in the following table
of properties of refrigerant-134a. In the last column, describe the
condition of refrigerant-134a as compressed liquid, saturated
mixture, superheated vapor, or insufficient information, and, if
applicable, give the quality.

P, kPa T,°C u,m’kg u kl/kg Phase description and
quality (if applicable)
320 -—12
1000 39.37
40 1.17794
180 0.0700
200 249

3-115 A rigid tank contains an ideal gas at 300 kPa and 600 K.
Now half of the gas is withdrawn from the tank and the gas is
found at 100 kPa at the end of the process. Determine (a) the
final temperature of the gas and () the final pressure if no mass
was withdrawn from the tank and the same final temperature was
reached at the end of the process.

Ideal gas
300 kPa

600 K

FIGURE P3-115

3-116 Carbon dioxide gas at 3 MPa and 500 K flows steadily
in a pipe at a rate of 0.4 kmol/s. Determine (a) the volume and
mass flow rates and the density of carbon dioxide at this state. If
CO, is cooled at constant pressure as it flows in the pipe so that
the temperature of CO, drops to 450 K at the exit of the pipe,
determine (b) the volume flow rate at the exit of the pipe.

3 MPa
500 K k K450 K
0.4 kmol/s

FIGURE P3-116

Cco,—>

3-117 The gage pressure of an automobile tire is measured to
be 200 kPa before a trip and 220 kPa after the trip at a location
where the atmospheric pressure is 90 kPa. Assuming the volume
of the tire remains constant at 0.035 m?, determine the percent
increase in the absolute temperature of the air in the tire.

3-118 A tank contains argon at 600°C and 200 kPa gage. The
argon is cooled in a process by heat transfer to the surroundings
such that the argon reaches a final equilibrium state at 300°C.
Determine the final gage pressure of the argon. Assume atmo-
spheric pressure is 100 kPa.

3-119 The combustion in a gasoline engine may be approxi-
mated by a constant-volume heat addition process. The cylinder
contains the air—fuel mixture before combustion and the combus-
tion gases after it, and both may be approximated as air, an ideal
gas. In a gasoline engine, the cylinder conditions are 1.2 MPa and
450°C before the combustion and 1900°C after it. Determine the
pressure at the end of the combustion process. Answer: 3.61 MPa

Combustion
chamber

1.2 MPa
450°C

FIGURE P3-119

3-120 A rigid tank contains nitrogen gas at 227°C and
100 kPa gage. The gas is heated until the gage pressure reads 250
kPa. If the atmospheric pressure is 100 kPa, determine the final
temperature of the gas, in °C.

Nitrogen gas

P, = 100 kPa 227°C

atm —

100 kPa (gage)

FIGURE P3-120

3-121 One kilogram of R-134a fills a 0.090-m? rigid container
at an initial temperature of —40°C. The container is then heated
until the pressure is 280 kPa. Determine the initial pressure and
final temperature. Answers: 51.25 kPa, 50°C

3-122 A rigid tank with a volume of 0.117 m? contains 1 kg
of refrigerant-134a vapor at 240 kPa. The refrigerant is now
allowed to cool. Determine the pressure when the refrigerant first



starts condensing. Also, show the process on a P-U diagram with
respect to saturation lines.

3-123 Water initially at 300 kPa and 250°C is contained in
a constant-volume tank. The water is allowed to cool until its
pressure is 150 kPa. On the P-U and T-V diagrams, sketch, with
respect to the saturation lines, the process curve passing through
both the initial and final states of the water. Label the end states
on the process curve. Also, on both the P-v and 7-V diagrams,
sketch the isotherms passing through both states and show their
values, in °C, on the isotherms.

3-124 A 9-m’ tank contains nitrogen at 17°C and 600 kPa.
Some nitrogen is allowed to escape until the pressure in the tank
drops to 400 kPa. If the temperature at this point is 15°C, deter-
mine the amount of nitrogen that has escaped. Answer: 20.6 kg

3-125 A 10-kg mass of superheated refrigerant-134a at
1.2 MPa and 70°C is cooled at constant pressure until it exists as
a compressed liquid at 20°C.
(a) Show the process on a 7-U diagram with respect to
saturation lines.
(b) Determine the change in volume.
(¢) Find the change in total internal energy.
Answers: (b) —0.187 m3, (c) —1984 kJ

3-126 A 4-L rigid tank contains 2 kg of saturated liquid—vapor
mixture of water at 50°C. The water is now slowly heated until it
exists in a single phase. At the final state, will the water be in the
liquid phase or the vapor phase? What would your answer be if
the volume of the tank were 400 L instead of 4 L?

FIGURE P3-126

3-127 A piston—cylinder device initially contains 0.2 kg of
steam at 200 kPa and 300°C. Now, the steam is cooled at con-
stant pressure until it is at 150°C. Determine the volume change
of the cylinder during this process using the compressibility fac-
tor, and compare the result to the actual value.

0.2 kg

200 kPa
300°C

FIGURE P3-127

3-128 A tank whose volume is unknown is divided into two
parts by a partition. One side of the tank contains 0.03 m® of
refrigerant-134a that is a saturated liquid at 0.9 MPa, while the
other side is evacuated. The partition is now removed, and the
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refrigerant fills the entire tank. If the final state of the refrigerant
is 20°C and 280 kPa, determine the volume of the tank.

Evacuated

FIGURE P3-128

3-129 | Reconsider Prob. 3-128. Using appropriate soft-
! ware, investigate the effect of the initial pressure
of refrigerant-134a on the volume of the tank. Let the initial pres-
sure vary from 0.5 to 1.5 MPa. Plot the volume of the tank versus

the initial pressure, and discuss the results.

3-130 A tank contains helium at 37°C and 140 kPa gage. The
helium is heated in a process by heat transfer from the surround-
ings such that the helium reaches a final equilibrium state at
200°C. Determine the final gage pressure of the helium. Assume
atmospheric pressure is 100 kPa.

3-131 On the property diagrams indicated below, sketch (not
to scale) with respect to the saturated liquid and saturated vapor
lines and label the following processes and states for steam. Use
arrows to indicate the direction of the process, and label the ini-
tial and final states:

(a) On the P-v diagram, sketch the constant-temperature process
through the state P = 300 kPa, U = 0.525 m%/kg as pressure
changes from P, = 200 kPa to P, = 400 kPa. Place the value
of the temperature on the process curve on the P-U diagram.

(b) On the T-v diagram, sketch the constant-specific-volume pro-
cess through the state 7 = 120°C, v = 0.7163 m’/kg from
P, =100 kPa to P, =300 kPa. For this data set, place the tem-
perature values at states 1 and 2 on its axis. Place the value of
the specific volume on its axis.

3-132 Water initially at 300 kPa and 0.5 m%/kg is contained in
a piston—cylinder device fitted with stops so that the water sup-
ports the weight of the piston and the force of the atmosphere.
The water is heated until it reaches the saturated vapor state and
the piston rests against the stops. With the piston against the
stops, the water is further heated until the pressure is 600 kPa.
On the P-U and 7-v diagrams, sketch, with respect to the satura-
tion lines, the process curves passing through both the initial and
final states of the water. Label the states on the process as 1, 2,
and 3. On both the P-v and 7-U diagrams, sketch the isotherms
passing through the states and show their values, in °C, on the
isotherms.

FIGURE P3-132
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3-133 Ethane at 10 MPa and 100°C is heated at constant pres-
sure until its volume has increased by 60 percent. Determine the
final temperature using (a) the ideal-gas equation of state and ()
the compressibility factor. Which of these two results is the more
accurate?

3-134 Steam at 400°C has a specific volume of 0.02 m%/kg.
Determine the pressure of the steam based on (a) the ideal-gas
equation, (b) the generalized compressibility chart, and (c¢) the
steam tables. Answers: (a) 15,529 kPa, (b) 12,574 kPa, (c) 12,515 kPa

3-135E Nitrogen is maintained at 400 psia and —100°F. Com-
pare the specific volume of this nitrogen as predicted by (a) the
ideal-gas equation of state, (b) the Benedict-Webb-Rubin equa-
tion of state, and (c) the compressibility factor.

3-136 Consider an 18-m-diameter hot-air balloon that, together
with its cage, has a mass of 120 kg when empty. The air in the
balloon, which is now carrying two 85-kg people, is heated by
propane burners at a location where the atmospheric pressure
and temperature are 93 kPa and 12°C, respectively. Determine
the average temperature of the air in the balloon when the bal-
loon first starts rising. What would your response be if the atmo-
spheric air temperature were 25°C?

3-137 Oxygen is maintained at 4 MPa and 20°C. Compare the
specific volume of the oxygen under this condition as predicted
by (a) the ideal-gas equation of state, (b) the Beattie-Bridgeman
equation of state, and (c¢) the compressibility factor.

Fundamentals of Engineering (FE) Exam Problems

3-138 A 1-m’rigid tank contains 10 kg of water (in any phase
or phases) at 160°C. The pressure in the tank is

(a) 738 kPa (b) 618 kPa (c) 370 kPa

(d) 2000 kPa (e) 1618 kPa

3-139 A 3-m’ rigid vessel contains steam at 2 MPa and 500°C.
The mass of the steam is

(a) 13 kg (b) 17 kg
(d) 28 kg (e) 35 kg

3-140 A 240-m? rigid tank is filled with a saturated liquid—
vapor mixture of water at 200 kPa. If 25 percent of the mass is
liquid and 75 percent of the mass is vapor, the total mass in the
tank is

(a) 240 kg (b) 265 kg
(d) 361 kg (e) 450 kg

3-141 Water is boiled at 1 atm pressure in a coffeemaker
equipped with an immersion-type electric heating element. The
coffeemaker initially contains 1 kg of water. Once boiling has
begun, it is observed that half of the water in the coffeemaker
evaporates in 10 min. If the heat loss from the coffeemaker is
negligible, the power rating of the heating element is

(a) 3.8 kW (b) 22 kW (c) 1.9 kW

(d) 1.6 kW (e) 0.8 kKW

3-142 Water is boiling at 1 atm pressure in a stainless steel pan

on an electric range. It is observed that 1.25 kg of liquid water
evaporates in 30 min. The rate of heat transfer to the water is

()22 kg

(c) 307 kg

(@) 1.57 kW (b) 1.86 kW
(d) 2.43 kW (e) 2.51 kW

3-143 Water is boiled in a pan on a stove at sea level. During
10 min of boiling, it is observed that 200 g of water has evapo-
rated. Then the rate of heat transfer to the water is

(@) 0.84 kJ/min  (b) 45.1 kl/min  (c) 41.8 kJ/min
(d)53.5kI/min  (e) 225.7 kJ/min

3-144 A rigid tank contains 2 kg of an ideal gas at 4 atm and
40°C. Now a valve is opened, and half of the mass of the gas is
allowed to escape. If the final pressure in the tank is 2.2 atm, the
final temperature in the tank is

(c) 2.09 kW

(a)71°C (b) 44°C (c) —100°C
(d) 20°C (e) 172°C
3-145 The pressure of an automobile tire is measured to be

190 kPa (gage) before a trip and 215 kPa (gage) after the trip at a
location where the atmospheric pressure is 95 kPa. If the temper-
ature of air in the tire before the trip is 25°C, the air temperature
after the trip is

(a) 51.1°C (b) 64.2°C
(d) 28.3°C (e) 25.0°C

3-146 Consider a sealed can that is filled with refrigerant-
134a. The contents of the can are at the room temperature of
25°C. Now a leak develops, and the pressure in the can drops
to the local atmospheric pressure of 90 kPa. The temperature of
the refrigerant in the can is expected to drop to (rounded to the
nearest integer)
(a) 0°C

(d)5°C

(c) 27.2°C

(b) —29°C
(e) 25°C

(c) 16°C

Design and Essay Problems

3-147 A solid normally absorbs heat as it melts, but there is a
known exception at temperatures close to absolute zero. Find out
which solid it is, and give a physical explanation for it.

3-148 In an article on tire maintenance, it is stated that tires
lose air over time, and pressure losses as high as 90 kPa (13 psi)
per year are measured. The article recommends checking tire
pressure at least once a month to avoid low tire pressure that
hurts fuel efficiency and causes uneven thread wear on tires.
Taking the beginning tire pressure to be 220 kPa (gage) and the
atmospheric pressure to be 100 kPa, determine the fraction of air
that can be lost from a tire per year.

3-149 It is well known that water freezes at 0°C at atmospheric
pressure. The mixture of liquid water and ice at 0°C is said to be
at stable equilibrium since it cannot undergo any changes when
it is isolated from its surroundings. However, when water is free
of impurities and the inner surfaces of the container are smooth,
the temperature of water can be lowered to —2°C or even lower
without any formation of ice at atmospheric pressure. But at that
state even a small disturbance can initiate the formation of ice
abruptly, and the water temperature stabilizes at 0°C following
this sudden change. The water at —2°C is said to be in a meta-
stable state. Write an essay on metastable states, and discuss how
they differ from stable equilibrium states.



ENERGY ANALYSIS OF
CLOSED SYSTEMS

n Chap. 2, we considered various forms of energy and energy transfer, and we

developed a general relation for the conservation of energy principle or energy

balance. Then in Chap. 3, we learned how to determine the thermodynamics
properties of substances. In this chapter, we apply the energy balance relation to
systems that do not involve any mass flow across their boundaries—that is, closed
systems.

We start this chapter with a discussion of the moving boundary work or
P dV work commonly encountered in reciprocating devices such as automotive
engines and compressors. We continue by applying the general energy balance

relation, which is simply expressed as E;, — E,, = AE to systems that involve

system?®
pure substance. Then we define specific heats, obtaiyn relations for the internal
energy and enthalpy of ideal gases in terms of specific heats and temperature
changes, and perform energy balances on various systems that involve ideal gases.
We repeat this for systems that involve solids and liquids, which are approximated

as incompressible substances.

CHAPTER

EEEEEERN
OBJECTIVES
The objectives of Chapter 4 are to:

Examine the moving boundary
work or P dl/ work commonly
encountered in reciprocating
devices such as automotive
engines and compressors.

Identify the first law of
thermodynamics as simply a
statement of the conservation
of energy principle for closed
(fixed-mass) systems.

Develop the general energy
balance applied to closed
systems.

Define the specific heat at
constant volume and the
specific heat at constant
pressure.

Relate the specific heats to the
calculation of the changes in
internal energy and enthalpy of
ideal gases.

Describe incompressible
substances and determine the
changes in their internal energy
and enthalpy.

Solve energy balance problems
for closed (fixed-mass) systems
that involve heat and work
interactions for general pure
substances, ideal gases, and
incompressible substances.
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The moving
boundary

FIGURE 4-1
The work associated with a moving
boundary is called boundary work.

FIGURE 4-2

A gas does a differential amount of
work oW, as it forces the piston to
move by a differential amount ds.
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FIGURE 4-3

The area under the process curve
on a P-V diagram represents the
boundary work.

4-1 = MOVING BOUNDARY WORK

One form of mechanical work often encountered in practice is associated with
the expansion or compression of a gas in a piston—cylinder device. During this
process, part of the boundary (the inner face of the piston) moves back and forth.
Therefore, the expansion and compression work is often called moving boundary
work, or simply boundary work (Fig. 4-1). Some call it the P dV work for rea-
sons explained later. Moving boundary work is the primary form of work involved
in automobile engines. During their expansion, the combustion gases force the
piston to move, which in turn forces the crankshaft to rotate.

The moving boundary work associated with real engines or compressors can-
not be determined exactly from a thermodynamic analysis alone because the pis-
ton usually moves at very high speeds, making it difficult for the gas inside to
maintain equilibrium. Then the states through which the system passes during
the process cannot be specified, and no process path can be drawn. Work, being a
path function, cannot be determined analytically without a knowledge of the path.
Therefore, the boundary work in real engines or compressors is determined by
direct measurements.

In this section, we analyze the moving boundary work for a quasi-equilibrium
process, a process during which the system remains nearly in equilibrium at all
times. A quasi-equilibrium process, also called a quasi-static process, is closely
approximated by real engines, especially when the piston moves at low veloci-
ties. Under identical conditions, the work output of the engines is found to be a
maximum, and the work input to the compressors to be a minimum, when quasi-
equilibrium processes are used in place of nonquasi-equilibrium processes. In the
following example, the work associated with a moving boundary is evaluated for
a quasi-equilibrium process.

Consider the gas enclosed in the piston—cylinder device shown in Fig. 4-2. The
initial pressure of the gas is P, the total volume is /, and the cross-sectional area of
the piston is A. If the piston is allowed to move a distance ds in a quasi-equilibrium
manner, the differential work done during this process is

6W,=Fds=PAds = PdV (a-1)

That is, the boundary work in the differential form is equal to the product of the
absolute pressure P and the differential change in the volume dV of the system.
This expression also explains why the moving boundary work is sometimes called
the P dV work.

The total boundary work done during the entire process as the piston moves is
obtained by adding all the differential works from the initial state to the final state:

W,= L pdV (k) (4-2)

This integral can be evaluated only if we know the functional relationship between
P and V during the process. That is, P = f(V) should be available. Note that
P = f(V) is simply the equation of the process path on a P-V diagram.

Note in Eq. 4-2 that P is the absolute pressure, which is always positive. How-
ever, the volume change dV is positive during an expansion process (volume
increasing) and negative during a compression process (volume decreasing).
Thus, the boundary work is positive during an expansion process and negative
during a compression process. Therefore, Eq. 4-2 can be viewed as an expression
for boundary work output, W, .. A negative result indicates boundary work input
(compression). Thatis, W, =W, ,, =-W, .

The quasi-equilibrium expansion process described is shown on a P-V diagram
in Fig. 4-3. On this diagram, the differential area dA is equal to P dV, which is



the differential work. The total area A under the process curve 1-2 is obtained by
adding these differential areas:

2 2
Area:A:J dA=J PdV (4-3)
1 1

A comparison of this equation with Eq. 4-2 reveals that the area under the pro-
cess curve on a P-V diagram is equal, in magnitude, to the work done during a
quasi-equilibrium expansion or compression process of a closed system. (On the
P-v diagram, it represents the boundary work done per unit mass.)

A gas can follow several different paths as it expands from state 1 to state 2.
In general, each path will have a different area underneath it, and since this area
represents the magnitude of the work, the work done will be different for each
process (Fig. 4—4). This is expected, since work is a path function (i.e., it depends
on the path followed as well as the end states). If work were not a path function,
no cyclic devices (car engines, power plants) could operate as work-producing
devices. The work produced by these devices during one part of the cycle would
have to be consumed during another part, and there would be no net work output.
The cycle shown in Fig. 4-5 produces a net work output because the work done
by the system during the expansion process (area under path A) is greater than
the work done on the system during the compression part of the cycle (area under
path B), and the difference between these two is the net work done during the
cycle (the shaded area).

If the relationship between P and V during an expansion or a compression pro-
cess is given in terms of experimental data instead of in a functional form, obvi-
ously we cannot perform the integration analytically. We can, however, plot the
P-V diagram of the process using these data points and calculate the area under-
neath graphically to determine the work done.

Strictly speaking, the pressure P in Eq. 4-2 is the pressure at the inner surface
of the piston. It becomes equal to the pressure of the gas in the cylinder only if
the process is quasi-equilibrium and thus the entire gas in the cylinder is at the
same pressure at any given time. Equation 4-2 can also be used for nonquasi-
equilibrium processes provided that the pressure at the inner face of the piston
is used for P. (Besides, we cannot speak of the pressure of a system during a
nonquasi-equilibrium process since properties are defined for equilibrium states
only.) Therefore, we can generalize the boundary work relation by expressing it as

2
W, = J P,dV (4-4)
1

where P, is the pressure at the inner face of the piston.

Note that work is a mechanism for energy interaction between a system and
its surroundings, and W, represents the amount of energy transferred from the
system during an expansion process (or to the system during a compression pro-
cess). Therefore, it has to appear somewhere else, and we must be able to account
for it since energy is conserved. In a car engine, for example, the boundary work
done by the expanding hot gases is used to overcome friction between the piston
and the cylinder, to push atmospheric air out of the way, and to rotate the crank-
shaft. Therefore,

2
Wb = Wfriction + Watm + Wcrank = J (Ffrictinn + Path + Fcrank) dx (4_5)
1

Of course the work used to overcome friction appears as frictional heat and the
energy transmitted through the crankshaft is transmitted to other components
(such as the wheels) to perform certain functions. But note that the energy trans-
ferred by the system as work must equal the energy received by the crankshaft, the
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FIGURE 4-4

The boundary work done during a
process depends on the path followed
as well as the end states.

A

| v

0
<b-—-

FIGURE 4-5

The net work done during a cycle is
the difference between the work done
by the system and the work done on
the system.
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atmosphere, and the energy used to overcome friction. The use of the boundary
work relation is not limited to the quasi-equilibrium processes of gases only. It can
also be used for solids and liquids.

Air
P, = 500 kPa \
T, = 150°C P> Heat
P, = 400 kPa EXAMPLE 4-1 Boundary Work for a Constant-Volume Process
T,=65°C

A rigid tank contains air at 500 kPa and 150°C. As a result of heat transfer to the surround-
ings, the temperature and pressure inside the tank drop to 65°C and 400 kPa, respectively.
P, kPaA Determine the boundary work done during this process.

500 - ——————— 1 SOLUTION Air in a rigid tank is cooled, and both the pressure and temperature drop.
The boundary work done is to be determined.

Analysis A sketch of the system and the P-V diagram of the process are shown in
Fig. 4-6. The boundary work can be determined from Eq. 4-2 to be

400 F——————~ 2 2 0
W,,:I Pav” =0
1

Discussion This is expected since a rigid tank has a constant volume and dV = 0 in this
equation. Therefore, there is no boundary work done during this process. That is, the bound-
ary work done during a constant-volume process is always zero. This is also evident from
the P-V diagram of the process (the area under the process curve is zero).

FIGURE 4-6
Schematic and P-V diagram for
Example 4-1.

| EXAMPLE 4-2 Boundary Work for a Constant-Pressure Process

A frictionless piston—cylinder device contains 10 Ibm of steam at 60 psia and 320°F. Heat
is now transferred to the steam until the temperature reaches 400°F. If the piston is not
attached to a shaft and its mass is constant, determine the work done by the steam during
this process.

m =10 Ibm

P =60 psia SOLUTION Steam in a piston—cylinder device is heated and the temperature rises at
constant pressure. The boundary work done is to be determined.

Assumptions The expansion process is quasi-equilibrium.

P, psia/ Analysis A sketch of the system and the P-U diagram of the process are shown in
Fig. 4-7. Even though it is not explicitly stated, the pressure of the steam within the cylinder
remains constant during this process since both the atmospheric pressure and the weight

60 - | Py=060psia 2 of the piston remain constant. Therefore, this is a constant-pressure process, and, from
)

| I Eq. 4-2

I |

: Area=W, : 2 2

i i szL PdV =P, Jl dV=pryV,-V) (4-6)

I |

U, =7.4863  U,=8.3548 U, ft}/Ibm or

FIGURE 4-7 W, =mPyU, = V)
Schematic and P-v diagram for since I/ = mv. From the superheated vapor table (Table A—6E), the specific volumes are
Example 4-2. determined to be U, = 7.4863 ft/Ibm at state 1 (60 psia, 320°F) and U, = 8.3548 ft*/lbm at

state 2 (60 psia, 400°F). Substituting these values yields

1 Btu
W, = (10 Ibm)(60 psia)[(8.3548 — 7.4863)ft*/Ibm] { ———
»=t Yl % 5.404 psia-ft3

= 96.4 Btu

Discussion The positive sign indicates that the work is done by the system. That is, the
steam used 96.4 Btu of its energy to do this work. The magnitude of this work could also
be determined by calculating the area under the process curve on the P-V diagram, which
is simply P, AV for this case.
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||

m EXAMPLE 4-3 Isothermal Compression of an Ideal Gas

|

m A piston—cylinder device initially contains 0.4 m* of air at 100 kPa and 80°C. The air is

B now compressed to 0.1 m? in such a way that the temperature inside the cylinder remains
constant. Determine the work done during this process.

SOLUTION Air in a piston—cylinder device is compressed isothermally. The boundary Vi=04m’
work done is to be determined. Pi=100kPa
Assumptions 1 The compression process is quasi-equilibrium. 2 At specified condi- To = 80°C = const.
tions, air can be considered to be an ideal gas since it is at a high temperature and low

pressure relative to its critical-point values. P
Analysis A sketch of the system and the P-V diagram of the process are shown in

Fig. 4-8. For an ideal gas at constant temperature 7,

C

PV =mRT,=C or P=U Ty = 80°C = const.

where C is a constant. Substituting this into Eq. 4-2, we have

2 2 2 1
C dV v v
W=JPdV=I—dV=CJ—=Cln—2=PVIn—2 (4-7) [
S v LV v, Uy, !
| >
In Eq. 4-7, P,V, can be replaced by P,V, or mRT,. Also, V,/V, can be replaced by P,/P, for 0.1 0.4 V, m?
this case since P,V, = P,V,.
Substituting the numerical values into Eq. 4-7 yields FIGURE 4-8
0.1 L Schematic and P-V diagram for
W, = (100 kPa)(0.4 m®)( In— ) ( ——— Example 4-3.
»=( X )< 0.4> <1 kPa-m3> P

= —55.5Kk]J

Discussion The negative sign indicates that this work is done on the system (a work
input), which is always the case for compression processes.

Polytropic Process

During actual expansion and compression processes of gases, pressure and vol-

ume are often related by PV" = C, where n and C are constants. A process of this

kind is called a polytropic process (Fig. 4-9). Next we develop a general expres-

sion for the work done during a polytropic process. The pressure for a polytropic

process can be expressed as

P=CU™ (4-8)

PV" = C = const.

Substituting this relation into Eq. 4-2, we obtain

2 2 o+ I _ -+ 1 _
Wb=IPdV=va—"dV=c 2 oLt LA (4-9) i
! ! —ntl I=n | hVi=pVi
P F--
since C = P,V = P,V%. For an ideal gas (PV = mRT), this equation can also be 1 | oy
written as | = const
|
w,="RL=T) L (4-10) i
I—n Pf——T—————— === 2
| I
For the special case of n = 1 the boundary work becomes | \
| |
2 2 v v, V, %
Wh=J PdV=J CV‘ldV=PV1n<V—2>
! ! ! FIGURE 4-9
For an ideal gas this result is equivalent to the isothermal process discussed in the Schematic and P-V diagram for a

previous example. polytropic process.
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k=150 kN/m

A=025m?
P, =200 kPa
V, =0.05 m?

P, kPaA
320 -
200 -
FIGURE 4-10
Schematic and P-V diagram for
Example 44.

]
EXAMPLE 44 Expansion of a Gas Against a Spring [
|
A piston—cylinder device contains 0.05 m? of a gas initially at 200 kPa. At this state, a m

linear spring that has a spring constant of 150 kN/m is touching the piston but exerting no ®
force on it. Now heat is transferred to the gas, causing the piston to rise and to compress the
spring until the volume inside the cylinder doubles. If the cross-sectional area of the piston

is 0.25 m?, determine (a) the final pressure inside the cylinder, (b) the total work done by
the gas, and (c) the fraction of this work done against the spring to compress it.

SOLUTION A gas in a piston—cylinder device equipped with a linear spring expands as
aresult of heating. The final gas pressure, the total work done, and the fraction of the work
done to compress the spring are to be determined.

Assumptions 1 The expansion process is quasi-equilibrium. 2 The spring is linear in
the range of interest.

Analysis A sketch of the system and the P-V diagram of the process are shown in
Fig. 4-10.

(a) The enclosed volume at the final state is

V,=2V, =(2)(0.05m% =0.1 m*
Then the displacement of the piston (and of the spring) becomes

L_AV_(01-005m’ _

0.2m
A 0.25 m?

The force applied by the linear spring at the final state is
F = kx = (150 kN/m)(0.2 m) = 30 kN
The additional pressure applied by the spring on the gas at this state is

F_ 30kN

=A_O25 2=120kPa
25 m

Without the spring, the pressure of the gas would remain constant at 200 kPa while the pis-
ton is rising. But under the effect of the spring, the pressure rises linearly from 200 kPa to

200 + 120 = 320 kPa

at the final state.

(b) An easy way of finding the work done is to plot the process on a P-V/ diagram and find
the area under the process curve. From Fig. 4-10 the area under the process curve (a trap-
ezoid) is determined to be

&) —13KJ
1 3

kPa-m

_ (200 + 320) kPa
2

W = area [(0.1 = 0.05) m3](

Note that the work is done by the system.

(c) The work represented by the rectangular area (region I) is done against the piston and
the atmosphere, and the work represented by the triangular area (region II) is done against
the spring. Thus,

1 1kJ
pring = 21(320 — 200) kPa](0.05 m?) (T

a-m?

W,

S

>=3kJ

Discussion This result could also be obtained from

1kJ
1 kN-m

Wpring = 7k(x3 — x3) = 7(150 kKN/m)[(0.2 m)? — 02]< ) =3kl
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CYU 4-1 — Check Your Understanding

CYU 4-1.1 Select the wrong statement regarding the boundary work during a quasi-equilibrium process.

(a) The boundary work during an isothermal process: W, = P,V,In %

1
(b) The boundary work during a constant volume process is zero.

(¢) The boundary work during a constant pressure process: W, = mP(V/, — V).
mR(T, - T))

(d) The boundary work during a polytropic process: W, = 1
—n

(e) The boundary work during an isothermal process: W, = mRT In ﬁ
1

CYU 4-1.2 A vertical piston—cylinder device with a piston that is free to move contains air at 100 kPa and 400 K.
If 60 kJ of heat is lost from the air to the surroundings, what is the final pressure of the air in the cylinder?

(a) 100 kPa (b) 50 kPa (c) 25 kPa (d) 200 kPa (e) 400 kPa

CYU 4-1.3 A piston—cylinder device contains 0.1 m? of air at 100 kPa and 300 K. At this state, the piston is free to
move. Now, heat is transferred to the air and the volume of the air triples. What is the boundary work done during this
process?

(a) 100 kJ (b) 50kJ (c) 20kJ (d) 10kJ (e) OKkJ

4-2 = ENERGY BALANCE FOR
CLOSED SYSTEMS

Energy balance for any system undergoing any kind of process was expressed as
(see Chap. 2)

Ein - Eoul = AE‘system (kJ) (4-11)
" e
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

or, in the rate form, as

Ein - Eout = dEsyslem /dt (kW) (4-12)
— —_—
Rate of net energy transfer Rate of change in internal,
by heat, work, and mass kinetic, potential, etc., energies

For constant rates, the total quantities during a time interval Ar are related to the
quantities per unit time as

0=0At W=WAt AE=(dE/d)At  (k])
The energy balance can be expressed on a per unit mass basis as

e.

in ~ €out = Ae (kJ/kg) (4-13)

system
which is obtained by dividing all the quantities in Eq. 4-11 by the mass m of the
system. Energy balance can also be expressed in the differential form as

OE,, — OE = dE or de;, — de,, =de

system

(4-14)

system
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P

FIGURE 4-11
For a cycle AE = 0, thus net heat input
is equal to net work output.

| N
A v
General Ohetin + Whet,in = AEgystem

Stationary Onet,in T Whet,in = AUsystem
systems

Per unit mass  Gnet,in + Wnet,in = A€system

Differential  6¢net,in + 6Wnet,in = 9€system
form

FIGURE 4-12
Various forms of the first-law relation
for closed systems.

For a closed system undergoing a cycle, the initial and final states are identical,
and thus AE .. = E, — E; =0. T_hen, the energy balance for a cycle; simplifies
to £, - E,,=0orE, =E,,. Noting that a closed system does not involve any
mass flow across its boundaries, the energy balance for a cycle can be expressed
in terms of heat and work interactions as

Wnel,out = Qnel,in or Wnel,out = Qnel,in (fOI' a CyCle) (4_15)

That is, the net work output during a cycle is equal to net heat input (Fig. 4-11).

The forms of energy interactions a closed system can have with its surroundings
are heat transfer and work. Also, in the absence of special effects such as surface
tension and magnetism, the energy change of a closed system is the sum of the
changes of the internal, kinetic, and potential energies. Then the closed system

energy balance equation (E;, — E,, = AE.,) can be written explicitly as

Qi+ W)= (O + W) =AU+ AKE + APE (4-16)

or
Oretin T Wiein = AU + AKE + APE (4-17)

where Q .in = O, — O, 18 the net energy transfer to the system as heat and
Wioetin = Wi — Wy, is the net energy transfer to the system as work. Obtaining a
negative quantity for Q, .., or W, simply means that the assumed direction for
that quantity is wrong and should be reversed. Various forms of the first-law rela-
tion for closed systems are given in Fig. 4-12.

Of course, a process may involve multiple heat and work inputs and outputs.
A practical way of performing a closed-system energy balance is to identify the
relevant terms in Eq. 4-16 and dropping the other ones. For example, if air in a
stationary (i.e., no kinetic and potential energy changes), adiabatic (i.e., no heat
transfer), rigid tank (i.e., no boundary work) is electrically heated, the energy bal-
ance relation for the heating process reduces to W,; = AU.

The energy balance (or the first-law) relations already given are intuitive in
nature and are easy to use when the magnitudes and directions of heat and work
transfers are known. However, when performing a general analytical study or
solving a problem that involves an unknown heat or work interaction, we need to
assume a direction for the heat or work interactions. In such cases, it is very prac-
tical to assume heat to be transferred into the system (heat input) in the amount of
O, et.in> and work done on the system (work input) in the amount of W, ;,, and then
solve the problem. Obtaining a negative quantity for Q, . ;, or W, simply means
that the assumed direction is wrong and should be reversed. It is suggested to use
the basic Eq. 4-11 as the general energy balance equation in the energy analysis
of a system.

The first law cannot be proven mathematically, but no process in nature is
known to have violated the first law, and this should be taken as sufficient proof.
Note that if it were possible to prove the first law on the basis of other physical
principles, the first law then would be a consequence of those principles instead of
being a fundamental physical law itself.

As energy quantities, heat and work are not that different, and you probably
wonder why we keep distinguishing them. After all, the change in the energy
content of a system is equal to the amount of energy that crosses the system
boundaries, and it makes no difference whether the energy crosses the boundary
as heat or work. It seems as if the first-law relations would be much simpler if we
had just one quantity that we could call energy interaction to represent both heat
and work. Well, from the first-law point of view, heat and work are not different
at all. From the second-law point of view, however, heat and work are very dif-
ferent, as is discussed in later chapters.
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Consider a closed system such as a piston-cylinder device undergoing a quasi-
equilibrium process during which the pressure of the system remains constant. The
system is free to exchange energy with its surroundings in the forms of heat and work,
including boundary work. The energy balance for this system can be written as

E —-E AE

in out - system

Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O+ W) — Qe+ W) =AU + AKE + APE

or

Oreiin + Woein = AU + AKE + APE

net,in

Separating the boundary W, work from the other forms of work, the energy bal-
ance relation can be expressed as

Qnet,in + Wnet other,in — Wb,out = AU + AKE + APE

where the subscript ‘other’ is used to denote all kinds of work other than the

boundary work. A1S07 Qnel,in = Qin - Qout and Wnet other,in . other,in — Wolher,_olllt‘ i
The boundary work output for a closed system undergoing a quasi-equilibrium

expansion and compression process from state 1 to state 2 at a constant pressure

of P is, from Eq. 4-6,

w,=W, .=PV,-V)=pP,V,-PV,

,out

since P = P, = P,. The expression P(V/, — V,) represent work output since it is
a positive quantity when the system is expanding (V, > V,) and thus doing work
against the surroundings. When the system is being compressed (thus V/, < V))
the boundary work W, becomes a negative quantity automatically and thus work
input. Substituting this W, relation into the energy balance relation above and not-
ing that AU = U, — U,, we get, after rearranging,

Qnet,in + Wnetother,in = (UZ + PZVZ) - (Ul + Plvl) + AKE + APE

But H = U + PV is enthalpy by definition and thus (U, + P,V,) - (U, + P,V)) =
H 2= H 1= AH. Therefore, Onet,in + Whet other,in! =

Qnet,in + Whet other,in = AH
Qnet,in + w

net other,in

= AH + AKE + APE (4-18)

This equation is very convenient to use in the analysis of closed systems under-
going a constant-pressure quasi-equilibrium process since the boundary work
is automatically taken care of by the enthalpy terms, and one no longer needs
to determine it separately (Fig. 4-13). Equation 4-18 is valid for both expansion
and compression processes of closed systems since W, ;, = -W, .. =-P(V, - V). this relation is NOT valid for closed-
This can be shown easily by repeating the analysis above for a constant pressure system processes during which
compression process, and using +W, ; in the energy balance instead of =W, . pressure DOES NOT remain constant.

FIGURE 4-13

For a closed system undergoing a
quasi-equilibrium, P = constant
process, AU + W, = AH. Note that

]
m EXAMPLE 4-5 Electric Heating of Water Vapor at

u Constant Pressure
| |

B A piston—cylinder device contains 25 g of saturated water vapor that is maintained at a

B constant pressure of 300 kPa. A resistance heater within the cylinder is turned on and
passes a current of 0.2 A for 5 min from a 120-V source. At the same time, a heat loss of
3.7 kJ occurs. Determine the final temperature of the steam.
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SOLUTION Saturated water vapor in a piston—cylinder device expands at constant
pressure as a result of heating. The final temperature is to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy
changes are zero, AKE = APE = 0. Therefore, AE = AU, and internal energy is the only
form of energy of the system that may change during this process. 2 Electrical wires con-
stitute a very small part of the system, and thus the energy change of the wires can be
neglected.

Analysis We take the contents of the cylinder, including the resistance wires, as the
system (Fig. 4-14). This is a closed system since no mass crosses the system boundary
during the process. We observe that a piston—cylinder device typically involves a moving
boundary and thus boundary work W,. The pressure remains constant during the process
and thus P, = P,. Also, heat is lost from the system and electrical work W, is done on

P, kPa A the system. The only other form of work in this case is the electrical work, which can be
determined from
W, = VIAr = (120 V)(0.2 A)(300 s)(ﬂ> =72k
1000 VA
1 2
300 - The enthalpy of the water vapor at the initial state is
~ P,=300 kPa
State 1: Sat. vapor hy = hy @ 300 ke = 2724.9 kI /kg (Table A-5)

> To determine the enthalpy at the final state, we can use the general energy balance relation

v with the simplification that the boundary work is considered automatically by replacing
FIGURE 4-14 AU with AH for a constant-pressure expansion or compression process:
Schi i -U di

chematic and P-U diagram for E —E _ AE.
Example 4_5 in out system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies
We,in - Qout - Wb =AU
Win — OQou = AH =m(h, — h,)  (since P = constant)

7.2kJ —3.7klI = (0.025 kg)(h, — 2724.9) kJ/kg
h, = 2864.9 kJ/kg

Now the final state is completely specified since we know both the pressure and the
enthalpy. The temperature at this state is

State 2 12300 KPa T, = 199.5°C 2 200°C Table A-6
tate 2: = 199.5°C = 200° =
e = 28649 KI/kg [ > (Table A-6)

Therefore, the steam will be at 200°C at the end of this process.

Discussion Strictly speaking, the potential energy change of the steam is not zero for
this process since the center of gravity of the steam rose somewhat. Assuming an elevation
change of 1 m (which is rather unlikely), the change in the potential energy of the steam
would be 0.0002 kJ, which is very small compared to the other terms in the first-law rela-
tion. Therefore, in problems of this kind, the potential energy term is always neglected.

EXAMPLE 4-6 Unrestrained Expansion of Water

A rigid tank is divided into two equal parts by a partition. Initially, one side of the tank
contains 5 kg of water at 200 kPa and 25°C, and the other side is evacuated. The parti-
tion is then removed, and the water expands into the entire tank. The water is allowed to
exchange heat with its surroundings until the temperature in the tank returns to the initial
value of 25°C. Determine (a) the volume of the tank, () the final pressure, and (c) the heat
transfer for this process.



SOLUTION One-half of a rigid tank is filled with liquid water while the other side is
evacuated. The partition between the two parts is removed, and water is allowed to expand
and fill the entire tank while the temperature is maintained constant. The volume of the
tank, the final pressure, and the heat transfer are to be to determined.

Assumptions 1 The system is stationary and thus the kinetic and potential energy
changes are zero, AKE = APE = 0 and AE = AU. 2 The direction of heat transfer is to the
system (heat gain, Q, ). A negative result for O, indicates the assumed direction is wrong
and thus it is a heat loss. 3 The volume of the rigid tank is constant, and thus there is no
energy transfer as boundary work. 4 There is no electrical, shaft, or any other kind of work
involved.

Analysis We take the contents of the tank, including the evacuated space, as the system
(Fig. 4-15). This is a closed system since no mass crosses the system boundary during the
process. We observe that the water fills the entire tank when the partition is removed (pos-
sibly as a liquid—vapor mixture).

(a) Initially the water in the tank exists as a compressed liquid since its pressure
(200 kPa) is greater than the saturation pressure at 25°C (3.1698 kPa). Approximating the
compressed liquid as a saturated liquid at the given temperature, we find

Vjiquia,1 = Yy @ 250 = 0.001003 m3/kg =~ 0.001 m3/kg (Table A—4)
Then the initial volume of the water is
Vliquid1 = MVjiga1 = (5 kg)(0.001 m3*/kg) = 0.005 m?
The total volume of the tank is twice this amount:

Veank = Viiquias = (2)(0.005 m?) = 0.01 m*?

tanl

(b) At the final state, the specific volume of the water is
ﬁ _0.01 m?
m Skg

which is twice the initial value of the specific volume. This result is expected since the
volume doubles while the amount of mass remains constant.

v, = = 0.002 m%/kg

At25°C:  v,=0.001003 m®/kg and v, =43.340 m3/kg (Table A-4)

Since Uy < U, < U,, the water is a saturated liquid—vapor mixture at the final state, and thus
the pressure is the saturation pressure at 25°C:

P, =P qy5c=3.1698 kPa (Table A—4)

(c) Under stated assumptions and observations, the energy balance on the system can be
expressed as

AE

Ein - Eout

system
N———
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

Qi = AU =m(u, — u,)

Notice that even though the water is expanding during this process, the system chosen
involves fixed boundaries only (the dashed lines), and therefore the moving boundary work
is zero (Fig. 4-16). Then W = 0 since the system does not involve any other forms of work.
(Can you reach the same conclusion by choosing the water as our system?) Initially,

Uy = Upqosec = 104.83 kl/kg
The quality at the final state is determined from the specific volume information:
U, = Uy 0.002 -0.001

U,  43.34-0.001

23x107°

Xy =
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System boundary
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FIGURE 4-15

Schematic and P-v diagram for

Example 4-6.

FIGURE 4-16
Expansion against a vacuum involves
no work and thus no energy transfer.
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Then
Uy = Up+ Xylig,

= 104.83 kI/kg + (2.3 x 10~%)(2304.3 kI/kg)
= 104.88 kJ/kg

Substituting yields
0;, = (5kg)[(104.88 — 104.83) kI/kg] = 0.25 kJ

Discussion The positive sign indicates that the assumed direction is correct, and heat is
transferred to the water.

CYU 4-2 — Check Your Understanding

CYU 4-2.1 Select the quantities that are part of the total energy of a closed system.
I. Heat transfer II. Work III. Internal energy IV. Kinetic energy
(a) Iand II (b) T and III (¢) IIT and IV (d) 1, II, and III (e) I, III, and IV

CYU 4-2.2 Steam in a stationary adiabatic piston—cylinder device is being stirred by a mixer driven by a shaft. The
piston is free to move. The energy balance relation for this process in its simplest form is

(Cl) Ws =AU (b) Wsh,in - Qout =AU (C) Ws - Wb,out =AU (d) Wsh,in - Wb,out =AH
(e) Wyin + 0., = AH

h,in h,in

h,in

CYU 4-2.3 A well-insulated piston—cylinder device contains m kg of saturated liquid water at 7" and P. Now, an electri-
cal resistance heater submerged in water is turned on. The piston is free to rise at constant pressure. What is the amount
of electrical energy consumed when the last drop of liquid in the cylinder is vaporized?

((1) We, in — mhf@ P (b) We,in = mug @T (C) We,in = mhg @Pp (d) We,in = mhfg @T (e) We,in = mufg @T

CYU 4-2.4 A rigid tank is divided into two equal parts by a partition. Initially, one side of the tank contains water, and
the other side is evacuated. The partition is then removed, and the water expands into the entire tank. 180 J of heat is
transferred to the water during the process. The internal energy change of water and the work done during this process

are, respectively
(a) 0,18017 (b) 18017J,0 (c¢) 18017, 18017J (d) 0,0 (e) Insufficient information

CYU 4-2.5 During a process, 8 kJ of heat is lost from a stationary closed system while 5 kJ of work is done by the
system. The energy change AFE of the system is

(a) 13 kJ (b) —=13kJ (c) 3kJ (d) -3kJ (e) 5k

4-3 = SPECIFIC HEATS
1 kg 1 kg

Iron Water We know from experience that it takes different amounts of energy to raise the
temperature of identical masses of different substances by one degree. For exam-

2030 2030 ple, we need about 4.5 kJ of energy to raise the temperature of 1 kg of iron from 20
/A to 30°C, whereas it takes about nine times this much energy (41.8 kJ to be exact)
4.541& 418K to raise the temperature of 1 kg of liquid water by the same amount (Fig. 4-17).
Therefore, it is useful to have a property that will enable us to compare the energy

FIGURE 4-17 storage capabilities of various substances. This property is the specific heat.
It takes different amounts of energy The specific heat is defined as the energy required to raise the temperature
to raise the temperature of different of a unit mass of a substance by one degree (Fig. 4—18). In general, this energy

substances by the same amount. depends on how the process is executed. In thermodynamics, we are interested in



two kinds of specific heats: specific heat at constant volume ¢, and specific heat
at constant pressure c,,.

Physically, the specific heat at constant volume ¢, can be viewed as the energy
required to raise the temperature of the unit mass of a substance by one degree
as the volume is maintained constant. The energy required to do the same as the
pressure is maintained constant is the specific heat at constant pressure c,,. This is
illustrated in Fig. 4-19. The specific heat at constant pressure ¢, is always greater
than ¢, because at constant pressure the system is allowed to expand, and the
energy for this expansion work must also be supplied to the system.

Now we try to express the specific heats in terms of other thermodynamic prop-
erties. First, consider a fixed mass in a stationary closed system undergoing a con-
stant-volume process (and thus no expansion or compression work is involved).
The conservation of energy principle ¢,, — e, = Ae for this process can be
expressed in the differential form as

system

de,, — oe,, =du

The left-hand side of this equation represents the net amount of energy transferred
to the system. From the definition of ¢, this energy must be equal to ¢, dT, where
dT is the differential change in temperature. Thus,

c,dT =du at constant volume

o = (du)
= (Z
T/,
Similarly, an expression for the specific heat at constant pressure ¢, can be obtained
by considering a constant-pressure expansion or compression process. It yields

o= (57)
P \ar/,

Equations 4-19 and 4-20 are the defining equations for ¢, and ¢, and their inter-
pretation is given in Fig. 4-20.

Note that ¢, and ¢, are expressed in terms of other properties; thus, they must be
properties themselves. Like any other property, the specific heats of a substance
depend on the state that, in general, is specified by two independent, intensive
properties. That is, the energy required to raise the temperature of a substance by
one degree is different at different temperatures and pressures (Fig. 4-21). But
this difference is usually not very large.

A few observations can be made from Egs. 4-19 and 4-20. First, these equa-
tions are property relations and as such are independent of the type of processes.
They are valid for any substance undergoing any process. The only relevance ¢,
has to a constant-volume process is that ¢, happens to be the energy transferred
to a system during a constant-volume process per unit mass, per unit degree rise
in temperature. This is how the values of ¢, are determined. This is also how the
name specific heat at constant volume originated. Likewise, the energy transferred
to a system per unit mass per unit temperature rise during a constant-pressure pro-
cess happens to be equal to ¢,. This is how the values of ¢, can be determined, and
it also explains the origin of the name specific heat at constant pressure.

Another observation that can be made from Eqs. 4-19 and 4-20 is that ¢ is
related to the changes in internal energy and c, to the changes in enthalpy. In
fact, it would be more proper to define c, as the change in the internal energy of
a substance per unit change in temperature at constant volume. Likewise, ¢, can
be defined as the change in the enthalpy of a substance per unit change in tem-
perature at constant pressure. In other words, ¢, is a measure of the variation of

or

(4-19)

(4-20)
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m=1kg
AT =1°C

Specific heat = 5 kl/kg-°C

/A
4§

5k

FIGURE 4-18

Specific heat is the energy required to
raise the temperature of a unit mass
of a substance by one degree in a

V' = constant
m=1kg
AT = 1°C
c,=3.12

3.12kJ

specified way.

P = constant
m=1kg
AT = 1°C

6=519 =55

kg-°C

5.19kJ

FIGURE 4-19

Constant-volume and constant-pressure
specific heats ¢, and ¢, (values given

are for helium gas).
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2
Z (ﬂ)
vz \oT "
= the change in internal energy

with temperature at
constant volume

®

.~

%

2
(7
o =/XoT ),

= the change in enthalpy with
temperature at constant
pressure

FIGURE 4-20
Formal definitions of ¢, and c,,.
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internal energy of a substance with temperature, and c, is a measure of the varia-

Air Air tion of enthalpy of a substance with temperature.

Both the internal energy and enthalpy of a substance can be changed by the

m=1lke m=1lke transfer of energy in any form, with heat being only one of them. Therefore, the

SIS AEN S 1000 = 1001 K term specific energy is probably more appropriate than the term specific heat,

Pyl which implies that energy is transferred (and stored) in the form of heat.

A common unit for specific heats is kJ/kg-°C or kJ/kg-K. Notice that these

0.718 kJ 0.855kJ two units are identical since AT(°C) = AT(K), and a 1°C change in temperature

is equivalent to a change of 1 K. The specific heats are sometimes given on a

FIGURE.4__21 molar basis. They are then denoted by ¢, and ¢, and have the unit kJ/kmol-°C or
The specific heat of a substance KJ/kmol- K. r

changes with temperature.

CYU 4-3 — Check Your Understanding

CYU 4-3.1 Select the wrong statement regarding specific heats.

(a) The specific heat at constant volume is a measure of the variation of internal energy of a substance with temperature.
(b) The specific heat units kJ/kg-°C and kJ/kg-K are identical and can be used interchangeably.

(c) The specific heat at constant pressure can be less than the specific heat at constant volume.

(d) The energy needed to raise the temperature of a unit mass of a substance by 1°C depends on how the process is
executed.

(e) The specific heat at constant pressure is a measure of the variation of enthalpy of a substance with temperature.

CYU 4-3.2 A piston—cylinder device contains 1 kg of air at 10°C. As aresult of heat transfer from the surroundings, the
air temperature rises to 20°C at constant pressure. What is the internal energy change of the air during this process? For
air, take ¢, = 1 kl/kg-°C and ¢, = 0.7 kl/kg-°C.

(a) 3KkJ (b) TKI (c) 10kJ (d) 13kJ (e) OKJI

CYU 4-3.3 An adiabatic piston—cylinder device contains 1 kg air at 10°C. Now, an electric heater in the cylinder is
turned on and kept on until the air temperature rises by 1°C while the pressure remains constant. What is the amount of
boundary work done during this process? For air, take ¢, = 1 kJ/kg-°C and ¢, = 0.7 kl/kg-°C.

(a) 0.3kJ (b) 0.7kJ (c) 1kJ (d) 1.3kl (e) OKJ

Thermometer 4—-4 = INTERNAL ENERGY, ENTHALPY, AND
SPECIFIC HEATS OF IDEAL GASES

We defined an ideal gas as a gas whose temperature, pressure, and specific vol-
m Water ume are related by

Pu=RT

It has been demonstrated mathematically (Chap. 13) and experimentally (Joule,

/e 1843) that for an ideal gas the internal energy is a function of the temperature
| _(high pressure) __ Evacuated | only. That is,
u=u(T (4-21)
FIGURE 4—-22
Schematic of the experimental In his classical experiment, Joule submerged two tanks connected with a pipe

apparatus used by Joule. and a valve in a water bath, as shown in Fig. 4-22. Initially, one tank contained air



at a high pressure and the other tank was evacuated. When thermal equilibrium
was attained, he opened the valve to let air pass from one tank to the other until
the pressures equalized. Joule observed no change in the temperature of the water
bath and assumed that no heat was transferred to or from the air. Since there was
also no work done, he concluded that the internal energy of the air did not change
even though the volume and the pressure changed. Therefore, he reasoned, the
internal energy is a function of temperature only and not a function of pressure or
specific volume. (Joule later showed that for gases that deviate significantly from
ideal-gas behavior, the internal energy is not a function of temperature alone.)

Using the definition of enthalpy and the equation of state of an ideal gas, we
have

o AP = RT

Since R is constant and u = u(7), it follows that the enthalpy of an ideal gas is also
a function of temperature only:

h=h(T) (4-22)

Since u and / depend only on temperature for an ideal gas, the specific heats ¢, and ¢,
also depend, at most, on temperature only. Therefore, at a given temperature, u, h, c,,
and ¢, of an ideal gas have fixed values regardless of the specific volume or pressure
(Fig. 4-23). Thus, for ideal gases, the partial derivatives in Eqs. 4-19 and 4-20 can be
replaced by ordinary derivatives. Then, the differential changes in the internal energy
and enthalpy of an ideal gas can be expressed as

du=c(T)dT (4-23)

and

dh=c,(DdT (4-24)

The change in internal energy or enthalpy for an ideal gas during a process from
state 1 to state 2 is determined by integrating these equations:

2

Au=u,—u, = .[ c(M)dT  (kl/kg) (4-25)
1

and

2

Ah=h,—h,= L c,(DdT  (Kl/kg) (4-26)

To carry out these integrations, we need to have relations for ¢, and c, as functions
of temperature.

At low pressures, all real gases approach ideal-gas behavior, and therefore their
specific heats depend on temperature only. The specific heats of real gases at
low pressures are called ideal-gas specific heats, or zero-pressure specific heats,
and they are often denoted ¢, and c,. Accurate analytical expressions for ideal-
gas specific heats, based on direct measurements or calculations from statistical
behavior of molecules, are available and are given as third-degree polynomials in
the appendix (Table A-2c) for several gases. A plot of ¢ ,(7) data for some com-
mon gases is given in Fig. 4-24.

The use of ideal-gas specific heat data is limited to low pressures, but these data
can also be used at moderately high pressures with reasonable accuracy as long as
the gas does not deviate from ideal-gas behavior significantly.

The integrations in Eqs. 4-25 and 4-26 are straightforward but rather time-
consuming and thus impractical. To avoid these laborious calculations, # and &
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u=u(T)
h = h(T)

cy,=cy(T)
¢, =¢,(T)

00 @

FIGURE 4-23
For ideal gases, u, h, c,, and c, vary
with temperature only.

Cp0
kJ/kmol-K
60
50
40
30
Ar, He, Ne, Kr, Xe, Rn
20
| | |
1000 2000 3000
Temperature, K
FIGURE 4-24

Ideal-gas constant-pressure specific
heats for some gases (see Table A-2¢
for ¢, equations).
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(@)
O Air
T,K u, kl/kg h, KJ/kg
0 0 0
300 214.07 300.19
310 221.25 310.24
O . . .
W—
FIGURE 4-25

In the preparation of ideal-gas
tables, 0 K is chosen as the reference
temperature.

Approximation

Cpavg

Y

FIGURE 4-26

For small temperature intervals, the
specific heats may be assumed to vary
linearly with temperature.

Au=cy AT Au=cy AT
=7.18 kl/kg =7.18 kl/kg
FIGURE 4-27

The relation Au = ¢, AT is valid for any
kind of process, constant-volume or not.

data for a number of gases have been tabulated over small temperature intervals.
These tables are obtained by choosing an arbitrary reference point and performing
the integrations in Egs. 4-25 and 4-26 by treating state 1 as the reference state. In
the ideal-gas tables given in the appendix, zero kelvin is chosen as the reference
state, and both the enthalpy and the internal energy are assigned zero values at
that state (Fig. 4-25). The choice of the reference state has no effect on Au or Ah
calculations. The u and & data are given in kJ/kg for air (Table A—17) and usually
in kJ/kmol for other gases. The unit kJ/kmol is very convenient in the thermody-
namic analysis of chemical reactions.

Some observations can be made from Fig. 4-24. First, the specific heats of
gases with complex molecules (molecules with two or more atoms) are higher and
increase with temperature. Also, the variation of specific heats with temperature
is smooth and may be approximated as linear over small temperature intervals (a
few hundred degrees or less). Therefore, the specific heat functions in Eqs. 4-25
and 4-26 can be replaced by the constant average specific heat values. Then, the
integrations in these equations can be performed, yielding

Uy — Uy = cu,,‘wg(T2 -T) (kJ/kg) (4-27)
and

hy—h,=c, .. T,—T)) (kJ/kg) (4-28)

p.avg

The specific heat values for some common gases are listed as a function of tem-
perature in Table A-2b. The average specific heats ¢, ,,, and ¢, are evaluated
from this table at the average temperature (7, + 75,)/2, as shown in Fig. 4-26. If
the final temperature 7, is not known, the specific heats may be evaluated at T
or at the anticipated average temperature. Then 7, can be determined by using
these specific heat values. The value of T, can be refined, if necessary, by evalu-
ating the specific heats at the new average temperature.

Another way of determining the average specific heats is to evaluate them at 7,
and 7, and then take their average. Usually both methods give reasonably good
results, and one is not necessarily better than the other.

Another observation that can be made from Fig. 4-24 is that the ideal-gas spe-
cific heats of monatomic gases such as argon, neon, and helium remain constant
over the entire temperature range. Thus, Au and A/ of monatomic gases can easily
be evaluated from Eqs. 4-27 and 4-28.

Note that the Au and A#h relations given previously are not restricted to
any kind of process. They are valid for all processes. The presence of the
constant-volume specific heat ¢, in an equation should not lead one to believe
that this equation is valid for a constant-volume process only. On the contrary,
the relation Au = ¢, AT is valid for any ideal gas undergoing any process
(Fig. 4-27). A similar argument can be given for ¢, and Ah.

To summarize, there are three ways to determine the internal energy and
enthalpy changes of ideal gases (Fig. 4-28):

1. By using the tabulated u and & data. This is the easiest and most accurate
way when tables are readily available.

2. By using the ¢, or ¢, relations as a function of temperature and performing
the integrations. This is very inconvenient for hand calculations but quite
desirable for computerized calculations. The results obtained are very
accurate.

3. By using average specific heats. This is very simple and certainly very con-

venient when property tables are not available. The results obtained are rea-
sonably accurate if the temperature interval is not very large.



Specific Heat Relations of Ideal Gases

A special relationship between ¢, and ¢, for ideal gases can be obtained by differ-
entiating the relation 7 = u + R7T, which yields

dh=du+ RdT

Replacing dh with ¢,dT and du with ¢,dT and dividing the resulting expression
by dT, we obtain

c,=c,+R  (KI/kgK) (4-29)

This is an important relationship for ideal gases since it enables us to determine c,,
from a knowledge of ¢, and the gas constant R.

When the specific heats are given on a molar basis, R in Eq. 4-29 should be
replaced by the universal gas constant R, (Fig. 4-29).

¢,=¢,+R

(kJ/kmol-K) (4-30)

u

At this point, we introduce another ideal-gas property called the specific heat
ratio k, defined as

k=-L (4-31)

The specific ratio also varies with temperature, but this variation is very mild. For
monatomic gases, its value is essentially constant at 1.667. Many diatomic gases,
including air, have a specific heat ratio of about 1.4 at room temperature.

[}
m EXAMPLE 4-7 Evaluation of the Au of an Ideal Gas

]

m Air at 300 K and 200 kPa is heated at constant pressure to 600 K. Determine the change in

B internal energy of air per unit mass, using (a) data from the air table (Table A—17), (b) the
functional form of the specific heat (Table A—2c), and (c) the average specific heat value
(Table A-2b).

SOLUTION The internal energy change of air is to be determined in three different
ways.

Assumptions At specified conditions, air can be considered to be an ideal gas since it is
at a high temperature and low pressure relative to its critical-point values.

Analysis The internal energy change Au of ideal gases depends on the initial and final
temperatures only, and not on the type of process. Thus, the following solution is valid for
any kind of process.

(a) One way of determining the change in internal energy of air is to read the u values at T,
and 7, from Table A—17 and take the difference:

U = Ug sk = 214.07 kI/kg
Uy = Ug gk = 434.78 kI/kg
Thus,
Au=u, —u, =(434.78 — 214.07)kJ/kg = 220.71 kJ/kg
(b) The ¢,(T) of air is given in Table A-2c in the form of a third-degree polynomial
expressed as

¢ (D) =a+bT + cT? + dT°
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Au = u, — uy (table)
2

Au= J cy/(ydl;
1

Au = cy 4y AT

FIGURE 4-28
Three ways of calculating Au.

% bl

Air at 300 K

c,=0.718 kl/kg-K

R = 0287 ki/kg:K J & = 1005 KikgK

or

¢, =20.80 kJ/kmol- K 1 _ /
xS

.

FIGURE 4-29

The ¢, of an ideal gas can be
determined from a knowledge of ¢,
and R.



166

where a = 28.11, b = 0.1967 x 1072, ¢ = 0.4802 x 107>, and d = —1.966 x 10~°. From
Eq. 4-30,
¢ =c,—R,=(@—-R,)+bT+cT*+dT’

From Eq. 4-25,
2 T,
Au = dTJ c(D)dT = J [(a —R,) + bT + cT* + dT31dT
1 T,

Performing the integration and substituting the values, we obtain
Au = 6447 kJ/kmol

The change in the internal energy on a unit-mass basis is determined by dividing this value
by the molar mass of air (Table A—1):
y= Au 6447 kJ/kmol

S0 T O 222.5k)/kg
M~ 28.97 kg/kmol

which differs from the tabulated value by 0.8 percent.

(¢) The average value of the constant-volume specific heat c,,,, is determined from Table
A-2b at the average temperature of (7', + 7,)/2 = 450 K to be

Come = Cva@asok = 0.733 kI/kg K

Thus,
Au=c (T, —T,) = (0.733 kJ/kg-K)[(600 — 300)K]

v,avg

= 220 k) /kg

Discussion This answer differs from the tabulated value (220.71 kJ/kg) by only 0.4
percent. This close agreement is not surprising since the assumption that ¢, varies lin-
early with temperature is a reasonable one at temperature intervals of only a few hundred
degrees. If we had used the ¢, value at 7| = 300 K instead of at 7, ,, the result would be

Vg’
215.4 kl/kg, which is in error by about 2 percent. Errors of this magnitude are acceptable

\ for most engineering purposes.

} He

} m=1.5lbm

| T, =80°F

| _ . [ |

| 1 & 0 g W EXAMPLE 4-8 Heating of a Gas in a Tank by Stirring =

sh
| |
SV % P An insulated rigid tank initially contains 1.5 lbm of helium at 80°F and 50 psia. A paddle m

- wheel with a power rating of 0.02 hp is operated within the tank for 30 min. Determine ®

(a) the final temperature and (b) the final pressure of the helium gas.
P, psia
SOLUTION Helium gas in an insulated rigid tank is stirred by a paddle wheel. The
final temperature and pressure of helium are to be determined.

Py 2 Assumptions 1 Helium is an ideal gas since it is at a very high temperature relative to
its critical-point value of —451°F. 2 Constant specific heats can be used for helium. 3 The
system is stationary and thus the kinetic and potential energy changes are zero, AKE =
APE = 0 and AE = AU. 4 The volume of the tank is constant, and thus there is no bound-
ary work. 5 The system is adiabatic and thus there is no heat transfer.

[0} 1 Analysis We take the contents of the tank as the system (Fig. 4-30). This is a closed sys-
\ tem since no mass crosses the system boundary during the process. We observe that there
\ is shaft work done on the system.

(a) The amount of paddle-wheel work done on the system is

FIGURE 4-30 W,, = W, At = (0.02 hp)(0.5 h) <—254f B/ h>

Schematic and P-V diagram for
Example 4-8.

=25.45 Btu



Under the stated assumptions and observations, the energy balance on the system can be
expressed as

Ein - Eout = AE‘system
~—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies
Wsh,in =AU=mu, —u)) = mcu,avg(TZ = 1y)

As we pointed out earlier, the ideal-gas specific heats of monatomic gases (helium being
one of them) are constant. The ¢, value of helium is determined from Table A—2Ea to be
¢, = 0.753 Btu/lbm-°F. Substituting this and other known quantities into the preceding
equation, we obtain

25.45 Btu = (1.5 1bm)(0.753 Btu/Ibm-°F)(T 2 — 80)°F
T2 = 102.5°F

(b) The final pressure is determined from the ideal-gas relation

PIVI _P2V2
L I

where V| and V, are identical and cancel out. Then the final pressure becomes

S50 psia P,
(80 4+ 460)R  (102.5 + 460)R
P, = 52.1 psia

Discussion Note that the pressure in the ideal-gas relation is always the absolute
pressure.

EXAMPLE 4-9 Heating of a Gas by a Resistance Heater

A piston—cylinder device initially contains 0.5 m? of nitrogen gas at 400 kPa and 27°C. An
electric heater within the device is turned on and is allowed to pass a current of 2 A for
5 min from a 120-V source. Nitrogen expands at constant pressure, and a heat loss of 2800 J
occurs during the process. Determine the final temperature of nitrogen.

SOLUTION Nitrogen gas in a piston—cylinder device is heated by an electric resistance
heater. Nitrogen expands at constant pressure while some heat is lost. The final tempera-
ture of nitrogen is to be determined.
Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure
relative to its critical-point values of —147°C and 3.39 MPa. 2 The system is stationary,
and thus the kinetic and potential energy changes are zero, AKE = APE =0 and AE = AU.
3 The pressure remains constant during the process and thus P, = P,. 4 Nitrogen has con-
stant specific heats at room temperature.
Analysis We take the contents of the cylinder as the system (Fig. 4-31). This is a closed
system since no mass crosses the system boundary during the process. We observe that a
piston—cylinder device typically involves a moving boundary and thus boundary work, W,.
Also, heat is lost from the system and electrical work W, is done on the system.

First, let us determine the electrical work done on the nitrogen:

W, = VI At = (120 V)(2 A)(5 X 60 %ﬂ) =72k
1000 VA
The mass of nitrogen is determined from the ideal-gas relation:
3
"= PV _ (400 kPa)(0.5 m”) = 2245 kg

"~ RT,  (0.297 kPa-m3/kg-K)(300K)
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2A P = const.
V,=05m’
120 V P, =400 kPa
T, =27°C

P, kPa A

400 -~ —¢——>——

FIGURE 4-31
Schematic and P-V diagram for
Example 4-9.
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Under the stated assumptions and observations, the energy balance on the system can be
expressed as

Ein - Eout = AE

system
——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

W,

e,in

- Qoul - Wb,oul =AU
Wein— Qoul = AH= m(hz - h]) = me(TZ = T])

e,in

since AU + W, = AH for a closed system undergoing a quasi-equilibrium expansion or
compression process at constant pressure. From Table A-2a, ¢, = 1.039 kJ/kg-K for nitro-
gen at room temperature. The only unknown quantity in the previous equation is 7, and it
is found to be

72 kT — 2.8 kI = (2.245 kg)(1.039 kJ/kg-K)(T, — 27)°C
T, = 56.7°C

Discussion Note that we could also solve this problem by determining the boundary
work and the internal energy change rather than the enthalpy change.

EXAMPLE 4-10 Heating of a Gas at Constant Pressure

A piston—cylinder device initially contains air at 150 kPa and 27°C. At this state, the piston m
is resting on a pair of stops, as shown in Fig. 4-32, and the enclosed volume is 400 L. The ®
mass of the piston is such that a 350-kPa pressure is required to move it. The air is now
heated until its volume has doubled. Determine (a) the final temperature, (b) the work done
by the air, and (c) the total heat transferred to the air.

SOLUTION Air in a piston—cylinder device with a set of stops is heated until its vol-
ume is doubled. The final temperature, work done, and the total heat transfer are to be
determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure
relative to its critical-point values. 2 The system is stationary and thus the kinetic and
potential energy changes are zero, AKE = APE = 0 and AE = AU. 3 The volume remains
: constant until the piston starts moving, and the pressure remains constant afterwards.
} 4 There are no electrical, shaft, or other forms of work involved.

V;=400L | Analysis We take the contents of the cylinder as the system (Fig. 4-32). This is a closed
Py=150kPa | system since no mass crosses the system boundary during the process. We observe that a
piston—cylinder device typically involves a moving boundary and thus boundary work, W,.

T, =2
77777777777 Also, the boundary work is done by the system, and heat is transferred to the system.
(a) The final temperature can be determined easily by using the ideal-gas relation between

B

=
Q
Q

P, kPat states 1 and 3 in the following form:
) 3 PV, _ PV, . (150 kPa)(V,) _ (350 kPa)(2V))
350 F——— > 4 T, T, 300 K T,
: T, = 1400 K
A : (b) The work done could be determined by integration, but for this case it is much easier to
A : find it from the area under the process curve on a P-V diagram, shown in Fig. 4-32:
|
150 L : W,3= Area = (U, — V)P, = (0.4 m?)(350 kPa) = 140 m*kPa
- I
I
i : Therefore,
0.4 08 V,m? W, =140 kJ
FIGURE 4-32 The work is done by the system (to raise the piston and to push the atmospheric air out of
Schematic and P-V diagram for the way), and thus it is work output.

Example 4-10.
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(c) Under the stated assumptions and observations, the energy balance on the system
between the initial and final states (process 1-3) can be expressed as

Ein - Eout = AEsystem
S——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

Qin - Wh,out =AU= m(MS - ul)
The mass of the system can be determined from the ideal-gas relation:

_PY _ (150 kPa)(0.4 m?) G
RT, (0.287 kPa-m%/kg-K)(300K)

97 kg

The internal energies are determined from the air table (Table A—17) to be
U = Ugaog = 214.07 kl/kg
Uy = Ug ok = 1113.52 kI/kg

Thus,

0., — 140 kI = (0.697 kg)[(1113.52 — 214.07) kl/kg]
0,, = 767K]J

Discussion The positive sign verifies that heat is transferred to the system.

CYU 4-4 — Check Your Understanding

CYU 4-4.1 Select the correct equations for ideal gases.
Le,=¢,+R II.h=u+RT L. du = ¢, dT
(a) Iand I (b) I'and III (c) I and IIT (d) L 1I, and IIT (e) Only I

CYU 4-4.2 A piston—cylinder device contains m kg of oxygen at T;, P,, and V,. As a result of heat transfer from an
external source, the state of oxygen changes to 7, and V/, while the pressure remains constant at P,. The amount of heat
transfer during this process (in kJ) can be determined from

@ Q=me,(T,~T) (b) Q= me,(T,~T) (©) O =mu,— u,) ) Q=P,V,~ V)
2

(e) 0= J cp(T)dT
1

CYU 4-4.3 A rigid tank contains m kg of an ideal gas at 7', and P,. As a result of electrical work W, done on the gas and
heat Q lost from the gas, the state of the gas changes to 7, and P,. An energy balance on the system can be written as

(a) We,in + Qout = m(u2 - ul) (b) _We,out - Qout = m(u2 - ul) (C) We,in - Qout = m(hZ - hl)
(d) We,in - Qout = mCU(TZ - Tl) (e) We,in - Qout = mcp(TZ - Tl)

CYU 4-4.4 A piston—cylinder device contains m kg of air at T}, P,, and V/,. Now, heat in the amount of Q is transferred
to the air and the state of air changes to 7, and V, while the pressure remains constant at P,. An energy balance on the
system can be written as

(@) Qi + Wy =m(hy — hy) (b) Oy, =m(uy —uy) © Qin = Wy oo =muy — uy)
d) Qn=mcy(T,—T)) (@ Wiyin— Qou=mlhy — hy)
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CYU 4-4.5 A rigid tank contains 0.2 kg of air at 90°C. As a result of heat loss to the surroundings, the air temperature
is decreased to 70°C. What is the amount of heat transfer during this process? For air, take ¢, = 1 kJ/kg-°C and ¢, =

0.7 kl/kg-°C.
(@) 1.4KJ

(b) 2.8kJ

(c) 4Kl (d) 14kJ (e) 20kJ

CYU 4-4.6 A piston-cylinder device contains 1 kg of an ideal gas at 10°C. Now, 11 kJ of electrical work is done on
the gas, increasing its temperature to 20°C at constant pressure. What is the amount of boundary work done during this
process? For the ideal gas, take ¢, = 0.8 kl/kg-°C.

(a) OKJ

(b) 3KJ

Liquid
U; = constant

U = constant

FIGURE 4-33

The specific volumes of
incompressible substances remain
constant during a process.

FIGURE 4-34

The ¢, and ¢, values of
incompressible substances are
identical and are denoted by c.

(c) 8KI (d) 11kJ (e) 14KkJ

4-5 = INTERNAL ENERGY, ENTHALPY,
AND SPECIFIC HEATS OF SOLIDS
AND LIQUIDS

A substance whose specific volume (or density) is constant is called an incom-
pressible substance. The specific volumes of solids and liquids essentially
remain constant during a process (Fig. 4-33). Therefore, liquids and solids can be
approximated as incompressible substances without sacrificing much in accuracy.
The constant-volume assumption should be taken to imply that the energy associ-
ated with the volume change is negligible compared with other forms of energy.
Otherwise, this assumption would be ridiculous for studying the thermal stresses
in solids (caused by volume change with temperature) or analyzing liquid-in-glass
thermometers.

It can be mathematically shown (see Chap. 13) that the constant-volume and con-
stant-pressure specific heats are identical for incompressible substances (Fig. 4-34).
Therefore, for solids and liquids, the subscripts on ¢, and ¢, can be dropped, and both
specific heats can be represented by a single symbol c. That is,

c,=c,=c¢ (4-32)

This result could also be deduced from the physical definitions of constant-
volume and constant-pressure specific heats. Specific heat values for several
common liquids and solids are given in Table A-3.

Internal Energy Changes

Like those of ideal gases, the specific heats of incompressible substances depend
on temperature only. Thus, the partial differentials in the defining equation of ¢,
can be replaced by ordinary differentials, which yield

du=c,dT =c(T) dT (4-33)
The change in internal energy between states 1 and 2 is then obtained by
integration:

2
Au=u,—u, = I (D) dT (kJ/kg) (4-34)
1

The variation of specific heat ¢ with temperature should be known before this
integration can be carried out. For small temperature intervals, a ¢ value at the
average temperature can be used and treated as a constant, yielding

Auzc,,(T, =T,  (kl/kg) (4-35)

avg
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Enthalpy Changes

Using the definition of enthalpy & = u + PV and noting that V = constant, the dif-
ferential form of the enthalpy change of incompressible substances can be deter-
mined by differentiation to be

0
dh=du+vdP+Pdv” =du+vdpP (4-36)

Integrating,

Ah=Au+ VAP =c,

avg

AT+UAP  (K/kg) (4-37)

For solids, the term U AP is insignificant, and thus Ah = Au=c
two special cases are commonly encountered:

AT. For liquids,

avg

1. Constant-pressure processes, as in heaters (AP = 0): Ah = Au = ¢, AT
2. Constant-temperature processes, as in pumps (AT = 0): Ah =V AP

For a process between states 1 and 2, the last relation can be expressed as
hy, — h, = U(P, — P,). By taking state 2 to be the compressed liquid state at a given
T and P and state 1 to be the saturated liquid state at the same temperature, the
enthalpy of the compressed liquid can be expressed as

hepr=hiar+ Ve (P —Pyar) (4-38)

as discussed in Chap. 3. This is an improvement over the assumption that the
enthalpy of the compressed liquid could be taken as A, at the given temperature
(that is, he pr = hy @ 7). However, the contribution of the last term is often very
small and is neglected. (Note that at high temperatures and pressures, Eq. 4-38
may overcorrect the enthalpy and result in a larger error than the approximation
h=h e r)

|

m EXAMPLE 4—11 Enthalpy of Compressed Liquid

|

m Determine the enthalpy of liquid water at 100°C and 15 MPa (a) by using compressed

B liquid tables, (b) by approximating it as a saturated liquid, and (c) by using the correction
given by Eq. 4-38.

SOLUTION The enthalpy of liquid water is to be determined exactly and approximately.
Analysis At 100°C, the saturation pressure of water is 101.42 kPa, and since P > P,
the water exists as a compressed liquid at the specified state.

sat’

(a) From compressed liquid tables, we read

P =15 MPa

h =430.39 kJ/k Table A-
T = 100°C } J/kg (Table A—7)

This is the exact value.

(b) Approximating the compressed liquid as a saturated liquid at 100°C, as is commonly
done, we obtain

h Ry e = 419.17 kI /kg

This value is in error by about 2.6 percent.
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FIGURE 4-35
Schematic for Example 4—12.

(c) From Eq. 4-38,
heprZhertVier(P—Pyar)

= (419.17 kJ/kg) + (0.001 m3/kg)[(15,000 — 101.42) kPa] <%)

kPa-m
= 434.07 kJ/kg

Discussion Note that the correction term reduced the error from 2.6 to about 1 percent
in this case. However, this improvement in accuracy is often not worth the extra effort
involved.

EXAMPLE 4-12 Cooling of an Iron Block by Water

A 50-kg iron block at 80°C is dropped into an insulated tank that contains 0.5 m? of liquid
water at 25°C. Determine the temperature when thermal equilibrium is reached.

SOLUTION An iron block is dropped into water in an insulated tank. The final tem-
perature when thermal equilibrium is reached is to be determined.

Assumptions 1 Both water and the iron block are incompressible substances.
2 Constant specific heats at room temperature can be used for water and the iron.
3 The system is stationary, and thus the kinetic and potential energy changes are zero,
AKE = APE = 0 and AE = AU. 4 There are no electrical, shaft, or other forms of work
involved. 5 The system is well insulated and thus there is no heat transfer.

Analysis We take the entire contents of the tank as the system (Fig. 4-35). This is a
closed system since no mass crosses the system boundary during the process. We observe
that the volume of a rigid tank is constant, and thus there is no boundary work. The energy
balance on the system can be expressed as

E;, - Eout = AEsystem
—_———
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

0 = AU

The total internal energy U is an extensive property, and therefore it can be expressed as
the sum of the internal energies of the parts of the system. Then the total internal energy
change of the system becomes

=0
=0

AU, = AUy, + AU

1ron water
[mC(TZ - Tl)]iron + [mC(TZ - Tl)]waler
The specific volume of liquid water at or about room temperature can be taken to be
0.001 m*/kg. Then the mass of the water is

3
Myyater = z = ()Sim =500 kg
U 0.001 m3/kg

The specific heats of iron and liquid water are determined from Table A-3 to be
Ciron = 0.45 kJ/kg-°C and ¢ = 4.18 kJ/kg-°C. Substituting these values into the energy
equation, we obtain

water

(50 kg)(0.45 kI/kg-°C)(T, — 80°C) + (500 kg)(4.18 kI/kg-°C)(T, — 25°C) = 0
T, =25.6°C

Therefore, when thermal equilibrium is established, both the water and iron will be at
25.6°C.

Discussion The small rise in water temperature is due to its large mass and large spe-
cific heat.
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n v
m EXAMPLE 4-13 Cooling of Carbon Steel Balls in Air Air, 35°C
u Furnace
m Carbon steel balls (p = 7833 kg/m? and ¢, = 0.465kJ/kg-°C) 8 mm in diameter are annealed 900°C Steel ball  100°C
B by heating them first to 900°C in a furnace, and then allowing them to cool slowly to ]
100°C in ambient air at 35°C, as shown in Fig. 4-36. If 2500 balls are to be annealed per
hour, determine the total rate of heat transfer from the balls to the ambient air. |

SOLUTION Carbon steel balls are to be annealed at a rate of 2500/h by heating them FIGURE 4-36
first and then allowing them to cool slowly in ambient air. The total rate of heat transfer Schematic for Example 4—13.
from the balls to the ambient air is to be determined.

Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in

kinetic and potential energies. 3 The balls are at a uniform temperature at the end of the process.

Properties The density and specific heat of the balls are given to be p = 7833 kg/m? and

¢, = 0.465 kl/kg-°C.

Analysis We take a single ball as the system. The energy balance for this closed system

can be expressed as

E in E out = AE, system
~—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

—Qou = AUy = m(uy — uy)
Qout = mc(Tl - TZ)
The amount of heat transfer from a single ball is

3 3
o=l p% — (7833 kg/m?) PO M7 _ ) 60010 ke
0, = me(T, — T,) = (0.00210 ke)(0.465 k)/kg-°C)(900 — 100)°C

= 0.781 KJ (per ball)

Then the total rate of heat transfer from the balls to the ambient air becomes

O = g Qe = (2500 ball/h)(0.781 kJ/ball) = 1953 ki/h = 542 W

Discussion For solids and liquids, constant-pressure and constant-volume specific heats
are identical and can be represented by a single symbol c¢. However, it is customary to use
the symbol ¢, for the specific heat of incompressible substances.

CYU 4-5 — Check Your Understanding

CYU 4-5.1 Liquid water at /|, T}, and P, is compressed by a pump to a pressure of P,. The work input to the pump per
unit mass is

(@ w=v,(P,— P b) w=mce,(T,—T),) () w=c,(P,—P)) d w=cT,-T))

(e) w=m(P,— P)/v,

CYU 4-5.2 A hot copper block at 7', with a mass of m, and specific heat of ¢, is placed in a tank containing cold water
at 7, with a mass of m, and specific heat of c,. Heat is lost from the tank to the surroundings in the amount of Q. Copper

block and water reach thermal equilibrium at the end of the process at a temperature of 7. The energy balance for this
system (copper block + water) can be written as

(a) Qpu=mc(T, — Ty) + mycy(Ty— ) b)) =W, + 0= mlcl(Tf — )i+ m2c2(Tf— T,)

(©) O,= _mlcl(rf_ T)+ mzcz(Tf_ Ty (d) Qo= mlcl(Tf_ T) - mzc2(Tf— Ty

(e) =0, = myc (T, — IR m2c2(Tf— T,)

CYU 4-5.3 A tank contains 1 kg water at 50°C. Now, 20,000 J of heat is lost from the water to its surroundings. What
is the final temperature of the water in the tank? For water, take ¢, = 4 kJ/kg-°C.

(a) 45°C (b) 40°C (c) 30°C (d) 20°C (e) 0°C
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TOPIC OF SPECIAL INTEREST* Thermodynamic Aspects of Biological Systems

An important and exciting application area of thermodynamics is biological sys-
tems, which are the sites of rather complex and intriguing energy transfer and trans-
formation processes. Biological systems are not in thermodynamic equilibrium, and
thus they are not easy to analyze. Despite their complexity, biological systems are
primarily made up of four simple elements: hydrogen, oxygen, carbon, and nitrogen.
In the human body, hydrogen accounts for 63 percent, oxygen 25.5 percent, carbon
9.5 percent, and nitrogen 1.4 percent of all the atoms. The remaining 0.6 percent of
the atoms comes from 20 other elements essential for life. By mass, about 72 percent
of the human body is water.

The building blocks of living organisms are cells, which resemble minia-
ture factories performing functions that are vital for the survival of organisms.
A biological system can be as simple as a single cell. The human body contains
about 100 trillion cells with an average diameter of 0.01 mm. The membrane of
the cell is a semipermeable wall that allows some substances to pass through it
while excluding others.

In a typical cell, thousands of chemical reactions occur every second, dur-
ing which some molecules are broken down and energy is released and some
new molecules are formed. This high level of chemical activity in the cells,
which maintains the human body at a temperature of 37°C while performing
the necessary bodily tasks, is called metabolism. In simple terms, metabolism
refers to the burning of foods such as carbohydrates, fat, and protein. The rate
of metabolism in the resting state is called the basal metabolic rate, which is
the rate of metabolism required to keep a body performing the necessary func-
tions (such as breathing and blood circulation) at zero external activity level.
The metabolic rate can also be interpreted as the energy consumption rate for
a body. For a male (30 years old, 70 kg, 1.8-m? body surface area), the basal
metabolic rate is 84 W. That is, the body dissipates energy to the environment
at a rate of 84 W, which means that the body is converting the chemical energy
of food (or of body fat if the person has not eaten) into thermal energy at a rate
of 84 W (Fig. 4-37). The metabolic rate increases with the level of activity, and
it may exceed 10 times the basal metabolic rate when a body is doing strenuous
exercise. That is, two people doing heavy exercising in a room may be sup-
plying more energy to the room than a 1-kW electrical resistance heater (Fig.
1.2 kl/s 4-38). The fraction of sensible heat varies from about 40 percent in the case of
heavy work to about 70 percent in the case of light work. The rest of the energy
is rejected from the body by perspiration in the form of latent heat.

FIGURE 4-37

An average male dissipates energy
to the surroundings at a rate of 84 W
when resting.

Roberto Westbrook/Blend Images LLC

1 kJ/s The basal metabolic rate varies with sex, body size, general health conditions,

ﬁ and so forth, and decreases considerably with age. This is one of the reasons people

tend to put on weight in their late twenties and thirties even though they do not

R increase their food intake. The brain and the liver are the major sites of metabolic

activity. These two organs are responsible for almost 50 percent of the basal meta-

FIGURE 4-38 bolic rate of an adult human body, although they constitute only about 4 percent

of the body mass. In small children, it is remarkable that about half of the basal
metabolic activity occurs in the brain alone.

The biological reactions in cells occur essentially at constant temperature,
pressure, and volume. The temperature of the cell tends to rise when some
chemical energy is converted to heat, but this energy is quickly transferred to
the circulatory system, which transports it to outer parts of the body and even-
tually to the environment through the skin.

Two fast-dancing people supply more
energy to a room than a 1-kW electric
resistance heater.

*This section can be skipped without a loss in continuity.



The muscle cells function very much like an engine, converting the chemical
energy into mechanical energy (work) with a conversion efficiency of close to
20 percent. When the body does no net work on the environment (such as mov-
ing some furniture upstairs), the entire work is also converted to heat. In that
case, the entire chemical energy in the food released during metabolism in the
body is eventually transferred to the environment. A TV set that consumes elec-
tricity at a rate of 300 W must reject heat to its environment at a rate of 300 W
in steady operation regardless of what goes on in the set. That is, turning on a
300-W TV set or three 100-W lightbulbs will produce the same heating effect
in a room as a 300-W resistance heater (Fig. 4-39). This is a consequence of
the conservation of energy principle, which requires that the energy input into a
system must equal the energy output when the total energy content of a system
remains constant during a process.

Food and Exercise

The energy requirements of a body are met by the food we eat. The nutrients
in the food are considered in three major groups: carbohydrates, proteins, and
fats. Carbohydrates are characterized by having hydrogen and oxygen atoms
in a 2:1 ratio in their molecules. The molecules of carbohydrates range from
very simple (as in plain sugar) to very complex or large (as in starch). Bread
and plain sugar are the major sources of carbohydrates. Proteins are very large
molecules that contain carbon, hydrogen, oxygen, and nitrogen, and they are
essential for the building and repairing of the body tissues. Proteins are made
up of smaller building blocks called amino acids. Complete proteins such as
meat, milk, and eggs have all the amino acids needed to build body tissues.
Plant source proteins such as those in fruits, vegetables, and grains lack one or
more amino acids and are called incomplete proteins. Fats are relatively small
molecules that consist of carbon, hydrogen, and oxygen. Vegetable oils and
animal fats are major sources of fats. Most foods we eat contain all three nutri-
tion groups at varying amounts. The typical average American diet consists of
45 percent carbohydrate, 40 percent fat, and 15 percent protein, although it is
recommended that in a healthy diet less than 30 percent of the calories should
come from fat.

The energy content of a given food is determined by burning a small sample
of the food in a device called a bomb calorimeter, which is basically a well-
insulated rigid tank (Fig. 4—40). The tank contains a small combustion chamber
surrounded by water. The food is ignited and burned in the combustion cham-
ber in the presence of excess oxygen, and the energy released is transferred to
the surrounding water. The energy content of the food is calculated on the basis
of the conservation of energy principle by measuring the temperature rise of
the water. The carbon in the food is converted into CO, and hydrogen into H,O
as the food burns. The same chemical reactions occur in the body, and thus the
same amount of energy is released.

Using dry (free of water) samples, the average energy contents of the three
basic food groups are determined by bomb calorimeter measurements to
be 18.0 MJ/kg for carbohydrates, 22.2 MJ/kg for proteins, and 39.8 MJ/kg
for fats. These food groups are not entirely metabolized in the human body,
however. The fraction of metabolizable energy contents are 95.5 percent for
carbohydrates, 77.5 percent for proteins, and 97.7 percent for fats. That is,
the fats we eat are almost entirely metabolized in the body, but close to one-
quarter of the protein we eat is discarded from the body unburned. This cor-
responds to 4.1 Calories/g for proteins and carbohydrates and 9.3 Calories/g
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A 300-W
refrigerator

A 300-W
resistance heater

A 300-W TV

Two pec;ple, each
dissipating 150 W

Three light bulbs,
100 W each

”)

7 —

A 100-W computer Solar
with a 200-W energy
monitor 300 W

FIGURE 4-39

Some arrangements that supply a
room with the same amount of energy
as a 300-W electric resistance heater.

Mixer Electrical
and motor  gwitch

Bomb
(combustion
chamber)

Insulation

FIGURE 4-40

Schematic of a bomb calorimeter used
to determine the energy content of
food samples.
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3 cookies (32 g)

Fat: (8 2)(9.3 Cal/g) = 74.4 Cal

Protein: (2 g)(4.1 Cal/g) = 8.2 Cal
Carbohydrates: (21 g)(4.1 Cal/g) = 86.1 Cal
Other: (1 g)(0 Cal/g) =0

TOTAL (for 32 g): 169 Cal

FIGURE 4-41

Evaluating the calorie content of one
serving of chocolate chip cookies
(values are for Chips Ahoy cookies
made by Nabisco).

Comstock/Getty Images

for fats (Fig. 4-41) commonly seen in nutrition books and on food labels.
The energy contents of the foods we normally eat are much lower than the
preceding values because of the large water content (water adds bulk to the
food, but it cannot be metabolized or burned, and thus it has no energy value).
Most vegetables, fruits, and meats, for example, are mostly water. The average
metabolizable energy contents of the three basic food groups are 4.2 MJ/kg
for carbohydrates, 8.4 MJ/kg for proteins, and 33.1 MJ/kg for fats. Note that
1 kg of natural fat contains almost 8 times the metabolizable energy of 1 kg of
natural carbohydrates. Thus, a person who fills his stomach with fatty foods is
consuming much more energy than a person who fills his stomach with carbo-
hydrates such as bread or rice.

The metabolizable energy content of foods is usually expressed by nutri-
tionists in terms of the capitalized Calories. One Calorie is equivalent to
one kilocalorie (1000 calories), which is equivalent to 4.1868 kJ. That is,

1 Cal (Calorie) = 1000 calories = 1 kcal (kilocalorie) = 4.1868 kJ

The calorie notation often causes confusion since it is not always followed in
the tables or articles on nutrition. When the topic is food or fitness, a calorie
normally means a kilocalorie whether it is capitalized or not.

The daily calorie needs of people vary greatly with age, sex, the state of
health, the activity level, the body weight, and the composition of the body as
well as other factors. A small person needs fewer calories than a larger person
of the same sex and age. An average male needs about 2400 to 2700 Calories
a day. The daily need of an average female varies from 1800 to 2200 Calo-
ries. The daily calorie needs are about 1600 for sedentary females and some
older adults; 2000 for sedentary males and most older adults; 2200 for most
children, teenage females, and active females; 2800 for teenage males, active
males, and some very active females; and above 3000 for very active males.
The average value of calorie intake is usually taken to be 2000 Calories per
day. The daily calorie needs of a person can be determined by multiplying the
body weight in pounds (which is 2.205 times the body weight in kg) by 11 for
a sedentary person, 13 for a moderately active person, 15 for a moderate exer-
ciser or physical laborer, and 18 for an extremely active exerciser or physical
laborer. The extra calories a body consumes are usually stored as fat, which
serves as a spare energy supply for use when the energy intake of the body is
less than the needed amount.

Like other natural fat, 1 kg of human body fat contains about 33.1 MJ of
metabolizable energy. Therefore, a starving person (zero energy intake) who
uses up 2200 Calories (9211 kJ) a day can meet daily energy intake require-
ments by burning only 9211/33,100 = 0.28 kg of body fat. So it is no surprise
that people are known to survive over 100 days without eating. (They still need
to drink water, however, to replenish the water lost through the lungs and the
skin to avoid the dehydration that may occur in just a few days.) Although the
desire to get rid of the excess fat in a thin world may be overwhelming at times,
starvation diets are not recommended because the body soon starts to consume
its own muscle tissue in addition to fat. A healthy diet should involve regular
exercise while allowing for a reasonable calorie intake.

The average metabolizable energy contents of various foods and the energy
consumption during various activities are given in Tables 4—1 and 4-2. Con-
sidering that no two hamburgers are alike, and that no two people walk exactly
the same way, there is some uncertainty in these values, as you would expect.
Therefore, you may encounter somewhat different values in other books or
magazines for the same items.
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TABLE 4-1

Approximate metabolizable energy content of some common foods (1 Calorie = 4.1868 kJ = 3.968 Btu)

Food Calories Food Calories Food Calories
Apple (one, medium) 70 Fish sandwich 450 Milk (skim, 200 ml) 76
Baked potato (plain) 250 French fries (regular) 250 Milk (whole, 200 ml) 136
Baked potato with cheese 550 Hamburger 275 Peach (one, medium) 65
Bread (white, one slice) 70 Hot dog 300 Pie (one % slice, 23 cm

Butter (one teaspoon) 35 Ice cream (100 ml, diameter) 300
Cheeseburger 325 10% fat) 110 Pizza (large, cheese,

Chocolate candy bar (20 g) 105 Lettuce salad with French one % slice) 350
Cola (200 ml) 87 dressing 150

Egg (one) 80

The rates of energy consumption listed in Table 4-2 during some activities TABLE 4-2

are for a 68-kg adult. The energy consumed for smaller or larger adults can Approximate energy consumption of

be determined using the proportionality of the metabolism rate and the body a 68-kg adult during some activities

size. For example, the rate of energy consumption by a 68-kg bicyclist is listed (1 Calorie = 4.1868 kJ = 3.968 Btu)
in Tablej 4—% to‘ be 639 Calories/h. Then the rate of energy consumption by a Activity Calories/h

50-kg bicyclist is Basal metabolism 72

Basketball 550

(50 kg)w = 470 Cal/h Bicycling (21 km/h) 639

68 kg Cross-country skiing

) (13 km/h) 936

For a 100-kg person, it would be 940 Cal/h. Driving a car 180

The thermodynamic analysis of the human body is rather complicated since Eating 99

it involves mass transfer (during breathing, perspiring, etc.) as well as energy llzast ?a;‘g;‘g (13 kv 8(3)2

transfer. Thus it shpuld l?e treated as an open system. However, the.energy J;‘;gigg ® l%m/h) 540

transfer with mass is difficult to quantify. Therefore, the human body is often Swimming (fast) 860

modeled as a closed system for simplicity by treating energy transported with Swimming (slow) 288

mass as just energy transfer. For example, eating is modeled as the transfer of %enms Eﬁd"?ncec;) ‘z‘gg

. . . ennis (beginner
energy into the human body in the amount of the metabolizable energy content Walking (7.2 km/h) 132
of the food. Watching TV 72

Dieting

Most diets are based on calorie counting; that is, the conservation of
energy principle: people who consume more calories than their bodies burn
will gain weight, whereas people who consume fewer calories than their
bodies burn will lose weight. Yet, people who eat whatever they want whenever
they want without gaining any weight are living proof that the calorie-counting
technique alone does not work in dieting. Obviously there is more to dieting
than keeping track of calories. It should be noted that the phrases weight gain
and weight loss are misnomers. The correct phrases should be mass gain and
mass loss. A person who goes to space loses practically all of their weight but
none of their mass. When the topic is food and fitness, weight is understood to
mean mass, and weight is expressed in mass units.

Researchers on nutrition proposed several theories on dieting. One theory
suggests that some people have very “food efficient” bodies. These people
need fewer calories than other people do for the same activity, just like a fuel-
efficient car needing less fuel for traveling a given distance. It is interesting
that we want our cars to be fuel efficient but we do not want the same high
efficiency for our bodies. One thing that frustrates the dieters is that the body
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FIGURE 4-42

The body tends to keep the body fat
level at a set point by speeding up
metabolism when a person splurges
and by slowing it down when the
person starves.

interprets dieting as starvation and starts using the energy reserves of the body
more stringently. Shifting from a normal 2000-Calorie daily diet to an 800-
Calorie diet without exercise is observed to lower the basal metabolic rate by
10 to 20 percent. Although the metabolic rate returns to normal once the diet-
ing stops, extended periods of low-calorie dieting without adequate exercise
may result in the loss of considerable muscle tissue together with fat. With
less muscle tissue to burn calories, the metabolic rate of the body declines and
stays below normal even after a person starts eating normally. As a result, the
people regain the weight they have lost in the form of fat, plus more. The basal
metabolic rate remains about the same in people who exercise while dieting.

Regular moderate exercise is part of any healthy dieting program for good
reason: It builds or preserves muscle tissue that burns calories much faster
than the fat tissue does. It is interesting that aerobic exercise continues to burn
calories for several hours after the workout, raising the overall metabolic rate
considerably.

Another theory suggests that people with too many fat cells developed during
childhood or adolescence are much more likely to gain weight. Some people
believe that the fat content of our bodies is controlled by the setting of a “fat
control” mechanism, much like the temperature of a house is controlled by the
thermostat setting.

Some people put the blame for weight problems simply on the genes. Con-
sidering that 80 percent of the children of overweight parents are also over-
weight, heredity may indeed play an important role in the way a body stores
fat. Researchers from the University of Washington and the Rockefeller Uni-
versity have identified a gene, called the RIlbeta, that seems to control the
rate of metabolism. The body tries to keep the body fat content at a particular
level, called the set point, that differs from person to person (Fig. 4—42). This
is done by speeding up the metabolism and thus burning calories faster when
a person tends to gain weight and by slowing down the metabolism and thus
burning calories more slowly when a person tends to lose weight. Therefore,
a person who just became slim burns fewer calories than does a person of the
same size who has always been slim. Even exercise does not seem to change
that. Then to keep the weight off, the newly slim person should consume no
more calories than he or she can burn. Note that in people with high meta-
bolic rates, the body dissipates the extra calories as body heat instead of stor-
ing them as fat, and thus there is no violation of the conservation of energy
principle.

In some people, a genetic flaw is believed to be responsible for the extremely
low rates of metabolism. Several studies concluded that losing weight for such
people is nearly impossible. That is, obesity is a biological phenomenon. How-
ever, even such people will not gain weight unless they eat more than their
body can burn. They just must learn to be content with little food to remain
slim, and forget about ever having a normal ‘“eating” life. For most people,
genetics determine the range of normal weights. A person may end up at the
high or low end of that range, depending on eating and exercise habits. This
also explains why some genetically identical twins are not so identical when it
comes to body weight. Hormone imbalance is also believed to cause excessive
weight gain or loss.

Based on his experience, the first author of this book has also developed
a diet called the “sensible diet.” It consists of two simple rules: eat whatever
you want whenever you want as much as you want provided that (1) you do
not eat unless you are hungry and (2) you stop eating before you get stuffed.
In other words, listen to your body and don’t impose on it. Don’t expect to see
this unscientific diet advertised anywhere since there is nothing to be sold and
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thus no money to be made. Also, it is not as easy as it sounds since food is at
the center stage of most leisure activities in social life, and eating and drinking The range of healthy weight for adults
have become synonymous with having a good time. However, it is comforting of various heights (Source: National
to know that the human body is quite forgiving of occasional impositions. Institute of Health)
Being overweight is associated with a long list of health risks from high blood English units ST units
pressure to some forms of cancer, especially for people who have a weight-
related medical condition such as diabetes, hypertension, and heart disease. . He?hhy . Hefmhy
. . . .. Height  weight, Height, weight,
Therefore, people often wonder if their weight is in the proper range. Well, the Iy Ibm* o Ke*
answer to this question is not written in stone, but if you cannot see your toes
or you can pinch your love handles more than an inch, you don’t need an expert 58 91-119  1.45 40-53
to tell you that you went over your range. On the other hand, some people who gg 1(9)3_}% }gg ig_gg
are obsessed with the weight issue try to lose more weight even though they 64 111-146 160  49-64
are actually underweight. Therefore, it is useful to have a scientific criterion 66 118-156  1.65 52-68
to determine physical fitness. The range of healthy weight for adults is usually 68 125-165  1.70  55-72
expressed in terms of the body mass index (BMI), defined, in SI units, as 70 133-175 175 58-77
72 140-185 1.80 62-81
74 148-195 1.85 65-86
BMI < 19 underweight 76 156205 190  69-90
BMI = % with 19 < BMI < 25 healthy Weight (4-39) *The upper and lower limits of healthy range corre-

spond to body mass indexes of 25 and 19, respectively.

BMI > 25 overweight

where W is the weight (actually, the mass) of the person in kg and H is the
height in m. Therefore, a BMI of 25 is the upper limit for the healthy weight
and a person with a BMI of 27 is 8 percent overweight. It can be shown that
the formula is equivalent in English units to BMI = 705 W/H? where W is in
pounds and H is in inches. The proper range of weight for adults of various
heights is given in Table 4-3 in both SI and English units.

|

m EXAMPLE 4-14 Burning Off Lunch Calories

|

m A 90-kg person had two hamburgers, a regular serving of french fries, and a 200-ml Coke

B for lunch (Fig. 4-43). Determine how long it will take to burn the lunch calories off (a) by
watching TV and (b) by fast swimming. What would your answers be for a 45-kg person?

SOLUTION A person had lunch at a restaurant. The time it will take to burn the lunch
calories by watching TV and by fast swimming are to be determined.

Assumptions The values in Tables 41 and 4-2 are applicable for food and exercise.
Analysis (a) We take the human body as our system and treat it as a closed system whose
energy content remains unchanged during the process. Then the conservation of energy
principle requires that the energy input into the body must be equal to the energy output.
The net energy input in this case is the metabolizable energy content of the food eaten. It is

FIGURE 4-43
A typical lunch discussed in
Example 4-14.

determined from Table 4—1 to be Foodcollection
Ein =2X Ehamburger + Efries + Ecola
=2x275+ 250+ 87
= 887 Cal

The rate of energy output for a 68-kg person watching TV is given in Table 4-2 to be
72 Calories/h. For a 90-kg person it becomes

E, .= (0 kg)M =95.3 Cal/h
68 kg
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FIGURE 4-44
Schematic for Example 4—15.

SUMMARY

Therefore, it will take

(= 887 Cal —93h
95.3 Cal/h

to burn the lunch calories off by watching TV.

(b) It can be shown in a similar manner that it takes only 47 min to burn the lunch calories
off by fast swimming.

Discussion The 45-kg person is half as large as the 90-kg person. Therefore, expending
the same amount of energy takes twice as long in each case: 18.6 h by watching TV and
94 min by fast swimming.

EXAMPLE 4-15 Losing Weight by Switching to Fat-Free Chips

The fake fat olestra passes through the body undigested, and thus adds zero calorie to the
diet. Although foods cooked with olestra taste pretty good, they may cause abdominal dis-
comfort, and the long-term effects are unknown. A 1-oz (28.3-g) serving of regular potato
chips has 10 g of fat and 150 Calories, whereas 1 oz of the so-called fat-free chips fried in
olestra has only 75 Calories. Consider a person who eats 1 oz of regular potato chips every
day at lunch without gaining or losing any weight. Determine how much weight this person
will lose in one year by switching to fat-free chips (Fig. 4-44).

SOLUTION A person switches from regular potato chips to fat-free ones. The weight
the person loses in one year is to be determined.

Assumptions Exercising and other eating habits remain the same.

Analysis The person who switches to the fat-free chips consumes 75 fewer Calories a
day. Then the annual reduction in calories consumed becomes

E. . qucea = (75 Cal/day)(365 day/year) = 27,375 Cal/year
The metabolizable energy content of 1 kg of body fat is 33,100 kJ. Therefore, assuming
the deficit in the calorie intake is made up by burning body fat, the person who switches
to fat-free chips will lose

Mgy

reduced _ 27’375 Cal <41868 kJ

= = ) =3.46 kg
Energy content of fat 33,100 kJ/kg\ 1 Cal

(about 7.6 pounds) of body fat that year.

Work is the energy transferred as a force acts on a system through a
di