PREFACE

BACKGROUND

his text is an abbreviated version of standard thermodynamics, fluid me-
T chanics, and heat transfer texts, covering topics that engineering students

are most likely to need in their professional lives. The thermodynamics
portion of this text is based on the text Thermodynamics: An Engineering Ap-
proach by Y. A. Cengel and M. A. Boles, the fluid mechanics portion is based
on Fluid Mechanics: Fundamentals and Applications by Y. A. Cengel and
J. M. Cimbala, and the heat transfer portion is based on Heat Transfer:
A Practical Approach by Y. A. Cengel, all published by McGraw-Hill. Most
chapters are practically independent of each other and can be covered in any
order. The text is well suited for curriculums that have a common introductory
course or a two-course sequence on thermal-fluid sciences.

It is recognized that all topics of thermodynamics, fluid mechanics, and heat
transfer cannot be covered adequately in a typical three-semester-hour course,
and therefore, sacrifices must be made from depth if not from the breadth. Se-
lecting the right topics and finding the proper level of depth and breadth are
no small challenge for the instructors, and this text is intended to serve as the
ground for such selection. Students in a combined thermal-fluids course can
gain a basic understanding of energy and energy interactions, various mecha-
nisms of heat transfer, and fundamentals of fluid flow. Such a course can also
instill in students the confidence and the background to do further reading
of their own and to be able to communicate effectively with specialists in
thermal-fluid sciences.

OBJECTIVES

This book is intended for use as a textbook in a first course in thermal-fluid
sciences for undergraduate engineering students in their junior or senior year,
and as a reference book for practicing engineers. Students are assumed to have
an adequate background in calculus, physics, and engineering mechanics. The
objectives of this text are

* To cover the basic principles of thermodynamics, fluid mechanics, and
heat transfer.

* To present numerous and diverse real-world engineering examples to
give students a feel for how thermal-fluid sciences are applied in engi-
neering practice.

* To develop an intuitive understanding of thermal-fluid sciences by em-
phasizing the physics and physical arguments.

The text contains sufficient material to give instructors flexibility and to ac-
commodate their preferences on the right blend of thermodynamics, fluid
mechanics, and heat transfer for their students. By careful selection of topics, an
instructor can spend one-third, one-half, or two-thirds of the course on thermo-
dynamics and the rest on selected topics of fluid mechanics and heat transfer.
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PHILOSOPHY AND GOAL

The philosophy that contributed to the warm reception of the first edition of
this book has remained unchanged. Namely, our goal is to offer an engineer-
ing textbook that

* Communicates directly to the minds of tomorrow’s engineers in a sim-
ple yet precise manner.

* Leads students toward a clear understanding and firm grasp of the basic
principles of thermal-fluid sciences without getting bogged down in
mathematical detail.

* Encourages creative thinking and development of a deeper understand-
ing and intuitive feel for thermal-fluid sciences.

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

Special effort has been made to appeal to readers’ natural curiosity and to help
students explore the various facets of the exciting subject area of thermal-fluid
sciences. The enthusiastic response we received from the users of the first edi-
tion all over the world indicates that our objectives have largely been
achieved.

Yesterday’s engineers spent a major portion of their time substituting values
into the formulas and obtaining numerical results. Now, however, formula ma-
nipulations and number crunching are being left to computers. Tomorrow’s
engineer will have to have 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 em-
phasize these basic principles while also providing students with a look at
how modern tools are used in engineering practice.

NEW IN THIS EDITION

All the popular features of the previous edition are retained while new ones
are added. The main body of the text remains largely unchanged except that
three new chapters are added, and a fourth one is available on the Web. The
most significant changes in this edition are highlighted next.

FOUR NEW CHAPTERS

The thermodynamics part of the text now contains a new chapter Gas Mix-
tures and Psychrometrics (Chapter 9), where the properties of nonreacting
ideal-gas mixtures are discussed, and common air-conditioning processes are
examined. The fluid mechanics part of the text contains two additional chap-
ters: Momentum Analysis of Flow Systems (Chapter 13) where the linear and
angular momentum equations are discussed, and Dimensional Analysis and
Modeling (available as a web chapter) contributed by John M. Cimbala. The
additional chapter in the heat transfer part of the text is Fundamentals of Ther-
mal Radiation (Chapter 21), where the basic concepts of radiation and radia-
tion properties are discussed. The most significant changes in this edition are
highlighted next.



COMPREHENSIVE PROBLEMS WITH PARAMETRIC STUDIES

A distinctive feature of this edition is the incorporation of about 230 compre-
hensive problems that require conducting extensive parametric studies, using
the enclosed Engineering Equation Solver (EES) or other suitable software.
Students are asked to study the effects of certain variables in the problems on
some quantities of interest, to plot the results, and to draw conclusions from
the results obtained. These problems are designated by a computer-EES icon
for easy recognition, and can be ignored if desired. Solutions of these prob-
lems are given in the Instructor’s Solutions Manual.

CONTENT CHANGES AND REORGANIZATION

With the exception of the changes already mentioned, the main body of the
text remains largely unchanged. This edition involves over 500 new or revised
problems. The noteworthy changes in various chapters are summarized here
for those who are familiar with the previous edition.

* In Chapter 1, the sections on Closed and Open Systems and Properties
of a System are moved to Chapter 2, and the Conservation of Mass Prin-
ciple is moved to Chapter 4. A new section Accuracy, Precision, and
Significant Digits is added.

* In Chapter 2, a new section Energy and Environment is added in addi-
tion to the two sections moved from Chapter 1.

* In Chapter 3, the section Vapor Pressure and Phase Equilibrium is
deleted since it is now covered in Chapter 9, and a new section Com-
pressibility Factor is added to complement the discussions of ideal gas.

* In Chapter 4, a new section Conservation of Mass Principle (moved
from Chapter 1) is added.

* In Chapter 6, the section Household Refrigerators is deleted.
* In Chapter 7, a new section Entropy Balance is added.

* In Chapter 10 (old Chapter 9), a new section Vapor Pressure and Cavi-
tation is added, and the section Viscosity is greatly revised.

* In Chapter 11 (old Chapter 10), a new section Fluids in Rigid-Body Mo-
tion is added, and the section Buoyancy and Stability is greatly revised.

* In Chapter 13 (old Chapter 11), four new sections Basic Conservation
Relations, Choosing a Control Volume, Forces Acting on a Control Vol-
ume, and The Angular Momentum Equation are added. All other sec-
tions are greatly revised.

* In Chapter 14 (old Chapter 12), a new section The Entrance Region is
added, the section Laminar Flow in Pipes is greatly revised.

* In Chapter 15 (old Chapter 13), the first three sections are greatly revised.

* In Chapter 17 (old Chapter 15), the section Thermal Insulation is
deleted and a new section Heat Transfer in Common Configurations is
added.

* In Chapter 19 (old Chapter 17), the covered topics remain the same, but
the material in all sections is greatly revised.
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* In Chapter 20 (old Chapter 18), two new sections Equation of Motion
and the Grashof Number and Natural Convection from Finned Surfaces
and PCBs are added. The remaining part of the chapter is completely
rewritten, and the Nusselt number relations for rectangular enclosures
are updated.

e In Chapters 21 and 22 (old Chapter 19), a new section Radiation Inten-
sity is added, and the section Radiation Properties is rewritten. The ba-
sic concepts associated with thermal radiation are covered in Chapter 21
Fundamentals of Thermal Radiation, while radiation exchange between
surfaces is discussed in Chapter 22 Radiation Heat Transfer.

* In the appendixes, the values of the physical constants are updated; new
tables for the properties of saturated ammonia and propane are added;
and the tables on the properties of air, gases, and liquids (including lig-
uid metals) are replaced by those obtained using EES. Therefore, prop-
erty values in tables for air, other ideal gases, ammonia, propane, and
liquids are identical to those obtained from EES.

LEARNING TOOLS
EMPHASIS ON PHYSICS

A distinctive feature of this book is its emphasis on the physical aspects of
subject matter in addition to mathematical representations and manipulations.
The authors believe that the emphasis in undergraduate education should re-
main 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 the students.

EFFECTIVE USE OF ASSOCIATION

An observant mind should have no difficulty understanding engineering sci-
ences. After all, the principles of engineering sciences are based on our every-
day experiences and experimental observations. A more physical, intuitive
approach is used throughout this text. Frequently, parallels are drawn be-
tween the subject matter and students’ everyday experiences so that they can
relate the subject matter to what they already know.

SELF-INSTRUCTING

The material in the text is introduced at a level that an average student can fol-
low comfortably. It speaks to students, not over students. In fact, it is self-
instructive. Noting that the principles of sciences are based on experimental
observations, most of the derivations in this text are largely based on physical
arguments, and thus they are easy to follow and understand.

EXTENSIVE USE OF ARTWORK

Figures are important learning tools that help the students “get the picture.”
The text makes effective use of graphics. It contains more figures and illus-
trations than any other book in this category. Figures attract attention and



stimulate curiosity and interest. Some of the figures in this text are intended to
serve as a means of emphasizing some key concepts that would otherwise go
unnoticed; some serve as page summaries.

CHAPTER OPENERS AND SUMMARIES

Each chapter begins with an overview of the material to be covered and its re-
lation to other chapters. A summary is included at the end of each chapter for
a quick review of basic concepts and important relations.

NUMEROUS WORKED-OUT EXAMPLES

Each chapter contains several worked-out examples that clarify the material
and illustrate the use of the basic principles. An intuitive and systematic ap-
proach is used in the solution of the example problems, with particular atten-
tion to the proper use of units.

A WEALTH OF REAL-WORLD END-OF-CHAPTER PROBLEMS

The end-of-chapter problems are grouped under specific topics in the order
they are covered to make problem selection easier for both instructors and
students. Within each group of problems 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 chapter—in some cases they re-
quire review of material learned in previous chapters. The problems under
the Design and Essay Problems title 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. Several
economics- and safety-related problems are incorporated throughout to en-
hance cost and safety awareness among engineering students. Answers to
selected problems are listed immediately following the problem for conve-
nience to students.

A SYSTEMATIC SOLUTION PROCEDURE

A well-structured approach is used in problem solving while maintaining an
informal conversational style. The problem is first stated and the objectives
are identified, and the assumptions made are stated together with their justifi-
cations. The properties needed to solve the problem are listed separately. Nu-
merical values are used together with their units to emphasize that numbers
without units are meaningless, and unit manipulations are as important as ma-
nipulating the numerical values with a calculator. The significance of the find-
ings is discussed following the solutions. This approach is also used
consistently in the solutions presented in the Instructor’s Solutions Manual.

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.

PREFACE



XX
FUNDAMENTALS OF THERMAL-FLUID SCIENGES

A CHOICE OF SI ALONE OR SI/ ENGLISH UNITS

In recognition of the fact that English units are still widely used in some in-
dustries, both SI and English units are used in this text, with an emphasis on
SI. The material 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 appendixes 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 easily by the SI users.

CONVERSION FACTORS

Frequently used conversion factors and physical constants are listed on the in-
ner cover pages of the text for easy reference.

SUPPLEMENTS

These supplements are available to the adopters of the book.

COSMOS SOLUTIONS MANUAL

(AVAILABLE TO INSTRUCTORS ONLY)

Available to instructors only, the detailed solutions for all text problems will
be delivered in our new electronic Complete Online Solution Manual Organi-
zation System. COSMOS is a database management tool geared toward as-
sembling homework assignments, tests, and quizzes. COSMOS helps you to
quickly find solutions and also keeps a record of problems assigned to avoid
duplication in subsequent semesters. Instructors can contact their McGraw-
Hill sales representative at http://www.mhhe.com/catalogs/rep/ to obtain a
copy of the COSMOS solutions manual.

EES SOFTWARE

Developed by Sanford Klein and William Beckman from the University of
Wisconsin—Madison, this software program enables students to solve prob-
lems, especially design problems, and to ask “what if”” questions. EES (pro-
nounced “ease”) is an acronym for Engineering Equation Solver. EES is very
easy to master since equations can be entered in any form and in any order.
The combination of equation-solving capability and engineering property data
makes EES an extremely powerful tool for students.

EES can do optimization, parametric analysis, and linear and nonlinear re-
gression and provides publication-quality plotting capability. Equations can be
entered in any form and in any order. EES automatically rearranges the equa-
tions to solve them in the most efficient manner. EES is particularly useful for
heat transfer problems since most of the property data needed for solving such
problems are provided in the program. For example, the steam tables are im-
plemented such that any thermodynamic property can be obtained from a
built-in function call in terms of any two properties. Similar capability is pro-
vided for many organic refrigerants, ammonia, methane, carbon dioxide, and
many other fluids. Air tables are built-in, as are psychrometric functions and
JANAF table data for many common gases. Transport properties are also
provided for all substances. EES also enables the user to enter property data
or functional relationships with look-up tables, with internal functions written
with EES, or with externally compiled functions written in Pascal, C, C++,
or FORTRAN.



The Student Resources CD that accompanies the text contains the Limited
Academic Version of the EES program and the scripted EES solutions of about
30 homework problems (indicated by the “EES-CD” logo in the text). Each
EES solution provides detailed comments and online help, and can easily be
modified to solve similar problems. These solutions should help students mas-
ter the important concepts without the calculational burden that has been pre-
viously required. The full Academic Version of EES is available free to
departments of educational institutions who adopt the text. Instructors should
contact their McGraw-Hill sales representative or go to the Online Learning
Center for further download instructions.

BOOK-SPECIFIC ONLINE LEARNING CENTER (OLC)

The book website can be found at www.mhhe.com/cengel/. Visit this site for
book and supplement information, author information, and resources for fur-
ther study or reference.

THREE WEB-BASED CHAPTERS

Three web-based chapters are available on the Online Learning Center
(www.mhhe.com/cengel/). These chapters are Dimensional Analysis and Mod-
eling, Heating and Cooling of Buildings, and Cooling of Electronic Equipment.
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INTRODUCTION
AND OVERVIEW

any engineering systems involve the transfer, transport, and conver-
M sion of energy, and the sciences that deal with these subjects are
broadly referred to as thermal-fluid sciences. Thermal-fluid sciences
are usually studied under the subcategories of thermodynamics, heat transfer,
and fluid mechanics. We start this chapter with an overview of these sciences,
and give some historical background. Then we review the unit systems that
will be used and dimensional homogeneity. This is followed by a discussion of
how engineers solve problems, the importance of modeling, and the proper
place of software packages. We then present an intuitive systematic problem-
solving technique that can be used as a model in solving engineering problems.
Finally, we discuss accuracy, precision, and significant digits in engineering
measurements and calculations.
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FIGURE 1-1

The design of many engineering
systems, such as this solar hot water
system, involves all categories of
thermal-fluid sciences.
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1-1 = INTRODUCTION TO THERMAL-FLUID SCIENCES

The word thermal stems from the Greek word therme, which means heat.
Therefore, thermal sciences can loosely be defined as the sciences that deal
with heat. The recognition of different forms of energy and its transformations
has forced this definition to be broadened. Today, the physical sciences that
deal with energy and the transfer, transport, and conversion of energy are usu-
ally referred to as thermal-fluid sciences or just thermal sciences. Tradi-
tionally, the thermal-fluid sciences are studied under the subcategories of
thermodynamics, heat transfer, and fluid mechanics. In this book we present
the basic principles of these sciences, and apply them to situations that the
engineers are likely to encounter in their practice.

The design and analysis of most thermal systems such as power plants, au-
tomotive engines, and refrigerators involve all categories of thermal-fluid sci-
ences as well as other sciences (Fig. 1-1). For example, designing the radiator
of a car involves the determination of the amount of energy transfer from a
knowledge of the properties of the coolant using thermodynamics, the deter-
mination of the size and shape of the inner tubes and the outer fins using heat
transfer, and the determination of the size and type of the water pump using
fluid mechanics. Of course the determination of the materials and the thick-
ness of the tubes requires the use of material science as well as strength of ma-
terials. The reason for studying different sciences separately is simply to
facilitate learning without being overwhelmed. Once the basic principles are
mastered, they can then be synthesized by solving comprehensive real-world
practical problems. But first we will present an overview of thermal-fluid
sciences.

Application Areas of Thermal-Fluid Sciences

All activities in nature involve some interaction between energy and matter;
thus it is hard to imagine an area that does not relate to thermal-fluid sciences
in some manner. Therefore, developing a good understanding of basic princi-
ples of thermal-fluid sciences has long been an essential part of engineering
education.

Solar
collectors

water Heat
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Thermal-fluid sciences are commonly encountered in many engineering
systems and other aspects of life, and one does not need to go very far to see
some application areas of them. In fact, one does not need to go anywhere.
The heart is constantly pumping blood to all parts of the human body, vari-
ous energy conversions occur in trillions of body cells, and the body heat
generated is constantly rejected to the environment. The 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.
Also, any defects in the heart and the circulatory system is a major cause for
alarm.

Other applications of thermal sciences are right where one lives. An
ordinary house is, in some respects, an exhibition hall filled with wonders of
thermal-fluid sciences. Many ordinary household utensils and appliances are
designed, in whole or in part, by using the principles of thermal-fluid sci-
ences. Some examples include the electric or gas range, the heating and air-
conditioning systems, the refrigerator, the humidifier, the pressure cooker, the
water heater, the shower, the iron, the plumbing and sprinkling systems,
and even the computer, the TV, and the DVD player. On a larger scale,
thermal-fluid sciences play a major part in the design and analysis of automo-
tive engines, rockets, jet engines, and conventional or nuclear power plants,
solar collectors, the transportation of water, crude oil, and natural gas, the wa-
ter distribution systems in cities, and the design of vehicles from ordinary cars
to airplanes (Fig. 1-2). 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 a thermodynamic, heat transfer, and fluid flow
analysis of the computer.

The human body

Air-conditioning
systems

Water in

Water out

Car radiators Power plants

Refrigeration systems

FIGURE 1-2
Some application areas of thermal-fluid sciences.
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PE = 10 units / Potential

energy

Kinetic
energy

FIGURE 1-3

Energy cannot be created or
destroyed; it can only change forms
(the first law).

FIGURE 14
Conservation of energy principle for
the human body.
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1-2 - THERMODYNAMICS

Thermodynamics can be defined as the science of energy. Although every-
body 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 production, refrigera-
tion, 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 en-
ergy (Fig. 1-3). The conservation of energy principle also forms the backbone
of the diet industry: a person who has a greater energy input (food and drinks)
than energy output (exercise and metabolism with environmental conditions)
will gain weight (store energy in the form of tissue and fat), and a person who
has a smaller energy input than output will lose weight (Fig. 1-4). 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 ex-
pressed as E;, — E,,, = AF.

The first law of thermodynamics is simply an expression of the con-
servation 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 decreasing
quality of energy. For example, a cup of hot coffee left on a table eventually
cools to room temperature, but a cup of cool coffee in the same room never
gets hot by itself. The high-temperature energy of the coffee is degraded
(transformed into a less useful form at a lower temperature) once it is trans-
ferred 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 simulta-
neously in the 1850s, primarily out of the works of William Rankine, Rudolph
Clausius, and Lord Kelvin (formerly William Thomson). The term thermody-
namics was first used in a publication by Lord Kelvin in 1849. The first ther-
modynamic textbook 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 be-
havior 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. But 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 pres-
sure gage to the container. This macroscopic approach to the study of thermo-
dynamics that does not require a knowledge of the behavior of individual

o
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particles is called classical thermodynamics. It provides a direct and easy
way to the solution of engineering 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 the supporting role.

1-3 = HEAT TRANSFER

We all know from experience that a cold canned drink left in a room warms up
and a warm canned drink put in a refrigerator cools down. This is accom-
plished by the transfer of energy from the warm medium to the cold one. The
energy transfer is always from the higher temperature medium to the lower
temperature one, and the energy transfer stops when the two mediums reach
the same temperature.

Energy exists in various forms. In heat transfer, we are primarily interested Tl;‘;g‘é’s
in heat, which is the form of energy that can be transferred from one system to T Tl
another as a result of temperature difference. The science that deals with the
determination of the rates of such energy transfers is heat transfer.

You may be wondering why we need the science of heat transfer. After all, we
can determine the amount of heat transfer for any system undergoing any
process using a thermodynamic analysis alone. The reason is that thermody-
namics is concerned with the amount of heat transfer as a system undergoes a
process from one equilibrium state to another, and it gives no indication about
how long the process will take. But in engineering, we are often interested in the 7
rate of heat transfer, which is the topic of the science of heat transfer. A ther-

Hot
coffee

modynamic analysis simply tells us how much heat must be transferred to real- Insulation
ize a specified change of state to satisfy the conservation of energy principle. FIGURE 1-5

In practice we are more concerned about the rate of heat transfer (heat trans- We are normally interested in
fer per unit time) than we are with the amount of it. For example, we can de- ~ how long it takes for the hot coffee in
termine the amount of heat transferred from a thermos bottle as the hot coffee a thermos to cool to a certain
inside cools from 90°C to 80°C by a thermodynamic analysis alone. But a typ- temperature, which cannot be

determined from a thermodynamic

ical user or designer of a thermos is primarily interested in how long it will be ;
analysis alone.

before the hot coffee inside cools to 80°C, and a thermodynamic analysis can-
not answer this question. Determining the rates of heat transfer to or from a
system and thus the times of cooling or heating, as well as the variation of the
temperature, is the subject of heat transfer (Fig. 1-5).

Thermodynamics deals with equilibrium states and changes from one equi- envggfrlnem
librium state to another. Heat transfer, on the other hand, deals with systems 20°C
that lack thermal equilibrium, and thus it is a nonequilibrium phenomenon. Heat
Therefore, the study of heat transfer cannot be based on the principles of ther-
modynamics alone. However, the laws of thermodynamics lay the framework
for the science of heat transfer. The first law requires that the rate of energy FIGURE 1-6
transfer into a system be equal to the rate of increase of the energy of that sys- Heat is transferred in the direction
tem. The second law requires that heat be transferred in the direction of de- of decreasing temperature.

creasing temperature (Fig. 1-6). This is like a car parked on an inclined road
must go downhill in the direction of decreasing elevation when its brakes are
released. It is also analogous to the electric current flow in the direction of de-
creasing voltage or the fluid flowing in the direction of decreasing pressure.

The basic requirement for heat transfer is the presence of a temperature dif-
ference. There can be no net heat transfer between two mediums that are at the

o
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h 5
Shear stress: T = A

FIGURE 1-7

The normal stress and shear stress
at the surface of a fluid element.
For fluids at rest, the shear stress
is zero and pressure is the only
normal stress.
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same temperature. The temperature difference is the driving force for heat
transfer; just as the voltage difference is the driving force for electric current,
and pressure difference is the driving force for fluid flow. The rate of heat
transfer in a certain direction depends on the magnitude of the temperature
gradient (the temperature difference per unit length or the rate of change of
temperature) in that direction. The larger the temperature gradient, the higher
the rate of heat transfer (Fig. 1-7).

1-4 - FLUID MECHANICS

Mechanics is the oldest physical science that deals with both stationary and
moving bodies under the influence of forces. The branch of mechanics that
deals with bodies at rest is called statics while the branch that deals with bod-
ies in motion is called dynamics. The subcategory fluid mechanics is defined
as the science that deals with the behavior of fluids at rest (fluid statics) or in
motion (fluid dynamics), and the interaction of fluids with solids or other flu-
ids at the boundaries. Fluid mechanics is also referred to as fluid dynamics by
considering fluids at rest as a special case of motion with zero velocity.

Fluid mechanics itself is also divided into several categories. The study of
the motion of fluids that are practically incompressible (such as liquids,
especially water, and gases at low speeds) is usually referred to as hydro-
dynamics. A subcategory of hydrodynamics is hydraulics, which deals with
liquid flows in pipes and open channels. Gas dynamics deals with flow of flu-
ids that undergo significant density changes, such as the flow of gases through
nozzles at high speeds. The category aerodynamics deals with the flow of
gases (especially air) over bodies such as aircraft, rockets, and automobiles at
high or low speeds. Some other specialized categories such as meteorology,
oceanography, and hydrology deal with naturally occurring flows.

You will recall from physics that a substance exists in three primary phases:
solid, liquid, and gas. A substance in the liquid or gas phase is referred to as a
fluid. Distinction between a solid and a fluid is made on the basis of their abil-
ity to resist an applied shear (or tangential) stress that tends to change the
shape of the substance. A solid can resist an applied shear stress by deforming,
whereas a fluid deforms continuously under the influence of shear stress, no
matter how small. You may recall from statics that stress is defined as force
per unit area, and is determined by dividing the force by the area upon which
it acts. The normal component of a force acting on a surface per unit area is
called the normal stress, and the tangential component of a force acting on a
surface per unit area is called shear stress (Fig. 1-7). In a fluid at rest, the
normal stress is called pressure. The supporting walls of a fluid eliminate
shear stress, and thus a fluid at rest is at a state of zero shear stress. When the
walls are removed or a liquid container is tilted, a shear develops and the lig-
uid splashes or moves to attain a horizontal free surface.

In a liquid, chunks of piled-up molecules can move relative to each other,
but the volume remains relatively constant because of the strong cohesive
forces between the molecules. As a result, a liquid takes the shape of the con-
tainer it is in, and it forms a free surface in a larger container in a gravitational
field. A gas, on the other hand, does not have a definite volume and it expands
until it encounters the walls of the container and fills the entire available
space. This is because the gas molecules are widely spaced, and the cohesive

o
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forces between them are very small. Unlike liquids, gases cannot form a free
surface (Fig. 1-8).

Although solids and fluids are easily distinguished in most cases, this dis-
tinction is not so clear in some borderline cases. For example, asphalt appears
and behaves as a solid since it resists shear stress for short periods of time. But
it deforms slowly and behaves like a fluid when these forces are exerted for
extended periods of time. Some plastics, lead, and slurry mixtures exhibit sim- Liquid Gas
ilar behavior. Such blurry cases are beyond the scope of this text. The fluids
we will deal with in this text will be clearly recognizable as fluids.

Free surface

1-5 = A NOTE ON DIMENSIONS AND UNITS FIGURE 1-8

Unlike a liquid, a gas does not form a
Any physical quantity can be characterized by dimensions. The arbitrary free surface, and it expands to fill

magnitudes assigned to the dimensions are called units. Some basic dimen- the entire available space.
sions such as mass m, length L, time ¢, and temperature 7 are selected as pri-
mary or fundamental dimensions, while others such as velocity 7', 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 the metric SI (from Le Systeme International d’ Unités), which
is also known as the International System. The SI is a simple and logical
system based on a decimal 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 inin 1 ft, 16 oz in 1 1b, 4 qt in 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 Convection 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)  TABLE 1-1
was established that was to meet every six years. In 1960, the CGPM pro- 11 seven fundamental (or primary)
duced the SI, which was based on six fundamental quantities and their units  dimensions and their units in S|
were adopted in 1954 at the Tenth General Conference of Weights and Mea-

. Di i Unit
sures: meter (m) for length, kilogram (kg) for mass, second (s) for time, am- menston nt
pere (A) for electric current, degree Kelvin (°K) for temperature, and candela ~ Length meter (m)
(cd) for luminous intensity (amount of light). In 1971, the CGPM added a Mass kilogram (kg)
. . Time second (s)
seventh fundamental quantity and unit: mole (mol) for the amount of matter. .
. . . Temperature kelvin (K)
Based on the notational scheme introduced in 1967, the degree symbol was .
.. . . Electric current ampere (A)
officially dropped from the absolute temperature unit, and all unit names were  p01nt of I ght candela (cd)

to be written without capitalization even if they were derived from proper  aAmount of matter mole (mol)
names (Table 1-1). However, the abbreviation of a unit was to be capitalized

o
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if the unit was derived from a proper name. For example, the SI unit of force,
which is named after Sir Isaac Newton (1647-1723), is newton (not Newton),
and it is abbreviated as N. Also, the full name of a unit may be pluralized, but
its abbreviation cannot. For example, the length of an object can be 5 m or
5 meters, not 5 ms or 5 meter. Finally, no period is to be used in unit abbre-
viations unless they appear at the end of a sentence. For example, the proper
abbreviation of meter is m (not m.).

The recent 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 dead-
line 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
automotive, soft drink, and liquor industries) have been quick in converting to
the metric 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 inch socket wrench on a metric bolt. Most industries, how-
ever, resisted the change, thus slowing down the conversion process.

Presently 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 bur-
den on today’s engineering students, since they are expected to retain their un-
derstanding 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 earlier, 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

Multiple  Prefix memorize them because of their widespread use (Fig. 1-9).
1012 tera, T . .
10° giga, G Some Sl and English Units
102 mega, M In SI, the units of mass, length, and time are the kilogram (kg), meter (m), and
}82 Elelzéok h second (s), respectively. The respective units in the English systgm are the
10! deka ’ da pound-mass (Ibm), foot (ft), and second (s). The pound symbol Ib is actually
10-1 de ci,’ d the abbreviation of libra, which was the ancient Roman unit of weight. The
102 centi, ¢ English retained this symbol even after the end of the Roman occupation of
10-3 milli, m Britain in 410. The mass and length units in the two systems are related to
106 micro, each other by
-9
18,12 ;?C”OO,’D” I Ibm = 0.45359 kg
1 ft = 0.3048 m
1MQ
FIGURE 1-9 —NN—
The SI unit prefixes are used in all (10° Q)

branches of engineering.
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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 for- a=1m/s?
mulas. To avoid this nuisance, we consider force to be a secondary dimension m=lkg ———>F=IN
whose unit is derived from Newton’s second law, i.e.,

Force = (Mass) (Acceleration) m =32.174 1bm LW,F —11bf

or F = ma (1-1)
FIGURE 1-10
In SI, the force unit is the newton (N), and it is defined as the force required The definition of the force units.
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 ac- | kef
celerate a mass of 32.174 lbm (1 slug) at a rate of 1 fils* (Fig. 1-10). That is, l
IN = 1kg- m/s? 10 apples

1 Ibf = 32.174 1bm - ft/s?

A force of 1 newton is roughly equivalent to the weight of a small apple (m =
102 g), whereas a force of 1 pound-force is roughly equivalent to the weight
of 4 medium apples (m,y, = 454 g), as shown in Fig. 1-11. 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 sec-
ond 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). The ordinary

bathroom scale measures the gravitational force acting on a body. The weight FIGURE 1-11
of a unit volume of a substance is called the specific weight -y and is deter- The relative magnitudes of the force
mined from y = pg, where p is density. units newton (N), kilogram-force

The mass of a body remains the same regardless of its location in the uni- (kgf), and pound-force (Ibf).

verse. Its weight, however, changes with a change in gravitational
acceleration. A body will weigh less on top of a mountain since g decreases
with altitude. On the surface of the moon, an astronaut weighs about one-sixth
of what she or he normally weighs on earth (Fig. 1-12).

At sea level a mass of 1 kg weighs 9.807 N, as illustrated in Fig. 1-13. A
mass of 1 Ibm, however, weighs 1 Ibf, which misleads people to believe 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 at-
traction 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 the ¢ MOON

local density of the earth’s crust, the distance to the center of the earth, and to FIGURE 1-12
a lesser extent, the positions of the moon and the sun. The value of g varies A body weighing 150 pounds on earth
with location from 9.8295 m/s? at 4500 m below sea level to 7.3218 m/s? at will weigh only 25 pounds on the
100,000 m above sea level. However, at altitudes up to 30,000 m, the variation moon.

o
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A
o
kg Ibm
g =9.807 m/s? g =32.174 ft/s?

W=9.807kg -m/s> W=32.1741bm - ft/s>
=9.807N =11bf
=1 kgf

FIGURE 1-13

The weight of a unit mass at sea level.

SALAM + LETTUCE +
OLIVES + MAYONNAISE
+ CHEESE +#P\CKLES..._

.j.'f_‘:UbSETw

Y\

FIGURE 1-14*

To be dimensionally homogeneous, all
the terms in an equation must

have the same unit.
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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 9.81 m/s2. It is interesting to note that at locations below sea
level, the value of g increases with distance from the sea level, reaches a max-
imum 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 ap-
proach also assumes that the forces exerted by other effects such as air buoy-
ancy and fluid motion are negligible. This is like measuring the distance to a
star by measuring its red shift, 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 mea-
suring precious metals.

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

1J=1N-m (1-3)

A more common unit for energy in SI is the kilojoule (1 kJ = 103 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 Ibm 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 15°C by 1°C is defined as 1 calorie (cal), and
1 cal = 4.1868 J. The magnitudes of the kilojoule and Btu are almost identi-
cal (1 Btu = 1.055 kJ).

Dimensional Homogeneity

We all know from grade school that apples and oranges do not add. But we
somehow manage to do it (by mistake, of course). In engineering, all equa-
tions must be dimensionally homogeneous. That is, every term in an equation
must have the same unit (Fig. 1-14). 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 Spotting Errors from Unit Inconsistencies

: While solving a problem, a person ended up with the following equation at some
m Stage:

E=25KkJ + 7kl/kg

where E is the total energy and has the unit of kilojoules. Determine the error
that may have caused it.

*BLONDIE cartoons are reprinted with special permission of King Features Syndicate.
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SOLUTION During an analysis, a relation with inconsistent units is obtained.
The probable cause of it is to be determined.

Analysis The two terms on the right-hand side do not have the same units, and
therefore they cannot be added to obtain the total energy. Multiplying the last
term by mass will eliminate the kilograms in the denominator, and the whole
equation will become dimensionally homogeneous, that is, every term in the
equation will have the same unit. Obviously this error was caused by forgetting
to multiply the last term by mass at an earlier stage.

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;
they can even be used to derive formulas, as explained in the following
example.

EXAMPLE 1-2 Obtaining Formulas from Unit Considerations

A tank is filled with oil whose density is p = 850 kg/m3. If the volume of the
tank is V = 2 m3, 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 Qil is an incompressible substance and thus its density is
constant.

Analysis A sketch of the system just described is given in Fig. 1-15. 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 = 850 kg/m3 and V=2m}

It is obvious that we can eliminate m3 and end up with kg by multiplying these
two quantities. Therefore, the formula we are looking for is

m = pV

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

The student should keep in mind that a formula that is not dimensionally

homogeneous is definitely wrong, but a dimensionally homogeneous formula
is not necessarily right.

1-6 = MATHEMATICAL MODELING OF ENGINEERING

PROBLEMS

An engineering device or process can be studied either experimentally (testing
and taking measurements) or analytically (by analysis or calculations). The

o
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OIL

V=2m3
p = 850 kg/m?
m=7

FIGURE 1-15
Schematic for Example 1-2.
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experimental approach has the advantage that we deal with the actual physi-
cal system, and the desired quantity is determined by measurement, within the
limits of experimental error. However, this approach is expensive, time-
consuming, and often impractical. Besides, the system we are analyzing may
not even exist. For example, the entire heating and plumbing systems of a
building must usually be sized before the building is actually built on the ba-
sis of the specifications given. The analytical approach (including the numer-
ical approach) has the advantage that it is fast and inexpensive, but the results
obtained are subject to the accuracy of the assumptions, approximations, and
idealizations made in the analysis. In engineering studies, often a good com-
promise is reached by reducing the choices to just a few by analysis, and then
verifying the findings experimentally.

Modeling in Engineering

The descriptions of most scientific problems involve equations that relate the
changes in some key variables to each other. Usually the smaller the incre-
ment chosen in the changing variables, the more general and accurate the de-
scription. In the limiting case of infinitesimal or differential changes in
variables, we obtain differential equations that provide precise mathematical
formulations for the physical principles and laws by representing the rates of
change as derivatives. Therefore, differential equations are used to investigate

Physical problem a wide variety of problems in sciences and engineering (Fig. 1-16). However,
many problems encountered in practice can be solved without resorting to dif-

Identify ferential equations and the complications associated with them.
important The study of physical phenomena involves two important steps. In the first

variables Make . . ‘e

bl step, all the variables that affect the phenomena are identified, reasonable as-
assumptionsand ~ sumptions and approximations are made, and the interdependence of these
Apply approximations  variables is studied. The relevant physical laws and principles are invoked,
relevant and the problem is formulated mathematically. The equation itself is very in-

hysical laws . . .
Py structive as it shows the degree of dependence of some variables on others,

and the relative importance of various terms. In the second step, the problem
A differential equation is solved using an appropriate approach, and the results are interpreted.
Many processes that seem to occur in nature randomly and without any

Appl . . . . )
appﬁgaﬁle Apply order are, in fact, being governed by some visible or not-so-visible physical

solution boundary laws. Whether we notice them or not, these laws are there, governing consis-
fzclinigne and initial tently and predictably what seem to be ordinary events. Most of these laws are

conditions well defined and well understood by scientists. This makes it possible to pre-

dict the course of an event before it actually occurs, or to study various aspects
of an event mathematically without actually running expensive and time-

Solution of the problem

FIGURE 1-16 consuming experiments. This is where the power of analysis lies. Very accu-
Mathematical modeling of physical rate results to meaningful practical problems can be obtained with relatively
problems. little effort by using a suitable and realistic mathematical model. The prepara-

tion of such models requires an adequate knowledge of the natural phenomena
involved and the relevant laws, as well as a sound judgment. An unrealistic
model will obviously give inaccurate and thus unacceptable results.

An analyst working on an engineering problem often finds himself or her-
self in a position to make a choice between a very accurate but complex
model, and a simple but not-so-accurate model. The right choice depends on
the situation at hand. The right choice is usually the simplest model that yields

o
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adequate results. Also, it is important to consider the actual operating condi-
tions when selecting equipment.

Preparing very accurate but complex models is usually not so difficult. But
such models are not much use to an analyst if they are very difficult and time-
consuming to solve. At the minimum, the model should reflect the essential
features of the physical problem it represents. There are many significant real-
world problems that can be analyzed with a simple model. But it should al-
ways be kept in mind that the results obtained from an analysis are at best as
accurate as the assumptions made in simplifying the problem. Therefore, the
solution obtained should not be applied to situations for which the original as-
sumptions do not hold.

A solution that is not quite consistent with the observed nature of the prob-
lem indicates that the mathematical model used is too crude. In that case, a
more realistic model should be prepared by eliminating one or more of the
questionable assumptions. This will result in a more complex problem that, of
course, is more difficult to solve. Thus any solution to a problem should be in-
terpreted within the context of its formulation.

1-7 = 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
putting this knowledge to test. This is done by solving significant real-world
problems. Solving such problems, especially complicated ones, require a sys-
tematic 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. 1-17). When solving a problem, we recommend that you use SOLUTION
the following steps zealously as applicable. This will help you avoid some of

the common pitfalls associated with problem solving. /

Step 1: Problem Statement =Y
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 prob-

lem and the objectives before you attempt to solve the problem.

HARD WAY —

PROBLEM

Step 2: Schematic FIGURE 1-17
Draw a realistic sketch of the physical system involved, and list the relevant A step-by-step approach can greatly
information on the figure. The sketch does not have to be something elaborate, simplify problem solving.
but it should resemble the actual system and show the key features. Indicate

any energy and mass interactions with the surroundings. Listing the given in-

formation on the sketch helps one to see the entire problem at once. Also,

check for properties that remain constant during a process (such as tempera-

ture during an isothermal process), and indicate them on the sketch.

Step 3: Assumptions and Approximations

State any appropriate assumptions and approximations made to simplify the
problem to make it possible to obtain a solution. Justify the questionable
assumptions. Assume reasonable values for missing quantities that are neces-
sary. For example, in the absence of specific data for atmospheric pressure, it
can be taken to be 1 atm. However, it should be noted in the analysis that the

o
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Given: Air temperature in Denver

To be found: Density of air

Missing information: Atmospheric
pressure

Assumption #1: Take P = 1 atm
(Inappropriate. Ignores effect of altitude.
Will cause more than 15% error.)

Assumption #2: Take P = 0.83 atm
(Appropriate. Ignores only minor effects
such as weather.)

FIGURE 1-18

The assumptions made while solving
an engineering problem must be
reasonable and justifiable.

Energy use: $80/yr

Energy saved
by insulation:

$200/yr

IMPOSSIBLE!

FIGURE 1-19

The results obtained from

an engineering analysis must
be checked for reasonableness.
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atmospheric pressure decreases with increasing elevation. For example, it
drops to 0.83 atm in Denver (elevation 1610 m) (Fig. 1-18).

Step 4: Physical Laws

Apply all the relevant basic physical laws and principles (such as the conser-
vation of mass), and reduce them to their simplest form by utilizing the as-
sumptions made. However, the region to which a physical law is applied must
be clearly identified first. For example, the heating or cooling of a canned
drink is usually analyzed by applying the conservation of energy principle to
the entire can.

Step 5: Properties

Determine the unknown properties at known states necessary to solve the
problem from property relations or tables. List the properties separately, and
indicate their source, if applicable.

Step 6: Calculations

Substitute the known quantities into the simplified relations and perform the
calculations to determine the unknowns. Pay particular attention to the units
and unit cancellations, and remember that a dimensional quantity without a
unit is 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 number of significant digits.

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. 1-19).

Also, point out the significance of the results, and discuss their implications.
State the conclusions that can be drawn from the results, and any recommen-
dations 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 $20
insulation jacket will reduce the energy cost by $30 a year, indicate that the in-
sulation will pay for itself from the energy it saves in less than a year. How-
ever, also indicate that the analysis does not consider labor costs, and that this
will be the case if you install the insulation yourself.

Keep in mind that you present the solutions to your instructors, and any en-
gineering analysis presented to others, is a form of communication. Therefore
neatness, organization, completeness, and visual appearance are of utmost im-
portance for maximum effectiveness. Besides, neatness also serves as a great
checking tool since it is very easy to spot errors and inconsistencies in a neat
work. Carelessness and skipping steps to save time often ends up costing more
time and unnecessary anxiety.

The approach described here is used in the solved example problems with-
out 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

o
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example, often it is not practical to list the properties separately. However, we
cannot overemphasize the importance of a logical and orderly approach to
problem solving. Most difficulties encountered while solving a problem are
not due to a lack of knowledge; rather, they are due to a lack of coordination.
You are strongly encouraged to follow these steps in problem solving until
you develop your own approach that works best for you.

1-8 = ENGINEERING SOFTWARE PACKAGES

Perhaps you are wondering why we are about to undertake a painstaking study
of the fundamentals of some engineering sciences. After all, almost all such
problems we are likely to encounter in practice can be solved using one of
several sophisticated 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 practice engineering today without using some of these pack-
ages. This tremendous computing power available to us at the touch of a but-
ton 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 misin-
formation. In the hands of poorly educated 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 taking because practically everything can be done by com-
puters 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 pack-
ages. 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 engi-
neering software packages available today are just tools, and tools have mean-
ing 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. 1-20). Hand
calculators did not eliminate the need to teach our children how to add or sub-
tract, and the sophisticated medical software packages did not take the place
of medical school training. Neither will engineering software packages re-
place the traditional 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 burden FIGURE 1-20
on today’s engineers. They must still have a thorough understanding of the An excellent word-processing
fundamentals, develop a “feel” of the physical phenomena, be able to put the program does not make a person a
data into proper perspective, and make sound engineering judgments, just like good writer; it simply makes a good
their predecessors. However, they must do it much better, and much faster, us- writer a better and more efficient
ing more realistic models because of the powerful tools available today. The writer.

o
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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.

Engineering Equation Solver (EES)

EES is a program that solves systems of linear or nonlinear algebraic or dif-
ferential equations numerically. It has a large library of built-in thermody-
namic property functions as well as mathematical functions, and allows the
user to supply additional property data. Unlike some software packages, EES
does not solve engineering problems; it only solves the equations supplied by
the user. Therefore, the user must understand the problem and formulate it by
applying any relevant physical laws and relations. EES saves the user consid-
erable time and effort by simply solving the resulting mathematical equations.
This makes it possible to attempt significant engineering problems not suit-
able for hand calculations, and to conduct parametric studies quickly and con-
veniently. EES is a very powerful yet intuitive program that is very easy to
use, as shown in the example below. The use and capabilities of EES are ex-
plained in Appendix 3.

: EXAMPLE 1-3 Solving a System of Equations with EES

® The difference of two numbers is 4, and the sum of the squares of these
m two numbers is equal to the sum of the numbers plus 20. Determine these two
m humbers.
|
SOLUTION Relations are given for the difference and the sum of the squares
of two numbers. They are to be determined.
Analysis 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

x4y 2=x+y+20

which is an exact mathematical expression of the problem statement with x and
y denoting the unknown numbers. The solution to this system of two nonlinear
equations with two unknowns is obtained by a single click on the “calculator”
symbol on the taskbar. It gives

x=5 and y=1

Discussion Note that all we did is formulate the problem as we would on pa-
per; EES took care of all the mathematical details of 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 mathe-
matical complexities associated with the solution of the resulting system of
equations.

o
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Throughout the text, problems that are unsuitable for hand calculations and
are intended to be solved using EES are indicated by a computer icon. The
problems that are marked by the EES icon are solved with EES, and the solu-
tions are included in the accompanying CD.

1-9 - ACCURACY, PRECISION, AND
SIGNIFICANT DIGITS

In engineering calculations, the supplied information 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 implies greater accuracy than
exists, and it should be avoided.

Regardless of the system of units employed, engineers must be aware of
three principles that govern the proper use of numbers: accuracy, precision,
and significant digits. For engineering measurements, they are defined as
follows:

* Accuracy error (inaccuracy) is the value of one reading minus the true
value. In general, accuracy of a set of measurements refers to the
closeness of the average reading to the true value. Accuracy is generally
associated with repeatable, fixed errors.

* Precision error is the value of one reading minus the average of readings.
In general, precision of a set of measurements refers to the fineness of the
resolution and the repeatability of the instrument. Precision is generally
associated with unrepeatable, random errors.

 Significant digits are digits that are relevant and meaningful.
A measurement or calculation can be very precise without being very accu-

rate, and vice versa. For example, suppose the true value of wind speed is
25.00 m/s. Two anemometers A and B take five wind speed readings each:

Anemometer A: 25.5,25.7,25.5, 25.6, and 25.6 m/s. Average of all
readings = 25.58 m/s.

Anemometer B: 26.3, 24.5, 23.9, 26.8, and 23.6 m/s. Average of all
readings = 25.02 m/s.

Clearly, anemometer A is more precise, since none of the readings differs by

more than 0.1 m/s from the average. However, the average is 25.58 m/s, 0.58

m/s greater than the true wind speed; this indicates significant bias error, also

called constant error. On the other hand, anemometer B is not very precise,

since its readings swing wildly from the average; but its overall average is

much closer to the true value. Hence, anemometer B is more accurate than

anemometer A, at least for this set of readings, even though it is less precise.

The difference between accuracy and precision can be illustrated effectively

by analogy to shooting a gun at a target, as sketched in Fig. 1-21. Shooter A

is very precise, but not very accurate, while shooter B has better overall accu- B

racy, but less precision. FIGURE 1-21
Many engineers do not pay proper attention to the number of significant Iustration of accuracy versus

digits in their calculations. The least significant numeral in a number implies  precision. Shooter A is more precise, but

the precision of the measurement or calculation. For example, a result written less accurate, while shooter B is more

as 1.23 (three significant digits) implies that the result is precise to within one accurate, but less precise.



cenb4261_ch01.gxd

11/17/03

18
FUNDAMENTALS OF THERMAL-FLUID SCIENCES

TABLE 1-3
Significant digits
Number of
Exponential significant
Number notation digits
12.3 1.23 x 10! 3
123,000 1.23 x 10° 3
0.00123 1.23 x 1073 3
40,300 4.03 x 104 3
40,300. 4.0300 x 10* 5
0.005600 5.600 x 1073 4
0.0056 5.6 X 1073 2
0.006 6. x 1073 1

1:49 PM Page 18

Given:
Volume:
Density:

V=375L
p=0.845 kg/L

(3 significant digits)

Also, 3.75x0.845 = 3.16875

Find:
Mass: m = pV = 3.16875 kg

Rounding to 3 significant digits:

m=3.17kg

FIGURE 1-22

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

—p—

digit in the second decimal place, i.e., the number is somewhere between
1.22 and 1.24. Expressing this number with any more digits would be mis-
leading. The number of significant digits is most easily evaluated when the
number is written in exponential notation; the number of significant digits
can then simply be counted, including zeroes. Some examples are shown in
Table 1-3.

When performing calculations or manipulations of several parameters, the
final result is generally only as precise as the least precise parameter in
the problem. For example, suppose A and B are multiplied to obtain C. If
A = 2.3601 (five significant digits), and B = 0.34 (two significant digits), then
C = 0.80 (only two digits are significant in the final result). Note that most stu-
dents are tempted to write C = 0.802434, with six significant digits, since that
is what is displayed on a calculator after multiplying these two numbers.

Let’s analyze this simple example carefully. Suppose the exact value of B is
0.33501, which is read by the instrument as 0.34. Also suppose A is exactly
2.3601, as measured by a more accurate instrument. In this case, C = A X B
= 0.790066 to five significant digits. Note that our first answer, C = 0.80 is off
by one digit in the second decimal place. Likewise, if B is 0.34499, and is read
by the instrument as 0.34, the product of A and B would be 0.81421 to five
significant digits. Our original answer of 0.80 is again off by one digit in the
second decimal place. The main point here is that 0.80 (to two significant dig-
its) is the best one can expect from this multiplication since, to begin with, one
of the values had only two significant digits. Another way of looking at this is
to say that beyond the first two digits in the answer, the rest of the digits are
meaningless or not significant. For example, if one reports what the calculator
displays, 2.3601 times 0.34 equals 0.802434, the last four digits are meaning-
less. As shown, the final result may lie between 0.79 and 0.81—any digits be-
yond the two significant digits are not only meaningless, but misleading, since
they imply to the reader more precision than is really there.

As another example, consider a 3.75-L container filled with gasoline whose
density is 0.845 kg/L, and 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 so determined is
precise to six significant digits. In reality, however, the mass cannot be more
precise than three significant digits since both the volume and the density are
precise 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 in-
stead of what the calculator displays. 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 vol-
ume is precise 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. 1-22).

You should also be aware that sometimes we knowingly introduce small er-
rors in order to avoid the trouble of searching for more accurate data. For ex-
ample, 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 tempera-
ture is 975 kg/m?. The minerals and impurities in the water will introduce ad-
ditional error. This being the case, you should have no reservation in rounding

o
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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.

When writing intermediate results in a computation, it is advisable to keep
several “extra” digits to avoid round-off errors; however, the final result
should be written with the number of significant digits taken into considera-
tion. The reader must also keep in mind that a certain number of significant
digits of precision in the result does not necessarily imply the same number of
digits of overall accuracy. Bias error in one of the readings may, for example,
significantly reduce the overall accuracy of the result, perhaps even rendering
the last significant digit meaningless, and reducing the overall number of reli-
able digits by one. Experimentally determined values are subject to measure-
ment 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 de-
termined using this density value will also have an uncertainty of 2 percent.

Finally, when the number of significant digits is unknown, the accepted en-
gineering standard is 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 digits in the final results.

EXAMPLE 1-4 Significant Digits and Volumetric Flow Rate

Jennifer is conducting an experiment that uses cooling water from a garden
hose. In order to calculate the volumetric flow rate of water through the hose,
she times how long it takes to fill a container (Fig. 1-23). The volume of water
collected is V= 1.1 gallons in time period At = 45.62 s, as measured with a

stopwatch. Calculate the volumetric flow rate of water through the hose in units Hose

of cubic meters per minute.

volume and time period. ] ~

Assumptions 1 Jennifer recorded her measurements properly, such that the

volume measurement is precise to two significant digits while the time period is Container

precise to four significant digits. 2 No water is lost due to splashing out of the

container.

Analysis Volumetric flow rate V is volume displaced per unit time, and is ex-

pressed as FIGURE 1-23
Schematic for Example 1-4 for the

Volumetric flow rate. V= v measurement of volumetric flow rate.

Substituting the measured values, the volumetric flow rate is determined to be

- 1.1gal (3.785 X 107 m3) ( 60 s

- = 5.5 x 10-* m¥/mi
45.62 s ) e

1 gal 1 min
Discussion The final result is listed to two significant digits since we cannot be
confident of any more precision than that. If this were an intermediate step in
subsequent calculations, a few extra digits would be carried along to avoid ac-
cumulated round-off error. In such a case, the volume flow rate would be writ-

n
n

n

n

n

n

|

n

n

n

SOLUTION Volumetric flow rate is to be determined from measurements of
tenas V = 5.4759 X 1073 m3/ min.
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FIGURE 1-24

Accuracy and precision are not
necessarily related. Which one of the
stopwatches is precise but not
accurate? Which one is accurate but
not precise? Which one is neither
accurate nor precise? Which one is (@)
both accurate and precise?

TIMEXAM

[46.:

—p—

Exact time span = 45.623451 ... s

Also keep in mind that good precision does not guarantee good accuracy. For
example, if the batteries in the stopwatch were weak, its accuracy could be
quite poor, yet the readout would still be displayed to four significant digits of
precision (Fig. 1-24).

SUMMARY

In this chapter, some basic concepts of thermal-fluid sciences
are introduced and discussed. The physical sciences that deal
with energy and the transfer, transport, and conversion of en-
ergy are referred to as thermal-fluid sciences, and they are
studied under the subcategories of thermodynamics, heat trans-
fer, and fluid mechanics.

Thermodynamics is the science that primarily deals with en-
ergy. The first law of thermodynamics is simply an expression
of the conservation of energy principle, and it asserts that en-
ergy is a thermodynamic property. The second law of thermo-
dynamics asserts that energy has quality as well as quantity,
and actual processes occur in the direction of decreasing qual-
ity of energy. Determining the rates of heat transfer to or from
a system and thus the times of cooling or heating, as well as the

variation of the temperature, is the subject of heat transfer. The
basic requirement for heat transfer is the presence of a temper-
ature difference. A substance in the liquid or gas phase is
referred to as a fluid. Fluid mechanics is the science that deals
with the behavior of fluids at rest (fluid statics) or in motion
(fluid dynamics), and the interaction of fluids with solids or
other fluids at the boundaries.

When solving a problem, it is recommended that a
step-by-step approach be used. Such an approach involves stat-
ing the problem, drawing a schematic, making appropriate as-
sumptions, applying the physical laws, listing the relevant
properties, making the necessary calculations, and making sure
that the results are reasonable.
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PROBLEMS*

3. Y. A. Cengel and M. A. Boles. Thermodynamics. An
Engineering Approach. 4th ed. New York: McGraw-Hill,
2002.

Thermodynamics, Heat Transfer, and Fluid Mechanics

1-1C  What is the difference between the classical and the
statistical approaches to thermodynamics?

1-2C  Why does a bicyclist pick up speed on a downhill road
even when he is not pedaling? Does this violate the conserva-
tion of energy principle?

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
surrounding air, which is at 25°C. Is there any truth to his
claim? Does this process violate any thermodynamic laws?

1-4C How does the science of heat transfer differ from the
science of thermodynamics?

*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 a CD-EES icon @ are solved using EES, and
complete solutions together with parametric studies are included
on the enclosed CD. Problems with a computer-EES icon & are
comprehensive in nature, and are intended to be solved with a
computer, preferably using the EES software that accompanies
this text.
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1-5C What is the driving force for (a) heat transfer, (b) elec-
tric current, and (c) fluid flow?

1-6C  Why is heat transfer a nonequilibrium phenomenon?

1-7C Can there be any heat transfer between two bodies that
are at the same temperature but at different pressures?

1-8C Define stress, normal stress, shear stress, and pressure.

Mass, Force, and Units

1-9C What is the difference between pound-mass and
pound-force?

1-10C What is the difference between kg-mass and
kg-force?

1-11C  What is the net force acting on a car cruising at a
constant velocity of 70 km/h (a) on a level road and (b) on an
uphill road?

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 Determine the mass and the weight of the air contained
in a room whose dimensions are 6 m X 6 m X 8 m. Assume
the density of the air is 1.16 kg/m?.

Answers: 334.1 kg, 3277 N

1-14 At 45° latitude, the gravitational acceleration as a func-
tion of elevation z above sea level is given by g = a — bz,
where a = 9.807 m/s? and b = 3.32 X 1075 s72 Determine the
height above sea level where the weight of an object will de-
crease by 1 percent. Answer: 29,539 m

1-15E A 150-Ibm astronaut took his 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 he will weigh (a) on the spring scale and (b) on the beam
scale. Answers: (a) 25.5 Ibf; (b) 150 Ibf

1-16 The acceleration of high-speed aircraft is sometimes ex-
pressed in g’s (in multiples of the standard acceleration of grav-
ity). Determine the net upward force, in N, that a 90-kg man
would experience in an aircraft whose acceleration is 6 g’s.

1-17 %@;? A 5-kg rock is thrown upward with a force

of 150 N at a location where the local gravita-
tional acceleration is 9.79 m/s?. Determine the acceleration of
the rock, in m/s.

1-18 Solve Prob. 1-17 using EES (or other) software.
=== Print out the entire solution, including the numer-
ical results with proper units.

1-19 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.
Determine the percent reduction in the weight of an airplane
cruising at 13,000 m relative to its weight at sea level.
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Modeling and Solving Engineering Problems

1-20C How do rating problems in heat transfer differ from
the sizing problems?

1-21C What is the difference between the analytical and ex-
perimental approach to engineering problems? Discuss the ad-
vantages and disadvantages of each approach?

1-22C What is the importance of modeling in engineering?
How are the mathematical models for engineering processes
prepared?

1-23C  When modeling an engineering process, how is the
right choice made between a simple but crude and a complex
but accurate model? Is the complex model necessarily a better
choice since it is more accurate?

1-24C How do the differential equations in the study of a
physical problem arise?

1-25C What is the value of the engineering software pack-
ages in (a) engineering education and (b) engineering practice?

1-26 Determine a positive real root of this equation
<= using EES:

2x3—10x03-3x = -3

1-27 Solve this system of two equations with two un-
==

knowns using EES:
x—y> =175
3xy +y=3.5
1-28 Solve this system of three equations with

== three unknowns using EES:

2x—-y+z=5
3+ 2y=27z+2
xy+27=28
1-29 Solve this system of three equations with

== three unknowns using EES:

xXy-z=1
x=3y"+xz= -2
x+ty—-z=2

Review Problems

1-30 The weight of bodies may change somewhat from one
location to another as a result of the variation of the gravi-
tational acceleration g with elevation. Accounting for this
variation using the relation in Prob. 1-14, 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).

1-31 A man goes to a traditional market to buy a steak
for dinner. He finds a 12-ounce steak (1 Ibm = 16 ounces) for
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$3.15. He then goes to the adjacent international market and ~ Design and Essay Problems
finds a 320-gram steak of identical quality for $2.80. Which
steak is the better buy?

1-33 Write an essay on the various mass- and volume-
measurement devices used throughout history. Also, explain
1-32 The reactive force developed by a jet engine to push an the development of the modern units for mass and volume.
airplane forward is called thrust, and the thrust developed by

the engine of a Boeing 777 is about 85,000 pounds. Express

this thrust in N and kgf.
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BASIC CONCEPTS OF
THERMODYNAMICS

very science has a unique vocabulary associated with it, and thermo-
E dynamics is no exception. Precise definition of basic concepts forms

a sound foundation for the development of a science and prevents pos-
sible misunderstandings. We start this chapter with a discussion of some basic
concepts such as system, state, state postulate, equilibrium, process, energy,
and various forms of energy. We also discuss temperature and temperature
scales. We then present pressure, which is the force exerted by a fluid per unit
area and discuss absolute and gage pressures, the variation of pressure with
depth, and pressure measurement devices, such as manometers and barome-
ters. Careful study of these concepts is essential for a good understanding of
the topics in the following chapters.
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SURROUNDINGS

BOUNDARY

FIGURE 2-1
System, surroundings, and boundary.

Mass NO

CLOSED
SYSTEM

m = constant

Energy YES

FIGURE 2-2
Mass cannot cross the boundaries of a
closed system, but energy can.

Moving
boundary

GAS
2 kg
3m

boundary

FIGURE 2-3
A closed system with a
moving boundary.

Control surface

4—'—
|:Mass YES

CONTROL
VOLUME

Il Energy YES
—

FIGURE 24
Both mass and energy can cross the
boundaries of a control volume.
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2-1 = CLOSED AND OPEN SYSTEMS

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. These terms are illustrated in Fig. 2—1. The boundary of
a system can be fixed or movable. Note that the boundary is the contact sur-
face shared by both the system and the surroundings. Mathematically speak-
ing, 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) consists of a fixed amount of mass, and no
mass can cross its boundary. That is, no mass can enter or leave a closed sys-
tem, as shown in Fig. 2-2. 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 sys-
tem is called an isolated system.

Consider the piston-cylinder device shown in Fig. 2-3. 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 sur-
faces 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 outside 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. This is illus-
trated in Fig. 2-4.

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
radiator, 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 noz-
zle 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. 2-5a).

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. 2-5b. 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.

o
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As an example of an open system, consider the water heater shown in Fig.
2—6. 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 wa-
ter. 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. In-
stead, we can concentrate our attention 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 sur-
face at two locations.

In an engineering analysis, the system under study must be defined care-
fully. 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.

2-2 = PROPERTIES OF A SYSTEM

Any characteristic of a system is called a property. Some familiar properties
are pressure P, temperature 7, volume V, 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 ve-
locity and elevation.
Not all properties are independent, however. Some are defined in terms of
other ones. For example, density is defined as mass per unit volume.
p= % (kg/m?) 2-1)
The density of a substance, in general, depends on temperature and pressure.
The density of most gases is proportional to pressure, and inversely propor-
tional to temperature. Liquids and solids, on the other hand, are essentially in-
compressible substances, and the variation of their density with pressure is
usually negligible. 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

o

CHAPTER 2

FIGURE 2-5

A control volume can involve fixed,
moving, real, and imaginary
boundaries.

Control surface

Hot \
water dl— ——————— Y}
out +——+— ]
— : |
|
: WATER I
| HEATER :
! I
: (control :
: volume) : Cold
| | e Water
: =
L — JF
FIGURE 2-6

An open system (a control volume)
with one inlet and one exit.



28
FUNDAMENTALS OF THERMAL-FLUID SCIENCES

V=12m’
m=3kg

b

p =0.25 kg/m?
V= %= 4 m3/kg

FIGURE 2-7
Density is mass per unit volume;
specific volume is volume per unit

mass.
m
Vv
T
P
P
1
|
%m | %m Extensive
%V : %V properties
Ty
p : p Intensitye
| properties
P : P
FIGURE 2-8

Criteria to differentiate intensive
and extensive properties.

cenb54261_ch02.gxd 11/17/03 1:57 PM Page 28 $

density of liquids and solids depends more strongly on temperature than they
do 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 most cases.

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

standard substance at a specified temperature (usually water at 4°C, for which
pro = 1000 kg/m?). That is,

SG =—- (2-2)

Note that the specific gravity of a substance is a dimensionless quantity.
However, in SI units, the numerical value of the specific gravity of a
substance will be 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/m3. For example, the specific gravity of mercury at 0°C is 13.6.
Therefore, its density at 0°C is 13.6 g/cm?® = 13.6 kg/L = 13,600 kg/m?3. The
specific gravities of some substances at 0°C are 1.0 for water, 0.92 for ice,
2.3 for concrete, 0.3—0.9 for most woods, 1.7-2.0 for bones, 1.05 for blood,
1.025 for seawater, 19.2 for gold, 0.79 for ethyl alcohol, and about 0.7 for
gasoline. Note that substances with specific gravities less than 1 are lighter
than water, and thus they will float on water.

A more frequently used property in thermodynamics is the specific volume.
It is the reciprocal of density (Fig. 2—7) and is defined as the volume per unit
mass:

y=-— = %) (m¥/kg) (2-3)

Properties are considered to be either intensive or extensive. Intensive
properties are those that are independent of the size 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. Mass m, volume V, and total
energy E are some examples of extensive properties. An easy way to deter-
mine whether a property is intensive or extensive is to divide the system into
two equal parts with a partition, as shown in Fig. 2-8. Each part will have the
same value of intensive properties as the original system, but half the value of
the extensive properties.

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 ex-
amples of specific properties are specific volume (v = V/m) and specific total
energy (e = E/m).

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 continuous, homogeneous matter with no holes, that is, a continuum.
The continuum idealization allows us to treat properties as point functions,
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and to assume the properties to vary continually in space with no jump
discontinuities. This idealization is valid as long as the size of the system we
deal with is large relative to the space between the molecules. This is the
case in practically all problems, except some specialized ones.

To have a sense of the distance involved at the molecular level, consider a
container filled with oxygen at atmospheric conditions. The diameter of the
oxygen molecule is about 3 X 107! 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 1073 m.
That is, an oxygen molecule travels, on average, a distance of 6.3 X 1078 m
(about 200 times of its diameter) before it collides with another molecule.
Also, there are about 3 X 10'°® molecules of oxygen in the tiny volume of
I mm? at 1 atm pressure and 20°C (Fig. 2-9). The continuum model is
applicable as long as the characteristic length of the system (such as its di-
ameter) is much larger than the mean free path of the molecules. At very high
vacuums or very high elevations, the mean free path may become large (for
example, it is about 0.1 m for atmospheric air at an elevation of 100 km). For
such cases the rarefied gas flow theory should be used, and the impact of
individual molecules should be considered. In this text we will limit our con-
sideration to substances that can be modeled as a continuum.

2-3 = 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. 2-10 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 driving forces) within the system. A system in equilibrium
experiences no changes when it is isolated from its surroundings.

There are many types of equilibrium, and a system is not in thermodynamic
equilibrium 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. 2—11. That is, the
system involves no temperature differential, which is the driving force for heat
flow. Mechanical equilibrium is related to pressure, and a system is in
mechanical equilibrium if there is no change in pressure at any point of the
system with time. However, the pressure may vary within the system with
elevation as a result of gravitational effects. However, the higher pressure at a
bottom layer is balanced by the extra weight 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 disregarded.
If a system involves two phases, it is in phase equilibrium when the mass of
each phase reaches an equilibrium level and stays there. Finally, a system is 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 relevant equilibrium criteria are satisfied.

CHAPTER 2

0,

3 x 10'® molecules/mm?

/
o

1 atm, 20°C

VOID

/O

o

N

FIGURE 2-9

Despite the large gaps between
molecules, a substance can be treated
as a continuum because of the very
large number of molecules even

in the smallest volume.

(a) State 1

(b) State 2
FIGURE 2-10
A system at two different states.

o

o

o o

20°C 23°C 32°Cc  32°C
30°C 32°C
35°C  40°C 32°Cc  32°C
42°C 32°C
(a) Before (b) After
FIGURE 2-11

A closed system reaching thermal

equilibrium.



30
FUNDAMENTALS OF THERMAL-FLUID SCIENCES

Nitrogen
T=25°C
v=0.9 m¥/kg

FIGURE 2-12
The state of nitrogen is fixed by two
independent, intensive properties.

Property A
A
State 2
Process path
State 1
Property B
FIGURE 2-13
A process between states
1 and 2 and the process path.
(-
(a) Slow compression
(quasi-equilibrium)
(-

(b) Very fast compression
(nonquasi-equilibrium)

FIGURE 2-14
Quasi-equilibrium and nonquasi-
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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 certain number of properties is sufficient to fix a state. The number of prop-
erties 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 electri-
cal, magnetic, gravitational, motion, and surface tension effects. These effects
are due to external force fields and are negligible for most engineering prob-
lems. Otherwise, an additional property needs to be specified for each effect
that is significant. If the gravitational effects are to be considered, for exam-
ple, the elevation z needs to be specified in addition to the two properties nec-
essary 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 ex-
ample, are always independent properties, and together they can fix the state
of a simple compressible system (Fig. 2—12). Temperature and pressure, how-
ever, 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, T = f(P) during a phase-change process; thus,
temperature and pressure are not sufficient to fix the state of a two-phase sys-
tem. Phase-change processes are discussed in detail in Chap. 3.

2-4 - 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. 2—13). To describe a process
completely, 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 infini-
tesimally 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 sufficiently slow process that allows the system to adjust itself internally so
that properties in one part of the system do not change any faster than those at
other parts.

This is illustrated in Fig. 2—-14. When a gas in a piston-cylinder device is
compressed 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 pres-
sure difference, the system can no longer be said to be in equilibrium, and this
makes the entire process nonquasi-equilibrium. However, if the piston is
moved slowly, the molecules will have sufficient time to redistribute and there
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will not be a molecule pileup in front of the piston. As a result, the pressure
inside the cylinder will always be 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 ideal-
ized 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 (Fig. 2—15). Therefore, quasi-equilibrium processes
serve as standards to which actual processes can be compared.

Process diagrams plotted by employing thermodynamic properties as coor-
dinates 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 2-16 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 processes only. For nonquasi-equilibrium processes, we are not
able to 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.

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
during which the temperature 7 remains constant; an isobaric process is a
process during which the pressure P remains constant; and an isochoric (or
isometric) process is a process during which the specific volume v remains

FIGURE 2-15

Work-producing devices operating in
a quasi-equilibrium manner deliver
the most work.

constant. P
A system is said to have undergone a cycle if it returns to its initial state Final state
at the end of the process. That is, for a cycle the initial and final states are 2
identical. Process path

Initial
state

The Steady-Flow Process

The terms steady and uniform are used frequently in engineering, and thus it
is important 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, however, implies no change with location over a specified 2 ho
region. These meanings are consistent with their everyday use (steady girl-
friend, uniform properties, etc.). L

A large number of engineering devices operate for long periods of time un- | System } <
der the same conditions, and they are classified as steady-flow devices. b }
Processes involving such devices can be represented reasonably well by a 2) (1
somewhat idealized process, called the steady-flow process, which can be FIGURE 2-16
defined as a process during which a fluid flows through a control volume The P-V diagram of a compression
steadily (Fig. 2—17). That is, the fluid properties can change from point to process.

point within the control volume, but at any fixed point they remain the same
during the entire process. Therefore, the volume V, the mass m, and the total
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During a steady-flow process,
fluid properties within the
control volume may change
with position, but not with time.
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FIGURE 2-18

Under steady-flow conditions, the
mass and energy contents of a control
volume remain constant.

FIGURE 2-19

The macroscopic energy of an object
changes with velocity and elevation.
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energy content E of the control volume remain constant during a steady-flow
process (Fig. 2—18).

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 de-
vices, such as reciprocating engines or compressors, do not satisfy any of the
conditions stated above since the flow at the inlets and the exits will be pulsat-
ing 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.

2-5 = FORMS OF ENERGY

Energy can exist in numerous forms such as thermal, mechanical, kinetic,
potential, electric, magnetic, chemical, and nuclear, and their sum constitutes
the total energy E of a system. The total energy of a system on a unit mass ba-
sis is denoted by e and is defined as

e=£ g (2-4)

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 as-
signed 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 potential 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: macro-
scopic and microscopic. The macroscopic forms of energy are those a system
possesses as a whole with respect to some outside reference frame, such as ki-
netic and potential energies (Fig. 2-19). The microscopic forms of energy are
those related to the molecular structure of a system and the degree of the mol-
ecular 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 sys-
tem and is denoted by U.

The term energy was coined in 1807 by Thomas Young, and its use in ther-
modynamics 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 nineteenth century, and it eventually re-
placed 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 reference frame is called Kinetic energy KE. When all parts of a system
move with the same velocity, the kinetic energy is expressed as

m?

KE = N (kJ) (2-5)



cenb54261_ch02.gxd 11/17/03 1:57 PM Page 33 $

CHAPTER 2

or, on a unit mass basis,
ke = L (kJ/kg) (2-6)

where the script V" denotes the velocity of the system relative to some fixed
reference frame. The kinetic energy of a rotating body is given by %Iuﬂ where
I 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 gravita-
tional field is called potential energy PE and is expressed as

PE = mgz (kJ) (2-7)
or, on a unit mass basis,
pe = gz (kJ/kg) (2-8)

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 plane.

The magnetic, electric, and surface tension effects are significant in some
specialized 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 en-
ergies and is expressed as

2
E=U+KE+PE=U+%+mgz (kJ) (2-9)
or, on a unit mass basis,
e=utke+pe=u+ 7_ + gz (kJ/kg) (2-10)

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

Some Physical Insight to Internal Energy

Internal energy is 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
energies 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 possess some kinetic energy. This is known as the transla-
tional 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 trans-
lational and rotational motions, with vibrational motion becoming significant
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at higher temperatures. The electrons in an atom rotate about the nucleus, and
thus possess rotational kinetic energy. Electrons at outer orbits have larger ki-
netic 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 asso-
ciated with the kinetic energies of the molecules is called the sensible energy
(Fig. 2-20). The average velocity and the degree of activity of the molecules
are proportional to the temperature of the gas. Therefore, at higher tempera-
tures, the molecules will possess higher kinetic energies, and as a result the
system will have 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 be-
tween 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, they will 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 positively charged protons and neutrons 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 process, 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. 2-21). Obviously, we need not be
concerned with nuclear energy in thermodynamics unless, of course, we deal
with fusion or fission reactions. A chemical reaction 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 pos-
sess electric and magnetic dipole-moment energies when subjected to external
electric and magnetic fields due to the twisting of the magnetic dipoles pro-
duced 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 as the dynamic forms of energy or as energy interactions. The dy-
namic 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 difference. Otherwise it is work, as explained later.
A control volume can also exchange energy via mass transfer since any time
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The macroscopic kinetic energy is an
organized form of energy and is much

Macroscopic . more useful than the disorganized
kinetic energy microscopic kinetic energies of
(turns the wheel) the molecules.

mass is transferred into or out of a system, the energy content of the mass is
also transferred with it.

In daily life, we frequently 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 pre-
vent any confusion with heat transfer.

Distinction should be made between the macroscopic kinetic energy of an
object as a whole and the microscopic kinetic energies of its molecules that
constitute the sensible internal energy of the object (Fig. 2-22). 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 disorganized. As you will see in later chapters, the organized energy is
much more valuable than the disorganized energy, and a major application
area of thermodynamics is the conversion of disorganized energy (heat) into
organized energy (work). You will also see that the organized energy can be
converted to disorganized energy completely, but only a fraction of disorga-
nized energy can be converted to organized energy by specially built devices
called heat engines (like car engines and power plants). A similar argument
can be given for the macroscopic 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 split of the uranium atom (the
U-235 isotope) into other elements, and is commonly used to generate elec-
tricity in nuclear power plants (429 of them in 1990, generating 311,000 MW
worldwide), to power nuclear submarines and aircraft carriers, and even to
power spacecraft as well as building nuclear bombs. The first nuclear chain
reaction was achieved by Enrico Fermi in 1942, and the first large-scale nu-
clear reactors were built in 1944 for the purpose of producing material for nu-
clear 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, 3 neu-
trons, and 3.2 X 107" J of energy. In practical terms, the complete fission of
1 kg of uranium-235 releases 6.73 X 10'° KJ of heat, which is more than the
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FIGURE 2-24
Schematic for Example 2—1.

heat released when 3000 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, how-
ever, 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
originates from such a fusion process that involves the combination of two hy-
drogen atoms into a helium atom. When two heavy hydrogen (deuterium) nu-
clei combine during a fusion process, they produce a helium-3 atom, a free
neutron, and 5.1 X 10713 J of energy (Fig. 2-23).

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 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 uncontrolled 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.

EXAMPLE 2-1 A Car Powered by Nuclear Fuel

An average car consumes about 5 L of gasoline a day, and the capacity of the
fuel tank of a car is about 50 L. Therefore, a car needs to be refueled once
every 10 days. Also, the density 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 re-
leased when 1 kg of gasoline is completely burned). Suppose all the problems
associated with the radioactivity and waste disposal of nuclear fuels are re-
solved, 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 average driving conditions (Fig. 2-24).

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 den-
sity 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

mgasoline = (pv)gasoline = (075 kg/L) (5 L/da}’) = 373 kg/day

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

E = (Mgyo1in) (Heating value)
= (3.75 kg/day) (44,000 kJ/kg) = 165,000 kJ/day

The complete fission of 0.1 kg of uranium-235 releases

(6.73 X 10" kJ/kg)(0.1 kg) = 6.73 X 10° kJ
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of heat, which is sufficient to meet the energy needs of the car for
Energy content of fuel ¢ 53 « 109 k]
Daily energy use 165,000 kJ/day

No. of days = = 40,790 days

which is equivalent to about 112 years. Considering that no car will last more
than 100 years, this car will never need refueling. It appears that nuclear fuel
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.

2-6 - ENERGY AND ENVIRONMENT

The conversion of energy from one form to another often affects the environ-
ment 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.
2-25). 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, and global warming and cli-
mate change. The environmental pollution has reached such high levels that it
became a serious threat to vegetation, wild life, and human health. Air pollu-
tion has been the cause of numerous health problems including asthma and

cancer. It is estimated that over 60,000 people in the United States alone die FIGURE 2-25
each year due to heart and lung diseases related to air pollution. Energy conversion processes
Hundreds of elements and compounds such as benzene and formaldehyde are often accompanied by
are known to be emitted during the combustion of coal, oil, natural gas, and environmental pollution.
©Corbis Royalty Free

wood in electric power plants, engines of vehicles, furnaces, and even fire-
places. 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 the
motor vehicles, and the pollutants released by the vehicles are usually grouped
as hydrocarbons (HC), nitrogen oxides (NO,), and carbon monoxide (CO)
(Fig. 2-26). The HC emissions are a large component of volatile organic com-
pounds (VOC) emissions, and the two terms are generally used interchange-
ably for motor vehicle emissions. A significant portion of the VOC or HC
emissions are caused by the evaporation of fuels during refueling or spillage
during spitback or by evaporation from gas tanks with faulty caps that do not
close tightly. The solvents, propellants, and household cleaning products that
contain benzene, butane, or other HC products are also significant sources of
HC emissions.

The increase of environmental pollution at alarming rates and the rising

awareness of its dangers made it necessary to control it by legislation and in- FIGURE 2-26
ternational treaties. In the United States, the Clean Air Act of 1970 (whose Motor vehicles are the largest
passage was aided by the 14-day smog alert in Washington that year) set limits source of air pollution.
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NO
HC

FIGURE 2-27

Ground-level ozone, which is

the primary component of smog,
forms when HC and NO, react in the
presence of sunlight in hot calm days.

cenb54261_ch02.gxd 11/17/03 1:57 PM Page 38 $

on pollutants emitted by large plants and vehicles. These early standards fo-
cused on emissions of hydrocarbons, nitrogen oxides, and carbon monoxide.
The new cars were required to have catalytic converters in their exhaust sys-
tems 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 re-
duction 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 par-
ticulate matter (PM). As a result, today’s industrial facilities and vehicles emit
a fraction of the pollutants they used to emit a few decades ago. The HC emis-
sions of cars, for example, decreased from about 8 gpm (grams per mile) in
1970 to 0.4 gpm in 1980 and about 0.1 gpm in 1999. This is a significant re-
duction 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 pollu-
tants. This becomes apparent when the air pollution levels in their neighbor-
hoods rise to high levels.

Ozone and Smog

If you live in a metropolitan area such as Los Angeles, you are probably fa-
miliar with urban smog—the dark yellow or brown haze that builds up in a
large stagnant air mass and hangs over populated areas on calm hot summer
days. Smog is made up mostly of ground-level ozone (O3), but it also contains
numerous other chemicals, including carbon monoxide (CO), particulate mat-
ter such as soot and dust, volatile organic compounds (VOC) 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 the motor
vehicles. Hydrocarbons and nitrogen oxides react in the presence of sunlight on
hot calm days to form ground-level ozone, which is the primary component of
smog (Fig. 2-27). The smog formation usually peaks in late afternoons 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 of no boundaries, and it is a global problem.

Ozone irritates eyes and damages the air sacs in the lungs where oxygen and
carbon dioxide are exchanged, causing eventual hardening of this soft and
spongy tissue. It also causes shortness of breath, wheezing, fatigue, head-
aches, and nausea, and aggravates respiratory problems such as asthma. Every
exposure to ozone does a little damage to the lungs, just like cigarette smoke,
eventually reducing the individual’s lung capacity. Staying indoors and mini-
mizing physical activity during heavy smog will minimize damage. Ozone
also harms vegetation by damaging leaf tissues. To improve the air quality in
areas with the worst ozone problems, reformulated gasoline (RFG) that con-
tains at least 2 percent oxygen was introduced. The use of RFG has resulted in
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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 color-
less, odorless, poisonous gas. It is mostly emitted by motor vehicles, and it
can build to 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 otherwise carry oxygen. At low levels, carbon monoxide
decreases the amount of oxygen 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 evidenced by numerous
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, emissions 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 chem-
icals high in the atmosphere in the presence of sunlight to form sulfuric and
nitric acids (Fig. 2-28). 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 on to the soil by rain or snow.
This is known as acid rain. The soil is capable of neutralizing a certain
amount of acid, but the amounts produced by the power plants using inexpen-
sive high-sulfur coal has exceeded this capability, and as a result many lakes SO,
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 due to absorbing the acids through their leaves, needles, and
roots. Even marble structures deteriorate due to acid rain. The magnitude of x———-1
the problem was not recognized until the early 1970s, and serious measures k
M

have been taken since then to reduce the sulfur dioxide emissions drastically
by installing scrubbers in plants and by desulfurizing coal before combustion.

Power plant

The Greenhouse Effect: Sulfurie acid and FIGURE _2d-28

. . ulfuric acid and nitric acid are
Global Warmi ng and Climate Cha nge formed when sulfur oxides and nitric
You have probably noticed that when you leave your car under direct sunlight oxides react with water vapor and
on a sunny day, the interior of the car gets much warmer than the air outside, other chemicals high in the
and you may have wondered why the car acts like a heat trap. This is be- atmosphere in the presence of
cause glass at thicknesses encountered in practice transmits over 90 percent of sunlight.
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Greenhouse
gases

Some infrared
radiation emitted
by earth is absorbed
by greenhouse

Solar radiation
passes through
and is mostly

gases and absorbed
emitted back by earth’s
surface

FIGURE 2-29
The greenhouse effect on earth.
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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 energy buildup in the car. This heating effect is known as the green-
house effect, since it is utilized 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.
2-29). Therefore, they are called “greenhouse gases,” with CO, being the pri-
mary 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 human activities in produc-
ing water (such as the burning of fossil fuels) do not make much difference on
its concentration in the atmosphere (which is mostly due to evaporation from
rivers, lakes, oceans, etc.). CO, is different, however, in that people’s activities
do make a difference 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 delicate 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 undesirable consequences of the greenhouse effect are referred
to as global warming or global climate change.

The global climate change is due to the excessive use of fossil fuels such as
coal, petroleum products, and natural gas in electric power generation, trans-
portation, buildings, and manufacturing, and it has been a concern in recent
decades. In 1995, a total of 6.5 billion tons of carbon was released to the
atmosphere as CO,. The current concentration of CO, in the atmosphere is
about 360 ppm (or 0.36 percent). This is 20 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
the photosynthesis process, and thus keeps the CO, concentration 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, de-
forestation and the huge increase in the CO, production in recent decades
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. A rise of this
magnitude is feared to cause severe changes in weather patterns with storms
and heavy rains and flooding at some parts and drought in others, major floods
due to the melting of ice at the poles, 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, in-
creases in epidemic diseases 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
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the committee 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. This can be done by increasing conservation efforts and improving con-
version efficiencies, while meeting new energy demands by the use of renew-
able energy (such as hydroelectric, solar, wind, and geothermal energy) rather
than by fossil fuels.

The United States is the largest contributor of greenhouse gases, with over 5
tons of carbon emissions per person per year. A major source of greenhouse gas
emissions is transportation. Each liter of gasoline burned by a vehicle produces
about 2.5 kg of CO, (or, each gallon of gasoline burned produces about 20 lbm
of CO,). An average car in the United States is driven about 12,000 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. 2-30). 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 $300 per year (under average dri-
ving conditions of 12,000 miles a year and at a fuel cost of $1.50/gal).

It is clear from these discussions that considerable amounts of pollutants are
emitted as the chemical energy in fossil fuels is converted to thermal, mechan-
ical, or electrical energy via combustion, and thus power plants, motor vehicles,
and even stoves take the blame for air pollution. 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 solution to the air pollution
problem. It should be remembered, however, that the electricity used by the
electric cars is generated somewhere else mostly by burning fuel and thus emit-
ting pollution. Therefore, each time an electric car consumes 1 kWh of elec-
tricity, it bears the responsibility for the pollutions emitted as 1 kWh
of electricity (plus the conversion and transmission losses) is generated else-
where. The electric cars can be claimed to be zero emission vehicles only when
the electricity they consume is generated by emission-free renewable resources
such as hydroelectric, solar, wind, and geothermal energy (Fig. 2-31). There-
fore, the use of renewable energy should be encouraged worldwide, with in-
centives, 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 re-
duce pollution. As individuals, we can also help by practicing energy conserva-
tion measures and by making energy efficiency a high priority in our purchases.

CO,
6 tons

1.5 tons

FIGURE 2-30

The average car produces several
times its weight in CO, every year (it
is driven 12,000 miles a year,
consumes 600 gallons of gasoline, and
produces 20 Ibm of CO, per gallon).

| . . . .
w EXAMPLE 2-2 Reducing Air Pollution by Geothermal Heating FIGURE 2—31
" A geothermal power plant in Nevada is generating electricity using geothermal Renewable energies such as wind are
. . . H 13 29 3 s
m Water extracted at 180°C, and reinjected back to the ground at 85°C. It is pro- called “green energy” since they emit
m posed to utilize the reinjected brine for heating the residential and commercial no pollutants or greenhouse gases.
m buildings in the area, and calculations show that the geothermal heating system ©Corbis Royalty Free
|
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® can save 18 million therms of natural gas a year. Determine the amount of
a NO, and CO, emissions the geothermal system will save a year. Take the aver-
m age NO, and CO, emissions of gas furnaces to be 0.0047 kg/therm and
B 6.4 kg/therm, respectively.

|

SOLUTION The gas heating systems in an area are being replaced by a geo-
thermal district heating system. The amounts of NO, and CO, emissions saved
per year are to be determined.

Analysis The amounts of emissions saved per year are equivalent to the
amounts emitted by furnaces when 18 million therms of natural gas is 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 10° therm/year)
= 1.2 X 108 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 by 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.

2—7 = TEMPERATURE AND THE ZEROTH LAW
OF THERMODYNAMICS

Although we are familiar with temperature as a measure of “hotness” or
“coldness,” it is not easy to give an exact definition for it. Based on our phys-
iological sensations, we express the level of temperature qualitatively with
words like freezing cold, cold, warm, hot, and red-hot. However, we cannot
assign numerical values to temperatures based on our sensations alone. Fur-
thermore, 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
repeatable and predictable way, and this forms the basis for accurate temper-

ature measurement. The commonly used mercury-in-glass thermometer, for

IRON IRON example, is based on the expansion of mercury with temperature. Temperature
LIS wPEC is also measured by using several other temperature-dependent properties.

- It is a common experience that a cup of hot coffee left on the table eventu-

COPPER (S0)F 215 ally cools off and a cold drink eventually warms up. That is, when a body is

20°C 60° C 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 temper-

FIGURE 2-32 ature until both bodies attain the same temperature (Fig. 2-32). At that point,

Two bodies reaching thermal the heat transfer stops, and the two bodies are said to have reached thermal

equilibrium after being brought into equilibrium. The equality of temperature is the only requirement for thermal

contact in an isolated enclosure. equilibrium.
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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 thermodynamics, and it serves as a basis for the validity of tempera-
ture 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 rec-
ognized more than half a century after the formulation of the first and the sec-
ond laws of thermodynamics. 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
measurements, and several have been introduced throughout history. All
temperature scales are based on some easily reproducible states such as the
freezing and boiling points of water, which are also called the ice point and the
steam point, respectively. 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 re-
named 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 are assigned the values of 0 and 100°C, respectively. The corre-
sponding values on the Fahrenheit scale are 32 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
independent of the properties of any substance or substances. Such a tem-
perature scale is called a thermodynamic temperature scale, which is de-
veloped later in conjunction with the second law of thermodynamics. The
thermodynamic temperature 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 temperature on the Kelvin scale is 0 K.
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 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 ther-
mometer is based on the principle that at low pressures, the temperature of a
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P versus T plots of the experimental
data obtained from a constant-volume
gas thermometer using four different
gases at different (but low) pressures.
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Absolute
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FIGURE 2-34

A constant-volume gas

thermometer would read

—273.15°C at absolute zero pressure.
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gas is proportional to its pressure at constant volume. That is, the temperature
of a gas of fixed volume varies linearly with pressure at sufficiently low pres-
sures. Then the relationship between the temperature and the pressure of the
gas in the vessel can be expressed as

T=a+bP (2-11)

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

An ideal 1-1 gas temperature scale can be developed by measuring the pres-
sures 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 measurements are sufficient to determine the constants
a and b in Eq. 2-11. Then the unknown temperature 7 of a medium corre-
sponding 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 ther-
mometer, 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 and 100, respectively, then the gas tem-
perature 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 deter-
mined 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. 2-33. This is the lowest
temperature that can be obtained by a gas thermometer, and thus we can ob-
tain an absolute gas temperature scale by assigning a value of zero to the con-
stant a in Eq. 2—11. In that case Eq. 2-11 reduces to 7= bP, and thus we need
to specify the temperature at only one point to define an absolute gas temper-
ature 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 ioniza-
tion). However, absolute gas temperature is identical to the thermodynamic
temperature in the temperature range in which the gas thermometer can be
used, and 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. 2-34).

The Kelvin scale is related to the Celsius scale by

T(K) = T(°C) + 273.15 (2-12)
The Rankine scale is related to the Fahrenheit scale by

T(R) = T(°F) + 459.67 (2-13)
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It is common practice to round the constant in Eq. 2-12 to 273 and that in °C K °F R
Eq. 2-13 to 460. N N Boiling

. . 100.00 —373.15 212.00 — 671.67 poi
The temperature scales in the two unit systems are related by g?ﬁuer

at 1 atm

T(R) = 1.8 T(K) (2-14)
T(°F) = 1.8 T(°C) + 32 (2-15)

A comparison of various temperature scales is given in Fig. 2-35. 0011 273.16  32.02 H{491.60 Triple

At the Tenth Conference on Weights and Measures in 1954, the Celsius El(‘n\)r&l/;ter
scale was redefined in terms of a single fixed point and the absolute tempera-
ture scale. The selected single point is the triple point of water (the state at
which all three phases of water coexist in equilibrium), which is assigned the
value 0.01°C. The magnitude of the degree is defined from the absolute tem-
perature scale. As before, the boiling point of water at 1 atm pressure is
100.00°C. Thus the new Celsius scale is essentially the same as the old one.

On the Kelvin scale, the size of the temperature unit kelvin is defined as “the
fraction 1/273.16 of the thermodynamic temperature of the triple point of wa-
ter, which is assigned the value of 273.16 K.” The ice point on the Celsius and
Kelvin scales are 0°C and 273.15 K, respectively.

Note that the magnitudes of each division of 1 K and 1°C are identical (Fig.
2-36). Therefore, when we are dealing with temperature differences AT, the
temperature interval on both scales is the same. Raising the temperature of a @ @ #ero
substance by 10°C is the same as raising it by 10 K. That is,

—273.15 M0 —459.67 110 Absolute

FIGURE 2-35
AT(K) = AT(°C) (2-16) Comparison of temperature scales.
AT(R) = AT(°F) (2-17)

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 1kl 1ecl 1sr| 18°F
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 @ = bT) then K must be used. When in doubt, it is always FIGURE 2-36
safe to use K because there are virtually no situations in which the use of Kis  Comparison of magnitudes of various
incorrect, but there are many thermodynamic relations that will yield an erro- temperature units.

neous result if °C is used.

: EXAMPLE 2-3 Expressing Temperature Rise in Different Units

: During a heating process, the temperature of a system rises by 10°C. Express
m this rise in temperature in K, °F, and R.
|
SOLUTION The temperature rise of a system is to be expressed in different
units.
Analysis This problem deals with temperature changes, which are identical in
Kelvin and Celsius scales. Then,

AT(K) = AT(°C) = 10 K
The temperature changes in Fahrenheit and Rankine scales are also identical

and are related to the changes in Celsius and Kelvin scales through Egs. 2-14
and 2-17:
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x\ ¢ pounds

P=6psi

P=0‘,1=L=—p—150, ‘Zi =3 psi
Apeer 50 1in
FIGURE 2-37
The normal stress (or “pressure”) on
the feet of a chubby person is much
greater than that of a slim person.

FIGURE 2-38

A pressure gage open to
the atmosphere reads zero.
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AT(R) = 1.8 AT(K) = (1.8) (10) = 18 R

and

ATCF) = AT(R) = 18°F

2-8 - PRESSURE

Pressure is defined as the force exerted by a fluid per unit area. We speak of
pressure only when we deal with a gas or a liquid. The counterpart of pressure
in solids is stress. 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 pressures encountered in prac-
tice. 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/em? = 9.807 N/cm? = 9.807 X 10* N/m? = 9.807 X 10* Pa
= 0.9807 bar
= 0.96788 atm

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/in2, 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 for solids as synonymous to normal stress, which is
force acting perpendicular to the surface per unit area. For example, a
150-pound person with a total foot imprint area of 50 in? will exert a pressure
of 150/50 = 3.0 psi. If the person stands on one foot, the pressure will double
(Fig. 2-37). If the person gains excessive weight, he or she is likely to en-
counter foot discomfort because of the increased pressure on the foot (the size
of the foot does not change with weight gain). This also explains how a per-
son can walk on fresh snow without sinking by wearing large snowshoes, 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 atmos-
phere (Fig. 2-38), and so they indicate the difference between the absolute pres-
sure and the local atmospheric pressure. This difference is called the gage
pressure. Pressures below atmospheric pressure are called vacuum pressures
and are measured by vacuum gages that indicate the difference between the

o
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Absolute Absolute FIGURE 2-39
vacuum abs vacuum  Absolute, gage, and vacuum pressures.

atmospheric pressure and the absolute pressure. Absolute, gage, and vacuum
pressures are all positive quantities and are related to each other by

Poive = Pans — Pam (for pressures above P,,) (2-18)

gage
P = Pym — Paps (for pressures below P, (2-19)

This is illustrated in Fig. 2-39.

Like other pressure gages, the gage used to measure the air pressure in an
automobile tire reads the gage pressure. Therefore, the common reading of 32
psi (2.25 kgf/cm?) indicates a pressure of 32 psi above the atmospheric pres-
sure. At a location where the atmospheric pressure is 14.3 psi, for example,
the absolute pressure in the tire will be 32 + 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.

: EXAMPLE 2—4 Absolute Pressure of a Vacuum Chamber

: A vacuum gage connected to a chamber reads 5.8 psi at a location where
m the atmospheric pressure is 14.5 psi. Determine the absolute pressure in the
m 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. 2-19 to be

Py = Py — Pyoe = 145 — 5.8 = 8.7 psi

Pressure at a Point

Pressure is the compressive force per unit area, and it gives the impression of
being a vector. However, pressure at any point in a fluid is the same in all

o
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FIGURE 2-40
Forces acting on a wedge-shaped fluid
element in equilibrium.
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directions. That is, it has magnitude but not a specific direction, and thus it is
a scalar quantity. This can be demonstrated by considering a small wedge-
shaped fluid element of unit length (into the paper) in equilibrium, as shown
in Fig. 2—40. The mean pressures at the three surfaces are P, P,, and P3, and
the force acting on a surface is the product of mean pressure and the surface
area. From Newton’s second law, a force balance in the x- and z-directions
gives

E F.=ma,=0: P/Az — P;lsinf =0 (2-20a)
E F.=ma,=0: P,Ax — Py 1cos © —%pg AxAz =0 (2-20h)

where p is the density and W = mg = pg Ax Az/2 is the weight of the fluid
element. Noting that the wedge is a right triangle, we have Ax = [ cos 6 and
Az = Isin 6. Substituting these geometric relations and dividing Eq. 2-20a by
Az and Eq. 2-20b by Ax gives

P]_P3:0 (2—213)
P,— P, —%pg Az=0 (2-21h)

The last term in Eq. 2-21b drops out as Az — 0 and the wedge becomes in-
finitesimal, and thus the fluid element shrinks to a point. Then combining the
results of these two relations gives

P,=P,=P,;=P (2-22)

regardless of the angle 6. We can repeat the analysis for an element in the
xz-plane, and obtain a similar result. Thus we conclude that the pressure at a
point in a fluid has the same magnitude in all directions. It can be shown in
the absence of shear forces that this result is applicable to fluids in motion as
well as fluids at rest.

Variation of Pressure with Depth

It will come as no surprise to you that pressure in a fluid does not change in the
horizontal direction. This can be shown easily by considering a thin horizontal

o
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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 pressure
P

(Fig. 2-41).

To obtain a relation for the variation of pressure with depth, consider a rec-
tangular fluid element of height Az, length Ax, and unit depth (into the paper)
in equilibrium, as shown in Fig. 2—42. Assuming the density of the fluid p to
be constant, a force balance in the vertical z-direction gives

2 F.=ma,=0: P,Ax — Py Ax — pg AxAz=0 (2-23) FIGURE 2—41

The pressure of a fluid at rest

where W = mg = pg Ax Az is the weight of the fluid element. Dividing by Ax increases with depth (as a result of

and rearranging gives added weight).
AP=P,— P, =pgAz=1vyAz (2-24)
Z

where y = pg is the specific weight of the fluid. Thus, we conclude that the Po= Pam
pressure difference between two points in a constant density fluid is propor-
tional to the vertical distance Az between the points and the density p of the Py
fluid. In other words, pressure in a fluid increases linearly with depth. This is l l l l l l l l l l l
what a diver will experience when diving deeper in a lake. For a given fluid, B Ax i
the vertical distance Az is sometimes used as a measure of pressure, and it is —lA —
called the pressure head. =t l [

We also conclude from Eq. 2-24 that for small to moderate distances, the — w =
variation of pressure with height is negligible for gases because of their low T T T T T T T T T T
density. The pressure in a tank containing a gas, for example, can be consid- P
ered to be uniform since the weight of the gas is too small to make a signifi- :
cant difference. Also, the pressure in a room filled with air can be assumed to
be constant (Fig. 2—43). 0 *

If we take point 1 to be at the free surface of a liquid open to the atmos- FIGURE 242
phere, where the pressure is the atmospheric pressure P,,, then the pressure Free-body diagram of a rectangular
at a depth A from the free surface becomes fluid element in equilibrium.

P =Pyn+ pgh or Py = pgh (2-25) P, =1atm

Liquids are essentially incompressible substances, and thus the variation of AIR
density with depth is negligible. This is also the case for gases when the ele- (A 5-m-high room)
vation change is not very large. The variation of density of liquids or gases
with temperature can be significant, however, and may need to be considered
when high accuracy is desired. Also, at great depths such as those encountered P\ oo = 1.006 atm
in oceans, the change in the density of a liquid can be significant because of

FIGURE 243

the compression by the tremendous amount of liquid weight above.

The gravitational acceleration g varies from 9.807 m/s? at sea level to
9.764 m/s? at an elevation of 14,000 m where large passenger planes cruise.
This is a change of just 0.4 percent in this extreme case. Therefore, g can be
assumed to be 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. 2-23
by Ax Az, and taking the limit as Az — 0. It gives

In a container filled with a gas,
the variation of pressure with
height is negligible.

4o e (2-26)
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Py=Pg=Pc=Pp=Pp=Pp=Pg=Pyy+pgh
Py+P;

FIGURE 244
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Water

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.

The negative sign is due to our taking the positive z direction to be upward so
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 points 1 and 2 can be determined by integration to be

AP=P,— P, = *f_pgdz (2-27)
1

For constant density and constant gravitational acceleration, this relation
reduces to Eq. 2-24, as expected.

Pressure in a fluid is independent of the shape or cross section of the con-
tainer. It changes with the vertical distance, but remains constant in other di-
rections. Therefore, the pressure is the same at all points on a horizontal plane
in a given fluid. This is illustrated in Fig. 2—44. Note that the pressures at
points 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 fluid. However, the pressures at
points H and [ are not the same since these two points cannot be intercon-
nected 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, 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 horizon-
tal direction is that the pressure applied to a confined fluid increases the pres-
sure throughout by the same amount. This is called Pascal’s principle, after
Blaise Pascal (1623-1662). Pascal’s principle, together with the fact that the
pressure force applied by a fluid at a surface is proportional to the surface
area, has been the source of important technological innovations. It has re-
sulted in many inventions that impacted many aspects of ordinary life such as
hydraulic brakes, hydraulic car jacks, and hydraulic lifts. This is what enables
us to lift a car easily by one arm, as shown in Fig. 2-45. Noting that P, = P,

o
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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 Fi=PA,
force is determined to be l
- Fl Fz - F2 A2

Pi= Py Yy FA

(2-28)

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,JA; = 10, for A | |
example, a person can lift a 1000-kg car by applying a force of just 100 kgf @ pi pi @

(= 908 N).

2-9 = THE MANOMETER FIGURE 2-45

Lifting of a large weight by a small
force by the application of Pascal’s
principle.

We notice from Eq. 2-24 that an elevation change of Az of a fluid corresponds
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 mainly consists of a glass or plastic U-tube containing one or
more fluids such as mercury, water, alcohol, or oil. To keep the size of the
manometer to a manageable level, heavy fluids such as mercury are used if
large pressure differences are anticipated.

Consider the manometer shown in Fig. 2—46 that is used to measure the
pressure 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. Further-
more, 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 1, P, = P,.

The differential fluid column of height /% is in static equilibrium, and it is
open to the atmosphere. Then the pressure at point 2 is determined directly
from Eq. 2-25 to be

P, = Py, + pgh (2-29)

FIGURE 246

where p is the density of the fluid in the tube. Note that the cross-sectional )
The basic manometer.

area of the tube has no effect on the differential height %, and thus the pressure
exerted by the fluid. However, the diameter of the tube should be large enough
(more than a few millimeters) to ensure that the surface tension effect and thus
the capillary rise is negligible.

EXAMPLE 2-5 Measuring Pressure with a Manometer

A manometer is used to measure the pressure in a tank. The fluid used has a
specific gravity of 0.85, and the manometer column height is 55 cm, as shown
in Fig. 2-47. If the local atmospheric pressure is 96 kPa, determine the ab-
solute pressure within the tank.

pheric pressure are given. The absolute pressure in the tank is to be deter-
mined.

Assumptions The fluid in the tank is a gas whose density is much lower than
the density of oil. FIGURE 247
Sketch for Example 2-5.

[
[
[
[
| |
[
[ |
|
| SOLUTION The reading of a manometer attached to a tank and the atmos-

o
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Fluid 1 T
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Fluid 2 !
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Fluid 3 f
hy
1 4
FIGURE 248

In stacked-up fluid layers, the pressure
change across a fluid layer of density
p and height & is pgh.

A flow section
or flow device

FIGURE 2-49

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

rayc o4

5

Analysis The density of the fluid is obtained by multiplying its specific gravity
by the density of water, which is taken to be 1000 kg/m?3:

p = SG (p,0) = (0.85) (1000 kg/m?) = 850 kg/m?

Then from Eq. 2-29,

P = Py, + pgh

1 kPa
1000 N/m?

IN
= 96 kPa + (850 kg/m?) (9.81 m/s?) (0.55 m)(1 - m/sz)(

= 100.6 kPa

Many engineering problems and some manometers involve multiple im-
misciple fluids of different densities stacked on top of each other. Such
systems can be analyzed easily by remembering that (1) the pressure change
across a fluid column of height & is AP = pgh, (2) pressure increases down-
ward in a given fluid and decreases upward (i.e., Ppoom = Piop)> and (3) two
points at the same elevation in a continuous fluid at rest are at the same
pressure.

The last principle, also known as 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 don’t jump over a different 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.
2-48 can be determined by starting at the free surface where the pressure is
P> and moving downward until we reach point 1 at the bottom, and setting
the result equal to P,. It gives

Py + p1ghy + paghy + pighs = P,

In the special case of all fluids having the same density, this relation reduces
to Eq. 2-29, as expected.

Manometers are particularly well-suited to measure pressure drops across a
horizontal 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 connecting the two legs of the manometer to these two points, as
shown in Fig. 2-49. 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 A.

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

Py +pigla+h)—pgh—pga=Pr, (2-30)

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,

Py — P, = (p, — py) gh (2-31)
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Note that the distance a has no effect on the result, but must be included in the 0oil
analysis. Also, when the fluid flowing in the pipe is a gas, then p; < p, and the ((’\{

relation in Eq. 2-31 simplifies to P, — P, = p,gh. AIR
1
1 _
| . . P WATER T
EXAMPLE 2-6 Measuring Pressure with a Multifluid Manometer hy
)
The water in a tank is pressurized by air, and the pressure is measured by a - T [
multifluid manometer as shown in Fig. 2-50. The tank is located on a mountain p h
at an altitude of 1400 m where the atmospheric pressure is 85.6 kPa. Deter- 2
mine the air pressure in the tank if h; = 0.1 m, h, = 0.2 m, and h; = 0.35 m. l

Take the densities of water, oil, and mercury to be 1000 kg/m3, 850 kg/m?3, and

3
13,600 kg/m3, respectively. — U‘

Mercury
SOLUTION The pressure in a pressurized water tank is measured by a
multifluid manometer. The air pressure in the tank is to be determined. FIGURE 2-50
Assumption The air pressure in the tank is uniform (i.e., its variation with ele- Schematic for Example 2-6.

vation is negligible due to its low density), and thus we can determine the pres-
sure at the air-water interface.

Analysis Starting with the pressure at point 1 at the air—water interface, and
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 at-
mosphere gives

Pl + Pwater ghl + Poil th - pmercury gh'% = Palm
Solving for P; and substituting,

Pl = Patm ~ Pwater ghl ~ Poil ghl + pmercury gh3
= Palm + 8 (pmercury h3 ~ Pwater hl ~ Poil hZ)
= 85.6 kPa + (9.81 m/s?)[(13,600 kg/m?) (0.35 m) — (1000 kg/m?) (0.1 m)

IN | kPa
—(850 kg/m?) (0.2
(850 keg/m?) ( m)](lkg~m/s2)(1000N/m2

= 129.6 kPa

Discussion Note that jumping horizontally from one tube to the next and real-
izing that pressure remains the same in the same fluid simplifies the analysis
considerably.

EXAMPLE 2-7 Analyzing a Multifluid Manometer with EES

Reconsider the multifluid manometer discussed in Example 2-6. Determine the
air pressure in the tank using EES. Also determine what the differential fluid
height h; would be for the same air pressure if the mercury in the last column
were replaced by seawater with a density of 1030 kg/m3.

SOLUTION The pressure in a water tank is measured by a multifluid man-
ometer. The air pressure in the tank and the differential fluid height h; if mer-
cury is replaced by seawater are to be determined using EES.

o
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FIGURE 2-51
Various types of Bourdon tubes
used to measure pressure.
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Analysis 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 (we express the
atmospheric pressure in Pa for unit consistency):

2=9.81

Patm=85600

h1=0.1; h2=0.2; h3=0.35
rw=1000; roil =850; rm=13600
Pl+rw*g*hl+roil*g*h2-rm*g*h3=Patm

Here P1 is the only unknown, and it is determined by EES to be
P, = 129647 Pa = 129.6 kPa

which is identical to the result obtained before. The height of the fluid column
h; when mercury is replaced by seawater is determined easily by replacing
“h3=0.35" by “P1=129647" and “rm=13600" by “rm=1030,” and clicking
on the calculator symbol. It gives

h; = 4.62 m

Discussion Note that we used the screen like a paper pad, and wrote down the
relevant information together with the applicable relations in an organized man-
ner. EES did the rest. Equations can be written on separate lines or on the same
line by separating them by semicolons, and blank or comment lines can be in-
serted for readability. EES makes it very easy to ask “what if” questions, and to
perform parametric studies, as explained in Appendix 3.

Other Pressure Measurement Devices

Another type of commonly used mechanical pressure measurement device is
the Bourdon tube, named after the French inventor Eugene Bourdon, which
consists of a hollow metal tube bent like a hook whose end is closed and con-
nected to a dial indicator needle (Fig. 2-51). When the tube is open to the at-
mosphere, the tube is undeflected, and the needle on the dial at this state is
calibrated to read zero (gage pressure). When the fluid inside the tube is pres-
surized, the tube stretches and moves the needle in proportion to the pressure
applied.

Electronics have made their way into every aspect of life, including pressure
measurement devices. Modern pressure sensors, called pressure transducers,
are made of semiconductor materials such as silicon and convert the pressure
effect to an electrical effect such as a change in voltage, resistance, or capaci-
tance. Pressure transducers are smaller and faster, and they are more sensitive,
reliable, and precise than their mechanical counterparts. They can measure
pressures from less than a millionth of 1 atm to several thousands of atm.

A wide variety of pressure transducers are available to measure gage, ab-
solute, and differential pressures in a wide range of applications. Gage pres-
sure transducers 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. The
absolute pressure transducers are calibrated to have a zero signal output at

o
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full vacuum. Differential pressure transducers measure the pressure differ-
ence between two locations directly instead of using two pressure transducers
and taking their difference.

The emergence of an electric potential in a crystalline substance when sub-
jected to mechanical pressure is called the piezoelectric (or press-electric) ef-
fect. This phenomenon, first discovered by brothers Pierre and Jacques Curie
in 1880, forms the basis for the widely used strain-gage pressure transducers.
The sensors of such transducers are made of thin metal wires or foil whose
electrical resistance changes when strained under the influence of fluid pres-
sure. The change in the resistance is determined by supplying electric current
to the sensor and measuring the corresponding change in voltage drop that is
proportional to the applied pressure.

2-10 - BAROMETER AND THE
ATMOSPHERIC PRESSURE

The atmospheric pressure is measured by a device called a barometer; thus,
the atmospheric pressure is often referred to as the barometric pressure.

As Torricelli discovered a few centuries ago, 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. 2-52. The pressure at point B is
equal to the atmospheric pressure, and the pressure at C can be taken to be
zero since there is only mercury vapor above point C and the pressure it exerts @ A
is negligible. Writing a force balance in the vertical direction gives h 1 h

D)

W=pghA
P, = pgh (2-32)

where p is the density of mercury, g is the local gravitational acceleration, and T 3| S

h is the height of the mercury column above the free surface. Note that the \ v / H
ercury

length and the cross-sectional area of the tube have no effect on the height of P
the fluid column of a barometer (Fig. 2-53). FIGURE 2-52
A frequently used pressure unit is the standard atmosphere, which is de- The basic barometer.
fined 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 = A~
9.807 m/s?). If water instead of mercury were used to measure the standard at-
mospheric pressure, a water column of about 10.3 m would be needed. Pres- M
sure is sometimes expressed (especially by weather forecasters) in terms of N
the height of the mercury column. The standard atmospheric pressure, for ex-
ample, is 760 mmHg (29.92 inHg) at 0°C. The unit mmHg is also called the
torr in honor of Evangelista Torricelli (1608—1647), who invented the barom-
eter. Therefore, 1 atm = 760 torr, and 1 torr = 133.3 Pa.
The standard 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 standard 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. FIGURE 2-53
The decline of atmospheric pressure with elevation has far-reaching rami-  The length or the cross-sectional area
fications in daily life. For example, cooking takes longer at high altitudes  of the tube has no effect on the height
since water boils at a lower temperature at lower atmospheric pressures. of the fluid column of a barometer.

o
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FIGURE 2-54

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

FIGURE 2-55

Schematic for Example 2-9, and the
free-body diagram of the piston.

cenb54261_ch02.gxd 11/17/03 1:57 PM Page 56 $

Experiencing nose bleeding is a common occurrence at high altitudes since
the difference between the blood pressure 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 larger
lungs and thus larger chests. Similarly, 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 per-
cent drop in pressure and thus 15 percent drop in the density of air (Fig. 2-54).
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 for reduced drag and thus better fuel
efficiency.

EXAMPLE 2-8 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 = 9.81 m/s?. Assume the
temperature of mercury to be 10°C, at which its density is 13,570 kg/m3.

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.

Analysis From Eq. 2-32, the atmospheric pressure is determined to be

Pym = pgh
1N 1 kPa
= kg/m?) (9.81 m/s?) (0.74
(13,570 kg/m?) (9.81 m/s?) (0.7 m)(l kg.m/SZ)(1000N/m2>
= 98.5 kPa

EXAMPLE 2-9 Effect of Piston Weight on Pressure in a
Cylinder

The piston of a vertical piston-cylinder device containing a gas has a mass of
60 kg and a cross-sectional area of 0.04 m?2, as shown in Fig. 2-55. The lo-
cal atmospheric pressure is 0.97 bar, and the gravitational acceleration is
9.81 m/s2. (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?

SOLUTION A gas is contained in a vertical cylinder with a heavy piston. The
pressure inside the cylinder and the effect of volume change on pressure are to
be determined.

o
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Assumptions Friction between the piston and the cylinder is negligible.
Analysis (a) The gas pressure in the piston-cylinder device depends on the at-
mospheric pressure and the weight of the piston. Drawing the free-body diagram
of the piston as shown in Fig. 2-55 and balancing the vertical forces yield

PA=P, A+ W

Solving for P and substituting,

mg

P = Py +'TZ_
(60kg) 981 m/s) | N 1 bar )

= 0.97 bar +
ar 004m?  \Ikg - m/s)\10° N/m2

= 1.12 bars

(b) The volume change will have no effect on the free-body diagram drawn in
part (a), and therefore the pressure inside the cylinder will remain the same.

SUMMARY

In this chapter, the basic concepts of thermodynamics are in-
troduced and discussed.

A system of fixed mass is called a closed system, or control
mass, and a system that involves mass transfer across its
boundaries 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 volume, and specific volume is volume per unit mass.

The sum of all forms of energy of a system is called fotal
energy, which is considered to consist of internal, kinetic, and
potential energies. Internal energy represents the molecular
energy of a system and may exist in sensible, latent, chemical,
and nuclear forms.

A system is said to be in thermodynamic equilibrium if it
maintains thermal, mechanical, phase, and chemical equilib-
rium. 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 indepen-
dent, intensive properties.

The zeroth law of thermodynamics states that two bodies are
in thermal equilibrium if both have the same temperature read-
ing 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, respec-
tively. 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)

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

Popoe = P,

P.=Pym — Pas (for pressures below P,

— Pum (for pressures above P,,)

abs

The pressure at a point in a fluid has the same magnitude in all
directions. The variation of pressure with elevation is given by

a _ _
4~ P8

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 atmo-
sphere at a depth & from the free surface are

P =Pyt pgh or Py = pgh
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Small to moderate pressure differences are measured by a
manometer. The pressure in a fluid remains constant in the hor-
izontal direction. Pascal’s principle states that the pressure ap-
plied to a confined fluid increases the pressure throughout by
the same amount. The atmospheric pressure is measured by a
barometer and is given by

—p—

Py = pgh

where 4 is the height of the liquid column.
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PROBLEMS*

Systems and Properties

2-1C Alarge 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
system or as an open system? Explain.

Water in

G —=—

Water out

RADIATOR
FIGURE P2-1C

2-2C 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.

2-3C What is the difference between intensive and extensive
properties?

*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 SI users can ignore them.
Problems with a CD-EES icon @ are solved using EES, and
complete solutions together with parametric studies are included
on the enclosed CD. Problems with a computer-EES icon & are
comprehensive in nature, and are intended to be solved with a
computer, preferably using the EES software that accompanies
this text.

State, Process, Forms of Energy

2-4C Portable electric heaters are commonly used to heat
small rooms. Explain the energy transformation involved dur-
ing this heating process.

2-5C Consider the process of heating water on top of
an electric range. What are the forms of energy involved during
this process? What are the energy transformations that take
place?

2-6C What is the difference between the macroscopic and
microscopic forms of energy?

2-7C What is total energy? Identify the different forms of
energy that constitute the total energy.

2-8C List the forms of energy that contribute to the internal
energy of a system.

2-9C How are heat, internal energy, and thermal energy
related to each other?

2-10C For a system to be in thermodynamic equilibrium,
do the temperature and the pressure have to be the same
everywhere?

2-11C What is a quasi-equilibrium process? What is its im-
portance in engineering?

2-12C Define the isothermal, isobaric, and isochoric
processes.

2-13C  What is the state postulate?

2-14C Is the state of the air in an isolated room completely
specified by the temperature and the pressure? Explain.

2-15C What is a steady-flow process?

o
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2-16 Consider a nuclear power plant that produces
1000 MW of power and has a conversion efficiency of 30 per-
cent (that is, for each unit of fuel energy used, the plant pro-
duces 0.3 unit of electrical energy). Assuming continuous
operation, determine the amount of nuclear fuel consumed by
this plant per year.

2-17 Repeat Prob. 2-16 for a coal power plant that burns
coal whose heating value is 28,000 kJ/kg.

Energy and Environment

2-18C How does energy conversion affect the environment?
What are the primary chemicals that pollute the air? What is
the primary source of these pollutants?

2-19C What is smog? What does it consist of? How does
ground-level ozone form? What are the adverse effects of
ozone on human health?

2-20C What is acid rain? Why is it called a “rain”? How do
the acids form in the atmosphere? What are the adverse effects
of acid rain on the environment?

2-21C 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 greenhouse effect?
How can we combat this problem?

2-22C Why is carbon monoxide a dangerous air pollutant?
How does it affect human health at low and at high levels?

2-23E A Ford Taurus driven 15,000 miles a year will
use about 715 gallons of gasoline compared to a Ford Explorer
that would use 940 gallons. 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, production a man is responsible for during a 5-year
period if he trades his Taurus for an Explorer.

2-24 When a hydrocarbon fuel is burned, almost all of the
carbon 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. Deter-
mine the amount of CO, production that is due to the refriger-
ators in a city with 200,000 households.

2-25 Repeat Prob. 2-24 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.

2-26E Consider a household that uses 8000 kWh of electric-
ity per year and 1500 gallons of fuel oil during a heating sea-
son. The average amount of CO, produced is 26.4 Ibm/gallon
of fuel oil and 1.54 Tbm/kWh of electricity. If this household
reduces its oil and electricity usage by 20 percent as a result of
implementing some energy conservation measures, determine

—p—
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the reduction in the amount of CO, emissions by that house-
hold per year.

2-27 A typical car driven 12,000 miles a year emits to the
atmosphere about 11 kg per year of NO, (nitrogen oxides),
which causes smog in major population areas. Natural gas
burned in the furnace emits about 4.3 g of NO, per therm, 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. Determine the amount of NO, emission to the
atmosphere per year for which this household is responsible.

per year

FIGURE P2-27

Temperature
2-28C What is the zeroth law of thermodynamics?

2-29C What are the ordinary and absolute temperature
scales in the SI and the English system?

2-30C 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.

2-31 The deep body temperature of a healthy person is 37°C.
What is it in kelvins?  Answer: 310 K

2-32E Consider a system whose temperature is 18°C. Ex-
press this temperature in R, K, and °F.

2-33 The temperature of a system rises by 15°C during a
heating process. Express this rise in temperature in kelvins.
Answer: 15 K

2-34E The temperature of a system drops by 27°F during
a cooling process. Express this drop in temperature in K, R,
and °C.

2-35 Consider two closed systems A and B. System A con-
tains 3000 kJ of thermal energy at 20°C, whereas system B
contains 200 kJ of thermal energy at 50°C. Now the systems
are brought into contact with each other. Determine the direc-
tion of any heat transfer between the two systems.

Pressure, Manometer, and Barometer

2-36C What is the difference between gage pressure and
absolute pressure?

2-37C Explain why some people experience nose bleed-
ing and some others experience shortness of breath at high
elevations.

2-38C Someone claims that the absolute pressure in a liquid
of constant density doubles when the depth is doubled. Do you
agree? Explain.

o
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2-39C Attiny steel cube is suspended in water by a string. If
the lengths of the sides of the cube are very small, how would
you compare the magnitudes of the pressures on the top, bot-
tom, and side surfaces of the cube?

2-40C Express Pascal’s principle, and give a real-world
example of it.

2-41C 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?

2-42 A vacuum gage connected to a chamber reads 24 kPa at
a location where the atmospheric pressure is 92 kPa. Deter-
mine the absolute pressure in the chamber.

2-43E A manometer is used to measure the air pressure in
a tank. The fluid used has a specific gravity of 1.25, and the
differential 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 manome-
ter arm with the (a) higher and (b) lower fluid level being at-
tached to the tank.

2-44 The water in a tank is pressurized by air, and the pres-
sure is measured by a multifluid manometer as shown in
the figure. Determine the gage pressure of air in the tank if
h; = 0.2m, h, = 0.3 m, and #; = 0.46 m. Take the densities of
water, oil, and mercury to be 1000 kg/m?3, 850 kg/m?, and
13,600 kg/m?, respectively.

1 J—

WATER }I] X
nin T *

/L hs

I !

—
Mercury M
FIGURE P2-44

2-45 Determine the atmospheric pressure at a location where
the barometric reading is 750 mmHg. Take the density of mer-
cury to be 13,600 kg/m>.

2-46 The gage pressure in a liquid at a depth of 3 m is read
to be 28 kPa. Determine the gage pressure in the same liquid at
a depth of 12 m.

2-47 The absolute pressure in water at a depth of 5 m is read
to be 145 kPa. Determine (a) the local atmospheric pressure,

—p—

and (b) the absolute pressure at a depth of 5 m in a liquid
whose specific gravity is 0.85 at the same location.

2-48E  Show that 1 kgf/cm? = 14.223 psi.

2-49E A 200-pound man has a total foot imprint area of
72 in%. Determine the pressure this man exerts on the ground if
(a) he stands on both feet and () he stands on one foot.

2-50 Consider a 70-kg woman who has a total foot imprint
area of 400 cm?. She wishes to walk on the snow, but the snow
cannot withstand pressures greater than 0.5 kPa. Determine the
minimum size of the snowshoes needed (imprint area per shoe)
to enable her to walk on the snow without sinking.

2-51 A vacuum gage connected to a tank reads 30 kPa
at a location where the barometric reading is 755 mmHg.
Determine the absolute pressure in the tank. Take py, =
13,590 kg/m?3.  Answer: 70.6 kPa

2-52E A pressure gage connected to a tank reads 50 psi at a
location where the barometric reading is 29.1 inHg. Determine
the absolute pressure in the tank. Take py, = 848.4 Ibm/ft3.
Answer: 64.29 psia

2-53 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.

2-54 The barometer of a mountain hiker reads 930 mbars at
the beginning of a hiking trip and 780 mbars at the end. Ne-
glecting the effect of altitude on local gravitational accelera-
tion, determine the vertical distance climbed. Assume an
average air density of 1.20 kg/m®.  Answer: 1274 m

2-55 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 730 and 755 mmHg, respectively,
determine the height of the building. Assume an average air
density of 1.18 kg/m>.

Piop =730 mmHg

Pyo =755 mmHg

FIGURE P2-55

Solve Prob. 2-55 using EES (or other) software.
== Print out the entire solution, including the numer-
ical results with proper units, and take the density of mercury
to be 13,600 kg/m?.

2-57 Determine the pressure exerted on a diver at 30 m be-
low the free surface of the sea. Assume a barometric pressure
of 101 kPa and a specific gravity of 1.03 for seawater.

Answer: 404.0 kPa

2-56

o
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2-58E Determine the pressure exerted on the surface of
a submarine cruising 300 ft below the free surface of the sea.
Assume that the barometric pressure is 14.7 psia and the spe-
cific gravity of seawater is 1.03.

2-59 A gas is contained in a vertical, frictionless piston-
cylinder device. The piston has a mass of 4 kg and cross-
sectional area of 35 cm?. A compressed spring above the piston
exerts a force of 60 N on the piston. If the atmospheric pressure
is 95 kPa, determine the pressure inside the cylinder.

Answer: 123.4 kPa

Py = 95 kPa
mp=4kg
FIGURE P2-59
2—-60 Reconsider Prob. 2-59. Using EES (or other)

== 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.

2-61 %@5 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>).

P,=80kPa

FIGURE P2-61

262 Reconsider Prob. 2-61. Using EES (or other) soft-

<= ware, 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.

—p—
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2-63 A manometer containing oil (p = 850 kg/m?) is at-
tached to a tank filled with air. If the oil-level difference be-
tween the two columns is 45 cm and the atmospheric pressure
is 98 kPa, determine the absolute pressure of the air in the tank.
Answer: 101.75 kPa

2-64 A mercury manometer (p = 13,600 kg/m?) is connected
to an air duct to measure the pressure inside. The difference in
the manometer levels is 15 mm, and the atmospheric pressure
is 100 kPa. (a) Judging from Fig. P2-64, determine if the pres-
sure in the duct is above or below the atmospheric pressure.
(b) Determine the absolute pressure in the duct.

AIR B S
h=15mm
P=?
FIGURE P2-64
2-65 Repeat Prob. 2-64 for a differential mercury height of
30 mm.

2-66E 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 or a stethoscope, the systolic pressure
(the maximum pressure when the heart is pumping) and the
diastolic pressure (the minimum pressure when the heart is rest-
ing) are measured in mmHg. The systolic and diastolic pres-
sures 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.

2-67 The maximum blood pressure in the upper arm of a
healthy person is about 120 mmHg. If a vertical tube open to

s ‘/(K !
FIGURE P2-67

o
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the atmosphere is connected to the vein in the arm of the per-
son, determine how high the blood will rise in the tube. Take Air 2in
the density of the blood to be 1050 kg/m?>.

2-68 Consider a 1.8-m-tall man 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 this

man, in kPa. 25in

2-69E 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 6. Determine the height of each
fluid in that arm.

Water

FIGURE P2-73E

2-74E Repeat Prob. 2-73E by replacing air by oil with a
specific gravity of 0.69.
70 em ol 2-75 The gage pressure of the air in the tank shown in the
Water figure is measured to be 65 kPa. Determine the differential
height & of the mercury column.
FIGURE P2-69E o

65 kPa SG=0.72

2-70 The hydraulic lift in a car repair shop has an output
diameter of 30 cm, and is to lift cars up to 2000 kg. Determine
the fluid gage pressure that must be maintained in the reservoir.

| — Mercury
SG=13.6

L— Air

:Tl | :@ FIGURE P2-75

2-76 Repeat Prob. 2-75 for a gage pressure of 45 kPa.

2-77 The top part of a water tank is divided into two com-
partments, as shown in the figure. Now a fluid with an un-
known density is poured into one side, and the water level rises
FIGURE P2-71 a certain amount on the other side to compensate for this effect.
Based on the final fluid heights shown on the figure, determine

| —Mercury

2-71 Freshwater and seawater flowing in parallel horizontal —

pipelines are connected to each other by a double U-tube Uniitsnorm -
manometer, as shown in the figure. Determine the pressure liquid

difference between the two pipelines. Take the density of sea- 30 cm

water at that location to be p = 1035 kg/m?3. Can the air col-
umn be ignored in the analysis?

2-72 Repeat Prob. 2-71 by replacing the air with oil whose 3

specific gravity is 0.72. WATER % em
2-73E The pressure in a natural gas pipeline is measured by 50 cm

the manometer shown in the figure with one of the arms open L

to the atmosphere where the local atmospheric pressure is 14.2 -
psia. Determine the absolute pressure in the pipeline. FIGURE P2-77

o
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the density of the fluid added. Assume the liquid does not mix
with water.

2-78 The 500-kg load on the hydraulic lift shown in the fig-
ure is to be raised by pouring oil (p = 780 kg/m?) into a thin
tube. Determine how high /4 should be in order to raise that
weight.

h
LOAD
500 kg
1.2 m lem—»f +—
FIGURE P2-78

2-79E Two oil tanks are connected to each other through a
manometer. If the difference between the mercury levels in the
two arms is 32 in, determine the pressure difference between
the two tanks. The densities of oil and mercury are 45 lbm/ft?
and 848 1bm/ft3, respectively.

Oil Oil
Py Py
—
10in
32in
Mercury

FIGURE P2-79E

Review Problems

2-80E The efficiency of a refrigerator increases by 3 percent
for each °C rise in the minimum temperature in the device.
What is the increase in the efficiency for each (a) K, (b) °F, and
(c¢) Rrise in temperature?

2-81E The boiling temperature of water decreases by about
3°C for each 1000-m rise in altitude. What is the decrease in

—p—
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the boiling temperature in (a) K, (b) °F, and (¢) R for each
1000-m rise in altitude?

2-82E The average body temperature of a person rises by
about 2°C during strenuous exercise. What is the rise in the
body temperature in (a) K, (b) °F, and (c¢) R during strenuous
exercise?

2-83E 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.

2-84E A house is losing heat at a rate of 3000 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.

2-85 The average temperature of the atmosphere in the
world is approximated as a function of altitude by the relation

Ty = 288.15 — 6.52

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 aver-
age temperature of the atmosphere outside an airplane that is
cruising at an altitude of 12,000 m.

2-86 Joe Smith, an old-fashioned engineering student, be-
lieves that the boiling point of water is best suited for use as the
reference point on temperature scales. Unhappy that the boiling
point corresponds to some odd number in the current absolute
temperature scales, he has proposed a new absolute tempera-
ture scale that he calls the Smith scale. The temperature unit on
this scale is smith, denoted by S, and the boiling point of water
on this scale is assigned to be 1000 S. From a thermodynamic
point of view, discuss if it is an acceptable temperature scale.
Also, determine the ice point of water on the Smith scale and
obtain a relation between the Smith and Celsius scales.

2-87E 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 temperature
in °F is given by [ASHRAE, Handbook of Fundamentals (At-
lanta, GA, 1993), p. 8.15].

Tequiv =914 - (914 - Tambiem)
X (0.475 — 0.02037" + 0.304 \/V)

where V" is the wind velocity in mi/h and T, pjer 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, pienc
and velocity V" will feel as cold as the calm air at temperature
Tquiv- Using proper conversion factors, obtain an equivalent

o
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relation in SI units where V" is the wind velocity in km/h and
T ymbient 18 the ambient air temperature in °C.

Answer: Tequiy = 33.0 — (33.0 = Tmpient)

X (0.475 — 0.01267 + 0.240 \V/¥)

2-88E Reconsider Problem 2-87E. Using EES (or

== other) software, plot the equivalent wind chill
temperatures in °F as a function of wind velocity in the range
of 4 mph to 100 mph for the ambient temperatures of 20, 40,
and 60°F. Discuss the results.

2-89 An air-conditioning system requires a 20-m-long sec-
tion of 15-cm diameter duct work to be laid underwater. Deter-
mine the upward force the water will exert on the duct. Take
the densities of air and water to be 1.3 kg/m? and 1000 kg/m3,
respectively.

2-90 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 F, = p,i& Vialioon> Will push the balloon upward. If the bal-
loon has a diameter of 10 m and carries two people, 70 kg
each, determine the acceleration of the balloon when it is first
released. Assume the density of air is p = 1.16 kg/m?3, and ne-
glect the weight of the ropes and the cage. Answer: 16.5 m/s?

HELIUM
D=10m
_1
Pue = 7 Pair

FIGURE P2-90

2-91 Reconsider Prob. 2-90. Using EES (or other)

== software, investigate the effect of the number
of people carried in the balloon on acceleration. Plot the
acceleration against the number of people, and discuss the
results.

2-92 Determine the maximum amount of load, in kg, the bal-
loon described in Prob. 2-90 can carry.
Answer: 520.6 kg

2-93E The pressure in a steam boiler is given to be
75 kgf/cm?. Express this pressure in psi, kPa, atm, and bars.

5

2-94 The basic barometer can be used as an altitude-
measuring device in airplanes. The ground control reports a
barometric reading of 753 mmHg while the pilot’s reading is
690 mmHg. Estimate the altitude of the plane from ground
level if the average air density is 1.20 kg/m3.  Answer: 714 m

2-95 The lower half of a 10-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 dif-
ference between the top and bottom of the cylinder.

Answer: 90.7 kPa

E = h=10m
WATER

FIGURE P2-95

2-96 A vertical, frictionless piston-cylinder device contains a
gas at 500 kPa. The atmospheric pressure outside is 100 kPa,
and the piston area is 30 cm?. Determine the mass of the piston.

2-97 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 es-
cape only through an opening in the middle of the lid. A sepa-
rate 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 prevents any potentially dangerous
pressure buildup and keeps the pressure inside at a constant
value. Determine the mass of the petcock of a pressure cooker

Py =101 kPa
Petcock

A =4 mm?

PRESSURE
COOKER
& J
FIGURE P2-97
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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 diagram of the petcock.
Answer: 40.8 g

2-98 A glass tube is attached to a water pipe, as shown in
the figure. If the water pressure at the bottom of the tube is
115 kPa and the local atmospheric pressure is 92 kPa, deter-
mine how high the water will rise in the tube, in m. Assume
g = 9.8 m/s? at that location and take the density of water to be
1000 kg/m?.

Pom =92 kPa

atm

water e

FIGURE P2-98

2-99 The average atmospheric pressure on earth is ap-
proximated as a function of altitude by the relation P,, =
101.325 (1 — 0.022567)>>%, where P, is the atmospheric
pressure in kPa and z is the altitude in km with z = O at sea
level. Determine the approximate atmospheric pressures at At-
lanta (z = 306 m), Denver (z = 1610 m), Mexico City (z =
2309 m), and the top of Mount Everest (z = 8848 m).

2-100 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 35° from the horizontal, as shown in the figure. 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 8 cm. Determine the gage pressure of air
in the duct and the length of the fluid column in the inclined
arm above the fluid level in the vertical arm.

2-101E Consider a U-tube whose arms are open to the
atmosphere. Now equal volumes of water and light oil
(p = 49.3 Ibm/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

5

CHAPTER 2

Air

Duct /é\

FIGURE P2-100

height in each arm is 30 in, determine the gage pressure the
person exerts on the oil by blowing.

FIGURE P2-101E

2-102 Intravenous infusions are usually 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. 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.
(D) If the gage pressure 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?.

1V bottle

FIGURE P2-102

2-103 A gasoline line is connected to a pressure gage
through a double-U manometer, as shown in the figure. If
the reading of the pressure gage is 370 kPa, determine the gage
pressure of the gasoline line.

2-104 Repeat Prob. 2-103 for a pressure gage reading of
240 kPa.

2-105E A water pipe is connected to a double-U manometer
as shown in the figure at a location where the local atmospheric
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0il SG=0.79

Pyage = 370 kPa

Gasoline SG=0.70

FIGURE P2-103

pressure is 14.2 psia. Determine the absolute pressure at the
center of the pipe.

0il SG=0.80
/011 SG=0.80
7£ JE—
35in T
‘Water 60 in 40in
pipe | l
IIS in

2
Mercury

SG=13.6
FIGURE P2-105E

5

Design and Essay Problems

2-106 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 applic-
ability. Which device would you recommend for use in these
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 fur-
nace of a power plant?

2-107 An average vehicle puts out nearly 20 Ibm 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. govern-
ment publication states that a vehicle that gets 25 rather than
20 miles per gallon will prevent 10 tons of carbon dioxide from
being released over the lifetime of the vehicle. Making reason-
able assumptions, evaluate if this is a reasonable claim or a
gross exaggeration.
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PROPERTIES OF
PURE SUBSTANCES

e start this chapter with the introduction of the concept of a pure
W substance and a discussion of the physics of phase-change

processes. We then illustrate the various property diagrams and
P-v-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 compressibility factor, which accounts for the deviation of
real gases from ideal-gas behavior, is introduced, and some of the best-known
equations of state are presented. Finally, specific heats are defined, and rela-
tions are obtained for the internal energy and enthalpy of ideal gases in terms
of specific heats and temperature. This is also done for solids and liquids,
which are approximated as incompressible substances.
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N, AIR

FIGURE 3-1
Nitrogen and gaseous air are pure
substances.

VAPOR
VAPOR
LIQUID
© LIQUID
(a) H,0 (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.

(I

FIGUR
In a solid, the attractive and repulsive
forces between the molecules tend to
maintain them at relatively constant
distances from each other. (Reprinted
with special permission of King
Features Syndicate.)
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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). How-
ever, a mixture of oil and water is not a pure substance. Since oil is not solu-
ble 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 homogeneous. This is due to different components in air
condensing at different temperatures 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 ni-
trogen 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 dif-
ferent molecular structure. Carbon, for example, may exist as graphite or dia-
mond 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 separated from the others by easily identifiable boundary sur-
faces. 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 molec-
ular phenomena involved in each phase, and a brief discussion of phase trans-
formations follows.

Intermolecular bonds are strongest in solids and weakest in gases. One rea-
son is that molecules in solids are closely packed together, whereas in gases
they are separated by relatively large distances.

The molecules in a solid are arranged in a three-dimensional pattern (lat-
tice) that is repeated throughout (Fig. 3—3). Because of the small distances be-
tween molecules in a solid, the attractive forces of molecules on each other are
large and keep the molecules at fixed positions (Fig. 3—4). Note that the at-
tractive forces between molecules turn to repulsive forces as the distance be-
tween 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

o
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FIGURE 3-5
The arrangement of

[ e toms in different
/ \\\ ) atoms in differen

phases: (a) molecules

O il ’ O @ are at relatively fixed

positions in a solid,

\K _//\ (b) groups of molecules
% \\\ move about each other
T in the liquid phase, and

<

(c) molecules move
about at random
in the gas phase.

(a) (c)

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. 3-5).
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 inter-
molecular forces are weaker relative to solids, but still relatively strong com-
pared 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 molec-
ular order is nonexistent. Gas molecules move about at random, continually
colliding with each other and the walls of the container they are in. Particu-
larly at low densities, 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 considerably higher energy level than they are in the liquid or
solid phases. Therefore, the gas must release a large amount of its energy be-
fore 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 co-
exist in equilibrium. Water exists as a mixture of liquid and vapor in the boiler STATE 1
and the condenser of a steam power plant. The refrigerant turns from liquid to
vapor in the freezer of a refrigerator. Even though many home owners con-
sider the freezing of water in underground pipes as the most important phase-
change process, attention in this section is focused on the liquid and vapor ]
phases and the mixture of these two. As a familiar substance, water will be P=1atm

used to demonstrate the basic principles involved. Remember, however, that T=20°C
all pure substances exhibit the same general behavior. {@’
Heat
§
Compressed Liquid and Saturated Liquid FIGURE 3-6
Consider a piston-cylinder device containing liquid water at 20°C and 1 atm At 1 atm and 20°C, water exists in the
pressure (state 1, Fig. 3-6). Under these conditions, water exists in the liquid liquid phase (compressed liquid).

phase, and it is called a compressed liquid, or a subcooled liquid, meaning

o



cenb54261_ch03.gxd 11/17/03 2:28 PM Page 70

70
FUNDAMENTALS OF THERMAL-FLUID SCIENCES

STATE 2

P =1 atm
T =100°C

% Hea

FIGURE 3-7

At 1 atm pressure and 100°C, water
exists as a liquid that is ready to
vaporize (saturated liquid).

STATE 3
~—f " Saturated
P =1 atm vapor
T=100°C ~ [ > Saturated
liquid

% Heat

FIGURE 3-8

As more heat is transferred, part of the
saturated liquid vaporizes (saturated

liquid—vapor mixture).

STATE 4

P =1 atm
T =100°C

% Heat

FIGURE 3-9

At 1 atm pressure, the temperature
remains constant at 100°C until
the last drop of liquid is vaporized
(saturated vapor).

—p—

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 ex-
pands slightly, and so its specific volume increases. To accommodate this ex-
pansion, the piston will move up slightly. The pressure in the cylinder remains
constant at 1 atm during this process since it depends on the outside baromet-
ric 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 will keep rising until it reaches
100°C (state 2, Fig. 3-7). 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.

Saturated Vapor and Superheated Vapor

Once boiling starts, the temperature will stop rising until the liquid is com-
pletely vaporized. That is, the temperature will remain constant during the en-
tire phase-change process if the pressure is held constant. This can easily be
verified by placing a thermometer into boiling water on top of a stove. At sea
level (P = 1 atm), the thermometer will always read 100°C if the pan is un-
covered 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—-8), the cylinder contains
equal amounts of liquid and vapor. As we continue transferring heat, the va-
porization process will continue until the last drop of liquid is vaporized (state
4, Fig. 3-9). 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 condense (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 often referred to as a sat-
urated liquid—-vapor mixture since the liquid 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 will result in an in-
crease in both the temperature and the specific volume (Fig. 3—10). At state 5,
the temperature 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. Therefore, water at state 5 is a superheated vapor. This
constant-pressure phase-change process as described is illustrated on a 7-v
diagram in Fig. 3—11.

If the entire process described here is reversed by cooling the water while
maintaining 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 ex-
actly 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.

o
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Saturation Temperature and Saturation Pressure STATE 5 I
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 cor-
rect statement is “water boils at 100°C at 1 atm pressure.” The only reason the
water started boiling at 100°C was because we held the pressure constant at 1 sl
atm (101.325 kPa). If the pressure inside the cylinder were raised to 500 kPa T =300°C
by adding weights on top of the piston, the water would start boiling at
151.9°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. % Heat

)

At a given pressure, the temperature at which a pure substance changes
phase is called the saturation temperature 7,,. Likewise, at a given temper-
ature, the pressure at which a pure substance changes phase is called the sat-
uration pressure P . At a pressure of 101.325 kPa, T, is 100°C. Conversely,
at a temperature of 100°C, P, is 101.325 kPa.

Saturation tables that list the saturation pressure against the temperature (or
the saturation temperature against the pressure) are available for practically all
substances. A partial listing of such a table is given in Table 3-1 for water. ~ TABLE 3-1
This table indicates that the pressure of water changing phase (boiling or con-
densing) at 25°C must be 3.17 kPa, and the pressure of water must be main-
tained at 3973 kPa (about 40 atm) to have it boil at 250°C. Also, water can be

FIGURE 3-10

As more heat is transferred, the
temperature of the vapor starts
to rise (superheated vapor).

Saturation (boiling) pressure of
water at various temperatures

frozen by dropping its pressure below 0.61 kPa. T Saturation
. . . emperature, pressure,
It takes a large amount of energy to melt a solid or vaporize a liquid. The 7oC P.. kPa
amount of energy absorbed or released during a phase-change process is ' -
called the latent heat. More specifically, the amount of energy absorbed dur- —10 0.26
. .. . . . -5 0.40
ing melting is called the latent heat of fusion and is equivalent to the amount 0 0.61
of energy released during freezing. Similarly, the amount of energy absorbed 5 0.87
during vaporization is called the latent heat of vaporization and is equivalent 10 1:23
to the energy released during condensation. The magnitudes of the latent heats 15 1.71
depend on the temperature or pressure at which the phase change occurs. At 20 234
1 atm pressure, the latent heat of fusion of water is 333.7 klJ/kg and the latent 25 3.17
heat of vaporization is 2257.1 kJ/kg. 30 4.25
During a phase-change process, pressure and temperature are obviously 40 7.38
dependent properties, and there is a definite relation between them, that is, 50 12.35
100 101.3 (1 atm)
150 475.8
ToC 200 1554
250 3973
300 8581
300~
2 Saturated 3
100~ .
mixture
20 FIGURE 3-11
T-v diagram for the heating process of
v water at constant pressure.
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FIGURE 3-12

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

Atmo-

spheric Boiling

Elevation, pressure, tempera-
m kPa ture, °C
0 101.33 100.0
1,000 89.55 96.3
2,000 79.50 93.2
5,000 54.05 83.0
10,000 26.50 66.2
20,000 5.53 34.5
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T = f(Pg)- A plot of T, versus Pg,, such as the one given for water in
Fig. 3-12, is called a liquid—vapor saturation curve. A curve of this kind is
characteristic of all pure substances.

It is clear from Fig. 3—12 that T, increases with Pg,. Thus, a substance at
higher pressures will boil at higher temperatures. In the kitchen, higher boil-
ing 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 boiling temperature: 134°C).

The atmospheric pressure, and thus the boiling temperature of water, de-
creases 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 atmospheric pressure at an elevation of 2000 m is 79.50 kPa, which
corresponds to a boiling temperature of 93.2°C as opposed to 100°C at sea
level (zero elevation). 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 elevation, 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 corre-
sponding change in the boiling temperature is no more than about 1°C.

Some Consequences of T, and P, Dependence

We mentioned earlier that a substance at a specified pressure will boil at the
saturation temperature corresponding to that pressure. This phenomenon al-
lows us to control the boiling temperature of a substance by simply control-
ling the pressure, and it has numerous applications in practice. Below we give
some examples. In most cases, the natural drive to achieve phase equilibrium
by allowing some liquid to evaporate is at work behind the scenes.

Consider a sealed can of liguid 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 will also be 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 tem-
perature dropping rapidly, and even ice forming outside the can if the air is hu-
mid. A thermometer inserted in the can will register —26°C when the pressure

o
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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 can-
not vaporize unless it absorbs energy in the amount of the latent heat of va-
porization, which is 217 kJ/kg for refrigerant-134a at 1 atm. Therefore, the
rate of vaporization 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 re-
frigerant 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 at-
mosphere must be —196°C since some nitrogen will be evaporating. The tem-
perature of liquid nitrogen will remain constant at —196°C until it is depleted.
For this reason, nitrogen is commonly used in low-temperature scientific stud- N, vapor
ies (such as superconductivity) and cryogenic applications to maintain a test ~196°C
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 isothermally and keeps the test chamber temperature con- Ch;istt,er

stant at —196°C (Fig. 3—13). The entire test section must be insulated heavily -196°C 25°C

to minimize heat transfer and thus liquid nitrogen consumption. Liquid nitro-

gen is also used for medical purposes to burn off unsightly spots on the skin. - Liquid N,

This is done by soaking a cotton swap in liquid nitrogen and wetting the target \ _196°C

area with it. As the nitrogen evaporates, it freezes the affected skin by rapidly \_ Insulation

absorbing heat from it. FIGURE 3-13
A practical way of cooling leafy vegetables is vacuum cooling, which is The temperature of liquid nitrogen

based on reducing the pressure of the sealed cooling chamber to the saturation exposed to the atmosphere remains

pressure at the desired low temperature and evaporating some water from the constant at —196°C, and thus it

products to be cooled. The heat of vaporization during evaporation is maintains the test chamber at —196°C.
absorbed from the products, which lowers the product temperature. The satu-
ration pressure of water at 0°C is 0.61 kPa, and the products can be cooled to
. . . . Temperature

0°C by lowering the pressure to this level. The cooling rate can be increased o
by lowering the pressure below 0.61 kPa, but this is not desirable because of
the danger of freezing and the added cost. Start of cooling

In vacuum cooling, there are two distinct stages. In the first stage, the prod- (25°C, 100 kPa)
ucts at ambient temperature, say at 25°C, are loaded into the chamber, and the 5| _________ - \
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

A

that follows, saturation conditions are maintained inside at progressively gggoé'cﬁﬁogag)
lower pressures and the corresponding lower temperatures until the desired / ‘ ’ ‘ ‘
temperature is reached (Fig. 3—14). 00 061 1 317 10 100
Vacuum cooling is usually more expensive than the conventional refriger- Pressure (kPa)
ated cooling, and its use is limited to applications that result in much faster FIGURE 3-14
cooling. Products with large surface area per unit mass and a high tendency to The variation of the temperature
release moisture such as lettuce and spinach are well-suited for vacuum cool- of fruits and vegetables with
ing. Products with low surface area to mass ratio are not suitable, especially  pressure during vacuum cooling from
those that have relatively impervious peels such as tomatoes and cucumbers. 25°C to 0°C.

o
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Vacuum

Insulation pump

— Air + vapor

Low vapor pressure

Evaporation

g High g vapor gpressureg
Ice

Water

FIGURE 3-15

In 1775, ice was made by evacuating
the air space in a water tank.

cenb54261_ch03.gxd 11/17/03 2:28 PM Page 74 $

Some products such as mushrooms and green peas can be vacuum cooled suc-
cessfully by wetting them first.

The vacuum cooling just described becomes vacuum freezing if the vapor
pressure in the vacuum chamber is dropped below 0.6 kPa, the saturation
pressure 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—15).

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 by contact with ice. Also, ice provides moisture as well as
refrigeration.

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 dis-
cuss the 7-v, P-v, and P-T diagrams for pure substances.

1 The T-vDiagram

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—11. Now we repeat
this process at different pressures to develop the 7-v diagram.

Let us add weights on top of the piston until the pressure inside the cylinder
reaches 1 MPa. At this pressure, water will have a somewhat smaller specific
volume than it did at 1 atm pressure. As heat is transferred to the water at this
new pressure, the process will follow a path that looks very much like
the process path at 1 atm pressure, as shown in Fig. 3—16, but there are some
noticeable differences. First, water will start boiling at a much higher temper-
ature (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 will continue to get
shorter, as shown in Fig. 3—-16, and it will become a point when the pressure
reaches 22.09 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 Py,
and critical specific volume v,,. The critical-point properties of water are P,
= 22.09 MPa, T, = 374.14°C, and v, = 0.003155 m?/kg. For helium, they
are 0.23 MPa, —267.85°C, and 0.01444 m3/kg. The critical properties for var-
ious substances are given in Table A—1 in the appendix.

At pressures above the critical pressure, there will not be a distinct phase-
change process (Fig. 3—17). Instead, the specific volume of the substance will
continually increase, and at all times there will be only one phase present.
Eventually, it will resemble a vapor, but we can never tell when the change

o
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Critical point

374.14

Saturated
Saturated vapor FIGURE 3-16
liquid T-v diagram of constant-pressure
phase-change processes of a pure
substance at various pressures
0.003155 v, mi/ke (numerical values are for water).
has occurred. Above the critical state, there is no line that separates the com- T

pressed liquid region and the superheated vapor region. However, it is cus-
tomary to refer to the substance as superheated vapor at temperatures above
the critical temperature and as compressed liquid at temperatures below the
critical temperature.

The saturated liquid states in Fig. 3—16 can be connected by a line called the
saturated liquid line, and saturated vapor states in the same figure can be
connected by another line, called the saturated vapor line. These two lines
meet at the critical point, forming a dome as shown in Fig. 3—18. All the com-
pressed liquid states are located in the region to the left of the saturated liquid
line, called the compressed liquid region. All the superheated vapor states
are located to the right of the saturated vapor line, called the superheated
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, Ver v
or the wet region. FIGURE 3-17

At supercritical pressures (P > P,,),
2 The P-v Di agram there is no distinct phase-change

The general shape of the P-v diagram of a pure substance is very much like (boiling) process.

the 7-v diagram, but the 7 = constant lines on this diagram have a downward
trend, as shown in Fig. 3—19.

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. 3-20). The water is allowed to exchange

o
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FIGURE 3-18

T-v diagram of a pure substance.

FIGURE 3-19

P-v diagram of a pure substance.
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heat with the surroundings so its temperature remains constant. As the pres-
sure decreases, the volume of the water will increase slightly. When the pres-
sure reaches the saturation-pressure value at the specified temperature (0.4758
MPa), the water will start to boil. During this vaporization process, both the
temperature and the pressure remain constant, but the specific volume in-
creases. Once the last drop of liquid is vaporized, further reduction in pressure
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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 Ty, = f(P,,)], and the —
process would no longer be isothermal.

If the process is repeated for other temperatures, similar paths will be ob-
tained for the phase-change processes. Connecting the saturated liquid and the

. . P=1MPa

saturated vapor states by a curve, we obtain the P-v diagram of a pure sub- T=150°C
stance, as shown in Fig. 3-19.

Extending the Diagrams to Include the Solid Phase % Heat
The two equilibrium diagrams developed so far represent the equilibrium FIGURE 3-20
states involving the liquid and the vapor phases only. However, these dia- . . .

- . . The pressure in a piston-cylinder
grams can easily be extended to include the solid phase as well as the device can be reduced by reducing
solid-liquid and the solid—vapor saturation regions. The basic principles dis- the weight of the piston.
cussed 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 solidification (i.e., freezing) process. Others, like
water, expand as they freeze. The P-v diagrams for both groups of substances
are given in Figs. 3-21 and 3-22. These two diagrams differ only in the
solid-liquid saturation region. The 7-v diagrams look very much like the P-v
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
rivers, 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 year round, seriously disrupting marine life.

Critical
point

VAPOR

SOLID

SOLID + LIQUID
LIQUID

LIQUID + VAPOR

Triple line

AN

SOLID + VAPOR FIGURE 3-21
P-v diagram of a substance that

v contracts on freezing.
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FIGURE 3-22
P-v diagram of a substance that
expands on freezing (such as water).

FIGURE 3-23

At triple-point pressure and
temperature, a substance exists in
three phases in equilibrium.

FIGURE 3-24
At low pressures (below the triple-

point value), solids evaporate without
melting first (sublimation).
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VAPOR

LIQUID + VAPOR

Triple line

SOLID + VAPOR

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.
3-23). 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
0.6113 kPa, respectively. That is, all three phases of water will exist in equi-
librium 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 temperatures below the triple-point temperature. For ex-
ample, water cannot exist in liquid form in equilibrium at atmospheric pres-
sure 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 solid phases at pressures
above 100 MPa.

There are two ways a substance can pass from the solid to 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. 3-24). Passing from the solid phase directly into the vapor
phase is called sublimation. For substances that have a triple-point pressure
above the atmospheric pressure such as solid CO, (dry ice), sublimation is the
only way to change from the solid to vapor phase at atmospheric conditions.

3 The P-T Diagram

Figure 3-25 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 three lines. The sublimation line separates the solid and vapor regions, the
vaporization line separates the liquid and vapor regions, and the melting (or

o
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TABLE 3-3
Triple-point temperatures and pressures of various substances
Substance Formula T, K P, kPa
Acetylene CyH, 192.4 120
Ammonia NH; 195.40 6.076
Argon A 83.81 68.9
Carbon (graphite) C 3900 10,100
Carbon dioxide Co, 216.55 517
Carbon monoxide (6]0] 68.10 15.37
Deuterium D, 18.63 17.1
Ethane C,Hg 89.89 8 x 107
Ethylene CoH, 104.0 0.12
Helium 4 (A point) He 2.19 5.1
Hydrogen H, 13.84 7.04
Hydrogen chloride HCI 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 0, 54.36 0.152
Palladium Pd 1825 3.5x 1073
Platinum Pt 2045 2.0 x 1074
Sulfur dioxide SO, 197.69 1.67
Titanium Ti 1941 5.3 x 1073
Uranium hexafluoride UFg 337.17 151.7
Water H,0 273.16 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).
P
Substances Substances
, that expand that contract
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FIGURE 2-25
P-T diagram of pure substances.
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fusion) line separates the solid and liquid regions. These three lines meet at
the triple point, where all three phases coexist in equilibrium. The vaporiza-
tion 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-v-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 equa-
tion with two independent variables in the form z = z(x, y) represents a sur-
face in space, we can represent the P-v-T behavior of a substance as a surface
in space, as shown in Figs. 3-26 and 3-27. Here T and v 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-v-T surface since such a
process must pass through equilibrium states. The single-phase regions appear
as curved surfaces on the P-v-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
projections of this three-dimensional surface onto the appropriate planes.
A P-v diagram is just a projection of the P-v-T surface on the P-v plane, and
a T-v diagram is nothing more than the bird’s-eye view of this surface. The
P-v-T surfaces present a great deal of information at once, but in a thermo-
dynamic analysis it is more convenient to work with two-dimensional dia-
grams, such as the P-v and 7-v diagrams.

=
g
=
2 4 Critical 0
g 2
12} 172}
2 5
=%
FIGURE 3-26 FIGURE 3-27
P-v-T surface of a substance that contracts on P-v-T surface of a substance that expands on
freezing. freezing (like water).
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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 measured easily, but others cannot and are calculated by using the —J
relations between them and measurable properties. The results of these mea-
surements and calculations are presented in tables in a convenient format. In
the following discussion, the steam tables will be 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 FIGURE 3-28
one table. In fact, a separate table is prepared for each region of interest such  The combination u + Pv is frequently
as the superheated vapor, compressed liquid, and saturated (mixture) regions. encountered in the analysis of
Property tables are given in the appendix in both SI and English units. The control volumes.
tables in English units carry the same number as the corresponding tables in
SL followed by an identifier E. Tables A—6 and A—6E, for example, list prop-
erties of superheated 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 thermo-
dynamics, and we will not use it until it is properly defined in Chap. 6. How-
ever, it is appropriate to introduce enthalpy at this point.

In the analysis of certain types of processes, particularly in power genera-
tion and refrigeration (Fig. 3-28), we frequently encounter the combination of
properties U + PV. For the sake of simplicity and convenience, this combina-
tion is defined as a new property, enthalpy, and given the symbol H:

H=U+PV kJ) (3-1)

or, per unit mass,

h=u+ Pv (kJ/kg) (3-2)

Both the total enthalpy H and specific enthalpy % are simply referred to as
enthalpy since the context will clarify which one is meant. Notice that the /?\
equations given above are dimensionally homogeneous. That is, the unit of

the pressure—volume product may differ from the unit of the internal en-
ergy by only a factor (Fig. 3-29). For example, it can be easily shown that
1 kPa - m?® = 1 kJ. In some tables encountered in practice, the internal energy
u is frequently not listed, but it can always be determined from u = 7 — Pv. barmd = 100 kJ
Th§ widespread use of the. property enthalpy is due to Prof_essor Richar.d MPa.m3; 000

Mollier, who _recogmz_ed the 1mportanc§ of the group u + Pvin the gnalysm psi-ft® = 0.18505 Btu
of steam turbines and in the representation of the properties of steam in tabu-
lar and graphical form (as in the famous Mollier chart). Mollier referred to
the group u + Pv as 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 fo heat).

kPa-m?> = kJ
kPa-m3/kg = kl/kg

FIGURE 3-29
The product pressure X volume
has energy units.
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Specific volume

3
/k
Sat. _ e
Temp. press [ Sat. Sat.
°C kPa liquid vapor
T P, Vr U,

85 57.83 [0.001 033  2.828
90 70.14 |0.001 036 2.361
95 84.55 [0.001 040 1.982

! !

Specific Specific
temperature volume of
saturated
liquid
Corresponding Specific
saturation volume of
pressure saturated
vapor
FIGURE 3-30

A partial list of Table A—4.

T,°C
T=90°C
Sat. liquid
Q‘b'
8
J
90 [-———4 ‘
|
|
|
1
'Uf v
FIGURE 3-31
Schematic and 7-v diagram for
Example 3-1.
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1a Saturated Liquid and Saturated Vapor States

The properties of saturated liquid and saturated vapor for water are listed in
Tables A—4 and A-5. Both tables give the same information. The only differ-
ence 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. 3-30.

The subscript fis used to denote properties of a saturated liquid, and the
subscript g to denote the properties of saturated vapor. These symbols are
commonly used in thermodynamics and originated from German. Another
subscript commonly used is fg, which denotes the difference between the sat-
urated vapor and saturated liquid values of the same property. For example,

vy = specific volume of saturated liquid
v, = specific volume of saturated vapor
vy, = difference between v, and v, (that is, v, = v, — V)

The quantity hy, is called the enthalpy of vaporization (or latent heat of va-
porization). It represents the amount of energy needed to vaporize a unit mass
of saturated liquid at a given temperature or pressure. It decreases as the tem-
perature or pressure increases, and becomes zero at the critical point.

= EXAMPLE 3-1  Pressure of Saturated Liquid in a Tank

: A rigid tank contains 50 kg of saturated liquid water at 90°C. Determine the
m Pressure in the tank and the volume of the tank.

ume of the tank are to be determined.

Analysis The state of the saturated liquid water is shown on a T-v diagram in
Fig. 3-31. Since saturation conditions exist in the tank, the pressure must be
the saturation pressure at 90°C:

P =P, 0orc = 70.14 kPa (Table A—4)
The specific volume of the saturated liquid at 90°C is
V = V@ 9o:c = 0.001036 m’/kg (Table A—4)
Then the total volume of the tank is

]
SOLUTION A rigid tank contains saturated liquid water. The pressure and vol-
V = mv = (50 kg)(0.001036 m*/kg) = 0.0518 m*

EXAMPLE 3-2 Temperature of Saturated Vapor in a Cylinder

A piston-cylinder device contains 2 ft3 of saturated water vapor at 50-psia pres-
sure. Determine 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-v diagram in
Fig. 3-32. Since the cylinder contains saturated vapor at 50 psia, the temper-
ature inside must be the saturation temperature at this pressure:

T = Ty 050 psia = 281.03°F (Table A-5E)

o
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P, psi
The specific volume of the saturated vapor at 50 psia is pee
= = 3 —
V= Vy@sopsia = 8:518 ft/Ibm  (Table A-5E) Saturated
Then the mass of water vapor inside the cylinder becomes vapor
P = 50 psia
Vv 2 1t V=2 ft
=—=——""-——=0.2351b
"7V T 8518 ft/bm m

50 - 281.03°F
|
: EXAMPLE 3-3 Volume and Energy Change during Evaporation i
: A mass of 200 g of saturated liquid water is completely vaporized at a constant 1
m Pressure of 100 kPa. Determine (a) the volume change and (b) the amount of Vs v
m energy added to the water. FIGURE 3-32
u Schematic and P-v diagram
SOLUTION Saturated liquid water is vaporized at constant pressure. The vol- for Example 3-2.
ume change and the energy added are to be determined.
Analysis (a) The process described is illustrated on a P-v diagram in Fig. P, kPa
3-33. The volume change per unit mass during a vaporization process is Vg,
which is the difference between v, and v. Reading these values from Table A-5
at 100 kPa and substituting yield
v, = U, — U, = 1.6940 — 0.001043 = 1.6930 m¥/kg Sat. liquid Sat. vapor
P = 100 kPa P = 100 kPa
Thus,

AV = muy, = (0.2 kg)(1.6930 m¥/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 hy, =
2258.0 kJ/kg for water at 100 kPa. Thus, the amount of energy added is 100 |- —

mhy, = (0.2 kg)(2258 ki/kg) = 451.6 kJ

| |
| |
| |
| |
v f v v

Discussion Note that we have considered the first four decimal digits of v, and g

disregarded the rest. This is because v, has significant numbers to the first four FIGURE 3-33
decimal places only, and we do not know the numbers in the other decimal Schematic and P-v diagram
places. Copying all the digits from the calculator would mean that we are as- for Example 3-3.

suming v, = 1.694000, which is not necessarily the case. It could very well be
that v, = 1.694038 since this number, too, would truncate to 1.6940. All the
digits in our result (1.6930) are significant. But if we did not truncate the re-
sult, we would obtain v, = 1.692957, 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. 3-34). To
analyze this mixture properly, we need to know the proportions of the liquid
and 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

re Mioal 3-3)
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PorT

C.P.

Sat. vapor

Sat. liquid

FIGURE 3-34

The relative amounts of liquid and
vapor phases in a saturated mixture
are specified by the quality x.

vElV
Saturated
liquid—vapor

ixt
Saturated liquid fxture
FIGURE 3-35

B A two-phase system can be treated as

a homogeneous mixture for
convenience.
PorT

ad
|
i
vf Vay
FIGURE 3-36

Quality is related to the horizontal
distances on P-v and T-v diagrams.
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where

Mol = mliquid + mvapor = my + m,

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 O (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 va-
por. 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
saturated 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. 3-35). 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 Vj, and the volume occupied by saturated va-
por is V,. The total volume V is the sum of the two:

V=V, +V,
V=mv —— muv, = mu;+ m,,
me=m,—m, ——> mu,, = (m, — my)v, + m,v,

Dividing by m, yields

Uy = (1 = )vp + x0,

since x = m,/m,. This relation can also be expressed as

Uy = Up + XU (m’/kg) (3-4)

where v, = v, — V.. Solving for quality, we obtain
Vay = Uy

X = v/g

(3-5)

Based on this equation, quality can be related to the horizontal distances on
a P-v or T-v diagram (Fig. 3-36). At a given temperature or pressure, the nu-
merator 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 will lie in the middle of this horizontal line.

The analysis given above can be repeated for internal energy and enthalpy

with the following results:

Uy, = Uy + Xily, (kJ/kg) (3-6)
Ry = Ry + xhy, (kJ/kg) (3-7)

o
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All the results are of the same format, and they can be summarized in a single
equation as

Yav = Y T XY (3-8)

where y is v, u, or h. The subscript “av” (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. 3-37). That is,

nyyaVSyg

Finally, all the saturated-mixture states are located under the saturation curve,
and to analyze saturated mixtures, all we need are saturated liquid and satu-
rated vapor data (Tables A—4 and A-5 in the case of water).

: EXAMPLE 3—4 Pressure and Volume of a Saturated Mixture

: A rigid tank contains 10 kg of water at 90°C. If 8 kg of the water is in the liquid
@ form and the rest is in the vapor form, determine (a) the pressure in the tank
m and (b) the volume of the tank.

|

SOLUTION A rigid tank contains saturated mixture. The pressure and the vol-
ume of the tank are to be determined.

Analysis (a) The state of the saturated liquid—vapor mixture is shown in
Fig. 3-38. Since the two phases coexist in equilibrium, we have a satu-
rated mixture and the pressure must be the saturation pressure at the given
temperature:

P =P 0oy = 70.14 kPa (Table A—4)

(b) At 90°C, we have v; = 0.001036 m3kg and v, = 2.361 m3/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:
V= Vf+ Vg = mfvf+ mg’l)g
= (8 kg)(0.001036 m*/kg) + (2 kg)(2.361 m*/kg)
=4.73 m?
Another way is to first determine the quality x, then the average specific volume
v, and finally the total volume:
_mg  2kg
YTm T 10kg
V= Ut XU,
=0.001036 m*/kg + (0.2)[(2.361 — 0.001036) m*/kg]
= 0.473 m/kg

0.2

and
V = mv = (10 kg)(0.473 m¥/kg) = 4.73 m3

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.

o
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PorT

Sat. vapor

Vg

Sat. liquid
Yy

FIGURE 3-37

The v value of a saturated
liquid—vapor mixture lies between
the vy and v, values at the specified

TorP.
T, °C
T =90°C
mg =2kg
my= 8 kg
>
8
N
p=1>
90 - -
\
|
\
\

0;=0.001036 v, =2.361 v, mY/kg

FIGURE 3-38
Schematic and 7-v diagram
for Example 3—4.
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: 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.
m Determine (a) the temperature of the refrigerant, (b) the quality, (¢c) the en-
m thalpy of the refrigerant, and (d) the volume occupied by the vapor phase.
|
SOLUTION A vessel is filled with refrigerant-134a. Properties of the refriger-
ant are to be determined.
Analysis (a) The state of the saturated liquid—vapor mixture is shown in

P, kPa Fig. 3-39. At this point we do not know whether the refrigerant is in the com-
pressed liquid, superheated vapor, or saturated mixture region. This can be de-
R-134a termined by comparing a suitable property to the saturated liquid and saturated
P= 160 kPa vapor values. From the information given, we can determine the specific vol-
m=4kg ume:
V _ 0.080 m?
S = W = 0.02 m/kg

At 160 kPa, we read

T=-15.62°C v, = 0.0007435 m¥/kg

160 -

! BN v, = 0.1229 m¥kg
1 1
v;=0.0007435  v,=0.1229 v, m¥/kg

(Table A-12)

Obviously, vy < v < v, and, the refrigerant is in the saturated mixture re-
gion. Thus, the temperature must be the saturation temperature at the specified

hy=129.78 hy=237.97  h,kl/kg
pressure:
FIGURE 3-39 B B .
Schematic and P-v diagram for T=Ta@oopa = —15.62°C
Example 3-5. (b) Quality can be determined from

b=y 0.02—0.0007435

¥y, 01229 — 00007435 158

(c) At 160 kPa, we also read from Table A-12 that h; = 29.78 klJ/kg and
hy, = 208.18 kJ/kg. Then,

h = hy+ xhy,
= 29.78 kl/kg + (0.158)(208.18 kl/kg)
= 62.7 kJ/kg

(d) The mass of the vapor is
m, = xm, = (0.158)(4 kg) = 0.632 kg
and the volume occupied by the vapor phase is
V, = m,v, = (0.632 kg)(0.1229 m¥/kg) = 0.0777 m* (or 77.7 L)

The rest of the volume (2.3 L) is occupied by the liquid.

Property tables are also available for saturated solid—vapor mixtures. Prop-
erties of saturated ice—water vapor mixtures, for example, are listed in Table
A-8. Saturated solid—vapor mixtures can be handled just as saturated liquid—
vapor mixtures.

o
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2 Superheated Vapor v, u, h,
In the region to the right of the saturated vapor line and at temperatures above | 7.°C | md/kg kl/kg kl/kg
the critical point temperature, a substance exists as superheated vapor. Since P =0.1 MPa (99.63°C)
the superheated region is a single-phase region (vapor phase only), tempera- Sat. | 1.6940 2506.1 26755
ture and pressure are no longer dependent properties and they can conve- 100 | 1.6958 2506.7 2676.2

niently be used as the two independent properties in the tables. The format of 150 | 1.9364 2582.8 2776.4
the superheated vapor tables is illustrated in Fig. 3—40.

In these tables, the properties are listed against temperature for selected USL ||| P20 @iy Selbs

pressures starting with the saturated vapor data. The saturation temperature is P =0.5 MPa (151.86°C)
given in parentheses following the pressure value. Sat. | 0.3749 2561.2 2748.7
Superheated vapor is characterized by 200 | 0.4249 2642.9 28554

250 | 0.4744 2723.5 2960.7

Lower pressures (P < P at a given T)

Higher temperatures (7' > T, at a given P) FIGURE 3-40

Higher specific volumes (v > v, at a given P or T) A partial listing of Table A—6.

Higher internal energies (« > u, ata given Por T)
Higher enthalpies (2 > h, at a given P or T')

EXAMPLE 3-6 Internal Energy of Superheated Vapor

Determine the internal energy of water at 20 psia and 400°F.

mined.

Analysis At 20 psia, the saturation temperature is 227.96°F. Since T > T,
the water is in the superheated vapor region. Then the internal energy at the
given temperature and pressure is determined from the superheated vapor table
(Table A-6E) to be

[

[

[

[

|

SOLUTION The internal energy of water at a specified state is to be deter-
‘ u = 1145.1 Btu/Ilbm

: EXAMPLE 3-7 Temperature of Superheated Vapor
: Determine the temperature of water at a state of P = 0.5 MPa and h = 2890
m kJ/kg.
T
|
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 h, = 2748.7
kJ/kg. Since h > h,, as shown in Fig. 3-41, we again have superheated vapor.
Under 0.5 MPa in Table A-6 we read
T, °C h, kl/kg
200 2855.4
250 2960.7
Obviously, the temperature is between 200 and 250°C. By linear interpolation
it is determined to be FIGURE 3-41
At a specified P, superheated
T =12164°C vapor exists at a higher 4 than
the saturated vapor (Example 3-7).
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Given: P and T

vaf@T
UZ=Upar

RS R

FIGURE 3-42

A compressed liquid may be
approximated as a saturated liquid at
the given temperature.

T,°C

T =280°C

P=5MPa

R4
S

80— A

(Wil

[

I

1 1

U=y @ goeC u

FIGURE 343
Schematic and 7-u diagram for
Example 3-8.
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3 Compressed Liquid

Compressed liquid tables are not commonly available, and Table A7 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 compressed 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 proper-
ties 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—42).
This is because the compressed liquid properties depend on temperature much
more strongly than they do on pressure. Thus,

Y= VYrer

for compressed liquids, where y is v, u, or h. Of these three properties, the
property whose value is most sensitive to variations in the pressure is the en-
thalpy A. Although the above approximation results in negligible error in v
and u, the error in & may reach undesirable levels. However, the error in /4 at
very high pressures can be reduced significantly by evaluating it from

h=her+ Ver(P— Pyaer

instead of taking it to be just /. Here Py, is the saturation pressure at the given
temperature.

In general, a compressed liquid is characterized by

Higher pressures (P > P ata given T)

Lower temperatures (T < T, at a given P)

Lower specific volumes (v < vyata given P or T')

Lower internal energies (u < uyat a given P or T)

Lower enthalpies (h < hata given Por T)

But unlike superheated vapor, the compressed liquid properties are not much
different from the saturated liquid values.

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 47.39 kPa, and since
5 MPa > P, we obviously have compressed liquid, as shown in Fig. 3-43.

(a) From the compressed liquid table (Table A-7)

P =5MPa

i } u = 333.72 kJ/kg

o
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(b) From the saturation table (Table A-4), we read
U = Uy gooc = 334.86 kJ/kg
The error involved is

334.86 — 333.72

33372 X 100 = 0.34%

which is less than 1 percent.

Reference State and Reference Values

The values of u, h, and s cannot be measured directly, and they are calculated
from measurable properties using the relations between thermodynamic prop-
erties. However, those relations give the changes in properties, not the values
of properties at specified states. Therefore, we need to choose a convenient
reference state and assign a value of zero for a convenient property or proper-
ties 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 val-
ues 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 properties 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.

: EXAMPLE 3-9 The Use of Steam Tahles to Determine Properties

® Determine the missing properties and the phase descriptions in the following
m table for water:

T, °C P, kPa u, ki/kg X Phase description

(a) 200 0.6
(b) 125 1600

(c) 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 saturation temperature at the given
pressure:

T = T @ 200kpa = 120.23°C (Table A-5)

o
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At 200 kPa, we also read from Table A-5 that u; = 504.49 kJ/kg and ug, =
2025.0 kJ/kg. Then the average internal energy of the mixture is

U= us + Xidg,
= 504.49 kJ/kg + (0.6)(2025.0 kJ/kg)
= 1719.49 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 super-
heated 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 uy = 524.74 kJ/kg and u, = 2534.6 klJ/kg. Next we compare
the given u value to these urand v, values, keeping in mind that

if u< uy we have compressed liquid
if  u=u=u, we have saturated mixture
if u> U, we have superheated vapor
In our case the given v value is 1600, which falls between the urand 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 0 e = 232.1 kPa (Table A—4)

The quality is determined from

U 1600 — 524.74
X=—p— =g = 0.535

The criteria above for determining whether we have compressed liquid,
saturated mixture, or superheated vapor can also be used when enthalpy h or
specific volume v is given instead of internal energy u, or when pressure is given
instead of temperature.

(c) This is similar to case (b), except pressure is given instead of temperature.
Following the argument given above, we read the uyand u, values at the speci-
fied pressure. At 1 MPa, we have u; = 761.68 kl/kg and u, = 2583.6 kl/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 temperature at this state
is determined from the superheated vapor table by interpolation to be

T = 395.6°C (Table A-6)

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 saturated 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 T,; = 151.86°C. We then compare the given T value to this T, value,
keeping in mind that

o
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T, °C
if T < Tqtegvenp We have compressed liquid
if T= Taiegvenp We have saturated mixture
if T> Tatagven p  We have superheated vapor

In our case, the given T value is 75°C, which is less than the T, value at the
specified pressure. Therefore, we have compressed liquid (Fig. 3-44), and nor- 151.86
mally we would determine the internal energy value from the compressed liquid
table. But in this case the given pressure is much lower than the lowest pres-
sure 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 tem-
perature (not pressure):

75

u

FIGURE 3—44

At a given P and T, a pure substance
will exist as a compressed

liquid if T < Ty @ p-

U= Upggsoc = 313.90 kJ/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 = O, 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 satu-
rated liquid value:

T= Tsat @ 850kPa — 172.96°C (Table A—S)
U = U@ gsoupe = T31.27KJ/kg  (Table A-5)

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 prop-
erties 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 oth-
ers very complex. The simplest and best-known equation of state for sub-
stances in the gas phase is the ideal-gas equation of state. This equation
predicts the P-v-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
substance 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, an Englishman, 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, Frenchmen, experimen-
tally determined that at low pressures the volume of a gas is proportional to its
temperature. That is,

p=rl!
v
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or

Pv=RT (3-9)

where the constant of proportionality R is called the gas constant. Equation
3-9 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, 7T is the absolute temperature, and v is the specific

volume.
The gas constant R is different for each gas (Fig. 3—45) and is determined
Substance R, kl/kg-K from
Air 0.2870 R,
Helium 2.0769 R=" (kJ/kg - K or kPa - m¥/kg - K) (3-10)
Argon 0.2081
Nitrogen 0.2968
where R, is the universal gas constant and M is the molar mass (also called
FIGURE 3-45 molecular weight) of the gas. The constant R, is the same for all substances,
Different substances have different gas and its value is
constants. 8.314 kJ/kmol - K
8.314 kPa - m*/kmol - K
_10.08314 bar - m*/kmol - K
R =11.986 Btu/lbmol - R @1
10.73 psia - ft¥/Ibmol - R
1545 ft - Ibf/lbmol - 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 ni-
trogen is 28 lbm. That is, M = 28 kg/kmol = 28 lbm/lbmol. 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)
y mR = (MN)R = NR, —> PV =NR,T (3-14)
Per unit mass  Per unit mole V=Nv — Pv=R]T (3-15)
v, m3/kg 0, m3/kmol — . . . . .
/K = W kmol where D is the molar specific volume, that is, the volume per unit mole (in
Z’ kJ/kg ; kJ/kmOl m?/kmol or ft}/Ibmol). A bar above a property will denote values on a unit-
e P e mole basis throughout this text (Fig. 3-46).
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 b
FIGURE 3-46 g Y
Properties per unit mole are denoted PV, RV,
with a bar on the top. T, T, (3-16)
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IDEAL

An ideal gas is an imaginary substance that obeys the relation Pv = RT
(Fig. 3-47). It has been experimentally observed that the ideal-gas relation

given closely approximates the P-v-T behavior of real gases at low densities. GAS/ 15T
At low pressures and high temperatures, the density of a gas decreases, and REALLY?

e

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,
oxygen, hydrogen, helium, argon, neon, krypton, and even heavier gases such
as carbon dioxide 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.

: EXAMPLE 3-10 Mass of Air in a Room
: Determine the mass of the air in a room whose dimensions are 4 m X 5 m X
m 6 mat 100 kPa and 25°C. The ideal-gas relation often is not
| applicable to real gases; thus, care
SOLUTION The mass of air in a room is to be determined. should be exercised when using it.
Analysis A sketch of the room is given in Fig. 3-48. Air at specified conditions (Reprinted with special permission of
can be treated as an ideal gas. From Table A-1, the gas constant of air King Features Syndicate.)
is R = 0.287 kPa - m3/kg - K, and the absolute temperature is T =
25°C + 273 = 298 K. The volume of the room is 6m
V = (4 m)(5 m)(6 m) = 120 m> A
- . . : . AIR 5m
The mass of air in the room is determined from the ideal-gas relation to be
P =100 kPa
(100 kPa)(120 m®) T=25°C
=0 = : ~ 1403 kg m=?
RT  (0.287 kPa - m¥/kg - K)(298 K)
FIGURE 3-48

Schematic for Example 3-10.
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. 3-49.
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 and
the saturated vapor line (over 100 percent). 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, ideal-gas relations should not be used.

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. But, as
illustrated in Fig. 3-49, gases deviate from ideal-gas behavior significantly at
states near the saturation region and the critical point. This deviation from

o
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7,°C
10.85.0 2.4

600

500

400

300

200
FIGURE 3-49 100 100 kPa
Percentage of error
([ Vabte — Videall /Viapte] X 100) involved
in assuming steam to be an ideal gas, 10 kPa
and the region where steam can be
treated as an ideal gas with less 0 ‘ 0.8 kba ‘ ‘ ‘ :
than 1 percent error. 0.001 0.01 0.1 1 10 100 v, m¥kg

ideal-gas behavior at a given temperature and pressure can accurately be
accounted for by the introduction of a correction factor called the compressi-
bility factor Z defined as

Pv
Z= RT (3-17)
or
Pv=ZRT (3-18)
It can also be expressed as
IDEAL REAL 7 = Do
GAS GASES Videal 19
7=1 z : } where V4., = RT/P. Obviously, Z = 1 for ideal gases. For real gases Z can be
<1 greater than or less than unity (Fig. 3-50). The farther away Z is from unity,
the more the gas deviates from ideal-gas behavior.
FIGURE 3-50 We have repeatedly said that gases follow the ideal-gas equation closely
The compressibility factor is unity at low pressures and high temperatures. But what exactly constitutes low
for ideal gases. pressure or high temperature? Is —100°C a low temperature? It definitely is

o
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for most substances, but not for air. Air (or nitrogen) can be treated as an ideal
gas at this temperature and atmospheric pressure with an error under 1 per-
cent. This is because nitrogen is well over its critical temperature (—147°C)
and away from the saturation region. At this temperature and pressure, how-
ever, 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 re-
spect to their critical temperatures and pressures. The normalization is done as

T

T.

cr

Pp = and T = (3-20)

PCl’
Here Py 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.
3-51, the experimentally determined Z values are plotted against P and Ty for
several gases. The gases seem to obey the principle of corresponding states
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FIGURE 3-51

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.]
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At very low pressures, all gases
approach ideal-gas behavior
(regardless of their temperature).
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FIGURE 3-53

Gases deviate from the ideal-gas
behavior most in the neighborhood
of the critical point.

cenb54261_ch03.gxd 11/17/03 2:29 PM Page 96 $

96
FUNDAMENTALS OF THERMAL-FLUID SCIENCES

reasonably well. By curve-fitting all the data, we obtain the generalized com-
pressibility chart that can be used for all gases (Fig. A-34).

The following observations can be made from the generalized compressi-
bility chart:

1. At very low pressures (P << 1), the gases behave as an ideal gas
regardless of temperature (Fig. 3-52),

2. At high temperatures (T > 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. 3-53).

: EXAMPLE 3-11 The Use of Generalized Charts

® Determine the specific volume of refrigerant-134a at 1MPa and 50°C, using
m () the ideal-gas equation of state and (b) the generalized compressibility chart.
m Compare the values obtained to the actual value of 0.02171 m3/kg and deter-

E mine the error involved in each case.
|

SOLUTION The specific volume of refrigerant-134a is to be determined as-
suming 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, = 4.067 MPa
T,=3743K

(a) The specific volume of refrigerant-134a under the ideal-gas assumption is

_ Rr_ (0.0815KkPa - m¥kg - K)(323 K)
P 1000 kPa

= 0.02632 m*/kg

Therefore, treating the refrigerant-134a vapor as an ideal gas would result in an
error of (0.02632 — 0.02171)/0.02171 = 0.212, or 21.2 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 __1MPa

PR:P_Cr:m:O'z%
323 K Z=0.84

T -
To=7-=313K 0.863

Thus
V = ZUy.y = (0.84)(0.02632 m*/kg) = 0.02211 m3/kg

Discussion The error in this result is less than 2 percent. Therefore, in the ab-
sence of tabulated data, the generalized compressibility chart can be used with
confidence.
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When P and v, or T and v, are given instead of P and 7, the generalized
compressibility 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 vy as

Vactual

" RT../P,

Vg (3-21)

Note that vy is defined differently from Py and T. It is related to T, and P,
instead of v,. Lines of constant v, 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. 3-54). Pp= }f
Corz=...
-0 Fig. A-34)
ve=g7 75, | T

: EXAMPLE 3-12  Using Generalized Charts to Determine Pressure o

® Determine the pressure of water vapor at 600°F and 0.514 ft3/Ilbm, using FIGURE 3-54
m (@) the steam tables, (b) the ideal-gas equation, and (c) the generalized The compressibility factor can
m compressibility chart. also be determined from a

n knowledge of Py and .

SOLUTION The pressure of water vapor is to be determined in three differ-
ent ways.

Analysis A sketch of the system is given in Fig. 3-55. The gas constant, the
critical pressure, and the critical temperature of steam are determined from
Table A-1E to be T = 600°F

- 3
R = 0.5956 psia - ft’/Ibm - R v =0.514 ft’/lbm

H,0

P =7
P, = 3204 psia
T, = 11653 R FIGURE 3-55
(a) The pressure at the specified state is determined from Table A-6E to be Schematic for Example 3-12.

v = 0.514 ft}/lbm _ .
T = 600°F } P = 1000 psia
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

P RT _ (0.5956 psia - ft¥/Ibm - R)(1060 R)
T v 0.514 ft3/lbm

= 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-34), we first need to calculate the pseudo-reduced specific volume and the
reduced temperature:

Vyerual (0.514 ft¥/1bm)(3204 psia) 2373
Vg = = =9
R RT./P, (0.5956 psia - ft*/lbm - R)(1165.3 R)
Py =033
7 - L _ 1060R _ o,
R=T. T 11653R
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P, psia
Exact 1000
Z chart 1057

Ideal gas 1228

(from Example 3-11)

FIGURE 3-56

Results obtained by using the
compressibility chart are usually
within a few percent of the
experimentally determined values.

van der Waals
Berthelet
Redlich-Kwang
Beattie-Bridgeman
Benedict-Webb-Rubin

Strobridge
Virial

FIGURE 3-57
Several equations of state have been
proposed throughout history.

Critical point

FIGURE 3-58

Critical isotherm of a pure substance
has an inflection point at the critical
state.
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Thus,
P = PgP,. = (0.33)(3204 psia) = 1057 psia

Discussion Using the compressibility chart reduced the error from 22.8 to
5.7 percent, which is acceptable for most engineering purposes (Fig. 3-56).
A bigger chart, of course, would give better resolution and reduce the reading
errors. Notice that we did not have to determine Z in this problem since we
could read Py directly from the chart.

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-v-T
behavior of substances accurately over a larger region with no limitations.
Such equations are naturally more complicated. Several equations have been
proposed for this purpose (Fig. 3-57), 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 ac-
curate, 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

(v—b)=RT (3-22)

p+Z
v_,

Van der Waals intended to improve the ideal-gas equation of state by
including two of the effects not considered in the ideal-gas model: the infer-
molecular attraction forces and the volume occupied by the molecules them-
selves. 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 pres-
sure and temperature, 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
vin the ideal-gas relation with the quantity v — b, where b represents the vol-
ume 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-v diagram has a horizontal
inflection point at the critical point (Fig. 3—-58). Thus, the first and the second
derivatives of P with respect to v at the critical point must be zero. That is,

PP

=0 and (—

av)T = T, = const aUZ)T = T, = const
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By performing the differentiations and eliminating v, the constants @ and b
are determined to be

27R> T2 RT,
a= 6AP and bZSP.

cr cr

(3-23)

The constants a 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 replac-
ing the vin Eq. 3-22 by ¥ and the R in Egs. 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 was proposed as

P= R“T<1 ¢ \o+B -4
=3 T (v+ B) 52 (3-24)
where
a b
A=Al —%| and B=B|1 -2 (3-25)
D D

The constants appearing in the above equation are given in Table 3—4 for var- ¢ ©
ious substances. The Beattie-Bridgeman equation is known to be reasonably ISR ONS AN G

... . . Accurate over a limited range.
accurate for densities up to about 0.8p.,, where p,, is the density of the sub-

stance at the critical point. Beattie-Bridgeman: 5 constants.
Accurate for p<0.8 o,

Benedict-Webb-Rubin: 8 constants.
. . . Accurate for p<2.5 P,
Benedict-Webb-Rubin Equation of State ©r e

Benedict, Webb, and Rubin extended the Beattie-Bridgeman equation in 1940 Strobridge: 16 constants.

.. . . More suitable for
by raising the number of constants to eight. It is expressed as S ——

R, T Cyl1 bRT—a a«a c Y\ e Virial: may vary.
P= 5 + | BoR,T — Ay — ﬁ ﬁ oE + 5 + T2 1+ ﬁ e’” Accuracy depends on the
number of terms used.
(3-26)
The values of the constants appearing in this equation are given in Table 3—4. FIGURE 3-59
This equation can handle substances at densities up to about 2.5p,,. In 1962, Complex equations of state represent
Strobridge further extended this equation by raising the number of constants the P-v-T behavior of gases more
to 16 (Fig. 3-59). accurately over a wider range.
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TABLE 3-4
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Constants that appear in the Beattie-Bridgeman and the Benedict-Webb-Rubin equations of state

(a) When Pis in kPa, v is in m3/kmol, Tis in K, and R, = 8.314 kPa - m3/kmol - K, the five constants in the Beattie-

Bridgeman equation are as follows:

Gas Ao a B, b c

Air 131.8441 0.01931 0.04611 -0.001101 4.34 x 104
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 104
Oxygen, 0, 151.0857 0.02562 0.04624 0.004208 4.80 x 104

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 Pis in kPa, v is in m3/kmol, Tis in K, and R, = 8.314 kPa - m3/kmol - K, the eight constants in the Benedict-

Webb-Rubin equation are as follows:

Gas a Ay b By c GCo a Y
n-Butane,

CsH1p 190.68 1021.6 0.039998 0.12436 3.205 x 107 1.006 x 108 1.101 x 103 0.0340
Carbon

dioxide, CO, 13.86 277.30 0.007210 0.04991 1.511 x 10% 1.404 x 107 8.470 x 1075 0.00539

Carbon

monoxide, CO  3.71 135.87 0.002632 0.05454 1.054 x 10° 8.673 x 10° 1.350 x 10~% 0.0060
Methane, CH, 5.00 187.91 0.003380 0.04260 2.578 x 10° 2.286 x 10°® 1.244 x 10~% 0.0060
Nitrogen, N, 2.54 106.73 0.002328 0.04074 7.379 X 10* 8.164 x 105 1.272 x 107* 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.

Virial Equation of State

The equation of state of a substance can also be expressed in a series form as

T b(T T d(T
poRT al) BI) o) dT)
(] v V- (] V-

(3-27)

This and similar equations are called the virial equations of state, and the co-
efficients a(T'), b(T'), c¢(T'), and so on, that are functions of temperature alone
are called virial coefficients. These coefficients can be determined experi-
mentally or theoretically from statistical mechanics. Obviously, as the pres-
sure approaches zero, all the virial coefficients will vanish and the equation
will reduce to the ideal-gas equation of state. The P-v-T behavior of a sub-
stance can be represented accurately with the virial equation of state over a
wider range by including a sufficient number of 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.

Complex equations represent the P-v-T behavior of substances reasonably
well and are very suitable for digital computer applications. For hand cal-
culations, however, it is suggested that the reader use the property tables or
the simpler equations of state for convenience. This is particularly true for
specific-volume calculations since all the earlier equations are implicit in v
and will require a trial-and-error approach. The accuracy of the van der Waals,

o
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T,K
]
&
=
S
0.0% =— Van der Waals (top)
300 — 0.0% <— Beattie-Bridgeman (middle)
0.0% = Benedict-Webb-Rubin (bottom)
0.0%
- 0.0%
0.0%
200 —
Q‘b’
5
&
100 74.5% S
>100% 51.0%
>100%
>100% .
2.5% 1.6%
- ¢ o 0.8% (4 49,
0.2% 0.1%
1 3% o gey 0-1%
©7%0.3%
0 I IR L] IR L
0.01 0.1 1 10 100 5. m¥kmol
FIGURE 3-60
Percentage of error involved in various equations of state for nitrogen (% error = [(|Vgpe — vequaﬁon|)/ Viable] X 100).

Beattie-Bridgeman, and Benedict-Webb-Rubin equations of state is illustrated
in Fig. 3-60. It is apparent from this figure that the Benedict-Webb-Rubin
equation of state is usually the most accurate.

s EXAMPLE 3-13

® Predict the pressure of nitrogen gas at 7= 175 K and v = 0.00375 m3/kg on
m the basis of (a) the ideal-gas equation of state, (b) the van der Waals equation
m of state, (¢) the Beattie-Bridgeman equation of state, and (d) the Benedict-
m Webb-Rubin equation of state. Compare the values obtained to the experimen-

B tally determined value of 10,000 kPa.
|

Different Methods of Evaluating Gas Pressure

SOLUTION The pressure of nitrogen gas is to be determined using four differ-

u
ent equations of state.
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*/kg

= 13,851 kPa

o



cenb4261_ch03.gxd

102
FUNDAMENTALS OF THERMAL-FLUID SCIENCES

11/17/03 2:29 PM Page 102 CE

1 kg 1 kg
IRON WATER
20—30°C 20—30°C
45KkJ 41.8kJ
FIGURE 3-61

It takes different amounts of energy to

raise the temperature of different
substances by the same amount.

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 a
P:v—b Uz—9471kPa

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=42Xx10*

Also, v = Mv = (28.013 kg/mol)(0.00375 m3kg) = 0.10505 m3/kmol. Sub-
stituting these values into Eq. 3-24, we obtain

P=2i\l "5

RT(
(]

A
(v +B)—v_—IOIIOkPa

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 Ay = 106.73

b =0.002328 B, = 0.04074

¢ =17.379 X 10* Cy = 8.164 X 10°
a=1272x107* v = 0.0053

Substituting these values into Eq. 3-26 gives

RT Gl1 | bRT—a g4qa g
P= 7 BORT AO T2>v2 1—)3 v6+_3T2 1+ 6 e
= 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.

3-9 - SPECIFIC HEATS

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
example, we need about 4.5 kJ of energy to raise the temperature of 1 kg of
iron from 20 to 30°C, whereas it takes about 9 times this energy (41.8 kJ to be

o
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exact) to raise the temperature of 1 kg of liquid water by the same amount
(Fig. 3—-61). Therefore, it is desirable to have a property that will enable us to
compare the energy storage capabilities of various substances. This property
is the specific heat.

The specific heat is defined as the energy required to raise the temperature
of a unit mass of a substance by one degree (Fig. 3-62). In general, this energy
will depend on how the process is executed. In thermodynamics, we are inter-
ested in two kinds of specific heats: specific heat at constant volume C, and
specific heat at constant pressure C,.

Physically, the specific heat at constant volume C, 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. 3-63. The specific heat at constant pres-
sure C, is always greater than C, because at constant pressure the system is
allowed to expand and the energy for this expansion work must also be sup-
plied to the system.

Now we will attempt to express the specific heats in terms of other thermo-
dynamic properties. First, consider a fixed mass in a stationary closed system
undergoing a constant-volume process (and thus no expansion or compression
work is involved). The conservation of energy principle e;, — €, = Aeyygem
for this process can be expressed in the differential form as

de;, — Oey = du

The left-hand side of this equation represents the net amount of energy trans-
ferred to the system. From the definition of C,, this energy must be equal to
C, dT, where dT is the differential change in temperature. Thus,

C,dT = du at constant volume

or

(3-28)

Similarly, an expression for the specific heat at constant pressure C, can be
obtained by considering a constant-pressure expansion or compression

process. It yields
_[on
Cp B (aT)[)

Equations 3-28 and 3-29 are the defining equations for C, and C,, and their
interpretation is given in Fig. 3-64.

Note that C, and C, 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 will be different at different temperatures and pres-
sures (Fig. 3—65). But this difference is usually not very large.

A few observations can be made from Eqs. 3-28 and 3-29. First, these
equations 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 C, has to a constant-volume process is that C, happens to be the

(3-29)

o
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Specific heat = 5 kl/kg -°C

m=1kg
AT =1°C

£

5kI
FIGURE 3-62

Specific heat is the energy required
to raise the temperature of a unit
mass of a substance by one

degree in a specified way.

““““ jo

f

(¢))

V = constant P = constant
m=1kg m=1kg
AT = 1°C AT=1°C
kJ kJ
Cv—3.12 kg-°C Cp—5.2 kg-°C
3.12kJ 5.2kJ
FIGURE 3-63

Constant-volume and constant-
pressure specific heats C, and C,
(values given are for helium gas).

A

o (o
€= (BT)U

= the change in internal energy
with temperature at
constant volume

oh
)
7 \dT),

= the change in enthalpy with
temperature at constant
pressure

FIGURE 3-64

Formal definitions of C, and C,.
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AIR AIR
m=1kg m=1kg
300—301 K 1000—1001 K
0.718 kJ 0.855 kJ
FIGURE 3-65

The specific heat of a substance
changes with temperature.

Thermometer

AIR Evacuated
(high pressure)

FIGURE 3-66
Schematic of the experimental
apparatus used by Joule.
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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 C, are deter-
mined. This is also how the name specific heat at constant volume originated.
Likewise, the energy transferred to a system per unit mass per unit tempera-
ture rise during a constant-pressure process happens to be equal to C,,. This is
how the values of C, can be determined and also explains the origin of the
name specific heat at constant pressure.

Another observation that can be made from Eqgs. 3-28 and 3-29 is that C,, 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,
C, can be defined as the change in the enthalpy of a substance per unit change
in temperature at constant pressure. In other words, C, is a measure of the
variation of internal energy of a substance with temperature, and C, is a mea-
sure of the variation of enthalpy of a substance with temperature.

Both the internal energy and enthalpy of a substance can be changed by the
transfer of energy in any form, with heat being only one of them. Therefore,
the term specific energy is probably more appropriate than the term specific
heat, which implies that energy is transferred (and stored) in the form of heat.

A common unit for specific heats is klJ/kg - °C or kJ/kg - K. Notice that
these two units are identical since AT(°C) = AT(K), and 1°C change in tem-
perature is equivalent to a change of 1 K. The specific heats are sometimes
given on a molar basis. They are then denoted by C,, and C » and have the unit
kJ/kmol - °C or kJ/kmol - K.

3-10 - INTERNAL ENERGY, ENTHALPY,
AND SPECIFIC HEATS OF IDEAL GASES

We defined an ideal gas as a gas whose temperature, pressure, and specific
volume are related by

Pv=RT

It has been demonstrated mathematically and experimentally (Joule, 1843)
that for an ideal gas the internal energy is a function of the temperature only.
That is,

u=uT) (3-30)

In his classical experiment, Joule submerged two tanks connected with a
pipe and a valve in a water bath, as shown in Fig. 3—66. Initially, one tank con-
tained 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 tem-
perature 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 en-
ergy of the air did not change even though the volume and the pressure
changed. Therefore, he reasoned, the internal energy is a function of tem-
perature 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.)

o
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Using the definition of enthalpy and the equation of state of an ideal gas,
we have

h=u+ Pv _
Pv=RT } h=u+RT
Since R is constant and u = u(T), it follows that the enthalpy of an ideal gas
is also a function of temperature only:

h=nT) (3-31)
Since u and % depend only on temperature for an ideal gas, the specific heats

C, and C, also depend, at most, on temperature only. Therefore, at a given
temperature, u, h, C,,, and C, of an ideal gas will have fixed values regardless

of the specific volume or pressure (Fig. 3—67). Thus, for ideal gases, the par-
tial derivatives in Eqgs. 3-28 and 3-29 can be replaced by ordinary derivatives. Z z Zg;
Then the differential changes in the internal energy and enthalpy of an ideal C,=CyT)
gas can be expressed as C =C(T)
p p
du= CT)dr (3-32)
FIGURE 3-67

and For ideal gases, u, h, C,, and C,

dh = C,T)dT (3-33) vary with temperature only.

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=1, —u, = f c(T)dT  (K/kg) (3-34)
1
and
2
Ah=hy—h = j C(T)dT  (Klikg) (3-35)
1

To carry out these integrations, we need to have relations for C, 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 are often denoted C,, and C,. Accurate analytical expres-
sions for ideal-gas specific heats, based on direct measurements or calcu-
lations 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 C,(T) data for some common gases is given in Fig. 3-68.

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 Eqgs. 3-34 and 3-35 are straightforward but rather time-
consuming and thus impractical. To avoid these laborious calculations, u
and # 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 Eqs. 3-34 and 3-35 by treating state 1 as

o
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FIGURE 3-68

Ideal-gas constant-pressure
specific heats for some gases

(see Table A-2c¢ for C, equations).

AIR

T,K u, kl/kg h, kl/kg
0 0 0

300 214.17 300.19
310 221.25 310.24

FIGURE 3-69

In the preparation of ideal-gas tables,
0 K is chosen as the reference
temperature.
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Ar, He, Ne, Kr, Xe, Rn

20 -

! ! !
1000 2000 3000

Temperature, K

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. 3—69). 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-21) and usually in kJ/kmol for other gases. The unit kJ/kmol is
very convenient in the thermodynamic analysis of chemical reactions.

Some observations can be made from Fig. 3—68. 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 tem-
perature is smooth and may be approximated as linear over small temperature
intervals (a few hundred degrees or less). Then the specific heat functions in
Eqgs. 3-34 and 3-35 can be replaced by the constant average specific heat val-
ues. Now the integrations in these equations can be performed, yielding

uy —u, = Cy (T — T))  (kI/kg) (3-36)

and

hy—hy=C, (T, —T))  (kl/kg) (3-37)

The specific heat values for some common gases are listed as a function of
temperature in Table A-2b. The average specific heats C, ,, and C, ,, are
evaluated from this table at the average temperature (7, + 7,)/2, as shown in
Fig. 3-70. If the final temperature 7, is not known, the specific heats may
be evaluated at 7| or at anticipated average temperature. Then 7, can be

o
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CHAPTER 3
determined by using these specific heat values. The value of T, can be refined, c
if necessary, by evaluating the specific heats at the new average temperature.

Another way of determining the average specific heats is to evaluate them
at T; and 7, and then take their average. Usually both methods give reason-
ably good results, and one is not necessarily better than the other.

Another observation that can be made from Fig. 3—-68 is that the ideal-gas Coav |7777 72
specific heats of monatomic gases such as argon, neon, and helium remain 1
constant over the entire temperature range. Thus, Au and Ak of monatomic
gases can easily be evaluated from Eqs. 3-36 and 3-37.

Note that the Au and Ah 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 C, in an equation should not lead one to believe that !
this equation is valid for a constant-volume process only. On the contrary, FIGURE 3-70
the relation Au = C,, ,, AT is valid for any ideal gas undergoing any process For small temperature intervals, the
(Fig. 3-71). A similar argument can be given for C, and Ah. specific heats may be assumed to

To summarize, there are three ways to determine the internal energy and vary linearly with temperature.
enthalpy changes of ideal gases (Fig. 3-72):

Approximation

wﬂ ““44444‘\

=

T

5 T

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 C, or C, 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
convenient when property tables are not available. The results obtained
are reasonably accurate if the temperature interval is not very large.

AIR
V = constant AIR
T,=20°C P = constant
T, =30°C 0, T,=20C

iTz =30°C

Au=C, AT Au=C, AT
=7.18 kl/kg =7.18 kl/kg

Specific Heat Relations of Ideal Gases FIGURE 3-71

A special relationship between C, and C,, for ideal gases can be obtained by The relation Au = C, AT'is

» : .
differentiating the relation # = u + RT, which yields valid for any kind of process,
constant-volume or not.

dh =du+ RdT
Replacing dh by C, dT and du by C,, dT and dividing the resulting expression /?\
by dT, we obtain
C,=C,+R  (Kkg K) (3-38) S a
.. . . . . . . Au=u,—u, (table)

This is an important relationship for ideal gases since it enables us to deter-

. 2
mine C, from a knowledge of C, and the gas constant R. A= / C.(T) dT

When the specific heats are given on a molar basis, R in the above equation b
should be replaced by the universal gas constant R, (Fig. 3-73). Au = AT

C,=C,+R, (kJ/kmol - K) (3-39)

At this point, we introduce another ideal-gas property called the specific

heat ratio k, defined as FIGURE 3-72

Three ways of calculating Au.

(3-40)

A0
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AIR at 300 K

C,=0.718kl/kg - K

R=0.287 ki/kg - K } €, = 1005 klfkg - K

or

FIGURE 3-73 =
C. =20.80kJ/kmol - K | -
The C, of an ideal gas R =8314 kJ/kzzl K }Cp =29.114 kJ/kmol - K
can be determined from a !
knowledge of C, and R.

The specific heat 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.

: EXAMPLE 3-14 Evaluation of the Au of an Ideal Gas

: Air at 300 K and 200 kPa is heated at constant pressure to 600 K. Determine
m the change in internal energy of air per unit mass, using (a) data from the air
m table (Table A-21), (b) the functional form of the specific heat (Table A-2c¢),
B and (c) the average specific heat value (Table A-2b).

|
|
SOLUTION The internal energy change of air is to be determined in three dif-
ferent ways.
Analysis 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.
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 solution given be-
low 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 7; and T, from Table A-21 and take the difference:

Uy = U @30k = 214.07 kl/kg
Uy = U @ 600K — 43478 kJ/kg

Thus,
Au = u, — u, = (434.78 — 214.07) kI/kg = 220.71 kJ/kg

(b) The C_‘p( T) of air is given in Table A-2c in the form of a third-degree poly-
nomial expressed as

C,(T)=a+ bT + cT?* + dT?

where a = 28.11, b = 0.1967 X 1072, ¢ = 0.4802 X 107% and d =
—1.966 x 10~°. From Eq. 3-39,

C,(T)=C,—R,=(a—R,)+bT+ cT?+dT>
From Eq. 3-34,

2 T,
i = f C.(T) dT = f [(@ — R) + bT + cT? + dT%] dT
1 )

o
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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 divid-
ing this value by the molar mass of air (Table A-1):
_ Au _ 6447 kJ/kmol

Au=—

M~ 2897 kg/kmol _ 222> kl/kg

which differs from the exact result by 0.8 percent.

(c) The average value of the constant-volume specific heat C, ,, is determined
from Table A-2b at the average temperature of (T, + T,)/2 = 450 K to be

Cu, av Cv@ 450K — 0.733 kJ/kg - K

Thus,

Au = C,, (T, — T;) = (0.733 kl/kg - K)[(600 — 300) K]
= 220 kl/ke

Discussion This answer differs from the exact result (220.71 kJ/kg) by only
0.4 percent. This close agreement is not surprising since the assumption that C,
varies linearly with temperature is a reasonable one at temperature intervals of
only a few hundred degrees. If we had used the C, value at 7; = 300 K instead
of at T, the result would be 215 kJ/kg, which is in error by about 2 percent.
Errors of this magnitude are acceptable for most engineering purposes.

3-11 = INTERNAL ENERGY, ENTHALPY, AND
SPECIFIC HEATS OF SOLIDS AND LIQUIDS

A substance whose specific volume (or density) is constant is called an in-
compressible substance. The specific volumes of solids and liquids essen-
tially remain constant during a process (Fig. 3-74). 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 associated 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 that the constant-volume and constant-
pressure specific heats are identical for incompressible substances (Fig. 3-75).
Therefore, for solids and liquids, the subscripts on C, and C,, can be dropped,
and both specific heats can be represented by a single symbol C. That is,

c,=C,=C (3-41)
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.

o
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LIQUID
Ul = constant

FIGURE 3-74

The specific volumes of
incompressible substances
remain constant during a process.

IRON
25°C
c=c,=C,

=0.45 kl/kg -°C

FIGURE 3-75

The C, and C, values of
incompressible substances are
identical and are denoted by C.
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Internal Energy Changes

Like those of ideal gases, the specific heats of incompressible substances de-
pend on temperature only. Thus, the partial differentials in the defining equa-
tion of C,, can be replaced by ordinary differentials, which yield

du= C,dT = C(T) dT (3-42)

The change in internal energy between states 1 and 2 is then obtained by
integration:

2
Au=u,—u = J C(T)dr (kJ/kg) (3-43)
1

The variation of specific heat C with temperature should be known before this
integration can be carried out. For small temperature intervals, a C value at the
average temperature can be used and treated as a constant, yielding

Au=C(T,~T)  (klkg) (3-44)

Enthalpy Changes

Using the definition of enthalpy 4 = u + Pv and noting that v = constant, the
differential form of the enthalpy change of incompressible substances can be
determined by differentiation to be

dh =du+ vdP + Pdv 2" = du + vdP (3-45)
Integrating,
Ah=Au+ vAP=C, AT+ vAP  (K)) (3-46)

For solids, the term v AP is insignificant and thus Ah = Au = C,, AT. For
liquids, two special cases are commonly encountered:

1. Constant-pressure processes, as in heaters (AP = 0): Ah = Au = C,, 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
h, — h; = v(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 tempera-
ture, the enthalpy of the compressed liquid can be expressed as

hepr=her+ Var(P — Pg) (3-47)

where P, is the saturation pressure at the given temperature. This is an im-
provement over the assumption that the enthalpy of the compressed liquid
could be taken as h; at the given temperature (that is, h @ p 7 = hy@ 7). How-
ever, the contribution of the last term is often very small, and is neglected.

EXAMPLE 3-15 Enthalpy of Compressed Liquid

Determine the enthalpy of liquid water at 100°C and 15 MPa (a) by using com-
pressed liquid tables, (b) by approximating it as a saturated liquid, and (c) by
using the correction given by Eq. 3-47.

SOLUTION The enthalpy of liquid water is to be determined exactly and
approximately.

o
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Analysis At 100°C, the saturation pressure of water is 101.33 kPa, and since

P> P, the water exists as a compressed liquid at the specified state.

(a) From compressed liquid tables, we read

P =15MPa
T=100"C

This is the exact value.

(b) Approximating the compressed liquid as a saturated liquid at 100°C, as is

commonly done, we obtain

h = h;q 100c = 419.04 kJ/kg
This value is in error by about 2.6 percent.
(c) From Eq. 3-47,

hepr=haert V(P — Pgy)

= (419.04 kJ/kg) + (0.001 m3/kg)[(15,000 — 101.33) kPa](

= 434.60 kJ/kg

Discussion Note that the correction term reduced the error from 2.6 to about
1 percent. However, this improvement in accuracy is often not worth the extra

effort involved.

} h = 430.28 kJ/kg (Table A-7)

1kJ )

1kPa - m?

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
substance that is not about to vaporize is called a compressed
or subcooled 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 substance 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 saturated 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
X =

Mygtal

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,

Y= Yrer

where y stands for v, u, or A.

The state beyond which there is no distinct vaporization
process is called the critical point. At supercritical pressures, a
substance gradually and uniformly expands from the liquid to
vapor phase. All three phases of a substance coexist in equilib-
rium at states along the triple line characterized by triple-line
temperature and pressure. The compressed liquid has lower v,
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 T or P.

Any relation among the pressure, temperature, and specific
volume of a substance is called an equation of state. The
simplest and best-known equation of state is the ideal-gas
equation of state, given as

Pv=RT

where R is the gas constant. Caution should be exercised in
using this relation since an ideal gas is a fictitious substance.

o
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Real gases exhibit ideal-gas behavior at relatively low pres-
sures and high temperatures.

The deviation from ideal-gas behavior can be properly ac-
counted for by using the compressibility factor Z, defined as

Pv vactual
Z=—+ or Z=
RT Videal

The Z factor is approximately the same for all gases at the
same reduced temperature and reduced pressure, which are
defined as

I

=7,

and B =

&9~

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

Vactual

T RT, /P,

Ug

The P-v-T behavior of substances can be represented more
accurately by the more complex equations of state. Three of the
best known are

van der Waals: P+ & (v—b)=RT
where
_2TR°T; q p=Ma
““Tean, M U78R,

. . _ Ru C —
Beattie-Bridgeman: P= = 1= 570 (v+B) - 52
where

A =A0<1 — ‘:’) and B= 30(1 - 2)
v v

—p—

Benedict-Webb-Rubin:

u

bR,T — a
P== L2 — 4, aa

D2 v? DN

G
| BoRT = Ay = 3

C
53T2

+ vV’

Y
1+1_7

The amount of energy needed to raise the temperature of a
unit mass of a substance by one degree is called the specific
heat at constant volume C, for a constant-volume process
and the specific heat at constant pressure C, for a constant-
pressure process. They are defined as

a_h)
aT),

C,= (a_u) and C,=
For ideal gases u, h, C,, and C, are functions of temperature

oT ¢
v
P

alone. The Au and A% of ideal gases are expressed as
2
Au= 1y~ = [ CUT) AT = Cyo(T = T
1

2
Ah = hz - hl = J CP(T) dT = Cp, av(TZ - Tl)
1

For ideal gases, C, and C, are related by
C,=C,+R  (K/kg-K)

where R is the gas constant. The specific heat ratio k is de-
fined as
Cr
k= Cu
For incompressible substances (liquids and solids), both the

constant-pressure and constant-volume specific heats are iden-
tical and denoted by C:

C,=C,=C (klkg-K)

The Au and Ah of incompressible substances are given by

Au= J ‘OTydT=C T, ~T)  (Kke)
1

Ah = Au + VAP (kJ/kg)
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PROBLEMS*

Pure Substances, Phase-Change Processes,
Phase Diagrams

3-1C Isiced water a pure substance? Why?

3-2C What is the difference between saturated liquid and
compressed liquid?

3-3C What is the difference between saturated vapor and
superheated vapor?

3-4C s there any difference between the properties of satu-
rated vapor at a given temperature and the vapor of a saturated
mixture at the same temperature?

3-5C s there any difference between the properties of satu-
rated liquid at a given temperature and the liquid of a saturated
mixture at the same temperature?

3-6C Is it true that water boils at higher temperatures at
higher pressures? Explain.

3-7C If the pressure of a substance is increased during
a boiling process, will the temperature also increase or will it
remain constant? Why?

3-8C Why are the temperature and pressure dependent prop-
erties in the saturated mixture region?

3-9C What is the difference between the critical point and
the triple point?

3-10C Is it possible to have water vapor at —10°C?

3-11C A househusband is cooking beef stew for his 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?

3-12C How does the boiling process at supercritical pres-
sures differ from the boiling process at subcritical pressures?
Property Tables

3-13C 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.

3-14C A perfectly fitting pot and its lid often stick after
cooking, and it becomes very difficult to open the lid when the

*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 SI users can ignore them.
Problems with a CD-EES icon @ are solved using EES, and
complete solutions together with parametric studies are included
on the enclosed CD. Problems with a computer-EES icon & are
comprehensive in nature, and are intended to be solved with a
computer, preferably using the EES software that accompanies
this text.

pot cools down. Explain why this happens and what you would
do to open the lid.

3-15C It is well known that warm air in a cooler environ-
ment 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?

3-16C In 1775, Dr. William Cullen made ice in Scotland
by evacuating the air in a water tank. Explain how that de-
vice works, and discuss how the process can be made more
efficient.

3-17C 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?

3-18C Does the reference point selected for the properties of
a substance have any effect on thermodynamic analysis? Why?

3-19C What is the physical significance of 4,? Can it be
obtained from a knowledge of A;and h,? How?

3-20C 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?

3-21C What is quality? Does it have any meaning in the
superheated vapor region?

3-22C Which process requires more energy: completely
vaporizing 1 kg of saturated liquid water at 1 atm pressure or
completely vaporizing 1 kg of saturated liquid water at 8 atm
pressure?

3-23C  Does hy, change with pressure? How?

3-24C Can quality be expressed as the ratio of the volume
occupied by the vapor phase to the total volume?

3-25C In the absence of compressed liquid tables, how is
the specific volume of a compressed liquid at a given P and T
determined?

3-26 Complete this table for H,O:

T,°C P, kPa v, m3/kg Phase description
50 4.16
200 Saturated vapor
250 400
110 600
3-27 Reconsider Prob. 3-26. Using EES (or other)

= software, determine the missing properties of wa-
ter. Repeat the solution for refrigerant-134a, refrigerant-22, and
ammonia.
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3-28E Complete this table for H,O:

T, °F P, psia u, Btu/lbm Phase description
300 782
40 Saturated liquid
500 120
400 400
3-29E Reconsider Prob. 3-28E. Using EES (or other)

<< software, determine the missing properties
of water. Repeat the solution for refrigerant-134a, refrigerant-
22, and ammonia.

3-30 Complete this table for H,O:

T, °C P, kPa h, ki/kg X Phase description
200 0.7
140 1800
950 0.0
80 500
800 3161.7

3-31 Complete this table for refrigerant-134a:

T °C P, kPa v, m3/kg Phase description
-8 500
30 0.022
320 Saturated vapor
100 600
3-32 Complete this table for refrigerant-134a:
T, °C P, kPa u, kl/kg Phase description
20 95
-12 Saturated liquid
400 300
8 600

3-33E Complete this table for refrigerant-134a:

T °F P, psia h, Btu/lbm X Phase description
80 78
15 0.6
10 70
180 128.77
110 1.0

—p—

3-34 Complete this table for H,O:

T, °C P, kPa v, m3/kg Phase description
140 0.48
800 Saturated liquid
25 750
500 0.130
3-35 Complete this table for H,O:

T,°C P, kPa u, kl/kg Phase description
400 1825
220 Saturated vapor
190 2000
4000 3040

3-36E The temperature in a pressure cooker during cooking
at sea level is measured to be 250°F. Determine the absolute
pressure inside the cooker in psia and in atm. Would you mod-
ify your answer if the place were at a higher elevation?

Pressure
cooker

250°F

FIGURE P3-36E

3-37E The atmospheric pressure at a location is usually
specified at standard conditions, but it changes with the
weather conditions. As the weather forecasters frequently state,
the atmospheric pressure drops during stormy weather and it
rises during clear and sunny days. If the pressure difference be-
tween the two extreme conditions is given to be 0.3 in of mer-
cury, determine how much the boiling temperatures of water
will vary as the weather changes from one extreme to the other.

3-38 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 cool-
ing, determine if the lid will open or the pan will move up to-
gether with the lid.

3-39 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. If
60 percent of the heat generated by the burner is transferred

o
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to the water during boiling, determine the rate of evaporation
of water.

Vapor

40%

FIGURE P3-39

3-40 Repeat Prob. 3-39 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.

3-41 Water is boiled at 1 atm pressure in a 20-cm-internal-
diameter stainless steel pan on an electric range. If it is ob-
served that the water level in the pan drops by 10 cm in 30 min,
determine the rate of heat transfer to the pan.

3-42 Repeat Prob. 3—41 for a location at 2000-m elevation
where the standard atmospheric pressure is 79.5 kPa.

3-43 Saturated steam coming off the turbine of a steam
power plant at 30°C condenses on the outside of a 4-cm-outer-
diameter, 20-m-long tube at a rate of 45 kg/h. Determine the
rate of heat transfer from the steam to the cooling water flow-
ing through the pipe.

3-44 The average atmospheric pressure in Denver (eleva-
tion = 1610 m) is 83.4 kPa. Determine the temperature at
which water in an uncovered pan will boil in Denver.

Answer: 94.4°C.

3-45 Water in a 5-cm-deep pan is observed to boil at 98°C.
At what temperature will the water in a 40-cm-deep pan boil?
Assume both pans are full of water.

3-46 A cooking pan whose inner diameter is 20 cm is filled
with water and covered with a 4-kg lid. If the local atmospheric
pressure is 101 kPa, determine the temperature at which the
water will start boiling when it is heated. ~Answer: 100.2°C

P =101 kPa
atm
m =4 kg

FIGURE P3-46
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3-47 Reconsider Prob. 3-46. Using EES (or other)

< software, investigate the effect of the mass of the
lid on the boiling temperature of water in the pan. Let the mass
vary from 1 kg to 10 kg. Plot the boiling temperature against
the mass of the lid, and discuss the results.

3-48 Water is being heated in a vertical piston-cylinder de-
vice. The piston has a mass of 20 kg and a cross-sectional area
of 100 cm?. If the local atmospheric pressure is 100 kPa, deter-
mine the temperature at which the water will start boiling.

3-49  Arigid tank with a volume of 2.5 m?® contains 5 kg of
saturated liquid—vapor mixture of water at 75°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 7T-v diagram with respect to saturation lines.
Answer: 140.7°C

3-50 A rigid vessel contains 2 kg of refrigerant-134a at
900 kPa and 80°C. Determine the volume of the vessel and the
total internal energy. Answers: 0.0572 m*, 577.7 kJ

3-51E A 5-ft® rigid tank contains 5 lbm of water at 20 psia.
Determine (a) the temperature, (b) the total enthalpy, and
(c) the mass of each phase of water.

3-52 A 0.5-m?® vessel contains 10 kg of refrigerant-134a
at —20°C. Determine (a) the pressure, (b) the total internal
energy, and (c) the volume occupied by the liquid phase.
Answers: (a) 132.99 kPa, (b) 889.5 kJ, (c) 0.00487 m?

3-53 g@és A piston-cylinder device contains 0.1 m? of liquid
water and 0.9 m? of water vapor in equilibrium at

800 kPa. Heat is transferred at constant pressure until the tem-
perature reaches 350°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-v diagram with respect to satu-

ration lines.

H,0
P =800 kPa

FIGURE P3-53

3-54 Reconsider Prob. 3-53. Using EES (or other) soft-

== ware, 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
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discuss the results. Also, show the process in Prob. 3-53 on a
P-v diagram using the property plot feature of EES.

3-55E 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
quality, and (c) the enthalpy. Also, show the process on a 7-v
diagram with respect to saturation lines.

Answers: (a) 29.82 psia, (b) 0.219, (c) 425.7 Btu/lbm

3-56E Reconsider Prob. 3-55E. Using EES (or other)

< software, investigate the effect of initial pres-
sure on the quality of water at the final state. Let the pressure
vary from 100 psi to 300 psi. Plot the quality against initial
pressure, and discuss the results. Also, show the process in
Prob. 3-55E on a 7T-v diagram using the property plot feature
of EES.

3-57 A piston-cylinder device initially contains 50 L of
liquid water at 25°C and 300 kPa. Heat is added to the water at
constant pressure until the entire liquid is vaporized.

(a) 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-v diagram with respect to satu-

ration lines.

Answers: (a) 49.85 kg, (b) 133.55°C, (c) 130,627 kJ

3-58 A 0.5-m?rigid vessel initially contains saturated liquid—
vapor mixture of water at 100°C. The water is now heated until
it reaches the critical state. Determine the mass of the liquid
water and the volume occupied by the liquid at the initial state.
Answers: 158.28 kg, 0.165 m3

3-59 Determine the specific volume, internal energy, and
enthalpy of compressed liquid water at 100°C and 15 MPa
using the saturated liquid approximation. Compare these val-
ues to the ones obtained from the compressed liquid tables.

3-60 Reconsider Prob. 3-59. Using EES (or other)

< software, determine the indicated properties
of compressed liquid, and compare them to those obtained us-
ing the saturated liquid approximation.

3-61E A 15-ft3 rigid tank contains saturated mixture of
refrigerant-134a at 30 psia. If the saturated liquid occupies
10 percent of the volume, determine the quality and the total
mass of the refrigerant in the tank.

3-62 A piston-cylinder device contains 0.8 kg of steam
at 300°C and 1 MPa. Steam is cooled at constant pressure until
one-half of the mass condenses.

(a) Show the process on a 7-v diagram.

(b) Find the final temperature.

(c) Determine the volume change.

3-63 Arigid tank contains water vapor at 300°C and an un-
known pressure. When the tank is cooled to 180°C, the vapor
starts condensing. Estimate the initial pressure in the tank.
Answer: 1.325 MPa

—p—

Ideal Gas

3-64C Propane and methane are commonly used for heating
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.

3-65C Under what conditions is the ideal-gas assumption
suitable for real gases?

3-66C What is the difference between R and R,? How are
these two related?

3-67C What is the difference between mass and molar mass?
How are these two related?

3-68 A spherical balloon with a diameter of 6 m is filled with
helium at 20°C and 200 kPa. Determine the mole number and
the mass of the helium in the balloon.

Answers: 9.28 kmol, 37.15 kg

3-69 Reconsider Prob. 3-68. Using EES (or other)

<= software, investigate the effect of the balloon di-
ameter 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 diame-
ter for both cases.

3-70 The pressure in an automobile tire depends on the tem-
perature 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’3, 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 temperature. Assume the atmospheric
pressure to be 100 kPa.

V=0.025m3
T=25C
P,=210kPa

FIGURE P3-70

3-71E The air in an automobile tire with a volume of 0.53 ft*
is at 90°F and 20 psig. Determine the amount of air that must
be added to raise the pressure to the recommended value of
30 psig. Assume the atmospheric pressure to be 14.6 psia and
the temperature and the volume to remain constant.

Answer: 0.0260 Ibm

3-72 The pressure gage on a 1.3-m> oxygen tank reads
500 kPa. Determine the amount of oxygen in the tank if the
temperature is 24°C and the atmospheric pressure is 97 kPa.
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P = 500 kPa
02
V=13m?
T=24°C
FIGURE P3-72

3-73E A rigid tank contains 20 lbm of air at 20 psia and
70°F. More air is added to the tank until the pressure and tem-
perature rise to 35 psia and 90°F, respectively. Determine the
amount of air added to the tank. Answer: 13.73 Ibm

3-74 A 800-L rigid tank contains 10 kg of air at 25°C. Deter-
mine the reading on the pressure gage if the atmospheric pres-
sure is 97 kPa.

3-75 A 1-m? tank containing air at 25°C and 500 kPa is con-
nected through a valve to another tank containing 5 kg of air at
35°C and 200 kPa. Now the valve is opened, and the entire
system is allowed to reach thermal equilibrium with the sur-
roundings, which are at 20°C. Determine the volume of the
second tank and the final equilibrium pressure of air.

Answer: 2.21 m3, 284.1 kPa

Compressibility Factor

3-76C What is the physical significance of the compressi-
bility factor Z?

3-77C

3-78C How are the reduced pressure and reduced tempera-
ture defined?

What is the principle of corresponding states?

3-79 Determine the specific volume of superheated water
vapor at 10 MPa and 400°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: (a) 0.03106 m3/kg, 17.6 percent; (b) 0.02609 m3/kg, 1.2
percent; (¢) 0.02641 m3/kg

3-80 Reconsider Prob. 3—79. Solve the problem using

== the generalized compressibility factor feature of
the EES software. Again using EES, compare the specific vol-
ume of water for the three cases at 10 MPa over the tempera-
ture range of 325°C to 600°C in 25°C intervals. Plot the
% error involved in the ideal-gas approximation against tem-
perature, and discuss the results.

3-81 Determine the specific volume of refrigerant-134a
vapor at 1.4 MPa and 140°C based on (a) the ideal-gas equa-
tion, (b) the generalized compressibility chart, and (c) the ex-
perimental data from tables. Also, determine the error involved
in the first two cases.

3-82 Determine the specific volume of nitrogen gas at
10 MPa and 150 K based on (a) the ideal-gas equation and

—p—
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(b) the generalized compressibility chart. Compare these re-
sults 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

3-83 Determine the specific volume of superheated water
vapor at 1.6 MPa and 225°C based on (a) the ideal-gas equa-
tion, (b) the generalized compressibility chart, and (c) the
steam tables. Determine the error involved in the first two
cases.

3-84E Refrigerant-134a at 400 psia has a specific volume of
0.1386 ft*/Ibm. Determine the temperature of the refrigerant
based on (a) the ideal-gas equation, () the generalized com-
pressibility chart, and (c) the refrigerant tables.

3-85 A0.01677-m? tank contains 1 kg of refrigerant-134a at
110°C. Determine the pressure of the refrigerant, using (a) the
ideal-gas equation, (b) the generalized compressibility chart,
and (c) the refrigerant tables.

Answers: (a) 1.861 MPa, (b) 1.586 MPa, (¢) 1.6 MPa

3-86 Somebody claims that oxygen gas at 160 K and 3 MPa
can be treated as an ideal gas with an error of less than 10 per-
cent. Is this claim valid?

3-87 What is the percentage of error involved in treating
carbon dioxide at 3 MPa and 10°C as an ideal gas?
Answer: 25 percent

3-88 What is the percentage of error involved in treating
carbon dioxide at 5 MPa and 350 K as an ideal gas?

Other Equations of State

3-89C 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?

3-90 A 3.27-m’ tank contains 100 kg of nitrogen at 225 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 2000 kPa.

3-91 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

3-92 Reconsider Prob. 3-91. Solve the problem using

== EES (or other) software. Again using the EES,
compare the temperature of water for the three cases at con-
stant specific volume over the pressure range of 0.1 MPa
to 1 MPa in 0.1 MPa increments. Plot the % error involved in
the ideal-gas approximation against pressure, and discuss the
results.

3-93E Refrigerant-134a at 100 psia has a specific volume of
0.5388 ft*/Ibm. Determine the temperature of the refrigerant

o



cenb54261_ch03.gxd

11/17/03 2:29 PM Page 118

118
FUNDAMENTALS OF THERMAL-FLUID SCIENCES

based on (a) the ideal-gas equation, (») the van der Waals equa-
tion, and (c) the refrigerant tables.

3-94 Nitrogen at 150 K has a specific volume of
) 0.041884 m3/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

3-95 Reconsider Prob. 3-94. Using EES (or other)

< software, compare the pressure results of the
ideal-gas and Beattie-Bridgeman equations with nitrogen data
supplied by EES. Plot temperature versus specific volume for
a pressure of 1000 kPa with respect to the saturated liquid
and saturated vapor lines of nitrogen over the range of
II0K < T<150K.

Specific Heats, Au, and Ah of Ideal Gases
3-96C Is the relation AU = mC,, ,, AT restricted to constant-

v, av

volume processes only, or can it be used for any kind of
process of an ideal gas?

3-97C Isthe relation AH = mC, ,, AT restricted to constant-
pressure processes only, or can it be used for any kind of
process of an ideal gas?

3-98C Show that for an ideal gas Ep =C,+R,

3-99C TIs the energy required to heat air from 295 to 305 K
the same as the energy required to heat it from 345 to 355 K?
Assume the pressure remains constant in both cases.

3-100C In the relation AU = mC, AT, what is the correct
unit of C,—kJ/kg - °C or kJ/kg - K?

3-101C A fixed mass of an ideal gas is heated from
50 to 80°C at a constant pressure of (a) 1 atm and (b) 3 atm.
For which case do you think the energy required will be
greater? Why?

3-102C A fixed mass of an ideal gas is heated from 50 to
80°C at a constant volume of (a) 1 m? and (b) 3 m>. For which
case do you think the energy required will be greater? Why?

3-103C A fixed mass of an ideal gas is heated from 50 to
80°C (a) at constant volume and (b) at constant pressure. For
which case do you think the energy required will be greater?
Why?

3-104 Determine the enthalpy change Ak of nitrogen,
in klJ/kg, as it is heated from 600 to 1000 K, using (a) the
empirical specific heat equation as a function of tempera-
ture (Table A-2c), (b) the C, value at the average temperature
(Table A-2b), and (c) the C, value at room temperature
(Table A—2a).

Answers: (a) 447.8 kJ/kg, (b) 448.4 kJ/kg, (c) 415.6 kJ/kg

3-105E Determine the enthalpy change Ah of oxygen,
in Btu/lbm, as it is heated from 800 to 1500 R, using (a) the
empirical specific heat equation as a function of tempera-
ture (Table A—2Ec), (b) the C, value at the average temperature
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(Table A-2Eb), and (c) the C, value at room temperature
(Table A—2Ea).
Answers: (a) 170.1 Btu/lbm, (b) 178.5 Btu/lbm, (¢) 153.3 Btu/lbm

3-106 Determine the internal energy change Au of hydrogen,
in kJ/kg, as it is heated from 400 to 1000 K, using (a) the
empirical specific heat equation as a function of temperature
(Table A-2c¢), (b) the C, value at average temperature (Table
A-2b), and (c) the C, value at room temperature (Table A—2a).

Review Prohlems

3-107 A smoking lounge is to accommodate 15 heavy smok-
ers. The minimum fresh air requirements for smoking lounges
are specified to be 30 L/s per person (ASHRAE, Standard 62,
1989). Determine the minimum required flow rate of fresh air
that needs to be supplied to the lounge, and the diameter of the
duct if the air velocity is not to exceed 8 m/s.

Smoking —r T
lounge 1 —=
Fan
15 smokers

FIGURE P3-107

3-108 The minimum fresh air requirements of a residen-
tial building are specified to be 0.35 air change per hour
(ASHRAE, Standard 62, 1989). That is, 35 percent of the en-
tire air contained in a residence should be replaced by fresh
outdoor air every hour. If the ventilation requirements of a
2.7-m-high, 200-m? residence is to be met entirely by a fan,
determine the flow capacity of the fan, in L/min, that needs to
be installed. Also determine the diameter of the duct if the air
velocity is not to exceed 6 m/s.

3-109 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 0.022 m?, determine
the percent increase in the absolute temperature of the air in
the tire.

3-110 Although balloons have been around since 1783 when
the first balloon took to the skies in France, a real breakthrough
in ballooning occurred in 1960 with the design of the modern
hot-air balloon fueled by inexpensive propane and constructed
of lightweight nylon fabric. Over the years, ballooning has be-
come a sport and a hobby for many people around the world.
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Unlike balloons filled with the light helium gas, hot-air bal-
loons are open to the atmosphere. Therefore, the pressure in the
balloon is always the same as the local atmospheric pressure,
and the balloon is never in danger of exploding.

Hot-air balloons range from about 15 to 25 m in diameter.
The air in the balloon cavity is heated by a propane burner lo-
cated at the top of the passenger cage. The flames from the
burner that shoot into the balloon heat the air in the balloon
cavity, raising the air temperature at the top of the balloon from
65°C to over 120°C. The air temperature is maintained at the
desired levels by periodically firing the propane burner. The
buoyancy force that pushes the balloon upward is proportional
to the density of the cooler air outside the balloon and the vol-
ume of the balloon, and can be expressed as

FB = Pcool air gvballoon

where g is the gravitational acceleration. When air resistance is
negligible, the buoyancy force is opposed by (1) the weight of
the hot air in the balloon, (2) the weight of the cage, the ropes,
and the balloon material, and (3) the weight of the people and
other load in the cage. The operator of the balloon can control
the height and the vertical motion of the balloon by firing the
burner or by letting some hot air in the balloon escape, to be
replaced by cooler air. The forward motion of the balloon is
provided by the winds.

Consider a 20-m-diameter hot-air balloon that, together with
its cage, has a mass of 80 kg when empty. This balloon is hang-
ing still in the air at a location where the atmospheric pressure
and temperature are 90 kPa and 15°C, respectively, while
carrying three 65-kg people. Determine the average tempera-
ture of the air in the balloon. What would your response be if
the atmospheric air temperature were 30°C?

he. 2

FIGURE P3-110
A hot-air balloon.

3-111 Reconsider Prob. 3-110. Using EES (or other)

S software, investigate the effect of the environ-
ment temperature on the average air temperature in the balloon
when the balloon is suspended in the air. Assume the environ-
ment temperature varies from —10°C to 30°C. Plot the average
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air temperature in the balloon versus the environment temper-
ature, and discuss the results. Investigate how the number of
people carried affects the temperature of the air in the balloon.

3-112 Consider an 18-m-diameter hot-air balloon that, to-
gether with its cage, has a mass of 120 kg when empty. The air
in the balloon, which is now carrying two 70-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 balloon first starts rising. What would your response
be if the atmospheric air temperature were 25°C?

3-113E  Water in a pressure cooker is observed to boil at
260°F. What is the absolute pressure in the pressure cooker,
in psia?

3-114 Arigid tank with a volume of 0.07 m? contains 1 kg of
refrigerant-134a vapor at 400 kPa. The refrigerant is now al-
lowed to cool. Determine the pressure when the refrigerant first
starts condensing. Also, show the process on a P-v diagram
with respect to saturation lines.

3-115 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 4L?

H,0
V=4L
m = 2kg
T=50C

FIGURE P3-115

3-116 A 10-kg mass of superheated refrigerant-134a at
0.8 MPa and 40°C is cooled at constant pressure until it exists
as a compressed liquid at 20°C.

(a) Show the process on a 7T-v diagram with respect to satu-

ration lines.

(b) Determine the change in volume.

(c) Find the change in total internal energy.
Answers: (b) —0.261 m3, (¢) —1753 kJ

3-117 A 0.5-m’ rigid tank containing hydrogen at 20°C and
600 kPa is connected by a valve to another 0.5-m? rigid tank

H2 H2
V=0.5m? g’o V=05m3
T=20°C T=30°C
P = 600 kPa P = 150 kPa

FIGURE P3-117
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that holds hydrogen at 30°C and 150 kPa. Now the valve is
opened and the system is allowed to reach thermal equilibrium
with the surroundings, which are at 15°C. Determine the final
pressure in the tank.

3-118 Reconsider Prob. 3—117. Using EES (or other)

== software, investigate the effect of the surround-
ings temperature on the final equilibrium pressure in the tanks.
Assume the surroundings temperature to vary from —10°C to
30°C. Plot the final pressure in the tanks versus the surround-
ings temperature, and discuss the results.

3-119 A 20-m? tank contains nitrogen at 25°C and 800 kPa.
Some nitrogen is allowed to escape until the pressure in the
tank drops to 600 kPa. If the temperature at this point is 20°C,
determine the amount of nitrogen that has escaped.

Answer: 42.9 kg

3-120 Steam at 400°C has a specific volume of 0.02 m3/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) 12,591 kPa, (c) 12,500 kPa

3-121 A tank whose volume is unknown is divided into
two parts by a partition. One side of the tank contains 0.01 m?
of refrigerant-134a that is a saturated liquid at 0.8 MPa, while
the other side is evacuated. The partition is now removed,
and the refrigerant fills the entire tank. If the final state of the
refrigerant is 25°C and 200 kPa, determine the volume of
the tank.

R-134a
V=001 m?
P =0.8 MPa

Evacuated

FIGURE P3-121

3-122 Reconsider Prob. 3—121. Using EES (or other)

<< software, investigate the effect of the initial
pressure of refrigerant-134 on the volume of the tank. Let the
initial pressure vary from 0.5 MPa to 1.5 MPa. Plot the volume
of the tank versus the initial pressure, and discuss the results.

3-123 Liquid propane is commonly used as a fuel for heating
homes, powering vehicles such as forklifts, and filling portable

Propane
Leak

(Tl
um) 0
FIGURE P3-123
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picnic tanks. Consider a propane tank that initially contains 5 L
of liquid propane at the environment temperature of 20°C. If a
hole develops in the connecting tube of a propane tank and
the propane starts to leak out, determine the temperature of
propane when the pressure in the tank drops to 1 atm. Also, de-
termine the total amount of heat transfer from the environment
to the tank to vaporize the entire propane in the tank.

3-124 Repeat Prob. 3—123 for isobutane.

Design and Essay Problems

3-125 Tt is claimed that fruits and vegetables are cooled
by 6°C for each percentage point of weight loss as moisture
during vacuum cooling. Using calculations, demonstrate if this
claim is reasonable.

3-126 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.

3-127 It is well known that water freezes at 0°C at atmo-
spheric 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 surrounding. 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 atmo-
spheric 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 metastable state. Write an essay on
metastable states and discuss how they differ from stable equi-
librium states.

3-128 Using a thermometer, measure the boiling temperature
of water and calculate the corresponding saturation pressure.
From this information, estimate the altitude of your town and
compare it with the actual altitude value.

3-129 Find out how the specific heats of gases, liquids, and
solids are determined in national laboratories. Describe the
experimental apparatus and the procedures used.

3-130 Design an experiment complete with instrumentation
to determine the specific heats of a gas using a resistance
heater. Discuss how the experiment will be conducted, what
measurements need to be taken, and how the specific heats will
be determined. What are the sources of error in your system?
How can you minimize the experimental error?

3-131 Design an experiment complete with instrumenta-
tion to determine the specific heats of a liquid using a resis-
tance heater. Discuss how the experiment will be conducted,
what measurements need to be taken, and how the specific
heats will be determined. What are the sources of error in your
system? How can you minimize the experimental error? How
would you modify this system to determine the specific heat of
a solid?
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ENERGY TRANSFER BY
HEAT, WORK, AND MASS

two distinct forms: heat and work. For control volumes, energy can
also be transferred by mass. An energy transfer to or from a closed sys-
tem is heat if it is caused by a temperature difference between the system and

E nergy can be transferred to or from a closed system (a fixed mass) in

its surroundings. Otherwise it is work, and it is caused by a force acting
through a distance. We start this chapter with a discussion of energy transfer
by heat. We then introduce various forms of work, with particular emphasis on
the moving boundary work or P dV work commonly encountered in recipro-
cating devices such as automotive engines and compressors. We continue with
the flow work, which is the work associated with forcing a fluid into or out of
a control volume, and show that the combination of the internal energy and
the flow work gives the property enthalpy. Then we discuss the conserva-
tion of mass principle and apply it to various systems. Finally, we show that
h + ke + pe represents the energy of a flowing fluid per unit of its mass.
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Energy can cross the boundaries of
a closed system in the form

of heat and work.

Surrounding air
25°C

FIGURE 4-2

Heat is transferred from hot bodies
to colder ones by virtue of a
temperature difference.

FIGURE 4-3

Temperature difference is the driving
force for heat transfer. The larger the

temperature difference, the higher
is the rate of heat transfer.
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4-1 - HEAT TRANSFER

Energy can cross the boundary of a closed system in two distinct forms: heat
and work (Fig. 4-1). 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 principles of thermodynamics.

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 (Fig. 4-2).
When a body is left in a medium that is at a different temperature, energy
transfer takes place between the body and the surrounding medium until ther-
mal equilibrium is established, that is, the body and the medium reach the
same temperature. The direction of energy transfer is always from the higher
temperature body to the lower temperature one. Once the temperature equal-
ity is established, energy transfer stops. In 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 sys-
tems (or a system and its surroundings) by virtue of a temperature difference
(Fig. 4-3). 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 systems that are at the same temperature.

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

Several phrases in common use today—such as heat flow, heat addition,
heat rejection, heat absorption, heat removal, heat gain, heat loss, heat storage,
heat generation, electrical heating, resistance heating, frictional heating, gas
heating, heat of reaction, liberation of heat, specific heat, sensible heat, latent
heat, waste heat, body heat, process heat, heat sink, and heat source—are not
consistent 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

No heat
transfer
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the flow of a fluidlike substance called heat, although the latter incorrect 2 KJ
interpretation, which is based on the caloric theory, is the origin of this phrase. thermal
Also, the transfer of heat into a system is frequently referred to as heat ad- cuetsy

dition and the transfer of heat out of a system as heat rejection. Perhaps there
are thermodynamic reasons for being so reluctant to replace heat by thermal
energy: It takes less time and energy to say, write, and comprehend heat than
it does thermal energy.

Heat is energy in transition. It is recognized only as it crosses the boundary
of a system. Consider the hot baked potato one more time. The potato contains
energy, but this energy is heat transfer only as it passes through the skin of the
potato (the system boundary) to reach the air, as shown in Fig. 4—4. Once in
the surroundings, the transferred heat becomes part of the internal energy of

FIGURE 44

the surroundings. Thus, in thermodynamics, the term heat simply means heat Energy is recognized as heat transfer

transfer. only as it crosses the system boundary.

A process during which there is no heat transfer is called an adiabatic
process (Fig. 4-5). The word adiabatic comes from the Greek word adia- " Insulation
batos, 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 surround-
ings 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. e

As a form of energy, heat has energy units, kJ (or Btu) being the most com- FIGURE 4-5
mon one. The amount of heat transferred during the process between two . S

. . . During an adiabatic process, a system

states (states 1 and 2) is denoted by Q,,, or just Q. Heat transfer per unit mass e
. . : exchanges no heat with its
of a system is denoted ¢ and is determined from

ADIABATIC
SYSTEM

surroundings.
0
g=5  (Kkg 4-1)
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 interval (Fig. 4-6). The heat transfer rate is denoted 0, where the over- 30k 30K
dot stands for the time derivative, or “per unit time.” "l_"he heat transfer rate Q ?n_: 2 ke heat
has the unit kJ/s, which is equivalent to kW. When Q varies with time, the Ar=5s
amount of heat transfer during a process is determined by integrating Q over
the time interval of the process:
. Q=6kW
o=["oa @2 4= 15 Klkg
|
] FIGURE 4-6
When Q remains constant during a process, this relation reduces to The relationships among ¢, Q, and Q

0=0At (k) (4-3)

where At = 1, — ¢, is the time interval during which the process occurs.

Historical Background on Heat
Heat has always been perceived to be something that produces in us a sensa-
tion of warmth, and one would think that the nature of heat is one of the first

o
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Contact
surface

FIGURE 4-7

In the early nineteenth century, heat
was thought to be an invisible fluid
called the caloric that flowed from
warmer bodies to the cooler ones.
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things understood by mankind. However, it was only in the middle of the
nineteenth century 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 molecules. Although it was suggested in the eighteenth and early
nineteenth 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
nineteenth 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 an-
other (Fig. 4-7). When caloric was added to a body, its temperature increased;
and when caloric was removed from a body, its temperature decreased. When
a body could not contain any more caloric, much the same way 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 main-
tained 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 to-
gether or rubbing two pieces of wood together. In 1798, the American Ben-
jamin Thompson (Count Rumford) (1754-1814) showed in his papers that
heat can be generated continuously through friction. The validity of the caloric
theory was also challenged by several others. But it was the careful experi-
ments of the Englishman 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 aban-
doned in the middle of the nineteenth century, it contributed greatly to the de-
velopment of thermodynamics and heat transfer.

Heat is transferred by three mechanisms: conduction, convection, and radi-
ation. 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 be-
tween 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 conduction and fluid motion. Radiation is the transfer of energy due to the
emission of electromagnetic waves (or photons).

4-2 - ENERGY TRANSFER BY WORK

Work, like heat, is an energy interaction between a system and its surround-
ings. 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 driv-
ing force is a temperature difference between the system and its surroundings.
Then we can simply say that an energy interaction that is not caused by a
temperature difference between a system and its surroundings is work. More
specifically, work is 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 all associated with work interactions.

o
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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 is expressed as

w

w = m

(kJ/kg) (4-4)

The work done per unit time is called power and is denoted W (Fig. 4-8). The

. . W =30kJ 30 kJ
unit of power is kJ/s, or kW. m=2ke work

Heat and work are directional quantities, and thus the complete description At=5s
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 gen-
erally accepted formal sign convention for heat and work interactions is as W=6kW
follows: heat transfer to a system and work done by a system are positive; w=15kl/kg
heat transfer from a system and work done on a system are negative. Another
way is to use the subscripts in and out to indicate direction (Fig. 4-9). For ex-
ample, 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 can simply assume a direction for the interaction Surroundings
(using the subscript in or out) and solve for it. A positive result indicates the
assumed direction is right. A negative result, on the other hand, indicates that
the direction of the interaction is the 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.

FIGURE 4—_8
The relationships among w, W, and W.

Note that a quantity that is transferred to or from a system during an inter- FIGURE 4-9
action is not a property since the amount of such a quantity depends on more Specifying the directions of
than just the state of the system. Heat and work are energy transfer mecha- heat and work.

nisms 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
boundaries. 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 6. There-
fore, 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
f dV="V,—V,=AV
1

o
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P
AV,=3m3 W, =8kJ

AVg=3m% Wy=12kJ

FIGURE 4-10

Properties are point functions; but
heat and work are path functions
(their magnitudes depend on the
path followed).

(Insulation)

FIGURE 4-11
Schematic for Example 4-1.

(Insulation)
OVEN
Heat
POTATO
25°C
200°C
FIGURE 4-12

Schematic for Example 4-2.
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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. 4-10). The
total work done during process 1-2, however, is

2
f SW=Ww, (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
oW 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.

: EXAMPLE 4-1 Burning of a Candle in an Insulated Room

® A candle is burning in a well-insulated room. Taking the room (the air plus the
m candle) as the system, determine (a) if there is any heat transfer during
m this burning process and (b) if there is any change in the internal energy of the
m system.

|

SOLUTION (a) The interior surfaces of the room form the system boundary, as
indicated by the dashed lines in Fig. 4-11. As pointed out earlier, heat is rec-
ognized 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 chem-
ical energy is converted to sensible energy. Since there is no increase or de-
crease in the total internal energy of the system, AU = O for this process.

EXAMPLE 4-2 Heating of a Potato in an Oven

A potato initially at room temperature (25°C) is being baked in an oven that is
maintained at 200°C, as shown in Fig. 4-12. Is there any heat transfer during
this baking process?

SOLUTION This is not a well-defined problem since the system is not speci-
fied. Let us assume that we are observing the potato, which will be our system.
Then 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 transfer is a temperature difference, this is a heat transfer
process.

: EXAMPLE 4-3 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, de-
m termine whether this is a heat or work interaction.

o
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System boundary

]
SOLUTION For this problem, the interior surfaces of the oven form the system [
boundary, as shown in Fig. 4-13. The energy content of the oven obviously in- r———— S :
| creases during this process, as evidenced by a rise in temperature. This energy | ELECTRIC OVEN |
transfer to the oven is not caused by a temperature difference between the oven | |
and the surrounding air. Instead, it is caused by electrons crossing the system | \
boundary and thus doing work. Therefore, this is a work interaction. [ . }
} Heating |
| element }
;L»LJ
: EXAMPLE 44 Heating of an Oven by Heat Transfer
| A . . - FIGURE 4-13
5 Answer_the question in Example 4-3 if the system is taken as only the air in the Schematic for Example 4-3.
m oven without the heating element.
|
SOLUTION This time, the system boundary will include the outer surface of System boundary
the heating element and will not cut through it, as shown in Fig. 4-14. There- [
fore, no electrons will be crossing the system boundary at any point. Instead, L A |
the energy generated in the interior of the heating element will be transferred to | ELECTRICOVEN |
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 transfer process. | |
Discussion For both cases, the amount of energy transfer to the air is the | Heating |
‘ [
|
|

same. These two examples show that the same interaction can be heat or work L ; element
depending on how the system is selected. | T/

e
FIGURE 4-14
Electrical Work Schematic for Example 4-4.
It was pointed out in Example 4-3 that electrons crossing the system bound-
ary 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 _T'
of electrical charge move through a potential difference V, the electrical work W= vI R v

done is =I°R

W, = VN = VIR

e

which can also be expressed in the rate form as

' FIGURE 4-15
wW,=vi (W) (4-5)  Electrical power in terms of resistance

) R, current /, and potential difference V.
where W, is the electrical power and [ is the number of electrical charges

flowing per unit time, that is, the current (Fig. 4-15). In general, both V and /
vary with time, and the electrical work done during a time interval At is ex-

pressed as
2
W, = f Vide  (KJ) (4-8)
1
F T ! F
When both V and I remain constant during the time interval A, it reduces to > | }
W, = VI At (kJ) 4-7)
s \

4-3 - MECHANICAL FORMS OF WORK FIGURE 4-16

The work done is proportional to
There are several different ways of doing work, each in some way related to a the force applied (F) and the
force acting through a distance (Fig. 4-16). In elementary mechanics, the distance traveled (s).

o
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FIGURE 4-17

If there is no movement,

no work is done. (Reprinted with
special permission of King Features
Syndicate.)

The moving
boundary

FIGURE 4-18

The work associated with a moving
boundary is called boundary work.

work done by a constant force F on a body displaced a distance s in the direc-
tion of the force is given by

W = Fs kJ) (4-8)

If the force F is not constant, the work done is obtained by adding (i.e., inte-
grating) the differential amounts of work,

2
W= f Fds (k) (4-9)
1

Obviously one needs to know how the force varies with displacement to per-
form this integration. Equations 4-8 and 4-9 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.

There are two requirements for a work interaction between a system and its
surroundings 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 bound-
ary without any displacement of the boundary does not constitute a work
interaction. Likewise, 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 sys-
tem or with the movement of the entire system as a whole (Fig. 4-17). Some
common forms of mechanical work are discussed next.

1 Moving Boundary Work

One form of mechanical work frequently encountered in practice is associated
with the expansion or compression of a gas in a piston-cylinder device. Dur-
ing 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. 4-18). Some call
it the P dV work for reasons explained later. Moving boundary work is the pri-
mary form of work involved in automobile engines. During their expansion,
the combustion gases force the piston to move, which in turn forces the crank-
shaft to rotate.

The moving boundary work associated with real engines or compressors
cannot be determined exactly from a thermodynamic analysis alone because
the piston usually moves at very high speeds, making it difficult for the gas in-
side 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 com-
pressors 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 in equilib-
rium at all times. A quasi-equilibrium process, also called a quasi-static
process, is closely approximated by real engines, especially when the piston

o
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moves at low velocities. Under identical conditions, the work output of the en-
gines 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. Below, 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—19.
The initial pressure of the gas is P, the total volume is V, 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

oW,=Fds=PAds=PdV (4-10)
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.

Note in Eq. 4-10 that P is the absolute pressure, which is always positive.
However, the volume change dV is positive during an expansion process (vol-
ume increasing) and negative during a compression process (volume decreas-
ing). Thus, the boundary work is positive during an expansion process and
negative during a compression process. Therefore, Eq. 4-10 can be viewed as
an expression for boundary work output, W, .. A negative result indicates
boundary work input (compression).

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:

2
W, = f PAV  (K)) @11)
|

This integral can be evaluated only if we know the functional relationship be-
tween 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.

The quasi-equilibrium expansion process described above is shown on a
P-V diagram in Fig. 4-20. 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 (4-12)
1

1

A comparison of this equation with Eq. 4—11 reveals that the area under the
process curve on a P-V diagram is equal, in magnitude, to the work done dur-
ing 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. 4-21). 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

o
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FIGURE 4-19

A gas does a differential amount of
work 6W,, as it forces the piston to
move by a differential amount ds.
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FIGURE 4-20

The area under the process curve on
a P-V diagram represents the
boundary work.

W,=10kJ
/ W, =8 kI

Wo=5k]

A v

FIGURE 4-21

The boundary work done

during a process depends on the

path followed as well as the end states.
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FIGURE 4-22

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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of the cycle would have to be consumed during another part, and there would
be no net work output. The cycle shown in Fig. 4-22 produces a net work out-
put 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 com-
pression part of the cycle (area under path B), and the difference between
these two is the net work done during the cycle (the colored area).

If the relationship between P and V during an expansion or a compression
process is given in terms of experimental data instead of in a functional form,
obviously we cannot perform the integration analytically. But we can always
plot the P-V diagram of the process, using these data points, and calculate the
area underneath graphically to determine the work done.

Strictly speaking, the pressure P in Eq. 4-11 is the pressure at the inner
surface of the piston. It becomes equal to the pressure of the gas in the cylin-
der only if the process is quasi-equilibrium and thus the entire gas in the cy-
linder is at the same pressure at any given time. Equation 4-11 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 pres-
sure of a system during a nonquasi-equilibrium process since properties are
defined for equilibrium states.) Therefore, we can generalize the boundary
work relation by expressing it as

2
W, = f P.dv 4-13)
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
process). 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 crankshaft. Therefore,

2
Wh = Wfriclion + Walm + Wcrank = J; (Ffriclion + PalmA + Fcrank) dx (4-14)

Of course the work used to overcome friction will appear as frictional heat
and the energy transmitted through the crankshaft will be transmitted to other
components (such as the wheels) to perform certain functions. But note that
the energy transferred by the system as work must equal the energy received
by the crankshaft, the 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.

: EXAMPLE 4-5 Boundary Work during a Constant-Volume Process

: A rigid tank contains air at 500 kPa and 150°C. As a result of heat transfer to
m the surroundings, the temperature and pressure inside the tank drop to 65°C
m and 400 kPa, respectively. Determine the boundary work done during this
B process.

o
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P, kPa

AIR Heat 00 ==—=-=- !

P, =500 kPa
T, = 150°C

P, =400 kPa 40 F——————— 2
T,=65°C

SOLUTION A sketch of the system and the P-V diagram of the process are
shown in Fig. 4-23.

Analysis The boundary work can be determined from Eq. 4-11 to be
2 0
W, = f P =0
1

This is expected since a rigid tank has a constant volume and dV = O in this
equation. Therefore, there is no boundary work done during this process. That
is, the boundary 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).

EXAMPLE 4-6 Boundary Work for a Constant-Pressure Process

A frictionless piston-cylinder device contains 10 Ibm of water vapor 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, deter-
mine the work done by the steam during this process.

SOLUTION A sketch of the system and the P-v diagram of the process are
shown in Fig. 4-24.
Assumption The expansion process is quasi-equilibrium.

P, psia

2
T
|
:
Heat :
:
|
|

vy =7.485 v,=8.353 v, ft’/lbm
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FIGURE 4-23
Schematic and P-V diagram for
Example 4-5.

FIGURE 4-24
Schematic and P-v diagram for
Example 4-6.
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FIGURE 4-25
Schematic and P-V diagram
for Example 4-7.

cenb54261_ch04.gxd 11/14/03 8:15 AM Page 132 $

Analysis Even though it is not explicitly stated, the pressure of the steam
within the cylinder remains constant during this process since both the atmo-
spheric pressure and the weight of the piston remain constant. Therefore, this
is a constant-pressure process, and, from Eq. 4-11

W,

2 2
f PdvV = Pof dv = PV, — V) (4-15)
1 1

or
W, = mPy(v, — v))

since VV = mv. From the superheated vapor table (Table A-6E), the specific
volumes are determined to be v; = 7.485 ft3/Ibm at state 1 (60 psia, 320°F)
and v, = 8.353 ft3/Ibm at state 2 (60 psia, 400°F). Substituting these values
yields

W, = (10 Ibm)(60 psia)[(8.353 — 7.485) ft3/1bm]( Ldiin) )

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.

m w EXAMPLE 4-7 Isothermal Compression of an Ideal Gas

A piston-cylinder device initially contains 0.4 m3 of air at 100 kPa and 80°C.
The air is now compressed to 0.1 m3 in such a way that the temperature inside
the cylinder remains constant. Determine the work done during this process.

SOLUTION A sketch of the system and the P-V diagram of the process are
shown in Fig. 4-25.

Assumptions 1 The compression process is quasi-equilibrium. 2 At the speci-
fied 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.

1= 80°C = const.

AIR
=04m’
=100 kPa
Ty = 80°C = const.

0.1 0.4 v, m?
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CHAPTER 4
Analysis For an ideal gas at constant temperature Ty,

PV =mRT,=C or P=%
where C is a constant. Substituting this into Eq. 4-11, we have
V.
2 2C 24v Va _ 2z
— = | = - LAL — =P,V In
w, ﬁPdV fl VdV CL % Clnv1 Vi, (4-16)
In Eq. 4-16, PV, can be replaced by P,V, or mRT,. Also, V,/V; can be re-
placed by P;/P, for this case since PV = P,V,.
Substituting the numerical values into Eq. 4-16 yields

0.1 1kJ
3 Y
W, = (100 kPa)(0.4 m )(ln 0.4)(1 . 3)

= —55.45k])

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
volume are often related by PV" = C, where n and C are constants. A process
of this kind is called a polytropic process (Fig. 4-26). Below we develop a
general expression for the work done during a polytropic process. The pres-
sure for a polytropic process can be expressed as

P=cCv™ @-17)

Substituting this relation into Eq. 4-11, we obtain

vyt — vyttt PV, = PV,

2 2
WhZJ;PdVZJICV"dVZCT 1—n (4-18)
P
L PVi=R VS
P --
|
: /PV” = const.
|
GAS i
) PBfF-—1-————---S 2
PV"=C = const. : ! FIGURE 4-26
! ! Schematic and P-V diagram for a
Vi v, 1% polytropic process.

i
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Engine

FIGURE 4-27

Energy transmission through rotating
shafts is commonly encountered in
practice.

W,

sh=21nT

FIGURE 4-28

Shaft work is proportional to the
torque applied and the number of
revolutions of the shaft.

.
n =4000 rpm
7=200 Nm

FIGURE 4-29

Schematic for Example 4-8.
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since C = P,V{" = P,V;". For an ideal gas (PV = mRT), this equation can also
be written as
mR(T, — T))
Wy=—"—— n* 1K) 4-19)
—-n

For the special case of n = 1 the boundary work becomes

2 2 V,
Wh:f PdV=f CV'dV=PVln v
1 1 1

For an ideal gas this result is equivalent to the isothermal process discussed in
the previous example.

2 Shaft Work

Energy transmission with a rotating shaft is very common in engineering prac-
tice (Fig. 4-27). 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. 4-28)

T=F —> F=1 (4-20)

This force acts through a distance s, which is related to the radius r by
s = Qmr)n (4-21)

Then the shaft work is determined from

Wy = Fs =

%)(277 mm) = 27 nT ((9)] (4-22)

The power transmitted through the shaft is the shaft work done per unit time,
which can be expressed as

W, =27iT  (KW) 4-23)

where 7 is the number of revolutions per unit time.

EXAMPLE 4-8 Power Transmission by the Shaft of a Car

Determine the power transmitted through the shaft of a car when the torque ap-
plied 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. 4-29. The shaft power is deter-
mined directly from

W, = 2miT = (277)(4000 #)(200 N- m)(l min)( L )
min

60s /\1000N - m
= 83.8 kW (or 112.3 hp)

o
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3 Spring Work

It is common knowledge that when a force is applied on a spring, the length
of the spring changes (Fig. 4-30). When the length of the spring changes by a
differential amount dx under the influence of a force F, the work done is

oW,

spring

= Fdx (4-24)

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. 4-31). That is,

F = kx (kN) (4-25)

where k is the spring constant and has the unit kN/m. The displacement x is
measured from the undisturbed position of the spring (that is, x = 0 when
F = 0). Substituting Eq. 4-25 into Eq. 4-24 and integrating yield

Wipring = (B3 =2 (K) (4-26)

pring

where x; and x, are the initial and the final displacements of the spring,
respectively, measured from the undisturbed position of the spring.

| . . o
a EXAMPLE 4-9 Expansion of a Gas against a Spring

: A piston-cylinder device contains 0.05 m?3 of a gas initially at 200 kPa. At this
m State, a linear spring that has a spring constant of 150 kN/m is touching the
m piston but exerting no force on it. Now heat is transferred to the gas, causing
m the piston to rise and to compress the spring until the volume inside the cylin-
B der 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 (¢)
: the fraction of this work done against the spring to compress it.

SOLUTION A sketch of the system and the P-V diagram of the process are
shown in Fig. 4-32.

k = 150 kKN/m
P, kPa
320

200 - .
A=025m>" : !

|
P, =200 kPa ! I :
V,=0.05 m? ! |
|
| 1

0.05 0.1 V,m?

CHAPTER 4

Rest § -
dx

position

}

X F
FIGURE 4-30
Elongation of a spring under
the influence of a force.

Rest
position

X, =2 mm

F, =600 N

FIGURE 4-31
The displacement of a linear spring
doubles when the force is doubled.

FIGURE 4-32
Schematic and P-V diagram for
Example 4-9.



136
FUNDAMENTALS OF THERMAL-FLUID SCIENCES

cenb4261_ch04.gxd 11/14/03 8:15 AM Page 136 $

Assumptions 1 The expansion process is quasi-equilibrium. 2 The spring is lin-
ear in the range of interest.
Analysis (a) The enclosed volume at the final state is

V, =2V, = (2)(0.05 m®) = 0.1 m?

Then the displacement of the piston (and of the spring) becomes

_AV_(01-005m' _
TA T osme o™

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 o5 = 120kPa

Without the spring, the pressure of the gas would remain constant at 200 kPa
while the piston 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. 4-32 the area under the
process curve (a trapezoid) is determined to be

_ (200 + 320) kPa
-

1kJ

- area 1kPa - m?

[(0.1 — 0.05) m3]( ) =13KkJ

Note that the work is done by the system.

(c) The work represented by the rectangular area (region |) is done against the
piston and the atmosphere, and the work represented by the triangular area
(region Il) is done against the spring. Thus,

1kJ
W _1 _ kP S KR -
spring — 5[(320 200) a](005 m3)(1 Pa - m3) =3 kJ
This result could also be obtained from Eq. 4-26:
Wepine = 5k(3 — x3) = 1(150 kN/m)[(0.2 m)? — 0?] L
A ‘ 1kN - m

4 Other Mechanical Forms of Work

There are many other forms of mechanical work. Next we introduce some of
them briefly.

o
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CHAPTER 4
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. 4-33, 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 (plas-
tic) deformations. Therefore, the equations given for a linear spring can also

T
|
|
|
|
|
|
|
|
|
|
|
|
!

be used for elastic solid bars. Alternately, we can determine the work associ- T
ated with the expansion or contraction of an elastic solid bar by replacing A
pressure P by its counterpart in solids, normal stress o, = F/A, in the bound- 1 F
ary work expression: FIGURE 4-33
2 2 Solid bars behave as springs
Wotastic = ﬁ o,dV = fl g,Ade  (k)) (4-27 under the influence of a force.

where A is the cross-sectional area of the bar. Note that the normal stress has
pressure units.

Work Associated with the Stretching of a Liquid Film

Consider a liquid film such as soap film suspended on a wire frame (Fig. Rigid wire frame
4-34). We know from experience that it will take some force to stretch this Surface of film 7 Movabl
film by the movable portion of the wire frame. This force is used to overcome i
the microscopic forces between molecules at the liquid—air interfaces. These -5 F
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, b
whose unit is N/m. Therefore, the work associated with the stretching of a film dx
is also called surface tension work. It is determined from L i -
X
Wrtace = j ’ o dd (K (4-28) V

! FIGURE 4-34

where dA = 2b dx is the change in the surface area of the film. The factor 2 is Stretching a liquid film

due to the fact that the film has two surfaces in contact with air. The force act- with a movable wire.

ing on the movable wire as a result of surface tension effects is F' = 2bo,
where o is the surface tension force per unit length.

Motor
Work Done to Raise or to Accelerate a Body
When a body is raised in a gravitational field, its potential energy increases.
Likewise, when a body is accelerated, its kinetic energy increases. The con-
servation of energy principle requires that an equivalent amount of energy
must be transferred to the body being raised or accelerated. Remember that Elevator

energy can be transferred to a given mass by heat and work, and the energy car
transferred in this case obviously is not heat since it is not driven by a tem-
perature 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. 4-35). 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 FIGURE 4-35
zero velocity. The energy transferred to a body while

This discussion together with the consideration for friction and other losses being raised is equal to the change
form the basis for determining the required power rating of motors used to in its potential energy.

o
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FIGURE 4-36
Schematic for Example 4—10.

FIGURE 4-37
Schematic for Example 4—11.
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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 determination of the amount of hydroelectric power that can be produced
from a given water reservoir, which is simply the potential energy of the wa-
ter relative to the location of the hydraulic turbine.

EXAMPLE 4-10 Power Needs of a Car to Climb a Hill

Consider a 1200-kg car cruising steadily on a level road at 90 km/h. Now the
car starts climbing a hill that is sloped 30° from the horizontal (Fig. 4-36). If
the velocity of the car is to remain constant during climbing, determine the ad-
ditional power that must be delivered by the engine.

SOLUTION A car is to climb a hill while maintaining a constant velocity. The
additional power needed is to be determined.

Analysis The additional power required is simply the work that needs to be
done per unit time to raise the elevation of the car, which is equal to the change
in the potential energy of the car per unit time:

Wg = mg AZ/At = mg L\‘/’vel‘lical

cotr o

= 2 i o
(1200 kg)(9.81 m/s2)(90 kmv/h)(sin 30 )(3' & ken/b )\ T000 mtic2

= 147 kl/s = 147 kW (or 197 hp)

Discussion Note that the car engine will have to produce almost 200 hp of
additional power while climbing the hill if the car is to maintain its velocity.

EXAMPLE 4-11 Power Needs of a Car to Accelerate

Determine the power required to accelerate a 900-kg car shown in Fig. 4-37
from rest to a 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 determined.

Analysis The work needed to accelerate a body is simply the change in the
kinetic energy of the body,

80,000 m | v 1kJ/kg
3600 s 1000 m?%/s?

W, = bn(V3 = ¥3) = 1900 kg){(
=222KkJ

The average power is determined from

. W._ 222K
We="a; = 205 = .1kW (or 14.9 hp)

Discussion This is in addition to the power required to overcome friction,
rolling resistance, and other imperfections.

4-4 - NONMECHANICAL FORMS OF WORK

The treatment in Section 4-3 represents a fairly comprehensive coverage of
mechanical forms of work. But some work modes encountered in practice are

o
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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 generalized displacement x. Then the work associated with the
differential displacement under the influence of this force is determined from
oW = F dx.

Some examples of nonmechanical work modes are electrical work, where
the generalized force is the voltage (the electrical potential) and the general-
ized displacement is the electrical charge, as discussed earlier; magnetic
work, where the generalized force is the magnetic field strength and the gen-
eralized displacement is the total magnetic dipole moment; and electrical po-
larization 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.

4-5 - CONSERVATION OF MASS PRINCIPLE

The conservation of mass principle is one of the most fundamental principles
in nature. We are all familiar with this principle, and it is not difficult to under-
stand. As the saying goes, you cannot have your cake and eat it, too! A person
does not have to be an engineer to figure out how much vinegar-and-oil dress-
ing he is going to have if he mixes 100 g of oil with 25 g of vinegar. Even
chemical equations are balanced on the basis of the conservation of mass prin-
ciple. When 16 kg of oxygen reacts with 2 kg of hydrogen, 18 kg of water is
formed (Fig. 4-38). In an electrolysis process, this water will separate back to
2 kg of hydrogen and 16 kg of oxygen.

Mass, like energy, is a conserved property, and it cannot be created or de-
stroyed. However, mass m and energy E can be converted to each other ac-
cording to the famous formula proposed by Einstein:

E = mc? (4-29)

where c is the speed of light. This equation suggests that the mass of a system
will change when its energy changes. However, for all energy interactions en-
countered in practice, with the exception of nuclear reactions, the change in
mass is extremely small and cannot be detected by even the most sensitive de-
vices. For example, when 1 kg of water is formed from oxygen and hydrogen,
the amount of energy released is 15,879 kJ, which corresponds to a mass of
1.76 X 1079 kg. A mass of this magnitude is beyond the accuracy required by
practically all engineering calculations and thus can be disregarded.

For closed systems, the conservation of mass principle is implicitly used by
requiring that the mass of the system remain constant during a process. For
control volumes, however, mass can cross the boundaries, and so we must
keep track of the amount of the mass entering and leaving the control volume
(Fig. 4-39).

Mass and Volume Flow Rates

The amount of mass flowing through a cross section per unit time is called the
mass flow rate and is denoted ri. Again the dot over a symbol is used to indi-
cate a quantity per unit time.

o

CHAPTER 4

2kg 16 kg 18 ke
o, |T| o, || mo
FIGURE 4-38

Mass is conserved even
during chemical reactions.

FIGURE 4-39
Conservation of mass principle
for a control volume.

—
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(a) Actual

1l

1
—
-]

1

(b) Average
FIGURE 4-40
Actual and mean velocity profiles for
flow in a pipe (the mass flow rate is
the same for both cases).

Cross section
FIGURE 441
The volume flow rate is the volume
of fluid flowing through a cross
section per unit time.
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A fluid flows in or out of a control volume through pipes (or ducts). The
mass flow rate of a fluid flowing in a pipe is proportional to the cross-
sectional area A of the pipe, the density p, and the velocity " of the fluid. The
mass flow rate through a differential area dA can be expressed as

din = p¥/, dA (4-30)
where V', is the velocity component normal to dA. The mass flow rate through
the entire cross-sectional area of the pipe or duct is obtained by integration:
m = f pV,dA

A

(kg/s) (4-31)

In most practical applications, the flow of a fluid through a pipe or duct can
be approximated to be one-dimensional flow, and thus the properties can be
assumed to vary in one direction only (the direction of flow). As a result, all
properties are uniform at any cross section normal to the flow direction, and
the properties are assumed to have bulk average values over the cross section.
However, the values of the properties at a cross section may change with time
unless the flow is steady.

The one-dimensional-flow approximation has little impact on most proper-
ties of a fluid flowing in a pipe or duct such as temperature, pressure, and den-
sity since these properties usually remain constant over the cross section. This
is not the case for velocity, however, whose value varies from zero at the wall
to a maximum at the center because of the viscous effects (friction between
fluid layers). Under the one-dimensional-flow assumption, the velocity is as-
sumed to be constant across the entire cross section at some equivalent aver-
age value (Fig. 4-40). Then the integration in Eq. 4-31 can be performed for
one-dimensional flow to yield

m=pV,A  (kels) (4-32)

where

p = density of fluid, kg/m? (= 1/v)
V',, = mean fluid velocity normal to A, m/s

A = cross-sectional area normal to flow direction, m?

The volume of the fluid flowing through a cross section per unit time is
called the volume flow rate V (Fig. 4—41) and is given by

V= f YV, dA=V,A  (m%s) (4-33)
A
The mass and volume flow rates are related by
m=p V= % (4-34)

This relation is analogous to m = V/v, which is the relation between the mass
and the volume of a fluid in a container.

For simplicity, we drop the subscript on the mean velocity. Unless otherwise
stated, V" denotes the mean velocity in the flow direction. Also, A denotes the
cross-sectional area normal to the flow direction.

o
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CHAPTER 4
Conservation of Mass Principle

The conservation of mass principle can be expressed as: net mass transfer
to or from a system during a process is equal to the net change (increase or s
decrease) in the total mass of the system during that process. That is,

WATER
Ampatheub =m; — me = 20kg

or q
= Am me =30kg

Total mass _ Total mass _ [Net change in mass
entering the system leaving the system within the system

My, — Mgy = system (kg) (4-35)
FIGURE 4-42
where Amygen = Mppa — Migiga is the change in the mass of the system dur- Conservation of mass principle
ing the process (Fig. 4—42). It can also be expressed in the rate form as for an ordinary bathtub.

My, — Mgy,

in = dmgygen/dt (kg/s) (4-36)
where m;, and 1., are the total rates of mass flow into and out of the system
and dmgy.,/dt is the rate of change of mass within the system boundaries. The
relations above are often referred to as the mass balance and are applicable to
any system undergoing any kind of process.

The mass balance for a control volume can also be expressed more ex-
plicitly as

Emi - Eme = (m2 - ml)systcm (4-37)
and
Emi - Eme = dmsyslem/dt (4-38)

where i = inlet; e = exit; 1 = initial state and 2 = final state of the control
volume; and the summation signs are used to emphasize that all the inlets and
exits are to be considered.

When the properties at the inlets and the exits as well as within the control
volume are not uniform, the mass flow rate can be expressed in the differen-
tial form as dm = pV', dA. Then the general rate form of the mass balance
(Eq. 4-38) can be expressed as

S[ @ =3[ @v.an. =5 [ e (4-39

to account for the variation of properties. The integration of dmcy = pdV on
the right-hand side over the volume of the control volume gives the total mass
contained within the control volume at time .

The conservation of mass principle is based on experimental observations
and requires every bit of mass to be accounted for during a process. A person
who can balance a checkbook (by keeping track of deposits and withdrawals,
or simply by observing the “conservation of money” principle) should have
no difficulty in applying the conservation of mass principle to engineering
systems. The conservation of mass equation is often referred to as the conti-
nuity equation in fluid mechanics.

o
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Control
volume
Mcy = const.
m;
L.
FIGURE 443

During a steady-flow process, the
amount of mass entering a control
volume equals the amount of
mass leaving.

n'13 =my +my=5kg/s
FIGURE 4-44
Conservation of mass principle for a
two-inlet—one-exit steady-flow
system.

m, =2 kg/ls
V,=0.8 m%/s

;“‘\\H

Air

|
|
|
| .Q
| compressor
|
|
|
|

my =2 kg/s
Vl =1.4m%s
FIGURE 445

During a steady-flow process, volume
flow rates are not necessarily
conserved.
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Mass Balance for Steady-Flow Processes

During a steady-flow process, the total amount of mass contained within a
control volume does not change with time (mqy = constant). Then the con-
servation of mass principle requires that the total amount of mass entering a
control volume equal the total amount of mass leaving it (Fig. 4-43). For a
garden hose nozzle, for example, the amount of water entering the nozzle is
equal to the amount of water leaving it in steady operation.

When dealing with steady-flow processes, we are not interested in the
amount of mass that flows in or out of a device over time; instead, we are in-
terested in the amount of mass flowing per unit time, that is, the mass flow
rate m. The conservation of mass principle for a general steady-flow system
with multiple inlets and exits can be expressed in the rate form as (Fig. 4—44)

Total mass entering CV| _ [Total mass leaving CV
per unit time per unit time

or

Steady Flow: (kg/s) (4-40)

E m; = E m,
where the subscript i stands for inlet and e for exit. Many engineering devices
such as nozzles, diffusers, turbines, compressors, and pumps involve a single
stream (only one inlet and one exit). For these cases, we denote the inlet state
by the subscript 1 and the exit state by the subscript 2. We also drop the
summation signs. Then Eq. 4-40 reduces, for single-stream steady-flow sys-
tems, to

Steady Flow (single stream): my =m, —— p,V, A =p,V,5A, (4-41)
Special Case: Incompressible Flow (p = constant)

The conservation of mass relations above can be simplified even further
when the fluid is incompressible, which is usually the case for liquids, and
sometimes for gases. Canceling the density from both sides of the steady-flow

relations gives

Steady Incompressible Flow: 2\'/[ = 2\'/(, (m?/s) (4-42)
For single-stream steady-flow systems it becomes
Steady Incompressible Flow V.=V, VA, =V)A, (4-43)

(single stream):

It should always be kept in mind that there is no such thing as a “conserva-
tion of volume” principle. Therefore, the volume flow rates into and out of a
steady-flow device may be different. The volume flow rate at the exit of an air
compressor will be much less than that at the inlet even though the mass flow
rate of air through the compressor is constant (Fig. 4-45). This is due to the
higher density of air at the compressor exit. For liquid flow, however, the vol-
ume flow rates, as well as the mass flow rates, remain constant since liquids
are essentially incompressible (constant-density) substances. Water flow
through the nozzle of a garden hose is an example for the latter case.

o
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CHAPTER 4

: EXAMPLE 4-12 Water Flow through a Garden Hose Nozzle
: A garden hose attached with a nozzle is used to fill a 10-gallon bucket. The
m inner diameter of the hose is 2 cm, and it reduces to 0.8 cm at the nozzle exit Nozzl
m (Fig. 4-46). If it takes 50 s to fill the bucket with water, determine (a) the vol- /"ZZ €
® ume and mass flow rates of water through the hose, and (b) the mean velocity >
B of water at the nozzle exit.
|
® SOLUTION A garden hose is used to fill water buckets. The volume and mass =
flow rates of water and the exit velocity are to be determined. @\ Bucket
Assumptions 1 Water is an incompressible substance. 2 Flow through the hose
is steady. 3 There is no waste of water by splashing.
Properties We take the density of water to be 1000 kg/m3 = 1 kg/L. FIGURE 4-46
Analysis (a) Noting that 10 gallons of water are discharged in 50 s, the volume Schematic for Example 4—12.
and mass flow rates of water are
. v _10gal(37854L)|
V= A~ 305 Teal |~ 0.757 L/s
m = pV = (1kg/L) (0.757 L/s) = 0.757 kg/s
(b) The cross-sectional area of the nozzle exit is
A, = ar? = 7 (0.4 cm)?> = 0.5027 cm? = 0.5027 X 10~* m?
The volume flow rate through the hose and the nozzle is constant. Then the
velocity of water at the nozzle exit becomes
V. _ 0757Lls Imd | _
Ve = A, = 05027 x 10 *m? (1000 L) = LebLIT
Discussion 1t can be shown that the mean velocity in the hose is 2.4 m/s.
Therefore, the nozzle increases the water velocity by over 6 times.

EXAMPLE 4-13 Discharge of Water from a Tank

A 4-ft-high 4-ft-diameter cylindrical water tank whose top is open to the atmos- T Ve |
phere is initially filled with water. Now the discharge plug near the bottom of
the tank is pulled out, and a water jet whose diameter is 0.5 in streams out
(Fig. 4-47). The mean velocity of the jet is given by V' = V2gh where h is the
height of water in the tank measured from the center of the hole (a variable)
and g is the gravitational acceleration. Determine how long it will take for the
water level in the tank to drop to 2 ft level from the bottom. I

nh|
SOLUTION The plug near the bottom of a water tank is pulled out. The time it T l ,,,,,,,
will take for half of the water in the tank to empty is to be determined.
Assumptions 1 Water is an incompressible substance. 2 The distance between tank \\\
the bottom of the tank and the center of the hole is negligible compared to the VA
total water height. 3 The gravitational acceleration is 32.2 ft/s2. FIGURE 447
Schematic for Example 4—13.

o
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Analysis We take the volume occupied by water as the control volume. The
size of the control volume will decrease in this case as the water level drops,
and thus this is a variable control volume. (We could also treat this as a fixed
control volume which consists of the interior volume of the tank by disregarding
the air that replaces the space vacated by the water.) This is obviously an
unsteady-flow problem since the properties (such as the amount of mass) within
the control volume change with time.

The conservation of mass relation for any system undergoing any process is
given in the rate form as

dmsystem
dt

min - moul = (1)

During this process no mass enters the control volume (m;, = 0), and the mass
flow rate of discharged water can be expressed as

Mo = (PVA)u = pV2gh A, )

where A = wD2,/4 is the cross-sectional area of the jet, which is constant.
Noting that the density of water is constant, the mass of water in the tank at any
time is

msyslem = pV = pAlankh (3)

where Apn = mD2,./4 is the base area of the cylindrical tank. Substituting
Egs. (2) and (3) into the mass balance relation (1) gives

— d(p A ) o p( Dy /4) dh
—pV2gh Ajet = —pV2gh (7TDJel/4) —_—

dt dt
Canceling the densities and other common terms and separating the vari-
ables give

D2,
dt = — tank d/’l
Jet \V2gh
Integrating from t = 0 at which h = hy to t = t at which h = h, gives
2
f dt = lank hy dh — = \/hT) \/7( tank)
D « V2g i, \f Vg2 Die,

Substituting, the time of discharge is determined to be

2
_ VAaft - V21t (3 x 1;1n) 7 e - 12.6 min
32.2/2ft/s2 |\ 0.51in

Therefore, half of the tank will be emptied in 12.6 min after the discharge hole
is unplugged.
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Discussion Using the same relation with h, = O gives t = 43.1 min for the dis-
charge of the entire water in the tank. Therefore, emptying the bottom half of
the tank will take much longer than emptying the top half. This is due to the de-
crease in the average discharge velocity of water with decreasing h.

4-6 - FLOW WORK AND THE ENERGY

OF A FLOWING FLUID

Unlike closed systems, control volumes involve mass flow across their bound-
aries, and some work is required to push the mass into or out of the control
volume. This work is known as the flow work, or flow energy, and is neces-
sary for maintaining a continuous flow through a control volume.

To obtain a relation for flow work, consider a fluid element of volume V as
shown in Fig. 4-48. The fluid immediately upstream will force this fluid
element to enter the control volume; thus, it can be regarded as an imaginary
piston. The fluid element can be chosen to be sufficiently small so that it has
uniform properties throughout.

If the fluid pressure is P and the cross-sectional area of the fluid element
is A (Fig. 4-49), the force applied on the fluid element by the imaginary
piston is

F=PA (4-44)
To push the entire fluid element into the control volume, this force must act
through a distance L. Thus, the work done in pushing the fluid element across
the boundary (i.e., the flow work) is

Wiow = FL = PAL = PV kJ) (4-45)
The flow work per unit mass is obtained by dividing both sides of this equa-

tion by the mass of the fluid element:

Wiow = PV (kJ/kg) (4-46)
The flow work relation is the same whether the fluid is pushed into or out of
the control volume (Fig. 4-50).

It is interesting that unlike other work quantities, flow work is expressed in
terms of properties. In fact, it is the product of two properties of the fluid. For
that reason, some people view it as a combination property (like enthalpy) and
refer to it as flow energy, convected energy, or transport energy instead of
flow work. Others, however, argue rightfully that the product Pv represents
energy for flowing fluids only and does not represent any form of energy for
nonflow (closed) systems. Therefore, it should be treated as work. This con-
troversy is not likely to end, but it is comforting to know that both arguments
yield the same result for the energy equation. In the discussions that follow,
we consider the flow energy to be part of the energy of a flowing fluid, since
this greatly simplifies the energy analysis of control volumes.

o
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[

Imaginary
piston

FIGURE 448
Schematic for flow work.

FIGURE 449

In the absence of acceleration, the
force applied on a fluid by a piston is
equal to the force applied on the piston
by the fluid.

|
|} cv
(b) After entering
FIGURE 4-50
Flow work is the energy needed to
push a fluid into or out of a control
volume, and it is equal to Pv.
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FIGURE 4-51

The total energy consists of three
parts for a nonflowing fluid and
four parts for a flowing fluid.

FIGURE 4-52
The product 71,0, is the energy

transported into the control volume

by mass per unit time.

—p—

Ie(rllgftlc Flow Kinetic
gy energy energy
2
Nonflowing e=u-+ D‘L + o7 Flowing _ Y2
fluid 2 8 fluid 9—P'U+M+7+ 82
Internal Potential Internal Potential
energy energy energy energy
| ]

Total Energy of a Flowing Fluid

As we discussed in Chap. 1, the total energy of a simple compressible system
consists of three parts: internal, kinetic, and potential energies (Fig. 4-51). On
a unit-mass basis, it is expressed as

2

e=u+ke+pe=u+0%+gz (kl/kg) (4-47)

where V" is the velocity and z is the elevation of the system relative to some
external reference point.

The fluid entering or leaving a control volume possesses an additional form
of energy—the flow energy Pv, as already discussed. Then the total energy of
a flowing fluid on a unit-mass basis (denoted by 6 ) becomes

6 =Pv+e=Pv+ (u+ke+ pe) (4-48)

But the combination Pv + u has been previously defined as the enthalpy 4. So
the relation in Eq. 448 reduces to
2

6:h+ke+pe:h+og

+gz  (K/kg) (4-49)

By using the enthalpy instead of the internal energy to represent the energy
of a flowing fluid, one does not need to be concerned about the flow work.
The energy associated with pushing the fluid into or out of the control volume
is automatically taken care of by enthalpy. In fact, this is the main reason for
defining the property enthalpy. From now on, the energy of a fluid stream
flowing into or out of a control volume is represented by Eq. 449, and no ref-
erence will be made to flow work or flow energy.

Energy Transport by Mass

Noting that 6 is total energy per unit mass, the total energy of a flowing fluid
of mass m is simply m#@, provided that the properties of the mass m are
uniform. Also, when a fluid stream with uniform properties is flowing at a
mass flow rate of 71, the rate of energy flow with that stream is 720 (Fig. 4-52).
That is,
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Amount of B B 2
Energy Transport: Epyss =m0 = m|h + 5 T (kJ) (4-50)
Rate of E =ml=m\|h+ Lz + gz (kW) 4-51)
Energy Transport: mass 2 Z

When the kinetic and potential energies of a fluid stream are negligible, as is
usually the case, these relations simplify to E,,.., = mh and E ... = rh.

In general, the total energy transported by mass into or out of the control
volume is not easy to determine since the properties of the mass at each inlet
or exit may be changing with time as well as over the cross section. Thus, the
only way to determine the energy transport through an opening as a result of
mass flow is to consider sufficiently small differential masses 6m that have
uniform properties and to add their total energies during flow.

Again noting that 6 is total energy per unit mass, the total energy of a flow-
ing fluid of mass ém is @ dm. Then the total energy transported by mass
through an inlet or exit (m,0, and m,6,) is obtained by integration. At an inlet,
for example, it becomes

bin, mass f 6,‘ 8/71,' = f
n; m;

Most flows encountered in practice can be approximated as being steady and
one-dimensional, and thus the simple relations in Eqs. 4-50 and 4-51 can be
used to represent the energy transported by a fluid stream.

2

h + 7 + gz,| om, (4-52)

EXAMPLE 4-14 Energy Transport by Mass

Steam is leaving a 4-L pressure cooker whose operating pressure is 150 kPa
(Fig. 4-53). It is observed that the amount of liquid in the cooker has de-
creased by 0.6 L in 40 minutes after the steady operating conditions are estab-
lished, and the cross-sectional area of the exit opening is 8 mm?2. Determine (a)
the mass flow rate of the steam and the exit velocity, (b) the total and flow en-
ergies of the steam per unit mass, and (c) the rate at which energy is leaving the
cooker by steam.

Steam

velocity, flow rate, the total and flow energies, and the rate of energy transfer by
mass are to be determined.

Assumptions 1 The flow is steady, and the initial start-up period is disregarded.
2 The kinetic and potential energies are negligible, and thus they are not con- 150 kPa
sidered. 3 Saturation conditions exist within the cooker at all times so that Pressure
steam leaves the cooker as a saturated vapor at the cooker pressure. Cooker
Properties The properties of saturated liquid water and water vapor at 150 kPa
are v; = 0.001053 m3kg, v, = 1.1593 m3¥kg, u, = 2519.7 ki/kg, and h, =
2693.6 klJ/kg (Table A-5).

Analysis (a) Saturation conditions exist in a pressure cooker at all times after - <
the steady operating conditions are established. Therefore, the liquid has the FIGURE 4-53
Schematic for Example 4—14.

[
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| SOLUTION Steam is leaving a pressure cooker at a specified pressure. The
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properties of saturated liquid and the exiting steam has the properties of satu-
rated vapor at the operating pressure. The amount of liquid that has evaporated,
the mass flow rate of the exiting steam, and the exit velocity are

AViguia 0.6L ( 1 m? )
m=""y 0001053 m¥kg 1000 L) = 0.570 kg
m _0570kg o »
M= T A0 mim 0.0142 kg/min = 2.37 X 10~* kg/s

V= m_ _ e _ (2.37 X 10~*kg/s)(1.1593 m/kg) — 34.3 m/s
PgAc A = 8 X 10-6 m?

(b) Noting that h = u + Pv and that the kinetic and potential energies are dis-
regarded, the flow and total energies of the exiting steam are

eow = PV =h — u = 2693.6 — 2519.7 = 173.9 kJ/kg
0 = h + ke + pe = h = 2693.6 kJ/kg

Note that the kinetic energy in this case is ke = ¥%/2 = (34.3 m/s)/2 =
588 m?/s? = 0.588 kJ/kg, which is small compared to enthalpy.

(c) The rate at which energy is leaving the cooker by mass is simply the product
of the mass flow rate and the total energy of the exiting steam per unit mass,

E nae = 110 = (2.37 X 1074 kg/s)(2693.6 kl/kg) = 0.638 kl/s = 0.638 kKW

Discussion The numerical value of the energy leaving the cooker with steam
alone does not mean much since this value depends on the reference point
selected for enthalpy (it could even be negative). The significant quantity is the
difference between the enthalpies of the exiting vapor and the liquid inside
(which is hg) since it relates directly to the amount of energy supplied to the
cooker, as we will discuss in Chap. 5.

SUMMARY

Energy can cross the boundaries of a closed system in the form Electrical work: W, = VI At
of heat or work. For control volumes, energy can also be trans-
ported by mass. If the energy transfer is due to a temperature

difference between a closed system and its surroundings, it is

Boundary work:

heat; otherwise, it is work. (1) General W, = J 2 PV
Work is the energy transferred as a force acts on a system 1
through a distance. The most common form of mechanical (2) Isobaric process W, = Py(V, — V)

work is the boundary work, which is the work associated

(P, = P, = P, = constant)

with the expansion and compression of substances. On a P-V

diagram, the area under the process curve represents the (3) Polytropic process =
. oy . . n —
boundary work for a quasi-equilibrium process. Various forms (Pv" = constant) 1—n

of work are expressed as follows:

_P2V2_P1V1 (n# 1)

o
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(4) Isothermal process V, V,
of an ideal gas W, = P,V, In v, = mRT, In 7
(PV = mRT, = constant) !

Shaft work: Wy, = 2mnT

. 1
Spring work: Wepring = 7 ky (3 — x})

The conservation of mass principle states that the net mass
transfer to or from a system during a process is equal to the net
change (increase or decrease) in the total mass of the system
during that process, and is expressed as
— Mgy = Am,

m out

in system and min - mout = dmsystem/dt
where Amygem = Mguy — Minia 1S the change in the mass of the
system during the process, m;, and m ., are the total rates of
mass flow into and out of the system, and dmy.,,/dt is the rate
of change of mass within the system boundaries. The relations
above are also referred to as the mass balance or continuity
equation, and are applicable to any system undergoing any
kind of process.

The amount of mass flowing through a cross section per unit
time is called the mass flow rate, and is expressed as

m = pVA

where p = density of fluid, ¥ = mean fluid velocity normal to
A, and A = cross-sectional area normal to flow direction. The
volume of the fluid flowing through a cross section per unit
time is called the volume flow rate and is expressed as

V =YA=mlp

—p—
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For steady-flow systems, the conservation of mass principle is
expressed as

Zmi = Eme

Steady Flow:

Steady Flow (single stream):
my =1, —  p VA= pa VA,

Evi = EVe
Steady Incompressible Flow (single stream):
V] = V2 - OV]A] = OVZAZ

Steady Incompressible Flow:

The work required to push a unit mass of fluid into or out
of a control volume is called flow work or flow energy, and
is expressed as wy,,, = Pv. In the analysis of control volumes,
it is convenient to combine the flow energy and internal energy
into enthalpy. Then the total energy of a flowing fluid is ex-
pressed as

2

0=h+ke+pe=h+ >

+ gz

The total energy transported by a flowing fluid of mass m with
uniform properties is mf. The rate of energy transport by a
fluid with a mass flow rate of m is m16. When the kinetic and
potential energies of a fluid stream are negligible, the amount
and rate of energy transport become E,,, = mh and E,,., =
mh, respectively.
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PROBLEMS*

Heat Transfer and Work

4-1C In what forms can energy cross the boundaries of a
closed system?

4-2C When is the energy crossing the boundaries of a closed
system heat and when is it work?

4-3C What is an adiabatic process? What is an adiabatic
system?

*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 a CD-EES icon @ are solved using EES, and
complete solutions together with parametric studies are included
on the enclosed CD. Problems with a computer-EES icon & are
comprehensive in nature, and are intended to be solved with a
computer, preferably using the EES software that accompanies
this text.

o
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4-4C A gasin a piston-cylinder device is compressed, and as
aresult its temperature rises. Is this a heat or work interaction?

4-5C Aroom 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.

4-6C Aroom is heated as a result of solar radiation coming
in through the windows. Is this a heat or work interaction for
the room?

4-7C Aninsulated room is heated by burning candles. Is this
a heat or work interaction? Take the entire room, including the
candles, as the system.

4-8C What are point and path functions? Give some
examples.

4-9C What is the caloric theory? When and why was it
abandoned?

Boundary Work

4-10C On a P-v diagram, what does the area under the
process curve represent?

4-11C Is the boundary work associated with constant-
volume systems always zero?

4-12C An ideal gas at a given state expands to a fixed final
volume first at constant pressure and then at constant tempera-
ture. For which case is the work done greater?

4-13C Show that 1 kPa- m? = 1 kJ.

4-14 A mass of 5 kg of saturated water vapor at 200 kPa is
heated at constant pressure until the temperature reaches
300°C. Calculate the work done by the steam during this
process.  Answer: 430.5 kJ

4-15 A frictionless piston-cylinder device initially contains
200 L of saturated liquid refrigerant-134a. The piston is free
to move, and its mass is such that it maintains a pressure of
800 kPa on the refrigerant. The refrigerant is now heated until
its temperature rises to 50°C. Calculate the work done during
this process. Answer: 5227 kJ

R-134a

P = const.

FIGURE P4-15

4-16 Reconsider Prob. 4-15. Using EES (or other)

== software, investigate the effect of pressure on the
work done. Let the pressure vary from 400 kPa to 1200 kPa.
Plot the work done versus the pressure, and discuss the results.
Explain why the plot is not linear. Also plot the process de-
scribed in Prob. 4-15 on the P-v diagram.

—p—

4-17E A frictionless piston-cylinder device contains 12 Ibm
of superheated water vapor at 60 psia and 500°F. Steam is now
cooled at constant pressure until 70 percent of it, by mass, con-
denses. Determine the work done during this process.

4-18 A mass of 2.4 kg of air at 150 kPa and 12°C is con-
tained in a gas-tight, frictionless piston-cylinder device. The air
is now compressed to a final pressure of 600 kPa. During the
process, heat is transferred from the air such that the tempera-
ture inside the cylinder remains constant. Calculate the work
input during this process. Answer: 272 kJ

4-19 Nitrogen at an initial state of 300 K, 150 kPa, and
0.2 m? is compressed slowly in an isothermal process to a final
pressure of 800 kPa. Determine the work done during this
process.

4-20 A gas is compressed from an initial volume of 0.42 m?
to a final volume of 0.12 m3. During the quasi-equilibrium
process, the pressure changes with volume according to
the relation P = aV + b, where a = —1200 kPa/m? and
b = 600 kPa. Calculate the work done during this process
(a) by plotting the process on a P-V diagram and finding the
area under the process curve and (b) by performing the neces-
sary integrations.

GAS

P=aV+b

FIGURE P4-20

4-21E During an expansion process, the pressure of a
gas changes from 15 to 100 psia according to the relation
P = aV + b, where a = 5 psia/ft® and b is a constant. If the ini-
tial volume of the gas is 7 ft3, calculate the work done during
the process. Answer: 181 Btu

4-22 During some actual expansion and compression

processes in piston-cylinder devices, the gases
have been observed to satisfy the relationship PV" = C, where
n and C are constants. Calculate the work done when a gas ex-
pands from 150 kPa and 0.03 m? to a final volume of 0.2 m? for
the case of n = 1.3.

4-23 Reconsider Prob. 4-22. Using the EES software,

== plot the process described in the problem on a P-
V diagram, and investigate the effect of the polytropic expo-
nent n on the boundary work. Let the polytropic exponent vary
from 1.1 to 1.6. Plot the boundary work versus the polytropic
exponent, and discuss the results.

4-24 A frictionless piston-cylinder device contains 2 kg of
nitrogen at 100 kPa and 300 K. Nitrogen is now compressed
slowly according to the relation PV'4 = constant until it

o
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reaches a final temperature of 360 K. Calculate the work in-
put during this process. Answer: 89 kJ

Ny

PV'4 = const.

FIGURE P4-24

4-25 » The equation of state of a gas is given as

%’ D (P + 10/0?) = R,T, where the units of T and P
are m*/kmol and kPa, respectively. Now 0.5 kmol of this gas is
expanded in a quasi-equilibrium manner from 2 to 4 m> at a
constant temperature of 300 K. Determine (a) the unit of the
quantity 10 in the equation and (b) the work done during this
isothermal expansion process.

4-26 Reconsider Prob. 4-25. Using the integration fea-

== ture of the EES software, calculate the work done,
and compare your result with the “hand calculated” result ob-
tained in Prob. 4-25. Plot the process described in the problem
on a P-V diagram.

4-27 Carbon dioxide contained in a piston-cylinder device is
compressed from 0.3 to 0.1 m?. During the process, the
pressure and volume are related by P = aV~2, where a =
8 kPa - m°. Calculate the work done on the carbon dioxide dur-
ing this process. Answer: 53.3 kJ

4-28E Hydrogen is contained in a piston-cylinder device at
14.7 psia and 15 ft3. At this state, a linear spring (F « x) with a
spring constant of 15,000 1bf/ft is touching the piston but exerts
no force on it. The cross-sectional area of the piston is 3 ft2.
Heat is transferred to the hydrogen, causing it to expand until
its volume doubles. Determine (a) the final pressure, (b) the
total work done by the hydrogen, and (c) the fraction of this
work done against the spring. Also, show the process on a P-V
diagram.

4-29 A piston-cylinder device contains 50 kg of water at
150 kPa and 25°C. The cross-sectional area of the piston
is 0.1 m% Heat is now transferred to the water, causing part of
it to evaporate and expand. When the volume reaches 0.2 m?,
the piston reaches a linear spring whose spring constant is
100 kN/m. More heat is transferred to the water until the piston
rises 20 cm more. Determine (a) the final pressure and temper-
ature and (b) the work done during this process. Also, show the
process on a P-V diagram.

Answers: (a) 350 kPa, 138.88°C; (b) 27.5 kJ

4-30 Reconsider Prob. 4-29. Using the EES software,

== investigate the effect of the spring constant on the
final pressure in the cylinder and the boundary work done. Let
the spring constant vary from 50 kN/m to 500 kN/m. Plot the

—p—
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ZA =0.1 m?
H,0
m =50 kg

FIGURE P4-29

final pressure and the boundary work against the spring con-
stant, and discuss the results.

4-31 A piston-cylinder device with a set of stops contains
10 kg of refrigerant-134a. Initially, 8 kg of the refrigerant is
in the liquid form, and the temperature is —8°C. Now heat
is transferred slowly to the refrigerant until the piston hits
the stops, at which point the volume is 400 L. Determine
(a) the temperature when the piston first hits the stops and
(b) the work done during this expansion process. Also, show
the process on a P-V diagram. Answers: (a) —8°C, (b) 45.6 kJ

R-134a
m =10 kg
T, =-8°C

FIGURE P4-31

4-32 A frictionless piston-cylinder device contains 10 kg of
saturated refrigerant-134a vapor at 50°C. The refrigerant is
then allowed to expand isothermally by gradually decreasing
the pressure in a quasi-equilibrium manner to a final value of
500 kPa. Determine the work done during this expansion
process (a) by using the experimental specific volume data
from the tables and () by treating the refrigerant vapor as an
ideal gas. Also, determine the error involved in the latter case.

4-33 Reconsider Prob. 4-32. Using the integration fea-

== ture of the EES software and the built-in property
functions, calculate the work done and compare it to the result
obtained by the ideal-gas assumption. Plot the process de-
scribed in the problem on a P-v diagram.

4-34 Determine the boundary work done by a gas during an
expansion process if the pressure and volume values at various

o
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states are measured to be 300 kPa, 1 L; 290 kPa, 1.1 L; 270 kPa,
1.2L;250kPa, 1.4 L; 220 kPa, 1.7 L; and 200 kPa, 2 L.

Other Forms of Mechanical Work

4-35C A car is accelerated from rest to 85 km/h in 10 s.
Would the work energy transferred to the car be different if it
were accelerated to the same speed in 5 s?

4-36C Lifting a weight to a height of 20 m takes 20 s for one
crane and 10 s for another. Is there any difference in the
amount of work done on the weight by each crane?

4-37 Determine the energy required to accelerate an 800-kg
car from rest to 100 km/h on a level road. Answer: 308.6 kJ

4-38 Determine the energy required to accelerate a 2000-kg
car from 20 to 70 km/h on an uphill road with a vertical rise of
40 m.

4-39E Determine the torque applied to the shaft of a car that
transmits 450 hp and rotates at a rate of 3000 rpm.

4-40 Determine the work required to deflect a linear spring
with a spring constant of 70 kN/m by 20 cm from its rest
position.

4-41 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 85 km/h at full power on a level road. Is
your answer realistic?

4-42 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.

4-43 Determine the power required for a 2000-kg car
to climb a 100-m-long uphill road with a slope of 30° (from
horizontal) in 10 s (a) at a constant velocity, (b) from rest to a
final velocity of 30 m/s, and (c) from 35 m/s to a final velocity
of 5 m/s. Disregard friction, air drag, and rolling resistance.
Answers: (a) 98.1 kW, (b) 188.1 kW, (¢) —21.9 kW

FIGURE P4-43

4-44 A damaged 1200-kg car is being towed by a truck. Ne-
glecting the friction, air drag, and rolling resistance, determine
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the extra power required (a) for constant velocity on a level
road, (b) for constant velocity of 50 km/h on a 30° (from hori-
zontal) 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) 31.25 kW

Conservation of Mass

4-45C Define mass and volume flow rates. How are they
related to each other?

4-46C Does the amount of mass entering a control volume
have to be equal to the amount of mass leaving during an
unsteady-flow process?

4-47C When is the flow through a control volume steady?

4-48C Consider a device with one inlet and one exit. If the
volume flow rates at the inlet and at the exit are the same, is
the flow through this device necessarily steady? Why?

4-49E A garden hose attached with a nozzle is used to fill a
20-gallon bucket. The inner diameter of the hose is 1 in and it
reduces to 0.5 in at the nozzle exit. If the mean velocity in the
hose is 8 ft/s, determine (a) the volume and mass flow rates
of water through the hose, (b) how long it will take to fill
the bucket with water, and (c¢) the mean velocity of water at the
nozzle exit.

4-50 Air enters a nozzle steadily at 2.21 kg/m?® and 30 m/s
and leaves at 0.762 kg/m?® and 180 m/s. If the inlet area of the
nozzle is 80 cm?, determine (a) the mass flow rate through
the nozzle, and (b) the exit area of the nozzle.

Answers: (a) 0.5304 kg/s, (b) 38.7 cm?

4-51 A hair dryer is basically a duct of constant diameter
in which a few layers of electric resistors are placed. A small
fan pulls the air in and forces it through the resistors where it is
heated. If the density of air is 1.20 kg/m® at the inlet and
1.05 kg/m? at the exit, determine the percent increase in the
velocity of air as it flows through the dryer.

-~

1.05 kg/m? I_\/\/\/\_I

FIGURE P4-51

4-52E Air whose density is 0.078 Ibm/ft’ enters the duct
of an air-conditioning system at a volume flow rate of
450 ft3/min. If the diameter of the duct is 10 in, determine the
velocity of the air at the duct inlet and the mass flow rate of air.

1.20 kg/m?

4-53 A 1-m®rigid tank initially contains air whose density is
1.18 kg/m?. The tank is connected to a high-pressure supply
line through a valve. The valve is opened, and air is allowed to
enter the tank until the density in the tank rises to 7.20 kg/m?.
Determine the mass of air that has entered the tank.

Answer: 6.02 kg

o
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4-54 The ventilating fan of the bathroom of a building has
a volume flow rate of 30 L/s and runs continuously. If the
density of air inside is 1.20 kg/m?, determine the mass of air
vented out in one day.

Bathroom
22°C

AN

FIGURE P4-54

4-55E Chickens with an average mass of 4.5 lbm are to be
cooled by chilled water in a continuous-flow-type immersion
chiller. Chickens are dropped into the chiller at a rate of 500
chickens per hour. Determine the mass flow rate of chickens
through the chiller.

4-56 A desktop computer is to be cooled by a fan whose
flow rate is 0.34 m*/min. Determine the mass flow rate of air
through the fan at an elevation of 3400 m where the air density

Air Y
outlet = |
™ Air
inlet

Exhaust
fan

FIGURE P4-56
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is 0.7 kg/m3. Also, if the mean velocity of air is not to exceed
110 m/min, determine the diameter of the casing of the fan.
Answers: 0.238 kg/min, 0.063 m

Flow Work and Energy Transfer by Mass

4-57C What are the different mechanisms for transferring
energy to or from a control volume?

4-58C What is flow energy? Do fluids at rest possess any
flow energy?

4-59C How do the energies of a flowing fluid and a fluid at
rest compare? Name the specific forms of energy associated
with each case.

4-60E Steam is leaving a pressure cooker whose operating
pressure is 30 psia. It is observed that the amount of liquid
in the cooker has decreased by 0.4 gal in 45 minutes after
the steady operating conditions are established, and the cross-
sectional area of the exit opening is 0.15 in?. Determine (a) the
mass flow rate of the steam and the exit velocity, (b) the total
and flow energies of the steam per unit mass, and (c) the rate at
which energy is leaving the cooker by steam.

4-61 Refrigerant-134a enters the compressor of a refrigera-
tion system as saturated vapor at 0.14 MPa, and leaves as
superheated vapor at 0.8 MPa and 50°C at a rate of 0.04 kg/s.
Determine the rates of energy transfers by mass into and out of
the compressor. Assume the kinetic and potential energies to be
negligible.

4-62 A house is maintained at 1 atm and 24°C, and warm air
inside a house is forced to leave the house at a rate of 150 m?*h
as a result of outdoor air at 5°C infiltrating into the house
through the cracks. Determine the rate of net energy loss of the
house due to mass transfer. Answer: 0.945 kW

Review Probhlems

4-63 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 ca-
bles 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 (a) the
power required while the fully loaded cabin is rising at a
constant speed of 2 m/s and (b) the power required while
the empty cabin is descending at a constant speed of 2 m/s.
What would your answer be to (a) if no counterweight were
used? What would your answer be to () if a friction force of
1200 N has developed between the cabin and the guide rails?

4-64 A frictionless piston-cylinder device initially contains
air at 200 kPa and 0.2 m>. At this state, a linear spring (F « x)
is touching the piston but exerts no force on it. The air is now
heated to a final state of 0.5 m? and 800 kPa. Determine (a) the
total work done by the air and (b) the work done against the
spring. Also, show the process on a P-v diagram.

Answers: (a) 150 kJ, (b) 90 kJ
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AIR

P, =200 kPa

V,=02m?
FIGURE P4-64

4-65 A mass of 5 kg of saturated liquid—vapor mixture
of water is contained in a piston-cylinder device at 100 kPa.
Initially, 2 kg of the water is in the liquid phase and the rest is
in the vapor phase. Heat is now transferred to the water, and
the piston, which is resting on a set of stops, starts moving
when the pressure inside reaches 200 kPa. Heat transfer con-
tinues until the total volume increases by 20 percent. Deter-
mine (a) the initial and final temperatures, (b) the mass of
liquid water when the piston first starts moving, and (c) the
work done during this process. Also, show the process on a
P-v diagram.

FIGURE P4-65

4-66E A spherical balloon contains 10 Ibm of air at 30 psia
and 800 R. The balloon material is such that the pressure inside
is always proportional to the square of the diameter. Determine
the work done when the volume of the balloon doubles as a
result of heat transfer. Answer: 715 Btu

4-67E Reconsider Prob. 4-66E. Using the integration
<= feature of the EES software, determine the work
done. Compare the result with your “hand-calculated” result.

4-68 A D, = 10 m diameter tank is initially filled with water
2 m above the center of a D = 10 cm diameter valve near
the bottom. The tank surface is open to the atmosphere, and the
tank drains through a L = 100 m long pipe connected
to the valve. The friction coefficient of the pipe is given to
be f = 0.015, and the discharge velocity is expressed as
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| 28z . .
V= V15 + fLID where z is the water height above the

center of the valve. Determine (a) the initial discharge velocity
from the tank and (b) the time required to empty the tank. The
tank can be considered to be empty when the water level drops
to the center of the valve.

4-69 Milk is to be transported from Texas to California for a
distance of 2100 km in a 7-m-long, 2-m-external-diameter
cylindrical tank. The walls of the tank are constructed of
5-cm-thick urethane insulation sandwiched between two metal
sheets of negligible thickness. Determine the amount of milk in
the tank in kg and in gallons.

4-70 Underground water is being pumped into a pool whose
cross section is 3 m X 4 m while water is discharged through a
5-cm-diameter orifice at a constant mean velocity of 5 m/s. If
the water level in the pool rises at a rate of 1.5 cm/min, deter-
mine the rate at which water is supplied to the pool, in m?/s.

4-71 The velocity of a liquid flowing in a circular pipe of ra-
dius R varies from zero at the wall to a maximum at the pipe
center. The velocity distribution in the pipe can be represented
as V(r), where r is the radial distance from the pipe center.
Based on the definition of mass flow rate 1, obtain a relation
for the mean velocity in terms of V(r), R, and .

4-72  Air at 4.18 kg/m® enters a nozzle that has an
inlet-to-exit area ratio of 2:1 with a velocity of 120 m/s and
leaves with a velocity of 380 m/s. Determine the density of air
at the exit. Answer: 2.64 kg/m?3

4-73 Along roll of 1-m-wide and 0.5-cm-thick 1-Mn manga-
nese steel plate (p = 7854 kg/m?) coming off a furnace is to be
quenched in an oil bath to a specified temperature. If the metal
sheet is moving at a steady velocity of 10 m/min, determine
the mass flow rate of the steel plate through the oil bath.

Furnace

10 m/min plate

Oil bath
FIGURE P4-73

4-74 The airin a 6 m X 5 m X 4 m hospital room is to be
completely replaced by conditioned air every 20 min. If the
average air velocity in the circular air duct leading to the room
is not to exceed 5 m/s, determine the minimum diameter of
the duct.

4-75E Itis well-established that indoor air quality (IAQ) has
a significant effect on general health and productivity of em-
ployees at a workplace. A recent study showed that enhancing
TIAQ by increasing the building ventilation from 5 cfm (cubic

o



feet per minute) to 20 cfm increased the productivity by
0.25 percent, valued at $90 per person per year, and decreased
the respiratory illnesses by 10 percent for an average annual
savings of $39 per person while increasing the annual energy
consumption by $6 and the equipment cost by about $4 per
person per year (ASHRAE Journal, December 1998). For a
workplace with 120 employees, determine the net monetary
benefit of installing an enhanced IAQ system to the employer
per year. Answer: $14,280/yr

Design and Essay Problems

4-76 Design a reciprocating compressor capable of supply-
ing compressed air at 800 kPa at a rate of 15 kg/min. Also
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specify the size of the electric motor capable of driving this

compressor. The compressor is to operate at no more than
2000 rpm (revolutions per minute).

4-77 A considerable fraction of energy loss in residential
buildings is due to the cold outdoor air infiltrating through the
cracks mostly around the doors and windows of the building.
Write an essay on infiltration losses, their cost to homeowners,
and the measures to prevent them.

4-78 Using a large bucket whose volume is known and mea-
suring the time it takes to fill the bucket with water from a gar-
den hose, determine the mass flow rate and the average
velocity of water through the hose.
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THE FIRST LAW OF
THERMODYNAMICS

tion of energy principle, and it asserts that total energy is a thermody-
namic property. In Chap. 4, energy transfer to or from a system by heat,
work, and mass flow was discussed. In this chapter, the general energy bal-

T he first law of thermodynamics is simply a statement of the conserva-

ance relation, which is expressed as E;, — Eqy = AE e, is developed in a
step-by-step manner using an intuitive approach. The energy balance is first
used to solve problems that involve heat and work interactions, but not mass
flow (i.e., closed systems) for general pure substances, ideal gases, and in-
compressible substances. Then the energy balance is applied to steady-flow
systems, and common steady-flow devices such as nozzles, compressors, tur-
bines, throttling valves, mixers, and heat exchangers are analyzed. Finally, the
energy balance is applied to general unsteady-flow processes such as charging
and discharging of vessels.
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PE; = 10Kk)
—— KE, =0
Az ‘
H PE,=7k)
i n KE,=3kJ

FIGURE 5-1
Energy cannot be created or
destroyed; it can only change forms.

0=5k

POTATO
AE=5K]

FIGURE 5-2

The increase in the energy of a potato
in an oven is equal to the amount of
heat transferred to it.
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5-1 = THE FIRST LAW OF THERMODYNAMICS

So far, we have considered various forms of energy such as heat Q, work W,
and total energy E individually, and no attempt has been made to relate them
to each other during a process. The first law of thermodynamics, also known
as the conservation of energy principle, provides a sound basis for studying
the relationships among the various forms of energy and energy interactions.
Based on experimental observations, the first law of thermodynamics states
that energy can be neither created nor destroyed; 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. 5-1). Experimental data show that the decrease in potential energy
(mgAz) exactly equals the increase in kinetic energy [m(V3 — V%)/2] when
the air resistance is negligible, thus confirming the conservation of energy
principle.

Consider a system undergoing a series of adiabatic processes from a speci-
fied state 1 to another specified state 2. Being adiabatic, these processes obvi-
ously cannot involve any heat transfer, but they may involve several kinds of
work interactions. Careful measurements during these experiments indicate
the following: 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 system and the details of the process. Considering that there are an
infinite number of ways to perform work interactions under adiabatic condi-
tions, 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 nineteenth century, cannot be
drawn from any other known physical principle and is recognized as a funda-
mental 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
the property total energy E. Considering that the net work is the same for all
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
total energy. Note that the first law makes no reference to the value of the total
energy of a closed system at a state. It simply states that the change in the total
energy during an adiabatic process must be equal to the net work done. There-
fore, any convenient arbitrary value can be assigned to total energy at a speci-
fied 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 fotal energy, the
first law is often viewed as a statement of the conservation of energy prin-
ciple. Next we develop the first law or the conservation of energy relation for
closed systems with the help of some familiar examples using intuitive
arguments.

First, we consider some processes that involve heat transfer but no work
interactions. The potato baked in the oven is a good example for this case
(Fig. 5-2). 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

o
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potato), the increase in the total energy of the potato becomes equal to the 0,,=3K
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.

As another example, consider the heating of water in a pan on top of a range
(Fig. 5-3). If 15 kJ of heat is transferred to the water from the heating element
and 3 kJ of it is lost from the water to the surrounding air, the increase
in energy 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. 5—4). As a result of electrical work done, the energy
of the system will increase. Since the system is adiabatic and cannot have any FIGURE 5-3
heat transfer to or from the surroundings (Q = 0), the conservation of energy
principle dictates 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. 5-5). As a
result of the stirring process, the energy of the system will increase. Again, (Adiabatic)
since there is no heat interaction between the system and its surroundings Wi =5k
(Q = 0), the paddle-wheel work done on the system must show up as an in- T T T S
crease in the energy of the system.

Many of you have probably noticed that the temperature of air rises when it
is compressed (Fig. 5-6). 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

In the absence of any work
interactions, energy change of a
system is equal to the net heat transfer.

_11 ¥

|

|
boundary work will be stored in the air as part of its total energy. The conser- AE=5K }
vation of energy principle again requires that the increase in the energy of the e J Battery
system be equal to the boundary work done on the system.

We can extend these discussions to systems that involve various heat and FIGURE 54

work interactions simultaneously. For example, if a system gains 12 kJ of heat The work (electrical) done on
during a process while 6 kJ of work is done on it, the increase in the energy of an adiabatic system is equal to the

the system during that process is 18 kJ (Fig. 5-7). That is, the change in the increase in the energy of the system.
energy of a system during a process is simply equal to the net energy transfer
to (or from) the system. (Adiabatic)

Energy Balance

In the light of the preceding discussions, the conservation of energy principle AE=8K
can be expressed as follows: The net change (increase or decrease) in the to-

tal energy of the system during a process is equal to the difference between the Wowin =8 K
total energy entering and the total energy leaving the system during that
process. That is, during a process,
( Total energy ) _ ( Total energy ) _ ( Change in the total FIGURE 5-5
entering the system leaving the system energy of the system The work (shaft) done on an adiabatic
system is equal to the increase in
or the energy of the system.

Ein - Eout

= AE:syslem

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
relation to solve engineering problems depends on understanding the various
forms of energy and recognizing the forms of energy transfer.

o
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(Adiabatic)
FIGURE 5-6
The work (boundary) done on an
adiabatic system is equal to the
increase in the energy of the system.

=18kJ

FIGURE 5-7

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
z,=2,>APE=0
V= V,>AKE=0
AE = AU

FIGURE 5-8
For stationary systems,
AKE = APE = 0; thus AE = AU.
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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, = Efina — Einiia = E2 — E| (5-1)

system

Note that energy is a property, and the value of a property does not change un-
less 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, chemi-
cal, and nuclear), kinetic, potential, electric, and magnetic, and their sum con-
stitutes 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 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 (5-2)

where

AU = m(uy — uy)
AKE = %m(”!fé -V
APE = mg(z, — 1)

When the initial and final states are specified, the values of the specific inter-
nal energies u; and u, can be determined directly from the property tables or
thermodynamic property relations.

Most systems encountered in practice are stationary, that is, they do not in-
volve any changes in their velocity or elevation during a process (Fig. 5-8).
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. 5-2 reduces to AE = AU for such systems. Also, the energy of a system
during a process 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 system are heat transfer and work.

1. Heat Transfer, Q Heat transfer to a system (heat gain) increases the en-
ergy 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, 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

o
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on a system) increases the energy of the system, and work transfer from a
system (i.e., work done by the system) decreases it since the energy trans-
ferred out as work comes from the energy contained in the system. Car en-

gines and hydraulic, steam, or gas turbines produce work while compressors,
pumps, and mixers consume work.

3. Mass Fl