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

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

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

New in the Fifth Edition

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

> Other class-tested content changes have been introduced:

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

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

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

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

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

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

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

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

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

Core Text Features

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

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

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

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

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

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

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

Ways to Meet Different Course Needs

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

Type of course Intended audience Chapter coverage

> Principles. Chaps. 1-6.

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

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

topics from Chaps. 12 and 13.

» First course. Chaps. 1-8.

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

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

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

» Examples

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

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

» Exercises

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

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

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

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

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

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

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

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

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

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

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

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

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

b ) AR G - R - R o |

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

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

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

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

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

Automobile engines

Turbines

Compressors, pumps

Fossil- and nuclear-fueled power stations

Propulsion systems for aircraft and rockets

Combustion systems

Cryogenic systems, gas separation, and liquefaction

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

Cooling of electronic equipment

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

Biomedical applications International Space Station
Life-support systems
Artificial organs

Solar-cell arrays

Surfaces with thermal
control coatings

Steam generator

Condenser

Condensate

Cooling water

Refrigerator Electrical power plant

Turbojet engine Biomedical applications




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

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

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

TYPES OF SYSTEMS

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

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

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

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

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

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

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

1.2 Defining Systems 3

system

surroundings

boundary

closed system

isolated system

control volume

Boundary

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

I3 Describing Systems and Their Behavior

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

MACROSCOPIC AND MICROSCOPIC VIEWS OF THERMODYNAMICS

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

% <« Figure 1.3 Air compressor and
+

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

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

PROPERTY, STATE, AND PROCESS

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

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

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

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

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

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

erties is given shortly.

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

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

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

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

intensive property

phase

pure substance

EXTENSIVE AND INTENSIVE PROPERTIES

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

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

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

PHASE AND PURE SUBSTANCE

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

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

(@) ®)

A Figure 1.4 Figure used to discuss the extensive and intensive property concepts.



1.3 Describing Systems and Their Behavior 7

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

EQUILIBRIUM

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

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

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

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

ACTUAL AND QUASIEQUILIBRIUM PROCESSES

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

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

SI base units

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

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

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

1% Measuring Mass, Length, Time, and Force

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

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

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

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

> 1.4.01 SI Units

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

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

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

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

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

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

F = ma (1.1)

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

IN = (1kg)(1 m/s*) = 1kg-m/s’ 1.2)

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

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

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

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

S 1 kg - m/s?

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

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

TABLE 1.3
Quantity Dimensions Units Symbol Name
Velocity Lt m/s
Acceleration Lt m/s?
Force MLt 2 kg m/s? N newtons
Pressure ML™! 72 kg m/s*> (N/m?) Pa pascal
Energy ML? t 2 kg m%s* (N m) J joule

Power ML?t? kg m?%/s® (I/s) W watt

METHODOLOGY
UPDATE

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

Prefixes

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

specific volume

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

> 1.4.2 English Engineering Units

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

15 Two Measurable Properties: Specific
Volume and Pressure

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

» 1.5.01 Specific Volume

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

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

(3

p=fimly 1

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

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

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

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

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

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

determined in principle by integration

m = J pdV (1.4)
v

and not simply as the product of density and volume.

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

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

| 4 n=— (1.5)

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

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

v=Mv (1.6)

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

» 1.5.2 Pressure

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

. <Fnormal>
p= lim|—— 1.7)

A—A A

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

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

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

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

1 pascal = 1 N/m?
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absolute pressure

gage pressure

vacuum pressure

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

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

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

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

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

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

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

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

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

p (gage)

Atmospheric
pressure

Absolute
pressure
that is greater
than the local
atmospheric

pressure

p (absolute) p (vacuum)

Absolute
pressure that
is less than
than the local
atmospheric
pressure

Zero pressure Zero pressure

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

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

P ~ Pam = P8L (1.10)

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

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

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

Elliptical metal Pointer

Bourdon tube ﬁ

Patm
Gas at
pressure p
Tank L

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

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

Bourdon tube gage. acquisition.
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16 Measuring Temperature

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

» 1.6.1 Thermal Equilibrium

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

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

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

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

» 1.6.2 Thermometers

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

Mercury Thermometers
Quickly Vanishing

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

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

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

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

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

OTHER TEMPERATURE SENSORS

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

« Figure 1.9 Thermometers.
(a) Liquid-in-glass. (b) Infrared-
(@) () sensing ear thermometer.
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<« Figure 1.10 Constant-volume gas

thermometer.

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

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

MEASURING TEMPERATURE WITH THE GAS
THERMOMETER—THE GAS SCALE

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

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




1.6 Measuring Temperature

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

273.16
a =
Pip

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

T = 273.16<p> (1.12)
Pip

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

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

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

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

Measured data for a
fixed level of

to zero pressy 0,

- N,
» 4/’//
Pip ==
\*He
HZ

T=273.1611mp£
p
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temperature, extrapolated

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

» 1.6.2 Kelvin Scale

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

triple point

Celsius scale

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

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

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

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

» 1.6.4 Celsius Scale

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

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

7(°C) = T(K) — 273.15 (1.14)

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

7 Engineering Design and Analysis

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

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

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

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

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

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

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

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

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

» 1.7.2 Analysis

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

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

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

» the second law of thermodynamics

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

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

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

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

> I.7.2 Methodology for Solving Thermodynamics Problems

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

EXAMPLE 1.1 Identifying System Interactions

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

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

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

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

_____ Part (a)

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

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

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

3. The wind is steady.

< Figure E1.1

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

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

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

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

Chapter Summary and Study Guide ;

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

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

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

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

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

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

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



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

> write out the meanings of the terms listed in the margin
throughout the chapter and understand each of the
related concepts. The subset of key concepts listed below
is particularly important in subsequent chapters.
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» work on a molar basis using Eq. 1.5.

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

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

Key Engineering Concepts

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

control volume p. 3

property p. 5
state p. 5

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

isothermal
process p. 14
Kelvin scale p. 18

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

Rankine scale p. **

Exercises: Things Engineers Think About

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

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

(a) a bicycle tire inflating.

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

(c) a household refrigerator in operation.

(d) a jet engine in flight.

(e) cooling a desktop computer.

(f) a residential gas furnace in operation.

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

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

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

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

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

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

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

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

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

Problems: Developing Engineering Skills

Exploring System Concepts

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

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

(1777

Battery 2 Motor

Mass

A Figure P1.2

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

Hot water
supply

Hot water
storage
tank

Solar
collector

Circulating

pump Cold water

return

A Figure P1.3

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

S

Turbine

\

Generator

Steam

A Figure P14

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

Intake hose

Pond

A Figure P1.5

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

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

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

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



Working with Force and Mass

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

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

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

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

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

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

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

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

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

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

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

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

Using Specific Volume and Pressure

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

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

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

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

1.22  The following table lists temperatures and specific vol-

umes of water vapor at two pressures:

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

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

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

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

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

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

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

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

Process 1-2: Compression with pV = constant from p, = 1 bar,
V,=10m’to V, = 02 m’
Process 2-3: Constant-pressure expansion to V; = 1.0 m?

Process 3-1: Constant volume

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

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

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

[

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

[

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

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

A Figure P1.28

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

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

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

A Figure P1.29

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

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

1.31 Refrigerant 22 vapor enters the compressor of a refrigera-

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

1.32  Air contained within a vertical piston—cylinder assembly

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

F, kx

spring =

where k = 10,000 N/m. The piston face area is 7.8 X 103 m>.
Ignoring friction between the piston and the cylinder wall,
determine the pressure of the air within the cylinder, in bar,
when the piston is in its initial position. Repeat when the piston
is in its final position. The local acceleration of gravity is
9.81 m/s?
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A Figure P1.32

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

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

A Figure P1.34

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

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

(b) Plot the variation of pressure, in atm, versus depth z be-
low sea level, in km, ranging from 0 to 2 km. Assume that
the specific volume of seawater is constant, v = 0.956 X
1073 m¥kg.

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

1 atm.

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

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

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

The density of mercury is 13.59 times that of water.

Exploring Temperature

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

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

11
#= e85~ 7))

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

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

R=RJl + aT - Ty)]

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

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

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

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

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

T=20°C T=-6°C
| fPipe

3in. |

6 in.

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

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

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

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

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

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

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

1.7D  Obtain manufacturers’ data on thermocouple and ther-

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

1.8D  The International Temperature Scale was first adopted by

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

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

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

1.10D  List several aspects of engineering economics relevant

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

1.11D Mercury Thermometers Quickly Vanishing (see box

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

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

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

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

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

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

work

y
Path

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

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

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

Fy=m— 2.1
s T me 2.0

Using the chain rule, this can be written as

avds_ o av

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

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

1
AKE = KE, — KE, = Em(V% -V (2.5)

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

S

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

Si

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



Thermodynamics in the News...

Hybrids Harvest Energy

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

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

2.1 Reviewing Mechanical Concepts of Energy 3|

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

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

iy

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

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

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

UNITS.

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

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

it is convenient to use the kilojoule, kJ.

POTENTIAL ENERGY

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

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

2

v
g Z

—1
z m, 1

T Earth’s surface

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

energy. That is

1 2
2m(V§—V%)=J Rdz—J

mg dz

z

[l

A Figure 2.2 [llustra-
tion used to introduce the

2.7) potential energy concept.

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

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

J mg dz = mg(z, — 2y)

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

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

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

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

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

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

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

1
AKE = —m(V3 — V})

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

= —0.10kJ

CONSERVATION OF ENERGY IN MECHANICS

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

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

1
gm(V% — Vi) +mg(z; —z) =0

or 2.11)

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

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

CLOSURE

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

2:2 Broadening Our Understanding of Work

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

W=J2F'ds (2.12) €4

1

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

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

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

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

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

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

> 2.2.1 Sign Convention and Notation

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

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

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

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

2
J owW=Ww
1

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

Va
J dV: V2_ Vl

Vi

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

> 2.2.2 Power

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

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

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

the force

W=F-V (2.13) «

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

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

1

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

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

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

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

o1
W = 2(0.88)(0.362 m)(1.2 ke/m’)(8.94 m/s)*

= 136.L6 W «

» 2.2.2 NModeling Expansion or Compression Work

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

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

oW = pA dx (2.15)

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

oW =pdv (2.16)

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

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

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

\%3
> W= J pdV 2.17)

Vi

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

System boundary

Area=A Average pressure at
the piston face = p

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

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

QUASIEQUILIBRIUM EXPANSION OR COVMPRESSION PROCESSES

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

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

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

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

p o Measured data
- Curve fit
QZEZ o
é%-e
© .
&‘?Be_
ug R
\%

A Figure 2.5 Pressure—
volume data.

quasiequilibrium process

Incremental masses removed
during an expansion of the
gas or liquid

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

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

polytropic process

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

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

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

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

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

EXAMPLE 2.1 Evaluating Expansion Work

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

is given by

pV" = constant

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

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

3.0 — 1 2c
AR ! =3.0 bar
| P1
B 20 ! L V,=0.1m’
B |
< Lo || =R —
= 2 Lopvi= .
| constant : V,=02m
1.0 - Area = work 2a L J
for part a
0.1 02
v (m?)
< Figure E2.1
Assumptions:

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

3. The expansion is a polytropic process.

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

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

W= JVZP . J"z constantdv

n
v, %

(constant) Vy™" — (constant) V| ™"

1—n

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

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

)

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

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

((1.06 bar)(0.2 m3) = (3)(0.1))‘ 10° N/m?2
1—-15 1 bar

Accordingly

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

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

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

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

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

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

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

> 2.2.4 Further Examples of Work

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

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

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

W= —J oA dx (2.18)

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

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

4
|4:+ Movable

I .
wire

/x

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

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

Az
W= —J 7 dA (2.19)

A

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

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

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

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

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

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

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

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

_— 1

cell

|
I
|
Electrolytic :
|
|
|

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

> 2.2.5 Further Examples of Work in Quasiequilibrium Processes

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

The extension of a solid bar and the stretching of a liquid surface can readily be envisioned
to occur in a quasiequilibrium manner by direct analogy to the piston—cylinder case. For the
bar in Fig. 2.9 the external force can be applied in such a way that it differs only slightly from
the opposing force within. The normal stress is then essentially uniform throughout and can
be determined as a function of the instantaneous length: o = o (x). Similarly, for the liquid
film shown in Fig. 2.10 the external force can be applied to the movable wire in such a way
that the force differs only slightly from the opposing force within the film. During such a
process, the surface tension is essentially uniform throughout the film and is functionally re-
lated to the instantaneous area: 7 = 7(A). In each of these cases, once the required functional
relationship is known, the work can be evaluated using Eq. 2.18 or 2.19, respectively, in terms
of properties of the system as a whole as it passes through equilibrium states.

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

W= —¢dz (2.23)

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

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

6W = —E - d(VP) (2.24)

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

SW = —puH - d(VM) (2.25)

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

GENERALIZED FORCES AND DISPLACEMENTS

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

W =pdV —cd(Ax) — 7dA — €dZ — E-d(VP) — uyH-d(VM) + - - - (2.26)

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

Owing to the underlying quasiequilibrium restriction, Eq. 2.26 does not represent every
type of work of practical interest. An example is provided by a paddle wheel that stirs a gas |
or liquid taken as the system. Whenever any shearing action takes place, the system necessarily :
passes through nonequilibrium states. To appreciate more fully the implications of the qua- :
siequilibrium process concept requires consideration of the second law of thermodynamics, : i\ A _ﬂ

|
|
|
|
|

so this concept is discussed again in Chap. 5 after the second law has been introduced.

The objective in this section is to use our deeper understanding of work developed in Sec. 2.2

to broaden our understanding of the energy of a system. In particular, we consider the fotal -
energy of a system, which includes kinetic energy, gravitational potential energy, and other
forms of energy. The examples to follow illustrate some of these forms of energy. Many other
examples could be provided that enlarge on the same idea.

When work is done to compress a spring, energy is stored within the spring. When a bat-
tery is charged, the energy stored within it is increased. And when a gas (or liquid) initially
at an equilibrium state in a closed, insulated vessel is stirred vigorously and allowed to come P
to a final equilibrium state, the energy of the gas is increased in the process. In each of these
examples the change in system energy cannot be attributed to changes in the system’s overall i
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kinetic or gravitational potential energy as given by Egs. 2.5 and 2.10, respectively.
The change in energy can be accounted for in terms of internal energy, as considered next. -
In engineering thermodynamics the change in the total energy of a system is considered |
to be made up of three macroscopic contributions. One is the change in kinetic energy, as- |
|
|
l

sociated with the motion of the system as a whole relative to an external coordinate frame.
Another is the change in gravitational potential energy, associated with the position of the
system as a whole in the earth’s gravitational field. All other energy changes are lumped to-
gether in the infernal energy of the system. Like kinetic energy and gravitational potential internal energy

energy, internal energy is an extensive property of the system, as is the total energy.

Internal energy is represented by the symbol U, and the change in internal energy in a
process is U, — U,. The specific internal energy is symbolized by u or u, respectively, de-
pending on whether it is expressed on a unit mass or per mole basis.
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microscopic
interpretation of internal
energy for a gas

Hot plate

energy transfer by heat

sign convention for
heat transfer

The change in the total energy of a system is

E, — E, = (KE, — KE;) + (PE, — PE)) + (U, — U))
or (2.27)
AE = AKE + APE + AU

All quantities in Eq. 2.27 are expressed in terms of the energy units previously introduced.

The identification of internal energy as a macroscopic form of energy is a significant step
in the present development, for it sets the concept of energy in thermodynamics apart from
that of mechanics. In Chap. 3 we will learn how to evaluate changes in internal energy for
practically important cases involving gases, liquids, and solids by using empirical data.

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

2.4 Energy Transfer by Heat

Thus far, we have considered quantitatively only those interactions between a system and its
surroundings that can be classed as work. However, closed systems also can interact with
their surroundings in a way that cannot be categorized as work. » for example... when
a gas in a rigid container interacts with a hot plate, the energy of the gas is increased even
though no work is done. < This type of interaction is called an energy transfer by heat.
On the basis of experiment, beginning with the work of Joule in the early part of the nine-
teenth century, we know that energy transfers by heat are induced only as a result of a tem-
perature difference between the system and its surroundings and occur only in the direction
of decreasing temperature. Because the underlying concept is so important in thermody-
namics, this section is devoted to a further consideration of energy transfer by heat.

» 2.4.01 Sign Convention, Notation, and Heat Transfer Rate

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

O > 0: heat transfer fo the system

O < 0: heat transfer from the system

This sign convention is used throughout the book. However, as was indicated for work, it is
sometimes convenient to show the direction of energy transfer by an arrow on a sketch of
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the system. Then the heat transfer is regarded as positive in the direction of the arrow. In an
adiabatic process there is no energy transfer by heat.

The sign convention for heat transfer is just the reverse of the one adopted for work, where
a positive value for W signifies an energy transfer from the system to the surroundings. These
signs for heat and work are a legacy from engineers and scientists who were concerned mainly
with steam engines and other devices that develop a work output from an energy input by
heat transfer. For such applications, it was convenient to regard both the work developed and
the energy input by heat transfer as positive quantities.

The value of a heat transfer depends on the details of a process and not just the end states.
Thus, like work, heat is not a property, and its differential is written as Q. The amount of  heat is not a property
energy transfer by heat for a process is given by the integral

2
0= J o0 (2.28)
1

where the limits mean “from state 1 to state 2 and do not refer to the values of heat at those
states. As for work, the notion of “heat” at a state has no meaning, and the integral should
never be evaluated as Q, — Q;.
The net rate of heat transfer is denoted by Q In principle, the amount of energy trans- rate of heat transfer
fer by heat during a period of time can be found by integrating from time ¢, to time ¢,

h
0= J O dt (2.29)
f
To perform the integration, it would be necessary to know how the rate of heat transfer varies
with time.

In some cases it is convenient to use the heat flux, g, which is the heat transfer rate per
unit of system surface area. The net rate of heat transfer, Q, is related to the heat flux g by
the integral

0= J qdA (2.30)
A
where A represents the area on the boundary of the system where heat transfer occurs.

UNITS. The units for Q and Q are the same as those introduced previously for W and W,
respectively. The units for the heat flux are those of the heat transfer rate per unit area: kW/m?
or Btu/h - ft,

» 2.4.2 Heat T Transfer Modes

Methods based on experiment are available for evaluating energy transfer by heat. These 0
methods recognize two basic transfer mechanisms: conduction and thermal radiation. In ad- :
dition, empirical relationships are available for evaluating energy transfer involving certain 0 Tl:
combined modes. A brief description of each of these is given next. A detailed consideration Xr\/\/\,>:
|

|

_

|

|

|

o3

is left to a course in engineering heat transfer, where these topics are studied in depth.

h
T

;—Area,A
CONDUCTION !

Energy transfer by conduction can take place in solids, liquids, and gases. Conduction can
be thought of as the transfer of energy from the more energetic particles of a substance to % o7%,
adjacent particles that are less energetic due to interactions between particles. The time rate A Figure 2.12 Tllus-
of energy transfer by conduction is quantified macroscopically by Fourier’s law. As an ele-  tration of Fourier’s
mentary application, consider Fig. 2.12 showing a plane wall of thickness L at steady state, conduction law.
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Fourier’s law

Stefan—Boltzmann law

where the temperature 7(x) varies linearly with position x. By Fourier’s law, the rate of heat
transfer across any plane normal to the x direction, Q,, is proportional to the wall area, A,
and the temperature gradient in the x direction, d7T/dx

0, = —«kA 2.31)

dx
where the proportionality constant k is a property called the thermal conductivity. The
minus sign is a consequence of energy transfer in the direction of decreasing temperature.
> for example... in this case the temperature varies linearly; thus, the temperature
gradient is

dl-'_T2_T1

dx L (<0)

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

. T, — T,
0.= —kA|——| « (2.32)
L
Values of thermal conductivity are given in Table A-19 for common materials. Substances
with large values of thermal conductivity such as copper are good conductors, and those with
small conductivities (cork and polystyrene foam) are good insulators.

RADIATION

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

0. = ecAT} (2.33)

which shows that thermal radiation is associated with the fourth power of the absolute tem-
perature of the surface, 7,. The emissivity, &, is a property of the surface that indicates how
effectively the surface radiates (0 = ¢ = 1.0), and o is the Stefan—Boltzmann constant. In
general, the net rate of energy transfer by thermal radiation between two surfaces involves
relationships among the properties of the surfaces, their orientations with respect to each
other, the extent to which the intervening medium scatters, emits, and absorbs thermal radi-
ation, and other factors.

CONVECTION

Energy transfer between a solid surface at a temperature 7, and an adjacent moving gas or
liquid at another temperature T} plays a prominent role in the performance of many devices
of practical interest. This is commonly referred to as convection. As an illustration, consider
Fig. 2.13, where T,, > T;. In this case, energy is transferred in the direction indicated by the
arrow due to the combined effects of conduction within the air and the bulk motion of the
air. The rate of energy transfer from the surface fo the air can be quantified by the following
empirical expression:

Q. = hA(T, — Ty (2.34)
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Cooling air flow

Transistor
« Figure 2.13 [Illustration of

Circuit board Newton’s law of cooling.

known as Newton’s law of cooling. In Eq. 2.34, A is the surface area and the proportionality ~ Newton’s law of cooling
factor h is called the heat transfer coefficient. In subsequent applications of Eq. 2.34, a minus

sign may be introduced on the right side to conform to the sign convention for heat transfer

introduced in Sec. 2.4.1.

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

» 2.4.2 Closure

The first step in a thermodynamic analysis is to define the system. It is only after the sys-
tem boundary has been specified that possible heat interactions with the surroundings are
considered, for these are always evaluated at the system boundary. In ordinary conversation,
the term heat is often used when the word energy would be more correct thermodynamically.
For example, one might hear, ‘“Please close the door or ‘heat’ will be lost.” In thermodyn-
amics, heat refers only to a particular means whereby energy is transferred. It does not re-
fer to what is being transferred between systems or to what is stored within systems. Energy
is transferred and stored, not heat.

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

TABLE 2.1 Typical Values of the
Convection Heat Transfer Coefficient

Applications h (W/m?- K)
Free convection

Gases 2-25

Liquids 50-1000
Forced convection

Gases 25-250

Liquids 50-20,000
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first law of

thermodynamics

energy balance

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

2.5 Energy Accounting: Energy Balance
for Closed Systems

As our previous discussions indicate, the only ways the energy of a closed system can be changed
are through transfer of energy by work or by heat. Further, based on the experiments of Joule
and others, a fundamental aspect of the energy concept is that energy is conserved; we call this
the first law of thermodynamics. These considerations are summarized in words as follows:

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

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

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

The energy balance can be expressed in symbols as

E2 - El = Q - W (2353)

Introducing Eq. 2.27 an alternative form is

AKE + APE + AU=0 - W (2.35b)

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

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

OTHER FORMS OF THE ENERGY BALANCE

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

dE = 6Q — 8W (2.36)
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where dE is the differential of energy, a property. Since Q and W are not properties, their
differentials are written as 6Q and 6 W, respectively.
The instantaneous time rate form of the energy balance is

dE . . time rate form of the
—=0-W 2.37 ) :
dt Q (237 4energ ) balance

The rate form of the energy balance expressed in words is

time rate of change net rate at which net rate at which
of the energy energy is being energy is being
contained within |=| transferredin | — | transferred out
the system at by heat transfer by work at
time t at time t time t

Since the time rate of change of energy is given by
dE. dKE dPE dU
— = 4 ——— 4+
dt dt dt dt
Equation 2.37 can be expressed alternatively as
dKE dPE dU

dt dt dr e-w 2.38)

Equations 2.35 through 2.38 provide alternative forms of the energy balance that may be
convenient starting points when applying the principle of conservation of energy to closed
systems. In Chap. 4 the conservation of energy principle is expressed in forms suitable for the
analysis of control volumes. When applying the energy balance in any of its forms, it is im-
portant to be careful about signs and units and to distinguish carefully between rates and
amounts. In addition, it is important to recognize that the location of the system boundary can
be relevant in determining whether a particular energy transfer is regarded as heat or work.

> for example... consider Fig. 2.14, in which three alternative systems are shown
that include a quantity of a gas (or liquid) in a rigid, well-insulated container. In Fig. 2.14a,
the gas itself is the system. As current flows through the copper plate, there is an energy
transfer from the copper plate to the gas. Since this energy transfer occurs as a result of the
temperature difference between the plate and the gas, it is classified as a heat transfer. Next,
refer to Fig. 2.14b, where the boundary is drawn to include the copper plate. It follows from
the thermodynamic definition of work that the energy transfer that occurs as current crosses
the boundary of this system must be regarded as work. Finally, in Fig. 2.14c, the boundary
is located so that no energy is transferred across it by heat or work. <

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

ILLUSTRATIONS

The examples to follow bring out many important ideas about energy and the energy balance.
They should be studied carefully, and similar approaches should be used when solving the
end-of-chapter problems.
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Copper Rotating
shaft

=
8 o
£ =
a

T 0=0
System Insulation System
boundary boundary
Mass
(@) b)
B —————.
Gas
or
liquid

System
bourldary 0=0,W=0

A Figure 2.14 Alternative choices for system boundaries.

In this text, most applications of the energy balance will not involve significant kinetic or
potential energy changes. Thus, to expedite the solutions of many subsequent examples and
end-of-chapter problems, we indicate in the problem statement that such changes can be neg-
lected. If this is not made explicit in a problem statement, you should decide on the basis of
the problem at hand how best to handle the kinetic and potential energy terms of the energy
balance.

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

EXAMPLE 2.2 Cooling a Gas in a Piston-Cylinder

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

pV'® = constant

The initial pressure is 3 bar, the initial volume is 0.1 m?, and the final volume is 0.2 m®. The change in specific internal energy
of the gas in the process is u, — u; = —4.6 kJ/kg. There are no significant changes in kinetic or potential energy. Determine
the net heat transfer for the process, in kJ.
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SOLUTION

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

Find: Determine the net heat transfer for the process.

Schematic and Given Data:

uy —u; =—4.6 kl/kg

R
pV3 = constant | :
| Gas |
| |
| |
AV B e B
2 rp =
: constant :
| |

Area = work

<« Figure E2.2

Assumptions:

1. The gas is a closed system.
2. The process is described by pV'® = constant.

3. There is no change in the kinetic or potential energy of the system.

Analysis:  An energy balance for the closed system takes the form

0 0
AKE + APE + AU=0Q - W

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

mu, —u) = Q- W
where m is the system mass. Solving for Q
O=mu, —u) + W
The value of the work for this process is determined in the solution to part (a) of Example 2.1: W = +17.6 kJ. The change
in internal energy is obtained using given data as

(uy — w) = 4k (*46E>—7184kJ
m(u, — u, g o g

Substituting values

0=-184+ 176 = —-08KkJ

@ The given relationship between pressure and volume allows the process to be represented by the path shown on the ac-
companying diagram. The area under the curve represents the work. Since they are not properties, the values of the work
and heat transfer depend on the details of the process and cannot be determined from the end states only.

@ The minus sign for the value of Q means that a net amount of energy has been transferred from the system to its sur-
roundings by heat transfer.
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In the next example, we follow up the discussion of Fig. 2.14 by considering two alter-
native systems. This example highlights the need to account correctly for the heat and work
interactions occurring on the boundary as well as the energy change.

EXAMPLE 2.3 Considering Alternative Systems

Air is contained in a vertical piston—cylinder assembly fitted with an electrical resistor. The atmosphere exerts a pressure of
1 bar on the top of the piston, which has a mass of 45 kg and a face area of .09 m” Electric current passes through the
resistor, and the volume of the air slowly increases by .045 m® while its pressure remains constant. The mass of the air is
.27 kg, and its specific internal energy increases by 42 klJ/kg. The air and piston are at rest initially and finally. The
piston—cylinder material is a ceramic composite and thus a good insulator. Friction between the piston and cylinder wall can
be ignored, and the local acceleration of gravity is ¢ = 9.81 m/s%. Determine the heat transfer from the resistor to the air, in
kJ, for a system consisting of (a) the air alone, (b) the air and the piston.

SOLUTION
Known: Data are provided for air contained in a vertical piston—cylinder fitted with an electrical resistor.
Find: Considering each of two alternative systems, determine the heat transfer from the resistor to the air.

Schematic and Given Data:

Piston Piston
Pam = 1 bar System
System Mision = 45 kg boundary
boundary Apision = 09 m2 for part (b)
for part (a) Foommee e ]
H
1I == * : = +
1 Air ! ] I Air =7
! = : | g :
: : (. : : (.
| ] S I <] S
! - | | -
L 1 mye =27 kg o
Vo=V, =.045m3
Auy =42 kl/kg.

<« Figure E2.3

Assumptions:

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

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

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

4. Friction between the piston and cylinder wall is negligible.

5. The acceleration of gravity is constant; g = 9.81 m/s’.

Analysis: (a) Taking the air as the system, the energy balance, Eq. 2.35, reduces with assumption 3 to
(AKE + APE + AU)y = 0 — W
Or, solving for Q
Q=W+ AUy
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For this system, work is done by the force of the pressure p acting on the botfom of the piston as the air expands. With
Eq. 2.17 and the assumption of constant pressure

v,
W= J pdV=p\V,=V)
Vi

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

pApiston = mpistong 3 paImApiston

Solving for p and inserting values

mpislong i
p= Dam
Apismn ‘
45ke)(9.81 m/s?)| 1b
= 2l . ) |+ 1bar = 1.049 bar
.09 m 10° N/m
Thus, the work is
W= P(Vz 2 Vl)
10° N/m? ’ 1kJ ‘
= (1.049 bar) (.045 m? =472Kk]
( BN e et o

With AU, = my(Au,,), the heat transfer is
Q =W+ mair(AMuir)
=472KkJ + 11.07kJ = 15.8kJ

(b) Consider next a system consisting of the air and the piston. The energy change of the overall system is the sum of the
energy changes of the air and the piston. Thus, the energy balance, Eq. 2.35, reads

0 0 0 0
(AKE + APE + AU),, + (AKE + APE + AfU’)pism =0—-W

where the indicated terms drop out by assumption 3. Solving for Q
Q =W+ (APE)pismn + (AU)air

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

Vs
W= J pdV T patm(VZ e Vl)

Vi
10° N/m?

= (1 bar)(.045 m?
(1 bar) (045 m?) | =

1kJ
’ 5 ‘ =45k
10°N-m
The elevation change, Az, required to evaluate the potential energy change of the piston can be found from the volume

change of the air and the area of the piston face as
V, -V,  045m’

Az = = =.5m
¢ Apiston .09 m2

Thus, the potential energy change of the piston is

(APE)piston = mpislon gAZ
= (45kg)(9.81 m/s?)(0.5 m) = 22 kJ
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Finally

Q
Il

W+ (APE)piston et mairAuair
=45k] + .22kJ + 11.07kJ] = 15.8kJ

@ which agrees with the result of part (a).

@ Using the change in elevation Az determined in the analysis, the change in potential energy of the air is about 107> Btu,
which is negligible in the present case. The calculation is left as an exercise.

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

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

EXAMPLE 2.4 Gearbox at Steady State

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

Q = _hA(Tb - Tf)

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

SOLUTION

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

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

Schematic and Given Data:

i | T,=300K
. ! [
Wy =-60 kW : !
X AN : L T;=293K
U ! h=0.171 kW/m? - K
| : Assumption: The gearbox is a closed system at
Input ' | Il ! ‘ steady state.
shaft | @ T U 2
! l
G
earbox :
e I Output
Outer surface shaft
A=1.0m?

< Figure E2.4
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Analysis: Using the given expression for 0 together with known data, the rate of energy transfer by heat is

0 Q = —hA(T, — T))

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

—12kW

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

0
d . . " .
(2) Zg—Q—W or W=0

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

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

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

Wz = Q = Wl
= (—1.2kW) — (=60 kW)

+58.8 kW

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

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

@ Properties of a system at steady state do not change with time. Energy E is a property, but heat transfer and work are not
properties.

@ For this system energy transfer by work occurs at two different locations, and the signs associated with their values differ.

@) At steady state, the rate of heat transfer from the gear box accounts for the difference between the input and output power.
This can be summarized by the following energy rate “balance sheet” in terms of magnitudes:
Input Output

60 kW (input shaft) 58.8 kW (output shaft)
1.2 kW (heat transfer)

Total: 60 kW 60 kW

EXAMPLE 2.5 Silicon Chip at Steady State

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

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

Find: Determine the surface temperature of the chip at steady state.

Schematic and Given Data:

Coolant
h =150 W/m? - K
Ty=20°C Assumptions:

1. The chip is a closed system at steady state.

7
Ly 2. There is no heat transfer between the chip and the substrate.

W=-0225W ~

Ceramic substrate

<« Figure E2.5

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

0
o %:wa

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

(2] Q = —hA(T, — T})
Collecting results
0=—hA(T, - T;) — W
Solving for T,
T, = =W T;
hA
In this expression, W = —0.225 W, A = 25 X 107 m? h = 150 W/m® - K, and T; = 293 K, giving
e —(—0.225 W)
(150 W/m? - K)(25 X 107° m?)
= 353 K (80°C)

+ 293K

@ Properties of a system at steady state do not change with time. Energy E is a property, but heat transfer and work are not
properties.

@ In accord with the sign convention for heat transfer in the energy rate balance (Eq. 2.37), Eq. 2.34 is written with a minus
sign: Q is negative when Ty, is greater than T}

TRANSIENT OPERATION. Many devices undergo periods of transient operation where the
state changes with time. This is observed during startup and shutdown periods. The next ex-
ample illustrates the application of the energy rate balance to an electric motor during startup.
The example also involves both electrical work and power transmitted by a shaft.
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EXAMPLE 2.6 Transient Operation of a Motor

The rate of heat transfer between a certain electric motor and its surroundings varies with time as
Q= —02[1 — 00

where ¢ is in seconds and Q is in kW. The shaft of the motor rotates at a constant speed of w = 100 rad/s (about 955 revo-
lutions per minute, or RPM) and applies a constant torque of 9 = 18 N - m to an external load. The motor draws a constant
electric power input equal to 2.0 kW. For the motor, plot Q and W, each in kW, and the change in energy AE, in kJ, as func-
tions of time from # = 0 to t = 120 s. Discuss.

SOLUTION

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

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

Schematic and Given Data:

I=18N-m
. 50k o = 100 rad/s
Welec =20kW _———_— N
/4 \ .
* "é §‘| Wenate 4 Assumption: The system shown in the accompanying sketch
- s | Motor | 2 — is a closed system.

/
<

0=-02[1 - e-0050] kW

.

< Figure E2.6a

Analysis: The time rate of change of system energy is

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

associated with the electricity flow, Welec
W= Wshaft + Welec

The rate W, is known from the problem statement: Welec = —2.0 kW, where the negative sign is required because energy is
carried into the system by electrical work. The term W can be evaluated with Eq. 2.20 as

Wit = T = (18 N-m)(100 rad/s) = 1800 W = +1.8 kW
Because energy exits the system along the rotating shaft, this energy transfer rate is positive.
In summary
W = Weee + Woare = (—2.0kW) + (+1.8 kW) = —02 kW
where the minus sign means that the electrical power input is greater than the power transferred out along the shaft.
With the foregoing result for W and the given expression for Q, the energy rate balance becomes
dE
—= = —02[1 — %] — (=0.2) = 0.2¢(7%)
dt
Integrating

t
AE = J 0.2¢709% gy
0

0.2 . ! o
= (_0.05)6( 0.05t):|0 — 4[1 _ e( 0405t):|
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(1) The accompanying plots, Figs. E2.6b, ¢, are developed using the given expression for Q and the expressions for W and
AE obtained in the analysis. Because of our sign conventions for heat and work, the values of Q and W are negative. In
the first few seconds, the net rate energy is carried in by work greatly exceeds the rate energy is carried out by heat trans-
fer. Consequently, the energy stored in the motor increases rapidly as the motor “warms up.” As time elapses, the value of
0 approaches W, and the rate of energy storage diminishes. After about 100 s, this transient operating mode is nearly over,
and there is little further change in the amount of energy stored, or in any other property. We may say that the motor is

@ then at steady state.

AE, K]

0
0

A Figure E2.6b, ¢

— -0.05 —
— E -0.10 [~
. - -0.15 — .
w

— -0.20 [~ |

| | | | | | | | | _025 | | | | | | | | |

10 20 30 40 50 60 70 80 90 100 70 10 20 30 40 50 60 70 80 90 100

Time, s Time, s

@ Figures E.2.6b, ¢ can be developed using appropriate software or can be drawn by hand.

@ At steady state, the value of Q is constant at —0.2 kW. This constant value for the heat transfer rate can be thought of as
the portion of the electrical power input that is not obtained as a mechanical power output because of effects within the
motor such as electrical resistance and friction.

2.6 Energy Analysis of Cycles

In this section the energy concepts developed thus far are illustrated further by application
to systems undergoing thermodynamic cycles. Recall from Sec. 1.3 that when a system at a
given initial state goes through a sequence of processes and finally returns to that state, the
system has executed a thermodynamic cycle. The study of systems undergoing cycles has
played an important role in the development of the subject of engineering thermodynamics.
Both the first and second laws of thermodynamics have roots in the study of cycles. In ad-
dition, there are many important practical applications involving power generation, vehicle
propulsion, and refrigeration for which an understanding of thermodynamic cycles is neces-
sary. In this section, cycles are considered from the perspective of the conservation of en-
ergy principle. Cycles are studied in greater detail in subsequent chapters, using both the
conservation of energy principle and the second law of thermodynamics.

» 2.6.1 Cycle Energy Balance
The energy balance for any system undergoing a thermodynamic cycle takes the form

cycle Qcycle - cycle (2.39)

where Q. and Wy, represent net amounts of energy transfer by heat and work,
respectively, for the cycle. Since the system is returned to its initial state after the cycle,
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A Figure 2.15 Schematic diagrams of two important classes of
cycles. (a) Power cycles. (b) Refrigeration and heat pump cycles.

there is no net change in its energy. Therefore, the left side of Eq. 2.39 equals zero, and the
equation reduces to

chcle = Qcycle (2.40) 4

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

Figure 2.15 provides simplified schematics of two general classes of cycles considered in
this book: power cycles and refrigeration and heat pump cycles. In each case pictured, a sys-
tem undergoes a cycle while communicating thermally with two bodies, one hot and the other
cold. These bodies are systems located in the surroundings of the system undergoing the
cycle. During each cycle there is also a net amount of energy exchanged with the surround-
ings by work. Carefully observe that in using the symbols Q;, and Q,, on Fig. 2.15 we have
departed from the previously stated sign convention for heat transfer. In this section it is ad-
vantageous to regard Q;, and Q,, as transfers of energy in the directions indicated by the
arrows. The direction of the net work of the cycle, W, is also indicated by an arrow.
Finally, note that the directions of the energy transfers shown in Fig. 2.15b are opposite to
those of Fig. 2.15a.

> 2.6.2 Power Cycles

Systems undergoing cycles of the type shown in Fig. 2.15a deliver a net work transfer of en-
ergy to their surroundings during each cycle. Any such cycle is called a power cycle. From
Eq. 2.40, the net work output equals the net heat transfer to the cycle, or

chcle = Qin - Qout (power CyCIe) (241)

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

METHODOLOGY
UPDATE

When analyzing cycles,
we normally take energy
transfers as positive in the
directions of arrows on a
sketch of the system and
write the energy balance
accordingly.

power cycle
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thermal efficiency

refrigeration and heat

pump cycles

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

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

chcle
n= Qi (power cycle) (2.42)
Introducing Eq. 2.41, an alternative form is obtained as
n= G~ Qou _ 1 - Gou (power cycle) (2.43)
Qin Qin

Since energy is conserved, it follows that the thermal efficiency can never be greater than
unity (100%). However, experience with actual power cycles shows that the value of thermal
efficiency is invariably /ess than unity. That is, not all the energy added to the system by heat
transfer is converted to work; a portion is discharged to the cold body by heat transfer. Using
the second law of thermodynamics, we will show in Chap. 5 that the conversion from heat
to work cannot be fully accomplished by any power cycle. The thermal efficiency of every
power cycle must be less than unity: n < 1.

> 2.6.32 Refrigeration and Heat Pump Cycles

Next, consider the refrigeration and heat pump cycles shown in Fig. 2.15b. For cycles of
this type, Q;, is the energy transferred by heat into the system undergoing the cycle from the
cold body, and Q,,, is the energy discharged by heat transfer from the system o the hot body.
To accomplish these energy transfers requires a net work input, W ... The quantities Q;,,
Qou» and W, are related by the energy balance, which for refrigeration and heat pump
cycles takes the form

Weyee = Qout = Oin (refrigeration and heat pump cycles) (2.44)

Since Wy is positive in this equation, it follows that Q,,, is greater than Q;,.

Although we have treated them as the same to this point, refrigeration and heat pump cy-
cles actually have different objectives. The objective of a refrigeration cycle is to cool a re-
frigerated space or to maintain the temperature within a dwelling or other building below
that of the surroundings. The objective of a heat pump is to maintain the temperature within
a dwelling or other building above that of the surroundings or to provide heating for certain
industrial processes that occur at elevated temperatures.

Since refrigeration and heat pump cycles have different objectives, their performance
parameters, called coefficients of performance, are defined differently. These coefficients of
performance are considered next.

REFRIGERATION CYCLES

The performance of refrigeration cycles can be described as the ratio of the amount of
energy received by the system undergoing the cycle from the cold body, Q;,, to the net
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work into the system to accomplish this effect, Weyc.. Thus, the coefficient of perform-
ance, B3, is

0, coefficient of
B=—" (refrigeration cycle) (2.45) performance:
Weyee refrigeration

Introducing Eq. 2.44, an alternative expression for § is obtained as

Qin

IB B Qout - Qin

(refrigeration cycle) (2.46)

For a household refrigerator, Q,, is discharged to the space in which the refrigerator is
located. Wy is usually provided in the form of electricity to run the motor that drives the
refrigerator.

> for example. .. in a refrigerator the inside compartment acts as the cold body and
the ambient air surrounding the refrigerator is the hot body. Energy Q;, passes to the circu-
lating refrigerant from the food and other contents of the inside compartment. For this heat
transfer to occur, the refrigerant temperature is necessarily below that of the refrigerator con-
tents. Energy Q. passes from the refrigerant to the surrounding air. For this heat transfer to
occur, the temperature of the circulating refrigerant must necessarily be above that of the sur-
rounding air. To achieve these effects, a work inpur is required. For a refrigerator, W, is
provided in the form of electricity. <

HEAT PUMP CYCLES

The performance of heat pumps can be described as the ratio of the amount of energy
discharged from the system undergoing the cycle to the hot body, Q.. to the net work
into the system to accomplish this effect, W,y .. Thus, the coefficient of performance,

Y, is

_ Oout (heat pump cycle) (2.47) coefficient of
Weyee performance: heat pump

Y

Introducing Eq. 2.44, an alternative expression for this coefficient of performance is
obtained as

QOUI

= heat pump cycle (2.48)
Qout - Qin ( p p y )

Y

From this equation it can be seen that the value of vy is never less than unity. For residential
heat pumps, the energy quantity Q;, is normally drawn from the surrounding atmosphere, the
ground, or a nearby body of water. W, is usually provided by electricity.

The coefficients of performance B and vy are defined as ratios of the desired heat transfer
effect to the cost in terms of work to accomplish that effect. Based on the definitions, it is
desirable thermodynamically that these coefficients have values that are as large as possible.
However, as discussed in Chap. 5, coefficients of performance must satisfy restrictions im-
posed by the second law of thermodynamics.
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Chapter Summary and Study Guide

In this chapter, we have considered the concept of energy from
an engineering perspective and have introduced energy bal-
ances for applying the conservation of energy principle to
closed systems. A basic idea is that energy can be stored within
systems in three macroscopic forms: internal energy, kinetic
energy, and gravitational potential energy. Energy also can be
transferred to and from systems.

Energy can be transferred to and from closed systems by
two means only: work and heat transfer. Work and heat trans-
fer are identified at the system boundary and are not proper-
ties. In mechanics, work is energy transfer associated with
macroscopic forces and displacements at the system bound-
ary. The thermodynamic definition of work introduced in this
chapter extends the notion of work from mechanics to in-
clude other types of work. Energy transfer by heat is due to
a temperature difference between the system and its sur-
roundings, and occurs in the direction of decreasing temper-
ature. Heat transfer modes include conduction, radiation, and
convection. These sign conventions are used for work and
heat transfer:

> 0: work done by the system

> w.W { < 0: work done by the system

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

>Q,Q{

Energy is an extensive property of a system. Only changes
in the energy of a system have significance. Energy changes
are accounted for by the energy balance. The energy balance

for a process of a closed system is Eq. 2.35 and an accom-
panying time rate form is Eq. 2.37. Equation 2.40 is a special
form of the energy balance for a system undergoing a ther-
modynamic cycle.

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

» write out the meanings of the terms listed in the margins
throughout the chapter and understand each of the related
concepts. The subset of key concepts listed below is par-
ticularly important in subsequent chapters.

> evaluate these energy quantities

—kinetic and potential energy changes using Egs. 2.5
and 2.10, respectively.

—work and power using Eqs. 2.12 and 2.13,
respectively.

—expansion or compression work using Eq. 2.17

> apply closed system energy balances in each of several
alternative forms, appropriately modeling the case at
hand, correctly observing sign conventions for work
and heat transfer, and carefully applying SI and English
units.

» conduct energy analyses for systems undergoing
thermodynamic cycles using Eq. 2.40, and evaluating,
as appropriate, the thermal efficiencies of power cycles
and coefficients of performance of refrigeration and heat
pump cycles.

Key Engineering Concepts

kinetic energy p. 30
potential energy p. 32
work p. 33

power p. 35

internal energy p. 43

heat transfer p. 44

first law of
thermodynamics p. 48

energy balance p. 48
power cycle p. 59

refrigeration cycle p. 60
heat pump cycle
p. 6061

Exercises: Things Engineers Think About

1. What forces act on the bicyle and rider considered in Sec.
2.2.27 Sketch a free body diagram.

2. Why is it incorrect to say that a system contains heat?

3. An ice skater blows into cupped hands to warm them, yet at
lunch blows across a bowl of soup to cool it. How can this be in-
terpreted thermodynamically?

4. Sketch the steady-state temperature distribution for a furnace
wall composed of an 8-inch-thick concrete inner layer and a 1/2-
inch-thick steel outer layer.

5. List examples of heat transfer by conduction, radiation, and
convection you might find in a kitchen.

6. When a falling object impacts the earth and comes to rest,
what happens to its kinetic and potential energies?

7. When you stir a cup of coffee, what happens to the energy
transferred to the coffee by work?

8. What energy transfers by work and heat can you identify for
a moving automobile?



9. Why are the symbols AU, AKE, and APE used to denote the
energy change during a process, but the work and heat transfer
for the process represented, respectively, simply as W and Q?

10. If the change in energy of a closed system is known for a
process between two end states, can you determine if the energy
change was due to work, to heat transfer, or to some combina-
tion of work and heat transfer?

11. Referring to Fig. 2.8, can you tell which process, A or B, has
the greater heat transfer?
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12. What form does the energy balance take for an isolated sys-
tem? Interpret the expression you obtain.

13. How would you define an appropriate efficiency for the gear-
box of Example 2.47

14. Two power cycles each receive the same energy input Q;,
and discharge energy Q,,, to the same lake. If the cycles have
different thermal efficiencies, which discharges the greater
amount Q7 Does this have any implications for the environ-
ment?

Problems: Developing Engineering Skills

Applying Energy Concepts from Mechanics

2.1 An automobile has a mass of 1200 kg. What is its kinetic
energy, in kJ, relative to the road when traveling at a velocity
of 50 km/h? If the vehicle accelerates to 100 km/h, what is the
change in kinetic energy, in kJ?

2.2 An object whose mass is 400 kg is located at an elevation
of 25 m above the surface of the earth. For g = 9.78 m/s?, de-
termine the gravitational potential energy of the object, in kJ,
relative to the surface of the earth.

2.3 An object of mass 1000 kg, initially having a velocity of
100 m/s, decelerates to a final velocity of 20 m/s. What is the
change in kinetic energy of the object, in kJ?

2.4 An airplane whose mass is 5000 kg is flying with a veloc-
ity of 150 m/s at an altitude of 10,000 m, both measured rel-
ative to the surface of the earth. The acceleration of gravity
can be taken as constant at g = 9.78 m/s%.

(a) Calculate the kinetic and potential energies of the airplane,
both in kJ.

(b) If the kinetic energy increased by 10,000 kJ with no change
in elevation, what would be the final velocity, in m/s?

2.5 An object whose mass is 0.5 kg has a velocity of 30 m/s.
Determine

(a) the final velocity, in m/s, if the kinetic energy of the ob-
ject decreases by 130 J.

(b) the change in elevation, in ft, associated with a 130 J
change in potential energy. Let g = 9.81 m/s.

2.6 An object whose mass is 2 kg is accelerated from a veloc-
ity of 200 m/s to a final velocity of 500 m/s by the action of
a resultant force. Determine the work done by the resultant
force, in KkJ, if there are no other interactions between the ob-
ject and its surroundings.

2.7 A disk-shaped flywheel, of uniform density p, outer ra-
dius R, and thickness w, rotates with an angular velocity w,
in rad/s.

(a) Show that the moment of inertia, / = | ol pr2 dV, can be

expressed as I = mpwR*/2 and the kinetic energy can be
expressed as KE = Jw?/2.

(b) For a steel flywheel rotating at 3000 RPM, determine the
kinetic energy, in N - m, and the mass, in kg, if R = 0.38 m
and w = 0.025 m.

(c) Determine the radius, in m, and the mass, in kg, of an alu-
minum flywheel having the same width, angular velocity,
and kinetic energy as in part (b).

2.8 Two objects having different masses fall freely under the
influence of gravity from rest and the same initial elevation.
Ignoring the effect of air resistance, show that the magnitudes
of the velocities of the objects are equal at the moment just
before they strike the earth.

2.9 An object whose mass is 25 kg is projected upward from
the surface of the earth with an initial velocity of 60 m/s. The
only force acting on the object is the force of gravity. Plot the
velocity of the object versus elevation. Determine the eleva-
tion of the object, in ft, when its velocity reaches zero. The ac-
celeration of gravity is g = 9.8 m/s’.

2.10 A block of mass 10 kg moves along a surface inclined
30° relative to the horizontal. The center of gravity of the
block is elevated by 3.0 m and the kinetic energy of the block
decreases by 50 J. The block is acted upon by a constant
force R parallel to the incline and by the force of gravity.
Assume frictionless surfaces and let g = 9.81 m/s%. Deter-
mine the magnitude and direction of the constant force R,
in N.

2.11 Beginning from rest, an object of mass 200 kg slides
down a 10-m-long ramp. The ramp is inclined at an angle of
40° from the horizontal. If air resistance and friction between
the object and the ramp are negligible, determine the veloc-
ity of the object, in m/s, at the bottom of the ramp. Let g =
9.81 m/s?.

Evaluating Work

2.12 A system with a mass of 5 kg, initially moving horizon-
tally with a velocity of 40 m/s, experiences a constant hori-
zontal deceleration of 2 m/s? due to the action of a resultant
force. As a result, the system comes to rest. Determine the
length of time, in s, the force is applied and the amount of
energy transfer by work, in kJ.
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2.13 The drag force, F,4, imposed by the surrounding air on a varies linearly from an initial value of 900 N to a final value
vehicle moving with velocity V is given by of zero. The atmospheric pressure is 100 kPa, and the area
of the piston face is 0.018 m?. Friction between the piston

Fy = CohapV? and the cylinder wall can be neglected. For the air, determine
where Cjy is a constant called the drag coefficient, A is the pro- the initial and final pressures, in kPa, and the work, in kJ.
jected frontal area of the vehicle, and p is the air density. De-
termine the power, in kW, required to overcome aerodynamic A =0.018 m2

drag for a truck moving at 110 km/h, if C; = 0.65, A = 10 m?,
and p = 1.1 kg/m®.

2.14 A major force opposing the motion of a vehicle is the Patm = 100 kPa

rolling resistance of the tires, F;, given by

F.o=fW

Spring force varies linearly from 900 N when

where f'is a constant called the rolling resistance coefficient V, =0.003 m? to zero when V, = 0.002 m3

and W is the vehicle weight. Determine the power, in kW,
required to overcome rolling resistance for a truck weighing
322.5 kN that is moving at 110 km/h. Let f = 0.0069.

2.15 Measured data for pressure versus volume during the ex-
pansion of gases within the cylinder of an internal combustion
engine are given in the table below. Using data from the table,  process 1-2:  polytropic compression, with n = 1.3, from p, =
complete the following: 100 kPa, v, = 0.04 m*/kg to v, = 0.02 m*/kg
(a) Determine a value of n such that the data are fit by an  prycess 2-3: constant-pressure process to vy = v,

equation of the form, pV" = constant.

A Figure P2.19

2.20  Air undergoes two processes in series:

(b) Evaluate analytically the work done by the gases, in kJ, Sketch the processes on a p—v diagram and determine the work
using Eq. 2.17 along with the result of part (a). per unit mass of air, in kJ/kg.

(c) Using graphical or numerical integration of the data, eval- 2,21  For the cycle of Problem 1.25, determine the work for each
uate the work done by the gases, in kJ. process and the net work for the cycle, each in kJ.

(d) Compare the different methods for estimating the work

s i The driveshaft of a building’s air-handling fan is turned at
used in parts (b) and (c). Why are they estimates?

300 RPM by a belt running on a 0.3-m-diameter pulley. The
net force applied by the belt on the pulley is 2000 N. Deter-
Data Point p (bar) V (cm?) mine the torque applied by the belt on the pulley, in N - m, and
the power transmitted, in kW.

1 15 300 2.23  Anelectric motor draws a current of 10 amp with a voltage
g lg igé of 110 V. The output shaft develops a torque of 10.2 N - m and

a rotational speed of 1000 RPM. For operation at steady state,
4 6 644 d .

etermine
5 4 903
6 2 1608 (a) the electric power required by the motor and the power de-
veloped by the output shaft, each in kW.

(b) the net power input to the motor, in kW.

2.16  One-fourth kg of a gas contained within a piston—cylinder (c) the amount of energy transferred to the motor by electri-
assembly undergoes a constant-pressure process at 5 bar be- cal work and the amount of energy transferred out of the
ginning at v; = 0.20 m*/kg. For the gas as the system, the work motor by the shaft, in kW - h during 2 h of operation.
is —15 kJ. Determine the final volume of the gas, in m’. 2.24 A 12-V automotive storage battery is charged with a con-

2.17 A gas is compressed from V; = 0.3 m’, p; = 1 bar to stant current of 2 amp for 24 h. If electricity costs $0.08 per
V, = 0.1 m®, p, = 3 bar. Pressure and volume are related lin- KW - h, determine the cost of recharging the battery.
early during the process. For the gas, find the work, in kJ. 2.25 For your lifestyle, estimate the monthly cost of operating

2.18 A gas expands from an initial state where p; = 500 kPa the following household items: microwave oven, refrigerator,
and V; = 0.1 m® to a final state where p, = 100 kPa. The electric space heater, personal computer, hand-held hair drier,
relationship between pressure and volume during the process a 100-W light bulb. Assume the cost of electricity is $0.08 per
is pV = constant. Sketch the process on a p—V diagram and kW - h.
determine the work, in kJ. 2.26 A solid cylindrical bar (see Fig. 2.9) of diameter 5 mm is

2.19  Warm air is contained in a piston—cylinder assembly ori- slowly stretched from an initial length of 10 cm to a final length
ented horizontally as shown in Fig. P2.19. The air cools of 10.1 cm. The normal stress in the bar varies according to
slowly from an initial volume of 0.003 m? to a final volume o = C(x — x;)/x,, where x is the length of the bar, x, is the

of 0.002 m®. During the process, the spring exerts a force that initial length, and C is a material constant (Young’s modulus).



For C = 2 X 107 kPa, determine the work done on the bar, in
J, assuming the diameter remains constant.

2.27 A wire of cross-sectional area A and initial length x, is
stretched. The normal stress o acting in the wire varies linearly
with strain, &, where

o= (x — x)/%

and x is the length of the wire. Assuming the cross-sectional
area remains constant, derive an expression for the work done
on the wire as a function of strain.

2.28 A soap film is suspended on a 5 cm X 5 cm wire frame,
as shown in Fig. 2.10. The movable wire is displaced 1 cm by
an applied force, while the surface tension of the soap film
remains constant at 25 X 107> N/cm. Determine the work done
in stretching the film, in J.

2.29 Derive an expression to estimate the work required to
inflate a common balloon. List all simplifying assumptions.

Evaluating Heat Transfer

2.30 A 0.2-m-thick plane wall is constructed of concrete. At
steady state, the energy transfer rate by conduction through a
1-m? area of the wall is 0.15 kW. If the temperature distribu-
tion is linear through the wall, what is the temperature differ-
ence across the wall, in K?

2.31 A 2-cm-diameter surface at 1000 K emits thermal radia-
tion at a rate of 15 W. What is the emissivity of the surface?
Assuming constant emissivity, plot the rate of radiant emis-
sion, in W, for surface temperatures ranging from 0 to 2000 K.
The Stefan—Boltzmann constant, o, is 5.67 X 10~% W/m? - K*.

2.32 A flat surface having an area of 2 m? and a temperature
of 350 K is cooled convectively by a gas at 300 K. Using data
from Table 2.1, determine the largest and smallest heat trans-
fer rates, in kW, that might be encountered for (a) free con-
vection, (b) forced convection.

2.33 A flat surface is covered with insulation with a thermal
conductivity of 0.08 W/m - K. The temperature at the interface
between the surface and the insulation is 300°C. The outside
of the insulation is exposed to air at 30°C, and the heat trans-
fer coefficient for convection between the insulation and the
air is 10 W/m? - K. Ignoring radiation, determine the minimum
thickness of insulation, in m, such that the outside of the in-
sulation is no hotter than 60°C at steady state.

Using the Energy Balance

2.34  Each line in the following table gives information about a
process of a closed system. Every entry has the same energy
units. Fill in the blank spaces in the table.

Process 0 w E, E, AE
a +50 -20 +50
b +50 +20 +20
c —40 +60 +20
d -90 +50 0
e +50 +20 —100

2.

2

2.

2.

2.
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35 A closed system of mass 5 kg undergoes a process in which

there is work of magnitude 9 kJ to the system from the sur-
roundings. The elevation of the system increases by 700 m
during the process. The specific internal energy of the system
decreases by 6 kJ/kg and there is no change in kinetic energy
of the system. The acceleration of gravity is constant at g = 9.6
m/s?. Determine the heat transfer, in kJ.

.36 A closed system of mass 20 kg undergoes a process in

which there is a heat transfer of 1000 kJ from the system to
the surroundings. The work done on the system is 200 kJ. If
the initial specific internal energy of the system is 300 kJ/kg,
what is the final specific internal energy, in kJ/kg? Neglect
changes in kinetic and potential energy.

37 As shown in Fig. P2.37, 5 kg of steam contained within
a piston—cylinder assembly undergoes an expansion from state
1, where the specific internal energy is u; = 2709.9 kl/kg,
to state 2, where u, = 2659.6 kJ/kg. During the process, there
is heat transfer to the steam with a magnitude of 80 kJ. Also,
a paddle wheel transfers energy fo the steam by work in the
amount of 18.5 kJ. There is no significant change in the
kinetic or potential energy of the steam. Determine the en-
ergy transfer by work from the steam to the piston during
the process, in kJ.

[

W,

piston = ?

Wi, =-18.5K Vg

0=+80kJ uy =2709.9 kl’kg
uy = 2659.6 kl/kg

A Figure P2.37

38 An electric generator coupled to a windmill produces an
average electric power output of 15 kW. The power is used to
charge a storage battery. Heat transfer from the battery to the
surroundings occurs at a constant rate of 1.8 kW. Determine,
for 8 h of operation

(a) the total amount of energy stored in the battery, in kJ.

(b) the value of the stored energy, in $, if electricity is valued
at $0.08 per kW - h.

39 A closed system undergoes a process during which there
is energy transfer from the system by heat at a constant rate of
10 kW, and the power varies with time according to

. ] —8t 0<t=1lh
W*{—s t>1h

where ¢ is time, in h, and W is in kW.
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(a) What is the time rate of change of system energy at t =
0.6 h, in kW?
(b) Determine the change in system energy after 2 h, in kJ.

2.40 A storage battery develops a power output of
W = 1.2 exp(—1/60)

where W is power, in kW, and ¢ is time, in s. Ignoring heat
transfer

(a) plot the power output, in kW, and the change in energy of
the battery, in kJ, each as a function of time.

(b) What are the limiting values for the power output and the
change in energy of the battery as t — %? Discuss.

2.41 A gas expands in a piston—cylinder assembly from p; = 8
bar, V, = 0.02 m® to p, = 2 bar in a process during which the
relation between pressure and volume is pV'* = constant. The
mass of the gas is 0.25 kg. If the specific internal energy of
the gas decreases by 55 kJ/kg during the process, determine
the heat transfer, in kJ. Kinetic and potential energy effects are
negligible.

2.42  Two kilograms of air is contained in a rigid well-insulated
tank with a volume of 0.6 m®. The tank is fitted with a paddle
wheel that transfers energy to the air at a constant rate of 10 W
for 1 h. If no changes in kinetic or potential energy occur,
determine

(a) the specific volume at the final state, in m*/kg.
(b) the energy transfer by work, in kJ.
(c) the change in specific internal energy of the air, in kJ/kg.

243 A gas is contained in a closed rigid tank. An electric
resistor in the tank transfers energy fo the gas at a constant rate
of 1000 W. Heat transfer between the gas and the surround-
ings occurs at a rate of QO = —50r, where Q is in watts, and ¢
is time, in min.

(a) Plot the time rate of change of energy of the gas for
0 = ¢ = 20 min, in watts.

(b) Determine the net change in energy of the gas after 20
min, in kJ.

(c) If electricity is valued at $0.08 per kW - h, what is the cost
of the electrical input to the resistor for 20 min of operation?

2.44  Steam in a piston—cylinder assembly undergoes a poly-
tropic process, with n = 2, from an initial state where p; = 3.45
MPa, v, = .106 m*kg, u; = 3171 kJ/kg to a final state where
u, = 2304 kJ/kg. During the process, there is a heat transfer
from the steam of magnitude 361.8. The mass of steam is .544 kg.
Neglecting changes in kinetic and potential energy, determine the
work, in kJ.

2.45 Air is contained in a vertical piston—cylinder assembly
by a piston of mass 50 kg and having a face area of 0.01 m>.
The mass of the air is 5 g, and initially the air occupies a
volume of 5 liters. The atmosphere exerts a pressure of 100
kPa on the top of the piston. The volume of the air slowly
decreases to 0.002 m* as the specific internal energy of the
air decreases by 260 kJ/kg. Neglecting friction between the
piston and the cylinder wall, determine the heat transfer to
the air, in kJ.

2.46 A gas contained within a piston—cylinder assembly is
shown in Fig. P2.46. Initially, the piston face is at x = 0, and
the spring exerts no force on the piston. As a result of heat
transfer, the gas expands, raising the piston until it hits the
stops. At this point the piston face is located at x =
0.06 m, and the heat transfer ceases. The force exerted by the
spring on the piston as the gas expands varies linearly with
x according to

F

spring =

kx

where k = 9,000 N/m. Friction between the piston and the
cylinder wall can be neglected. The acceleration of gravity

is ¢ = 9.81 m/s>. Additional information is given on
Fig. P2.70.
palm =1 bar
Apige =0.0078 m?
mpist =10 kg
1 O
x=0— |I_ _______________ _._,
I Gas :
I
I
: Mgas = 0.5 g1

A Figure P2.46

(a) What is the initial pressure of the gas, in kPa?

(b) Determine the work done by the gas on the piston, in J.

(c) If the specific internal energies of the gas at the initial and
final states are 210 and 335 kJ/kg, respectively, calculate
the heat transfer, in J.

Analyzing Thermodynamic Cycles

2.47 The following table gives data, in kJ, for a system under-
going a thermodynamic cycle consisting of four processes in
series. For the cycle, kinetic and potential energy effects can
be neglected. Determine

(a) the missing table entries, each in kJ.
(b) whether the cycle is a power cycle or a refrigeration

cycle.

Process AU (0] W
1-2 600 —600
2-3 —1300
3-4 —700 0
4-1 500 700
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2.48 A gas undergoes a thermodynamic cycle consisting of
three processes:

Process 1-2: compression with pV = constant, from p; = 1
bar, V, = 1.6 m’to V, = 02 m’, U, — U, =0

Process 2-3: constant pressure to V; = V|

Process 3—1: constant volume, U; — U; = —3549 kJ

There are no significant changes in kinetic or potential energy.
Determine the heat transfer and work for Process 2-3, in kJ.
Is this a power cycle or a refrigeration cycle?

2.49 A gas undergoes a thermodynamic cycle consisting of
three processes:

Process 1-2: constant volume, V = 0.028 m?, u, — U, =

26.4 kJ
Process 2-3: expansion with pV = constant, Uy = U,
Process 3—1: constant pressure, p = 1.4 bar, W3, = —10.5 kJ

There are no significant changes in kinetic or potential energy.

(a) Sketch the cycle on a p—V diagram.

(b) Calculate the net work for the cycle, in kJ.

(c) Calculate the heat transfer for process 2-3, in kJ.
(d) Calculate the heat transfer for process 3—1, in kJ.

Is this a power cycle or a refrigeration cycle?

2.50 For a power cycle operating as in Fig. 2.15a, the heat trans-
fers are Q;, = 50 kJ and Q,,, = 35 kJ. Determine the net work,
in kJ, and the thermal efficiency.

2.51 The thermal efficiency of a power cycle operating as
shown in Fig. 2.15a is 35%, and Q,,,, = 40 MJ. Determine the
net work developed and the heat transfer Q;,, each in MJ.

2.52 A power cycle receives energy by heat transfer from the
combustion of fuel at a rate of 300 MW. The thermal efficiency
of the cycle is 33.3%.

(a) Determine the net rate power is developed, in MW.

(b) For 8000 hours of operation annually, determine the net
work output, in kW - h per year.

(c) Evaluating the net work output at $0.08 per kW - h, deter-
mine the value of the net work, in $/year.

2.53 A power cycle has a thermal efficiency of 35% and gen-
erates electricity at a rate of 100 MW. The electricity is val-
ued at $0.08 per kW - h. Based on the cost of fuel, the cost to
supply Qm is $4.50 per GJ. For 8000 hours of operation an-
nually, determine, in $,

(a) the value of the electricity generated per year.
(b) the annual fuel cost.

2.54  For each of the following, what plays the roles of the hot
body and the cold body of the appropriate Fig. 2.15
schematic?

(a) Window air conditioner
(b) Nuclear submarine power plant
(¢) Ground-source heat pump

2.55 In what ways do automobile engines operate analogously
to the power cycle shown in Fig. 2.15a? How are they differ-
ent? Discuss.

2.56 A refrigeration cycle operating as shown in Fig. 2.15b has
heat transfer Q,,,, = 2530 kJ and net work of W = 844 kJ.
Determine the coefficient of performance for the cycle.

2.57 A refrigeration cycle operates as shown in Fig. 2.15b with
a coefficient of performance 8 = 1.5. For the cycle, Q. =
500 kJ. Determine Q;, and W, each in kJ.

2.58 A refrigeration cycle operates continuously and removes en-
ergy from the refrigerated space at a rate of 3.5 kW. For a coef-
ficient of performance of 2.6, determine the net power required.

2.59 A heat pump cycle whose coefficient of performance is
2.5 delivers energy by heat transfer to a dwelling at a rate of
20 kW.

(a) Determine the net power required to operate the heat pump,
in kW.

(b) Evaluating electricity at $0.08 per kW - h, determine the
cost of electricity in a month when the heat pump oper-
ates for 200 hours.

2.60 A household refrigerator with a coefficient of performance
of 2.4 removes energy from the refrigerated space at a rate of
200 W. Evaluating electricity at $0.08 per kW - h, determine
the cost of electricity in a month when the refrigerator oper-
ates for 360 hours.

Design & Open Ended Problems: Exploring Engineering Practice

2.1D  The effective use of our energy resources is an important
societal goal.

(a) Summarize in a pie chart the data on the use of fuels in
your state in the residential, commercial, industrial, and
transportation sectors. What factors may affect the future
availability of these fuels? Does your state have a written
energy policy? Discuss.

(b) Determine the present uses of solar energy, hydropower,
and wind energy in your area. Discuss factors that affect

the extent to which these renewable resources are
utilized.

2.2D  Among several engineers and scientists who contributed
to the development of the first law of thermodynamics are:

(a) James Joule.

(b) James Watt.

(c) Benjamin Thompson (Count Rumford).
(d) Sir Humphrey Davy.

(e) Julius Robert Mayer.
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Write a biographical sketch of one of them, including a de-
scription of his principal contributions to the first law.

2.3D  Specially designed flywheels have been used by electric
utilities to store electricity. Automotive applications of fly-
wheel energy storage also have been proposed. Write a report
that discusses promising uses of flywheels for energy storage,
including consideration of flywheel materials, their properties,
and costs.

24D Develop a list of the most common home-heating options
in your locale. For a 2500-ft* dwelling, what is the annual fuel
cost or electricity cost for each option listed? Also, what is the
installed cost of each option? For a 15-year life, which option
is the most economical?

2.5D The overall convective heat transfer coefficient is used
in the analysis of heat exchangers (Sec. 4.3) to relate the over-
all heat transfer rate and the log mean temperature difference
between the two fluids passing through the heat exchanger.
Write a memorandum explaining these concepts. Include data
from the engineering literature on characteristic values of the
overall convective heat transfer coefficient for the following
heat exchanger applications: air-fo-air heat recovery, air-
to-refrigerant evaporators, shell-and-tube steam condensers.

2.6D The outside surfaces of small gasoline engines are often
covered with fins that enhance the heat transfer between the
hot surface and the surrounding air. Larger engines, like auto-
mobile engines, have a liquid coolant flowing through passages
in the engine block. The coolant then passes through the radi-
ator (a finned-tube heat exchanger) where the needed cooling
is provided by the air flowing through the radiator. Consider-
ing appropriate data for heat transfer coefficients, engine size,
and other design issues related to engine cooling, explain why
some engines use liquid coolants and others do not.

2.7D  Common vacuum-type thermos bottles can keep bever-
ages hot or cold for many hours. Describe the construction of

2

2

2.

2

such bottles and explain the basic principles that make them
effective.

.8D A brief discussion of power, refrigeration, and heat pump

cycles is presented in this chapter. For one, or more, of the
applications listed below, explain the operating principles and
discuss the significant energy transfers and environmental
impacts:

(a) coal-fired power plant.

(b) nuclear power plant.

(c) refrigeration unit supplying chilled water to the cooling
system of a large building.

(d) heat pump for residential heating and air conditioning.

(e) automobile air conditioning unit

9D Fossil-fuel power plants produce most of the electricity

generated annually in the United States. The cost of electric-
ity is determined by several factors, including the power plant
thermal efficiency, the unit cost of the fuel, in $ per kW - h,
and the plant capital cost, in $ per kW of power generated.
Prepare a memorandum comparing typical ranges of these
three factors for coal-fired steam power plants and natural
gas—fired gas turbine power plants. Which type of plant is most
prevalent in the United States?

10D Lightweight, portable refrigerated chests are available
for keeping food cool. These units use a thermoelectric cool-
ing module energized by plugging the unit into an automobile
cigarette lighter. Thermoelectric cooling requires no moving
parts and requires no refrigerant. Write a report that explains
this thermoelectric refrigeration technology. Discuss the
applicability of this technology to larger-scale refrigeration
systems.

11D Hybrids Harvest Energy (see box Sec. 2.1). Critically

compare and evaluate the various hybrid electric vehicles
on the market today. Write a report including at least three
references.
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ENGINEERING CONTEXT Toapply the energy balance to a sys-
tem of interest requires knowledge of the properties of the system and how the properties
are related. The objective of this chapter is to introduce property relations relevant to en-
gineering thermodynamics. As part of the presentation, several examples are provided that
illustrate the use of the closed system energy balance introduced in Chap. 2 together with
the property relations considered in this chapter.

31 Fixing the State

The state of a closed system at equilibrium is its condition as described by the values of its
thermodynamic properties. From observation of many thermodynamic systems, it is known
that not all of these properties are independent of one another, and the state can be uniquely
determined by giving the values of the independent properties. Values for all other thermo-
dynamic properties are determined once this independent subset is specified. A general rule
known as the sfate principle has been developed as a guide in determining the number of in-
dependent properties required to fix the state of a system.

For most applications considered in this book, we are interested in what the state princi-
ple says about the intensive states of systems. Of particular interest are systems of commonly
encountered pure substances, such as water or a uniform mixture of nonreacting gases. These
systems are classed as simple compressible systems. Experience shows that the simple com-
pressible systems model is useful for a wide range of engineering applications. For such sys-
tems, the state principle indicates that the number of independent intensive properties is two.

> for example... in the case of a gas, temperature and another intensive property such
as a specific volume might be selected as the two independent properties. The state princi-
ple then affirms that pressure, specific internal energy, and all other pertinent intensive prop-
erties could be determined as functions of 7" and v: p = p(T, v), u = u(T, v), and so on. The
functional relations would be developed using experimental data and would depend explic-
itly on the particular chemical identity of the substances making up the system. The devel-
opment of such functions is discussed in Chap. 11. <

Intensive properties such as velocity and elevation that are assigned values relative to
datums outside the system are excluded from present considerations. Also, as suggested by
the name, changes in volume can have a significant influence on the energy of simple

<« chapter objective

state principle

simple compressible

systems
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simple system

p-v-T surface

compressible systems. The only mode of energy transfer by work that can occur as a simple
compressible system undergoes quasiequilibrium processes, is associated with volume change
and is given by [ p dV.

To provide a foundation for subsequent developments involving property relations, we
conclude this introduction with more detailed considerations of the state principle and sim-
ple compressible system concepts. Based on considerable empirical evidence, it has been
concluded that there is one independent property for each way a system’s energy can be var-
ied independently. We saw in Chap. 2 that the energy of a closed system can be altered in-
dependently by heat or by work. Accordingly, an independent property can be associated
with heat transfer as one way of varying the energy, and another independent property can
be counted for each relevant way the energy can be changed through work. On the basis of
experimental evidence, therefore, the state principle asserts that the number of independent
properties is one plus the number of relevant work interactions. When counting the number
of relevant work interactions, it suffices to consider only those that would be significant in
quasiequilibrium processes of the system.

The term simple system is applied when there is only one way the system energy can be
significantly altered by work as the system undergoes quasiequilibrium processes. Therefore,
counting one independent property for heat transfer and another for the single work mode
gives a total of two independent properties needed to fix the state of a simple system. This
is the state principle for simple systems. Although no system is ever truly simple, many
systems can be modeled as simple systems for the purpose of thermodynamic analysis.
The most important of these models for the applications considered in this book is the
simple compressible system. Other types of simple systems are simple elastic systems and
simple magnetic systems.

EVALUATING PROPERTIES:

GENERAL CONSIDERATIONS

This part of the chapter is concerned generally with the thermodynamic properties of sim-
ple compressible systems consisting of pure substances. A pure substance is one of uniform
and invariable chemical composition. Property relations for systems in which composition
changes by chemical reaction are considered in Chap. 13. In the second part of this chapter,
we consider property evaluation using the ideal gas model.

3.2 p-v-T Relation

We begin our study of the properties of pure, simple compressible substances and the rela-
tions among these properties with pressure, specific volume, and temperature. From experi-
ment it is known that temperature and specific volume can be regarded as independent and
pressure determined as a function of these two: p = p(T, v). The graph of such a function
is a surface, the p—v-T surface.

» 2.2.1 p-v-T Surface

Figure 3.1 is the p—v-T surface of a substance such as water that expands on freezing.
Figure 3.2 is for a substance that contracts on freezing, and most substances exhibit this char-
acteristic. The coordinates of a point on the p—v—T surfaces represent the values that pressure,
specific volume, and temperature would assume when the substance is at equilibrium.
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A Figure 3.1 p-v-T surface and projections for a substance that expands on freez-
ing. (a) Three-dimensional view. (b) Phase diagram. (c) p—v diagram.

There are regions on the p—v-T surfaces of Figs. 3.1 and 3.2 labeled solid, liquid, and
vapor. In these single-phase regions, the state is fixed by any two of the properties: pressure,
specific volume, and temperature, since all of these are independent when there is a single
phase present. Located between the single-phase regions are two-phase regions where two
phases exist in equilibrium: liquid—vapor, solid-liquid, and solid—vapor. Two phases can co-
exist during changes in phase such as vaporization, melting, and sublimation. Within the two-
phase regions pressure and temperature are not independent; one cannot be changed without
changing the other. In these regions the state cannot be fixed by temperature and pressure
alone; however, the state can be fixed by specific volume and either pressure or temperature.
Three phases can exist in equilibrium along the line labeled friple line.

A state at which a phase change begins or ends is called a saturation state. The dome-
shaped region composed of the two-phase liquid—vapor states is called the vapor dome. The
lines bordering the vapor dome are called saturated liquid and saturated vapor lines. At the
top of the dome, where the saturated liquid and saturated vapor lines meet, is the crifical
point. The critical temperature T, of a pure substance is the maximum temperature at which
liquid and vapor phases can coexist in equilibrium. The pressure at the critical point is called

3.2 p-v-T Relation 7|
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phase diagram
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A Figure 3.2 p-v-T surface and projections for a substance that contracts
on freezing. (@) Three-dimensional view. (b) Phase diagram. (¢) p—v diagram.

the critical pressure, p.. The specific volume at this state is the critical specific volume. Values
of the critical point properties for a number of substances are given in Tables A-1 located in
the Appendix.

The three-dimensional p—v—T surface is useful for bringing out the general relationships
among the three phases of matter normally under consideration. However, it is often more
convenient to work with two-dimensional projections of the surface. These projections are
considered next.

» 2.2.2 Projections of the p-v-T Surface
THE PHASE DIAGRAM

If the p—v-T surface is projected onto the pressure—temperature plane, a property diagram
known as a phase diagram results. As illustrated by Figs. 3.16 and 3.2b, when the surface
is projected in this way, the two-phase regions reduce to lines. A point on any of these lines
represents all two-phase mixtures at that particular temperature and pressure.



The term saturation temperature designates the temperature at which a phase change
takes place at a given pressure, and this pressure is called the saturation pressure for the
given temperature. It is apparent from the phase diagrams that for each saturation pressure
there is a unique saturation temperature, and conversely.

The triple line of the three-dimensional p—v—T surface projects onto a point on the phase
diagram. This is called the #riple point. Recall that the triple point of water is used as a ref-
erence in defining temperature scales (Sec. 1.6). By agreement, the temperature assigned to
the triple point of water is 273.16 K. The measured pressure at the triple point of water is
0.6113 kPa.

The line representing the two-phase solid—liquid region on the phase diagram slopes to
the left for substances that expand on freezing and to the right for those that contract. Al-
though a single solid phase region is shown on the phase diagrams of Figs. 3.1 and 3.2, solids
can exist in different solid phases. For example, seven different crystalline forms have been
identified for water as a solid (ice).

p-v DIAGRAM

Projecting the p—v-T surface onto the pressure—specific volume plane results in a p—v diagram,
as shown by Figs. 3.1c and 3.2¢. The figures are labeled with terms that have already been
introduced.

When solving problems, a sketch of the p—v diagram is frequently convenient. To facili-
tate the use of such a sketch, note the appearance of constant-temperature lines (isotherms).
By inspection of Figs. 3.1c and 3.2c, it can be seen that for any specified temperature less
than the critical temperature, pressure remains constant as the two-phase liquid—vapor region
is traversed, but in the single-phase liquid and vapor regions the pressure decreases at fixed
temperature as specific volume increases. For temperatures greater than or equal to the crit-
ical temperature, pressure decreases continuously at fixed temperature as specific volume in-
creases. There is no passage across the two-phase liquid—vapor region. The critical isotherm
passes through a point of inflection at the critical point and the slope is zero there.

T-v DIAGRAM

Projecting the liquid, two-phase liquid—vapor, and vapor regions of the p—v—T surface onto
the temperature—specific volume plane results in a 7-v diagram as in Fig. 3.3. Since con-
sistent patterns are revealed in the p—v—T behavior of all pure substances, Fig. 3.3 showing
a T-v diagram for water can be regarded as representative.

Pe=22.09 MPa

10 MPa

Vapor

1.014 bar
Liquid-vapor

Temperature

100°C

g « Figure 3.3 Sketch of a temperature—
\ specific volume diagram for water show-

ing the liquid, two-phase liquid—vapor,
Specific volume and vapor regions (not to scale).

£
20°c 7
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saturation pressure
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p-v diagram

T-v diagram
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subcooled liquid

compressed liquid

As for the p—v diagram, a sketch of the 7—v diagram is often convenient for problem
solving. To facilitate the use of such a sketch, note the appearance of constant-pressure
lines (isobars). For pressures less than the critical pressure, such as the 10 MPa isobar on
Fig. 3.3, the pressure remains constant with temperature as the two-phase region is tra-
versed. In the single-phase liquid and vapor regions the temperature increases at fixed pres-
sure as the specific volume increases. For pressures greater than or equal to the critical
pressure, such as the one marked 30 MPa on Fig. 3.3, temperature increases continuously
at fixed pressure as the specific volume increases. There is no passage across the two-phase
liquid—vapor region.

The projections of the p—v-T surface used in this book to illustrate processes are not
generally drawn to scale. A similar comment applies to other property diagrams introduced
later.

> 2.2.32 Studying Phase Change

It is instructive to study the events that occur as a pure substance undergoes a phase change.
To begin, consider a closed system consisting of a unit mass (1 kg) of liquid water at 20°C
contained within a piston—cylinder assembly, as illustrated in Fig. 3.4a. This state is repre-
sented by point 1 on Fig. 3.3. Suppose the water is slowly heated while its pressure is kept
constant and uniform throughout at 1.014 bar.

LIQUID STATES

As the system is heated at constant pressure, the temperature increases considerably while
the specific volume increases slightly. Eventually, the system is brought to the state repre-
sented by f on Fig. 3.3. This is the saturated liquid state corresponding to the specified pres-
sure. For water at 1.014 bar the saturation temperature is 100°C. The liquid states along the
line segment 1-f of Fig. 3.3 are sometimes referred to as subcooled liquid states because the
temperature at these states is less than the saturation temperature at the given pressure. These
states are also referred to as compressed liquid states because the pressure at each state is
higher than the saturation pressure corresponding to the temperature at the state. The names
liquid, subcooled liquid, and compressed liquid are used interchangeably.

TWO-PHASE, LIQUID-VAPOR MIXTURE

When the system is at the saturated liquid state (state f of Fig. 3.3), additional heat transfer
at fixed pressure results in the formation of vapor without any change in temperature but
with a considerable increase in specific volume. As shown in Fig. 3.4b, the system would

|

D Water vapor

Water vapor

Liquid wat iqui .
‘quic watet Lgerdl waer <« Figure 3.4 Tllustration of

constant-pressure change from
(@) () (© liquid to vapor for water.




now consist of a two-phase liquid—vapor mixture. When a mixture of liquid and vapor exists
in equilibrium, the liquid phase is a saturated liquid and the vapor phase is a saturated va-
por. If the system is heated further until the last bit of liquid has vaporized, it is brought to
point g on Fig. 3.3, the saturated vapor state. The intervening two-phase liqguid—vapor mixture
states can be distinguished from one another by the guality, an intensive property.

For a two-phase liquid—vapor mixture, the ratio of the mass of vapor present to the total
mass of the mixture is its guality, x. In symbols,

Myapor
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two-phase

liquid-vapor mixture

x=——"—""— (3.1) dquality

mliquid + mvapor

The value of the quality ranges from zero to unity: at saturated liquid states, x = 0, and
at saturated vapor states, x = 1.0. Although defined as a ratio, the quality is frequently
given as a percentage. Examples illustrating the use of quality are provided in Sec. 3.3.
Similar parameters can be defined for two-phase solid—vapor and two-phase solid—liquid
mixtures.

VAPOR STATES

Let us return to a consideration of Figs. 3.3 and 3.4. When the system is at the saturated va-
por state (state g on Fig. 3.3), further heating at fixed pressure results in increases in both
temperature and specific volume. The condition of the system would now be as shown in
Fig. 3.4c. The state labeled s on Fig. 3.3 is representative of the states that would be attained
by further heating while keeping the pressure constant. A state such as s is often referred to
as a superheated vapor state because the system would be at a temperature greater than the
saturation temperature corresponding to the given pressure.

Consider next the same thought experiment at the other constant pressures labeled on
Fig. 3.3, 10 MPa, 22.09 MPa, and 30 MPa. The first of these pressures is less than the crit-
ical pressure of water, the second is the critical pressure, and the third is greater than the
critical pressure. As before, let the system initially contain a liquid at 20°C. First, let us
study the system if it were heated slowly at 10 MPa. At this pressure, vapor would form
at a higher temperature than in the previous example, because the saturation pressure is
higher (refer to Fig. 3.3). In addition, there would be somewhat less of an increase in spe-
cific volume from saturated liquid to vapor, as evidenced by the narrowing of the vapor
dome. Apart from this, the general behavior would be the same as before. Next, consider
the behavior of the system were it heated at the critical pressure, or higher. As seen by fol-
lowing the critical isobar on Fig. 3.3, there would be no change in phase from liquid to
vapor. At all states there would be only one phase. Vaporization (and the inverse process
of condensation) can occur only when the pressure is less than the critical pressure. Thus,
at states where pressure is greater than the critical pressure, the terms liquid and vapor tend
to lose their significance. Still, for ease of reference to such states, we use the term liquid
when the temperature is less than the critical temperature and vapor when the temperature
is greater than the critical temperature.

MELTING AND SUBLIMATION

Although the phase change from liquid to vapor (vaporization) is the one of principal interest
in this book, it is also instructive to consider the phase changes from solid to liquid (melt-
ing) and from solid to vapor (sublimation). To study these transitions, consider a system con-
sisting of a unit mass of ice at a temperature below the triple point temperature. Let us begin

superheated vapor
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steam tables
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<« Figure 3.5 Phase diagram for water (not to
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with the case where the system is at state a of Fig. 3.5, where the pressure is greater than
the triple point pressure. Suppose the system is slowly heated while maintaining the pres-
sure constant and uniform throughout. The temperature increases with heating until point b
on Fig. 3.5 is attained. At this state the ice is a saturated solid. Additional heat transfer at
fixed pressure results in the formation of liquid without any change in temperature. As the
system is heated further, the ice continues to melt until eventually the last bit melts, and the
system contains only saturated liquid. During the melting process the temperature and pres-
sure remain constant. For most substances, the specific volume increases during melting, but
for water the specific volume of the liquid is less than the specific volume of the solid. Fur-
ther heating at fixed pressure results in an increase in temperature as the system is brought
to point ¢ on Fig. 3.5. Next, consider the case where the system is initially at state a’ of
Fig. 3.5, where the pressure is less than the triple point pressure. In this case, if the system
is heated at constant pressure it passes through the two-phase solid—vapor region into the
vapor region along the line a'-b'—c’ shown on Fig. 3.5. The case of vaporization discussed

1

previously is shown on Fig. 3.5 by the line a"-b"-¢".

3e3 Retrieving Thermodynamic Properties

Thermodynamic property data can be retrieved in various ways, including tables, graphs,
equations, and computer software. The emphasis of the present section is on the use of tables
of thermodynamic properties, which are commonly available for pure, simple compressible
substances of engineering interest. The use of these tables is an important skill. The ability
to locate states on property diagrams is an important related skill. The software available
with this text, Interactive Thermodynamics: IT, is also used selectively in examples and end-
of-chapter problems throughout the book. Skillful use of tables and property diagrams is
prerequisite for the effective use of software to retrieve thermodynamic property data.

Since tables for different substances are frequently set up in the same general format, the
present discussion centers mainly on Tables A-2 through A-6 giving the properties of water;
these are commonly referred to as the steam tables. Tables A-7 through A-9 for Refrigerant
22, Tables A-10 through A-12 for Refrigerant 134a, Tables A-13 through A-15 for ammonia,
and Tables A-16 through A-18 for propane are used similarly, as are tables for other sub-
stances found in the engineering literature.
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» 2.2.1 Evaluating Pressure, Specific Volume, and Temperature
VAPOR AND LIQUID TABLES

The properties of water vapor are listed in Tables A-4 and of liquid water in Tables A-5.
These are often referred to as the superheated vapor tables and compressed liquid tables, re-
spectively. The sketch of the phase diagram shown in Fig. 3.6 brings out the structure of
these tables. Since pressure and temperature are independent properties in the single-phase
liquid and vapor regions, they can be used to fix the state in these regions. Accordingly,
Tables A-4 and A-5 are set up to give values of several properties as functions of pressure
and temperature. The first property listed is specific volume. The remaining properties are
discussed in subsequent sections.

For each pressure listed, the values given in the superheated vapor table (Tables A-4) begin
with the saturated vapor state and then proceed to higher temperatures. The data in the com-
pressed liquid table (Tables A-5) end with saturated liquid states. That is, for a given pres-
sure the property values are given as the temperature increases to the saturation temperature.
In these tables, the value shown in parentheses after the pressure in the table heading is the
corresponding saturation temperature. » for example... in Tables A-4 and A-5, at a
pressure of 10.0 MPa, the saturation temperature is listed as 311.06°C. <«

> for example. .. to gain more experience with Tables A-4 and A-5 verify the following:
Table A-4 gives the specific volume of water vapor at 10.0 MPa and 600°C as 0.03837 m*/kg.
At 10.0 MPa and 100°C, Table A-5 gives the specific volume of liquid water as 1.0385 X
107° m/kg. <«

The states encountered when solving problems often do not fall exactly on the grid of val-
ues provided by property tables. Interpolation between adjacent table entries then becomes
necessary. Care always must be exercised when interpolating table values. The tables pro-
vided in the Appendix are extracted from more extensive tables that are set up so that linear  linear interpolation
interpolation, illustrated in the following example, can be used with acceptable accuracy.
Linear interpolation is assumed to remain valid when using the abridged tables of the text
for the solved examples and end-of-chapter problems.

Compressed liquid
tables give v, u, h, s
versus p, T

° . Critical
L point
Liquid ® .

=
2 .
8 Solid Vapor
o
Superheated

vapor tables

give v, u, h, s

versus p. T <« Figure 3.6 Sketch of the phase diagram

for water used to discuss the structure of the
superheated vapor and compressed liquid
Temperature tables (not to scale).
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u (240°C. 0.2275 f—;)

- p =10 bar

= @I5°C.v) TCC) v (mYkg)

§ 200 0.2060
215 v="?
240 0.2275

(200°C. 02060 Il?—g)

4 \

200 215 240
T(°C)

A Figure 3.7 Illustration of linear interpolation.

> for example... let us determine the specific volume of water vapor at a state where
p = 10 bar and T = 215°C. Shown in Fig. 3.7 is a sampling of data from Table A-4. At a
pressure of 10 bar, the specified temperature of 215°C falls between the table values of 200
and 240°C, which are shown in bold face. The corresponding specific volume values are also
shown in bold face. To determine the specific volume v corresponding to 215°C, we may
think of the slope of a straight line joining the adjacent table states, as follows

(0.2275 — 0.2060) m¥/kg (v — 0.2060) m/kg
(240 — 200)°C (215 — 200)°C

slope =

Solving for v, the result is v = 0.2141 m3/kg. |

SATURATION TABLES

The saturation tables, Tables A-2 and A-3, list property values for the saturated liquid and
vapor states. The property values at these states are denoted by the subscripts f and g, re-
spectively. Table A-2 is called the temperature table, because temperatures are listed in the
first column in convenient increments. The second column gives the corresponding satura-
tion pressures. The next two columns give, respectively, the specific volume of saturated lig-
uid, vy, and the specific volume of saturated vapor, v,. Table A-3 is called the pressure table,
because pressures are listed in the first column in convenient increments. The corresponding
saturation temperatures are given in the second column. The next two columns give v; and
v,, respectively.

The specific volume of a two-phase liquid—vapor mixture can be determined by using the
saturation tables and the definition of quality given by Eq. 3.1 as follows. The total volume
of the mixture is the sum of the volumes of the liquid and vapor phases

V= Vliq + Vvap
Dividing by the total mass of the mixture, m, an average specific volume for the mixture is
obtained
VY Ve
m m m

Since the liquid phase is a saturated liquid and the vapor phase is a saturated vapor, V;;q =

myqUg and V., = my,,U,, SO
mliq mvap
v = < vs t+ U,
m m
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Introducing the definition of quality, x = m,,,/m, and noting that m;,/m = 1 — x, the above
expression becomes

v=(1—x)vs + xv, = vs + x(v, — V) (32) 4

The increase in specific volume on vaporization (v, — vy) is also denoted by vy,.

> for example... consider a system consisting of a two-phase liquid—vapor mixture
of water at 100°C and a quality of 0.9. From Table A-2 at 100°C, v; = 1.0435 X 107 m’/kg
and v, = 1.673 m?/kg. The specific volume of the mixture is

v = v+ x(v, — vp) = 1.0435 X 107 + (0.9)(1.673 — 1.0435 X 107°) = 1.506 m*/kg <

To facilitate locating states in the tables, it is often convenient to use values from the
saturation tables together with a sketch of a 7-v or p—v diagram. For example, if the specific
volume v and temperature T are known, refer to the temperature table, Table A-2, and deter-
mine the values of vy and v,. A T-v diagram illustrating these data is given in Fig. 3.8. If the
given specific volume falls between v, and v,, the system consists of a two-phase liquid—vapor
mixture, and the pressure is the saturation pressure corresponding to the given temperature.
The quality can be found by solving Eq. 3.2. If the given specific volume is greater than v,
the state is in the superheated vapor region. Then, by interpolating in Table A-4 the pressure
and other properties listed can be determined. If the given specific volume is less than vy,
Table A-5 would be used to determine the pressure and other properties.

> for example. .. letus determine the pressure of water at each of three states defined
by a temperature of 100°C and specific volumes, respectively, of v, = 2.434 m/kg, v, =
1.0 m%kg, and v; = 1.0423 X 10~* m¥kg. Using the known temperature, Table A-2 pro- T
vides the values of vy and v,: vy = 1.0435 X 107> m/kg, v, = 1.673 m’/kg. Since v, is
greater than v,, state 1 is in the vapor region. Table A-4 gives the pressure as 0.70 bar. Next, 100°C 3‘f 2 \g |l
since v, falls between v, and v,, the pressure is the saturation pressure corresponding to
100°C, which is 1.014 bar. Finally, since v5 is less than vy, state 3 is in the liquid region.
Table A-5 gives the pressure as 25 bar. < v

EXAMPLES

The following two examples feature the use of sketches of p—v and T-v diagrams in conjunction
with tabular data to fix the end states of processes. In accord with the state principle, two inde-
pendent intensive properties must be known to fix the state of the systems under consideration.

Critical point

Saturated Saturated
o | Liquid /' liquid Vapor Vapor
e
=
= v <vp
é VF<U <V, V>,
S f g

<« Figure 3.8 Sketch of a T-v diagram for
g v water used to discuss locating states in the
Specific volume tables.
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EXAMPLE 3.1 Heating Water at Constant Volume

A closed, rigid container of volume 0.5 m® is placed on a hot plate. Initially, the container holds a two-phase mixture of sat-
urated liquid water and saturated water vapor at p; = 1 bar with a quality of 0.5. After heating, the pressure in the container
is p, = 1.5 bar. Indicate the initial and final states on a 7-v diagram, and determine

(a) the temperature, in °C, at each state.
(b) the mass of vapor present at each state, in kg.

(c) If heating continues, determine the pressure, in bar, when the container holds only saturated vapor.

SOLUTION

Known: A two-phase liquid—vapor mixture of water in a closed, rigid container is heated on a hot plate. The initial pressure
and quality and the final pressure are known.

Find: Indicate the initial and final states on a 7—v diagram and determine at each state the temperature and the mass of water
vapor present. Also, if heating continues, determine the pressure when the container holds only saturated vapor.

Schematic and Given Data:

py =1 bar

x =05 3 1.5 bar
pr = 1.5 bar

x;=1.0 V=05m’

Hot plate
< Figure E3.1
Assumptions:

1. The water in the container is a closed system.
2. States 1, 2, and 3 are equilibrium states.

3. The volume of the container remains constant.

Analysis: Two independent properties are required to fix states 1 and 2. At the initial state, the pressure and quality are
known. As these are independent, the state is fixed. State 1 is shown on the 7-v diagram in the two-phase region. The spe-
cific volume at state 1 is found using the given quality and Eq. 3.2. That is

v =vy t x(Ugl — vp)
From Table A-3 at p, = 1 bar, vy = 1.0432 X 10* m*/kg and v,, = 1.694 m*/kg. Thus
v, = 1.0432 X 1073 + 0.5(1.694 — 1.0432 X 107°%) = 0.8475 m*/kg

At state 2, the pressure is known. The other property required to fix the state is the specific volume v,. Volume and mass are
each constant, so v, = v, = 0.8475 m/kg. For p, = 1.5 bar, Table A-3 gives vy, = 1.0582 X 107" and v, = 1.159 m’/kg. Since

(1) Up, <0, < Up

@ state 2 must be in the two-phase region as well. State 2 is also shown on the 7—v diagram above.
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(a) Since states 1 and 2 are in the two-phase liquid—vapor region, the temperatures correspond to the saturation temperatures
for the given pressures. Table A-3 gives

T, = 99.63°C and T, = 111.4°C
(b) To find the mass of water vapor present, we first use the volume and the specific volume to find the toral mass, m. That is

v 0.5m’
m=—=— 0 —(59kg
v 0.8475 mkg

Then, with Eq. 3.1 and the given value of quality, the mass of vapor at state 1 is

my = x;m = 0.5(0.59 kg) = 0.295 kg
The mass of vapor at state 2 is found similarly using the quality x,. To determine x,, solve Eq. 3.2 for quality and insert spe-

cific volume data from Table A-3 at a pressure of 1.5 bar, along with the known value of v, as follows
U — Ug
e
U = Upp

_0.8475 — 1.0528 X 1073

= 0.731
1.159 — 1.0528 X 1073

Then, with Eq. 3.1
my, = 0.731(0.59 kg) = 0.431 kg

@ (c) If heating continued, state 3 would be on the saturated vapor line, as shown on the 7—v diagram above. Thus, the pres-
sure would be the corresponding saturation pressure. Interpolating in Table A-3 at v, = 0.8475 m’/kg, we get p; = 2.11 bar.

@ The procedure for fixing state 2 is the same as illustrated in the discussion of Fig. 3.8.
@ Since the process occurs at constant specific volume, the states lie along a vertical line.

@) If heating continued at constant volume past state 3, the final state would be in the superheated vapor region, and prop-
erty data would then be found in Table A-4. As an exercise, verify that for a final pressure of 3 bar, the temperature would
be approximately 282°C.

EXAMPLE 3.2 Heating Ammonia at Constant Pressure

A vertical piston—cylinder assembly containing 0.05 kg of ammonia, initially a saturated vapor, is placed on a hot plate. Due
to the weight of the piston and the surrounding atmospheric pressure, the pressure of the ammonia is 1.5 bars. Heating occurs
slowly, and the ammonia expands at constant pressure until the final temperature is 25°C. Show the initial and final states on
T-v and p—v diagrams, and determine

(a) the volume occupied by the ammonia at each state, in m’.

(b) the work for the process, in kJ.

SOLUTION

Known: Ammonia is heated at constant pressure in a vertical piston—cylinder assembly from the saturated vapor state to a
known final temperature.

Find: Show the initial and final states on 7-v and p—v diagrams, and determine the volume at each state and the work for
the process.
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Schematic and Given Data:

25°C

—25.2°C _A 1

Hot plate

Assumptions:

1. The ammonia is a closed system.
25°C 2. States 1 and 2 are equilibrium states.

1.5 bars 3. The process occurs at constant pressure.

/ 1';\

<« Figure E3.2

Analysis: The initial state is a saturated vapor condition at 1.5 bars. Since the process occurs at constant pressure, the final
state is in the superheated vapor region and is fixed by p, = 1.5 bars and 7, = 25°C. The initial and final states are shown
on the 7-v and p—v diagrams above.

(a) The volumes occupied by the ammonia at states 1 and 2 are obtained using the given mass and the respective specific
volumes. From Table A-14 at p; = 1.5 bars, we get vy, = v, = 0.7787 m’/kg. Thus

V, = mv, = (0.05kg)(0.7787 m*/kg)
= 0.0389 m*

Interpolating in Table A-15 at p, = 1.5 bars and T, = 25°C, we get v, = .9553 m*/kg. Thus
V, = mv, = (0.05 kg)(.9553 m*kg) = 0.0478 m’
(b) In this case, the work can be evaluated using Eq. 2.17. Since the pressure is constant
v,
W = LI pdV=pV,—=V)
Inserting values

10° N/m?
1 bar

(1) W = (1.5 bars)(0.0478 — 0.0389)m’

KJ ‘
10°N - m
W= 1.335kJ

@ Note the use of conversion factors in this calculation.
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> 3.3.2 Evaluating Specific Internal Energy and Enthalpy

In many thermodynamic analyses the sum of the internal energy U and the product of pres-

sure p and volume V appears. Because the sum U + pV occurs so frequently in subsequent
discussions, it is convenient to give the combination a name, enthalpy, and a distinct symbol,  enthalpy
H. By definition

H=U+pV (3.3)

Since U, p, and V are all properties, this combination is also a property. Enthalpy can be
expressed on a unit mass basis

h=u+pv (3.4)
and per mole
h=u-+po (3.5)

Units for enthalpy are the same as those for internal energy.

The property tables introduced in Sec. 3.3.1 giving pressure, specific volume, and tem-
perature also provide values of specific internal energy u, enthalpy £, and entropy s. Use of
these tables to evaluate u# and % is described in the present section; the consideration of en-
tropy is deferred until it is introduced in Chap. 6.

Data for specific internal energy u and enthalpy /4 are retrieved from the property tables
in the same way as for specific volume. For saturation states, the values of u; and u,, as well
as h; and h,, are tabulated versus both saturation pressure and saturation temperature. The
specific internal energy for a two-phase liquid—vapor mixture is calculated for a given qual-
ity in the same way the specific volume is calculated

u=(1—x)us + xu, = up + x(uy, — uy) (3.6) <

The increase in specific internal energy on vaporization (u, — u) is often denoted by uy,.
Similarly, the specific enthalpy for a two-phase liquid—vapor mixture is given in terms of the
quality by

h = (1 — x)hy + xhy = hy + x(hy — hy) (3.7) 4

The increase in enthalpy during vaporization (h, — hy) is often tabulated for convenience
under the heading hy,.

> for example... to illustrate the use of Egs. 3.6 and 3.7, we determine the specific
enthalpy of Refrigerant 22 when its temperature is 12°C and its specific internal energy is
144.58 kJ/kg. Referring to Table A-7, the given internal energy value falls between u; and u,
at 12°C, so the state is a two-phase liquid—vapor mixture. The quality of the mixture is found
by using Eq. 3.6 and data from Table A-7 as follows:
u—u 14458 — 58.77
u, — up  230.38 — 58.77

Then, with the values from Table A-7, Eq. 3.7 gives
h = (1 — x)he + xh,
= (1 — 0.5)(59.35) + 0.5(253.99) = 156.67 kI/kg <

0.5

X =

In the superheated vapor tables, # and / are tabulated along with v as functions of temperature
and pressure. » for example... let us evaluate T, v, and & for water at 0.10 MPa and a
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Natural Refrigerants—Back to the Future

Naturally-occurring refrigerants like hydrocarbons, ammonia,
and carbon dioxide were introduced in the early 1900s. They
were displaced in the 1920s by safer chlorine-based synthetic
refrigerants, paving the way for the refrigerators and air
conditioners we enjoy today. Over the last decade, these syn-
thetics largely have been replaced by hydroflourocarbons
(HFC's) because of uneasiness over ozone depletion. But stud-
ies now indicate that natural refrigerants may be preferable to
HFC's because of lower overall impact on global warming. This
has sparked renewed interest in natural refrigerants.
Decades of research and development went into the current
refrigerants, so returning to natural refrigerants creates chal-
lenges, experts say. Engineers are revisiting the concerns of
flammability, odor, and safety that naturals present, and are
meeting with some success. New energy-efficient refrigerators

Thermodynamics in the News...
using propane are now available in O
\

Europe. Manufacturers claim they are
safer than gas-burning home appliances.
Researchers are studying ways to elimi-
nate leaks so ammonia can find more
widespread application. Carbon dioxide is
also being looked at again with an eye to
minimizing safety issues related to its
relatively high pressures in refrigeration
applications.

Neither HFCs nor natural refrigerants do well on measures
of direct global warming impact. However, a new index that
takes energy efficiency into account is changing how we view
refrigerants. Because of the potential for increased energy ef-
ficiency of refrigerators using natural refrigerants, the natu-
rals score well on the new index compared to HFCs.

reference states

reference values

specific internal energy of 2537.3 kJ/kg. Turning to Table A-3, note that the given value of u
is greater than u, at 0.1 MPa (u, = 2506.1 kJ/kg). This suggests that the state lies in the
superheated vapor region. From Table A-4 it is found that T = 120°C, v = 1.793 m%/kg, and
h = 2716.6 kJ/kg. Alternatively, & and u are related by the definition of A

h=u+pv

kJ s N m’ 1kJ
=25373—+ | 100—= | 1.793— | | =5
kg m kg/|10°N-m

= 2537.3 + 179.3 = 2716.6 kl/kg <

Specific internal energy and enthalpy data for liquid states of water are presented in
Tables A-5. The format of these tables is the same as that of the superheated vapor tables
considered previously. Accordingly, property values for liquid states are retrieved in the same
manner as those of vapor states.

For water, Tables A-6 give the equilibrium properties of saturated solid and saturated vapor.
The first column lists the temperature, and the second column gives the corresponding sat-
uration pressure. These states are at pressures and temperatures below those at the triple point.
The next two columns give the specific volume of saturated solid, v;, and saturated vapor,
v,, respectively. The table also provides the specific internal energy, enthalpy, and entropy
values for the saturated solid and the saturated vapor at each of the temperatures listed.

REFERENCE STATES AND REFERENCE VALUES

The values of u, h, and s given in the property tables are not obtained by direct measurement
but are calculated from other data that can be more readily determined experimentally. The
computational procedures require use of the second law of thermodynamics, so consideration
of these procedures is deferred to Chap. 11 after the second law has been introduced. However,
because u, h, and s are calculated, the matter of reference states and reference values be-
comes important and is considered briefly in the following paragraphs.

When applying the energy balance, it is differences in internal, kinetic, and potential en-
ergy between two states that are important, and not the values of these energy quantities at
each of the two states. » for example. .. consider the case of potential energy. The nu-
merical value of potential energy determined relative to the surface of the earth is different from
the value relative to the top of a tall building at the same location. However, the difference in
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potential energy between any two elevations is precisely the same regardless of the datum
selected, because the datum cancels in the calculation. <

Similarly, values can be assigned to specific internal energy and enthalpy relative to ar-
bitrary reference values at arbitrary reference states. As for the case of potential energy con-
sidered above, the use of values of a particular property determined relative to an arbitrary
reference is unambiguous as long as the calculations being performed involve only differ-
ences in that property, for then the reference value cancels. When chemical reactions take
place among the substances under consideration, special attention must be given to the mat-
ter of reference states and values, however. A discussion of how property values are assigned
when analyzing reactive systems is given in Chap. 13.

The tabular values of u and & for water, ammonia, propane, and Refrigerants 22 and 134a
provided in the Appendix are relative to the following reference states and values. For water,
the reference state is saturated liquid at 0.01°C. At this state, the specific internal energy is
set to zero. Values of the specific enthalpy are calculated from 2 = u + pv, using the tabu-
lated values for p, v, and u. For ammonia, propane, and the refrigerants, the reference state
is saturated liquid at —40°C. At this reference state the specific enthalpy is set to zero. Val-
ues of specific internal energy are calculated from u = h — pv by using the tabulated values
for p, v, and h. Notice in Table A-7 that this leads to a negative value for internal energy at
the reference state, which emphasizes that it is not the numerical values assigned to u and h
at a given state that are important but their differences between states. The values assigned to
particular states change if the reference state or reference values change, but the differences
remain the same.

> 2.2.2 Evaluating Properties Using Computer Software

The use of computer software for evaluating thermodynamic properties is becoming preva-
lent in engineering. Computer software falls into two general categories: those that provide
data only at individual states and those that provide property data as part of a more general
simulation package. The software available with this text, Interactive Thermodynamics: IT,
is a tool that can be used not only for routine problem solving by providing data at individ-
ual state points, but also for simulation and analysis (see box).

USING INTERACTIVE THERMODYNAMICS: IT

The computer software tool Interactive Thermodynamics: IT is available for use with
this text. Used properly, /T provides an important adjunct to learning engineering ther-
modynamics and solving engineering problems. The program is built around an equa-
tion solver enhanced with thermodynamic property data and other valuable features.
With IT you can obtain a single numerical solution or vary parameters to investigate
their effects. You also can obtain graphical output, and the Windows-based format allows
you to use any Windows word-processing software or spreadsheet to generate reports.
Other features of /T include:

> a guided series of help screens and a number of sample solved examples from the
text to help you learn how to use the program.

» drag-and-drop templates for many of the standard problem types, including a list
of assumptions that you can customize to the problem at hand.

> predetermined scenarios for power plants and other important applications.

> thermodynamic property data for water, refrigerants 22 and 134a, ammonia,
air—water vapor mixtures, and a number of ideal gases.
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> the capability to input user-supplied data.

> the capability to interface with user-supplied routines.

The software is best used as an adjunct to the problem-solving process discussed in
Sec. 1.7.3. The equation-solving capability of the program cannot substitute for care-
ful engineering analysis. You still must develop models and analyze them, perform lim-
ited hand calculations, and estimate ranges of parameters and property values before
you move to the computer to obtain solutions and explore possible variations. Afterward,
you also must assess the answers to see that they are reasonable.

IT provides data for substances represented in the Appendix tables. Generally, data are
retrieved by simple call statements that are placed in the workspace of the program.
> for example... consider the two-phase, liquid—vapor mixture at state 1 of Example
3.1 for which p = 1 bar, v = 0.8475 m?/kg. The following illustrates how data for saturation
temperature, quality, and specific internal energy are retrieved using /7. The functions for 7,
v, and u are obtained by selecting Water/Steam from the Properties menu. Choosing SI units
from the Units menu, with p in bar, T in °C, and amount of substance in kg, the IT program is

p=1/ bar

v = 0.8475 // m/kg

T =Tsat_P(“Water/Steam”,p)

v = vsat_Px(“Water/Steam”,p,x)
u = usat_Px(Water/Steam”,p,x)

Clicking the Solve button, the software returns values of T = 99.63°C, x = 0.5, and u =
1462 kJ/kg. These values can be verified using data from Table A-3. Note that text inserted
between the symbol // and a line return is treated as a comment. <

The previous example illustrates an important feature of /7. Although the quality, x, is im-
plicit in the list of arguments in the expression for specific volume, there is no need to solve
the expression algebraically for x. Rather, the program can solve for x as long as the num-
ber of equations equals the number of unknowns.

Other features of Interactive Thermodynamics: IT are illustrated through subsequent ex-
amples. The use of computer software for engineering analysis is a powerful approach. Still,
there are some rules to observe:

» Software complements and extends careful analysis, but does not substitute for it.
» Computer-generated values should be checked selectively against hand-calculated,
or otherwise independently determined values.

» Computer-generated plots should be studied to see if the curves appear reasonable
and exhibit expected trends.

> 2.2.4 Examples

In the following examples, closed systems undergoing processes are analyzed using the energy
balance. In each case, sketches of p—v and/or T-v diagrams are used in conjunction with
appropriate tables to obtain the required property data. Using property diagrams and table data
introduces an additional level of complexity compared to similar problems in Chap. 2.
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EXAMPLE 3.3 Stirring Water at Constant Volume

A well-insulated rigid tank having a volume of .25 m® contains saturated water vapor at 100°C. The water is rapidly stirred
until the pressure is 1.5 bars. Determine the temperature at the final state, in °C, and the work during the process, in kJ.

SOLUTION

Known: By rapid stirring, water vapor in a well-insulated rigid tank is brought from the saturated vapor state at 100°C to a
pressure of 1.5 bars.

Find: Determine the temperature at the final state and the work.

Schematic and Given Data:

Boundary

15bars \ N2
I
:\ T,
LO14D | 1.014 bars
d ars 0
100°C 1
/ I j0°C /
v v
<« Figure E3.3
Assumptions:
1. The water is a closed system.
2. The initial and final states are at equilibrium. There is no net change in kinetic or potential energy.
3. There is no heat transfer with the surroundings.
4. The tank volume remains constant.

Analysis: To determine the final equilibrium state, the values of two independent intensive properties are required. One of
these is pressure, p, = 1.5 bars, and the other is the specific volume: v, = v,. The initial and final specific volumes are equal
because the total mass and total volume are unchanged in the process. The initial and final states are located on the accom-
panying 7-v and p—v diagrams.
From Table A-2, v; = v,(100°C) = 1.673 m/kg, u; = u,(100°C) = 2506.5 kJ/kg. By using v, = v, and interpolating in
Table A-4 at p, = 1.5 bars.
T, = 273°C, u, = 2767.8 kI/kg

Next, with assumptions 2 and 3 an energy balance for the system reduces to
0 0 0
AU+ AKE + APE=¢ - W

On rearrangement
W= —(U,~U)=—mu, — u)
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To evaluate W requires the system mass. This can be determined from the volume and specific volume

v _ ( 0.25 m’
1.673 m*/kg

s — = 0.149 k
Uy > 4
Finally, by inserting values into the expression for W

W = —(.149 kg)(2767.8 — 2506.5) ki/kg = —38.9KJ

where the minus sign signifies that the energy transfer by work is to the system.

@ Although the initial and final states are equilibrium states, the intervening states are not at equilibrium. To emphasize this,
the process has been indicated on the 7-v and p—v diagrams by a dashed line. Solid lines on property diagrams are re-
served for processes that pass through equilibrium states only (quasiequilibrium processes). The analysis illustrates the im-
portance of carefully sketched property diagrams as an adjunct to problem solving.

EXAMPLE 3.4 Analyzing Two Processes in Series

Water contained in a piston—cylinder assembly undergoes two processes in series from an initial state where the pressure is
10 bar and the temperature is 400°C.

Process 1-2: The water is cooled as it is compressed at a constant pressure of 10 bar to the saturated vapor state.
Process 2-3: The water is cooled at constant volume to 150°C.
(a) Sketch both processes on 7-v and p—v diagrams.

(b) For the overall process determine the work, in kJ/kg.

(¢) For the overall process determine the heat transfer, in kJ/kg.

SOLUTION

Known: Water contained in a piston—cylinder assembly undergoes two processes: It is cooled and compressed while keep-
ing the pressure constant, and then cooled at constant volume.

Find: Sketch both processes on 7-v and p—v diagrams. Determine the net work and the net heat transfer for the overall
process per unit of mass contained within the piston—cylinder assembly.

Schematic and Given Data:

| Water |
|
Boundary 10 bar
p T 400°C
400°C
10 bar 2 A
/ 179.9°C
! Y 4.758 bar
4.758 bar 150°C
/ 3 150°C / 3 \
v v

<« Figure E3.4
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Assumptions:

1. The water is a closed system.
2. The piston is the only work mode.

3. There are no changes in kinetic or potential energy.

Analysis:
(a) The accompanying 7-v and p—v diagrams show the two processes. Since the temperature at state 1, 7; = 400°C, is greater
than the saturation temperature corresponding to p; = 10 bar: 179.9°C, state 1 is located in the superheat region.

(b) Since the piston is the only work mechanism

3 2 3] 0
W=J pdV=J pdV+W
1 1

The second integral vanishes because the volume is constant in Process 2-3. Dividing by the mass and noting that the pres-
sure is constant for Process 1-2

m

The specific volume at state 1 is found from Table A-4 using p; = 10 bar and T; = 400°C: v, = 0.3066 m*/kg. Also, u;, =
2957.3 kJ/kg. The specific volume at state 2 is the saturated vapor value at 10 bar: v, = 0.1944 m*/kg, from Table A-3. Hence

10° N/m? 1kJ ‘

1 bar

w 3
= = (10 bar)(0.1944 — 0.3066) (5)
m kg
= 1122 Kl/kg

10°N-m

The minus sign indicates that work is done on the water vapor by the piston.

(c) An energy balance for the overall process reduces to
muy =) =Q—W

By rearranging

3

w
= (us —w) + —
m
To evaluate the heat transfer requires us, the specific internal energy at state 3. Since T; is given and v; = v,, two independent

intensive properties are known that together fix state 3. To find u;, first solve for the quality

vs — U 0.1944 — 1.0905 X 1073
Uy — Uiz 0.3928 — 1.0905 X 1077

= 0.494

X3 =

where v and v,; are from Table A-2 at 150°C. Then

uy = ug + ;g — up) = 631.68 + 0.494(2559.5 — 631.98)
1583.9 ki/kg

where ug; and uy; are from Table A-2 at 150°C.
Substituting values into the energy balance

% = 1583.9 — 2957.3 + (—112.2) = —1485.6 kl/kg

The minus sign shows that energy is transferred out by heat transfer.

The next example illustrates the use of Interactive Thermodynamics: IT for solving problems.
In this case, the software evaluates the property data, calculates the results, and displays the re-
sults graphically.
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EXAMPLE 3.5 Plotting Thermodynamic Data Using Software

For the system of Example 3.1, plot the heat transfer, in kJ, and the mass of saturated vapor present, in kg, each versus pres-
sure at state 2 ranging from 1 to 2 bar. Discuss the results.

SOLUTION

Known: A two-phase liquid—vapor mixture of water in a closed, rigid container is heated on a hot plate. The initial pressure
and quality are known. The pressure at the final state ranges from 1 to 2 bar.

Find: Plot the heat transfer and the mass of saturated vapor present, each versus pressure at the final state. Discuss.
Schematic and Given Data: See Figure E3.1.
Assumptions:

1. There is no work.
2. Kinetic and potential energy effects are negligible.

3. See Example 3.1 for other assumptions.
Analysis: The heat transfer is obtained from the energy balance. With assumptions 1 and 2, the energy balance reduces to
AU+ AKE + APE =0 — W
or
Q = m(u, — uy)

Selecting Water/Steam from the Properties menu and choosing SI Units from the Units menu, the /7 program for obtaining
the required data and making the plots is

// Given data—State 1

p1=1// bar
x1=0.5
V=05/mé

// Evaluate property data—State 1
v1 = vsat_Px(“Water/Steam”,p1,x1)
ul = usat_Px(“Water/Steam”,p1,x1)
// Calculate the mass
m = V/v1
// Fix state 2
v2 = v1
p2 = 1.5 // bar
// Evaluate property data—State 2
v2 = vsat_Px(“Water/Steam”,p2,x2)
u2 = usat_Px(“Water/Steam”,p2,x2)
// Calculate the mass of saturated vapor present
mg2 = x2 ¥* m
// Determine the pressure for which the quality is unity
(1) v3 =v1
v3 = vsat_Px(“Water/Steam”,p3,1)
// Energy balance to determine the heat transfer
m * (u2-ul)=Q-W
W=0

Click the Solve button to obtain a solution for p, = 1.5 bar. The program returns values of v, = 0.8475 m*kg and m = 0.59 kg.
Also, at p, = 1.5 bar, the program gives my, = 0.4311 kg. These values agree with the values determined in Example 3.1.

Now that the computer program has been verified, use the Explore button to vary pressure from 1 to 2 bar in steps of 0.1
bar. Then, use the Graph button to construct the required plots. The results are:
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We conclude from the first of these graphs that the heat transfer to the water varies directly with the pressure. The plot of m,
shows that the mass of saturated vapor present also increases as the pressure increases. Both of these results are in accord
with expectations for the process.

@ Using the Browse button, the computer solution indicates that the pressure for which the quality becomes unity is 2.096
bar. Thus, for pressures ranging from 1 to 2 bar, all of the states are in the two-phase liquid—vapor region.

> 3.32.5 Evaluating Specific Heats ¢, and ¢,

Several properties related to internal energy are important in thermodynamics. One of these
is the property enthalpy introduced in Sec. 3.3.2. Two others, known as specific heats, are
considered in this section. The specific heats are particularly useful for thermodynamic cal-
culations involving the ideal gas model introduced in Sec. 3.5.

The intensive properties ¢, and c, are defined for pure, simple compressible substances
as partial derivatives of the functions (7, v) and h(T, p), respectively

8u> (3.8)
C, = .
v 9T,

ah) 3.9)
Cc, = = .
Poar),

where the subscripts v and p denote, respectively, the variables held fixed during differentiation.
Values for ¢, and ¢, can be obtained via statistical mechanics using spectroscopic measurements.
They also can be determined macroscopically through exacting property measurements. Since
u and h can be expressed either on a unit mass basis or per mole, values of the specific heats
can be similarly expressed. SI units are kJ/kg - K or kJ/kmol - K.
The property k, called the specific heat ratio, is simply the ratio
k= & (3.10)
CU

The properties ¢, and c, are referred to as specific heats (or heat capacities) because un-  specific heats

der certain special conditions they relate the temperature change of a system to the amount
of energy added by heat transfer. However, it is generally preferable to think of ¢, and ¢, in
terms of their definitions, Egs. 3.8 and 3.9, and not with reference to this limited interpreta-
tion involving heat transfer.
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Saturated
liquid

p = constant

p = constant

T = constant

(T, p) = ve(T)

v

In general, ¢, is a function of v and T (or p and T'), and ¢, depends on both p and T (or
v and T). Figure 3.9 shows how ¢, for water vapor varies as a function of temperature and
pressure. The vapor phases of other substances exhibit similar behavior. Note that the figure
gives the variation of ¢, with temperature in the limit as pressure tends to zero. In this limit,
¢, increases with increasing temperature, which is a characteristic exhibited by other gases
as well. We will refer again to such zero-pressure values for ¢, and c, in Sec. 3.6.

Specific heat data are available for common gases, liquids, and solids. Data for gases are
introduced in Sec. 3.5 as a part of the discussion of the ideal gas model. Specific heat val-
ues for some common liquids and solids are introduced in Sec. 3.3.6 as a part of the dis-
cussion of the incompressible substance model.

» 3.2.6 Evaluating Properties of Liquids and Solids

Special methods often can be used to evaluate properties of liquids and solids. These meth-
ods provide simple, yet accurate, approximations that do not require exact compilations like
the compressed liquid tables for water, Tables A-5. Two such special methods are discussed
next: approximations using saturated liquid data and the incompressible substance model.

APPROXIMATIONS FOR LIQUIDS USING SATURATED LIQUID DATA

Approximate values for v, u, and 4 at liquid states can be obtained using saturated liquid
data. To illustrate, refer to the compressed liquid tables. Tables A-5. These tables show
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A Figure 3.9 ¢, of water vapor as a function of temperature and pressure.
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that the specific volume and specific internal energy change very little with pressure at a
fixed temperature. Because the values of v and u vary only gradually as pressure changes
at fixed temperature, the following approximations are reasonable for many engineering
calculations:

v(T, p) = ve(T) (3.11)
u(T, p) = u(T) (3.12)

That is, for liquids v and u may be evaluated at the saturated liquid state corresponding to
the temperature at the given state.

An approximate value of & at liquid states can be obtained by using Eqs. 3.11 and 3.12
in the definition 2 = u + puv; thus

WT, p) = u(T) + pvy(T)

This can be expressed alternatively as

W(T, p) = h(T) + v(T)[p — peulT)] (3.13)

where p,, denotes the saturation pressure at the given temperature. The derivation is
left as an exercise. When the contribution of the underlined term of Eq. 3.13 is small,
the specific enthalpy can be approximated by the saturated liquid value, as for v and u.
That is

h(T, p) = hy(T) (3.14) «

Although the approximations given here have been presented with reference to liquid
water, they also provide plausible approximations for other substances when the only liquid
data available are for saturated liquid states. In this text, compressed liquid data are pre-
sented only for water (Tables A-5). Also note that Interactive Thermodynamics: IT does not
provide compressed liquid data for any substance, but uses Eqs. 3.11, 3.12, and 3.14 to return
liquid values for v, u, and h, respectively. When greater accuracy is required than provided
by these approximations, other data sources should be consulted for more complete property
compilations for the substance under consideration.

INCOMPRESSIBLE SUBSTANCE MODEL

As noted above, there are regions where the specific volume of liquid water varies little and

the specific internal energy varies mainly with temperature. The same general behavior is

exhibited by the liquid phases of other substances and by solids. The approximations of

Eqgs. 3.11-3.14 are based on these observations, as is the incompressible substance model — incompressible

under present consideration. substance model
To simplify evaluations involving liquids or solids, the specific volume (density) is often

assumed to be constant and the specific internal energy assumed to vary only with temper-

ature. A substance idealized in this way is called incompressible.
Since the specific internal energy of a substance modeled as incompressible depends only

on temperature, the specific heat c, is also a function of temperature alone

_du

CU(T) - ﬁ

(incompressible) (3.15)

This is expressed as an ordinary derivative because u depends only on 7.
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Although the specific volume is constant and internal energy depends on temperature only,
enthalpy varies with both pressure and temperature according to

WT,p) = u(T) + pv (incompressible) (3.16)

For a substance modeled as incompressible, the specific heats ¢, and c, are equal. This is
seen by differentiating Eq. 3.16 with respect to temperature while holding pressure fixed to
obtain

oy _
aT),  dT

The left side of this expression is c, by definition (Eq. 3.9), so using Eq. 3.15 on the right
side gives

c, = ¢ (incompressible) (3.17)

Thus, for an incompressible substance it is unnecessary to distinguish between c, and c,, and
both can be represented by the same symbol, c. Specific heats of some common liquids and
solids are given versus temperature in Tables A-19. Over limited temperature intervals the
variation of ¢ with temperature can be small. In such instances, the specific heat ¢ can be
treated as constant without a serious loss of accuracy.

Using Egs. 3.15 and 3.16, the changes in specific internal energy and specific enthalpy
between two states are given, respectively, by

T,
U, —uy = f o(T)dT (incompressible) (3.18)

T
hy — hy = uy — uy + v(py — p1)

T,
J o(T)dT + v(p, — p)) (incompressible) (3.19)

T,

If the specific heat c is taken as constant, Eqgs. 3.18 and 3.19 become, respectively,

U, — Uy = C(T2 - T]) . . (320&)
(incompressible, constant c¢)
hz - hl = C(T2 - T]) + U(pz - p|) (3.20b)

In Eq. 3.20b, the underlined term is often small relative to the first term on the right side and
then may be dropped.

34 Generalized Compressibility Chart

The object of the present section is to gain a better understanding of the relationship
among pressure, specific volume, and temperature of gases. This is important not only as
a basis for analyses involving gases but also for the discussions of the second part of the
chapter, where the ideal gas model is introduced. The current presentation is conducted
in terms of the compressibility factor and begins with the introduction of the universal
gas constant.
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UNIVERSAL GAS CONSTANT, R

Let a gas be confined in a cylinder by a piston and the entire assembly held at a con-
stant temperature. The piston can be moved to various positions so that a series of
equilibrium states at constant temperature can be visited. Suppose the pressure and spe-
cific volume are measured at each state and the value of the ratio pv/T (v is volume per
mole) determined. These ratios can then be plotted versus pressure at constant tempera-
ture. The results for several temperatures are sketched in Fig. 3.10. When the ratios are
extrapolated to zero pressure, precisely the same limiting value is obtained for each curve.
That is,

im? = ® (3.21)

p—0

where R denotes the common limit for all temperatures. If this procedure were repeated for
other gases, it would be found in every instance that the limit of the ratio pv/T as p tends
to zero at fixed temperature is the same, namely R. Since the same limiting value is exhib-
ited by all gases, R is called the universal gas constant. Its value as determined experimen-
tally is

R = 8.314 kJ/kmol - K (3.22)

Having introduced the universal gas constant, we turn next to the compressibility factor.

COMPRESSIBILITY FACTOR, Z

The dimensionless ratio pv/RT is called the compressibility factor and is denoted by Z.
That is,

Z=" (3.23)

As illustrated by subsequent calculations, when values for p, U, R, and T are used in consis-
tent units, Z is unitless.

With 0 = Mv (Eq. 1.11), where M is the atomic or molecular weight, the compressibility
factor can be expressed alternatively as

v
Z = L (3.24)
RT
where
R = E (3.25)
IY; .

R is a constant for the particular gas whose molecular weight is M. The unit for R is
kJ/kg - K.
Equation 3.21 can be expressed in terms of the compressibility factor as

limZ =1 (3.26)
p—0

Measured data
- extrapolated to
T Zero pressure

=i
n
I\
|

A Figure 3.10 Sketch
of pv/T versus pressure
for a gas at several speci-
fied values of temperature.

universal gas constant

compressibility factor
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reduced pressure
and temperature

generalized
compressibility chart

15—

0.5

S S S I <« Figure 3.11 Variation of the compressibility
0 100 200 .

factor of hydrogen with pressure at constant
p (atm) temperature.

That is, the compressibility factor Z tends to unity as pressure tends to zero at fixed
temperature. This can be illustrated by reference to Fig. 3.11, which shows Z for hydrogen
plotted versus pressure at a number of different temperatures. In general, at states of a gas
where pressure is small relative to the critical pressure, Z is approximately 1.

GENERALIZED COMPRESSIBILITY DATA, Z CHART

Figure 3.11 gives the compressibility factor for hydrogen versus pressure at specified values
of temperature. Similar charts have been prepared for other gases. When these charts are
studied, they are found to be qualitatively similar. Further study shows that when the coor-
dinates are suitably modified, the curves for several different gases coincide closely when
plotted together on the same coordinate axes, and so quantitative similarity also can be
achieved. This is referred to as the principle of corresponding states. In one such approach,
the compressibility factor Z is plotted versus a dimensionless reduced pressure pg and
reduced temperature Ty, defined as

P d T, T (3.27)
=— an = — .
Pr e R T,

where p. and T, denote the critical pressure and temperature, respectively. This results in a
generalized compressibility chart of the form Z = f(pg, Tr). Figure 3.12 shows experimen-
tal data for 10 different gases on a chart of this type. The solid lines denoting reduced
isotherms represent the best curves fitted to the data.

A generalized chart more suitable for problem solving than Fig. 3.12 is given in the
Appendix as Figs. A-1, A-2, and A-3. In Fig. A-1, py ranges from O to 1.0; in Fig. A-2, pr
ranges from O to 10.0; and in Fig. A-3, pg ranges from 10.0 to 40.0. At any one tempera-
ture, the deviation of observed values from those of the generalized chart increases with
pressure. However, for the 30 gases used in developing the chart, the deviation is at most
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A Figure 3.12 Generalized compressibility chart for various gases.

on the order of 5% and for most ranges is much less." From Figs. A-1 and A-2 it can be
seen that the value of Z tends to unity for all temperatures as pressure tends to zero, in
accord with Eq. 3.26. Figure A-3 shows that Z also approaches unity for all pressures at
very high temperatures.

Values of specific volume are included on the generalized chart through the variable vy,
called the pseudoreduced specific volume, defined by

v pseudoreduced

Uk = I?TC/pC (3.28) specific volume

For correlation purposes, the pseudoreduced specific volume has been found to be prefer-
able to the reduced specific volume vy = U/U,, where U, is the critical specific volume. Using
the critical pressure and critical temperature of a substance of interest, the generalized chart
can be entered with various pairs of the variables Ty, pg, and vg: (Tx, pr)> (Pr»> UR)> OF (Txs UR)-
Tables A-1 list the critical constants for several substances.

The merit of the generalized chart for evaluating p, v, and T for gases is simplicity cou-
pled with accuracy. However, the generalized compressibility chart should not be used as a
substitute for p—v—T data for a given substance as provided by a table or computer software.
The chart is mainly useful for obtaining reasonable estimates in the absence of more accurate
data.

The next example provides an illustration of the use of the generalized compressibility
chart.

'To determine Z for hydrogen, helium, and neon above a Ty of 5, the reduced temperature and pressure should be
calculated using Ty = T/(T, + 8) and pg = p/(p. + 8), where temperatures are in K and pressures are in atm.
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EXAMPLE 3.6 Using the Generalized Compressibility Chart

A closed, rigid tank filled with water vapor, initially at 20 MPa, 520°C, is cooled until its temperature reaches 400°C. Using
the compressibility chart, determine

(a) the specific volume of the water vapor in m*/kg at the initial state.

(b) the pressure in MPa at the final state.

Compare the results of parts (a) and (b) with the values obtained from the superheated vapor table, Table A-4.
SOLUTION

Known: Water vapor is cooled at constant volume from 20 MPa, 520°C to 400°C.

Find: Use the compressibility chart and the superheated vapor table to determine the specific volume and final pressure and
compare the results.

Schematic and Given Data:

p1 = 20 MPa
T, = 520°C
T, = 400°C

Closed, rigid tank

Tg=13
Tg=12

Ty =105

0.5 — Pr2 \

\ Block of ice

T | | | |
0 0.5 1.0

Pr
<« Figure E3.6

Assumptions:

1. The water vapor is a closed system.
2. The initial and final states are at equilibrium.

3. The volume is constant.
Analysis:

(a) From Table A-1, T, = 647.3 K and p, = 22.09 MPa for water. Thus
o Toi = 22 — 123 =2
T R T

With these values for the reduced temperature and reduced pressure, the value of Z obtained from Fig. A-1 is approximately
0.83. Since Z = puv/RT, the specific volume at state 1 can be determined as follows:

RT, RT,
v, =Z,— =083~
P Mp,
N .
Bl lmK 793 K
o
2 =083 - < | = 00152 mke
1802 —2— | 20 x 106~
kmol m?

The molecular weight of water is from Table A-1.
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Turning to Table A-4, the specific volume at the initial state is 0.01551 m?/kg. This is in good agreement with the com-
pressibility chart value, as expected.

(b) Since both mass and volume remain constant, the water vapor cools at constant specific volume, and thus at constant vg.
Using the value for specific volume determined in part (a), the constant vy value is

m? N
0.0152-— || 22.09 X 10°—
’ UPp. kg m

= =1.12

URr =
RT, 8314 N'm
: ————)(647.3K
(18.02 kg-K>( )

At state 2

2 s 673
S
Locating the point on the compressibility chart where vy = 1.12 and Tz = 1.04, the corresponding value for py is about 0.69.
Accordingly

= 1.04

P> = po(Pra) = (22.09 MPa)(0.69) = 15.24 MPa

Interpolating in the superheated vapor tables gives p, = 15.16 MPa. As before, the compressibility chart value is in good
agreement with the table value.

@ Absolute temperature and absolute pressure must be used in evaluating the compressibility factor Z, the reduced temper-
ature Ty, and reduced pressure pg.

@ Since Z is unitless, values for P, U, R, and T must be used in consistent units.

EQUATIONS OF STATE

Considering the curves of Figs. 3.11 and 3.12, it is reasonable to think that the variation with
pressure and temperature of the compressibility factor for gases might be expressible as an equa-
tion, at least for certain intervals of p and T. Two expressions can be written that enjoy a theo-
retical basis. One gives the compressibility factor as an infinite series expansion in pressure:

Z=1+B(T)p + CT)p* + D(T)p> + - - - (3.29)

where the coefficients f?, C’, D, ... depend on temperature only. The dots in Eq. 3.29 repre-
sent higher-order terms. The other is a series form entirely analogous to Eq. 3.29 but ex-
pressed in terms of 1/T instead of p

Z=1+ + + + - (330)
v v

Equations 3.29 and 3.30 are known as virial equations of state, and the coefficients virial equations
E, é lA), ...and B, C, D, . .. are called virial coefficients. The word virial stems from the

Latin word for force. In the present usage it is force interactions among molecules that are

intended.

The virial expansions can be derived by the methods of statistical mechanics, and physi-
cal significance can be attributed to the coefficients: B/v accounts for two-molecule inter-
actions, C/0? accounts for three-molecule interactions, etc. In principle, the virial coefficients
can be calculated by using expressions from statistical mechanics derived from considera-
tion of the force fields around the molecules of a gas. The virial coefficients also can be de-
termined from experimental p—v—-T data. The virial expansions are used in Sec. 11.1 as a
point of departure for the further study of analytical representations of the p—v—T relation-
ship of gases known generically as equations of state.
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ideal gas equation of
state

ideal gas model

The virial expansions and the physical significance attributed to the terms making up the
expansions can be used to clarify the nature of gas behavior in the limit as pressure tends to
zero at fixed temperature. From Eq. 3.29 it is seen that if pressure decreases at fixed tem-
perature, the terms Bp, Cp?, etc. accounting for various molecular interactions tend to de-
crease, suggesting that the force interactions become weaker under these circumstances. In
the limit as pressure approaches zero, these terms vanish, and the equation reduces to Z = 1
in accordance with Eq. 3.26. Similarly, since volume increases when the pressure decreases
at fixed temperature, the terms B/v, C/0?, etc. of Eq. 3.30 also vanish in the limit, giving
Z = 1 when the force interactions between molecules are no longer significant.

EVALUATING PROPERTIES USING

THE IDEAL GAS MODEL

As discussed in Sec. 3.4, at states where the pressure p is small relative to the critical pres-
sure p. (low pg) and/or the temperature T is large relative to the critical temperature T, (high
Tr), the compressibility factor, Z = pv/RT, is approximately 1. At such states, we can assume
with reasonable accuracy that Z = 1, or

pv = RT (3.32)

Known as the ideal gas equation of state, Eq. 3.32 underlies the second part of this chapter
dealing with the ideal gas model.

Alternative forms of the same basic relationship among pressure, specific volume, and
temperature are obtained as follows. With v = V/m, Eq. 3.32 can be expressed as

pV = mRT (3.33)

In addition, since v = 0/M and R = R/M, where M is the atomic or molecular weight,
Eq. 3.32 can be expressed as

pv = RT (3.34)
or, with v = V/n, as
pV = nRT (3.35)

3.5 Ideal Gas NModel

For any gas whose equation of state is given exactly by pv = RT, the specific internal en-
ergy depends on temperature only. This conclusion is demonstrated formally in Sec. 11.4. It
is also supported by experimental observations, beginning with the work of Joule, who showed
in 1843 that the internal energy of air at low density depends primarily on temperature. Fur-
ther motivation from the microscopic viewpoint is provided shortly. The specific enthalpy of
a gas described by pv = RT also depends on temperature only, as can be shown by com-
bining the definition of enthalpy, 7 = u + pv, with u = u(T) and the ideal gas equation of
state to obtain 7 = u(T) + RT. Taken together, these specifications constitute the ideal gas
model, summarized as follows

pv = RT (3.32)
u=u(T) (3.36)
h = h(T) = u(T) + RT (3.37)




The specific internal energy and enthalpy of gases generally depend on two independent
properties, not just temperature as presumed by the ideal gas model. Moreover, the ideal gas
equation of state does not provide an acceptable approximation at all states. Accordingly,
whether the ideal gas model is used depends on the error acceptable in a given calculation.
Still, gases often do approach ideal gas behavior, and a particularly simplified description is
obtained with the ideal gas model.

To verify that a gas can be modeled as an ideal gas, the states of interest can be located
on a compressibility chart to determine how well Z = 1 is satisfied. As shown in subsequent
discussions, other tabular or graphical property data can also be used to determine the suit-
ability of the ideal gas model.

MICROSCOPIC INTERPRETATION. A picture of the dependence of the internal energy of
gases on temperature at low density can be obtained with reference to the discussion of
the virial equations in Sec. 3.4. As p — 0 (v — =), the force interactions between mole-
cules of a gas become weaker, and the virial expansions approach Z = 1 in the limit. The
study of gases from the microscopic point of view shows that the dependence of the in-
ternal energy of a gas on pressure, or specific volume, at a specified temperature arises
primarily because of molecular interactions. Accordingly, as the density of a gas decreases
at fixed temperature, there comes a point where the effects of intermolecular forces are
minimal. The internal energy is then determined principally by the temperature. From the
microscopic point of view, the ideal gas model adheres to several idealizations: The gas
consists of molecules that are in random motion and obey the laws of mechanics; the total
number of molecules is large, but the volume of the molecules is a negligibly small frac-
tion of the volume occupied by the gas; and no appreciable forces act on the molecules
except during collisions.

The next example illustrates the use of the ideal gas equation of state and reinforces the
use of property diagrams to locate principal states during processes.
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METHODOLOGY
UPDATE

To expedite the solutions
of many subsequent
examples and end-of-
chapter problems
involving air, oxygen (0,),
nitrogen (N,), carbon
dioxide (CO,), carbon
monoxide (CO), hydrogen
(H,), and other common
gases, we indicate in the
problem statements that
the ideal gas model
should be used. If not
indicated explicity, the
suitability of the ideal gas
model should be checked
using the Z chart or other
data.

EXAMPLE 3.7 Air as an Ideal Gas Undergoing a Cycle

One pound of air undergoes a thermodynamic cycle consisting of three processes.

Process 1-2: constant specific volume
Process 2-3: constant-temperature expansion
Process 3—1: constant-pressure compression

At state 1, the temperature is 300°K, and the pressure is 1 bar. At state 2, the pressure is 2 bars. Employing the ideal gas equa-

tion of state,

(a) sketch the cycle on p—v coordinates.
(b) determine the temperature at state 2, in °K;

(¢) determine the specific volume at state 3, in m’/ kg.

SOLUTION

Known:
T = constant; Process 3—1, p = constant. Values are given for 7}, p;, and p,.

Find: Sketch the cycle on p—v coordinates and determine 7, and v;.

Air executes a thermodynamic cycle consisting of three processes: Process 1-2, v = constant; Process 2-3,
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Schematic and Given Data:

p
Assumptions:
@ 1. The air is a closed system. v=Cl
2. The air behaves as an ideal gas.
py=1bar
600 K
300 K

< Figure E3.7
Analysis:

(a) The cycle is shown on p—v coordinates in the accompanying figure. Note that since p = RT/v and temperature is constant,
the variation of p with v for the process from 2 to 3 is nonlinear.

(b) Using pv = RT, the temperature at state 2 is

T, = pv,/R
To obtain the specific volume v, required by this relationship, note that v, = vy, so
v, = RT\/p,
Combining these two results gives
)2 2 bars)
T,=—T, = 300 K) = 600 K
(2] 2 12 ! < 1 bar ( )
(¢) Since pv = RT, the specific volume at state 3 is
U3 = RT3/p3
Noting that T; = T,, p; = p,, and R = R/M
RT,
U3 = ——
Mp,
| 7 kmol K (600 K)( 1 bar )(103N-M)
- k 1b 5 N/m? 1kJ
28.97 g ar / \10° N/m
kmol
= 1.72 m/kg

where the molecular weight of air is from Table A-1.

@ Table A-1 gives p, = 37.3 bars, T, = 133 K for air. Therefore py, = .053, Ty, = 4.51. Referring to A-1 the value of the
compressibility factor at this state is Z = 1. The same conclusion results when states 1 and 3 are checked. Accordingly,
pv = RT adequately describes the p—v—T relation for gas at these states.

@ Carefully note that the equation of state pv = RT requires the use of absolute temperature T and absolute pressure p.
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3:6 Internal Energy, Enthalpy, and Specific
Heats of Ildeal Gases

For a gas obeying the ideal gas model, specific internal energy depends only on temperature.
Hence, the specific heat c,, defined by Eq. 3.8, is also a function of temperature alone. That is,

c(T) (ideal gas) (3.38)

=
dr

This is expressed as an ordinary derivative because u depends only on 7.
By separating variables in Eq. 3.38

du = ¢,(T)dT (3.39)

On integration

W(Ty) — u(T,) = JTZ e(T)dT  (ideal gas) (3.40)

T,

Similarly, for a gas obeying the ideal gas model, the specific enthalpy depends only on
temperature, so the specific heat c,, defined by Eq. 3.9, is also a function of temperature
alone. That is

dh
c(T) = aT (ideal gas) (3.41)
Separating variables in Eq. 3.41
dh = ¢,(T)dT (3.42)
On integration
T,
WT,) — W(T) = J c(T)dT  (ideal gas) (3.43)
T,

An important relationship between the ideal gas specific heats can be developed by dif-
ferentiating Eq. 3.37 with respect to temperature

dh _ du
dr dT
and introducing Eqs. 3.38 and 3.41 to obtain

c(T) = ¢(T) + R (ideal gas) (3.44)

c(T)=¢,(T) + R  (ideal gas) (3.45)

Although each of the two ideal gas specific heats is a function of temperature, Eqs. 3.44 and
3.45 show that the specific heats differ by just a constant: the gas constant. Knowledge of
either specific heat for a particular gas allows the other to be calculated by using only the
gas constant. The above equations also show that ¢, > ¢, and ¢, > c¢,, respectively.

103
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For an ideal gas, the specific heat ratio, k, is also a function of temperature only
c)(T)

c(T)

Since ¢, > c,, it follows that k > 1. Combining Egs. 3.44 and 3.46 results in

k:

(ideal gas) (3.46)

kR

T) == (3.47a)
(ideal gas)

R
CU(T) — p— (3.47b)

Similar expressions can be written for the specific heats on a molar basis, with R being re-
placed by R.

USING SPECIFIC HEAT FUNCTIONS. The foregoing expressions require the ideal gas specific
heats as functions of temperature. These functions are available for gases of practical interest in
various forms, including graphs, tables, and equations. Figure 3.13 illustrates the variation of ¢,
(molar basis) with temperature for a number of common gases. In the range of temperature shown,
¢, increases with temperature for all gases, except for the monatonic gases Ar, Ne, and He. For
these, ¢, is closely constant at the value predicted by kinetic theory: ¢, = %ﬁ. Tabular specific
heat data for selected gases are presented versus temperature in Tables A-20. Specific heats are
also available in equation form. Several alternative forms of such equations are found in the
engineering literature. An equation that is relatively easy to integrate is the polynomial form

=a+ BT + yT* + 6T° + &T* (3.48)

- TIG

Values of the constants «, 8, vy, 8, and & are listed in Tables A-21 for several gases in the
temperature range 300 to 1000 K.

Ar, Ne, He

\ \ |
0
1000 2000 3000

Temperature, K

A Figure 3.13 Variation of Ep/ﬁ with temperature for a number of gases
modeled as ideal gases.
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> for example... to illustrate the use of Eq. 3.48, let us evaluate the change in spe-
cific enthalpy, in kJ/kg, of air modeled as an ideal gas from a state where 7; = 400 K to a
state where T, = 900 K. Inserting the expression for c,(T) given by Eq. 3.48 into Eq. 3.43
and integrating with respect to temperature

R (T
hy — hy =J (a + BT + yT* + 8T* + £T*)dT

M T,
R B Y o e
~Rlam-my+Eai-rh+ Y-+ 2t -+ Sai-m

where the molecular weight M has been introduced to obtain the result on a unit mass basis.
With values for the constants from Table A-21

8314 1337,
hy = hy = %97{3.653(900 = 400) = 5l(000)* = (400
3204, o 1913
* 310y O00) ~ (400)°] = 2 T55[(900)* — (400)
02763, . .\
510y (900)° = (400) ]} = 531.69 ki/kg <

Specific heat functions ¢,(T) and c,(T) are also available in IT: Interactive Thermodynamics
in the PROPERTIES menu. These functions can be integrated using the integral function of
the program to calculate Au and A#h, respectively. B for example. .. let us repeat the im-
mediately preceding example using I7. For air, the IT code is

cp = cp_T (“Air”,T)
delh = Integral(cp,T)

Pushing SOLVE and sweeping T from 400 K to 900 K, the change in specific enthalpy is
delh = 531.7 kJ/kg, which agrees closely with the value obtained by integrating the spe-
cific heat function from Table A-21, as illustrated above. <

The source of ideal gas specific heat data is experiment. Specific heats can be deter-
mined macroscopically from painstaking property measurements. In the limit as pressure
tends to zero, the properties of a gas tend to merge into those of its ideal gas model, so
macroscopically determined specific heats of a gas extrapolated to very low pressures may
be called either zero-pressure specific heats or ideal gas specific heats. Although zero-
pressure specific heats can be obtained by extrapolating macroscopically determined
experimental data, this is rarely done nowadays because ideal gas specific heats can readily
be calculated with expressions from statistical mechanics by using spectral data, which
can be obtained experimentally with precision. The determination of ideal gas specific heats
is one of the important areas where the microscopic approach contributes significantly to
the application of thermodynamics.

3«7 Evaluating Au and Ah Using Ideal Gas
Tables, Software, and Constant
Specific Heats

Although changes in specific enthalpy and specific internal energy can be obtained by
integrating specific heat expressions, as illustrated above, such evaluations are more easily
conducted using the means considered in the present section.
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USING IDEAL GAS TABLES

For a number of common gases, evaluations of specific internal energy and enthalpy changes
are facilitated by the use of the ideal gas tables, Tables A-22 and A-23, which give u and h
(or u and h) versus temperature.

To obtain enthalpy versus temperature, write Eq. 3.43 as

WT) = J c,)(T) dT + h(T,)
Teer

where T, is an arbitrary reference temperature and h(7T,) is an arbitrary value for enthalpy

at the reference temperature. Tables A-22 and A-23 are based on the selection 7 = 0 at

T, = 0 K. Accordingly, a tabulation of enthalpy versus temperature is developed through

the integral®

WT) = J ¢,(T) dT (3.49)

Tabulations of internal energy versus temperature are obtained from the tabulated enthalpy
values by using u = h — RT.

For air as an ideal gas, & and u are given in Table A-22 with units of kJ/kg. Values of mo-
lar specific enthalpy /4 and internal energy u for several other common gases modeled as ideal
gases are given in Tables A-23 with units of kJ/kmol. Quantities other than specific internal en-
ergy and enthalpy appearing in these tables are introduced in Chap. 6 and should be ignored
at present. Tables A-22 and A-23 are convenient for evaluations involving ideal gases, not only
because the variation of the specific heats with temperature is accounted for automatically but
also because the tables are easy to use.

> for example. .. let us use Table A-22 to evaluate the change in specific enthalpy,
in kJ/kg, for air from a state where 7, = 400 K to a state where 7, = 900 K, and compare
the result with the value obtained by integrating c,(7') in the example following Eq. 3.48. At
the respective temperatures, the ideal gas table for air, Table A-22, gives

kJ KJ
h, = 400.98—,  h, = 932.93—
kg kg

Then, h, — h; = 531.95 kJ/kg, which agrees with the value obtained by integration in
Sec. 3.6. «

USING COMPUTER SOFTWARE

Interactive Thermodynamics: IT also provides values of the specific internal energy and en-
thalpy for a wide range of gases modeled as ideal gases. Let us consider the use of I7, first
for air, and then for other gases.

AIR. For air, IT uses the same reference state and reference value as in Table A-22, and the
values computed by IT agree closely with table data. » for example... let us recon-
sider the above example for air and use I7T to evaluate the change in specific enthalpy from
a state where 7, = 400 K to a state where 7, = 900 K. Selecting Air from the Properties
menu, the following code would be used by IT to determine A/ (delh), in kJ/kg

h1 = h_T("Air",T1)
h2 = h_T("Air",T2)

T1=400//K
T2 =900// K
delh = h2 - h1

The simple specific heat variation given by Eq. 3.48 is valid only for a limited temperature range, so tabular
enthalpy values are calculated from Eq. 3.49 using other expressions that enable the integral to be evaluated
accurately over wider ranges of temperature.
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Choosing K for the temperature unit and kg for the amount under the Units menu, the results
returned by IT are h;, = 400.8, h, = 932.5, and Ah = 531.7 kJ/kg, respectively. As expected,
these values agree closely with those obtained previously. <

OTHER GASES. [T also provides data for each of the gases included in Table A-23. For
these gases, the values of specific internal energy u and enthalpy 4 returned by IT are de-
termined relative to different reference states and reference values than used in Table A-23.
Such reference state and reference value choices equip /7 for use in combustion applications;
see Sec. 13.2.1 for further discussion. Consequently the values of % and / returned by IT for
the gases of Table A-23 differ from those obtained directly from the table. Still, the property
differences between two states remain the same, for datums cancel when differences are
calculated.

> for example. .. let us use IT to evaluate the change in specific enthalpy, in kJ/kmol,
for carbon dioxide (CO,) as an ideal gas from a state where 7, = 300 K to a state where T, =
500 K. Selecting CO, from the Properties menu, the following code would be used by IT:

h1 =h_T(“CO,",T1)
h2 = h_T(“CO,",T2)

T1=300//K
T2 =500 // K
delh = h2 - h1

Choosing K for the temperature unit and moles for the amount under the Units menu, the
results returned by I7T are El = —3.935 X 10°, Ez = —3.852 X 10°,and Ah = 8238 kJ/kmol,
respectively. The large negative values for &, and h, are a consequence of the reference state
and reference value used by IT for CO,. Although these values for specific enthalpy at states
1 and 2 differ from the corresponding values read from Table A-23: &, = 9,431 and
h, = 17,678, which give Ah = 8247 klJ/kmol, the difference in specific enthalpy determined
with each set of data agree closely. <«

ASSUMING CONSTANT SPECIFIC HEATS
When the specific heats are taken as constants, Eqs. 3.40 and 3.43 reduce, respectively, to

u(Ty) — w(Ty) = c(T, = Ty) (3.50)
h(T,) — h(Ty) = ¢,(T, — Ty) 3.51)

Equations 3.50 and 3.51 are often used for thermodynamic analyses involving ideal gases
because they enable simple closed-form equations to be developed for many processes.

The constant values of ¢, and c, in Egs. 3.50 and 3.51 are, strictly speaking, mean values
calculated as follows

JTZ e(T) dT JTZ ¢(T) dT

T, T,
) ¢, =

“T T [

However, when the variation of ¢, or ¢, over a given temperature interval is slight, little error
is normally introduced by taking the specific heat required by Eq. 3.50 or 3.51 as the arithmetic
average of the specific heat values at the two end temperatures. Alternatively, the specific
heat at the average temperature over the interval can be used. These methods are particularly
convenient when tabular specific heat data are available, as in Tables A-20, for then the
constant specific heat values often can be determined by inspection.

The next example illustrates the use of the ideal gas tables, together with the closed system
energy balance.
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EXAMPLE 3.8 Using the Energy Balance and Ideal Gas Tables

A piston—cylinder assembly contains 0.9 kg of air at a temperature of 300°K and a pressure of 1 bar. The air is compressed
to a state where the temperature is 470°K and the pressure is 6 bars. During the compression, there is a heat transfer from the
air to the surroundings equal to 20 kJ. Using the ideal gas model for air, determine the work during the process, in kJ.

SOLUTION

Known: 0.9 kg of air are compressed between two specified states while there is heat transfer from the air of a known
amount.

Find: Determine the work, in kJ.

Schematic and Given Data:

(=]
=

<« Figure E3.8

Assumptions:

1. The air is a closed system.
2. The initial and final states are equilibrium states. There is no change in kinetic or potential energy.

@ 3. The air is modeled as an ideal gas.

Analysis: An energy balance for the closed system is

0 0
AKE + APE + AU=0Q - W

where the kinetic and potential energy terms vanish by assumption 2. Solving for W
() W=0-AU=0Q—mu,— u)

From the problem statement, Q = —20 kJ. Also, from Table A-22 at T, = 300 K, u; = 214.07 kJ/kg, and at T, = 470°K,
u, = 337.32 kJ/kg. Accordingly

W = —20 — (0.9)(337.32 — 214.07) = —130.9kJ

The minus sign indicates that work is done on the system in the process.

@ Although the initial and final states are assumed to be equilibrium states, the intervening states are not necessarily equi-
librium states, so the process has been indicated on the accompanying p—v diagram by a dashed line. This dashed line
does not define a “path” for the process.

@ Table A-1 gives p, = 37.7 bars, T, = 133°K for air. Therefore, at state 1, pg; = 0.03, Ty, = 2.26, and at state 2, pg, =
0.16, Ty, = 3.51. Referring to Fig. A-1, we conclude that at these states Z = 1, as assumed in the solution.

@ In principle, the work could be evaluated through [ p dV, but because the variation of pressure at the piston face with vol-
ume is not known, the integration cannot be performed without more information.
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The following example illustrates the use of the closed system energy balance, together
with the ideal gas model and the assumption of constant specific heats.

EXAMPLE 3.9 Using the Energy Balance and Constant Specific Heats

Two tanks are connected by a valve. One tank contains 2 kg of carbon monoxide gas at 77°C and 0.7 bar. The other tank holds
8 kg of the same gas at 27°C and 1.2 bar. The valve is opened and the gases are allowed to mix while receiving energy by
heat transfer from the surroundings. The final equilibrium temperature is 42°C. Using the ideal gas model, determine (a) the
final equilibrium pressure, in bar (b) the heat transfer for the process, in kJ.

SOLUTION

Known: Two tanks containing different amounts of carbon monoxide gas at initially different states are connected by a valve.
The valve is opened and the gas allowed to mix while receiving a certain amount of energy by heat transfer. The final equi-
librium temperature is known.

Find: Determine the final pressure and the heat transfer for the process.

Schematic and Given Data:

Assumptions:

1. The total amount of carbon monoxide gas is a closed system.

monoxide

@ 2. The gas is modeled as an ideal gas with constant c,. monoxide

3. The gas initially in each tank is in equilibrium. The final state is 2 kg, 77°C, 8 kg, 27°C,
an equilibrium state.

4. No energy is transferred to, or from, the gas by work.

5. There is no change in kinetic or potential energy. Tank 1 Tank 2

A Figure E3.9

Analysis:
(a) The final equilibrium pressure p; can be determined from the ideal gas equation of state

mRT;
14

Pt =

where m is the sum of the initial amounts of mass present in the two tanks, V is the total volume of the two tanks, and T; is
the final equilibrium temperature. Thus
(my + my)RT;

e

Denoting the initial temperature and pressure in tank 1 as 7, and p,, respectively, V; = m;RT,/p,. Similarly, if the initial tem-
perature and pressure in tank 2 are T, and p,, V, = myRT,/p,. Thus, the final pressure is

e (m, + my)RT; _ (my + my)T;
= =
RT, RT. T T
<m1 1>+<m2 2) (ml 1>+<m2 2)
Pi P> P1 P2
Inserting values
10 kg)(315 K
( el ) = 1.05 bar

“:@@mmm+@@mwm
0.7 bar 1.2 bar
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(b) The heat transfer can be found from an energy balance, which reduces with assumptions 4 and 5 to give

0
NG
or
0=U—-U
U, is the initial internal energy, given by
U; = mu(T,) + mu(T,)
where 7, and 7, are the initial temperatures of the CO in tanks 1 and 2, respectively. The final internal energy is Uy
U = (m; + my)u(Ty)
Introducing these expressions for internal energy, the energy balance becomes
0 = m[u(Ty) — u(T))] + my[u(Ty) — u(T,)]
Since the specific heat ¢, is constant (assumption 2)
Q = me,(Ty — Ty) + mye,(T;y — T)
Evaluating ¢, as the mean of the values listed in Table A-20 at 300 K and 350 K, ¢, = 0.745 klJ/kg - K. Hence

kJ kJ
= (2kg)| 0.745—— |(315 K — 350 K) + (8 kg)| 0.745—— )(315 K — 300 K) = +37.25 k]
o 0 - ero0ms ) )+ @) 07450 ) )

The plus sign indicates that the heat transfer is into the system.

@ By referring to a generalized compressibility chart, it can be verified that the ideal gas equation of state is appropriate for
CO in this range of temperature and pressure. Since the specific heat ¢, of CO varies little over the temperature interval
from 300 to 350 K (Table A-20), it can be treated as constant with acceptable accuracy.

@ As an exercise, evaluate Q using specific internal energy values from the ideal gas table for CO, Table A-23. Observe that
specific internal energy is given in Table A-23 with units of kJ/kmol.

The next example illustrates the use of software for problem solving with the ideal gas
model. The results obtained are compared with those determined assuming the specific heat
c, is constant.

EXAMPLE 3.10 Using the Energy Balance and Software

One kmol of carbon dioxide gas (CO,) in a piston—cylinder assembly undergoes a constant-pressure process at 1 bar from
T, = 300 K to 7). Plot the heat transfer to the gas, in kJ, versus 7, ranging from 300 to 1500 K. Assume the ideal gas model,
and determine the specific internal energy change of the gas using

(a) u data from IT.

(b) a constant ¢, evaluated at 7, from IT.

SOLUTION

Known: One kmol of CO, undergoes a constant-pressure process in a piston—cylinder assembly. The initial temperature, 7',
and the pressure are known.

Find: Plot the heat transfer versus the final temperature, 7,. Use the ideal gas model and evaluate Au using (a) u data from
IT, (b) constant ¢, evaluated at T from IT.
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Schematic and Given Data:

Assumptions:
_——————
: T,=300 K 1. The carbon dioxide is a closed system.
S 3% n=1kmol 2. The process occurs at constant pressure
| dioxide =1 bar =2 p D :
: 3. The carbon dioxide behaves as an ideal gas.
4. Kinetic and potential energy effects are negligible.

A Figure E3.10a

Analysis: The heat transfer is found using the closed system energy balance, which reduces to
Uu,-uv,=0-Ww
Using Eq. 2.17 at constant pressure (assumption 2)
W=p(V, = V)) = pn(v, — 1))
Then, with AU = n(u, — u,), the energy balance becomes
n(u, —u;) = Q — pn(v, — vy)
Solving for Q
0 = n[(, — w;) + p(vy = vy)]
With pv = RT, this becomes
Q = n[(u — ) + R(T, — T})]

The object is to plot O versus T, for each of the following cases: (a) values for u; and u, at 7, and 7,, respectively, are pro-
vided by IT, (b) Eq. 3.50 is used on a molar basis, namely

Uy — Uy = Eu(Tz = T])

where the value of ¢, is evaluated at T using IT.
The IT program follows, where Rbar denotes R, cvb denotes c,, and ubar1 and ubar2 denote u, and u,, respectively.

// Using the Units menu, select “mole” for the substance amount.
// Given Data

T1 =300/ K
T2 = 1500 // K
n=1// kmol

Rbar = 8.314 // kd/kmol - K

// (a) Obtain molar specific internal energy data using IT.
ubar1 = u_T(“CO2",T1)

ubar2 = u_T(”“CO2",T2)

Qa = n*(ubar2 - ubar1) + n*Rbar*(T2 -T1)

// (b) Use Eq. 3.50 with cv evaluated atT1.
cvb = cv_T(“C0O2”,T1)
Qb = n*cvb*(T2 -T1) + n*Rbar*(T2 -T1)

Use the Solve button to obtain the solution for the sample case of 7, = 1500 K. For part (a), the program returns Q, = 6.16 X
10* kJ. The solution can be checked using CO, data from Table A-23, as follows:
Q, = n[(, — w;) + R(T, — Ty)]
= (1 kmol)[(58,606 — 6939)kJ/kmol + (8.314 kJ/kmol - K)(1500 — 300)K]
= 61,644 kJ
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Thus, the result obtained using CO, data from Table A-23 is in close agreement with the computer solution for the sample
case. For part (b), IT returns ¢, = 28.95 kJ/kmol - K at T}, giving Q, = 4.472 X 10* kJ when T, = 1500 K. This value agrees
with the result obtained using the specific heat ¢, at 300 K from Table A-20, as can be verified.

Now that the computer program has been verified, use the Explore button to vary 7, from 300 to 1500 K in steps of 10.
Construct the following graph using the Graph button:

70,000

60,000 —e— internal energy data

c,at Ty

50,000
= 40,000 [~

© 30,000 [~

20,000 [~

10,000

0 | | | | | | | |
300 500 700 900 1100

T, K

|
1300 1500

<« Figure E3.10b

As expected, the heat transfer is seen to increase as the final temperature increases. From the plots, we also see that using
@ constant ¢, evaluated at T, for calculating Az, and hence Q, can lead to considerable error when compared to using # data. The
two solutions compare favorably up to about 500 K, but differ by approximately 27% when heating to a temperature of 1500 K.

@ Alternatively, this expression for Q can be written as
Q = n[(u, + pv;) — (u; + pvy)]
Introducing h=u-+ pv, the expression for Q becomes
Q = n(h, = hy)

@ 1t is left as an exercise to verify that more accurate results in part (b) would be obtained using ¢, evaluated at Wi
(T, + T,)/2.

3.8 Polytropic Process of an Ildeal Gas

Recall that a polytropic process of a closed system is described by a pressure—volume rela-
tionship of the form

pV" = constant (3.52)

where n is a constant (Sec. 2.2). For a polytropic process between two states

Vi = p.V3

V n
P (') (3.53)
P1 v,

The exponent n may take on any value from — to +, depending on the particular process.
When n = 0, the process is an isobaric (constant-pressure) process, and when n = * o, the
process is an isometric (constant-volume) process.

or
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For a polytropic process
2 V, —p\V
J pdv = w (n# 1) (3.54)
1 - n

for any exponent n except n = 1. Whenn = 1,
2 v,
pdV = p,V, lnv (n=1) (3.55)
1 1

Example 2.1 provides the details of these integrations.

Equations 3.52 through 3.55 apply to any gas (or liquid) undergoing a polytropic process.
When the additional idealization of ideal gas behavior is appropriate, further relations can
be derived. Thus, when the ideal gas equation of state is introduced into Eqgs. 3.53, 3.54, and
3.55, the following expressions are obtained, respectively

T (n—1)/n VvV, \r 1
== (Pz> = <1> (ideal gas) (3.56)
T P Vs
: mR(T, — T) .
pdV=—""— (ideal gas, n # 1) (3.57)
1 1 —n
: Va :
pdV = mRT lnv (ideal gas, n = 1) (3.58)
1 1

For an ideal gas, the case n = 1 corresponds to an isothermal (constant-temperature) process,
as can readily be verified. In addition, when the specific heats are constant, the value of the
exponent n corresponding to an adiabatic polytropic process of an ideal gas is the specific
heat ratio k (see discussion of Eq. 6.47).

Example 3.11 illustrates the use of the closed system energy balance for a system con-
sisting of an ideal gas undergoing a polytropic process.
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EXAMPLE 3.11 Polytropic Process of Air as an Ideal Gas

Air undergoes a polytropic compression in a piston—cylinder assembly from p, = 1 bar, T; = 22°C to p, = 5 bars. Employing
the ideal gas model, determine the work and heat transfer per unit mass, in kJ/kg, if n = 1.3.

SOLUTION
Known: Air undergoes a polytropic compression process from a given initial state to a specified final pressure.
Find: Determine the work and heat transfer, each in kJ/kg.

Schematic and Given Data:

2 Assumptions:
5 bars [—

1. The air is a closed system.

2. The air behaves as an ideal
gas.

o 1.3

pv -~ = constant . .
3. The compression is

polytropic with n = 1.3.

1 bar (— 4. There is no change in

kinetic or potential energy.

< Figure E3.11
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Analysis: The work can be evaluated in this case from the expression
2
W= J pdv
1
With Eq. 3.57
W _R(I,-T)
m 1—n

The temperature at the final state, 7,, is required. This can be evaluated from Eq. 3.56

il
T, =T, <&) = 295
P

1

The work is then

5\(1:3-1)/13
K(T) = 428°K

) = —127.2k/kg

e R e <8.314 kJ )(428°K — 295°K
m 1—n 28.97 kg - K =573
The heat transfer can be evaluated from an energy balance. Thus
o w
e + (u, — uy) = —127.2 + (306.53 — 210.49) = —31.16 kl/kg

where the specific internal energy values are obtained from Table A-22.

@ The states visited in the polytropic compression process are shown by the curve on the accompanying p—v diagram. The
magnitude of the work per unit of mass is represented by the shaded area below the curve.

Chapter Summary and Study Guide ;

In this chapter, we have considered property relations for a
broad range of substances in tabular, graphical, and equation
form. Primary emphasis has been placed on the use of tabu-
lar data, but computer retrieval also has been considered.

A key aspect of thermodynamic analysis is fixing states.
This is guided by the state principle for pure, simple com-
pressible systems, which indicates that the intensive state is
fixed by the values of two independent, intensive properties.
Another important aspect of thermodynamic analysis is lo-
cating principal states of processes on appropriate diagrams:
p-v, T-v, and p-T diagrams. The skills of fixing states and
using property diagrams are particularly important when solv-
ing problems involving the energy balance.

The ideal gas model is introduced in the second part of
this chapter, using the compressibility factor as a point of
departure. This arrangement emphasizes the limitations of the
ideal gas model. When it is appropriate to use the ideal gas
model, we stress that specific heats generally vary with
temperature, and feature the use of the ideal gas tables in
problem solving.

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

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

> retrieve property data from Tables A-1 through A-23,
using the state principle to fix states and linear interpola-
tion when required.

» sketch T-v, p—v, and p-T diagrams, and locate principal
states on such diagrams.

> apply the closed system energy balance with property
data.

> evaluate the properties of two-phase, liquid—vapor
mixtures using Eqgs. 3.1, 3.2, 3.6, and 3.7.

> estimate the properties of liquids using Eqgs. 3.11, 3.12,
and 3.14.



> apply the incompressible substance model.

> use the generalized compressibility chart to relate p—v—T
data of gases.

> apply the ideal gas model for thermodynamic analysis,
including determining when use of the ideal gas model
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is warranted, and appropriately using ideal gas table
data or constant specific heat data to determine Au
and Ah.

Key Engineering Concepts

saturation

temperature p. 73
saturation pressure p. 73
p-v diagram p. 73
T-v diagram p. 73

state principle p. 69
simple compressible
system p. 69
p-v-T surface p. 70
phase diagram p. 72

enthalpy p. 83
specific heats p. 91
ideal gas model p. 100

two-phase, liquid—vapor
mixture p. 75
quality p. 75
superheated
vapor p. 75

Exercises: Things Engineers Think About

1. Why does food cook more quickly in a pressure cooker than
in water boiling in an open container?

2. If water contracted on freezing, what implications might this
have for aquatic life?

3. Why do frozen water pipes tend to burst?

4. Referring to a phase diagram, explain why a film of liquid
water forms under the blade of an ice skate.

5. Can water at —40°C exist as a vapor? As a liquid?

6. What would be the general appearance of constant-volume
lines in the vapor and liquid regions of the phase diagram?

7. Are the pressures listed in the tables in the Appendix absolute
pressures or gage pressures?

8. The specific internal energy is arbitrarily set to zero in Table
A-2 for saturated liquid water at 0.01°C. If the reference value
for u at this reference state were specified differently, would there
be any significant effect on thermodynamic analyses using u
and h?

9. For liquid water at 20°C and 1.0 MPa, what percent difference
would there be if its specific enthalpy were evaluated using
Eq. 3.14 instead of Eq. 3.13?

10. For a system consisting of 1 kg of a two-phase, liquid—vapor
mixture in equilibrium at a known temperature 7" and specific

volume v, can the mass, in kg, of each phase be determined?
Repeat for a three-phase, solid-liquid—vapor mixture in equilib-
rium at 7, v.

11. By inspection of Fig. 3.9, what are the values of ¢, for water
at 500°C and pressures equal to 40 MPa, 20 MPa, 10 MPa,
and 1 MPa? Is the ideal gas model appropriate at any of these
states?

12. Devise a simple experiment to determine the specific heat,
¢, of liquid water at atmospheric pressure and room tempera-
ture.

13. If a block of aluminum and a block of steel having equal
volumes each received the same energy input by heat transfer,
which block would experience the greater temperature
increase?

14. Under what circumstances is the following statement cor-
rect? Equal molar amounts of two different gases at the same
temperature, placed in containers of equal volume, have the same
pressure.

15. Estimate the mass of air contained in a bicycle tire.

16. Specific internal energy and enthalpy data for water vapor
are provided in two tables: Tables A-4 and A-23. When would
Table A-23 be used?
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Using p-v-T Data

3.1 Determine the phase or phases in a system consisting of
H,O0 at the following conditions and sketch p—v and 7-v dia-
grams showing the location of each state.

(a) p = 5bar, T = 151.9°C.
(b) p = 5 bar, T = 200°C.
(¢) T =200°C, p = 2.5 MPa.

(d) T = 160°C, p = 4.8 bar.
(e) T= —12°C, p = 1 bar.

3.2 Plot the pressure—temperature relationship for two-phase
liquid—vapor mixtures of water from the triple point tem-
perature to the critical point temperature. Use a logarithmic
scale for pressure, in bar, and a linear scale for temperature,
in °C.



|16 Chapter 3 Evaluating Properties

3.3 For H,0, plot the following on a p—v diagram drawn to
scale on log-log coordinates:

(a) the saturated liquid and saturated vapor lines from the triple
point to the critical point, with pressure in MPa and spe-
cific volume in m*/kg.

(b) lines of constant temperature at 100 and 300°C.

3.4 Plot the pressure—temperature relationship for two-phase
liquid—vapor mixtures of (a) Refrigerant 134a, (b) ammonia,
(c) Refrigerant 22 from a temperature of —40 to 100°C, with
pressure in kPa and temperature in °C. Use a logarithmic scale
for pressure and a linear scale for temperature.

3.5 Determine the quality of a two-phase liquid—vapor mixture
of

(a) H,0 at 20°C with a specific volume of 20 m3/kg.
(b) Propane at 15 bar with a specific volume of 0.02997 m*/kg.
(c) Refrigerant 134a at 60°C with a specific volume of 0.001
m¥/kg.
(d) Ammonia at 1 MPa with a specific volume of 0.1 m*/kg.
3.6 For H,O, plot the following on a p-v diagram drawn to
scale on log-log coordinates:

(a) the saturated liquid and saturated vapor lines from the triple
point to the critical point, with pressure in KPa and spe-
cific volume in m*kg 150°C

(b) lines of constant temperature at 300 and 560°C.

3.7 Two kg of a two-phase, liquid—vapor mixture of carbon
dioxide (CO,) exists at —40°C in a 0.05 m® tank. Determine
the quality of the mixture, if the values of specific volume
for saturated liquid and saturated vapor CO, at —40°C are
vy = 0.896 X 107% m’/kg and v, = 3.824 X 1072 m¥/kg,
respectively.

3.8 Determine the mass, in kg, of 0.1 m® of Refrigerant 134a
at 4 bar, 100°C.

3.9 A closed vessel with a volume of 0.018 m? contains 1.2 kg
of Refrigerant 22 at 10 bar. Determine the temperature, in °C.

3.10 Calculate the mass, in kg, of 1 m® of a two-phase liquid—
vapor mixture of Refrigerant 22 at 1 bar with a quality
of 75%.

3.11 A two-phase liquid—vapor mixture of a substance has a
pressure of 150 bar and occupies a volume of 0.2 m>. The masses
of saturated liquid and vapor present are 3.8 kg and 4.2 kg, re-
spectively. Determine the mixture specific volume in m*/kg.

3.12 Ammonia is stored in a tank with a volume of 0.21 m’.
Determine the mass, in kg, assuming saturated liquid at 20°C.
What is the pressure, in kPa?

3.13 A storage tank in a refrigeration system has a volume of
0.006 m* and contains a two-phase liquid—vapor mixture of
Refrigerant 134a at 180 kPa. Plot the total mass of refrigerant,
in kg, contained in the tank and the corresponding fractions of
the total volume occupied by saturated liquid and saturated
vapor, respectively, as functions of quality.

3.14  Water is contained in a closed, rigid, 0.2 m? tank at an ini-
tial pressure of 5 bar and a quality of 50%. Heat transfer oc-
curs until the tank contains only saturated vapor. Determine

the final mass of vapor in the tank, in kg, and the final pres-
sure, in bar.

3.15 Two thousand kg of water, initially a saturated liquid at
150°C, is heated in a closed, rigid tank to a final state where
the pressure is 2.5 MPa. Determine the final temperature, in
°C, the volume of the tank, in m?, and sketch the process on
T-v and p—v diagrams.

3.16 Steam is contained in a closed rigid container with a vol-
ume of 1 m®. Initially, the pressure and temperature of the steam
are 7 bar and 500°C, respectively. The temperature drops as a
result of heat transfer to the surroundings. Determine the tem-
perature at which condensation first occurs, in °C, and the
fraction of the total mass that has condensed when the pres-
sure reaches 0.5 bar. What is the volume, in m®, occupied by
saturated liquid at the final state?

3.17 Water vapor is heated in a closed, rigid tank from satu-
rated vapor at 160°C to a final temperature of 400°C. Deter-
mine the initial and final pressures, in bar, and sketch the
process on 7-v and p—v diagrams.

3.18 Ammonia undergoes an isothermal process from an initial
state at 7, = 80°F and v, = 10 ft¥/Ib to saturated vapor. De-
termine the initial and final pressures, in Ibf/in.%, and sketch
the process on 7-v and p—v diagrams.

3.19 A two-phase liquid—vapor mixture of H,O is initially at a
pressure of 30 bar. If on heating at fixed volume, the critical
point is attained, determine the quality at the initial state.

3.20  Ammonia undergoes a constant-pressure process at 2.5 bar
from T, = 30°C to saturated vapor. Determine the work for the
process, in kJ per kg of refrigerant.

3.21 Water vapor in a piston—cylinder assembly is heated at a
constant temperature of 204°C from saturated vapor to a pres-
sure of .7 MPa. Determine the work, in kJ per kg of water
vapor, by using I7.

3.22 2 kg mass of ammonia, initially at p; = 7 bars and
T, = 180°C, undergo a constant-pressure process to a final
state where the quality is 85%. Determine the work for the
process, kJ.

3.23 Water vapor initially at 10 bar and 400°C is contained
within a piston—cylinder assembly. The water is cooled at con-
stant volume until its temperature is 150°C. The water is then
condensed isothermally to saturated liquid. For the water as
the system, evaluate the work, in kJ/kg.

3.24 Two kilograms of Refrigerant 22 undergo a process for
which the pressure—volume relation is pv'® = constant. The
initial state of the refrigerant is fixed by p, = 2 bar, T, = —20°C,
and the final pressure is p, = 10 bar. Calculate the work for the
process, in kJ.

3.25 Refrigerant 134a in a piston—cylinder assembly under-
goes a process for which the pressure—volume relation is
pv'98 = constant. At the initial state, p, = 200 kPa, T, =
—10°C. The final temperature is 7, = 50°C. Determine the
final pressure, in kPa, and the work for the process, in kJ per
kg of refrigerant.



Using u-h Data

3.26  Using the tables for water, determine the specified prop-
erty data at the indicated states. Check the results using /7. In
each case, locate the state by hand on sketches of the p—v and
T-v diagrams.

(a) Atp = 3 bar, T = 240°C, find v in m3/kg and u in kJ/kg.
(b) Atp =3 bar,v =0.5 m3/kg, find T in °C and u in kJ/kg.
(¢) AtT = 400°C, p = 10 bar, find v in m*kg and / in kl/kg.
(d) At T = 320°C, v = 0.03 m*/kg, find p in MPa and u in
kJ/kg.

(e) Atp =28 MPa, T = 520°C, find v in m¥/kg and 4 in kJ/kg.
(f)y At T = 100°C, x = 60%, find p in bar and v in m3/kg.

(g) AtT = 10°C, v = 100 m*kg, find p in kPa and & in kl/kg.
(h) Atp =4 MPa, T = 160°C, find v in m3/kg and u in kJ/kg.

3.27 Determine the values of the specified properties at each of
the following conditions.

(a) For Refrigerant 134a at T = 60°C and v = 0.072 m’/kg,
determine p in kPa and # in kl/kg.

(b) For ammonia at p = 8 bar and v = 0.005 m3/kg, deter-

mine 7 in °C and u in kJ/kg.

For Refrigerant 22 at T = —10°C and u = 200 kJ/kg, de-

termine p in bar and v in m¥/kg.

3.28 A quantity of water is at 15 MPa and 100°C. Evaluate the
specific volume, in m*/kg, and the specific enthalpy, in kJ/kg,
using
(a) data from Table A-5.

(b) saturated liquid data from Table A-2.

~

(c

3.29 Plot versus pressure the percent changes in specific vol-
ume, specific internal energy, and specific enthalpy for water
at 20°C from the saturated liquid state to the state where the
pressure is 300 bar. Based on the resulting plots, discuss the
implications regarding approximating compressed liquid prop-
erties using saturated liquid properties at 20°C, as discussed in
Sec. 3.3.6.

3.30 Evaluate the specific volume, in m%/kg, and the specific
enthalpy, in kJ/kg, of ammonia at 20°C and 1.0 MPa.

3.31 Evaluate the specific volume, in m*/kg, and the specific
enthalpy, in kJ/kg, of propane at 800 kPa and 0°C.

Applying the Energy Balance

3.32 A closed, rigid tank contains 2 kg of water initially at 80°C
and a quality of 0.6. Heat transfer occurs until the tank con-
tains only saturated vapor. Kinetic and potential energy effects
are negligible. For the water as the system, determine the
amount of energy transfer by heat, in kJ.

3.33 A two-phase liquid—vapor mixture of H,O, initially at
1.0 MPa with a quality of 90%, is contained in a rigid, well-
insulated tank. The mass of H,O is 2 kg. An electric resistance
heater in the tank transfers energy to the water at a constant
rate of 60 W for 1.95 h. Determine the final temperature of the
water in the tank, in °C.

3.34 Refrigerant 134a vapor in a piston—cylinder assembly un-
dergoes a constant-pressure process from saturated vapor at
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8 bar to 50°C. For the refrigerant, determine the work and heat
transfer, per unit mass, each in kJ/kg. Changes in kinetic and
potential energy are negligible.

3.35 Saturated liquid water contained in a closed, rigid tank is
cooled to a final state where the temperature is 50°C and the
masses of saturated vapor and liquid present are 0.03 and
1999.97 kg, respectively. Determine the heat transfer for the
process, in kJ.

3.36  Refrigerant 134a undergoes a process for which the
pressure—volume relation is pv" = constant. The initial and
final states of the refrigerant are fixed by p, = 200 kPa, T, =
—10°C and p, = 1000 kPa, T, = 50°C, respectively. Calculate
the work and heat transfer for the process, each in kJ per kg
of refrigerant.

3.37 A piston—cylinder assembly contains a two-phase
liquid—vapor mixture of Refrigerant 22 initially at 24°C with a
quality of 95%. Expansion occurs to a state where the pressure
is 1 bar. During the process the pressure and specific volume
are related by pv = constant. For the refrigerant, determine
the work and heat transfer per unit mass, each in kJ/kg.

3.38 Five kilograms of water, initially a saturated vapor at
100 kPa, are cooled to saturated liquid while the pressure is
maintained constant. Determine the work and heat transfer for
the process, each in kJ. Show that the heat transfer equals the
change in enthalpy of the water in this case.

3.39  One kilogram of saturated solid water at the triple point
is heated to saturated liquid while the pressure is maintained
constant. Determine the work and the heat transfer for the
process, each in kJ. Show that the heat transfer equals the
change in enthalpy of the water in this case.

3.40 A two-phase liquid—vapor mixture of H,O with an initial
quality of 25% is contained in a piston—cylinder assembly as
shown in Fig. P3.40. The mass of the piston is 40 kg, and its
diameter is 10 cm. The atmospheric pressure of the surround-
ings is 1 bar. The initial and final positions of the piston are
shown on the diagram. As the water is heated, the pressure
inside the cylinder remains constant until the piston hits the
stops. Heat transfer to the water continues until its pressure is

Pam = 100 kPa

1~<)

4.5 cm

Diameter = 10 cm _|
Mass =40 kg

|_Initial quality

x=25% <4 Figure P3.40
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3 bar. Friction between the piston and the cylinder wall is neg-
ligible. Determine the total amount of heat transfer, in J. Let
g = 9.81 m/s%.

3.41 Two kilograms of Refrigerant 134a, initially at 2 bar and
occupying a volume of 0.12 m?, undergoes a process at con-
stant pressure until the volume has doubled. Kinetic and po-
tential energy effects are negligible. Determine the work and
heat transfer for the process, each in kJ.

3.42  Propane is compressed in a piston—cylinder assembly from
saturated vapor at —40°C to a final state where p, = 6 bar and
T, = 80°C. During the process, the pressure and specific vol-
ume are related by pv" = constant. Neglecting kinetic and po-
tential energy effects, determine the work and heat transfer per
unit mass of propane, each in kJ/kg.

3.43 A system consisting of 2 kg of ammonia undergoes a cy-
cle composed of the following processes:

Process 1-2: constant volume from p, = 10 bar, x; = 0.6 to
saturated vapor

Process 2-3: constant temperature to p; = p;, Q,; = +228 kJ

Process 3—-1: constant pressure

Sketch the cycle on p—v and T—v diagrams. Neglecting kinetic
and potential energy effects, determine the net work for the
cycle and the heat transfer for each process, all in kJ.

3.44 A system consisting of 1 kg of H,O undergoes a power
cycle composed of the following processes:
Process 1-2: Constant-pressure heating at 10 bar from satu-
rated vapor.
Process 2-3: Constant-volume cooling to p; = 5 bar, T3 = 160°C.

Process 3—4:
Process 4-1:

Isothermal compression with O, = —815.8 kJ.

Constant-volume heating.

Sketch the cycle on 7-v and p—v diagrams. Neglecting kinetic
and potential energy effects, determine the thermal efficiency.

3.45 A well-insulated copper tank of mass 13 kg contains 4 kg
of liquid water. Initially, the temperature of the copper is 27°C
and the temperature of the water is 50°C. An electrical resis-
tor of neglible mass transfers 100 kJ of energy to the contents
of the tank. The tank and its contents come to equilibrium.
What is the final temperature, in °C?

3.46 An isolated system consists of a 10-kg copper slab, ini-
tially at 30°C, and 0.2 kg of saturated water vapor, initially at
130°C. Assuming no volume change, determine the final equi-
librium temperature of the isolated system, in °C.

3.47 A system consists of a liquid, considered incompress-
ible with constant specific heat c, filling a rigid tank whose
surface area is A. Energy transfer by work from a paddle
wheel to the liquid occurs at a constant rate. Energy transfer
by heat occurs at a rate given by Q = —hA (T — T,), where
T is the instantaneous temperature of the liquid, 7, is the
temperature of the surroundings, and h is an overall heat

transfer coefficient. At the initial time, ¢+ = 0, the tank and
its contents are at the temperature of the surroundings.
Obtain a differential equation for temperature 7 in terms of
time ¢ and relevant parameters. Solve the differential equa-
tion to obtain 7(¢).

Using Generalized Compressibility Data

3.48 Determine the compressibility factor for water vapor at
200 bar and 470°C, using

(a) data from the compressibility chart.
(b) data from the steam tables.

3.49 Determine the volume, in m®, occupied by 40 kg of
nitrogen (N,) at 17 MPa, 180 K.

3.50 A rigid tank contains 0.5 kg of oxygen (O,) initially at
30 bar and 200 K. The gas is cooled and the pressure drops to
20 bar. Determine the volume of the tank, in m®, and the final
temperature, in K.

3.51 Five kg of butane (C4H,;) in a piston—cylinder assembly
undergo a process from p;, = 5 MPa, T} = 500 K to p, = 3
MPa, T, = 450 K during which the relationship between pres-
sure and specific volume is pv" = constant. Determine the
work, in kJ.

Working with the Ideal Gas Model

3.52 A tank contains 0.05 m® of nitrogen (N,) at —21°C and
10 MPa. Determine the mass of nitrogen, in kg, using

(a) the ideal gas model.
(b) data from the compressibility chart.

Comment on the applicability of the ideal gas model for
nitrogen at this state.

3.53 Show that water vapor can be accurately modeled as an
ideal gas at temperatures below about 60°C.

3.54 For what ranges of pressure and temperature can air be
considered an ideal gas? Explain your reasoning.

3.55 Check the applicability of the ideal gas model for Refrig-
erant 134a at a temperature of 80°C and a pressure of

(a) 1.6 MPa.
(b) 0.10 MPa.

3.56 Determine the temperature, in K, of oxygen (O,) at 250 bar
and a specific volume of 0.003 m*kg using generalized com-
pressibility data and compare with the value obtained using the
ideal gas model.

3.57 Determine the temperature, in K, of 5 kg of air at a pres-
sure of 0.3 MPa and a volume of 2.2 m®. Verify that ideal gas
behavior can be assumed for air under these conditions.

3.58 Compare the densities, in kg/m3, of helium and air, each
at 300 K, 100 kPa. Assume ideal gas behavior.

3.59 Assuming ideal gas behavior for air, plot to scale the
isotherms 300, 500, 1000, and 2000 K on a p—v diagram.



3.60 By integrating c,(T) obtained from Table A-21, determine
the change in specific enthalpy, in kJ/kg, of methane (CH,)
from T, = 320 K, p; = 2 bar to 7, = 800 K, p, = 10 bar.
Check your result using IT.

3.61  Show that the specific heat ratio of a monatomic ideal gas
is equal to 5/3.

Using the Energy Balance with the Ideal Gas Model

3.62  One kilogram of air, initially at 5 bar, 350 K, and 3 kg of
carbon dioxide (CO,), initially at 2 bar, 450 K, are confined
to opposite sides of a rigid, well-insulated container, as
illustrated in Fig. P3.62. The partition is free to move and
allows conduction from one gas to the other without energy
storage in the partition itself. The air and carbon dioxide each
behave as ideal gases. Determine the final equilibrium tem-
perature, in K, and the final pressure, in bar, assuming constant
specific heats.

Air COy

1 kg 3kg

5 bar 2 bar
350 K 450 K

Partition J L

3.63 Consider a gas mixture whose apparent molecular weight
is 33, initially at 3 bar and 300 K, and occupying a volume of
0.1 m>. The gas undergoes an expansion during which the
pressure—volume relation is pV'* = constant and the energy
transfer by heat to the gas is 3.84 kJ. Assume the ideal gas
model with ¢, = 0.6 + (2.5 X 10747, where T'is in K and c,
has units of kJ/kg - K. Neglecting kinetic and potential energy
effects, determine

Insulation <« Figure P3.62

(a) the final temperature, in K.
(b) the final pressure, in bar.
(¢) the final volume, in m>.
(d) the work, in kJ.

3.64 Helium (He) gas initially at 2 bar, 200 K undergoes a poly-
tropic process, with n = k, to a final pressure of 14 bar. De-
termine the work and heat transfer for the process, each in kJ
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of the gas in this temperature interval based on the measured
data.

3.66 A gas is confined to one side of a rigid, insulated
container divided by a partition. The other side is initially
evacuated. The following data are known for the initial
state of the gas: p; = 5 bar, T; = 500 K, and V, = 0.2 m’.
When the partition is removed, the gas expands to fill the
entire container, which has a total volume of 0.5 m>. As-
suming ideal gas behavior, determine the final pressure, in
bar.

3.67 Arigid tank initially contains 3 kg of air at 500 kPa, 290 K.
The tank is connected by a valve to a piston—cylinder assem-
bly oriented vertically and containing 0.05 m® of air initially
at 200 kPa, 290 K. Although the valve is closed, a slow leak
allows air to flow into the cylinder until the tank pressure falls
to 200 kPa. The weight of the piston and the pressure of the
atmosphere maintain a constant pressure of 200 kPa in the
cylinder; and owing to heat transfer, the temperature stays con-
stant at 290 K. For the air, determine the total amount of en-
ergy transfer by work and by heat, each in kJ. Assume ideal
gas behavior.

3.68 A piston—cylinder assembly contains 1 kg of nitrogen gas
(N,). The gas expands from an initial state where 7; = 700 K
and p; = 5 bar to a final state where p, = 2 bar. During the
process the pressure and specific volume are related by pv'* =
constant. Assuming ideal gas behavior and neglecting kinetic
and potential energy effects, determine the heat transfer during
the process, in kJ, using

(a) a constant specific heat evaluated at 300 K.
(b) a constant specific heat evaluated at 700 K.
(¢) data from Table A-23.

3.69 Air is compressed adiabatically from p; = 1 bar, 7|, =
300 K to p, = 15 bar, v, = 0.1227 m*/kg. The air is then cooled
at constant volume to 75 = 300 K. Assuming ideal gas be-
havior, and ignoring kinetic and potential energy effects, cal-
culate the work for the first process and the heat transfer for
the second process, each in kJ per kg of air. Solve the problem
each of two ways:

(a) using data from Table A-22.
(b) using a constant specific heat evaluated at 300 K.

3.70 A system consists of 2 kg of carbon dioxide gas initially at
state 1, where p; = 1 bar, 7; = 300 K. The system undergoes
a power cycle consisting of the following processes:

per kg of helium. Assume ideal gas behavior. Process 1-2:  constant volume (0 py, py > py
. . . 128 _
3.65 Two kilograms of a gas with molecular weight 28 are [rocess 2-3: expansion with pv constant
contained in a closed, rigid tank fitted with an electric resistor. ~ Process 3—1: constant-pressure compression

The resistor draws a constant current of 10 amp at a voltage
of 12 V for 10 min. Measurements indicate that when equi-
librium is reached, the temperature of the gas has increased by
40.3°C. Heat transfer to the surroundings is estimated to occur
at a constant rate of 20 W. Assuming ideal gas behavior, de-
termine an average value of the specific heat c,, in kl/kg - K,

Assuming the ideal gas model and neglecting kinetic and
potential energy effects,

(a) sketch the cycle on a p—v diagram.
(b) plot the thermal efficiency versus p,/p; ranging from 1.05
to 4.
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3.71 A closed system consists of an ideal gas with mass m and
constant specific heat ratio k. If kinetic and potential energy
changes are negligible,

(a) show that for any adiabatic process the work is
_ mR(T, — T))
1 —k
(b) show that an adiabatic polytropic process in which work

is done only at a moving boundary is described by pV* =
constant.

3.72  Steam, initially at 5 MPa, 280°C undergoes a polytropic
process in a piston—cylinder assembly to a final pressure of
20 MPa. Plot the heat transfer, in kJ per kg of steam, for
polytropic exponents ranging from 1.0 to 1.6. Also investigate
the error in the heat transfer introduced by assuming ideal gas
behavior for the steam. Discuss.

Design & Open Ended Problems: Exploring Engineering Practice

3.1D This chapter has focused on simple compressible sys-
tems in which magnetic effects are negligible. In a report,
describe the thermodynamic characteristics of simple mag-
netic systems, and discuss practical applications of this type
of system.

3.2D The Montreal Protocols aim to eliminate the use of vari-
ous compounds believed to deplete the earth’s stratospheric
ozone. What are some of the main features of these agreements,
what compounds are targeted, and what progress has been
made to date in implementing the Protocols?

3.3D  Frazil ice forming upsteam of a hydroelectric plant can
block the flow of water to the turbine. Write a report summa-
rizing the mechanism of frazil ice formation and alternative
means for eliminating frazil ice blockage of power plants. For
one of the alternatives, estimate the cost of maintaining a
30-MW power plant frazil ice—free.

3.4D Much has been written about the use of hydrogen as a
fuel. Investigate the issues surrounding the so-called hydrogen
economy and write a report. Consider possible uses of hydro-
gen and the obstacles to be overcome before hydrogen could
be used as a primary fuel source.

3.5D A major reason for the introduction of CFC (chlorofluo-
rocarbon) refrigerants, such as Refrigerant 12, in the 1930s was
that they are less toxic than ammonia, which was widely used
at the time. But in recent years, CFCs largely have been phased
out owing to concerns about depletion of the earth’s stratos-
pheric ozone. As a result, there has been a resurgence of in-
terest in ammonia as a refrigerant, as well as increased interest
in natural refrigerants, such as propane. Write a report outlin-
ing advantages and disadvantages of ammonia and natural re-
frigerants. Consider safety issues and include a summary of
any special design requirements that these refrigerants impose
on refrigeration system components.

3.6D Metallurgists use phase diagrams to study allotropic
transformations, which are phase transitions within the solid

region. What features of the phase behavior of solids are im-
portant in the fields of metallurgy and materials processing?
Discuss.

3.7D Devise an experiment to visualize the sequence of
events as a two-phase liquid—vapor mixture is heated at con-
stant volume near its critical point. What will be observed
regarding the meniscus separating the two phases when the
average specific volume is less than the critical specific
volume? Greater than the critical specific volume? What
happens to the meniscus in the vicinity of the critical point?
Discuss.

3.8D One method of modeling gas behavior from the micro-
scopic viewpoint is known as the kinetic theory of gases. Using
kinetic theory, derive the ideal gas equation of state and ex-
plain the variation of the ideal gas specific heat ¢, with tem-
perature. Is the use of kinetic theory limited to ideal gas
behavior? Discuss.

3.9D Many new substances have been considered in recent
years as potential working fluids for power plants or refriger-
ation systems and heat pumps. What thermodynamic property
data are needed to assess the feasibility of a candidate sub-
stance for possible use as a working fluid? Write a paper
discussing your findings.

3.10D A system is being designed that would continuously feed
steel (AISI 1010) rods of 0.1 m diameter into a gas-fired fur-
nace for heat treating by forced convection from gases at
1200 K. To assist in determining the feed rate, estimate the time,
in min, the rods would have to remain in the furnace to achieve
a temperature of 800 K from an initial temperature of 300 K.

3.11D Natural Refrigerants—-Back to the Future (see box
Sec. 3.3). Although used for home appliances in Europe, hy-
drocarbon refrigerants have not taken hold in the United States
thus far owing to concerns about liability if there is an acci-
dent. Research hydrocarbon refrigerant safety. Write a report
including at least three references.



Control Volume
Analysis Using
Energy

b ) AR G - R - R o |

The of this chapter is to
develop and illustrate the use of the control volume forms of the conservation of mass and
conservation of energy principles. Mass and energy balances for control volumes are
introduced in Secs. 4.1 and 4.2, respectively. These balances are applied in Sec. 4.3 to
control volumes at steady state and in Sec. 4.4 for transient applications.

Although devices such as turbines, pumps, and compressors through which mass flows
can be analyzed in principle by studying a particular quantity of matter (a closed system)
as it passes through the device, it is normally preferable to think of a region of space
through which mass flows (a control volume). As in the case of a closed system, energy
transfer across the boundary of a control volume can occur by means of work and heat. In
addition, another type of energy transfer must be accounted for—the energy accompany-
ing mass as it enters or exits.

4.1

In this section an expression of the conservation of mass principle for control volumes is
developed and illustrated. As a part of the presentation, the one-dimensional flow model is
introduced.

> Developing the Mass Rate Balance

The mass rate balance for control volumes is introduced by reference to Fig. 4.1, which shows
a control volume with mass flowing in at i and flowing out at e, respectively. When applied

to such a control volume, the principle states
time rate of change of time rate of flow time rate of flow
mass contained within = | of mass in across | — | of mass out across
the control volume at time t inlet i at time t exit e at time t

Denoting the mass contained within the control volume at time ¢ by m,,(?), this statement
of the conservation of mass principle can be expressed in symbols as

dmcv o
— =g —

1 4.1
dr ;i — M, 4.1



122 Chapter 4 Control Volume Analysis Using Energy

mass flow rates

mass rate balance

Dashed line
defines the
control volume
N boundary

|
[ ———
| e+ 80 =

Time t + At

Dashed line defines
the control volume
boundary

Inlet i

<« Figure 4.1 One-inlet, one-exit control volume.

where dm,,/dt is the time rate of change of mass within the control volume, and my; and m,
are the instantaneous mass flow rates at the inlet and exit, respectively. As for the symbols
W and Q, the dots in the quantities m; and m, denote time rates of transfer. In SI, all terms
in Eq. 4.1 are expressed in kg/s. For a discussion of the development of Eq. 4.1, see box.

In general, there may be several locations on the boundary through which mass enters or
exits. This can be accounted for by summing, as follows

d (9% . .
% =Dy — X, 4.2)

Equation 4.2 is the mass rate balance for control volumes with several inlets and exits.
It is a form of the conservation of mass principle commonly employed in engineering. Other
forms of the mass rate balance are considered in discussions to follow.

DEVELOPING THE CONTROL VOLUME
MASS BALANCE

For each of the extensive properties mass, energy, and entropy (Chap. 6), the control
volume form of the property balance can be obtained by transforming the correspon-
ding closed system form. Let us consider this for mass, recalling that the mass of a
closed system is constant.

The figures in the margin show a system consisting of a fixed quantity of matter m
that occupies different regions at time ¢ and a later time ¢ + A¢. The mass under
consideration is shown in color on the figures. At time ¢, the mass is the sum m =
mg () + m;, where m,(f) is the mass contained within the control volume, and m; is
the mass within the small region labeled i adjacent to the control volume. Let us study
the fixed quantity of matter m as time elapses.

In a time interval At all the mass in region i crosses the control volume bound-
ary, while some of the mass, call it m,, initially contained within the control volume
exits to fill the region labeled e adjacent to the control volume. Although the mass
in regions i and e as well as in the control volume differ from time ¢ to ¢ + At, the
total amount of mass is constant. Accordingly

me, (1) + m; = me(t + Af) + m, (a)
or on rearrangement
me(t + Af) — m(t) = m; — m, (b)

Equation (b) is an accounting balance for mass. It states that the change in mass of the
control volume during time interval Af equals the amount of mass that enters less the
amount of mass that exits.
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Equation (b) can be expressed on a time rate basis. First, divide by At to obtain

mCV(t + At) - mCV(t) _ ﬂ

4

At At Ar

m,

(©)

Then, in the limit as At goes to zero, Eq. (c) becomes Eq. 4.1, the instantaneous control
volume rate equation for mass

dmcv 0
—— =m —

i 4.1
dt § “.1)

where dm,,/dt denotes the time rate of change of mass within the control volume, and
m; and m, are the inlet and exit mass flow rates, respectively, all at time ¢.

EVALUATING THE MASS FLOW RATE

An expression for the mass flow rate m of the matter entering or exiting a control volume
can be obtained in terms of local properties by considering a small quantity of matter flowing
with velocity V across an incremental area dA in a time interval A¢, as shown in Fig. 4.2.
Since the portion of the control volume boundary through which mass flows is not neces-
sarily at rest, the velocity shown in the figure is understood to be the velocity relative to the
area dA. The velocity can be resolved into components normal and tangent to the plane con-
taining dA. In the following development V, denotes the component of the relative velocity
normal to dA in the direction of flow.

The volume of the matter crossing dA during the time interval Az shown in Fig. 4.2
is an oblique cylinder with a volume equal to the product of the area of its base dA and
its altitude V, Ar. Multiplying by the density p gives the amount of mass that crosses dA
in time Af

amount of mass
crossing dA during | = p(V, Ar) dA
the time interval At

Dividing both sides of this equation by A¢ and taking the limit as At goes to zero, the in-
stantaneous mass flow rate across incremental area dA is

instantaneous rate
of mass flow = pV,dA
across dA

When this is integrated over the area A through which mass passes, an expression for the
mass flow rate is obtained

m= J pV, dA 4.3)
A

Equation 4.3 can be applied at the inlets and exits to account for the rates of mass flow into
and out of the control volume.

> 4.1.2 Forms of the Mass Rate Balance

The mass rate balance, Eq. 4.2, is a form that is important for control volume analysis. In
many cases, however, it is convenient to apply the mass balance in forms suited to particu-
lar objectives. Some alternative forms are considered in this section.

Volume
of matter

A Figure 4.2 [Illustra-
tion used to develop an
expression for mass flow
rate in terms of local
fluid properties.
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one-dimensional flow

METHODOLOGY
UPDATE

In subsequent control
volume analyses, we rou-
tinely assume that the
idealizations of one-
dimensional flow are
appropriate. Accordingly
the assumption of one-
dimensional flow is not
listed explicitly in solved
examples.

volumetric flow rate

<« Figure 4.3 Figure
illustrating the one-dimensional
flow model.

ONE-DIMENSIONAL FLOW FORM

When a flowing stream of matter entering or exiting a control volume adheres to the fol-
lowing idealizations, the flow is said to be one-dimensional:

» The flow is normal to the boundary at locations where mass enters or exits the control
volume.

» All intensive properties, including velocity and density, are uniform with position (bulk
average values) over each inlet or exit area through which matter flows.

> for example. .. Figure 4.3 illustrates the meaning of one-dimensional flow. The
area through which mass flows is denoted by A. The symbol V denotes a single value that
represents the velocity of the flowing air. Similarly 7 and v are single values that represent
the temperature and specific volume, respectively, of the flowing air. <

When the flow is one-dimensional, Eq. 4.3 for the mass flow rate becomes

m= pAV (one-dimensional flow) (4.42)

or in terms of specific volume

m=— (one-dimensional flow) (4.4b)

When area is in m?, velocity is in m/s, and specific volume is in m3/kg, the mass flow rate
found from Eq. 4.4b is in kg/s, as can be verified. The product AV in Eqgs. 4.4 is the volumetric
flow rate. The volumetric flow rate is expressed in units of m%/s.

Substituting Eq. 4.4b into Eq. 4.2 results in an expression for the conservation of mass
principle for control volumes limited to the case of one-dimensional flow at the inlet and
exits

dm AiVi AeVe . .
- 2 (one-dimensional flow) (4.5)

dt :E v; v

i i e e

Note that Eq. 4.5 involves summations over the inlets and exits of the control volume. Each
individual term in either of these sums applies to a particular inlet or exit. The area, veloc-
ity, and specific volume appearing in a term refer only to the corresponding inlet or exit.
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STEADY-STATE FORM

Many engineering systems can be idealized as being at steady stafe, meaning that all steady state
properties are unchanging in time. For a control volume at steady state, the identity of the

matter within the control volume changes continuously, but the total amount present at any

instant remains constant, so dm,,/dt = 0 and Eq. 4.2 reduces to

>y = m, 4.6)

That is, the total incoming and outgoing rates of mass flow are equal.

Equality of total incoming and outgoing rates of mass flow does not necessarily mean that
a control volume is at steady state. Although the total amount of mass within the control vol-
ume at any instant would be constant, other properties such as temperature and pressure might
be varying with time. When a control volume is at steady state, every property is independ-
ent of time. Note that the steady-state assumption and the one-dimensional flow assumption
are independent idealizations. One does not imply the other.

INTEGRAL FORM

We consider next the mass rate balance expressed in terms of local properties. The total mass
contained within the control volume at an instant 7 can be related to the local density as
follows

() = J pdV @.7)
\4

where the integration is over the volume at time 7.
With Egs. 4.3 and 4.7, the mass rate balance Eq. 4.2 can be written as

dJ pdV=E<J andA) —E(J andA) (4.8)
dt )y i A i e \Ja e

where the area integrals are over the areas through which mass enters and exits the control

volume, respectively. The product pV, appearing in this equation, known as the mass flux, mass flux
gives the time rate of mass flow per unit of area. To evaluate the terms of the right side of

Eq. 4.8 requires information about the variation of the mass flux over the flow areas. The

form of the conservation of mass principle given by Eq. 4.8 is usually considered in detail

in fluid mechanics.

EXAMPLES

The following example illustrates an application of the rate form of the mass balance to a
control volume at steady state. The control volume has two inlets and one exit.

EXAMPLE 4.1 Feedwater Heater at Steady State

A feedwater heater operating at steady state has two inlets and one exit. At inlet 1, water vapor enters at p; = 7 bar, T} =
200°C with a mass flow rate of 40 kg/s. At inlet 2, liquid water at p, = 7 bar, T, = 40°C enters through an area A, = 25 cm>.
Saturated liquid at 7 bar exits at 3 with a volumetric flow rate of 0.06 m?/s. Determine the mass flow rates at inlet 2 and at
the exit, in kg/s, and the velocity at inlet 2, in m/s.
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SOLUTION

Known: A stream of water vapor mixes with a liquid water stream to produce a saturated liquid stream at the exit. The states at
the inlets and exit are specified. Mass flow rate and volumetric flow rate data are given at one inlet and at the exit, respectively.

Find: Determine the mass flow rates at inlet 2 and at the exit, and the velocity V,.

Schematic and Given Data:

2 1
= —=:
Ay=25cm? | | T1=200°C _
T2= 40°C ! | p1=7bar Assumption: The control volume shown on the accompanying
Pi =7 bar i Iy =40kgls  figure is at steady state.
I
I

____________ I
3 Control volume
boundary

Saturated liquid
p3 =1 bar
(AV); = 0.06 m%/s
< Figure E4.1

Analysis: The principal relations to be employed are the mass rate balance (Eq. 4.2) and the expression m = AV /v (Eq. 4.4b).

At steady state the mass rate balance becomes
0

dmy . . .
(1) 47 =m; + my, — my

Solving for m,
my = my = nm,
The mass flow rate m, is given. The mass flow rate at the exit can be evaluated from the given volumetric flow rate
(AV)

U3

m; =
where v; is the specific volume at the exit. In writing this expression, one-dimensional flow is assumed. From Table A-3,
vy = 1.108 X 1073 m*kg. Hence

. 0.06 m*/s
o
> (1.108 X 107° m¥/kg)

= 54.15kg/s

The mass flow rate at inlet 2 is then
my, = my — my = 54.15 — 40 = 14.15kg/s
For one-dimensional flow at 2, m, = A,V,/v,, so
V, = myu,/A,

State 2 is a compressed liquid. The specific volume at this state can be approximated by v, = v¢(T,) (Eq. 3.11). From Table A-2
at 40°C, v, = 1.0078 X 10~* m¥/kg. So

(1415 kg/s)(1.0078 X 10~° m’/kg) ’ 10* cm?

2 =5.7m/s

25 cm? 1 m?

@ At steady state the mass flow rate at the exit equals the sum of the mass flow rates at the inlets. It is left as an exercise to
show that the volumetric flow rate at the exit does not equal the sum of the volumetric flow rates at the inlets.
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Example 4.2 illustrates an unsteady, or transient, application of the mass rate balance. In
this case, a barrel is filled with water.

EXAMPLE 4.2 Filling a Barrel with Water

Water flows into the top of an open barrel at a constant mass flow rate of 7 kg/s. Water exits through a pipe near the base
with a mass flow rate proportional to the height of liquid inside: m, = 1.4 L, where L is the instantaneous liquid height, in m.
The area of the base is 0.2 m?, and the density of water is 1000 kg/m®. If the barrel is initially empty, plot the variation of
liquid height with time and comment on the result.

SOLUTION

Known: Water enters and exits an initially empty barrel. The mass flow rate at the inlet is constant. At the exit, the mass
flow rate is proportional to the height of the liquid in the barrel.

Find: Plot the variation of liquid height with time and comment.

Schematic and Given Data:

ﬂ iy = 30 Ibs

Boundary of

A jons:
control volume S

1. The control volume is defined by the dashed line on the accompanying
diagram.

2. The water density is constant.

A=3f2 m, = 9L 1b/s

<« Figure E4.2a

Analysis: For the one-inlet, one-exit control volume, Eq. 4.2 reduces to

dm., . .

dt =m m,

The mass of water contained within the barrel at time 7 is given by
me(1) = pAL(1)

where p is density, A is the area of the base, and L(7) is the instantaneous liquid height. Substituting this into the mass rate
balance together with the given mass flow rates

d(pAL)
dt

=7—-14L

Since density and area are constant, this equation can be written as

dL (1.4) 7
e
dt PA pA
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which is a first-order, ordinary differential equation with constant coefficients. The solution is

—1.4t
L=5+ Cexp| —
PA

where C is a constant of integration. The solution can be verified by substitution into the differential equation.
To evaluate C, use the initial condition: at t = 0, L = 0. Thus, C = —5.0, and the solution can be written as

L =5.0[1 — exp(—1.41/pA)]
Substituting p = 1000 kg/m” and A = 0.2 m? results in
L = 5[1 — exp(—0.007¢)]

This relation can be plotted by hand or using appropriate software. The result is

Height, m

0 20 40 60 80 100 120
Time, s
<« Figure E4.2b

From the graph, we see that initially the liquid height increases rapidly and then levels out. After about 100 s, the height
stays nearly constant with time. At this point, the rate of water flow into the barrel nearly equals the rate of flow out of the
barrel. L — 5.

@ Alternatively, this differential equation can be solved using Interactive Thermodynamics: IT. The differential equation can

be expressed as

der(L,t) + (1.4 * L)/(rho * A) = 7/(rho * A)
rho = 1000 // kg/m®
A=0.2/ m?

where der(L,t) is dL/dt, rho is density p, and A is area. Using the Explore button, set the initial condition at L = 0, and

sweep ¢ from O to 200 in steps of 0.5. Then, the plot can be constructed using the Graph button.

4.2 Conservation of Energy for a
Control Volume

In this section, the rate form of the energy balance for control volumes is obtained. The
energy rate balance plays an important role in subsequent sections of this book.

» 4.2.01 Developing the Energy Rate Balance for a Control Volume

We begin by noting that the control volume form of the energy rate balance can be derived
by an approach closely paralleling that considered in the box of Sec. 4.1, where the control
volume mass rate balance is obtained by transforming the closed system form. The present
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Energy transfers can occur
by heat and work

Inleti  ZF—~—=

Control
volume

Dashed line defines
the control volume boundary

<« Figure 4.4 Figure used to develop Eq. 4.9.

development proceeds less formally by arguing that, like mass, energy is an extensive prop-
erty, so it too can be transferred into or out of a control volume as a result of mass cross-
ing the boundary. Since this is the principal difference between the closed system and con-
trol volume forms, the control volume energy rate balance can be obtained by modifying
the closed system energy rate balance to account for these energy transfers.

Accordingly, the conservation of energy principle applied to a control volume states:

time rate of change net rate at which net rate at which net rate of energy
of the energy energy is being energy is being transfer into the
contained within =| transferredin |— | transferred out |+ | control volume
the control volume at by heat transfer by work at accompanying
time t at time t time t mass flow

For the one-inlet one-exit control volume with one-dimensional flow shown in Fig. 4.4
the energy rate balance is

dE., . . V? , V2
7=Q—W+m,— ui+7+gz,— - m, ue+7+gze 4.9)

where E., denotes the energy of the control volume at time . The terms 0 and W account,
respectively, for the net rate of energy transfer by heat and work across the boundary of
the control volume at ¢. The underlined terms account for the rates of transfer of internal,
kinetic, and potential energy of the entering and exiting streams. If there is no mass flow
in or out, the respective mass flow rates vanish and the underlined terms of Eq. 4.9 drop
out. The equation then reduces to the rate form of the energy balance for closed systems:
Eq. 2.37.

EVALUATING WORK FOR A CONTROL VOLUME

Next, we will place Eq. 4.9 in an alternative form that is more convenient for subsequent ap-
plications. This will be accomplished primarily by recasting the work term W, which
represents the net rate of energy transfer by work across all portions of the boundary of the
control volume.

Because work is always done on or by a control volume where matter flows across the
boundary, it is convenient to separate the work term W into two contributions: One con-
tribution is the work associated with the fluid pressure as mass is introduced at inlets and

129
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flow work

removed at exits. The other contribution, denoted by ch, includes all other work effects,
such as those associated with rotating shafts, displacement of the boundary, and electrical
effects.

Consider the work at an exit e associated with the pressure of the flowing matter. Re-
call from Eq. 2.13 that the rate of energy transfer by work can be expressed as the prod-
uct of a force and the velocity at the point of application of the force. Accordingly, the
rate at which work is done at the exit by the normal force (normal to the exit area in the
direction of flow) due to pressure is the product of the normal force, p,A,, and the fluid
velocity, V,. That is

time rate of energy transfer
by work from the control | = (p,A,)V, (4.10)
volume at exit e

where p, is the pressure, A, is the area, and V, is the velocity at exit e, respectively. A sim-
ilar expression can be written for the rate of energy transfer by work into the control volume
at inlet i.

With these considerations, the work term W of the energy rate equation, Eq. 4.9, can be
written as

W =W, + (pA)V, — (PA)V; (4.11)

where, in accordance with the sign convention for work, the term at the inlet has a negative
sign because energy is transferred into the control volume there. A positive sign precedes the
work term at the exit because energy is transferred out of the control volume there. With
AV = mv from Eq. 4.4b, the above expression for work can be written as

W =W, + m(puv.) — m(puv,) 4.12)

where m; and m, are the mass flow rates and v; and v, are the specific volumes evaluated at
the inlet and exit, respectively. In Eq. 4.12, the terms m,(pp,) and m,(p,v,) account for the
work associated with the pressure at the inlet and exit, respectively. They are commonly
referred to as flow work. The term WCV accounts for all other energy transfers by work across
the boundary of the control volume.

> 4.2.2 Forms of the Control Volume Energy Rate Balance

Substituting Eq. 4.12 in Eq. 4.9 and collecting all terms referring to the inlet and the exit
into separate expressions, the following form of the control volume energy rate balance
results

=0 — W, + mi(”i + pu; 7[ + gZi) - me(”e + pU, T 76 + 8Ze) (4.13)

The subscript “cv” has been added to Q to emphasize that this is the heat transfer rate over
the boundary (control surface) of the control volume.

The last two terms of Eq. 4.13 can be rewritten using the specific enthalpy /4 introduced
in Sec. 3.3.2. With & = u + puv, the energy rate balance becomes

o _ W+'<h+v"2+ ) ,<h+V§+ ) 4.14

dt - ch cv m; i 2 8% m, e 2 82 4.14)
The appearance of the sum # + pv in the control volume energy equation is the principal
reason for introducing enthalpy previously. It is brought in solely as a convenience: The al-
gebraic form of the energy rate balance is simplified by the use of enthalpy and, as we have
seen, enthalpy is normally tabulated along with other properties.
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In practice there may be several locations on the boundary through which mass enters or
exits. This can be accounted for by introducing summations as in the mass balance. Ac-
cordingly, the energy rate balance is

dE,

. v Ve
=00 - E <h + -+ gz) - 2"@(% 0 gze) (4.15)

Equation 4.15 is an accounting balance for the energy of the control volume. It states that
the rate of energy increase or decrease within the control volume equals the difference be-
tween the rates of energy transfer in and out across the boundary. The mechanisms of en-
ergy transfer are heat and work, as for closed systems, and the energy that accompanies the
mass entering and exiting.

OTHER FORMS

As for the case of the mass rate balance, the energy rate balance can be expressed in terms
of local properties to obtain forms that are more generally applicable. Thus, the term E_(?),
representing the total energy associated with the control volume at time #, can be written as
a volume integral

V2
E. (1) = JV pedV = va<u + > + gz) dv (4.16)

Similarly, the terms accounting for the energy transfers accompanying mass flow and flow
work at inlets and exits can be expressed as shown in the following form of the energy rate
balance

d : . V2
— | pedV =0, W, + > h+—+ gz |pV,dA
dat )y ; A 2

RGeS AR

Additional forms of the energy rate balance can be obtained by expressing the heat transfer
rate Q,, as the integral of the heat flux over the boundary of the control volume, and the work
W,, in terms of normal and shear stresses at the moving portions of the boundary.

In principle, the change in the energy of a control volume over a time period can be
obtained by integration of the energy rate balance with respect to time. Such integrations re-
quire information about the time dependences of the work and heat transfer rates, the various
mass flow rates, and the states at which mass enters and leaves the control volume. Exam-
ples of this type of analysis are presented in Sec. 4.4. In Sec. 4.3 to follow, we consider forms
that the mass and energy rate balances take for control volumes at steady state, for these are
frequently used in practice.

i

(4.17)

4.3 Analyzing Control Volumes at
Steady State

In this section steady-state forms of the mass and energy rate balances are developed and
applied to a variety of cases of engineering interest. The steady-state forms obtained do not
apply to the transient startup or shutdown periods of operation of such devices, but only to
periods of steady operation. This situation is commonly encountered in engineering.

energy rate balance

METHODOLOGY
UPDATE

Equation 4.15 is the most
general form of the con-
servation of energy princi-
ple for control volumes
used in this book. It serves
as the starting point for
applying the conservation
of energy principle to con-
trol volumes in problem
solving.
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> 4.2.1 Steady-State Forms of the Mass and
Energy Rate Balances

For a control volume at steady state, the conditions of the mass within the control volume and
at the boundary do not vary with time. The mass flow rates and the rates of energy transfer
by heat and work are also constant with time. There can be no accumulation of mass within
the control volume, so dm,,/dtr = 0 and the mass rate balance, Eq. 4.2, takes the form

S = >, (4.18)

(mass rate in)  (mass rate out)

Furthermore, at steady state dE,,/dt = 0, so Eq. 4.15 can be written as

. V2 V2
| 0= ch ch + E < + -+ gZ) En./le(hg + 76 + ng> (4.19a)

e

Alternatively

\G \
O + >, mi(hi + 7 + gz,) W, + E (h + =+ gze> (4.19b)
(energy rate in) (energy rate out)

Equation 4.18 asserts that at steady state the total rate at which mass enters the control vol-
ume equals the total rate at which mass exits. Similarly, Eqgs. 4.19 assert that the total rate
at which energy is transferred into the control volume equals the total rate at which energy
is transferred out.

Many important applications involve one-inlet, one-exit control volumes at steady state.
It is instructive to apply the mass and energy rate balances to this special case. The mass rate
balance reduces simply to m; = m,. That is, the mass flow rate must be the same at the
exit, 2, as it is at the inlet, 1. The common mass flow rate is designated simply by m. Next,
applying the energy rate balance and factoring the mass flow rate gives

(Vi - V3

O:ch_ch+m(hl_h2)+ 2

g(zy — 2) (4.202)

Or, dividing by the mass flow rate

.CV WCV V2 - V2
o Voo y =y + 212
m m 2

> 0=

+ g(z; — 2p) (4.20b)

The enthalpy, kinetic energy, and potential energy terms all appear in Eqs. 4.20 as diff-
erences between their values at the inlet and exit. This illustrates that the datums used to
assign values to specific enthalpy, velocity, and elevation cancel, provided the same ones are
used at the inlet and exit. In Eq. 4.20b, the ratios Q,./m and W,/ are rates of energy transfer
per unit mass flowing through the control volume.

The foregoing steady-state forms of the energy rate balance relate only energy transfer
quantities evaluated at the boundary of the control volume. No details concerning properties
within the control volume are required by, or can be determined with, these equations. When
applying the energy rate balance in any of its forms, it is necessary to use the same units for
all terms in the equation. For instance, every term in Eq. 4.20b must have a unit such as kJ/kg
or Btu/lb. Appropriate unit conversions are emphasized in examples to follow.
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> 4.2.2 Modeling Control Volumes at Steady State

In this section, we provide the basis for subsequent applications by considering the modeling
of control volumes at steady state. In particular, several examples are given in Sec. 4.3.3 show-
ing the use of the principles of conservation of mass and energy, together with relationships
among properties for the analysis of control volumes at steady state. The examples are drawn
from applications of general interest to engineers and are chosen to illustrate points common
to all such analyses. Before studying them, it is recommended that you review the methodol-
ogy for problem solving outlined in Sec. 1.7.3. As problems become more complicated, the
use of a systematic problem-solving approach becomes increasingly important.

When the mass and energy rate balances are applied to a control volume, simplifications
are normally needed to make the analysis manageable. That is, the control volume of inter-
est is modeled by making assumptions. The careful and conscious step of listing assump-
tions is necessary in every engineering analysis. Therefore, an important part of this section
is devoted to considering various assumptions that are commonly made when applying the
conservation principles to different types of devices. As you study the examples presented in
Sec. 4.3.3, it is important to recognize the role played by careful assumption making in ar-
riving at solutions. In each case considered, steady-state operation is assumed. The flow is
regarded as one-dimensional at places where mass enters and exits the control volume. Also,
at each of these locations equilibrium property relations are assumed to apply.

In several of the examples to follow, the heat transfer term Q,, is set to zero in the energy
rate balance because it is small relative to other energy transfers across the boundary. This
may be the result of one or more of the following factors:

» The outer surface of the control volume is well insulated.
» The outer surface area is too small for there to be effective heat transfer.

» The temperature difference between the control volume and its surroundings is so small
that the heat transfer can be ignored.

» The gas or liquid passes through the control volume so quickly that there is not enough
time for significant heat transfer to occur.

The work term W,, drops out of the energy rate balance when there are no rotating shafts, dis-
placements of the boundary, electrical effects, or other work mechanisms associated with the
control volume being considered. The kinetic and potential energies of the matter entering and
exiting the control volume are neglected when they are small relative to other energy transfers.

In practice, the properties of control volumes considered to be at steady state do vary with
time. The steady-state assumption would still apply, however, when properties fluctuate only
slightly about their averages, as for pressure in Fig. 4.5a. Steady state also might be assumed
in cases where periodic time variations are observed, as in Fig. 4.5b. For example, in

—————— NN SN 2
ave W v B

(a) (b)

A Figure 4.5 Pressure variations about an average. (a) Fluctuation. (b) Periodic.
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Thermodynamics in the News...

Smaller Can Be Better

Engineers are developing miniature systems for use where
weight, portability, and/or compactness are critically impor-
tant. Some of these applications involve tiny micro systems
with dimensions in the micrometer to millimeter range. Other
somewhat larger meso-scale systems can measure up to a few
centimeters.

Microelectromechanical systems (MEMS) combining elec-
trical and mechanical features are now widely used for sens-
ing and control. Medical applications of MEMS include minute
pressure sensors that monitor pressure within the balloon in-
serted into a blood vessel during angioplasty. Air bags are trig-
gered in an automobile crash by tiny acceleration sensors.
MEMS are also found in computer hard drives and printers.

Miniature versions of other technologies are being investi-
gated. One study aims at developing an entire gas turbine

power plant the size of
a shirt button. Another
involves micromotors
with shafts the diame-
ter of a human hair.
Emergency workers
wearing fire-, chemi-
cal-, or biological-protection suits might in the future be kept
cool by tiny heat pumps imbedded in the suit material.

Engineers report that size reductions cannot go on in-
definitely. As designers aim at smaller sizes, frictional
effects and uncontrolled heat transfers pose significant chal-
lenges. Fabrication of miniature systems is also demanding.
Taking a design from the concept stage to high-volume
production can be both expensive and risky, industry rep-
resentatives say.

nozzle

diffuser

reciprocating engines and compressors, the entering and exiting flows pulsate as valves open
and close. Other parameters also might be time varying. However, the steady-state assumption
can apply to control volumes enclosing these devices if the following are satisfied for each suc-
cessive period of operation: (1) There is no net change in the total energy and the total mass
within the control volume. (2) The time-averaged mass flow rates, heat transfer rates, work
rates, and properties of the substances crossing the control surface all remain constant.

> 4.2.2 Illlustrations

In this section, we present brief discussions and examples illustrating the analysis of several
devices of interest in engineering, including nozzles and diffusers, turbines, compressors and
pumps, heat exchangers, and throttling devices. The discussions highlight some common ap-
plications of each device and the important modeling assumptions used in thermodynamic
analysis. The section also considers system integration, in which devices are combined to
form an overall system serving a particular purpose.

NOZZLES AND DIFFUSERS

A nozzle is a flow passage of varying cross-sectional area in which the velocity of a gas
or liquid increases in the direction of flow. In a diffuser, the gas or liquid decelerates in
the direction of flow. Figure 4.6 shows a nozzle in which the cross-sectional area decreases

V,>V, V, <V,
1 P2<P P2>P1 o,

<« Figure 4.6 Illustration of a nozzle and a
Nozzle Diffuser diffuser.
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— Flow-straightening
screens

T

Acceleration
—_—

Deceleration

/ Test

section Diffuser <« Figure 4.7 Wind-tunnel test
facility.

T

Nozzle

in the direction of flow and a diffuser in which the walls of the flow passage diverge.
In Fig. 4.7, a nozzle and diffuser are combined in a wind-tunnel test facility. Nozzles and
diffusers for high-speed gas flows formed from a converging section followed by diverg-
ing section are studied in Sec. 9.13.

For nozzles and diffusers, the only work is flow work at locations where mass enters and
exits the control volume, so the term W,, drops out of the energy rate equation for these de-
vices. The change in potential energy from inlet to exit is negligible under most conditions.
At steady state the mass and energy rate balances reduce, respectively, to

0
dyr, o
el L )

0
dB A0 Vi . Vi
dt :ch_ch+ml h1+7+821 —m hz"‘?"'gzz
where 1 denotes the inlet and 2 the exit. By combining these into a single expression and
dropping the potential energy change from inlet to exit

Ocr W—%)

O=—+(h — h,) +
-+ (5

@21

where m is the mass flow rate. The term Q.,/n representing heat transfer with the
surroundings per unit of mass flowing through the nozzle or diffuser is often small enough
relative to the enthalpy and kinetic energy changes that it can be dropped, as in the next
example.

EXAMPLE 4.3 Calculating Exit Area of a Steam Nozzle

Steam enters a converging—diverging nozzle operating at steady state with p; = 40 bar, 7| = 400°C, and a velocity of 10 m/s.
The steam flows through the nozzle with negligible heat transfer and no significant change in potential energy. At the exit,
P> = 15 bar, and the velocity is 665 m/s. The mass flow rate is 2 kg/s. Determine the exit area of the nozzle, in m>.

SOLUTION

Known: Steam flows at steady state through a nozzle with known properties at the inlet and exit, a known mass flow rate,
and negligible effects of heat transfer and potential energy.

Find: Determine the exit area.
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Schematic and Given Data:

T
T, =400 °C !
m=2kgls
Insulation \\
i \
\
- 2
pr =15 bar
- ™V, = 665 m/s
py=40bar | o ]
T,=400°C | == / p =15 bar \
V,=10m/s ===
Control volume 2
1 boundary
[
<« Figure E4.3
Assumptions:

1. The control volume shown on the accompanying figure is at steady state.
2. Heat transfer is negligible and ch = 0.

3. The change in potential energy from inlet to exit can be neglected.

Analysis: The exit area can be determined from the mass flow rate m and Eq. 4.4b, which can be arranged to read

mv,
Vs

=

To evaluate A, from this equation requires the specific volume v, at the exit, and this requires that the exit state be fixed.
The state at the exit is fixed by the values of two independent intensive properties. One is the pressure p,, which is known.
The other is the specific enthalpy /,, determined from the steady-state energy rate balance

R Tae
O=ch_ o T m hl+7+gzl - m hz"‘?"‘gZz

where ch and ch are deleted by assumption 2. The change in specific potential energy drops out in accordance with as-
sumption 3 and m cancels, leaving

Vi — V%)

0=(h1—h2)+( >

Solving for h,

Vz_Vz
e s (B2 %)

From Table A-4, h; = 3213.6 kJ/kg. The velocities V, and V, are given. Inserting values and converting the units of the kinetic
energy terms to kJ/kg results in

10)2 — (665)*7/m?
h, = 3213.6 kl/kg + [%K%)
S

= 3213.6 — 221.1 = 2992.5 kl/kg

IN
1 kg - m/s?

1kJ ‘
10°N - m
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Finally, referring to Table A-4 at p, = 15 bar with h, = 2992.5 kJ/kg, the specific volume at the exit is v, = 0.1627 m*/kg.
The exit area is then

2 kg/s)(0.1627 m¥/k
g g

M — 4.89 X 10~ m?
® 2 665 m/s gl

@ Although equilibrium property relations apply at the inlet and exit of the control volume, the intervening states of the steam
are not necessarily equilibrium states. Accordingly, the expansion through the nozzle is represented on the 7-v diagram
as a dashed line.

@ Care must be taken in converting the units for specific kinetic energy to kl/kg.

©® The area at the nozzle inlet can be found similarly, using A, = mv,/V,.

_
_

|
|
|
|
|
|
L

<« Figure 4.8 Schematic of an axial-
Stationary blades flow turbine.

TURBINES

A turbine is a device in which work is developed as a result of a gas or liquid passing through  rurbine
a set of blades attached to a shaft free to rotate. A schematic of an axial-flow steam or gas

turbine is shown in Fig. 4.8. Turbines are widely used in vapor power plants, gas turbine

power plants, and aircraft engines (Chaps. 8 and 9). In these applications, superheated steam

or a gas enters the turbine and expands to a lower exit pressure as work is developed. A hy-

draulic turbine installed in a dam is shown in Fig. 4.9. In this application, water falling through

the propeller causes the shaft to rotate and work is developed.

Water level \* -.

\ | Water level

<« Figure 4.9 Hydraulic turbine
installed in a dam.
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For a turbine at steady state the mass and energy rate balances reduce to give Eq. 4.20b.
When gases are under consideration, the potential energy change is typically negligible. With
a proper selection of the boundary of the control volume enclosing the turbine, the kinetic
energy change is usually small enough to be neglected. The only heat transfer between the
turbine and surroundings would be unavoidable heat transfer, and as illustrated in the next
example this is often small relative to the work and enthalpy terms.

EXAMPLE 4.4 Calculating Heat Transfer from a Steam Turbine

Steam enters a turbine operating at steady state with a mass flow rate of 4600 kg/h. The turbine develops a power output of
1000 kW. At the inlet, the pressure is 60 bar, the temperature is 400°C, and the velocity is 10 m/s. At the exit, the pressure
is 0.1 bar, the quality is 0.9 (90%), and the velocity is 50 m/s. Calculate the rate of heat transfer between the turbine and sur-
roundings, in kW.

SOLUTION

Known: A steam turbine operates at steady state. The mass flow rate, power output, and states of the steam at the inlet and
exit are known.

Find: Calculate the rate of heat transfer.

Schematic and Given Data:

T
iy = 4600 kg/h §
py =60 bar \ N
T, = 400°C - >
V,=10m/s }chz 1000 kW
I

py =0.1 bar

x, =0.9 (90%) v

V,=50m/s

< Figure E4.4
Assumptions:

1. The control volume shown on the accompanying figure is at steady state.

2. The change in potential energy from inlet to exit can be neglected.

Analysis: To calculate the heat transfer rate, begin with the one-inlet, one-exit form of the energy rate balance for a control
volume at steady state

: . : V2 . \&
0=0, W, +m h1-|-7+gz1 —-m h2+7+g12

where m is the mass flow rate. Solving for ch and dropping the potential energy change from inlet to exit

SR, V2- V2
ch = ch gy m|:(h2 - hl) + (T)}

To compare the magnitudes of the enthalpy and kinetic energy terms, and stress the unit conversions needed, each of these
terms is evaluated separately.
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First, the specific enthalpy difference h, — h, is found. Using Table A-4, h; = 3177.2 kJ/kg. State 2 is a two-phase

liquid—vapor mixture, so with data from Table A-3 and the given quality
hy = hey + xp(hgy — hyy)
= 191.83 + (0.9)(2392.8) = 2345.4 kJ/kg
Hence

hy, — hy = 23454 — 3177.2 = —831.8 kl/kg

Consider next the specific kinetic energy difference. Using the given values for the velocities

(1) (V§ < V?) 5, [(50)2 = (10)2}(32) IN 1kJ ‘
2 2 s /|1kg-m/s*| [10° N - m
= 1.2kl/kg

Calculating ch from the above expression

9 QCV

k kJ lh
(1000 kW) + (4600£)(—831.8 + 1.2)(*)’
h kg/ 13600 s

1kW‘
1klJ/s

—61.3 kW
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@ The magnitude of the change in specific kinetic energy from inlet to exit is much smaller than the specific enthalpy

change.

@ The negative value of ch means that there is heat transfer from the turbine to its surroundings, as would be expected. The

magnitude of ch is small relative to the power developed.

COMPRESSORS AND PUMPS

Compressors are devices in which work is done on a gas passing through them in order to
raise the pressure. In pumps, the work input is used to change the state of a liquid passing
through. A reciprocating compressor is shown in Fig. 4.10. Figure 4.11 gives schematic di-
agrams of three different rotating compressors: an axial-flow compressor, a centrifugal com-
pressor, and a Roots type.

The mass and energy rate balances reduce for compressors and pumps at steady state, as
for the case of turbines considered previously. For compressors, the changes in specific kinetic
and potential energies from inlet to exit are often small relative to the work done per unit of
mass passing through the device. Heat transfer with the surroundings is frequently a secondary
effect in both compressors and pumps.

The next two examples illustrate, respectively, the analysis of an air compressor and a
power washer. In each case the objective is to determine the power required to operate the
device.

!
4

Outlet <« Figure 4.10 Reciprocating compressor.

compressor

pump
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Outlet

Stator

Impeller

7

Driveshaft

Inlet — >

\WI [T/

\\\\\\\\\\H [TITITI

(a) )
Outlet

(c)
A Figure 4.11 Rotating compressors. (a) Axial flow. (b) Centrifugal. (c) Roots type.

EXAMPLE 4.5 Calculating Compressor Power

Air enters a compressor operating at steady state at a pressure of 1 bar, a temperature of 290 K, and a velocity of 6 m/s through
an inlet with an area of 0.1 m% At the exit, the pressure is 7 bar, the temperature is 450 K, and the velocity is 2 m/s. Heat
transfer from the compressor to its surroundings occurs at a rate of 180 kJ/min. Employing the ideal gas model, calculate the
power input to the compressor, in kW.

SOLUTION
Known: An air compressor operates at steady state with known inlet and exit states and a known heat transfer rate.
Find: Calculate the power required by the compressor.

Schematic and Given Data:

Assumptions:
1. The control volume shown on the accompanying =1 bar
: L=
figure is at steady state. T,=290K |

2. The change in potential energy from inlet to exit V=6 m/s2
can be neglected. A;=0.1m

@ 3. The ideal gas model applies for the air.

< Figure E4.5
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Analysis:  To calculate the power input to the compressor, begin with the energy rate balance for the one-inlet, one-exit con-
trol volume at steady state:

. . : Vi ; Vi
0=Q0, W, +tm h1+7+gzl —m h2+7+gz2

Solving
: b Vi — V3
%=%+%%—@+G§Jﬂ

The change in potential energy from inlet to exit drops out by assumption 2.

The mass flow rate m can be evaluated with given data at the inlet and the ideal gas equation of state.
AV, AVp, (0.1 m?(6m/s)(10° N/m?)
"= eyt =

v, (R/M)T, (8314 N m

——— (290K
28.97 kg - K)( )

The specific enthalpies &, and £, can be found from Table A-22. At 290 K, &, = 290.16 kl/kg. At 450 K, h, = 451.8 kl/kg.
Substituting values into the expression for W,

= 0.72 kg/s

. kJ \|1 mi k kJ
e (_180—_) s 0.72—g{(290.16 — 451.8)—
min/| 60 s s kg
NICECS T I IN T
2 s /[1kg-m/s*| [10°N-m

kJ k; kJ
=l St 0.72£(—161.64 +0.02) —
S S kg

KJ |1 kW
= —119.4—

—| = —1194kW
s [1kl/s

@ The applicability of the ideal gas model can be checked by reference to the generalized compressibility chart.

@ The contribution of the kinetic energy is negligible in this case. Also, the heat transfer rate is seen to be small relative to
the power input.

@ In this example ch and WCV have negative values, indicating that the direction of the heat transfer is from the compressor

and work is done on the air passing through the compressor. The magnitude of the power input to the compressor is
119.4 kW.

EXAMPLE 4.6 Power Washer

A power washer is being used to clean the siding of a house. Water enters at 20°C, 1 atm, with a volumetric flow rate of
0.1 liter/s through a 2.5-cm-diameter hose. A jet of water exits at 23°C, 1 atm, with a velocity of 50 m/s at an elevation
of 5 m. At steady state, the magnitude of the heat transfer rate from the power unit to the surroundings is 10% of the
power input. The water can be considered incompressible, and g = 9.81 m/s>. Determine the power input to the motor,
in kW.

SOLUTION

Known: A power washer operates at steady state with known inlet and exit conditions. The heat transfer rate is known as a
percentage of the power input.

Find: Determine the power input.
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Schematic and Given Data:

Assumptions:

1. A control volume enclosing the power unit
and the delivery hose is at steady state.

2. The water is modeled as incompressible.

p1=1atm

T, =20°C

(AV), = 0.1 liter/s
D;=25cm

<« Figure E4.6

Analysis: To calculate the power input, begin with the one-inlet, one-exit form of the energy balance for a control volume
at steady state

& 2 . V2 T V2
0= ch = ch ity m|:(h1 % h2) + (%) + g(zl - ZZ):|
Introducing Q,, = (O.I)ch, and solving for W,,

" (Vi - V)

W, = @|:(hl RO e e G Zz)}

The mass flow rate 72 can be evaluated using the given volumetric flow rate and v = v4(20°C) = 1.0018 X 107* m*/kg
from Table A-2, as follows

m = (AV),/v

-3 3
— (0.1 L/s) /(1.0018 X 10> m¥/kg) AL
8L

1

= 0.1 kg/s

Dividing the given volumetric flow rate by the inlet area, the inlet velocity is V, = 0.2 m/s.
The specific enthalpy term is evaluated using Eq. 3.20b, with p; = p, = 1 atm and ¢ = 4.18 kJ/kg - K from Table A-19

0
hy = hy=c(T), — T)) + v(ipr—73)
(4.18 kl/kg - K)(—3 K) = —12.54 kl/kg

Evaluating the specific kinetic energy term

viov [02- <50>2](“s“)2‘ o

2 2 1 kg - m/s?

1kJ
10°N-m

’ = —1.25kJ/kg
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Finally, the specific potential energy term is

IN 1kJ
—2,)=(9.81m/s?)(0 — 5 ‘ ’ = —0.05 kJ/k
g(Zl ZZ) ( m/s )( )m 1 kg . m/s2 103 N-'m g
Inserting values
; 0.1 kg/s kI'\| 1 kW
3] LR sy (Cros) ¢ (—0.05)](—)‘
0.9 kg /|1KJ/s

Thus
W, = —1.54kW

where the minus sign indicates that power is provided to the washer.

@ Since power is required to operate the washer, ch is negative in accord with our sign convention. The energy transfer by
heat is from the control volume to the surroundings, and thus Q,, is negative as well. Using the value of W, found be-
low, Q., = (0.1)W,, = —0.154 kW.

@ The power washer develops a high-velocity jet of water at the exit. The inlet velocity is small by comparison.

@ The power input to the washer is accounted for by heat transfer from the washer to the surroundings and the increases in
specific enthalpy, kinetic energy, and potential energy of the water as it is pumped through the power washer.

HEAT EXCHANGERS

Devices that transfer energy between fluids at different temperatures by heat transfer modes
such as discussed in Sec. 2.4.2 are called heat exchangers. One common type of heat ex-  heat exchanger

143

changer is a vessel in which hot and cold streams are mixed directly as shown in Fig. 4.12a.
An open feedwater heater is an example of this type of device. Another common type of heat

ST

() (d)

A Figure 4.12 Common heat exchanger types. (a) Direct contact heat
exchanger. (b) Tube-within-a-tube counterflow heat exchanger. (¢) Tube-within-
a-tube parallel flow heat exchanger. (d) Cross-flow heat exchanger.
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exchanger is one in which a gas or liquid is separated from another gas or liquid by a wall
through which energy is conducted. These heat exchangers, known as recuperators, take many
different forms. Counterflow and parallel tube-within-a-tube configurations are shown in
Figs. 4.12b and 4.12c, respectively. Other configurations include cross-flow, as in automobile
radiators, and multiple-pass shell-and-tube condensers and evaporators. Figure 4.12d illus-
trates a cross-flow heat exchanger.

The only work interaction at the boundary of a control volume enclosing a heat exchanger
is flow work at the places where matter enters and exits, so the term W,, of the energy rate
balance can be set to zero. Although high rates of energy transfer may be achieved from
stream to stream, the heat transfer from the outer surface of the heat exchanger to the sur-
roundings is often small enough to be neglected. In addition, the kinetic and potential ener-
gies of the flowing streams can often be ignored at the inlets and exits.

The next example illustrates how the mass and energy rate balances are applied to a con-
denser at steady state. Condensers are commonly found in power plants and refrigeration
systems.

EXAMPLE 4.7 Power Plant Condenser

Steam enters the condenser of a vapor power plant at 0.1 bar with a quality of 0.95 and condensate exits at 0.1 bar and 45°C.
Cooling water enters the condenser in a separate stream as a liquid at 20°C and exits as a liquid at 35°C with no change in
pressure. Heat transfer from the outside of the condenser and changes in the kinetic and potential energies of the flowing
streams can be ignored. For steady-state operation, determine

(a) the ratio of the mass flow rate of the cooling water to the mass flow rate of the condensing stream.

(b) the rate of energy transfer from the condensing steam to the cooling water, in kJ per kg of steam passing through the

condenser.

SOLUTION

Known: Steam is condensed at steady state by interacting with a separate liquid water stream.

Find: Determine the ratio of the mass flow rate of the cooling water to the mass flow rate of the steam and the rate of energy
transfer from the steam to the cooling water.

Schematic and Given Data:

Condensate Steam
Olbar 2 —=----————— 1 0.1bar
45°C | | x=095
E -
|
. ! r
=
Cooling I Cooling
water 2T T T T T T~ - water
20°C Control volume for part (a) 35°C
2 |_ __________ ul 1
Condensate I Steam
B el
'_____< _____ i
g Energy transfer to v
cooling water

Control volume for part (b)

< Figure E4.7
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Assumptions:

1. Each of the two control volumes shown on the accompanying sketch is at steady-state.

[}

. There is no significant heat transfer between the overall condenser and its surroundings, and WCV =0.
3. Changes in the kinetic and potential energies of the flowing streams from inlet to exit can be ignored.
4. At states 2, 3, and 4, h = hy(T) (see Eq. 3.14).

Analysis: The steam and the cooling water streams do not mix. Thus, the mass rate balances for each of the two streams re-
duce at steady state to give

m; = my, and my = my
(a) The ratio of the mass flow rate of the cooling water to the mass flow rate of the condensing steam, m,/n;, can be found
from the steady-state form of the energy rate balance applied to the overall condenser as follows:

: : : vi : \E
OZch_&z"‘ml h1+7+g21 + m h3+7+gz3

: \E . Vi
- h2+7+g22 - my h4+7+824

The underlined terms drop out by assumptions 2 and 3. With these simplifications, together with the above mass flow rate
relations, the energy rate balance becomes simply

0 = my(hy — hy) + my(h; — hy)
Solving, we get
’il3 = hy — hy
m, hy— hy
The specific enthalpy £, can be determined using the given quality and data from Table A-3. From Table A-3 at 0.1 bar, h; =
191.83 kJ/kg and h, = 2584.7 kl/kg, so
h; = 191.83 + 0.95(2584.7 — 191.83) = 2465.1 kl/kg

Using assumption 4, the specific enthalpy at 2 is given by h, = h(T,) = 188.45 kJ/kg. Similarly, h; = h¢(T;) and h, = h{(T,),
giving hy — hy = 62.7 kl/kg. Thus

7 2465.1 — 188.4
E —240ol= 188457 36.3
m 62.7

(b) For a control volume enclosing the steam side of the condenser only, the steady-state form of energy rate balance is
gy Vi : Vi
P s e T S 2 [ e s )

The underlined terms drop out by assumptions 2 and 3. Combining this equation with m; = m,, the following expression for
the rate of energy transfer between the condensing steam and the cooling water results:

ch = ml(hZ - h])
Dividing by the mass flow rate of the steam, m,, and inserting values

Q.” =h, — h, = 188.45 — 2465.1 = —2276.7 kl/kg

m

where the minus sign signifies that energy is transferred from the condensing steam fo the cooling water.

@ Alternatively, (h, — h3) can be evaluated using the incompressible liquid model via Eq. 3.20b.

@ Depending on where the boundary of the control volume is located, two different formulations of the energy rate balance
are obtained. In part (a), both streams are included in the control volume. Energy transfer between them occurs internally
and not across the boundary of the control volume, so the term Q. drops out of the energy rate balance. With the control
volume of part (b), however, the term Q. must be included.
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Excessive temperatures in electronic components are avoided by providing appropriate
cooling, as illustrated in the next example.

EXAMPLE 4.8 Cooling Computer Components

The electronic components of a computer are cooled by air flowing through a fan mounted at the inlet of the electronics en-
closure. At steady state, air enters at 20°C, 1 atm. For noise control, the velocity of the entering air cannot exceed 1.3 m/s.
For temperature control, the temperature of the air at the exit cannot exceed 32°C. The electronic components and fan receive,
respectively, 80 W and 18 W of electric power. Determine the smallest fan inlet diameter, in cm, for which the limits on the
entering air velocity and exit air temperature are met.

SOLUTION

Known: The electronic components of a computer are cooled by air flowing through a fan mounted at the inlet of the elec-
tronics enclosure. Conditions are specified for the air at the inlet and exit. The power required by the electronics and the fan
are also specified.

Find: Determine for these conditions the smallest fan inlet diameter.

Schematic and Given Data:

. °C ..
Electronic - Air out

P

components =

>
P
P
P

~ /
>

V,<1.3m/s =
< Figure E4.8

Assumptions:

1. The control volume shown on the accompanying figure is at steady state.

2. Heat transfer from the outer surface of the electronics enclosure to the surroundings is negligible. Thus, Q,, = 0
@ 3. Changes in kinetic and potential energies can be ignored.
@ 4. Air is modeled as an ideal gas with ¢, = 1.005 kJ/kg - K.

Analysis: The inlet area A, can be determined from the mass flow rate m and Eq. 4.4b, which can be rearranged to read
2
Vi

1=

The mass flow rate can be evaluated, in turn, from the steady-state energy rate balance

. : Vi-vVvj}
0= ch - ch + m|:(h1 a: h2) it (%) + g(zl =~ ZZ):|

The underlined terms drop out by assumptions 2 and 3, leaving

0=—W, + mh — h)
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where ch accounts for the toral electric power provided to the electronic components and the fan: ch =(—80 W) +
(=18 W) = —98 W. Solving for m, and using assumption 4 with Eq. 3.51 to evaluate (h; — h,)

ki (_WCV)
)

Introducing this into the expression for A; and using the ideal gas model to evaluate the specific volume v,

s=slsmen i)

From this expression we see that A, increases when V, and/or T, decrease. Accordingly, since V; = 1.3 m/s and 7, = 305 K
(32°C), the inlet area must satisfy
8314 N -
( = ) 293 K

e 1 98 W ’11(]“1]/5 2897 kg - K
Ee 1535 S kJ 10° 1.01325 X 10° N/m?
1.005—— J(305 — 293)K
kg K
= 0.005 m?
Then, since A, = 7D?/4
(4)(0.005 m?) 10% cm
D =4/———=0.08m
T 1 m

D, =8cm

For the specified conditions, the smallest fan inlet diameter is 8 cm.

@ Cooling air typically enters and exits electronic enclosures at low velocities, and thus kinetic energy effects are insignificant.

@ The applicability of the ideal gas model can be checked by reference to the generalized compressibility chart. Since the
temperature of the air increases by no more than 12°C, the specific heat c, is nearly constant (Table A-20).

THROTTLING DEVICES

A significant reduction in pressure can be achieved simply by introducing a restriction into
a line through which a gas or liquid flows. This is commonly done by means of a partially
opened valve or a porous plug, as illustrated in Fig. 4.13.

For a control volume enclosing such a device, the mass and energy rate balances reduce
at steady state to

0=m —my
: L0 Vi . V3
0= Qu — Wey + iy h1+7+g21 —m hz+7+gZz

Porous plug

Partially open valve

A Figure 4.13 Examples of throttling devices.
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throttling process

throttling calorimeter

There is usually no significant heat transfer with the surroundings and the change in poten-
tial energy from inlet to exit is negligible. With these idealizations, the mass and energy rate
balances combine to give
2 2
Vi, v
2 P2
Although velocities may be relatively high in the vicinity of the restriction, measurements
made upstream and downstream of the reduced flow area show in most cases that the change
in the specific kinetic energy of the gas or liquid between these locations can be neglected.
With this further simplification, the last equation reduces to

hy = hy (4.22)

When the flow through a valve or other restriction is idealized in this way, the process is
called a throttling process.

An application of the throttling process occurs in vapor-compression refrigeration sys-
tems, where a valve is used to reduce the pressure of the refrigerant from the pressure at the
exit of the condenser to the lower pressure existing in the evaporator. We consider this fur-
ther in Chap. 10. The throttling process also plays a role in the Joule—-Thomson expansion
considered in Chap. 11. Another application of the throttling process involves the throttling
calorimeter, which is a device for determining the quality of a two-phase liquid—vapor mix-
ture. The throttling calorimeter is considered in the next example.

EXAMPLE 4.9 Measuring Steam Quality

A supply line carries a two-phase liquid—vapor mixture of steam at 20 bars. A small fraction of the flow in the line is diverted
through a throttling calorimeter and exhausted to the atmosphere at 1 bar. The temperature of the exhaust steam is measured
as 120°C. Determine the quality of the steam in the supply line.

SOLUTION

Known:

Steam is diverted from a supply line through a throttling calorimeter and exhausted to the atmosphere.

Find: Determine the quality of the steam in the supply line.

Schematic and Given Data:

Steam line, 20 bars

~~

e,

Thermometer

Calorimeter
pp =1 bar
S~_2 T,=120°C

< Figure E4.9
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Assumptions:

1. The control volume shown on the accompanying figure is at steady state.
2. The diverted steam undergoes a throttling process.
Analysis:  For a throttling process, the energy and mass balances reduce to give h, = h;, which agrees with Eq. 4.22.
Thus, with state 2 fixed, the specific enthalpy in the supply line is known, and state 1 is fixed by the known values of p,
and h;.
(1) As shown on the accompanying p—v diagram, state 1 is in the two-phase liquid—vapor region and state 2 is in the super-
heated vapor region. Thus
hy = hy = hy + xl(hgl — hy)
Solving for x;
hy — hy
hgl e hfl
From Table A-3 at 20 bars, i = 908.79 kJ/kg and hy; = 2799.5 kJ/kg. At 1 bar and 120°C, h, = 2766.6 kl/kg from Table A-4.
Inserting values into the above expression, the quality in the line is x; = 0.956 (95.6%).

X =

@ For throttling calorimeters exhausting to the atmosphere, the quality in the line must be greater than about 94% to ensure
that the steam leaving the calorimeter is superheated.

SYSTEM INTEGRATION

Thus far, we have studied several types of components selected from those commonly seen
in practice. These components are usually encountered in combination, rather than individ-
ually. Engineers often must creatively combine components to achieve some overall objec-
tive, subject to constraints such as minimum total cost. This important engineering activity
is called system integration.

Many readers are already familiar with a particularly successful system integration: the
simple power plant shown in Fig. 4.14. This system consists of four components in series, a
turbine-generator, condenser, pump, and boiler. We consider such power plants in detail in
subsequent sections of the book. The example to follow provides another illustration. Many
more are considered in later sections and in end-of-chapter problems.

Condenser

Oou « Figure 4.14 Simple vapor power plant.
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Thermodynamics in the News...

Sensibly Built Homes Cost No NMore

Healthy, comfortable homes that cut energy and water bills
and protect the environment cost no more, builders say. The
“l have a Dream House,” a highly energy efficient and envi-
ronmentally responsible house located close to the Atlanta
boyhood home of Dr. Martin Luther King Jr., is a prime
example.

The house, developed under U.S. Department of Energy
auspices, can be heated and cooled for less than a dollar a
day, and uses 57% less energy for heating and cooling than a
conventional house. Still, construction costs are no more than
for a conventional house.

Designers used a whole-house integrated system approach
whereby components are carefully selected to be comple-
mentary in achieving an energy-thrifty, cost-effective outcome.

The walls, roof, and
floor of this 1565
square-foot house are
factory-built structural
insulated panels in-
corporating foam in-
sulation. This choice
allowed designers to
reduce the size of the
heating and cooling
equipment, thereby
lowering costs. The
house also features
energy-efficient win-
dows, tightly sealed ductwork, and a high-efficiency air con-
ditioner that further contribute to energy savings.

fllE==]
——=

EXAMPLE 4.10 Waste Heat Recovery System

An industrial process discharges gaseous combustion products at 478°K, 1 bar with a mass flow rate of 69.78 kg/s. As shown
in Fig. E4.10, a proposed system for utilizing the combustion products combines a heat-recovery steam generator with a tur-
bine. At steady state, combustion products exit the steam generator at 400°K, 1 bar and a separate stream of water enters at
.275 MPa, 38.9°C with a mass flow rate of 2.079 kg/s. At the exit of the turbine, the pressure is 0.07 bars and the quality is
93%. Heat transfer from the outer surfaces of the steam generator and turbine can be ignored, as can the changes in kinetic
and potential energies of the flowing streams. There is no significant pressure drop for the water flowing through the steam
generator. The combustion products can be modeled as air as an ideal gas.

(a) Determine the power developed by the turbine, in kJ/s.
(b) Determine the turbine inlet temperature, in °C.

SOLUTION

Known:

Steady-state operating data are provided for a system consisting of a heat-recovery steam generator and a turbine.

Find: Determine the power developed by the turbine and the turbine inlet temperature. Evaluate the annual value of the

power developed.

Schematic and Given Data:

py=1bar
T, = 478°K
my =69.78 kg/si 1

Assumptions:

1. The control volume shown on the accompany-
ing figure is at steady state.

. 2. Heat transfer is negligible, and changes in

oy

Turbine

\J

2
<l—|—
7,=400°K | N
py=1bar : generator| i-
| Zﬁ |
| |
e 4
31 p3=.275MPa ps = .07 bars
T, = 38.9°C X5 =93%
iy =2.08 kg/s

Power kinetic and potential energy can be ignored.

out 5 .
3. There is no pressure drop for water flowing

through the steam generator.

4. The combustion products are modeled as air as
an ideal gas.

< Figure E4.10
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Analysis:

(a) The power developed by the turbine is determined from a control volume enclosing both the steam generator and the tur-
bine. Since the gas and water streams do not mix, mass rate balances for each of the streams reduce, respectively, to give

m = nm, m; = ms

The steady-state form of the energy rate balance is
: : : v} : V3
O:ch_ch+ml h1+7+gZ1 +m3 h3+7+g13
, Vi . V3
—m hz+7+822 - ms h5+7+g15

The underlined terms drop out by assumption 2. With these simplifications, together with the above mass flow rate relations,
the energy rate balance becomes

ch = my(hy = hy) + my(hs — hs)
where m; = 69.78 kg/s, my = 2.08 kg/s
The specific enthalpies 4, and £, can be found from Table A-22: At 478 K, h; = 480.35 kJ/kg, and at 400 K, h, = 400.98 kl/kg.

At state 3, water is a liquid. Using Eq. 3.14 and saturated liquid data from Table A-2, h; = h¢(T;) = 162.9 kJ/kg. State 5 is a
two-phase liquid—vapor mixture. With data from Table A-3 and the given quality

hs = 161 + 0.93(2571.72 — 161) = 2403 kJ/kg
Substituting values into the expression for ch

W,, = (69.78 kg/s)(480.3 — 400.98) kl/kg
+ (2.079 kg/s)(162.9 — 2403) ki/kg
= 876.8 kI/s = 876.8 kW

(b) To determine Ty, it is necessary to fix the state at 4. This requires two independent property values. With assumption 3,
one of these properties is pressure, p, = 0.275 MPa. The other is the specific enthalpy A,, which can be found from an en-
ergy rate balance for a control volume enclosing just the steam generator. Mass rate balances for each of the two streams give
m, = m, and m; = m,. With assumption 2 and these mass flow rate relations, the steady-state form of the energy rate balance
reduces to

0 = m,(hy — hy) + ms(hs — hy)
Solving for A,

ny
hy = hs + f(hl -, hz)
m

kI (69.78 kJ
= 162.9— + (—)(480.3 — 400.98)—

kg \2.079 kg
= 2825 kl/kg

Interpolating in Table A-4 at p, = .275 MPa with h,, T, = 180°C.

@ Alternatively, to determine /, a control volume enclosing just the turbine can be considered. This is left as an exercise.

@ The decision about implementing this solution to the problem of utilizing the hot combustion products discharged from
an industrial process would necessarily rest on the outcome of a detailed economic evaluation, including the cost of pur-
chasing and operating the steam generator, turbine, and auxiliary equipment.
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transient

4.4 Transient Analysis

Many devices undergo periods of fransient operation in which the state changes with time.
Examples include the startup or shutdown of turbines, compressors, and motors. Additional
examples are provided by vessels being filled or emptied, as considered in Example 4.2 and
in the discussion of Fig. 1.3. Because property values, work and heat transfer rates, and mass
flow rates may vary with time during transient operation, the steady-state assumption is not
appropriate when analyzing such cases. Special care must be exercised when applying the
mass and energy rate balances, as discussed next.

MASS BALANCE

First, we place the control volume mass balance in a form that is suitable for transient analy-
sis. We begin by integrating the mass rate balance, Eq. 4.2, from time O to a final time ¢.

That is
t d X t t
[ (G o= (i [ (S)ar
o\ dt o\ 7 o\ 2
This takes the form

me,(t) — me,(0) = 2 ( L[ i, dt> - 2 ( L[ m, dt>

Introducing the following symbols for the underlined terms

amount of mass
" entering the control
m; = | m;dt . .
0 volume through inlet i,
from time O to ¢
amount of mass
" exiting the control
m, = | m,dt .
0 volume through exit e,
from time O to ¢

the mass balance becomes
mcv(t) - mcv(o) = 2 m; — E m, (4.23)

In words, Eq. 4.23 states that the change in the amount of mass contained in the control vol-
ume equals the difference between the total incoming and outgoing amounts of mass.

ENERGY BALANCE

Next, we integrate the energy rate balance, Eq. 4.15, ignoring the effects of kinetic and
potential energy. The result is

Un(t) = Uy(0) = Oy — Wy, + 2 (Lt 1 h; dt> - E(jtnhehf dt) (4.24a)

e 0

where Q,, accounts for the net amount of energy transferred by heat into the control volume
and W, accounts for the net amount of energy transferred by work, except for flow work.
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The integrals shown underlined in Eq. 4.24a account for the energy carried in at the inlets
and out at the exits.

For the special case where the states at the inlets and exits are constant with time, the re-
spective specific enthalpies, #; and &,, would be constant, and the underlined terms of Eq. 4.24a
become

t t
J rhihi dt = hlJ’ n./li dt = himi
0 0

t t
J m.h, dt = h"J m,dt = h,m,
0 0

Equation 4.24a then takes the following special form
Ucv(t) - Ucv(o) = ch - ch + Zmihi - Emehe (4.24b)

Whether in the general form, Eq. 4.24a, or the special form, Eq. 4.24b, these equations ac-
count for the change in the amount of energy contained within the control volume as the dif-
ference between the total incoming and outgoing amounts of energy.

Another special case is when the intensive properties within the control volume are
uniform with position at each instant. Accordingly, the specific volume and the specific
internal energy are uniform throughout and can depend only on time, that is v(¢) and u(¢).
Thus

. (4.25)

Ua(t) = me(t)u(?)

When the control volume is comprised of different phases, the state of each phase would be
assumed uniform throughout.

The following examples provide illustrations of the transient analysis of control vol-
umes using the conservation of mass and energy principles. In each case considered, we
begin with the general forms of the mass and energy balances and reduce them to forms
suited for the case at hand, invoking the idealizations discussed in this section when
warranted.

The first example considers a vessel that is partially emptied as mass exits through a
valve.

EXAMPLE 4.11 Withdrawing Steam from a Tank at Constant Pressure

A tank having a volume of 0.85 m? initially contains water as a two-phase liquid—vapor mixture at 260°C and a quality of
0.7. Saturated water vapor at 260°C is slowly withdrawn through a pressure-regulating valve at the top of the tank as energy
is transferred by heat to maintain the pressure constant in the tank. This continues until the tank is filled with saturated vapor
at 260°C. Determine the amount of heat transfer, in kJ. Neglect all kinetic and potential energy effects.

SOLUTION

Known: A tank initially holding a two-phase liquid—vapor mixture is heated while saturated water vapor is slowly removed.
This continues at constant pressure until the tank is filled only with saturated vapor.

Find: Determine the amount of heat transfer.
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Schematic and Given Data:

Pressure

_F7T Sy regulating valve /\
/ \

: le e
T [ & &

! |
: | Saturated water-

1 2 e | : vapor removed,

. 260°C | I while the tank
| : is heated
|
! |
! |
! |
! |
N 4 \/
AN _
> —

Initial: two-phase Final: saturated vapor
liquid-vapor mixture

A Figure E4.11

Assumptions:

1. The control volume is defined by the dashed line on the accompanying diagram.
2. For the control volume, W,, = 0 and kinetic and potential energy effects can be neglected.
3. At the exit the state remains constant.

@ 4. The initial and final states of the mass within the vessel are equilibrium states.

Analysis:  Since there is a single exit and no inlet, the mass rate balance takes the form

dm., .
e i
With assumption 2, the energy rate balance reduces to
dUCv S, Q' . h
dt = cv meii,
Combining the mass and energy rate balances results in
dUcv = Q L h dmcv
i sl

By assumption 3, the specific enthalpy at the exit is constant. Accordingly, integration of the last equation gives
AU, = Qcy + h, Ame,
Solving for the heat transfer Q.,
0., = AU, — h, Am,,
or
(2] Qcv = (myity — myuy) = hy(my — my)

where m; and m, denote, respectively, the initial and final amounts of mass within the tank.
The terms u; and m, of the foregoing equation can be evaluated with property values from Table A-2 at 260°C and the
given value for quality. Thus

uy = up + xi(uy — uy)
1128.4 + (0.7)(2599.0 — 1128.4) = 2157.8 kl/kg
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Also,

v = v + x(vg — up)
1.2755 X 1073 + (0.7)(0.04221 — 1.2755 X 10_3) =2993 X 1073 m3/kg

Using the specific volume v, the mass initially contained in the tank is

v 0.85 m*
m == = 284kg
v, (2993 X 10~ m¥kg)

The final state of the mass in the tank is saturated vapor at 260°C, so Table A-2 gives
uy = uy(260°C) = 2599.0 kl/kg, U, = 1,(260°C) = 42.21 X 10 m/kg
The mass contained within the tank at the end of the process is

% 0.85 m’
s = 20.14kg
v, 4221 X 10> mVkg

Table A-2 also gives h, = h,(260°C) = 2796.6 kJ/kg.
Substituting values into the expression for the heat transfer yields

0., = (20.14)(2599.0) — (28.4)(2157.8) — 2796.6(20.14 — 28.4)
14,162 kJ

@ In this case, idealizations are made about the state of the vapor exiting and the initial and final states of the mass con-
tained within the tank.

@ This expression for Q., could be obtained by applying Eq. 4.24b together with Egs. 4.23 and 4.25

In the next two examples we consider cases where tanks are filled. In Example 4.12, an
initially evacuated tank is filled with steam as power is developed. In Example 4.13, a com-
pressor is used to store air in a tank.

EXAMPLE 4.12 Using Steam for Emergency Power Generation

Steam at a pressure of 15 bar and a temperature of 320°C is contained in a large vessel. Connected to the vessel through a
valve is a turbine followed by a small initially evacuated tank with a volume of 0.6 m®. When emergency power is required,
the valve is opened and the tank fills with steam until the pressure is 15 bar. The temperature in the tank is then 400°C. The
filling process takes place adiabatically and kinetic and potential energy effects are negligible. Determine the amount of work
developed by the turbine, in kJ.

SOLUTION

Known: Steam contained in a large vessel at a known state flows from the vessel through a turbine into a small tank of
known volume until a specified final condition is attained in the tank.

Find: Determine the work developed by the turbine.
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Schematic and Given Data:

Valve Control volume boundary
JE— 1
Steam at [

15 bar, |

320°C L]
Initially
evacuated
tank -

< Figure E4.12
Assumptions:

1. The control volume is defined by the dashed line on the accompanying diagram.
2. For the control volume, Q,, = 0 and kinetic and potential energy effects are negligible.

@ 3. The state of the steam within the large vessel remains constant. The final state of the steam in the smaller tank is an equi-
librium state.

4. The amount of mass stored within the turbine and the interconnecting piping at the end of the filling process is negligible.

Analysis:  Since the control volume has a single inlet and no exits, the mass rate balance reduces to

dmCV .
e
dt
The energy rate balance reduces with assumption 2 to
oy W., + nyh
dt W cv m; 1
Combining the mass and energy rate balances gives
du,, c dm,
= _ch + hi
dt dt

Integrating
AU, = —W,, + h Am,,

@ In accordance with assumption 3, the specific enthalpy of the steam entering the control volume is constant at the value cor-
responding to the state in the large vessel.
Solving for W,

WCV s hi An/lcv . Al]cv

AU, and Am,, denote, respectively, the changes in internal energy and mass of the control volume. With assumption 4, these
terms can be identified with the small tank only.

Since the tank is initially evacuated, the terms AU, and Am,, reduce to the internal energy and mass within the tank at
the end of the process. That is

0 0
AUCV = (m2u2) = (anT)’ AIncv =my = m?

where 1 and 2 denote the initial and final states within the tank, respectively.
Collecting results yields

ch = mZ(hi - MZ) (1)
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The mass within the tank at the end of the process can be evaluated from the known volume and the specific volume of
steam at 15 bar and 400°C from Table A-4

v 0.6 m®
m, = —

=0T _ 596k
v,  (0.203 mVkg) 5

The specific internal energy of steam at 15 bar and 400°C from Table A-4 is 2951.3 kJ/kg. Also, at 15 bar and 320°C,
h, = 3081.9 kl/kg.
Substituting values into Eq. (1)

(3) W,, = 2.96 kg(3081.9 — 2951.3)kJ/kg = 386.6 kJ

@ In this case idealizations are made about the state of the steam entering the tank and the final state of the steam in the
tank. These idealizations make the transient analysis manageable.

@ A significant aspect of this example is the energy transfer into the control volume by flow work, incorporated in the pv
term of the specific enthalpy at the inlet.

@ If the turbine were removed and steam allowed to flow adiabatically into the small tank, the final steam temperature in
the tank would be 477°C. This may be verified by setting W, to zero in Eq. (1) to obtain u, = h;, which with p, = 15 bar
fixes the final state.

EXAMPLE 4.13 Storing Compressed Air in a Tank

An air compressor rapidly fills a .28m? tank, initially containing air at 21°C, 1 bar, with air drawn from the atmosphere at 21°C,
1 bar. During filling, the relationship between the pressure and specific volume of the air in the tank is pv'* = constant.
The ideal gas model applies for the air, and kinetic and potential energy effects are negligible. Plot the pressure, in atm,
and the temperature, in °F, of the air within the tank, each versus the ratio m/m,, where m, is the initial mass in the tank and m is
the mass in the tank at time ¢ > 0. Also, plot the compressor work input, in kJ, versus m/m;. Let m/m, vary from 1 to 3.

SOLUTION

Known: An air compressor rapidly fills a tank having a known volume. The initial state of the air in the tank and the state
of the entering air are known.

Find: Plot the pressure and temperature of the air within the tank, and plot the air compressor work input, each versus m/m,
ranging from 1 to 3.

Schematic and Given Data:

Air compressor

|
|
|
| |
| |
' :
|
| Tank :
| |
| |
| |
| |
|
|
|

—V=28m’ F
T, =21°C
py =1 bar
___________ pvl=constant™ —~ T T T T T~ +

< Figure E4.13a
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Assumptions:

. The control volume is defined by the dashed line on the accompanying diagram.

. Because the tank is filled rapidly, ch is ignored.

W N -

. Kinetic and potential energy effects are negligible.

o

. The state of the air entering the control volume remains constant.

wn

. The air stored within the air compressor and interconnecting pipes can be ignored.
. The relationship between pressure and specific volume for the air in the tank is pv'* = constant.

6
7. The ideal gas model applies for the air.

Analysis: The required plots are developed using Interactive Thermodynamics: IT. The IT program is based on the follow-
ing analysis. The pressure p in the tank at time ¢ > 0 is determined from

14 _ 14
puv = piv

where the corresponding specific volume v is obtained using the known tank volume V and the mass m in the tank at that
time. That is, v = V/m. The specific volume of the air in the tank initially, v,, is calculated from the ideal gas equation of
state and the known initial temperature, 7}, and pressure, p,. That is

8314 N -
(71'11)(29401()
RT, \2897kg- °K ’ 1 bar

g v
L (1 bar) 10° N/m?

= 8437 m¥kg

Once the pressure p is known, the corresponding temperature 7 can be found from the ideal gas equation of state, T = pv/R.
To determine the work, begin with the mass rate balance for the single-inlet control volume

dm,,

m;
dt

Then, with assumptions 2 and 3, the energy rate balance reduces to

dUcv

= —W,, + mh
dt cv ml 1

Combining the mass and energy rate balances and integrating using assumption 4 gives
AU, = =W, + hAm,,
Denoting the work input to the compressor by W;, = —W,, and using assumption 5, this becomes
Win = mu — muy — (m — mph; (D
where m, is the initial amount of air in the tank, determined from

v 28 m?
my = —

=————=0332kg
vy 0.8437 m’/kg

As a sample calculation to validate the IT program below, consider the case m = 0.664 kg, which corresponds to m/m; = 2.
The specific volume of the air in the tank at that time is

V_02Bm i i
— R () m’
T 0664ke &
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The corresponding pressure of the air is

v\ 0.8437 m¥/kg\'4
o2~ 227

0.422 m*/kg
= 2.64 bars

and the corresponding temperature of the air is

pU (2.64 bars)(.422 m*/kg)\ [10° N/m?
b e Tl ‘ 1 bar
(M kg - °K)
= 388°K (114.9°C)

Evaluating u,, u, and h; at the appropriate temperatures from Table A-22, u; = 209.8 kl/kg, u = 277.5 kI/kg, h; = 294.2
kJ/kg. Using Eq. (1), the required work input is

Wiy = mu — mu; — (m — m))h;

KJ KJ KJ
664 kg)( 277.5 = ) — (0.332kg)( 209.8 = ) — (0.332 kg)( 294.2
(0.66 g)( 5 kg) (0.33 g)( 098kg) (0.33 g)( 9 kg)

= 16.9KkJ

IT Program. Choosing SI units from the Units menu, and selecting Air from the Properties menu, the /7 program for
solving the problem is

// Given data

p1 =1/ bar
T1=21//°C
Ti=21//°C
V=.28/md
n=14

/| Determine the pressure and temperature fort > 0
v1 = v_TP(“Air”,T1, p1)

v =V/m

p*v”™n=pl*¥vlA™n

v = v_TP(“Air”,T, p)

// Specify the mass and mass ratio r

vl =V/m1
r=m/m1
=52

/[ Calculate the work using Eq. (1)
Win =m * u-m1 * u1-hi * (m-m1)
ul = u_T("Air”, T1)

u = u_T(“Air", T)

hi = h_T(“Air", Ti)

Using the Solve button, obtain a solution for the sample case r = m/m; = 2 considered above to validate the program. Good
agreement is obtained, as can be verified. Once the program is validated, use the Explore button to vary the ratio m/m; from

159
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1 to 3 in steps of 0.01. Then, use the Graph button to construct the required plots. The results are:

400
350
300
L 250
& 200
150
100
o T Y 70 )
1 1.5 2 2.5 3 1 1.5 2 2.5 3
mim, mim,
60
50 -
40
— L
)
&30
= |
20 -
10—
07 I O
1 1.5 2 2.5 3
mim

A Figure E4.13b

We conclude from the first two plots that the pressure and temperature each increase as the tank fills. The work required to
fill the tank increases as well. These results are as expected.

@ This pressure-specific volume relationship is in accord with what might be measured. The relationship is also consistent
with the uniform state idealization, embodied by Egs. 4.25.

The final example of transient analysis is an application with a well-stirred tank. Such
process equipment is commonly employed in the chemical and food processing industries.

EXAMPLE 4.14 Temperature Variation in a Well-Stirred Tank

A tank containing 45 kg of liquid water initially at 45°C has one inlet and one exit with equal mass flow rates. Liquid water
enters at 45°C and a mass flow rate of 270 kg/h. A cooling coil immersed in the water removes energy at a rate of 7.6 kW.
The water is well mixed by a paddle wheel so that the water temperature is uniform throughout. The power input to the water
from the paddle wheel is 0.6 kW. The pressures at the inlet and exit are equal and all kinetic and potential energy effects can
be ignored. Plot the variation of water temperature with time.



4.4 Transient Analysis 161

SOLUTION

Known: Liquid water flows into and out of a well-stirred tank with equal mass flow rates as the water in the tank is cooled
by a cooling coil.

Find: Plot the variation of water temperature with time.

Schematic and Given Data:

- <3
Mixing —<_I[ > iy = 270 kg/h 318
rotor

Constant —
liquid level

— Tank

Boundary —

Water temperature, K

— Cooling coil 296

my =270 kg/h 0 0.5 1.0
Time, h
< Figure E4.14

Assumptions:

1. The control volume is defined by the dashed line on the accompanying diagram.

2. For the control volume, the only significant heat transfer is with the cooling coil. Kinetic and potential energy effects can
be neglected.

3. The water temperature is uniform with position throughout: 7 = 7(¢).

4. The water in the tank is incompressible, and there is no change in pressure between inlet and exit.

Analysis: The energy rate balance reduces with assumption 2 to

dU,
dt

= ch - ch + m(hl . hZ)

where m denotes the mass flow rate.
The mass contained within the control volume remains constant with time, so the term on the left side of the energy rate
balance can be expressed as

au,, d(m.u) du

dt dt Moy g

Since the water is assumed incompressible, the specific internal energy depends on temperature only. Hence, the chain rule
can be used to write

du_dudl _ dT
dt — drdi i
where c is the specific heat. Collecting results
du,, dT

= m.,.C
dt T dt

With Eq. 3.20b the enthalpy term of the energy rate balance can be expressed as

0
hy —hy=c(Ty — T,) + U(ﬂ/l’z)
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where the pressure term is dropped by assumption 4. Since the water is well mixed, the temperature at the exit equals the tem-

perature of the overall quantity of liquid in the tank, so

hy—hy=¢T —T)

where T represents the uniform water temperature at time ¢.

With the foregoing considerations the energy rate balance becomes

M C— =
cv dr

ch T WCV ity n:lC(Tl ==} T)

As can be verified by direct substitution, the solution of this first-order, ordinary differential equation is

7 ~CV - WCV
T exp(—i t) B <Q7> Ep]

cv

mc

The constant C, is evaluated using the initial condition: at + = 0, T = T. Finally

'CV_ WCV
T=T, +(Q7

mc

e )

Substituting given numerical values together with the specific heat ¢ for liquid water from Table A-19

[~7.6 — (—0.6)] kI/s

T=318K +

o =318 — 22[1 — exp(—61)]

270 k
(22242
3600 s

[ -eol55)

kJ )
kg - K

where # is in hours. Using this expression, we can construct the accompanying plot showing the variation of temperature with time.

@ In this case idealizations are made about the state of the mass contained within the system and the states of the liquid en-
tering and exiting. These idealizations make the transient analysis manageable.

@ Ast— oo, T—296 K. That is, the water temperature approaches a constant value after sufficient time has elapsed. From
the accompanying plot it can be seen that the temperature reaches its constant limiting value in about 1 h.

Chapter Summary and Study Guide -

The conservation of mass and energy principles for control
volumes are embodied in the mass and energy rate balances
developed in this chapter. Although the primary emphasis
is on cases in which one-dimensional flow is assumed, mass
and energy balances are also presented in integral forms that
provide a link to subsequent fluid mechanics and heat trans-
fer courses. Control volumes at steady state are featured,
but discussions of transient cases are also provided.

The use of mass and energy balances for control volumes at
steady state is illustrated for nozzles and diffusers, turbines,
compressors and pumps, heat exchangers, throttling devices, and
integrated systems. An essential aspect of all such applications
is the careful and explicit listing of appropriate assumptions.
Such model-building skills are stressed throughout the chapter.

The following checklist provides a study guide for this chap-
ter. When your study of the text and end-of-chapter exercises

has been completed you should be able to

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

> list the typical modeling assumptions for nozzles and
diffusers, turbines, compressors and pumps, heat
exchangers, and throttling devices.

» apply Eqgs. 4.18—4.20 to control volumes at steady state,
using appropriate assumptions and property data for the
case at hand.

> apply mass and energy balances for the transient analysis
of control volumes, using appropriate assumptions and
property data for the case at hand.
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Key Engineering Concepts

mass flow rate p. 122
mass rate balance p. 122
one-dimensional flow

p. 124

volumetric flow rate
p. 124

steady state p. 125

Jlow work p. 130

energy rate balance p. 131
nozzle p. 134

diffuser p. 134

turbine p. 137

compressor p. 139
pump p. 139

heat exchanger p. 143
throttling process p. 148

Exercises: Things Engineers Think About

1. Why does the relative velocity normal to the flow boundary,
V,, appear in Eqgs. 4.3 and 4.8?

2. Why might a computer cooled by a constant-speed fan oper-
ate satisfactorily at sea level but overheat at high altitude?

3. Give an example where the inlet and exit mass flow rates for
a control volume are equal, yet the control volume is not at steady
state.

4. Does Q,, accounting for energy transfer by heat include heat
transfer across inlets and exits? Under what circumstances might
heat transfer across an inlet or exit be significant?

5. By introducing enthalpy /4 to replace each of the (v + pv)
terms of Eq. 4.13, we get Eq. 4.14. An even simpler algebraic
form would result by replacing each of the (u + pv + V2/2 +
gz) terms by a single symbol, yet we have not done so. Why not?

6. Simplify the general forms of the mass and energy rate bal-
ances to describe the process of blowing up a balloon. List all of
your modeling assumptions.

7. How do the general forms of the mass and energy rate bal-
ances simplify to describe the exhaust stroke of a cylinder in an
automobile engine? List all of your modeling assumptions.

8. Waterwheels have been used since antiquity to develop me-
chanical power from flowing water. Sketch an appropriate
control volume for a waterwheel. What terms in the mass and

energy rate balances are important to describe steady-state
operation?

9. When air enters a diffuser and decelerates, does its pressure
increase or decrease?

10. Even though their outer surfaces would seem hot to the touch,
large steam turbines in power plants might not be covered with
much insulation. Why not?

11. Would it be desirable for a coolant circulating inside the
engine of an automobile to have a large or a small specific heat
c,? Discuss.

12. A hot liquid stream enters a counterflow heat exchanger at
Thin» and a cold liquid stream enters at T ;,. Sketch the variation
of temperature with location of each stream as it passes through
the heat exchanger.

13. What are some examples of commonly encountered devices
that undergo periods of transient operation? For each example,
which type of system, closed system or control volume, would
be most appropriate?

14. An insulated rigid tank is initially evacuated. A valve is
opened and atmospheric air at 20°C, 1 atm enters until the pres-
sure in the tank becomes 1 bar, at which time the valve is closed.
Is the final temperature of the air in the tank equal to, greater
than, or less than 20°C?
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Applying Conservation of Mass

4.1 The mass flow rate at the inlet of a one-inlet, one-exit con-
trol volume varies with time according to niy, = 100(1 — =),
where my; has units of kg/h and ¢ is in h. At the exit, the mass
flow rate is constant at 100 kg/h. The initial mass in the con-
trol volume is 50 kg.

(a) Plot the inlet and exit mass flow rates, the instantaneous
rate of change of mass, and the amount of mass contained
in the control volume as functions of time, for f ranging
from O to 3 h.

(b) Estimate the time, in h, when the tank is nearly empty.

4.2 A control volume has one inlet and one exit. The mass flow
rates in and out are, respectively, n; = 1.5 and m, =
1.5(1 — ¢ %921 where ¢ is in seconds and 1 is in kg/s. Plot
the time rate of change of mass, in kg/s, and the net change

in the amount of mass, in kg, in the control volume versus
time, in s, ranging from O to 3600 s.

4.3 A 0.5-m® tank contains ammonia, initially at 40°C, 8 bar.
A leak develops, and refrigerant flows out of the tank at a con-
stant mass flow rate of 0.04 kg/s. The process occurs slowly
enough that heat transfer from the surroundings maintains a
constant temperature in the tank. Determine the time, in s, at
which half of the mass has leaked out, and the pressure in the
tank at that time, in bar.

4.4 A water storage tank initially contains 400 m® of water. The
average daily usage is 40 m®. If water is added to the tank at
an average rate of 20[exp(—?/20)] m> per day, where ¢ is time
in days, for how many days will the tank contain water?

4.5 A pipe carrying an incompressible liquid contains an
expansion chamber as illustrated in Fig. P4.5.
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(a) Develop an expression for the time rate of change of lig-
uid level in the chamber, dL/dt, in terms of the diameters
D,, D,, and D, and the velocities V,; and V,.

(b) Compare the relative magnitudes of the mass flow rates ny;
and m, when dL/dt > 0, dL/dt = 0, and dL/dt < 0,

respectively.
D
Expansion T
chamber i

A Figure P4.5

4.6 Velocity distributions for laminar and turbulent flow in a
circular pipe of radius R carrying an incompressible liquid of
density p are given, respectively, by

V/Vy=[1- (”/R)z]
V/Vo = [1 = (r/R)]"

where r is the radial distance from the pipe centerline and V|,
is the centerline velocity. For each velocity distribution

(a) plot V/V, versus r/R.

(b) derive expressions for the mass flow rate and the average
velocity of the flow, V., in terms of V, R, and p, as re-
quired.

(¢) derive an expression for the specific kinetic energy carried
through an area normal to the flow. What is the percent er-
ror if the specific kinetic energy is evaluated in terms of
the average velocity as (V,,.)%/2?

Which velocity distribution adheres most closely to the ideal-
izations of one-dimensional flow? Discuss.

4.7 Vegetable oil for cooking is dispensed from a cylindrical
can fitted with a spray nozzle. According to the label, the can
is able to deliver 560 sprays, each of duration 0.25 s and each
having a mass of 0.25 g. Determine

(a) the mass flow rate of each spray, in g/s.
(b) the mass remaining in the can after 560 sprays, in g, if the
initial mass in the can is 170 g.

4.8 Air enters a one-inlet, one-exit control volume at 8 bar,
600 K, and 40 m/s through a flow area of 20 cm?. At the exit,
the pressure is 2 bar, the temperature is 400 K, and the velocity

is 350 m/s. The air behaves as an ideal gas. For steady-state
operation, determine

(a) the mass flow rate, in kg/s.
(b) the exit flow area, in cm?>.

4.9 Infiltration of outside air into a building through miscel-
laneous cracks around doors and windows can represent a
significant load on the heating equipment. On a day when the
outside temperature is —18°C, 0.042 m?/s of air enters through
the cracks of a particular office building. In addition, door
openings account for about .047 m*/s of outside air infiltration.
The internal volume of the building is 566 m?, and the inside
temperature is 22°C. There is negligible pressure difference
between the inside and the outside of the building. Assuming
ideal gas behavior, determine at steady state the volumetric
flow rate of air exiting the building through cracks and other
openings, and the number of times per hour that the air within
the building is changed due to infiltration.

4.10 Refrigerant 134a enters the condenser of a refrigeration
system operating at steady state at 9 bar, 50°C, through a
2.5-cm-diameter pipe. At the exit, the pressure is 9 bar, the
temperature is 30°C, and the velocity is 2.5 m/s. The mass flow
rate of the entering refrigerant is 6 kg/min. Determine

(a) the velocity at the inlet, in m/s.
(b) the diameter of the exit pipe, in cm.

4.11 Steam at 160 bar, 480°C, enters a turbine operating at
steady state with a volumetric flow rate of 800 m*/min. Eighteen
percent of the entering mass flow exits at 5 bar, 240°C, with a
velocity of 25 m/s. The rest exits at another location with
a pressure of 0.06 bar, a quality of 94%, and a velocity of
400 m/s. Determine the diameters of each exit duct, in m.

4.12  Air enters a compressor operating at steady state with a
pressure of 1 bar, a temperature of 20°C, and a volumetric flow
rate of 0.25 m%s. The air velocity in the exit pipe is 210 m/s
and the exit pressure is 1 MPa. If each unit mass of air passing
from inlet to exit undergoes a process described by pv'** =
constant, determine the exit temperature, in °C.

4.13 Air enters a 0.6-m-diameter fan at 16°C, 101 kPa, and is
discharged at 18°C, 105 kPa, with a volumetric flow rate of
0.35 m%s. Assuming ideal gas behavior, determine for steady-
state operation

(a) the mass flow rate of air, in kg/s.
(b) the volumetric flow rate of air at the inlet, in m%/s.
(c) the inlet and exit velocities, in m/s.

4.14 Ammonia enters a control volume operating at steady state
at p; = 14 bar, T, = 28°C, with a mass flow rate of 0.5 kg/s.
Saturated vapor at 4 bar leaves through one exit, with a volu-
metric flow rate of 1.036 m*/min, and saturated liquid at 4 bar
leaves through a second exit. Determine

(a) the minimum diameter of the inlet pipe, in cm, so the
ammonia velocity does not exceed 20 m/s.

(b) the volumetric flow rate of the second exit stream, in
m>/min.



4.15 At steady state, a stream of liquid water at 20°C, 1 bar is
mixed with a stream of ethylene glycol (M = 62.07) to form
a refrigerant mixture that is 50% glycol by mass. The water
molar flow rate is 4.2 kmol/min. The density of ethylene gly-
col is 1.115 times that of water. Determine

(a) the molar flow rate, in kmol/min, and volumetric flow rate,
in m*min, of the entering ethylene glycol.

Humid air
my = 1.64 kg/s

% Cooling tower
4 I
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(b) the diameters, in cm, of each of the supply pipes if the
velocity in each is 2.5 m/s.

4.16 Figure P4.16 shows a cooling tower operating at steady
state. Warm water from an air conditioning unit enters at 49°C
with a mass flow rate of 0.5 kg/s. Dry air enters the tower at
21°C, 1 atm with a volumetric flow rate of 1.41 m®s. Be-
cause of evaporation within the tower, humid air exits at the

RN 3 p=1hb
p3 ar
\\} V (AV), = 1.41 ms

2 Return water

Fan Warm water inlet Air conditioning unit
m; =0.5kg/s
30 8038 8 0 [ T =<4:9°C
Spray heads 1
f ? Dry air
T3=21°C

Pump

()

Liquid
A

iy = ny
5 | Makeup water

top of the tower with a mass flow rate of 1.64 kg/s. Cooled
liquid water is collected at the bottom of the tower for return
to the air conditioning unit together with makeup water.
Determine the mass flow rate of the makeup water, in kg/s.

Energy Analysis of Control Volumes at Steady State

4.17 Air enters a control volume operating at steady state at
1.05 bar, 300 K, with a volumetric flow rate of 12 m*/min and
exits at 12 bar, 400 K. Heat transfer occurs at a rate of 20 kW
from the control volume to the surroundings. Neglecting ki-
netic and potential energy effects, determine the power, in kW.

4.18 Steam enters a nozzle operating at steady state at 30 bar,
320°C, with a velocity of 100 m/s. The exit pressure and tem-
perature are 10 bar and 200°C, respectively. The mass flow rate
is 2 kg/s. Neglecting heat transfer and potential energy, determine

(a) the exit velocity, in m/s.
(b) the inlet and exit flow areas, in cm?.

4.19 Methane (CH,) gas enters a horizontal, well-insulated noz-
zle operating at steady state at 80°C and a velocity of 10 m/s.
Assuming ideal gas behavior for the methane, plot the tem-
perature of the gas exiting the nozzle, in °C, versus the exit
velocity ranging from 500 to 600 m/s.

4.20  Air enters an uninsulated nozzle operating at steady state
at 420°K with negligible velocity and exits the nozzle at 290°K

T,=27°c 35~

< Figure P4.16

with a velocity of 460 m/s. Assuming ideal gas behavior and
neglecting potential energy effects, determine the heat transfer
per unit mass of air flowing, in kl/kg.

4.21 Air enters an insulated diffuser operating at steady state
with a pressure of 1 bar, a temperature of 300 K, and a veloc-
ity of 250 m/s. At the exit, the pressure is 1.13 bar and the
velocity is 140 m/s. Potential energy effects can be neglected.
Using the ideal gas model, determine

(a) the ratio of the exit flow area to the inlet flow area.
(b) the exit temperature, in K.

4.22  The inlet ducting to a jet engine forms a diffuser that
steadily decelerates the entering air to zero velocity relative to
the engine before the air enters the compressor. Consider a jet
airplane flying at 1000 km/h where the local atmospheric pres-
sure is 0.6 bar and the air temperature is 8°C. Assuming ideal
gas behavior and neglecting heat transfer and potential energy
effects, determine the temperature, in °C, of the air entering
the compressor.

4.23 Refrigerant 134a enters an insulated diffuser as a saturated
vapor at 7 bars with a velocity of 370 m/s. At the exit, the pres-
sure is 16 bars and the velocity is negligible. The diffuser
operates at steady state and potential energy effects can be
neglected. Determine the exit temperature, in °C.
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4.24  Air expands through a turbine from 10 bar, 900 K to 1 bar,
500 K. The inlet velocity is small compared to the exit veloc-
ity of 100 m/s. The turbine operates at steady state and develops
a power output of 3200 kW. Heat transfer between the turbine
and its surroundings and potential energy effects are negligi-
ble. Calculate the mass flow rate of air, in kg/s, and the exit
area, in m>,

4.25 A well-insulated turbine operating at steady state develops
23 MW of power for a steam flow rate of 40 kg/s. The steam
enters at 360°C with a velocity of 35 m/s and exits as saturated
vapor at 0.06 bar with a velocity of 120 m/s. Neglecting
potential energy effects, determine the inlet pressure, in bar.

4.26 Nitrogen gas enters a turbine operating at steady state with
a velocity of 60 m/s, a pressure of 0.345 Mpa, and a temper-
ature of 700 K. At the exit, the velocity is 0.6 m/s, the pres-
sure is 0.14 Mpa, and the temperature is 390 K. Heat transfer
from the surface of the turbine to the surroundings occurs at a
rate of 36 kJ per kg of nitrogen flowing. Neglecting potential
energy effects and using the ideal gas model, determine the
power developed by the turbine, in kW.

4.27 Steam enters a well-insulated turbine operating at steady
state with negligible velocity at 4 MPa, 320°C. The steam ex-
pands to an exit pressure of 0.07 MPa and a velocity of
90 m/s. The diameter of the exit is 0.6 m. Neglecting poten-
tial energy effects, plot the power developed by the turbine,
in kW, versus the steam quality at the turbine exit ranging
from 0.9 to 1.0.

4.28 The intake to a hydraulic turbine installed in a flood con-
trol dam is located at an elevation of 10 m above the turbine
exit. Water enters at 20°C with negligible velocity and exits
from the turbine at 10 m/s. The water passes through the tur-
bine with no significant changes in temperature or pressure be-
tween the inlet and exit, and heat transfer is negligible. The
acceleration of gravity is constant at g = 9.81 m/s If the
power output at steady state is 500 kW, what is the mass flow
rate of water, in kg/s?

4.29 A well-insulated turbine operating at steady state is
sketched in Fig. P4.29. Steam enters at 3 MPa, 400°C, with a
volumetric flow rate of 85 m*min. Some steam is extracted
from the turbine at a pressure of 0.5 MPa and a temperature
of 180°C. The rest expands to a pressure of 6 kPa and a quality
0of 90%. The total power developed by the turbine is 11,400 kW.
Kinetic and potential energy effects can be neglected.
Determine

—_— {\ Power out
p, =3MPa Turbine I § m—
T, = 400°C i
(AV); =85 m*/min > 33 =
p, =0.5MPa p3=0kPa
T, = 180°C X3 =90%
V,=20m/s

A Figure P4.29

(a) the mass flow rate of the steam at each of the two exits,
in kg/h.

(b) the diameter, in m, of the duct through which steam is ex-
tracted, if the velocity there is 20 m/s.

4.30 Air is compressed at steady state from 1 bar, 300 K, to
6 bar with a mass flow rate of 4 kg/s. Each unit of mass pass-
ing from inlet to exit undergoes a process described by
pv'?" = constant. Heat transfer occurs at a rate of 46.95 kJ
per kg of air flowing to cooling water circulating in a water
jacket enclosing the compressor. If kinetic and potential en-
ergy changes of the air from inlet to exit are negligible, cal-

culate the compressor power, in kW.

4.31 A compressor operates at steady state with Refrigerant 22
as the working fluid. The refrigerant enters at 5 bar, 10°C, with
a volumetric flow rate of 0.8 m*/min. The diameters of the in-
let and exit pipes are 4 and 2 cm, respectively. At the exit, the
pressure is 14 bar and the temperature is 90°C. If the magni-
tude of the heat transfer rate from the compressor to its sur-
roundings is 5% of the compressor power input, determine the
power input, in kW.

4.32 Refrigerant 134a enters an air conditioner compressor at
3.2 bar, 10°C, and is compressed at steady state to 10 bar, 70°C.
The volumetric flow rate of refrigerant entering is 3.0 m*min.
The power input to the compressor is 55.2 kJ per kg of re-
frigerant flowing. Neglecting kinetic and potential energy ef-
fects, determine the heat transfer rate, in kW.

4.33 A compressor operating at steady state takes in 45 kg/min
of methane gas (CH,) at 1 bar, 25°C, 15 m/s, and compresses
it with negligible heat transfer to 2 bar, 90 m/s at the exit. The
power input to the compressor is 110 kW. Potential energy
effects are negligible. Using the ideal gas model, determine the
temperature of the gas at the exit, in K.

4.34 Refrigerant 134a is compressed at steady state from 2.4
bar, 0°C, to 12 bar, 50°C. Refrigerant enters the compressor
with a volumetric flow rate of 0.38 m*/min, and the power in-
put to the compressor is 2.6 kW. Cooling water circulating
through a water jacket enclosing the compressor experiences
a temperature rise of 4°C from inlet to exit with a negligible
change in pressure. Heat transfer from the outside of the water
jacket and all kinetic and potential energy effects can be
neglected. Determine the mass flow rate of the cooling water,
in kg/s.

4.35 Air enters a water-jacketed air compressor operating at
steady state with a volumetric flow rate of 37 m*/min at 136
kPa, 305 K and exits with a pressure of 680 kPa and a tem-
perature of 400 K. The power input to the compressor is
155 kW. Energy transfer by heat from the compressed air to
the cooling water circulating in the water jacket results in an
increase in the temperature of the cooling water from inlet to
exit with no change in pressure. Heat transfer from the outside
of the jacket as well as all kinetic and potential energy effects
can be neglected.



(a) Determine the temperature increase of the cooling water,
in K, if the cooling water mass flow rate is 82 kg/min.

(b) Plot the temperature increase of the cooling water, in K,
versus the cooling water mass flow rate ranging from 75
to 90 kg/min.

4.36 A pump steadily delivers water through a hose terminated
by a nozzle. The exit of the nozzle has a diameter of 2.5 cm
and is located 4 m above the pump inlet pipe, which has a di-
ameter of 5.0 cm. The pressure is equal to 1 bar at both the in-
let and the exit, and the temperature is constant at 20°C. The
magnitude of the power input required by the pump is 8.6 kW,
and the acceleration of gravity is g = 9.81 m/s®. Determine
the mass flow rate delivered by the pump, in kg/s.

4.37  An oil pump operating at steady state delivers oil at a rate
of 5.5 kg/s and a velocity of 6.8 m/s. The oil, which can be
modeled as incompressible, has a density of 1600 kg/m® and
experiences a pressure rise from inlet to exit of .28 Mpa. There
is no significant elevation difference between inlet and exit,
and the inlet kinetic energy is negligible. Heat transfer between
the pump and its surroundings is negligible, and there is no
significant change in temperature as the oil passes through the
pump. If pumps are available in 1/4-horsepower increments,
determine the horsepower rating of the pump needed for this
application.

4.38 Ammonia enters a heat exchanger operating at steady state
as a superheated vapor at 14 bar, 60°C, where it is cooled and
condensed to saturated liquid at 14 bar. The mass flow rate of
the refrigerant is 450 kg/h. A separate stream of air enters the
heat exchanger at 17°C, 1 bar and exits at 42°C, 1 bar. Ignor-
ing heat transfer from the outside of the heat exchanger and
neglecting kinetic and potential energy effects, determine the
mass flow rate of the air, in kg/min.

4.39 A steam boiler tube is designed to produce a stream of sat-
urated vapor at 200 kPa from saturated liquid entering at the
same pressure. At steady state, the flow rate is 0.25 kg/min.
The boiler is constructed from a well-insulated stainless steel
pipe through which the steam flows. Electrodes clamped to the
pipe at each end cause a 10-V direct current to pass through
the pipe material. Determine the required size of the power
supply, in kW, and the expected current draw, in amperes.

4.40 Carbon dioxide gas is heated as it flows steadily through
a 2.5-cm-diameter pipe. At the inlet, the pressure is 2 bar, the
temperature is 300 K, and the velocity is 100 m/s. At the exit,
the pressure and velocity are 0.9413 bar and 400 m/s, respec-
tively. The gas can be treated as an ideal gas with constant
specific heat ¢, = 0.94 kJ/kg - K. Neglecting potential energy
effects, determine the rate of heat transfer to the carbon
dioxide, in kKW.

4.41 A feedwater heater in a vapor power plant operates at
steady state with liquid entering at inlet 1 with 7, = 45°C and
p1 = 3.0 bar. Water vapor at 7, = 320°C and p, = 3.0 bar
enters at inlet 2. Saturated liquid water exits with a pressure
of p; = 3.0 bar. Ignore heat transfer with the surroundings and
all kinetic and potential energy effects. If the mass flow rate
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of the liquid entering at inlet 1 is 7i2; = 3.2 X 10° kg/h, de-
termine the mass flow rate at inlet 2, m,, in kg/h.

4.42  The cooling coil of an air-conditioning system is a heat

exchanger in which air passes over tubes through which Re-
frigerant 22 flows. Air enters with a volumetric flow rate of
40 m*/min at 27°C, 1.1 bar, and exits at 15°C, 1 bar. Refrig-
erant enters the tubes at 7 bar with a quality of 16% and exits
at 7 bar, 15°C. Ignoring heat transfer from the outside of the
heat exchanger and neglecting kinetic and potential energy
effects, determine at steady state

(a) the mass flow rate of refrigerant, in kg/min.
(b) the rate of energy transfer, in kJ/min, from the air to the
refrigerant.

4.43 Refrigerant 134a flows at steady state through a long hor-

izontal pipe having an inside diameter of 4 cm, entering as
saturated vapor at —8°C with a mass flow rate of 17 kg/min.
Refrigerant vapor exits at a pressure of 2 bar. If the heat trans-
fer rate to the refrigerant is 3.41 kW, determine the exit tem-
perature, in °C, and the velocities at the inlet and exit, each
in m/s.

4.44  Figure P4.44 shows a solar collector panel with a surface

area of 2.97 m>. The panel receives energy from the sun at a
rate of 1.5 kW. Thirty-six percent of the incoming energy is
lost to the surroundings. The remainder is used to heat liquid
water from 40°C to 60°C. The water passes through the solar
collector with a negligible pressure drop. Neglecting kinetic
and potential energy effects, determine at steady state the mass
flow rate of water, in kg. How many gallons of water at 60°C
can eight collectors provide in a 30-min time period?

Water in

at 40°C
1.5 kW

36% loss ‘Water out

at 60°C
N

A Figure P4.44

4.45 As shown in Fig. P4.45, 15 kg/s of steam enters a desu-

perheater operating at steady state at 30 bar, 320°C, where it
is mixed with liquid water at 25 bar and temperature 7', to pro-
duce saturated vapor at 20 bar. Heat transfer between the de-
vice and its surroundings and kinetic and potential energy
effects can be neglected.
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(a) If T, = 200°C, determine the mass flow rate of liquid, m,,

in kg/s.
3
—_—
p3 =20 bar
Saturated vapor
Valve Valve
1 ﬁ De- 2
superheater

py =30 bar P, =25 bar

T,=320°C T,

m= 15 kg/s

<« Figure P4.45

(b) Plot m,, in kg/s, versus T, ranging from 20 to 220°C.

4.46 A feedwater heater operates at steady state with liquid
water entering at inlet 1 at 7 bar, 42°C, and a mass flow rate
of 70 kg/s. A separate stream of water enters at inlet 2 as a
two-phase liquid—vapor mixture at 7 bar with a quality of 98%.
Saturated liquid at 7 bar exits the feedwater heater at 3. Ig-
noring heat transfer with the surroundings and neglecting
kinetic and potential energy effects, determine the mass flow
rate, in kg/s, at inlet 2.

4.47 The electronic components of Example 4.8 are cooled by
air flowing through the electronics enclosure. The rate of energy
transfer by forced convection from the electronic components
to the air is hA(T, — T,), where hA = 5 W/K, T denotes the
average surface temperature of the components, and 7, denotes
the average of the inlet and exit air temperatures. Referring to
Example 4.8 as required, determine the largest value of 7, in
°C, for which the specified limits are met.

4.47 The electronic components of a computer consume 0.1 kW
of electrical power. To prevent overheating, cooling air is sup-
plied by a 25-W fan mounted at the inlet of the electronics en-
closure. At steady state, air enters the fan at 20°C, 1 bar and
exits the electronics enclosure at 35°C. There is no significant
energy transfer by heat from the outer surface of the enclosure
to the surroundings and the effects of kinetic and potential en-
ergy can be ignored. Determine the volumetric flow rate of the
entering air, in m?s.

4.49 Ten kg/min of cooling water circulates through a water
jacket enclosing a housing filled with electronic components.
At steady state, water enters the water jacket at 22°C and exits
with a negligible change in pressure at a temperature that can-
not exceed 26°C. There is no significant energy transfer by heat
from the outer surface of the water jacket to the surroundings,
and kinetic and potential energy effects can be ignored.
Determine the maximum electric power the electronic compo-
nents can receive, in kW, for which the limit on the temperature
of the exiting water is met.

4.50 As shown in Fig. P4.50, electronic components mounted
on a flat plate are cooled by convection to the surroundings
and by liquid water circulating through a U-tube bonded to the
plate. At steady state, water enters the tube at 20°C and a ve-
locity of 0.4 m/s and exits at 24°C with a negligible change in
pressure. The electrical components receive 0.5 kW of electri-

cal power. The rate of energy transfer by convection from the
plate-mounted electronics is estimated to be 0.08 kW. Kinetic
and potential energy effects can be ignored. Determine the tube
diameter, in cm.

Convection
cooling on

/ top surface

Electronic

e

T, =24°C components
T; =20°C
V,;=04m/s
Water

A Figure P4.50

4.51 Electronic components are mounted on the inner surface

of a horizontal cylindrical duct whose inner diameter is 0.2 m,
as shown in Fig. P4.51. To prevent overheating of the elec-
tronics, the cylinder is cooled by a stream of air flowing
through it and by convection from its outer surface. Air enters
the duct at 25°C, 1 bar and a velocity of 0.3 m/s and exits with
negligible changes in kinetic energy and pressure at a temper-
ature that cannot exceed 40°C. If the electronic components
require 0.20 kW of electric power at steady state, determine
the minimum rate of heat transfer by convection from the cylin-
der’s outer surface, in kW, for which the limit on the temper-
ature of the exiting air is met.

Convection cooling on outer surface

S S S S

Air

s —_—
T) =25°C T,<40°C
py=1bar 5 Pp=1lbar
V,=0.3m/s
D;=02m

- Electronic components
mounted on inner surface

A Figure P4.51

4.52  Ammonia enters the expansion valve of a refrigeration sys-

tem at a pressure of 1.4 MPa and a temperature of 32°C and
exits at 0.08 MPa. If the refrigerant undergoes a throttling
process, what is the quality of the refrigerant exiting the
expansion valve?



4.53 Propane vapor enters a valve at 1.6 MPa, 70°C, and
leaves at 0.5 MPa. If the propane undergoes a throttling
process, what is the temperature of the propane leaving the
valve, in °C?

4.54 A large pipe carries steam as a two-phase liquid—vapor
mixture at 1.0 MPa. A small quantity is withdrawn through a
throttling calorimeter, where it undergoes a throttling process
to an exit pressure of 0.1 MPa. For what range of exit tem-
peratures, in °C, can the calorimeter be used to determine the
quality of the steam in the pipe? What is the corresponding
range of steam quality values?

4.55 As shown in Fig. P4.55, a steam turbine at steady state is
operated at part load by throttling the steam to a lower pres-

Valve
1 2 Power out
[~ ’g’ Turbine
p1=15MPa pr=1MPa
T, =320°C
p3 = .08 bar
x3=90%

A Figure P4.55

sure before it enters the turbine. Before throttling, the pressure
and temperature are, respectively, 1.5 MPa and 320°C. After
throttling, the pressure is 1 MPa. At the turbine exit, the steam
is at .08 bar and a quality of 90%. Heat transfer with the
surroundings and all kinetic and potential energy effects can
be ignored. Determine

(a) the temperature at the turbine inlet, in °C.
(b) the power developed by the turbine, in kJ/kg of steam
flowing.

Wy = 10,000 kW

Turbine —

1

Problems: Developing Engineering Skills 169

4.56 Refrigerant 134a enters the flash chamber operating at
steady state shown in Fig. P4.56 at 10 bar, 36°C, with a mass
flow rate of 482 kg/h. Saturated liquid and saturated vapor exit
as separate streams, each at pressure p. Heat transfer to the
surroundings and kinetic and potential energy effects can be
ignored.

(a) Determine the mass flow rates of the exiting streams, each
in kg/h, if p = 4 bar.

(b) Plot the mass flow rates of the exiting streams, each in
kg/h, versus p ranging from 1 to 9 bar.

3
—|_|>
Saturated vapor,
1 Valve pressure p
t || i Flash
Py =10 bar chamber
T, =36°C
iy =482 kg/h
Saturated liquid,
pressure p
=
2

A Figure P4.56

4.57 Air as an ideal gas flows through the turbine and heat ex-
changer arrangement shown in Fig. P4.57. Data for the two
flow streams are shown on the figure. Heat transfer to the sur-
roundings can be neglected, as can all kinetic and potential en-
ergy effects. Determine 73, in K, and the power output of the
second turbine, in kW, at steady state.

4.58 A residential heat pump system operating at steady state
is shown schematically in Fig. P4.58. Refrigerant 134a circu-
lates through the components of the system, and property data
at the numbered locations are given on the figure. The mass

Turbine

p3=4.5bar
T;="? _
T,= 1100 K ’ T, =900K
Air py =5 bar Pa=
—=, — —>
1 2 4
p: — 20 bar Ts=1480 K
TO Heat exchanger | 5 ps=135bar
nis = 1200 kg/min
V 7= 1200 K l|5
pe =1 bar Air
in < Figure P4.57
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flow rate of the refrigerant is 4.6 kg/min. Kinetic and poten-
tial energy effects are negligible. Determine

(a) rate of heat transfer between the compressor and the sur-
roundings, in kJ/min.
(b) the coefficient of performance.

Return air Heated air to
from house house at 7> 20°C
at 20°C
- > o —
S =8 bar
P2 =8 bar hy=270kJ/kg
Condenser Power input
to compressor
. =2.5kW
Expansion
valve Compressor G
. Evaporator py = 1.8 bar
T o
< U
Air exits Outside air enters
atT<0°C at0°C

A Figure P4.58

4.59 Figure P4.59 shows a simple vapor power plant operating
at steady state with water circulating through the components.
Relevant data at key locations are given on the figure. The mass

Q in
p; = 100 bar
é T, =520°C
Power out
§ -
Steam
generator Cooling
Y water in at 20°C
<+
Condenser
pa = 100 bar — =
471 7. = 43°C Cooling
4 water out at 35°C

3 p3=0.08 bar

POWGF Saturated liquid

m

A Figure P4.59

flow rate of the water is 109 kg/s. Kinetic and potential energy
effects are negligible as are all stray heat transfers. Determine

(a) the thermal efficiency.
(b) the mass flow rate of the cooling water passing through
the condenser, in kg/s.

Transient Analysis

4.60 A tiny hole develops in the wall of a rigid tank whose vol-
ume is 0.75 m®, and air from the surroundings at 1 bar, 25°C
leaks in. Eventually, the pressure in the tank reaches 1 bar. The
process occurs slowly enough that heat transfer between the
tank and the surroundings keeps the temperature of the air
inside the tank constant at 25°C. Determine the amount of heat
transfer, in kJ, if initially the tank

(a) is evacuated.
(b) contains air at 0.7 bar, 25°C.

4.61 A rigid tank of volume 0.75 m® is initially evacuated. A
hole develops in the wall, and air from the surroundings at
1 bar, 25°C flows in until the pressure in the tank reaches 1 bar.
Heat transfer between the contents of the tank and the sur-
roundings is negligible. Determine the final temperature in the
tank, in °C.

4.62  Arigid, well-insulated tank of volume 0.5 m® is initially
evacuated. At time ¢ = 0, air from the surroundings at 1 bar,
21°C begins to flow into the tank. An electric resistor trans-
fers energy to the air in the tank at a constant rate of 100 W
for 500 s, after which time the pressure in the tank is 1 bar.
What is the temperature of the air in the tank, in °C, at the
final time?

4.63 The rigid tank illustrated in Fig. P4.63 has a volume of
0.06 m® and initially contains a two-phase liquid—vapor mix-
ture of H,O at a pressure of 15 bar and a quality of 20%. As
the tank contents are heated, a pressure-regulating valve keeps
the pressure constant in the tank by allowing saturated vapor
to escape. Neglecting kinetic and potential energy effects

(a) determine the total mass in the tank, in kg, and the amount
of heat transfer, in kJ, if heating continues until the final
quality is x = 0.5.

(b) plot the total mass in the tank, in kg, and the amount of
heat transfer, in kJ, versus the final quality x ranging from
0.2 to 1.0.

Pressure-regulating valve

V=0.06 m*
p=15bar
Xinitial = 20%

S

<« Figure P4.63



4.64 A well-insulated rigid tank of volume 10 m® is connected
to a large steam line through which steam flows at 15 bar and
280°C. The tank is initially evacuated. Steam is allowed to flow
into the tank until the pressure inside is p.

(a) Determine the amount of mass in the tank, in kg, and the
temperature in the tank, in °C, when p = 15 bar.

(b) Plot the quantities of part (a) versus p ranging from 0.1 to
15 bar.

4.65 A tank of volume 1 m? initially contains steam at 6 MPa
and 320°C. Steam is withdrawn slowly from the tank until the
pressure drops to p. Heat transfer to the tank contents main-
tains the temperature constant at 320°C. Neglecting all kinetic
and potential energy effects

(a) determine the heat transfer, in kJ, if p = 1.5 MPa.
(b) plot the heat transfer, in kJ, versus p ranging from 0.5 to
6 MPa.

4.66 A 1 m’ tank initially contains air at 300 kPa, 300 K. Air
slowly escapes from the tank until the pressure drops to 100
kPa. The air that remains in the tank undergoes a process de-
scribed by pv'? = constant. For a control volume enclosing
the tank, determine the heat transfer, in kJ. Assume ideal gas
behavior with constant specific heats.

4.67 A well-insulated tank contains 25 kg of Refrigerant 134a,

initially at 300 kPa with a quality of 0.8 (80%). The pressure
is maintained by nitrogen gas acting against a flexible bladder,
as shown in Fig. P4.67. The valve is opened between the tank
and a supply line carrying Refrigerant 134a at 1.0 MPa, 120°C.
The pressure regulator allows the pressure in the tank to re-
main at 300 kPa as the bladder expands. The valve between
the line and the tank is closed at the instant when all the liquid
has vaporized. Determine the amount of refrigerant admitted
to the tank, in kg.

Pressure-regulating

valve Nitrogen supply

Flexible bladder

Refrigerant 134a
300 kPa Tank

r Line: 1000 kPa, 120 °C

! 4

A Figure P4.67
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4.68 A well-insulated piston—cylinder assembly is connected by

a valve to an air supply line at 8 bar, as shown in Fig. P4.68.
Initially, the air inside the cylinder is at 1 bar, 300 K, and the
piston is located 0.5 m above the bottom of the cylinder. The
atmospheric pressure is 1 bar, and the diameter of the piston
face is 0.3 m. The valve is opened and air is admitted slowly
until the volume of air inside the cylinder has doubled. The
weight of the piston and the friction between the piston and
the cylinder wall can be ignored. Using the ideal gas model,
plot the final temperature, in K, and the final mass, in kg, of
the air inside the cylinder for supply temperatures ranging from
300 to 500 K.

Patm =
1 bar

I

Initially: L; =0.5m
T,=300K
py =1 bar

Valve

Diameter = 0.3 m

r Air supply line: 8 bar

4 6

A Figure P4.68

4.69 Nitrogen gas is contained in a rigid 1-m tank, initially at

10 bar, 300 K. Heat transfer to the contents of the tank occurs
until the temperature has increased to 400 K. During the
process, a pressure-relief valve allows nitrogen to escape,
maintaining constant pressure in the tank. Neglecting kinetic
and potential energy effects, and using the ideal gas model with
constant specific heats evaluated at 350 K, determine the mass
of nitrogen that escapes, in kg, and the amount of energy trans-
fer by heat, in kJ.

4.70 The air supply to a 56 m’ office has been shut off

overnight to conserve utilities, and the room temperature has
dropped to 4°C. In the morning, a worker resets the thermo-
stat to 21°C, and 6 m*min of air at 50°C begins to flow in
through a supply duct. The air is well mixed within the room,
and an equal mass flow of air at room temperature is with-
drawn through a return duct. The air pressure is nearly 1 bar
everywhere. Ignoring heat transfer with the surroundings and
kinetic and potential energy effects, estimate how long it takes
for the room temperature to reach 21°C. Plot the room tem-
perature as a function of time.



172 Chapter 4 Control Volume Analysis Using Energy

Design & Open Ended Problems: Exploring Engineering Practice

4.1D What practical measures can be taken by manufacturers
to use energy resources more efficiently? List several specific
opportunities, and discuss their potential impact on profitabil-
ity and productivity.

4.2D Methods for measuring mass flow rates of gases and lig-
uids flowing in pipes and ducts include: rotameters, turbine
flowmeters, orifice-type flowmeters, thermal flowmeters, and
Coriolis-type flowmeters. Determine the principles of opera-
tion of each of these flow-measuring devices. Consider the suit-
ability of each for measuring liquid or gas flows. Can any be
used for two-phase liquid—vapor mixtures? Which measure vol-
umetric flow rate and require separate measurements of pres-
sure and temperature to determine the state of the substance?
Summarize your findings in a brief report.

4.3D  Wind turbines, or windmills, have been used for genera-
tions to develop power from wind. Several alternative wind tur-
bine concepts have been tested, including among others the
Mandaras, Darrieus, and propeller types. Write a report in
which you describe the operating principles of prominent wind
turbine types. Include in your report an assessment of the eco-
nomic feasibility of each type.

4.4D  Prepare a memorandum providing guidelines for selecting
fans for cooling electronic components. Consider the advan-
tages and disadvantages of locating the fan at the inlet of the
enclosure containing the electronics. Repeat for a fan at the
enclosure exit. Consider the relative merits of alternative fan
types and of fixed- versus variable-speed fans. Explain how
characteristic curves assist in fan selection.

4.5D Pumped-hydraulic storage power plants use relatively
inexpensive off-peak baseload electricity to pump water from
a lower reservoir to a higher reservoir. During periods of peak
demand, electricity is produced by discharging water from the
upper to the lower reservoir through a hydraulic turbine-
generator. A single device normally plays the role of the pump
during upper-reservoir charging and the turbine-generator
during discharging. The ratio of the power developed during
discharging to the power required for charging is typically
much less than 100%. Write a report describing the features
of the pump-turbines used for such applications and their size
and cost. Include in your report a discussion of the economic
feasibility of pumped-hydraulic storage power plants.

4.6D  Figure P4.6D shows a batch-type solar water heater. With
the exit closed, cold tap water fills the tank, where it is heated
by the sun. The batch of heated water is then allowed to flow
to an existing conventional gas or electric water heater. If the
batch-type solar water heater is constructed primarily from sal-
vaged and scrap material, estimate the time for a typical fam-
ily of four to recover the cost of the water heater from reduced
water heating by conventional means.

4.7D  Low-head dams (3 to 10 m), commonly used for flood
control on many rivers, provide an opportunity for electric
power generation using hydraulic turbine-generators. Esti-
mates of this hydroelectric potential must take into account the

Reflective
surface

Glass or ' Tap water
clear plastic
Warm water
Tank to storage

Insulated walls
and hinged covers

A Figure P4.6D

available head and the river flow, each of which varies con-
siderably throughout the year. Using U.S. Geological Survey
data, determine the typical variations in head and flow for a
river in your locale. Based on this information, estimate the
total annual electric generation of a hydraulic turbine placed
on the river. Does the peak generating capacity occur at the
same time of year as peak electrical demand in your area?
Would you recommend that your local utility take advantage
of this opportunity for electric power generation? Discuss.

4.8D Figure P4.8D illustrates an experimental apparatus for
steady-state testing of Refrigerant 134a shell-and-tube evap-
orators having a capacity of 100 kW. As shown by the dashed
lines on the figure, two subsystems provide refrigerant and a
water-glycol mixture to the evaporator. The water-glycol
mixture is chilled in passing through the evaporator tubes, so
the water-glycol subsystem must reheat and recirculate the
mixture to the evaporator. The refrigerant subsystem must re-
move the energy added to the refrigerant passing through the
evaporator, and deliver saturated liquid refrigerant at —20°C.
For each subsystem, draw schematics showing layouts of heat
exchangers, pumps, interconnecting piping, etc. Also, specify

| |
|
: Refrigerant :
= | subsystem |
|
l |
=TT T T T T e
i I
| |
| —
| Water- : )
I glycol | (
| subsystem : )
i =
i |
| |
| | Shell-and-tube
Leo——- ! evaporator

A Figure P4.8D



the mass flow rates, heat transfer rates, and power require- 4.10D Smaller can be Better (see box Sec. 4.3). Investigate

ments for each component within the subsystems, as the scope of current medical applications of MEMS. Write a
appropriate. report including at least three references.

4.9D The stack from an industrial paint-drying oven discharges ~ 4.11D  Sensibly Built Homes Cost No More (see box Sec. 4.3).
30 m*/min of gaseous combustion products at 240°C. Investi- In energy-efficient homes, indoor air quality can be a concern.
gate the economic feasibility of installing a heat exchanger in Research the issue of carbon monoxide and radon buildup in
the stack to heat air that would provide for some of the space tightly sealed houses. Write a report including at least three

heating needs of the plant. references.
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The presentation to this point has
considered thermodynamic analysis using the conservation of mass and conservation of
energy principles together with property relations. In Chaps. 2 through 4 these fundamen-
tals are applied to increasingly complex situations. The conservation principles do not
always suffice, however, and often the second law of thermodynamics is also required for
thermodynamic analysis. The of this chapter is to introduce the second law of
thermodynamics. A number of deductions that may be called corollaries of the second law
are also considered, including performance limits for thermodynamic cycles. The current
presentation provides the basis for subsequent developments involving the second law in
Chaps. 6 and 7.

5.1

The objectives of the present section are to (1) motivate the need for and the usefulness of
the second law, and (2) to introduce statements of the second law that serve as the point of
departure for its application.

> Motivating the Second Law

It is a matter of everyday experience that there is a definite direction for spontaneous
processes. This can be brought out by considering the three systems pictured in Fig. 5.1.

System a. An object at an elevated temperature 7; placed in contact with atmospheric
air at temperature 7;, would eventually cool to the temperature of its much larger
surroundings, as illustrated in Fig. 5.1a. In conformity with the conservation of energy
principle, the decrease in internal energy of the body would appear as an increase in
the internal energy of the surroundings. The inverse process would not take place
spontaneously, even though energy could be conserved: The internal energy of the
surroundings would not decrease spontaneously while the body warmed from Tj to its
initial temperature.

System b. Air held at a high pressure p; in a closed tank would flow spontaneously to
the lower pressure surroundings at p, if the interconnecting valve were opened, as
illustrated in Fig. 5.1b. Eventually fluid motions would cease and all of the air would be
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Atmospheric air
at T

Atmospheric air
at py

(©

A Figure 5.1 [Illustrations of spontaneous processes and the eventual attainment
of equilibrium with the surroundings. (a) Spontaneous heat transfer. (b) Sponta-
neous expansion. (¢) Falling mass.

at the same pressure as the surroundings. Drawing on experience, it should be clear that
the inverse process would not take place spontaneously, even though energy could be
conserved: Air would not flow spontaneously from the surroundings at p, into the tank,
returning the pressure to its initial value.

> System c. A mass suspended by a cable at elevation z; would fall when released, as
illustrated in Fig. 5.1c. When it comes to rest, the potential energy of the mass in its
initial condition would appear as an increase in the internal energy of the mass and its
surroundings, in accordance with the conservation of energy principle. Eventually, the
mass also would come to the temperature of its much larger surroundings. The inverse
process would not take place spontaneously, even though energy could be conserved:
The mass would not return spontaneously to its initial elevation while its internal energy
or that of its surroundings decreased.

In each case considered, the initial condition of the system can be restored, but not in a
spontaneous process. Some auxiliary devices would be required. By such auxiliary means
the object could be reheated to its initial temperature, the air could be returned to the tank
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and restored to its initial pressure, and the mass could be lifted to its initial height. Also in
each case, a fuel or electrical input normally would be required for the auxiliary devices to
function, so a permanent change in the condition of the surroundings would result.

The foregoing discussion indicates that not every process consistent with the principle of
energy conservation can occur. Generally, an energy balance alone neither enables the pre-
ferred direction to be predicted nor permits the processes that can occur to be distinguished
from those that cannot. In elementary cases such as the ones considered, experience can be
drawn upon to deduce whether particular spontaneous processes occur and to deduce their
directions. For more complex cases, where experience is lacking or uncertain, a guiding
principle would be helpful. This is provided by the second law.

The foregoing discussion also indicates that when left to themselves, systems tend to
undergo spontaneous changes until a condition of equilibrium is achieved, both internally
and with their surroundings. In some cases equilibrium is reached quickly, in others it is
achieved slowly. For example, some chemical reactions reach equilibrium in fractions of
seconds; an ice cube requires a few minutes to melt; and it may take years for an iron bar
to rust away. Whether the process is rapid or slow, it must of course satisfy conservation of
energy. However, that alone would be insufficient for determining the final equilibrium state.
Another general principle is required. This is provided by the second law.

OPPORTUNITIES FOR DEVELOPING WORK

By exploiting the spontaneous processes shown in Fig. 5.1, it is possible, in principle, for
work to be developed as equilibrium is attained. » for example... instead of permit-
ting the body of Fig. 5.1a to cool spontaneously with no other result, energy could be delivered
by heat transfer to a system undergoing a power cycle that would develop a net amount of
work (Sec. 2.6). Once the object attained equilibrium with the surroundings, the process
would cease. Although there is an opportunity for developing work in this case, the oppor-
tunity would be wasted if the body were permitted to cool without developing any work. In
the case of Fig. 5.1, instead of permitting the air to expand aimlessly into the lower-pressure
surroundings, the stream could be passed through a turbine and work could be developed.
Accordingly, in this case there is also a possibility for developing work that would not be
exploited in an uncontrolled process. In the case of Fig. 5.1c, instead of permitting the mass
to fall in an uncontrolled way, it could be lowered gradually while turning a wheel, lifting
another mass, and so on. <

These considerations can be summarized by noting that when an imbalance exists between
two systems, there is an opportunity for developing work that would be irrevocably lost if
the systems were allowed to come into equilibrium in an uncontrolled way. Recognizing this
possibility for work, we can pose two questions:

» What is the theoretical maximum value for the work that could be obtained?

» What are the factors that would preclude the realization of the maximum value?

That there should be a maximum value is fully in accord with experience, for if it were
possible to develop unlimited work, few concerns would be voiced over our dwindling fuel
supplies. Also in accord with experience is the idea that even the best devices would be
subject to factors such as friction that would preclude the attainment of the theoretical
maximum work. The second law of thermodynamics provides the means for determining the
theoretical maximum and evaluating quantitatively the factors that preclude attaining the
maximum.
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SECOND LAW SUMMARY

The preceding discussions can be summarized by noting that the second law and deductions
from it are useful because they provide means for

predicting the direction of processes.

establishing conditions for equilibrium.

w N =

determining the best theoretical performance of cycles, engines, and other devices.

b

evaluating quantitatively the factors that preclude the attainment of the best theoretical
performance level.

Additional uses of the second law include its roles in

5. defining a temperature scale independent of the properties of any thermometric substance.

6. developing means for evaluating properties such as u and £ in terms of properties that are
more readily obtained experimentally.

Scientists and engineers have found many additional applications of the second law and
deductions from it. It also has been used in economics, philosophy, and other areas far
removed from engineering thermodynamics.

The six points listed can be thought of as aspects of the second law of thermodynam-
ics and not as independent and unrelated ideas. Nonetheless, given the variety of these
topic areas, it is easy to understand why there is no single statement of the second law that
brings out each one clearly. There are several alternative, yet equivalent, formulations of
the second law.

In the next section, two equivalent statements of the second law are introduced as a point
of departure for our study of the second law and its consequences. Although the exact
relationship of these particular formulations to each of the second law aspects listed above
may not be immediately apparent, all aspects listed can be obtained by deduction from these
formulations or their corollaries. It is important to add that in every instance where a con-
sequence of the second law has been tested directly or indirectly by experiment, it has been
unfailingly verified. Accordingly, the basis of the second law of thermodynamics, like every
other physical law, is experimental evidence.

» 5.0.2 Statements of the Second Law

Among many alternative statements of the second law, two are frequently used in engineer-
ing thermodynamics. They are the Clausius and Kelvin—Planck statements. The objective of
this section is to introduce these two equivalent second law statements.

The Clausius statement has been selected as a point of departure for the study of the
second law and its consequences because it is in accord with experience and therefore easy
to accept. The Kelvin—Planck statement has the advantage that it provides an effective
means for bringing out important second law deductions related to systems undergoing
thermodynamic cycles. One of these deductions, the Clausius inequality (Sec. 6.1), leads
directly to the property entropy and to formulations of the second law convenient for the
analysis of closed systems and control volumes as they undergo processes that are not
necessarily cycles.

CLAUSIUS STATEMENT OF THE SECOND LAW

The Clausius statement of the second law asserts that: It is impossible for any system to
operate in such a way that the sole result would be an energy transfer by heat from a
cooler to a hotter body.

Clausius statement
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The Clausius statement does not rule out the possibility of transferring energy by heat
from a cooler body to a hotter body, for this is exactly what refrigerators and heat pumps
accomplish. However, as the words “sole result” in the statement suggest, when a heat trans-
fer from a cooler body to a hotter body occurs, there must be some other effect within the
system accomplishing the heat transfer, its surroundings, or both. If the system operates in
a thermodynamic cycle, its initial state is restored after each cycle, so the only place that
must be examined for such other effects is its surroundings. » for example. .. cooling
of food is accomplished by refrigerators driven by electric motors requiring work from their
surroundings to operate. The Clausius statement implies that it is impossible to construct a
refrigeration cycle that operates without an input of work. <

KELVIN-PLANCK STATEMENT OF THE SECOND LAW

Before giving the Kelvin—Planck statement of the second law, the concept of a thermal reser-
voir is introduced. A thermal reservoir, or simply a reservoir, is a special kind of system that
always remains at constant temperature even though energy is added or removed by heat
transfer. A reservoir is an idealization of course, but such a system can be approximated in
a number of ways—by the earth’s atmosphere, large bodies of water (lakes, oceans), a large
block of copper, and a system consisting of two phases (although the ratio of the masses of
the two phases changes as the system is heated or cooled at constant pressure, the tempera-
ture remains constant as long as both phases coexist). Extensive properties of a thermal reser-
voir such as internal energy can change in interactions with other systems even though the
reservoir temperature remains constant.

Having introduced the thermal reservoir concept, we give the Kelvin—Planck statement
of the second law: It is impossible for any system to operate in a thermodynamic cycle
and deliver a net amount of energy by work to its surroundings while receiving energy
by heat transfer from a single thermal reservoir. The Kelvin—Planck statement does not
rule out the possibility of a system developing a net amount of work from a heat trans-
fer drawn from a single reservoir. It only denies this possibility if the system undergoes
a thermodynamic cycle.

The Kelvin—Planck statement can be expressed analytically. To develop this, let us study
a system undergoing a cycle while exchanging energy by heat transfer with a single reser-
voir. The first and second laws each impose constraints:

> A constraint is imposed by the first law on the net work and heat transfer between the
system and its surroundings. According to the cycle energy balance

chcle = Qcycle

In words, the net work done by the system undergoing a cycle equals the net heat
transfer to the system. Although the cycle energy balance allows the net work W, to
be positive or negative, the second law imposes a constraint on its direction, as
considered next.

» According to the Kelvin—Planck statement, a system undergoing a cycle while
communicating thermally with a single reservoir cannot deliver a net amount of work
to its surroundings. That is, the net work of the cycle cannot be positive. However, the
Kelvin—Planck statement does not rule out the possibility that there is a net work
transfer of energy fo the system during the cycle or that the net work is zero. Thus, the
analytical form of the Kelvin—Planck statement is

Weyete = 0 (single reservoir) 5.1)
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where the words single reservoir are added to emphasize that the system communicates
thermally only with a single reservoir as it executes the cycle. In Sec. 5.3.1, we associ-
ate the “less than” and “equal to” signs of Eq. 5.1 with the presence and absence of int-
ernal irreversibilities, respectively. The concept of irreversibilities is considered in
Sec. 5.2.

The equivalence of the Clausius and Kelvin—Planck statements can be demonstrated
by showing that the violation of each statement implies the violation of the other (see
box).

DEMONSTRATING THE EQUIVALENCE OF THE
CLAUSIUS AND KELVIN-PLANCK STATEMENTS

The equivalence of the Clausius and Kelvin—Planck statements is demonstrated by
showing that the violation of each statement implies the violation of the other. That
a violation of the Clausius statement implies a violation of the Kelvin—Planck state-
ment is readily shown using Fig. 5.2, which pictures a hot reservoir, a cold reservoir,
and two systems. The system on the left transfers energy Q¢ from the cold reservoir
to the hot reservoir by heat transfer without other effects occurring and thus violates
the Clausius statement. The system on the right operates in a cycle while receiving
Oy (greater than Q¢) from the hot reservoir, rejecting Q¢ to the cold reservoir, and
delivering work W, to the surroundings. The energy flows labeled on Fig. 5.2 are
in the directions indicated by the arrows.

Consider the combined system shown by a dotted line on Fig. 5.2, which consists
of the cold reservoir and the two devices. The combined system can be regarded as
executing a cycle because one part undergoes a cycle and the other two parts experi-
ence no net change in their conditions. Moreover, the combined system receives en-
ergy (Oy — Qc) by heat transfer from a single reservoir, the hot reservoir, and pro-
duces an equivalent amount of work. Accordingly, the combined system violates the
Kelvin—Planck statement. Thus, a violation of the Clausius statement implies a vio-
lation of the Kelvin—Planck statement. The equivalence of the two second-law state-
ments is demonstrated completely when it is also shown that a violation of the
Kelvin—Planck statement implies a violation of the Clausius statement. This is left as
an exercise.

System undergoing a
thermodynamic cycle
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5:2 Identifying Irreversibilities

One of the important uses of the second law of thermodynamics in engineering is to deter-
mine the best theoretical performance of systems. By comparing actual performance with the
best theoretical performance, insights often can be gained into the potential for improvement.
As might be surmised, the best performance is evaluated in terms of idealized processes. In
this section such idealized processes are introduced and distinguished from actual processes
involving irreversibilities.

IRREVERSIBLE PROCESSES

A process is called irreversible if the system and all parts of its surroundings cannot be
exactly restored to their respective initial states after the process has occurred. A process is
reversible if both the system and surroundings can be returned to their initial states.
Irreversible processes are the subject of the present discussion. Reversible processes are
considered again later in the section.

A system that has undergone an irreversible process is not necessarily precluded from
being restored to its initial state. However, were the system restored to its initial state, it
would not be possible also to return the surroundings to the state they were in initially.
As illustrated below, the second law can be used to determine whether both the system
and surroundings can be returned to their initial states after a process has occurred. That
is, the second law can be used to determine whether a given process is reversible or
irreversible.

It might be apparent from the discussion of the Clausius statement of the second law that
any process involving a spontaneous heat transfer from a hotter body to a cooler body is
irreversible. Otherwise, it would be possible to return this energy from the cooler body to
the hotter body with no other effects within the two bodies or their surroundings. However,
this possibility is contrary to our experience and is denied by the Clausius statement.
Processes involving other kinds of spontaneous events are irreversible, such as an unre-
strained expansion of a gas or liquid considered in Fig. 5.1. Friction, electrical resistance,
hysteresis, and inelastic deformation are examples of effects whose presence during a process
renders it irreversible.

In summary, irreversible processes normally include one or more of the following
irreversibilities:

» Heat transfer through a finite temperature difference

» Unrestrained expansion of a gas or liquid to a lower pressure

» Spontaneous chemical reaction

» Spontaneous mixing of matter at different compositions or states
» Friction—sliding friction as well as friction in the flow of fluids
» Electric current flow through a resistance

» Magnetization or polarization with hysteresis

» Inelastic deformation

Although the foregoing list is not exhaustive, it does suggest that all actual processes are
irreversible. That is, every process involves effects such as those listed, whether it is a naturally
occurring process or one involving a device of our construction, from the simplest mecha-
nism to the largest industrial plant. The term “irreversibility” is used to identify any of these

effects. The list given previously comprises a few of the irreversibilities that are commonly
encountered.



5.2 Identifying Irreversibilities

As a system undergoes a process, irreversibilities may be found within the system as
well as within its surroundings, although in certain instances they may be located pre-
dominately in one place or the other. For many analyses it is convenient to divide the ir-
reversibilities present into two classes. Infernal irreversibilities are those that occur within
the system. External irreversibilities are those that occur within the surroundings, often
the immediate surroundings. As this distinction depends solely on the location of the
boundary, there is some arbitrariness in the classification, for by extending the boundary
to take in a portion of the surroundings, all irreversibilities become “internal.” Nonethe-
less, as shown by subsequent developments, this distinction between irreversibilities is
often useful.

Engineers should be able to recognize irreversibilities, evaluate their influence, and develop
practical means for reducing them. However, certain systems, such as brakes, rely on the
effect of friction or other irreversibilities in their operation. The need to achieve profitable
rates of production, high heat transfer rates, rapid accelerations, and so on invariably dictates
the presence of significant irreversibilities. Furthermore, irreversibilities are tolerated to some
degree in every type of system because the changes in design and operation required to reduce
them would be too costly. Accordingly, although improved thermodynamic performance can
accompany the reduction of irreversibilities, steps taken in this direction are constrained by
a number of practical factors often related to costs.

> for example... consider two bodies at different temperatures that are able to
communicate thermally. With a finite temperature difference between them, a spontaneous
heat transfer would take place and, as discussed previously, this would be a source of
irreversibility. It might be expected that the importance of this irreversibility would di-
minish as the temperature difference approaches zero, and this is the case. From the study
of heat transfer (Sec. 2.4), we know that the transfer of a finite amount of energy by heat
between bodies whose temperatures differ only slightly would require a considerable
amount of time, a larger (more costly) heat transfer surface area, or both. To eliminate this
source of irreversibility, therefore, would require an infinite amount of time and/or an
infinite surface area. <

Whenever any irreversibility is present during a process, the process must necessarily be ir-
reversible. However, the irreversibility of the process can be demonstrated using the
Kelvin—Planck statement of the second law and the following procedure: (1) Assume there
is a way to return the system and surroundings to their respective initial states. (2) Show that
as a consequence of this assumption, it would be possible to devise a cycle that produces
work while no effect occurs other than a heat transfer from a single reservoir. Since the ex-
istence of such a cycle is denied by the Kelvin—Planck statement, the initial assumption must
be in error and it follows that the process is irreversible. This approach can be used to demon-
strate that processes involving friction (see box), heat transfer through a finite temperature
difference, the unrestrained expansion of a gas or liquid to a lower pressure, and other effects
from the list given previously are irreversible. However, in most instances the use of the
Kelvin—Planck statement to demonstrate the irreversibility of processes is cumbersome. It is
normally easier to use the entropy production concept (Sec. 6.5).

DEMONSTRATING IRREVERSIBILITY: FRICTION

Let us use the Kelvin—Planck statement to demonstrate the irreversibility of a process
involving friction. Consider a system consisting of a block of mass m and an inclined
plane. Initially the block is at rest at the top of the incline. The block then slides down

internal and external
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the plane, eventually coming to rest at a lower elevation. There is no significant heat
transfer between the system and its surroundings during the process.
Applying the closed system energy balance

(Up— U) + mg(zp — z) + (KE/@S = Q/E Wo
or
Up — U = mg(z — z)

where U denotes the internal energy of the block-plane system and z is the elevation
of the block. Thus, friction between the block and plane during the process acts to
convert the potential energy decrease of the block to internal energy of the overall
system. Since no work or heat interactions occur between the system and its sur-
roundings, the condition of the surroundings remains unchanged during the process.
This allows attention to be centered on the system only in demonstrating that the
process is irreversible.

When the block is at rest after sliding down the plane, its elevation is z; and the in-
ternal energy of the block—plane system is U;. To demonstrate that the process is irre-
versible using the Kelvin—Planck statement, let us take this condition of the system,
shown in Fig. 5.3a, as the initial state of a cycle consisting of three processes. We imag-
ine that a pulley—cable arrangement and a thermal reservoir are available to assist in
the demonstration.

Process 1: Assume that the inverse process can occur with no change in the sur-
roundings. That is, as shown in Fig. 5.3b, assume that the block returns sponta-
neously to its initial elevation and the internal energy of the system decreases to
its initial value, U;. (This is the process we want to demonstrate is impossible.)

Process 2:  As shown in Fig. 5.3c, use the pulley—cable arrangement provided to lower
the block from z; to z;, allowing the decrease in potential energy to do work by
lifting another mass located in the surroundings. The work done by the system
equals the decrease in the potential energy of the block: mg(z; — zp).

Process 3: The internal energy of the system can be increased from U; to U; by bring-
ing it into communication with the reservoir, as shown in Fig. 5.3d. The heat trans-
fer required is Q = U; — U,. Or, with the result of the energy balance on the system
given above, O = mg(z; — z;). At the conclusion of this process the block is again at
elevation z; and the internal energy of the block—plane system is restored to Uj.

The net result of this cycle is to draw energy from a single reservoir by heat
transfer and produce an equivalent amount of work. There are no other effects.
However, such a cycle is denied by the Kelvin—Planck statement. Since both the
heating of the system by the reservoir (Process 3) and the lowering of the mass by
the pulley—cable while work is done (Process 2) are possible, it can be concluded
that it is Process 1 that is impossible. Since Process 1 is the inverse of the original
process where the block slides down the plane, it follows that the original process
is irreversible.

REVERSIBLE PROCESSES

A process of a system is reversible if the system and all parts of its surroundings can be
exactly restored to their respective initial states after the process has taken place. It should
be evident from the discussion of irreversible processes that reversible processes are purely
hypothetical. Clearly, no process can be reversible that involves spontaneous heat transfer
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through a finite temperature difference, an unrestrained expansion of a gas or liquid, friction,
or any of the other irreversibilities listed previously. In a strict sense of the word, a reversible
process is one that is perfectly executed.

All actual processes are irreversible. Reversible processes do not occur. Even so, certain
processes that do occur are approximately reversible. The passage of a gas through a properly
designed nozzle or diffuser is an example (Sec. 6.8). Many other devices also can be made
to approach reversible operation by taking measures to reduce the significance of irre-
versibilities, such as lubricating surfaces to reduce friction. A reversible process is the limiting
case as irreversibilities, both internal and external, are reduced further and further.

Although reversible processes cannot actually occur, they can be imagined. Earlier in this
section we considered how heat transfer would approach reversibility as the temperature dif-
ference approaches zero. Let us consider two additional examples:

> A particularly elementary example is a pendulum oscillating in an evacuated space. The
pendulum motion approaches reversibility as friction at the pivot point is reduced. In
the limit as friction is eliminated, the states of both the pendulum and its surroundings
would be completely restored at the end of each period of motion. By definition, such a
process is reversible. ©

> A system consisting of a gas adiabatically compressed and expanded in a frictionless A/// ~
piston—cylinder assembly provides another example. With a very small increase in the
external pressure, the piston would compress the gas slightly. At each intermediate volume
during the compression, the intensive properties 7, p, v, etc. would be uniform through- -
out: The gas would pass through a series of equilibrium states. With a small decrease in Gas ——
the external pressure, the piston would slowly move out as the gas expands. At each inter-
mediate volume of the expansion, the intensive properties of the gas would be at the same
uniform values they had at the corresponding step during the compression. When the gas
volume returned to its initial value, all properties would be restored to their initial values
as well. The work done on the gas during the compression would equal the work done by
the gas during the expansion. If the work between the system and its surroundings were
delivered to, and received from, a frictionless pulley—mass assembly, or the equivalent,
there would also be no net change in the surroundings. This process would be reversible.
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INTERNALLY REVERSIBLE PROCESSES

In an irreversible process, irreversibilities are present within the system, its surroundings, or
both. A reversible process is one in which there are no internal or external irreversibilities.
An internally reversible process is one in which there are no irreversibilities within the
system. Irreversibilities may be located within the surroundings, however, as when there is
heat transfer between a portion of the boundary that is at one temperature and the surroundings
at another.

At every intermediate state of an internally reversible process of a closed system, all in-
tensive properties are uniform throughout each phase present. That is, the temperature,
pressure, specific volume, and other intensive properties do not vary with position. If there
were a spatial variation in temperature, say, there would be a tendency for a spontaneous
energy transfer by conduction to occur within the system in the direction of decreasing
temperature. For reversibility, however, no spontaneous processes can be present. From these
considerations it can be concluded that the internally reversible process consists of a series
of equilibrium states: It is a quasiequilibrium process. To avoid having two terms that refer
to the same thing, in subsequent discussions we will refer to any such process as an internally
reversible process.

The use of the internally reversible process concept in thermodynamics is comparable to
the idealizations made in mechanics: point masses, frictionless pulleys, rigid beams, and so
on. In much the same way as these are used in mechanics to simplify an analysis and arrive
at a manageable model, simple thermodynamic models of complex situations can be obtained
through the use of internally reversible processes. Initial calculations based on internally
reversible processes would be adjusted with efficiencies or correction factors to obtain
reasonable estimates of actual performance under various operating conditions. Internally
reversible processes are also useful in determining the best thermodynamic performance of
systems.

53 Applying the Second Law to
Thermodynamic Cycles

Several important applications of the second law related to power cycles and refrigera-
tion and heat pump cycles are presented in this section. These applications further our
understanding of the implications of the second law and provide the basis for important
deductions from the second law introduced in subsequent sections. Familiarity with ther-
modynamic cycles is required, and we recommend that you review Sec. 2.6, where cy-
cles are considered from an energy, or first law, perspective and the thermal efficiency of
power cycles and coefficients of performance for refrigeration and heat pump cycles are
introduced.

> 5.2.1 Interpreting the Kelvin-Planck Statement

Let us reconsider Eq. 5.1, the analytical form of the Kelvin—Planck statement of the second
law. Equation 5.1 is employed in subsequent sections to obtain a number of significant
deductions. In each of these applications, the following idealizations are assumed: The ther-
mal reservoir and the portion of the surroundings with which work interactions occur are free
of irreversibilities. This allows the “less than” sign to be associated with irreversibilities within
the system of interest. The “equal to” sign is employed only when no irreversibilities of any
kind are present. (See box.)
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ASSOCIATING SIGNS WITH THE
KELVIN-PLANCK STATEMENT

Consider a system that undergoes a cycle while exchanging energy by heat transfer
with a single reservoir, as shown in Fig. 5.4. Work is delivered to, or received from,
the pulley—mass assembly located in the surroundings. A flywheel, spring, or some
other device also can perform the same function. In subsequent applications of Eq. 5.1,
the irreversibilities of primary interest are internal irreversibilities. To eliminate extra-
neous factors in such applications, therefore, assume that these are the only irre-
versibilities present. Hence, the pulley—mass assembly, flywheel, or other device to
which work is delivered, or from which it is received, is idealized as free of
irreversibilities. The thermal reservoir is also assumed free of irreversibilities.

To demonstrate the correspondence of the “equal to” sign of Eq. 5.1 with the ab-
sence of irreversibilities, consider a cycle operating as shown in Fig. 5.4 for which the
equality applies. At the conclusion of one cycle,

» The system would necessarily be returned to its initial state.

> Since W = 0, there would be no net change in the elevation of the mass used
to store energy in the surroundings.

> Since Weyge = Qcyeres it follows that Q. e = 0, so there also would be no net
change in the condition of the reservoir.

Thus, the system and all elements of its surroundings would be exactly restored to their
respective initial conditions. By definition, such a cycle is reversible. Accordingly, there
can be no irreversibilities present within the system or its surroundings. It is left as an
exercise to show the converse: If the cycle occurs reversibly, the equality applies. Since a
cycle is either reversible or irreversible, it follows that the inequality sign implies the
presence of irreversibilities, and the inequality applies whenever irreversibilities are
present.

> 5.2.2 Power Cycles Interacting with Two Reservoirs

A significant limitation on the performance of systems undergoing power cycles can be
brought out using the Kelvin—Planck statement of the second law. Consider Fig. 5.5, which
shows a system that executes a cycle while communicating thermally with fwo thermal
reservoirs, a hot reservoir and a cold reservoir, and developing net work W,,.. The thermal
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efficiency of the cycle is

n= Woue ) Qe (5.2)
Oy Oy
where Qy is the amount of energy received by the system from the hot reservoir by heat
transfer and Q¢ is the amount of energy discharged from the system to the cold reservoir by
heat transfer.

If the value of Q. were zero, the system of Fig. 5.5 would withdraw energy Qy from the
hot reservoir and produce an equal amount of work, while undergoing a cycle. The thermal ef-
ficiency of such a cycle would have a value of unity (100%). However, this method of operation
would violate the Kelvin—Planck statement and thus is not allowed. It follows that for any sys-
tem executing a power cycle while operating between two reservoirs, only a portion of the heat
transfer Qy can be obtained as work, and the remainder, O, must be discharged by heat trans-
fer to the cold reservoir. That is, the thermal efficiency must be less than 100%. In arriving at
this conclusion it was not necessary to (1) identify the nature of the substance contained within
the system, (2) specify the exact series of processes making up the cycle, or (3) indicate whether
the processes are actual processes or somehow idealized. The conclusion that the thermal effi-
ciency must be less than 100% applies to all power cycles whatever their details of operation.
This may be regarded as a corollary of the second law. Other corollaries follow.

CARNOT COROLLARIES. Since no power cycle can have a thermal efficiency of 100%, it
is of interest to investigate the maximum theoretical efficiency. The maximum theoretical
efficiency for systems undergoing power cycles while communicating thermally with two
thermal reservoirs at different temperatures is evaluated in Sec. 5.5 with reference to the
following two corollaries of the second law, called the Carnot corollaries.

» The thermal efficiency of an irreversible power cycle is always less than the thermal
efficiency of a reversible power cycle when each operates between the same two
thermal reservoirs.

> All reversible power cycles operating between the same two thermal reservoirs have the
same thermal efficiency.

A cycle is considered reversible when there are no irreversibilities within the system as it
undergoes the cycle and heat transfers between the system and reservoirs occur reversibly.

The idea underlying the first Carnot corollary is in agreement with expectations stemming
from the discussion of the second law thus far. Namely, the presence of irreversibilities dur-
ing the execution of a cycle is expected to exact a penalty. If two systems operating between
the same reservoirs each receive the same amount of energy Oy and one executes a reversible
cycle while the other executes an irreversible cycle, it is in accord with intuition that the net
work developed by the irreversible cycle will be less, and it will therefore have the smaller
thermal efficiency.
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The second Carnot corollary refers only to reversible cycles. All processes of a re-
versible cycle are perfectly executed. Accordingly, if two reversible cycles operating be-
tween the same reservoirs each receive the same amount of energy Qy but one could
produce more work than the other, it could only be as a result of more advantageous se-
lections for the substance making up the system (it is conceivable that, say, air might be
better than water vapor) or the series of processes making up the cycle (nonflow processes
might be preferable to flow processes). This corollary denies both possibilities and indi-
cates that the cycles must have the same efficiency whatever the choices for the working
substance or the series of processes.

The two Carnot corollaries can be demonstrated using the Kelvin—Planck statement of the
second law (see box).

DEMONSTRATING THE CARNOT COROLLARIES

The first Carnot corollary can be demonstrated using the arrangement of Fig. 5.6. A
reversible power cycle R and an irreversible power cycle I operate between the same
two reservoirs and each receives the same amount of energy Oy from the hot reser-
voir. The reversible cycle produces work Wy while the irreversible cycle produces
work Wi. In accord with the conservation of energy principle, each cycle discharges
energy to the cold reservoir equal to the difference between Qy and the work pro-
duced. Let R now operate in the opposite direction as a refrigeration (or heat pump)
cycle. Since R is reversible, the magnitudes of the energy transfers Wy, Oy, and Q¢
remain the same, but the energy transfers are oppositely directed, as shown by the
dashed lines on Fig. 5.6. Moreover, with R operating in the opposite direction, the hot
reservoir would experience no net change in its condition since it would receive Qy
from R while passing Oy to L.

The demonstration of the first Carnot corollary is completed by considering the
combined system shown by the dotted line on Fig. 5.6, which consists of the two cy-
cles and the hot reservoir. Since its parts execute cycles or experience no net change,
the combined system operates in a cycle. Moreover, the combined system exchanges
energy by heat transfer with a single reservoir: the cold reservoir. Accordingly, the com-
bined system must satisfy Eq. 5.1 expressed as

Weyete < 0 (single reservoir)

where the inequality is used because the combined system is irreversible in its opera-
tion since irreversible cycle I is one of its parts. Evaluating W, for the combined
system in terms of the work amounts W; and Wy, the above inequality becomes

W, — Wi <0

which shows that W; must be less than Wy. Since each cycle receives the same energy
input, Qy, it follows that n; < my and this completes the demonstration.

The second Carnot corollary can be demonstrated in a parallel way by considering
any two reversible cycles R; and R, operating between the same two reservoirs. Then,
letting R, play the role of R and R, the role of I in the previous development, a com-
bined system consisting of the two cycles and the hot reservoir may be formed that
must obey Eq. 5.1. However, in applying Eq. 5.1 to this combined system, the equal-
ity is used because the system is reversible in operation. Thus, it can be concluded that
Wr1 = Wh,, and therefore, mz; = mg,. The details are left as an exercise.
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Dotted line defines combined system

Hot reservoir
20 |

iﬁ WI

: ; <« Figure 5.6 Sketch for demonstrating that a
<V v reversible cycle R is more efficient than an
/ Oc=0u-Wr Qc=0u-W \ irreversible cycle I when they operate between

Cold reservoir the same two reservoirs.

» 5.2.2 Refrigeration and Heat Pump Cycles
Interacting with Two Reservoirs

The second law of thermodynamics places limits on the performance of refrigeration and
heat pump cycles as it does for power cycles. Consider Fig. 5.7, which shows a system
undergoing a cycle while communicating thermally with two thermal reservoirs, a hot and a
cold reservoir. The energy transfers labeled on the figure are in the directions indicated by
the arrows. In accord with the conservation of energy principle, the cycle discharges energy
Oy by heat transfer to the hot reservoir equal to the sum of the energy Q. received by heat
transfer from the cold reservoir and the net work input. This cycle might be a refrigeration
cycle or a heat pump cycle, depending on whether its function is to remove energy Q. from
the cold reservoir or deliver energy Qy to the hot reservoir.
For a refrigeration cycle the coefficient of performance is

Qc Qc

B = = (5.3)
chcle QH - QC
The coefficient of performance for a heat pump cycle is
L Qs 5

chcle - Ou — Oc

As the net work input to the cycle W, tends to zero, the coefficients of performance given
by Egs. 5.3 and 5.4 approach a value of infinity. If W, were identically zero, the system
of Fig. 5.7 would withdraw energy Q. from the cold reservoir and deliver energy QO to the
hot reservoir, while undergoing a cycle. However, this method of operation would violate the
Clausius statement of the second law and thus is not allowed. It follows that these coeffi-
cients of performance must invariably be finite in value. This may be regarded as another
corollary of the second law. Further corollaries follow.

Hot Op =
reservoir O 9c + Weycle
s

Boundary——

L

|
|
|
|
: chcle = QH - QC
|
|
|

F————

—— - — <« Figure 5.7 System undergoing a refrigera-

/ i(;le(ivoir éQC \ tion or heat pump cycle while exchanging energy
by heat transfer with two reservoirs.
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Thermodynamics in the News...

Urban Heat Islands Worrisome

Warm blankets of pollution-laden air surround major cities.
Sunlight-absorbing rooftops and expanses of pavement, to-
gether with little greenery, conspire with other features of
city living to raise urban temperatures as much as 10°F
above adjacent rural areas. Health-care professionals worry
about the impact of these “heat islands,” especially on the
elderly.

Paradoxically, the hot exhaust from the air conditioners
city dwellers use to keep cool also make sweltering
neighborhoods even hotter. Recent studies indicate that air-
conditioner exhaust accounts for as much as 2°F of the urban

City planners are com-
bating heat islands. In
Chicago, the once gravel-
roofed City Hall is now
topped by a garden, with
20,000 vines, shrubs, and
trees that absorb solar en-
ergy without increasing the
roof temperature. The roof
temperature in August is as
much as 75°F cooler than on
nearby buildings, city
sources report.

temperature rise. Vehicles and commercial activity also
contribute.

COROLLARIES FOR REFRIGERATION AND HEAT PUMP CYCLES. The maximum
theoretical coefficients of performance for systems undergoing refrigeration and heat pump
cycles while communicating thermally with two reservoirs at different temperatures are
evaluated in Sec. 5.5 with reference to the following corollaries of the second law:

> The coefficient of performance of an irreversible refrigeration cycle is always less than
the coefficient of performance of a reversible refrigeration cycle when each operates
between the same two thermal reservoirs.

> All reversible refrigeration cycles operating between the same two thermal reservoirs
have the same coefficient of performance.

By replacing the term refrigeration with heat pump, we obtain counterpart corollaries for
heat pump cycles.

The first of these corollaries agrees with expectations stemming from the discussion of the
second law thus far. To explore this, consider Fig. 5.8, which shows a reversible refrigeration
cycle R and an irreversible refrigeration cycle I operating between the same two reservoirs.
Each cycle removes the same energy Q. from the cold reservoir. The net work input required
to operate R is Wy, while the net work input for I is W;. Each cycle discharges energy by heat
transfer to the hot reservoir equal to the sum of Q. and the net work input. The directions of
the energy transfers are shown by arrows on Fig. 5.8. The presence of irreversibilities during
the operation of a refrigeration cycle is expected to exact a penalty. If two refrigerators working

Op=0c+ W Ou=0c+W
t Hot reservoir t

—Wl

WR_ I

/ Q?C Cold reservoir Q?C \

<« Figure 5.8 Sketch for demonstrating that a
reversible refrigeration cycle R has a greater co-
efficient of performance than an irreversible cy-
cle I when they operate between the same two
reservoirs.
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Kelvin scale

between the same reservoirs each receive an identical energy transfer from the cold reservoir,
Oc, and one executes a reversible cycle while the other executes an irreversible cycle, we ex-
pect the irreversible cycle to require a greater net work input and thus to have a smaller
coefficient of performance. By a simple extension it follows that all reversible refrigeration
cycles operating between the same two reservoirs have the same coefficient of performance.
Similar arguments apply to the counterpart heat pump cycle statements.

These corollaries can be demonstrated formally using the Kelvin—Planck statement of the
second law and a procedure similar to that employed for the Carnot corollaries. The details
are left as an exercise.

5.4 Defining the Kelvin Temperature Scale

The results of Sec. 5.3 establish theoretical upper limits on the performance of power,
refrigeration, and heat pump cycles communicating thermally with two reservoirs. Expres-
sions for the maximum theoretical thermal efficiency of power cycles and the maximum
theoretical coefficients of performance of refrigeration and heat pump cycles are developed
in Sec. 5.5 using the Kelvin temperature scale defined in the present section.

From the second Carnot corollary we know that all reversible power cycles operating
between the same two thermal reservoirs have the same thermal efficiency, regardless of the
nature of the substance making up the system executing the cycle or the series of processes.
Since the efficiency is independent of these factors, its value can be related only to the
nature of the reservoirs themselves. Noting that it is the difference in temperature between
the two reservoirs that provides the impetus for heat transfer between them, and thereby for
the production of work during the cycle, we reason that the efficiency depends only on the
temperatures of the two reservoirs.

From Eq. 5.2 it also follows that for such reversible power cycles the ratio of the heat
transfers Q/Qy depends only on the reservoir temperatures. That is

(QC> o = (e, Oy) (5.5)

QH cycle

where 6y and 6 denote the temperatures of the reservoirs and the function i is for the present
unspecified. Note that the words “rev cycle” are added to this expression to emphasize that
it applies only to systems undergoing reversible cycles while operating between two thermal
Ieservoirs.

KELVIN SCALE

Equation 5.5 provides a basis for defining a thermodynamic temperature scale: a scale inde-
pendent of the properties of any substance. There are alternative choices for the function
that lead to this end. The Kelvin scale is obtained by making a particularly simple choice,
namely, ¢y = Tc/Ty, where T is the symbol used to denote temperatures on the Kelvin scale.

With this, Eq. 5.5 becomes
T,
<QC> _Ic 5.6)
QH rev TH

cycle

Thus, two temperatures on the Kelvin scale are in the same ratio as the values of the heat
transfers absorbed and rejected, respectively, by a system undergoing a reversible cycle while
communicating thermally with reservoirs at these temperatures.
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If a reversible power cycle were operated in the opposite direction as a refrigeration or
heat pump cycle, the magnitudes of the energy transfers QO and Qy would remain the same,
but the energy transfers would be oppositely directed. Accordingly, Eq. 5.6 applies to each
type of cycle considered thus far, provided the system undergoing the cycle operates between
two thermal reservoirs and the cycle is reversible.

Equation 5.6 gives only a ratio of temperatures. To complete the definition of the Kelvin scale,
it is necessary to proceed as in Sec. 1.6 by assigning the value 273.16 K to the temperature at
the triple point of water. Then, if a reversible cycle is operated between a reservoir at 273.16 K
and another reservoir at temperature 7, the two temperatures are related according to

)
T = 273.16( (5.7
Qtp rev

cycle

where Q,, and Q are the heat transfers between the cycle and reservoirs at 273.16 K and tem-
perature 7, respectively. In the present case, the heat transfer Q plays the role of the ther-
mometric property. However, since the performance of a reversible cycle is independent of
the makeup of the system executing the cycle, the definition of temperature given by Eq. 5.7
depends in no way on the properties of any substance or class of substances.

In Sec. 1.6 we noted that the Kelvin scale has a zero of 0 K, and lower temperatures than
this are not defined. Let us take up these points by considering a reversible power cycle op-
erating between reservoirs at 273.16 K and a lower temperature 7. Referring to Eq. 5.7, we
know that the energy rejected from the cycle by heat transfer Q would not be negative, so T
must be nonnegative. Equation 5.7 also shows that the smaller the value of Q, the lower the
value of T, and conversely. Accordingly, as Q approaches zero the temperature 7" approaches
zero. It can be concluded that a temperature of zero on the Kelvin scale is the lowest con-
ceivable temperature. This temperature is called the absolute zero, and the Kelvin scale is
called an absolute temperature scale.

INTERNATIONAL TEMPERATURE SCALE

When numerical values of the thermodynamic temperature are to be determined, it is not
possible to use reversible cycles, for these exist only in our imaginations. However, temper-
atures evaluated using the constant-volume gas thermometer introduced in Sec. 1.6 are iden-
tical to those of the Kelvin scale in the range of temperatures where the gas thermometer can
be used. Other empirical approaches can be employed for temperatures above and below the
range accessible to gas thermometry. The Kelvin scale provides a continuous definition of
temperature valid over all ranges and provides an essential connection between the several
empirical measures of temperature.

To provide a standard for temperature measurement taking into account both theoretical
and practical considerations, the International Temperature Scale (ITS) was adopted in 1927.
This scale has been refined and extended in several revisions, most recently in 1990. The
International Temperature Scale of 1990 (ITS-90) is defined in such a way that the temper-
ature measured on it conforms with the thermodynamic temperature, the unit of which is the
kelvin, to within the limits of accuracy of measurement obtainable in 1990. The ITS-90 is
based on the assigned values of temperature of a number of reproducible fixed points
(Table 5.1). Interpolation between the fixed-point temperatures is accomplished by formulas
that give the relation between readings of standard instruments and values of the ITS. In the
range from 0.65 to 5.0 K, ITS-90 is defined by equations giving the temperature as functions
of the vapor pressures of particular helium isotopes. The range from 3.0 to 24.5561 K is
based on measurements using a helium constant-volume gas thermometer. In the range from
13.8033 to 1234.93 K, ITS-90 is defined by means of certain platinum resistance ther-
mometers. Above 1234.9 K the temperature is defined using Planck’s equation for blackbody
radiation and measurements of the intensity of visible-spectrum radiation.
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TABLE 5.1 Defining Fixed Points of the International
Temperature Scale of 1990

T (K) Substance® State”
3t05 He Vapor pressure point
13.8033 e-H, Triple point
~17 e-H, Vapor pressure point
~20.3 e-H, Vapor pressure point
24.5561 Ne Triple point
54.3584 0, Triple point
83.8058 Ar Triple point
234.3156 Hg Triple point
273.16 H,O Triple point
302.9146 Ga Melting point
429.7485 In Freezing point
505.078 Sn Freezing point
692.677 Zn Freezing point
933.473 Al Freezing point
1234.93 Ag Freezing point
1337.33 Au Freezing point
1357.77 Cu Freezing point

“He denotes *He or “He; e-H, is hydrogen at the equilibrium
concentration of the ortho- and para-molecular forms.

Triple point: temperature at which the solid, liquid, and vapor
phases are in equilibrium. Melting point, freezing point: temperature,
at a pressure of 101.325 kPa, at which the solid and liquid phases are
in equilibrium.

Source: H. Preston-Thomas, “The International Temperature Scale of
1990 (ITS-90),” Metrologia 27, 3—10 (1990).

5.5 Maximum Performance
Measures for Cycles Operating
Between Two Reservoirs

The discussion of Sec. 5.3 continues in this section with the development of expressions for
the maximum thermal efficiency of power cycles and the maximum coefficients of perform-
ance of refrigeration and heat pump cycles in terms of reservoir temperatures evaluated on
the Kelvin scale. These expressions can be used as standards of comparison for actual power,
refrigeration, and heat pump cycles.

» 5.5.1 Power Cycles

The use of Eq. 5.6 in Eq. 5.2 results in an expression for the thermal efficiency of a system
undergoing a reversible power cycle while operating between thermal reservoirs at temper-
atures Ty and T¢. That is

T
Carnot efficiency p Nmax = 1 — T (5.8)
H

which is known as the Carnot efficiency.
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Recalling the two Carnot corollaries, it should be evident that the efficiency given by
Eq. 5.8 is the thermal efficiency of all reversible power cycles operating between two reser-
voirs at temperatures Ty and T, and the maximum efficiency any power cycle can have while
operating between the two reservoirs. By inspection, the value of the Carnot efficiency in-
creases as Ty increases and/or T decreases.

Equation 5.8 is presented graphically in Fig. 5.9. The temperature 7 used in constructing
the figure is 298 K in recognition that actual power cycles ultimately discharge energy by heat
transfer at about the temperature of the local atmosphere or cooling water drawn from a nearby
river or lake. Note that the possibility of increasing the thermal efficiency by reducing 7
below that of the environment is not practical, for maintaining 7 lower than the ambient tem-
perature would require a refrigerator that would have to be supplied work to operate.

Figure 5.9 shows that the thermal efficiency increases with 7. Referring to segment a—b
of the curve, where Ty and 7 are relatively low, we can see that 7 increases rapidly as Ty
increases, showing that in this range even a small increase in Ty can have a large effect on
efficiency. Though these conclusions, drawn as they are from Fig. 5.9, apply strictly only to
systems undergoing reversible cycles, they are qualitatively correct for actual power cycles.
The thermal efficiencies of actual cycles are observed to increase as the average tempera-
ture at which energy is added by heat transfer increases and/or the average temperature at
which energy is discharged by heat transfer is reduced. However, maximizing the thermal
efficiency of a power cycle may not be the only objective. In practice, other considerations
such as cost may be overriding.

COMMENT. Conventional power-producing cycles have thermal efficiencies ranging up to
about 40%. This value may seem low, but the comparison should be made with an appropri-
ate limiting value and not 100%. » for example. .. consider a system executing a power
cycle for which the average temperature of heat addition is 745 K and the average tempera-
ture at which heat is discharged is 298 K. For a reversible cycle receiving and discharging en-
ergy by heat transfer at these temperatures, the thermal efficiency given by Eq. 5.8 is 60%.
When compared to this value, an actual thermal efficiency of 40% does not appear to be so
low. The cycle would be operating at two-thirds of the theoretical maximum. <

A more complete discussion of power cycles is provided in Chaps. 8 and 9.

» 5.5.2 Refrigeration and Heat Pump Cycles

Equation 5.6 is also applicable to reversible refrigeration and heat pump cycles operating
between two thermal reservoirs, but for these O represents the heat added to the cycle from
the cold reservoir at temperature 7 on the Kelvin scale and Qy is the heat discharged to the
hot reservoir at temperature Ty. Introducing Eq. 5.6 in Eq. 5.3 results in the following
expression for the coefficient of performance of any system undergoing a reversible
refrigeration cycle while operating between the two reservoirs

Tc

>
2 05
=

a I

0 Il Il Av
298 1000 2000 3000
Ty (K)
A Figure 5.9 Carnot

efficiency versus Ty, for
Tc = 298 K.

Bmax = (5.9) €4

TH - TC

Similarly, substituting Eq. 5.6 into Eq. 5.4 gives the following expression for the coefficient
of performance of any system undergoing a reversible heat pump cycle while operating
between the two reservoirs

Ty

Ymax = o (5.10) €

TH_ TC
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The development of Eqs. 5.9 and 5.10 is left as an exercise. Note that the temperatures used
to evaluate 3,,,, and vy, must be absolute temperatures on the Kelvin or Rankine scale.
From the discussion of Sec. 5.3.3, it follows that Eqgs. 5.9 and 5.10 are the maximum
coefficients of performance that any refrigeration and heat pump cycles can have while operating
between reservoirs at temperatures Ty and 7. As for the case of the Carnot efficiency, these
expressions can be used as standards of comparison for actual refrigerators and heat pumps. A
more complete discussion of refrigeration and heat pump cycles is provided in Chap. 10.

» 5.5.2 Power Cycle, Refrigeration and Heat Pump Applications

In this section, three examples are provided that illustrate the use of the second law corollaries
of Secs. 5.3.2 and 5.3.3 together with Egs. 5.8, 5.9, and 5.10, as appropriate.

The first example uses Eq. 5.8 to evaluate an inventor’s claim.

In the next example, we evaluate the coefficient of performance of a refrigerator and com-
pare it with the maximum theoretical value.

EXAMPLE 5.1 Evaluating a Power Cycle Performance Claim

An inventor claims to have developed a power cycle capable of delivering a net work output of 410 kJ for an energy input by
heat transfer of 1000 kJ. The system undergoing the cycle receives the heat transfer from hot gases at a temperature of 500 K
and discharges energy by heat transfer to the atmosphere at 300 K. Evaluate this claim.

SOLUTION

Known: A system operates in a cycle and produces a net amount of work while receiving and discharging energy by heat
transfer at fixed temperatures.

Find: Evaluate the claim that the cycle can develop 410 kJ of work for an energy input by heat of 1000 kJ.

Schematic and Given Data:

0, = 1000 kJ

500 K _
———eD [ | Assumptions:
v I

! 1. The system is shown on the accompanying figure.
Eo:;/sr_l W=410KJ Wi panying g . .
4 2. The hot gases and the atmosphere play the roles of hot and cold reservoirs, respectively.

F——————

e
g 300 K
QOUt
<« Figure E5.1
Analysis: Inserting the values supplied by the inventor into Eq. 5.2, the cycle thermal efficiency is
410kJ
= =041(41%
7 1000 k3 4L %)

The maximum thermal efficiency any power cycle can have while operating between reservoirs at 7y = 500 K and 7 =
300 K is given by Eq. 5.8.

Te . 300K

= 1 —— =
o Tex T 500 K

= 0.40 (40%)

Since the thermal efficiency of the actual cycle exceeds the maximum theoretical value, the claim cannot be valid.

@ The temperatures used in evaluating 7,,,, must be in K or °R.
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EXAMPLE 5.2 Evaluating Refrigerator Performance

By steadily circulating a refrigerant at low temperature through passages in the walls of the freezer compartment, a refrigerator
maintains the freezer compartment at —5°C when the air surrounding the refrigerator is at 22°C. The rate of heat transfer from
the freezer compartment to the refrigerant is 8000 kJ/h and the power input required to operate the refrigerator is 3200 kJ/h.
Determine the coefficient of performance of the refrigerator and compare with the coefficient of performance of a reversible
refrigeration cycle operating between reservoirs at the same two temperatures.

SOLUTION

Known: A refrigerator maintains a freezer compartment at a specified temperature. The rate of heat transfer from the
refrigerated space, the power input to operate the refrigerator, and the ambient temperature are known.

Find: Determine the coefficient of performance and compare with that of a reversible refrigerator operating between reser-
voirs at the same two temperatures.

Schematic and Given Data:

Surroundings at 22°C (295 K)

vvcycle

___________ = 3200 kJ/h

_____ I S f—=

-
~tf

Assumptions:

1. The system shown on the accompanying figure is at steady state.

2. The freezer compartment and the surrounding air play the roles of cold
and hot reservoirs, respectively.

System
boundary

Oc = 8000 kJ/h

Freezer compartment
at —5°C (268 K)

< Figure E5.2

Analysis: Inserting the given operating data into Eq. 5.3, the coefficient of performance of the refrigerator is

Oc _ 8000kI/h _
Weae 3200 kl/h

B= 25

Substituting values into Eq. 5.9 gives the coefficient of performance of a reversible refrigeration cycle operating between
reservoirs at 7o = 268 K and T; = 295 K

Tc 268 K

o Boos = 7 T T 205K — 268K

9.9

@ The difference between the actual and maximum coefficients of performance suggests that there may be some potential
for improving the thermodynamic performance. This objective should be approached judiciously, however, for improved
performance may require increases in size, complexity, and cost.

In Example 5.3, we determine the minimum theoretical work input and cost for one day
of operation of an electric heat pump.
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EXAMPLE 5.3 Evaluating Heat Pump Performance

A dwelling requires 5 X 10° kJ per day to maintain its temperature at 22°C when the outside temperature is 10°C. (a) If an elec-
tric heat pump is used to supply this energy, determine the minimum theoretical work input for one day of operation, in kJ.

SOLUTION

Known: A heat pump maintains a dwelling at a specified temperature. The energy supplied to the dwelling, the ambient
temperature, and the unit cost of electricity are known.

Find: Determine the minimum theoretical work required by the heat pump and the corresponding electricity cost.

Schematic and Given Data:

Assumptions:

Dwelling
at 22°C
(295°K)

Heat pump

1. The system is shown on the accompanying figure.

C

2. The dwelling and the outside air play the roles of hot and cold
reservoirs, respectively.

at 10°C (283 K)

<« Figure E5.3

Analysis:

(a) Using Eq. 5.4, the work for any heat pump cycle can be expressed as W, = Op/7. The coefficient of performance y
of an actual heat pump is less than, or equal to, the coefficient of performance v,,,, of a reversible heat pump cycle when each
operates between the same two thermal reservoirs: y = 7y,.... Accordingly, for a given value of Qy, and using Eq. 5.10 to
evaluate y,,,,, we get

chcle = &

Tc

2 —
(1- 7 )en
Inserting values
283°K
=(1- X 10°KJ) = 2.03 X 10*
o Weyele ( 295°K) (5 X 10°kJ) = 2.03 X 10*kJ/day

The minimum theoretical work input is 2.03 X 10*kJ/day.

@ Note that the reservoir temperatures 7 and T} must be expressed here in °K.

@ Because of irreversibilities, an actual heat pump must be supplied more work than the minimum to provide the same heat-
ing effect. The actual daily cost could be substantially greater than the minimum theoretical cost.

5.6 Carnot Cycle

The Carnot cycle introduced in this section provides a specific example of a reversible power
cycle operating between two thermal reservoirs. Two other examples are provided in Chap. 9:
the Ericsson and Stirling cycles. Each of these cycles exhibits the Carnot efficiency given by
Eq. 5.8.

Carnot cycle In a Carnot cycle, the system executing the cycle undergoes a series of four internally
reversible processes: two adiabatic processes alternated with two isothermal processes.



Figure 5.10 shows the p—v diagram of a Carnot power cycle in which the system is a gas
in a piston—cylinder assembly. Figure 5.11 provides details of how the cycle is executed.
The piston and cylinder walls are nonconducting. The heat transfers are in the directions of
the arrows. Also note that there are two reservoirs at temperatures Ty and 7, respec-
tively, and an insulating stand. Initially, the piston—cylinder assembly is on the insulating
stand and the system is at state 1, where the temperature is 7. The four processes of the
cycle are

Process 1-2: The gas is compressed adiabatically to state 2, where the temperature is Ty.

Process 2-3: The assembly is placed in contact with the reservoir at Ty. The gas expands
isothermally while receiving energy Qy from the hot reservoir by heat transfer.

Process 3—-4: The assembly is again placed on the insulating stand and the gas is allowed
to continue to expand adiabatically until the temperature drops to T¢.

Process 4-1: The assembly is placed in contact with the reservoir at 7. The gas is com-
pressed isothermally to its initial state while it discharges energy Qc to the cold reser-
voir by heat transfer.

For the heat transfer during Process 2-3 to be reversible, the difference between the gas tem-
perature and the temperature of the hot reservoir must be vanishingly small. Since the reser-
voir temperature remains constant, this implies that the temperature of the gas also remains
constant during Process 2-3. The same can be concluded for Process 4-1.

For each of the four internally reversible processes of the Carnot cycle, the work can be
represented as an area on Fig. 5.10. The area under the adiabatic process line 1-2 represents
the work done per unit of mass to compress the gas in this process. The areas under process
lines 2-3 and 3-4 represent the work done per unit of mass by the gas as it expands in these
processes. The area under process line 4—1 is the work done per unit of mass to compress
the gas in this process. The enclosed area on the p—v diagram, shown shaded, is the net work
developed by the cycle per unit of mass.

The Carnot cycle is not limited to processes of a closed system taking place in a
piston—cylinder assembly. Figure 5.12 shows the schematic and accompanying p—v diagram
of a Carnot cycle executed by water steadily circulating through a series of four intercon-
nected components that has features in common with the simple vapor power plant shown
in Fig. 4.14. As the water flows through the boiler, a change of phase from liquid to vapor
at constant temperature 7y occurs as a result of heat transfer from the hot reservoir. Since
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A Figure 5.11 Carnot power cycle executed by a gas in a piston—cylinder
assembly.
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A Figure 5.10 p-v di-
agram for a Carnot gas
power cycle.



198 Chapter  The Second Law of Thermodynamics

2>

v
A Figure 5.13 p-v di-
agram for a Carnot gas
refrigeration or heat
pump cycle.

Hot reservoir, Ty
S Oy

Pump ok
or

Condenser

Yo
Cold reservoir, T

A Figure 5.12 Carnot vapor power cycle.

temperature remains constant, pressure also remains constant during the phase change. The
steam exiting the boiler expands adiabatically through the turbine and work is developed. In
this process the temperature decreases to the temperature of the cold reservoir, T, and there
is an accompanying decrease in pressure. As the steam passes through the condenser, a heat
transfer to the cold reservoir occurs and some of the vapor condenses at constant temperature
Tc. Since temperature remains constant, pressure also remains constant as the water passes
through the condenser. The fourth component is a pump, or compressor, that receives a two-
phase liquid—vapor mixture from the condenser and returns it adiabatically to the state at the
boiler entrance. During this process, which requires a work input to increase the pressure,
the temperature increases from 7 to Ty.

Carnot cycles also can be devised that are composed of processes in which a capacitor
is charged and discharged, a paramagnetic substance is magnetized and demagnetized, and
so on. However, regardless of the type of device or the working substance used, the Carnot
cycle always has the same four internally reversible processes: two adiabatic processes al-
ternated with two isothermal processes. Moreover, the thermal efficiency is always given
by Eq. 5.8 in terms of the temperatures of the two reservoirs evaluated on the Kelvin or
Rankine scale.

If a Carnot power cycle is operated in the opposite direction, the magnitudes of all energy
transfers remain the same but the energy transfers are oppositely directed. Such a cycle may
be regarded as a reversible refrigeration or heat pump cycle, for which the coefficients of
performance are given by Egs. 5.9 and 5.10, respectively. A Carnot refrigeration or heat pump
cycle executed by a gas in a piston—cylinder assembly is shown in Fig. 5.13. The cycle consists
of the following four processes in series:

Process 1-2: The gas expands isothermally at T while receiving energy Q¢ from the cold

reservoir by heat transfer.
Process 2-3: The gas is compressed adiabatically until its temperature is Ty.
Process 3—4: The gas is compressed isothermally at Ty while it discharges energy Qy to
the hot reservoir by heat transfer.

Process 4-1: The gas expands adiabatically until its temperature decreases to 7.

It will be recalled that a refrigeration or heat pump effect can be accomplished in a cycle
only if a net work input is supplied to the system executing the cycle. In the case of the cycle
shown in Fig. 5.13, the shaded area represents the net work input per unit of mass.
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Chapter Summary and Study Guide

In this chapter, we motivate the need for and usefulness of
the second law of thermodynamics, and provide the basis
for subsequent applications involving the second law in
Chaps. 6 and 7. Two equivalent statements of the second
law, the Clausius and Kelvin—Planck statements, are intro-
duced together with several corollaries that establish the
best theoretical performance for systems undergoing cycles
while interacting with thermal reservoirs. The irreversibil-
ity concept is introduced and the related notions of
irreversible, reversible, and internally reversible processes
are discussed. The Kelvin temperature scale is defined
and used to obtain expressions for the maximum perform-
ance measures of power, refrigeration, and heat pump cy-
cles operating between two thermal reservoirs. Finally, the
Carnot cycle is introduced to provide a specific example
of a reversible cycle operating between two thermal
reservoirs.

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

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

» give the Kelvin—Planck statement of the second law,
correctly interpreting the “less than” and “equal to” signs
in Eq. 5.1.

> list several important irreversibilities.

> apply the corollaries of Secs. 5.3.2 and 5.3.3 together
with Eqgs. 5.8, 5.9, and 5.10 to assess the performance of
power cycles and refrigeration and heat pump cycles.

» describe the Carnot cycle.

Key Engineering Concepts

Kelvin—planck
statement p. 178

irreversible
process p. 180

irreversibilities p. 180
internal and external
irreversibilities p. 181

internally reversible
process p. 184
Carnot corollaries p. 186

Kelvin scale p. 190
Carnot efficiency p. 192

Exercises: Things Engineers Think About

1. Explain how work might be developed when (a) 7; is less than
T, in Fig. 5.1a, (b) p; is less than p, in Fig. 5.1b.

2. A system consists of an ice cube in a cup of tap water. The
ice cube melts and eventually equilibrium is attained. How might
work be developed as the ice and water come to equilibrium?

3. Describe a process that would satisfy the conservation of
energy principle, but does not actually occur in nature.

4. Referring to Fig. 2.3, identify internal irreversibilities associ-
ated with system A. Repeat for system B.

5. What are some of the principal irreversibilities present during
operation of (a) an automobile engine, (b) a household refriger-
ator, (c) a gas-fired water heater, (d) an electric water heater?

6. For the gearbox of Example 2.4, list the principal irre-
versibilities and classify them as internal or external.

7. Steam at a given state enters a turbine operating at steady state
and expands adiabatically to a specified lower pressure. Would
you expect the power output to be greater in an internally re-
versible expansion or an actual expansion?

8. Air at a given state enters a compressor operating at steady state
and is compressed adiabatically to a specified higher pressure.

Would you expect the power input to the compressor to be greater
in an internally reversible compression or an actual compression?

9. If a window air conditioner were placed on a table in a room
and operated, would the room temperature increase, decrease, or
remain the same?

10. To increase the thermal efficiency of a reversible power
cycle operating between thermal reservoirs at temperatures Ty
and T, would it be better to increase Ty or decrease T by equal
amounts?

11. Electric power plants typically reject energy by heat transfer
to a body of water or the atmosphere. Would it be advisable to
reject heat instead to large blocks of ice maintained by a refrig-
eration system?

12. Referring to Egs. 5.9 and 5.10, how might the coefficients
of performance of refrigeration cycles and heat pumps be
increased?

13. Is it possible for the coefficient of performance of a refrig-
eration cycle to be less than one? To be greater than one? Answer
the same questions for a heat pump cycle.
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Exploring the Second Law

5.1 A heat pump receives energy by heat transfer from the out-

side air at 0°C and discharges energy by heat transfer to a
dwelling at 20°C. Is this in violation of the Clausius statement
of the second law of thermodynamics? Explain.

5.2 Air as an ideal gas expands isothermally at 20°C from a

volume of 1 m® to 2 m®. During this process there is heat
transfer to the air from the surrounding atmosphere, mod-
eled as a thermal reservoir, and the air does work. Evaluate
the work and heat transfer for the process, in kJ/kg. Is this
process in violation of the second law of thermodynamics?
Explain.

5.3 Complete the demonstration of the equivalence of the Clau-

sius and Kelvin—Planck statements of the second law given in
Sec. 5.1 by showing that a violation of the Kelvin—Planck
statement implies a violation of the Clausius statement.

5.4 An inventor claims to have developed a device that under-

goes a thermodynamic cycle while communicating thermally
with two reservoirs. The system receives energy Q¢ from the
cold reservoir and discharges energy Qy to the hot reservoir
while delivering a net amount of work to its surroundings.
There are no other energy transfers between the device and its
surroundings. Using the second law of thermodynamics, eval-
uate the inventor’s claim.

5.5 A hot thermal reservoir is separated from a cold thermal

reservoir by a cylindrical rod insulated on its lateral surface.
Energy transfer by conduction between the two reservoirs takes
place through the rod, which remains at steady state. Using the
Kelvin—Planck statement of the second law, demonstrate that
such a process is irreversible.

5.6 Methane gas within a piston—cylinder assembly is com-

pressed in a quasiequilibrium process. Is this process internally
reversible? Is this process reversible?

5.7 Water within a piston—cylinder assembly cools isothermally

at 120°C from saturated vapor to saturated liquid while inter-
acting thermally with its surroundings at 20°C. Is the process
internally reversible? Is it reversible? Discuss.

5.8 Complete the discussion of the Kelvin—Planck statement of

the second law in Sec. 5.3.1 by showing that if a system un-
dergoes a thermodynamic cycle reversibly while communicat-
ing thermally with a single reservoir, the equality in Eq. 5.1
applies.

5.9 A power cycle I and a reversible power cycle R operate

5.10

between the same two reservoirs, as shown in Fig. 5.6. Cycle I
has a thermal efficiency equal to two-thirds of that for cycle R.
Using the Kelvin-Planck statement of the second law, prove
that cycle I must be irreversible.

A reversible power cycle R and an irreversible power
cycle I operate between the same two reservoirs.

(a) If each cycle receives the same amount of energy Qy from
the hot reservoir, show that cycle I necessarily discharges

5.11

5.13

Problems: Developing Engineering Skills

more energy Q¢ to the cold reservoir than cycle R. Dis-
cuss the implications of this for actual power cycles.

(b) If each cycle develops the same net work, show that cycle
I necessarily receives more energy Qy from the hot
reservoir than cycle R. Discuss the implications of this
for actual power cycles.

Provide the details left to the reader in the demonstration
of the second Carnot corollary given in Sec. 5.3.2.

5.12  Using the Kelvin—Planck statement of the second law of

thermodynamics, demonstrate the following corollaries:

(a) The coefficient of performance of an irreversible refriger-
ation cycle is always less than the coefficient of perform-
ance of a reversible refrigeration cycle when both exchange
energy by heat transfer with the same two reservoirs.

All reversible refrigeration cycles operating between the
same two reservoirs have the same coefficient of
performance.

(¢) The coefficient of performance of an irreversible heat pump
cycle is always less than the coefficient of performance of
a reversible heat pump cycle when both exchange energy
by heat transfer with the same two reservoirs.

All reversible heat pump cycles operating between the
same two reservoirs have the same coefficient of per-
formance.

(b

-

d

~

Before introducing the temperature scale now known as
the Kelvin scale, Kelvin suggested a logarithmic scale in which
the function ¢ of Eq. 5.5 takes the form

Y = exp Oc/exp Oy

where 6y and 6. denote, respectively, the temperatures of the
hot and cold reservoirs on this scale.

(a) Show that the relation between the Kelvin temperature 7'
and the temperature 6 on the logarithmic scale is

0=InT+C

where C is a constant.

(b) On the Kelvin scale, temperatures vary from O to +o.
Determine the range of temperature values on the loga-
rithmic scale.

(c) Obtain an expression for the thermal efficiency of any sys-
tem undergoing a reversible power cycle while operating
between reservoirs at temperatures 0y and 6 on the loga-
rithmic scale.

5.14 Demonstrate that the gas temperature scale (Sec. 1.6) is

identical to the Kelvin temperature scale.

5.15 To increase the thermal efficiency of a reversible power

cycle operating between reservoirs at Ty and 7, would you
increase Ty while keeping 7 constant, or decrease 7 while
keeping Ty constant? Are there any natural limits on the in-
crease in thermal efficiency that might be achieved by such
means?



5.16 Two reversible power cycles are arranged in series. The
first cycle receives energy by heat transfer from a reservoir at
temperature 7y and rejects energy to a reservoir at an inter-
mediate temperature 7. The second cycle receives the energy
rejected by the first cycle from the reservoir at temperature 7'
and rejects energy to a reservoir at temperature 7 lower than
T. Derive an expression for the intermediate temperature 7 in
terms of Ty and T when

(a) the net work of the two power cycles is equal.
(b) the thermal efficiencies of the two power cycles are equal.

5.17 If the thermal efficiency of a reversible power cycle oper-
ating between two reservoirs is denoted by 7,,,,, develop an ex-
pression in terms of n,,,, for the coefficient of performance of

(a) areversible refrigeration cycle operating between the same
tWO reservoir