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Fundamental Physical Constants

Avogadro No = 6.022 1415 x 10% mol~!
Boltzmann k = 1.3806505x 1072 JK~!
Planck h =6.6260693 x 1073* Js

Gas Constant R =Nok=8.314472Jmol ' K!
Atomic Mass Unit my = 1.66053886 x 10727 kg
Velocity of light c =2.99792458 x 10% ms™!
Electron Charge e =1.60217653 x 107 C
Electron Mass m, = 9.109 3826 x 103! kg
Proton Mass m, = 1.67262171 x 102" kg
Gravitation (Std.) g =9.80665ms™?

Stefan Boltzmann o =5.670400 x 1078 Wm—2 K™

Mol here is gram mol.

Prefixes
107! deci d
1072 centi c
103 milli m
1076 micro u
107 nano n
10~12 pico P
1071 femto f
10! deka da
10? hecto h
10° kilo k
106 mega M
10° giga G
10"2 tera T
10" peta P
Concentration

10~® parts per million ppm
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Preface

In this eighth edition the basic objective of the earlier editions have been retained:

* to present a comprehensive and rigorous treatment of classical thermodynamics while
retaining an engineering perspective, and in doing so

* to lay the groundwork for subsequent studies in such fields as fluid mechanics, heat
transfer, and statistical thermodynamics, and also

* to prepare the student to effectively use thermodynamics in the practice of engineering.

The presentation is deliberately directed to students. New concepts and definitions are
presented in the context where they are first relevant in a natural progression. The introduc-
tion has been reorganized with a very short introduction followed by the first thermodynamic
properties to be defined (Chapter 1), which are those that can be readily measured: pressure,
specific volume, and temperature. In Chapter 2, tables of thermodynamic properties are in-
troduced, but only in regard to these measurable properties. Internal energy and enthalpy are
introduced in connection with the energy equation and the first law, entropy with the second
law, and the Helmholtz and Gibbs functions in the chapter on thermodynamic relations.
Many real-world realistic examples have been included in the book to assist the student in
gaining an understanding of thermodynamics, and the problems at the end of each chapter
have been carefully sequenced to correlate with the subject matter, and are grouped and
identified as such. The early chapters in particular contain a large number of examples,
illustrations, and problems, and throughout the book, chapter-end summaries are included,
followed by a set of concept/study problems that should be of benefit to the students.

This is the first edition I have prepared without the thoughtful comments from my
colleague and coauthor, the late Professor Richard E. Sonntag, who substantially contributed
to earlier versions of this textbook. I am grateful for the collaboration and fruitful discussions
with my friend and trusted colleague, whom I have enjoyed the privilege of working with over
the last three decades. Professor Sonntag consistently shared generously his vast knowledge
and experience in conjunction with our mutual work on previous editions of this book and
on various research projects, advising PhD students and performing general professional
tasks at our department. In honor of my colleague’s many contributions, Professor Sonntag
still appears as a coauthor of this edition.

NEW FEATURES IN THIS EDITION

Chapter Reorganization and Revisions

The introduction and the first five chapters in the seventh edition have been completely
reorganized. A much shorter introduction leads into the description of some background
material from physics, thermodynamic properties, and units all of which is in the new
Chapter 1. To have the tools for the analysis, the order of the presentation has been kept
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from the previous editions, so the behavior of pure substances is presented in Chapter 2,
with a slight expansion and separation of the different domains for solid, liquid, and gas
phase behavior. Some new figures and explanations have been added to show the ideal gas
region as a limit behavior for a vapor at low density.

Discussion about work and heat is now included in Chapter 3 with the energy equation
to emphasize that they are transfer terms of energy explaining how energy for mass at one
location can change because of energy exchange with a mass at another location. The energy
equation is presented first for a control mass as a basic principle accounting for energy in
a control volume as

Change of storage = transfer in — transfer out

The chapter then discusses the form of energy storage as various internal energies associated
with the mass and its structure to better understand how the energy is actually stored. This
also helps in understanding why internal energy and enthalpy can vary nonlinearly with tem-
perature, leading to nonconstant specific heats. Macroscopic potential and kinetic energy
then naturally add to the internal energy for the total energy. The first law of thermodynam-
ics, which often is taken as synonymous with the energy equation, is shown as a natural
consequence of the energy equation applied to a cyclic process. In this respect, the current
presentation follows modern physics rather than the historical development presented in the
previous editions.

After discussion about the storage of energy, the left-hand side of the energy equation,
the transfer terms as work and heat transfer are discussed, so the whole presentation is shorter
than that in the previous editions. This allows less time to be spent on the material used for
preparation before the energy equation is applied to real systems.

All the balance equations for mass, momentum, energy, and entropy follow the same
format to show the uniformity in the basic principles and make the concept something to
be understood and not merely memorized. This is also the reason to use the names energy
equation and entropy equation for the first and second laws of thermodynamics to stress
that they are universally valid, not just used in the field of thermodynamics but apply to all
situations and fields of study with no exceptions. Clearly, special cases require extensions
not covered in this text, like effects of surface tension in drops or for liquid in small pores,
relativity, and nuclear processes, to mention a few.

The energy equation applied to a general control volume is retained from the previous
edition with the addition of a section on multiflow devices. Again, this is done to reinforce
to students that the analysis is done by applying the basic principles to systems under
investigation. This means that the actual mathematical form of the general laws follows the
sketches and figures of the system, and the analysis is not a question about finding a suitable
formula in the text.

To show the generality of the entropy equation, a small example is presented applying
the energy and entropy equations to heat engines and heat pumps shown in Chapter 6.
This demonstrates that the historical presentation of the second law in Chapter 5 can be
completely substituted by the postulation of the entropy equation and the existence of the
absolute temperature scale. Carnot cycle efficiencies and the fact that real devices have
lower efficiency follow from the basic general laws. Also, the direction of heat transfer
from a higher temperature domain toward a lower temperature domain is predicted by the
entropy equation due to the requirement of a positive entropy generation. These are examples
that show the application of the general laws for specific cases and improve the student’s
understanding of the material.



The rest of the chapters have been updated to improve the student’s understanding
of the material. The word availability has been substituted by exergy as a general concept,
though it is not strictly in accordance with the original definition. The chapters concerning
cycles have been expanded, with a few details for specific cycles and some extensions shown
to tie the theory to industrial applications with real systems. The same is done for Chapter 13
with combustion to emphasize an understanding of the basic physics of what happens, which
may not be evident in the more abstract definition of terms like enthalpy of combustion.

Web-Based Material

Several new documents will be available from Wiley’s website for the book. The following
material will be accessible for students, with additional material reserved for instructors of
the course.

Notes for classical thermodynamics. A very short set of notes covers the basic ther-
modynamic analysis with the general laws (continuity, energy, and entropy equations) and
some of the specific laws like device equations, process equations, and so on. This is useful
for students doing review of the course or for exam preparation, as it gives a comprehensive
presentation in a condensed form.

Extended set of study examples. This document includes a collection of additional
examples for students to study. These examples have slightly longer and more detailed
solutions than the examples printed in the book and thus are excellent for self-study. There
are about 8 SI unit problems with 3—4 English unit problems for each chapter covering most
of the material in the chapters.

How-to notes. Frequently asked questions are listed for each of the set of subject areas
in the book with detailed answers. These are questions that are difficult to accommodate in
the book. Examples:

How do I find a certain state for R-410a in the B-section tables?
How do I make a linear interpolation?
Should I use internal energy (u) or enthalpy (%) in the energy equation?

When can I use the ideal gas law?

Instructor material. The material for instructors covers typical syllabus and homework
assignments for a first and a second course in thermodynamics. Additionally, examples of
two standard 1-hour midterm exams and a 2-hour final exam are given for typical Thermo-
dynamics I and Thermodynamics II classes.

FEATURES CONTINUED FROM THE SEVENTH EDITION

In-Text-Concept Questions

The in-text concept questions appear in the text after major sections of material to allow
student to reflect on the material just presented. These questions are intended to be quick
self-tests for students or used by teachers as wrap-up checks for each of the subjects covered,
and most of them emphasize the understanding of the material without being memory facts.



End-of-Chapter Engineering Applications

The last section in each chapter, called “Engineering Applications,” has been revised with
updated illustrations and a few more examples. These sections are intended to be motivating
material, consisting mostly of informative examples of how this particular chapter material is
being used in actual engineering. The vast majority of these sections do not have any material
with equations or developments of theory, but they do contain figures and explanations of
a few real physical systems where the chapter material is relevant for the engineering
analysis and design. These sections are deliberately kept short and not all the details in the
devices shown are explained, but the reader can get an idea about the applications relatively
quickly.

End-of-Chapter Summaries with Main Concepts and Formulas

The end-of-chapter summaries provide a review of the main concepts covered in the chapter,
with highlighted key words. To further enhance the summary, a list of skills that the student
should have mastered after studying the chapter is presented. These skills are among the
outcomes that can be tested with the accompanying set of study-guide problems in addition
to the main set of homework problems. Main concepts and formulas are included after the
summary for reference, and a collection of these will be available on Wiley’s website.

Concept-Study Guide Problems

Additional concept questions are placed as problems in the first section of the end-of-
chapter homework problems. These problems are similar to the in-text concept questions
and serve as study guide problems for each chapter. They are a little like homework problems
with numbers to provide a quick check of the chapter material. These questions are short
and directed toward very specific concepts. Students can answer all of these questions to
assess their level of understanding and determine if any of the subjects need to be studied
further. These problems are also suitable for use with the rest of the homework problems in
assignments and are included in the solution manual.

Homework Problems

The number of homework problems now exceeds 2800, with more than 700 new and
modified problems. A large number of introductory problems cover all aspects of the chapter
material and are listed according to the subject sections for easy selection according to the
particular coverage given. They are generally ordered to be progressively more complex
and involved. The later problems in many sections are related to real industrial processes
and devices, and the more comprehensive problems are retained and grouped at the end as
review problems.

Tables

The tables of the substances have been carried over from the seventh edition with alternative
refrigerant R-410a, which is the replacement for R-22, and carbon dioxide, which is a
natural refrigerant. Several more substances have been included in the software. The ideal
gas tables have been printed on a mass basis as well as a mole basis, to reflect their use on a
mass basis early in the text and a mole basis for the combustion and chemical equilibrium
chapters.



Software Included

The software CATT3 includes a number of additional substances besides those included in
the printed tables in Appendix B. The current set of substances for which the software can
provide the complete tables are:

Water Refrigerants: R-11, 12, 13, 14, 21, 22, 23, 113, 114, 123, 134a, 152a, 404a,
407c, 410a, 500, 502, 507a, and C318

Cryogenics: Ammonia, argon, ethane, ethylene, isobutane, methane, neon,
nitrogen, oxygen, and propane
Ideal Gases: air, CO,, CO, N, N,, NO, NO,, H, H,, H,0, O, O,, and OH

Some of these are printed in the booklet Thermodynamic and Transport Properties,
by Claus Borgnakke and Richard E. Sonntag, John Wiley and Sons, 1997. Besides the
properties of the substances just mentioned, the software can provide the psychrometric
chart and the compressibility and generalized charts using the Lee-Keslers equation-of-
state, including an extension for increased accuracy with the acentric factor. The software
can also plot a limited number of processes in the 7-s and log P—log v diagrams, giving the
real process curves instead of the sketches presented in the text material.

FLEXIBILITY IN COVERAGE AND SCOPE

The book attempts to cover fairly comprehensively the basic subject matter of classical ther-
modynamics, and I believe that it provides adequate preparation for study of the application
of thermodynamics to the various professional fields as well as for study of more advanced
topics in thermodynamics, such as those related to materials, surface phenomena, plasmas,
and cryogenics. I also recognize that a number of colleges offer a single introductory course
in thermodynamics for all departments, and I have tried to cover those topics that the var-
ious departments might wish to have included in such a course. However, since specific
courses vary considerably in prerequisites, specific objectives, duration, and background
of the students, the material is arranged in sections, particularly in the later chapters, so
considerable flexibility exist in the amount of material that may be covered.

The book covers more material than required for a two-semester course sequence,
which provides flexibility for specific choices of topic coverage. Instructors may want to
visit the publisher’s website at www.wiley.com/college/borgnakke for information and sug-
gestions on possible course structure and schedules, and the additional material mentioned
as Web material that will be updated to include current errata for the book.
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acceleration

area

specific Helmholtz function and total Helmholtz function
air-fuel ratio

adiabatic bulk modulus

isothermal bulk modulus

velocity of sound

mass fraction

coefficient of discharge

constant-pressure specific heat
constant-volume specific heat

zero-pressure constant-pressure specific heat
zero-pressure constant-volume specific heat
coefficient of performance

compression ratio

specific energy and total energy
electromotive force

force

fuel-air ratio

acceleration due to gravity

specific Gibbs function and total Gibbs function
specific enthalpy and total enthalpy

heating value

electrical current

irreversibility

proportionality factor to relate units of work to units of heat
specific heat ratio: C,,/C,

equilibrium constant

kinetic energy

length

mass

mass flow rate

molecular mass

Mach number

number of moles

polytropic exponent

pressure

partial pressure of component i in a mixture
potential energy
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reduced pressure P/P,

relative pressure as used in gas tables

heat transfer per unit mass and total heat transfer
rate of heat transfer

heat transfer with high-temperature body and heat transfer with
low-temperature body; sign determined from context
gas constant

universal gas constant

specific entropy and total entropy

entropy generation

rate of entropy generation

time
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reduced temperature 7/T ..

specific internal energy and total internal energy
specific volume and total volume

relative specific volume as used in gas tables
velocity

work per unit mass and total work
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reversible work between two states
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Script Letters electrical potential
surface tension

tension

QL e

Greek Letters o residual volume
o dimensionless Helmholtz function a/RT
a, volume expansivity
B coefficient of performance for a refrigerator
B coefficient of performance for a heat pump
Bs adiabatic compressibility
Br isothermal compressibility
8 dimensionless density p/p.
n efficiency
I chemical potential
v stoichiometric coefficient
0 density
T dimensionless temperature variable 7,/ T
7 dimensionless temperature variable 1 — 7,
P equivalence ratio
¢ relative humidity



Subscripts

Superscripts

irr

rev

exergy or availability for a control mass
exergy, flow availability

humidity ratio or specific humidity
acentric factor

property at the critical point

control volume

state of a substance leaving a control volume

formation

property of saturated liquid

difference in property for saturated vapor and saturated liquid
property of saturated vapor

state of a substance entering a control volume

property of saturated solid

difference in property for saturated liquid and saturated solid
difference in property for saturated vapor and saturated solid
reduced property

isentropic process

property of the surroundings

stagnation property

bar over symbol denotes property on a molal basis (over V', H, S, U, 4, G,
the bar denotes partial molal property)

property at standard-state condition

ideal gas

property at the throat of a nozzle

irreversible

real gas part

reversible
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Introduction and
Preliminaries

The field of thermodynamics is concerned with the science of energy focusing on energy
storage and energy conversion processes. We will study the effects on different substances,
as we may expose a mass to heating/cooling or to volumetric compression/expansion. During
such processes we are transferring energy into or out of the mass, so it changes its conditions
expressed by properties like temperature, pressure, and volume. We use several processes
similar to this in our daily lives; we heat water to make coffee or tea or cool it in a refrigerator
to make cold water or ice cubes in a freezer. In nature, water evaporates from oceans and
lakes and mixes with air where the wind can transport it, and later the water may drop out
of the air as either rain (liquid water) or snow (solid water). As we study these processes
in detail, we will focus on situations that are physically simple and yet typical of real-life
situations in industry or nature.

By a combination of processes, we are able to illustrate more complex devices or
complete systems—for instance, a simple steam power plant that is the basic system that
generates the majority of our electric power. A power plant that produces electric power
and hot water for district heating burns coal, as shown in Fig. 1.1. The coal is supplied
by ship, and the district heating pipes are located in underground tunnels and thus are not
visible. A more technical description and a better understanding are obtained from the
simple schematic of the power plant, as shown in Fig. 1.2. This includes various outputs
from the plant as electric power to the net, warm water for district heating, slag from burning
coal, and other materials like ash and gypsum; the last output is a flow of exhaust gases out
of the chimney.

Another set of processes forms a good description of a refrigerator that we use to
cool food or apply it at very low temperatures to produce a flow of cold fluid for cryogenic
surgery by freezing tissue for minimal bleeding. A simple schematic for such a system is
shown in Fig. 1.3. The same system can also function as an air conditioner with the dual
purpose of cooling a building in summer and heating it in winter; in this last mode of use, it
is also called a heat pump. For mobile applications, we can make simple models for gasoline
and diesel engines typically used for ground transportation and gas turbines in jet engines
used in aircraft, where low weight and volume are of prime concern. These are just a few
examples of familiar systems that the theory of thermodynamics allows us to analyze. Once
we learn and understand the theory, we will be able to extend the analysis to other cases we
may not be familiar with.

Beyond the description of basic processes and systems, thermodynamics is extended
to cover special situations like moist atmospheric air, which is a mixture of gases, and
the combustion of fuels for use in the burning of coal, oil, or natural gas, which is a
chemical and energy conversion process used in nearly all power-generating devices. Many
other extensions are known; these can be studied in specialty texts. Since all the processes

1
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FIGURE 1.1 A power
station in Esbjerg,
Denmark. (Courtesy of Dong Energy A/S, Denmark.)

engineers deal with have an impact on the environment, we must be acutely aware of the
ways in which we can optimize the use of our natural resources and produce the minimal
amount of negative consequences for our environment. For this reason, the treatment of
efficiencies for processes and devices is important in a modern analysis and is required
knowledge for a complete engineering consideration of system performance and operation.

Before considering the application of the theory, we will cover a few basic concepts
and definitions for our analysis and review some material from physics and chemistry that
we will need.

1.1 ATHERMODYNAMIC SYSTEM AND
THE CONTROL VOLUME

A thermodynamic system is a device or combination of devices containing a quantity of
matter that is being studied. To define this more precisely, a control volume is chosen so
that it contains the matter and devices inside a control surface. Everything external to the
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control volume is the surroundings, with the separation provided by the control surface.
The surface may be open or closed to mass flows, and it may have flows of energy in terms
of heat transfer and work across it. The boundaries may be movable or stationary. In the
case of a control surface that is closed to mass flow, so that no mass can escape or enter

Heat to room

Condenser

Work (® Warm liquid

Compressor Expansci)c:n valve
Evaporator capillary tube
Cold vapor iqui
FIGURE 1.3 vapor (1) T f ® Cold liquid + vapor
Schematic diagram Heat from cold

of a refrigerator. refrigerated space



........... °CHAPTERONE |NTRODUCT|ONANDPREL|M|NAR|ES

Weights

Piston — |

System __|
boundary

FIGURE 1.4 Example

of a control mass.

the control volume, it is called a control mass containing the same amount of matter at all
times.

Selecting the gas in the cylinder of Fig. 1.4 as a control volume by placing a control
surface around it, we recognize this as a control mass. If a Bunsen burner is placed under
the cylinder, the temperature of the gas will increase and the piston will move out. As the
piston moves, the boundary of the control mass also changes. As we will see later, heat
and work cross the boundary of the control mass during this process, but the matter that
composes the control mass can always be identified and remains the same.

An isolated system is one that is not influenced in any way by the surroundings so
that no mass, heat, or work is transferred across the boundary of the system. In a more
typical case, a thermodynamic analysis must be made of a device like an air compressor
which has a flow of mass into and out of it, as shown schematically in Fig. 1.5. The real
system includes possibly a storage tank, as shown later in Fig. 1.20. In such an analysis,
we specify a control volume that surrounds the compressor with a surface that is called the
control surface, across which there may be a transfer of mass, and momentum, as well as
heat and work.

Thus, the more general control surface defines a control volume, where mass may
flow in or out, with a control mass as the special case of no mass flow in or out. Hence,
the control mass contains a fixed mass at all times, which explains its name. The general
formulation of the analysis is considered in detail in Chapter 4. The terms closed system
(fixed mass) and open system (involving a flow of mass) are sometimes used to make this
distinction. Here, we use the term system as a more general and loose description for a
mass, device, or combination of devices that then is more precisely defined when a control
volume is selected. The procedure that will be followed in presenting the first and second
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laws of thermodynamics is first to present these laws for a control mass and then to extend
the analysis to the more general control volume.

1.2 MACROSCOPIC VERSUS MICROSCOPIC
POINTS OF VIEW

The behavior of a system may be investigated from either a microscopic or macroscopic
point of view. Let us briefly describe a system from a microscopic point of view. Consider a
system consisting of a cube 25 mm on a side and containing a monatomic gas at atmospheric
pressure and temperature. This volume contains approximately 10%° atoms. To describe the
position of each atom, we need to specify three coordinates; to describe the velocity of each
atom, we specify three velocity components.

Thus, to describe completely the behavior of this system from a microscopic point
of view, we must deal with at least 6 x 10** equations. Even with a modern computer,
this is a hopeless computational task. However, there are two approaches to this problem
that reduce the number of equations and variables to a few that can be computed relatively
easily. One is the statistical approach, in which, on the basis of statistical considerations
and probability theory, we deal with average values for all particles under consideration.
This is usually done in connection with a model of the atom under consideration. This is
the approach used in the disciplines of kinetic theory and statistical mechanics.

The other approach to reducing the number of variables to a few that can be handled
relatively easily involves the macroscopic point of view of classical thermodynamics. As
the word macroscopic implies, we are concerned with the gross or average effects of many
molecules. These effects can be perceived by our senses and measured by instruments.
However, what we really perceive and measure is the time-averaged influence of many
molecules. For example, consider the pressure a gas exerts on the walls of its container.
This pressure results from the change in momentum of the molecules as they collide with
the wall. From a macroscopic point of view, however, we are concerned not with the action
of the individual molecules but with the time-averaged force on a given area, which can
be measured by a pressure gauge. In fact, these macroscopic observations are completely
independent of our assumptions regarding the nature of matter.

Although the theory and development in this book are presented from a macroscopic
point of view, a few supplementary remarks regarding the significance of the microscopic
perspective are included as an aid to understanding the physical processes involved. Another
book in this series, Introduction to Thermodynamics: Classical and Statistical, by R. E.
Sonntag and G. J. Van Wylen, includes thermodynamics from the microscopic and statistical
point of view.

A few remarks should be made regarding the continuum approach. We are normally
concerned with volumes that are very large compared to molecular dimensions and with
time scales that are very large compared to intermolecular collision frequencies. For this
reason, we deal with very large numbers of molecules that interact extremely often during
our observation period, so we sense the system as a simple uniformly distributed mass in the
volume called a continuum. This concept, of course, is only a convenient assumption that
loses validity when the mean free path of the molecules approaches the order of magnitude
of the dimensions of the vessel, as, for example, in high-vacuum technology. In much
engineering work the assumption of a continuum is valid and convenient, consistent with
the macroscopic point of view.



1.3 PROPERTIES AND STATE OF A SUBSTANCE

If we consider a given mass of water, we recognize that this water can exist in various forms.

If it is a liquid initially, it may become a vapor when it is heated or a solid when it is cooled.

Thus, we speak of the different phases of a substance. A phase is defined as a quantity of

matter that is homogeneous throughout. When more than one phase is present, the phases are

separated from each other by the phase boundaries. In each phase the substance may exist at

various pressures and temperatures or, to use the thermodynamic term, in various states. The

D state may be identified or described by certain observable, macroscopic properties; some

a familiar ones are temperature, pressure, and density. In later chapters, other properties will

be introduced. Each of the properties of a substance in a given state has only one definite

value, and these properties always have the same value for a given state, regardless of how

the substance arrived at the state. In fact, a property can be defined as any quantity that

depends on the state of the system and is independent of the path (that is, the prior history)

by which the system arrived at the given state. Conversely, the state is specified or described

by the properties. Later we will consider the number of independent properties a substance

can have, that is, the minimum number of properties that must be specified to fix the state
of the substance.

Thermodynamic properties can be divided into two general classes: intensive and
extensive. An intensive property is independent of the mass; the value of an extensive prop-
erty varies directly with the mass. Thus, if a quantity of matter in a given state is divided into
two equal parts, each part will have the same value of intensive properties as the original
and half the value of the extensive properties. Pressure, temperature, and density are exam-
ples of intensive properties. Mass and total volume are examples of extensive properties.
Extensive properties per unit mass, such as specific volume, are intensive properties.

Frequently we will refer not only to the properties of a substance but also to the
properties of a system. When we do so, we necessarily imply that the value of the prop-
erty has significance for the entire system, and this implies equilibrium. For example, if
the gas that composes the system (control mass) in Fig. 1.4 is in thermal equilibrium, the
temperature will be the same throughout the entire system, and we may speak of the tem-
perature as a property of the system. We may also consider mechanical equilibrium, which
is related to pressure. If a system is in mechanical equilibrium, there is no tendency for
the pressure at any point to change with time as long as the system is isolated from the
surroundings. There will be variation in pressure with elevation because of the influence of
gravitational forces, although under equilibrium conditions there will be no tendency for
the pressure at any location to change. However, in many thermodynamic problems, this
variation in pressure with elevation is so small that it can be neglected. Chemical equilib-
rium is also important and will be considered in Chapter 14. When a system is in equilib-
rium regarding all possible changes of state, we say that the system is in thermodynamic
equilibrium.
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1.4 PROCESSES AND CYCLES

Whenever one or more of the properties of a system change, we say that a change in state
has occurred. For example, when one of the weights on the piston in Fig. 1.6 is removed,
the piston rises and a change in state occurs, for the pressure decreases and the specific
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volume increases. The path of the succession of states through which the system passes is
called the process.

Let us consider the equilibrium of a system as it undergoes a change in state. The
moment the weight is removed from the piston in Fig. 1.6, mechanical equilibrium does
not exist; as a result, the piston is moved upward until mechanical equilibrium is restored.
The question is this: Since the properties describe the state of a system only when it is
in equilibrium, how can we describe the states of a system during a process if the actual
process occurs only when equilibrium does not exist? One step in finding the answer to
this question concerns the definition of an ideal process, which we call a quasi-equilibrium
process. A quasi-equilibrium process is one in which the deviation from thermodynamic
equilibrium is infinitesimal, and all the states the system passes through during a quasi-
equilibrium process may be considered equilibrium states. Many actual processes closely
approach a quasi-equilibrium process and may be so treated with essentially no error. If
the weights on the piston in Fig. 1.6 are small and are taken off one by one, the process
could be considered quasi-equilibrium. However, if all the weights are removed at once, the
piston will rise rapidly until it hits the stops. This would be a nonequilibrium process, and
the system would not be in equilibrium at any time during this change of state.

For nonequilibrium processes, we are limited to a description of the system before
the process occurs and after the process is completed and equilibrium is restored. We are
unable to specify each state through which the system passes or the rate at which the process
occurs. However, as we will see later, we are able to describe certain overall effects that
occur during the process.

Several processes are described by the fact that one property remains constant. The
prefix iso- is used to describe such a process. An isothermal process is a constant-temperature
process, an isobaric process is a constant-pressure process, and an isochoric process is a
constant-volume process.

When a system in a given initial state goes through a number of different changes of
state or processes and finally returns to its initial state, the system has undergone a cycle.
Therefore, at the conclusion of a cycle, all the properties have the same value they had at
the beginning. Steam (water) that circulates through a steam power plant undergoes a cycle.

A distinction should be made between a thermodynamic cycle, which has just been
described, and a mechanical cycle. A four-stroke-cycle internal-combustion engine goes
through a mechanical cycle once every two revolutions. However, the working fluid does
not go through a thermodynamic cycle in the engine, since air and fuel are burned and
changed to products of combustion that are exhausted to the atmosphere. In this book, the
term cycle will refer to a thermodynamic cycle unless otherwise designated.



1.5 UNITS FOR MASS, LENGTH, TIME, AND FORCE

RO Since we are considering thermodynamic properties from a macroscopic perspective, we
a are dealing with quantities that can, either directly or indirectly, be measured and counted.
Therefore, the matter of units becomes an important consideration. In the remaining sec-
tions of this chapter we will define certain thermodynamic properties and the basic units.
Because the relation between force and mass is often difficult for students to understand, it

is considered in this section in some detail.
Force, mass, length, and time are related by Newton’s second law of motion, which
states that the force acting on a body is proportional to the product of the mass and the

acceleration in the direction of the force:

F o< ma

The concept of time is well established. The basic unit of time is the second (s), which
in the past was defined in terms of the solar day, the time interval for one complete revolution
of'the earth relative to the sun. Since this period varies with the season of the year, an average
value over a 1-year period is called the mean solar day, and the mean solar second is 1/86 400
of the mean solar day. In 1967, the General Conference of Weights and Measures (CGPM)
adopted a definition of the second as the time required for a beam of cesium-133 atoms to
resonate 9 192 631 770 cycles in a cesium resonator.

For periods of time less than 1 s, the prefixes milli, micro, nano, pico, or femto, as listed
in Table 1.1, are commonly used. For longer periods of time, the units minute (min), hour (h),
or day (day) are frequently used. It should be pointed out that the prefixes in Table 1.1 are
used with many other units as well.

The concept of length is also well established. The basic unit of length is the meter (m),
which used to be marked on a platinum—iridium bar. Currently, the CGPM has adopted a
more precise definition of the meter in terms of the speed of light (which is now a fixed
constant): The meter is the length of the path traveled by light in a vacuum during a time
interval of 1/299 792 458 of a second.

The fundamental unit of mass is the kilogram (kg). As adopted by the first CGPM in
1889 and restated in 1901, it is the mass of a certain platinum—iridium cylinder maintained
under prescribed conditions at the International Bureau of Weights and Measures. A related
unit thatis used frequently in thermodynamics is the mole (mol), defined as an amount of sub-
stance containing as many elementary entities as there are atoms in 0.012 kg of carbon-12.
These elementary entities must be specified; they may be atoms, molecules, electrons, ions,
or other particles or specific groups. For example, 1 mol of diatomic oxygen, having a

TABLE 1.1
Unit Prefixes
Factor Prefix Symbol Factor Prefix Symbol
101 peta P 1073 milli m
10"2 tera T 1076 micro m
10° giga G 10~° nano n
10° mega M 10712 pico P
10° kilo k 1071 femto f




molecular mass of 32 (compared to 12 for carbon), has a mass of 0.032 kg. The mole is
often termed a gram mole, since it is an amount of substance in grams numerically equal to
the molecular mass. In this book, when using the metric SI system, we will find it preferable
to use the kilomole (kmol), the amount of substance in kilograms numerically equal to the
molecular mass, rather than the mole.

The system of units in use presently throughout most of the world is the metric
International System, commonly referred to as S/ units (from Le Systeme International
d’Unités). In this system, the second, meter, and kilogram are the basic units for time,
length, and mass, respectively, as just defined, and the unit of force is defined directly from
Newton’s second law.

Therefore, a proportionality constant is unnecessary, and we may write that law as an
equality:

F =ma (1.1)

The unit of force is the newton (N), which by definition is the force required to accelerate
amass of 1 kg at the rate of 1 m/s?:

IN = 1kgm/s?

It is worth noting that SI units derived from proper nouns use capital letters for symbols;
others use lowercase letters. The liter, with the symbol L, is an exception.

The traditional system of units used in the United States is the English Engineering
System. In this system the unit of time is the second, which was discussed earlier. The basic
unit of length is the foot (ft), which at present is defined in terms of the meter as

1 ft=0.3048 m
The inch (in.) is defined in terms of the foot:
12in. = 1 ft

The unit of mass in this system is the pound mass (Ilbm). It was originally defined as the
mass of a certain platinum cylinder kept in the Tower of London, but now it is defined in
terms of the kilogram as

1 1bm = 0.453 59237 kg

A related unit is the pound mole (Ib mol), which is an amount of substance in pounds mass
numerically equal to the molecular mass of that substance. It is important to distinguish
between a pound mole and a mole (gram mole).

In the English Engineering System of Units, the unit of force is the pound force
(Ibf), defined as the force with which the standard pound mass is attracted to the earth
under conditions of standard acceleration of gravity, which is that at 45° latitude and sea
level elevation, 9.806 65 m/s? or 32.1740 ft/s®. Thus, it follows from Newton’s second law
that

1 Ibf = 32.174 Ibm ft/s’

which is a necessary factor for the purpose of units conversion and consistency. Note that
we must be careful to distinguish between an Ilbm and an Ibf, and we do not use the term
pound alone.

The term weight is often used with respect to a body and is sometimes confused with
mass. Weight is really correctly used only as a force. When we say that a body weighs so



much, we mean that this is the force with which it is attracted to the earth (or some other
body), that is, the product of its mass and the local gravitational acceleration. The mass of
a substance remains constant with elevation, but its weight varies with elevation.

Example 1.1 ,_/ T
What is the weight of a 1-kg mass at an altitude where the local acceleration of gravity is
9.75 m/s*?
Solution

Weight is the force acting on the mass, which from Newton’s second law is

F=mg=1kgx9.75m/s* x [I Ns*/kgm] = 9.75N

Example 1.1E =~ -

What is the weight of a 1-lbm mass at an altitude where the local acceleration of gravity
is 32.0 ft/s?

Solution
Weight is the force acting on the mass, which from Newton’s second law is

F =mg = 11bm x 32.0 ft/s? x [Ibfs?/32.174 Ibm ft] = 0.9946 Ibf

In-Text Concept Questions

a. Make a control volume around the turbine in the steam power plant in Fig. 1.2 and
list the flows of mass and energy located there.

b. Take a control volume around your kitchen refrigerator, indicate where the compo-
nents shown in Fig. 1.3 are located, and show all energy transfers.

1.6 SPECIFIC VOLUME AND DENSITY

The specific volume of a substance is defined as the volume per unit mass and is given
the symbol v. The density of a substance is defined as the mass per unit volume, and it
is therefore the reciprocal of the specific volume. Density is designated by the symbol p.
Specific volume and density are intensive properties.

The specific volume of a system in a gravitational field may vary from point to point.
For example, if the atmosphere is considered a system, the specific volume increases as
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the elevation increases. Therefore, the definition of specific volume involves the specific
volume of a substance at a point in a system.

Consider a small volume §V of a system, and let the mass be designated §m. The
specific volume is defined by the relation

4

y= lim —
sV—sy' Om

where 877 is the smallest volume for which the mass can be considered a continuum.
Volumes smaller than this will lead to the recognition that mass is not evenly distributed
in space but is concentrated in particles as molecules, atoms, electrons, and so on. This is
tentatively indicated in Fig. 1.7, where in the limit of a zero volume the specific volume may
be infinite (the volume does not contain any mass) or very small (the volume is part of a
nucleus).

Thus, in a given system, we should speak of the specific volume or density at a point
in the system and recognize that this may vary with elevation. However, most of the systems
that we consider are relatively small, and the change in specific volume with elevation is
not significant. Therefore, we can speak of one value of specific volume or density for the
entire system.

In this book, the specific volume and density will be given either on a mass or a mole
basis. A bar over the symbol (lowercase) will be used to designate the property on a mole
basis. Thus, v will designate molal specific volume and p will designate molal density.
In SI units, those for specific volume are m3/kg and m*/mol (or m3/kmol); for density
the corresponding units are kg/m* and mol/m* (or kmol/m?). In English units, those for
specific volume are ft*/lbm and ft*/1b mol; the corresponding units for density are Ibm/ft* and
1b mol/ft>.

Although the SI unit for volume is the cubic meter, a commonly used volume unit
is the liter (L), which is a special name given to a volume of 0.001 m?, that is, 1 L =
1073 m3. The general ranges of density for some common solids, liquids, and gases are
shown in Fig. 1.8. Specific values for various solids, liquids, and gases in SI units are
listed in Tables A.3, A.4, and A.5, respectively, and in English units in Tables F.2, F.3,
and F4.
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Example 1.2 — =

A 1-m? container, shown in Fig. 1.9, is filled with 0.12 m® of granite, 0.15 m® of sand,
and 0.2 m? of liquid 25°C water; the rest of the volume, 0.53 m?, is air with a density of
1.15 kg/m>. Find the overall (average) specific volume and density.

Solution
From the definition of specific volume and density we have

v=V/m and p=m/V =1/v
We need to find the total mass, taking density from Tables A.3 and A.4:

Mgranite = WVegranite = 2750 kg/m* x 0.12m* = 330 kg
Msand = Psand Veand = 1500kg/m> x 0.15m> = 225kg
Myater = Pwater Vovater = 997 kg/m? x 0.2m? = 199.4kg

Mair = Pair Vair = 1.15kg/m> x 0.53 m> = 0.61 kg

FIGURE 1.9 Sketch for Example 1.2.

Now the total mass becomes

Mot = Mgranite T Msand T Mwater + Mair = 755kg



and the specific volume and density can be calculated:

v = Viot/ Mo = 1 m3 /755 kg = 0.001325 m3 /kg
0 = M) Viet = 755kg/1 m3 = 755 kg/m?

Remark: It is misleading to include air in the numbers for p and V, as the air is separate
from the rest of the mass.

In-Text Concept Questions

c. Why do people float high in the water when swimming in the Dead Sea as compared
with swimming in a freshwater lake?

d. The density of liquid water is p = 1008 — 7/2 [kg/m?] with 7 in °C. If the temperature
increases, what happens to the density and specific volume?

1.7 PRESSURE

When dealing with liquids and gases, we ordinarily speak of pressure; for solids we speak
of stresses. The pressure in a fluid at rest at a given point is the same in all directions, and
we define pressure as the normal component of force per unit area. More specifically, if §4
is a small area, 54’ is the smallest area over which we can consider the fluid a continuum,
and §F, is the component of force normal to 54, we define pressure, P, as

SF,

P = Iim
sd—s4' 0A

where the lower limit corresponds to sizes as mentioned for the specific volume, shown in
Fig. 1.7. The pressure P at a point in a fluid in equilibrium is the same in all directions. In
a viscous fluid in motion, the variation in the state of stress with orientation becomes an
important consideration. These considerations are beyond the scope of this book, and we
will consider pressure only in terms of a fluid in equilibrium.

The unit for pressure in the International System is the force of one newton acting on
a square meter area, which is called the pascal (Pa). That is,

1Pa=1N/m?

Two other units, not part of the International System, continue to be widely used.
These are the bar, where

1 bar = 10° Pa = 0.1 MPa
and the standard atmosphere, where

1 atm = 101 325 Pa = 14.696 Ibf/in.
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which is slightly larger than the bar. In this book, we will normally use the STunit, the pascal,
and especially the multiples of kilopascal and megapascal. The bar will be utilized often
in the examples and problems, but the atmosphere will not be used, except in specifying
certain reference points.

Consider a gas contained in a cylinder fitted with a movable piston, as shown in
Fig. 1.10. The pressure exerted by the gas on all of its boundaries is the same, assuming
that the gas is in an equilibrium state. This pressure is fixed by the external force acting
on the piston, since there must be a balance of forces for the piston to remain stationary.
Thus, the product of the pressure and the movable piston area must be equal to the external
force. If the external force is now changed in either direction, the gas pressure inside must
accordingly adjust, with appropriate movement of the piston, to establish a force balance
at a new equilibrium state. As another example, if the gas in the cylinder is heated by an
outside body, which tends to increase the gas pressure, the piston will move instead, such
that the pressure remains equal to whatever value is required by the external force.

Example 1.3 — —
The hydraulic piston/cylinder system shown in Fig. 1.11 has a cylinder diameter of D =
0.1 m with a piston and rod mass of 25 kg. The rod has a diameter of 0.01 m with an
outside atmospheric pressure of 101 kPa. The inside hydraulic fluid pressure is 250 kPa.
How large a force can the rod push with in the upward direction?

Solution
We will assume a static balance of forces on the piston (positive upward), so

Fnet =ma=0

= Icyl Acyl - PO(Acyl - Arod) == myg

FIGURE 1.11 Sketch for Example 1.3.




Solve for F:
F= Pcyl Acyl - PO(Acyl - Arod) —mpg
The areas are

At = 77t = nD?/4 = %0.12 m? = 0.007 854 m?

Arg = 72 = 7 D2j4 = %0.012 m? = 0.000 078 54 m?
So the force becomes

F = [250 x 0.007 854 — 101(0.007 854 — 0.000 078 54)]1000 — 25 x 9.81
= 1963.5 — 785.32 — 245.25
=9329N

Note that we must convert kPa to Pa to get units of N.

In most thermodynamic investigations we are concerned with absolute pressure. Most
pressure and vacuum gauges, however, read the difference between the absolute pressure
and the atmospheric pressure existing at the gauge. This is referred to as gauge pressure.
It is shown graphically in Fig. 1.12, and the following examples illustrate the principles.
Pressures below atmospheric and slightly above atmospheric, and pressure differences (for
example, across an orifice in a pipe), are frequently measured with a manometer, which
contains water, mercury, alcohol, oil, or other fluids.

Pabs,1 T
Ordinary pressure gauge
AP =I:‘abs,1 = Pam
Patm 1
Ordinary vacuum gauge
AP = Patm_Pabs,Z
Pabs,z T

Barometer reads
FIGURE 1.12 atmospheric pressure
[llustration of terms

used in pressure

measurement. o




Pam =Py

FIGURE 1.13
Example of pressure
measurement using a
column of fluid.

Consider the column of fluid of height A standing above point B in the manometer
shown in Fig. 1.13. The force acting downward at the bottom of the column is

PyA+mg = PyA+ pAgH

where m is the mass of the fluid column, A is its cross-sectional area, and p is its density.
This force must be balanced by the upward force at the bottom of the column, which is PgA.

Pr0—0b Therefore,
% T Pp — Py = pgH
Since points 4 and B are at the same elevation in columns of the same fluid, their pressures
" must be equal (the fluid being measured in the vessel has a much lower density, such that
0 its pressure P is equal to P,). Overall,
Patm 8

l l AP =P — Py=pgH (1.2)
7 | For distinguishing between absolute and gauge pressure in this book, the term pascal

will always refer to absolute pressure. Any gauge pressure will be indicated as such.
Consider the barometer used to measure atmospheric pressure, as shown in Fig. 1.14.
Since there is a near vacuum in the closed tube above the vertical column of fluid, usu-
FIGURE 1.14 ally mercury, the height of the fluid column gives the atmospheric pressure directly from

Barometer. Eq. 1.2:
Pam = pgHy (1.3)
Example 1.4 _,/- - A

A mercury barometer located in a room at 25°C has a height of 750 mm. What is the
atmospheric pressure in kPa?

Solution
The density of mercury at 25°C is found from Table A.4 to be 13 534 kg/m?. Using
Eq. 1.3,

Pum = pgHy = 13 534 kg/m® x 9.807 m/s*> x 0.750 m/1000
= 99.54 kPa



Example 1.5 — T

A mercury (Hg) manometer is used to measure the pressure in a vessel as shown in
Fig. 1.13. The mercury has a density of 13 590 kg/m?, and the height difference between the
two columns is measured to be 24 cm. We want to determine the pressure inside the vessel.

Solution
The manometer measures the gauge pressure as a pressure difference. From Eq. 1.2,

AP = Pyyge = pgH = 13590 kg/m® x 9.807 m/s* x 0.24 m

= 31985Pa = 31.985kPa
= 0.316 atm
To get the absolute pressure inside the vessel, we have
P4 = Pyessel = Pp = AP + Py

We need to know the atmospheric pressure measured by a barometer (absolute pressure). As-
sume that this pressure is known to be 750 mm Hg. The absolute pressure in the vessel becomes

Pyessel = AP + Py = 31985 Pa + 13 590 kg/m> x 0.750 m x 9.807 m/s*
= 31985+ 99954 = 131 940 Pa = 1.302 atm

Example 1.5E ,__/- - A
A mercury (Hg) manometer is used to measure the pressure in a vessel as shown in
Fig. 1.13. The mercury has a density of 848 Ibm/ft*, and the height difference between the
two columns is measured to be 9.5 in. We want to determine the pressure inside the vessel.

Solution
The manometer measures the gauge pressure as a pressure difference. From Eq. 1.2,

AP = Pgayge = pgH
= 8481b—m X 32.174E x 9.51n. x Lﬁ X I:Lfsz]
ft s? 1728 in.3 © [ 32.174 Ibm ft
= 4.66 Ibf/in.?
To get the absolute pressure inside the vessel, we have
Py = Pyssel = Po = AP + Pom

We need to know the atmospheric pressure measured by a barometer (absolute pressure). As-
sume that this pressure is known to be 29.5 in. Hg. The absolute pressure in the vessel becomes

Pvessel = AP+ Patm

1 1
=84 2.174 x 29. — _— 4.
848 x 32.174 x 95X1728X<32.174)+ 66

= 19.14 Ibf/in.2



Example 1.6 - =
What is the pressure at the bottom of the 7.5-m-tall storage tank of fluid at 25°C shown
in Fig. 1.15? Assume that the fluid is gasoline with atmospheric pressure 101 kPa on the
top surface. Repeat the question for the liquid refrigerant R-134a when the top surface
pressure is 1 MPa.

Solution
The densities of the liquids are listed in Table A.4:

Pgasoline = 750 kg/m3; PR-134a = 1206 kg/m3
The pressure difference due to gravity is, from Eq. 1.2,

The total pressure is

FIGURE 1.15 Sketch
for Example 1.6.

I i e AP
For the gasoline we get

AP = pgH = 750kg/m® x 9.807m/s*> x 7.5m = 55 164 Pa
Now convert all pressures to kPa:

P =101+ 55.164 = 156.2 kPa
For the R-134a we get

AP = pgH = 1206 kg/m> x 9.807 m/s* x 7.5m = 88704 Pa

Now convert all pressures to kPa:
P = 1000 + 88.704 = 1089 kPa

Example 1.7 —

A piston/cylinder with a cross-sectional area of 0.01 m? is connected with a hydraulic
line to another piston/cylinder with a cross-sectional area of 0.05 m?. Assume that both
chambers and the line are filled with hydraulic fluid of density 900 kg/m® and the larger
second piston/cylinder is 6 m higher up in elevation. The telescope arm and the buckets have
hydraulic piston/cylinders moving them, as seen in Fig. 1.16. With an outside atmospheric
pressure of 100 kPa and a net force of 25 kN on the smallest piston, what is the balancing
force on the second larger piston? l .

2

<

FIGURE 1.16 Sketch for Example 1.7.



Solution
When the fluid is stagnant and at the same elevation, we have the same pressure throughout
the fluid. The force balance on the smaller piston is then related to the pressure (we neglect
the rod area) as

Fi+ P41 = P14,
from which the fluid pressure is
Py = Py + F1/A4; = 100 kPa + 25kN/0.01 m* = 2600 kPa
The pressure at the higher elevation in piston/cylinder 2 is, from Eq. 1.2,
P, = P, — pgH = 2600 kPa — 900 kg/m? x 9.81 m/s*> x 6 m/(1000 Pa/kPa)
= 2547 kPa

where the second term is divided by 1000 to convert from Pa to kPa. Then the force balance
on the second piston gives

I+ Pydy = P A,
Fy = (P> — Py)Ay = (2547 — 100) kPa x 0.05m2 = 122.4 kN

If the density is variable, we should consider Eq. 1.2 in differential form as

dP = —pgdh
including the sign, so pressure drops with increasing height. Now the finite difference
becomes
H
P:PO—/ pg dh (1.4)
0

with the pressure Py at zero height.

In-Text Concept Questions

e. A car tire gauge indicates 195 kPa; what is the air pressure inside?

f. Canlalways neglect AP in the fluid above location 4 in Fig. 1.13? What circumstances
does that depend on?

g. A U tube manometer has the left branch connected to a box with a pressure of
110 kPa and the right branch open. Which side has a higher column of fluid?

1.8 ENERGY

A macroscopic amount of mass can possess energy in the form of internal energy inherent
in its internal structure, kinetic energy in its motion, and potential energy associated with
external forces acting on the mass. We write the total energy as

E = Internal + Kinetic + Potential = U + KE + PE



and the specific total energy becomes
e=E/m=u+ke+pe=u+'hV*+gz (1.5)

where the kinetic energy is taken as the translational energy and the potential energy is
written for the external force being the gravitational force assumed constant. If the mass is
rotating, we should add a rotational kinetic energy (/5 I @?) to the translational term. What
is called internal energy on the macroscale has a similar set of energies associated with the
microscale motion of the individual molecules. This enables us to write

U = Uextmolecule + Utranslation + Uint molecule (1.6)

as a sum of the potential energy from intermolecular forces between molecules, the molecule
translational kinetic energy, and the energy associated with the molecular internal and atomic
structure.

Without going into detail, we realize that there is a difference between the intermolec-
ular forces. Thus, the first term of the energy for a configuration where the molecules are
close together, as in a solid or liquid (high density), contrasts with the situation for a gas
like air, where the distance between the molecules is large (low density). In the limit of a
very thin gas, the molecules are so far apart that they do not sense each other, unless they
collide and the first term becomes near zero. This is the limit we have when we consider a
substance to be an ideal gas, as will be covered in Chapter 2.

The translational energy depends only on the mass and center of mass velocity of the
molecules, whereas the last energy term depends on the detailed structure. In general, we
can write the energy as

Uintmolecule = Upotential T Urotation T Uvibration + Yatoms (1.7

To illustrate the potential energy associated with the intermolecular forces, consider an
oxygen molecule of two atoms, as shown in Fig. 1.17. If we want to separate the two atoms,
we pull them apart with a force and thereby we do some work on the system, as explained
in Chapter 3. That amount of work equals the binding (potential) energy associated with
the two atoms as they are held together in the oxygen molecule.

Consider a simple monatomic gas such as helium. Each molecule consists of a
helium atom. Such an atom possesses electronic energy as a result of both orbital an-
gular momentum of the electrons about the nucleus and angular momentum of the electrons
spinning on their axes. The electronic energy is commonly very small compared with the
translational energies. (Atoms also possess nuclear energy, which, except in the case of
nuclear reactions, is constant. We are not concerned with nuclear energy at this time.)
When we consider more complex molecules, such as those composed of two or three

FIGURE 1.17 The

coordinate system for a

diatomic molecule. X
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FIGURE 1.19 Heat
transfer to H,O.
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FIGURE 1.18 The three principal vibrational modes for the H,O molecule.

atoms, additional factors must be considered. In addition to having electronic energy, a
molecule can rotate about its center of gravity and thus have rotational energy. Further-
more, the atoms may vibrate with respect to each other and have vibrational energy. In
some situations there may be an interaction between the rotational and vibrational modes
of energy.

In evaluating the energy of a molecule, we often refer to the degree of freedom, f, of
these energy modes. For a monatomic molecule such as helium, "= 3, which represents the
three directions x, y, and z in which the molecule can move. For a diatomic molecule, such as
oxygen, / = 6. Three of these are the translation of the molecule as a whole in the x, y, and
z directions, and two are for rotation. The reason that there are only two modes of rotational
energy is evident from Fig. 1.17, where we take the origin of the coordinate system at the
center of gravity of the molecule and the y-axis along the molecule’s internuclear axis. The
molecule will then have an appreciable moment of inertia about the x-axis and the z-axis
but not about the y-axis. The sixth degree of freedom of the molecule is vibration, which
relates to stretching of the bond joining the atoms.

For a more complex molecule such as H,O, there are additional vibrational degrees
of freedom. Fig. 1.18 shows a model of the H,O molecule. From this diagram, it is evident
that there are three vibrational degrees of freedom. It is also possible to have rotational
energy about all three axes. Thus, for the H,O molecule, there are nine degrees of freedom
(f =9): three translational, three rotational, and three vibrational.

Most complex molecules, such as typical polyatomic molecules, are usually three-
dimensional in structure and have multiple vibrational modes, each of which contributes to
the energy storage of the molecule. The more complicated the molecule is, the larger the
number of degrees of freedom that exist for energy storage. The modes of energy storage
and their evaluation are discussed in some detail in Appendix C for those interested in
further development of the quantitative effects from a molecular viewpoint.

This general discussion can be summarized by referring to Fig. 1.19. Let heat be
transferred to H,O. During this process the temperature of the liquid and vapor (steam)
will increase, and eventually all the liquid will become vapor. From the macroscopic point
of view, we are concerned only with the energy that is transferred as heat, the change in
properties such as temperature and pressure, and the total amount of energy (relative to
some base) that the H,O contains at any instant. Thus, questions about how energy is stored
in the H,O do not concern us. From a microscopic viewpoint, we are concerned about the
way in which energy is stored in the molecules. We might be interested in developing a
model of the molecule so that we can predict the amount of energy required to change
the temperature a given amount. Although the focus in this book is on the macroscopic or
classical viewpoint, it is helpful to keep in mind the microscopic or statistical perspective,
as well, as the relationship between the two, which helps us understand basic concepts such
as energy.



1.9 EQUALITY OF TEMPERATURE

Although temperature is a familiar property, defining it exactly is difficult. We are aware
of temperature first of all as a sense of hotness or coldness when we touch an object. We
also learn early that when a hot body and a cold body are brought into contact, the hot body
becomes cooler and the cold body becomes warmer. If these bodies remain in contact for
some time, they usually appear to have the same hotness or coldness. However, we also
realize that our sense of hotness or coldness is very unreliable. Sometimes very cold bodies
may seem hot, and bodies of different materials that are at the same temperature appear to
be at different temperatures.

Because of these difficulties in defining temperature, we define equality of tem-
perature. Consider two blocks of copper, one hot and the other cold, each of which
is in contact with a mercury-in-glass thermometer. If these two blocks of copper are
brought into thermal communication, we observe that the electrical resistance of the
hot block decreases with time and that of the cold block increases with time. After a
period of time has elapsed, however, no further changes in resistance are observed. Simi-
larly, when the blocks are first brought in thermal communication, the length of a side of
the hot block decreases with time but the length of a side of the cold block increases
with time. After a period of time, no further change in the length of either block is
perceived. In addition, the mercury column of the thermometer in the hot block drops
at first and that in the cold block rises, but after a period of time no further changes in height
are observed. We may say, therefore, that two bodies have equality of temperature if, when
they are in thermal communication, no change in any observable property occurs.

1.10  THE ZEROTH LAW OF THERMODYNAMICS

Now consider the same two blocks of copper and another thermometer. Let one block
of copper be brought into contact with the thermometer until equality of temperature is
established, and then remove it. Then let the second block of copper be brought into contact
with the thermometer. Suppose that no change in the mercury level of the thermometer
occurs during this operation with the second block. We then can say that both blocks are in
thermal equilibrium with the given thermometer.

The zeroth law of thermodynamics states that when two bodies have equality of
temperature with a third body, they in turn have equality of temperature with each other.
This seems obvious to us because we are so familiar with this experiment. Because the
principle is not derivable from other laws, and because it precedes the first and second
laws of thermodynamics in the logical presentation of thermodynamics, it is called the
zeroth law of thermodynamics. This law is really the basis of temperature measure-
ment. Every time a body has equality of temperature with the thermometer, we can say
that the body has the temperature we read on the thermometer. The problem remains
of how to relate temperatures that we might read on different mercury thermometers or
obtain from different temperature-measuring devices, such as thermocouples and resis-
tance thermometers. This observation suggests the need for a standard scale for temperature
measurements.



1.11° TEMPERATURE SCALES

Two scales are commonly used for measuring temperature, namely, the Fahrenheit (after
Gabriel Fahrenheit, 1686—1736) and the Celsius. The Celsius scale was formerly called the
centigrade scale but is now designated the Celsius scale after Anders Celsius (1701-1744),
the Swedish astronomer who devised this scale.

The Fahrenheit temperature scale is used with the English Engineering System of
Units and the Celsius scale with the STunit system. Until 1954 both of these scales were based
on two fixed, easily duplicated points: the ice point and the steam point. The temperature
of the ice point is defined as the temperature of a mixture of ice and water that is in
equilibrium with saturated air at a pressure of 1 atm. The temperature of the steam point
is the temperature of water and steam, which are in equilibrium at a pressure of 1 atm. On
the Fahrenheit scale these two points are assigned the numbers 32 and 212, respectively,
and on the Celsius scale the points are 0 and 100, respectively. Why Fahrenheit chose these
numbers is an interesting story. In searching for an easily reproducible point, Fahrenheit
selected the temperature of the human body and assigned it the number 96. He assigned the
number 0 to the temperature of a certain mixture of salt, ice, and salt solution. On this scale
the ice point was approximately 32. When this scale was slightly revised and fixed in terms
of the ice point and steam point, the normal temperature of the human body was found to
be 98.6 F.

In this book the symbols F and °C will denote the Fahrenheit and Celsius scales,
respectively (the Celsius scale symbol includes the degree symbol since the letter C alone
denotes Coulomb, the unit of electrical charge in the SI system of units). The symbol 7 will
refer to temperature on all temperature scales.

At the tenth CGPM meeting in 1954, the Celsius scale was redefined in terms of a
single fixed point and the ideal-gas temperature scale. The single fixed point is the triple
point of water (the state in which the solid, liquid, and vapor phases of water exist together in
equilibrium). The magnitude of the degree is defined in terms of the ideal gas temperature
scale, which is discussed in Chapter 5. The essential features of this new scale are a single
fixed point and a definition of the magnitude of the degree. The triple point of water is
assigned the value of 0.01°C. On this scale the steam point is experimentally found to be
100.00°C. Thus, there is essential agreement between the old and new temperature scales.

We have not yet considered an absolute scale of temperature. The possibility of such
a scale comes from the second law of thermodynamics and is discussed in Chapter 5. On
the basis of the second law of thermodynamics, a temperature scale that is independent of
any thermometric substance can be defined. This absolute scale is usually referred to as the
thermodynamic scale of temperature. However, it is difficult to use this scale directly; there-
fore, a more practical scale, the International Temperature Scale, which closely represents
the thermodynamic scale, has been adopted.

The absolute scale related to the Celsius scale is the Kelvin scale (after William
Thomson, 1824-1907, who is also known as Lord Kelvin), and is designated K (without
the degree symbol). The relation between these scales is

K=°C+273.15 (1.8)

In 1967, the CGPM defined the kelvin as 1/273.16 of the temperature at the triple point of
water. The Celsius scale is now defined by this equation instead of by its earlier definition.



The absolute scale related to the Fahrenheit scale is the Rankine scale and is
designated R. The relation between these scales is

R = F +459.67 (1.9)

A number of empirically based temperature scales, to standardize temperature
measurement and calibration, have been in use during the last 70 years. The most re-
cent of these is the International Temperature Scale of 1990, or ITS-90. It is based on a
number of fixed and easily reproducible points that are assigned definite numerical values
of temperature, and on specified formulas relating temperature to the readings on certain
temperature-measuring instruments for the purpose of interpolation between the defining
fixed points. Details of the ITS-90 are not considered further in this book. This scale is a
practical means for establishing measurements that conform closely to the absolute ther-
modynamic temperature scale.

1.12  ENGINEERING APPLICATIONS

When we deal with materials to move or trade them, we need to specify the amount; that is
often done as either the total mass or volume. For substances with reasonably well-defined
density we can use either measure. For instance, water, gasoline, oil, natural gas, and many
food items are common examples of materials for which we use volume to express the
amount. Other examples are amounts of gold, coal, and food items where we use mass as
the amount. To store or transport materials, we often need to know both measures to be able
to size the equipment appropriately.

Pressure is used in applications for process control or limit control for safety reasons.
In most cases, this is the gauge pressure. For instance, a storage tank has a pressure indicator
to show how close it is to being full, but it may also have a pressure-sensitive safety valve
that will open and let material escape if the pressure exceeds a preset value. An air tank
with a compressor on top is shown in Fig. 1.20. As a portable unit, it is used to drive air
tools, such as nailers. A pressure gauge will activate a switch to start the compressor when

FIGURE 1.20 Air

compressor with tank. (© illi/iStockphoto)




FIGURE 1.21
Automotive tire pressure
gauges.

FIGURE 1.22
Schematic of a pressure
relief valve.

the pressure drops below a preset value, and it will disengage the compressor when a preset
high value is reached.

Tire pressure gauges, shown in Fig. 1.21, are connected to the valve stem on the
tire. Some gauges have a digital readout. The tire pressure is important for the safety and
durability of automobile tires. Too low a pressure causes large deflections and the tire may
overheat; too high a pressure leads to excessive wear in the center.

A spring-loaded pressure relief valve is shown in Fig. 1.22. With the cap the spring
can be compressed to make the valve open at a higher pressure, or the opposite. This valve
is used for pneumatic systems.
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FIGURE 1.23 Automotive engine intake throttle.

When a throttle plate in an intake system for an automotive engine restricts the flow
(Fig. 1.23), it creates a vacuum behind it that is measured by a pressure gauge sending
a signal to the computer control. The smallest absolute pressure (highest vacuum) occurs
when the engine idles, and the highest pressure (smallest vacuum) occurs when the engine
is at full throttle. In Fig. 1.23, the throttle is shown completely closed.

A pressure difference, AP, can be used to measure flow velocity indirectly, as shown
schematically in Fig. 1.24 (this effect is felt when you hold your hand out of a car window,
with a higher pressure on the side facing forward and a lower pressure on the other side,
giving a net force on your hand). The engineering analysis of such processes is developed
and presented in Chapter 7. In a speedboat, a small pipe has its end pointing forward, feeling
the higher pressure due to the relative velocity between the boat and the water. The other
end goes to a speedometer transmitting the pressure signal to an indicator.

An aneroid barometer, shown in Fig. 1.25, measures the absolute pressure used for
weather predictions. It consists of a thin metal capsule or bellows that expands or contracts
with atmospheric pressure. Measurement is by a mechanical pointer or by a change in
electrical capacitance with distance between two plates.

Manometer

Static pressure —

on S

Static + Velocity pressure

FIGURE 1.24 Schematic of flow velocity measurement.



FIGURE 1.25

Aneroid barometer.

FIGURE 1.26

Thermocouples.

Numerous types of devices are used to measure temperature. Perhaps the most familiar
of these is the liquid-in-glass thermometer, in which the liquid is commonly mercury. Since
the density of the liquid decreases with temperature, the height of the liquid column rises
accordingly. Other liquids are also used in such thermometers, depending on the range of
temperature to be measured.

Two types of devices commonly used in temperature measurement are thermocou-
ples and thermistors. Examples of thermocouples are shown in Fig. 1.26. A thermocouple
consists of a pair of junctions of two dissimilar metals that creates an electrical potential
(voltage) that increases with the temperature difference between the junctions. One junc-
tion is maintained at a known reference temperature (for example, in an ice bath), such
that the voltage measured indicates the temperature of the other junction. Different material
combinations are used for different temperature ranges, and the size of the junction is kept
small to have a short response time. Thermistors change their electrical resistance with
temperature, so if a known current is passed through the thermistor, the voltage across it
becomes proportional to the resistance. The output signal is improved if this is arranged
in an electrical bridge that provides input to an instrument. The small signal from these
sensors is amplified and scaled so that a meter can show the temperature or the signal

Sealed Sealed and Sealed and Exposed Exposed
sheath isolated grounded fast response bead
from sheath to sheath



can be sent to a computer or a control system. High-precision temperature measurements
are made in a similar manner using a platinum resistance thermometer. A large portion of
the ITS-90 (13.8033 K to 1234.93 K) is measured in such a manner. Higher temperatures
are determined from visible-spectrum radiation intensity observations.

It is also possible to measure temperature indirectly by certain pressure measure-
ments. If the vapor pressure, discussed in Chapter 2, is accurately known as a function of
temperature, then this value can be used to indicate the temperature. Also, under certain
conditions, a constant-volume gas thermometer, discussed in Chapter 5, can be used to
determine temperature by a series of pressure measurements.

SUMMARY  We introduce a thermodynamic system as a control volume, which for a fixed mass is a
control mass. Such a system can be isolated, exchanging neither mass, momentum, nor
energy with its surroundings. A closed system versus an open system refers to the ability of
mass exchange with the surroundings. If properties for a substance change, the state changes
and a process occurs. When a substance has gone through several processes, returning to
the same initial state, it has completed a cycle.

Basic units for thermodynamic and physical properties are mentioned, and most are
covered in Table A.1. Thermodynamic properties such as density p, specific volume v,
pressure P, and temperature 7 are introduced together with units for these properties.
Properties are classified as intensive, independent of mass (like v), or extensive, proportional
to mass (like /). Students should already be familiar with other concepts from physics such
as force F, velocity V, and acceleration a. Application of Newton’s law of motion leads
to the variation of static pressure in a column of fluid and the measurements of pressure
(absolute and gauge) by barometers and manometers. The normal temperature scale and
the absolute temperature scale are introduced.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

* Define (choose) a control volume (C.V.) around some matter; sketch the content and
identify storage locations for mass; and identify mass and energy flows crossing the
C.V. surface.

* Know properties P, T, v, and p and their units.

* Know how to look up conversion of units in Table A.1.

» Know that energy is stored as kinetic, potential, or internal (in molecules).

» Know that energy can be transferred.

* Know the difference between (v, p) and (V, m) intensive and extensive properties.
* Apply a force balance to a given system and relate it to pressure P.

» Know the difference between relative (gauge) and absolute pressure P.

» Understand the working of a manometer or a barometer and derive AP or P from
height H.

* Know the difference between a relative and an absolute temperature 7.
* Be familiar with magnitudes (v, p, P, T').

Most of these concepts will be repeated and reinforced in the following chapters, such as
properties in Chapter 2, energy transfer as heat and work, and internal energy in Chapter 3,
together with their applications.



KEY Control volume
CONC 5'?\-{8 Pressure definition
FORMULAS

Specific volume

Density

Static pressure variation

Absolute temperature

Units

Specific total energy

Concepts from Physics

everything inside a control surface

F
P = i (mathematical limit for small 4)
14
v=—
m
p = % (Tables A.3, A4, A.5, F.2, F.3, and F4)

AP = pgH = — [pgdh
T[K] = T[°C] + 273.15
T[R] = T[F] + 459.67
Table A.1

1
e:u—i—EV + gz

Newton’s law of motion

Acceleration

Velocity

F =ma
_dzx_dV
“Tar T ar
_dx
T dr

CONCEPT-STUDY GUIDE PROBLEMS

1.1 Make a control volume around the whole power plant
in Fig. 1.1 and list the flows of mass and energy in
or out and any storage of energy. Make sure you
know what is inside and what is outside your chosen
control volume.

1.2 Make a control volume around the refrigerator in
Fig. 1.3. Identify the mass flow of external air and
show where you have significant heat transfer and
where storage changes.

1.3 Separate the list P, F, V, v, p, T, a, m, L, t, and V
into intensive properties, extensive properties, and
nonproperties.

1.4 A tray of liquid water is placed in a freezer where it
cools from 20°C to —5°C. Show the energy flow(s)
and storage and explain what changes.

1.5 The overall density of fibers, rock wool insulation,
foams, and cotton is fairly low. Why?

1.6 Is density a unique measure of mass distribution in
a volume? Does it vary? If so, on what kind of scale
(distance)?

1.7 Water in nature exists in three different phases:
solid, liquid, and vapor (gas). Indicate the relative

magnitude of density and the specific volume for the
three phases.

1.8 What is the approximate mass of 1 L of gasoline? Of
helium in a balloon at 7', Py?

1.9 Can you carry 1 m? of liquid water?

1.10 A heavy refrigerator has four height-adjustable feet.
What feature of the feet will ensure that they do not
make dents in the floor?

1.11 A swimming pool has an evenly distributed pressure
at the bottom. Consider a stiff steel plate lying on
the ground. Is the pressure below it just as evenly
distributed?

1.12 What physically determines the variation of the
atmospheric pressure with elevation?

1.13 Two divers swim at a depth of 20 m. One of them
swims directly under a supertanker; the other avoids
the tanker. Who feels a greater pressure?

1.14 A manometer with water shows a AP of Py/20; what
is the column height difference?

1.15 Does the pressure have to be uniform for equilibrium
to exist?



1.16 A water skier does not sink too far down in the water
if the speed is high enough. What makes that situa-
tion different from our static pressure calculations?

1.17 What is the lowest temperature in degrees Celsius?
In degrees Kelvin?

1.18 Convert the formula for water density in In-Text
Concept Problem d to be for 7 in degrees Kelvin.

1.19 A thermometer that indicates the temperature with

a liquid column has a bulb with a larger volume of
liquid. Why?

1.20 What is the main difference between the macro-
scopic kinetic energy in a motion like the blowing
of wind versus the microscopic kinetic energy of
individual molecules? Which one can you sense with
your hand?

1.21 How can you illustrate the binding energy between
the three atoms in water as they sit in a triatomic
water molecule. Hint: imagine what must happen to

create three separate atoms.

HOMEWORK PROBLEMS

Properties, Units, and Force

1.22 An apple “weighs” 60 g and has a volume of

75 ¢cm?® in a refrigerator at 8°C. What is the ap-

ple’s density? List three intensive and two extensive

properties of the apple.

One kilopond (1 kp) is the weight of 1 kg in the

standard gravitational field. What is the weight of

1 kg in newtons (N)?

A stainless steel storage tank contains 5 kg of oxy-

gen gas and 7 kg of nitrogen gas. How many kmoles

are in the tank?

A steel cylinder of mass 4 kg contains 4 L of water

at 25°C at 100 kPa. Find the total mass and volume

ofthe system. List two extensive and three intensive
properties of the water.

The standard acceleration (at sea level and 45° lat-

itude) due to gravity is 9.806 65 m/s?. What is the

force needed to hold a mass of 2 kg at rest in this
gravitational field? How much mass can a force of

1 N support?

An aluminum piston of 2.5 kg is in the standard

gravitational field, and a force of 25 N is ap-

plied vertically up. Find the acceleration of the
piston.

When you move up from the surface of the earth,

the gravitation is reduced as g = 9.807 — 3.32 x

107 z, with z being the elevation in meters. By

what percentage is the weight of an airplane re-

duced when it cruises at 11 000 m?

1.29 A car rolls down a hill with a slope such that the
gravitational “pull” in the direction of motion is
one-tenth of the standard gravitational force (see
Problem 1.26). If the car has a mass of 2500 kg,
find the acceleration.

1.23

1.24

1.25

1.26

1.27

1.28

1.30 A van moves at 60 km/h and completely stops with
constant deceleration in 5 s. The mass of the van
and driver is 2075 kg, find the necessary force.

A 1500 kg car moving at 20 km/h is accelerated at
a constant rate of 4 m/s? up to a speed of 75 km/h.
What are the force and total time required?

1.31

1.32 On the moon, the gravitational acceleration is
approximately one-sixth that on the surface of the
earth. A 5-kg mass is “weighed” with a beam bal-
ance on the surface of the moon. What is the ex-
pected reading? If this mass is weighed with a
spring scale that reads correctly for standard gravity

on earth (see Problem 1.26), what is the reading?

1.33 The elevator in a hotel has a mass of 750 kg, and it
carries six people with a total mass of 450 kg. How
much force should the cable pull up with to have

an acceleration of 1 m/s? in the upward direction?

1.34 One of the people in the previous problem weighs
80 kg standing still. How much weight does this

person feel when the elevator starts moving?

A Dbottle of 12 kg steel has 1.75 kmoles of lig-
uid propane. It accelerates horizontally at a rate of
3 m/s?. What is the needed force?

A steel beam of 700 kg is raised by a crane with
an acceleration of 2 m/s? relative to the ground at a
location where the local gravitational acceleration
is 9.5 m/s?. Find the required force.

1.35

1.36

Specific Volume

1.37 A 1-m® container is filled with 400 kg of granite
stone, 200 kg of dry sand, and 0.2 m? of liquid
25°C water. Using properties from Tables A.3 and
A.4, find the average specific volume and density of
the masses when you exclude air mass and volume.



1.38 A power plant that separates carbon dioxide from
the exhaust gases compresses it to a density of 110
kg/m? and stores it in an unminable coal seam with
a porous volume of 100 000 m>. Find the mass that
can be stored.

A 15-kg steel gas tank holds 300 L of liquid gaso-
line with a density of 800 kg/m?>. If the system is
decelerated with 2g, what is the needed force?

1.39

1.40 A 5-m?® container is filled with 900 kg of granite
(density of 2400 kg/m?). The rest of the volume is
air, with density equal to 1.15 kg/m?. Find the mass
of air and the overall (average) specific volume.

1.41 A tank has two rooms separated by a membrane.
Room A has 1 kg of air and a volume of 0.5 m?;
room B has 0.75 m? of air with density 0.8 kg/m?.
The membrane is broken, and the air comes to a

uniform state. Find the final density of the air.

1.42 One kilogram of diatomic oxygen (O,, molecular
mass of 32) is contained in a 500-L tank. Find the
specific volume on both a mass and a mole basis
(vand v).

A 5000-kg elephant has a cross-sectional area of
0.02 m? on each foot. Assuming an even distribu-

tion, what is the pressure under its feet?

1.43

1.44 A valve in the cylinder shown in Fig. P1.44 has a

cross-sectional area of 11 cm? with a pressure of
735 kPa inside the cylinder and 99 kPa outside.
How large a force is needed to open the valve?

P outside

C__

Avalve

cyl

FIGURE P1.44

Pressure

1.45 The hydraulic lift in an auto repair shop has a cylin-
der diameter of 0.2 m. To what pressure should the
hydraulic fluid be pumped to lift 40 kg of piston/
arms and 700 kg of a car?

1.46 A hydraulic lift has a maximum fluid pressure of
500 kPa. What should the piston/cylinder diameter
be in order to lift a mass of 850 kg?

1.47 A laboratory room has a vacuum of 0.1 kPa. What
net force does that put on the door of size 2 m
by 1 m?

1.48 A vertical hydraulic cylinder has a 125-mm-
diameter piston with hydraulic fluid inside the
cylinder and an ambient pressure of 1 bar. Assum-
ing standard gravity, find the piston mass that will
create an inside pressure of 1500 kPa.

1.49 A 75-kg human total footprint is 0.05 m? when the
human is wearing boots. Suppose you want to walk
on snow that can at most support an extra 3 kPa;
what should the total snowshoe area be?

1.50 A piston/cylinder with a cross-sectional area of
0.01 m? has a piston mass of 100 kg resting on
the stops, as shown in Fig. P1.50.With an outside
atmospheric pressure of 100 kPa, what should the

water pressure be to lift the piston?

lg

FIGURE P1.50

1.51 A large exhaust fan in a laboratory room keeps the
pressure inside at 10 cm of water vacuum relative
to the hallway. What is the net force on the door

measuring 1.9 m by 1.1 m?

1.52 A tornado rips off a 100-m? roof with a mass of
1000 kg. What is the minimum vacuum pressure

needed to do that if we neglect the anchoring forces?

1.53 A 5-kgcannonball acts as a piston in a cylinder with
a diameter of 0.15 m. As the gunpowder is burned,
a pressure of 7 MPa is created in the gas behind
the ball. What is the acceleration of the ball if the
cylinder (cannon) is pointing horizontally?

1.54 Repeat the previous problem for a cylinder
(cannon) pointing 40° up relative to the horizon-

tal direction.

1.55 A 2.5-m-tall steel cylinder has a cross-sectional

areaof 1.5 m?. Atthe bottom, with a height of 0.5 m,



1.56

1.57

1.58

1.59

isliquid water, on top of which is a 1-m-high layer of
gasoline. This is shown in Fig. P1.55. The gasoline
surface is exposed to atmospheric air at 101 kPa.
What is the highest pressure in the water?

)

Air J
im Gasoline 25m
O.Eim
FIGURE P1.55

An underwater buoy is anchored at the seabed with
acable, and it contains a total mass of 250 kg. What
should the volume be so that the cable holds it down
with a force of 1000 N?

At the beach, atmospheric pressure is 1025 mbar.
You dive 15 m down in the ocean, and you later
climb a hill up to 250 m in elevation. Assume that
the density of water is about 1000 kg/m® and the
density of air is 1.18 kg/m>. What pressure do you
feel at each place?

What is the pressure at the bottom of a 5-m-tall col-
umn of fluid with atmospheric pressure of 101 kPa
on the top surface if the fluid is

a. water at 20°C?

b. glycerine at 25°C?

c. gasoline at 25°C?

A steel tank of cross-sectional area 3 m? and height
16 m weighs 10 000 kg and is open at the top, as
shown in Fig. P1.59. We want to float it in the ocean
so that it is positioned 10 m straight down by pour-
ing concrete into its bottom. How much concrete
should we use?

Air
V\Tw Ocean
10m
l Concrete
FIGURE P1.59

1.60

1.61

A piston, m, = 5 kg, is fitted in a cylinder, 4
15 cm?, that contains a gas. The setup is in a
centrifuge that creates an acceleration of 25 m/s?
in the direction of piston motion toward the gas.
Assuming standard atmospheric pressure outside
the cylinder, find the gas pressure.

Liquid water with density pis filled on top of a thin
piston in a cylinder with cross-sectional area 4 and
total height H, as shown in Fig. P1.61. Air is let in
under the piston so that it pushes up, causing the
water to spill over the edge. Derive the formula for
the air pressure as a function of piston elevation
from the bottom, 4.

H__ 777777777
lg
i T | I
L R—Air
FIGURE P1.61

Manometers and Barometers

1.62

1.63

1.64

1.65

1.66

1.67

A probe is lowered 16 m into a lake. Find the
absolute pressure there.

The density of atmospheric air is about 1.15 kg/m?,
which we assume is constant. How large an absolute
pressure will a pilot encounter when flying 2000 m
above ground level, where the pressure is 101 kPa?
The standard pressure in the atmosphere with ele-
vation (H) above sea level can be correlated as P =
Py (1 — H/L) 3% with L = 44 300 m. With the
local sea level pressure Py at 101 kPa, what is the
pressure at 10 000 m elevation?

A barometer to measure absolute pressure shows
a mercury column height of 725 mm. The tem-
perature is such that the density of the mercury is
13 550 kg/m3. Find the ambient pressure.

A differential pressure gauge mounted on a vessel
shows 1.25 MPa, and a local barometer gives at-
mospheric pressure as 0.96 bar. Find the absolute
pressure inside the vessel.

A manometer shows a pressure difference of 1 m
of liquid mercury. Find AP in kPa.



1.68

1.69

1.70

1.71

1.72

1.73

1.74

1.75

1.76

1.77

Blue manometer fluid of density 925 kg/m> shows
a column height difference of 3-cm vacuum with
one end attached to a pipe and the other open to
Py = 101 kPa. What is the absolute pressure in
the pipe?

What pressure difference does a 10-m column of
atmospheric air show?

A barometer measures 760 mm Hg at street level
and 735 mm Hg on top of a building. How
tall is the building if we assume air density of
1.15 kg/m*?

The pressure gauge on an air tank shows 75 kPa
when the diver is 10 m down in the ocean. At what
depth will the gauge pressure be zero? What does
that mean?

An exploration submarine should be able to de-
scend 1200 m down in the ocean. If the ocean den-
sity is 1020 kg/m?, what is the maximum pressure
on the submarine hull?

A submarine maintains an internal pressure of
101 kPa and dives 240 m down in the ocean, which
has an average density of 1030 kg/m>. What is the
pressure difference between the inside and the out-
side of the submarine hull?

Assume that we use a pressure gauge to measure
the air pressure at street level and at the roof of a
tall building. If the pressure difference can be de-
termined with an accuracy of 1 mbar (0.001 bar),
what uncertainty in the height estimate does that
correspond to?

The absolute pressure in a tank is 115 kPa and
the local ambient absolute pressure is 97 kPa. If a
U-tube with mercury (density = 13 550 kg/m?) is
attached to the tank to measure the gauge pressure,
what column height difference will it show?

An absolute pressure gauge attached to a steel cylin-
der shows 135 kPa. We want to attach a manome-
ter using liquid water on a day that Py, = 101
kPa. How high a fluid level difference must we
plan for?

A U-tube manometer filled with water (density =
1000 kg/m?) shows a height difference of 25 cm.
What is the gauge pressure? If the right branch is
tilted to make an angle of 30°with the horizontal,
as shown in Fig. P1.77, what should the length
of the column in the tilted tube be relative to the
U-tube?

FIGURE P1.77

1.78 A pipe flowing light oil has a manometer attached,
as shown in Fig. P1.78. What is the absolute pres-
sure in the pipe flow?

_ Py=101kPa

0.7m

0.1m

)

FIGURE P1.78

1.79 The difference in height between the columns of a
manometer is 200 mm, with a fluid of density 900
kg/m>. What is the pressure difference? What is the
height difference if the same pressure difference is
measured using mercury (density = 13 600 kg/m?)
as manometer fluid?

1.80 Two cylinders are filled with liquid water, p = 1000
kg/m?, and connected by a line with a closed valve,
as shown in Fig. P1.80. 4 has 100 kg and B has
500 kg of water, their cross-sectional areas are
A4 =0.1m? and 4z = 0.25 m?, and the height 4 is 1
m. Find the pressure on either side of the valve. The
valve is opened, and water flows to an equilibrium.
Find the final pressure at the valve location.
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FIGURE P1.80




1.81

1.82

1.83

Two piston/cylinder arrangements, 4 and B, have
their gas chambers connected by a pipe, as shown
in Fig. P1.81. The cross-sectional areas are 44 =
75 cm? and Az = 25 cm?, with the piston mass in
A being my = 25 kg. Assume an outside pressure
of 100 kPa and standard gravitation. Find the mass
mp so that none of the pistons have to rest on the
bottom.

FIGURE P1.81

Two hydraulic piston/cylinders are of the same size
and setup as in Problem 1.81, but with negligible
piston masses. A single point force of 250 N presses
down on piston 4. Find the needed extra force on
piston B so that none of the pistons have to move.
A piece of experimental apparatus, Fig. P1.83, is
located where g = 9.5 m/s? and the temperature is
5°C. Air flow inside the apparatus is determined by
measuring the pressure drop across an orifice with
a mercury manometer (see Problem 1.91 for den-
sity) showing a height difference of 200 mm. What
is the pressure drop in kPa?

— Air

FIGURE P1.83

Energy and Temperature

1.84

An escalator brings four people, whose total mass
is 300 kg, 25 m up in a building. Explain what

1.85

1.86

1.87

1.88

1.89
1.90

1.91

1.92

1.93

1.94

happens with respect to energy transfer and stored
energy.

A car moves at 75 km/h; its mass, including people,
is 3200 kg. How much kinetic energy does the car
have?

A 52-kg package is lifted up to the top shelf in a
storage bin that is 4 m above the ground floor. How
much increase in potential energy does the package
get?

A car of mass 1775 kg travels with a velocity of
100 km/h. Find the kinetic energy. How high should
the car be lifted in the standard gravitational field
to have a potential energy that equals the kinetic
energy?

An oxygen molecule with mass m = M m, =
32 x 1.66 x 10727 kg moves with a velocity of
240 m/s. Whatis the kinetic energy of the molecule?
What temperature does that corresponds to if it has
to equal (3/2) kT, where k is Boltzmans constant
and 7 is absolute temperature in Kelvin?

What is a temperature of —5°C in degrees Kelvin?

The human comfort zone is between 18 and 24°C.
What is the range in Kelvin? What is the maximum
relative change from the low to the high tempera-
ture?

The density of mercury changes approximately
linearly with temperature as ppyg = 13 595 —2.5T
kg/m® (T in Celsius), so the same pressure dif-
ference will result in a manometer reading that is
influenced by temperature. If a pressure difference
of 100 kPa is measured in the summer at 35°C and
in the winter at —15°C, what is the difference in
column height between the two measurements?

A mercury thermometer measures temperature by
measuring the volume expansion of a fixed mass of
liquid mercury due to a change in density (see Prob-
lem 1.91). Find the relative change (%) in volume
for a change in temperature from 10°C to 20°C.

The density of liquid water is p = 1008 — 7/2
[kg/m3] with T in °C. If the temperature increases
10°C, how much deeper does a 1-m layer of water
become?

Using the freezing and boiling point temperatures
for water on both the Celsius and Fahrenheit scales,
develop a conversion formula between the scales.
Find the conversion formula between the Kelvin
and Rankine temperature scales.



1.95 The atmosphere becomes colder at higher eleva-
tions. As an average, the standard atmospheric
absolute temperature can be expressed as Tym =
288 — 6.5x1073 z, where z is the elevation in
meters. How cold is it outside an airplane cruising at
12 000 m, expressed in degrees Kelvin and
Celsius?

Review Problems =
FIGURE P1.98

1.96 Repeat Problem 1.83 if the flow inside the appara-
tus is liquid water (o = 1000 kg/m?) instead of air. 1.99
Find the pressure difference between the two holes
flush with the bottom of the channel. You cannot
neglect the two unequal water columns.

The main waterline into a tall building has a pres-
sure of 600 kPa at 5-m elevation below ground level.
The building is shown in Fig. P1.99. How much
extra pressure does a pump need to add to ensure

1.97 A dam retains a lake 6 m deep, as shown in Fig. a waterline pressure of 200 kPa at the top floor
P1.97. To construct a gate in the dam, we need 150 m aboveground?

to know the net horizontal force on a 5-m-wide,

6-m-tall port section that then replaces a 5-m sec- 2] Top floor
tion of the dam. Find the net horizontal force from ) ||” P
the water on one side and air on the other side of 1” g
the port. g0
!
150 m g0
!
]
Lake ”:' Ground
g
6 m | I
I smp i
Water main = — —=——— 17
. . Pump
Side view
FIGURE P1.99

1.100 Two cylinders are connected by a piston, as shown
Lake in Fig. P1.100. Cylinder 4 is used as a hydraulic
lift and pumped up to 500 kPa. The piston mass is
25 kg, and there is standard gravity. What is the gas
pressure in cylinder B?

5m .,
B
Top view

FIGURE P1.97 D= 25 mm

Py=100 kPa l 8

1.98 Inthe city water tower, water is pumped up to a level

25 m above ground in a pressurized tank with air at b =100 i
125 kPa over the water surface. This is illustrated in A= 100 MMy b
Fig. P1.98. Assuming water density of 1000 kg/m? A ume
and standard gravity, find the pressure required to 2

pump more water in at ground level. FIGURE P1.100



1.101 A 5-kg piston in a cylinder with a diameter of
100 mm is loaded with a linear spring and the out-
side atmospheric pressure is 100 kPa, as shown in
Fig. P1.101. The spring exerts no force on the pis-
ton when it is at the bottom of the cylinder, and
for the state shown, the pressure is 400 kPa with
volume 0.4 L. The valve is opened to let some air
in, causing the piston to rise 2 cm. Find the new
pressure.

—
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Air

FIGURE P1.101

ENGLISH UNIT PROBLEMS

English Unit Concept Problems

1.102E A mass of 2 lbm has an acceleration of 5 ft/s2.
What is the needed force in 1bf'?

1.103E How much mass is in 1 gal of gasoline? In helium
in a balloon at atmospheric P and 77

1.104E Can you easily carry a 1-gal bar of solid gold?

1.105E What is the temperature of —5 F in degrees
Rankine?

1.106E What is the lowest possible temperature in
degrees Fahrenheit? In degrees Rankine?

1.107E What is the relative magnitude of degree Rankine
to degree Kelvin?

1.108E Chemical reaction rates generally double for a
10-K increase in temperature. How large an in-
crease is that in Fahrenheit?

English Unit Problems

1.109E An apple weighs 0.2 Ibm and has a volume of
6 in.? in a refrigerator at 38 F. What is the apple’s
density? List three intensive and two extensive
properties of the apple.

1.110E A steel piston of mass 10 lbm is in the stan-
dard gravitational field, where a force of 10 1bf is
applied vertically up. Find the acceleration of the
piston.

1.111E A 2500-Ibm car moving at 25 mi/h is acceler-
ated at a constant rate of 15 ft/s?> up to a speed
of 50 mi/h. What are the force and total time
required?

1.112E An escalator brings four people with a total mass
of 600 Ibm and a 1000-lbm cage up with an ac-
celeration of 3 ft/s>. What is the needed force in
the cable?

1.113E

1.114E

1.115E

1.116E

1.117E

1.118E

1.119E

1.120E

1.121E

A 1-1bm of diatomic oxygen (O, molecular mass
32) is contained in a 100-gal tank. Find the spe-
cific volume on both a mass and a mole basis
(v and V).

A30-Ibm steel gas tank holds 10 ft* of liquid gaso-
line having a density of 50 Ibm/ft>. What force is
needed to accelerate this combined system at a
rate of 15 ft/s>?

A power plant that separates carbon dioxide from
the exhaust gases compresses it to a density of
8 Ibm/ft> and stores it in an unminable coal seam
with a porous volume of 3 500 000 ft3. Find the
mass that can be stored.

A laboratory room keeps a vacuum of 4 in. of
water due to the exhaust fan. What is the net force
on a door of size 6 ft by 3 ft?

A 150-1bm human total footprint is 0.5 ft*> when
the person is wearing boots. If snow can support
an extra 1 psi, what should the total snowshoe
area be?

A tornado rips off a 1000-ft> roof with a mass of
2000 Ibm. What is the minimum vacuum pres-
sure needed to do that if we neglect the anchoring
forces?

A manometer shows a pressure difference of
3.5 in. of liquid mercury. Find AP in psi.

A 7-fttall steel cylinder has a cross-sectional area
of 15 ft2. At the bottom, with a height of 2 ft, is
liquid water, on top of which is a 4-ft-high layer
of gasoline. The gasoline surface is exposed to
atmospheric air at 14.7 psia. What is the highest
pressure in the water?

A U-tube manometer filled with water, density
62.3 Ibm/ft?, shows a height difference of 10 in.



1.122E

1.123E

1.124E

What is the gauge pressure? If the right branch is
tilted to make an angle of 30° with the horizontal,
as shown in Fig. P1.77, what should the length
of the column in the tilted tube be relative to the
U-tube?

A piston/cylinder with a cross-sectional area of
0.1 ft*> has a piston mass of 200 lIbm resting on
the stops, as shown in Fig. P1.50.With an outside
atmospheric pressure of 1 atm, what should the
water pressure be to lift the piston?

The main waterline into a tall building has a pres-
sure of 90 psia at 16 ft elevation below ground
level. How much extra pressure does a pump need
to add to ensure a waterline pressure of 30 psia at
the top floor 450 ft above ground?

A piston, m, = 10 lbm, is fitted in a cylinder,
A =2.5in.2, that contains a gas. The setup is in a
centrifuge that creates an acceleration of 75 ft/s?.
Assuming standard atmospheric pressure outside
the cylinder, find the gas pressure.

1.125E The human comfort zone is between 18 and 24°C.

1.126E

1.127E

What is the range in Fahrenheit?

The atmosphere becomes colder at higher eleva-
tions. As an average, the standard atmospheric
absolute temperature can be expressed as 7'y =
518 — 3.84 x 1073 z, where z is the elevation in
feet. How cold is it outside an airplane cruising
at 32 000 ft expressed in degrees Rankine and
Fahrenheit?

The density of mercury changes approximately
linearly with temperature as py, = 851.5 — 0.086
T Ibm/ft* (T in degrees Fahrenheit), so the same
pressure difference will result in a manometer
reading that is influenced by temperature. If a
pressure difference of 14.7 Ibf/in.? is measured
in the summer at 95 F and in the winter at 5 F,
what is the difference in column height between
the two measurements?

COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS

1.128

1.129

1.130

1.131

1.132

1.133

Write a program to list corresponding temperatures
in °C, K, F, and R from —50°C to 100°C in incre-
ments of 10 degrees.

Plot the atmospheric pressure as a function of ele-
vation (0—20 000 m) at a location where the ground
pressure is 100 kPa at 500 m elevation. Use the
variation shown in Problem 1.64.

Write a program that will input pressure in kPa,
atm, or Ibf/in.> and write the pressure in kPa, atm,
bar, and 1bf/in.

Write a program to do the temperature correction on
a mercury barometer reading (see Problem 1.70).
Input the reading and temperature and output the
corrected reading at 20°C and pressure in kPa.
Make a list of different weights and scales that are
used to measure mass directly or indirectly. Inves-
tigate the ranges of mass and the accuracy that can
be obtained.

Thermometers are based on several principles.
Expansion of a liquid with a rise in temperature
is used in many applications. Electrical resistance,
thermistors, and thermocouples are common in

1.134

1.135

instrumentation and remote probes. Investigate a
variety of thermometers and list their range, accu-
racy, advantages, and disadvantages.

Collect information for a resistance- and
thermocouple-based thermometer suitable for the
range of temperatures from 0°C to 200°C. For each
of the two types, list the accuracy and response of
the transducer (output per degree change). Is any
calibration or correction necessary when it is used
in an instrument?

A thermistor is used as a temperature transducer. Its
resistance changes with temperature approximately
as R = Ry expla(1/T — 1/T)] where it has resis-
tance R, at temperature 7. Select the constants
as Ry = 3000 2 and Ty = 298 K and compute
a so that it has a resistance of 200 €2 at 100°C.
Write a program to convert a measured resistance,
R, into information about the temperature. Find
information for actual thermistors and plot the cal-
ibration curves with the formula given in this prob-
lem and the recommended correction given by the
manufacturer.



1.136 Investigate possible transducers for the measure- (high) and diastolic (low) pressures, and present
ment of temperature in a flame with temperatures your findings in a short report.
near 1000 K. Are any transducers available for a 1,138 A micromanometer uses a fluid with density 1000
temperature of 2000 K? kg/m?, and it is able to measure height difference
1.137 Blood pressure is measured with a sphygmo- with an accuracy of +0.5 mm. Its range is a maxi-
manometer while the sound from the pulse is mum height difference of 0.5 m. Investigate to de-
checked. Investigate how this works, list the range termined if any transducers are available to replace

of pressures normally recorded as the systolic the micromanometer.



Properties of a Pure
Substance

In the previous chapter we considered three familiar properties of a substance: specific
volume, pressure, and temperature. We now turn our attention to pure substances and con-
sider some of the phases in which a pure substance may exist, the number of independent
properties a pure substance may have, and methods of presenting thermodynamic properties.

Properties and the behavior of substances are very important for our studies of devices
and thermodynamic systems. The steam power plant shown in Fig. 1.1 and other power plants
using different fuels such as oil, natural gas, or nuclear energy have very similar processes,
using water as the working substance. Water vapor (steam) is made by boiling water at high
pressure in the steam generator followed by expansion in the turbine to a lower pressure,
cooling in the condenser, and returning it to the boiler by a pump that raises the pressure,
as shown in Fig. 1.2. We must know the properties of water to properly size equipment
such as the burners or heat exchangers, the turbine, and the pump for the desired transfer
of energy and the flow of water. As the water is transformed from liquid to vapor, we need
to know the temperature for the given pressure, and we must know the density or specific
volume so that the piping can be properly dimensioned for the flow. If the pipes are too
small, the expansion creates excessive velocities, leading to pressure losses and increased
friction, and thus demanding a larger pump and reducing the turbine’s work output.

Another example is a refrigerator, shown in Fig. 1.3, where we need a substance that
will boil from liquid to vapor at a low temperature, say —20°C. This process absorbs energy
from the cold space, keeping it cold. Inside the black grille in the back or at the bottom of the
refrigerator, the now hot substance is cooled by air flowing around the grille, so it condenses
from vapor to liquid at a temperature slightly higher than room temperature. When such a
system is designed, we need to know the pressures at which these processes take place and
the amount of energy involved; these topics are covered in Chapters 3 and 4. We also need
to know how much volume the substance occupies, that is, the specific volume, so that the
piping diameters can be selected as mentioned for the steam power plant. The substance is
selected so that the pressure is reasonable during these processes; it should not be too high,
due to leakage and safety concerns, and not too low, as air might leak into the system.

A final example of a system in which we need to know the properties of the substance
is the gas turbine and a variation thereof, namely, a jet engine. In these systems, the working
substance is a gas (very similar to air) and no phase change takes place. A combustion
process burns fuel and air, freeing a large amount of energy, which heats the gas so that it
expands. We need to know how hot the gas gets and how large the expansion is so that we
can analyze the expansion process in the turbine and the exit nozzle of the jet engine. In this
device, large velocities are needed inside the turbine section and for the exit of the jet engine.
This high-velocity flow pushes on the blades in the turbine to create shaft work or pushes
on the compressor blades in the jet engine (giving thrust) to move the aircraft forward.
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These are just a few examples of complete thermodynamic systems in which a sub-
stance goes through several processes involving changes in its thermodynamic state and
therefore its properties. As your studies progress, many other examples will be used to
illustrate the general subjects.

2.1 THE PURE SUBSTANCE

A pure substance is one that has a homogeneous and invariable chemical composition. It
may exist in more than one phase, but the chemical composition is the same in all phases.
Thus, liquid water, a mixture of liquid water and water vapor (steam), and a mixture of ice
and liquid water are all pure substances; every phase has the same chemical composition.
In contrast, a mixture of liquid air and gaseous air is not a pure substance because the
composition of the liquid phase is different from that of the vapor phase.

Sometimes a mixture of gases, such as air, is considered a pure substance as long
as there is no change of phase. Strictly speaking, this is not true. As we will see later, we
should say that a mixture of gases such as air exhibits some of the characteristics of a pure
substance as long as there is no change of phase.

In this book the emphasis will be on simple compressible substances. This term
designates substances whose surface effects, magnetic effects, and electrical effects are
insignificant when dealing with the substances. But changes in volume, such as those
associated with the expansion of a gas in a cylinder, are very important. Reference will
be made, however, to other substances for which surface, magnetic, and electrical effects
are important. We will refer to a system consisting of a simple compressible substance as a
simple compressible system.

2.2, THE PHASE BOUNDARIES

Consider an amount of water contained in a piston/cylinder arrangement that keeps a set
constant pressure, as in Fig. 2.1a, and whose temperature we can monitor. Assume that the
water starts out at room conditions of Py, T, in which state it is a liquid. If the water is
slowly heated, the temperature increases and the volume increases slightly, but by design,
the pressure stays constant. When the temperature reaches 99.6°C additional heat transfer
results in a phase change with formation of some vapor, as indicated in Fig. 2.1b, while the

(@) (b) (€)
FIGURE 2.1 Constant pressure change from a liquid to a vapor.



FIGURE 2.2 The
separation of the phases
in a P-T diagram.

FIGURE 2.3 Sketch of

a water phase diagram.

temperature stays constant and the volume increases considerably. Further heating generates
more and more vapor and a large increase in the volume until the last drop of liquid is
vaporized. Subsequent heating results in an increase in both the temperature and volume of
the vapor, as shown in Fig. 2.1c.

The term saturation temperature designates the temperature at which vaporization
takes place at a given pressure; it is also commonly known as the boiling temperature. If
the experiment is repeated for a different pressure, we get a different saturation temperature
that may be marked as in Fig. 2.2 separating the liquid (L) and vapor (V) regions. If the
experiment is done with cooling instead of heating, we will find that as the temperature is
decreased, we reach a point at which ice (S for solid state) starts to form, with an associated
increase in volume. While cooling, the system forms more ice and less liquid at a constant
temperature, which is a different saturation temperature commonly called the freezing point.
When all the liquid is changed to ice, further cooling will reduce the temperature and the
volume is nearly constant. The freezing point is also marked in Fig. 2.2 for each set pressure,
and these points separate the liquid region from the solid region. Each of the two sets of
marks, if formed sufficiently close, forms a curve and both are saturation curves; the left
one is called the fusion line (it is nearly straight) as the border between the solid phase and
the liquid phase, whereas the right one is called the vaporization curve.

If the experiment is repeated for lower and lower pressures, it is observed that the two
saturation curves meet and further reduction in the pressure results in a single saturation
curve called the sublimation line separating the solid phase from the vapor phase. The point
where the curves meet is called the triple point and is the only P, 7 combination in which
all three phases (solid, liquid, and vapor) can coexist; below the triple point in 7 or P no
liquid phase can exist. The three different saturation curves are shown in Fig. 2.3, which is
called the phase diagram. This diagram shows the distinct set of saturation properties (7 'sy,
Psat) for which it is possible to have two phases in equilibrium with one another. For a high
pressure, 22.09 MPa for water, the vaporization curve stops at a point called the critical point.

Fusion line

Critical point

14

Sublimation line




TABLE 2.1

Some Solid-Liquid—Vapor Triple-Point Data

Temperature, °C Pressure, kPa
Hydrogen (normal) -259 7.194
Oxygen -219 0.15
Nitrogen -210 12.53
Carbon dioxide —56.4 520.8
Mercury -39 0.000 000 13
Water 0.01 0.6113
Zinc 419 5.066
Silver 961 0.01
Copper 1083 0.000 079

Above this pressure there is no boiling phenomenon, and heating of a liquid will produce a
vapor without boiling in a smooth transition.

The properties at the triple point can vary quite significantly among substances, as
is evident from Table 2.1. Mercury, like other metals, has a particularly low triple-point
pressure, and carbon dioxide has an unusual high one; recall the use of mercury as a barom-
eter fluid in Chapter 1, where it is useful because its vapor pressure is low. A small sample
of critical-point data is shown in Table 2.2, with a more extensive set given in Table A.2
in Appendix A. The knowledge about the two endpoints of the vaporization curve does give
some indication of where the liquid and vapor phases intersect, but more detailed informa-
tion is needed to make a phase determination from a given pressure and temperature.

Whereas Fig. 2.3 is a sketch in linear coordinates, the real curves are plotted to scale in
Fig. 2.4 for water and the scale for pressure is done logarithmically to cover the wide range.
In this phase diagram, several different solid phase regions are shown; this can be the case
for other substances as well. All the solids are ice but each phase region has a different
crystal structure and they share a number of phase boundaries with several triple points;
however, there is only one triple point where a solid—liquid—vapor equilibrium is possible.

So far we have mainly discussed the substance water, but all pure substances exhibits
the same general behavior. It was mentioned earlier that the triple-point data vary signifi-
cantly among substances; this is also true for the critical-point data. For example, the critical-
point temperature for helium (see Table A.2) is 5.3 K, and room temperature is thus more
than 50 times larger. Water has a critical temperature of 647.29 K, which is more than twice
the room temperature, and most metals have an even higher critical temperature than water.

TABLE 2.2
Some Critical-Point Data
Critical Critical Critical
Temperature, °C Pressure, MPa Volume, m/kg
Water 374.14 22.09 0.003 155
Carbon dioxide 31.05 7.39 0.002 143
Oxygen —118.35 5.08 0.002 438
Hydrogen —239.85 1.30 0.032 192
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The phase diagram for carbon dioxide plotted to scale is shown in Fig. 2.5, and again,
the pressure axis is logarithmic to cover the large range of values. This is unusual in that
the triple-point pressure is above atmospheric pressure (see also Table 2.2) and the fusion
line slopes to the right, the opposite of the behavior of water. Thus, at atmospheric pressure
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of 100 kPa, solid carbon dioxide will make a phase transition directly to vapor without
becoming liquid first, a process called sublimation. This is used to ship frozen meat in
a package where solid carbon dioxide is added instead of ice, so as it changes phase the
package stays dry; hence, it is also referred to as dry ice. Figure 2.5 shows that this phase
change happens at about 200 K and thus is quite cold.

In-Text Concept Questions

a. If the pressure is smaller than the smallest P, at a given 7', what is the phase?

b. An external water tap has the valve activated by a long spindle, so the closing mech-
anism is located well inside the wall. Why?

c. What is the lowest temperature (approximately) at which water can be liquid?

2.3, THE P-v-T SURFACE

Let us consider the experiment in Fig. 2.1 again but now also assume that we have measured
the total water volume, which, together with mass, gives the property specific volume.
We can then plot the temperature as a function of volume following the constant pressure
process. Assuming that we start at room conditions and heat the liquid water, the temperature
goes up and the volume expands slightly, as indicated in Fig. 2.6, starting from state 4 and
going toward state B. As state B is reached, we have liquid water at 99.6°C, which is called
saturated liquid. Further heating increases the volume at constant temperature (the boiling
temperature), producing more vapor and less liquid that eventually reaches state C, called
saturated vapor after all the liquid is vaporized. Further heating will produce vapor at higher
temperatures in states called superheated vapor, where the temperature is higher than the
saturated temperature for the given pressure. The difference between a given 7' and the
saturated temperature for the same pressure is called the degree of superheat.
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FIGURE 2.7 P-v-T
surface for a substance
that expands on freezing.

For higher pressures the saturation temperature is higher, like 179.9°C at state F' for
a pressure of 1 MPa, and so forth. At the critical pressure of 22.09 MPa, heating proceeds
from state M to state N to state O in a smooth transition from a liquid state to a vapor
state without undergoing the constant temperature vaporization (boiling) process. During
heating at this and higher pressures two phases are never present at the same time, and
in the region where the substance changes distinctly from a liquid to a vapor state, it is
called a dense fluid. The states in which the saturation temperature is reached for the liquid
(B, F, J) are saturated liquid states forming the saturated liquid line. Similarly, the states
along the other border of the two-phase region (N, K, G, C) are saturated vapor states
forming the saturated vapor line.

We can now display the possible P—v—T combinations for typical substances as a
surface in a P-v-T diagram shown in Figs. 2.7 and 2.8. Figure 2.7 shows a substance such
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as water that increases in volume during freezing, so the solid surface had a higher specific
volume than the liquid surface. Figure 2.8 shows a surface for a substance that decreases in
volume upon freezing, a condition that is more common.

Asyoulook at the two three-dimensional surfaces, observe that the P—T phase diagram
can be seen when looking at the surface parallel with the volume axis; the liquid—vapor
surface is flat in that direction, so it collapses to the vaporization curve. The same happens
with the solid—vapor surface, which is shown as the sublimation line, and the solid—liquid
surface becomes the fusion line. For these three surfaces, it cannot be determined where
on the surface a state is by having the (P, T) coordinates alone. The two properties are not
independent; they are a pair of saturated P and 7. A property like specific volume is needed
to indicate where on the surface the state is for a given T or P.



FIGURE 2.9 pP-v
diagram for water
showing liquid and vapor
phases.

T = constant

If the surface is viewed from the top down parallel with the pressure axis, we see the
T—v diagram, a sketch of which was shown in Fig. 2.6 without the complexities associated
with the solid phase. Cutting the surface at a constant P, T, or v will leave a trace showing
one property as a function of another with the third property constant. One such example
is illustrated with the curve g—h—i—j, which shows P as a function of v following a constant
T curve. This is more clearly indicated in a P—v diagram showing the two-phase L—} region
of the P—v—T surface when viewed parallel with the 7" axis, as shown in Fig. 2.9.

Since the three-dimensional surface is fairly complicated, we will indicate processes
and states in P—v, T—v, or P-T diagrams to get a visual impression of how the state changes
during a process. Of these diagrams, the P—v diagram will be particularly useful when we
talk about work done during a process in the following chapter.

Looking down at the P—v—T surface from above parallel with the pressure axis, the
whole surface is visible and not overlapping. That is, for every coordinate pair (7', v) there
is one and only one state on the surface, so P is then a unique function of 7 and v. This is
a general principle that states that for a simple pure substance, the state is defined by two
independent properties.

To understand the significance of the term independent property, consider the
saturated-liquid and saturated-vapor states of a pure substance. These two states have the
same pressure and the same temperature, but they are definitely not the same state. In a
saturation state, therefore, pressure and temperature are not independent properties. Two
independent properties, such as pressure and specific volume or pressure and quality, are
required to specify a saturation state of a pure substance.

The reason for mentioning previously that a mixture of gases, such as air, has the same
characteristics as a pure substance as long as only one phase is present concerns precisely
this point. The state of air, which is a mixture of gases of definite composition, is determined
by specifying two properties as long as it remains in the gaseous phase. Air then can be
treated as a pure substance.

2.4 TABLES OF THERMODYNAMIC PROPERTIES

Tables of thermodynamic properties of many substances are available, and in general, all
these tables have the same form. In this section we will refer to the steam tables. The steam
tables are selected both because they are a vehicle for presenting thermodynamic tables and
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FIGURE 2.10 Listing of the steam tables.

because steam is used extensively in power plants and industrial processes. Once the steam
tables are understood, other thermodynamic tables can be readily used.
Several different versions of steam tables have been published over the years. The set
<RMOy, included in Table B.1 in Appendix B is a summary based on a complicated fit to the behavior
'\a of water. It is very similar to the Steam Tables by Keenan, Keyes, Hill, and Moore, published
in 1969 and 1978. We will concentrate here on the three properties already discussed in
Chapter 1 and in Section 2.3, namely, 7, P, and v, and note that the other properties listed
in the set of Tables B.1—u, &, and s—will be introduced later.

The steam tables in Appendix B consist of five separate tables, as indicated in
Fig. 2.10. The superheated vapor region is given in Table B.1.3, and that of compressed
liquid is given in Table B.1.4. The compressed-solid region shown in Fig. 2.4 is not pre-
sented in Appendix B. The saturated-liquid and saturated-vapor region, as seen in Figs. 2.6
and 2.9 (and as the vaporization line in Fig. 2.4), is listed according to the values of 7 in
Table B.1.1 and according to the values of P (7 and P are not independent in the two-phase
regions) in Table B.1.2. Similarly, the saturated-solid and saturated-vapor region is listed
according to 7" in Table B.1.5, but the saturated-solid and saturated-liquid region, the third
phase boundary line shown in Fig. 2.4, is not listed in Appendix B.

In Table B.1.1, the first column after the temperature gives the corresponding satura-
tion pressure in kilopascals. The next three columns give the specific volume in cubic meters
per kilogram. The first of these columns gives the specific volume of the saturated liquid,
vr; the third column gives the specific volume of the saturated vapor, v,; and the second
column gives the difference between the two, vy, as defined in Section 2.5. Table B.1.2
lists the same information as Table B.1.1, but the data are listed according to pressure, as
mentioned earlier.

Table B.1.5 of the steam tables gives the properties of saturated solid and saturated
vapor that are in equilibrium. The first column gives the temperature, and the second column
gives the corresponding saturation pressure. As would be expected, all these pressures are
less than the triple-point pressure. The next three columns give the specific volume of the
saturated solid, v;, saturated vapor, v, and the difference vj,.

Appendix B also includes thermodynamic tables for several other substances; refrig-
erant fluids R-134a and R-410a, ammonia and carbon dioxide, and the cryogenic fluids
nitrogen and methane. In each case, only two tables are given: saturated liquid vapor listed
by temperature (equivalent to Table B.1.1 for water) and superheated vapor (equivalent to
Table B.1.3).
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Example 2.1 — —
Determine the phase for each of the following water states using the tables in Appendix B
and indicate the relative position in the P—v, 7—v, and P-T diagrams.

a. 120°C, 500 kPa
b. 120°C, 0.5 m3/kg

Solution

a. Enter Table B.1.1 with 120°C. The saturation pressure is 198.5 kPa, so we have a
compressed liquid, point @ in Fig. 2.11. That is above the saturation line for 120°C. We
could also have entered Table B.1.2 with 500 kPa and found the saturation temperature
as 151.86°C, so we would say that it is a subcooled liquid. That is to the left of the
saturation line for 500 kPa, as seen in the P-7 diagram.

b. Enter Table B.1.1 with 120°C and notice that

vy =0.00106 < v < v, = 0.891 86 m’/kg

so the state is a two-phase mixture of liquid and vapor, point b in Fig. 2.11. The state is
to the left of the saturated vapor state and to the right of the saturated liquid state, both
seen in the 7—v diagram.

C.P.

C.P.

P =500 kPa

500{-a P=198 kPa
v 198} r=120 92F

500

120 T v v
FIGURE 2.11 Diagram for Example 2.1.

2.5 THE TWO-PHASE STATES

The two-phase states have already been shown in the P—v—T diagrams and the corresponding
two-dimensional projections of it in the P—T', T—v, and P—v diagrams. Each of these surfaces
describes a mixture of substance in two phases, such as a combination of some liquid with
some vapor, as shown in Fig. 2.1o. We assume for such mixtures that the two phases are
in equilibrium at the same P and 7" and that each of the masses is in a state of saturated
liquid, saturated solid, or saturated vapor, according to which mixture it is. We will treat the
liquid—vapor mixture in detail, as this is the most common one in technical applications;
the other two-phase mixtures can be treated exactly the same way.



FIGURE 2.12

T-v diagram for the
two-phase liquid-vapor
region showing the
quality-specific volume
relation.

By convention, the subscript f is used to designate a property of a saturated liquid
and the subscript g a property of a saturated vapor (the subscript g being used to denote
saturation temperature and pressure). Thus, a saturation condition involving part liquid and
part vapor, such as that shown in Fig. 2.15, can be shown on 7—v coordinates, as in Fig. 2.12.
All of the liquid present is at state * with specific volume v, and all of the vapor present is
at state g with specific volume v,. The total volume is the sum of the liquid volume and the
vapor volume, or

V= Vliq + Vvap = MiiqV f + MyapVyg
The average specific volume of the system v is then

Myap

vy =

14 nmj;
- 4 ve = (1 —x)v,+xvg (2.1)

= Vs
m +
in terms of the definition of quality x = my,p/m.
Using the definition
Vig =Yg = Vs
Eq. 2.1 can also be written as
V=V;+XVy (2.2)

Now the quality x can be viewed as the fraction (v —v,)/v s, of the distance between
saturated liquid and saturated vapor, as indicated in Fig. 2.12.

To illustrate the use of quality let us find the overall specific volume for a saturated
mixture of water at 200°C and a quality of 70%. From Table B.1.1 we get the specific
volume for the saturated liquid and vapor at 200°C and then use Eq. 2.1.

v=(1-x)vs+xv,=0.3x0.001 156 m*/kg + 0.7 x 0.127 36 m’ /kg
=0.0895 m? /kg
There is no mass of water with that value of specific volume. It represents an average for

the two masses, one with a state of x = 0 and the other with the state x = 1, both shown in
Fig. 2.12 as the border points of the two-phase region.



Example 2.2 — —
A closed vessel contains 0.1 m? of saturated liquid and 0.9 m? of saturated vapor R-134a
in equilibrium at 30°C. Determine the percent vapor on a mass basis.

Solution
Values of the saturation properties for R-134a are found from Table B.5.1. The mass—
volume relations then give

0.1
Viig = miigv 7, Mia = 500818 = 118.6 kg
0.9
Viap = MyapVg, Myap = 002671 =33.7kg
m = 152.3kg
33.7
x =T 2 0021
m 152.3

That is, the vessel contains 90% vapor by volume but only 22.1% vapor by mass.

Examp|2.2E - - A

A closed vessel contains 0.1 ft* of saturated liquid and 0.9 ft* of saturated vapor R-134a
in equilibrium at 90 F. Determine the percent vapor on a mass basis.

Solution
Values of the saturation properties for R-134a are found from Table F.10. The mass—volume
relations then give

0.1
Viiq = migV s, Miq = 5 orze = 7:353 Ibm
0.9
Viap = MiyapVes Myap = 0.2009 = 2.245 Ibm
m = 9.598 Ibm
Myap  2.245
= ="" —-0.234
YT T T 9598

That is, the vessel contains 90% vapor by volume but only 23.4% vapor by mass.

2.6, THE LIQUID AND SOLID STATES

When a liquid has a pressure higher than the saturation pressure (see Fig. 2.3, state b) for
a given temperature, the state is a compressed liquid state. If we look at the same state but
compare it to the saturated liquid state at the same pressure, we notice that the temperature
is lower than the saturation temperature; thus, we call it a subcooled liquid. For these liquid
states we will use the term compressed liquid in the remainder of the text. Similar to the



solid states, the liquid P—v—T surface for lower temperatures is fairly steep and flat, so this
region also describes an incompressible substance with a specific volume that is only a weak
function of 7', which we can write

veV(T)=vy (2.3)

where the saturated liquid specific volume vy at 7' is found in the Appendix B tables as the
first part of the tables for each substance. A few other entries are found as density (1/v) for
some common liquids in Tables A.3 and F.2.

A state with a temperature lower than the saturated temperature for a given pressure
on the fusion or the sublimation line gives a solid state that could then also be called
a subcooled solid. If for a given temperature the pressure is higher than the saturated
sublimation pressure, we have a compressed solid unless the pressure is so high that it
exceeds the saturation pressure on the fusion line. This upper limit is seen in Fig. 2.4 for
water since the fusion line has a negative slope. This is not the case for most other substances,
asin Fig. 2.5, where the fusion line has a positive slope. The properties of a solid are mainly a
function of the temperature, as the solid is nearly incompressible, meaning that the pressure
cannot change the intermolecular distances and the volume is unaffected by pressure. This
is evident from the P—v—T surface for the solid, which is near vertical in Figs. 2.7 and 2.8.

This behavior can be written as an equation

vev(T)=v; (2.4)

with the saturated solid specific volume v; seen in Table B.1.5 for water. Such a table is not
printed for any other substance, but a few entries for density (1/v) are found in Tables A.4
and F3.

Table B.1.4 gives the properties of the compressed liquid. To demonstrate the use of
this table, consider some mass of saturated-liquid water at 100°C. Its properties are given
in Table B.1.1, and we note that the pressure is 0.1013 MPa and the specific volume is
0.001 044 m3/kg. Suppose the pressure is increased to 10 MPa while the temperature is held
constant at 100°C by the necessary transfer of heat, Q. Since water is slightly compressible,
we would expect a slight decrease in specific volume during this process. Table B.1.4 gives
this specific volume as 0.001 039 m?/kg. This is only a slight decrease, and only a small
error would be made if one assumed that the volume of a compressed liquid is equal to the
specific volume of the saturated liquid at the same temperature. In many situations this is
the most convenient procedure, particularly when compressed-liquid data are not available.
It is very important to note, however, that the specific volume of saturated liquid at the given
pressure, 10 MPa, does not give a good approximation. This value, from Table B.1.2, at a
temperature of 311.1°C, is 0.001 452 m?/kg, which is in error by almost 40%.

2.7 THE SUPERHEATED VAPOR STATES

A state with a pressure lower than the saturated pressure for a given T (see Fig. 2.3, state a) is
an expanded vapor or, if compared to the saturated state at the same pressure, it has a higher
temperature and thus called superheated vapor. We generally use the latter designation for
these states and for states close to the saturated vapor curve. The tables in Appendix B are
used to find the properties.

The superheated water vapor properties are arranged in Table B.1.3 as subsections for
a given pressure listed in the heading. The properties are shown as a function of temperature
along a curve like K—L in Fig. 2.6, starting with the saturation temperature for the given
pressure given in parentheses after the pressure. As an example, consider a state of 500 kPa



and 200°C, for which we see the boiling temperature of 151.86°C in the heading, so the
state is superheated 48°C and the specific volume is 0.4249 m?/kg. If the pressure is higher
than the critical pressure, as for the curve P—Q in Fig. 2.6, the saturation temperature is not
listed. The low-temperature end of the P—Q curve is listed in Table B.1.4, as those states
are compressed liquid.

A few examples of the use of the superheated vapor tables, including possible inter-
polations, are presented below.

Examp|2.3 - _

Determine the phase for each of the following states using the tables in Appendix B and
indicate the relative position in the P—v, T—v, and P—T diagrams, as in Fig. 2.11.

a. Ammonia 30°C, 1000 kPa

b. R-134a 200 kPa, 0.125 m?/kg

Solution
a. Enter Table B.2.1 with 30°C. The saturation pressure is 1167 kPa. As we have a lower P
(see Fig. 2.13), it is a superheated vapor state. We could also have entered with 1000 kPa
and found a saturation temperature of slightly less than 25°C, so we have a state that is

superheated about 5°C.
P P T
C.P.
C.P.
(\ 1167 kPa
1000
1167 |- &"C gg -
1167 1000 25°C \
1000
T v v

FIGURE 2.13 Diagram for Example 2.3a.
b. Enter Table B.5.2 (or B.5.1) with 200 kPa and notice that
v > v, = 0.1000 m’ /kg

so from the P—v diagram in Fig. 2.14 the state is superheated vapor. We can find the
state in Table B.5.2 between 40 and 50°C.

P P T cp.
200 kPa
501
1318 40—
2001 1021
200
T v v

FIGURE 2.14 Diagram for Example 2.3b.



Example 2.4 — T
A rigid vessel contains saturated ammonia vapor at 20°C. Heat is transferred to the system
until the temperature reaches 40°C. What is the final pressure?

Solution
Since the volume does not change during this process, the specific volume also remains
constant. From the ammonia tables, Table B.2.1, we have

v = v, = 0.14922 m? /kg

Since v, at 40°C is less than 0.149 22 m%/kg, it is evident that in the final state the
ammonia is superheated vapor. By interpolating between the 800- and 1000-kPa columns
of Table B.2.2, we find that

P, = 945 kPa

Examp|2.4E — %

A rigid vessel contains saturated ammonia vapor at 70 F. Heat is transferred to the system
until the temperature reaches 120 F. What is the final pressure?

Solution
Since the volume does not change during this process, the specific volume also remains
constant. From the ammonia table, Table E.8,

Vi = v, = 2.311 ft} /Ibm

Since v, at 120 F is less than 2.311 ft*/Ibm, it is evident that in the final state the ammonia
is superheated vapor. By interpolating between the 125- and 150-Ibf/in.> columns of
Table E.8, we find that

P> = 145 Ibf/in.?

Examp|2.5 — —

Determine the pressure for water at 200°C with v = 0.4 m’/kg.

Solution
Start in Table B.1.1 with 200°C and note that v > v, = 0.127 36 m’/kg, so we have
superheated vapor. Proceed to Table B.1.3 at any subsection with 200°C; suppose we start
at 200 kPa. There v = 1.080 34, which is too large, so the pressure must be higher. For
500 kPa, v = 0.424 92, and for 600 kPa, v = 0.352 02, so it is bracketed. This is shown in
Fig. 2.15.
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200 —

1554 |— 200°C 200 kPa
600 —
500 [—
200 —
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0.13 ‘ 0.42 1.08 V 0.13 0.35 042 1.08 VY
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FIGURE 2.15 Diagram for Example 2.5.

A linear interpolation, Fig. 2.16, between the two pressures is done to get P at the desired v.

0.4 —0.424 92
P =500+ (600 — 500) = 534.2 kPa
0.35202 — 0.424 92
P
600 —
500 - The real constant-T curve is slightly curved and not
| | | linear, but for manual interpolation we assume a

0.35 04 042 V linear variation.
FIGURE 2.16 Linear interpolation for Example 2.5.

In-Text Concept Questions

d. Some tools should be cleaned in liquid water at 150°C. How high a P is needed?

e. Water at 200 kPa has a quality of 50%. Is the volume fraction Vy/Vio <50%
or >50%"7?
f. Why are most of the compressed liquid or solid regions not included in the printed
tables?
. Why is it not typical to find tables for argon, helium, neon, or air in an Appendix B
table?

h. What is the percent change in volume as liquid water freezes? Mention some effects
the volume change can have in nature and in our households.

(O]

2.8 THE IDEAL GAS STATES

Further away from the saturated vapor curve at a given temperature the pressure is lower
and the specific volume is higher, so the forces between the molecules are weaker, resulting
in a simple correlation among the properties. If we plot the constant P, T, or v curves in the
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FIGURE 2.17 The isometric, isothermal, and isobaric curves.

two-dimensional projections of the three-dimensional surfaces, we get curves as shown in
Fig. 2.17.

The constant-pressure curve in the 7—v diagram and the constant—specific volume
curve in the P-T diagram move toward straight lines further out in the superheated vapor
region. A second observation is that the lines extend back through the origin, which gives
not just a linear relation but one without an offset. This can be expressed mathematically as

T =Av for P = constant (2.5
P =BT for v = constant (2.6)

The final observation is that the multiplier 4 increases with P and the multiplier B decreases
with v following simple mathematical functions:
A=A,P and B =B,/v
Both of these relations are satisfied by the ideal gas equation of state
Pv =RT (2.7)

where the constant R is the ideal gas constant and 7" is the absolute temperature in kelvins or
rankines called the ideal gas scale. We will discuss absolute temperature further in Chapter 5,
showing that it equals the thermodynamic scale temperature. Comparing different gases
gives a further simplification such that R scales with the molecular mass:

R = R (2.8)
= .
In this relation, R is the universal gas constant with the value
— kJ
R =18.3145
kmol K
and in English units it is
— ft-1bf
R=1545—
Ibmol R

Values of the gas constant for different gases are listed in Tables A.5 and Table F.4.

The behavior described by the ideal gas law in Eq. 2.7 is very different from the
behavior described by similar laws for liquid or solid states, as in Egs. 2.3 and 2.4. An
ideal gas has a specific volume that is very sensitive to both P and 7', varying linearly with
temperature and inversely with pressure, and the sensitivity to pressure is characteristic of a
highly compressible substance. If the temperature is doubled for a given pressure the volume



doubles, and if the pressure is doubled for a given temperature the volume is reduced to half
the value.
Multiplying Eq. 2.7 by mass gives a scaled version of the ideal gas law as

PV =mRT =nRT (2.9)
using it on a mass basis or a mole basis where # is the number of moles:
n=m/M (2.10)

Based on the ideal gas law given in Eq. 2.9, it is noticed that one mole of substance
occupies the same volume for a given state (P, T') regardless of its molecular mass. Light,
small molecules like H, take up the same volume as much heavier and larger molecules
like R-134a for the same (P, T).

In later applications, we analyze situations with a mass flow rate (7 in kg/s or Ibm/s)
entering or leaving the control volume. Having an ideal gas flow with a state (B, T'), we can
differentiate Eq. 2.9 with time to get

PV =mRT = #RT (2.11)

Example 2.6 — =
What is the mass of air contained in a room 6 m x 10 m x 4 m if the pressure is 100 kPa
and the temperature is 25°C?

Solution
Assume air to be an ideal gas. By using Eq. 2.9 and the value of R from Table A.5, we
have

_ PV 100kN/m? x 240 m’
" T RT T 0.287kNm/kgK x 2982K

Examp|2.7 — —

= 280.5kg

A tank has a volume of 0.5 m? and contains 10 kg of an ideal gas having a molecular mass
of 24. The temperature is 25°C. What is the pressure?

Solution
The gas constant is determined first:

R R 8.3145kNm/kmol K
M 24 kg/kmol
= 0.346 44 kKN m/kg K

We now solve for P:

mRT 10 kg x 0.346 44 kN m/kg K x 298.2 K
72 0.5 m?

= 2066 kPa

P =




Example 2.7E =~ —

A tank has a volume of 15 ft* and contains 20 Ibm of an ideal gas having a molecular mass
of 24. The temperature is 80 F. What is the pressure?

Solution
The gas constant is determined first:
R 1545 ft1bf/lb mol R

R=2 _ — 64.4 ft Ibf/Ibm R
M~ 241bm/lbmol /lom

We now solve for P:
mRT  201bm x 64.4 ft1bf/Ibm R x 540 R
Vo 144 in2/f x 15t

P= =321 Ibf/in.2

Example 2.8 — ——
A gas bell is submerged in liquid water, with its mass counterbalanced with rope and
pulleys, as shown in Fig. 2.18. The pressure inside is measured carefully to be 105 kPa,
and the temperature is 21°C. A volume increase is measured to be 0.75 m> over a period
of 185 s. What is the volume flow rate and the mass flow rate of the flow into the bell,
assuming it is carbon dioxide gas?

© ©
] Co,
~-— 1,
— 7 FIGURE 2.18 Sketch for Example 2.8.

Solution
The volume flow rate is

v AV 0.5
= = = —0.004054m°
7 A7 185 0.004 054 m’ /s

and the mass flow rate is i = p¥ = V' /v. At close to room conditions the carbon dioxide
is an ideal gas, so PV = mRT or v = RT/P, and from Table A.5 we have the ideal gas
constant R = 0.1889 kJ/kg K. The mass flow rate becomes

. PV 105 x 0.004 054 kPam?/s
m = — =
RT ~ 0.1889(273.15 +21) kl/kg

= 0.007 66 kg/s
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FIGURE 2.19 Temperature-specific volume diagram for water.

Because of its simplicity, the ideal gas equation of state is very convenient to use in
thermodynamic calculations. However, two questions are now appropriate. The ideal gas
equation of state is a good approximation at low density. But what constitutes low density?
In other words, over what range of density will the ideal gas equation of state hold with
accuracy? The second question is, how much does an actual gas at a given pressure and
temperature deviate from ideal gas behavior?

One specific example in response to these questions is shown in Fig. 2.19, a T—v dia-
gram for water that indicates the error in assuming ideal gas for saturated vapor and for su-
perheated vapor. As would be expected, at very low pressure or high temperature the error is
small, but it becomes severe as the density increases. The same general trend would occur in
referring to Figs. 2.7 or 2.8. As the state becomes further removed from the saturation region
(i.e., high T or low P), the behavior of the gas becomes closer to that of the ideal gas model.

2.9, THE COMPRESSIBILITY FACTOR

A more quantitative study of the question of the ideal gas approximation can be conducted
by introducing the compressibility factor Z, defined as

Pv
Z=—
RT
or
Pv=ZRT (2.12)

Note that for an ideal gas Z = 1, and the deviation of Z from unity is a measure of
the deviation of the actual relation from the ideal gas equation of state.

Figure 2.20 shows a skeleton compressibility chart for nitrogen. From this chart we
make three observations. The first is that at all temperatures Z — 1 as P — 0. That is,
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FIGURE 2.20 Compressibility of nitrogen.

as the pressure approaches zero, the P—v—T behavior closely approaches that predicted by
the ideal gas equation of state. Second, at temperatures of 300 K and above (that is, room
temperature and above), the compressibility factor is near unity up to a pressure of about
10 MPa. This means that the ideal gas equation of state can be used for nitrogen (and, as it
happens, air) over this range with considerable accuracy.

Third, at lower temperatures or at very high pressures, the compressibility factor
deviates significantly from the ideal gas value. Moderate-density forces of attraction tend
to pull molecules together, resulting in a value of Z < 1, whereas very-high-density forces
of repulsion tend to have the opposite effect.

If we examine compressibility diagrams for other pure substances, we find that the
diagrams are all similar in the characteristics described above for nitrogen, at least in a
qualitative sense. Quantitatively the diagrams are all different, since the critical temperatures
and pressures of different substances vary over wide ranges, as indicated by the values listed
in Table A.2. Is there a way we can put all of these substances on a common basis? To do
so, we “reduce” the properties with respect to the values at the critical point. The reduced
properties are defined as

reduced pressure = P, = —, P, = critical pressure

reduced temperature = 7, = —, T, = critical temperature (2.13)

SN v

These equations state that the reduced property for a given state is the value of this
property in this state divided by the value of this same property at the critical point.

If lines of constant 7', are plotted on a Z versus P, diagram, a plot such as that in
Fig. D.1 is obtained. The striking fact is that when such Z versus P, diagrams are prepared
for a number of substances, all of them nearly coincide, especially when the substances have
simple, essentially spherical molecules. Correlations for substances with more complicated
molecules are reasonably close, except near or at saturation or at high density. Thus, Fig. D.1



is actually a generalized diagram for simple molecules, which means that it represents the
average behavior for a number of simple substances. When such a diagram is used for a
particular substance, the results will generally be somewhat in error. However, if P—v—T
information is required for a substance in a region where no experimental measurements
have been made, this generalized compressibility diagram will give reasonably accurate
results. We need to know only the critical pressure and critical temperature to use this basic
generalized chart.

In our study of thermodynamics, we will use Fig. D.1 primarily to help us decide
whether, in a given circumstance, it is reasonable to assume ideal gas behavior as a model.
For example, we note from the chart that if the pressure is very low (that is, <<P,), the ideal
gas model can be assumed with good accuracy, regardless of the temperature. Furthermore,
athigh temperatures (that is, greater than about twice 7'.), the ideal gas model can be assumed
with good accuracy up to pressures as high as four or five times P.. When the temperature
is less than about twice the critical temperature and the pressure is not extremely low, we
are in a region, commonly termed the superheated vapor region, in which the deviation
from ideal gas behavior may be considerable. In this region it is preferable to use tables of
thermodynamic properties or charts for a particular substance, as discussed in Section 2.4.

Examp|2.9 ~ A

Is it reasonable to assume ideal gas behavior at each of the given states?

a. Nitrogen at 20°C, 1.0 MPa
b. Carbon dioxide at 20°C, 1.0 MPa
¢. Ammonia at 20°C, 1.0 MPa

Solution
In each case, it is first necessary to check phase boundary and critical state data.

a. For nitrogen, the critical properties are, from Table A.2, 126.2 K, 3.39 MPa. Since the
given temperature, 293.2 K, is more than twice 7', and the reduced pressure is less than
0.3, ideal gas behavior is a very good assumption.

b. For carbon dioxide, the critical properties are 304.1 K, 7.38 MPa. Therefore, the re-
duced properties are 0.96 and 0.136. From Fig. D.1, carbon dioxide is a gas (although
T < T.) with a Z of about 0.95, so the ideal gas model is accurate to within about 5%
in this case.

¢. The ammonia tables, Table B.2, give the most accurate information. From Table B.2.1
at 20°C, P, = 858 kPa. Since the given pressure of 1 MPa is greater than P, this state
is a compressed liquid, not a gas.

Examp|2.10 ~

Determine the specific volume for R-134a at 100°C, 3.0 MPa for the following models:

a. The R-134a tables, Table B.5
b. Ideal gas
c. The generalized chart, Fig. D.1



Solution
a. From Table B.5.2 at 100°C, 3 MPa

v = 0.006 65 m® /kg (most accurate value)

b. Assuming ideal gas, we have

R 8314 k
R _BIBos1a9 L
M~ 102.03 kgK

_RT _ 0.08149 x 373.2

_ =0.010 14 m> /k
P 3000 0.010 14m"/kg

1%

which is more than 50% too large.
c. Using the generalized chart, Fig. D.1, we obtain

373.2 3
= 2°C 10, P=-—_=074  Z=067
374.2 4.06

RT ,
V=27 x —- =067 x 001014 =0.00679 m’ /kg

which is only 2% too large.

Example 2.11 — —
Propane in a steel bottle of volume 0.1 m? has a quality of 10% at a temperature of 15°C.
Use the generalized compressibility chart to estimate the total propane mass and to find
the pressure.

Solution
To use Fig. D.1, we need the reduced pressure and temperature. From Table A.2 for
propane, P, = 4250 kPa and 7. = 369.8 K. The reduced temperature is, from Eq. 2.13,

T 27315415
. 36938

r =

=0.7792 = 0.78

From Fig. D.1, shown in Fig. 2.21, we can read for the saturated states:

Sat. vapor
Pt =02,
7,-078 2= U,
Z,=0.83
Sat. liquid FIGURE 2.21 Diagram for

0‘.2 1 In P, Example 2.11.



For the two-phase state the pressure is the saturated pressure:
P = Py X P. = 0.2 x 4250 kPa = 850 kPa
The overall compressibility factor becomes, as Eq. 2.1 for v,
Z=(01-x)Zy+xZ;=10.9x0.035+0.1 x 0.83 =0.1145
The gas constant from Table A.5 is R = 0.1886 kJ/kg K, so the gas law is Eq. 2.12:

PV =mZRT

PV . 850 x 0.1 kPam?
ZRT — 0.1145 x 0.1886 x 288.15 kJ/kg

m =

= 13.66 kg

In-Text Concept Questions

i. How accurate is it to assume that methane is an ideal gas at room conditions?

j. I want to determine a state of some substance, and I know that P = 200 kPa; is it
helpful to write PV = mRT to find the second property?

k. A bottle at 298 K should have liquid propane; how high a pressure is needed? (Use
Fig. D.1.)

2.10 EQUATIONS OF STATE

Instead of the ideal gas model to represent gas behavior, or even the generalized compress-
ibility chart, which is approximate, it is desirable to have an equation of state that accurately
represents the P—v—T behavior for a particular gas over the entire superheated vapor re-
gion. Such an equation is necessarily more complicated and consequently more difficult to
use. Many such equations have been proposed and used to correlate the observed behavior
of gases. As an example, consider the class of relatively simple equation known as cubic
equations of state

RT a

p= -
v—>b v24chv+db?

(2.14)

in terms of the four parameters a, b, ¢, and d. (Note that if all four are zero, this reduces to
the ideal gas model.) Several other different models in this class are given in Appendix D.
In some of these models, the parameters are functions of temperature. A more complicated
equation of state, the Lee-Kesler equation, is of particular interest, since this equation, ex-
pressed in reduced properties, is the one used to correlate the generalized compressibility
chart, Fig. D.1. This equation and its 12 empirical constants are also given in Appendix D.
When we use a computer to determine and tabulate pressure, specific volume, and temper-
ature, as well as other thermodynamic properties, as in the tables in Appendix B, modern
equations are much more complicated, often containing 40 or more empirical constants.
This subject is discussed in detail in Chapter 12.



2.11° COMPUTERIZED TABLES

Most of the tables in the Appendix are supplied in a computer program on the disk ac-
companying this book. The main program operates with a visual interface in the Windows
environment on a PC-type computer and is generally self-explanatory.

The main program covers the full set of tables for water, refrigerants, and cryogenic
fluids, as in Tables B.1 to B.7, including the compressed liquid region, which is printed
only for water. For these substances, a small graph with the P—v diagram shows the region
around the critical point down toward the triple line covering the compressed liquid, two-
phase liquid—vapor, dense fluid, and superheated vapor regions. As a state is selected and
the properties are computed, a thin crosshair set of lines indicates the state in the diagram
so that this can be seen with a visual impression of the state’s location.

Ideal gases corresponding to Tables A.7 for air and A.8 or A.9 for other ideal gases
are covered. You can select the substance and the units to work in for all the table sections,
providing a wider choice than the printed tables. Metric units (SI) or standard English units
for the properties can be used, as well as a mass basis (kg or Ibm) or a mole basis, satisfying
the need for the most common applications.

The generalized chart, Fig. D.1, with the compressibility factor, is included to allow
amore accurate value of Z to be obtained than can be read from the graph. This is particularly
useful for a two-phase mixture where the saturated liquid and saturated vapor values are
needed. Besides the compressibility factor, this part of the program includes correction
terms beyond ideal gas approximations for changes in the other thermodynamic properties.

The only mixture application that is included with the program is moist air.

Example 2.12 =% —

Find the states in Examples 2.1 and 2.3 with the computer-aided thermodynamics tables

(CATT) and list the missing property of P—v—T and x if applicable.

Solution
Water states from Example 2.1: Click Water, click Calculator, and then select Case 1
(T, P). Input (7, P) = (120, 0.5). The result is as shown in Fig. 2.22.

= Compressed liquid v = 0.0106 m? /kg (as in Table B.1.4)
Click Calculator and then select Case 2 (7, v). Input (7, v) = (120, 0.5):
= Two-phase x = 0.5601, P = 198.5kPa

Ammonia state from Example 2.3: Click Cryogenics; check that it is ammonia. Otherwise,
select Ammonia, click Calculator, and then select Case 1 (7, P). Input (7, P) = (30, 1):

= Superheated vapor v = 0.1321 m? /kg (as in Table B.2.2)

R-134a state from Example 2.3: Click Refrigerants; check that it is R-134a. Otherwise,
select R-134a (Alt-R), click Calculator, and then select Case 5 (P, v). Input (P, v) =
(0.2, 0.125):

= Superheated vapor T =44.0°C
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In-Text Concept Questions

I. A bottle at 298 K should have liquid propane; how high a pressure is needed? (Use
the software.)

2.12  ENGINEERING APPLICATIONS

Information about the phase boundaries is important for storage of substances in a two-
phase state like a bottle of gas. The pressure in the container is the saturation pressure for
the prevailing temperature, so an estimate of the maximum temperature the system will be



FIGURE 2.23

Storage tanks. (a) Stainless steel tanks (b) Top of aerosol can

subject to gives the maximum pressure for which the container must be dimensioned (Figs.
2.23 and 2.24).

In a refrigerator a compressor pushes the refrigerant through the system, and this
determines the highest fluid pressure. The harder the compressor is driven, the higher
the pressure becomes. When the refrigerant condenses, the temperature is determined by
the saturation temperature for that pressure, so the system must be designed to hold the
temperature and pressure within a desirable range (Fig. 2.25).

The effect of expansion-contraction of matter with temperature is important in many
different situations. Two of those are shown in Fig. 2.26; the railroad tracks have small gaps
to allow for expansion, which leads to the familiar clunk-clunk sound from the train wheels
when they roll over the gap. A bridge may have a finger joint that provides a continuous
support surface for automobile tires so that they do not bump, as the train does.

FIGURE 2.24

A tanker to transport
liquefied natural gas
(LNG), which is mainly
methane. (NATALIA KOLESNIKOVA/AFP//Getty Images, Inc.)




FIGURE 2.25
Household refrigerator
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When air expands at constant pressure, it occupies a larger volume; thus, the density
is smaller. This is how a hot air balloon can lift a gondola and people with a total mass equal
to the difference in air mass between the hot air inside the balloon and the surrounding
colder air; this effect is called buoyancy (Fig. 2.27).
FIGURE 2.27

Hot air balloon. (© Elementallmaging/iStockphoto)



SUMMARY  Thermodynamic properties of a pure substance and the phase boundaries for solid, liquid,
and vapor states are discussed. Phase equilibrium for vaporization (boiling liquid to vapor),
or the opposite, condensation (vapor to liquid); sublimation (solid to vapor) or the opposite,
solidification (vapor to solid); and melting (solid to liquid) or the opposite, solidifying
(liquid to solid), should be recognized. The three-dimensional P—v—7" surface and the two-
dimensional representations in the (P, T), (T, v), and (P, v) diagrams, and the vaporization,
sublimation, and fusion lines, are related to the printed tables in Appendix B. Properties
from printed and computer tables covering a number of substances are introduced, including
two-phase mixtures, for which we use the mass fraction of vapor (quality). The ideal gas
law approximates the limiting behavior for low density. An extension of the ideal gas law
is shown with the compressibility factor Z, and other, more complicated equations of state
are mentioned.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

» Know phases and the nomenclature used for states and interphases.

* Identify a phase given a state (7, P).

» Locate states relative to the critical point and know Tables A.2 (F.1) and 2.2.

* Recognize phase diagrams and interphase locations.

* Locate states in the Appendix B tables with any entry: (7, P), (T, v), or (P, v).

* Recognize how the tables show parts of the (7, P), (T, v), or (P, v) diagrams.

* Find properties in the two-phase regions; use quality x.

» Locate states using any combination of (7', P, v, x) including linear interpolation.

* Know when you have a liquid or solid and the properties in Tables A.3 and A.4
(F2 and E3).

» Know when a vapor is an ideal gas (or how to find out).

* Know the ideal gas law and Table A.5 (F.4).

* Know the compressibility factor Z and the compressibility chart, Fig. D.1.
» Know the existence of more general equations of state.

* Know how to get properties from the computer program.

KEY Phases Solid, liquid, and vapor (gas)
CONCEPTS phase equilibrium Tsats Psats V5 Vg, Vi
AND Multiphase boundaries Vaporization, sublimation, and fusion lines:
FORMULAS general (Fig. 2.3), water (Fig. 2.4), and CO, (Fig. 2.5)

Triple point: Table 2.1
Critical point: Table 2.2, Table A.2 (F.1)

Equilibrium state Two independent properties (#1, #2)
Quality X = Myp/m  (vapor mass fraction)

1 —x =myq/m  (liquid mass fraction)
Average specific volume v=(1—-x)vs+xv, (onlytwo-phase mixture)
Equilibrium surface P—-T Tables or equation of state

Ideal gas law Pv=RT PV =mRT =nRT



Universal gas constant
Gas constant

Compressibility factor Z
Reduced properties

Equations of state

8.3145 kJ /kmol K
R/M kJ/kg K, Table A.5 or M from Table A.2

ft Ibf/lbm R, Table F.4 or M from Table F.1
Pv =ZRT Chart for Z in Fig. D.1

P T s

P = 7 T = T Entry to compressibility chart
Cubic, pressure explicit: Appendix D, Table D.1
Lee Kesler: Appendix D, Table D.2, and Fig. D.1

R=
R=

CONCEPT-STUDY GUIDE PROBLEMS

2.1 Are the pressures in the tables absolute or gauge
pressures?

2.2 What is the minimum pressure for liquid carbon
dioxide?

2.3 When you skate on ice, a thin liquid film forms under
the skate; why?

2.4 Athigher elevations, as in mountains, air pressure is
lower; how does that affect the cooking of food?

2.5 Water at room temperature and room pressure has
va 1 x 10" m®/kg; what is n?

2.6 Cana vapor exist below the triple point temperature?

2.7 In Example 2.1b, is there any mass at the indicated
specific volume? Explain.

2.8 Sketch two constant-pressure curves (500 kPa and
30 000 kPa) in a 7—v diagram and indicate on the
curves where in the water tables the properties are
found.

2.9 If I have 1 L of R-410a at 1 MPa, 20°C what is the

mass?

2.10 Locate the state of ammonia at 200 kPa, —10°C. In-
dicate in both the P—v and 7—v diagrams the location
of the nearest states listed in Table B.2.

2.11 Why are most compressed liquid or solid regions not
included in the printed tables?

2.12 How does a constant-v process for an ideal gas
appear in a P—T diagram?

2.13 If v = RT/P for an ideal gas, what is the similar
equation for a liquid?

2.14 To solve for v given (P, T) in Eq. 2.14, what is the
mathematical problem?

2.15 As the pressure of a gas becomes larger, Z becomes
larger than 1. What does that imply?

HOMEWORK PROBLEMS

Phase Diagrams, Triple and Critical Points

2.16 Carbon dioxide at 280 K can be in three different
phases: vapor, liquid, and solid. Indicate the pres-
sure range for each phase.

2.17 Modern extraction techniques can be based on dis-
solving material in supercritical fluids such as car-
bon dioxide. How high are the pressure and density
of carbon dioxide when the pressure and tempera-
ture are around the critical point? Repeat for ethyl
alcohol.

2.18 The ice cap at the North Pole may be 1000 m thick,
with a density of 920 kg/m?. Find the pressure at the
bottom and the corresponding melting temperature.

2.19 Find the lowest temperature at which it is possible
to have water in the liquid phase. At what pressure
must the liquid exist?

2.20 Water at 27°C can exist in different phases, depend-
ing on the pressure. Give the approximate pressure
range in kPa for water in each of the three phases:
vapor, liquid, and solid.

2.21 Dry ice is the name of solid carbon dioxide. How
cold must it be at atmospheric (100 kPa) pressure?
If it is heated at 100 kPa, what eventually happens?

2.22 Find the lowest temperature in Kelvin for which
metal can exist as a liquid if the metal is (a) mer-
cury or (b) zinc.



2.23

2.24

A substance is at 2 MPa and 17°C in a rigid tank.
Using only the critical properties, can the phase of
the mass be determined if the substance is oxygen,
water, or propane?

Give the phase for the following states:

a. COyatT =40°Cand P = 0.5 MPa

b. Airat 7 =20°C and P = 200 kPa

c. NHyat 7 = 170°C and P = 600 kPa

General Tables

2.25

2.26

2.27

2.28

2.29

2.30

2.31

2.32

2.33

Determine the phase of water at

a. T =260°C, P =5 MPa

b. 7' = —2°C, P =100 kPa

Determine the phase of the substance at the given
state using Appendix B tables.

a. Water: 100°C, 500 kPa

b. Ammonia: —10°C, 150 kPa

c. R-410a: 0°C, 350 kPa

Give the missing property of P—v—T and x for
water at

a. 10 MPa, 0.003 m?/kg

b. 1 MPa, 190°C

c. 200°C, 0.1 m3/kg

d. 10 kPa, 10°C

For water at 200 kPa with a quality of 10%, find the
volume fraction of vapor.

Determine whether refrigerant R-410a in each of
the following states is a compressed liquid, a su-
perheated vapor, or a mixture of saturated liquid
and vapor.

a. 50°C, 0.05 m3/kg

b. 1.0 MPa, 20°C

c. 0.1 MPa, 0.1 m3/kg

d. —20°C, 200 kPa

Show the states in Problem 2.29 in a sketch of the
P—v diagram.

How great is the change in the liquid specific vol-
ume for water at 20°C as you move up from state i
toward state j in Fig. 2.14, reaching 15 000 kPa?

Fill out the following table for substance ammonia:
P[KkPa] TI°C] vim/kgl  x
a. 25 0.1185
b. -30 0.5

Place the two states a—b listed in Problem 2.32
as labeled dots in a sketch of the P—v and T—v
diagrams.

2.34

2.35

2.36

2.37

2.38

2.39

2.40

241

2.42

2.43

2.44

245

Give the missing property of P, T, v, and x for
R-410a at

a. T'=—-20°C, P =450 kPa

b. P =300 kPa, v = 0.092 m’/kg

Fill out the following table for substance water:

P[kPa] TI°C] v[m?/kg] x
a. 500 20
b. 500 0.20
c. 1400 200
d. 300 0.8

Place the four states a—d listed in Problem 2.35
as labeled dots in a sketch of the P—v and T—v

diagrams.

Determine the specific volume for R-410a at these
states:

a. —15°C, 400 kPa

b. 20°C, 1500 kPa

c. 20°C, quality 25%

Give the missing property of P, T, v, and x for
CH,4 at

a. T =155K,v =0.04 m’/kg

b. T =350K,v =0.25 m/kg

Give the specific volume of carbon dioxide at
—20°C for 2000 kPa and for 1400 kPa.

Calculate the following specific volumes:

a. Carbon dioxide: 10°C, 80% quality

b. Water: 4 MPa, 90% quality

c. Nitrogen: 120 K, 60% quality

Give the missing property of P, T, v, and x for
a. R-410a at 25°C, v = 0.01 m*/kg

b. R-410a at 400 kPa, v = 0.075 m3/kg

c. Ammonia at 10°C, v = 0.1 m3/kg

You want a pot of water to boil at 105°C. How
heavy a lid should you put on the 15-cm-diameter
pot when Py, = 101 kPa?

Water at 400 kPa with a quality of 25% has its pres-
sure raised 50 kPa in a constant-volume process.
What is the new quality and temperature?

A sealed rigid vessel has volume of 1 m* and con-
tains 2 kg of water at 100°C. The vessel is now
heated. If a safety pressure valve is installed, at what
pressure should the valve be set to have a maximum
temperature of 200°C?

Saturated water vapor at 200 kPa is in a constant-
pressure piston/cylinder assembly. At this state the



2.46
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2.48

2.49

2.50

2.51

2.52

2.53

piston is 0.1 m from the cylinder bottom. How
much is this distance, and what is the temperature
if the water is cooled to occupy half of the original
volume?

Saturated liquid water at 60°C is put under pres-
sure to decrease the volume by 1% while keeping
the temperature constant. To what pressure should
it be compressed?

Water at 400 kPa with a quality of 25% has its tem-
perature raised 20°C in a constant-pressure process.
What is the new quality and specific volume?

In your refrigerator, the working substance evapo-
rates from liquid to vapor at —20°C inside a pipe
around the cold section. Outside (on the back or
below) is a black grille, inside of which the work-
ing substance condenses from vapor to liquid at
+45°C. For each location, find the pressure and the
change in specific volume (v) if the substance is
ammonia.

Repeat the previous problem with the substances

a. R-134a

b. R-410a

Repeat Problem 2.48 with carbon dioxide, con-
denser at +20°C and evaporator at —30°C.

A glass jar is filled with saturated water at 500 kPa
of quality 25%, and a tight lid is put on. Now it is
cooled to —10°C. What is the mass fraction of solid
at this temperature?

Two tanks are connected as shown in Fig. P2.52,
both containing water. Tank A4 is at 200 kPa, v =
0.5 m3/kg, ¥, = 1m?, and tank B contains 3.5 kg
at 0.5 MPa and 400°C. The valve is now opened
and the two tanks come to a uniform state. Find the
final specific volume.

&

FIGURE P2.52

Saturated vapor R-410a at 60°C changes volume at
constant temperature. Find the new pressure, and
quality if saturated, if the volume doubles. Repeat
the problem for the case where the volume is re-
duced to half of the original volume.

2.54 A steel tank contains 6 kg of propane (liquid +
vapor) at 20°C with a volume of 0.015 m>. The tank
is now slowly heated. Will the liquid level inside
eventually rise to the top or drop to the bottom of the
tank? What if the initial mass is 1 kg instead of 6 kg?

Saturated water vapor at 60°C has its pressure
decreased to increase the volume by 10% while
keeping the temperature constant. To what pressure
should it be expanded?

2.55

2.56 Ammonia at 20°C with a quality of 50% and a total
mass of 2 kg is in a rigid tank with an outlet valve
at the top. How much vapor mass can be removed
through the valve until the liquid is gone, assuming

that the temperature stays constant?

2.57 A sealed, rigid vessel of 2 m?® contains a saturated
mixture of liquid and vapor R-134a at 10°C. If it is
heated to 50°C, the liquid phase disappears. Find
the pressure at 50°C and the initial mass of the
liquid.

2.58 A storage tank holds methane at 120 K, with a qual-
ity of 25%, and it warms up by 5°C per hour due
to a failure in the refrigeration system. How much
time will it take before the methane becomes single
phase, and what is the pressure then?

2.59 Ammonia at 10°C with a mass of 10 kg is in a
piston/cylinder assembly with an initial volume of
1 m3. The piston initially resting on the stops has a
mass such that a pressure of 900 kPa will float it.
Now the ammonia is slowly heated to 50°C. Find
the final pressure and volume.

2.60 A 400-m’ storage tank is being constructed to hold
liquified natural gas (LGN),which may be assumed
to be essentially pure methane. If the tank is to con-
tain 90% liquid and 10% vapor, by volume, at 100
kPa, what mass of LNG (kg) will the tank hold?

What is the quality in the tank?

A boiler feed pump delivers 0.05 m?/s of water at
240°C, 20 MPa. What is the mass flow rate (kg/s)?
What would be the percent error if the properties
of saturated liquid at 240°C were used in the cal-
culation? What if the properties of saturated liquid
at 20 MPa were used?

A piston/cylinder arrangement is loaded with a lin-
ear spring and the outside atmosphere. It contains
water at 5 MPa, 400°C, with the volume being
0.1 m?, as shown in Fig. P2.62. If the piston is at the
bottom, the spring exerts a force such that Pz =

2.61

2.62



200 kPa. The system now cools until the pressure
reaches 1200 kPa. Find the mass of water and the
final state (77, v,) and plot the P—v diagram for the
process.

Py =

FIGURE P2.62

2.63 A pressure cooker (closed tank) contains water at
100°C, with the liquid volume being 1/20" of the
vapor volume. It is heated until the pressure reaches
2.0 MPa. Find the final temperature. Has the final

state more or less vapor than the initial state?

2.64 A pressure cooker has the lid screwed on tight. A
small opening with 4 = 5 mm? is covered with a
petcock that can be lifted to let steam escape. How
much mass should the petcock have to allow boiling

at 120°C with an outside atmosphere at 101.3 kPa?

Steam

Steam

FIGURE P2.64

Ideal Gas

2.65 What is the relative (%) change in P if we double
the absolute temperature of an ideal gas, keeping
the mass and volume constant? Repeat if we double
V, keeping m and T constant.

2.66 Al-m? tank is filled with a gas at room temperature
(20°C) and pressure (200 kPa). How much mass is
there if the gas is (a) air, (b) neon, or (c) propane?

2.67 Calculate the ideal gas constant for argon and
hydrogen based on Table A.2 and verify the value
with Table A.5.

2.68 A pneumatic cylinder (a piston/cylinder with air)
must close a door with a force of 500 N. The
cylinder’s cross-sectional area is 5 cm?. With V' =
50 cm?, T = 20°C, what is the air pressure and its
mass?

2.69 Is it reasonable to assume that at the given states
the substance behaves as an ideal gas?

a. Oxygen at 30°C, 3 MPa

b. Methane at 30°C, 3 MPa

c. Water at 30°C, 3 MPa

d. R-134a at 30°C, 3 MPa

e. R-134a at 30°C, 100 kPa

Helium in a steel tank is at 250 kPa, 300 K with a
volume of 0.1 m>. It is used to fill a balloon. When
the pressure drops to 125 kPa, the flow of helium
stops by itself. If all the helium is still at 300 K,
how big a balloon is produced?

2.70

2.71 A hollow metal sphere with an inside diameter
of 150 mm is weighed on a precision beam bal-
ance when evacuated and again after being filled to
875 kPa with an unknown gas. The difference in
mass is 0.0025 kg, and the temperature is 25°C.
What is the gas, assuming it is a pure substance
listed in Table A.5?

A spherical helium balloon 10 m in diameter is at
ambient 7 and P, 15°C and 100 kPa. How much
helium does it contain? It can lift a total mass that
equals the mass of displaced atmospheric air. How
much mass of the balloon fabric and cage can then
be lifted?

A glassis cleaned in hot water at 45°C and placed on
the table bottom up. The room air at 20°C that was
trapped in the glass is heated up to 40°C and some
of it leaks out, so the net resulting pressure inside
is 2 kPa above the ambient pressure of 101 kPa.
Now the glass and the air inside cool down to
room temperature. What is the pressure inside the
glass?

2.72

2.73

2.74 Air in an internal-combustion engine has 227°C,
1000 kPa, with a volume of 0.1 m?. Combustion
heats it to 1800 K in a constant-volume process.
What is the mass of air, and how high does the
pressure become?

Air in an automobile tire is initially at —10°C and
190 kPa. After the automobile is driven awhile,
the temperature rises to 10°C. Find the new pres-
sure. You must make one assumption on your
own.

2.75
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FIGURE P2.75

2.76 A rigid tank of 1 m® contains nitrogen gas at
600 kPa, 400 K. By mistake, someone lets 0.5 kg
flow out. If the final temperature is 375 K, what is
the final pressure?

2.77 Assume we have three states of saturated vapor

R-134a at +40°C, 0°C, and —40°C. Calculate the

specific volume at the set of temperatures and cor-

responding saturated pressure assuming ideal gas
behavior. Find the percent relative error = 100(v —

Ve )/ve with v, from the saturated R-134a table.

Do Problem 2.77 for R-410a.

Do Problem 2.77 for the substance ammonia.

A 1-m? rigid tank has propane at 100 kPa, 300 K

and connected by a valve to another tank of 0.5 m?

with propane at 250 kPa, 400 K. The valve is

opened, and the two tanks come to a uniform state
at 325 K. What is the final pressure?

2.78
2.79
2.80

FIGURE P2.80

2.81 A vacuum pump is used to evacuate a chamber
where some specimens are dried at 50°C. The pump
rate of volume displacement is 0.5 m’/s, with an
inlet pressure of 0.1 kPa and a temperature of 50°C.
How much water vapor has been removed over a
30-min period?

A 1-m? rigid tank with air at 1 MPa and 400 K is
connected to an air line as shown in Fig. P2.82. The
valve is opened and air flows into the tank until the
pressure reaches 5 MPa, at which point the valve is
closed and the temperature inside is 450 K.

2.82

a. What is the mass of air in the tank before and
after the process?

b. The tank eventually cools to room temperature,
300 K. What is the pressure inside the tank then?

M Air
line

Tank

FIGURE P2.82

2.83 A cylindrical gas tank 1 m long, with an inside
diameter of 20 cm, is evacuated and then filled
with carbon dioxide gas at 20°C. To what pressure
should it be charged if there is 1.2 kg of carbon
dioxide?

2.84 Ammoniain a piston/cylinder arrangement is at
700 kPa and 80°C. It is now cooled at constant
pressure to saturated vapor (state 2), at which point
the piston is locked with a pin. The cooling contin-
ues to —10°C (state 3). Show the processes 1 to 2
and 2 to 3 on both a P—v and a 7—v diagram.

Compressibility Factor

2.85 Find the compressibility factor (Z) for saturated
vapor ammonia at 100 kPa and at 2000 kPa.

2.86 Find the compressibility factor for nitrogen at
a. 2000 kPa, 120 K
b. 2000 kPa, 300 K
c. 120 K, v = 0.005 m?/kg

2.87 Find the compressibility for carbon dioxide at 60°C
and 10 MPa using Fig. D.1.

2.88 What is the percent error in specific volume if the
ideal gas model is used to represent the behavior of
superheated ammonia at 40°C and 500 kPa? What
if the generalized compressibility chart, Fig. D.1,
is used instead?

2.89 A cylinder fitted with a frictionless piston contains
butane at 25°C, 500 kPa. Can the butane reasonably
be assumed to behave as an ideal gas at this state?

2.90 Estimate the saturation pressure of chlorine at
300 K.



2.91 A bottle with a volume of 0.1 m? contains butane
with a quality of 75% and a temperature of 300 K.
Estimate the total butane mass in the bottle using
the generalized compressibility chart.

2.92 Find the volume of 2 kg of ethylene at 270 K,
2500 kPa using Z from Fig. D.1.

2.93 For T, = 0.7, what is the ratio v,/vy using Fig. D.1
compared to Table D.3?

2.94 Argon is kept in a rigid 5-m? tank at —30°C and

3 MPa. Determine the mass using the compress-

ibility factor. What is the error (%) if the ideal gas

model is used?

Refrigerant R-32 is at —10°Cwith a quality of 15%.

Find the pressure and specific volume.

2.95

2.96 To plan a commercial refrigeration system using
R-123, we would like to know how much more
volume saturated vapor R-123 occupies per kg at
—30°C compared to the saturated liquid state.

2.97 A new refrigerant, R-125, is stored as a liquid at
—20°C with a small amount of vapor. For 1.5 kg of

R-125, find the pressure and volume.
Equations of State
For these problems see Appendix D for the equation of
state (EOS) and Chapter 12.

2.98 Determine the pressure of nitrogen at 160 K,
v = 0.00291 m’/kg using ideal gas, the van der
Waals EOS, and the nitrogen table.

2.99 Determine the pressure of nitrogen at 160 K, v
0.00291 m3/kg using the Redlich-Kwong EOS and
the nitrogen table.

2.100 Determine the pressure of nitrogen at 160 K, v =
0.00291 m?/kg using the Soave EOS and the nitro-
gen table.

2.101 Carbon dioxide at 60°C is pumped at a very high
pressure, 10 MPa, into an oil well to reduce the
viscosity of oil for better flow. Find its specific vol-
ume from the carbon dioxide table, ideal gas, and

van der Waals EOS by iteration.

2.102 Solve the previous problem using the Redlich-
Kwong EOS. Notice that this becomes a trial-and-

CITor process.

Solve Problem 2.101 using the Soave EOS. Notice
that this becomes a trial-and-error process.

2.103

2.104 A tank contains 8.35 kg of methane in 0.1 m? at
250 K. Find the pressure using ideal gas, the van

der Waals EOS, and the methane table.

2.105 Do the previous problem using the Redlich-Kwong
EOS.

2.106 Do Problem 2.104 using the Soave EOS.

Review Problems

2.107 Determine the quality (if saturated) or temperature
(if superheated) of the following substances at the
given two states:

a. Water at

1: 120°C, 1 m?/kg; 2: 10 MPa, 0.01 m?/kg
b. Nitrogen at

1: 1 MPa, 0.03 m3/kg; 2: 100 K, 0.03 m’/kg

2.108 Give the phase and the missing properties of P, T,
v, and x for
a. R-410a at 10°C with v = 0.01 m3/kg
b. Water at 7 = 350°C with v = 0.2 m%/kg
c. R-410a at —5°C and P = 600 kPa
d. R-134a at 294 kPa and v = 0.05 m3/kg

2.109 Find the phase, the quality x if applicable, and the
missing property P or 7.
a. HyO at T = 120°C with v = 0.5 m’/kg
b. HbO at P = 100 kPa withv = 1.8 m3/kg
c. H0 at T =263 K with v =200 m®/kg

Find the phase, quality x, if applicable, and the
missing property P or 7.

a. NH3 at P = 800 kPa with v = 0.2 m’/kg

b. NH;3 at 7 = 20°C with v = 0.1 m%/kg

Give the phase and the missing properties of P, 7,
v, and x. These may be a little more difficult to
determine if the appendix tables are used instead
of the software.

a. R-410a, T = 10°C, v = 0.02 m*/kg

b. H,0,v = 0.2 m*/kg,x =0.5

c. H,0, T = 60°C,v = 0.001016 m*/kg

d. NH3, T =30°C, P =60 kPa

e. R-134a,v = 0.005 m*/kg, x =0.5
Refrigerant-410a in a piston/cylinder arrangement
is initially at 15°C withx = 1. It is then expanded in
aprocess so that P = Cv~! to a pressure of 200 kPa.
Find the final temperature and specific volume.

2.110

2.111

2.112

2.113 Consider two tanks, 4 and B, connected by a valve,
as shown in Fig. P2.113. Each has a volume of
200 L, and tank A4 has R-410a at 25°C, 10% liquid
and 90% vapor by volume, while tank B is evacu-
ated. The valve is now opened, and saturated vapor
flows from A4 to B until the pressure in B has reached

that in 4, at which point the valve is closed. This
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2.115

2.116

2.117

process occurs slowly such that all temperatures
stay at 25°C throughout the process. How much has
the quality changed in tank A4 during the process?

&

FIGURE P2.113

Water in a piston/cylinder is at 90°C, 100 kPa,
and the piston loading is such that pressure is pro-
portional to volume, P = CV Heat is now added
until the temperature reaches 200°C. Find the final
pressure and also the quality if the water is in the
two-phase region.

A tank contains 2 kg of nitrogen at 100 K with a
quality of 50%. Through a volume flowmeter and
valve, 0.5 kg is now removed while the tempera-
ture remains constant. Find the final state inside
the tank and the volume of nitrogen removed if the
valve/meter is located at

a. the top of the tank

b. the bottom of the tank

A spring-loaded piston/cylinder assembly contains
water at 500°C and 3 MPa. The setup is such that
pressure is proportional to volume, P = CV. It
is now cooled until the water becomes saturated
vapor. Sketch the P—v diagram and find the final
pressure.

A container with liquid nitrogen at 100 K has a
cross-sectional area of 0.5 m?, as shown in Fig.
P2.117. Due to heat transfer, some of the liquid
evaporates, and in 1 h the liquid level drops 30 mm.
The vapor leaving the container passes through a
valve and a heater and exits at 500 kPa, 260 K.
Calculate the volume rate of flow of nitrogen gas

-_®_

exiting the heater.

Heater

FIGURE P2.117

2.118

2.119

2.120

2.121

2.122

For a certain experiment, R-410a vapor is contained
in a sealed glass tube at 20°C. We want to know the
pressure at this condition, but there is no means
of measuring it, since the tube is sealed. However,
if the tube is cooled to —20°C, small droplets of
liquid are observed on the glass walls. What is the
initial pressure?

A cylinder/piston arrangement contains water at
105°C, 85% quality, with a volume of 1 L. The
system is heated, causing the piston to rise and en-
counter a linear spring, as shown in Fig. P2.119. At
this point the volume is 1.5 L, the piston diameter
is 150 mm, and the spring constant is 100 N/mm.
The heating continues, so the piston compresses the
spring. What is the cylinder temperature when the
pressure reaches 200 kPa?

FIGURE P2.119

Determine the mass of methane gas stored in a 2-m?
tank at —30°C, 2 MPa. Estimate the percent error
in the mass determination if the ideal gas model is
used.

A cylinder containing ammonia is fitted with a
piston restrained by an external force that is pro-
portional to the cylinder volume squared. Initial
conditions are 10°C, 90% quality, and a volume
of 5 L. A valve on the cylinder is opened and ad-
ditional ammonia flows into the cylinder until the
mass inside has doubled. If at this point the pressure
is 1.2 MPa, what is the final temperature?

A cylinder has a thick piston initially held by a pin,
as shown in Fig. P2.122. The cylinder contains car-
bon dioxide at 200 kPa and ambient temperature of
290 K. The metal piston has a density of 8000 kg/m?
and the atmospheric pressure is 101 kPa. The pin is
now removed, allowing the piston to move, and af-
ter a while the gas returns to ambient temperature.
Is the piston against the stops?



50 mm

100 mm Pin

100 mm

R

FIGURE P2.122

2.123 What is the percent error in pressure if the ideal
gas model is used to represent the behavior of
superheated vapor R-410a at 60°C, 0.03470 m? /kg?
What if the generalized compressibility chart,
Fig. D.1, is used instead? (Note that iterations are

needed.)

2.124 An initially deflated and now flat balloon is
connected by a valve to a 12-m? storage tank con-
taining helium gas at 2 MPa and ambient tem-
perature, 20°C. The valve is opened and the bal-
loon is inflated at constant pressure, Py = 100 kPa,
equal to ambient pressure, until it becomes spheri-
cal at D; = 1 m. If the balloon is larger than this,
the balloon material is stretched, giving an inside
pressure of

D\ D
P:Po—i-C(l——l)—l

D) D

The balloon is inflated to a final diameter of
4 m, at which point the pressure inside is 400
kPa. The temperature remains constant at 20°C.
What is the maximum pressure inside the balloon
at any time during the inflation process? What is
the pressure inside the helium storage tank at this
time?
2.125 A piston/cylinder arrangement, shown in Fig.
P2.125, contains air at 250 kPa and 300°C. The
50-kg piston has a diameter of 0.1 m and ini-
tially pushes against the stops. The atmosphere is at
100 kPa and 20°C. The cylinder now cools as heat
is transferred to the ambient surroundings.

a. At what temperature does the piston begin to
move down?

b. How far has the piston dropped when the tem-
perature reaches ambient?

c. Show the process in a P—v and a 7—v diagram.

— P, —

—

[ | [ 11

Air 25 cm

FIGURE P2.125

Linear Interpolation
2.126 Find the pressure and temperature for saturated
vapor R-410a with v = 0.1 m?/kg.

2.127 Use a linear interpolation to estimate properties of
ammonia to fill out the table below.

P[kPa]  T[°C]  v[m’kg] x
a. 550 0.75
b. 80 20
c. 10 0.4

2.128 Use a linear interpolation to estimate Ty at 900
kPa for nitrogen. Sketch by hand the curve Py (T)
by using a few table entries around 900 kPa from
Table B.6.1. Is your linear interpolation above or
below the actual curve?

2.129 Use a double linear interpolation to find the pres-
sure for superheated R-134a at 13°C with v =
0.3 m3/kg.

2.130 Find the specific volume for carbon dioxide at 0°C
and 625 kPa.

Computer Tables

2.131 Use the computer software to find the properties for
water at the four states in Problem 2.35.

2.132 Use the computer software to find the properties for
ammonia at the four states listed in Problem 2.32.



2.133 Use the computer software to find the properties
for ammonia at the three states listed in Problem
2.127.

2.134 Find the value of the saturated temperature for ni-
trogen by linear interpolation in Table B.6.1 for

a pressure of 900 kPa. Compare this to the value
given by the computer software.

2.135 Use the computer software to sketch the variation of

pressure with temperature in Problem 2.44. Extend
the curve slightly into the single-phase region.

ENGLISH UNIT PROBLEMS

English Unit Concept Problems

2.136E Cabbage needs to be cooked (boiled) at 250 F.
What pressure should the pressure cooker be set
for?

2.137E IfI have 1 ft* of ammonia at 15 psia, 60 F, what
is the mass?

2.138E For water at 1 atm with a quality of 10%, find the
volume fraction of vapor.

2.139E Locate the state of R-410a at 30 psia, —20 F. Indi-
cate in both the P—v and 7—v diagrams the location
of the nearest states listed in Table F.10.

2.140E Calculate the ideal gas constant for argon and
hydrogen based on Table F.1 and verify the value
with Table F.4.

English Unit Problems

2.141E Water at 80 F can exist in different phases, de-
pending on the pressure. Give the approximate
pressure range in Ibf/in.? for water in each of the
three phases: vapor, liquid, and solid.

2.142E A substance is at 300 Ibf/in.2, 65 F in a rigid tank.
Using only the critical properties, can the phase
of the mass be determined if the substance is
oxygen, water, or propane?

2.143E Determine the missing property (of P, T, v, and
x if applicable) for water at
a. 680 psia, 0.03 ft3/Ibm
b. 150 psia, 320 F
c. 400 F, 3 ft*/Ibm

2.144E Determine the phase of the substance at the given
state using Appendix F tables.
a. Water: 200 F, 70 psia
b. Ammonia: 10 F, 20 psia
c. R-410a: 30 F, 50 psia

2.145E Give the phase and the missing property of P, T,
v, and x for R-134a at

a. T =—10F P = 18 psia
b. P =40 psia, v = 1.3 ft3/Ibm

2.146E Fill out the following table for substance

ammonia:

Plpsia] T[F]  v[f€¢/lbm]  x

a. 120 1.876
b. 120 0.5

Place the two states a—b as labeled dots in a sketch
of the P—v and T—v diagrams.

2.147E Give the phase and the specific volume for the

following:

a. R-410a, T = —25 F, P = 30 Ibf/in.?
b. R-410a, T = —25 F, P = 40 Ibf/in.?
¢. H,0, T =280 F, P = 35 Ibf/in.?

d. NH3, T =60 F, P = 15 Ibf/in.?

2.148E Determine the specific volume for R-410a at these

states:

a. 20 F, 70 psia

b. 70 F, 150 psia

c. 70 F, quality 25%

2.149E Give the missing property of P, T, v, and x for

a. R-410a at 80 F, v = 0.2 ft*/lbm
b. R-410a at 60 psia, v = 1.1 ft’/lbm
¢. Ammonia at 60 F, v = 3.2 ft*/lbm

2.150E Saturated liquid water at 150 F is put under pres-

sure to decrease the volume by 1% while keeping
the temperature constant. To what pressure should
it be compressed?

2.151E A sealed rigid vessel has a volume of 35 ft* and

contains 2 lbm of water at 200 F. The vessel is
now heated. If a safety pressure valve is installed,
at what pressure should the valve be set to have a
maximum temperature of 400 F?



2.152E

2.153E

2.154E

2.155E

2.156E

2.157E

2.158E

2.159E

2.160E

2.161E

You want a pot of water to boil at 220 F. How
heavy a lid should you put on the 6-in.-diameter
pot when Py, = 14.7 psia?

Saturated water vapor at 240 F has its pressure
decreased to increase the volume by 10%, keep-
ing the temperature constant. To what pressure
should it be expanded?

A glass jar is filled with saturated water at 300 F
and quality 25%, and a tight lid is put on. Now
it is cooled to 10 F. What is the mass fraction of
solid at this temperature?

A boiler feed pump delivers 100 ft’/min of
water at 400 E, 3000 1bf/in.2 What is the mass
flowrate (Ibm/s)? What would be the percent
error if the properties of saturated liquid at 400 F
were used in the calculation? What if the prop-
erties of saturated liquid at 3000 Ibf/in.?> were
used?

A pressure cooker has the lid screwed on tight.
A small opening with 4 = 0.0075 in.? is covered
with a petcock that can be lifted to let steam es-
cape. How much mass should the petcock have to
allow boiling at 250 F with an outside atmosphere
of 15 psia?

Two tanks are connected together as shown in
Fig. P2.52, both containing water. Tank 4 is at
30 Ibf/in.2, v = 8 ft*/lbm, V = 40 ft*, and tank B
contains 8 lbm at 80 Ibf/in.%, 750 F. The valve is
now opened, and the two come to a uniform state.
Find the final specific volume.

Ammonia at 70 F with a quality of 50% and a total
mass of 4.5 Ibm is in a rigid tank with an outlet
valve at the bottom. How much liquid mass can
be removed through the valve, assuming the tem-
perature stays constant?

Give the phase and the specific volume for the
following:

a. CO,, T =510 F, P = 75 Ibf/in.?

b. Air, T = 68 F, P =2 atm

c. Ar, T =300 F, P = 30 Ibf/in.?

A cylindrical gas tank 3 ft long, with an in-
side diameter of 8 in., is evacuated and then
filled with carbon dioxide gas at 77 F. To what
pressure should it be charged if there should be
2.6 Ibm of carbon dioxide?

A spherical helium balloon 30 ft in diameter is at
ambient 7" and P, 60 F and 14.69 psia. How much

2.162E

2.163E

2.164E

2.165E

2.166E

helium does it contain? It can lift a total mass
that equals the mass of displaced atmospheric air.
How much mass of the balloon fabric and cage
can then be lifted?

Helium in a steel tank is at 36 psia, 540 R with a
volume of 4 ft3. It is used to fill a balloon. When
the pressure drops to 18 psia, the flow of helium
stops by itself. If all the helium is still at 540 R,
how big a balloon is produced?

A 35-ft3 rigid tank has propane at 15 psia, 540
R and is connected by a valve to another tank of
20 ft* with propane at 40 psia, 720 R. The valve
is opened and the two tanks come to a uniform
state at 600 R. What is the final pressure?

What is the percent error in specific volume if the
ideal gas model is used to represent the behav-
ior of superheated ammonia at 100 F, 80 1bf/in.2?
What if the generalized compressibility chart,
Fig. D.1, is used instead?

Air in an internal-combustion engine has 440 F,
150 psia, with a volume of 2 ft*. Combustion
heats it to 3000 R in a constant-volume process.
What is the mass of air, and how high does the
pressure become?

A 35-ft® rigid tank has air at 225 psia and ambient
600 R connected by a valve to a piston/cylinder.
The piston of area 1 ft? requires 40 psia below it
to float (see Fig. P2.166E). The valve is opened,
the piston moves slowly 7 ft up, and the valve
is closed. During the process, air temperature
remains at 600 R. What is the final pressure in
the tank?

lg

Piston ——|

Cylinder
B

Tank

&

Valve

FIGURE P2.166E



2.167E Give the phase and the missing properties of P,
T, v, and x. These may be a little more difficult to
determine if the appendix tables are used instead
of the software.

. R-410a, T = 50 F, v = 0.4 ft*/Ibm

. H,0,v =2 ft*/lbm,x = 0.5

. H,0, T =150 F, v = 0.01632 ft*/lbm

. NH3, T =80 F, P = 13 Ibf/in.?

e. R-134a, v = 0.08 ft*/lbm, x = 0.5

A pressure cooker (closed tank) contains water

at 200 F, with the liquid volume being 1/10th of

the vapor volume. It is heated until the pressure
reaches 300 Ibf/in.. Find the final temperature.

Has the final state more or less vapor than the

initial state?

o0 o

2.168E

2.169E Refrigerant-410a in a piston/cylinder arrange-

ment is initially at 60 F, x = 1. It is then expanded

in a process so that P = Cv~! to a pressure of
30 Ibf/in.. Find the final temperature and spe-
cific volume.

A substance is at 70 F, 300 1bf/in.2 in a 10-ft3
tank. Estimate the mass from the compressibil-
ity chart if the substance is (a) air, (b) butane, or
(c) propane.

Determine the mass of an ethane gas stored in a
25-ft3 tank at 250 F, 440 Ibf/in.? using the com-
pressibility chart. Estimate the error (%) if the
ideal gas model is used.

Determine the pressure of R-410a at 100 F, v =
0.2 ft*/Ibm using ideal gas and the van der Waal
EOS.

Determine the pressure of R-410a at 100 F, v =
0.2 ft3/lbm using ideal gas and the Redlich-
Kwong EOS.

2.170E

2.171E

2.172E

2.173E

COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS

2.174 Make a spreadsheet that will tabulate and plot sat-

urated pressure versus temperature for ammonia

starting at 7 = —40°C and ending at the critical

point in steps of 10°C.

Make a spreadsheet that will tabulate and plot val-

ues of P and 7" along a constant specific volume line

for water. The starting state is 100 kPa, the quality

is 50%, and the ending state is 800 kPa.

2.176 Use the computer software to sketch the variation of
pressure with temperature in Problem 2.58. Extend
the curve a little into the single-phase region.

2.175

2.177 Using the computer software, find a few of the states
between the beginning and end states and show the
variation of pressure and temperature as a function
of volume for Problem 2.114.

2.178 In Problem 2.112 follow the path of the process
for the R-410a for any state between the initial and

final states inside the cylinder.

2.179 As the atmospheric temperature and pressure vary
with elevation, the air density varies and the pres-
sure is therefore not linear in elevation, as it is in
a liquid. Develop an expression for the pressure
variation containing an integral over an expression

containing 7'. Hint: Start with Eq. 1.2 in differential

form and use the ideal gas law, assuming we know
the temperature as a function of elevation 7'(%).

2.180 The refrigerant fluid in a household refrigerator
changes phase from liquid to vapor at the low tem-
perature in the refrigerator. It changes phase from
vapor to liquid at the higher temperature in the heat
exchanger that gives the energy to the room air.
Measure or otherwise estimate these temperatures.
Based on these temperatures, make a table with the
refrigerant pressures for the refrigerants for which
tables are available in Appendix B. Discuss the re-
sults and the requirements for a substance to be a
potential refrigerant.

2.181 Repeat the previous problem for refrigerants listed
in Table A.2 and use the compressibility chart, Fig.
D.1, to estimate the pressures.

2.182 Saturated pressure as a function of temperature fol-

lows the correlation developed by Wagner as
InP = [wit+wyr!® +wst + W4r6]/T,

where the reduced pressure and temperature are
P, = P/P. and T, = T/T.. The temperature vari-
able is T = 1 — T,. The parameters are found for
R-134a as



2.184 The specific volume of saturated liquid can be

w W, w. w. . .
! ’ i ¢ approximated by the Rackett equation as

R-134a —7.59884 1.48886 —3.79873 1.81379

R TC n. 2/7
Compare this correlation to the table in Appen- Vi= M_pCZC’n =1+ -1y
dix B.

2.183 Find the constants in the curve fit for the saturation with the reduced temperature, 7, = 7/T, and the
pressure using Wagner’s correlation, as shown in compressibility factor, Z, = P.v./RT.. Using val-
the previous problem for water and methane. Find ues from Table A.2 with the critical constants, com-
other correlations in the literature, compare them pare the formula to the tables for substances where

to the tables, and give the maximum deviation. the saturated specific volume is available.



B First Law of
Thermodynamics
and Energy Equation

Having completed our review of basic definitions and concepts, we are ready to discuss the

first law of thermodynamics and the energy equation. These are alternative expressions for
the same fundamental physical law. Later we will see the actual difference in the expression
of the first law and the energy equation and recognize that they are consistent with one
another. Our procedure will be to state the energy equation for a system (control mass)
undergoing a process with a change of state of the system with time. We then look at the
same law expressed for a complete cycle and recognize the first law of thermodynamics,
which is the historically first formulation of the law.

After the energy equation is formulated, we will use it to relate the change of state
inside a control volume to the amount of energy that is transferred in a process as work
or heat transfer. As a car engine transfers some work to the car, the car’s speed increases,
and we can relate the kinetic energy increase to the work; or, if a stove provides a certain
amount of heat transfer to a pot with water, we can relate the water temperature increase
to the heat transfer. More complicated processes can also occur, such as the expansion of
very hot gases in a piston cylinder, as in a car engine, in which work is given out and at
the same time heat is transferred to the colder walls. In other applications, we can also see
a change in state without any work or heat transfer, such as a falling object that changes
kinetic energy at the same time it is changing elevation. For all cases, the energy equation
relates the various forms of energy of the control mass to the transfers of energy by heat or
work.

3.1 THE ENERGY EQUATION

In Chapter 1 we discussed the energy associated with a substance and its thermodynamic
state, which was called the internal energy U and included some additional energy forms,
such as kinetic and potential energies. The combination is the total energy E, which we
wrote as

E =me =U+ KE + PE =m(u + ke + pe) 3.1

showing that all terms scale with total mass, so u, ke, and pe are specific energies.
Before proceeding with development of the energy equation with the analysis
and examples, let us look at the various terms of the total energy. The total energy is
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written with the kinetic energy and the potential energy associated with the gravitational
field as

1
E =mu+ EmV2 +mgZ (3.2)

and in a process it is possible to see changes in any of the energy forms. A ball rolling up
a hill will slow down as it gains height, thus lowering the kinetic energy and increasing
the potential energy during the process, which is a simple energy conversion process. The
kinetic and potential energies are associated with the physical state and location of the mass
and generally are labeled mechanical energy to distinguish them from the internal energy,
which is characteristic of the thermodynamic state of the mass and thus is labeled thermal
energy.

For a control volume with constant mass, a control mass, we express the conservation
of energy as a basic physical principle in a mathematical equation. This principle states that
you cannot create or destroy energy within the limits of classical physics. This limitation
means that quantum mechanical effects, which would change the energy associated with
a change in mass, are ignored, as well as relativity, so we assume that any velocity is
significantly smaller than the speed of light. From this we deduce that if the control mass
has a change in energy, the change must be due to an energy transfer into or out of the mass.
Such energy transfers are not related to any mass transfer (we look at a control mass), and they
can only occur as work or heat transfers. Writing this as an instantaneous rate process, we get

dE,,
dt

=FE. = Q— W = +in— out (3.3)

where the sign convention follows the historical development counting heat transfer as
positive in and work positive out of the control volume, as illustrated in Fig. 3.1. Notice that
the sign convention is a choice, and in more complicated systems you may decide differently;
the important concept to understand is that Eq. 3.3 and Fig. 3.1 belong together, so if an
arrow in the figure changes direction, the corresponding sign in the equation switches.
This equation gives the rate of change of the stored total energy as equal to the rate at
which energy is added minus the rate at which energy is removed. Net changes in storage
are explained by the transfers on the right-hand side of the equation, and there can be no
other explanation. Notice that the transfers must come from or go to the surroundings of
the control volume and thus affect the storage in the surroundings in the opposite direction
compared to the control volume. A process can move energy from one place to another, but
it cannot change the total energy.

In many cases, we are interested in finite changes from the beginning to the end of a
process and not in focusing on the instantaneous rate at which the process takes place. For
these cases, we integrate the energy equation, Eq. 3.3, with time from the beginning of the
process ¢ to the end of the process #, by multiplying by dr to get

dE., = dU + d(KE) + d(PE) = §Q — § W (3.4)

FIGURE 3.1 Sign convention for energy terms.



FIGURE 3.2 A
control volume with
several different
subsystems.

and integrating
/dEcv =E)— Et)=E,— E

Now the right-hand side terms are integrated as

/[Q—W]dfz/;athSQ—/path5W= 102 — (W,

Here the integration depends not only on the starting and ending states but also on the
process path in between; thus, 50 is used instead of dQ to indicate an inexact differential.
Subscripts are placed to indicate the difference, so E; refers to the total energy for the
control volume at state 1 and thus to only a function of the state. However, |0, indicates
the cumulative (integrated) heat transfer during the process, which is a function not only of
states 1 and 2 but also of the path the process followed; the same applies to the work term
1 W5,. Section 3.4 discusses the integration of the work and heat transfer terms in detail to
further explain this process. The energy equation for finite changes become

E;—Ey=102— 10, (3.5)
accompanied by

1
E,—E=U,—U + Em(Vi — V) +m(Zy — Zy)

In general, we will refer to both equations Eq. 3.3 and Eq. 3.5 as the energy equation,
depending on the analysis: whether we want the rate form or the form with the finite
changes. This is similar to expressing a salary for work as pay per hour or a finite amount
over a specified time period, such as monthly or yearly. Both versions of the energy equation
can be shown as

Change of storage = +in — out

which is a basic balance equation accounting for the changes, such as those in a bank account.
If you make a deposit, the balance goes up (an “in” term); if you make a withdrawal, the
balance goes down (an “out” term). Similar equations are presented in subsequent chapters
for other quantities, such as mass, momentum, and entropy.

To illustrate the connection between the sketch of the real system and the energy equa-
tion, look at Fig. 3.2. For this control volume, the energy equation on a rate form, Eq. 3.3 is

Eo=E4+Ep+Ec=0,+0c—Wg (3.6)

AWB Control
11l / surface




and the conservation of mass becomes
Mey =My +nig+me =0 3.7

Each of the three energy storage terms is then written out as in Eq. 3.2 to include the
different kinds of energy that could be in containers 4, B, and C. The form for the finite
changes corresponding to Eq. 3.5 now has a nontrivial expression for the conservation of
mass together with the energy equation as

my —my = (May +myp +myc)— (Mg +mip+mic)=0 (3.8)

(Eoq+ Exp+ Exc) —(Eva+ Eip+ Eic) = 1024 + 102c — 1Was (3.9)

Total mass is not changed; however, the distribution between the 4, B, and C subdomains
may have changed during the process, so if one has a mass increase, the others have a
matching decrease in mass. The same applies to the energy, with the added effect that total
energy is changed by the heat and work transferred across the control volume boundary.

Examp|3.1 ~

A tank containing a fluid is stirred by a paddle wheel. The work input to the paddle wheel

is 5090 kJ. The heat transfer from the tank is 1500 kJ. Consider the tank and the fluid

inside a control surface and determine the change in internal energy of this control mass.
The energy equation is (Eq. 3.5)

1
U, -U + 5’"("% —~VH 4 mg(Zy — Z1) =10y — 1 W3
Since there is no change in kinetic and potential energy, this reduces to

Uy —U =10, — 1"
U, — Uy = —1500 — (=5090) = 3590 kJ

3.2 THE FIRST LAW OF THERMODYNAMICS

Consider a control mass where the substance inside goes through a cycle. This can be the
water in the steam power plant in Fig. 1.2 or a substance in a piston/cylinder, as in Fig. 1.6,
going through several processes that are repeated. As the substance returns to its original
state, there is no net change in the control volume’s total energy and the rate of change is
thus zero. The net sum of the right-hand-side terms gives the energy equation as

ozfag_faw (3.10)

The symbol § §Q, which is called the cyclic integral of the heat transfer, represents the net
heat transfer in the cycle and § §W is the cyclic integral of the work representing the net



FIGURE 3.3 A cyclic machine.

work given out during the cycle. Rewriting the equation as

fag:ygaw (.11

gives the statement of the first law of thermodynamics. Whereas this was shown as a
consequence of the energy equation, historically this was postulated first and the energy
equation was derived from it. The above equations could also be written with rates and
shown as in Fig. 3.3, where the integrals imply the summation over all the boundaries of
the control volume as

CyCIe: Qnetin = Wnetout (312)

This equation was originally stated for heat engines, where the purpose is to get some work
output with a heat input from a source that explains the traditional sign convention for heat
and work. Modern applications include heat pumps and refrigerators, where the work is the
driving input and the heat transfer is net out. One can therefore characterize all cycles as
energy conversion devices; the energy is conserved, but it comes out in a form different
from that of the input. Further discussion of such cycles is provided in Chapter 5, and the
details of the cycles are presented in Chapters 9 and 10.

Before we can apply the energy equation or the first law of thermodynamics, we need
to elaborate on the work and heat transfer terms as well as the internal energy.

3.3 THE DEFINITION OF WORK

The classical definition of work is mechanical work defined as a force F acting through a
displacement x, so incrementally

SW = Fdx

and the finite work becomes
2
1 W =/ Fdx (3.13)
1

To evaluate the work, it is necessary to know the force F as a function of x. In this section, we
show examples with physical arrangements that lead to simple evaluations of the force, so the
integration is straightforward. Real systems can be very complex, and some mathematical
examples will be shown without a mechanical explanation.

Work is energy in transfer and thus crosses the control volume boundary. In addition to
mechanical work by a single point force, it can be a rotating shaft, as in a car’s transmission
system; electrical work, as from a battery or a power outlet; or chemical work, to mention
a few other possibilities. Look at Fig. 3.4, with a simple system of a battery, a motor, and a
pulley. Depending upon the choice of control volume, the work crossing the surface, as in



FIGURE 3.4 Example
of work crossing the
boundary of a system.

sections A4, B, or C, can be electrical through the wires, mechanical by a rotating shaft out
of the motor, or a force from the rope on the pulley.

The potential energy expressed in Eq. 3.2 comes from the energy exchanged with the
gravitational field as a mass changes elevation. Consider the weight in Fig. 3.4, initially
at rest and held at some height measured from a reference level. If the pulley now slowly
turns, raising the weight, we have a force and a displacement expressed as

F =ma=mg
SW =—-FdZ = —dPE
with the negative sign as work goes in to raise the weight. Then we get
dPE=FdZ =mgdZ

and integration gives

PEZ ZZ
dPE=m/ gdZ
Z,

PE,
Assuming that g does not vary with Z (which is a very reasonable assumption for moderate
changes in elevation), we obtain

PE2 — PE1 = mg(22 - Zl) (314)

When the potential energy is included in the total energy, as in Eq. 3.2, the gravitational
force is not included in work calculated from Eq. 3.13. The other energy term in the energy
equation is the kinetic energy of the control mass, which is generated from a force applied
to the mass. Consider the horizontal motion of a mass initially at rest to which we apply a
force F' in the x direction. Assume that we have no heat transfer and no change in internal
energy. The energy equation, Eq. 3.4, will then become

W = —Fdx = —-dKE

But
AV dxdV dV
a " "V
Then

dKE = Fdx =mVd\V



FIGURE 3.5 Force
acting at radius r gives a
torque T = F;.

(3.15)

Units of Work

Our definition of work involves the product of a unit force (one newton) acting through a
unit distance (one meter). This unit for work in SI units is called the joule (/).

1J=1Nm

Power is the time rate of doing work and is designated by the symbol J#:

W= /4
o dt
The unit for power is a rate of work of one joule per second, which is a watt (W):
IW=11J/s

A familiar unit for power in English units is the horsepower (hp), where
1 hp = 550 ft1bf/s

Note that the work crossing the boundary of the system in Fig. 3.4 is that associated
with a rotating shaft. To derive the expression for power, we use the differential work

W =Fdx=Frdd=T4do

that is, force acting through a distance dx or a torque (7" = Fr) acting through an angle of
rotation, as shown in Fig. 3.5. Now the power becomes

. d
= =F =FV=Fr =To (3.16)

that is, force times rate of displacement (velocity) or torque times angular velocity.
It is often convenient to speak of the work per unit mass of the system, often termed
specific work. This quantity is designated w and is defined as

w

w —
m




Example 3.2 7 T
A car of mass 1100 kg drives with a velocity such that it has a kinetic energy of 400 kJ
(see Fig. 3.6). Find the velocity. If the car is raised with a crane, how high should it be
lifted in the standard gravitational field to have a potential energy that equals the kinetic
energy?

|
lg 1’ "?@.#)‘i_' :

FIGURE 3.6 Sketch for
Example 3.2.

Solution
The standard kinetic energy of the mass is

1
KE = EmVZ = 400kJ

From this we can solve for the velocity:

- 2KE 2 x400k]
m \ 1100kg

800 x 1000 N m 8000 kgms~> m
= = =27m/s

1100 kg 11kg

Standard potential energy is
PE =mgH

so when this is equal to the kinetic energy we get

KE 400 000 N'm

= =37.1m

~ mg  1100kg x 9.807 ms—2

Notice the necessity of converting the kJ to J in both calculations.

Example 3.2E = T

A car of mass 2400 lbm drives with a velocity such that it has a kinetic energy of
400 Btu. Find the velocity. If the car is raised with a crane, how high should it be lifted in
the standard gravitational field to have a potential energy that equals the kinetic energy?

Solution
The standard kinetic energy of the mass is

1
KE = Emv2 = 400 Btu




From this we can solve for the velocity:

ft Ibf lbm ft
2 x 400 Btu x 778.17—— x 32.174——
yo [KE_ | ZxTPEE Btu Ibf 52
m 2400 Ibm
=91.41t/s
Standard potential energy is
PE =mgH
so when this is equal to the kinetic energy KE we get
400 Btu x 778,170 37 1740
ux 778.17——
g KE_ Btu Ibf s
ft
"8 2400 Ibm x 32.174—
s
= 129.7 ft
. . . . Ib . .
Note the necessity of using the unit conversion 32.174 T in both calculations.
Example 3.3 7 ——

Consider a stone having a mass of 10 kg and a bucket containing 100 kg of liquid water.
Initially the stone is 10.2 m above the water, and the stone and the water are at the same
temperature, state 1. The stone then falls into the water.

Determine AU, AKE, APE, O, and W for the following changes of state, assuming
standard gravitational acceleration of 9.806 65 m/s.
a. The stone is about to enter the water, state 2.
b. The stone has just come to rest in the bucket, state 3.
c. Heat has been transferred to the surroundings in such an amount that the stone and

water are at the same temperature, 7', state 4.

Analysis and Solution
The energy equation for any of the steps is

AU+ AKE+ APE=Q — W

and each term can be identified for each of the changes of state.

a. The stone has fallen from Z, to Z,, and we assume no heat transfer as it falls. The water
has not changed state; thus

AU =0, 10, =0, W =0
and the first law reduces to
AKE + APE = 0
AKE = —APE = —mg(Z, — Z))
= —10kg x 9.806 65m/s* x (—10.2 m)
=1000J = 1kJ
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That is, for the process from state 1 to state 2,
AKE =1kJ and APE =—1kJ
b. For the process from state 2 to state 3 with zero kinetic energy, we have
APE = 0, 203 =0, 2W3=0
Then
AU+ AKE =0
AU = —AKE = 1kJ

c. In the final state, there is no kinetic or potential energy, and the internal energy is the
same as in state 1.

AU =—1kJ, AKE=0, APE=0, sWy;=0
304 = AU = —1KJ

In-Text Concept Questions

a. In a complete cycle, what is the net change in energy and in volume?

b. Explain in words what happens with the energy terms for the stone in Example 3.3.
What would happen if the object was a bouncing ball falling to a hard surface?

c. Make a list of at least five systems that store energy, explaining which form of energy
is involved.

d. A constant mass goes through a process in which 100 J of heat transfer comes in and
100 J of work leaves. Does the mass change state?

e. The electric company charges the customers per kW-hour. What is that is SI units?

f. Torque, energy, and work have the same units (Nm). Explain the difference.

3.4 WORK DONE AT THE MOVING BOUNDARY
OF A SIMPLE COMPRESSIBLE SYSTEM

We have already noted that there are a variety of ways in which work can be done on or by a
system. These include work done by a rotating shaft, electrical work, and work done by the
movement of the system boundary, such as the work done in moving the piston in a cylinder.
In this section we will consider in some detail the work done at the moving boundary of a
simple compressible system during a quasi-equilibrium process.

Consider as a system the gas contained in a cylinder and piston, as in Fig. 3.7. Remove
one of the small weights from the piston, which will cause the piston to move upward a
distance dL. We can consider this quasi-equilibrium process and calculate the amount of
work W done by the system during this process. The total force on the piston is P4, where



FIGURE 3.8 Useofa
P-V diagram to show
work done at the moving
boundary of a system in
a quasi-equilibrium
process.

P is the pressure of the gas and 4 is the area of the piston. Therefore, the work § W' is

SW = PAdL
But 4 dL = dV, the change in volume of the gas. Therefore,
SW =PdV (3.17)

The work done at the moving boundary during a given quasi-equilibrium process can be
found by integrating Eq. 3.17. However, this integration can be performed only if we know
the relationship between P and V' during this process. This relationship may be expressed
as an equation or it may be shown as a graph.

Let us consider a graphical solution first. We use as an example a compression process
such as occurs during the compression of air in a cylinder, Fig. 3.8. At the beginning of the
process the piston is at position 1, and the pressure is relatively low. This state is represented
on a pressure—volume diagram (usually referred to as a P—V diagram). At the conclusion
of the process the piston is in position 2, and the corresponding state of the gas is shown at
point 2 on the P—V diagram. Let us assume that this compression was a quasi-equilibrium
process and that during the process the system passed through the states shown by the line
connecting states 1 and 2 on the PV diagram. The assumption of a quasi-equilibrium
process is essential here because each point on line 1-2 represents a definite state, and these
states correspond to the actual state of the system only if the deviation from equilibrium is
infinitesimal. The work done on the air during this compression process can be found by
integrating Eq. 3.17:

2 2
1W2=/ 8W=/ Pav (3.18)
1 1

The symbol | 7, is to be interpreted as the work done during the process from state 1 to
state 2. It is clear from the P—V diagram that the work done during this process,

2
/ Pdv
1

is represented by the area under curve 1-2, area a—1-2—b—a. In this example the volume
decreased, and area a—1-2—-b—a represents work done on the system. If the process had
proceeded from state 2 to state 1 along the same path, the same area would represent work
done by the system.
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Further consideration of a PV diagram, such as Fig. 3.9, leads to another important
conclusion. It is possible to go from state 1 to state 2 along many different quasi-equilibrium
paths, such as 4, B, or C. Since the area under each curve represents the work for each
process, the amount of work done during each process not only is a function of the end
states of the process but also depends on the path followed in going from one state to another.
For this reason, work is called a path function or, in mathematical parlance, § W is an inexact
differential.

This concept leads to a brief consideration of point and path functions or, to use
other terms, exact and inexact differentials. Thermodynamic properties are point functions,
a name that comes from the fact that for a given point on a diagram (such as Fig. 3.9) or
surface (such as Fig. 2.7) the state is fixed, and thus there is a definite value for each property
corresponding to this point. The differentials of point functions are exact differentials, and

the integration is simply
2
/ dv ="V, -V,
1

Thus, we can speak of the volume in state 2 and the volume in state 1, and the change
in volume depends only on the initial and final states.

Work, however, is a path function, for, as has been indicated, the work done in a
quasi-equilibrium process between two given states depends on the path followed. The
differentials of path functions are inexact differentials, and the symbol § will be used in this
book to designate inexact differentials (in contrast to d for exact differentials). Thus, for

work, we write
2
/ SW = W,
1

It would be more precise to use the notation ;#,,, which would indicate the work
done during the change from state 1 to state 2 along path 4. However, the notation /7,
implies that the process between states 1 and 2 has been specified. Note that we never speak
about the work in the system in state 1 or state 2, and thus we never write W, — W.

So far, we have discussed boundary movement work in a quasi-equilibrium process.
We should also realize that there may very well be boundary movement work in a nonequi-
librium process. Then the total force exerted on the piston by the gas inside the cylinder, P4,
does not equal the external force, Fy, and the work is not given by Eq. 3.17. The work can,
however, be evaluated in terms of Fey; or, dividing by area, an equivalent external pressure,
Py. The work done at the moving boundary in this case is

SW = FoudL = PeedV (3.19)



Evaluation of Eq. 3.19 in any particular instance requires a knowledge of how the external
force or pressure changes during the process. For this reason, the integral in Eq. 3.18 is
often called the indicated work.

Example 3.4 — =
Consider a slightly different piston/cylinder arrangement, as shown in Fig. 3.10. In this
example the piston is loaded with a mass m,, the outside atmosphere Py, a linear spring,

and a single point force F';. The piston traps the gas inside with a pressure P. A force
balance on the piston in the direction of motion yields

mpaEO=ZFT—ZF¢

Fy

FIGURE 3.10 Sketch of the physical system
for Example 3.4.

with a zero acceleration in a quasi-equilibrium process. The forces, when the spring is in
contact with the piston, are

> F; = P4, Y F =mpg+ PoA +ki(x —x0) + Fi

with the linear spring constant, k. The piston position for a relaxed spring is x(, which
depends on how the spring is installed. The force balance then gives the gas pressure by
division with area 4 as

P =Py+[mpg+ Fi + ki(x —x0)]/4

To illustrate the process in a PV diagram, the distance x is converted to volume by
division and multiplication with 4:
myg Fi kg
P=P+-—224+—_+ =V -WV)=C1+CV
o+ =+t 0)=Ci+C

This relation gives the pressure as a linear function of the volume, with the line
having a slope of C, = k,/A4%. Possible values of P and V are as shown in Fig. 3.11 for
an expansion. Regardless of what substance is inside, any process must proceed along the
line in the PV diagram. The work term in a quasi-equilibrium process then follows as

2
Wy = / P dV = area under the process curve
1

W

%(PH + P) (V2 — 1)
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For a contraction instead of an expansion, the process would proceed in the opposite
direction from the initial point 1 along a line of the same slope shown in Fig. 3.11.

Example 3.5 — —
Consider the system shown in Fig. 3.12, in which the piston of mass 1, is initially held in
place by a pin. The gas inside the cylinder is initially at pressure P; and volume V';. When
the pin is released, the external force per unit area acting on the system (gas) boundary is
comprised of two parts:

Pext=Fext/A=P0+mpg/A

Calculate the work done by the system when the piston has come to rest.

After the piston is released, the system is exposed to the boundary pressure equal to
Py, which dictates the pressure inside the system, as discussed in Section 1.7 in connection
with Fig. 1.10. We further note that neither of the two components of this external force
will change with a boundary movement, since the cylinder is vertical (gravitational force)
and the top is open to the ambient surroundings (movement upward merely pushes the
air out of the way). If the initial pressure P; is greater than that resisting the boundary,
the piston will move upward at a finite rate, that is, in a nonequilibrium process, with
the cylinder pressure eventually coming to equilibrium at the value Py If we were able
to trace the average cylinder pressure as a function of time, it would typically behave as
shown in Fig. 3.13. However, the work done by the system during this process is done
against the force resisting the boundary movement and is therefore given by Eq. 3.19.
Also, since the external force is constant during this process, the result is

2
1W2=/ Pexthzpext(VZ_ Vl)
1

where ¥/, is greater than V|, and the work done by the system is positive. If the initial
pressure had been less than the boundary pressure, the piston would have moved downward,



FIGURE 3.13 Cylinder pressure as

Time 3 function of time.

compressing the gas, with the system eventually coming to equilibrium at Py, at a volume
less than the initial volume, and the work would be negative, that is, done on the system
by its surroundings.

The work term can be examined by measuring the pressure and volume during a pro-
cess from which we can evaluate the integral in Eq. 3.14. Using curve fitting and numerical
methods, we can estimate the work term as the area below the process curve in the P—V
diagram. However, it is also useful if the whole process curve can be approximated with an
analytical function. In that case, the integration can be done mathematically, knowing the
values of the parameters in the function. For this purpose, a simple mathematical form of
the curve called a polytropic process has been used, with just two parameters, an exponent
and a constant, as

PV" = constant (3.20)

The polytropic exponent 7 is indicative of the type of process, and it can vary from minus
to plus infinity. Several simple processes fall into this class of functions. For instance, for
n = 0 we have a constant pressure process, and for the limits of # — +00 we have a constant
volume process. For this process equation we calculate the integral in Eq. 3.14 as

PV" = constant = P V' = PV}

constant PV PV}

Vn Vn Vn

2 2 4v y—ntl
/ P dV = constant / —— = constant
1 1 Vn —n + 1 1

2 nyrl—n nyl—n
constant PV, — PV,
/ PdV (Vlfn_Vllfn) 272 ¥ [ESUS!
1

2

1—n 2 1—n

_bBh-nAh (3.21)
N 1—n
Note that the resulting equation, Eq. 3.21, is valid for any exponent n except n = 1. Where
n=1,

PV = constant = PV, = P, V>



and

2 2
1 v "

Note that in Egs. 3.21 and 3.22 we did not say that the work is equal to the expressions
given in these equations. These expressions give us the value of a certain integral, that is,
a mathematical result. Whether or not that integral equals the work in a particular process
depends on the result of a thermodynamic analysis of that process. It is important to keep the
mathematical result separate from the thermodynamic analysis, for there are many situations
in which work is not given by Eq. 3.18.

The polytropic process as described demonstrates one special functional relationship
between P and V' during a process. There are many other possible relations, some of which
will be examined in the problems at the end of this chapter.

Example 3.6 7 ——
Consider as a system the gas in the cylinder shown in Fig. 3.14; the cylinder is fitted with
a piston on which a number of small weights are placed. The initial pressure is 200 kPa,
and the initial volume of the gas is 0.04 m®.

a. Let a Bunsen burner be placed under the cylinder, and let the volume of the gas increase
= to 0.1 m® while the pressure remains constant. Calculate the work done by the system

[[II._II]] during this process.

2
Gas W) = /; Pdv
Since the pressure is constant, we conclude from Eq. 3.18 and Eq. 3.21 with » = 0 that
FIGURE 3.14 2
Sketch for W = P/ dv =PV, — 1)
Example 3.6. !

| W5 = 200kPa x (0.1 — 0.04)m> = 12.0kJ

b. Consider the same system and initial conditions, but at the same time that the Bunsen
burner is under the cylinder and the piston is rising. Remove weights from the piston
at such a rate that, during the process, the temperature of the gas remains constant.

If we assume that the ideal-gas model is valid, then, from Eq. 2.9,

PV =mRT

We note that this is a polytropic process with exponent » = 1. From our analysis, we
conclude that the work is given by Eq. 3.18 and that the integral in this equation is given
by Eq. 3.22. Therefore,

2 V2
1W2=/ Pdeprlln—
1 4

0.10
=200kPa x 0.04m*> x In —— = 7.33kJ
a X el

¢. Consider the same system, but during the heat transfer remove the weights at such a
rate that the expression PV'!* = constant describes the relation between pressure and
volume during the process. Again, the final volume is 0.1 m®. Calculate the work.



This is a polytropic process in which n = 1.3. Analyzing the process, we conclude
again that the work is given by Eq. 3.18 and that the integral is given by Eq. 3.21.
Therefore,

0.04\ '3
Py = 200(—) = 60.77 kPa

0.10
2
PV, — PV 60.77 x 0.1 — 200 x 0.04
1Wz=/PdV= 22 L X X kPam’
. 1-13 1-1.3
=6.41 kJ

d. Consider the system and the initial state given in the first three examples, but let the
piston be held by a pin so that the volume remains constant. In addition, let heat be
transferred from the system until the pressure drops to 100 kPa. Calculate the work.

Since W = P dV for a quasi-equilibrium process, the work is zero, because
there is no change in volume. This can also be viewed as a limit of a polytropic process
for n — oo, and thus Eq. 3.21 gives zero work.

The process for each of the four examples is shown on the P—V diagram of
Fig. 3.15. Process 1—2a is a constant-pressure process, and area 1-2a—f—e—1 represents
the work. Similarly, line 1-2b represents the process in which PV = constant, line 1-2¢
the process in which PV'!* = constant, and line 1-2d the constant-volume process. The
student should compare the relative areas under each curve with the numerical results
obtained for the amounts of work done.

In-Text Concept Questions

g. What is roughly the relative magnitude of the work in process 1-2c¢ versus process
1-2a shown in Fig. 3.15?

h. Helium gas expands from 125 kPa, 350 K and from 0.25 m? to 100 kPa in a polytropic
process with n = 1.667. Is the work positive, negative, or zero?

i. Anideal gas goes through an expansion process in which the volume doubles. Which
process will lead to the larger work output: an isothermal process or a polytropic
process with n = 1.25?

FIGURE 3.15 P-v
diagram showing work
done in the various
processes of

Example 3.6.




3.5 DEFINITION OF HEAT

The thermodynamic definition of heat is somewhat different from the everyday understand-
ing of the word. It is essential to understand clearly the definition of heat given here, because
it plays a part in many thermodynamic problems.

If a block of hot copper is placed in a beaker of cold water, we know from experience
that the block of copper cools down and the water warms up until the copper and water
reach the same temperature. What causes this decrease in the temperature of the copper and
the increase in the temperature of the water? We say that it is the result of the transfer of
energy from the copper block to the water. It is from such a transfer of energy that we arrive
at a definition of heat.

Heat is defined as the form of energy that is transferred across the boundary of a system
at a given temperature to another system (or the surroundings) at a lower temperature by
virtue of the temperature difference between the two systems. That is, heat is transferred
from the system at the higher temperature to the system at the lower temperature, and the
heat transfer occurs solely because of the temperature difference between the two systems.
Another aspect of this definition of heat is that a body never contains heat. Rather, heat
can be identified only as it crosses the boundary. Thus, heat is a transient phenomenon.
If we consider the hot block of copper as one system and the cold water in the beaker
as another system, we recognize that originally neither system contains any heat (they do
contain energy, of course). When the copper block is placed in the water and the two are in
thermal communication, heat is transferred from the copper to the water until equilibrium
of temperature is established. At this point we no longer have heat transfer, because there
is no temperature difference. Neither system contains heat at the conclusion of the process.
It also follows that heat is identified at the boundary of the system, for heat is defined as
energy transferred across the system boundary.

Heat, like work, is a form of energy transfer to or from a system. Therefore, the units
for heat, and for any other form of energy as well, are the same as the units for work, or at
least are directly proportional to them. In the International System the unit for heat (energy)
is the joule. In the English System, the foot pound force is an appropriate unit for heat.
However, another unit came to be used naturally over the years, the result of an association
with the process of heating water, such as that used in connection with defining heat in the
previous section. Consider as a system 1 Ibm of water at 59.5 F. Let a block of hot copper of
appropriate mass and temperature be placed in the water so that when thermal equilibrium
is established, the temperature of the water is 60.5 F. This unit amount of heat transferred
from the copper to the water in this process is called the British thermal unit (Btu). More
specifically, it is called the 60-degree Btu, defined as the amount of heat required to raise
1 Ibm of water from 59.5 F to 60.5 F. (The Btu as used today is actually defined in terms of
the standard SI units.) It is worth noting here that a unit of heat in metric units, the calorie,
originated naturally in a manner similar to the origin of the Btu in the English System. The
calorie is defined as the amount of heat required to raise 1 g of water from 14.5°C to 15.5°C.

Heat transferred 7o a system is considered positive, and heat transferred from a system
is considered negative. Thus, positive heat represents energy transferred to a system, and
negative heat represents energy transferred from a system. The symbol Q represents heat.
A process in which there is no heat transfer (Q = 0) is called an adiabatic process.

From a mathematical perspective, heat, like work, is a path function and is recognized
as an inexact differential. That is, the amount of heat transferred when a system undergoes
a change from state 1 to state 2 depends on the path that the system follows during the



change of state. Since heat is an inexact differential, the differential is written as §Q0. On

integrating, we write
2
[ s0=10:
1

In words, | O, is the heat transferred during the given process between states 1 and 2.
It is also convenient to speak of the heat transfer per unit mass of the system, g, often
termed specific heat transfer, which is defined as

Y

m

q

3.6, HEAT TRANSFER MODES

Heat transfer is the transport of energy due to a temperature difference between different
amounts of matter. We know that an ice cube taken out of the freezer will melt when it is
placed in a warmer environment such as a glass of liquid water or on a plate with room air
around it. From the discussion about energy in Section 1.8, we realize that molecules of
matter have translational (kinetic), rotational, and vibrational energy. Energy in these modes
can be transmitted to the nearby molecules by interactions (collisions) or by exchange of
molecules such that energy is emitted by molecules that have more on average (higher
temperature) to those that have less on average (lower temperature). This energy exchange
between molecules is heat transfer by conduction, and it increases with the temperature
difference and the ability of the substance to make the transfer. This is expressed in Fourier’s
law of conduction,
0 =—k4 ar (3.23)
dx
giving the rate of heat transfer as proportional to the conductivity, &, the total area, A4,
and the temperature gradient. The minus sign indicates the direction of the heat transfer
from a higher-temperature to a lower-temperature region. Often the gradient is evaluated
as a temperature difference divided by a distance when an estimate has to be made if a
mathematical or numerical solution is not available.

Values of conductivity, &, are on the order of 100 W/m K for metals, 1 to 10 for
nonmetallic solids as glass, ice, and rock, 0.1 to 10 for liquids, around 0.1 for insulation
materials, and 0.1 down to less than 0.01 for gases.

A different mode of heat transfer takes place when a medium is flowing, called
convective heat transfer. In this mode the bulk motion of a substance moves matter with
a certain energy level over or near a surface with a different temperature. Now the heat
transfer by conduction is dominated by the manner in which the bulk motion brings the two
substances in contact or close proximity. Examples are the wind blowing over a building
or flow through heat exchangers, which can be air flowing over/through a radiator with
water flowing inside the radiator piping. The overall heat transfer is typically correlated
with Newton’s law of cooling as

O = Ah AT (3.24)

where the transfer properties are lumped into the heat transfer coefficient, 4, which then
becomes a function of the media properties, the flow and geometry. A more detailed study



of fluid mechanics and heat transfer aspects of the overall process is necessary to evaluate
the heat transfer coefficient for a given situation.
Typical values for the convection coefficient (all in W/m? K) are:

Natural convection h = 5-25, gas h = 50-1000, liquid
Forced convection h = 25-250, gas h = 50-20 000, liquid
Boiling phase change h =2500-100 000

The final mode of heat transfer is radiation, which transmits energy as electromagnetic
waves in space. The transfer can happen in empty space and does not require any matter,
but the emission (generation) of the radiation and the absorption do require a substance to
be present. Surface emission is usually written as a fraction, emissivity &, of a perfect black
body emission as

Q=¢e0AT! (3.25)

with the surface temperature, 7', and the Stefan-Boltzmann constant, o. Typical values of
emissivity range from 0.92 for nonmetallic surfaces to 0.6 to 0.9 for nonpolished metallic
surfaces to less than 0.1 for highly polished metallic surfaces. Radiation is distributed over
arange of wavelengths and it is emitted and absorbed differently for different surfaces, but
such a description is beyond the scope of this book.

Example 3.7 — —

Consider the constant transfer of energy from a warm room at 20°C inside a house to
the colder ambient temperature of —10°C through a single-pane window, as shown in
Fig. 3.16.

The temperature variation with distance from the outside glass surface is shown
by an outside convection heat transfer layer, but no such layer is inside the room (as a
simplification). The glass pane has a thickness of 5 mm (0.005 m) with a conductivity of
1.4 W/m K and a total surface area of 0.5 m?. The outside wind is blowing, so the convective
heat transfer coefficient is 100 W/m? K. With an outer glass surface temperature of 12.1°C,
we would like to know the rate of heat transfer in the glass and the convective layer.

For the conduction through the glass we have

. dT AT \W% 20 -12.1K

=—kA—=—-kA— =—-14—x05m*——— = —1106 W
© dx Ax mK 0.005 m
T
T,
Tw ? Troom
Outside Glass Inside | ——
<§ TS ’f
4conv 4cond
| T |
0 t x 0 t x

FIGURE 3.16 Conduction and convection heat transfer through a window
pane.



and the negative sign shows that energy is leaving the room. For the outside convection
layer we have

O = hd AT = 100—
o a m?2 K

x 0.5m?[12.1 — (=10)] K = 1105 W

with a direction from the higher to the lower temperature, that is, toward the outside.

3.7 INTERNAL ENERGY—A THERMODYNAMIC
PROPERTY

Internal energy is an extensive property because it depends on the mass of the system.
Kinetic and potential energies are also extensive properties.

The symbol U designates the internal energy of a given mass of a substance. Following
the convention used with other extensive properties, the symbol u designates the internal
energy per unit mass. We could speak of « as the specific internal energy, as we do with
specific volume. However, because the context will usually make it clear whether v or U
is referred to, we will use the term internal energy to refer to both internal energy per unit
mass and the total internal energy.

In Chapter 2 we noted that in the absence of motion, gravity, surface effects, electricity,
or other effects, the state of a pure substance is specified by two independent properties.
It is very significant that, with these restrictions, the internal energy may be one of the
independent properties of a pure substance. This means, for example, that if we specify
the pressure and internal energy (with reference to an arbitrary base) of superheated steam,
the temperature is also specified.

Thus, in tables of thermodynamic properties such as the steam tables, the value of
internal energy can be tabulated along with other thermodynamic properties. Tables 1 and 2
of the steam tables (Tables B.1.1 and B.1.2) list the internal energy for saturated states. In-
cluded are the internal energy of saturated liquid i, the internal energy of saturated vapor u,,
and the difference between the internal energy of saturated liquid and saturated vapor u.
The values are given in relation to an arbitrarily assumed reference state, which, for water in
the steam tables, is taken as zero for saturated liquid at the triple-point temperature, 0.01°C.
All values of internal energy in the steam tables are then calculated relative to this reference
(note that the reference state cancels out when finding a difference in u between any two
states). Values for internal energy are found in the steam tables in the same manner as for
specific volume. In the liquid—vapor saturation region,

U = Uiig + Usap
or
mu = miiq y + Myapllg
Dividing by m and introducing the quality x gives
u=(1—-xus+xug

u=us+Xxus



As an example, the specific internal energy of saturated steam having a pressure of
0.6 MPa and a quality of 95% can be calculated as

U=+ Xty =669.9 +0.95(1897.5) = 2472.5 kI /kg

Values for u in the superheated vapor region are tabulated in Table B.1.3, for compressed
liquid in Table B.1.4, and for solid—vapor in Table B.1.5.

Examp|3.8 —

Determine the missing property (P, 7', or x) and v for water at each of the following states:

a. I’ =300°C, u = 2780 kl/kg
b. P =2000 kPa, u = 2000 kJ/kg

For each case, the two properties given are independent properties and therefore fix the
state. For each, we must first determine the phase by comparison of the given information
with phase boundary values.

a. At300°C, from Table B.1.1, u, = 2563.0 kJ/kg. The given u > u,, so the state is in the
superheated vapor region at some P less than P,, which is 8581 kPa. Searching through
Table B.1.3 at 300°C, we find that the value u = 2780 is between given values of u at
1600 kPa (2781.0) and 1800 kPa (2776.8). Interpolating linearly, we obtain

P = 1648 kPa

Note that quality is undefined in the superheated vapor region. At this pressure, by
linear interpolation, we have v = 0.1542 m?/kg.

b. At P = 2000 kPa, from Table B.1.2, the given u of 2000 klJ/kg is greater than
ur (906.4) but less than u, (2600.3). Therefore, this state is in the two-phase region with
T'=T,=2124°C, and

u = 2000 = 906.4 + x1693.8, x = 0.6456
Then,
v =0.001 177 + 0.6456 x 0.098 45 = 0.064 74 m> /kg.

In-Text Concept Questions

j. Water is heated from 100 kPa, 20°C to 1000 kPa, 200°C. In one case, pressure is
raised at 7 = C; then T is raised at P = C. In a second case, the opposite order is
used. Does that make a difference for O, and | W,?

k. A rigid insulated tank A4 contains water at 400 kPa, 800°C. A pipe and valve connect
this to another rigid insulated tank B of equal volume having saturated water vapor at
100 kPa. The valve is opened and stays open while the water in the two tanks comes
to a uniform final state. Which two properties determine the final state?



3.8 PROBLEM ANALYSIS AND
SOLUTION TECHNIQUE

At this point in our study of thermodynamics, we have progressed sufficiently far (that is,
we have accumulated sufficient tools with which to work) that it is worthwhile to develop a
somewhat formal technique or procedure for analyzing and solving thermodynamic prob-
lems. For the time being, it may not seem entirely necessary to use such a rigorous procedure
for many of our problems, but we should keep in mind that as we acquire more analytical
tools, the problems that we are capable of dealing with will become much more complicated.
Thus, it is appropriate that we begin to practice this technique now in anticipation of these
future problems.

The following steps show a systematic formulation of thermodynamics problems so
that it can be understood by others and it ensures that no shortcuts are taken, thus eliminating
many errors that otherwise occur due to oversight of basic assumptions that may not apply.

1. Make a sketch of the physical system with components and illustrate all mass flows,
heat flows, and work rates. Include an indication of forces like external pressures and
single-point forces.

2. Define (i.e., choose) a control mass or control volume by placing a control surface
that contains the substance/device you want to analyze. Indicate the presence of all
the transfer terms into and out of the control volume and label different parts of the
system if they do not have the same thermodynamic state.

3. Write the general laws for each of the chosen control volumes (for now we just use
the energy equation, but later we will use several laws). If a transfer term leaves one
control volume and enters another, you should have one term in each equation with
the opposite sign.

4. Write down the auxiliary or particular laws for whatever is inside each of the control
volumes. The constitution of a substance is either written down or referenced to a
table. The equation for a given process is normally easily written down; it is given by
the way the system or device is constructed and often is an approximation to reality.
That is, we make a simplified mathematical model of the real-world behavior.

5. Finish the formulation by combining all the equations (don’t use numbers yet); then
check which quantities are known and which are unknown. It is important to specify
all the states by determining which two independent properties determine any given
state. This task is most easily done by illustrating all the processes and states in a
(P—v), (T—v), or similar diagram. These diagrams are also helpful in table lookup and
locating a state.

As we write the energy equation
1
Up = Ur + 5m(Vy = V1) +mg(Za = Z) =102 = 7 (326)

we must also consider the various terms of the storage. If the mass does not move signif-
icantly, either with a high speed or in elevation, then assume that the changes in kinetic
energy and/or potential energy are small.

It is not always necessary to write out all these steps, and in the majority of the
examples throughout this book we will not do so. However, when faced with a new and
unfamiliar problem, the student should always at least think through this set of questions



to develop the ability to solve more challenging problems. In solving the problem in the

following example, we will use this technique in detail.

v ™

Examp|3.9 — —

A vessel having a volume of 5 m? contains 0.05 m? of saturated liquid water and 4.95 m?
of saturated water vapor at 0.1 MPa. Heat is transferred until the vessel is filled with
saturated vapor. Determine the heat transfer for this process.

Control mass:

All the water inside the vessel.

Sketch:  Fig. 3.17.
Initial state:  Pressure, volume of liquid, volume of vapor; therefore, state 1 is fixed.
Final state:  Somewhere along the saturated-vapor curve; the water was heated, so
P n = 2 ilo
Process:  Constant volume and mass; therefore, constant specific volume.
Diagram: Fig. 3.18.
Model: Steam tables.
VAP H,0

FIGURE 3.17 Sketch for Example 3.9.

T
Process eq.
cp. W
Py
State 2
2 saturated
vapor
A
| AN
FIGURE 3.18 Diagram
Vo=V; V' for Example 3.9.
Analysis

From the energy equation we have

2 2

V; -V
U2—U1+m%+mg(22—21)=1Q2—1W2



By examining the control surface for various work modes, we conclude that the work
for this process is zero. Furthermore, the system is not moving, so there is no change in
kinetic energy. There is a small change in the center of mass of the system, but we will
assume that the corresponding change in potential energy (in kilojoules) is negligible.
Therefore,

102 =U, = U,

Solution
The heat transfer will be found from the energy equation. State 1 is known, so U; can be
calculated. The specific volume at state 2 is also known (from state 1 and the process).
Since state 2 is saturated vapor, state 2 is fixed, as is seen in Fig. 3.18. Therefore, U, can
also be found.

The solution proceeds as follows:

Vi 0.05
Mig= —3 = —— " _ —47.94kg
vy 0.001043
2 4.95
My vap = — = =2.92kg
ve  1.6940

Then
U =m ligh11iqg + M1 vapU1 vap
— 47.94(417.36) + 2.92(2506.1) = 27 326 kJ

To determine u; we need to know two thermodynamic properties, since this determines
the final state. The properties we know are the quality, x = 100%, and v,, the final specific
volume, which can readily be determined.

m = myiq+ m vap = 47.94 +2.92 = 50.86 kg

14 5.0
=—=—""=0.09831m’/k
V2= T 50.86 m’/ke

In Table B.1.2 we find, by interpolation, that at a pressure of 2.03 MPa, v, = 0.098 31
m?/kg. The final pressure of the steam is therefore 2.03 MPa. Then

u, = 2600.5kI/kg
Uy = mus = 50.86(2600.5) = 132261 kJ
102 = Us — Uy = 132261 — 27326 = 104935kJ

Examp|3.9E —

A vessel having a volume of 100 ft* contains 1 ft* of saturated liquid water and 99 ft*
of saturated water vapor at 14.7 1bf/in.2. Heat is transferred until the vessel is filled with
saturated vapor. Determine the heat transfer for this process.



Control mass:  All the water inside the vessel.
Sketch:  Fig. 3.17.

Initial state:  Pressure, volume of liquid, volume of vapor; therefore, state 1 is fixed.
Final state:  Somewhere along the saturated-vapor curve; the water was heated, so
Py > P;.
Process:  Constant volume and mass; therefore, constant specific volume.
Diagram:  Fig. 3.18.
Model:  Steam tables.

Analysis

(Vi-V)

2 +mg(Zy, — Z1) =102 — 1 W

Energy Eq.: U,—-U +m
By examining the control surface for various work modes, we conclude that the work for
this process is zero. Furthermore, the system is not moving, so there is no change in kinetic
energy. There is a small change in the center of mass of the system, but we will assume
that the corresponding change in potential energy is negligible (compared to other terms).
Therefore,

102 =U, = U

Solution
The heat transfer will be found from the first law of thermodynamics. State 1 is known, so
U, can be calculated. Also, the specific volume at state 2 is known (from state 1 and the
process). Since state 2 is saturated vapor, state 2 is fixed, as is seen in Fig. 3.18. Therefore,
U, can also be found.

The solution proceeds as follows:

v |
Mg = —% = —— =59811bm
v, 001672
V. 99
Mgy = —2 = —— =3.69Ibm
ve | 26.80

Then

Ul = M liqU1 liq + my vapU1 vap

= 59.81(180.1) + 3.69(1077.6) = 14 748 Btu

To determine u, we need to know two thermodynamic properties, since this determines
the final state. The properties we know are the quality, x = 100%, and v,, the final specific
volume, which can readily be determined.

m = mi g+ mi v = 59.81 + 3.69 = 63.50 Ibm

V100
= = —1575f/b
V2= T 63,50 /lom



In Table F7.1 of the steam tables we find, by interpolation, that at a pressure of 294 Ibf/in.?,
Ve = 1.575 ft3/Ibm. The final pressure of the steam is therefore 294 Ibf/in.2. Then
up; = 1117.0 Btu/lbm
U, = muy = 63.50(1117.0) = 70 930 Btu
10, = U, — U; =70930 — 14 748 = 56 182 Btu

Examp|3.10 —

The piston/cylinder setup of Example 3.4 contains 0.5 kg of ammonia at —20°C with
a quality of 25%. The ammonia is now heated to +20°C, at which state the volume is
observed to be 1.41 times larger. Find the final pressure, the work the ammonia produced,
and the heat transfer.

Solution
The forces acting on the piston, the gravitation constant, the external atmosphere at con-
stant pressure, and the linear spring give a linear relation between P and v(V).

Process: P = C; + C,v; see Example 3.5, Fig. 3.12
State 1. (T, x1) from Table B.2.1
P = Py = 190.2 kPa
Vi =V +x1vse = 0.001 504 + 0.25 x 0.621 84 = 0.156 96 m* /kg
Uy =uy+xiupe = 88.76 + 0.25 x 1210.7 = 391.44 kJ /kg
State 2: (Tr, vy = 1.41v; = 1.41 x 0.156 96 = 0.2213 m®/kg)
Table B.2.2 state very close to P, = 600 kPa, u, >~ 1347.9 k] /kg

The work term can now be integrated, knowing P versus v, and can be seen as the area in
the P—v diagram, shown in Fig. 3.19.

2 2
1
1W2=/ PdVZ/ Pmdv=area=m5(P1+P2)(vz—v1)
1 1

1
= 0.5kg(190.2 + 600) kPa (0.2213 — 0.156 96) m’ /kg

=12.71kJ
102 =m (uz —uy) + W u
= 0.5kg(1347.9 = 391.44) +1271K

= 490.94kJ



P T
= cP. cP.
2 2

600 |- 20
1 1

190 - —20{~

[T
NH,
v v

FIGURE 3.19 Diagrams for Example 3.10.

Example 3.11 - —
The piston/cylinder setup shown in Fig. 3.20 contains 0.1 kg of water at 1000 kPa, 500°C.
The water is now cooled with a constant force on the piston until it reaches half of the
initial volume. After this it cools to 25°C while the piston is against the stops. Find the
final water pressure and the work and heat transfer in the overall process, and show the
process in a P—v diagram.

FIGURE 3.20 Sketch for Example 3.11.

Solution
We recognize that this is a two-step process, one of constant P and one of constant V. This
behavior is dictated by the construction of the device.

State I: (P, T) From Table B.1.3; v; = 0.354 11 m*/kg, u; = 3124.34 kJ/kg
Process 1-1a: P = constant = F/4
la-2: v =constant=v;, = v, = /2
State 2: (T, v, = v1/2 = 0.177 06 m*/kg)

0.17706 — 0.001 003
43.3583

Xo =2 —Vvy)/vie =

= 0.004 0605

Uy = Uy + Xou 7y = 104.86 4 0.004 0605 x 2304.9
= 114.219kJ/kg



From Table B.1.1, v, < vg, so the state is two phase and P, = P, = 3.169 kPa.

2 2
1W2=/ PdV:m/ Pdv=mP(vi,—vi)+0
1 1

= 0.1kg x 1000 kPa (0.177 06 — 0.345 11) m3/kg = —17.7kJ

Note that the work done from 1a to 2 is zero (no change in volume), as shown in Fig. 3.21.

102 =m (uy —uy) + (W2
= 0.1kg(114.219 — 3124.34) kl/kg — 17.7k]

= —318.71kJ

P T
500

1a 1

1000 —

180
3= 2 25

| |

0.177 0.354 VvV

1a Py

v

FIGURE 3.21
Diagrams for
Example 3.11.

3.9 THE THERMODYNAMIC PROPERTY ENTHALPY

In analyzing specific types of processes, we frequently encounter certain combinations of
thermodynamic properties, which are therefore also properties of the substance undergoing
the change of state. To demonstrate one such situation, let us consider a control mass
undergoing a quasi-equilibrium constant-pressure process, as shown in Fig. 3.22. Assume
that there are no changes in kinetic or potential energy and that the only work done during
the process is that associated with the boundary movement. Taking the gas as our control
mass and applying the energy equation, Eq. 3.5, we have, in terms of O,

U, = U =10, — 1,

FIGURE 3.22 The The work done can be calculated from the relation

constant-pressure
quasi-equilibrium W
process. 2=

Since the pressure is constant,

2
/ PdVv
1

2
1W2=P/ dV =PV, — ")
1



Therefore,

10 =U, — Uy + PV, — P11
=+ P1)— U+ P )

We find that, in this very restricted case, the heat transfer during the process is given
in terms of the change in the quantity U + PV between the initial and final states. Because
all these quantities are thermodynamic properties, that is, functions only of the state of the
system, their combination must also have these same characteristics. Therefore, we find it
convenient to define a new extensive property, the enthalpy,

H=U+ PV (3.27)
or, per unit mass,
h=u+ Pv (3.28)

As for internal energy, we could speak of specific enthalpy, 4, and total enthalpy, H. However,
we will refer to both as enthalpy, since the context will make it clear which is being discussed.

The heat transfer in a constant-pressure, quasi-equilibrium process is equal to the
change in enthalpy, which includes both the change in internal energy and the work for this
particular process. This is by no means a general result. It is valid for this special case only
because the work done during the process is equal to the difference in the PV product for
the final and initial states. This would not be true if the pressure had not remained constant
during the process.

The significance and use of enthalpy are not restricted to the special process just
described. Other cases in which this same combination of properties # + Pv appears will
be developed later, notably in Chapter 4, where we discuss control volume analyses. Our
reason for introducing enthalpy at this time is that although the tables in Appendix B list
values for internal energy, many other tables and charts of thermodynamic properties give
values for enthalpy but not for internal energy. Therefore, it is necessary to calculate internal
energy at a state using the tabulated values and Eq. 3.28:

u=h—Pv

Students often become confused about the validity of this calculation when analyzing
system processes that do not occur at constant pressure, for which enthalpy has no physical
significance. We must keep in mind that enthalpy, being a property, is a state or point
function, and its use in calculating internal energy at the same state is not related to, or
dependent on, any process that may be taking place.

Tabular values of internal energy and enthalpy, such as those included in Tables B.1
through B.7, are all relative to some arbitrarily selected base. In the steam tables, the internal
energy of saturated liquid at 0.01°C is the reference state and is given a value of zero. For
refrigerants, such as R-134a, R-410a, and ammonia, the reference state is arbitrarily taken
as saturated liquid at —40°C. The enthalpy in this reference state is assigned the value of
zero. Cryogenic fluids, such as nitrogen, have other arbitrary reference states chosen for
enthalpy values listed in their tables. Because each of these reference states is arbitrarily
selected, it is always possible to have negative values for enthalpy, as for saturated-solid
water in Table B.1.5. When enthalpy and internal energy are given values relative to the
same reference state, as they are in essentially all thermodynamic tables, the difference
between internal energy and enthalpy at the reference state is equal to Pv. Since the specific
volume of the liquid is very small, this product is negligible as far as the significant figures



of the tables are concerned, but the principle should be kept in mind, for in certain cases it is
significant.

The enthalpy of a substance in a saturation state and with a given quality is found in
the same way as the specific volume and internal energy. The enthalpy of saturated liquid
has the symbol 4y, saturated vapor /,, and the increase in enthalpy during vaporization /.
For a saturation state, the enthalpy can be calculated by one of the following relations:

h={0—=x)hy+xhg
h = hy+xhyg
The enthalpy of compressed liquid water may be found from Table B.1.4. For sub-

stances for which compressed-liquid tables are not available, the enthalpy is taken as that
of saturated liquid at the same temperature.

Examp|3.12 7 ~

A cylinder fitted with a piston has a volume of 0.1 m? and contains 0.5 kg of steam at
0.4 MPa. Heat is transferred to the steam until the temperature is 300°C, while the pressure
remains constant.

Determine the heat transfer and the work for this process.

Control mass:  Water inside cylinder.
Process: Constant pressure, Py = P

Initial state: Py, V1, m; therefore, v; is known, state 1 is fixed (at Py, vi, check
steam tables—two-phase region).

Final state:  P,, T»; therefore, state 2 is fixed (superheated).
Diagram: Fig. 3.23.
Model: Steam tables.

AN e

\%4 1
FIGURE 3.23 The constant-pressure quasi-equilibrium process.

Analysis
There is no change in kinetic energy or potential energy. Work is done by movement at
the boundary. Assume the process to be quasi-equilibrium. Since the pressure is constant,
we have

2 2
1W2=/ PdV:P/ dV = P(Vs — Vi) = m(Psvs — Pyvy)
1 1



Therefore, the energy equation is, in terms of Q,

102 =m(uy —uy) + 1 W,
=m(uy — uy) + m(Pvy — Pyvy) =m(hy — hy)

Solution
There is a choice of procedures to follow. State 1 is known, so v; and 4; (or u;) can
be found. State 2 is also known, so v, and %, (or u;) can be found. Using the first law
of thermodynamics and the work equation, we can calculate the heat transfer and work.
Using the enthalpies, we have

v, 01md m?
= 2 0.2 = (0.001084 + x,0.4614) 7
M= T 05kg ( = Vg
0.1989
= % 04311
1= 04614
hy = hf +x1hfg

= 604.74 + 0.4311 x 2133.8 = 1524.7kJ/kg
hy = 3066.8kJ/kg
102 = 0.5kg (3066.8 — 1524.7)kl/kg = 771.1kJ
Wy =mP(vy —vy) = 0.5 x 400(0.6548 — 0.2) = 91.0kJ
Therefore,
Uy—U =10, — 1 W, =771.1 —91.0 = 680.1 kJ
The heat transfer could also have been found from u; and u,:
Uy = ur + x1Ufe
= 604.31 + 0.4311 x 1949.3 = 1444.7 kl/kg
uy = 2804.8 kJ/kg
and
102 =0, = Uy +1;
= 0.5kg(2804.8 — 1444.7)kJ/kg +91.0 = 771.1kJ

3.10 THE CONSTANT-VOLUME AND
CONSTANT-PRESSURE SPECIFIC HEATS

In this section we will consider a homogeneous phase of a substance of constant composition.
This phase may be a solid, a liquid, or a gas, but no change of phase will occur. We will then
define a variable termed the specific heat, the amount of heat required per unit mass to raise



FIGURE 3.24 Sketch
showing two ways in
which a given AU may
be achieved.

the temperature by one degree. Since it would be of interest to examine the relation between
the specific heat and other thermodynamic variables, we note first that the heat transfer
is given by Eq. 3.4. Neglecting changes in kinetic and potential energies, and assuming
a simple compressible substance and a quasi-equilibrium process, for which the work in
Eq. 3.4 is given by Eq. 3.16, we have

830 =dU+ W =dU+ PdV

We find that this expression can be evaluated for two separate special cases:

1. Constant volume, for which the work term (P dV) is zero, so that the specific heat
(at constant volume) is

R NI
m\8T ), m\aT ), \aT ),

2. Constant pressure, for which the work term can be integrated and the resulting
PV terms at the initial and final states can be associated with the internal energy
terms, as in Section 3.9, thereby leading to the conclusion that the heat transfer can
be expressed in terms of the enthalpy change. The corresponding specific heat (at

constant pressure) is
1 /5 | (oH oh
Cp:_(_Q) :_<_> _ <_) (3.30)
m\ 6T , M oT » oT b

Note that in each of these special cases, the resulting expression, Eq. 3.29 or 3.30,
contains only thermodynamic properties, from which we conclude that the constant-volume
and constant-pressure specific heats must themselves be thermodynamic properties. This
means that, although we began this discussion by considering the amount of heat transfer
required to cause a unit temperature change and then proceeded through a very specific
development leading to Eq. 3.29 (or 3.30), the result ultimately expresses a relation among
a set of thermodynamic properties and therefore constitutes a definition that is independent
of the particular process leading to it (in the same sense that the definition of enthalpy in the
previous section is independent of the process used to illustrate one situation in which the
property is useful in a thermodynamic analysis). As an example, consider the two identical
fluid masses shown in Fig. 3.24. In the first system 100 kJ of heat is transferred to it, and in
the second system 100 kJ of work is done on it. Thus, the change of internal energy is the
same for each, and therefore the final state and the final temperature are the same in each. In
accordance with Eq. 3.29, therefore, exactly the same value for the average constant-volume
specific heat would be found for this substance for the two processes, even though the two
processes are very different as far as heat transfer is concerned.

-W=100kJ

Fluid

A

0 =100 kJ ¢

L88



Solids and Liquids

As a special case, consider either a solid or a liquid. Since both of these phases are nearly
incompressible,

dh =du+d(Pv)~du+vdP (3.31)
Also, for both of these phases, the specific volume is very small, such that in many cases
dh~du~CdT (3.32)

where C is either the constant-volume or the constant-pressure specific heat, as the two
would be nearly the same. In many processes involving a solid or a liquid, we might
further assume that the specific heat in Eq. 3.32 is constant (unless the process occurs
at low temperature or over a wide range of temperatures). Equation 3.32 can then be
integrated to

hz—hlluz—MIZC(Tz—Tl) (333)

Specific heats for various solids and liquids are listed in Tables A.3, A.4, F.2 and F.3.

In other processes for which it is not possible to assume constant specific heat, there
may be a known relation for C as a function of temperature. Equation 3.32 could then also
be integrated.

3.11° THE INTERNAL ENERGY, ENTHALPY,
AND SPECIFIC HEAT OF IDEAL GASES

In general, for any substance the internal energy u depends on the two independent properties
specifying the state. For a low-density gas, however, « depends primarily on 7 and much
less on the second property, P or v. For example, consider several values for superheated
vapor steam from Table B.1.3, shown in Table 3.1. From these values, it is evident that u
depends strongly on 7 but not much on P Also, we note that the dependence of u on P is
less at low pressure and is much less at high temperature; that is, as the density decreases,
so does dependence of u on P (or v). It is therefore reasonable to extrapolate this behavior
to very low density and to assume that as gas density becomes so low that the ideal-gas
model is appropriate, internal energy does not depend on pressure at all but is a function
only of temperature. That is, for an ideal gas,

Pv=RT and u= f(T)only (3.34)
TABLE 3.1
Internal Energy for Superheated Vapor Steam
P, kPa
T,°C 10 100 500 1000
200 2661.3 2658.1 2642.9 2621.9
700 3479.6 3479.2 3477.5 3475.4
1200 4467.9 4467.7 4466.8 4465.6




The relation between the internal energy u and the temperature can be established by
using the definition of constant-volume specific heat given by Eq. 3.29:

du
C,=|—
= (57),

Because the internal energy of an ideal gas is not a function of specific volume, for an ideal
gas we can write

c _du
vO—dT
du = CydT (3.35)

where the subscript 0 denotes the specific heat of an ideal gas. For a given mass m,
dU =mC,dT (3.36)

From the definition of enthalpy and the equation of state of an ideal gas, it follows
that

h=u+Pv=u+RT (3.37)

Since R is a constant and u is a function of temperature only, it follows that the
enthalpy, /, of an ideal gas is also a function of temperature only. That is,

h= f(T) (3.38)

The relation between enthalpy and temperature is found from the constant-pressure specific
heat as defined by Eq. 3.30:
oh
= (i)
aT ),

Since the enthalpy of an ideal gas is a function of the temperature only and is independent
of the pressure, it follows that

Cpo= D
dT
dh = CpdT (3.39)
For a given mass m,
dH =mCpdT (3.40)

The consequences of Egs. 3.35 and 3.39 are demonstrated in Fig. 3.25, which shows
two lines of constant temperature. Since internal energy and enthalpy are functions of
temperature only, these lines of constant temperature are also lines of constant internal
energy and constant enthalpy. From state 1 the high temperature can be reached by a variety
of paths, and in each case the final state is different. However, regardless of the path, the
change in internal energy is the same, as is the change in enthalpy, for lines of constant
temperature are also lines of constant « and constant /.

Because the internal energy and enthalpy of an ideal gas are functions of temperature
only, it also follows that the constant-volume and constant-pressure specific heats are also
functions of temperature only. That is,

Coo = f(T), Cpo= f(T) (3.41)
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FIGURE 3.25 P-v "
diagram for an ideal gas. v

Because all gases approach ideal-gas behavior as the pressure approaches zero, the ideal-gas
specific heat for a given substance is often called the zero-pressure specific heat, and the
zero-pressure, constant-pressure specific heat is given the symbol C,. The zero-pressure,
constant-volume specific heat is given the symbol C,g. Figure 3.26 shows C, as a function
of temperature for anumber of substances. These values are determined by the techniques of
statistical thermodynamics and will not be discussed here. A brief summary presentation
of this subject is given in Appendix C. It is noted there that the principal factor causing
specific heat to vary with temperature is molecular vibration. More complex molecules have
multiple vibrational modes and therefore show greater temperature dependency, as is seen

Ar, He, Ne, Kr, Xe

=
a1
L B 5 B O Sy B B

FIGURE 3.26 Heat
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in Fig. 3.26. This is an important consideration when deciding whether or not to account
for specific heat variation with temperature in any particular application.

A very important relation between the constant-pressure and constant-volume specific
heats of an ideal gas may be developed from the definition of enthalpy:

h=u+Pv=u+RT

Differentiating and substituting Eqgs. 3.35 and 3.39, we have

dh =du+ RdT
CpodT =CyodT +RdAT
Therefore,
Coo—Cw=R (3.42)

On a mole basis this equation is written

Cpo—Cy=R (3.43)
This tells us that the difference between the constant-pressure and constant-volume specific
heats of an ideal gas is always constant, though both are functions of temperature. Thus, we
need examine only the temperature dependency of one, and the other is given by Eq. 3.42.

Let us consider the specific heat C,o. There are three possibilities to examine. The
situation is simplest if we assume constant specific heat, that is, no temperature dependence.
Then it is possible to integrate Eq. 3.39 directly to

hy —hy = Cpo(Tr — Th) (3.44)

We note from Fig. 3.26 the circumstances under which this will be an accurate model. It
should be added, however, that it may be a reasonable approximation under other conditions,
especially if an average specific heat in the particular temperature range is used in Eq. 3.44.
Values of specific heat at room temperature and gas constants for various gases are given
in Table A.5 and FA4.

The second possibility for the specific heat is to use an analytical equation for Cyg as
a function of temperature. Because the results of specific-heat calculations from statistical
thermodynamics do not lend themselves to convenient mathematical forms, these results
have been approximated empirically. The equations for C, as a function of temperature are
listed in Table A.6 for a number of gases.

The third possibility is to integrate the results of the calculations of statistical thermo-
dynamics from an arbitrary reference temperature to any other temperature 7" and to define
a function

T
hy :/ CpodT
Ti

0

This function can then be tabulated in a single-entry (temperature) table. Then, between
any two states 1 and 2,

Tz T]
hy — Iy =/ Cpng—f CpodT =hr, — hy, (3.45)
T Ty
and it is seen that the reference temperature cancels out. This function %7 (and a similar
function ur = hy — RT) is listed for air in Table A.7. and F.5. These functions are listed for
other gases in Tables A.8. and F.6.



To summarize the three possibilities, we note that using the ideal-gas tables, Tables
A.7 and A.8, gives us the most accurate answer, but that the equations in Table A.6 would
give a close empirical approximation. Constant specific heat would be less accurate, except
for monatomic gases and gases below room temperature. It should be remembered that all
these results are part of the ideal-gas model, which in many of our problems is not a valid
assumption for the behavior of the substance.

Example 3.13 /‘ —_—

Calculate the change of enthalpy as 1 kg of oxygen is heated from 300 to 1500 K. Assume
ideal-gas behavior.

Solution
For an ideal gas, the enthalpy change is given by Eq. 3.39. However, we also need to make
an assumption about the dependence of specific heat on temperature. Let us solve this
problem in several ways and compare the answers.

Our most accurate answer for the ideal-gas enthalpy change for oxygen between 300
and 1500 K would be from the ideal-gas tables, Table A.8. This result is, using Eq. 3.45,

hy —hy = 1540.2 — 273.2 = 1267.0 kl/kg

The empirical equation from Table A.6 should give a good approximation to this
result. Integrating Eq. 3.39, we have

T2 02
hy —h; = f Cp() dT = f Cp()(e) x 1000 d6
Tl 01

0.0001 , 054 , 033 17"
6+ —6°— —=9
2 3 4

= 1000[0.889 -
6,=0.3
= 1241.5kl/kg

which is lower than the first result by 2.0%.
If we assume constant specific heat, we must be concerned about what value we are
going to use. If we use the value at 300 K from Table A.5, we find, from Eq. 3.44, that

hz — h] = Cp()(Tz — T]) =0.922 x 1200 = 11064kJ/kg

which is low by 12.7%. However, suppose we assume that the specific heat is constant
at its value at 900 K, the average temperature. Substituting 900 K into the equation for
specific heat from Table A.6, we have

Cpo = 0.88 — 0.0001(0.9) + 0.54(0.9)* — 0.33(0.9)°
= 1.0767kl/kgK
Substituting this value into Eq. 3.44 gives the result
hy —hy = 1.0767 x 1200 = 1292.1 kl/kg

which is high by about 2.0%, a much closer result than the one using the room temperature
specific heat. It should be kept in mind that part of the model involving ideal gas with
constant specific heat also involves a choice of what value is to be used.



Examp|3.14 —

A cylinder fitted with a piston has an initial volume of 0.1 m® and contains nitrogen at
150 kPa, 25°C. The piston is moved, compressing the nitrogen until the pressure is 1 MPa
and the temperature is 150°C. During this compression process heat is transferred from
the nitrogen, and the work done on the nitrogen is 20 kJ. Determine the amount of this
heat transfer.

Control mass: Nitrogen.
Process:  Work input known.
Initial state: Py, Ty, V; state 1 fixed.
Final state: P, T,; state 2 fixed.
Model: 1deal gas, constant specific heat with value at 300 K, Table A.5.

Analysis
From the energy equation we have

102 =m(uy — uy) + (W,

Solution
The mass of nitrogen is found from the equation of state with the value of R from
Table A.5:
PV 150kPa x 0.1 m?
mzﬁz = 0.1695 kg

kJ
0.2968 —— x 298.15K
kg K

Assuming constant specific heat as given in Table A.5, we have

102 =mCyo(Tr — Th) + 1 W>

kJ
0.1695 kg x 0.745—— x (150 — 25) K — 20.0kJ
kg K

=158 -20.0=—-4.2kJ

It would, of course, be somewhat more accurate to use Table A.8 than to assume constant
specific heat (room temperature value), but often the slight increase in accuracy does not
warrant the added difficulties of manually interpolating the tables.

Example 3.14E ——

A cylinder fitted with a piston has an initial volume of 2 ft* and contains nitrogen at
20 Ibf/in.2, 80 F. The piston is moved, compressing the nitrogen until the pressure is
160 1bf/in.? and the temperature is 300 F. During this compression process heat is trans-
ferred from the nitrogen, and the work done on the nitrogen is 9.15 Btu. Determine the
amount of this heat transfer.



Control mass: ~ Nitrogen.
Process:  Work input known.
Initial state: Py, Ty, V; state 1 fixed.
Final state:  P,, T,; state 2 fixed.
Model:  Ideal gas, constant specific heat with value at 540 R, Table F.4.

Analysis
From the energy equation we have:

192 =m(uy —uy) +1W>

Solution
The mass of nitrogen is found from the equation of state with the value of R from
Table F.4.
Ibf in.2
2020 s 1aa o
PV in.2 ft?
m=—= = 0.1934 Ibm
RT ft Ibf
55.15 x 540 R
Ibm R

Assuming constant specific heat as given in Table F.4,
102 =mCyo(T2 — Th) +1 W2

Btu

Ibm R

=7.53 -9.15=—1.62Btu

= 0.1934 1bm x 0.177

x (300 — 80)R — 9.15 Btu

It would, of course, be somewhat more accurate to use Table E.6 than to assume constant
specific heat (room temperature value), but often the slight increase in accuracy does not
warrant the added difficulties of manually interpolating the tables.

In-Text Concept Questions

I. To determine v or u for some liquid or solid, is it more important that I know P or 7?
m. To determine v or u for an ideal gas, is it more important that I know P or 7°?

n. T heat 1 kg of a substance at constant pressure (200 kPa) one degree. How much heat
is needed if the substance is water at 10°C, steel at 25°C, air at 325 K, orice at —10°C.

Example 3.15 —
A 25-kg cast-iron wood-burning stove, shown in Fig. 3.27, contains 5 kg of soft pine wood
and 1 kg of air. All the masses are at room temperature, 20°C, and pressure, 101 kPa. The
wood now burns and heats all the mass uniformly, releasing 1500 W. Neglect any air flow
and changes in mass and heat losses. Find the rate of change of the temperature (d7/df)
and estimate the time it will take to reach a temperature of 75°C.



FIGURE 3.27 Sketch
for Example 3.15.

Solution
C.V.: The iron, wood and air.
This is a control mass.

Energy equation rate form: E=0-W
We have no changes in kinetic or potential energy and no change in mass, so
U = mairltair + MyoodUwood + MironUiron

BN U=V 11 =t oo d Uawoodi= = ton Waton
dT
= (mairCV air T Mwood Cwood + mironCiron)%

Now the energy equation has zero work, an energy release of 0, and becomes

dT .
(M airCy air + Myood Cwood + mironCiron)E =0-0

dT 0
dt (m2i:Cy air + Mwood Cwood + Miron Ciron)
1500

= 0.0828 K /s

T 1x0.717+5 x 1.38 + 25 x 0.42 kg (kJkg)

Assuming the rate of temperature rise is constant, we can find the elapsed time as

dT dT
AT = /—d = —A
dt dt
AT  75-20 .
=>At—d—T— 0.0828 = 664s =11 min
dt

3.12  GENERAL SYSTEMS THAT INVOLVE WORK

In the preceding discussion about work, we focused on work from a single point force or a
distributed force over an area as pressure. There are other types of forces and displacements
that differ by the nature of the force and the displacement. We will mention a few of the
more typical situations that commonly arises and write the work term as

2
1W2 = / Fgen dxgen (346)
1

In this expression we have a generalized force and a generalized displacement. For each
case, we must know the expression for both and also know how the force changes during
the process. Simple examples are listed in Table 3.2, and the resulting expressions for the
work term can be worked out once the function Fgen (Xgen) 18 known.



TABLE 3.2

Generalized Work Term
System Force Unit Displacement Unit
Simple force F N dx m
Pressure P Pa dv m?
Spring T = ky(x — x0) N dx m
Stretched wire F N dx = x¢ de m
Surface tension S = AEe N/m dA m?
Electrical é volt az* Coulon

*Notice the time derivative dZ/dt = i (current in amps).

For many of these systems, the sign notation is such that the force is positive when work
goes into the system, so with our sign definition we would have the general form

SW=PdV —FJdL —FdA—€dZ +--- (3.47)
where other terms are possible. The rate of work from this form represents power as

W:Z—T:PV—QV—QA—%Z+--~ (3.48)

It should also be noted that many other forms of work can be identified in processes

that are not quasi-equilibrium processes. For example, there is the work done by shearing

forces in the friction in a viscous fluid or the work done by a rotating shaft that crosses the
system boundary.

The identification of work is an important aspect of many thermodynamic problems.

We have already noted that work can be identified only at the boundaries of the system. For

example, consider Fig. 3.28, which shows a gas separated from the vacuum by a membrane.

Let the membrane rupture and the gas fill the entire volume. Neglecting any work associated

with the rupturing of the membrane, we can ask whether work is done in the process. If we

take as our system the gas and the vacuum space, we readily conclude that no work is done

because no work can be identified at the system boundary. If we take the gas as a system, we

do have a change of volume, and we might be tempted to calculate the work from the integral

2
/ PdVv
1

However, this is not a quasi-equilibrium process, and therefore the work cannot be calculated
from this relation. Because there is no resistance at the system boundary as the volume
increases, we conclude that for this system no work is done in this process of filling the
vacuum.

Example of a process boundary
involving a change of
volume for which the
work is zero. (a) )

| |

FIGURE 3.28 : Gas : Vacuum || System | Gas
| |
| |




Example 3.16 7 —
During the charging of a storage battery, the current i is 20 A and the voltage € is
12.8 V. The rate of heat transfer from the battery is 10 W. At what rate is the internal
energy increasing?

Solution
Since changes in kinetic and potential energy are insignificant, the first law of thermody-
namics can be written as a rate equation in the form of Eq. 5.31:

dUu . .
= —O0-Ww
dt 0

W =6 =—12.8 x20=—256W = —2561/s

Therefore,

au .
= Q- W =—10—(-256) = 246 /s

dt

3.13  CONSERVATION OF MASS

In the previous sections we considered the first law of thermodynamics for a control mass
undergoing a change of state. A control mass is defined as a fixed quantity of mass. The
question now is whether the mass of such a system changes when its energy changes. If it
does, our definition of a control mass as a fixed quantity of mass is no longer valid when
the energy changes.

We know from relativistic considerations that mass and energy are related by the
well-known equation

E = mc? (3.49)

where ¢ = velocity of light and £ = energy. We conclude from this equation that the mass
of a control mass does change when its energy changes. Let us calculate the magnitude of
this change of mass for a typical problem and determine whether this change in mass is
significant.

Consider a rigid vessel that contains a 1-kg stoichiometric mixture of a hydrocarbon
fuel (such as gasoline) and air. From our knowledge of combustion, we know that after
combustion takes place, it will be necessary to transfer about 2900 kJ from the system to
restore it to its initial temperature. From the energy equation

Uy — U =10, — 1M

we conclude that since | W, = 0 and 10, = —2900 kJ, the internal energy of this system
decreases by 2900 kJ during the heat transfer process. Let us now calculate the decrease in
mass during this process using Eq. 3.49.

The velocity of light, ¢, is 2.9979 x 10% m/s. Therefore,

2900 kJ = 2900 000 J = m(kg) x (2.9979 x 108 m/s)’



and so
m=3.23x10""kg

Thus, when the energy of the control mass decreases by 2900 kJ, the decrease in mass is
3.23 x 107! kg.

A change in mass of this magnitude cannot be detected by even our most accurate
instrumentation. Certainly, a fractional change in mass of this magnitude is beyond the
accuracy required in essentially all engineering calculations. Therefore, if we use the laws
of conservation of mass and conservation of energy as separate laws, we will not introduce
significant error into most thermodynamic problems and our definition of a control mass as
having a fixed mass can be used even though the energy changes.

Example 3.17 —
Consider 1 kg of water on a table at room conditions 20°C, 100 kPa. We want to examine
the energy changes for each of three processes: accelerate it from rest to 10 m/s, raise it
10 m, and heat it 10°C.
For this control mass the energy changes become

1 1
AKE = 5 m (V3 -VH = 5 % 1kg x (10> — 0)m%s*> = 50 kgm?s> = 507
APE = mg(Z, —Z;) = 1 kg x 9.81m/s? x (10 — 0)m = 98.1]J
kJ
AU = m(us — 1) =mCy(To = Ti) = kg x 418, — x 10K = 41.8kJ
g_

Notice how much smaller the kinetic and potential energy changes are compared to the
change in the internal energy due to the raised temperature. For the kinetic and potential
energies to be significant, say 10% of AU, the velocity must be much higher, such as
100 m/s, and the height difference much greater, such as 500 m. In most engineering
applications such levels are very uncommon, so the kinetic and potential energies are
often neglected.

All the previous discussion and examples dealt with a single mass at a uniform state.
This is not always the case, so let us look at situation where we have a container separated
into two compartments by a valve, as shown in Fig. 3.29. Assume that the two masses have
different starting states and that, after opening the valve, the masses mix to form a single
uniform final state.

For a control mass that is the combination of 4 and B, we get the conservation of mass
written out in the continuity equation

Conservation of mass: my =m|; =m4 +mp (3.50)

Energy Eq:  maes — (myge14 +miperp) = 192 — 12 (3.51)

FIGURE 3.29 Two B
connected tanks with
different initial states.




The general form of the mass conservation equation is called the continuity equation, a
common name for it in fluid mechanics, and it is covered in the following chapter.

As the system does not change elevation and we look at state 2 after any motion has
ended, we have zero kinetic energy in all states and no changes in potential energy, so the
left-hand side in the energy equation becomes

myey — (myyei4 +mipeip)
=ma(uy +0+gZ1) —mig(u14+0+gZ) —mip(uip +0+gZy)
=mouy —my 414 +uip) + [mo — (Mg +mip)] g2,

=mouy —myg(Ui1g +uip)

Notice how the factor for the potential energy is zero from the conservation of mass and the
left-hand side terms simplify to contain internal energy only. If we take the energy equation
and divide be the total mass, we get

uy — (myqurg +mipurp)/mo = (102 — W)/ my

or

= 2+ B (10— ) ma (3.52)
msy ms
For an insulated (10, = 0) and rigid (V' = C, so | W, = 0) container the last terms
vanish and the final specific internal energy is the mass-weighted average of the initial
values. The mass weighing factors are dimensionless and they correspond to the relative
contribution to the total mass from each part, so they sum to 1, which is seen by dividing
the continuity equation by the total mass.
For the stated process, V' = C, the second property that determines the final state is
the specific volume as
mp

m
Vo = Vafmy = —2vi 4+ —2vig (3.53)
my ny

which also is a mass-weighted average of the initial values.

3.14  ENGINEERING APPLICATIONS

Energy Storage and Conversion

Energy can be stored in a number of different forms by various physical implementations,
which have different characteristics with respect to storage efficiency, rate of energy transfer,
and size (Figs. 3.30-3.33). These systems can also include a possible energy conversion
that consists of a change of one form of energy to another form of energy. The storage is
usually temporary, lasting for periods ranging from a fraction of a second to days or years,
and can be for very small or large amounts of energy. Also, it is basically a shift of the
energy transfer from a time when it is unwanted and thus inexpensive to a time when it is
wanted and then often expensive. It is also very important to consider the maximum rate
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of energy transfer in the charging or discharging process, as size and possible losses are
sensitive to that rate.

Notice from Fig. 3.30 that it is difficult to have high power and high energy storage
in the same device. It is also difficult to store energy more compactly than in gasoline.

Mechanical Systems

A flywheel stores energy and momentum in its angular motion %Iwz. It is used to dampen
out fluctuations arising from single (or few) cylinder engines that otherwise would give an
uneven rotational speed. The storage is for only a very short time. A modern flywheel is
used to dampen fluctuations in intermittent power supplies like a wind turbine. It can store
more energy than the flywheel shown in Fig. 3.31. A bank of several flywheels can provide
substantial power for 5—10 minutes.

Upper magnetic bearing

Molecular

vacuum pump Inner housing

Carbon-fiber
flywheel

Synchronous
reluctance
M-G rotor

Stator

Lower magnetic
bearing

FIGURE 3.31 Liquid cooling

Modern flywheel. passages Outer housing



FIGURE 3.32 The
world’s largest artificial
hydro-storage facility in
Ludington, Michigan,
pumps water 100 m
above Lake Michigan
when excess power is
available. It can deliver
1800 MW when needed
from reversible
pumps/turbines.

A fraction of the kinetic energy in air can be captured and converted into electrical
power by wind turbines, or the power can be used directly to drive a water pump or other
equipment.

When excess power is available, it can be used to pump water up to a reservoir at
a higher elevation (see Fig. 3.32) and later can be allowed to run out through a turbine,
providing a variable time shift in the power going to the electrical grid.

Air can be compressed into large tanks or volumes (as in an abandoned salt mine)
using power during a low-demand period. The air can be used later in power production
when there is a peak demand.

One form of hybrid engine for a car involves coupling a hydraulic pump/motor to the
drive shaft. When a braking action is required, the drive shaft pumps hydraulic fluid into
a high-pressure tank that has nitrogen as a buffer. Then, when acceleration is needed, the
high-pressure fluid runs backward through the hydraulic motor, adding power to the drive

FIGURE 3.33
Examples of different
types of batteries. (© sciencephotos/Alamy Limited)




shaft in the process. This combination is highly beneficial for city driving, such as for a bus
that stops and starts many times, whereas there is virtually no gain for a truck driving long
distances on the highway at nearly constant speed.

Thermal Systems

Water can be heated by solar influx, or by some other source, to provide heat at a time when
this source is not available. Similarly, water can be chilled or frozen at night to be used the
next day for air-conditioning purposes. A cool-pack is placed in the freezer so that the next
day it can be used in a lunch box to keep it cool. This is a gel with a high heat capacity or a
substance that undergoes a phase change.

Electrical Systems

Some batteries can only be discharged once, but others can be reused and go through many
cycles of charging-discharging. A chemical process frees electrons on one of two poles that
are separated by an electrolyte. The type of pole and the electrolyte give the name to the
battery, such as a zinc-carbon battery (typical AA battery) or a lead-acid battery (typical
automobile battery). Newer types of batteries like a Ni-hydride or a lithium-ion battery are
more expensive but have higher energy storage, and they can provide higher bursts of power
(Fig. 3.33).

Chemical Systems

Various chemical reactions can be made to operate under conditions such that energy can be
stored at one time and recovered at another time. Small heat packs can be broken to mix some
chemicals that react and release energy in the form of heat; in other cases, they can be glow-
sticks that provide light. A fuel cell is also an energy conversion device that converts a flow
of hydrogen and oxygen into a flow of water plus heat and electricity. High-temperature fuel
cells can use natural gas or methanol as the fuel; in this case, carbon dioxide is also a product.

The latest technology for a solar-driven power plant consists of a large number of
adjustable mirrors tracking the sun so that the sunlight is focused on the top of a tower.
The light heats a flow of molten salt that flows to storage tanks and the power plant. At
times when the sunlight is absent the storage tanks provides the energy buffer to keep the
power plant running, thus increasing the utilization of the plant. Earlier versions of such
technology used water or other substances to capture the energy, but the higher heat capacity
of salt provides an economical buffer system.

When work needs to be transferred from one body to another, a moving part is
required, which can be a piston/cylinder combination. Examples are shown in Fig. 3.34. If
the substance that generates the motion is a gas, it is a pneumatic system, and if the substance
is a liquid, it is a hydraulic system. The gas or vapor is typically used when the motion has

FIGURE 3.34 Basic

hydraulic or pneumatic
cylinders. (a) Hydraulic cylinder (b) Hydraulic or pneumatic cylinder




FIGURE 3.35
Heavy-duty equipment
using hydraulic cylinders.

FIGURE 3.36
Schematic and photo of
an automotive engine.

(a) Forklift (b) Construction frontloader

to be fast or the volume change large and the pressures moderate. For high-pressure (large-
force) displacements a hydraulic cylinder is used (examples include a bulldozer, forklift,
frontloader, and backhoe. Also, see Example 1.7). Two of these large pieces of equipment
are shown in Fig. 3.35.

We also consider cases where the substance inside the piston/cylinder undergoes a
combustion process, as in gasoline and diesel engines. A schematic of an engine cylinder
and a photo of a modern V6 automotive engine are shown in Fig. 3.36. This subject is
discussed in detail in Chapter 10.

Many other transfers of work involve rotating shafts, such as the transmission and
drive shaft in a car or a chain and rotating gears in a bicycle or motorcycle. For transmis-
sion of power over long distances, the most convenient and efficient form is electricity. A
transmission tower and line are shown in Fig. 3.37.

Heat transfer occurs between domains at different temperatures, as in a building
with different inside and outside temperatures. The double set of window panes shown in
Fig. 3.38 is used to reduce the rate of heat transfer through the window. In situations where
an increased rate of heat transfer is desirable, fins are often used to increase the surface area
for heat transfer to occur. Examples are shown in Fig. 3.39.

(a) Schematic of engine cylinder (b) V6 automotive engine



FIGURE 3.37
Electrical power
transmission tower
and line. (© Sergey Peterman/iStockphoto)

FIGURE 3.38

Thermopane window.

The last example of a finned heat exchanger is a heat pipe or a thermosyphon
used for an enhanced cooling capacity of a central processing unit (CPU) in a computer
(Fig. 3.40). The small aluminum block with the copper piping attaches to the top of the
CPU unit. Inside the copper tubing is a liquid that boils at a temperature of about 60°C. The
vapor rises to the top, where the copper piping is connected to the fins, and a fan blows air
through the fins, thus cooling and condensing the vapor. The liquid falls with gravity or is
transported by a wick back to the volume on top of the CPU unit. The heat pipe allows the
boiling heat transfer with the high transfer coefficient to act on the small area of the CPU.
The less effective vapor to air heat transfer takes place further away, with more room for a
larger area. Similar heat pipes are used in solar heat collectors and in the support pillars for
the Alaskan oil pipeline, where they keep the permafrost ground frozen while the pipeline
is warm.
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Examples of @ U =
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(© C. Borgnakke.) -
FIGURE 3.40 A thermosyphon with a fan for CPU cooling.

When heat transfer calculations are done in practice, it is convenient to use a common
form for all modes of heat transfer:

O = CqA AT = AT/R, (3.54)

The heat transfer scales with the cross-sectional area perpendicular to the direction of Q,
and the rest of the information is in the constant Cy. With a rewrite this equation is also
used to define the thermal resistance, Ry = 1/Cq4, so for a high resistance the heat transfer
is small for a given temperature difference AT. This form corresponds to conduction,
Eq. 3.23 with dT/dx ~ AT/Ax, so Cq = k/Ax, and to convection, Eq. 3.24 Cy = A.
Finally, the radiation expression in Eq. 3.25 can be factored out to show a temperature
difference, and then the factor Cy depends on the temperature in a nonlinear manner.

An application that involves heat transfer and the unsteady form of the energy
equation is the following, where we would like to know how fast a given mass can ad-
just to an external temperature. Assume we have a mass, m, with a uniform temperature
T that we lower into a water bath with temperature 7, and the heat transfer between the
mass and water has a heat transfer coefficient Cy with surface area 4.

The energy equation for the mass becomes

dE., dU,, c dT . CMT —T
a T a O T 2= GA )
where kinetic and potential energy are neglected and there is no work involved. It is also
assumed that the change in internal energy can be expressed with a specific heat, so this
expression does not apply to a phase change process. This is a first-order differential equation
in 7, so select a transformation 6 = 7' — T, to get

do C,A
— “lgp = — 4
mC, ; Cqd0  or 67 d C

dt

v
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Integrating the equation from ¢t = 0 where 7' = T (0 = ), we get

n (& Cad | 0 =0, !
n{—|)=———— or =0pexp| ——
90 va 0 eXp T

with the thermal time constant

mC,
= =mC,R 3.55
T CoA m t ( )
Expressing the solution in temperature
t
T — T = (Ty — Tso) exp (——) (3.56)
T

shows an exponential time decay of the temperature difference between the mass and its
surroundings with a time scale of 7 (Fig. 3.41). If the mass is the tip of a thermocouple, we
obtain a fast response for a small thermal time constant (small mC,, high C,4). However, if
the mass is a house (given mC,), we want a large time constant so that we lower the effective
Cq44 by having insulation.

SUMMARY  Conservation of energy is expressed as an equation for change of the total energy written for
a control mass, and then the first law of thermodynamics is shown as a logical consequence
of the energy equation. The energy equation is shown in a rate form to cover transient
processes and then is also integrated with time for finite changes. The concept of work is
introduced, and its relation to kinetic and potential energy is shown since they are part of
the total energy. Work is a function of the process path as well as the beginning state and
end state. The displacement work is equal to the area below the process curve drawn in a
P-V diagram in an equilibrium process. A number of ordinary processes can be expressed
as polytropic processes having a particular simple mathematical form for the P—J relation.
Work involving the action of surface tension, single-point forces, or electrical systems should



be recognized and treated separately. Any nonequilibrium processes (say, dynamic forces,
which are important due to accelerations) should be identified so that only equilibrium force
or pressure is used to evaluate the work term. Heat transfer is energy transferred due to a
temperature difference, and the conduction, convection, and radiation modes are discussed.

Internal energy and enthalpy are introduced as substance properties with specific heats

(heat capacity) as derivatives of these properties with temperature. Property variations for
limited cases are presented for incompressible states of a substance such as liquids and
solids and for a highly compressible state such as an ideal gas. The specific heat for solids
and liquids changes little with temperature, whereas the specific heat for a gas can change
substantially with temperature.

You should have learned a number of skills and acquired abilities from studying this

chapter that will allow you to

Recognize the components of total energy stored in a control mass.

Write the energy equation for a single uniform control mass.

Recognize force and displacement in a system.

Understand power as the rate of work (force x velocity, torque x angular velocity).
Know that work is a function of the end states and the path followed in a process.
Know that work is the area under the process curve in a PV diagram.

Calculate the work term knowing the PV or F'—x relationship.

Evaluate the work involved in a polytropic process between two states.
Distinguish between an equilibrium process and a nonequilibrium process.
Recognize the three modes of heat transfer: conduction, convection, and radiation.
Be familiar with Fourier’s law of conduction and its use in simple applications.
Know the simple models for convection and radiation heat transfer.

Find the properties u and 4 for a given state in the tables in Appendix B or F.
Locate a state in the tables with an entry such as (P, /).

Find changes in u and % for liquid or solid states using Tables A.3-4 or F.2-3.

Find changes in u and % for ideal-gas states using Table A.5 or F4.

Find changes in u and % for ideal-gas states using Tables A.7-8 or F.5-6.

Recognize that forms for C,, in Table A.6 are approximations to curves in Fig. 3.26
and that more accurate tabulations are in Tables A.7-8, F.5-6.

Formulate the conservation of mass and energy for a more complex control mass
where there are different masses with different states.

Know the difference between the general laws as the conservation of mass (continuity
equation), conservation of energy (first law), and a specific law that describes a device
behavior or process.

KEY
CONCEPTS
AND
FORMULAS

1
Total energy E =U +KE+PE =mu + Emv2 +mgZ
1
Kinetic energy KE = EmV2
Potential energy PE =mgZ

1
Specific energy e=u+ EVZ +gZ



Enthalpy h=u+ Pv
Two-phase mass average u=u;+xupe = —x)us+xug
h=hr+xhre =1 —x)hs+xhg
. . ou dh
Specific heat, heat capacity C, = <8_T)V’ C,= (3_T>p
Solids and liquids Incompressible, so v = constant = v, (or v;) and v small
C=C,=C, [TablesA.3and A4 (F2andF3)]
up —uy =C(hL — 1)
hy —hy =u; —u; +v(P, — P;) (Often the second
term is small.)
h=hs+vi(P — Pu); u=uy (saturated at same 7'

Ideal gas h=u+ Pv=u+ RT (only functions of 7
du dh
C,=—;C,=—=C,+R
dr’ "’ dr *

o — =/cvdT ~ (T —T)

hy —hy =/c,,dT = C)(Ty— T)

Left-hand side from Table A.7 or A.8, middle from Table
A.6, and right-hand side from Table A.6 at Ty, or from
Table A.S at 25°C
Left-hand side from Table .5 or F.6, right-hand side from
Table F4 at 77 F

Energy equation rate form £ = Q — W  (rate = +in — out)

Energy equation integrated E, — E; = 10, — 1 W> (change = +in — out)

1
m(ey —ey) = m(uy —uy) + zm(Vi — V) +mg(Z, — Z)

Multiple masses, states E =myey + mpegp + mcec +---
Work Energy in transfer: mechanical, electrical, and chemical
Heat Energy in transfer caused by AT
2 2 2 2
Displacement work W:/ F dx :/ PdV:/ S dA :/ Tdo
1 1 1 1
Specific work w=Wim (work per unit mass)
Power, rate of work W=FV=PV=Tw (V displacement rate)
Velocity V = rw, torque T = Fr, angular velocity = w

Polytropic process PV" =constant or PV" = constant

1
Polytropic process work W, = 1—(P2 Vo, — PiVy)  (ifn#1)

—n

%
Wy =P ViIn—=  (ifn=1)
|4

. dT AT
Conduction heat transfer 0 =—kA I ~ kA -
X



Conductivity

Convection heat transfer

Convection coefficient

Radiation heat transfer
(net to ambient)

Rate integration

k  (W/mK)
O=hAAT
h (W/m? K)

Q=coA(TH -T2, (0 =567x10"W/m?K*

1Q2 = / th ~ Qavg At

CONCEPT-STUDY GUIDE PROBLEMS

3.1 Whatis 1 cal in SI units and what is the name given

to 1 N-m?

3.2 A car engine is rated at 110 kW. What is the power

in hp?

3.3 Why do we write AE or E; — E|, whereas we write

1Q2 and 1 Wz?

3.4 Ifaprocess in a control mass increases energy £, —

E| > 0, can you say anything about the sign for |0,
and | W,?

3.5 In Fig. P3.5, CV 4 is the mass inside a piston/

3.6

3.7

cylinder, and CV B is the mass plus the piston out-
side, which is the standard atmosphere. Write the
energy equation and work term for the two CVs, as-
suming we have a nonzero Q between state 1 and
state 2.

FIGURE P3.5

A 500-W electric space heater with a small fan inside
heats air by blowing it over a hot electrical wire. For
each control volume—(a) wire only, (b) all the room
air, and (c) total room air plus the heater—specify
the storage, work, and heat transfer terms as +500 W
or —500 W or 0 (neglect any O through the room
walls or windows).

Two engines provide the same amount of work to lift
a hoist. One engine provides a force of 3 F in a cable
and the other provided 1 F. What can you say about

the motion of the point where the force acts in the
two engines?

3.8 Two hydraulic piston/cylinders are connected
through a hydraulic line, so they have roughly the
same pressure. If they have diameters of D; and
D, = 2D, respectively, what can you say about the
piston forces F'; and F,?

3.9 Assume a physical setup as in Fig. P3.5. We now
heat the cylinder. What happens to P, 7', and v (up,
down, or constant)? What transfers do we have for
QO and W (positive, negative, or zero)?

3.10 A drag force on an object moving through a medium
(like a car through air or a submarine through
water) is Fy = 0.225 A pV? Verify that the unit
becomes N.

3.11 Figure P3.11 shows three physical situations. Show
the possible process in a P—v diagram.

(a) (b) ()
FIGURE P3.11

3.12 For the indicated physical setup in (a), (b), and (c) in
Fig. P3.11, write a process equation and the expres-
sion for work.

3.13 Assume the physical situation in Fig. P3.115b; what
is the work term a, b, ¢, or d?

a. wy = Pi(va —vy)
b wy =vi(P, — P1)



P+ P)(va—vy)

5(Py— Py) (va +v1)
3.14 Figure P3.14 shows three physical situations; show
the possible process in a P—v diagram.

C. (W =

d. Wy =

(a) (b)

FIGURE P3.14

3.15 What can you say about the beginning state of the
R-410a in Fig. P3.11c versus that in Fig. P3.14¢ for
the same piston/cylinder?

3.16 A piece of steel has a conductivity of k = 15 W/mK
and a brick has k = 1 W/mK. How thick a steel wall
will provide the same insulation as a 10-cm-thick
brick?

3.17 Athermopane window (see Fig. 3.38) traps some gas
between the two glass panes. Why is this beneficial?

3.18 On a chilly 10°C fall day a house, with an indoor
temperature of 20°C, loses 6 kW by heat transfer.
What transfer happens on a warm summer day with
an indoor temperature of 30°C, assuming everything
else is the same?

3.19 Verify that a surface tension S with units N/m also
can be called a surface energy with units J/m?. The
latter is useful for consideration of a liquid drop or
liquid in small pores (capillary).

3.20 Liquid water is heated, so it becomes superheated

vapor. Should u or 4 be used in the energy equation?

Explain.

3.21 Liquid water is heated, so it becomes superheated

vapor. Can specific heat be used to find the heat trans-

fer? Explain.

Look at the R-410a value for u, at —50°C. Can the
energy really be negative? Explain.

3.22

3.23 A rigid tank with pressurized air is used (a) to in-
crease the volume of a linear spring-loaded piston/
cylinder (cylindrical geometry) arrangement and (b)
to blow up a spherical balloon. Assume that in both
cases P = A + BV with the same A4 and B. What is

the expression for the work term in each situation?

3.24 An ideal gas in a piston/cylinder is heated with 2 kJ
during an isothermal process. How much work is

involved?

3.25 Anideal gas in a piston/cylinder is heated with 2 kJ
during an isobaric process. Is the work positive, neg-
ative, or zero?

You heata gas 10 Kat P= C. Which one in Table A.5

requires most energy? Why?

3.26

3.27 Youmix 20°C water with 50°C water in an open con-
tainer. What do you need to know to determine the

final temperature?

HOMEWORK PROBLEMS

Kinetic and Potential Energy

3.28 A piston motion moves a 25-kg hammerhead ver-
tically down 1 m from rest to a velocity of 50 m/s
in a stamping machine. What is the change in total
energy of the hammerhead?

3.29 A 1200-kg car accelerates from 30 to 50 km/h in
5 s. How much work input does that require? If it
continues to accelerate from 50 to 70 km/h in 5 s,
is that the same?

3.30 Therolling resistance of a car depends on its weight
as F'=0.006 m,,g. How far will a 1200-kg car roll
if the gear is put in neutral when it drives at 90 km/h
on a level road without air resistance?

3.31 A piston of mass 2 kg is lowered 0.5 m in the stan-
dard gravitational field. Find the required force and
the work involved in the process.

A 1200-kg car accelerates from zero to 100 km/h
over a distance of 400 m. The road at the end of the
400 m is at 10 m higher elevation. What is the total
increase in the car’s kinetic and potential energy?

3.32

3.33 A hydraulic hoist raises a 1750-kg car 1.8 m in an
auto repair shop. The hydraulic pump has a con-
stant pressure of 800 kPa on its piston. What is
the increase in potential energy of the car and how
much volume should the pump displace to deliver

that amount of work?



3.34

3.35

3.36

Airplane takeoff from an aircraft carrier is assisted
by a steam-driven piston/cylinder with an average
pressure of 1250 kPa. A 17 500-kg airplane should
accelerate from zero to 30 m/s, with 30% of the en-
ergy coming from the steam piston. Find the needed
piston displacement volume.

Solve Problem 3.34, but assume that the steam pres-
sure in the cylinder starts at 1000 kPa, dropping
linearly with volume to reach 100 kPa at the end of
the process.

A steel ball weighing 5 kg rolls horizontally at a
rate of 10 m/s. If it rolls up an incline, how high up
will it be when it comes to rest, assuming standard
gravitation?

Force Displacement Work

3.37

3.38

3.39

3.40

341

3.42

3.43

A hydraulic cylinder of area 0.01 m? must push a
1000-kg arm and shovel 0.5 m straight up. What
pressure is needed and how much work is done?
A hydraulic cylinder has a piston cross-sectional
area of 10 cm? and a fluid pressure of 2 MPa. If
the piston is moved 0.25 m, how much work is
done?

Two hydraulic piston/cylinders are connected with
a line. The master cylinder has an area of 5 cm?,
creating a pressure of 1000 kPa. The slave cylinder
has an area of 3 cm?®. If 25 J is the work input to
the master cylinder, what is the force and displace-
ment of each piston and the work output of the slave
cylinder piston?

The air drag force on a car is 0.225 4 pV 2. Assume
air at 290 K, 100 kPa and a car frontal area of 4 m?
driving at 90 km/h. How much energy is used to
overcome the air drag driving for 30 min?

A bulldozer pushes 800 kg of dirt 100 m with a
force of 1500 N. It then lifts the dirt 3 m up to put it
in a dump truck. How much work did it do in each
situation?

Two hydraulic cylinders maintain a pressure of
1200 kPa. One has a cross-sectional area of 0.01
m?, the other 0.03 m?. To deliver work of 1 kJ to the
piston, how large a displacement /" and piston mo-
tion H are needed for each cylinder? Neglect Pyy.
A linear spring, F' = ky(x — xo) with spring con-
stant k;, = 500 N/m, is stretched until it is 100
mm longer. Find the required force and the work
input.

3.44 A 2-kg piston accelerates to 20 m/s from rest.

What constant gas pressure is required if the area is
10 cm?, the travel is 10 cm, and the outside pressure
is 100 kPa?

Boundary Work

3.45 A 25-kg piston is above a gas in a long vertical

cylinder. Now the piston is released from rest and
accelerates up in the cylinder, reaching the end 5 m
higher at a velocity of 25 m/s. The gas pressure
drops during the process, so the average is 600 kPa
with an outside atmosphere at 100 kPa. Neglect the
change in gas kinetic and potential energy and find
the needed change in the gas volume.

3.46 The R-410a in Problem 3.14c¢ is at 1000 kPa, 50°C

with a mass of 0.1 kg. It is cooled so that the vol-
ume is reduced to half the initial volume. The pis-
ton mass and gravitation are such that a pressure of
400 kPa will float the piston. Find the work in the
process.

3.47 A400-Ltank, 4 (see Fig. P3.47), contains argon gas

at 250 kPa and 30°C. Cylinder B, having a friction-
less piston of such mass that a pressure of 150 kPa
will float it, is initially empty. The valve is opened,
and argon flows into B and eventually reaches a uni-
form state of 150 kPa and 30°C throughout. What
is the work done by the argon?

Py

Argon l 8

&

FIGURE P3.47

3.48 A piston/cylinder assembly contains 2 kg of liquid

water at 20°C and 300 kPa, as shown in Fig. P3.48.
There is a linear spring mounted on the piston such
that when the water is heated, the pressure reaches
3 MPa with a volume of 0.1 m?.

a. Find the final temperature.

b. Plot the process in a P—v diagram.

c¢. Find the work in the process.



3.49

3.50

3.51

3.52

3.53

3.54

3.55

3.56

3.57

FIGURE P3.48

Air in a spring-loaded piston/cylinder setup has a
pressure that is linear with volume, P = 4 + BV.
With an initial state of P = 150 kPa, V' =1 L and
a final state of 800 kPa, V' = 1.5 L, it is similar to
the setup in Problem 3.48. Find the work done by
the air.

Heat transfer to a 1.5-kg block of ice at —10°C
melts it to liquid at 10°C in a kitchen. How much
work does the water gives out?

A cylinder fitted with a frictionless piston contains
5 kg of superheated R-134a vapor at 1000 kPa and
140°C. The setup is cooled at constant pressure
until the R-134a reaches a quality of 25%. Calcu-
late the work done in the process.

A piston/cylinder contains 2 kg of water at 20°C
with a volume of 0.1 m*. By mistake someone locks
the piston, preventing it from moving while we heat
the water to saturated vapor. Find the final temper-
ature and volume and the process work.

A nitrogen gas goes through a polytropic process
with » = 1.3 in a piston/cylinder. It starts out at
600 K, 600 kPa and ends at 800 K. Is the work
positive, negative, or zero?

Helium gas expands from 125 kPa, 350 K and
0.25 m? to 100 kPa in a polytropic process with
n = 1.667. How much work does it give out?

Air goes through a polytropic process from 125 kPa
and 325 K to 300 kPa and 500 K. Find the polytropic
exponent n and the specific work in the process.

A balloon behaves so that the pressureis P = C,V'!/3
and C, = 100 kPa/m. The balloon is blown up with
air from a starting volume of 1 m® to a volume of
4 m®. Find the final mass of air, assuming it is at
25°C, and the work done by the air.

Consider a piston/cylinder setup with 0.5 kg of
R-134a as saturated vapor at —10°C. It is now com-
pressed to a pressure of 500 kPa in a polytropic

process with n = 1.5. Find the final volume and
temperature and determine the work done during
the process.

Heat Transfer

3.58 The brake shoe and steel drum of a car continu-
ously absorb 75 W as the car slows down. Assume
a total outside surface area of 0.1 m? with a con-
vective heat transfer coefficient of 10 W/m? K to
the air at 20°C. How hot does the outside brake and
drum surface become when steady conditions are
reached?

3.59 A water heater is covered with insulation boards
over a total surface area of 3 m?. The inside
board surface is at 75°C, the outside surface is at
18°C, and the board material has a conductivity of
0.08 W/m K. How thick should the board be to limit
the heat transfer loss to 200 W?

3.60 Find the rate of conduction heat transfer through
a 1.5-cm-thick hardwood board, £ = 0.16 W/m K,
with a temperature difference between the two sides
of 20°C.

3.61 A 2-m? window has a surface temperature of 15°C,
and the outside wind is blowing air at 2°C across
it with a convection heat transfer coefficient of &7 =
125 W/m? K. What is the total heat transfer loss?

3.62 Owing to a faulty door contact, the small light bulb
(25 W) inside a refrigerator is kept on and limited
insulation lets 50 W of energy from the outside
seep into the refrigerated space. How much of a
temperature difference from the ambient surround-
ings at 20°C must the refrigerator have in its heat
exchanger with an area of 1 m? and an average heat
transfer coefficient of 15 W/m? K to reject the leaks
of energy?

3.63 Alarge condenser (heat exchanger) in a power plant
must transfer a total of 100 MW from steam run-
ning in a pipe to seawater being pumped through
the heat exchanger. Assume that the wall separating
the steam and seawater is 4 mm of steel, with con-
ductivity of 15 W/m K, and that a maximum 5°C
difference between the two fluids is allowed in the
design. Find the required minimum area for the heat
transfer, neglecting any convective heat transfer in
the flows.

3.64 The black grille on the back of a refrigerator has
a surface temperature of 35°C with a total surface
area of 1 m?. Heat transfer to the room air at 20°C



3.65

3.66

3.67

3.68

3.69

takes place with an average convective heat transfer
coefficient of 15 W/m? K. How much energy can
be removed during 15 minutes of operation?

A steel pot, with conductivity of 50 W/m K and a
5-mm-thick bottom, is filled with 15°C liquid water.
The pot has a diameter of 20 cm and is now placed
on an electric stove that delivers 500 W as heat
transfer. Find the temperature on the outer pot bot-
tom surface, assuming the inner surface is at 15°C.

A log of burning wood in the fireplace has a surface
temperature of 450°C. Assume that the emissivity
is 1 (aperfect black body) and find the radiant emis-
sion of energy per unit surface area.

A wall surface on a house is 30°C with an emis-
sivity of ¢ = 0.7. The surrounding ambient air is
at 15°C with an average emissivity of 0.9. Find the
rate of radiation energy from each of those surfaces
per unit area.

A radiant heat lamp is a rod, 0.5 m long and 0.5 cm
in diameter, through which 400 W of electric en-
ergy is deposited. Assume that the surface has an
emissivity of 0.9 and neglect incoming radiation.
What will the rod surface temperature be?

A radiant heating lamp has a surface temperature
of 1000 K with e = 0.8. How large a surface area is
needed to provide 250 W of radiation heat transfer?

Properties (u, h) from General Tables

3.70

3.71

3.72

3.73

Determine the phase of the following substances
and find the values of the unknown quantities.

a. Nitrogen: P = 2000 kPa, 120K, v=?,Z =7
b. Nitrogen: 120 K, v = 0.0050 m3/kg, Z = ?

c. Air: T = 100°C, v = 0.500 m/kg, P = ?

d. R-410a: T =25°C,v=0.01 m*/kg, P=2,h="?
Find the phase and the missing properties of P, T,
v, u, and x for water at

a. 500 kPa, 100°C

b. 5000 kPa, u = 800 kl/kg

c. 5000 kPa, v = 0.06 m*/kg

d. —6°C,v=1m’/kg

Indicate the location of the four states in Problem
3.71 as points in both the P—v and 7—v diagrams.
Find the missing properties of P, v, u, and x and the
phase of ammonia, NHj.

a. T = 65°C, P = 600 kPa

b. 7'=20°C, P =100 kPa

c. T=50°C,v=0.1185 m’/kg

3.74 Find the missing property of P, T, v, u, h, and x and
indicate the states in a P—v and a T—v diagram for
a. Water at 5000 kPa, u = 1000 kJ/kg
b. R-134a at 20°C, u = 300 kJ/kg
c. Nitrogen at 250 K, 200 kPa
3.75 Determine the phase and the missing properties.
a. H,0 20°C, v =0.001000m3/kg P=?u="?
b. R-410a 400 kPa,v=10.075m’/kg T=2,u="?
c. NH; 10°C, v = 0.1 m’/kg P=%u="?
d. N, 101.3 kPa, &7 = 60 kJ/kg Tr=2%v="?
3.76 Find the missing properties of u, /4, and x for
a. Water at 120°C, v = 0.5 m*/kg
b. Water at 100°C, P = 10 MPa
c. Nitrogen at 100 K, x = 0.75
d. Nitrogen at 200 K, P = 200 kPa
e. Ammonia at 100°C, v = 0.1 m*/kg
3.77 Determine the phase of the following substances
and find the values of the unknown quantities.
a. R-410a: 7= —-20°C,u=220kJ/kg, P=2,x="?
b. Ammonia: T = —20°C, v=0.35 m3/kg, P=7,
u="7
c. Water: P=400kPa, » =2800kJ/kg, T=?,v="?
3.78 Find the missing properties for carbon dioxide at
a. 20°C,2MPa: v=?andh=7?
b. 10°C,x=0.5: T=%u="?
c. IMPa,v=005m’kg: T=2h="
3.79 Find the missing property of P, T, v, u, h, and x and
indicate the states in a P—v and a T—v diagram for
a. R-410a at 500 kPa, 7 = 300 kJ/kg
b. R-410a at 10°C, u = 200 kJ/kg
c. R-134a at 40°C, h = 400 kJ/kg

3.80 Saturated liquid water at 20°C is compressed to a
higher pressure with constant temperature. Find the
changes in u and /4 from the initial state when the
final pressure is
a. 500 kPa
b. 2000 kPa

3.81 Determine the phase of the following substances
and find the values of the unknown quantities.
a. Water: P=500kPa, u=2850kl/kg, T=?,v="?
b. R-134a: T = —10°C, v = 0.08 m’/kg, P = ?,

u="~"
¢. Ammonia: 7 = —20°C, u = 1000 kJ/kg P = ?,
x=7?

Problem Analysis

3.82 Consider Problem 3.101. Take the whole room as
a C.V. and write both conservation of mass and



3.83

3.84

3.85

3.86

3.87

3.88

conservation of energy equations. Write equations
for the process (two are needed) and use them in
the conservation equations. Now specify the four
properties that determine the initial state (two) and
the final state (two); do you have them all? Count
unknowns and match them with the equations to
determine those.

Consider a steel bottle as a CV. It contains carbon
dioxide at —20°C, quality 20%. It has a safety valve
that opens at 6 MPa. The bottle is now accidentally
heated until the safety valve opens. Write the pro-
cess equation that is valid until the valve opens and
plot the P—v diagram for the process.

A piston/cylinder contains water with quality 75%
at 200 kPa. Slow expansion is performed while
there is heat transfer and the water is at constant
pressure. The process stops when the volume has
doubled. How do you determine the final state and
the heat transfer?

Consider Problem 3.173. The final state was given,
but you were not told that the piston hits the stops,
only that Vo, = 2 V. Sketch the possible P—v
diagram for the process and determine which num-
ber(s) you need to uniquely place state 2 in the dia-
gram. There is a kink in the process curve; what are
the coordinates for that state? Write an expression
for the work term.

Take Problem 3.210 and write the left-hand side
(storage change) of the conservation equations for
mass and energy. How should you write m; and
Eq. 3.5?

Two rigid insulated tanks are connected with a pipe
and valve. One tank has 0.5 kg air at 200 kPa,
300 K and the other has 0.75 kg air at 100 kPa,
400 K. The valve is opened and the air comes to
a single uniform state without any heat transfer.
How do you determine the final temperature and
pressure?

Look at Problem 3.183 and plot the P—v diagram
for the process. Only 7, is given; how do you deter-
mine the second property of the final state? What
do you need to check, and does it influence the work
term?

Simple Processes

3.89

A 100-L rigid tank contains nitrogen (N;) at 900 K
and 3 MPa. The tank is now cooled to 100 K. What
are the work and heat transfer for the process?

3.90

3.91

3.92

3.93

3.94

3.95

3.96

3.97

A constant-pressure piston/cylinder assembly con-
tains 0.2 kg of water as saturated vapor at 400 kPa.
It is now cooled so that the water occupies half of
the original volume. Find the work and heat transfer
done in the process.

Saturated vapor R-410a at 0°C in a rigid tank is
cooled to —20°C. Find the specific heat transfer.

Ammonia at 0°C with a quality of 60% is contained
in a rigid 200-L tank. The tank and ammonia are
now heated to a final pressure of 1 MPa. Determine
the heat transfer for the process.

A rigid tank contains 1.5 kg of R-134a at 40°C,
500 kPa. The tank is placed in a refrigerator that
brings it to —20°C. Find the process heat transfer
and show the process in a P—v diagram.

A piston/cylinder contains air at 600 kPa, 290 K
and a volume of 0.01 m>. A constant-pressure pro-
cess gives 54 kJ of work out. Find the final volume,
the temperature of the air, and the heat transfer.
Two kilograms of water at 120°C with a quality of
25% has its temperature raised 20°C in a constant-
volume process as in Fig. P3.95. What are the heat
transfer and work in the process?

FIGURE P3.95

A cylinder fitted with a frictionless piston contains
2 kg of superheated refrigerant R-134a vapor at
350 kPa, 100°C. The cylinder is now cooled so
that the R-134a remains at constant pressure un-
til it reaches a quality of 75%. Calculate the heat
transfer in the process.

A piston/cylinder contains 1.5 kg of water at 200
kPa, 150°C. It is now heated by a process in which
pressure is linearly related to volume to a state of
600 kPa, 350°C. Find the final volume, the heat
transfer, and the work in the process.



3.98

3.99
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A piston/cylinder device contains 50 kg water at
200 kPa with a volume of 0.1 m>. Stops in the cylin-
der are placed to restrict the enclosed volume to a
maximum of 0.5 m>. The water is now heated un-
til the piston reaches the stops. Find the necessary
heat transfer.

Ammonia (0.5 kg) in a piston/cylinder at 200 kPa,
—10°C is heated by a process in which pressure
varies linearly with volume to a state of 120°C,
300 kPa. Find the work and heat transfer for the
ammonia in the process.

A piston/cylinder contains 1 kg water at 20°C with
volume 0.1 m*. By mistake someone locks the pis-
ton, preventing it from moving while we heat the
water to saturated vapor. Find the final temperature
and the amount of heat transfer in the process.

A water-filled reactor with a volume of 1 m? is at
20 MPa and 360°C and is placed inside a contain-
ment room, as shown in Fig. P3.101. The room
is well insulated and initially evacuated. Due to
a failure, the reactor ruptures and the water fills
the containment room. Find the minimum room
volume so that the final pressure does not exceed
200 kPa.

4

[ ]

FIGURE P3.101
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A rigid tank holds 0.75 kg ammonia at 70°C as
saturated vapor. The tank is now cooled to 20°C
by heat transfer to the ambient temperature. Which
two properties determine the final state? Determine
the amount of work and heat transfer during the
process.

Water in a 150-L closed, rigid tank is at 100°C and
90% quality. The tank is then cooled to —10°C.
Calculate the heat transfer for the process.

A 25-kg mass moves at 25 m/s. Now a brake system
brings the mass to a complete stop with a constant
deceleration over a period of 5 s. Assume the mass
isat constant P and 7'. The brake energy is absorbed
by 0.5 kg of water initially at 20°C and 100 kPa.
Find the energy the brake removes from the mass

3.105
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and the temperature increase of the water, assuming
its pressure is constant.

A cylinder having a piston restrained by a linear
spring (of spring constant 15 kN/m) contains 0.5 kg
of saturated vapor water at 120°C, as shown in Fig.
P3.105. Heat is transferred to the water, causing the
piston to rise. If the piston’s cross-sectional area is
0.05 m? and the pressure varies linearly with vol-
ume until a final pressure of 500 kPa is reached,
find the final temperature in the cylinder and the
heat transfer for the process.

FIGURE P3.105

A piston/cylinder arrangement with a linear spring
similar to Fig. P3.105 contains R-134aat 15°C, x =
0.4 and a volume of 0.02 m?. It is heated to 60°C, at
which point the specific volume is 0.030 02 m*/kg.
Find the final pressure, the work, and the heat trans-
fer in the process.

A 10-m-high open cylinder, with A¢,; = 0.1 m?,
contains 20°C water above and 2 kg of 20°C water
below a 198.5-kg thin insulated floating piston, as
shown in Fig. P3.107. Assume standard g, Py. Now
heat is added to the water below the piston so that it
expands, pushing the piston up, causing the water
on top to spill over the edge. This process continues
until the piston reaches the top of the cylinder. Find
the final state of the water below the piston (7', P, v)
and the heat added during the process.

Py

FIGURE P3.107
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Assume the same setup as in Problem 3.101, but
the room has a volume of 100 m®. Show that the
final state is two phase and find the final pressure
by trial and error.

A piston/cylinder contains carbon dioxide at
—20°C and quality 75%. It is compressed in a pro-
cess wherein pressure is linear in volume to a state
of 3 MPa and 20°C. Find specific heat transfer.

A rigid steel tank of mass 2.5 kg contains 0.5 kg
R410a at 0°C with a specific volume of 0.01 m3/kg.
The whole system is now heated to a room temper-
ature of 25°C.

a. Find the volume of the tank.

b. Find the final P.

c. Find the process heat transfer.

The piston/cylinder in Fig. P3.111 contains 0.1 kg

water at 500°C, 1000 kPa. The piston has a stop at

half of the original volume. The water now cools to

a room temperature of 25°C.

a. Sketch the possible water states in a P-v
diagram.

b. Find the final pressure and volume.

c. Find the heat transfer and work in the process.

Py

FIGURE P3.111

A spring-loaded piston/cylinder assembly contains
1 kg of water at 500°C, 3 MPa. The setup is such
that the pressure is proportional to the volume: P =
CV. It is now cooled until the water becomes satu-
rated vapor. Sketch the P—v diagram, and find the
final state, the work and heat transfer in the process.

A piston/cylinder contains 1.5 kg water at 600
kPa, 350°C. It is now cooled in a process wherein
pressure is linearly related to volume to a state of
200 kPa, 150°C. Plot the P—v diagram for the pro-
cess, and find both the work and the heat transfer
in the process.

Superheated refrigerant R-134a at 20°C and
0.5 MPa is cooled in a piston/cylinder arrangement
at constant temperature to a final two-phase state

3.115

with quality of 50%. The refrigerant mass is 5 kg,
and during this process 500 kJ of heat is removed.
Find the initial and final volumes and the necessary
work.

Two kilograms of nitrogen at 100 K, x = 0.5 is
heated in a constant-pressure process to 300 K in
a piston/cylinder arrangement. Find the initial and
final volumes and the total heat transfer required.

Specific Heats: Solids and Liquids
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In a sink, 5 L of water at 70°C is combined with
1 kg of aluminum pots, 1 kg of silverware (steel),
and 1 kg of glass, all put in at 20°C. What is the
final uniform temperature, neglecting any heat loss
and work?

A computer CPU chip consists of 50 g silicon, 20 g
copper, and 50 g polyvinyl chloride (plastic). [t now
heats from 15°C to 70°C as the computer is turned
on. How much energy did the heating require?

A copper block of volume 1 L is heat treated at
500°C and now cooled in a 200-L oil bath ini-
tially at 20°C, as shown in Fig. P3.118. Assuming
no heat transfer with the surroundings, what is the
final temperature?

7
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FIGURE P3.118

A 1-kg steel pot contains 1 kg liquid water, both
at 15°C. The pot is now put on the stove, where it
is heated to the boiling point of the water. Neglect
any air being heated and find the total amount of
energy needed.

I have 2 kg of liquid water at 20°C, 100 kPa. I now
add 20 kJ of energy at constant pressure. How hot
does the water get if it is heated? How fast does it
move if it is pushed by a constant horizontal force?
How high does it go if it is raised straight up?

A house is being designed to use a thick concrete
floor mass as thermal storage material for solar
energy heating. The concrete is 30 cm thick, and
the area exposed to the sun during the daytime is
4 x 6 m. It is expected that this mass will undergo
an average temperature rise of about 3°C during the
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day. How much energy will be available for heating
during the nighttime hours?

Because a hot water supply must also heat some
pipe mass as it is turned on, the water does not
come out hot right away. Assume 70°C liquid
water at 100 kPa is cooled to 45°C as it heats 15 kg
of copper pipe from 20 to 45°C. How much mass
(kg) of water is needed?

A car with mass 1275 kg is driven at 60 km/h when
the brakes are applied quickly to decrease its speed
to 20 km/h. Assume that the brake pads have a
0.5-kg mass with a heat capacity of 1.1 klJ/kg K
and that the brake disks/drums are 4.0 kg of steel.
Further assume that both masses are heated uni-
formly. Find the temperature increase in the brake
assembly.

A piston/cylinder (0.5 kg steel altogether) main-
taining a constant pressure has 0.2 kg R-134a as
saturated vapor at 150 kPa. It is heated to 40°C,
and the steel is at the same temperature as the
R-134a at any time. Find the work and heat transfer
for the process.

A 25-kg steel tank initially at —10°C is filled with
100 kg of milk (assumed to have the same prop-
erties as water) at 30°C. The milk and the steel
come to a uniform temperature of +5°C in a stor-
age room. How much heat transfer is needed for
this process?

An engine, shown in Fig. P3.126, consists of a
100-kg cast iron block with a 20-kg aluminum head,
20 kg of steel parts, 5 kg of engine oil, and 6 kg of
glycerine (antifreeze). All initial temperatures are
5°C, and as the engine starts we want to know how
hot it becomes if it absorbs a net of 7000 kJ before
it reaches a steady uniform temperature.

AW

Automobile engine FIGURE P3.126

Properties (u, h, C,, Cp), Ideal Gas

3.127 An ideal gas is heated from 500 to 1500 K. Find
the change in enthalpy using constant specific heat
from Table A.5 (room temperature value) and dis-
cuss the accuracy of the result if the gas is
a. Argon
b. Oxygen
c. Carbon dioxide

3.128 Use the ideal-gas air Table A.7 to evaluate the heat
capacity C, at 300 K as a slope of the curve A(T)
by AA/AT. How much larger is it at 1000 K and at
1500 K?

3.129 Estimate the constant specific heats for R-134a
from Table B.5.2 at 100 kPa and 125°C. Compare
this to the specific heats in Table A.5 and explain
the difference.

3.130 We want to find the change in u for carbon dioxide
between 600 K and 1200 K.
a. Find it from a constant C,y from Table A.5.
b. Find it from a C, evaluated from the equation
in Table A.6 at the average 7.
c. Find it from the values of u listed in Table A.S8.

Nitrogen at 300 K, 3 MPa is heated to 500 K. Find
the change in enthalpy using (a) Table B.6, (b) Table
A.8, and (c) Table A.5.

We want to find the change in u for carbon dioxide
between 50°C and 200°C at a pressure of 10 MPa.
Find it using ideal gas and Table A.5, and repeat
using the B section table.

3.131

3.132

3.133
3.134

Repeat Problem 3.130 for oxygen gas.

For a special application, we need to evaluate the
change in enthalpy for carbon dioxide from 30°C
to 1500°C at 100 kPa. Do this using the constant
specific heat value from Table A.5 and repeat using
Table A.8. Which table is more accurate?

The temperature of water at 400 kPa is raised from
150°C to 1200°C. Evaluate the change in specific
internal energy using (a) the steam tables, (b) the ideal
gas Table A.8, and (c) the specific heat Table A.5.

Repeat Problem 3.134 but use a constant specific
heat at the average temperature from the equation in
Table A.6 and also integrate the equation in Table
A.6 to get the change in enthalpy.

3.137 Water at 20°C and 100 kPa is brought to 100 kPa
and 1500°C. Find the change in the specific internal
energy, using the water tables and ideal-gas tables.

3.135

3.136
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Reconsider Problem 3.134, and determine if also
using Table B.3 would be more accurate; explain.

Specific Heats Ideal Gas
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Air is heated from 300 to 350 K at constant volume.
Find 1¢g,. What is | g, if the temperature rises from
1300 to 1350 K?

A rigid container has 2 kg of carbon dioxide gas at
100 kPa and 1200 K that is heated to 1400 K. Solve
for the heat transfer using (a) the heat capacity from
Table A.5 and (b) properties from Table A.8.

Do the previous problem for nitrogen (N,) gas.
Air (3 kg) is in a piston/cylinder similar to Fig. P3.5
at 27°C, 300 kPa. It is now heated to 500 K. Plot
the process path in a P—v diagram and find the work
and heat transfer in the process.

A closed rigid container is filled with 1.5 kg
water at 100 kPa, 55°C; 1 kg of stainless steel, and
0.5 kg of polyvinyl chloride, both at 20°C, and
0.1 kg air at 400 K, 100 kPa. It is now left alone,
with no external heat transfer, and no water vapor-
izes. Find the final temperature and air pressure.
A 250-L rigid tank contains methane at 500 K,
1500 kPa. It is now cooled down to 300 K. Find
the mass of methane and the heat transfer using
(a) the ideal-gas and (b) methane tables.

A 10-m-high cylinder, with a cross-sectional area
of 0.1 m?, has a massless piston at the bottom with
water at 20°C on top of it, as shown in Fig. P3.145.
Air at 300 K, with a volume of 0.3 m3, under the
piston is heated so that the piston moves up, spilling
the water out over the side. Find the total heat trans-
fer to the air when all the water has been pushed out.

FIGURE P3.145

A cylinder with a piston restrained by a linear spring
contains 2 kg of carbon dioxide at 500 kPa and
400°C. It is cooled to 40°C, at which point the

pressure is 300 kPa. Calculate the heat transfer for
the process.

3.147 Water at 100 kPa and 400 K is heated electrically,
adding 700 kJ/kg in a constant-pressure process.
Find the final temperature using
a. The water Table B.1
b. The ideal-gas Table A.8
c¢. Constant specific heat from Table A.5

3.148 A constant pressure container is filled with 1 kg of
stainless steel and 0.5 kg of PVC (polyvinyl chlo-
ride) both at 20C and 0.25 kg of hot air at 500 K,
100 kPa. The container is now left alone with no
external heat transfer.
a. Find the final temperature.
b. Find the process work.

3.149 A spring-loaded piston/cylinder contains 1.5 kg of
airat27°C and 160 kPa. It is now heated to 900 K in
a process wherein the pressure is linear in volume
to a final volume of twice the initial volume. Plot
the process in a P—v diagram and find the work and
heat transfer.

3.150 A constant-pressure piston/cylinder contains 0.5 kg
air at 300 K, 400 kPa. Assume the piston/
cylinder has a total mass of 1 kg steel and is at
the same temperature as the air at any time. The
system is now heated to 1600 K by heat transfer.

a. Find the heat transfer using constant specific
heats for air.

b. Find the heat transfer not using constant specific
heats for air.

3.151 An insulated cylinder is divided into two parts of
1 m® each by an initially locked piston, as shown
in Fig. P3.151. Side A has air at 200 kPa, 300 K,
and side B has air at 1.0 MPa, 1000 K. The piston
i1s now unlocked so that it is free to move, and it
conducts heat so that the air comes to a uniform
temperature 74 = T'p. Find the mass in both 4 and
B and the final T and P.

5 X
A B
Air Air

FIGURE P3.151



Polytropic Process
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Air in a piston/cylinder is at 1800 K, 7 MPa and
expands in a polytropic process with n = 1.5 to
a volume eight times larger. Find the specific work
and specific heat transfer in the process and draw the
P—v diagram. Use constant specific heats to solve
the problem.

Do the previous problem but do not use constant
specific heat.

Helium gas expands from 125 kPa, 350 K and
0.25 m® to 100 kPa in a polytropic process with
n = 1.667. How much heat transfer is involved?
A piston/cylinder device contains 0.1 kg of air at
300 K and 100 kPa. The air is now slowly com-
pressed in an isothermal (7" = constant) process to
a final pressure of 250 kPa. Show the process in
a P-J diagram, and find both the work and heat
transfer in the process.

A gasoline engine has a piston/cylinder with 0.1 kg
air at 4 MPa, 1527°C after combustion, and this is
expanded in a polytropic process with n = 1.5 to
a volume 10 times larger. Find the expansion work
and heat transfer using the heat capacity value in
Table A.S.

Solve the previous problem using Table A.7.

Find the specific heat transfer in Problem 3.55.

A piston/cylinder has nitrogen gas at 750 K and
1500 kPa, as shown in Fig. P3.159. Now it is ex-
panded in a polytropic process with n = 1.2 to
P =750kPa. Find the final temperature, the specific
work, and the specific heat transfer in the process.

FIGURE P3.159

A piston/cylinder assembly has 1 kg of propane gas
at 700 kPa and 40°C. The piston cross-sectional
area is 0.5 m?, and the total external force restrain-
ing the piston is directly proportional to the cylinder
volume squared. Heat is transferred to the propane
until its temperature reaches 700°C. Determine the
final pressure inside the cylinder, the work done
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by the propane, and the heat transfer during the
process.

A piston/cylinder arrangement of initial volume
0.025 m® contains saturated water vapor at 180°C.
The steam now expands in a polytropic process with
exponent » = 1 to a final pressure of 200 kPa while
it does work against the piston. Determine the heat
transfer for this process.

A piston/cylinder contains pure oxygen at ambient
conditions 20°C, 100 kPa. The piston is moved to
a volume that is seven times smaller than the ini-
tial volume in a polytropic process with exponent
n = 1.25. Use the constant heat capacity to find the
final pressure and temperature, the specific work,
and the specific heat transfer.

A piston/cylinder assembly in a car contains 0.2 L
of air at 90 kPa and 20°C, as shown in Fig. P3.163.
The air is compressed in a quasi-equilibrium poly-
tropic process with polytropic exponent n = 1.25
to a final volume six times smaller. Determine the
final pressure and temperature, and the heat transfer
for the process.

Air

l  FIGURE P3.163

An air pistol contains compressed air in a small

cylinder, as shown in Fig. P3.164. Assume that the

volume is 1 cm?, the pressure is 1 MPa, and the tem-

perature is 27°C when armed. A bullet, with m =

15 g, acts as a piston initially held by a pin (trigger);

when released, the air expands in an isothermal pro-

cess (T = constant). If the air pressure is 0.1 MPa

in the cylinder as the bullet leaves the gun, find

a. the final volume and the mass of air

b. the work done by the air and the work done on
the atmosphere

c. the work done to the bullet and the bullet exit
velocity

Air

— ]

C
FIGURE P3.164
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Air goes through a polytropic process with n =
1.3 in a piston/cylinder setup. It starts at 200 kPa,
300 K and ends with a pressure of 2200 kPa. Find
the expansion ratio v,/vy, the specific work, and the
specific heat transfer.

Nitrogen gas goes through a polytropic process with
n = 1.3 in a piston/cylinder arrangement. It starts
outat 600 K, 600 kPa and ends at 800 K. Find the fi-
nal pressure, the process specific work and specific
heat transfer.

A piston/cylinder contains pure oxygen at 500 K,
600 kPa. The piston is moved to a volume such
that the final temperature is 700 K in a polytropic
process with exponent n = 1.25. Use ideal gas
approximation and constant heat capacity to find
the final pressure. Find also the specific work and
specific heat transfer in the process.

Calculate the heat transfer for the process in
Problem 3.57.

Multistep Processes: All Substances

3.169

3.170

3.171

A piston/cylinder shown in Fig. P3.169 contains
0.5 m® of R-410a at 2 MPa, 150°C. The piston
mass and atmosphere give a pressure of 450 kPa
that will float the piston. The whole setup cools in
a freezer maintained at —20°C. Find the heat trans-
fer and show the P—v diagram for the process when
T, = —20°C.

R-410a

FIGURE P3.169

A cylinder containing 1 kg of ammonia has an ex-
ternally loaded piston. Initially the ammonia is at
2 MPa and 180°C. It is now cooled to saturated
vapor at 40°C and then further cooled to 20°C, at
which point the quality is 50%. Find the total work
and the heat transfer for the process, assuming a
piecewise linear variation of P versus V.

Ten kilograms of water in a piston/cylinder arrange-
ment exists as saturated liquid/vapor at 100 kPa,
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with a quality of 50%. The system is now heated
so that the volume triples. The mass of the piston is
such that a cylinder pressure of 200 kPa will float
it, as in Fig. P3.171. Find the final temperature and
the heat transfer in the process.

Py

H,O

FIGURE P3.171

A helium gas is heated at constant volume from
100 kPa, 300 K to 500 K. A following process ex-
pands the gas at constant pressure to three times
the initial volume. What is the specific work and
the specific heat transfer in the combined process?

A vertical cylinder fitted with a piston contains 5 kg
of R-410a at 10°C, as shown in Fig. P3.173. Heat
is transferred to the system, causing the piston to
rise until it reaches a set of stops, at which point the
volume has doubled. Additional heat is transferred
until the temperature inside reaches 50°C, at which
point the pressure inside the cylinder is 1.4 MPa.

a. What is the quality at the initial state?

b. Calculate the heat transfer for the overall

process.

1

R-410a

FIGURE P3.173

Water in a piston/cylinder (Fig. P3.174) is at
101 kPa, 25°C, and mass 0.5 kg. The piston rests
on some stops, and the pressure should be 1000 kPa
to float the piston. We now heat the water, so the
piston just reaches the end of the cylinder. Find the
total heat transfer.
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FIGURE P3.174

A setup like the one in Fig. P3.169 has the R-410a
initially at 1000 kPa, 50°C of mass 0.1 kg. The bal-
ancing equilibrium pressure is 400 kPa, and it is
now cooled so that the volume is reduced to half of
the starting volume. Find the heat transfer for the
process.

A piston/cylinder assembly contains 1 kg of lig-
uid water at 20°C and 300 kPa. Initially the piston
floats, similar to the setup in Problem 3.173, with a
maximum enclosed volume of 0.002 m? if the pis-
ton touches the stops. Now heat is added so that a
final pressure of 600 kPa is reached. Find the final
volume and the heat transfer in the process.

A piston/cylinder arrangement contains 5 kg of
water at 100°C with x = 20% and the piston, of
m, =75 kg, resting on some stops, similar to Fig.
P3.171. The outside pressure is 100 kPa, and the
cylinder area is 4 = 24.5 cm?. Heat is now added
until the water reaches a saturated vapor state. Find
the initial volume, final pressure, work, and heat
transfer terms and show the P—v diagram.

A piston/cylinder setup similar to Problem 3.171
contains 0.1 kg of saturated liquid and vapor water
at 100 kPa with quality 25%. The mass of the piston
is such that a pressure of 500 kPa will float it. The
water is heated to 300°C. Find the final pressure,
volume, work ; W, and heat transfer ; Q,.

The piston/cylinder in Fig. P3.179 contains 0.1 kg
R-410a at 600 kPa, 60°C. It is now cooled, so the
volume is reduced to half of the initial volume. The
piston has upper stops mounted, and the piston mass
and gravitation are such that a floating pressure is
400 kPa.

a. Find the final temperature.

b. How much work is involved?

c. What is the heat transfer in the process?

d. Show the process path in a P—v diagram.

FIGURE P3.179

3.180 A piston cylinder contains air at 1000 kPa, 800 K

3.181

3.182

3.183

with a volume of 0.05 m>. The piston is pressed
against the upper stops (see Fig. P3.14¢) and it
will float at a pressure of 750 kPa. Now the air is
cooled to 400 K. What is the process work and heat
transfer?

The piston/cylinder arrangement in Fig. P3.181
contains 10 g ammonia at 20°C with a volume of
1 L. There are some stops, so if the piston is at the
stops, the volume is 1.4 L. The ammonia is now
heated to 200°C. The piston and cylinder are made
of 0.5 kg aluminum. Assume that the mass has the
same temperature as the ammonia at any time. Find
the final volume and the total heat transfer and plot
the P-V diagram for the process.

FIGURE P3.181

Air in a piston/cylinder assembly at 200 kPa and
600 K is expanded in a constant-pressure process
to twice the initial volume, state 2, as shown in
Fig. P3.182. The piston is then locked with a pin,
and heat is transferred to a final temperature of
600 K. Find P, T, and A for states 2 and 3, and
find the work and heat transfer in both processes.

Air

FIGURE P3.182

A piston/cylinder has 0.5 kg of air at 2000 kPa,
1000 K, as shown in Fig. P3.183. The cylinder has
stops, SO V'min = 0.03 m?. The air now cools to 400 K
by heat transfer to the ambient. Find the final vol-
ume and pressure of the air (does it hit the stops?)
and the work and heat transfer in the process.
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FIGURE P3.183

3.184 Air in a rigid tank is at 100 kPa, 300 K with a vol-
ume 0of 0.75 m>. The tank is heated to 400 K, state 2.
Now one side of the tank acts as a piston, letting the
air expand slowly at constant temperature to state 3
with a volume of 1.5 m>. Find the pressure at states
2 and 3. Find the total work and total heat transfer.

Energy Equation Rate Form

3.185 A 100-hp car engine has a drive shaft rotating at
2000 RPM. How much torque is on the shaft for
25% of full power?

3.186 A craneuses2 kW toraise a 100-kg box 20 m. How
much time does it take?

3.187 An escalator raises a 100-kg bucket 10 m in 1 min.
Determine the rate of work in the process.

3.188 A piston/cylinder of cross-sectional area 0.01 m?
maintains constant pressure. It contains 1 kg of
water with a quality of 5% at 150°C. If we heat
the water so that 1 g/s of liquid turns into vapor,
what is the rate of work out?

3.189 A potofwaterisboiling on a stove supplying 325 W
to the water. What is the rate of mass (kg/s) vapor-
ization, assuming a constant pressure process?

3.190 The heaters in a spacecraft suddenly fail. Heat is

lost by radiation at the rate of 100 kJ/h, and the

electric instruments generate 75 kJ/h. Initially, the

air is at 100 kPa and 25°C with a volume of 10 m?.

How long will it take to reach an air temperature of

—20°C?

As fresh-poured concrete hardens, the chemical

transformation releases energy at a rate of 2 W/kg.

Assume that the center of a poured layer does not

have any heat loss and that it has an average heat

capacity of 0.9 kJ/kg K. Find the temperature rise
during 1 h of the hardening (curing) process.

3.191

3.192 A 1.2-kg pot of water at 20°C is put on a stove sup-
plying 250 W to the water. How long will it take to

come to a boil (100°C)?

3.193 A computer in a closed room of volume 200 m?
dissipates energy at a rate of 10 kW. The room has
50 kg of wood, 25 kg of steel, and air, with all ma-
terial at 300 K and 100 kPa. Assuming all the mass
heats up uniformly, how long will it take to increase
the temperature 10°C?

3.194 The rate of heat transfer to the surroundings from
a person at rest is about 400 kJ/h. Suppose that
the ventilation system fails in an auditorium con-
taining 100 people. Assume the energy goes into
the air of volume 1500 m? initially at 300 K and
101 kPa. Find the rate (degrees per minute) of the

air temperature change.

3.195 A steam-generating unit heats saturated liquid
water at constant pressure of 800 kPa in a piston/
cylinder device. If 1.5 kW of power is added by
heat transfer, find the rate (kg/s) at which saturated

vapor is made.

A 500-W heater is used to melt 2 kg of solid ice at

—10°C to liquid at +5°C at a constant pressure of

150 kPa.

a. Find the change in the total volume of the water.

b. Find the energy the heater must provide to the
water.

c. Find the time the process will take, assuming
uniform 7 in the water.

3.196

3.197 A drag force on a car, with frontal area 4 = 2 m?,

driving at 80 km/h in air at 20°C, is Fy = 0.225 4

0ai: V2. How much power is needed, and what is the

traction force?

3.198 A 3-kg mass of nitrogen gas at 2000 K, V' = C,
cools with 500 W. What is dT/dt?

3.199 Consider the pot in Problem 3.119. Assume the
stove supplies 1 kW of heat. How much time does
the process take?

General Work

3.200 Electric power is volts times amperes (P = V).
When a car battery at 12 V is charged with 6 amps
for 3 h, how much energy is delivered?

3.201 A copper wire of diameter 2 mm is 10 m long and
stretched out between two posts. The normal stress
(pressure), o = E(L—Lg)/Ly, depends on the length,
L, versus the unstretched length, L;, and Young’s
modulus, E = 1.1 x 10° kPa. The force is F = Ao
and is measured to be 110 N. How much longer is

the wire, and how much work was put in?



3.202

3.203

3.204

3.205

3.206

A film of ethanol at 20°C has a surface tension of
22.3 mN/m and is maintained on a wire frame, as
shown in Fig. P3.202. Consider the film with two
surfaces as a control mass and find the work done
when the wire is moved 10 mm to make the film
20 x 40 mm.

30 mm

Wire
> / frame

Ethanol

20 mm film

L.

FIGURE P3.202

A 10-L rigid tank contains R-410a at —10°C with
a quality of 80%. A 10-A electric current (from a
6-V battery) is passed through a resistor inside the
tank for 10 min, after which the R-410a tempera-
ture is 40°C. What was the heat transfer to or from
the tank during this process?

A battery is well insulated while being charged by
12.3 V at a current of 6 A. Take the battery as
a control mass and find the instantaneous rate of
work and the total work done over 4 h.

A sheet of rubber is stretched out over a ring of
radius 0.25 m. I pour liquid water at 20°C on it,
as in Fig. P3.205, so that the rubber forms a half-
sphere (cup). Neglect the rubber mass and find the
surface tension near the ring.

Rubber sheet
FIGURE P3.205

Assume that we fill a spherical balloon from a bot-
tle of helium gas. The helium gas provides work
[ PdV that stretches the balloon material [ ¥ dA4
and pushes back the atmosphere [ Py dV. Write
the incremental balance for dW pelium = dW streten +
dW .m to establish the connection between the he-
lium pressure, the surface tension S, and Py as a
function of the radius.

3.207

3.208

3.209

Assume a balloon material with a constant surface
tension of ¥ = 2 N/m. What is the work required
to stretch a spherical balloon up to a radius of
r = 0.5 m? Neglect any effect from atmospheric
pressure.

A soap bubble has a surface tension of ¥ = 3 x
10~* N/cm as it sits flat on a rigid ring of diameter
5 cm. You now blow on the film to create a half-
sphere surface of diameter 5 cm. How much work
was done?

A 0.5-m-long steel rod with a 1-cm diameter is
stretched in a tensile test. What is the work required
to obtain a relative strain of 0.1%? The modulus of
elasticity of steel is 2 x 10% kPa.

More Complex Devices

3.210

3.211

A rigid tank is divided into two rooms, both contain-
ing water, by a membrane, as shown in Fig. P3.210.
Room 4 is at 200 kPa, v = 0.5 m’/kg, V; = 1 m?,
and room B contains 3.5 kg at 0.5 MPa, 400°C.
The membrane now ruptures and heat transfer takes
place so that the water comes to a uniform state at
100°C. Find the heat transfer during the process.

FIGURE P3.210

A piston/cylinder has a water volume separated in
V,4=0.2m?and V'3 = 0.3 m® by a stiff membrane
(Fig. P3.211). The initial state in 4 is 1000 kPa,
x = 0.75 and in B it is 1600 kPa and 250°C. Now
the membrane ruptures and the water comes to a
uniform state at 200°C. What is the final pressure?
Find the work and the heat transfer in the process.

Py

A:Hzo

B:H,O

FIGURE P3.211




3.212

3.213

3.214

3.215

The cylinder volume below the constant loaded pis-
ton has two compartments, 4 and B, filled with
water, as shown in Fig. P3.212. 4 has 0.5 kg at
200 kPa and 150°C and B has 400 kPa with a qual-
ity of 50% and a volume of 0.1 m>. The valve is
opened and heat is transferred so that the water
comes to a uniform state with a total volume of
1.006 m?. Find the total mass of water and the total
initial volume. Find the work and the heat transfer
in the process.

FIGURE P3.212

Water in tank A4 is at 250 kPa with quality 10% and
mass 0.5 kg. It is connected to a piston/cylinder
holding constant pressure of 200 kPa initially with
0.5 kg water at 400°C. The valve is opened, and
enough heat transfer takes place to have a final uni-
form temperature of 150°C. Find the final P and V,
the process work, and the process heat transfer.

Two rigid tanks are filled with water (Fig. P3.214).
Tank 4 is 0.2 m> at 100 kPa, 150°C and tank B is
0.3 m? at saturated vapor of 300 kPa. The tanks are
connected by a pipe with a closed valve. We open
the valve and let all the water come to a single uni-
form state while we transfer enough heat to have
a final pressure of 300 kPa. Give the two property
values that determine the final state and find the
heat transfer.

FIGURE P3.214

A tank has a volume of 1 m? with oxygen at 15°C,
300 kPa. Another tank contains 4 kg oxygen at
60°C, 500 kPa. The two tanks are connected by

a pipe and valve that is opened, allowing the whole
system to come to a single equilibrium state with
the ambient at 20°C. Find the final pressure and the
heat transfer.

3.216 A rigid insulated tank is separated into two rooms
by a stiff plate. Room 4, of 0.5 m?, contains air at
250 kPa and 300 K and room B, of 1 m?, has air
at 500 kPa and 1000 K. The plate is removed and
the air comes to a uniform state without any heat
transfer. Find the final pressure and temperature.

3.217 A rigid tank 4 of volume 0.6 m® contains 3 kg of
water at 120°C, and rigid tank B has a volume of
0.4 m> with water at 600 kPa, 200°C. The tanks
are connected to a piston/cylinder initially empty
with closed valves as shown in Fig. P3.217. The
pressure in the cylinder should be 800 kPa to float
the piston. Now the valves are slowly opened and
heat is transferred so that the water reaches a uni-
form state at 250°C with the valves open. Find the
final volume and pressure, and the work and heat
transfer in the process.

N XY

7 7
FIGURE P3.217

Review Problems

3.218 Ten kilograms of water in a piston/cylinder setup
with constant pressure is at 450°C and occupies a
volume of 0.633 m>. The system is now cooled to
20°C. Show the P—v diagram, and find the work and
heat transfer for the process.

3.219 A piston/cylinder setup (Fig. P3.171) contains 1 kg
of water at 20°C with a volume of 0.1 m?3. Initially,
the piston rests on some stops with the top surface



3.220

3.221

open to the atmosphere, Py, and a mass such that
a water pressure of 400 kPa will lift it. To what
temperature should the water be heated to lift the
piston? If it is heated to saturated vapor, find the
final temperature, volume, and work, | 7.

Two kilograms of water is contained in a pis-
ton/cylinder (Fig. P3.220) with a massless piston
loaded with a linear spring and the outside atmo-
sphere. Initially the spring force is zero and P} =
Py = 100 kPa with a volume of 0.2 m?. If the piston
just hits the upper stops, the volume is 0.8 m* and
T = 600°C. Heat is now added until the pressure
reaches 1.2 MPa. Show the P—V diagram, and find
the work and heat transfer for the process.

FIGURE P3.220

Two springs with the same spring constant are in-
stalled in a massless piston/cylinder arrangement
with the outside air at 100 kPa. If the piston is at
the bottom, both springs are relaxed, and the sec-
ond spring comes in contact with the piston at ' =
2 m?. The cylinder (Fig. P3.221) contains ammo-
nia initially at —2°C, x = 0.13, V' =1 m?, which
is then heated until the pressure reaches 1200 kPa.
At what pressure will the piston touch the second
spring? Find the final temperature, the total work
done by the ammonia and the heat transfer.

FIGURE P3.221

3.222

3.223

3.224

3.225

3.226

Ammonia (NH3) is contained in a sealed rigid tank
at 0°C, x = 50% and is then heated to 100°C. Find
the final state P,, u, and the specific work and heat
transfer.

A piston/cylinder system contains 50 L of air at
300°C, 100 kPa, with the piston initially on a set
of stops. A total external constant force acts on the
piston, so the balancing pressure inside should be
200 kPa. The cylinder is made of 2 kg of steel ini-
tially at 1300°C. The system is insulated so that
heat transfer occurs only between the steel cylin-
der and the air. The system comes to equilibrium.
Find the final temperature and the work done by
the air in the process and plot the process P—V
diagram.

A piston/cylinder arrangement has the piston
loaded with outside atmospheric pressure and the
piston mass to a pressure of 150 kPa. It con-
tains water at —2°C, which is then heated until
the water becomes saturated vapor. Find the final
temperature and specific work and heat transfer for
the process.

A piston/cylinder setup contains 1 kg of ammo-
nia at 20°C with a volume of 0.1 m?, as shown
in Fig. P3.225. Initially the piston rests on some
stops with the top surface open to the atmosphere,
Py, so that a pressure of 1400 kPa is required to
lift it. To what temperature should the ammonia be
heated to lift the piston? If it is heated to saturated
vapor, find the final temperature, volume, and heat
transfer, 1 0,.

FIGURE P3.225

A piston held by a pin in an insulated cylinder,
shown in Fig. P3.226, contains 2 kg of water at
100°C, with a quality of 98%. The piston has
a mass of 102 kg, with cross-sectional area of
100 cm?, and the ambient pressure is 100 kPa. The
pin is released, which allows the piston to move.
Determine the final state of the water, assuming the
process to be adiabatic.
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3.227 Avertical cylinder (Fig. P3.227) hasa 61.18-kg pis-

3.228

3.229

ton locked with a pin, trapping 10 L of R-410a at
10°C with 90% quality inside. Atmospheric pres-
sure is 100 kPa, and the cylinder cross-sectional
area is 0.006 m?. The pin is removed, allowing the
piston to move and come to rest with a final temper-
ature of 10°C for the R-410a. Find the final pres-
sure, the work done, and the heat transfer for the

R-410a.
lg

R-410a

Air

Pin

FIGURE P3.227

A cylinder having an initial volume of 3 m? con-
tains 0.1 kg of water at 40°C. The water is then com-
pressed in an isothermal quasi-equilibrium process
until it has a quality of 50%. Calculate the work
done by splitting the process into two steps. As-
sume that the water vapor is an ideal gas during the
first step of the process.

A spring-loaded piston/cylinder arrangement con-
tains R-134a at 20°C, 24% quality with a volume
of 50 L. The setup is heated and thus expands, mov-
ing the piston. It is noted that when the last drop
of liquid disappears, the temperature is 40°C. The
heating is stopped when 7' = 130°C. Verify that the
final pressure is about 1200 kPa by iteration and
find the work done in the process.

3.230 Water in a piston/cylinder, similar to Fig. P3.225,

3.231

3.232

is at 100°C, x = 0.5 with mass 1 kg, and the pis-
ton rests on the stops. The equilibrium pressure
that will float the piston is 300 kPa. The water is
heated to 300°C by an electrical heater. At what
temperature would all the liquid be gone? Find the
final (P, v), the work, and the heat transfer in the
process.

A piston/cylinder arrangement has a linear spring
and the outside atmosphere acting on the piston
shown in Fig. P3.231. It contains water at 3 MPa
and 400°C with a volume of 0.1 m>. If the piston
is at the bottom, the spring exerts a force such that
a pressure of 200 kPa inside is required to balance
the forces. The system now cools until the pres-
sure reaches 1 MPa. Find the heat transfer for the
process.

Py

FIGURE P3.231

A 1-m? tank containing air at 25°C and 500
kPa is connected through a valve to another tank
containing 4 kg of air at 60°C and 200 kPa (Fig.
P3.232). Now the valve is opened and the entire
system reaches thermal equilibrium with the sur-
roundings at 20°C. Assume constant specific heat at
25°C and determine the final pressure and the heat
transfer.

FIGURE P3.232



3.233

3.234

3.235

3.236

3.237

A rigid container has two rooms filled with water,
each of 1 m3, separated by a wall (see Fig. P3.210).
Room A4 has P = 200 kPa with a quality of x =
0.80. Room B has P = 2 MPa and T = 400°C.
The partition wall is removed, and because of heat
transfer the water comes to a uniform state with a
temperature of 200°C. Find the final pressure and
the heat transfer in the process.

Consider the piston/cylinder arrangement shown in
Fig. P3.234. A frictionless piston is free to move
between two sets of stops. When the piston rests on
the lower stops, the enclosed volume is 400 L. When
the piston reaches the upper stops, the volume
is 600 L. The cylinder initially contains water at
100 kPa, with 20% quality. It is heated until the
water eventually exists as saturated vapor. The mass
of the piston requires 300 kPa pressure to move it
against the outside ambient pressure. Determine the
final pressure in the cylinder, the heat transfer, and
the work for the overall process.

FIGURE P3.234

Ammonia (2 kg) in a piston/cylinder is at 100 kPa,
—20°C and is now heated in a polytropic process
with n = 1.3 to a pressure of 200 kPa. Do not use
the ideal gas approximation and find 7', the work,
and the heat transfer in the process.

A small, flexible bag contains 0.1 kg of ammonia at
—10°C and 300 kPa. The bag material is such that
the pressure inside varies linearly with the volume.
The bag is left in the sun with an incident radiation
of 75 W, losing energy with an average 25 W to the
ambient ground and air. After a while the bag is
heated to 30°C, at which time the pressure is 1000
kPa. Find the work and heat transfer in the process
and the elapsed time.

A piston/cylinder arrangement contains 0.1 kg
R-410a of quality x = 0.2534 at —20°C. Stops are
mounted so that Vo, = 3V; see Fig. P3.237. The

system is now heated to the final temperature of
20°C. Find the work and heat transfer in the pro-
cess and draw the P—v diagram.

FIGURE P3.237

3.238 A piston/cylinder setup, shown in Fig. P3.238, con-

tains R-410a at —20°C, x = 20%. The volume
is 0.2 m®. It is known that Ve, = 0.4 m?, and
if the piston sits at the bottom, the spring force
balances the other loads on the piston. The system
is now heated to 20°C. Find the mass of the fluid
and show the P—v diagram. Find the work and heat
transfer.

FIGURE P3.238

3.239 A spherical balloon contains 2 kg of R-410a at 0°C

with a quality of 30%. This system is heated un-
til the pressure in the balloon reaches 1 MPa. For
this process, it can be assumed that the pressure in
the balloon is directly proportional to the balloon
diameter. How does pressure vary with volume, and
what is the heat transfer for the process?

3.240 A piston/cylinder arrangement B is connected to

a 1-m? tank 4 by a line and valve, shown in

Fig. P3.240. Initially both contain water, with 4 at

100 kPa, saturated vapor and B at 400°C, 300 kPa,

1 m3. The valve is now opened, and the water in

both 4 and B comes to a uniform state.

a. Find the initial mass in 4 and B.

b. If the process results in 7, = 200°C, find the
heat transfer and the work.



&
FIGURE P3.240

3.241 Consider the system shown in Fig. P3.241. Tank 4
has a volume of 100 L and contains saturated vapor
R-134a at 30°C. When the valve is cracked open,
R-134a flows slowly into cylinder B. The piston re-
quires a pressure of 200 kPa in cylinder B to raise

it. The process ends when the pressure in tank A
has fallen to 200 kPa. During this process, heat is
exchanged with the surroundings such that the R-
134a always remains at 30°C. Calculate the heat
transfer for the process.

Tank Cylinder
B

| Piston

&

Valve

FIGURE P3.241

ENGLISH UNIT PROBLEMS

English Unit Concept Problems

3.242E What is 1 cal in English units? What is 1 Btu in
ft 1bf?

Work as F' Ax has units of Ibf ft. What is that in
Btu?

Work in the expression in Eq. 3.18 or Eq. 3.22
involves PV. For P in psia and V in ft*, how does
PV become Btu?

Look at the R-410a value for u, at —60 F. Can the
energy really be negative? Explain.

3.243E

3.244E

3.245E

3.246E An ideal gas in a piston/cylinder is heated with
2 Btu in an isothermal process. How much work
is involved?

You heat a gas 20 R at P = C. Which gas in
Table F.4 requires most energy? Why?

The air drag force on a car is 0.225 4 p V2. Verify
that the unit becomes Ibf.

An escalator raises a 200-lbm bucket of sand
30 ft in 1 min. Determine the amount of work
done during the process.

A hydraulic hoist raises a 3650-lbm car 6 ft in
an auto repair shop. The hydraulic pump has a

3.247E

3.248E

3.249E

3.250E

constant pressure of 100 Ibf/in.2 on its piston.
What is the increase in potential energy of the car,
and how much volume should the pump displace
to deliver that amount of work?

English Unit Problems

3.251E A piston motion moves a 50-lbm hammerhead
vertically down 3 ft from rest to a velocity of
150 ft/s in a stamping machine. What is the
change in total energy of the hammerhead?

3.252E Airplane takeoff from an aircraft carrier is
assisted by a steam-driven piston/cylinder with
an average pressure of 200 psia. A 38 500-1bm
airplane should be accelerated from zero to a
speed of 100 ft/s, with 30% of the energy com-
ing from the steam piston. Find the needed piston

displacement volume.

A bulldozer pushes 1000 Ibm of dirt 300 ft with
a force of 400 Ibf. It then lifts the dirt 10 ft up to
put it in a dump truck. How much work did it do
in each situation?

3.253E

3.254E Two hydraulic cylinders maintain a pressure of
175 psia. One has a cross-sectional area of



3.255E

3.256E

3.257E

3.258E

3.259E

3.260E

3.261E

3.262E

3.263E

0.1 ft2, the other 0.3 ft2. To deliver a work of 1 Btu
to the piston, how large a displacement (/') and
piston motion (H) are needed for each cylinder?
Neglect Pym.

A linear spring, F' = ky(x — x¢), with spring con-
stant k; = 35 Ibf/ft, is stretched until it is 2.5 in.
longer. Find the required force and work input.
A cylinder fitted with a frictionless piston con-
tains 10 lbm of superheated refrigerant R-134a
vapor at 100 Ibf/in.2, 300 F. The setup is cooled
at constant pressure until the R-134a reaches a
quality of 25%. Calculate the work done in the
process.

A piston of 4 Ibm is accelerated to 60 ft/s from
rest. What constant gas pressure is required if the
area is 4 in.?, the travel distance is 4 in., and the
outside pressure is 15 psia?

Find the missing properties and give the phase of
the substance.

a. H,O, u= 1000 Btu/lbm, h=?2v=7?
T=270F, =

b. H,O, u = 450 Btu/lbm, T=72x="?
P = 1500 Ibf/in.?, v=7

c. R-410a, T =30F, h=77x="7

P =120 Ibf/in.2,
Find the missing properties among (P, T, v, u, h)
together with x, if applicable, and give the phase
of the substance.
a. R-410a, T=50F, u = 85 Btu/lbm
b. H,O0, T=600F, h = 1322 Btu/lbm
c. R-410a, P =150 Ibf/in.2, & = 135 Btu/lbm
Find the missing properties among (P, T, v, u, h)
together with x, if applicable, and give the phase
of the substance.

a. R-134a, T =140F h = 185 Btu/lbm
b. NHs, T=170F P = 60 Ibf/in.?
c. R-134a, T =100F u =175 Btu/lbm

Ammonia at 30 F, quality 60% is contained in a
rigid 8-ft* tank. The tank and ammonia are now
heated to a final pressure of 150 Ibf/in.2. Deter-
mine the heat transfer for the process.

Saturated vapor R-410a at 60 F in a rigid tank is
cooled to 0 F. Find the specific heat transfer.
Saturated vapor R-410a at 200 psia in a constant-
pressure piston/cylinder is heated to 140 F. Find
the specific heat transfer.

3.264E

3.265E

3.266E

3.267E

3.268E

3.269E

3.270E

3.271E

3.272E

A rigid tank holds 1.5 lbm R-410a at 100 F
as saturated vapor. The tank is now cooled to
60 F by heat transfer to the ambient. Which two
properties determine the final state? Determine
the amount of work and heat transfer during the
process.

A cylinder fitted with a frictionless piston con-
tains 4 lbm of superheated refrigerant R-134a
vapor at 400 1bf/in.2, 200 F. The cylinder is now
cooled so that the R-134a remains at constant
pressure until it reaches a quality of 75%. Cal-
culate the heat transfer in the process.

A water-filled reactor with a volume of 50 ft3 is at
2000 Ibf/in.%, 560 F and placed inside a contain-
ment room, as shown in Fig. P3.101. The room
is well insulated and initially evacuated. Due to
a failure, the reactor ruptures and the water fills
the containment room. Find the minimum room
volume so that the final pressure does not exceed
30 Ibf/in.2.

Ammonia (1 Ibm) in a piston/cylinder at 30 psia,
20 F is heated in a process in which the pres-
sure varies linearly with the volume to a state of
240 F, 40 psia. Find the work and the heat transfer
in the process.

A piston/cylinder arrangement with a linear
spring similar to Fig. P3.105 contains R-134a at
60 F, x = 0.6 and a volume of 0.7 ft. It is heated
to 140 F, at which point the specific volume is
0.4413 ft3/lbm. Find the final pressure, the work,
and the heat transfer in the process.

Water in a 6-ft closed, rigid tank is at 200 F, 90%
quality. The tank is then cooled to 20 F. Calculate
the heat transfer during the process.

A constant-pressure piston/cylinder has 2 lbm of
water at 1100 F and 2.26 ft*. It is now cooled to
occupy 1/10th of the original volume. Find the
heat transfer in the process.

I have 4 lbm of liquid water at 70 F, 15 psia. |
now add 20 Btu of energy at a constant pressure.
How hot does it get if it is heated? How fast does
it move if it is pushed by a constant horizontal
force? How high does it go if it is raised straight
up?

A computer CPU chip consists of 0.1 Ibm silicon,
0.05 1bm copper, and 0.1 Ibm polyvinyl chloride



3.273E

3.274E

3.275E

3.276E

3.277E

3.278E

3.279E

3.280E

(plastic). It now heats from 60 F to 160 F as the
computer is turned on. How much energy did the
heating require?

A copper block of volume 60 in.? is heat treated
at 900 F and then cooled in a 3-ft* oil bath
initially at 70 F. Assuming no heat transfer with
the surroundings, what is the final temperature?

Estimate the constant specific heats for R-134a
from Table F.10.2 at 15 psia and 150 F. Com-
pare this to the values in Table F.4 and explain the
difference.

Air is heated from 540 R to 640 R at V' = C.
Find 1¢,. What is | g, if air is heated from 2400 to
2500 R?

A 30-ft-high cylinder, cross-sectional area 1 ft?,
has a massless piston at the bottom with water at
70 F on top of it, as shown in Fig. P3.107. Air at
540 R, volume 10 ft3 under the piston is heated
so that the piston moves up, spilling the water out
over the side. Find the total heat transfer to the air
when all the water has been pushed out.

A closed rigid container is filled with 3 lbm
water at 1 atm, 130 F, 2 1bm of stainless steel
and 1 lbm of polyvinyl chloride, both at 70 F,
and 0.2 Ibm of air at 700 R, 1 atm. It is now
left alone with no external heat transfer, and no
water vaporizes. Find the final temperature and air
pressure.

An engine, shown in Fig. P3.126, consists of a
200-Ibm cast iron block with a 40-1bm aluminum
head, 40 lbm of steel parts, 10 lbm of engine
oil, and 12 lIbm of glycerine (antifreeze). Every-
thing has an initial temperature of 40 F, and as the
engine starts it absorbs a net of 7000 Btu before
it reaches a steady uniform temperature. How hot
does it become?

A car with mass 3250 Ibm is driven at 60 mi/h
when the brakes are applied to quickly decrease
its speed to 20 mi/h. Assume the brake pads are
1 Ibm/in. with a heat capacity of 0.2 Btu/lbm R,
the brake disks/drums are 8 1bm of steel, and both
masses are heated uniformly. Find the tempera-
ture increase in the brake assembly.

Water at 60 psia is heated from 320 F to 1800 F.
Evaluate the change in specific internal energy
using (a) the steam tables, (b) the ideal gas
Table F.6, and the specific heat Table F.4.

3.281E

3.282E

3.283E

3.284E

3.285E

3.286E

3.287E

A 65-gal rigid tank contains methane gas at 900 R,
200 psia. It is now cooled down to 540 R. Assume
an ideal gas and find the needed heat transfer.
Oxygen at 50 1bf/in.2, 200 F is in a piston/cylinder
arrangement with a volume of 4 ft>. It is now com-
pressed in a polytropic process with exponent,
n = 1.2, to a final temperature of 400 F. Calculate
the heat transfer for the process.
An air pistol contains compressed air in a small
cylinder, as shown in Fig. P3.164. Assume that
the volume is 1 in.3, pressure is 10 atm, and the
temperature is 80 F when armed. A bullet, m =
0.04 1bm, acts as a piston initially held by a pin
(trigger); when released, the air expands in an
isothermal process (7’ = constant). If the air pres-
sure is 1 atm in the cylinder as the bullet leaves
the gun, find
a. the final volume and the mass of air.
b. the work done by the air and work done on the
atmosphere.
c. the work to the bullet and the bullet’s exit
velocity.
Helium gas expands from 20 psia, 600 R, and
9 ft3 to 15 psia in a polytropic process with n =
1.667. How much heat transfer is involved?
The water in tank 4 is at 270 F with quality
of 10% and mass 1 lbm. It is connected to a
piston/cylinder holding constant pressure of
40 psia initially with 1 Ibm water at 700 F. The
valve is opened, and enough heat transfer takes
place to produce a final uniform temperature of
280 F. Find the final P and V, the process work,
and the process heat transfer.
Two rigid tanks are filled with water, as shown in
Fig. P3.214. Tank 4 is 7 ft> at 1 atm, 280 F and
tank B is 11 ft> at saturated vapor 40 psia. The
tanks are connected by a pipe with a closed valve.
We open the valve and let all the water come to
a single uniform state while we transfer enough
heat to have a final pressure of 40 psia. Give the
two property values that determine the final state
and find the heat transfer.
A vertical cylinder fitted with a piston contains
10 Ibm of R-410a at 50 F, shown in Fig. P3.173.
Heat is transferred to the system, causing the pis-
ton to rise until it reaches a set of stops at which
point the volume has doubled. Additional heat
is transferred until the temperature inside reaches
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120 F, at which point the pressure inside the cylin-

der is 200 1bf/in.%.

a. What is the quality at the initial state?

b. Calculate the heat transfer for the overall
process.

The piston/cylinder shown in Fig. P3.169 con-
tains 18 ft* of R-410a at 300 psia, 300 F. The
piston mass and atmosphere gives a pressure of
70 psia that will float the piston. The whole setup
cools in a freezer maintained at 0 F. Find the heat
transfer and show the P—v diagram for the process
when 7, =0F.

A setup as in Fig. P3.169 has the R-410a initially
at 150 psia, 120 F of mass 0.2 Ibm. The balanc-
ing equilibrium pressure is 60 psia, and it is now
cooled so that the volume is reduced to half of
the starting volume. Find the heat transfer for the
process.

A piston/cylinder contains air at 150 psia, 1400 R
with a volume of 1.75 ft>. The piston is pressed
against the upper stops, (see Fig. P3.14¢), and it
will float at a pressure of 110 psia. Now the air
is cooled to 700 R. What is the process work and
heat transfer?

A mass of 6 Ibm nitrogen gas at 3600 R, V' = C,
cools with 1 Btu/s. What is d7/dt?

A crane uses 7000 Btu/h to raise a 200-1bm box
60 ft. How much time does it take?

A computer in a closed room of volume 5000 ft3
dissipates energy at a rate of 10 kW. The room has
100 Ibm of wood, 50 Ibm of steel, and air, with
all material at 540 R, 1 atm. Assuming all of the
mass heats up uniformly, how much time will it
take to increase the temperature by 20 F?

Water is in a piston/cylinder maintaining constant
P at 330 F, quality 90%, with a volume of 4 ft*.
A heater is turned on, heating the water with 10
000 Btu/h. What is the elapsed time to vaporize
all the liquid?

A piston/cylinder has 2 lbm of R-134a at state
1 with 200 F, 90 1bf/in.2, and is then brought to
saturated vapor, state 2, by cooling while the pis-
ton is locked with a pin. Now the piston is bal-
anced with an additional constant force and the
pin is removed. The cooling continues to state 3,
where the R-134a is saturated liquid. Show the
processes in a P—V diagram and find the work and

the heat transfer in each of the two steps, 1 to 2 and
2to 3.

3.296E A force of 300 Ibf moves a truck at a speed of
40 mi/h up a hill. What is the power?

3.297E Find the rate of conduction heat transfer through
a 1.5-cm-thick hardwood board, £ = 0.09 Btu/
h-ft-R, with a temperature difference between the
two sides of 40 F.

3.298E A water heater is covered up with insulation
boards over a total surface area of 30 ft2. The in-
side board surface is at 175 F, the outside surface
is at 70 F, and the board material has a conductiv-
ity of 0.05 Btu/h ft F. How thick should the board
be to limit the heat transfer loss to 720 Btu/h?

3.299E The sun shines on a 1500-ft road surface so that
itis at 115 F. Below the 2-in.-thick asphalt, aver-
age conductivity of 0.035 Btu/h ft E, is a layer of
compacted rubble at a temperature of 60 F. Find
the rate of heat transfer to the rubble.

3.300E A cylinder having an initial volume of 100 ft* con-
tains 0.2 1bm of water at 100 F. The water is then
compressed in an isothermal quasi-equilibrium
process until it has a quality of 50%. Calcu-
late the work done in the process, assuming that
water vapor is an ideal gas.

Review

3.301E A piston/cylinder contains 2 Ibm of ammonia at
70 F with a volume of 0.1 ft*, shown in Fig.
P3.225. Initially the piston rests on some stops
with the top surface open to the atmosphere, P,
so a pressure of 40 Ibf/in.? is required to lift it. To
what temperature should the ammonia be heated to
lift the piston? If it is heated to saturated vapor, find
the final temperature, volume, and the heat transfer.

3.302E A 20-Ib mass of water in a piston/cylinder with
constant pressure is at 1100 F and a volume of
22.6 ft3. It is now cooled to 100 F. Show the P-v
diagram and find the work and heat transfer for
the process.

3.303E A cylinder fitted with a frictionless piston con-
tains R-134a at 100 F, 80% quality, at which point
the volume is 3 gal. The external force on the
piston is now varied in such a manner that the
R-134a slowly expands in a polytropic process to
50 1bf/in.?, 80 F. Calculate the work and the heat
transfer for this process.



3.304E Ammonia is contained in a sealed, rigid tank at

3.305E

30 F, x = 50% and is then heated to 200 F. Find
the final state P, u, and the specific work and
heat transfer.

Water in a piston/cylinder, similar to Fig. P3.225,
isat 212 F, x = 0.5 with mass 1 Ibm and the pis-
ton rests on the stops. The equilibrium pressure
that will float the piston is 40 psia. The water is
heated to 500 F by an electrical heater. At what
temperature would all the liquid be gone? Find the

3.306E

final P, v, the work, and the heat transfer in the
process.

An insulated cylinder is divided into two parts
of 10 ft* each by an initially locked piston. Side
A has air at 2 atm, 600 R, and side B has air at
10 atm, 2000 R, as shown in Fig. P3.151. The pis-
ton is now unlocked so that it is free to move, and
it conducts heat so that the air comes to a uniform
temperature 74 = T'g. Find the mass in both 4
and B, and also the final 7" and P.

COMPUTER, DESIGN AND OPEN-ENDED PROBLEMS

3.307

3.308

3.309

3.310

A piston/cylinder arrangement of initial volume
0.025 m? contains saturated water vapor at 200°C.
The steam now expands in a quasi-equilibrium
isothermal process to a final pressure of 200 kPa
while it does work against the piston. Determine the
work done in this process by a numerical integra-
tion (summation) of the area below the P—J process
curve. Compute about 10 points along the curve by
using the computerized software to find the volume
at 200°C and the various pressures. How different
is the work calculated if ideal gas is assumed?

Reconsider the process in Problem 3.170, in which
three states were specified. Solve the problem by fit-
ting a single smooth curve (P versus v) through the
three points. Map out the path followed (including
temperature and quality) during the process.
Ammonia vapor is compressed inside a cylinder by
an external force acting on the piston. The ammonia
is initially at 30°C, 500 kPa, and the final pressure is
1400 kPa. The following data have been measured
for the process:

Pressure, 500 653 802 945 1100 1248 1400
kPa

Volume, L 1.25 1.08 0.96 0.84 0.72 0.60 0.50

Determine the work done by the ammonia by sum-
ming the area below the P—V process curve. As you
plot it, P is the height and the change in volume is
the base of a number of rectangles.

Use the supplied software to track the process in
Problem 3.96 in steps of 10°C until the two-phase
region is reached, after that step with jumps of 5%

3.311

3.312
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3.314

3.315

3.316
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in the quality. At each step write out 7, x, and
the heat transfer to reach that state from the initial
state.

Examine the sensitivity of the final pressure to
the containment room volume in Problem 3.101.
Solve for the volume for a range of final pressures,
100-250 kPa, and sketch the pressure versus vol-
ume curve.

Using states with given (P, v) and properties from
the supplied software, track the process in Problem
3.105. Select five pressures away from the initial
toward the final pressure so that you can plot the
temperature, the heat added, and the work given
out as a function of the volume.

Track the process described in Problem 3.115 so
that you can sketch the amount of heat transfer
added and the work given out as a function of the
volume.

Write a program to solve Problem 3.123 for a range
of initial velocities. Let the car mass and final
velocity be input variables.

For one of the substances in Table A.6, compare
the enthalpy change between any two temperatures,
T, and T, as calculated by integrating the specific
heat equation; by assuming constant specific heat at
the average temperature; and by assuming constant
specific heat at temperature 7.

Consider a general version of Problem 3.144 with
a substance listed in Table A.6. Write a program
where the initial temperature and pressure and the
final temperature are program inputs.

Write a program for Problem 3.163, where the
initial state, the volume ratio, and the polytropic
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exponent are input variables. To simplify the for-
mulation, use constant specific heat.

Examine a process whereby air at 300 K, 100 kPa
is compressed in a piston/cylinder arrangement to
600 kPa. Assume the process is polytropic with
exponents in the 1.2—1.6 range. Find the work
and heat transfer per unit mass of air. Discuss the
different cases and how they may be accomplished
by insulating the cylinder or by providing heating
or cooling.

A cylindrical tank of height 2 m with a cross-
sectional area of 0.5 m? contains hot water at 80°C,

125 kPa. It is in a room with temperature 7y =
20°C, so it slowly loses energy to the room air pro-
portional to the temperature difference as

Oloss = CA(T — Tp)

with the tank surface area, 4, and C is a constant.
For different values of the constant C, estimate the
time it takes to bring the water to 50°C. Make
enough simplifying assumptions so that you can
solve the problem mathematically, that is find a for-
mula for 7(¢).



Energy Analysis for
a Control Volume

In the preceding chapter we developed the energy analysis for a control mass going through
aprocess. Many applications in thermodynamics do not readily lend themselves to a control
mass approach but are conveniently handled by the more general control volume technique,
as discussed in Chapter 1. This chapter is concerned with development of the control volume
forms of the conservation of mass and energy in situations where flows of substance are
present.

4.1 CONSERVATION OF MASS AND
THE CONTROL VOLUME

The control volume was introduced in Chapter 1 and serves to define the part of space that
includes the volume of interest for a study or analysis. The surface of this control volume is
the control surface that completely surrounds the volumes. Mass as well as heat and work
can cross the control surface, and the mass together with its properties can change with
time. Figure 4.1 shows a schematic diagram of a control volume that includes heat transfer,
shaft work, moving boundary work, accumulation of mass within the control volume, and
several mass flows. It is important to identify and label each flow of mass and energy and
the parts of the control volume that can store (accumulate) mass.

Let us consider the conservation of mass law as it relates to the control volume. The
physical law concerning mass, recalling Section 3.13, says that we cannot create or destroy
mass. We will express this law in a mathematical statement about the mass in the control
volume. To do this, we must consider all the mass flows into and out of the control volume
and the net increase of mass within the control volume. As a somewhat simpler control
volume, we consider a tank with a cylinder and piston and two pipes attached, as shown in
Fig. 4.2. The rate of change of mass inside the control volume can be different from zero if
we add or take a flow of mass out as

Rate of change = +in — out

With several possible flows this is written as

dmcy. ) )
T:Zmi—Zme (4.1)

which states that if the mass inside the control volume changes with time, it is because
we add some mass or take some mass out. There are no other means by which the mass
inside the control volume could change. Equation 4.1 expressing the conservation of mass
is commonly termed the continuity equation. While this form of the equation is sufficient
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FIGURE 4.1
Schematic diagram of a
control volume showing
mass and energy
transfers and
accumulation.

FIGURE 4.2
Schematic diagram of a
control volume for the
analysis of the continuity
equation.
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for the majority of applications in thermodynamics, it is frequently rewritten in terms of the
local fluid properties in the study of fluid mechanics and heat transfer. In this book we are
mainly concerned with the overall mass balance and thus consider Eq. 4.1 as the general

expression for the continuity equation.

Since Eq. 4.1 is written for the total mass (lumped form) inside the control volume,
we may have to consider several contributions to the mass as

mc.v.=/pdV=/(l/v)dV=mA+m3+mc+...

Such a summation is needed when the control volume has several accumulation units with

different states of the mass.

PiTi H
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FIGURE 4.3 The flow across a control volume surface with a flow cross-sectional area of A.
Average velocity is shown to the left of the valve, and a distributed flow across the area is
shown to the right of the valve.

Let us now consider the mass flow rates across the control volume surface in a little
more detail. For simplicity we assume that the fluid is flowing in a pipe or duct as illustrated
in Fig. 4.3. We wish to relate the total flow rate that appears in Eq. 4.1 to the local properties
of the fluid state. The flow across the control volume surface can be indicated with an
average velocity shown to the left of the valve or with a distributed velocity over the cross
section, as shown to the right of the valve.

The volume flow rate is

V=V4= / Vioeal d A (4.2)
so the mass flow rate becomes
i = pas” = Vv = [ Viwar)dd =V “3)

where often the average velocity is used. It should be noted that this result, Eq. 4.3, has
been developed for a stationary control surface, and we tacitly assumed that the flow
was normal to the surface. This expression for the mass flow rate applies to any of the
various flow streams entering or leaving the control volume, subject to the assumptions
mentioned.

Examp|4.1 — —

Air is flowing in a 0.2-m-diameter pipe at a uniform velocity of 0.1 m/s. The temperature
is 25°C and the pressure is 150 kPa. Determine the mass flow rate.

Solution
From Eq. 4.3 the mass flow rate is

m=VA/v
For air, using R from Table A.5, we have

RT  0.287kJ/kgK x 298.2K
P 150 kPa
The cross-sectional area is

=0.5705m® /kg

y =

A= %(0.2)2 — 0.0314 m?
Therefore,

m=VA/v=0.1m/s x 0.0314 m?/(0.5705 m> /kg) = 0.0055 kg/s



In-Text Concept Question

a. A mass flow rate into a control volume requires a normal velocity component. Why?

4.2. THE ENERGY EQUATION FOR
A CONTROL VOLUME

BNy We have already considered the energy equation for a control mass, which consists of a
fixed quantity of mass, and noted, in Eq. 3.5, that it may be written as

Ey—E =10,—1M
We have also noted that this may be written as an instantaneous rate equation as Eq. 3.3.

dEcwm.
dt

To write the energy equation as a rate equation for a control volume, we proceed in a
manner analogous to that used in developing a rate equation for the law of conservation of
mass. For this purpose, a control volume is shown in Fig. 4.4 that involves the rate of heat
transfer, rates of work, and mass flows. The fundamental physical law states that we cannot
create or destroy energy such that any rate of change of energy must be caused by transfer
rates of energy into or out of the control volume. We have already included rates of heat
transfer and work in Eq. 4.4, so the additional explanations we need are associated with the
mass flow rates.

The fluid flowing across the control surface enters or leaves with an amount of energy
per unit mass as

=0-W (4.4)

1
e=u+§V2+gZ

relating to the state and position of the fluid. Whenever a fluid mass enters a control volume
at state 7 or exits at state e, there is boundary movement work associated with that process.

~
~

Wboundar
y
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FIGURE 4.4
Schematic diagram
illustrating terms in the
energy equation for a
general control volume.




To explain this in more detail, consider an amount of mass flowing into the control
volume. As this mass flows in there is a pressure at its back surface, so as this mass moves
into the control volume it is being pushed by the mass behind it, which is the surroundings.
The net effect is that after the mass has entered the control volume, the surroundings have
pushed it in against the local pressure with a velocity giving it a rate of work in the process.
Similarly, a fluid exiting the control volume at state e must push the surrounding fluid ahead
of'it, doing work on it, which is work leaving the control volume. The velocity and the area
correspond to a certain volume per unit time entering the control volume, enabling us to
relate that to the mass flow rate and the specific volume at the state of the mass going in.
Now we are able to express the rate of flow work as

WﬁowzFVZ/PvdA = PV = Pvin (4.5)

For the flow that leaves the control volume, work is being done by the control volume,
P.v.m,, and for the mass that enters, the surroundings do the rate of work, P;v;m;. The
flow work per unit mass is then Pv, and the total energy associated with the flow of
mass is

1 1
e+Pv=u+Pv+5V2+gZ=h+EV2+gZ (4.6)

In this equation we have used the definition of the thermodynamic property enthalpy,
and it is the appearance of the combination (u 4 Pv) for the energy in connection with a mass
flow that is the primary reason for the definition of the property enthalpy. Its introduction
earlier in conjunction with the constant-pressure process was done to facilitate use of the
tables of thermodynamic properties at that time.

Example 4.2 S
Assume we are standing next to the local city’s main water line. The liquid water inside
flows at a pressure of 600 kPa (6 atm) with a temperature of about 10°C. We want to add
a smaller amount, 1 kg, of liquid to the line through a side pipe and valve mounted on the
main line. How much work will be involved in this process?

If the 1 kg of liquid water is in a bucket and we open the valve to the water main in
an attempt to pour it down into the pipe opening, we realize that the water flows the other
way. The water flows from a higher to a lower pressure, that is, from inside the main line
to the atmosphere (from 600 kPa to 101 kPa).

We must take the 1 kg of liquid water, put it into a piston/cylinder (like a hand-held
pump), and attach the cylinder to the water pipe. Now we can press on the piston until
the water pressure inside is 600 kPa and then open the valve to the main line and slowly
squeeze the 1 kg of water in. The work done at the piston surface to the water is

W= / P dV = Pyyer mv = 600kPa x 1 kg x 0.001 m®/kg = 0.6kJ

and this is the necessary flow work for adding the 1 kg of liquid.



The extension of the energy equation from Eq. 4.4 becomes

dEcy. . . ) ] . .
dt = Qcv. — Wcv. +me; —neee + Wiowin — Wiow out
and the substitution of Eq. 4.5 gives
dEcy.

e Ocv. — Wev. + (e + Pvi) — nite(ee + Peve)

. . 1 1
= Qcv.— Wecv. +m; <hi + EV,Z +gZi) - me<he + §V§ +gze>

In this form of the energy equation the rate of work term is the sum of all shaft work
terms and boundary work terms and any other types of work given out by the control volume;
however, the flow work is now listed separately and included with the mass flow rate terms.

For the general control volume we may have several entering or leaving mass flow
rates, so a summation over those terms is often needed. The final form of the energy equation
then becomes

dE . . 1 1
Y QOcv.—Wev+ Z m; <h,- + EV,? +gZi) - Z m(h + 5Vﬁ + gZe> 4.7

dr

stating that the rate of change of energy inside the control volume is due to a net rate of heat
transfer, a net rate of work (measured positive out), and the summation of energy fluxes due
to mass flows into and out of the control volume. As with the conservation of mass, this
equation can be written for the total control volume and can therefore be put in the lumped
or integral form where

Ecv. :/pedV:me:mAeA +mpep +mcec + ---

As the kinetic and potential energy terms per unit mass appear together with the
enthalpy in all the flow terms, a shorter notation is often used:

1
Mot = h + EV2 +gZ

1
stag = h + 5v2

defining the total enthalpy and the stagnation enthalpy (used in fluid mechanics). The shorter
equation then becomes

dfft'v' = Ocy. — Wev. + Y titihoi = 3 titchioe (4.8)
giving the general energy equation on a rate form. All applications of the energy equation
start with the form in Eq. 4.8, and for special cases this will result in a slightly simpler form,
as shown in the subsequent sections.

4.3 THE STEADY-STATE PROCESS

Our first application of the control volume equations will be to develop a suitable analytical
model for the long-term steady operation of devices such as turbines, compressors, noz-
zles, boilers, and condensers—a very large class of problems of interest in thermodynamic



analysis. This model will not include the short-term transient startup or shutdown of such
devices, but only the steady operating period of time.

Let us consider a certain set of assumptions (beyond those leading to Egs. 4. 1 and 4.7)
that lead to a reasonable model for this type of process, which we refer to as the steady-state
process.

1. The control volume does not move relative to the coordinate frame.

2. The state of the mass at each point in the control volume does not vary with time.

3. As for the mass that flows across the control surface, the mass flux and the state of
this mass at each discrete area of flow on the control surface do not vary with time.
The rates at which heat and work cross the control surface remain constant.

As an example of a steady-state process, consider a centrifugal air compressor that
operates with a constant mass rate of flow into and out of the compressor, constant prop-
erties at each point across the inlet and exit ducts, a constant rate of heat transfer to the
surroundings, and a constant power input. At each point in the compressor the properties
are constant with time, even though the properties of a given elemental mass of air vary as it
flows through the compressor. Often, such a process is referred to as a steady-flow process,
since we are concerned primarily with the properties of the fluid entering and leaving the
control volume. However, in the analysis of certain heat transfer problems in which the
same assumptions apply, we are primarily interested in the spatial distribution of properties,
particularly temperature, and such a process is referred to as a steady-state process. Since
this is an introductory book, we will use the term steady-state process for both. The student
should realize that the terms steady-state process and steady-flow process are both used
extensively in the literature.

Let us now consider the significance of each of these assumptions for the steady-state
process.

1. The assumption that the control volume does not move relative to the coordinate frame
means that all velocities measured relative to the coordinate frame are also velocities
relative to the control surface, and there is no work associated with the acceleration
of the control volume.

2. The assumption that the state of the mass at each point in the control volume does not
vary with time requires that

dmc V. dEC Vv
— =0 and — =0
dt dt
Therefore, we conclude that for the steady-state process we can write, from Eqgs. 4.1
and 4.7,
Continuity equation: Z m; = Z e 4.9)

Energy equation:

2

2
QCV +Zm ( +—+gZ) Zme< +—+gz>+WC.V. (4.10)

3. The assumption that the various mass flows, states, and rates at which heat and work
cross the control surface remain constant requires that every quantity in Eqs. 4.9 and
4.10 be steady with time. This means that application of Eqgs. 4.9 and 4.10 to the
operation of some device is independent of time.



Many of the applications of the steady-state model are such that there is only one flow
stream entering and one leaving the control volume. For this type of process, we can write

Continuity equation: m; =ne=m (4.11)

. \'A \' .
Energy equation: Q¢y + 7t (hi + 7’ + gZi) =m (he + 76 + gZe> +Wev., (4.12)

Rearranging this equation, we have

\'A \'
qthi+— +gZi=het = +gZtw (4.13)
where, by definition,
' 14
g=25% g = Pev (4.14)
m m

Note that the units for ¢ and w are kJ/kg. From their definition, ¢ and w can be thought
of as the heat transfer and work (other than flow work) per unit mass flowing into and out
of the control volume for this particular steady-state process.

The symbols ¢ and w are also used for the heat transfer and work per unit mass of a
control mass. However, since it is always evident from the context whether it is a control mass
(fixed mass) or a control volume (involving a flow of mass) with which we are concerned,
the significance of the symbols ¢ and w will also be readily evident in each situation.

The steady-state process is often used in the analysis of reciprocating machines, such
as reciprocating compressors or engines. In this case the rate of flow, which may actually
be pulsating, is considered to be the average rate of flow for an integral number of cycles. A
similar assumption is made regarding the properties of the fluid flowing across the control
surface and the heat transfer and work crossing the control surface. It is also assumed that
for an integral number of cycles the reciprocating device undergoes, the energy and mass
within the control volume do not change.

A number of examples are given in the next section to illustrate the analysis of steady-
state processes.

In-Text Concept Questions

b. Can a steady-state device have boundary work?
¢. What can you say about changes in 72 and ¥ through a steady flow device?

d. In a multiple-device flow system, I want to determine a state property. Where should
I look for information—upstream or downstream?

4.4° EXAMPLES OF STEADY-STATE PROCESSES

In this section, we consider a number of examples of steady-state processes in which there is
one fluid stream entering and one leaving the control volume, such that the energy equation
can be written in the form of Eq. 4.13. Some may instead utilize control volumes that include
more than one fluid stream, such that it is necessary to write the energy equation in the more
general form of Eq. 4.10, presented in Section 4.5. A listing of many simple flow devices
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is given in Table 4.1 at the end of this chapter covering a few more than presented in the
following sections.

Heat Exchanger

A steady-state heat exchanger is a simple fluid flow through a pipe or system of pipes,
where heat is transferred to or from the fluid. The fluid may be heated or cooled, and may
or may not boil, changing from liquid to vapor, or condense, changing from vapor to liquid.
One such example is the condenser in an R-134a refrigeration system, as shown in Fig. 4.5.
Superheated vapor enters the condenser and liquid exits. The process tends to occur at
constant pressure, since a fluid flowing in a pipe usually undergoes only a small pressure
drop because of fluid friction at the walls. The pressure drop may or may not be taken into
account in a particular analysis. There is no means for doing any work (shaft work, electrical
work, etc.), and changes in kinetic and potential energies are commonly negligibly small.
(One exception may be a boiler tube in which liquid enters and vapor exits at a much larger
specific volume. In such a case, it may be necessary to check the exit velocity using Eq. 4.3.)
The heat transfer in most heat exchangers is then found from Eq. 4.13 as the change
in enthalpy of the fluid. In the condenser shown in Fig. 4.5, the heat transfer out of the
condenser then goes to whatever is receiving it, perhaps a stream of air or of cooling water.
It is often simpler to write the first law around the entire heat exchanger, including both
flow streams, in which case there is little or no heat transfer with the surroundings. Such a
situation is the subject of the following example.

Examp|4.3 ' A

Consider a water-cooled condenser in a large refrigeration system in which R-134a is the
refrigerant fluid. The refrigerant enters the condenser at 1.0 MPa and 60°C, at the rate of
0.2 kg/s, and exits as a liquid at 0.95 MPa and 35°C. Cooling water enters the condenser
at 10°C and exits at 20°C. Determine the rate at which cooling water flows through the
condenser.

Control volume: Condenser.
Sketch:  Fig. 4.6
Inlet states: R-134a—fixed; water—fixed.
Exit states: R-134a—fixed; water—fixed.

Process: Steady-state.
Modlel- R-134a tables; steam tables.
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Analysis
With this control volume we have two fluid streams, the R-134a and the water, entering
and leaving the control volume. It is reasonable to assume that both kinetic and potential
energy changes are negligible. We note that the work is zero, and we make the other
reasonable assumption that there is no heat transfer across the control surface. Therefore,
the first law, Eq. 4.10, reduces to

> tichi = righe

Using the subscripts 7 for refrigerant and w for water, we write

mr(hi)r + mw(hi)w = mr(he)r + mw(he)w

Solution
From the R-134a and steam tables, we have

(h;), = 441.89kJ/kg, (hi), = 42.00kJ/kg
(he), = 249.10kJ /kg, (h.), = 83.95kJ/kg

Solving the above equation for 71,,, the rate of flow of water, we obtain

P (hi — he), — 02 kg/S(441.89 —249.10) kJ /kg — 0919kg/s
(he — hy),, (83.95 — 42.00) kJ /kg

This problem can also be solved by considering two separate control volumes, one
having the flow of R-134a across its control surface and the other having the flow of water
across its control surface. Further, there is heat transfer from one control volume to the
other.

The heat transfer for the control volume involving R-134a is calculated first. In this
case the steady-state energy equation, Eq. 4.10, reduces to

QC.V. = mr(he - hi)r
= 0.2kg/s x (249.10 — 441.89) kI /kg = —38.558 kW




This is also the heat transfer to the other control volume, for which Oy = +38.558 kW.

QC.V. = mw(he - hi)w
38.558 kW

" = (83.95 — 42.00) Kl ke g/s

Nozzle

A nozzle is a steady-state device whose purpose is to create a high-velocity fluid stream
at the expense of the fluid’s pressure. It is contoured in an appropriate manner to expand
a flowing fluid smoothly to a lower pressure, thereby increasing its velocity. There is no
means to do any work—there are no moving parts. There is little or no change in potential
energy and usually little or no heat transfer. Nozzles that are exposed to high temperatures
may be cooled like the exit nozzle in a rocket or have enough heat conducted away from
them as a diesel injector nozzle or a nozzle for injecting natural gas into a furnace. These
situations are rather complex and require a more detailed heat transfer analysis. In addition,
the kinetic energy of the fluid at the nozzle inlet is usually small and would be neglected if
its value is not known.

Example 4.4 ——

Steam at 0.6 MPa and 200°C enters an insulated nozzle with a velocity of 50 m/s. It leaves
at a pressure of 0.15 MPa and a velocity of 600 m/s. Determine the final temperature if
the steam is superheated in the final state and the quality if it is saturated.

Control volume:  Nozzle.
Inlet state:  Fixed (see Fig. 4.7).
Exit state: P, known.

Process:  Steady-state.
Model:  Steam tables.

/ Control surface

V, =50 m/s | & V, =600 m/s
P;=0.6 MPa ——» —T>
T,=200C : SIS%e : P,=0.15MPa FIGURE 4.7

lllustration for
Example 4.4.
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Analysis
We have

QOcv. =0 (nozzle insulated)

Wev. =0
PE; ~ PE,
The energy equation (Eq. 4.13) yields
\'A \'
o S = 5

Solution
Solving for A, we obtain

= 2671.4kJ/kg

2 2 2 /a2
h, = 2850.1 + [ (50) (600) }m /s

2% 1000 2 x 1000 | J/kJ
The two properties of the fluid leaving that we now know are pressure and enthalpy,

and therefore the state of this fluid is determined. Since #, is less than 4, at 0.15 MPa, the
quality is calculated.

h=hs+xhsg
2671.4 = 467.1 + x,2226.5
X, = 0.99

Example 4.4E = —

Steam at 100 1bf/in.2, 400 F, enters an insulated nozzle with a velocity of 200 ft/s. It leaves
at a pressure of 20.8 Ibf/in.? and a velocity of 2000 ft/s. Determine the final temperature
if the steam is superheated in the final state and the quality if it is saturated.
Control volume:  Nozzle.
Inlet state:  Fixed (see Fig. 4.7E).
Exit state: P, known.
Process:  Steady-state.
Model:  Steam tables.

Analysis

Qc,v. =0 (nozzle insulated)

Wey =0, PE; =PE,



Energy equation (Eq. 4.13):

V? V2
hi+—L =h, + ==
5 T

/ Control surface

[ v \\_|

| s
V,=200ft/s | SR : V, = 2000 ft/s
P, =100 Ibf/in.? —:—» —T>
T, =400 F | IR P, = 20.8 Ibf/in.2

Solution

(200)? (2000)?
2% 3217 x778 2 x32.17 x 778

The two properties of the fluid leaving that we now know are pressure and enthalpy,
and therefore the state of this fluid is determined. Since 4, is less than £, at 20.8 1bf/in.2,
the quality is calculated.

he =1227.5 +

= 1148.3 Btu/lbm

h = /’lf + thg
1148.3 = 198.31 + x,958.81
x. = 0.99

Diffuser

A steady-state diffuser is a device constructed to decelerate a high-velocity fluid in a manner
that results in an increase in pressure of the fluid. In essence, it is the exact opposite of a
nozzle, and it may be thought of as a fluid flowing in the opposite direction through a nozzle,
with the opposite effects. The assumptions are similar to those for a nozzle, with a large
kinetic energy at the diffuser inlet and a small, but usually not negligible, kinetic energy
at the exit being the only terms besides the enthalpies remaining in the energy equation,
Eq. 4.13.

Throttle

A throttling process occurs when a fluid flowing in a line suddenly encounters a restriction
in the flow passage. This may be a plate with a small hole in it, as shown in Fig. 4.8, it may
be a partially closed valve protruding into the flow passage, or it may be a change to a tube
of much smaller diameter, called a capillary tube, which is normally found on a refrigerator.
The result of this restriction is an abrupt pressure drop in the fluid, as it is forced to find
its way through a suddenly smaller passageway. This process is drastically different from



FIGURE 4.8 The

throttling process.

—_—

the smoothly contoured nozzle expansion and area change, which results in a significant
velocity increase. There is typically some increase in velocity in a throttle, but both inlet
and exit kinetic energies are usually small enough to be neglected. There is no means for
doing work and little or no change in potential energy. Usually, there is neither time nor
opportunity for appreciable heat transfer, such that the only terms left in the energy equation,
Eq. 4.13, are the inlet and exit enthalpies. We conclude that a steady-state throttling process
is approximately a pressure drop at constant enthalpy, and we will assume this to be the
case unless otherwise noted.

Frequently, a throttling process involves a change in the phase of the fluid. A typi-
cal example is the flow through the expansion valve of a vapor-compression refrigeration
system, which is shown in Example 4.8.

Turbine

A turbine is a rotary steady-state machine whose purpose is to produce shaft work (power,
on a rate basis) at the expense of the pressure of the working fluid. Two general classes of
turbines are steam (or other working fluid) turbines, in which the steam exiting the turbine
passes to a condenser, where it is condensed to liquid, and gas turbines, in which the gas
usually exhausts to the atmosphere from the turbine. In either type, the turbine exit pressure
is fixed by the environment into which the working fluid exhausts, and the turbine inlet
pressure has been reached by previously pumping or compressing the working fluid in
another process. Inside the turbine, there are two distinct processes. In the first, the working
fluid passes through a set of nozzles, or the equivalent—fixed blade passages contoured to
expand the fluid to a lower pressure and to a high velocity. In the second process inside the
turbine, this high-velocity fluid stream is directed onto a set of moving (rotating) blades,
in which the velocity is reduced before being discharged from the passage. This directed
velocity decrease produces a torque on the rotating shaft, resulting in shaft work output.
The low-velocity, low-pressure fluid then exhausts from the turbine.

The energy equation for this process is either Eq. 4.10 or 4.13. Usually, changes in
potential energy are negligible, as is the inlet kinetic energy. It was demonstrated in Example
3.17 that for modest velocities and elevation differences the kinetic and potential energies
are quite small compared to the changes in internal energy for even smaller temperature
differences. Since the enthalpy is closely related to the internal energy, its change for
smaller temperature differences is thus also larger than the kinetic and potential energy
changes. Often, the exit kinetic energy is neglected, and any heat rejection from the turbine
is undesirable and is commonly small. We therefore normally assume that a turbine process
is adiabatic, and the work output in this case reduces to the decrease in enthalpy from the
inlet to exit states. A turbine is analyzed in Example 4.7 as part of a power plant.

The preceding discussion concerned the turbine, which is a rotary work-producing
device. There are other nonrotary devices that produce work, which can be called expanders
as a general name. In such devices, the energy equation analysis and assumptions are
generally the same as for turbines, except that in a piston/cylinder-type expander, there
would in most cases be a larger heat loss or rejection during the process.



Compressor and Pump

The purpose of a steady-state compressor (gas) or pump (liquid) is the same: to increase the
pressure of a fluid by putting in shaft work (power, on a rate basis). There are two funda-
mentally different classes of compressors. The most common is a rotary-type compressor
(either axial flow or radial/centrifugal flow), in which the internal processes are essentially
the opposite of the two processes occurring inside a turbine. The working fluid enters the
compressor at low pressure, moving into a set of rotating blades, from which it exits at high
velocity, a result of the shaft work input to the fluid. The fluid then passes through a diffuser
section, in which it is decelerated in a manner that results in a pressure increase. The fluid
then exits the compressor at high pressure.

The energy equation for the compressor is either Eq. 4.10 or 4.13. Usually, changes
in potential energy are negligible, as is the inlet kinetic energy. Often the exit kinetic
energy is neglected as well. Heat rejection from the working fluid during compression
would be desirable, but it is usually small in a rotary compressor, which is a high-volume
flow-rate machine, and there is not sufficient time to transfer much heat from the work-
ing fluid. We therefore normally assume that a rotary compressor process is adiabatic,
and the work input in this case reduces to the change in enthalpy from the inlet to exit
states.

In apiston/cylinder-type compressor, the cylinder usually contains fins to promote heat
rejection during compression (or the cylinder may be water-jacketed in a large compressor
for even greater cooling rates). In this type of compressor, the heat transfer from the working
fluid is significant and is not neglected in the energy equation. As a general rule, in any
example or problem in this book, we will assume that a compressor is adiabatic unless
otherwise noted.

Example 4.5 — —
The compressor in a plant (see Fig. 4.9) receives carbon dioxide at 100 kPa, 280 K, with
a low velocity. At the compressor discharge, the carbon dioxide exits at 1100 kPa, 500 K,
with a velocity of 25 m/s, and then flows into a constant-pressure aftercooler (heat
exchanger), where it is cooled down to 350 K. The power input to the compressor is
50 kW. Determine the heat transfer rate in the aftercooler.

Solution
C.V. compressor, steady state, single inlet and exit flow.

1 1
Energy Eq. 4.13: q-l—hl—l—EV%:hz%-EV%—i-w

—|—> {} Qcool

2

3

S

Compressor

1
1
VU U UUV

Compressor section Cooler section FIGURE 4.9 Sketch for Example 4.5.



In this solution, let us assume that the carbon dioxide behaves as an ideal gas with variable
specific heat (Appendix A.8). It would be more accurate to use Table B.3 to find the
enthalpies, but the difference is fairly small in this case.

We also assume that ¢ = 0 and V| = 0, so, getting 4 from Table A. 8,

(25)°

—203.5+0.3 = 203.8kJ/k
T To0g = 2035 +0.3 = 203.8kl/kg

1
—w=h2—h1+5V§=401.52—198+

Remember here to convert kinetic energy in J/kg to kJ/kg by division by 1000.

W, —50 kW
= —— =0.245kg/s
w  —203.8kJ/kg

m =

C.V. aftercooler, steady state, single inlet and exit flow, and no work.

1 1
Energy Eq. 4.13: q+h2+EV§=h3+§V§
Here we assume no significant change in kinetic energy (notice how unimportant it was),
and again we look for / in Table A.8:

q = hs —hy =257.9 —401.5 = —143.6 kJ /kg
Ocoot = —0cv = —mq = 0.245kg/s x 143.6 k) /kg = 35.2kW

Example 4.6 —
A small liquid water pump is located 15 m down in a well (see Fig. 4.10), taking water in
at 10°C, 90 kPa at a rate of 1.5 kg/s. The exit line is a pipe of diameter 0.04 m that goes
up to a receiver tank maintaining a gauge pressure of 400 kPa. Assume that the process
is adiabatic, with the same inlet and exit velocities, and the water stays at 10°C. Find the
required pump work.

C.V. pump + pipe. Steady
state, one inlet, one exit
flow. Assume same veloc- e ‘@
ity in and out and no heat
transfer.

N

FIGURE 4.10 Sketch for Example 4.6.




Solution
Continuity equation: i, = Hiex = M

1 1 .
Energy Equation. 4.12: m (hin + EVizn + gZin) =m <hex + Evﬁx + gZex> + W

States:  hex = hin + (Pex — Pn)v (v is constant and u is constant. )
From the energy equation
W = m(hin 2l gZin = g = gZex) = m[g(Zin - Zex) - (Pex - Pin)V]

k 150 3
—15-2 5198072 x 22" ™M _ (400 4 101.3 — 90) kPa x 0.001 001 —
s 2 71000 J/KI kg

=1.5x%x(—0.147 — 0.412) = —0.84 kW
That is, the pump requires a power input of 840 W.

Complete Cycles: Power Plant and Refrigerator

The following examples illustrate the incorporation of several of the devices and machines
already discussed in this section into a complete thermodynamic system, which is built for
a specific purpose.

Examp|4.7 — -

Consider the simple steam power plant, as shown in Fig. 4.11. The following data are
for such a power plant where the states are numbered and there is specific pump work as

4 kl/kg.
Temperature
State Pressure or Quality
1 2.0 MPa 300°C
2 1.9 MPa 290°C
3 15 kPa 90%
4 14 kPa 45°C

Determine the following quantities per kilogram flowing through the unit:

a. Heat transfer in the line between the boiler and turbine.
b. Turbine work.

¢. Heat transfer in the condenser.

d. Heat transfer in the boiler.
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FIGURE 4.11 Simple steam power plant.
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Since there are several control volumes to be considered in the solution to this
problem, let us consolidate our solution procedure somewhat in this example. Using the

notation of Fig. 4.11, we have:

All processes:  Steady-state.
Model:  Steam tables.

From the steam tables:

hy = 3023.5k]/kg
hy = 3002.5 k] /kg

hy = 225.9 + 0.9(2373.1) = 2361.7 k] /kg

hy = 188.4kJ/kg

All analyses:  No changes in kinetic or potential energy will be considered
in the solution. In each case, the energy equation is given

by Eq. 4.13.

Now, we proceed to answer the specific questions raised in the problem statement.

a. For the control volume for the pipeline between the boiler and the turbine, the energy

equation and solution are

192 +hi = hy

12 = hy — by = 3002.5 — 3023.5 = —21.0kJ/kg



b. A turbine is essentially an adiabatic machine. Therefore, it is reasonable to neglect heat
transfer in the energy equation, so that

hy = h3 + w3
w3 = 3002.5 — 2361.7 = 640.8 kJ/kg

c. There is no work for the control volume enclosing the condenser. Therefore, the energy
equation and solution are

394+ h3 = hy
3qs = 188.4 — 2361.7 = —2173.3 kJ /kg

d. If we consider a control volume enclosing the boiler, the work is equal to zero, so the
energy equation becomes

5q1 +hs = hy

A solution requires a value for /s, which can be found by taking a control volume
around the pump:

hy = hs + 4ws
hs = 188.4 — (—4) = 192.4kJ /kg
Therefore, for the boiler,
sq1 +hs = hy
sq1 = 3023.5 — 192.4 = 2831.1 kJ/kg

Examp|4.8 —

The refrigerator shown in Fig. 4.12 uses R-134a as the working fluid. The mass flow rate
through each component is 0.1 kg/s, and the power input to the compressor is 5.0 kW. The
following state data are known, using the state notation of Fig. 4.12:

P, = 100 kPa, T, = —20°C

P2 = 800 kPa, Tz = 50°C

T3 = 30°C, x3 =0.0

Ty = =25°C

Determine the following:

a. The quality at the evaporator inlet.
b. The rate of heat transfer to the evaporator.
c. The rate of heat transfer from the compressor.



All processes:  Steady-state.
Model: R-134a tables.
All analyses:  No changes in kinetic or potential energy. The energy equation
in each case is given by Eq. 4.10.

- Qcond. to room

Condenser

~Weomp ® Warm liquid

Compressor Expansion valve

or
Evaporator capillary tube
Cold vapor () T r ® Cold liquid + vapor

Qevap from cold
refrigerated space

FIGURE 4.12 Refrigerator.

Solution

a. For a control volume enclosing the throttle, the energy equation gives

hy = hy = 241.8KkJ/kg
hy = 241.8 = hyy + Xahsea = 167.4 + x4 x 215.6
x4 = 0.345

b. For a control volume enclosing the evaporator, the energy equation gives

Qevap = m(hy — hs)
= 0.1(387.2 — 241.8) = 14.54 kW

c¢. And for the compressor, the energy equation gives

Qcomp =m(hy — hy) + Wcomp
=0.1(435.1 —387.2) — 5.0 = —0.21 kW



In-Text Concept Questions

e. How does a nozzle or sprayhead generate kinetic energy?
f. What is the difference between a nozzle flow and a throttle process?

g. If you throttle a saturated liquid, what happens to the fluid state? What happens if this
is done to an ideal gas?

h. A turbine at the bottom of a dam has a flow of liquid water through it. How does that
produce power? Which terms in the energy equation are important if the C.V. is the
turbine only? If the C.V. is the turbine plus the upstream flow up to the top of the lake,
which terms in the energy equation are then important?

i. If you compress air, the temperature goes up. Why? When the hot air, at high P, flows
in long pipes, it eventually cools to ambient 7. How does that change the flow?

j- A mixing chamber has all flows at the same P, neglecting losses. A heat exchanger
has separate flows exchanging energy, but they do not mix. Why have both kinds?

4.5 MULTIPLE FLOW DEVICES

In the previous section, we considered a number of devices and complete cycles that use a
single flow through each component. Some applications have flows that separate or combine
in one of the system devices. For example, a faucet in the kitchen or bathroom typically
combines a warm and a cold flow of liquid water to produce an outlet flow at a desired
temperature. In a natural gas furnace a small nozzle provides a gaseous fuel flow that
is mixed with an air flow to produce a combustible mixture. A final example is a flash
evaporator in a geothermal power plant where high-pressure hot liquid is throttled to a
lower pressure (similar to the throttle/value in the refrigerator cycle). The resulting exit flow
of two-phase fluid is then separated in a chamber to a flow of saturated vapor and a flow of
saturated liquid.

For these and similar situations, the continuity and energy equations do not simplify
as much as in the previous examples, so we will show the analysis for such a physical
setup. Consider the mixing chamber in Fig. 4.13 with two inlet flows and a single exit flow
operating in steady-state mode with no shaft; no work is involved, and we neglect kinetic
and potential energies. The continuity and energy equations for this case become

Continuity Eq. 4.9: 0 =rmy 4+ my —ms
Energy Eq. 4.10: 0 = i hy + nshy — mshs + O

We can scale the equations with the total mass flow rate of the exit flow by dividing the
equations with 773 so that continuity equation gives

=y (4.15)
ms ms
and the energy equation gives

0=""p + 220 byt O/ (4.16)
ms ms



FIGURE 4.13

A mixing chamber.

In the scaled energy equation the dimensionless mass flow ratios are factors in the flow
terms and, these factors add to one according to the continuity equation. Select one as a
parameter 0 < y < 1; then we get from the continuity equation
I S 4.17)
m3 ms3
and the energy equation is
0 =yhi+(1 = y)ha = hs + Qi3 (4.18)
If the inlet states are given, it determines the enthalpy in the exit flow as
hy = yhi + (1 — y)hy + Q/mi3 (4.19)

This exit enthalpy is a mass-weighted average of the two inlet enthalpies determined by a
single mass flow ratio and the possible heat transfer. If there is no heat transfer, the exit
enthalpy /3 can vary between the two inlet enthalpies /;, and /4, since the ratio y is between
0 and 1. This is exactly what is done when a kitchen faucet is switched between cold and hot
water with the same total flow rate. Other combinations of known and unknown parameters
exit, so the energy equation can determine one parameter and the continuity equation can
determine the two flow rate ratios in terms of a single parameter y.

Example 4.9 7 —
We have a flow of 3 kg/s superheated steam at 300 kPa, 300°C that we want to desuperheat
by mixing it with liquid water at 300 kPa, 90°C so that the output is a flow of saturated
steam at 300 kPa. Assume the mixing chamber is insulated and find the flow rate of liquid
water needed for the process.

Control volume:  Mixing chamber, similar to Fig. 4.13.
Process:  Steady-state adiabatic mixing.
Inlet, exit states:  States 1, 2, and 3 all known.
Model:  Steam tables, so

hy = 3069.28 kJ/kg; hy =376.9kJ/kg; hs =2967.59k]/kg

Analysis
For this situation the unknown is 71;, so the continuity equation gives the output flow
rate as

m3 = ny + my
which we substitute into the energy equation as

0 =mihy + nmohy — (M — my)hs



Solution
The only unknown is the second mass flow rate, so use the energy equation to give

my = my(hs — hy)/(hy — h3)
2967.59 — 3069.28
376.9 — 2967.59

= 3kg/s

=0.118kg/s

4.6, THE TRANSIENT PROCESS

In the previous sections we considered the steady-state process and several examples of
its application in single-flow situations, and we extended the analysis to multiple flows.
There are a number of processes of interest that do not fall in this category, and they can be
characterized as those where the states and conditions change with time and thus involve
an unsteady flow. This is, for example, the filling or emptying of a closed tank with a liquid
or gas where the stored mass and its state in the control volume change with time. Think
about a flat tire you fill with air; the mass of air and its pressure increase as the process
proceeds, and the process stops when a desired pressure is reached. This type of process
is called a transient process to distinguish it from the steady-state process. In general, the
word transient means that something changes with time and it does not necessarily have a
mass flow involved. To analyze such situations, we need some simplifying assumptions for
the mathematical analysis as follows:

1. The control volume remains constant relative to the coordinate frame.

2. The state of the mass within the control volume may change with time, but at any
instant of time the state is uniform throughout the entire control volume (or over
several identifiable regions that make up the entire control volume).

3. The state of the mass crossing each of the areas of flow on the control surface is
constant with time, although the mass flow rates may vary with time.

Let us examine the consequence of these assumptions and derive an expression for the
energy equation that applies to this process. The assumption that the control volume remains
stationary relative to the coordinate frame has already been discussed in Section 4.3. The
remaining assumptions lead to the following simplification for the continuity equation and
the energy equation.

The overall process occurs over time #, and during this time the instantaneous expres-
sion for the mass inside the control volume is given by the continuity equation in Eq. 4.1.
To get the accumulated change, we integrate each term in the equation with time to get

"(dmcy.
/0( d(;v>df=(m2—m1)c.v.

The total mass leaving the control volume during time 7 is

[ (Xe)ar=3m.




and the total mass entering the control volume during time ¢ is

[(Lo)ar=Ym

Therefore, for this period of time ¢, we can write the continuity equation for the transient
process as

(my—mp)ey. =Y mi—Y m (4.20)

The energy equation for the changes over a finite time was presented in Eq. 3.5 for the
control mass to which we have to add the flow terms. Let us integrate the energy equation
in Eq. 4.8 by integration of each term as

"dE
/ cV. dt = E) — E| = mpey —me
o dt

1 1
=m; (uz + §V§ +g22) —m <u1 + EV% +gZI>

QC.V.

t
/ Qcy. dt
0

t
/ Wevy. dt = Wey.
0

For the flow terms, the third assumption allows a simple integration as

/Ot I:Z’hihtot[:l dt = Zmihtoti = Zmi (hi + %vlz +gZi)
t
/(; [Z mehtote] dt = Zmehtote = Zme <he + %Vg +gZe>

For the period of time # the transient process energy equation can now be written as
1
Ey— Ey=Qcv.— Wev. + ) _m; (hi + EVf +gZi>
[V
_ Zm he + Eve +gZ, (4.21)

Notice how this energy equation is similar to the one for a control mass, Eq. 3.5, extended
with the flow terms. Now the right-hand side explains all the possibilities for transferring
energy across the control volume boundary as transfer by heat, work, or mass flows during
a certain period of time. The left-hand-side storage change contains the internal energies
(uy, uy), whereas the flow terms on the right-hand side contain enthalpies. If the state of the
flow crossing the control volume boundary varies with time, an average for the exit or inlet
flow properties should be used, which may not be simple to estimate.



As an example of the type of problem for which these assumptions are valid and Eq.
4.21 is appropriate, let us consider the classic problem of flow into an evacuated vessel.
This is the subject of Example 4.10.

Example 4.10 =2 —

Steam at a pressure of 1.4 MPa and a temperature of 300°C is flowing in a pipe (Fig.
4.14). Connected to this pipe through a valve is an evacuated tank. The valve is opened
and the tank fills with steam until the pressure is 1.4 MPa, and then the valve is closed. The
process takes place adiabatically, and kinetic energies and potential energies are negligible.
Determine the final temperature of the steam.

Control volume:  Tank, as shown in Fig. 4.14.
Initial state (in tank):  Evacuated, mass m; = 0.
Final state: P, known.
Inlet state:  P;, T; (in line) known.
Process:  Transient, single flow in.
Model:  Steam tables.

Analysis
From the energy equation, Eq. 4.21, we have

V2

Ocv. + Zm,(hi = +gZ,~>
v2

= Z”%(he + 72 —i—gZe)

v Vi
+ | my uz-l-?-i-gzz —m u1+7+g21 + Wew.
CV.

We note that OQcy. =0, Wey. =0, m, =0, and (m)cy = 0. We further assume
that changes in kinetic and potential energy are negligible. Therefore, the statement of the
first law for this process reduces to

mih; = mouy

] 1.4 MPa, 300°'C —» |
Control surface
S
/ ] [ \
| |
| - |
Initially |
: evacuated |
| | FIGURE 4.14 Flow into an evacuated
| F—— — vessel—control volume analysis.

From the continuity equation for this process, Eq. 4.20, we conclude that

my = m;



Therefore, combining the continuity equation with the energy equation, we have
h,- = Uy

That is, the final internal energy of the steam in the tank is equal to the enthalpy of the
steam entering the tank.

Solution
From the steam tables we obtain

h; = uy = 3040.4kJ /kg

Since the final pressure is given as 1.4 MPa, we know two properties at the final state
and therefore the final state is determined. The temperature corresponding to a pressure
of 1.4 MPa and an internal energy of 3040.4 kJ/kg is found to be 452°C.

This problem can also be solved by considering the steam that enters the tank and
the evacuated space as a control mass, as indicated in Fig. 4.15.

The process is adiabatic, but we must examine the boundaries for work. If we
visualize a piston between the steam that is included in the control mass and the steam
that flows behind, we readily recognize that the boundaries move and that the steam in the
pipe does work on the steam that comprises the control mass. The amount of this work is

W = P1 Vl = mP1v1

Writing the energy equation for the control mass, Eq. 3.5, and noting that kinetic and
potential energies can be neglected, we have

102 =Uy, = Ui +.1 1,
0=U,—-U, — PV
0 =muy —mu; —mPivy = muy, —mh,
Therefore,
U, = hy

which is the same conclusion that was reached using a control volume analysis.
The two other examples that follow illustrate further the transient process.

Control mass

1.4 MPa, 300°C | ——» [ 71 §
] [
Initially .
evacuated FIGURE 4.15 Flow into an
evacuated vessel—control
mass.




Example 4.11 =% —
A tank of 2 m? volume contains saturated ammonia at a temperature of 40°C. Initially the
tank contains 50% liquid and 50% vapor by volume. Vapor is withdrawn from the top of
the tank until the temperature is 10°C. Assuming that only vapor (i.e., no liquid) leaves
and that the process is adiabatic, calculate the mass of ammonia that is withdrawn.

Control volume:  Tank.
Initial state: T, Viig, Vyap; state fixed.
Final state:  T».
Exit state:  Saturated vapor (temperature changing).
Process:  Transient.
Model: ~ Ammonia tables.

Analysis
In the energy equation, Eq. 4.21, we note that Ocy. = 0, Wcy. = 0, and m; = 0, and we
assume that changes in kinetic and potential energy are negligible. However, the enthalpy
of saturated vapor varies with temperature, and therefore we cannot simply assume that
the enthalpy of the vapor leaving the tank remains constant. However, we note that at
40°C, hy = 1470.2 kJ/kg and at 10°C, hy = 1452.0 kJ/kg. Since the change in 4, during
this process is small, we may accurately assume that 4, is the average of the two values
given above. Therefore,

(he)y, = 1461.1KkJ/kg
and the energy equation reduces to
Moy — miuy = —meh,
and the continuity equation (from Eq. 4.20) becomes
(my —mi)cy, = —me
Combining these two equations, we have
mo(he — up) = mih, —myu;

Solution
The following values are from the ammonia tables:

v = 0.001 725 m? /kg, Vo1 = 0.083 13 m® /kg
vy = 0.001 60, Vg = 0.203 81

up = 368.7kJ/ke, Uy = 1341.0kJ/kg
upy = 226.0, g = 1099.7

Calculating first the initial mass, m, in the tank, we find that the mass of the liquid
initially present, myy, is

v 1.0

Lo 5797k
v 0.001725 8

I’I/If1 =



Similarly, the initial mass of vapor, m,, is

Vo 10
ver  0.08313

my = ms +mg = 579.7+12.0 = 591.7 kg
mihe = 591.7 x 1461.1 = 864 533 kJ
miuy = (mu) g + (mu)y; = 579.7 x 368.7 + 12.0 x 1341.0
=229827kJ

Mg = =12.0kg

Substituting these into the energy equation, we obtain
mo(he — up) = mih, — miu; = 864 533 — 229 827 = 634 706 kJ
There are two unknowns, m, and u,, in this equation. However,

Vo 2.0
vy 0.001 60 + x,(0.203 81)

my =

and
uy = 226.0 + x2(1099.7)

and thus both are functions only of x;, the quality at the final state. Consequently,

2.0(1461.1 —226.0 — 1099.7x,)
0.001 60 + 0.203 81x;

= 634706

Solving for x,, we get
x = 0.011057
Therefore,
v2 = 0.001 60 + 0.011 057 x 0.203 81 = 0.003 853 5 m? /kg

Vo2 sk
M= T 0.0038535 B

and the mass of ammonia withdrawn, m,, is

me =m; —my =591.7—519 = 72.7kg

Example 4.11E ——

A tank of 50 ft* volume contains saturated ammonia at a temperature of 100 F. Initially
the tank contains 50% liquid and 50% vapor by volume. Vapor is withdrawn from the top
of the tank until the temperature is 50 F. Assuming that only vapor (i.e., no liquid) leaves
and that the process is adiabatic, calculate the mass of ammonia that is withdrawn.
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Control volume: Tank.
Initial state: T, Vig, Vvap; state fixed.
Final state:  T,.
Exit state:  Saturated vapor (temperature changing).
Process: Transient.
Model: Ammonia tables.

Analysis
In the energy equation, Eq. 4.21, we note that Ocy. =0, Wcy. = 0, and m; = 0, and
we assume that changes in kinetic and potential energy are negligible. However, the en-
thalpy of saturated vapor varies with temperature, and therefore we cannot simply assume
that the enthalpy of the vapor leaving the tank remains constant. We note that at 100 E,
hg = 631.8 Btu/lbm and at 50 F, 4, = 624.26 Btu/lbm. Since the change in 4, during this
process is small, we may accurately assume that 7, is the average of the two values given
above. Therefore

(he)aye = 628 Btu/lbm
and the energy equation reduces to
mouy — miuy = —myh,
and the continuity equation (from Eq. 4.20) is
(my —my)cy, = —me
Combining these two equations, we have
may(he —uz) = mihe —myu,

The following values are from the ammonia tables:

vr = 0.0274 7 f¢ /lbm, Vo1 = 1.4168 ft* /Ibm

vy = 0.025 64 ft* /lbm Vigr = 3.264 7 ft’ /lbm
us = 153.89 Btu/lbm, Uy = 576.23 Btu/lbm
ur, = 97.16 Btu/lbm, Urer = 472.78 Btu/lbm

Calculating first the initial mass, m, in the tank, the mass of the liquid initially
present, myy, is
vy 25

L = = —910.081bm
v 002747

w1 =

Similarly, the initial mass of vapor, m,, is

Ve 25
mgl = — =
ve 14168
my =m g +mg = 910.08 4+ 17.65 = 927.73 Ibm
mih, = 927.73 x 628 = 582 614 Btu

myuy = (mu) g + (mu)y; = 910.08 x 153.89 + 17.65 x 576.23 = 150223 Btu

= 17.65 Ibm




Substituting these into the energy equation,
mo(he — up) = mih, —mpu; = 582 614 — 150223 = 432 391 Btu
There are two unknowns, m, and u,, in this equation. However,

Vo 50
vy 0.025 64 + x5(3.2647)

my =

and
uy = 97.16 4 x,(472.78)

both functions only of x,, the quality at the final state. Consequently,

50(628 — 97.16 — x, 472.78)
0.025 64 + 3.2647 x,

= 432391

Solving,
x2 = 0.010 768

Therefore,

vy = 0.025 64 + 0.010 768 x 3.2647 = 0.060 794 ft* /Ibm
V.50
va  0.060 794

and the mass of ammonia withdrawn, m,, is

me =m; —my = 927.73 — 822.4 = 105.3 Ibm

my = = §822.4 Ibm

In-Text Concept Question

k. An initially empty cylinder is filled with air coming in at 20°C, 100 kPa until it is full.
Assuming no heat transfer, is the final temperature larger than, equal to, or smaller
than 20°C? Does the final 7' depend on the size of the cylinder?

4.7 ENGINEERING APPLICATIONS

Flow Systems and Flow Devices

The majority of devices and technical applications of energy conversions and transfers
involve the flow of a substance. They can be passive devices like valves and pipes, active
devices like turbines and pumps that involve work, or heat exchangers that involve a heat
transfer into or out of the flowing fluid. Examples of these are listed in Table 4.1 together
with their purpose and common assumptions, shown after the chapter summary.



FIGURE 4.16 /
Diffuser.

Passive Devices as Nozzles, Diffusers, and Valves or Throttles

A nozzle is a passive (no moving parts) device that increases the velocity of a fluid stream
at the expense of its pressure. Its shape, smoothly contoured, depends on whether the flow is
subsonic or supersonic. A diffuser, basically the opposite of a nozzle, is shown in Fig. 4.16,
in connection with flushing out a fire hydrant without having a high-velocity stream of water.

A flow is normally controlled by operating a valve that has a variable opening for
the flow to pass through. With a small opening it represents a large restriction to the flow
leading to a high pressure drop across the valve, whereas a large opening allows the flow to
pass through freely with almost no restriction. There are many different types of valves in
use, several of which are shown in Fig. 4.17.

Heaters/Coolers and Heat Exchangers

Two examples of heat exchangers are shown in Fig. 4.18. The aftercooler reduces the
temperature of the air coming out of a compressor before it enters the engine. The purpose
of the heat exchanger in Fig. 4.18b is to cool a hot flow or to heat a cold flow. The inner
tubes act as the interphase area between the two fluids.

Active Flow Devices and Systems

A few air compressors and fans are shown in Fig. 4.19. These devices require a work input
so that the compressor can deliver air flow at a higher pressure and the fan can provide air
flow with some velocity. When the substance pushed to a higher pressure is a liquid, it is
done with a pump, examples of which are shown in Fig. 4.20.

Three different types of turbines are shown in Fig. 4.21. The steam turbine’s outer
stationary housing also has blades that turn the flow; these are not shown in Fig. 4.215.

Figure 4.22 shows an air conditioner in cooling mode. It has two heat exchangers:
one inside that cools the inside air and one outside that dumps energy into the outside
atmosphere. This is functionally the same as what happens in a refrigerator. The same type
of system can be used as a heat pump. In heating mode, the flow is switched so that the inside
heat exchanger is the hot one (condenser and heat rejecter) and the outside heat exchanger
is the cold one (evaporator).

There are many types of power-producing systems. A coal-fired steam power plant
was shown schematically in Figs. 1.1 and 1.2, and other types of engines were also described
in Chapter 1. This subject will be developed in detail in Chapters 9 and 10.



(a) Ball valve (b) Check valve

FIGURE 4.17 Several

types of valves. (d) Solenoid valve (e) Pipeline gate valve

Connections

Baffles

Mounting
Gaskets

FIGURE 4.18 Heat

exchangers. (a) An aftercooler for a diesel engine (b) A shell and tube heat exchanger



FIGURE 4.19 Air

compressors and fans.

FIGURE 4.20 Liquid
pumps.

(b) A simple fan

(c) Large axial-flow gas turbine compressor rotor

o

(a) Gear pump (b) Irrigation pump (c) Manual oil pump

High-pressure Fluid in

fluid in

.

Discharge

Discharge Impeller

(d) Jet pump and rotating pump



gate

Turbine blades

(a) Large wind turbine (b) Steam turbine shaft with rotating blades (c) A turbine in a dam

FIGURE 4.21 Examples of turbines.

Multiflow Devices

The text gave an example of a mixing chamber with two inlets and one exit flow, and Example
4.9 described a desuperheater often used in a power plant immediately before steam is sent
to a process application or to a district heating system. In those cases, the purpose is to

Refrigerant
filled tubing

Compressor

Concrete pad
Evaporator coil

Condensate tray — |

Condensate drain —{

FIGURE 4.22
Household
air-conditioning system.




lower the peak temperature before distribution, which will reduce the heat transfer losses in
the piping system. Exhaust systems in a building have several inlets to the ducting before
reaching the exhaust fans, whereas the heating ducts in a building have one main inlet and
many different outlets, so often the duct size is reduced along the way, as it needs to carry
a smaller mass flow rate. Nearly every manufacturing plant has a compressed air system
with a single inlet flow from the main compressor and an outlet at all of the workstations
for compressed air tools and machines.

Large steam turbines can have outlets at several different pressures for various process
applications, and a few outlets are used for feedwater heaters to boost the efficiency of the
basic power cycle; see Chapter 9.

SUMMARY  Conservation of mass is expressed as a rate of change of total mass due to mass flows into
or out of the control volume. The control mass energy equation is extended to include mass
flows that also carry energy (internal, kinetic, and potential) and the flow work needed to push
the flow into or out of the control volume against the prevailing pressure. The conservation
of mass (continuity equation) and the conservation of energy (energy equation) are applied
to a number of standard devices.

A steady-state device has no storage effects, with all properties constant with time,
and constitutes the majority of all flow-type devices. A combination of several devices
forms a complete system built for a specific purpose, such as a power plant, jet engine, or
refrigerator.

A transient process with a change in mass (storage) such as filling or emptying of a
container is considered based on an average description. It is also realized that the startup
or shutdown of a steady-state device leads to a transient process.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

» Understand the physical meaning of the conservation equations. Rate = +in — out.

 Understand the concepts of mass flow rate, volume flow rate, and local velocity.

» Recognize the flow and nonflow terms in the energy equation.

* Know how the most typical devices work and if they have heat or work transfers.

» Have a sense of devices where kinetic and potential energies are important.

* Analyze steady-state single-flow devices such as nozzles, throttles, turbines, and
pumps.

» Extend the application to a multiple-flow device such as a heat exchanger, mixing
chamber, or turbine, given the specific setup.

» Apply the conservation equations to complete systems as a whole or to the individual
devices and recognize their connections and interactions.

» Recognize and use the proper form of the equations for transient problems.

» Be able to assume a proper average value for any flow term in a transient.

* Recognize the difference between storage of energy (dE/dt) and flow (mh).

A number of steady-flow devices are listed in Table 4.1 with a very short statement of
each device’s purpose, known facts about work and heat transfer, and a common assumption
if appropriate. This list is not complete with respect to the number of devices or with respect
to the facts listed but is meant to show typical devices, some of which may be unfamiliar to
many readers.



Mixing chamber

Nozzle

Pump

Reactor
Regenerator
Steam generator

Supercharger

Superheater
Throttle
Turbine

Turbocharger

Valve

Mix two or more flows

Create KE; P drops

Measure flow rate

Same as compressor, but handles liquid

Allow a reaction between two or more substances

Usually a heat exchanger to recover energy

Same as a boiler; heat liquid water to superheated vapor

A compressor driven by engine shaft work
to drive air into an automotive engine

A heat exchanger that brings 7 up over 7'y

Same as a valve

Create shaft work from high P flow

A compressor driven by an exhaust flow turbine
to charge air into an engine

Control flow by restriction; P drops

win, P up
w=0
w=0
w=20
w in
w=0
w out
Wrurbinc:
w=0

TABLE 4.1
Typical Steady-Flow Devices

Device Purpose Given Assumption
Aftercooler Cool a flow after a compressor w=0 P = constant
Boiler Bring substance to a vapor state w=0 P = constant
Combustor Burn fuel; acts like heat transfer in w=0 P = constant
Compressor Bring a substance to higher pressure win q=0
Condenser Take ¢ out to bring substance to liquid state w=0 P = constant
Deaerator Remove gases dissolved in liquids w=0 P = constant
Dehumidifier Remove water from air P = constant
Desuperheater Add liquid water to superheated vapor steam to w=0 P = constant

make it saturated vapor
Diffuser Convert KE energy to higher P w=0 q=0
Economizer Low-T, low-P heat exchanger w=0 P = constant
Evaporator Bring a substance to vapor state w=0 P = constant
Expander Similar to a turbine, but may have a g
Fan/blower Move a substance, typically air w in, KE up P=C,qg=0
Feedwater heater Heat liquid water with another flow w=0 P = constant
Flash evaporator Generate vapor by expansion (throttling) w=0 qg=0
Heat engine Convert part of heat into work q in, w out
Heat exchanger Transfer heat from one medium to another w=0 P = constant
Heat pump Move a Q from Toy t0 Thign; Tequires win
a work input, refrigerator

Heater Heat a substance = P = constant
Humidifier Add water to air-water mixture = P = constant
Intercooler Heat exchanger between compressor stages P = constant

g=0
q=0
q=0
q=0,P=C

P = constant

P = constant

P = constant




KEY Volume flow rate V= [VdA= AV (using average velocity)
CONCEPTS Mass flow rate m=[pVdA=pAV = AV/v (usingaverage values)
AND  Flow work rate Wiow = PV = mPy
FORMULAS Flow direction From higher P to lower P unless significant KE or PE exists

Instantaneous Process

Continuity equation

mey. = Y — Y lie

Energy equation EC.V. = QC.V. - WC.V. + Zmihtoti - Zmehtote

1
Total enthalpy Nt =h + E V2 + gZ = hstagnation + gZ
Steady State
No storage: ricy. = 0; Ecv. =0
Continuity equation > m; =Y m, (in=out)

Energy equation
Specific heat transfer
Specific work

QC.V. + Zmihtoti = WC.V. + Zmehtote
g = Ocv /m (steady state only)
w = Wcy. /m (steady state only)

(in = out)

Steady-state, single-flow
energy equation

Transient Process

q +hioti =W+ Dot

(in = out)

Continuity equation

Energy equation

E, —

my —m; = Zm,— —Zme
Ei=10,—1Wo+ Y mih; — Y meho e

1 1
Ey — E) =m2(uz+§V§+g22> _m1<ul+zv%+gzl>

1
htote = htot exit average ~ 5 (hhotel + htot e2)

CONCEPT-STUDY GUIDE PROBLEMS

4.1 A temperature difference drives a heat transfer.
Does a similar concept apply to m?

4.2 What effect can be felt upstream in a flow?

4.3 Which of the properties (P v, T) can be controlled
in a flow? How?

4.4 Airat500kPaisexpandedto 100 kPa in two steady-
flow cases. Case one is a nozzle and case two is a
turbine; the exit state is the same for both cases.
What can you say about the specific turbine work
relative to the specific kinetic energy in the exit flow
of the nozzle?

4.5 Pipes that carry a hot fluid like steam in a power
plant, exhaust pipe for a diesel engine in a ship,
etc., are often insulated. Is that done to reduce heat
loss or is there another purpose?

4.6 A windmill takes out a fraction of the wind kinetic
energy as power on a shaft. How do the tempera-
ture and wind velocity influence the power? Hint:
write the power term as mass flow rate times spe-
cific work.

4.7 An underwater turbine extracts a fraction of the
kinetic energy from the ocean current. How do



the temperature and water velocity influence the
power? Hint: write the power term as mass flow
rate times specific work.

4.8 A liquid water turbine at the bottom of a dam takes

4.9

energy out as power on a shaft. Which term(s) in
the energy equation are changing and important?
You blow a balloon up with air. What kinds of work
terms, including flow work, do you see in that case?
Where is energy stored?

4.10 A storage tank for natural gas has a top dome that

can move up or down as gas is added to or sub-
tracted from the tank, maintaining 110 kPa, 290 K
inside. A pipeline at 110 kPa, 290 K now supplies
some natural gas to the tank. Does its state change
during the filling process? What happens to the flow
work?

HOMEWORK PROBLEMS

Continuity Equation and Flow Rates

4.11

4.12

4.13

4.14

A large brewery has a pipe of cross-sectional area
0.2 m? flowing carbon dioxide at 400 kPa, 10°C
with a volume flow rate of 0.3 m?/s. Find the ve-
locity and the mass flow rate.

Airat 35°C, 105 kPa flows ina 100-mm x 150-mm
rectangular duct in a heating system. The mass flow
rate is 0.015 kg/s. What are the velocity of the air
flowing in the duct and the volume flow rate?

\/ FIGURE P4.12

A pool is to be filled with 60 m?® water from a gar-
den hose of 2.5 cm diameter flowing water at 2 m/s.
Find the mass flow rate of water and the time it takes
to fill the pool.

An empty bathtub has its drain closed and is be-
ing filled with water from the faucet at a rate of
10 kg/min. After 10 min the drain is opened and
4 kg/min flows out; at the same time, the inlet flow
is reduced to 2 kg/min. Plot the mass of the water
in the bathtub versus time and determine the time
from the very beginning when the tub will be empty.

4.15

4.16

4.17

4.18

A flat channel of depth 1 m has a fully developed
laminar flow of air at Py, Ty with a velocity profile
of V=4V .x(H — x)/H?, where V. is the veloc-
ity on the centerline and x is the distance across the
channel, as shown in Fig. P4.15. Find the total mass
flow rate and the average velocity both as functions
of V. and H.

H ¢—F— v
Y * f > V)
FIGURE P4.15

Nitrogen gas flowing in a 50-mm-diameter pipe at
15°C and 200 kPa, at the rate of 0.05 kg/s, en-
counters a partially closed valve. If there is a pres-
sure drop of 30 kPa across the valve and essentially
no temperature change, what are the velocities up-
stream and downstream of the valve?

A boiler receives a constant flow of 5000 kg/h lig-
uid water at 5 MPa and 20°C, and it heats the flow
such that the exit state is 450°C with a pressure of
4.5 MPa. Determine the necessary minimum pipe
flow area in both the inlet and exit pipe(s) if there
should be no velocities larger than 20 m/s.

A 0.6-m-diameter household fan takes air in at 98
kPa, 20°C and delivers it at 105 kPa, 21°C with
a velocity of 1.5 m/s (see Fig. P4.18). What are
the mass flow rate (kg/s), the inlet velocity, and the
outgoing volume flow rate in m>/s?



4.19

FIGURE P4.18

An airport ventilation system takes 2.5 m%/s air at
100 kPa, 17°C into a furnace, heats it to 52°C, and
delivers the flow to a duct with cross-sectional area
0.4 m? at 110 kPa. Find the mass flow rate and the
velocity in the duct.

Single-Flow, Single-Device Processes

Nozzles, Diffusers

4.20

4.21

4.22

4.23

Liquid water at 15°C flows out of a nozzle straight
up 15 m. What is nozzle Vyi?

A nozzle receives an ideal gas flow with a velocity
of 25 m/s, and the exit at 100 kPa, 300 K velocity
is 250 m/s. Determine the inlet temperature if the
gas is argon, helium, or nitrogen.

A diffuser receives 0.1 kg/s steam at 500 kPa,
350°C. The exit is at 1 MPa, 400°C with negli-
gible kinetic energy and the flow is adiabatic. Find
the diffuser inlet velocity and the inlet area.

In a jet engine a flow of air at 1000 K, 200 kPa,
and 30 m/s enters a nozzle, as shown in Fig. P4.23,
where the air exits at 850 K, 90 kPa. What is the
exit velocity, assuming no heat loss?

out

Hot gases

T T T
Diffuser Compressor Combustor Turbine

Nozzle

FIGURE P4.23

4.24

4.25

4.26

4.27

4.28

4.29

In a jet engine a flow of air at 1000 K, 200 kPa, and
40 m/s enters a nozzle, where the air exits at 500
m/s, 90 kPa. What is the exit temperature, assuming
no heat loss?

Superheated vapor ammonia enters an insulated
nozzle at 30°C, 1000 kPa, as shown in Fig. P4.25,
with a low velocity and at a rate of 0.01 kg/s. The
ammonia exits at 300 kPa with a velocity of
450 m/s. Determine the temperature (or quality, if
saturated) and the exit area of the nozzle.

Mol =+

FIGURE P4.25

The wind is blowing horizontally at 30 m/s in a
storm at P,, 20°C toward a wall, where it comes
to a stop (stagnation) and leaves with negligible
velocity similar to a diffuser with a very large
exit area. Find the stagnation temperature from the
energy equation.

A sluice gate dams water up 5 m. A 1-cm-diameter
hole at the bottom of the gate allows liquid water at
20°C to come out. Neglect any changes in internal
energy and find the exit velocity and mass flow rate.
A diffuser, shown in Fig. P4.28, has air entering at
100 kPa and 300 K with a velocity of 200 m/s.
The inlet cross-sectional area of the diffuser is
100 mm?. At the exit the area is 860 mm?, and the
exit velocity is 20 m/s. Determine the exit pressure
and temperature of the air.

Air

v

____{:___

FIGURE P4.28

A meteorite hits the upper atmosphere at 3000 m/s,
where the pressure is 0.1 atm and the temperature is



4.30

—40°C. How hot does the air become right in front
of the meteorite assuming no heat transfer in this
adiabatic stagnation process?

The front of a jet engine acts similarly to a dif-
fuser, receiving air at 900 km/h, —5°C, and 50 kPa,
bringing it to 80 m/s relative to the engine before
entering the compressor (see Fig. P4.30). If the flow
area is increased to 120% of the inlet area, find the
temperature and pressure in the compressor inlet.

_»
— Fan
_»
FIGURE P4.30
Throttle Flow
4.31 R-410a at —5°C, 700 kPa is throttled, so it becomes

4.32

4.33

4.34

4.35

4.36

4.37

4.38

cold at —40°C. What is exit P?

Carbon dioxide is throttled from 20°C, 2000 kPa to
800 kPa. Find the exit temperature, assuming ideal
gas, and repeat for real gas behavior.

Saturated liquid R-134a at 25°C is throttled to 300
kPa in a refrigerator. What is the exit temperature?
Find the percent increase in the volume flow rate.
A supply line has a steady flow of R-410a at 1000
kPa, 60°C from which a flow is taken out through
a throttle with an exit flow at 300 kPa. Find the exit
temperature.

Carbon dioxide used as a natural refrigerant flows
out of a cooler at 10 MPa, 40°C, after which it is
throttled to 1.4 MPa. Find the state (7, x) for the
exit flow.

Liquid water at 180°C, 2000 kPa is throttled into a
flash evaporator chamber having a pressure of 500
kPa. Neglect any change in the kinetic energy. What
is the fraction of liquid and vapor in the chamber?

Helium is throttled from 1.2 MPa, 20°C to a pres-
sure of 100 kPa. The diameter of the exit pipe is
so much larger than that of the inlet pipe that the
inlet and exit velocities are equal. Find the exit
temperature of the helium and the ratio of the pipe
diameters.

Methane at 1 MPa, 300 K is throttled through a
valve to 100 kPa. Assume no change in the kinetic
energy. What is the exit temperature?

4.39

R-134a is throttled in a line flowing at 25°C, 750
kPa with negligible kinetic energy to a pressure of
165 kPa. Find the exit temperature and the ratio
of the exit pipe diameter to that of the inlet pipe
(Dex/Din) so that the velocity stays constant.

Turbines, Expanders

4.40

4.41

4.42
4.43

4.44

4.45

4.46

4.47

A steam turbine has an inlet of 3 kg/s water at 1200
kPa and 350°C with a velocity of 15 m/s. The exit
is at 100 kPa, 150°C and very low velocity. Find
the specific work and the power produced.
Airat20m/s, 1500 K, 875 kPa with 5 kg/s flows into
a turbine and it flows out at 25 m/s, 850 K, 105 kPa.
Find the power output using constant specific heats.
Solve the previous problem using Table A.7.

A wind turbine with a rotor diameter of 20 m takes
40% of the kinetic energy out as shaft work on a
day with a temperature of 20°C and a wind speed
of 35 km/h. What power is produced?

A liquid water turbine receives 2 kg/s water at 2000
kPa, 20°C with a velocity of 15 m/s. The exit is at
100 kPa, 20°C, and very low velocity. Find the spe-
cific work and the power produced.

What is the specific work one can expect from the
dam in Problem 4.27?

A small, high-speed turbine operating on com-
pressed air produces a power output of 100 W. The
inlet state is 400 kPa, 50°C, and the exit state is 150
kPa, —30°C. Assuming the velocities to be low and
the process to be adiabatic, find the required mass
flow rate of air through the turbine.

Hoover Dam across the Colorado River dams up
Lake Mead 200 m higher than the river downstream
(see Fig. P6.47). The electric generators driven by
water-powered turbines deliver 1300 MW of power.
If the water is 17.5°C, find the minimum amount of
water running through the turbines.

Hoover Dam

Colorado River

Hydraulic
turbine

FIGURE P4.47



4.48

4.49

A small turbine, shown in Fig. P4.48, is operated
at part load by throttling a 0.25-kg/s steam supply
at 1.4 MPa and 250°C down to 1.1 MPa before it
enters the turbine, and the exhaust is at 10 kPa. If
the turbine produces 110 kW, find the exhaust tem-
perature (and quality if saturated).

@ ®
ey

FIGURE P4.48

A small expander (a turbine with heat transfer) has
0.05 kg/s helium entering at 1000 kPa, 550 K and
leaving at 250 kPa, 300 K. The power output on the
shaft measures 55 kW. Find the rate of heat transfer,
neglecting kinetic energies.

Compressors, Fans

4.50

4.51

4.52

4.53

4.54

A compressor in a commercial refrigerator receives
R-410aat —25°C andx = 1. The exit is at 1000 kPa
and 40°C. Neglect kinetic energies and find the spe-
cific work.

A compressor brings nitrogen from 100 kPa, 290
K to 2000 kPa. The process has a specific work in-
put of 450 kJ/kg and the exit temperature is 450 K.
Find the specific heat transfer using constant spe-
cific heats.

A portable fan blows 0.3 kg/s room air with a
velocity of 15 m/s (see Fig. P4.18). What is the
minimum power electric motor that can drive it?
Hint: Are there any changes in P or 77

A refrigerator uses the natural refrigerant carbon
dioxide where the compressor brings 0.02 kg/s from
1 MPa, —20°C to 6 MPa using 2 kW of power. Find
the compressor exit temperature.

A factory generates compressed air from 100 kPa,
17°C by compression to 1000 kPa, 600 K, after
which it cools in a constant pressure cooler to 300
K, (see Fig. P4.54). Find the specific compressor
work and the specific heat transfer in the cooler.
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4.55 A compressor brings R-134a from 150 kPa, —10°C
to 1200 kPa, 50°C. It is water cooled, with heat
loss estimated as 40 kW, and the shaft work input
is measured to be 150 kW. What is the mass flow
rate through the compressor?

4.56 The compressor of a large gas turbine receives air
from the ambient surroundings at 95 kPa, 20°C with
low velocity. At the compressor discharge, air exits
at 1.52 MPa, 430°C with a velocity of 90 m/s. The
power input to the compressor is 5000 kW. Deter-
mine the mass flow rate of air through the unit.

4.57 How much power is needed to run the fan in Prob-
lem 4.18?

4.58 A compressor in an industrial air conditioner com-
presses ammonia from a state of saturated vapor at
200 kPa to a pressure of 1000 kPa. At the exit, the
temperature is measured to be 100°C and the mass
flow rate is 0.5 kg/s. What is the required motor
size (kW) for this compressor?

4.59 Anexhaust fan in a building should be able to move
3 kg/s atmospheric pressure air at 25°C through
a 0.5-m-diameter vent hole. How high a velocity
must it generate, and how much power is required
to do that?

4.60 A compressor receives R-410a as saturated vapor
at 400 kPa and brings it to 2000 kPa, 60°C. Then a
cooler brings it to a state of saturated liquid at 2000
kPa (see Fig. P4.54). Find the specific compressor
work and the specific heat transfer in the cooler.

4.61 An air flow is brought from 20°C, 100 kPa to 1000
kPa, 330°C by an adiabatic compressor driven by a
50-kW motor. What are the mass flow rate and the
exit volume flow rate of air?

Heaters, Coolers

4.62 The air conditioner in a house or a car has a cooler
that brings atmospheric air from 30°C to 10°C, both
states at 101 kPa. For a flow rate of 0.75 kg/s find
the rate of heat transfer.



4.63 A boiler section boils 3 kg/s saturated liquid wa-

ter at 2000 kPa to saturated vapor in a reversible
constant-pressure process. Find the specific heat
transfer in the process.

A condenser (cooler) receives 0.05 kg/s of R-410a
at 2000 kPa, 80°C and cools it to 10°C. Assume
the exit properties are as for saturated liquid with
the same 7. What cooling capacity (kW) must the
condenser have?

Carbon dioxide enters a steady-state, steady-flow
heater at 300 kPa, 300 K and exits at 275 kPa, 1500
K, as shown in Fig. P4.65. Changes in kinetic and
potential energies are negligible. Calculate the re-
quired heat transfer per kilogram of carbon dioxide
flowing through the heater.
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-
-

P

Find the heat transfer in Problem 4.17.

A chiller cools liquid water for air-conditioning
purposes. Assume that 2.5 kg/s water at 20°C, 100
kPa is cooled to 5°C in a chiller. How much heat
transfer (kW) is needed?

Saturated liquid nitrogen at 600 kPa enters a boiler
at a rate of 0.008 kg/s and exits as saturated vapor
(see Fig. P4.68). It then flows into a superheater
also at 600 kPa, where it exits at 600 kPa, 280 K.
Find the rate of heat transfer in the boiler and the
superheater.

FIGURE P4.65
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4.69 Carbon dioxide used as a natural refrigerant flows

through a cooler at 10 MPa, which is supercritical,

4.70

4.71

4.72

4.73

4.74

sono condensation occurs. The inletis at 220°C and
the exit is at 50°C. Find the specific heat transfer.

In a steam generator, compressed liquid water at
10 MPa, 30°C enters a 30-mm-diameter tube at a
rate of 3 L/s. Steam at 9 MPa, 400°C exits the tube.
Find the rate of heat transfer to the water.

An oven has five radiant heaters; each one is rated
at 15 kW. It should heat some 2-kg steel plates from
20°Cto 800 K. How many of these plates per minute
can it heat?

Liquid nitrogen at 90 K, 400 kPa flows into a probe
used in a cryogenic survey. In the return line the ni-
trogen is then at 160 K, 400 kPa. Find the specific
heat transfer to the nitrogen. If the return line has
a cross-sectional area 100 times larger than that of
the inlet line, what is the ratio of the return velocity
to the inlet velocity?

An evaporator has R-410a at —20°C and quality
20% flowing in, with the exit flow being saturated
vapor at —20°C. Knowing that there is no work,
find the specific heat transfer.

Liquid glycerine flows around an engine, cooling it
asitabsorbs energy. The glycerine enters the engine
at 60°C and receives 19 kW of heat transfer. What
is the required mass flow rate if the glycerine should
come out at a maximum temperature of 95°C?

Pumps, Pipe and Channel Flows

4.75

4.76

4.77

4.78

An irrigation pump takes water from ariverat 10°C,
100 kPa and pumps it up to an open canal, where it
flows out 100 m higher at 10°C. The pipe diameter
in and out of the pump is 0.1 m, and the motor driv-
ing the unit is 5 hp. What is the flow rate, neglecting
kinetic energy and losses?

A pipe flows water at 15°C from one building to
another. In the winter the pipe loses an estimated
500 W of heat transfer. What is the minimum re-
quired mass flow rate that will ensure that the water
does not freeze (i.e., reach 0°C)?

A river flowing at 0.5 m/s across a 1-m-high and
10-m-wide area has a dam that creates an elevation
difference of 2 m. How much energy could a tur-
bine deliver per day if 80% of the potential energy
can be extracted as work?

A steam pipe for a 300-m-tall building receives su-
perheated steam at 200 kPa at ground level. At the
top floor the pressure is 125 kPa, and the heat loss



4.79

4.80

4.81

4.82

4.83

in the pipe is 110 kJ/kg. What should the inlet tem-
perature be so that no water will condense inside
the pipe?

Consider a water pump that receives liquid water at
25°C, 100 kPa and delivers it to a same-diameter
short pipe having a nozzle with an exit diameter of
2 cm (0.02 m) to the atmosphere at 100 kPa (see
Fig. P4.79). Neglect the kinetic energy in the pipes
and assume constant u for the water. Find the exit
velocity and the mass flow rate if the pump draws
1 kW of power.
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FIGURE P4.79

A small water pump is used in an irrigation system.
The pump takes water in from a river at 10°C, 100
kPaatarate of 5 kg/s. The exit line enters a pipe that
goes up to an elevation 20 m above the pump and
river, where the water runs into an open channel.
Assume that the process is adiabatic and that the
water stays at 10°C. Find the required pump work.
A small stream with water at 15°C runs out over
a cliff, creating a 50-m-tall waterfall. Estimate the
downstream temperature when you neglect the hor-
izontal flow velocities upstream and downstream
from the waterfall. How fast was the water dropping
just before it splashed into the pool at the bottom
of the waterfall?

A cutting tool uses a nozzle that generates a high-
speed jet of liquid water. Assume an exit velocity of
500 m/s of 20°C liquid water with a jet diameter of
2 mm (0.002 m). What is the mass flow rate? What
size (power) pump is needed to generate this from
a steady supply of 20°C liquid water at 200 kPa?

The main water line into a tall building has a pres-
sure of 600 kPa at 5 m below ground level, as shown
in Fig. P4.83. A pump brings the pressure up so that
the water can be delivered at 200 kPa at the top floor
100 m above ground level. Assume a flow rate of
10 kg/s liquid water at 10°C and neglect any differ-
ence in kinetic energy and internal energy u. Find
the pump work.

Top floor

150 m

Ground

| |
e L
L i//

Water main

FIGURE P4.83

Multiple-Flow, Single-Device Processes

Turbines, Compressors, Expanders

4.84

4.85

4.86

An adiabatic steam turbine in a power plant receives
5 kg/s steam at 3000 kPa, 500°C. Twenty percent
of the flow is extracted at 1000 kPa, 350°C to a
feedwater heater, and the remainder flows out at
200 kPa, 200°C (see Fig. P4.84). Find the turbine
power output.
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FIGURE P4.84

A compressor receives 0.05 kg/s R-410a at 200 kPa,
—20°C and 0.1 kg/s R-410a at 400 kPa, 0°C. The
exit flow is at 1000 kPa, 60°C, as shown in Fig.
P4.85. Assume it is adiabatic, neglect kinetic ener-
gies, and find the required power input.
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FIGURE P4.85

Cogeneration is often used where a steam supply is
needed for industrial process energy. Assume thata
supply of 5 kg/s steam at 0.5 MPa is needed. Rather



than generating this from a pump and boiler, the
setup in Fig. P4.86 is used to extract the supply
from the high-pressure turbine. Find the power the
turbine now cogenerates in this process.
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4.87

4.88

4.89

A steam turbine receives steam from two boilers
(see Fig. P4.87). One flow is 5 kg/s at 3 MPa, 700°C
and the other flow is 10 kg/s at 800 kPa, 500°C. The
exit state is 10 kPa, with a quality of 96%. Find the
total power out of the adiabatic turbine.
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FIGURE P4.87

A compressor receives 0.1 kg/s of R-134a at 150
kPa, —10°C and delivers it at 1000 kPa, 40°C. The
power input is measured to be 3 kW. The compres-
sor has heat transfer to air at 100 kPa coming in at
20°C and leaving at 30°C. What is the mass flow
rate of air?

Two steady flows of air enter a control volume, as
shown in Fig. P4.89. One is a 0.025 kg/s flow at 350
kPa, 150°C, state 1, and the other enters at 450 kPa,
15°C, state 2. A single flow exits at 100 kPa, —40°C,
state 3. The control volume ejects 1 kW heat to the
surroundings and produces 4 kW of power output.
Neglect kinetic energies and determine the mass
flow rate at state 2.
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4.90 A large, steady expansion engine has two low-

velocity flows of water entering. High-pressure
steam enters at point 1 with 2.0 kg/s at 2 MPa,
500°C, and 0.5 kg/s of cooling water at 120 kPa,
30°C centers at point 2. A single flow exits at point
3, with 150 kPa and 80% quality, through a 0.15-m-
diameter exhaust pipe. There is a heat loss of 300
kW. Find the exhaust velocity and the power output
of the engine.

Heat Exchangers

4.91

4.92

4.93

4.94

A condenser (heat exchanger) brings 1 kg/s water
flow at 10 kPa quality 95% to saturated liquid at 10
kPa, as shown in Fig. P4.91. The cooling is done
by lake water at 20°C that returns to the lake at
30°C. For an insulated condenser, find the flow rate
of cooling water.
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Lake water

Air at 600 K flows with 3 kg/s into a heat exchanger
and out at 100°C. How much (kg/s) water coming
in at 100 kPa, 20°C can the air heat to the boiling
point?

Steam at 500 kPa, 300°C is used to heat cold water
at 15°C to 75°C for a domestic hot water supply.
How much steam per kilogram of liquid water is
needed if the steam should not condense?

A dual-fluid heat exchanger has 5 kg/s water en-
tering at 40°C, 150 kPa and leaving at 10°C, 150
kPa. The other fluid is glycol, entering at —10°C,
160 kPa and leaving at 10°C, 160 kPa. Find the



required mass flow rate of glycol and the rate of
internal heat transfer.

4.95 A heat exchanger, shown in Fig. P4.95, is used to
cool an air flow from 800 to 360 K, with both states
at 1 MPa. The coolant is a water flow at 15°C,
0.1 MPa. If the water leaves as saturated vapor,
find the ratio of the flow rates #yater/7 4ir-
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FIGURE P4.95

4.96 A superheater brings 2.5 kg/s of saturated water va-
por at 2 MPa to 450°C. The energy is provided by
hot air at 1200 K flowing outside the steam tube in
the opposite direction as the water, a setup known
as a counterflowing heat exchanger (similar to Fig.
P4.95). Find the smallest possible mass flow rate
of the air to ensure that its exit temperature is 20°C
larger than the incoming water temperature.

4.97 A two-fluid heat exchanger has 2 kg/s liquid ammo-
nia at 20°C, 1003 kPa entering at state 3 and exiting
at state 4. It is heated by a flow of 1 kg/s nitrogen at
1500 K, state 1, leaving at 600 K, state 2 similar to
Fig. P4.95. Find the total rate of heat transfer inside
the heat exchanger. Sketch the temperature versus
distance for the ammonia and find state 4 (7, v) of
the ammonia.

4.98 In a co-flowing (same-direction) heat exchanger,
1 kg/s air at 500 K flows into one channel and 2 kg/s
air flows into the neighboring channel at 300 K. If
it is infinitely long, what is the exit temperature?
Sketch the variation of 7 in the two flows.

4.99 An air/water counter flowing heat exchanger has
one line with 2 kg/s at 125 kPa, 1000 K entering,
and the air is leaving at 100 kPa, 400 K. The other
line has 0.5 kg/s water entering at 200 kPa, 20°C
and leaving at 200 kPa. What is the exit temperature
of the water?

4.100 An automotive radiator has glycerine at 95°C enter
and return at 55°C as shown in Fig. P4.100. Air
flows in at 20°C and leaves at 25°C. If the radiator
should transfer 25 kW, what is the mass flow rate
of the glycerine and what is the volume flow rate of
air in at 100 kPa?
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FIGURE P4.100

4.101 A cooler in an air conditioner brings 0.5 kg/s of
air at 35°C to 5°C, both at 101 kPa. It then mixes
the output with a flow of 0.25 kg/s air at 20°C and
101 kPa, sending the combined flow into a duct.
Find the total heat transfer in the cooler and the
temperature in the duct flow.

4.102 A copper wire has been heat treated to 1000 K and
is now pulled into a cooling chamber that has 1.5
kg/s air coming in at 20°C; the air leaves the other
end at 60°C. If the wire moves 0.25 kg/s copper,
how hot is the copper as it comes out?

4.103 A coflowing (same-direction) heat exchanger has
one line with 0.25 kg/s oxygen at 17°C, 200 kPa
entering and the other line has 0.6 kg/s nitrogen
at 150 kPa, 500 K entering. The heat exchanger is
very long, so the two flows exit at the same tem-
perature. Use constant heat capacities and find the
exit temperature.

Mixing Processes

4.104 Two flows of air are both at 200 kPa; one has 1 kg/s
at 400 K and the other has 2 kg/s at 290 K. The
two flows are mixed together in an insulated box to
produce a single exit flow at 200 kPa. Find the exit
temperature.

4.105 Two air flows are combined to a single flow. One
flow is 1 m?/s at 20°C and the other is 2 m?/s at
200°C, both at 100 kPa, as in Fig. P4.105. They
mix without any heat transfer to produce an exit



4.106

4.107

4.108

4.109

4.110

flow at 100 kPa. Neglect kinetic energies and find
the exit temperature and volume flow rate.

FIGURE P4.105

A flow of water at 2000 kPa, 20°C is mixed with
a flow of 2 kg/s water at 2000 kPa, 180°C. What
should the flow rate of the first flow be to produce
an exit state of 200 kPa and 100°C?

An open feedwater heater in a power plant heats
4 kg/s water at 45°C, 100 kPa by mixing it with
steam from the turbine at 100 kPa, 250°C, as in
Fig. P4.107. Assume the exit flow is saturated lig-
uid at the given pressure and find the mass flow rate
from the turbine.
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FIGURE P4.107

Mixing
chamber

Two flows are mixed to form a single flow. Flow at
state 1 is 1.5 kg/s of water at 400 kPa, 200°C, and
flow at state 2 is at 500 kPa, 100°C. Which mass
flow rate at state 2 will produce an exit 73 = 150°C
if the exit pressure is kept at 300 kPa?

A de-superheater has a flow of ammonia of 1.5 kg/s
at 1000 kPa, 100°C that is mixed with another flow
of ammonia at 25°C and quality 50% in an adia-
batic mixing chamber. Find the flow rate of the sec-
ond flow so that the outgoing ammonia is saturated
vapor at 1000 kPa.

A mixing chamber with heat transfer receives 2 kg/s
of R-410a, at 1 MPa, 40°C in one line and 1 kg/s of
R-410a at 15°C with a quality of 50% in a line with
a valve. The outgoing flow is at 1 MPa, 60°C. Find
the rate of heat transfer to the mixing chamber.

4.111

4.112

4.113

4.114

FIGURE P4.110

A geothermal supply of hot water at 500 kPa, 150°C
is fed to an insulated flash evaporator at the rate of
1.5 kg/s. A stream of saturated liquid at 200 kPa
is drained from the bottom of the chamber, and a
stream of saturated vapor at 200 kPa is drawn from
the top and fed to a turbine. Find the mass flow rate
of the two exit flows.

An insulated mixing chamber receives 2 kg/s of
R-134a at 1 MPa, 100°C in a line with low veloc-
ity. Another line with R-134a as saturated liquid at
60°C flows through a valve to the mixing chamber
at | MPa after the valve, as shown in Fig. P4.110.
The exit flow is saturated vapor at 1 MPa flowing
at 20 m/s. Find the flow rate for the second line.
To keep a jet engine cool, some intake air bypasses
the combustion chamber. Assume that 2 kg/s of hot
air at 2000 K and 500 kPa is mixed with 1.5 kg/s air
at 500 K, 500 kPa without any external heat transfer,
as in Fig. P4.113. Find the exit temperature using
constant heat capacity from Table A.5.
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FIGURE P4.113

Solve the previous problem using values from
Table A.7.

Multiple Devices, Cycle Processes

4.115

4.116

A flow of 5 kg/s water at 100 kPa, 20°C should
be delivered as steam at 1000 kPa, 350°C to some
application. Consider compressing it to 1000 kPa,
20°C and then heat it at a constant rate of 1000 kPa
to 350°C. Determine which devices are needed and
find the specific energy transfers in those devices.

A two-stage compressor takes nitrogen in at 20°C,
150 kPa and compresses it to 600 kPa, 450 K. Then
it flows through an intercooler, where it cools to 320
K, and the second stage compresses it to 3000 kPa,



530 K. Find the specific work in each of the two
compressor stages and the specific heat transfer in
the intercooler.

4.117 The intercooler in the previous problem uses cold
liquid water to cool the nitrogen. The nitrogen flow
is 0.1 kg/s, and the liquid water inlet is 20°C and
is set up to flow in the opposite direction from the
nitrogen, so the water leaves at 35°C. Find the flow

rate of the water.

4.118 The following data are for a simple steam power
plant as shown in Fig. P4.118. State 6 has x¢ = 0.92
and velocity of 200 m/s. The rate of steam flow is 25
kg/s, with 300 kW of power input to the pump. Pip-
ing diameters are 200 mm from the steam generator
to the turbine and 75 mm from the condenser to the
economizer and steam generator. Determine the ve-

locity at state 5 and the power output of the turbine.

State 1 2 3 4 5 6 7

P,kPa 6200 6100 5900 5700 5500
T,°C 45 175 500 490
h, kJ/kg 194 744 3426 3404
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4.119 For the steam power plant shown in Problem 4.118,
assume that the cooling water comes from a lake at
15°C and is returned at 25°C. Determine the rate
of heat transfer in the condenser and the mass flow
rate of cooling water from the lake.

4.120 For the steam power plant shown in Problem 4.118,
determine the rate of heat transfer in the econo-
mizer, which is a low-temperature heat exchanger.
Also find the rate of heat transfer needed in the
steam generator.

4.121 A somewhat simplified flow diagram for a nuclear
power plant is given in Fig. P4.121. Mass flow rates
and the various states in the cycle are shown in the
accompanying table.

Point m, Kg/s P, kPa T,°C h, kJ/kg
1 75.6 7240 sat vap
2 75.6 6900 2765
3 62.874 345 2517
4 310
5 7 2279
6 75.6 7 33 138
7 415 140
8 2.772 35 2459
9 4.662 310 558
10 35 34 142
11 75.6 380 68 285
12 8.064 345 2517
13 75.6 330
14 349
15 4.662 965 139 584
16 75.6 7930 565
17 4.662 965 2593
18 75.6 7580 688
19 1386 7240 277 1220
20 1386 7410 1221
21 1386 7310

The cycle includes a number of heaters in which
heat is transferred from steam, taken out of the tur-
bine at some intermediate pressure, to liquid water
pumped from the condenser on its way to the steam
drum. The heat exchanger in the reactor supplies
157 MW, and it may be assumed that there is no
heat transfer in the turbines.

a. Assuming the moisture separator has no heat
transfer between the two turbine sections, de-
termine the enthalpy and quality (%4, x4).

b. Determine the power output of the low-pressure
turbine.

¢. Determine the power output of the high-pressure
turbine.

d. Find the ratio of the total power output of the
two turbines to the total power delivered by the
reactor.
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4.122 Consider the power plant described in the previous
problem. Condenser
a. Determine the quality of the steam leaving the ~Ooomp ® AR
reactor. :‘. SACAA" .a:
b. What is the power to the pump that feeds water \& ®
to the reactor? . ~Qgong to room
4.123 An R-410a heat pump cycle shown in Fig. P4.123 ~Weomp Compressor
has an R-410a flow rate of 0.05 kg/s with 5 kW into P Expansion
the compressor. The following data are given: valve
® @

State 1 2 3 4 5 6 Evaporator
P, kPa 3100 3050 3000 420 400 390 ® ﬁ
T,°C 120 110 45 -10 -5 Qeyap from cold
h, kl/kg 377 367 134 — 280 284 outside air

Calculate the heat transfer from the compressor, the
heat transfer from the R-410a in the condenser, and
the heat transfer to the R-410a in the evaporator.

FIGURE P4.123

4.124 A modern jet engine has a temperature after com-
bustion of about 1500 K at 3200 kPa as it enters the
turbine section (see state 3, Fig. P4.124). The com-



pressor inlet is at 80 kPa, 260 K (state 1) and the
outlet (state 2) is at 3300 kPa, 780 K;; the turbine out-
let (state 4) into the nozzle is at 400 kPa, 900 K and
the nozzle exit (state 5) is at 80 kPa, 640 K. Neglect
any heat transfer and neglect kinetic energy except
out of the nozzle. Find the compressor and turbine
specific work terms and the nozzle exit velocity.
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Diffuser Nozzle

FIGURE P4.124

4.125 A proposal is made to use a geothermal supply
of hot water to operate a steam turbine, as shown
in Fig. P4.125. The high-pressure water at 1.5 MPa,
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FIGURE P4.125

180°C is throttled into a flash evaporator chamber,
which forms liquid and vapor at a lower pressure of
400 kPa. The liquid is discarded, while the saturated
vapor feeds the turbine and exits at 10 kPa with a
90% quality. If the turbine should produce 1 MW,

find the required mass flow rate of hot geothermal
water in kilograms per hour.

Transient Processes

4.126 An initially empty cylinder is filled with air from
20°C, 100 kPa until it is full. Assuming no heat
transfer, is the final temperature above, equal to, or
below 20°C? Does the final 7" depend on the size
of the cylinder?

4.127 An initially empty canister of volume 0.2 m?® is
filled with carbon dioxide from a line at 800 kPa,
400 K. Assume the process runs until it stops by
itself and it is adiabatic. Use constant heat capacity
to find the final temperature in the canister.

4.128 Repeat the previous problem but use the ideal gas
Tables A8 to solve it.

4.129 A tank contains 1 m? air at 100 kPa, 300 K. A pipe
of flowing air at 1000 kPa, 300 K is connected to
the tank and is filled slowly to 1000 kPa. Find the
heat transfer needed to reach a final temperature of
300 K.

A 1-m? tank contains ammonia at 150 kPa and
25°C. The tank is attached to a line flowing am-
monia at 1200 kPa, 60°C. The valve is opened, and
mass flows in until the tank is half full of liquid
(by volume) at 25°C. Calculate the heat transferred
from the tank during this process.

4.130

4.131 A 2.5-L tank initially is empty, and we want to fill it
with 10 g of ammonia. The ammonia comes from
a line with saturated vapor at 25°C. To achieve the
desired amount, we cool the tank while we fill it
slowly, keeping the tank and its content at 30°C.
Find the final pressure to reach before closing the

valve and the heat transfer.

4.132 An evacuated 150-L tank is connected to a line
flowing air at room temperature, 25°C, and 8 MPa
pressure. The valve is opened, allowing air to flow
into the tank until the pressure inside is 6 MPa. At
this point the valve is closed. This filling process
occurs rapidly and is essentially adiabatic. The tank
is then placed in storage, where it eventually returns

to room temperature. What is the final pressure?

4.133 An insulated 2-m? tank is to be charged with R-
134a from a line flowing the refrigerant at 3 MPa,
90°C. The tank is initially evacuated, and the valve
is closed when the pressure inside the tank reaches
3 MPa. Find the mass in the tank and its final

temperature.



4.134

4.135

4.136

4.137

4.138

Find the final state for the previous problem if the
valve is closed when the tank reaches 2 MPa.

Helium in a steel tank is at 250 kPa, 300 K with a
volume of 0.1 m3. It is used to fill a balloon. When
the tank pressure drops to 150 kPa, the flow of
helium stops by itself. If all the helium still is at
300 K, how big a balloon did I get? Assume the
pressure in the balloon varies linearly with volume
from 100 kPa (V' = 0) to the final 150 kPa. How
much heat transfer took place?

A 25-L tank, shown in Fig. P4.136, that is initially
evacuated is connected by a valve to an air sup-
ply line flowing air at 20°C, 800 kPa. The valve is
opened, and air flows into the tank until the pressure
reaches 600 kPa. Determine the final temperature
and mass inside the tank, assuming the process is
adiabatic. Develop an expression for the relation
between the line temperature and the final temper-
ature using constant specific heats.
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FIGURE P4.136

A nitrogen line at 300 K, 0.5 MPa, shown in Fig.
P4.137, is connected to a turbine that exhausts to a
closed, initially empty tank of 50 m3. The turbine
operates to a tank pressure of 0.5 MPa, at which
point the temperature is 250 K. Assuming the entire
process is adiabatic, determine the turbine work.

n

Turbine

Tank

FIGURE P4.137

A 1-m? rigid tank contains 100 kg R-410a at ambi-
ent temperature, 15°C. A valve on top of the tank is
opened, and saturated vapor is throttled to ambient
pressure, 100 kPa, and flows to a collector system.

4.139

4.140

4.141

During the process, the temperature inside the tank
remains at 15°C. The valve is closed when no more
liquid remains inside. Calculate the heat transfer to
the tank.

A 200-L tank (see Fig. P4.139) initially contains
water at 100 kPa and a quality of 1%. Heat is trans-
ferred to the water, thereby raising its pressure and
temperature. At a pressure of 2 MPa, a safety valve
opens and saturated vapor at 2 MPa flows out. The
process continues, maintaining 2 MPa inside until
the quality in the tank is 90%, then stops. Deter-
mine the total mass of water that flowed out and the

total heat transfer.
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I

FIGURE P4.139

A 1-L can of R-134a is at room temperature, 20°C,
with a quality of 50%. A leak in the top valve al-
lows vapor to escape and heat transfer from the
room takes place, so we reach a final state of 5°C
with a quality of 100%. Find the mass that escaped
and the heat transfer.

A 2-m-tall cylinder has a small hole in the bottom
as in Fig. P4.141. It is filled with liquid water | m
high, on top of which is a 1-m-high air column
at atmospheric pressure of 100 kPa. As the liquid
water near the hole has a higher P than 100 kPa, it
runs out. Assume a slow process with constant 7'.
Will the flow ever stop? When?

FIGURE P4.141



Review Problems

4.142

4.143

4.144
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A pipe of radius R has a fully developed laminar
flow of air at Py, Ty with a velocity profile of
V = V1 — (#/R)*], where V. is the velocity on
the center-line and r is the radius, as shown in
Fig. P4.142. Find the total mass flow rate and the
average velocity, both as functions of V. and R.
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FIGURE P4.142
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Steam at 3 MPa, 400°C enters a turbine with a vol-
ume flow rate of 5 m3/s. An extraction of 15% of
the inlet mass flow rate exits at 600 kPa and 200°C.
The rest exits the turbine at 20 kPa with a quality of
90% and a velocity of 20 m/s. Determine the vol-
ume flow rate of the extraction flow and the total
turbine work.

In a glass factory a 2-m-wide sheet of glass at
1500 K comes out of the final rollers, which fix
the thickness at 5 mm with a speed of 0.5 m/s (see
Fig. P4.144). Cooling air in the amount of 20 kg/s
comesinat 17°C from aslot 2 m wide and flows par-
allel with the glass. Suppose this setup is very long,
so that the glass and air come to nearly the same
temperature (a coflowing heat exchanger); what is
the exit temperature?

Air T\k

Air out

_A

1 — Vlass

Moving glass sheet

FIGURE P4.144

4.145

Assume a setup similar to that of the previous prob-
lem, but with the air flowing in the opposite direc-
tion as the glass—it comes in where the glass goes
out. How much air flow at 17°C is required to cool
the glass to 450 K, assuming the air must be at least
120 K cooler than the glass at any location?

4.146

4.147

4.148

4.149

4.150

4.151

4.152

A flow of 2 kg/s of water at 500 kPa, 20°C is heated
in a constant-pressure process to 1700°C. Find the
best estimate for the rate of heat transfer needed.

A 500-L insulated tank contains air at 40°C, 2 MPa.
A valve on the tank is opened, and air escapes until
half the original mass is gone, at which point the
valve is closed. What is the pressure inside at that
point?

Three air flows, all at 200 kPa, are connected to the
same exit duct and mix without external heat trans-
fer. Flow 1 has 1 kg/s at 400 K, flow 2 has 3 kg/s
at 290 K, and flow 3 has 2 kg/s at 700 K. Neglect
kinetic energies and find the volume flow rate in the
exit flow.

Consider the power plant described in Problem
4.121.

a. Determine the temperature of the water leaving
the intermediate pressure heater, 713, assuming
no heat transfer to the surroundings.

Determine the pump work between states 13
and 16.

Consider the power plant described in Problem

4.121.

a. Find the power removed in the condenser by the
cooling water (not shown).

b. Find the power to the condensate pump.

c. Do the energy terms balance for the low-pressure
heater or is there a heat transfer not shown?

A 1-m3, 40-kg rigid steel tank contains air at 500
kPa, and both tank and air are at 20°C. The tank
is connected to a line flowing air at 2 MPa, 20°C.
The valve is opened, allowing air to flow into the
tank until the pressure reaches 1.5 MPa, and is then
closed. Assume the air and tank are always at the
same temperature and the final temperature is 35°C.
Find the final air mass and the heat transfer.

b.

A steam engine based on a turbine is shown in Fig.
P4.152. The boiler tank has a volume of 100 L and
initially contains saturated liquid with a very small
amount of vapor at 100 kPa. Heat is now added by
the burner. The pressure regulator, which keeps the
pressure constant, does not open before the boiler
pressure reaches 700 kPa. The saturated vapor en-
ters the turbine at 700 kPa and is discharged to
the atmosphere as saturated vapor at 100 kPa. The
burner is turned off when no more liquid is present
in the boiler. Find the total turbine work and the
total heat transfer to the boiler for this process.
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4.153 An insulated spring-loaded piston/cylinder device,
shown in Fig. P4.153, is connected to an air line
flowing air at 600 kPa and 700 K by a valve. Ini-
tially, the cylinder is empty and the spring force is
zero. The valve is then opened until the cylinder
pressure reaches 300 kPa. Noting that u, = ujjne +
CV(T2 - Tline) and hline — Uline = RTline’ find an
expression for 7, as a function of P,, Py, and Tjye.
With Py = 100 kPa, find 7.
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FIGURE P4.153

4.154 A mass-loaded piston/cylinder shown in Fig.
P4.154, containing air, is at 300 kPa, 17°C with
a volume of 0.25 m?, while at the stops V' = 1 m>.
An air line, 500 kPa, 600 K, is connected by a valve
that is then opened until a final inside pressure of
400 kPa is reached, at which point 7 = 350 K.

Find the air mass that enters, the work, and the heat

transfer.
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FIGURE P4.154
4.155 A 2-m? storage tank contains 95% liquid and 5%
vapor by volume of liquified natural gas (LNG) at
160 K, as shown in Fig. P4.155. It may be assumed
that LNG has the same properties as pure methane.
Heat is transferred to the tank and saturated vapor
at 160 K flows into the steady flow heater, which it
leaves at 300 K. The process continues until all the
liquid in the storage tank is gone. Calculate the to-
tal amount of heat transfer to the tank and the total
amount of heat transferred to the heater.
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Pressure
regulator
heater
Qtank
Storage
tank

FIGURE P4.155

ENGLISH UNIT PROBLEMS

4.156E Refrigerant R-410a at 100 psia, 60 F flows at
0.1 Ibm/s in a 2.5-ft> cross-sectional area pipe.
Find the velocity and the volume flow rate.

4.157E Airat95F, 16 Ibf/in.? flows in a 4-in. x 6-in. rect-
angular duct in a heating system. The volumetric
flow rate is 30 cfm (ft3/min). What is the velocity
of the air flowing in the duct?

4.158E A pool is to be filled with 2500 ft* water from
a garden hose of 1 in. diameter flowing water at
6 ft/s. Find the mass flow rate of water and the
time it takes to fill the pool.

4.159E A hot-air home heating system takes 500 ft*>/min
(cfm) air at 14.7 psia, 65 F into a furnace, heats
it to 130 F, and delivers the flow to a square duct



4.160E

4.161E

4.162E

4.163E

4.164E

4.165E

4.166E

4.167E

4.168E

4.169E

4.170E

0.5 ft by 0.5 ft at 15 psia. What is the velocity in
the duct?

Liquid water at 60 F flows out of a nozzle straight
up 40 ft. What is the nozzle V;?

A diffuser receives 0.2 Ibm/s steam at 80 psia,
600 F. The exit is at 150 psia, 700 F with neg-
ligible kinetic energy, and the flow is adiabatic.
Find the diffuser inlet velocity and the inlet
area.

Saturated vapor R-134a leaves the evaporator in
a heat pump at 50 F, with a steady mass flow rate
of 0.2 Ibm/s. What is the smallest diameter tubing
that can be used at this location if the velocity of
the refrigerant is not to exceed 20 ft/s?

In a jet engine a flow of air at 1800 R, 30 psia, and
90 ft/s enters a nozzle, where it exits at 1500 R,
13 psia, as shown in Fig. P4.23. What is the exit
velocity, assuming no heat loss?

A sluice gate dams water up 15 ft. A 0.5-in.-
diameter hole at the bottom of the gate allows
liquid water at 70 F to come out. Neglect any
changes in internal energy and find the exit ve-
locity and mass flow rate.

A diffuser, shown in Fig. P4.28, has air entering
at 14.7 1bf/in.2, 540 R, with a velocity of 600 ft/s.
The inlet cross-sectional area of the diffuser is
0.2 in.? At the exit, the area is 1.75 in.? and the
exit velocity is 60 ft/s. Determine the exit pressure
and temperature of the air.

Nitrogen gas flows into a convergent nozzle at
30 Ibf/in.2, 600 R and very low velocity. It flows
out of the nozzle at 15 1bf/in.2, 500 R. If the nozzle
is insulated, find the exit velocity.

A meteorite hits the upper atmosphere at 10 000
ft/s where the pressure is 0.1 atm and temperature
—40 F. How hot does the air become right in front
of the meteorite assuming no heat transfer in this
adiabatic stagnation process?

Refrigerant R-410a flows out of a cooler at 70 F,
220 psia, after which it is throttled to 77 psia. Find
the state (7', x) for the exit flow.

R-410a at 90 F, 300 psia is throttled so that it
becomes cold at 10 F. What is the exit P?
Saturated liquid R-410a at 30 F is throttled to
40 psia in a refrigerator. What is the exit tempera-
ture? Find the percent increase in the volume flow
rate.

4.171E

4.172E

4.173E

4.174E

4.175E

4.176E

4.177E

4.178E

4.179E

Saturated vapor R-410a at 75 psia is throttled to
15 psia. What is the exit temperature? Repeat the
question if you assumed it behaves like an ideal
gas.

Helium is throttled from 175 Ibf/in.2, 70 F to a
pressure of 15 1bf/in.2. The dia