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Preface

“In view of the large number of books on thermodynamics it may seem surprising that
there should be any need for yet another,” wrote Guggenheim in the preface of his book
“Thermodynamics” in 1949. Many more books on thermodynamics have been published
since then. So, why are we adding ours to the long list of entries on the subject?

During the past two decades of teaching thermodynamics to students from all over
the globe, we have sensed a widespread quest for more clarity, unambiguity, and logical
consistency in the exposition of the foundations than are available in traditional pre-
sentations. In response to our students’ demand, we have gradually developed a set of
arguments, observations, definitions, statements, and derivations that cannot be found in
any of the books currently available. Continuing the effort pioneered by Keenan and
Hatsopoulos, we have composed an exposition of the foundations and the applications of
thermodynamics that many enthusiastic M.LT. students have found clarifying, rewarding,
and inspiring. Our class notes have grown into a coherent collection thoroughly tested in
the classroom, equipped with a large number of homework problems, and mature enough
for wider dissemination.

In the preface of his book “Concepts of Thermodynamics” in 1960, Obert wrote:
“Most teachers will agree that the subject of engineering thermodynamics is confusing
to the student, despite the simplicity of the usual undergraduate presentation.” In our
experience, the major source of confusion is the lack of logical consistency and com-
pleteness in the many presentations of the foundations of thermodynamics. The definition
of a system as just “the subject of analysis” or “anything that is enclosed by a surface
in space” is incomplete. The definition of properties in terms of the state is circular if
the definition of state is in terms of the properties. The definition of heat as anything
that is not work is incomplete and ambiguous. The definition of thermal equilibrium in
terms of temperature is circular if the definition of temperature is in terms of thermal
equilibrium. The restriction to equilibrium states is artificial if the purpose is the use
of heat and cycles to define entropy. Even if entirely uninterested in the foundations,
the student cannot avoid but sense this ambiguity and lack of logical consistency and
develop the incorrect conviction that thermodynamics is a confusing, ambiguous, hand-
waving subject. Unfortunately, such a conviction is quite widespread and very difficult
to dismantle.

The problem is not resolved even by recent books for engineering students such as
the excellent textbooks on thermodynamics by F. F. Huang (1988 edition), K. Wark, Jr.
(1988 edition), and M. J. Moran and H. N. Shapiro (1988), which tend to deemphasize
the subtleties of the foundations by placing the emphasis on the applications of energy
and entropy balances. The student encounters no difficulty in mastering the mechanics
of energy and entropy balances. But the conviction that thermodynamics is based on
ambiguous grounds remains. In our view, this hinders comprehension and discourages

vii



viii Preface

any desire to further explore and exploit the wide range of implications and applications
of the subject.

In the novel exposition of the foundations that we present, we strive to develop each
of the basic concepts in full detail and without ambiguities, at a level that assumes a
sophomore background in calculus and elementary physics. Some characteristic features
are as follows.

e The basic concepts and principles are introduced in a novel logical sequence that
eliminates the traditional problem of incomplete definitions and vicious circles.

o The carefully worded statements of the laws of thermodynamics are presented as
fundamental laws of physics that complement the laws of dynamics.

e The principles and results are developed for both macroscopic and microscopic
systems, and for both equilibrium and nonequilibrium states.

o The concept of entropy is defined for any system, including a system with a single
degree of freedom, and for any state, including a nonequilibrium state.

o The state principle is derived as an exact and rigorous result valid for any stable
equilibrium state of any system.

e The concept of temperature is defined for the stable equilibrium states of any system,
including a system consisting of one particle with a single degree of freedom.

o The concepts of work and heat are defined in terms of the concepts of energy and
entropy exchanges and not vice versa.

o The third law is introduced in a novel discussion of the lowest-temperature stable
equilibrium states.

o The principles and results are illustrated pictorially on a novel graph of energy versus
entropy.

o A concise but precise summary of the foundations (Chapter 14) provides a suitable
starting point for a first introductory undergraduate course.

e The validity of the Euler relation for relatively large values of the amounts of con-
stituents is derived from a rigorous and novel definition of a simple system.

e The derivations of relations among properties of simple systems are made easy to
follow by showing explicitly all the functional dependences.

e The chemical equilibrium equation is derived from a rigorous and novel discussion
based on the definition of a simple system.

o The typical end-of-chapter problems that test each new concept are complemented
by a large number of more structured problems designed to test the connections
between new concepts and concepts introduced in earlier chapters.

A part of the book is intended for use as a text for an introductory undergraduate
course in thermodynamics. Other parts provide material for more advanced courses,
including a graduate course with emphasis on the foundations. We discuss suggestions
for this partitioning at the end of Chapter 1.

In Chapter 1 we describe some salient features of the models of physical phenomena
without concern as to the precise meanings of the terms we use. Our aim is to motivate
the reader to pursue a systematic study of thie applications and a deeper scrutiny of the
foundations of thermodynamics. For this pursuit, at the end of the chapter we outline four
different alternative paths to a study of thermodynamics using this book: an introductory
undergraduate path, an advanced undergraduate path with emphasis on applications, a
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graduate path with emphasis on advanced topics, and a graduate path with emphasis on
the general foundations. For each path we suggest the study of different chapters.

In Chapters 2 to 13 we discuss the key concepts and fundamental principles of
thermodynamics. In doing so, we assume that concepts and principles such as space, time,
reference frame, velocity, acceleration, force, mass, force field, gravitational acceleration,
electrostatic field, magnetic field, momentum, kinetic energy, potential energy, Newton’s
laws, and Maxwell’s equations are all part of the educational background of our reader
in mechanics and electromagnetism at an advanced high school or introductory college
level. We require this background not because we discuss any complicated issues of
these facets of natural science but because it is part of the conceptual underpinning of
thermodynamics.

In Chapter 2 we begin our detailed exposition of the foundations with kinematics and
dynamics. In kinematics we discuss the definitions of system, property, and state. Our
definitions eliminate the consideration of all the statistical arguments that lurk under all
traditional expositions of thermodynamics. The concept of state that we define provides
a common thread for the unification of the various branches of physics without need
to modify its meaning from branch to branch. The state is the set of instantaneous
values of all the amounts of constituents, ail the parameters that characterize the external
forces, and all the properties. Without alteration, this definition is valid for any system,
macroscopic or microscopic, and any condition, changing or not changing with time.

In dynamics we discuss spontaneous and induced changes of state as functions of
time, that is, we introduce the idea of the equation of motion of a system. Certain time
evolutions obey Newton’s equation of motion or its quantum-mechanical equivalent, the
Schrodinger equation of motion. Other experimentally observed time evolutions, how-
ever, do not obey either of these equations. So the equations of motion that we have are
incomplete. The discovery of the complete equation of motion that describes all physical
phenomena remains a subject of research at the frontier of science—one of the most in-
triguing and challenging problems in physics. Among the many features of the equation
of motion that have already been discovered, the most general and well established are
captured by the statements of the first and the second laws of thermodynamics. From
these laws we derive powerful tools for analyses of time-dependent phenomena. We
discuss the two laws in Chapters 3 and 4. We conclude Chapter 2 with definitions of
isolation, mode of interaction, and process.

In Chapter 3 we introduce a carefully worded and unambiguous statement of the
first law in terms of the concept of state and the definition of a weight process. One
of the principal implications of this statement is the existence of the property that we
call energy and denote by E. Energy is defined for all systems and all states, and is an
additive property. It obeys a conservation principle, that is, it remains invariant in the
course of spontaneous changes of state of an isolated system. Because changes of state
require a finite time to occur, the principle of energy conservation implied by the first
law is an aspect of time evolution. As such, it reflects a special feature of the general
equation of motion, even though the equation itself remains to be discovered.

We conclude Chapter 3 with a discussion of other implications of the first law: the
impossibility of a perpetual-motion machine of the first kind, the relation of the law to
special relativity and mass, and the energy balance. The energy balance is the most uni-
versal and powerful tool used in the analysis of practically every physical phenomenon.

In Chapter 4 we recognize that at each instant of time a system can be found in
one of many different states. We classify each state according to its time evolution and
define unsteady, steady, nonequilibrium, unstable equilibrium, metastable equilibrium,
and stable equilibrium states.
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We recall that equilibrium is not always stable and raise the question: Among all
the states of a system that correspond to a given value of energy, are there any that
are stable equilibrium? Close scrutiny of this question reveals that the answer cannot
be found by means of the theory of mechanics. Yet experience shows that such stable
equilibrium states exist. The answer is provided by the second law of thermodynamics.
We introduce a carefully worded and unambiguous statement of the second law in terms
of the concepts of energy, stable equilibrium state, and reversible process. This statement
is an outgrowth of the pioneering work by Hatsopoulos and Keenan. In due course, we
show that it entails all correct statements of the second law that have appeared in the
literature. We emphasize that the second law implies the existence of stable equilibrium
states but does not require that all states be stable equilibrium. Indeed, the vast majority
of states are not stable equilibrium. The requirement that some equilibrium states must
be stable reflects a most important feature of the general equation of motion, even though
this equation remains to be discovered.

The two laws of thermodynamics have many important and practical implications.
One of these implications, deduced in Chapter 4, is the impossibility of a perpetual-
motion machine of the second kind. Other implications are explored in Chapters 5 to 12.

In Chapter 5 we show that, in general, not all the energy of a system can be trans-
ferred to a weight in a gravity field. Under the broad restrictions that define a weight
process, the amount of energy that can be transferred from a system to a weight depends
on the state of the system. If it is not a stable equilibrium state, at least a fraction of the
energy can be transferred to the weight. But if it is a stable equilibrium state, no energy
can be transferred to the weight. This limitation reflects innumerable experimental ob-
servations, but cannot be accounted for by the principles of mechanics alone. It is one
of the important implications of the two laws of thermodynamics.

We conclude Chapter 5 with a proof of the existence of a novel important property
that we call generalized adiabatic availability and denote by V. The generalized adiabatic
availability of a system in a given state is related to the optimum amount of energy that
can be exchanged between the system and a weight in a weight process. Like energy,
this property is well defined for all systems and all states.

In Chapter 6 we introduce a special reference system, called a reservoir, and discuss
the possible weight processes that the composite of a system and a reservoir may expe-
rience. We prove the existence of another important property that we call generalized
available energy with respect to a given reservoir and denote by QF. The generalized
available energy of a system in a given state is related to the generalized adiabatic avail-
ability of the composite of the system and the reservoir. Like energy and generalized
adiabatic availability, Q7 is a property that is well defined for all systems and all states.
It is a generalization of the concept of motive power of fire first introduced by Carnot.

In Chapter 7 we disclose the existence of the property that we call entropy and
denote by S. Entropy is defined in terms of energy, generalized available energy with
respect to an arbitrarily selected reservoir, and a constant that depends on the reservoir.
In terms of symbols the definition is

1
S:SO+§ [(E-E)—@©Ff -]

where E_ and Qf refer to an arbitrary reference state, S_ is a constant fixed once and for
all for the system, and the constant ¢y, is a carefully defined property of the reservoir. The
definition appears to depend on the selection of the reservoir. However, we prove that
the role of the reservoir is only auxiliary, that is, that the value of S is independent of any
characteristics of the arbitrarily selected reservoir. Because both E and QF are defined
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for all systems (macroscopic as well as microscopic) and all states (equilibrium as well
as not equilibrium), S is also defined for all systems and all states, including a system
with one degree of freedom in any of its states. The concept of entropy introduced here
differs from and is more general than that of most textbooks, where, as Herbert B. Callen
stresses in his “Thermodynamics,” “the existence of the entropy” is postulated “only for
equilibrium states” and the “postulate makes no reference whatsoever to nonequilibrium
states.”

A discussion of the main features of entropy completes Chapter 7. We show that
entropy obeys a principle of nondecrease, that is, it either remains invariant or increases
in the course of spontaneous changes of state of an isolated system. We show that
the entropy increases if a spontaneous process is irreversible, and we call such increase
a creation or generation of entropy within the system. Like the principle of energy
conservation, the principle of nondecrease of entropy is an aspect of the time evolution
and, as such, it reflects another special feature of the general equation of motion that
remains to be discovered. We finally introduce the entropy balance which is another
powerful tool for analyses of physical phenomena.

At this stage of our exposition, energy and entropy are fully and rigorously defined
for equilibrium as well as other states. The concepts of temperature and heat have not yet
been either defined or used. We emphasize this fact because it is a most distinguishing
feature of the exposition of thermodynamics adopted in this book.

In Chapter 8 we focus our attention on stable equilibrium states. We show that at a
stable equilibrium state the value of any property is fully and uniquely determined by the
values of the energy, the amounts of constituents, and the parameters. This conclusion is
known as the state principle. It is reached without any extraneous considerations, such as
lack of information, difficulty associated with complicated calculations, unpredictability
of initial conditions, or lack of interest in making detailed analyses of large systems.

Next, we derive the highest-entropy principle and the lowest-energy principle as
useful criteria for stable equilibrium. In applications of the highest-entropy principle,
a key role is played by the special form of the state principle known as the funda-
mental relation. It avers that the value of the entropy at a stable equilibrium state is
uniquely determined by the values of the energy, the amounts of constituents, and the
parameters. Again, this is a rigorous and general result, involving no approximation
whatsoever.

In Chapters 9 to 11 we use the highest-entropy principle to investigate neces-
sary conditions that must be satisfied for two systems to be in mutual stable equilib-
rium, that is, for the composite of the two systems to be in a stable equilibrium state.
These investigations disclose the existence of properties that are defined only for sta-
ble equilibrium states, namely, temperature (Chapter 9), total potential of a constituent
(Chapter 10), and pressure (Chapter 11). Each of these properties is defined in terms of a
partial derivative of the fundamental relation and is readily measurable. More important,
we show that necessary conditions for systems to be in mutual stable equilibrium are
temperature equality, total potential equality for each constituent, and pressure equality.
Each of these equalities provides the theoretical foundation for the measurement of the
respective property.

In Chapter 9 we discuss a novel derivation of the absolute values of entropy. We
discover that the smallest value of entropy is common to all systems, and that it corre-
sponds to the entropy of all the states contemplated in mechanics. Because the smallest
value of entropy is common to all systems, we assign to it the value zero and end up
with absolute values of entropy that are all nonnegative. Moreover, we conclude that
mechanics is the physics or thermodynamics of zero-entropy states.
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In Chapter 9 we also investigate the question of the lowest value of temperature
for given values of the amounts of constituents and parameters, and for systems with no
upper bound to the value of the energy. We prove that it is nonnegative and obtains at the
ground-energy stable equilibrium state. If we were using quantum-theoretical concepts,
we could prove that the smallest temperature must be equal to zero. Because we do not
use such concepts, we omit the proof and introduce the zero-temperature requirement as
the third law of thermodynamics.

In Chapter 12 we introduce work and heat interactions. A work interaction is defined
by the condition that its result be a net exchange of energy between the interacting systems
involving no exchange of entropy. A heat interaction is defined by the condition that
it be entirely distinguishable from work—no part of a heat interaction be mistakable as
a work interaction. We prove that such an interaction exists, results in a net exchange
of both energy and entropy, requires that the interacting systems be almost at the same
temperature, and is such that the ratio of the amount of energy exchanged to the amount
of entropy exchanged equals the almost common temperature of the interacting systems.
We explain that a heat interaction is only a special case of interactions that are not work,
and that we call nonwork.

We discuss the energy balance and the entropy balance for a system experiencing
work and heat interactions only. The change in energy equals the sum of the work and
the heat to the system. This result is just a very special consequence of the two laws of
thermodynamics and hence cannot be called “the first law.” The change in entropy equals
the entropy supplied by the heat interaction plus the entropy generated spontaneously by
irreversibility within the system. Also this result is just a very special consequence of
the two laws of thermodynamics and hence cannot be called “the second law.”

Work and heat are ingenious concepts. For given end states of a system, they al-
low the quantitative distinction between entropy generated by irreversibility and entropy
exchanged via interactions with other systems. As such, these two concepts provide
practical means for identifying opportunities to reduce the entropy generation by irre-
versibility and hence to improve the performance of the system. The identification of
these opportunities would be missed if the definition of heat were, for example, just any
interaction that is not work, that is, any nonwork interaction.

In Chapter 13 a novel graph of energy versus entropy is introduced. It is used repeat-
edly to provide pictorial illustrations for most of the ideas discussed in Chapters 2 to 12.
The illustrations include the zero-entropy lines that correspond to all states encountered
in mechanics; projections of the multidimensional space of all types of states; the zero-
temperature states specified by the third law; the fundamental relations that account for
all states encountered in classical thermodynamics; the concepts of temperature, adiabatic
availability, available energy, and irreversibility; and the effects of work, heat, and non-
work interactions. In addition, energy versus entropy diagrams are used in discussions
of the role of the second law on the ground-energy zero-temperature stable equilibrium
states, and of systems with energy that cannot be increased indefinitely. It is shown that
some of the stable equilibrium states of the latter systems have negative temperatures.

Chapter 14, the beginning chapter for the undergraduate student, is a concise but
precise summary of the foundations, that is, of the concepts, principles, and results dis-
cussed in Chapters 2 to 13. The summary is especially suited for engineering students
who must get on with the job of applying the theory to practical problems. It deem-
phasizes the intellectual subtleties, complexities, and generalities of the subject, while
providing the assurance that thermodynamics is a well-founded, well-reasoned, unam-
biguous, and consistent science with many triumphs and yet new horizons to conquer.
It provides the material for two or three introductory lectures in a first undergraduate
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course on thermodynamics. The practical meaning of the various definitions is gradually
grasped from their applications in subsequent chapters and problem solving.

In Chapter 15 we illustrate the point that the energy balance and the entropy balance
are two of the most valuable tools for analyses of practical problems by applying these
balances to heat engines, heat pumps, and refrigeration units. The remaining chapters
address applications to specific systems and specific classes of states.

In Chapter 16 we begin with a general study of the properties of substances in stable
equilibrium states by focusing on systems with external forces that are characterized by
a single parameter, volume. We introduce many stable equilibrium state properties, such
as enthalpy, Helmholtz free energy, Gibbs free energy, and heat capacities, and derive
many relations between them, such as the Gibbs relation and the Maxwell relations. For
various processes that involve only heat and work interactions and in which the system
starts in a stable equilibrium state and ends in a neighboring stable equilibrium state, we
discuss the relations between heat, work, temperature of the initial state, temperature at
which the heat interaction occurs, pressure, changes in energy, entropy, and volume, and
entropy generated by irreversibility.

In Chapter 17 we discuss simple systems. We define a system as simple if it has vol-
ume as the only parameter and if it can be partitioned into a set of contiguous subsystems
in mutual stable equilibrium so that the effects of the partitioning are negligible. The
condition on partitioning is very important because it allows the extension of properties
of a given amount to both smaller and larger amounts. It is satisfied only if the values of
the amounts of constituents are sufficiently large, say, larger than 10 molecules or atoms
per type. We derive the Euler relation and the Gibbs—Duhem relation. We introduce the
concepts of extensive, intensive, partial, and specific properties, and establish the num-
ber of independent variables required for the specification of each of these properties.
All these concepts provide the theoretical framework for the study of properties of a
substance in stable equilibrium states.

In Chapter 18 we define homogeneous and heterogeneous states and the concept of
phase. Then we examine the question: Starting from an initial stable equilibrium state
consisting of several coexisting phases, how many of the intensive properties temperature,
pressure, and chemical potentials can be varied independently while the system changes
to another stable equilibrium state consisting of the same types of phases as the initial
state? We derive the answer, the so-called Gibbs phase rule.

In Chapter 19 we discuss the stable-equilibrium-state properties of pure substances
modeled as simple systems. Experimental results on energy, enthalpy, and other proper-
ties are reported in graphical and tabular forms. Much is extracted from the experimental
data on a given substance by combining them with the wealth of theoretical implications
that follow from the state principle, in general, and the patterns of coexisting phases, in
particular.

In Chapter 20 we consider certain limited ranges of temperature and pressure in
which the relation between temperature, pressure, and volume, the so-called equation of
state, takes a simple and explicit mathematical form. Under such conditions, which we
call ideal-behavior conditions, properties are much easier to study because they can be
described by simple analytical forms rather than by charts and tabulated data. Thus we
describe the ideal-gas behavior and the many analytical interrelations that apply under
such ideal behavior. We also describe the ideal-incompressible fluid or ideal-solid
behavior.

In Chapter 21 we discuss some of the historical equations of state that have been
developed to model the behavior of substances outside the ranges of validity of the
ideal-gas behavior.
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In Chapter 22 we define a special class of nonequilibrium states that we call bulk-
flow states. We introduce another type of nonwork interaction, the bulk-flow interaction.
It involves bulk-flow states and accomplishes transfers of energy, entropy, and amounts
of constituents. Bulk-flow states and bulk-flow interactions play a major role in modeling
energy-processing devices, energy-conversion systems, chemical reactors, and materials-
processing systems.

In Chapter 23 we consider a number of simplified models of energy-conversion
devices, such as nozzles, compressors, pumps, turbines, and heat exchangers. For each
of these devices, we derive interrelations between end states, bulk-flow states of inlet
and outlet streams, energy and entropy transfers, entropy generated by irreversibility, and
empirical characteristics of the device.

In Chapter 24 we develop the concept of optimum work in processes experienced by a
composite of a system and the environmental reservoir. We discuss generalizations of the
concepts of adiabatic availability and available energy that apply to various combinations
of conditions. Rather than building up the vocabulary, we call each such generalization an
availability or exergy. We conclude the chapter with a discussion of a thermodynamic
measure of efficiency, the ratio of the availability required by a change of state of a
system to the availability consumed to effect this change.

In Chapter 25 we briefly discuss energy-conversion systems, external combustion and
internal combustion engines, nuclear fission reactors, and hydropower plants. Then we
review the typical energy-conversion systems following the traditional classification based
on the historical working-fluid cycles. Excluded from these discussions are combustion
phenomena, which are covered in Chapter 31.

In Chapter 26 we discuss the stable-equilibrium-state properties of mixtures modeled
as simple systems. Experimental results on energy, enthalpy, and other properties are
reported in graphical and tabular forms. As for pure substances, much can be extracted
from the experimental data by combining them with the wealth of theoretical implications
that follow from the state principle, in general, and the patterns of coexisting phases, in
particular. The main objective here is to relate properties of a mixture to properties of
the pure constituents. We show that this can be done via the concepts of partial pressure
and equality of chemical potentials of systems in mutual stable equilibrium.

In Chapter 27 we consider certain limited ranges of temperature and pressure in
which the relations between properties of a mixture and properties of pure constituents
take simple and explicit mathematical forms. Under such conditions, which we call ideal-
behavior conditions, properties are much easier to study because they can be described by
simple analytical forms rather than through the use of charts and tabulated data. Thus we
describe the ideal Gibbs—Dalton behavior, the ideal-gas mixture behavior, and the many
analytical interrelations that apply under such ideal behaviors. As a typical engineering
example, we discuss moist air, the mixture of air and water vapor. We also describe the
ideal-solution behavior and the rudiments of two-phase mixture behavior such as needed
to design distillation columns.

In Chapter 28 we discuss some of the historical relations between temperature,
pressure, chemical potentials, and mole fractions that have been developed to model the
behavior of substances outside the ranges of validity of the ideal-gas mixture and the
ideal-solution behaviors.

Up to this point in the book we have not considered the effects of chemical reactions.
In Chapters 29 and 30 we define the concepts and terminology that are needed for a
description of simple systems subject to chemical reactions, present a novel derivation of
the necessary conditions for chemical equilibrium, and evaluate the effects of chemical
reactions on the stable-equilibrium-state properties.
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In Chapter 31 we consider the special class of chemical reactions that correspond to
the combustion or oxidation of fuels, namely the reactions that represent about 90% of
the energy sources we use in energy-conversion devices.

Paradoxically, our experience shows that the study of this book is easier for a reader
without much background in thermodynamics than for one who has been exposed to
the traditional presentation and its statistical interpretation. The inexperienced student
finds here a complete, logically consistent, and self-sufficient exposition. All concepts
are defined carefully and explicitly so that the learning proceeds smoothly from the
foundations to the applications. No previous knowledge of the subject is needed, except
for a sophomore background in calculus and introductory physics.

Experienced readers may have some difficulty. They may be appalled when they
read that thermodynamics applies equally well to macroscopic and microscopic phenom-
ena, that entropy is equally defined for equilibrium and nonequilibrium states, and that
temperature is meaningful and useful also for the stable equilibrium states of a single
particle. Their dismay will persist unless they realize that the new perspective requires an
intellectual reorientation and a subtle and demanding reconsideration of basic premises
and concepts.

For us, the need for such reconsideration of premises and concepts has not arisen
only from our didactic experience. It is stimulated by the results of research on the
quantum foundations of physics performed by colleagues and ourselves. The results are
published in the scientific literature. However, there is no need at all to be acquainted
with either such literature or with the ideas of quantum theory in order to study any part
of this book. We mention these results here only to assure our doubting reader that the
advanced foundations of quantum physics lurk behind our exposition, and that each of
the concepts we introduce has a sound counterpart in the most advanced formulation of
contemporary physics.

Even the traditional meaning of the term thermodynamics needs to be reconsidered.
Physics is the science that attempts to describe all aspects of all phenomena pertaining
to the perceivable universe. It can be viewed as a large tree with many branches,
such as mechanics, electromagnetism, gravitation, and chemistry, each specialized in the
description of a particular class of phenomena. Thermodynamics is not a branch. It
pervades the entire tree. To emphasize this conception, we often use the words physics
and thermodynamics as synonyms.
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Evaporator, 417
Exergy, 403

analysis, 411

function, 403, 405

rate, 404

rate function, 404, 406, 407
Exothermic reaction, 564, 566
Extensive property, definition of an, 268
External combustion engine, 456
External combustion system, 428
External force, 13, 208
External parameter, 13, 208

F

Fahrenheit, G.D., 140, 221
Fahrenheit relative temperature, 141, 221, 222
Fenske relation, 502
First law, statement of the, 30, 212
Fission reaction, 30, 433
Flow
of a property, 23
of energy, 37
of entropy, 106
Force
external, 13, 208
internal, 12, 172, 208, 245
table of units for, 619
Form of aggregation, 277
gaseous, 277
liquid, 277
solid, 277
vapor, 277
Four-stroke cycle, 430
Free constituent
ground-state energy of a, 40
ground-state mass of a, 40
Freezing, 287
Freezing point depression, 503
Freon 12, tables of properties of, 632
Freon 114, tables of properties of, 634
Frictionless plane, 169
Fuel
availability of a, 605
availability rate of a, 605
chemical, 586
enthalpy of vaporization of a, 592
heating value of a, at constant pressure, 592
heating value of a, at constant volume, 594
higher heating value of a, 593
lower heating value of a, 593
properties, table of values of, 589, 606
Fuel-air equivalence ratio, 590
Fuel-air ratio, 587
Fuel-oxidation reaction, 586
Fugacity, 335
of a constituent in a mixture, 515
of a liquid, 336
Fugacity coefficient, 335
of a constituent in a mixture, 515
Function homogeneous
of degree one, 265
of degree zero, 268
Fundamental relation, 121, 188, 219, 245, 264

concavity of the, 132, 150, 156, 161, 188, 219

differential of the, 122
for the electromagnetic field, 246
of a reservoir, 401, 402
Fusion, 287
latent heat of, 291
Fusion reaction, 30, 44, 45

G

Galilei, G., 139, 220
Gas constant



of a substance, 316
universal, 315, 617
Gas mixture, 481
Gaseous form of aggregation, 277
Generalized adiabatic availability, 142, 191, 215
change in a weight process, 79, 80
definition of, 77
physical meaning of, 79
sign of, 79
Generalized available energy, 95, 97, 142, 194, 216, 403
additivity of, 98
change in a weight process, 97, 98
definition of, 97
physical meaning of, 97
sign of, 97
Generalized force conjugated to a parameter, 122
definition of, 156, 223
Generalized force equality, 157
Gibbs—Dalton mixture, 482
of ideal gases, 483
Gibbs-Duhem relation, 267, 269, 278, 292, 477, 497, 519
Gibbs free energies of combustion, table of values of,
606, 629
Gibbs free energies of formation, table of values of, 549,
627
Gibbs free energy, 249, 267
in terms of chemical potentials, 271
of a bulk-flow state, 357
of combustion, 605
of formation of a constituent, 546
of reaction, 567, 605
partial, of a constituent, 272
specific, 268
Gibbs, J.W., 249
Gibbs paradox, 275
Gibbs phase rule, 278, 286, 292, 470
for chemically reacting systems, 570
Gibbs relation, 248, 266
Gram mole, 281
Gravitational acceleration, 39, 617
Ground-energy state, 40, 41, 63, 138, 188, 213
temperature of a, 139
Ground-energy value
degeneracy of, 202
nondegenerate, 202
Ground state, 40, 41
energy, 40, 41, 213
energy of a free constituent, 40, 213
mass, 40, 41, 213
mass of a free constituent, 40, 213
Guggenheim, E.A, vii
Guldberg, C.M., 557

H

Harmonic oscillator, 259
frequency of, 259
Hatsopoulos, G.N., vii, x, 62
Heat, 226
and nonwork, 198
definition of, 177
work equivalent of, 235
Heat capacity
under constant pressure, 256
under constant volume, 253
Heat conductor, 386
Heat convector, 386
Heat engine
definition of a, 234
thermodynamic efficiency of a, 235
Heat exchanger, 384
Heat interaction, 196, 226, 231
and irreversible spontaneous processes, 178
definition of a, 177
energy transfer in a, 177
entropy transfer in a, 177
Heat of dissociation, 584
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Heat pump, 237
coefficient of performance of a, 238
coefficient of performance of a reversed-Rankine-cycle,
460
thermodynamic efficiency of a, 238
Heat rate, work rate equivalent of a, 363, 404
Heat transfer coefficient, 387
Heating cycle, 459
Heating value of a fuel
at constant pressure, 592
at constant volume, 594
higher, 593
lower, 593
Heat-only process, 179
energy balance for a, 179
entropy balance for a, 179
Helmholtz free energy, 249, 257, 267
of a bulk-flow state, 357
Helmholtz, H.L.F., 249
Henry’s constant, 497, 521
Henry’s law, 497, 517
Hess determinant, 261
Hess relation, 548, 551, 557
Heterogeneous state, 276
q-phase, 277
Higher heating value of a fuel, 593
Highest-entropy principle, 119, 127, 135, 147, 188, 219,
228
Homogeneous function
of degree one, 265
of degree zero, 268
Homogeneous state, 276
Huang, F.F., vii
Humidity
relative, 489
specific, 488
Humidity ratio, 488
Hydrometry, 487
Hydropower plant, 435

I

Ideal behavior
of a mixture, 481
of a substance, 315
Ideal gas, 315, 378, 476, 556
enthalpy of an, 317
entropy of an, 317
equation of state of an, 315
internal energy of an, 317
mole-specific volume of an, 316
properties, table of, 319, 320, 624, 625
specific heats of an, 316, 318
Ideal-gas mixture, 483, 515, 560, 567
energy of an, 484
enthalpy of an, 484
entropy of an, 484
internal energy of an, 484
partial pressure of a constituent of an, 484
specific heats of an, 484
Ideal-gas state, 324
at standard conditions, 548, 592, 605
Ideal incompressible behavior, 331, 378, 476
Ideal incompressible liquid, 331, 562
Ideal incompressible solid, 331, 562
Ideal solution
enthalpy of an, 492
entropy of an, 492
internal energy of an, 492
volume of an, 492
Ideal-solution behavior, 492, 497, 562, 567
Ideal substance, 315
Identical states, 18, 210
Identical systems, 15, 209
Immiscible substances
in the liquid phase, 280
in the solid phase, 513
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Incompressible fluid, 372, 373
Independent constituents, complete set of, 545
Independent properties, 18, 118, 210
Induced change of state, 21
Inert substance, 532, 587
Intensive property, 269, 277

definition of an, 268
Interaction

bulk-flow, 359, 370

heat, 177, 196, 226, 231

mode of, 23, 167, 211

nonwork, 174, 196, 225

work, 169, 194, 225, 230
Interactions of a reservoir, 178
Interdependent properties, 18, 210
Internal combustion engine, 430
Internal combustion system, 428
Internal constraint, 13, 14, 208
Internal energy

definition of, 245

of a bulk-flow state, 357

of an ideal gas, 317

of an ideal solution, 492

of an ideal-gas mixture, 484

of combustion, 594

of fusion, 291

of reaction, 545

of sublimation, 291

of vaporization, 291

partial, of a constituent, 272, 540
Internal force, 12, 172, 208, 245
Internal variable, 14
Inversion curve, 378
Inversion point, 378
Irreversibility

adverse effects of, 200

entropy generation by, 105, 218, 361, 363, 610
Irreversible process, 211

definition of an, 59
Irreversible spontaneous processes, heat interaction and,

178

Isentropic process, 257
Isobar, 287, 306
Isobaric expansion, coefficient of, 304
Isobaric process, 254
Isochor, 287, 306
Isochoric process, 252
Isolated system, 20, 210
Isotherm, 287, 306

critical, 287
Isothermal compressibility, coefficient of, 304
Isothermal process, 257
Isothermobar, 287
Isothermobaric process, 257

J

Jacobian, 118, 126, 261

Joule, J.P., 33

Joule-Brayton cycle, 455

Joule-Thomson coefficient, 311, 378, 461

K

Keenan, J.H., vii, x, 62
Kelvin, definition of, 112
Kelvin—Helmholtz relation, 343
Kelvin, Lord, 62, 112
Kelvin—Planck’s statement of the second law, 65
Kelvin, W. Thomson, 62, 112
Kinematics, 18
Kinetic energy, 37

of a bulk-flow state, 357

L
Lagrange, J.L., 60
Latent heat

of fusion, 291

of sublimation, 291

of vaporization, 291
Latent heats, table of values of, 293, 623
Law of mass action, 557
Le Chitelier—Braun

inequalities, 261

principle, 585
Length, table of units for, 618
Linde—Hampson liquefaction cycle, 461
Liquid form of aggregation, 277
Liquids, table of properties of, 304
Logarithmic mean temperature, 372
Lost work rate, 412
Lower heating value of a fuel, 593
Lowest-energy principle, 119, 188, 271
Lowest-energy states, 228
Lyapunov, A.M., 60

M

Margules
three-suffix equations, 523
two-suffix equations, 522
Mass, 40, 41, 213
additivity of, 41
conservation of, 42
fractions, 469
ground-state, 40, 41, 213
molar, 281
of a mixture, 469
table of units for, 618
Mass balance, 42, 213
equation, 42, 213
for a work, heat and bulk-flow process, 361

Mass rate balance for a work, heat and bulk-flow process,

362
Massieu function, 260
Massieu, H. M., 248
Mass-specific property, 268, 281
Materials-conversion system, 370
Materials-processing system, 400
Maxwell graphic rule, 347
Maxwell, J.C., 251
Maxwell relations, 251, 648
Maxwell’s demon, 189, 229
Mayer, J.R., 305
Mayer relation, 305, 316
Measurability, 3, 4
Mechanical effect, 27
Mechanical effects, equivalence of, 27
Melting, 287
Melting temperatures, table of values of, 293, 623
Metastable equilibrium state, 56, 62, 66, 214
Miscible substances in the liquid phase, 280, 513
Mixing
enthaply of isothermobaric, 518, 519
entropy of, 486, 605
entropy of isothermobaric, 518, 519
volume of isothermobaric, 518, 519
Mixture
activity coefficient of a constituent in a, 516
activity of a constituent in a, 516
azeotropic, 280, 473
binary, 470
composition of a, 469
fugacity coefficient of a constituent in a, 515
fugacity of a constituent in a, 515
gas, 481
Gibbs—Dalton, 482
ideal behavior of a, 481
ideal-gas, behavior of a, 483, 515, 560
mass of a, 469
mean molecular weight of a, 469
nonideal, 515
of ideal gases, Gibbs—Dalton , 483
specific properties of a, 469
thermophysical properties of a, 468
two-phase, 292
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Mode of interaction, 23, 167, 211 of a fluid, 153

Modified degree of reaction, 600 of vacuum, 153

Moist air, 487 relative, 153

Molar mass, 281 Perpetual motion, 39

Molar masses, table of values of, 283, 622 Perpetual-motion machine of the first kind, 39

Mole, definition of a, 11, 281 impossibility of a, 39

Mole fractions, 469 Perpetual-motion machine of the second kind, 64

Molecular weight, 281 impossibility of a, 64, 65, 71, 72, 174, 189, 214, 229
of a mixture, mean, 469 Petit, A.T., 333

Molecular weights, table of values of, 283, 622 Phase

Mollier chart, 294, 306 change, 289

Momentum, 39 definition of a, 277

Moran, M.J,, vii diagram, 473

Motion, 20 Phase rule, Gibbs, 278, 286, 292, 470

Mutual stable equilibrium, 215, 276 for chemically reacting systems, 570
definition of, 86 Phases, coexisting, 277
partial, 163, 400, 475, 485, 493 Phase transition, 289
N first-order, 313

second-order, 313
I Physical constants, table of, 617
Nemst principle, 139 Pinch temperature, 416, 512
Nernst, W.H., {39 . Planck function, 260
Newton’s equation of motion, 21, 62 Planck, MK.E., 62

Nitrogen Planck’s constant, 246, 617

Negative temperature, 204

atmospheric, 587' Planck’s statement of the second law, 65
tables of properties of, 636 PMMI, 39

Nonadiabatic process, 174, 225 iml;ossibility of a, 39

Nondegenerate ground-energy value, 202 PMM2, 64 ,

Nonequilibrium state, 54, 214
Nonideal mixture, 515
Nonwork, 174

interaction, 174, 196, 225
Normal stable equilibrium state, 204
Nozzle, 375

efficiency of a, 375
Nuclear power reactor, 433
Nuclear spin system, 203
Number-specific property, 268, 281

impossibility of a, 64, 65, 71, 72, 174, 189, 214, 229
Poincaré, J.H., 60
Polytropic path, 326
Potential energy, 33
of a bulk-flow state, 357
Power cycle, 458
Power, table of units for, 620
Poynting correction, 336, 337, 496, 521
Pressure, 122, 246
and force per unit area, 159, 224

(o] as a capturing tendency for volume, 161
Obert, E.F., vii critical, 284
Open cycle, 437 definition of, 157, 223
Open-cycle system, 430 equality, 157, 223, 485
Open Joule-Brayton cycle, 456 in terms of partial pressures, 477
Open system, 360 of a bulk-flow state, 3§7
Orifice, 376 of a chemical equilibrium state, 575
Osmotic pressure, 493 of the electromagnetic field, 246
van’t Hoff relation for, 493 osmotic, 493
Otto cycle, 449 partial, of a constituent, 476, 478, 556, 560
reduced, 344
P relative, 324
Parameter, 13, 208 saturation, 489
additive, 34, 156 stagnation, 373, 375
range of values of a, 13 table of units for, 160, 619
value of a, 13 Pressurized water reactor, 434
Parameters, compatible values of, 19 Principle
Partial enthalpy of a constituent, 272, 541 Chételier-Braun or Le Chatelier—Braun, 585
Partial entropy of a constituent, 272, 540, 541 Nemst, 139
Partial Gibbs free energy of a constituent, 272 of conservation of atomic nuclei, 527, 578
Partial internal energy of a constituent, 540 of corresponding states, 351
Partial mutual stable equilibrium, 163, 400, 475, 485, 493 of energy conservation, 35, 212
Partial pressure of a constituent, 476, 478, 556, 560 of entropy nondecrease, 105, 135, 218
Partial pressures, Dalton’s law of, 482 of highest entropy, 119, 127, 135, 147, 188, 219, 228
Partial property of a constituent, 478, 544 of lowest energy, 119, 188, 228, 271
definition of a, 272 stable equilibrium state, 117, 219
Partial stable equilibrium state, 163 state, 117, 219, 245
Partial volume of a constituent, 272 Process
Partially miscible substances in the liquid phase, 280 adiabatic, 23, 170, 171, 190, 225
Partitioning of a simple system, 263, 276 batch, 531, 595
Pascal, B., 159 cyclic, 39
Passive resistances, 13, 528 definition of a, 23, 211
Passive state, 402 heat and work, 180, 252
Perfect gas, 324, 373 heat-only, 179
isentropic relations for a, 325 irreversible, 59, 211
polytropic relations for a, 326 isentropic, 257
Perfect incompressible behavior, 332 isobaric, 254

Permittivity isochoric, 252
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isothermal, 257
isothermobaric, 257
nonadiabatic, 174, 225
rate, 533
reverse of a, 60, 71
reversible, 59, 211
spontaneous, 23, 211
steady-state, 364
steady-state rate, 533
weight, 29, 171, 211
work, heat and bulk-flow, 360
zero-effect, 37
Products, 528
Properties
basis of, 18
independent, 18, 118, 210
interdependent, 18, 210
of liquids, table of, 304
Property
additive, 33, 212
definition of a, 17, 209
extensive, 268, 541
flow of a, 23
intensive, 268, 269, 277
mass-specific, 268, 281
number-specific, 268, 281
of formation of a constituent, 546, 548
of reaction, 548
partial, of a constituent, 272, 478, 544
specific, 268, 281
value of a, 18, 209
Proportionality relations, 530, 538
Psychrometric chart, 490
Psychrometry, 487
Pump, 379
efficiency of a, 380
head of a, 381
Pure substance, 281, 282
thermophysical properties of a, 281

Q

Q-phase heterogeneous state, 277
Q-phase state, 277
Quality of a two-phase mixture, 294

R

Range of values of a parameter, 13

Range of values of the amount of a constituent, 11

Rankine cycle, 445
reversed, 459
with reheat, 448
Rankine, definition of, 112
Rankine, W.J.M., 112
Raoult’s law, 496, 517
Rate process, 533
Raw materials, 400
Reactants, 528
Reaction
endothermic, 564, 566
exothermic, 564, 566
fission, 30, 433
fusion, 30, 44, 45
Reaction coordinate, 531, 538
rate, 534
Reaction inhibitors, 13, 528
Reaction mechanism, 12, 245
stoichiometrically balanced, 528
Reaction of formation, 545
Reactions, creation and annihilation, 41
Reduced pressure, 344
Reduced temperature, 344
Reduced volume, 344
Refrigeration cycle, 459
Refrigeration, ton of, 242
Refrigeration unit, 237
coefficient of performance of a, 239

coefficient of performance of a reversed-Rankine-cycle,
459
thermodynamic efficiency of a, 239
Relative humidity, 489
Relative pressure, 324
Relative specific volume, 324
Relative temperature, 140, 221
Relative volatility, 499
Reservoir
definition of a, 87, 215
environmental, 401
fundamental relation of a, 401, 402
interactions of a, 178
temperature of a, 130, 136, 220
with variable amounts of constituents, 151
with variable parameters, 157
with variable volume, 162
with variable volume and amounts of constituents, 162
Rest energy, 40
Reverse of a process, 60, 71
Reversed cycle, 459
Reversed Rankine cycle, 459
Reversible Camot-cycle engine, 438
thermal efficiency of a, 442
Reversible process, definition of a, 59, 211
Reversible Rankine-cycle engine, 444
thermal efficiency of a, 445
Rotational degree of freedom, 327

S

Saha equation, 153, 479
Saturated state, 285
Saturated-liquid surface, 471
Saturated-solid temperatures, table of values of, 293, 623
Saturated-vapor surface, 471
Saturated-vapor temperatures, table of values of, 293, 623
Saturation
curve, 285
dome, 285
pressure, 489
surface, 470
Schrodinger equation of motion, 21
Second law
statement of the, 62, 63, 214
Carathéodory’s statement of the, 65, 121
Clausius’ statement of the, 65, 136
efficiency, 412
historical statements of the, 65
Kelvin—Planck’s statement of the, 65
modified statement of the, 202
Semipermeable membrane, 163, 475
Semipermeable wall, 163
Separable constituent, 16, 211, 212
Separable system, 16
Shaft work, 170
Shapiro, H.N., vii
Simple system, 276, 468
definition of a, 263
one-constituent, 281
partitioning of a, 263, 276
specific energy relation of a, 281
Single-phase state, 285
Solar power, 436
Solid form of aggregation, 277
Solidification, 287
Solubility, 498
of a solid in a liquid, 513
Solute, 492
Solution
dilute, 492
ideal behavior of a, 492, 497, 562, 567
Solvent, 492
Spark-ignition engine, 430
Special relativity, 39
Special stable equilibrium state, 204
Specific energy, 268



Specific enthalpies
of fusion, table of values of, 293, 623
of vaporization, table of values of, 293, 623
Specific enthalpy, 268
Specific entropy, 268
Specific Gibbs free energy, 268
and chemical potential, 270
Specific heat
at constant pressure, 298
at constant pressure of an ideal gas, 318
at constant pressure of an ideal-gas mixture, 484
at constant volume, 298
at constant volume of an ideal-gas mixture, 484
of a solid, 332
Specific heats
of an ideal gas mixture, 484
ratio of, 306
table of values of, 321
Specific humidity, 488
Specific property, 281
definition of a, 268
Specific volume, 268
relative, 324
Speed of light, 39, 246, 617
Speed of sound, 306
Spin, 125, 144 )
Spontaneous change of state, 20
Spontaneous process, 23, 211
Stable equilibrium state, 58, 60, 62, 188, 214
criterion for a, 119, 120
normal, 204
partial, 163
principle, 117, 219
relation, 118
relation for energy, 122
relation for entropy, 121
special, 204
Stagnation enthalpy, 373
Stagnation pressure, 373, 375
Stagnation temperature, 373
State
azeotropic, 473
bulk-flow, 357
chemical equilibrium, 540, 556, 566, 571, 573
complete chemical equilibrium, 578
critical, 285
cyclic change of, 435, 436
dead, 402
definition of a, 18, 210
equation of, 301, 477
equilibrium, 55, 214
ground, 40
ground-energy, 40, 63, 138, 188, 213
heterogeneous, 276
homogeneous, 276
ideal-gas, 324
ideal-gas, at standard conditions, 592, 605
induced change of, 22
metastable equilibrium, 56, 62, 66, 214
nonequilibrium, 54, 214
passive, 402
principle, 117, 219, 245
q-phase, 277
saturated, 285
single-phase, 285
spontaneous change of, 20
stable equilibrium, 58, 60, 62, 188, 214
steady, 53, 214, 361
subcooled liquid, 285
supercritical, 285
superheated vapor, 285
triple-point, 279, 285
two-phase, 285
type of, 53, 213
unstable equilibrium, 56, 62, 214
unsteady, 53, 214

Index

variables, 19

zero-entropy, 188, 227

zero-temperature, 188
States

compatible with given values of n and S, 19, 63, 210

correlated, 20, 211

different, 18, 210

end, 21, 211

ground-energy, 213

identical, 18, 210

lowest-energy, 228

uncorrelated, 20, 212
Steady state, 53, 214, 361
Steady-state

process, 364

rate process, 533
Stefan-Boltzmann’s constant, 436, 617
Stirling cycle, 456
Stoichiometric amount of air, 587
Stoichiometric coefficient of a constituent, 529
Stoichiometric number of a constituent, 529

Stoichiometrically balanced reaction mechanism, 528

Subcooled liquid state, 285
Sublimation, 287
latent heat of, 291
Substance, 281
Supercritical state, 285
Superheated vapor state, 285
Supplementary fired boiler, 465, 466
Surface
p—v-T, 284
u—s—v, 298
Surface effects, 244, 338
Surface tension, 275
Surrogate of a system, 555, 572, 574
Surroundings of a system, 10, 209
System
closed, 360
cogeneration, 430
composite, 85
composite of a, and a reservoir, 88
definition of a, 14, 208
definition of a simple, 263
energy-conversion, 370, 400, 428
external combustion, 428
internal combustion, 428
isolated, 20, 210
materials-conversion, 370
materials-processing, 400
nuclear spin, 203
one-particle, 258
open, 360
open-cycle, 430
partitioning of a simple, 263, 276
separable, 16
simple, 276, 468
surrogate of a, 555, 572, 574
surroundings of a, 10, 209
well-defined, 14, 17, 208
with volume as the only parameter, 244, 263
Systems
different, 15, 209
identical, 15, 209

T

Temperature, 122, 189, 246
absolute, 129, 220
adiabatic flame, 595, 598, 599, 611
as an escaping tendency for energy, 134
as an escaping tendency for entropy, 136
Celsius relative, 141, 221, 222
Celsius, scale, 141, 221
centigrade, scale, 141, 221
critical, 284, 346
Debye, 333
definition of, 129, 220
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dew-point, 490
dry-bulb, 491
equality, 129, 149, 156, 220, 475, 485
eutectic, 513
Fahrenheit relative, 141, 221, 222
Fahrenheit, scale, 141, 221
logarithmic mean, 372
negative, 204
of a bulk-flow state, 357
of a chemical equilibrium state, 575
of a ground-energy state, 139
of a reservoir, 130, 136, 220
pinch, 416, 512
reduced, 344
relative, 140, 221
sign of, 130
stagnation, 373
units of, 130
wet-bulb, 491
Theoretical amount of air, 587
Thermal conductivity, 387
Thermal efficiency
of a reversible Carnot-cycle engine, 442
of a reversible Diesel-cycle engine, 453
of a reversible Joule-Brayton-cycle engine, 456
of a reversible Otto-cycle engine, 449
of a reversible Rankine-cycle engine, 445
of a reversible Stirling-cycle engine, 458
Thermodynamic efficiency, 412, 414
of a heat engine, 235
of a heat pump, 238
of a refrigeration unit, 239
Thermodynamic equilibrium state, 190
Thermodynamics, classical, 190
Thermometer, 129
Thermophysical properties
of a mixture, 468
of a pure substance, 281
Thermostatics, 190
Third law, statement of the, 139, 201
Thomson, W., Lord Kelvin, 62
Throttle, 376
Throttling valve, 376
Ton of refrigeration, 242
Total potential
as an escaping tendency of a constituent, 151
equality, 150, 222
of a constituent, 122
of a constituent, definition of, 149, 222
units of, 150
Transferability, 3, 4
Translational degree of freedom, 65, 204, 213, 275, 327
Triple-point
line, 286
state, 279, 285
state properties, table of, 288, 621
triangle, 286, 298
Turbine, 382
efficiency of a, 382
Two-phase mixture, 292
mass-specific properties of a, 294
number-specific properties of a, 294
quality of a, 294
Two-phase state, 285
Type of constituent, 10
Type of state, 53, 213

U

Uncorrelated states, 20, 212

Units of measure, prefix names and symbols for, 617
Universal gas constant, 315

Useful work, 308

Unstable equilibrium state, 56, 62, 214

Unsteady state, 53, 214

\4

Value of a parameter, 13
Valve, 376
van der Waals constants, table of values of, 348, 626
van der Waals equation of state, 346, 378
van der Waals, J.D., 346
van Laar equations, 523
van Ness relation, 520
van’t Hoff, J.H., 493
van’t Hoff relation for chemical equilibrium, 564, 565
van’t Hoff relation for osmotic pressure, 493
Vapor form of aggregation, 277
Vapor-compression refrigeration cycle, 459
Vaporization, 287

latent heat of, 291
Variance, 278, 570, 571
Vibrational degree of freedom, 328
Virial coefficients, 349
Virial equation of state, 349
Volatility, relative, 499
Volume

critical, 285

of an ideal solution, 492

of formation, 550

of fusion, 291

of isothermobaric mixing, 518, 519

of reaction, 562

of sublimation, 291

of vaporization, 291

partial, of a constituent, 272

reduced, 344

specific, 268

table of units for, 618

w

Wark, K., Jr., vii
Water reactor, pressurized, 434
Water, tables of properties of, 638
Weight, definition of a, 29
Weight process, 171, 211
criterion for reversibility of a, 74, 80, 93, 98
definition of a, 29
direction of a, 64
energy transfer in a, 38
of a composite of a system and a reservoir, 88
reversible, 75
Well-defined system, 14, 17, 208
Wet-bulb temperature, 491
Work
definition of, 169, 225
done by a heat engine, 235
done by a system, 169
done on a system, 169
equivalent of heat, 235
in an adiabatic process, 229
of separation, 495
shaft, 170
useful, 308
Work interaction, 194, 230
definition of, 169, 225
energy transfer in a, 169
entropy transfer in a, 169
Work rate equivalent
of a heat rate, 363, 404
of a rate of entropy generated by irreversibility, 363,
409
Work rate, lost, 412
Working fluid, 428
cycle, 436

z

Zero-effect process, 37
Zero-entropy state, 188, 227
Zero-temperature state, 188





