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Fundamental Physical Constants
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Stefan Boltzmarin
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PREFACE

In this sixth edition we have retained the basic objective of the earlier editions:

* 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.

We have deliberately directed our presentation to students. New concepts and defi-
nitions are presented in the context where they are first relevant in a natural progression.
The first thermodynamic properties to be defined (Chapter 2) are those that can be readily
measured: pressure, specific volume, and temperature. In Chapter 3, tables of thermody-
namic properties are introduced, but only in regard to these measurable properties. Inter-
nal energy and enthalpy are introduced in connection with the first law, entropy with the
second law, and the Helmholtz and Gibbs functions in the chapter on thermodynamic re-
lations. 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 much larger
number of examples, illustrations, and problems than in previous editions, and through-
out the book, chapter-end summaries are included, followed by a set of concept/study
problems that should be of benefit to the students.

NEW FEATURES IN THIS EDITION

End-of-Chapter Summaries

The new end-of-chapter summaries provide a short review of the main concepts covered
in the chapter, with highlighted key words. To further enhance the summary we have
listed the set of skills that the student should have mastered after studying the chapter.
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

Main concepts and formulas are included at the end of each chapter for reference.
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Study Guide Problems

We have made a set of study guide problems for each chapter as a quick check of the
chapter material. These are selected to be short and directed toward a very specific con-
cept. A student 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 to use together with the rest of the homework problems in assignments and in-
cluded in the solution manual.

Homework Problems

The number of homework problems has been greatly expanded and now exceeds 2,400. A
large number of introductory problems have been added to cover all aspects of the chapter
material. We have furthermore separated the problems into sections according to subject
for easy selection according to the particular coverage given. A number of more compre-
hensive problems have been retained and grouped in the end as review problems.

Tables

The tables of the substances have been expanded to include the specific internal energy in
the superheated vapor region. The ideal gas tables have been printed on a mass basis as
well as a mole basis, to reflect their use on mass basis early in the text, and mole basis for
the combustion and chemical equilibrium chapters.

Revisions

In this edition we have incorporated a number of developments and approaches included
in our recent textbook, Introduction to Engineering T hermodynamics, Richard E. Sonntag
and Claus Borgnakke, John Wiley & Sons, Inc. (2001). In Chapter 3, we first introduce
thermodynamic tables, and then note the behavior of superheated vapor at progressively
lower densities, which leads to the definition of the ideal gas model, then the compres-
sibility factor and equations of state. In Chapter 5, the result of ideal gas energy depend-
ing only on temperature follows the examination of steam table values at different
temperatures and pressures. Second law presentation in Chapter 7 is streamlined, with
better integration of the concepts of thermodynamic temperature and ideal gas tempera-
ture. Coverage of ideal gas and ideal gas mixtures focuses on unit mass basis, instead of
mole basis, and is simpler. Development of availability and reversible work in Chapter 10
focuses on the steady-state process, and leads to the general expression for exergy. We
have therefore included a new section on the general exergy balance to amplify the con-
cept of transport and destruction of exergy. The chapter with property relations is slightly
reorganized and streamlined to also focus on properties on a mass basis. Due to current
technology developments we have expanded our discussion of the fuel cells and also up-
dated the chapter with combustion.

Expanded Software Included

In this edition we have included the expanded software CATT? that includes a number of
additional substances besides those included in the printed tables in Appendix B. A
number of hydrocarbon fuels, refrigerants, and cryogenic fluids are included and a
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printed version is available in the booklet Thermodynamic and Transport Properties,
Claus Borgnakke and Richard E. Sonntag, John Wiley & Sons, Inc. (1997).

FLEXIBILITY IN COVERAGE AND SCOPE

We have attempted to cover fairly comprehensively the basic subject matter of classical
thermodynamics, and believe that the book 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 phe-
nomena, plasmas, and cryogenics. We also recognize that a number of colleges offer a
single introductory course in thermodynamics for all departments, and we have tried to
cover those topics that the various departments might wish to have included in such a
course. However, since specific courses vary considerably in prerequisites, specific objec-
tives, duration, and background of the students, we have arranged the material, particu-
larly in the later chapters, so that there is considerable flexibility in the amount of material
that may be covered.

Units

Our philosophy regarding units in this edition has been to organize the book so that the
course or sequence can be taught entirely in ST units (Le Systeme International d’Unités).
Thus, all the text examples are in SI units, as are the complete problem sets and the ther-
modynamic tables. In recognition, however, of the continuing need for engineering gradu-
ates to be familiar with English Engineering units, we have included an introduction to
this system in Chapter 2. We have also repeated a sufficient number of examples, prob-
lems, and tables in these units, which should allow for suitable practice for those who
wish to use these units. For dealing with English units, the force-mass conversion ques-
tion between pound mass and pound force is treated simply as a units conversion, without
using an explicit conversion constant. Throughout, symbols, units and sign conventions
are treated as in previous editions.

Supplements and Additional Support

Additional support is made available through a companion website at www.wiley.com/
college/sonntag. Tutorials and reviews of all the basic material as indicated in the main
text by the ThermoNet icon are accessible through the companion website. The website
allows students to go through a self-paced study developing the basic skill set associated
with the various subjects usually covered in a first course in thermodynamics.

The chapter on compressible flow is also available at www.wiley.com/college/
sonntag and revised with summary, study guide problems, and new homework problems.
We recognize that in many cases this chapter is not included in the thermodynamics
courses, but may instead be covered elsewhere in the curriculum.

We have tried to include material appropriate and sufficient for a two-semester
course sequence, and to provide flexibility for choice of topic coverage. Instructors may
want to visit the companion website at www.wiley.com/college/sonntag for information
and suggestions on possible course structure and schedules, additional study problem ma-
terial, and 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
specific energy and total energy

force

fuel-air ratio

acceleration due to gravity

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

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 weight

Mach number

number of moles

polytropic exponent

pressure

partial pressure of component i in a mixture
potential energy

relative pressure as used in gas tables

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

XV
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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

temperature

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

rate of work, or power

reversible work between two states

quality

gas-phase mole fraction

elevation

compressibility factor

electrical charge

electrical potential
surface tension
tension

residual volume

volume expansivity

coefficient of performance for a refrigerator
coefficient of performance for a heat pump
adiabatic compressibility

isothermal compressibility

efficiency

chemical potential

stoichiometric coefficient

density

equivalence ratio

relative humidity

exergy or availability for a control mass
flow availability

humidity ratio or specific humidity

a centric factor

property at the critical point

control volume

state of a substance leaving a control volume
formation
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f property of saturated liquid

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

i state of a substance entering a control volume

i property of saturated solid

if difference in property for saturated liquid and saturated solid
ig difference in property for saturated vapor and saturated solid
r reduced property

s isentropic process

0 property of the surroundings

0 stagnation property

SUPERSCRIPTS

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

rev reversible
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