Sixth Edition Introduction to

""" CHEMICAL ENGINEERING
THERMODYNAMICS

Sixth Editionin S| Units

SOINVNAQOWYIHL
ONIHIINIONI TVIOIWIHO

Smith

Van Ness

TP
155.2
.T45568
2001

S I.M.Smith H.C.VanNess M. M. Abbott

=



INTRODUCTION TO
CHEMICAL ENGINEERING
THERMODYNAMICS

Sixth Editionin Sl Units

J. M. Smith

Professor Emeritusof Chemical Engineering
University of California, Davis

H. C. Van Ness

Institute Professor Emeritus of Chemical Engineering
Rensselaer Polytechnic Institute

M. M. Abbott

Professor of Chemical Engi peeri ng
Rensselaer Polytechnic Institute

Adapted by

B. |. Bhatt
Vice President, Unimark Remedies
Ahmedabad

i

Boston Burr Ridge, IL Dubuque, IA Madison, WI New York San Francisco St. Louis
Bangkok Bogotd Caracas Kuala Lumpur Lisbon London Madrid Mexico City
Milan Montreal New Delhi Santiago Seoul Singapore Sydney Taipel Toronto



The McGraw-Hill Companies

i

INTRODUCTION TO CHEMICAL ENGINEERINGTHERMODYNAMICS
Sixth Edition in Sl Units

Exclusive rights by McGraw-Hill Education (Asia), for manufacture and export. This
book cannot be re-exported from the country to which it is sold by McGraw-Hill.

Published by McGraw-Hill, an imprint of The McGraw-Hill Companies, Inc., 1221
Avenue of the Americas, New York, NY 10020. Copyright © 2001, 1996, 1987, 1975,
1959, 1949 by The McGraw-Hill Companies, Inc. All rights reserved. No part of this
publication may be reproduced or distributed in any form or by any means, or stored in
a data base or retrieval system, without the prior written permission of The McGraw-
Hill Companies, Inc., including, but not limited to, in any network or other electronic
storage or transmission, or broadcast for distance learning.

Some ancillaries, including electronic and print components, may not be available to
customers outside the United States.

Sixth Edition in S| Units
Adapted by Tata McGraw-Hill by arrangement with The McGraw-Hill Companies,
Inc., New York.

Notice: Information contained in this work has been obtained by The McGraw-Hill
Companies, Inc. (“McGraw-Hill”) from sources believed to be reliable. However,
neither McGraw-Hill nor its authors guarantee the accuracy or completeness of any
information published herein, and neither McGraw-Hill nor its authors shall be
responsible for any errors, omissions, or damages arising out of use of thisinformation.
This work is published with the understanding that McGraw-Hill and its authors are
supplying information but are not attempting to render engineering or other
professional services. If such services are required, the assistance of an appropriate
professional should be sought.

10 09 08 07 06 05 04 03 02 01
20 09 08 07 06 05 04
CTF BJE

Library of CongressCatalogingin Publication Data

Smith, J. M. (Joe Mauk)

Introduction to chemical engineering thermodynamics/ J. M. Smith, H.V. Van Ness,

M. M.Abbott.—6th ed.

p. cm.

Includes bibliographical references and index.

ISBN 0-07-240296-2

1. Thermodynamics. 2. Chemica Engineering. |. Van Ness, H.C. (Hendrick
C.) 1. Abbott, Michael M. III. Title. IV. Series.
TP149. S582 2001
660°.2969 dc—21 00-051546

When ordering thistitle, use | SBN 007-008304-5

Printed in Singapore



List of Symbols iX
Preface XV
1 INTRODUCTION 1
1.1 The Scope of Thermodynamics...........oooiiiiiii i 1
1.2 Dimensionsand UNitS. . ......oonii i i e s 2
1.3 Measuresof AMOUNEOr SiZE . ... uii it eaee e 2
T S oo 3.
LS TemMpeEratUre. . ... e 4

B T =-S5 1 [ 6
L7 WVOTK .o e 8
R T 07 01 9
I 1= | 14
Problems. .. ... 15

2 THEFIRST LAW AND OTHER BASIC CONCEPTS 18
2.1 JoUlE'S EXPEIMENES. . .ottt e 18
2.2 INternal ENEIgY. . ..ot e 18
2.3 TheFirst Law of ThermodynamicCs. ..........coiiiiiiii i, 19
24 EnergyBaancefor ClosedSystems. ...t 20
2.5 Thermodynamic State and State Functions. .................coi .. 23
26  EqUuilibrium. . ... 26
27 ThePhaseRUIE. .. ... e 26
28 TheReversbleProCess. . ... ..ot e 28
29 Constant-V and Constant-P ProCesses. . .. ..vovvvive i iiiiiiinn e 34
200 ENthalpy. .o oee e e 35
201 HeEat Capatity . . .o ove ettt et et e e et e e e e 37
2.12 Massand Energy Balancesfor Open Systems. . ......coviiniiiiiiennnen.. 42
Problems. . ... e 52

3 VOLUMETRICPROPERTIESOF PURE FLUIDS 58
3.1 PVTBehaviorof PureSubstances............oiiiii i 58
3.2 Viria EqQuationsof State. . .....oo oo 63
33 Theldeal Gas......c.voeiiiii e 66
3.4 Applicationof the Virial EQUatioNS. .. ...... ..o 82
35 CubicEQUaiONSOf SEaE. . .. ..ottt e e 86

Contents



vi Contents
3.6 Generdlized Correlationsfor Gases. . ........c.ovii i 95
3.7 Generadized Correlationsfor Liquids.................oiiiiiiiiiiiiiaeans 103

Problems. ... 105

4 HEAT EFFECTS 116
4.1 SensibleHeat Effects. .. ooiii i e e e e 116
4.2 LatentHeatsof PUre SUbStanCes. . ... o ove i 123
4.3 Standard Heat of REACHON. ... ov ettt i e e e i i aeens 126
44 Standard Heat of FOrmation. . ......cvieri it i e i i aeans 127
45 Standard Heat of COMBUSHION - - -« o« vt iee e e e e ae e 129
4.6 TemperatureDependencedf AH® ... ... .o 130
4.7 Heat Effectsof Industrial REaCtioNS. ... ..vvvveiii i eaaen 133

5 THE SECOND LAW OF THERMODYNAMICS 148
5.1 Statementsof theSECONOL AN -« e v vvrrrriinriinriiniinnennneenna..148
5.2 HEBENGINES -« t vt 149
5.3 Thermodynamic Temperature SCales. .« v v vvvvevi it 151
54 Entropy ............................................................... 155
55 Entropy Changesof anldeal Gas. ...« vvvvveveviiiiiiiiiieininae... . 1659
5.6 Mathematical Statementaof theSecond Law . ...ovvvveiiiei i a, 162
5.7 Entropy Balancefor Open Systems. -+« vvvvveviiiiiiiiiiiiiiiiin e, 164
5.8 Caculationof Ideal WoOrK .« v oo v vii it it e e et ettt 169
Lo T 101 A VA o 1 < 173
5.10 TheThird Law of ThermodynamicCs: -« -+« ovenenernniniiiiiii e 176
511 Entropy from the MicroscopicViewpoint - « .« «.vvevvvniieninene. 177

6 THERMODYNAMICPROPERTIESOF FLUIDS 186
6.1 Property Relationsfor HOmogeneousPhases - - -+« v v v evveviennnie s 186
6.2 Residua Propert|esj_96
6.3 Residual Propertiesby EQUationSof Stat@ -+« v vvvrrrnriviniiiiniiiienns 202
6.4 Two-PhaseSystem5207
6.5 ThermodynamiCDiagrams: - -« -« v ernrnniii e 210
6.6 Tablesof Thermodynamic Properties ...................................... 212
6.7 Generalized Property Correlationsfor Gases: -« -+« vvveverrirenennniean.. 215
ProDIEMS: - -« s s v s st s et et ittt st et i a e 224

7 APPLICATIONSOF THERMODYNAMICSTO FLOW PROCESSES 235
7.1 Duct Flow of CompressibleFIuids: - -« vvveiveiiiiii 236
7.2 Turbines (Expanders) .................................................... 249
73 Compron PrOCESSES: ++ s vt s rnr et arat st ratrasasrasansansaransans 255

ProblEmMS: -« s s s s e e e i i 262



Contents vii
8 PRODUCTION OF POWER FROM HEAT 269
81 TheSteamPower Plant- -« -« rcerrmirmmiin it i it iie s et e saaananans 270

82 |nterna|-Combus[ionEngi NES: st v vt tnnstnassnassnnnssnassnnssanssnnnsnnns 281

83 Jet Engi nes; Rocket Engi NES: st v ertnnasnasssassnnnssnsssnsssansnnnsannns 289
Problams: -« csccreeinaiiiiiiiiaiiaiiattattastasiataataastasiataataanaanaa 290

9 REFRIGERATION AND LIQUEFACTION 294
9.1 TheCammot Refrigerator .................................................. 294

9.2 TheVapor-CompreSsioNCYCIE: - -+« v v rvnen e aaens 295

9.3 The Choiceof Refrigerant ............................................... 298

94 Absorption Refrigeration ................................................. 301

95 TheHeat PUMP - e 303

96 Liquefaction PrOCESSES v st vnettnatsnnnssnntssnnesanssnnnssnnssnnnssnns 304
ProbDIEmMS s« s v st v v et tna it st sttt i s 310

10 VAPOR/LIQUID EQUILIBRIUM: INTRODUCTION 314
10.1 TheNatured Equilibrium..........coooiiiiiiii 314
10.2 ThePhaseRule DUheM'S ThEOrEM . ...vvveii i aes 315
10.3 VLE: Qualitative Behavior ...« vovvei i 317
104 SimpleModelsfor Vapor/Liquid Equilibrium.............oooooiiiinnn 326
105 VLEby ModifiedRaouUIt'S LawW ... .oovvveiiiiiiii i 335
10.6 VLEfromK-VaueCorrelations. .. ...........coiiiviniiiiiiiiiaenn.. 339
PrOBD EMS .+« vttt ittt ittt ittt e e e 346

11 SOLUTION THERMODYNAMICS: THEORY 352
111 Fundamental Property Relation.........coovviiiiiiiiii i 353
11.2 The Chemical Potential and PhaseEquilibria..............ccooooiiiint, 354
11.3 Partial Properties. .. ..ooei i 355
114 1deal-GasMiXIUIES . . . v vttt e ae e 365
115 Fugacity and Fugacity Coefficient: PUre Species. . ...ovvvvviineinnnnnnnns 368
11.6 Fugacity and Fugacity Coefficient: Speciesin Solution..................... 374
11.7 GeneralizedCorrelationsfor the Fugacity Coefficient...................... 380
11.8 Theldeal SOIULION. . . ..o .e et e eaes 384
119 EXCeSSProperties. ... ..o 386
0 o =111 393

12 SOLUTION THERMODYNAMICS: APPLICATIONS. ...t 400
121 Liquid-PhasePropertiesfromVLEDaa. ............cocvviiiiiiint, 400
12.2 Modesforthe ExcessGibbSENErgy ......c.ooevnine e 415
12.3 Property Changesof MiXing. . ......oovevniiiiiii i ciieanneaene. 419
124 Heat Effectsof MiXiNng Processes. .. ... iii v 426
PrOb EMS . L 440



viii Contents
13 CHEMICAL-REACTIONEQUILIBRIA 450
131 TheReactionCoordinate, ... ..........viiiiieiee i 451
13.2 Application of EquilibriumCriteriato Chemical Reactions................ 455
13.3 The Standard Gibbs-Energy Changeand the EquilibriumConstant . ... .. .. .. 456
134 Effect of Temperatureon the EquilibriumConstant....................... 458
135 Evauation of EquilibriumConstants..........oovviiiiiiiiiiiiii i 462
13.6 Reation o EquilibriumConstantsto Composition........................ 464
13.7 EquilibriumConversionsfor SingleReactions. ........................... 468
138 Phase Ruleand Duhem's Theorem for Reacting Systems.................. 481
139 Multireaction Equilibria.......coviiiiiii .. ABA
1320 Fuel Cells .. ..ot 495
Prob M. - o e 499

14 TOPICSIN PHASE EQUILIBRIA 507
14.1 TheGamma/Phi Formulationof VLE.........cooiiiiiiiiiiiiiiinnt 507
14.2 VLEfrom Cubic Equationsof State......c.cvvvriiiiiiiiiiiiiiiiiinnnns. 518
14.3 Equilibrium and Stability. .......cooviiiiii 534
14.4 Liquid/Liquid EQUIlibium(LLE) -« vuvvneeniei i 541
145 Vepor/Liquid/Liquid Equilibrium(VLLE)........cooviiiiiiiiiieaes 549
14.6 Solid/Liquid EqUilibrium(SLE) ... cvuviviiiiiii i 557
14.7 Solid/ Vapor Equilibrium (SVE)« -« vvvvei i 561
14.8 EquilibriumAdsorption of Gaseson Solids.........cooviiiiiiii, 565
14.9 Osmoetic Equilibriumand OsmoticPressure.......o.ovvviiiiiiiiiiians, 580
20010 = 00T T T I T T S AN 583

15 THERMODYNAMIC ANALY SISOF PROCESSES 590
15.1 Thermodynamic Analysis of Steady-StateFlow Processes. ................. 590
PrODIEMS: s st v s st s s ettt e et a st e 599

16 INTRODUCTION TO MOLECULARTHERMODYNAMICS 601
16.1 Molecular Theory of FIUIdS: -« v v v vvevenei e 601
16.2 Second Virid Coefficientsfrom Potential Functions. - .-+« ««ocovevivnnnnnt 608
16.3 Internal Energy of Ideal Gases: Microscopic View -+« vvovenveniinninn, 611
164 Thermodynamic Propertiesand Statistical Mechanics. .- ..cvovoveveiuinnnn 614
16.5 Hydrogen Bonding and Charge-Transfer Complexing -« -« «.ovvvvvnnnnn.. 616
16.6 Behavior of EXCESSPIOPEItiES -+« « v vvvrrenrenaii i 619
16.7 Molecular Basisfor MixXtureBehavior - -« «««ceeennnrreiiiinannnnnnnnnenns 622
16.8 VLEby Molecular Simulation- -« -« -« vevenennni 626
Problems: - s resesrnnetnnntttiestanettiestasestasastanastsantanassannnas 627

A Conversion Factorsand Valuesof the Gas Constant 629
B Propertiesof PureSpecies 631

C Heat Capacitiesand Property Changesof Formation 634



X

D RepresentativeComputer Programs

D.l DefiNEdFUNCONS. ... v vttt vttt e et i e ettt aeas
D.2 Solution of ExampleProblems by M athcad®

E TheLee/Kesler Generalized-correation Tables

F Steam Tables

FooInterpolation. . ..ot e e e
F2 Steam Tables. ..o e e

G ThermodynamicDiagrams
H UNIFAC Method

| Newton's Method
Author Index

Subject Index

639

639
642

662

662
665

704
707
714
719
723



-

‘_C)
.

NS S o mS S 88
o

List of Symbols

Area

Molar or specificHelmholtzenergy=U - TS

Parameter, empirical equations, e.g., EqQ. (4.4), Eq. (6.71), Eq. (12.14)
Acceleration

Molar area, adsorbed phase

Parameter, cubic equations of state

Partial parameter, cubic equations of state

Second viria coefficient, density expansion

Parameter, empirical equations, e.g., Eq. (4.4), Eq. (6.71), Eq. (12.14)
Second viria coefficient, pressure expansion

Functions, generalized second-virial-coefficientcorrelation
Interaction second viria coefficient

Parameter, cubic equationsof state

Partial parameter, cubic equations of state

Third virial coefficient, density expansion

Parameter, empirical equations, e.g., Eq. (4.4), Eq. (6.71), Eq. (12.14)
Third virial coefficient, pressure expansion

Molar or specific heat capacity, constant pressure

Molar or specific heat capacity, constant volume
Standard-stateheat capacity, constant pressure

Standard heat-capacity changeof reaction

Mean heat capacity, enthalpy calculations

Mean heat capacity, entropy calculations

Mean standard heat capacity, enthalpy calculations

Mean standard heat capacity, entropy calculations

Speed of sound

Fourth viria coefficient, density expansion

Parameter, empirical equations, e.g., Eq. (4.4), Eq. (6.72)
Fourth virial coefficient, pressure expansion

Energy level

Kinetic energy

Gravitational potential energy

Degreesdof freedom, phaserule

Force

Faraday's constant

Fugacity, pure speciesi

Standard-satefugacity



lig of Symbols

Xi

8i

Hi
Hi"
H;
HE
HR

(HRYY, (HRy!
AH

AH

AH°

AHp

>
3

DEART T

S e

&&g.zzz
= M

>
<

AM®
AMJDF

Fugacity, speciesi in solution

Molar or specificGibbsenergy=H - TS
Standard-state Gibbs energy, speciesi

Partial Gibbs energy, speciesi in solution
Excess Gibbsenergy = G — G

Residual Gibbsenergy = G — G*¢
Gibbs-energy change of mixing

Standard Gibbs-energy change of reaction
Standard Gibbs-energy change of formation
Local acceleration of gravity

Dimensional constant = 9.806 65 kg m kgf ! s=2
Degeneracy

Molar or specificenthapy = U + PV
Henry's constant, speciesi in solution
Standard-state enthal py, pure speciesi

Partial enthalpy, speciesi in solution
Excessenthalpy = H — H'¢

Residual enthalpy = H — H'8

Functions, generalized residual -enthal py correlation
Enthal py change ('hest™) of mixing; also, latent heat of phasetransition
Heat of solution

Standard enthal py change of reaction

Standard heat of reaction at reference temperature To
Standard enthal py change of formation

Planck's constant

Representsan integral, defined, e.g., by Egs. (6.62)
First ionization potential

Equilibrium constant, chemical reaction j
Vapor/liquid equilibrium ratio, speciesi = y; /x;
Boltzmann's constant

Molar fraction of systemthat isliquid

Length

Equation-of-stateinteraction parameter, Eq. (14.97)
Mach number

Molar mass (molecular weight)

Molar or specific value, extensivethermodynamic property
Partial property, speciesi in solution

Excess property = M — M*?

Residual property = M — M*8

Property change of mixing

Standard property change of reaction

Standard property change of formation

Mass

Mass flowrate



Xii lisg of Synbol s
N Number of chemical species, phaserule
Ny Avogadro's number
n Number of moles
n Molar flowrate
n Molesaf solvent per moleof solute
n Number of moles, speciesi
5 Absolute pressure
/S Standard-state pressure
B Critical pressure
P, Reduced pressure
Py Reference pressure
pi Partial pressure, speciesi
Saturation vapor pressure, speciesi
0 Heat
0 Rate of heat transfer
q Volumetric flowrate
q Parameter, cubic equations of state
q Electric charge
gi Partia parameter, cubic equationsof state
R Universal gas constant (Table A.2)
r Compressionratio
Intermol ecul ar separation
Number of independent chemical reactions, phaserule
Molar or specificentropy
Si Partial entropy, speciesi in solution
ol Excessentropy = S — %4
g% Residual entropy = S — §*#
(SKY0, (sRy! Functions, generalized residual-entropy correlation
S¢ Entropy generation per unit amount of fluid
SG Rate of entropy generation
AS Entropy change of mixing
AS® Standard entropy change of reaction
AS? Standard entropy change of formation
T Absolutetemperature, kelvins or rankines
I Critical temperature
T, Normal-boiling-pointtemperature
T Reduced temperature
Ty Reference temperature
Ty Absolutetemperatureof surroundings
TS Saturation temperature, speciesi
t Temperature, °C or (°F)
t Time
U Molar or specificinternal energy
U Intermolecular pair-potential function
u Velocity



lig of Symbols

Xiii

SamE=

vV E

v R
AV
W

W
Wideal
Wideal
W]ost
W]OSI
W
Wi

Superscripts
E

av
id
ig
{
v
R
5
sl
f
v
00

Greek letters

Molar or specific volume

Molar fraction of system that is vapor

Partial volume, speciesi in solution

Critical volume

Reduced volume

Excessvolume=V — Vi

Residual volume=V — V'8

Volume change of mixing; also, volume changeof phasetransition
Work

Work rate (power)

|deal work

|deal-work rate

Lost work

Lost-work rate

Shaft work for flow process

Shaft power for flow process

Molefraction, speciesi, liquid phase or general

Quality

Molefraction, speciesi, vapor phase

Compressibility factor = PV /RT

Critical compressibility factor = P.V,/RT,

Functions, generalized compressibility-factor correlation
Partitionfunction

Adsorbed phase compressibility factor, defined by Eq. (14.104)
Elevation aboveadatum level

Overall molefraction or molefraction in asolid phase

Denotes excess thermodynamic property

Denotes phase transition from adsorbed phase to vapor
Denotesvaluefor an ideal solution

Denotesvauefor an ideal gas

Denotesliquid phase

Denotes phase transition from liquid to vapor
Denotesresidual thermodynamic property

Denotes solid phase

Denotes phase transitionfrom solid to liquid
Denotesatotal vaue of an extensive thermodynamic property
Denotes vapor phase

Denotesavalueat infinitedilution

Function, cubic equations of state (Table 3.1, p. 99)
Polarizability



Xiv List of Symbols
o,p As superscripts, identify phases
af As superscript, denotes phase transition from phase a to phase
B Volume expansivity
B Parameter, cubic equationsof state
I'; I ntegration constant
¥ Ratio of heat capacitiesCp/Cy
Vi Activity coefficient, speciesi in solution
5 Polytropicexponent
€ Constant, cubic equationsof state
€ Well depth, intermol ecular potential function
€0 Electric permittivity of vacuum
£ Reaction coordinate
n Efficiency
K | sothermal compressibility
n Spreading pressure, adsorbed phase
I Osmoetic pressure
T Number of phases, phaserule
I Joule/Thomson coefficient
7 Dipole moment
i Chemical potential, speciesi
Vi Stoichiometric number, speciesi
P Molar or specificdensity =1/V
De Critical density
or Reduced density
o Constant, cubic equationsof state
o Molecular collision diameter
T Temperatureratio= 7/Tp [InEQ. (6.72), 7 =1 — T;]
d; Ratio of fugacity coefficients, defined by Eq. (14.2)
Fugacity coefficient, pure speciesi
Fugacity coefficient, speciesi in solution
#°, ¢! Functions, generalizedfugacity-coefficientcorrel ation
¥, Q Constants, cubic equationsof state
w Acentricfactor
Notes

Asasubscript, denotesa control volume
As asubscript, denotesflowing streams
As asuperscript, denotes the standard state
Overbar denotes a partial property

Overdot denotesatimerate

Circumflex denotes a property in solution
Differenceoperator



Preface

The purpose of thistext isto present thermodynamicsfrom a chemical-engineeringviewpoint.
Although the laws of thermodynamicsare universal, the subject is most effectively taught in
the context of the disciplineof student commitment. Thisisthe justificationfor a separatetext
for chemical engineers, just as it has been for the previousfive editions, which have beenin
print for more than 50 years.

In writing this text, we have sought to maintain the rigor characteristic of sound ther-
modynamic analysis, while at the same time providing a treatment that may be understood
by the average undergraduate. Much is included of an introductory nature, but devel opment
is carried far enough to alow application to significant problemsin chemical-engineering
practice.

For a student new to this subject a demanding task of discovery lies ahead. New idess,
terms, and symbolsappear at a bewilderingrate. The challenge, ever present, is to think topics
through to the point of understanding, to acquire the capacity to reason, and to apply this
fundamental body of knowledgeto the solution of practical problems.

The first two chapters of the book present basic definitionsand a development of the
first law. Chapters 3 and 4 treat the pressure/volume/temperature behavior of fluids and cer-
tain heat effects, allowing early application of thefirst law to realistic problems. The second
law and some of its applications are considered in Chap. 5. A treatment of the thermody-
namic properties of pure fluids in Chap. 6 alows general application of the first and sec-
ond laws, and providesfor an expanded treatment of flow processesin Chap. 7. Chapters 8
and 9 deal with power production and refrigeration processes. The remainder of the book,
concerned with fluid mixtures, treats topics in the unique domain of chemical-engineering
thermodynamics. Chapters 11 and 12 provide a comprehensiveexposition of the theory and
application of solution thermodynamics. Chemical-reaction equilibriumis covered at length
in Chap. 13. Chapter 14 deals with topics in phase equilibria, including an extended treat-
ment of vapor/liquid equilibrium, and adsorption and osmotic equilibria. Chapter 15 treats
the thermodynamic analysis of real processes, affording a review of much o the practical
subject matter of thermodynamics. Finally, Chap. 16 presents an introduction to molecular
thermodynamics.

The material of these 16 chapters is more than adequate for an academic-year under-
graduate course, and discretion, conditioned by the content of other courses, isrequiredin the
choiceof whatiscovered. Thefirst 13 chaptersinclude material thought necessary aspart of any
chemical engineer's education. Where only a single-semester course in chemical-engineering
thermodynamicsis provided, these 13 chaptersrepresent sufficient content.

The book is comprehensive enough to make it a useful reference both in graduate
coursesandfor professional practice. However,length consi derationsmake necessary aprudent



XVi Preface

sdlectivity. Thus, we have not been able to include certain topics worthy of attention, but of a
specialized nature. Theseinclude applicationsto polymers, electrolytes, and biomaterials.

We cannot begin to mentionthe many personsto whom we areindebted for contributions
of variouskinds, direct and indirect, over the years during which this text has evolved, edition
to edition, into its present form. To all we extend our thanks.

J. M. Smith
H. C. Van Ness
M. M. Abbott



Chapter 1

Introduction

1.1 THE SCOPE OF THERMODYNAMICS

The sciencedf thermodynamicswasborn in the nineteenth century of the need to describethe
operationof steamenginesandtoset forththelimitsof what they canaccomplish. Thusthename
itself denotespower devel opedfrom heat, with obviousapplicationto heat engines, of whichthe
steam engine wastheinitial example. However, the principlesobservedto bevalid for engines
arereadily generalized, and are known as thefirst and second laws of thermodynamics. These
laws have no proof in the mathematical sense; their validity lies in the absence of contrary
experience. Thus thermodynamics shares with mechanics and electromagnetism a basis in
primitivelaws.

These laws lead through mathematical deduction to a network of equations which find
application in al branches of science and engineering. The chemical engineer copes with a
particularly wide variety of problems. Among them are calculation of heat and work require-
ments for physical and chemical processes, and the determination of equilibrium conditions
for chemical reactionsand for the transfer of chemical species between phases.

Thermodynamic considerationsdo not establish the rates of chemical or physical pro-
cesses. Rates depend on driving force and resistance. Although driving forces are thermo-
dynamic variables, resistancesare not. Neither can thermodynamics, a macroscopi c-property
formulation, reveal the microscopic (molecular) mechanisms of physical or chemical pro-
cesses. On the other hand, knowledge of the microscopic behavior of matter can be useful in
the calculation of thermodynamic properties.! Property values are essential to the practical
applicationof thermodynamics. The chemical engineer deal s with many chemical species, and
experimental data are often lacking. Thishasled to devel opmentof ' generalized correlations™
that provide property estimatesin the absence of data.

The application of thermodynamicsto any real problem starts with the identification of
aparticular body of matter asthe focus of attention. This body of matter is called the system,
and its thermodynamic state is defined by a few measurable macroscopic properties. These
depend on the fundamental dimensionsof science, of which length, time, mass, temperature,
and amount of substanceare of interest here.

'An elementary treatment is presented in Chap. 16



2 CHAPTER L Introduction

1.2 DIMENSIONS AND UNITS

The fundamental dimensionsare primitives, recognized through our sensory perceptionsand
not definableintermsof anythingsimpler. Their use, however, requiresthedefinitionof arbitrary
scalesof measure,dividedintospecificunitsof size. Primary unitshavebeen set by international
agreement, and are codified as the International System of Units (abbreviatedSl, for Systéme
International).

The second, symbol s, the SI unit of time, is the duration of 9 192 631 770 cycles of
radiation associated with a specified transition of the cesium atom. The meter, symbol m,
is the fundamental unit of length, defined as the distance light travels in a vacuum during
11299 792 458 of a second. The kilogram, symbol kg, is the mass of a platinum/iridium cylin-
der kept at the International Bureau of Weights and Measures at Sevres, France. The unit of
temperatureis the kelvin, symbol K, equal to 11273.16 of the thermodynamictemperature of
the triple point of water. A detailed discussion of temperature, the characteristic dimension
of thermodynamics,is givenin Sec. 1.5. The mole, symbol moal, is defined as the amount of
substance represented by as many elementary entities (e.g., molecules) as there are atomsin
0.012 kg of carbon-12. Thisis equivalentto the''gram mol€'" commonly used by chemists.

Multiplesand decimal fractionsof Sl unitsaredesignated by prefixes. Thosein common
usearelistedin Table1.1. Thus, thecentimeterisgivenas1cm=10"2 mand 10° g = 1 kg.

Table 1.1 Prefixes for S| Units

Multiple Prefix  Symbadl Multiple Prefix  Symbal
107#  yocto ¥ 10 deca da
zepto z 10% hecto n
10718 atto a 10° kilo k
107 femto f 106 mega M
107 pico p 10° dga G
nano n 1012 tera T
micro 7 108 peta P
1073 milli m 10'8 exa E
oenti c 104 zetta Z
1071 ded d 10%  yotta Y

Other systemsaf units, such as the English engineering system, use unitsthat arerelated
to Sl units by fixed conversion factors. Thus, the foot (ft) is defined as 0.3048 m, the pound
mass (Ib) as0.453592 37 kg, and the pound mole (Ib mol) as 453.592 37 mol.

1.3 MEASURES OF AMOUNT OR SIZE

Three measuresof amount or Size arein common use:
e Mass, m e Number of moles, n e Tota volume, V*

These measures for aspecific system arein direct proportionto one another. Mass, a primitive
without definition, may be divided by the molar mass M, commonly called the molecular
weight, to yield number of moles:
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= — or m= Mn
T M
Tota volume, representingthesize of asystem, isadefined quantity given asthe product
of three lengths. It may be divided by the mass or number of moles of the system to yield
specific or molar volume:

Vt

e Specific volume: V=— or Vi=mV
m
Vf

e Molar volume: V=— or Vi=nv
n

Specificor molar density is defined as the reciprocal of specificor molar volume: p = V=1,
These quantities (V and p) are independent of the size of a system, and are examples

of intensive thermodynamic variables. They are functions of the temperature, pressure, and

composition of a system, additional quantitiesthat are independent of system size.

1.4 FORCE

The Sl unit of force is the newton, symbol N, derived from Newton's second law, which
expressesforce F as the product of massm and accelerationa:

F =ma

Thenewtonisdefined astheforcewhich whenappliedto amassof 1kg producesan accel eration
of 1 ms~2; thus the newton is aderived unit representing 1 kg ms=2.

In the metric engineering system of units, forceis treated as an additional independent
dimension along with length, time, and mass. The kilogram force (kgf) is defined asthat force
which accelerates 1 kilogram mass 9.806 65 meters per second per second. Newton's law must
hereincludeadimensional proportionality constantif it isto bereconciled with thisdefinition.
Thus, we write

1
F =-—ma

&c
whence

1
1kgf = = x 1kg X 9.80665m s~2
8¢

and
g = 9.80665kg m. kgf 's~2

Thekilogram forceis equivalentto 9.80665 N.

Since force and mass are different concepts, a kilogram force and a kilogram mass are
different quantities, and their unitsdo not cancel one another. When an equation containsboth
units, kgf and kg, the dimensional constant g. must also appear in the equation to make it
dimensionally correct.

Weight properly refers to the force of gravity on a body, and is therefore correctly
expressed in newtons or in kilograms force. Unfortunately, standardsof mass are often called
"weights", and the use of a balanceto compare massesis called "weighing™. Thus, one must
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discernfrom the context whether force or massis meant when the word "weight" isused in a
casual or informal way.

1.5 TEMPERATURE

Temperature is commonly measured with liquid-in-glass thermometers, wherein the liquid
expands when heated. Thus a uniform tube, partialy filled with mercury, alcohol, or some
other fluid, canindicatedegreeof " hotness" simply by thelength of thefluid column. However,
numerical values are assigned to the various degrees of hotness by arbitrary definition.

For the Celsiusscale, theice point (freezing point of water saturated with air at standard
atmospheric pressure) is zero, and the steam point (boiling point of pure water at standard
atmospheric pressure) is 100. A thermometer may be given anumerical scale by immersingit
in an ice bath and making a mark for zero at the fluid level, and then immersing it in boiling
water and making amark for 100 at thisgreater fluid level. The di stance between the two marks
is dividedinto 100 equal spaces called degrees. Other spaces of equal size may be marked off
below zero and above 100 to extend the range of the thermometer.

All thermometers, regardless of fluid, provide the same reading at zero and at 100 if
they are calibrated by the method described, but at other points the readings do not usually
correspond, becausefluids vary in their expansion characteristics. Thus an arbitrary choice of
fluid isrequired, and the temperaturescale of the Sl system, withits kelvin unit, symbol K, is
based on the ideal gas as thermometricfluid. Since the definition of the Kelvin scale depends
on the propertiesof gases, its detailed discussionis delayed until Chap. 3. We note, however,
that as an absolutescale, it depends on the concept of alower limit of temperature.
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Kevin temperaturesare given the symbol T; Celsiustemperatures, given the symbol ¢,
aredefined in relation to Kelvin temperatures:

°C=T K —273.15

Theunit of CelsiustemperatureisthedegreeCelsius, °C, equal in sizeto thekelvin. However,
temperatureson the Celsius scale are 273.15 degrees|ower than on the Kelvin scale. Thus the
lower limit of temperature, called absolute zero on the Kelvin scale, occursat —273.15°C.

In practicethe International TemperatureScale d 1990 (ITS-90) is used for calibration
of scientific and industrial instruments.”> The ITS-90 scale is defined so that its values differ
from ideal -gas temperaturesby no more than the present accuracy of measurement. It is based
on assigned vaues of temperature for a number of reproducible phase-equilibrium states of
pure substances (fixed points) and on standard instruments calibrated at these temperatures.
Interpolation between the fixed-point temperaturesis provided by formulas that establish the
relation between readings of the standard instruments and values on ITS-90. The platinum-
resistancethermometeris an exampleof astandardinstrument; it isused for temperaturesfrom
13.8 K (—259.35°C) (thetriple point of hydrogen) to 1234.93K (961.78°C) (thefreezing point
of silver).

In addition to the Kelvin and Celsius scalestwo othersare still used by engineersin the
United States: the Rankine scale and the Fahrenheit scale. The Rankine scaleis an absolute
scaledirectly related to the Kelvin scale by:

T(R)y=18TK

The Fahrenheit scaleis related to the Rankine scale by an equation analogousto the relation
between the Celsiusand Kelvin scales:

t(°F) = T(R) — 459.67

Celsius Kelvin Fahrenheit Rankine
] 100°C H373.15 K — H212(°F)———H 671.67(R) Steam: point
—0°C H273.15 K — H 32(°F}———H 491.67(R) lce point
H <273.15°C—H 0K ~459.67(°F) — O{R)———————=~Absolute zero

Figure 1.1 Relations among temperature scales

2The English-language text of thedefinition of 1 TS-90is givenby H. Preston-Thomas, Mezrologia, vol. 27, pp. 3-10,
1990.
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Thus the lower limit of temperature on the Fahrenheit scale is —459.67(°F). The relation
between the Fahrenheit and Celsius scalesis:

1°F) = 1.8¢°C+ 32

Theice pointistherefore32(°F) and the normal boiling point of water is212(°F).

The Celsius degree and the kelvin represent the same temperature interval, as do the
Fahrenheit degree and the rankine. The relationships among the four temperature scales are
shown in Fig. 1.1. In thermodynamics, absolute temperature is implied by an unqualified
reference to temperature.

1.6 PRESSURE

Thepressure P exerted by afluid on asurfaceis defined asthe normal force exerted by thefluid
per unit areaof the surface. If forceismeasuredin N and areain m?, the unit i sthe newton per
squaremeter or N m~2, called the pascal, symbol Pa, thebasic SI unit of pressure. In the metric
engineering system acommon unit is the kilogram force per square centimeter (kgf cm=2).
The primary standard for pressure measurement is the dead-weight gauge in which a
known force is balanced by a fluid pressure acting on a known area; whence P = F/A. A
simple design is shown in Fig. 1.2. The piston is carefully fitted to the cylinder making the
clearancesmall. Weightsare placed on the pan until the pressureof theoil, which tendsto make
the piston rise, is just balanced by the force of gravity on the piston and al that it supports.
With thisforce given by Newton's law, the pressure of theoil is:
F  mg

P===
A A

—> To pressure
source

Figure 1.2 Dead-weight gauge
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where m isthe mass of the piston, pan, and weights; g isthelocal accelerationof gravity; and
A isthe cross-sectional area of the piston. Gaugesin common use, such as Bourdon gauges,
are calibrated by comparison with dead-weight gauges.

Since avertical columnof agivenfluid under theinfluenceof gravity exertsa pressureat
its basein direct proportiontoits height, pressureisalso expressed asthe equiva entheight of a
fluid column. Thisisthebasisfor the useof manometersfor pressuremeasurement. Conversion
of height toforce per unit areafollowsfrom Newton's law appliedto theforce of gravity acting
on the mass of fluid in the column. The massis given by:

m = Ahp

where A is the cross-sectional area of the column, h isits height, and p is the fluid density.
Therefore,
E mg Ahpg

=—= h
P A ) A ng

The pressure to which a fluid height correspondsis determined by the density of the fluid
(which dependsonitsidentity and temperature) and thelocal accelerationof gravity. Thusthe
(torr) is the pressure equivalent of 1 millimeter of mercury at 273.15 K (0°C) in a standard
gravitational field, and isequal to 133.322 Pa.

Another unit of pressure is the standard atmosphere (atm), the approximate average
pressureexerted by the earth's atmosphereat sealeve, defined as 101 325 Pa, 101.325kPa, or
0.101 325 MPa. The bar, an Sl unit defined as 10° Pa, is equal to 0.986 923 atm.

Most pressure gauges give readings which are the difference between the pressure of
interest and the pressure of the surrounding atmosphere. These readings are known as gauge
pressures, and can be converted to absolute pressuresby addition of the barometric pressure.
Absolute pressures must be used in thermodynamiccal culations.
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1.7 WORK

Work W is performed whenever aforce acts through a distance. By definition, the quantity of
work is given by the equation:

dw = Fdl (1.1)

where F isthecomponent of forceactingal ongthelineof thedisplacementdl. Whenintegrated,
this equation yields the work of afinite process. By convention, work is regarded as positive
when thedisplacementisin the samedirection as the applied force and negative when they are
in oppositedirections.

The work which accompanies a change in volume of a fluid is often encountered in
thermodynamics.A common exampleis the compressionor expansionof afluid in acylinder
resulting from the movement of a piston. The force exerted by the piston on thefluid is equal
to the product of the piston areaand the pressureof thefluid. Thedisplacement of the pistonis
equal to the total volume change of the fluid divided by the area of the piston. Equation (1.1)
therefore becomes:

Vr
dW = —-PAd—
A
or, since A is constant,
dW = —-PdV’ 1.2)
. vi
Integrating, w=—| Pav (1.3)

vi
The minus signs in these equations are made necessary by the sign convention adopted for
work. When the piston movesinto the cylinder so as to compress the fluid, the applied force
and its displacement are in the same direction; the work is therefore positive. The minus sign
isrequired becausethe volume changeis negative. For an expansion process, the applied force
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and its displacementare in oppositedirections. The volumechangein thiscaseis positive, and
the minus sign is required to make the work negative.

Equation (1.3) expresses the work done by afinite compression or expansion process.>
Figure1.3 showsapathfor compression of agasfrom point 1 withinitial volume V| at pressure
P, to point 2 with volume V; at pressure P,. This path relatesthe pressure at any point of the
process to the volume. The work required is given by Eq. (1.3) and is proportional to the area
under the curvedf Fig.1.3. The Sl unit of work is the newton-meter or joule, symbol J. In the
metric engineering system the unit often used is the meter-kilogram force (m kgf).

58

’
V2 i

v

Figure 1.3 Diagram showinga P vs. V- path

1.8 ENERGY

The general principleof conservationof energy was established about 1850. The germ of this
principle asit appliesto mechanicswasimplicitin the work of Galileo (1564—1642) and |saac
Newton (1642-1726). Indeed, it follows directly from Newton's second law of motion once
work is defined as the product of force and displacement.

Kinetic Energy

When abody of massm, acted upon by aforce F,isdisplaced adistanced! during adifferential
interval of timedt, the work doneis given by Eqg. (1.1). In combination with Newton's second
law this equation becomes:

dW =madl
By definition the accelerationis a = du/dt, where u is the velocity of the body. Thus,

d dl
——udl =m— du

AW =
s at

3However, asexplained in Sec. 2.8, it may be applied only in special circumstances.
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Since thedefinition of velocity isu = di/dt, the expression for work becomes:
dW = mudu

This equation may now beintegrated for afinitechangein velocity fromu; to u5:

i ui ol
W:mful uduzm(-z--?)

2

mu:  mu? mu?
N “’ZT“T':‘*(T) a9

Each of the quantities %mu2 in Eq. (1.4) is akinetic energy, a term introduced by Lord
Kelvin* in 1856. Thus, by definition,

1
Ex = El'nu2 (15)

Equation (1.4) showsthat the work done on a body in accelerating it from an initial velocity
u; to afinal velocity u, is equal to the changein kinetic energy of the body. Conversdly, if a
moving body is decelerated by the action of aresisting force, the work done by the body is
equal toits changein kinetic energy. In the Sl system of unitswith massin kg and velocity in
ms~!, kinetic energy Ex has the units of kg m? s~2. Since the newton is the composite unit
kg ms~2, Ex is measured in newton-metersor joules. In accord with Eq. (1.4), thisis the unit
of work.

In the metric engineeringsystem, kinetic energy is expressed as ;mu?/g., where g, has
the value9.80665 and the unitskg m kg £~ s=2. Thusthe unit of kinetic energy in this system
is

2 2

_omut kgm?s~
T 28 kgmkgf!'s2

Dimensional consistency here requirestheinclusionaf g..

Ex = m kgf

Potential Energy

If abody of massm israisedfromaninitial elevationz; to afina elevationz,, an upwardforce
at least equal to theweight of the body must be exerted onit, and thisforcemust movethrough
the distancezz — z;. Since the weight of the body is the force of gravity on it, the minimum
forcerequired is given by Newton's law:

F =ma =mg

where g isthelocal acceleration of gravity. The minimum work required to raisethe body is
the product of thisforce and the changein elevation:

W = F(zz — z1) = mg(z2 — z1)

4Lord Kelvin, or William Thomson (1824-1907), was an English physicist who, along with the German physicist
Rudolf Clausius (1822-1888), laid the foundations for the modem science of thermodynamics.
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or W =mzyg — mz1g = A(mzg) (1.6)

We seefrom Eq. (1.6) that the work done on the body in raisingit isequal to the change
in the quantity mzg. Conversely, if the body is lowered against a resisting force equal to its
weight, the work done by the body is equal to the changein the quantity mzg. Equation (1.6)
issimilar in form to Eq. (1.4), and both show that the work done is equal to the changein a
quantity which describesthe condition of the body in relationto its surroundings. In each case
the work performed can be recovered by carrying out the reverse process and returning the
body to itsinitial condition. This observation leads naturally to the thought that, if the work
done on a body in accelerating it or in elevating it can be subsequently recovered, then the
body by virtueof its velocity or elevation containsthe ability or capacity to do the work. This
concept proved so useful in rigid-body mechanicsthat the capacity of a body for doing work
was given the name energy, aword derived from the Greek and meaning "'in work." Hencethe
work of accelerating abody is said to produce a changein its kinetic energy:

2
w:agxza(m;)

and the work doneon abody in elevating it is said to produce a changein its potential energy:

W = AEp = A(mzg)
Thus potential energy® is defined by:
Ep =mzg (1.7)

In the SI system of units with massin kg, elevationin m, and the acceleration of gravity in
ms~2, potential energy has the units of kg m? s=2. Thisis the newton-meter or joule, the unit
of work, in agreement with Eq. (1.6).

In the metric engineering system, potential energy isexpressed asmzg/g.. Thusthe unit
of potential energy in this systemis

mzg  kgmms™?

Ep = = ——
& kg mkgt 's—2

= m kgf

Again, g. must beincluded for dimensional consistency.

Energy Conservation

Inany examinationof physical processes, an attemptismadetofind or to definequantitieswhich
remain constant regardless of the changes which occur. One such quantity, early recognized
in the development of mechanics, is mass. The great utility of the law of conservation of
mass suggests that further conservation principles could be of comparable value. Thus the
development of the concept of energy logically led to the principle of its conservation in
mechanical processes. If abody isgiven energy whenit iselevated, then the body conservesor
retainsthisenergy until it performsthe work of whichit is capable. An elevated body, allowed

5This term was first proposed in 1853 by the Scottish engineer William Rankine (1820-1872).
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to fall freely, gains in kinetic energy what it losesin potential energy so that its capacity for
doing work remains unchanged. For afreely falling body this means that:

AEg + AEp =0
mul  mul B
or T—T-l—mz;zg—mzlg—ﬂ
The validity of this equation has been confirmed by countless experiments. Successin appli-
cation tofreely falling bodiesled to the generalizationof the principleof energy conservation
to apply to all purely mechanical processes. Ampleexperimental evidenceto justify this gen-
eralization was readily obtained.

Other forms of mechanical energy besideskinetic and gravitational potential energy are
possible. The most obviousis potential energy of configuration.When aspringis compressed,
work is doneby an external force. Sincethespringcanlater performthiswork againstaresisting
force, the spring possesses capacity for doing work. Thisis potential energy of configuration.
Energy of the sameform existsin a stretched rubber band or in abar of metal deformedin the
elastic region.

The generality of the principleof conservationof energy in mechanicsisincreasedif we
look uponwork itself asaform of energy. Thisisclearly permissible, becauseboth kinetic- and
potential-energy changes are equal to the work donein producing them [Egs. (1.4) and (1.6)].
However, work isenergy in transit and is never regarded as residing in a body. When work is
doneand does not appear simultaneously as work elsewhere, it is converted into another form
of energy.

The body or assemblage on which attentionis focused is called the system. All elseis
called the surroundings. When work is done, it is done by the surroundingson the system, or
vice versa, and energy is transferred from the surroundingsto the system, or thereverse. It is
only during thistransfer that theform of energy known as work exists. In contrast, kinetic and
potential energy reside with the system. Their values, however, are measured with reference
to the surroundings; i.e., kinetic energy dependson velocity with respect to the surroundings,
and potential energy depends on elevation with respect to a datum level. Changes in kinetic
and potential energy do not depend on these reference conditions, provided they are fixed.
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During the period of development of the law of conservation of mechanical energy,
heat was not generally recognized as aform of energy, but was considered an indestructible
fluid called caloric. This concept was firmly entrenched, and for many years no connection
was made between heat resulting from friction and the establishedforms of energy. Thelaw of
conservationof energy wasthereforelimitedin applicationtofrictionl essmechani cal processes.
No such limitationis necessary; heat like work is now regarded as energy in transit, a concept
that gained acceptance during the years following 1850, largely on account of the classic
experimentsof J. P. Joule. These experimentsare considered in detail in Chap. 2, but first we
examinesome of the characteristicsof heat.

1.9 HEAT

Weknow fromexperiencethat ahot object brought in contact with acold obj ect becomescooler,
whereasthe cold object becomeswarmer. A reasonableview is that somethingis transferred
from the hot object to the cold one, and we call that something heat Q.5 Thuswe say that heat
alwaysflowsfrom ahigher temperatureto alower one. Thisleadsto the concept of temperature
asthedriving force for the transfer of energy as heat. More precisaly, the rate of heat transfer
from one body to another is proportional to the temperaturedifferencebetween the two bodies;
when thereis no temperaturedifference, thereis no net transfer of heat. In the thermodynamic
sense, heat is never regarded as being stored within abody. Like work, it existsonly as energy
in transit from one body to another, or between a system and its surroundings. When energy in
theform of heat is added to abody, it is stored not as heat but as kinetic and potential energy
of the atomsand moleculesmaking up the body.

6 An equally reasonable view would have been to regard " cool" as something transferred from the cold object to
the hot one.
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Inspiteof thetransient natureof heat, it isoften viewedinrelationtoitseffect onthebody
fromwhichitistransferred. Asamatter of fact, until about 1930, thedefinitionsof unitsof heat
were based on the temperature changes of a unit mass of water. Thus the British thermal unit
(commonly known as thermochemical Btu) waslong defined as 1/180™ quantity of heat which
when transferred to one pound mass of water raised its temperaturefromice-point or 32 ('F)
to steam-point or 212 (°F) at standard atmospheric pressure.. Likewisethe cal orie (commonly
known as thennochemical calorie) writtenas (cal) in the book, was defined as 1/100™ quantity
of heat which when transferred to one kilogram mass of water raised its temperaturefrom 0
to 100°C (273.15to 373.15 K) at standard atmospheric pressure. Although these definitions
providea"feel" for the size of heat units, they depend on experimentsmade with water and are
thussubject to change as measurementsbecomemaoreaccurate. I n order to recognizeacommon
basisfor all energy units, international steam tablecalorieisdefinedinrelationtojoule, the S|
unit of energy, equal to 1 N m. Joul eisthemechani cal work donewhenaforceof onenewtonacts
throughadistanceof one meter. By definition, international steam tablecal orieisequivalentto
4.1868J (exact) and thermochemical cal orieisequivaent to4.184 J (exact). By arithmetic,using
thedefined relationsof US Customary and Sl units, oneinternational steamtableBtu, writtenas
(Btu) inthebook, isequivalentto 1055.056 J as agai nst onethermochemical Btu isequivalent to
1054.35J. All other energy unitsaredefined as multiplesaof thejoule. Thefoot-poundforce, for
example,isequivalentto 1.3558179 Jwhilethemeter-kilogranforce isequivalentto 9.80665J.
The Sl unit of power isthe watt, symbol W, defined as energy rate of one joule per second.

Table A.1 of App. A providesan extensivelist of conversion factorsfor energy as well
asfor other units.

PROBLEMS

1.1. Whatisthevadueof g. and what areits unitsin a systemin which the second, thefoot,
and the pound mass are defined as in Sec. 1.2, and the unit of force is the poundal,
defined as the force required to give 1(lby,) an accelerationof 1(ft)(s)~*?

1.2. Electric current isthefundamental el ectrical dimensionin ST; itsunitistheampere (A).
Determine unitsfor the following quantities, as combinationsof fundamental S| units.
(a) Electric power; (b) Electric charge; (c) Electric potential difference;
(d) Electricresistance; (€) Electric capacitance.

1.3. Liquidlvapor saturation pressure P* is often represented as afunction of temperature
by an equation of theform:

b
t/°C+ec
Here, parametersa, b, and ¢ are substance-specificconstants. Supposeit isrequired to
represent P5* by the equivalent equation:

log,o P /torr = a —

B
T/K+C
Show how the parametersin the two equationsare related.

In P /kPa = A

1.4. At what absolutetemperaturedo the Celsiusand Fahrenheit temperaturescales givethe
same numerical value? What is the value?
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15 Pressures up to 3000 bar are measured with a dead-weight gauge. The piston diameter

16.

17.

18.

19.

1.10.

111.

112

113.

is4 mm. What is the approximate massin kg of the weights required?

Pressures up to 3000 atm are measured with a dead-weight gauge. The piston diameter
is0.17 (in). What is the approximatemassin (Ib) of the weightsrequired?

The reading on a mercury manometer at 298.15 K (25°C) (open to the atmosphere at
one end) is 56.38 cm. The local acceleration of gravity is 9.832 m s~2. Atmospheric
pressureis101.78kPa. What istheabsol utepressurein kPa being measured?Thedensity
of mercury at 298.15K (25°C)is13.534gcm 3.

Liquidsthat boil at relatively low temperatures are often stored as liquids under their
vapor pressures, which at ambient temperaturecan be quitelarge. Thus, n-butanestored
asaliquid/vapor system isat a pressureof 2.581 bar for atemperatureof 300 K. Large-
scale storage (>50 m®) of thiskind is sometimesdone in spherical tanks. Suggest two
reasonswhy.

Thefirst accurate measurementsof the propertiesof high-pressuregases were made by
E. H. Amagat in France between 1869 and 1893. Before devel oping the dead-weight
gauge, he worked in amine shaft, and used a mercury manometer for measurementsof
pressureto more than 400 bar. Estimate the height of manometer required.

Aninstrument to measurethe acceleration of gravity on Marsis constructedof a spring
fromwhichis suspendedamassof 0.40 kg. At a place on earth wherethelocal acceler-
ation of gravity is9.81 ms~2, the spring extends 1.08 cm. When theinstrument package
islanded on Mars, it radios the information that the spring is extended 0.40 cm. What
isthe Martian acceleration of gravity?

The variationof fluid pressurewith height is described by the differential equation:
dP _
dz

Here, p is specificdensity and g is the local acceleration of gravity. For an ideal gas,

o =M P/RT, where M ismolar mass and R is the universa gas constant. Modeling

the atmosphere as an isothermal column of ideal gas at 283.15 K (10°C), estimate

the ambient pressurein Denver, where z = 1(mile) relativeto sealevel. For air, take
M = 29 gmol~'; valuesof R aregivenin App. A.

—pP8

A 70 W outdoor security light burns, on average, 10 hours a day. A new bulb costs
$5.00, and the lifetimeis about 1000 hours. If electricity costs $0.10 per kWh, what is
the yearly priceof "security,”" per light?

A gasis confined in a 0.47-m-diameter cylinder by a piston, on which rests a weight.
The mass of the piston and weight together is 150 kg. Thelocal acceleration of gravity
i$9.813 ms~2, and atmospheric pressureis 101.57 kPa.

(a) What istheforcein newtonsexerted on the gas by the atmosphere, the piston, and

the weight, assuming no friction between the piston and cylinder?
(b) What isthe pressureof thegasin kPa?
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1.14.
1.15.

1.16.

117.

1.18.

(o) If thegasinthecylinderisheated, it expands, pushing the piston and weight upward.
If the piston and weight areraised 0.83 m, what is the work done by the gasin kI?
What isthe change in potential energy of the piston and weight?

Verify that the ST unit of kinetic and potential energy isthejoule.

An automobile having a mass of 1250 kg is traveling at 40 m s~!. What is its kinetic
energy in kJ? How much work must be done to bring it to a stop?

The turbines in a hydroelectric plant are fed by water falling from a 50-m height. As-
suming 91% efficiency for conversion of potential to electrical energy, and 8% loss of
theresulting power in transmission, what i sthe mass flowrate of water required to power
a200 W light bulb?

Below is a list of approximate conversion factors, useful for "back-of-the-envelope™
estimates. None of them is exact, but most are accurate to within about +10%. Use
Table A.1 (App. A) to establish the exact conversions.

e | atm ~ 1 bar

o I(Btu) = 1KkJ

e 1(hp) ~ 0.75 kW

e 1(inch) = 2.5cm

e 1(lb,) = 0.5kg

e 1(mile) ~ 1.6 km

e I(quart) =~ 1 liter

e I(yard) =~ 1m
Add your own items to thelist. The ideais to keep the conversion factors simple and
easy to remember.

Consider the following proposa for a decimal calendar. The fundamental unit is the
decimal year (Yr), equal to the number of conventional (SI) seconds required for the
earth to completeacircuit of thesun. Other units are defined in thetable below. Develop,
where possible, factors for converting decimal calendar units to conventional calendar
units. Discuss pros and cons of the proposal.

Decimal Calendar Unit | Symbol | Definition
Second Sc 1079 vr
Minute Mn 107 Yr

Hour Hr 1074 vYr
Day Dy 1073 Yr
Week Wk 1072 Yr
Month Mo 107 yr
Year Yr




Chapter 2

The First Law and Other
Basic Concepts

2.1 JOULE'S EXPERIMENTS

The present-day understanding of heat and its relation to work developed during the last half
of the nineteenth century. Crucial to this understanding were the many experimentsof James
P. Joule! (1818-1889), carried out in the cellar of his home near Manchester, England, during
the decade following 1840.

Intheir essential el ementsJoule's experimentsweresimpleenough, but hetook elaborate
precautionsto insure accuracy. In the most famous series of measurements, he placed known
amounts of water, oil, and mercury in an insulated container and agitated the fluid with a
rotating stirrer. The amountsof work doneon thefluid by thestirrer were accurately measured,
and the temperature changes of the fluid were carefully noted. He found for each fluid that a
fixed amount of work was required per unit massfor every degree of temperaturerise caused
by the stirring, and that the original temperature of the fluid could be restored by the transfer
of heat through simple contact with acooler object. Thus Joule was able to show conclusively
that a quantitativerelationship exists between work and heat and, therefore, that heat isaform
of energy.

2.2 INTERNAL ENERGY

In experiments such as those conducted by Joule, energy is added to afluid as work, but is
transferred from the fluid as heat. What happens to this energy between its addition to and
transfer from the fluid? A rational concept is that it is contained in the fluid in another form,
called internal energy.

Theinternal energy of asubstancedoesnot includeenergy that it may possessasaresult
of its macroscopic position or movement. Rather it refersto energy of the moleculesinternal
to the substance. Because of their ceaseless motion, all molecules possess kinetic energy of
tranglation; except for monatomic molecules, they al so possess kinetic energy of rotation and

‘These experiments and their influence on the development of thermodynamics are described by H. J. Steffens,
James Prescott Joule and the Concept of Energy, Neale Watson Academic Publications, Inc., New Y ork, 1979.
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of internal vibration. The addition of heat to a substanceincreasesthis molecular activity, and
thus causes an increasein its internal energy. Work done on the substance can have the same
effect, as was shown by Joule.

Theinternal energy of asubstanceal so includesthe potential energy resultingfrominter-
molecular forces (Sec. 16.1).0n a submolecul ar scale energy is associated with the electrons
and nuclel of atoms, and with bond energy resultingfrom theforces holding atoms together as
molecules. Thisform of energy isnamed internal todistinguishit from thekinetic and potential
energy associated with a substance because of its macroscopic position or motion, which can
be thought of as external forms of energy.

Internal energy, has no concise thermodynamicdefinition. It is athermodynamic primi-
tive. It cannot be directly measured; there are no internal-energy meters. As aresult, absolute
values are unknown. However, this is not a disadvantagein thermodynamicanalysis, because
only changes in internal energy are required.

2.3 THE FIRST LAW OF THERMODYNAMICS

Therecognitionof heat and internal energy asformsof energy makes possibleageneralization
of thelaw of conservationof mechanical energy (Sec. 1.8) to include heat and internal energy
in additionto work and external potential and kinetic energy. Indeed, the generalizationcan be
extendedto still other forms, such assurfaceenergy, el ectrical energy, and magneticenergy. This
generalizationwas at first a postulate. However, the overwhel mingevidence accumul ated over
timehaselevated it to the statureof alaw of nature, known asthefirst law of thermodynamics.
Oneformal statementis:

Although energy assumes many forms, the total quantity of energy is
constant, and when energy disappears in one form it appears simul-
taneously in other forms.

In applicationof thefirst law to agiven process, the sphere of influence of the processis
dividedinto two parts, the system and its surroundings. The region in which the processoccurs
is set apart as the system; everything with which the systeminteractsis the surroundings. The
system may be of any size depending on the application, and its boundaries may be real or
imaginary, rigid or flexible. Frequently a system consists of asingle substance; in other cases
it may be complex. In any event, the equations of thermodynamicsare written with reference
to some well-defined system. This focuses attention on the particular process of interest and
on the equipment and material directly involved in the process. However, the first law applies
to the system and surroundings, and nat to the system alone. In its most basic form, the first
law requires:

A(Energy of the system) + A(Energy of surroundings) = 0 2.1)

where the difference operator " A" signifiesfinite changesin the quantitiesenclosed in paren-
theses. The system may changein itsinternal energy, in its potential or kinetic energy, and in
the potential or kinetic energy of its finite parts. Since attentionis focused on the system, the
nature of energy changesin the surroundingsis not of interest.

In thethermodynamicsense, heat and work refer to energy in transit across the boundary
which dividesthe system from its surroundings. Theseforms of energy are not stored, and are
never contained in a body or system. Energy is stored in its potential, kinetic, and internal
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forms; these reside with material objects and exist because of the position, configuration, and
motion of matter.

2.4 ENERGY BALANCE FOR CLOSED SYSTEMS

If the boundary of a system does not permit the transfer of matter between the system and
its surroundings, the system is said to be closed, and its mass is necessarily constant. The
development of basic concepts in thermodynamicsis facilitated by a careful examination of
closed systems, and for thisreason they aretreatedin detail in thefollowingsections. Far more
important for industrial practice are processesin which matter crossesthe system boundary as
streamsthat enter and |eave processequipment. Such systemsare said to be open, and they are
treated later in this chapter, once the necessary foundation material has been presented.

Since no streamsenter or leaveaclosed system, nointernal energy istransported across
the boundary of the system. All energy exchangebetween aclosed systemand its surroundings
then appearsas heat and work, and the total energy change of the surroundingsequal s the net
energy transferredto or from it as heat and work. The second term of Eqg. (2.1) may therefore
be replaced by

A(Energy of surroundings)= £Q + W

The choice of signs used with Q and W depends on which direction of transport is regarded
as positive.

Heat Q and work W alwaysrefer tothesystem, and themodernsign convention makesthe
numerical values of both quantitiespositivefor transfer into the systemfrom the surroundings.
The corresponding quantities taken with reference to the surroundings, Qg and Wy, have
theoppositesign, i.e., Qsur = — Q and Wy, = —W. With this understanding:

A(Energy of surroundings) = Qqn + Wor = =0 — W

Equation (2.1) now becomes:?

A(Energy of the system) = Q +W (2.2)

Thisequation meansthat thetotal energy changeof aclosed system equal sthenet energy
transferredinto it as heat and work.

Closed systems often undergo processesthat cause no changein the system other than
initsinternal energy. For such processes, Eq. (2.2) reducesto:

iAW=Q+W| 2.3)

where U’ isthetotal internal energy of thesystem. Equation (2.3) appliesto processesinvolving
finite changesin theinternal energy of the system. For differential changes:

|dU' =dQ +dW | 2.4)

2The sign convention used here is recommended by the International Union of Pure and Applied Chemistry.
However, the original choice of sign for work and the one used in the first four editions of this text was the opposite,
and the right side of Eq. (2.2) wasthen written Q — W.
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Both of these equations apply to closed systems which undergo changes in internal energy
only. The system may be of any size, and thevaduesof Q, W, and U* arefor theentire system,
which must of course be clearly defined.

All termsin Egs. (2.3) and (2.4) require expression in the same units. In the Sl system
theenergy unit isthejoule. Other energy unitsin use arethe mkgf, thecalorie, the (ft 1bg), and
the (Btu).

Properties, such as volume V* and internal energy U* depend on the quantity of material
in asystem; such propertiesare said to be extensive. In contrast, temperatureand pressure, the
principal thermodynamiccoordinatesfor homogeneousfluids, areindependent of the quantity
of material, and are known as intensive properties. An aternativemeansof expressionfor the
extensivepropertiesof ahomogeneoussystem, such as V' and U, is:

Vi=mVv or Vi=nVv and U'=mU or U'=nU

wherethe plain symbolsV and U represent the volume andinternal energy of aunit amount of
material, either a unit mass or amole. These are called specific or molar properties, and they
are intensive, independent of the quantity of material actually present.

Although V* and U* for a homogeneous system of arbitrary size are
extensive properties, specific and molar volume V (or density) and
specific and molar internal energy U are intensive.

Note that theintensivecoordinates T and P have no extensive counterparts.
For aclosed system of n moles Egs. (2.3) and (2.4) may now be written:

AU)=nAU=0+W| (2.5)

|d(nU)=ndU=dQ+aw\ (2.6)

In thisform, these equations show explicitly the amount of substance comprising the system.
The equations of thermodynamicsare often writtenfor a representativeunit amount of
material, either a unit mass or amole. Thusfor » = 1 Egs. (2.5) and (2.6) become:

AU =0+ W and dU =dQ +dw

The basisfor Q and W is aways implied by the quantity appearing on the left side of the
energy equation.

Equation (2.6) is the ultimate source of all property relations that connect the internal
energy to measurable quantities. It does not represent a definition of interna energy; thereis
none. Nor doesit lead to absolute values for the internal energy. What it does provideis the
means for calculating changes in this property. Without it, the first law of thermodynamics
could not be formulated. Indeed, thefirst law requires prior affirmation of the existenceaf the
internal energy, the essential natureof which is summarizedin thefollowing axiom:

Thereexists aform of energy,known as internal energy U, which is an
intrinsic property of a system, functionally related to the measurable
coordinates which characterizethe system. For a closed system, not
in motion, changes in this property are given by Egs. (2.5) and (2.6).
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2.5 THERMODYNAMIC STATE AND STATE FUNCTIONS

The notation of Egs. (2.3) through (2.6) suggeststhat thetermson the left aredifferentin kind
fromthoseontheright. Theinternal-energytermson theleft reflect changesin theinternal state
or thethermodynamic state of the system. It isthis statethat is reflected by itsthermodynamic
properties, among which are temperature, pressure, and density. We know from experience
that for ahomogeneouspure substancefixing two of these propertiesautomatically fixesall the
others, and thusdeterminesits thermodynamicstate. For example, nitrogengasat atemperature
of 300 K and a pressure of 10° kPa (1 bar) has afixed specific volume or density and afixed
molarinternal energy. Indeed, it hasan establishedset of intensivethermodynamicproperties.If
thisgasisheated or cooled, compressedor expanded, and then returnedtoitsinitial temperature
and pressure, itsintensive propertiesare restored to their initial values. Such propertiesdo not
depend on the past history of the substance nor on the means by which it reachesa given state.
They depend only on present conditions, however reached. Such quantitiesare known as state
functions. When two of them are held at fixed values for a homogeneouspure substance,? the
thermodynamicstate of the substanceisfully determined. Thismeansthat astatefunction, such
as specificinternal energy, isa property that ways has avalue; it may therefore be expressed
mathematically as a function of other thermodynamic properties, such as temperature and
pressure, or temperatureand density, and its values may be identified with pointson a graph.

On the other hand, the termson theright sides of Egs. (2.3) through (2.6), representing
heat and work quantities, are not properties; they account for the energy changesthat occur in
the surroundingsand appear only when changesoccur in asystem. They depend on the nature
of the process causing the change, and are associated with areas rather than pointson a graph,
as suggested by Fig. 1.3. Although time is not a thermodynamic coordinate, the passage of
timeisinevitablewhenever heat is transferred or work is accomplished.

The differential of a state function represents an infinitesimal changein its value. Inte-
gration of such adifferential resultsin afinite difference between two of its values, e.g.:

Pl V2
f dP =P, — PL=AP and f dV =V, -V, = AV
P ¥

1 1

The differentialsof heat and work are not changes, but are infinitesimal amounts. When inte-
grated, these differential sgive not finite changes, but finite amounts. Thus,

fdQ=Q and de=W

3For systems more complex than asimple homogeneous pure substance, the number of properties or statefunctions
that must be arbitrarily specified in order to define the state of the system may be different from two. The method of
determining this number is the subject of Sec. 2.7.
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For aclosed system undergoingthesamechangein state by several processes, experiment
shows that the amounts of heat and work required differ for different processes, but that the
sum Q + W isthe same for all processes. Thisisthe basisfor identificationof internal energy
as a state function. The same value of AU' is given by Eq. (2.3) regardless of the process,
provided only that the changein the system is between the sameinitial and final states.
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2.6 EQUILIBRIUM

Equilibrium is a word denoting a static condition, the absence of change. In thermodynamics
it means not only the absence of change but the absence of any tendency toward change on a
macroscopic scale. Thusasystem at equilibrium exists under conditions such that no changein
state can occur. Since any tendency toward changeis caused by a driving force of onekind or
another, the absence of such atendency indicates also the absence of any driving force. Hence
for asystem at equilibrium all forces arein exact balance. Whether achange actually occursin
a system not at equilibrium depends on resistance as well as on driving force. Many systems
undergo no measurable change even under the influence of large driving forces, because the
resistanceto changeis very large.

Different kinds of driving forces tend to bring about different kinds of change. For
example, imbalance of mechanical forces such as pressure on a piston tend to cause energy
transfer as work; temperature differences tend to cause the flow of heat; gradients in chemical
potential tend to cause substances to be transferred from one phase to another. At equilibrium
all such forces arein balance.

In many applications of thermodynamics, chemical reactions are of no concern. For
example, a mixture of hydrogen and oxygen at ordinary conditionsis not in chemical equi-
librium, because of the large driving force for the formation of water. However, if chemical
reaction isnot initiated, this system can existinlong-termthermal and mechanical equilibrium,
and purely physical processes may be analyzed without regard to possible chemical reaction.
Thisis an example of the fact that systems existing at partial equilibrium are often amenable
to thermodynamic analysis.

2.7 THE PHASE RULE

As indicated earlier, the state of a pure homogeneous fluid is fixed whenever two intensive
thermodynamic properties are set at definite values. In contrast, when two phasesarein equi-
librium, the state of the system is fixed when only asingle property is specified. For example,
amixture of steam and liquid water in equilibrium at 101.325 kPa can exist only at 373.15 K
(100°C). It isimpossible to change the temperaturewithout al so changing the pressureif vapor
and liquid are to continue to exist in equilibrium.

For any system at equilibrium, the number of independent variables that must be arbi-
trarily fixed to establish its intensive state is given by the celebrated phase rule of J. Willard
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Gibbs,* who deduced it by theoretical reasoningin 1875. It is presented here without proof in
the form applicableto nonreacting systems:”

F=0-s+tN @.7)

where N is the number of phases, N is the number of chemical species, and F is called the
degrees of freedom of the system.

Theintensivestate of asystem at equilibriumis established when its temperature, pres-
sure, and the compositionsof all phasesarefixed. These are therefore phase-rulevariables, but
they are not all independent. The phaserule givesthe number of variablesfrom thisset which
must be arbitrarily specified to fix al remaining phase-rulevariables.

A phase is a homogeneousregion of matter. A gas or a mixture of gases, aliquid or a
liquid solution, and acrystalline solid areexamplesof phases. A phaseneed not be continuous,
examplesof discontinuousphases are agas dispersed as bubblesin aliquid, aliquid dispersed
as dropletsin another liquid with which it isimmiscible, and solid crystalsdispersed in either
agasor liquid. In each case adispersed phaseisdistributed throughout a continuousphase. An
abrupt changein propertiesawaysoccursat the boundary between phases. Various phases can
coexist, but they must be in equilibriumfor thephaseruleto apply. An exampledf athree-phase
system at equilibrium is a saturated aqueous salt solution at its boiling point with excess salt
crystals present. The three phases (r = 3) are crystalline salt, the saturated agueous solution,
and vapor generated at the boiling point. The two chemical species(N = 2) arewater and salt.
For thissystem, F = 1.

The phase-rule variables are intensive properties, which are independent of the extent
of the system and of the individual phases. Thus the phase rule gives the same information
for alarge system as for asmall one and for different relative amounts of the phases present.
Moreover, only the compositionsof theindividual phases are phase-rulevariables. Overall or
total compositionsare not phase-rul e variableswhen more than one phaseis present.

The minimum number of degreesaof freedom for any systemis zero. When F = 0, the
systemis invariant; Eq. (2.7)becomesz = 2+ N. This valueof 7 is the maximum number
of phaseswhich can coexist at equilibriumfor asystem containing N chemical species. When
N = 1,thisnumberis 3, characteristicof atriplepoint (Sec. 3.1). For example, the triple point
of water, whereliquid, vapor, and thecommon form of ice exist together in equilibrium, occurs
a 273.16 K (0.01°C) and 0.0061 bar. Any change from these conditions causes at |east one
phaseto disappear.

*Josiah Willard Gibbs (1839-1903), American mathematical physicist.
9The justification of the phase rule for nonreacting systems is given in Sec. 10.2, and the phase rule for reacting
systemsis considered in Sec. 13.8.
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2.8 THE REVERSIBLE PROCESS

The development of thermodynamicsisfacilitated by introduction of a specia kind of closed-
system process characterized as reversible:

A processisreversiblewhen its direction can be reversed at any point
by an infinitesimal change in external conditions.

Reversible Expansion of a Gas

The nature of reversible processesisillustrated by the example of a simple expansion of gas
in a piston/cylinder arrangement. The apparatus shown in Fig. 2.2 is imagined to exist in an
evacuated space. The gas trapped inside the cylinder is chosen as the system; all elseis the
surroundings. Expansion processes result when massisremoved fromthepiston. For simplicity,
assumethat the piston slides within thecylinder without friction and that the piston and cylinder
neither absorb nor transmit heat. Moreover, because the density of the gas in the cylinder is
low and becausethe mass of gasis small, weignorethe effects of gravity on thecontentsof the
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cylinder. This means that gravity-induced pressure gradients in the gas are very small relative
toits pressureand that changesin potential energy of the gasare negligible in comparison with
the potential-energy changes of the piston assembly.

The pistonin Fig. 2.2 confines the gas at a pressurejust sufficient to balance the weight
of the piston and all that it supports. Thisis a condition of equilibrium, for the system has no
tendency to change. Mass must be removed from the piston if it is to rise. Imagine first that
amass m is suddenly slid from the piston to a shelf (at the same level). The piston assembly
accel erates upward, reaching its maximum velocity at the point where the upward force on the
piston just balancesits weight. Its momentum then carriesit to ahigher level, where it reverses
direction. If the piston were held in this position of maximum elevation, its potential -energy
increase would very nearly equal the work done by the gas during theinitial stroke. However,
when unconstrained, the piston assembly oscillates, with decreasing amplitude, ultimately
coming torest at a new equilibrium position at alevel above itsinitial position.

m

x@\\&\\\g

Figure 2.2 Expansion of a gas

The oscillationsof the piston assembly are damped out because the viscous nature of the
gas gradually converts gross directed motion of the moleculesinto chaotic molecular motion.
This dissipative process transforms some of the work initially done by the gasin accelerating
the piston back into internal energy of the gas. Once the process is initiated, no infinitesimal
changein external conditions can reverse its direction; the processisirreversible.

All processes carried out in finite time with real substances are accompanied in some
degree by dissipative effects of onekind or another, and all arethereforeirreversible. However,
one can imagine processes that are free of dissipative effects. For the expansion process of
Fig. 2.2, such effects have their origin in the sudden removal of a finite mass from the piston.
The resulting imbalance of forces acting on the piston causes its acceleration, and leads to
its subsequent oscillation. The sudden removal of smaller mass increments reduces but does
not eliminate this dissipative effect. Even the removal of an infinitesimal mass |eads to piston
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oscillationsof infinitesimal amplitude and a consequent dissi pative effect. However, one may
imagine a process wherein small massincrementsare removed one after another at arate such
that the piston's riseis continuous, with minute oscillation only at the end of the process.

The limiting case of removal of a succession of infinitesimal masses from the piston is
approximated when the massesm in Fig. 2.2 arereplaced by apileof powder, blownin avery
fine stream from the piston. During this process, the piston rises at a uniform but very slow
rate, and the powder collectsin storage at ever higher levels. The system is never more than
differentially displaced from internal equilibrium or from equilibrium with its surroundings.
If the removal of powder from the pistonis stopped and the direction of transfer of powder is
reversed, the process reverses direction and proceeds backwardsalong its original path. Both
the system and its surroundingsare ultimately restored to their initial conditions. The original
processis reversible.

Without the assumption of africtionless piston, we cannot imagine areversibleprocess.
If the piston sticks because of friction, afinite mass must be removed before the piston breaks
free. Thus the equilibrium condition necessary to reversibility is not maintained. Moreover,
friction between two dliding partsisamechanismfor thedissi pationof mechanical energy into
internal energy.

Thisdiscussionhas centered on a singleclosed-system process, theexpansionof agasin
acylinder. The opposite process, compressionof agasin acylinder,isdescribedin exactly the
same way. There are, however, many processes which are driven by the imbalance of forces
other than mechanical forces. For example, heat flow occurs when a temperature difference
exists, eectricity flows under the influenceof an electromotiveforce, and chemical reactions
occur becauseachemical potential exists. In general, a processisreversiblewhen the net force
driving it is only differential in size. Thus heat is transferred reversibly when it flows from a
finite object at temperature T to another such object at temperature T — dT.

Reversible Chemical Reaction

The concept of areversiblechemical reactionisillustrated by the decomposition of calcium
carbonate, which when heated forms calcium oxide and carbon dioxide gas. At equilibrium,
this system exerts a definite decomposition pressure of CO, for a given temperature. When
the pressurefalls below this value, CaCO; decomposes. Assumethat a cylinder is fitted with
africtionless piston and contains CaCOs, Ca0, and CO; in equilibrium. It isimmersedin a
constant-temperaturebath, as shown in Fig. 2.3, with the temperatureadjusted to a value such
that thedecompositionpressureisjust sufficient to bal ancetheweight on the piston. The system
is in mechanical equilibrium, the temperature of the system is equal to that of the bath, and
the chemical reactionis held in balanceby the pressureof the CO,. Any changeof conditions,
however dlight, upsets the equilibrium and causes the reaction to proceed in one direction or
the other.

If the weight is differentially increased, the CO, pressurerises differentially, and CO,
combineswith CaO to form CaCOs3, allowing the weight to fall dowly. The heat given off by
this reaction rai ses the temperaturein the cylinder, and heat flows to the bath. Decreasing the
weight differentially sets off the oppositechain of events. The sameresults are obtainedif the
temperatureof thebathisraisedor lowered. If thetemperaturedf thebathisraiseddifferentialy,
heat flowsinto thecylinder and cal cium carbonatedecomposes. The CO, generated causesthe
pressureto risedifferentially,whichinturn raisesthe piston and weight. Thiscontinuesuntil the
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|
Figure 2.3 Reversibility of a chemical reaction

CaCO; iscompletely decomposed. The processisreversible,for the systemis never morethan
differentially displaced from equilibrium, and only a differential lowering of the temperature
of the bath causesthe system to returnto itsinitial state.

Chemical reactions can sometimesbe carried out in an electrolyticcell, and in this case
they may be held in balance by an applied potentia difference. If such a cell consists of
two electrodes, one of zinc and the other of platinum, immersed in an aqueous solution of
hydrochloricacid, the reaction that occursis:

Zn+ 2HCl = H; * ZnCl,

Thecell isheld under fixed conditionsof temperatureand pressure, and the electrodesare con-
nected externally to a potentiometer.If the electromotiveforce produced by the cell is exactly
balanced by the potential differenceof the potentiometer, the reactionis held in equilibrium.
The reaction may be made to proceed in the forward direction by a slight decreasein the op-
posing potential difference, and it may be reversed by a correspondingincreasein the potential
differenceabovetheemf of thecell.

Summary Remarks on Reversible Processes

A reversible process:

Isfrictionless

Is never more than differentially removed from equilibrium

e Traversesasuccession of equilibrium states

Is driven by forces whoseimbalanceis differential in magnitude

Can bereversed at any point by adifferential changein external conditions

When reversed, retraces its forward path, and restores the initial state of system and
surroundings

The work of compression or expansion of agas caused by the differential displacement
of apistoninacylinderisderivedin Sec. 1.7:

dw = —pPdV’ (1.2)
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The work done on the system is given by this equation only when certain characteristics of
the reversible process are realized. The first requirement is that the system be no more than
infinitesimally displaced from a state of internal equilibrium characterized by uniformity of
temperatureand pressure. Thesystemthen alwayshasanidentifiabl eset of properties,including
pressure P. Thesecond requirementisthat the system be no morethaninfinitesimallydisplaced
frommechanical equilibriumwithitssurroundings.In thisevent, theinternal pressure P isnever
more than minutely out of balance with the external force, and we may make the substitution
F = PA that transformsEq. (1.1) into Eq. (1.2). Processesfor which these requirementsare
met are said to be mechanically reversible, and Eq. (1.2) may be integrated:

Vi
W=—f PdV' (1.3)
v

The reversibleprocessisideal in that it can never befully realized; it representsalimit
to the performanceof actual processes. In thermodynamics, the calculation of work is usually
madefor reversibleprocesses, becauseof their tractability to mathematical analysis. Thechoice
is between these calculations and no calculations at al. Results for reversible processesin
combination with appropriate efficiencies yield reasonable approximations of the work for
actual processes.
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2.9 CONSTANT-VAND CONSTANT-PPROCESSES

The energy balance for a homogeneous closed system of » molesis:
dnU)=dQ +dW (2.6)

where Q and W always represent total heat and work, whatever the value of .
Thework of amechanically reversible, closed-system processisgiven by Eq. (1.2), here

written: AW = —Pd(nV)

These two equations combine:
dnU)=dQ — PdnV) (2.8)

Thisis the genera first-law equation for a mechanically reversible, closed-system process.

Constant-Volume Process

If the process occurs at constant total volume, the work is zero. Moreover, for closed systems
thelast term of Eqg. (2.8) is also zero, because n and V are both constant. Thus,

dQ =dnU) (const V) 2.9)

Integration yields: Q=nAU (const V) (2.10)
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Thus for a mechanically reversible, constant-volume, closed-system process, the heat trans-
ferredis equal to theinternal-energy change of the system.

Constant-PressureProcess
Solvedfor dQ, Eqg. (2.8) becomes:
dQ =dmnU)+* PdnV)
For a constant-pressurechange of state:
dQ =d(nU) +dnPV)=dnU T PV)]

Theappearanceof thegroup U 4 P V, both hereand in other appli cations, suggeststhedsjinition
for convenienceof anew thermodynamicproperty. Thus, the mathematical (and only) dejinition

of enthalpy (en-thal’-py)° is:
HEU+PV| (2.11)

whereH , U, and V aremolar or unit-massval ues. The precedingequation may now bewritten:
dQ =d(rH) (const P) (2.12)

Integrationyields:
Q=nrAH (const P) (2.13)

Thus for a mechanically reversible, constant-pressure, closed-system process, the heat trans-
ferred equals the enthalpy change of the system. Comparison of the last two equations with
Egs. (2.9) and (2.10) shows that the enthal py playsarolein constant-pressure processesanal -
ogousto theinternal energy in constant-volumeprocesses.

210 ENTHALPY

The usefulnessof theenthal py issuggested by Egs. (2.12) and (2.13). It also appearsin energy
balancesfor flow processes as applied to heat exchangers, evaporators, distillation columns,
pumps, compressors, turbines, engines, etc., for calculation of heat and work.

The tabulation of values of Q and W for the infinite array of possible processesis
impossible. The intensive state functions, however, such as specific volume, specific internal
energy, and specificenthalpy, areintrinsic propertiesof matter. Once determined, their values
can betabul atedasfunctionsof temperatureand pressurefor each phaseof aparticul ar substance
for future use in the calculation of Q and W for any processinvolving that substance. The
determination of numerical values for these state functions and their correlation and use are
treated in later chapters.

All termsof Eq. (2.11) must be expressedin the same units. The product P V has units of
energy per mole or per unit mass, as does U; therefore H also has units of energy per mole or

5A word proposed by H. Kamerlingh Onnes, Dutch physicist who first liquefied helium in 1908, discovered
superconductivity in 1911, and won the Nobel prize for physics in 1913. (See: Communications fromthe Physical
Laboratory of the University of Leiden, no. 109, p. 3, footnote 2, 1909.)
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per unit mass. In the SI system the basic unit of pressureisthe pascal or N m—2 and, for molar
volume, m® mol~!. The PV product then has the units N m mol~! or Jmol ™. In the metric
engineering system a common unit for the PV product is the m kgf kg-', which ariseswhen
pressureis in kg m 2 with volume in m® kg-". This result is usually converted to kcal kg™
throughdivision by 426.935for usein Eq. (2.11), becausethe common metricengineering unit
for U and H isthekcal kg-'.

Since U, P,and V are dl state functions, H as defined by Eq. (2.11) is also a state
function. Like U and V, H is an intensive property of the system. The differential form of
Eqg. (211) is:

dH =dU +d(PV) (2.14)

This equation applies whenever a differential change occursin the system. Upon integration,
it becomes an equationfor afinite changein the system:

AH = AU+ A(PV) (2.15)

Equations(2.11), (2.14), and (2.15) apply to a unit mass of substanceor to a mole.
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2.11 HEAT CAPACITY

We remarked earlier that heat is often viewed in relation to its effect on the object to which or
from which it istransferred. Thisis the origin of the ideathat a body has a capacity for heat.
The smaller the temperature change in a body caused by the transfer of a given quantity of
heat, the greater its capacity. Indeed, a heat capacity might be defined:

_ 49

T dr
The difficulty with thisis that it makes C, like Q, a process-dependent quantity rather than a
statefunction. However, it does suggest the possibility that more than one useful heat capacity
might be defined. In fact two heat capacities are in common use for homogeneous fluids;

although their names beliethefact, both are statefunctions, defined unambiguously in relation
to other state functions.

Heat Capacity at Constant Volume
The constant-volume heat capacity is defined as.

au
;= — 2.1
Cy (BT)V (2.16)

This definition accommodates both the molar heat capacity and the specific heat capacity
(usually called specific heat), depending on whether U isthe molar or specific internal energy.
Although this definition makes no reference to any process, it relatesin an especialy simple
way to a constant-volume process in a closed system, for which Eg. (2.16) may be written:

dU =CydT (const V) (2.17)

Integration yields:

Ty

AU=| CydT  (constV) (2.18)
T

The combination of thisresult with Eqg. (2.10) for a mechanically reversible, constant-volume
process’ gives:

T
Q=nAU= rzf CydT (const V) (2.19)
Ti
If the volume varies during the process but returns at the end of the process to itsinitial
value, the process cannot rightly be called one of constant volume, even though v, = V; and
AV = 0. However, changes in statefunctions or properties areindependent of path, and arethe
samefor all processes which result in the same change of state. Property changes are therefore

"These restrictions serve to rule out work of stimng, which is inherently irreversible
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calculatedfrom theequationsfor atruly constant-volumeprocessleadingfrom the sameinitial
to the samefinal conditions. For such processesEq. (2.18) gives AU = [ Cy dT, becauseU,
Cy,and T areall statefunctionsor properties. On the other hand, Q does depend on path, and
Eq. (2.19)isavdid expressionfor Q only for a constant-vol ume process. For the samereason,
W isin general zero only for atruly constant-volumeprocess. This discussion illustratesthe
reasonfor the careful distinction between state functionsand heat and work. The principlethat
statefunctions areindependent of the processis an important and useful concept.

For the calculation of property changes, an actual process may be
replaced by any other process which accomplishesthe same change
in state.

Such an aternativeprocessmay be selected, for example, because of its simplicity.

Heat Capacity at Constant Pressure

The constant-pressureheat capacity is defined as:
dH
Cp={— 2.20
P ( 3T ) . (2.20)
Again, the definition accommodates both molar and specific heat capacities, depending on

whether H isthe molar or specific enthalpy. This heat capacity relatesin an especially simple
way to aconstant-pressure,closed-systemprocess, for which Eq. (2.20) isequally well written:

dH =CpdT (const P) (2.21)
43

AH = CpdT (const P) (2.22)
T

whence

For a mechanically reversible, constant-pressure process, this result may be combined with
Eg. (2.13) to give
Ty

Q=nAH =nf CpdT (const P) (2.23)
T

SinceH,Cp,and T areall statefunctions, Eq. (2.22) appliesto any processfor which P, = P,
whether or not it is actually carried out at constant pressure. However, only for the mechani-
cally reversible, constant-pressure process can heat and work be calculated by the equations
Q=nAH,Q=n[CpdT,and W = —PnAV.
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2.12 MASS AND ENERGY BALANCES FOR OPEN SYSTEMS

Althoughthefocusof the precedingsectionshasbeen on closed systems, theconceptspresented
find far more extensive application. The laws of mass and energy conservation apply to all
processes, to open as well as to closed systems. Indeed, the open system includes the closed
system as aspecial case. The remainder of this chapter isthereforedevoted to the treatment of
open systems and thusto the development of equationsof wide applicability.

Measures of Flow

Open systemsare characterizedby flowing streams, for which therearefour common measures
of flow:

e Mass flowrate, m e Molar flowrate, n e Volumetricflowrate, g e Veocity, u
The measures of flow areinterrelated:
m = Mn and q=uA

where M is molar mass. Importantly, mass and molar flowratesrelate to velocity:

|m e @ (2.24a)
F{}ﬂ (2.24b)

The areafor flow A is the cross-sectional area of a conduit, and p is specificor molar
density. Althoughvelocity isavector quantity,its scalar magnitude isused hereastheaverage
speed of astream in the direction normal to A. Flowratesm, n, and g represent measures of
quantity per unit of time. Velocity u is quite different in nature, as it does not suggest the
magnitudeof flow. Nevertheless,it isan important design parameter.

Mass Balance for Open Systems

The region of space identified for analysis of open systemsis caled a control volume; it is
separated fromits surroundingsby acontrol surface. Thefluid within the control volumeisthe
thermodynamic system for which mass and energy balances are written. The control volume
shown schematically in Fig. 2.5 is separated from its surroundings by an extensible control
surface. Two streamswith flow ratesriz; and 7z, are shown directed into the control volume,
and onestream with flow ratesm; is directed out. Since massis conserved, therate of change of
mass within the control volume, dm., /dt, equalsthe net rate of flow of massinto the control
volume. The conventionis that flow is positive when directed into the control volume and
negative when directed out. The mass balanceis expressed mathematically by:

, !
i BRI (2.25)
dt |

where the second term for the control volumeshownin Fig. 2.5is:

A(rit)gs = iy — 1y — hp
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Control volume

dme, /dt

k‘ Control surface

L

Figure 2.5 Schematic representation of a control volume

The differenceoperator " A" here signifiesthe difference between exit and entranceflows and
the subscript "'fs" indicatesthat the term appliesto all flowing streams.
When the mass flowrate m isgiven by Eq. (2.24a), Eq. (2.25) becomes:

dmgy
dt

In thisform the mass-balanceequationis often called the continuity equation.

The flow process characterized as steady state is an important specia case for which
conditionswithinthecontrol volumedo not changewith time. The control volumethen contains
a constant mass of fluid, and the first or accumulation term of Eq. (2.25) is zero, reducing
Eqg. (2.26) to:

+ A(puA)s =0 (2.26)

AlpuA) =0

Theterm " steady state” does not necessarily imply that flowratesare constant, merely that the
inflow of massis exactly matched by the outflow of mass.

When thereis but a single entrance and a single exit stream, the mass flowrate #: isthe
samefor both streams; then,

pauz Ay — prujAy =0

or m = const = paus Az = prug A

Since specificvolumeisthe reciprocal of density,

u|A1 _ Hg/lg _ ﬂ (227)
Vi Vv,V '

H =

Thisform of the continuity equation findsfrequent use.

The General Energy Balance

Since energy, like mass, is conserved, therate of change of energy within the control volume
equals the net rate of energy transfer into the control volume. Streams flowing into and out
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of the control volume have associated with them energy in itsinternal, potential, and kinetic
forms, and all contributeto the energy change of the system. Each unit massof astreamcarries
with it a total energy U + %uz + zg, where u is the average velocity of the stream, z isits
elevation above a datum level, and g is the local acceleration of gravity. Thus, each stream
transports energy at the rate (U + %uz + zg)r. The net energy transported into the system
by the flowing streamsis therefore —A [ (UF u2 + zg) i), where the effect of the minus
sign with "A" is to make the term read in — out. The rate of energy accumulation within
the control volume includes this quantity in addition to the heat transfer rate Q and work
rate:

d(imU)ey
dt

The work rate may includework of several forms. First, work is associated with moving
the flowing streams through entrances and exits. The fluid at any entrance or exit has a set of
average properties, P, V, U, H, etc. Imagine that a unit mass of fluid with these properties
exists at an entrance or exit, as shown in Fig. 2.6 (at the entrance). This unit mass of fluid is
acted upon by additional fluid, here replaced by a piston which exerts the constant pressure
P. The work done by this piston in moving the unit mass through the entranceis PV, and the
work rateis (P V)m. Since" A" denotes the difference between exit and entrance quantities,
the net work done on the system when all entrance and exit sections are taken into account is
—A[(PV )]s

Another form of work is the shaft work indicated in Fig. 2.6 by rate W,. In addition
work may be associated with expansion or contraction of the control volume and there may
be stirring work. These forms of work are all included in a rate term represented by W . The
preceding equation may now be written:

d(mU),,
dt

=—A[(Ut 1u? +zg) ] T Q + work rate

=—A[(U+ 3u® +2g) ]+ @ — APV Yl + W

Uz -

Y

profile

Contral
volume

' V, U, H ——> 1,

Figure 2.6 Control volume with one entrance and one exit
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Combination of termsin accord with the definitionof enthalpy, H = U + PV, leadsto:

d(mU)ey

g = AEY B zg)m] + 0+ W

which isusually written:

d(mU ey

= +A[(H+ TPt zg)mls =0+ W (2.28)

The velocity u in thekinetic-energy termsof energy balancesis the bulk-mean velocity
as defined by the equation, u = riz/pA. Fluids flowing in pipes exhibit a velocity profile, as
shown in Fig. 2.6, which risesfrom zero at the wall (the no-slip condition) to a maximum at
the center of the pipe. Thekinetic energy of afluidin apipedependsonits velocity profile. For
the case of laminar flow, the profileis parabolic, and integration acrossthe pipe shows that the
kinetic-energy termshould properly be u?. Infully devel oped turbulentflow, the morecommon
casein practice, the velocity acrossthe major portion of the pipeis not far from uniform, and
the expression u?/2, as used in the energy equations, is more nearly correct.

Although Eq. (2.28) is an energy balance of reasonable generdlity, it has limitations.
In particular, it reflects the tacit assumption that the center of mass of the control volumeis
stationary. Thus no termsfor kinetic- and potential-energy changes of the fluid in the control
volumeareincluded. For virtually al applicationsof interest to chemical engineers, Eq. (2.28)
is adequate. For many (but not all) applications, kinetic- and potential-energy changesin the
flowing streams are also negligible, and Eq. (2.28) then simplifiesto:

d(mU)ey

T T AW =0+ W (2.29)

Equation (2.29) may beappliedtoavariety of processesof a transient nature, asillustrated
in thefollowing examples.
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Energy Balances for Steady-State Flow Processes

Flow processesfor which theaccumulationtermof Eq. (2.28), d(mU).,/dt, iSzero aresaid to
occur at steady state. As discussed with respect to the mass balance, this means that the mass
of the system within the control volumeis constant; it also meansthat no changes occur with
timein the propertiesof the fluid within the control volume nor at its entrancesand exits. No
expansion of the control volumeis possible under these circumstances. The only work of the
processis shaft work, and the general energy balance, Eq. (2.28), becomes:

A[(H + 30+ z8) ] = Q + W, (2.30)

Although "steady state” does not necessarily imply "steady flow," the usual application of
this equation is to steady-state, steady-flow processes, because such processes represent the
industrial norm.®

8 An example of a steady-state process that is not steady flow is a water heater in which variationsin flow rate are
exactly compensated by changesin therate of heat transfer so that temperatures throughout remain constant.
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A further specialization results when the control volume has but one entrance and one
exit. The same mass flowrate m then appliesto both streams, and Eq. (2.30) then reducesto:

A(H+ Lu? +z28)m = 0 + W, (2.31)

where subscript "fs" has been omitted in this simple case and " A" denotes the change from
entranceto exit. Divisionby m gives:

| ) W,
A+ ) =2+ Y _gpw,
i m
or [
| Au?
(AH+——+gAz=0+W, (2.32a)
[

This equation is the mathematical expression of the first law for a steady-state, steady-flow
process between one entrance and one exit. All termsrepresent energy per unit mass of fluid.

In al of the energy-balanceequations so far written, the energy unit is presumed to be
thejoule, in accord with the Sl system of units. For the metric engineering system of units, the
kinetic- and potential-energy terms, wherever they appear, requiredivision by the dimensional
constant g. (Secs. 1.4 and 1.8). In thisevent Eq. (2.32a), for example, is written:

2

A
AH+-L+£AZZQ+W5 (2.32b)
28 &

Here, the usual unitfor A H and Q isthe kcal; kinetic energy, potential energy, and work are
usually expressedas (ft 1b¢). Thereforethefactor 426.935 m kgf kecal-' must be used with the
appropriatetermsto put them al in consistent units of either m kgf or kcal.

In many applications, kinetic- and potential-energy terms are omitted, becausethey are
negligiblecompared with other terms.® For such cases, Egs. (2.32a) and (2.32b) reduceto:

AH =0+ W (2.33)

Thisexpressiondf thefirst law for asteady-state, steady-flow processis anal ogousto Eqg. (2.3)
for a nonflow process. However, enthalpy rather than internal energy is the thermodynamic
property of importance.

A Flow Calorimeter for Enthalpy Measurements

Theapplicationaof Egs. (2.32) and (2.33) to thesolutionof practical problemsrequiresenthal py
values. Since H is a state function and a property of matter, its values depend only on point
conditions; once determined, they may be tabulated for subsegquent usewhenever the same sets
of conditionsare encountered. To this end, Eg. (2.33) may be applied to |aboratory processes
designed specifically to measure enthal py data.

A simple flow calorimeter is illustrated schematically in Fig. 2.7. Its essential feature
is an electric resistance heater immersed in a flowing fluid. The design providesfor minimal

“Exceptions are applications to nozzles, metering devices, wind tunnels, and hydroelectric power stations.
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Section 1 i3

= Discharge :

Constant : .
" ‘temperature
bath

Supply

Figure 2.7 Flow calorimeter

vel ocity and el evation changesfrom section 1 to section 2, makingkinetic- and potential-energy
changesaf thefluid negligible. Furthermore, no shaft work isaccomplishedbetween sections1
and 2. Hence Eq. (2.33) reducesto:

AH=H,—H =0

The rate of heat transfer to the fluid is determined from the resistance of the heater and the
current passing through it. In practice a number of details need attention, but in principlethe
operation of the flow calorimeter is simple. Measurementsof the heat rate and the rate of flow
of thefluid allow calculationof valuesof AH between sections1 and 2.

As an example, consider the measurement of enthalpies of H,O, both asliquid and as
vapor. Liquid water is supplied to the apparatus. The constant-temperaturebathisfilled with a
mixtureof crushedice and water to maintainatemperatureaf 273.15K (0°C). Thecoil which
carries water through the constant-temperaturebath is long enough so that the fluid emerges
essentially at the bathtemperatureof 273.15 K (0°C). Thusthefluid at section 1isalwaysliquid
water at 273.15 K (0°C). The temperatureand pressureat section 2 are measured by suitable
instruments. Vaues of the enthal py of H,O for various conditions at section 2 are given by:

Hy=H +Q

where Q is the heat added per unit mass of water flowing.

Clearly, H, dependsnot only on Q but alsoon H;. The conditionsat section1 arealways
the same, i.e., liquid water at 273.15 K (O°C), except that the pressure varies from run to run.
However, pressurein the range encountered here has a negligible effect on the properties of
liquids, and for practical purposes H; isa constant. Absolute values of enthalpy, like absolute
values of internal energy, are unknown. An arbitrary value may thereforebe assignedto H; as
thebasisfor all other enthal py values. Setting H#; = O for liquid water at 273.15K (0°C) makes:

Hy=Hi+0=04+Q0=0

Enthalpy values may be tabulated for the temperatures and pressures existing at section 2
for alarge number of runs. In addition, specific-volumemeasurements made for these same
conditions may be added to the table, along with corresponding values of theinternal energy
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calculated by Eq. (2.11), U = H — PV. In thisway tables of thermodynamic propertiesare
compiled over the entire useful range of conditions. The most widely used such tabulationis
for H,O and is known as the steam tables. '

Theenthal py may betaken as zerofor someother statethanliquidat 273.15 K (0°C). The
choiceis arbitrary. The equationsof thermodynamics, such asEgs. (2.32) and (2.33), apply to
changes of state, for which the enthal py differences areindependent of thelocation of the zero
point. However, once an arbitrary zero point is selected for the enthalpy, an arbitrary choice
cannot be made for the internal energy, for values of internal energy are then calculablefrom
the enthalpy by Eqg. (2.11).

10Steam tables are givenin App. F. Tablesfor various other substances arefound in theliterature. A discussion of
compilations of thermodynamic properties appears in Chap. 6.
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PROBLEMS

2.1. A nonconductingcontainer filled with 25 kg of water at 293.15K (20°C) is fitted with

22

2.3.

24,

asdtirrer, which is made to turn by gravity acting on aweight of mass 35 kg. The weight

fallsslowly throughadistanceof 5 min driving thestirrer. Assumingthat all work done

on the weight is transferred to the water and that the local acceleration of gravity is

9.8 ms~2, determine;

(a) Theamount of work done on the water.

(b) Theinternal-energy change of the water.

(c) Thefina temperatureof the water, for which Cp = 4.18kJ kg=! °C~.

(d) The amount of heat that must be removed from the water to return it to itsinitial
temperature.

(e) Thetotal energy change of the universe because of (1) the process of loweringthe
weight, (2)the processof cooling the water back toitsinitial temperature, and (3)
both processestogether.

Rework Prob. 2.1 for an insulated container that changesin temperatureaong with the
water and has a heat capacity equivalentto 5 kg of water. Work the problem with:

(@) The water and container as the system; (b) The water alone as the system.

An egg, initially at rest, is dropped onto a concrete surface and breaks. With the egg
treated as the system,

(a) What isthesign of W?

(b) Whatisthesignof AEp?

(c) Whatis AEk?

(d) WhatisAU"?

(e) What isthesign of Q?

In modeling this process, assume the passage of sufficient time for the broken egg to
returnto itsinitial temperature. What is the origin of the heat transfer of part (e)?

An electric motor under steady |oad draws 9.7 amperesat 110 volts, delivering0.93 kW
of mechanical energy. What is therate of heat transfer from the motor, in kW?
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25.

2.6.

27.

28.

29.

2.10.

211,

2.12.

213

One mole of gasin a closed system undergoes a four-step thermodynamiccycle. Use
the data given in the following table to determine numerical values for the missing
quantities, i.e., "fill in the blanks."

Step | AU'T 0/1 W/
12 —200 ? —6000
23 ? —3800 ?
34 ? —800 300
41 4700 ? ?

12341 ? ? —1400

Comment on the feasibility of cooling your kitchenin the summer by opening the door
to the electrically powered refrigerator.

A renowned laboratory reportsquadruple-point coordinatesof 10.2 Mbar and 297.25 K
(24.1°C) for four-phase equilibrium of allotropic solid forms of the exotic chemical
B-miasmone. Evaluatetheclaim.

A closed, nonreactive system contains species 1 and 2 in vapor/liquid equilibrium.
Species2isavery light gas, essentially insolublein the liquid phase. The vapor phase
contains both species 1 and 2. Some additional moles of species 2 are added to the
system, whichisthen restoredtoitsinitial T and P. Asaresult of the process, doesthe
total number of moles of liquid increase, decrease, or remain unchanged?

A system comprised of chloroform, 1,4-dioxane, and ethanol exists as a two-phase
vaporlliquid system at 323.15 K (50°C) and 55 kPa. It is found, after the addition of
somepureethanol, that the system can be returned to two-phaseequilibriumat theinitial
T and P. In what respect has the system changed, and in what respect hasit not changed?

For the system describedin Pb. 2.9:

(a) How many phase-rulevariablesin additionto T and P must be chosen so as to fix
the compositionsof both phases?

(b) If thetemperatureand pressureare to remain the same, can the overall composition
of the system be changed (by adding or removing material) without affecting the
compositionsaof theliquid and vapor phases?

A tank containing 20 kg of water at 293.15K (20°C) isfitted with a stirrer that delivers
work to the water at the rate of 0.25 kW. How long does it take for the temperature of
the water to riseto 303.15 K (30°C) if no heet islost from the water? For water, Cp =
4.18kJ kg-' °C~!.

Heat in the amount of 7.5 kJ is added to a closed system while its internal energy
decreasesby 12 kJ. How much energy istransferred as work? For a process causing the
same change of state but for which the work is zero, how much heat is transferred?

A steel casting weighing 2 kg has an initial temperature of 773.15 K (500°C); 40 kg
of water initially at 298.15 K (25°C) is contained in a perfectly insulated steel tank
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2.14.

2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

2.21.

weighing5 kg. Thecastingisimmersedin thewater and the systemisalowed tocometo
equilibrium.What isitsfinal temperature?lgnoreany effect of expansionor contraction,
and assumeconstant specific heatsof 4.18kJ kg~! K~! for water and 0.50kJ kg~! K~!
for stedl.

Anincompressiblefluid (p = constant) is containedin an insulated cylinder fitted with
africtionlesspiston. Can energy as work be transferredto the fluid? What is the change
in internal energy of the fluid when the pressureisincreased from P, to P,?

Onekg of liquid water at 298.15 K (25°C):

(a) Experiencesatemperatureincreaseof 1 K. What is AU, inkJ?

(b) Experiencesachangein elevation Az. The changein potentia energy AEp isthe
sameas AU’ for part (a). What is Az, in meters?

(¢) Isacceleratedfromrest tofina velocity u. Thechangeinkineticenergy A Ex isthe
sameas AU’ for part (a). What isu, inms=!?

Compare and discussthe resultsof the three preceding parts.

An electric motor runs " hot" under load, owing to internal irreversihilities. It has been
suggestedthat theassoci atedenergy |ossbe minimizedby thermally insul atingthemotor
casing. Comment critically on this suggestion.

A hydroturbine operates with a head of 50 m of water. Inlet and outlet conduits are
2 min diameter. Estimate the mechanical power devel oped by the turbinefor an outlet
velocity of 5 ms™.

Liquid water at 453.15K (180°C) and 1002.7 kPa hasan internal energy (onan arbitrary

scale) of 762.0kJ kg~! and a specific volumeof 1.128cm® g~ 1.

(a) What isits enthalpy?

(b) Thewater is brought to the vapor stateat 573.15 K (300°C) and 1500 kPa, whereits
internal energy is2784.4kJ kg ! anditsspecificvolumeis 169.7 cm® g~ !. Calculate
AU and AH for the process.

A solid body at initial temperatureT; isimmersedin abath of water at initial temperature
T,,. Heat is transferred from the solid to the water at arate Q = K . (T, — T), where
K isaconstantand T3, and T are instantaneous values of the temperaturesof the water
and solid. Develop an expressionfor T as afunction of time t. Check your result for
the limiting cases, T = 0 and t = oo. Ignore effects of expansion or contraction, and
assume constant specific heatsfor both water and solid.

A list of common unit operationsfollows:
(a) Single-pipeheat exchanger; (b) Double-pipeheat exchanger; (c) Pump;
(d) Gascompressor: (e)Gas turbine; (f) Throttle valve: (g) Nozzle.

Develop a smplified form of the general steady-state energy balance appropriate for
each operation. State carefully, and justify, any assumptionsyou make.

The Reynolds number Re is a dimensionless group which characterizes the intensity
of aflow. For large Re, aflow is turbulent; for small Re, it islaminar. For pipe flow,
Re = up D/, where D is pipe diameter and w is dynamic viscosity.
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2.22.

2.23.

2.24.

2.25.

2.26.

2.27.

2.28.

(a) If D and p arefixed, what is the effect of increasing mass flowrate 7z on Re?
(b) If mand u arefixed, what isthe effect of increasing D on Re?

An incompressible (p = constant) liquid flows steadily through a conduit of circular
cross-section and increasing diameter. At location 1, the diameter is 2.5 cm and the
velocity is2 ms~!; at location 2, the diameter is5 cm.

(a) What isthe velocity at location 2?
(b) What is the kinetic-energy change (Jkg ") of the fluid between locations 1 and 2?

A stream of warm water is produced in a steady-flow mixing process by combining
1.0 kg s~! of cool water at 298.15 K (25°C) with 0.8 kg s—! of hot water at 348.15 K
(75°C). During mixing, heat islost to the surroundings at therate of 30kW. What is the
temperature of the warm-water stream? Assume the specific heat of water constant at
4.18kT kg ' K1

Gas is bled from a tank. Neglecting heat transfer between the gas and the tank, show
that mass and energy balances produce the differential equation:
du dm

H-U m
Here, U and m refer to the gas remaining in the tank; H' isthe specific enthal py of the
gas leaving the tank. Under what conditionscan one assume H' = H?

Water at 301.15K (28°C) flowsinastraight horizontal pipeinwhichthereisnoexchange
of either heat or work with the surroundings. Its velocity is 14 m s~ in a pipe with an
internal diameter of 2.5 cm until it flowsinto asection where the pipe diameter abruptly
increases. What is the temperature change of the water if the downstream diameter is
3.8cm?If itis7.5 cm]? What is the maximum temperature change for an enlargement
in the pipe?

Fifty (50) kmol per hour of air is compressed from P, = 1.2 bar to P, = 6.0 barin
a steady-flow compressor. Delivered mechanical power is 98.8 kW. Temperatures and
velocities are:

T, =300K T, =520K
w=10ms™! U =35ms!
Estimate the rate of heat transfer from the compressor. Assume for air that Cp = %R

and that enthalpy isindependent of pressure.

Nitrogen flows at steady state through a horizontal, insulated pipe with inside diameter
of 38.1mm. A pressure drop results from flow through a partialy opened valve. Just
upstream from the valve the pressure is 690 kPa, the temperature is 322.15 K(49°C),
and the average velocity is6.09m s . If the pressurejust downstream from the valve
is138kPa, what i sthe temperature? Assumefor nitrogen that PV /T isconstant, Cy =
(5/2)R,and Cp = (7/2)R. (Vauesfor R aregivenin App. A.)

Water flows through a horizontal coil heated from the outside by high-temperatureflue
gases. Asit passes through the coil the water changes statefrom liquid at 200 kPa and
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2.29.

2.30.

23L

2.32.

2.33.

353.15 K (80°C) to vapor at 100 kPa and 398.15 K (125°C). Its entering velocity is
3ms~! andits exit velocity is 200 m s~!. Determine the heat transferred through the
coil per unit mass of water. Enthalpiesof theinlet and outlet streamsare:

Inlet: 334.9kJ kg-'; Outlet: 2726.5kJ kg~!

Steam flows at steady state through aconverging, insulated nozzle, 25 cm long and with
aninlet diameter of 5 cm. At the nozzleentrance (state 1), the temperatureand pressure
are 598.15 K (325°C) and 700 kPa, and the velocity is 30 m s~!. At the nozzle exit
(state2), the steamtemperatureand pressureare513.15K (240°C) and 350kPa. Property
values are;

Hy =3112.5kI kg™! V) = 388.61 cm® g™!
H; = 2945.7kJ kg-' V, = 667.75cm3 g~
What isthe velocity of the steam at the nozzleexit, and what is the exit diameter?

In thefollowingtake Cy = 20.8 and Cp = 29.1J mol~! °C~! for nitrogen gas:

(@) Three molesof nitrogen at 303.15 K (30°C), contained in arigid vessd, is heated
t0 523.15K (250°C).How much heat isrequired if the vessel has a negligible heat
capacity?If the vessel weighs 100 kg and has a heat capacity of 0.5kJ kg ! °C~!,
how much hest isrequired?

(b) Four moles of nitrogen at 473.15 K (200°C) is contained in a piston/cylinder ar-
rangement. How much heat must be extracted from this system, which is kept at
constant pressure, to coal it to 313.15 K (40°C) if the heat capacity of the piston
and cylinder is neglected?

In thefollowingtake Cy = 21 and Cp = 29.3kJ kmol ™' K~ for nitrogen gas:

(a) 1.5kmoal of nitrogen at 294.15K(21°C) contained in a rigid vessel, is heated to
450.15K(177°C). How much heat is required if the vessel has a negligible heat
capacity?If it weighs90.7 kg and hasaheat capacity of 0.5kJ kg~! K~!, how much
heat is required?

(b) 2kmoal of nitrogenat 447.15K(174°C)iscontainedina piston/cylinder arrangement.
How much heat must be extracted from this system, which is kept a constant
pressure, to cool it to 338.15K(65°C) if the heat capacity of the pistonand cylinder
is neglected?

Find the equation for the work of areversible,isothermal compressionof 1 mol of gas
in apiston/cylinder assembly if the molar volume of the gasis given by

RT
=——+b
=+

where b and R are positive constants.

Steameat 14 bar and 588.15 K (315°C) [state 1] entersaturbinethrougha 75 mm-diameter
pipewithavelocity of 3m s~. Theexhaustfromtheturbineiscarriedthrougha250 mm-
diameter pipeandis at 0.35bar and 366.15K(93°C) [state2]. What is the power output

of theturbine?
H, = 30745k kg~' Vv, =0.1909m3kg ™!

H, =2871.6kIkg™' V, =4.878m3kg"!
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2.34.

2.35.

2.36.

2.37.

Carbon dioxide gas enters a water-cooled compressor at the initial conditions P, =
1.04bar and 7 = 284.15K(I0°C) and is discharged at the final conditions P, =
35.8 barand 7> = 366.15K(93°C). Theentering CO, flowsthrougha 100 mm-diameter
pipewith avelocity of 6s m~!, and is discharged through a 25 mm-diameter pipe. The
shaft work supplied to the compressor is 12500kJ kmol~!. What is the heat-transfer
rate from the compressorin kW?

H, =714kJ kg™' V; = 0.5774mPkg~!

H, =768kl kg™! Vv, =00175mkg .

Show that W and Q for an arbitrary mechanically reversible nonflow processare given

by:
W=deP—A(PV) Q=AH—deP

One kilogram of air is heated reversibly at constant pressure from an initia state of
300 K and 1 bar until itsvolumetriples.Calculate W, Q, AU, and AH for the process.
Assumefor airthat PV/T = 83.14 bar cm®* mol~! K~! and Cp = 29J) mol~! K~1.

The conditions of a gas change in a steady-flow process from 293.15 K (20°C) and
1000 kPa to 333.15 K (60°C) and 100 kPa. Devise a reversible nonflow process (any
number of steps) for accomplishing this changeof state, and calculate AU and AH for
the process on the basisof 1 mol of gas. Assumefor the gasthat PV/T is constant,
Cy =(/2)R,and Cp = (7/2)R.



Chapter 3

Volumetric Properties of
Pure Fluids

Thermodynamic properties, such as internal energy and entha py, from which one calculates
the heat and work requirements of industrial processes, are often evaluated from volumetric
data. Moreover, pressure/volume/temperature (PV T ) relations are themselvesimportant for
such purposes as the metering of fluids and the sizing of vessels and pipelines. We therefore
first describe the general nature of the PV T behavior of pure fluids. Therefollowsa detailed
treatment of the ideal gas, the simplest realistic model of fluid behavior. Equations of state
are then considered, as they provide the foundation for quantitative description of real fluids.
Finally, generalized correlations are presented that allow predictionof the PV T behavior of
fluidsfor which experimental data are lacking.

3.1 PVTBEHAVIOR OF PURE SUBSTANCES

Measurementsof the vapor pressureof a pure substance, both as a solid and as aliquid, lead
to pressure-vs.-temperature curves such as shown by lines 1-2 and 2-C in Fig. 3.1. The third
line (2-3)gives the solid/liquid equilibriumrelationship. The threelinesdisplay conditionsof
Pand T at which two phases may coexist, and are boundariesfor the single-phase regions.
Line 1-2, the sublimation cuwe, separatesthe solid and gasregions; line 2-3, the fusion cuwe,
separates the solid and liquid regions; line 2-C, the vaporization cuwe, separatesthe liquid
and gas regions. All three lines meet at the triple point, where the three phases coexist in
equilibrium. Accordingto the phaserule, Eq. (2.7), thetriple pointisinvariant (F = 0). If the
system exists along any of the two-phaselinesof Fig. 3.1, itis univariant (F = 1), whereasin
the single-phaseregionsit is divariant (F = 2).

The vaporization curve 2-C terminatesat point C, the critical point. The coordinates of
this point arethe critical pressure P, and the critical temperature 7, the highest pressure and
highest temperatureat which a pure chemical speciescan exist in vapor/liquid equilibrium.

Homogeneousfluids are usualy classified as liquids or gases. However, the distinction
cannot awaysbe sharply drawn, becausethetwo phases becomeindistinguishabl eat thecritical
point. Paths such as the one shownin Fig. 3.1 from A to B lead from theliquid region to the
gas region without crossing a phase boundary. Thetransitionfrom liquid to gasis gradual. On
the other hand, paths which cross phase boundary 2-C include a vaporization step, where an
abrupt change from liquid to gas occurs.
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The area existing at temperaturesand pressuresgreater than T, and P, is marked off by
dashed linesin Fig. 3.1, which do not represent phase boundaries, but rather are limits fixed
by the meanings accorded the words liquid and gas. A phaseis generally considered aliquid
if vaporizationresultsfrom pressurereduction at constant temperature. A phaseis considered
agasif condensation results from temperature reduction at constant pressure. Since neither
processoccursin the area beyond the dashed lines, it is called the fluid region.

The gas region is sometimes divided into two parts, as indicated by the dotted vertical
lineof Fig. 3.1. A gastotheleft of thisline, which can be condensed either by compression at
constant temperatureor by coolingat constant pressure,iscalledavapor. Theregioneverywhere
totheright of thisline, whereT > T, including the fluid region, istermed supercritical.

|
5 A®===L_Fluid region
|

Pl |  Liquid region
Fusion curve

Vaporization

Pressure

s

Gas region

A= Tidle  Vapor |
point region

1
I
;
1 Sublimation '
curve '

Solid region

Temperature

Figure 3.1 PT diagram for a pure substance

PV Diagram

Figure 3.1 does not provideany informationabout volume; it merely displaysthe phasebound-
arieson a PT diagram. On a PV diagram [Fig. 3.2(a)] these boundariesbecome aress, i.e.,
regions where two phases, solid/liquid, solid/vapor, and liquid/vapor, coexist in equilibrium.
For agiven T and P, the relative amounts of the phases determine the molar (or specific)
volume. The triple point of Fig. 3.1 here becomes a horizontal line, where the three phases
coexist at a single temperatureand pressure.

Figure 3.2(b) showsthe liquid, liquid/vapor, and vapor regions of the PV diagram, with
four isotherms superimposed. Isotherms on Fig. 3.1 are vertical lines, and at temperatures
greater than 7, do not cross a phase boundary. On Fig. 3.2(b) theisothermlabeled T > T, is
therefore smooth.

Thelineslabeled T and T; arefor subcritical temperatures,and consist of threesegments.
Thehorizontal segment of eachisothermrepresentsall possiblemixturesof liquid and vaporin
equilibrium, rangingfrom 100% liquid at theleft end to 100% vapor at theright end. Thelocus
of theseend pointsisthedome-shaped curvelabeled BCD, theleft half of which (from B to C)
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Figure 32 PV diagrams for a pure substance. (a) Showing solid, liquid, and gas
regions. (b) Showing liquid, liquid/vapor, and vapor regions with isotherms

representssingle-phase(saturated) liquidsat their vaporization (boiling) temperatures,and the
right half (from C to D), single-phase (saturated) vapors at their condensation temperatures.
The horizontal portion of anisothermliesat a particular saturation or vapor pressure, given by
the point on Fig. 3.1 wheretheisotherm crosses the vaporizationcurve.

Thetwo-phaseliquid/vapor region lies under dome B CD, whereas the subcool ed-liquid
and superheated-vapor regions lie to the left and right, respectively. Subcooled liquid exists
at temperaturesbelow, and superheated vapor, at temperaturesabove the boiling point for the
given pressure. | sothermsin the subcool ed-liquidregion arevery steep, becauseliquid volumes
changelittle with large changesin pressure.

The horizontal segmentsof theisothermsin the two-phaseregion becomeprogressively
shorter at higher temperatures, being ultimately reduced to a point at C. Thus, the critical
isotherm, labeled 7., exhibits a horizontal inflection at the critical point C at the top of the
dome. Heretheliquid and vapor phasescannot be distingui shedfrom each other, becausetheir
propertiesare the same.

Critical Behavior

Insight into the nature of the critical point is gained from a description of the changes that
occur when a pure substanceis heated in a sealed upright tube of constant volume. The dotted
vertical linesof Fig. 3.2() indicatesuch processes. They may also betracedonthe P T diagram
of Fig. 3.3, where the solid line is the vaporization curve (Fig. 3.1), and the dashed lines are
constant-volumepathsin thesingle-phaseregions. If thetubeisfilled with either liquid or gas,
the heating process produces changes which lie along the dashed lines, e.g., by the change
from E to F (subcooled-liquid) and by the change from G to H (superheated-vapor). The
corresponding vertical lineson Fig. 3.2(b) lieto theleft and to theright of BCD.
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Liquid

Figure 33 PT diagram for a pure fluid showing the vapor-pressure curve and
constant-volume lines in the single-phase regions

If the tube is only partialy filled with liquid (the remainder being vapor in equilib-
rium with the liquid), heating at first causes changes described by the vapor-pressurecurve
(solid line) of Fig. 3.3. For the processindicated by line JQ on Fig. 3.2(5), the meniscusis
initially near the top of the tube (point J), and the liquid expands upon heating until it com-
pletely fills the tube (point Q). On Fig. 3.3 the process traces a path from (J, K) to Q, and
with further heating departs from the vapor-pressurecurve along the line of constant molar
volume V.

The processindicated by line KN on Fig. 3.2(b) starts with alower meniscuslevel in
the tube (point K); heating causesliquid to vaporize, and the meniscusrecedesto the bottom
of the tube (point N). On Fig. 3.3 the process traces a path from (J, K) to N. With further
heating the path continues along theline of constant molar volume V.

For auniquefilling of thetube, with a particul arintermediatemeniscuslevel, the heating
processfollowsavertical lineon Fig. 3.2(5) that passesthroughthecritical point C. Physicaly,
heating does not produce much change in the level of the meniscus. As the critical point is
approached, the meniscus becomesindistinct, then hazy, and finaly disappears. On Fig. 3.3
the path first follows the vapor-pressurecurve, proceeding from point (J, K) to the critical
point C, whereit entersthe single-phasefluid region, and follows V., theline of constant molar
volume equal to thecritical volume of the fluid.

Single-Phase Region

For the regions of the diagram where a single phase exists, Fig. 3.2(») implies a relation
connecting P, V, and T which may be expressed by the functional equation:

f(P,V,Ty=0
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This means that an equation d state exists relating pressure, molar or specific volume, and
temperaturefor any pure homogeneousfluid in equilibrium states. The simplest equation of
stateisfor an ideal gas, PV = RT, arelation which has approximate validity for the low-
pressuregas region of Fig. 3.2(b), and which isdiscussedin detail in Sec. 3.3.

An equation of state may be solved for any one of the three quantities P, V, or T as
a function of the other two. For example, if V is considered a function of T and P, then

V = V(T, P),and
av v

dv=(=) ar +( = ;

(BT)Pd +(ap)rd‘° 3.1)

The partial derivativesin this equation have definite physical meanings, and are related to two
properties, commonly tabulatedfor liquids, and defined asfollows:

e Volume expansivity: B= % (z—;’)}) 3.2)
m Isothermal compressibility: « = — L (&_V) (3.3)
V3P /,
Combinationaof Egs. (3.1) through (3.3) providesthe equation:
%zﬁd?‘—xd}’ 3.4

Theisothermsfor theliquid phaseon theleft sideof Fig. 3.2(b) arevery steep and closely
spaced. Thus both (8V /37T)p and (8V /0 P)y and hence both g and k are small. This char-
acteristic behavior of liquids (outsidethe critical region) suggests an idealization, commonly
employed in fluid mechanics and known as the incompressible fluid, for which both g and
are zero. No real fluid is truly incompressible, but the idealization is useful, because it often
provides a sufficiently realistic model of liquid behavior for practical purposes. Thereis no
PV T equation of statefor anincompressiblefluid, because V isindependentof T and P.

For liquids 8 is amost aways positive (liquid water between 273.15K (0°C) and
277.15K (4°C)isanexception),and k isnecessarily positive. At conditionsnot closeto thecrit-
ical point, 8 andk areweak functionsof temperatureand pressure. Thusfor small changesin T
and P littleerror isintroducedif they are assumed constant. Integrationof Eqg. (3.4) thenyields:

V-
In VT =BT — T)) — k(P — Py) (3.5)

Thisis aless restrictiveapproximationthan the assumption of an incompressiblefluid.
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3.2 VIRIAL EQUATIONS OF STATE

Figure 3.2indicates the complexity of the PVT behavior of a pure substance and suggeststhe
difficulty of its description by an equation. However, for the gas region alonerelatively simple
equations often suffice. Along a vapor-phase isotherm such as 7} in Fig. 3.2(b), V decreases
as P increases. The PV product for a gas or vapor should therefore be much more nearly
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constant than either of its members, and hence more easily represented. For example, PV
along an isotherm may be expressed asafunction of P by apower series:

PV =a+bP +cP*+.-..
If b=aB’, c=al’,etc., then,
PV =q(1t+BP+cpP2tDP+..) (3.6)

wherea, B', C’, etc., are constantsfor a given temperature and a given chemical species.

In principle, theright side of Eq. (3.6) is an infinite series. However, in practiceafinite
number of termsis used. In fact, PVT data show that at low pressures truncation after two
terms usually provides satisfactory results.

Ideal-Gas Temperatures; Universal Gas Constant

Parameters B', C, etc., in Eq. (3.6) are species dependent and functionsof temperature, but
parameter a isthesamefunction of temperaturefor all species. Thisisshownexperimentally by
measurementsof volumetricdataas afunctionof P for various gases at constant temperature.
Figure 3.4, for example, isaplot of PV vs. P for four gases at the triple-point temperature
of weter. The limiting value of PV as P — 0 is the samefor all of the gases. In this limit
(denoted by the asterisk), Eq. (3.6) becomes:

(PV)' =a=f(T)

Itisthisproperty of gasesthat makesthem valuablein thermometry, becausethelimiting
valuesare used to establish atemperaturescal ewhichisindependentof thegas used asthermo-
metricfluid. Thefunctional relationshipf (T) and aquantitative scalemust beestablished; both
stepsare completely arbitrary. Thesimplest procedure, and the one adopted internationaly, is:

Figure 3.4 PV*,the limiting value of PV as P — 0, is independent of the gas

e Make (PV)* directly proportional to T, with R asthe proportionality constant:
(PVY*=a =RT 3.7
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e Assign the value 273.16 K to the temperature of the triple point of water (denoted by
subscriptt):

(PV); =R x273.16 K (3.8)
Division of Eq. (3.7) by Eq. (3.8) gives:

(PV)*  T/K
(PV)* ~ 273.16K

Vy
T/K =273.16——— 3.9
/ V) )

Equation (3.9) establishesthe Kelvin temperaturescale throughout the temperaturerange for
which valuesdf (PV)* are experimentally accessible.

Thestateof agasat thelimiting condition where P — 0 deservessomediscussion. The
molecules making up agas become more and more widely separated as pressure s decreased,
and the volume of the molecules themselves becomes a smaller and smaller fraction of the
tota volume occupied by the gas. Furthermore, the forces of attraction between molecules
become ever smaller because of the increasing distances between them (Sec. 16.1). In the
limit, as the pressure approaches zero, the molecules are separated by infinite distances. Their
volumes become negligible compared with the total volume of the gas, and the intermol ecular
forces approach zero. At these conditionsall gases are said to be ideal, and the temperature
scaleestablishedby Eq. (3.9) isknown astheideal-gastemperature scale. The proportionality
constant R in Eq. (3.7) is called the universal gas constant. Its numerical vaueis determined
by meansdf Eq. (3.8) from experimental PV T data:

(PV);
273.16K

Since PV T data cannot in fact be taken at zero pressure, data taken at finite pressures are
extrapol atedto the zero-pressurestate. Determined asindicated by Fig. 3.4, the accepted value
of (PV)*is22.7118 m® bar kmol~!, leading to thefollowing valueof R:'

=

_22.7118 m® bar kmol !
B 273.16K

Through the use of conversionfactors, R may be expressed in various units. Commonly used
valuesaregiven by Table A.2 of App. A.

R = 0.083 1447 m® bar kmol~! K~!

Two Forms of the Virial Equation
A useful auxiliary thermodynamic property is defined by the equation:

PV
Z= RT (3.10)

hitp://physics.nist.gov/constants.
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This dimensionless ratio is called the compressibility factor. With this definition and with
a = RT [Eq. (3.7)], Eq. (3.6) becomes:

(Z=1+BP+CP2+DP +... @3.11)

An alternativeexpressionfor Z isalso in common use:?

Z—]_L_B,+£+E+...
TV 2y

(3.12)

Both of theseequationsareknown asvirial expansions, and the parametersB', C', D', etc., and
B,C, D, etc., arecalledvirial coefficients. Parameters B and B are second virid coefficients;
C and C arethird viria coefficients; etc. For a given gas the viria coefficients are functions
of temperatureonly.

The two sets of coefficientsin Egs. (3.11) and (3.12) are related asfollows:

’

B C — B? D —-3BC +2B3
=— C'=—rr D= —
RT (RT)? (RT)

Thederivationof theserelationsrequiresfirst theeliminationof P ontheright of Eq. (3.11).An
expressionfor P comesfrom Eq. (3.12)with Z replacedby PV /RT. Theresultingequationis
apower seriesin 1/V whichiscompared term by termwith Eq. (3.12)to providetheequations
relating the two sets of virial coefficients. They hold exactly only for thetwo virial expansions
asinfiniteseries, but are acceptableapproximationsfor thetruncatedformstreatedin Sec. 3.4.

Many other equations of state have been proposed for gases, but the virial equations
are the only ones having a firm basisin theory. The methods of statistical mechanics alow
derivation of the virial equations and provide physical significance to the virial coefficients.
Thus, for theexpansionin 1/V , theterm B/V ariseson account of interactionsbetween pairs
of molecules(Sec. 16.2);the C/ V2 term, on account of three-body interactions; etc. Sincetwo-
body interactionsare many times more common than three-body interactions, and three-body
interactionsare many times more numerousthan four-body interactions, etc., the contributions
to Z of the successively higher-orderedterms decreaserapidly.

! !

3.3 THE IDEAL GAS

Since the terms B/ V, C/ V2, etc., of the virial expansion [Eq. (3.12)] arise on account of
molecular interactions, the viria coefficientsB, C, etc., would be zeroif no such interactions
existed. The virial expansion would then reduceto:

Z=1 or PV =RT

For areal gas, molecular interactions do exist, and exert an influence on the observed
behaviorof thegas. Asthepressureof areal gasisreducedat constanttemperature,V increases
and thecontributionsof theterms B/V , C/ V2, etc., decrease. For a pressureapproachingzero,
Z approachesunity, not becauseof any changein theviria coefficients, but becauseV becomes

2Proposed by H. Kamerlingh Onnes, " Expression of the Equation of State of Gases and Liquids by Means of
Series," Communicationsfromthe Physical Laboratory of the University of Leiden, no. 71, 1901.
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infinite. Thus in the limit as the pressure approaches zero, the equation of state assumesthe
same simpleform asfor the hypothetical caseof B=C = ... =0;1i.e,

Z== or PV = RT

We know from the phase rule that the internal energy of areal gas is a function of
pressure as well as of temperature. This pressure dependency is the result of forces between
the molecules. If such forces did not exist, no energy would be required to alter the average
intermol ecular distance, and therefore no energy would be required to bring about volume and
pressurechangesin agasat constant temperature. We concludethat in the absenceof molecular
interactions, the internal energy of a gas depends on temperature only. These considerations
of the behavior of a hypothetical gasin which no intermolecular forcesexist and of areal gas
in the limit as pressure approaches zero lead to the definition of an ideal gas as one whose
macroscopic behavior is characterized by:

e Theequation of state:
PV =RT (ideal gas) (3.13)

e Aninternal energy that isafunction of temperatureonly:

U=UT) (ideal gas) (3.14)

Implied Property Relations for an Ideal Gas

The definition of heat capacity at constant volume, Eqg. (2.16), leads for an ideal gas to the
conclusionthat Cy is afunction of temperatureonly:

ol dU
Cy (BT).,, T v(T) (3.15)

The defining equation for enthalpy, Eq. (2.11), appliedto an ideal gas, leadsto the conclusion
that H also is afunction of temperatureonly:

H=U+PV=U(T)+RT =H(T) (3.16)
The heat capacity at constant pressure Cp, defined by Eq. (2.20), like Cy, is a function of
temperatureonly:
dH dH

Cp=|—7) =——=Cp(T 3.17

P (BT);, a7 p(T) (3.17)
A useful relation between Cp and Cy for anideal gascomesfrom differentiationof Eqg. (3.16):

dH dU
_ m— I — R = ; =t
Cp T = 4T + Cy+R (3.18)

This equation does not imply that Cp and Cy are themselves constant
for an ideal gas, but only that they vary with temperaturein such a way
that their differenceis equal to R.

For any change of state of an ideal gas Eq. (3.15)may be written:

dU = CydT (3.19a)
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Whence,

AU = /CVdT (3.19b)
By Eq. (3.17), dH = CpdT (3.20a)
Whence, AH = f CpdT (3.20b)

Figure 3.5 Internal energy changes for an ideal gas

Since both theinternal energy and Cy of anideal gasarefunctionsaof temperatureonly,
AU for anideal gasisalwaysgiven by Eq. (3.19b), regardlessof thekind of processcausingthe
change. Thisisdemonstratedin Fig. 3.5, which showsa graph of internal energy asafunction
of molar volume with temperature as parameter. Since U is independent of V, a plot of U
vs. V at constant temperatureis a horizontal line. For different temperatures, U has different
values, with a separate line for each temperature. Two such lines are shown in Fig. 3.5, one
for temperature 77 and one for a higher temperature 7. The dashed line connecting points a
and b representsa constant-volumeprocessfor which the temperatureincreasesfrom 7T; to 7,
and the internal energy changesby AU = U, — U;. This changein internal energy is given
by Eqg. (3.19b) as AU = [ Cy dT. The dashed lines connecting pointsa and ¢ and pointsa
and d represent other processes not occurring at constant volume but which also lead from
aninitial temperature T; to afina temperature 7. The graph shows that the changein U for
these processesis the same as for the constant-volumeprocess, and it is thereforegiven by the
sameequation, namely, AU = [ Cy dT. However, AU isnot equal to Q for these processes,
because Q depends not only on T; and 7> but aso on the path of the process. An entirely
analogousdiscussion appliesto theenthalpy H of anideal gas. (SeeSec. 2.16.)

Theideal gasisamodel fluid described by simpleproperty relations, whicharefrequently
good approximationswhen applied to actual gases. In process calculations, gases at pressures
up to afew bars may often be consideredideal, and simpleequationsthen apply.

Equations for Process Calculations: Ideal Gases

For anideal gasin any mechanically reversibleclosed-system process, Eq. (2.6), writtenfor a
unit mass or amole, may be combined with Eq. (3.19a):

dQ+dW = CydT
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Thework for amechanically reversibleclosed-system processisgiven by Eq. (1.2), also written
for onemole or a unit mass:

dW =—-PdV
Whence, dQ=CydT + PdV
Thetwo preceding equations for an ideal gas undergoingareversible processin aclosed

system take several formsthrough elimination of oneof thevariables P,V ,or T by Eq. (3.13).
Thus, with P = RT/V they become:

dv
av
aw = _RTV (3.22)

Alternatively,letV = RT/P:

R RT
dQ =CydT + P( =dT — ~=dP
Q v + (P p? )

With Eqg. (3.18) this reduces to:

dP
dQ = Cpdl — RT— (3.23)
Also, dW = —RdT + RT%P (3.24)

Finaly,let T = PV/R:
1% P
dQ =Cy (EdP + Edv) +PdV

Again with Eg. (3.18) this becomes:

Cy Cp
dQ =—VdP+ —PdV 3.
(0] R + R (3.25)
Thework issimply: dW =—-PdV

These equationsmay be applied to various processes, as describedin what follows. The
genera restrictionsimplicitin their derivation are:

e Theequationsare vaid for ideal gases.
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e Theprocessis mechanically reversible.
e Thesystemisclosed.

Isothermal Process
By Egs. (3.19b) and (3.20b), AU =AH =0

By Egs. (3.21) and (3.23), Q=RTI nE R @
Vi 1

By Egs. (3.22) and (3.24), V: P
y Eds. (3:22) and (3.24) W=—RT1nVZ=RTInF2
1 1

Notethat Q = —W, aresult that also followsfrom Eq. (2.3). Therefore,

1% P
Q=-W=RTIN=2=—RTIn=2  (constT) (3.26)
2 2

Isobaric Process
By Egs. (3.19b) and (3.20b),

AU= fCVdT and AH:/C,ndT
and by Egs. (3.23) and (3.24),

Q=SdeT and W=—-R(T,—T)
Notethat Q = AH, aresultaso given by Eq. (2.13). Therefore,

O0=AH= / CpdT  (const P) (3.27)

Isochoric (Constant-V) Process
Equations(3.19b) and (3.20b) again apply:

AU=/CvdT and AH Zprd'I'
By Egs. (3.21) and (1.3),

Q=j CydT ad W=0
Notethat Q = AU, aresult also given by Eq. (2.10). Therefore,

Q=AU = / CydT  (const V) (3.28)
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Adiabatic Process: Constant Heat Capacities

An adiabatic processis one for which there is no heat transfer between the system and its
surroundings; that is, d Q = 0. Each of Egs. (3.21), (3.23), and (3.25) may therefore be set
equal to zero. Integration with Cy and Cp constant then yields simple relations among the
variablesT, P,and V. For example, EQ. (3.21) becomes:

dTr R dV

T Cy V
Integration with Cy constant then gives:

/2 v e
7=(%)

Similarly, Egs. (3.23) and (3.25) lead to:

Tg (Pz)ﬁ,a"(:'p P2 ( Vl )C{'g"Cv
—=|— and —= ) —
T Py Py %)

These equations may also be expressed as:

TVvv-! = constant -

T PU=v)¥ = constant v

PVY = constant (.2%)

Whereby definition,’ y = ? (3.30)
V

Equations (3.29) apply to an ideal gas with constant heat capacities
undergoing a mechanically reversible adiabatic process.

The work of an adiabatic process may be obtained from the relation:
dW =dU = Cy dT
If Cy isconstant, integration gives:
W =AU =Cy AT (3.31)

Alternativeformsof Eg. (3.31) areobtainedwhen Cy iseliminatedin favor of the heat-capacity
ratio y:

_&_Cv—FR_ |+R_

Y=o T oy Cy

*If Cy and Cp are constant, y is necessarily constant. For an ideal gas, the assumption of constant y isequivalent
to the assumption that the heat capacities themselves are constant. Thisis the only way that theratio Cp/Cy = y and
thedifference Cp — Cy = R can both be constant. Except for the monotonic gases, both Cp and Cy actualy increase
with temperature, but theratio y is less sensitive to temperature than the heat capacities themselves.
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Whence, Cy = ——
y—1
R AT

Therefore W =Cy AT = I
y —

Since RT; = PV, and RT, = P,V,, thisexpression may be written:

RT;, — RT; PV, — PV,
w= D 1_fav 1Vi (3.32)
y —1 y —1
Equations (3.31) and (3.32) are genera for an adiabatic process, whether reversible or
not. However, V; is usualy not known, and iseliminatedfrom Eq. (3.32) by Eq. (3.29¢), vdid
only for mechanically reversible processes. This|eadsto the expression:

r=1/y P\ vy
i DA | By _1|=R0 | (2 ] (3.33)
y —1 P y—1 P

The same result is obtained when the relation between P and V given by Eq. (3.29¢) is used
for integration of theexpresson W = — [ P dV .

Equations (3.29), (3.31), (3.32), and (3.33) are for ideal gases with constant heat
capacities. Equations (3.29) and (3.33) al so require the process to be mechanically reversible;
processes which are adiabatic but not mechanicaly reversible are not described by these
equations.

When applied to real gases, Egs. (3.29) through (3.33) often yield satisfactory approx-
imations, provided the deviations from idedlity are relatively small. For monatomic gases,
y = 1.67; approximate values of y are 1.4 for diatomic gases and 1.3 for simple polyatomic
gases such asCO;,, SO, NH3, and CHa.

Polytropic Process

Since polytropic means "'turning many weys' polytropic process suggests a model of some
versatility. With 6 aconstant, it is defined as a process for which

PV = congant (3.34a)
For an ideal gas equations analogous to Egs. (3.29a) and (3.29b) arereadily derived:
TV ! = congtant (3.34b)
(1-8)/8 _
and TP = constant (3.34¢)

When the relation between P and V isgiven by Eq. (3.34a), evaluationdf [ PdV yields
Eqg. (3.33) with y replaced by 6:

@-1)/
W= aR_Tll [(%) o 1:| (3.35)




3.3. Theldeal Gas 73

Moreover, for constant heat capacities, the first law solved for Q yields:

__G-pRL_[ (RO
C=G-1n0r -1 [(E) - (429

The several processes aready described correspond to the four paths shown on Fig. 3.6 for
specificvaues of 6:

e Isobaric process: By Eq. (3.34a), 6 = 0.

e Isothermal process: By Eq. (3.34b), 6 = 1.

e Adiabaticprocess. 6 = y.

e Isochoric process: By Eq. (3.34a), dV/dP = V/P8§; for constant V, 6 = +o0.

Figure 3.6 Paths of polytropic processes characterized by specific values of 6

Irreversible Process

The equationsdevel oped in this section have been derived for mechanicallyreversible, closed-
system processesfor ideal gases. However, thoseequationswhich relate changesin statefunc-
tionsonly are vaid for ideal gases regardlessof the process. They apply equally to reversible
and irreversibleprocessesin both closed and open systems, because changesin statefunctions
depend only on theinitial and final states of the system. On the other hand, an equationfor Q
or W is specific to the processconsidered in its derivation.

The work of an irreversible processis calculated by a two-step procedure. First, W is
determined for a mechanically reversible process that accomplishesthe same change of state
astheactual irreversibleprocess. Second, thisresultis multipliedor divided by an efficiency to
givetheactual work. If the process produceswork, the absolutevauefor thereversibleprocess
istoo large and must be multiplied by an efficiency. If the processrequireswork, the valuefor
thereversible processis too small and must be divided by an efficiency.

Applicationsof the conceptsand equationsdevel oped in thissection areillustratedin the
examplesthat follow. In particular, the work of irreversibleprocessesis treatedin the last part
of Ex. 3.3.
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3.4 APPLICATION OF THE VIRIAL EQUATIONS

The two forms of the virial expansion given by Egs. (3.11) and (3.12) are infinite series. For
engineering purposestheir useis practical only whereconvergenceis very rapid, that is, where
two or threeterms sufficefor reasonably close approximationsto the values of the series. This
isrealized for gasesand vapors at low to moderate pressures.

Figure3.10showsacompressibility-factorgraphfor methane. Vauesof thecompressibil -
ity factor Z (ascalculatedfrom PV T datafor methaneby thedefiningequationZ = PV /RT)
areplotted vs. pressurefor variousconstant temperatures. The resul tingi sothermsshow graphi-
cally what thevirial expansionin Pisintendedtorepresentanalytically.All isothermsoriginate
at thevalue Z = 1for P = 0. In addition the isotherms are nearly straight lines at low pres-
sures. Thus the tangent to anisothermat P = 0 isagood approximationof theisothermfrom
P — 0 to somefinite pressure. Differentiationaf Eq. (3.11) for a given temperaturegives:

9z
(_ =B +2C'P+3D'P*+...
apP ),
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Figure 3.10 Compressibility-factorgraph for methane

: Z ;
from which, e =B
P T,P=0
Thus the equation of thetangent lineis:
Z=1+BP

aresult also given by truncating Eg. (3.11) to two terms. A more common form of thisequation
resultsfrom the substitution (Sec. 3.2), B' = B/RT:

PV BP
Z=—=14— 37
RT * RT @30
Equation (3.12) may also be truncated to two termsfor application at low pressures:
PV B
=i = T v (3.38)

However, Eqg. (3.37) is more convenientin applicationand is at least as accurateas Eq. (3.38).
Thus when the virial equation is truncated to two terms, Eq. (3.37) is preferred. This equation
satisfactorily representsthe PV T behavior of many vapors at subcritical temperaturesup to a
pressure of about 5 bar. At higher temperaturesit is appropriatefor gases over an increasing
pressurerangeasthetemperatureincreases. The second viria coefficient B issubstancedepen-
dent and afunction of temperature. Experimental values are available for anumber of gases.*
Moreover, estimation of second virial coefficientsis possible where no data are available, as
discussedin Sec. 3.6.

1. H. Dymond and E. B. Smith, The Virial Coefficients of Pure Gases and Mixtures, pp. 1-10, Clarendon Press,
Oxford, 1980.
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For pressures abovethe range of applicability of Eq. (3.37) but below the critical pres-
sure, the virial equation truncated to three terms often provides excellent results. In this case
Eqg. (3.12), theexpansionin 1/V , isfar superior to Eq. (3.11). Thus when the virial equation
istruncated to three terms, the appropriateformis:

=t =

z el 3.39
Vv V2 )

This equation can be solved directly for pressure, but is cubic in volume. Solution for V is
easily done by an iterative scheme with a calcul ator.

shot100 F 3 4000
= 9 B Q N
5 - —2000 B
£ g
T -100 |- - ~4000 &
S 23]
E=s) o

2001

~300 ' ! .

Toe () 100 200 300 400

7K

Figure 311 Density-series virial coefficients B and C for nitrogen

Vauesof C,likethose of B, depend on the gas and on temperature. However, much less
isknown about third virial coefficientsthan about second virial coefficients, though datafor a
number of gasesarefound in theliterature. Since virial coefficients beyond thethird arerarely
known and sincethe virial expansion with morethan three termsbecomesunwieldy, its useis
uncommon.

Figure 3.11 illustrates the effect of temperature on the virial coefficients B and C for
nitrogen; although numerical values are different for other gases, the trends are similar. The
curve of Fig. 3.11 suggeststhat B increases monotonically with T ; however, at temperatures
much higher than shown B reaches a maximum and then dowly decreases. The temperature
dependenceof C ismoredifficult to establish experimentally, but its main featuresareclear: C
is negative a low temperatures, passesthrough a maximum at a temperature near the critical,
and thereafter decreasesdowly withincreasing T .

A classof equationsinspired by Eqg. (3.12), known as extended virial equations, isillus-
trated by the Benedict/'Webb/Rubin equation:3

SM. Benedict, G. B. Webb, L. C. Rubin, J. Cherm. Phys., vol. 8, pp. 334—345, 1940; vol. 10, pp. 747-758,1942.
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RT  ByRT — Ag— Co/T? bRT —a

= — + }r‘
\Y V2 VA ¥% + ﬁl 1 + VZ exp 3
where Ag, By, Co, @, b, C,a,and y are al constant for a given fluid. This equation and its

modifications, despite their complexity, are used in the petroleum and natural-gasindustries
for light hydrocarbonsand afew other commonly encountered gases.
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SRS

3.5 CUBIC EQUATIONS OF STATE

If an equation of stateis to represent the PV T behavior of both liquids and vapors, it must
encompass a wide range of temperaturesand pressures. Yet it must not be so complex as to
present excessivenumerical or analytical difficultiesin application. Polynomial equationsthat
arecubicin molar volumeoffer acompromisebetween generality and simplicity that issuitable
to many purposes. Cubic equations arein fact the simplest equations capable of representing
both liquid and vapor behavior.

The van der Waals Equation of State
Thefirst practical cubic equation of state was proposed by J. D. van der Waals® in 1873:

RT a

o e 40
V—-b V2 (349)

Here, a and b are positiveconstants; when they are zero, theideal-gasequationis recovered.

Given valuesof a and b for a particular fluid, one can calculate P asafunction of V for
various values of T. Figure 3.12 is a schematic PV diagram showing three such isotherms.
Superimposed is the "'dome" representing states of saturated liquid and saturated vapor. For
theisotherm T} > 7., pressureis a monotonically decreasing function with increasing molar
volume. Thecritical isotherm (labeled 7.) containsthe horizontal inflection at C characteristic
of thecritical point. For theisotherm T, < T, the pressuredecreasesrapidly in the subcooled-
liquid region with increasing V; after crossing the saturated-liquid line, it goes through a
minimum, rises to a maximum, and then decreases, crossing the saturated-vapor line and
continuing downward into the superheated-vapor region.

Experimental isotherms do not exhibit this smooth transition from saturated liquid to
saturated vapor; rather, they contain a horizontal segment within the two-phase region where
saturated liquid and saturated vapor coexist in varying proportions at the saturation or vapor

5Johannes Diderik van der Waals(1837-1923), Dutch physicist who won the 1910 Nobel Prize for physics.
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pressure. This behavior, shown by the dashed linein Fig. 3.12, is nonanal ytic, and we accept
asinevitablethe unrealistic behavior of equationsof statein the two-phaseregion.

ol v

vsat(lig) Vsat(vap)
v

Figure 3.12 Isotherms as given by a cubic equation of state

Actually, the PV behavior predictedin this region by proper cubic equations of stateis
not wholly fictitious. When the pressureis decreased on a saturated liquid devoid of vapor-
nucleationsitesin acarefully controlled experiment, vaporization doesnot occur, and theliquid
phasepersistsal oneto pressureswel | below itsvapor pressure. Similarly, raisingthe pressureon
a saturated vapor in a suitable experiment does not cause condensation, and the vapor persists
aoneto pressureswell abovethe vapor pressure. These nonequilibriumor metastabl e states of
superheated|iquid and subcool ed vapor are approximatedby thoseportionsof the PV isotherm
which lie in the two-phaseregion adjacent to the saturated-liquid and saturated-vapor states.

Cubic equationsof state have three volume roots, of which two may be complex. Phys-
ically meaningful values of V are aways real, positive, and greater than constant b. For an
isotherm at T > 7, referenceto Fig. 3.12 showsthat solutionfor V at any positive value of
P yields only one such root. For the critical isotherm (T = T,), thisis also true, except at
thecritical pressure, where there are threeroots, al equal to V... For isothermsat T < T, the
equation may exhibit one or three real roots, depending on the pressure. Although these roots
arereal and positive, they are not physically stable statesfor the portion of an isotherm lying
between saturated liquid and saturated vapor (under the' dome™). Only therootsfor P = P,
namely V**(liq) and V**(vap), are stablestates, connected by the horizontal portionof thetrue
isotherm. For other pressures (as indicated by the horizontal lines shown on Fig. 3.12 above
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and below P %), thesmallestroot isaliquid or "'liquid-like" volume, and thelargestis a vapor
or "vapor-like'" volume. The third root, lying between the other values, is of no significance.

A Generic Cubic Equation of State

Since the introduction of the van der Waals equation, scores of cubic equationsaof state have
been proposed. All are special cases of the equation:

_RT B v —n)
T V—=b (V=b)VZ2+kV +21)

Here b, 8, k, 2, and n are parameterswhich in general depend on temperatureand (for mix-
tures) composition. Although this equation appearsto possess great flexibility, it has inherent
limitations because of its cubic form.” It reducesto the van der Waals equation when = b,
f=a,andx = A =0.

An important class of cubic equations results from the preceding equation with the
assignments:

P

n=~hb 0= a(T) kK =(e+0o)k L= eob?

It isthustransformedinto an expressiongeneral enough to serveas ageneric cubic equation d
state, which reducesto all othersof interest here upon assignment of appropriate parameters:

_ RT a(T)
“V-b (VvTenvtan)

P (3.41)

For agivenequation, e and a are purenumbers, thesamefor all substances, whereas parameters
a(T) and b are substance dependent. The temperature dependence of a(T') is specific to each
equation of state. For the van der Waalsequation, a(T') = a is asubstance-dependent constant,
ande =0 =0.

Determination of Equation-of-State Parameters

The constantsin an equation of state for a particular substance may be evaluated by a fit to
available P VT data. For cubicequationsof state, however, suitableestimatesare usually found
from valuesfor thecritical constants 7, and P.. Sincethecritical isothermexhibitsahorizontal
inflection at the critical point, we may impose the mathematical conditions:

P\ 32P) _§
v T:cr“ av? T;cr—

where the subscript "cr'* denotesthe critical point. Differentiationof Eqg. (3.41) yields expres-
sionsfor both derivatives, which may be equatedto zerofor P = P, T =T,,and V = V..
The equation of state may itself be written for the critical conditions. These three equations
containfive constants: P., V., T., a(T), and b. Of the severa waysto treat these equations, the

M. M. Abbott, AICRE J.,vol. 19, pp. 596601, 1973; Adv. in Chem. Series 182, K. C. Chao and R. L. Robinson,
Jr., eds., pp. 47-70, Am. Chem. Soc., Washington, D.C., 1979.



35. Cubic Equationsof Sate 89

most suitableis eliminationof V, to yield expressions relating a(T:) and b to P, and ;.. The
reason isthat P. and T, are usually more accurately known than V.

An equivaent, but more straightforward, procedure is illustratedfor the van der Waas
eguation. SinceV = V, for each of the three roots at the critical point,

(V-V} =0
or Vi-3V.V243Viv—V2=0 (A)
Equation (3.40) expanded in polynomia form becomes:
3 RT.\ ., a ab
I — Vi —vVv-—=0 B
Y (“ 2 A -

Recall that for a particular substance parameter a in the van der Wadls equationis a constant,
independent of temperature.
Term-by-term comparison of Egs. (A) and (B) provides three equations:

RT,

3V.=b ¢
+ P (€)

. a
Vi= — D
We=% (D)

ab
Ve — E
e =P (E)

Solving Eqg. (D) for a, combining the result with Eq. (E), and solving for b gives:
3 1
a=3P.V; b= 3 Ve

Substitutionfor b in Eq. (C) alows solution for V., which can then be eliminated from the
eguationsfor a and b:

3 RT, 27 R*T?
i ag= —
8 P 64 P,

RT,
Pe

Ve

oo —

Although these equations may not yield the best possible results, they provide reasonable
valueswhich can almost aways be determined, becausecritical temperaturesand pressures(in
contrast to extensive PV T data) are often known, or can bereliably estimated.
Substitution for V. in the equation for the critical compressibility factor reduces it
immediately to:
7 = PV,
T RT.

-3
8

A singlevaluefor Z,., applicablealike to al substances, results whenever the parametersof a
two-parameter equation of state are found by imposition of the critical constraints. Different
valuesarefoundfor different equationsof state, asindicatedin Table 3.1, p. 93. Unfortunately,
the values so obtained do not in general agree with those cal culated from experimental values
of 7., P., and V,; each chemical speciesin fact hasits own value of Z.. Moreover, the values
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given in Table B.l of App. B for various substances are aimost all smaller than any of the
equation values given in Table 3.1.

An analogous procedure may be applied to the generic cubic, Eq. (3.41), yielding
expressions for parameters a(T,) and b. For the former,

BT
P,

Thisresult may be extended to temperatures other than the critical by introduction of adimen-
sionless function «(7;) that becomes unity at the critical temperature. Thus

a(l,y=w

a(T,)R*T?

a(T) =V P

(3.42)

Function «(7,) is an empirical expression, specific to a particular equation of state. Parameter
bisgiven by:

RT,

[

h=Q (3.43)

In these equations €2 and W are pure numbers, independent of substance and determined for a
particular equation of state from the values assigned to ¢ and a.

The modern development of cubic equationsof state wasinitiated in 1949 by publication
of the Redlich/Kwong (RK) equation:'

RT a(T)

P— w
V—b V(V+b)

(3.44)

where, in Eq. (3.42), «(T,) = T;l,e_

Theorem of Corresponding States; Acentric Factor

Experimental observation shows that compressibility factors Z for different fluidsexhibit sim-
ilar behavior when correlated asafunction of reduced temperature 7, and reducedpressure P, ;
by definition,

ol

P

S

7; and I r

Thisisthe basis for the two-parameter theorem of corresponding states:

All fluids, when compared at the same reduced temperature and re-
duced pressure, have approximately the same compressibility factor,
and all deviate from ideal-gas behavior to about the same degree.

Although this theorem is very nearly exact for the simple fluids (argon, krypton, and
Xenon) systematic deviations are observed for more complex fluids. Appreciableimprovement

80tto Redlich and J. N. S. Kwong, Chem. Rev. , vol. 44, pp. 233-244, 1949.



3.5. Cubic Eauationsof State 91

results from introduction of athird corresponding-states parameter, characteristic of molecular
structure; the most popular such parameter isthe acentric factor w, introduced by K. S. Pitzer
and coworkers.’

1Ty
1.0 1.2 1.4 186 1.8 2.0
(0] T T T T T
3 =
g." Si 2.3
ope =~ —2.
B., i 4 (Ar, Kr, Xe)
1
2t |
1
I
+ Slope = —3.2
;l = % =143~ (,0ctane)

Figure 3.13 Approximate temperature dependence of the reduced vapor pressure

The acentric factor for a pure chemical species is defined with reference to its vapor
pressure. Since the logarithm of the vapor pressure of a pure fluid is approximately linear in
the reciprocal of absolute temperature,

dlog P*
d(1/T,)

where P** is the reduced vapor pressure, 7, is the reduced temperature, and Sis the slope of
aplot of log P vs. 1/T,. Notethat "'log" denotes alogarithm to the base 10.

If the two-parameter theorem of corresponding states were generally valid, the slope
Swould be the same for al pure fluids. This is observed not to be true; each fluid has its
own characteristic value of S which could in principle serve as a third corresponding-states
parameter. However, Pitzer noted that all vapor-pressure data for the simple fluids (Ar, Kr,
Xe) lie on the same line when plotted as log P vs. 1/T, and that the line passes through
logP = —1.0a 7, = 0.7. This is illustrated in Fig. 3.13. Data for other fluids define
other lines whose | ocations can befixed in relation to theline for the simple fluids (SF) by the
difference: satcons cat

log P*(SF) — log P,

The acentric factor is defined asthis difference evaluated at 7, = 0.7:

= —-1.0-— |Ug(1");.5al)3-'r =07 (345)

“Fully described in K. S. Pitzer, Thermodynamics, 3d ed., App. 3, McGraw-Hill, New Y ork, 1995
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Thereforew can bedeterminedfor any fluidfrom 7., P., and asingle vapor-pressuremeasure-
ment made at 7, = 0.7. Vaues of w and the critical constants 7., P., and V, for a number of
fluidsarelistedin App. B.

Thedefinitionof w makesitsvaluezerofor argon, krypton, and xenon, and experimental
data yield compressibility factors for all three fluids that are correlated by the same curves
when Z is represented as afunction of 7, and P,. Thisis the basic premise of the following
three-parameter theorem of corresponding states:

All fluids having the same value of », when compared at the same T,

and P,, have about the same value of Z, and all deviatefrom ideal-gas

behavior to about the same degree.

Vapor & Vapor-Like Roots of the Generic Cubic Equation of State

Although one may solve explicitly for its three roots, the generic cubic equation of state,
Eq. (3.41), isin practicefar more commonly solved by iterative procedures.!” Convergence
problems are most likely avoided when the equation is rearranged to a form suited to the
solutionfor aparticular root. For thelargest roat, i.e., avapor or vapor-likevolume, Eq. (3.41)
is multiplied through by (V — b)/RT. It can then be written:

RT a(T) V- b
P 0T Th eV fob)

V= (3.46)
Solution for V may be by trial, iteration, or with the solve routine of a software package. An
initial estimatefor V istheideal-gasvalue RT / P. For iteration, this valueis substituted on the
right sideof Eq. (3.46).Theresulting value of V on theleft is then returned to the right side,
and the processcontinues until the changein V is suitably small.

An equation for Z equivalent to Eq. (3.46) is obtained through the substitution V. =
ZRT/P. In addition, the definition of two dimensionless quantities leads to simplification.

Thus
' bP
=__ 347
B RT (3.47)
a(T)
= 3.48
7= bRT Q)
These substitutionsinto Eq. (3.46)yield:
Z-p
Z=1 - 3.49
P ez ¥ op (3.49)
Equations (3.47)and (3.48)in combination with Egs. (3.42)and (3.43) yield:
P
=Q 3.50
B T (3.50)

1%Such procedures are built into computer software packages for technical calculations. With these packages one
can solve routinely for V in equations such as (3.41) with little thought asto how it is done.
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_ YaT)
1= g,
Iterative solution of Eq. (3.49) starts with the value Z = 1 substituted on the right side.

Thecalculated valueof Z isreturned totheright side and the process continues to convergence.
Thefinal value of Z yields the volumeroot throughV = ZRT/P.

(3.51)

Liquid & Liquid-Like Roots of the Generic Cubic Equation of State
Equation (3.46)may be solved for the V in the numerator of thefinal fraction to give:

V=b+(V+eb}(V +o0b) [R;T—-l- bP »4% (3.52)
a(T)
This equation with a starting value of V = b on the right side converges upon iteration to a
liquid or liquid-like root.
An eguation for Z equivalent to Eq. (3.52)is obtained when Eq. (3.49)is solved for the
Z in the numerator of thefinal fraction:

(3.53)

z =ﬁ+(z+eﬁ)(z+o,3)(l+ﬁ—"z)

qp
For iteration a starting value of Z = 8 is substituted on the right side. Once Z is known, the
volumerootisV = ZRT/P.

Equations of state which express Z asafunction of 7, and P, are said to be generalized,
because of their general applicability to all gases and liquids. Any equation of state can be put
into this form to provide a generalized correlation for the properties of fluids. This allows the
estimation of property valuesfrom very limited information. Equations of state, such asthevan
der Waalsand Redlich/Kwong equations, which express Z asfunctions of 7, and P, only, yield
two-parameter corresponding states correlations. The Soave/Redlich/Kwong (SRK) equation®
and the Peng/Robinson (PR) equation,*? in which the acentric factor enters through function
«(T,;w) as an additional parameter, yield three-parameter corresponding-states correlations.
The numerical assignments for parameters ¢, a, 2, and W, both for these equations and for
the van der Waalsand Redlich/Kwong equations, are given in Table 3.1. Expressions are also
givenfor «(7,; w)for the SRK and PR equations.

1G. Soave, Chem. Eng. i ., vol. 27, pp. 1197-1203, 1972.
12D. Y. Peng and D. B. Robinson, Ind. Eng. Chem. Fundam., vol. 15, pp. 59-64, 1976.
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For comparison, valuesof V? and V* calculatedfor the conditionsof Ex. 3.8 by all four
of the cubic equations of state considered here are summarized asfollows:

V¥/em®mol ™! Viem*mol !

Exp. |vdW RK SRK PR | Exp. | vdW RK SRK PR

2482 [ 2667 2555 2520 2486 |115.0 | 191.0 133.3 1278 112.6

The Soave/Redlich/Kwong and the Peng/Robinson equations were devel oped specifically for
vapor/liquid equilibrium calculations(Sec. 14.2).

Roots of equations of state are most easily found with a software package such as
Mathcad® or Maple®, in which iteration is an integral part of the equation-solving routine.
Starting values or bounds may be required, and must be appropriateto the particular root of
interest. A Mathcad® program for solving Ex. 3.8 isgivenin App. D.2.

3.6 GENERALIZED CORRELATIONS FOR GASES

Generalized correlations find widespread use. Most popular are correlations of the kind de-
veloped by Pitzer and coworkers for the compressibility factor Z and for the second virial
coefficient B."3

Pitzer Correlations for the Compressibility Factor
Thecorrelationfor Z takestheform:

Z=27+wZ' (3.54)

whereZ® and Z'! arefunctionsof both 7, and P,. Whenw = 0, asisthecasefor thesimplefluids,
the second term disappears, and Z° becomesidentical with Z. Thus a generalized correlation
for Z as afunction of 7, and P, based on datafor just argon, krypton, and xenon provides
the relationship Zz° = F%T,, P,). By itself, this represents a two-parameter corresponding-
states correlationfor Z. Since the second term of Eq. (3.54) isareatively small correctionto
this correlation, its omission does not introduce large errors, and a correlationfor Z° may be

138ee Pitzer,op. cit.
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used alonefor quick but lessaccurateestimatesof Z than are obtained from a three-parameter
correlation.

Equation (3.54) isasimplelinear relation between Z and « for given valuesof T, and P,.
Experimental datafor Z for nonsmplefluidsplotted vs. w at constant 7, and P, doindeedyield
approximately straight lines, and their slopes provide valuesfor Z! from which thegeneraized
function Z! = F(T,, P,) can be constructed.

Of the Pitzer-type correlations available, the one developed by Lee and Kesler!® has
found greatest favor. Although its development is based on a modified form of the Bene-
dict/Webb/Rubin equation of state, it takes the form of tableswhich present valuesof Z° and
Z! asfunctionsof 7, and Pr. Thesearegivenin App. E as TablesE.1 through E.4. Useof these
tables often requiresinterpolation, which is treated at the beginning of App. F. The nature of
the correlationisindicated by Fig. 3.14, aplot of Z° vs. P, for six isotherms.

Compressed liquids
(1< 1.0)
0.2 05 1.0 AR T

Figure 3.14 The Lee/Kesler correlation for Z° = F%(T,, P,)

TheLee/Kesler correlationprovidesreliableresultsfor gaseswhich are nonpolar or only
dightly polar; for these, errors of no more than 2 or 3 percent are indicated. When applied to
highly polar gases or to gases that associate, larger errors can be expected.

The quantum gases (e.g., hydrogen, helium, and neon) do not conform to the same
corresponding-states behavior asdo normal fluids. Their treatment by the usua correlationsis

1B |. Leeand M. G. Kesler, AICKE J., vol. 21, pp. 510-527,1975
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sometimesaccommodated by useof temperature-dependenteffectivecritical parameters.'> For
hydrogen, the quantum gas most commonly found in chemical processing, the recommended
equationsare:

43.6
I./K= HT (for Hy) (3.55)
2.016T
20.5
PC/bar = H-—442— (for Hz) (356)
2016T
) 515
V,/cm® mol~! = —gg; (forH) (3.57)
~ 2016T

where T is absolute temperature in kelvins. Use of these effective critical parameters for
hydrogen requiresthe further specificationthat > = 0.

Pitzer Correlations for the Second Virial Coefficient

The tabular nature of the generalized compressibility-factorcorrelationis a disadvantage, but
the complexity of the functions Z° and Z' precludestheir accurate representation by simple
equations. However, we can give approximate analytical expression to these functionsfor a
limited range of pressures. The basis for this is Eq. (3.37), the simplest form of the virial

equation: , BP .
Z=1l4+—-—=14—2)= ’
tTrr-T (RTC) T (:58)
Thus, Pitzer and coworkers proposed a second correlation, which yields vauesfor B P./RT,:

BP.
i B + B! (3.59)

Together, these two equations become:

P, P,
Z=1+B"2 Bt
+ T +w T

Comparison of thisequation with Eq. (3.54) providesthefollowingidentifications:

P
Z°=14B"L (3.60)
T,
and Zl = Bli
T,

137 M. Prausnitz, R. N. Lichtenthaler, and E. G. de Azevedo, Mol ecular Thermodynamicsof Fluid-Phase Equilibria,
3d ed., pp. 172-173, Prentice Hall PTR, Upper Saddle River, NJ, 1999.
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Second virial coefficients are functions of temperature only, and similarly B® and B! are
functionsof reducedtemperatureonly. They arewell represented by thefoll owing equations:'®

0.422
0 _
B =0.083 - Zr (3.61)
0.172
L
B! =0.139 - 7 (3.62)
El= = l 4.0
-
— [] L
i 24
’
I
\' ':
T
.\ \'\1.8
\ :
1 [}
I
]
\;\“
T R
- NG
- 1.3
.'”0.7“||||||||||r|||||||!|
0.0 0.5 1.0 1.5 2.0 25
; P

Figure 3.15 Comparison of correlations for Z°. The virial-coefficient correlation is
representedby the straightlines; the Lee/Kesler correlation, by the points. In the region
above the dashed line the two correlations differ by less than 2%

The simplest form of the virial equation has validity only at low to moderate pressures
where Z islinear in pressure. The generalized virial-coefficientcorrelationis therefore useful
only where Z° and Z' are at least approximately linear functions of reduced pressure. Fig-
ure 3.15 comparesthelinear relationof Z° to P, asgiven by Egs. (3.60) and (3.61) with values
of Z° fromtheLee/Kesler compressibility-factorcorrelation, TablesE.1 and E.3. The two cor-
relations differ by less than 2% in the region above the dashed line of the figure. For reduced
temperaturesgreater than 7, ~ 3, there appearsto be no limitation on the pressure. For lower
values of T, the allowable pressure range decreases with decreasing temperature. A point is
reached, however, at 7, ~ 0.7 where the pressurerangeis limited by the saturation pressure.'’

16 These correlations first appeared in 1975in the third edition of this book, attributed as a personal communication
to M. M. Abbott, who developed them.

17 Although the Lee/Kesler tables, App. E, list valuesfor superheated vapor and subcooled liquid, they do not provide
values at saturation conditions.
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Thisisindicated by theleft-most segment of the dashed line. The minor contributionsof Z! to
the correlationsare here neglected. In view of the uncertainty associated with any generalized
correlation, deviationsof no more than 2% in Z° are not significant.

The relative simplicity of the generalized virial-coefficient correlation does much to
recommendit. Moreover, temperaturesand pressuresof many chemical-processingoperations
liewithintheregion whereit does not deviateby asignificantamount from thecompressibility-
factor correlation. Likethe parent correlation, it is most accuratefor nonpolar speciesand | east
accuratefor highly polar and associating molecules.

The question often arises as to when the ideal -gasequation may be used as areasonable
approximationto reality. Figure 3.16 can serve as aguide.

10
b
i
: /:\\
l z9=1.02 \
1 7
Vi
7
/.
/.
/\ z%=0.98
P. 0.1 -
Fa
7
/
/
0.01
0.001
0 1 2 3 4
T,

Figure 3.16 Region where Z° lies between 0.98 and 1.02, and the ideal-gas equation
is a reasonable approximation




100 CHAPTER 3. Volumetric Properties of Pure Fluids




3.6. Generalized Correlations for Gases 101




102 CHAPTER 3. Volumetric Properties of Pure Fluids




3.7. Generalized Correlations for Liquids 103

i

3.7 GENERALIZED CORRELATIONSFOR LIQUIDS

Although the molar volumes of liquids can be cal culated by means of generalized cubic equa-
tions of state, the results are often not of high accuracy. However, the Lee/Kesler correlation
includesdatafor subcooledliquids, and Fig. 3.14 illustratescurvesfor both liquids and gases.
Vaues for both phases are provided in Tables E.I through E.4. Recall, however, that this
correlationis most suitablefor nonpolar and dlightly polar fluids.

In addition, generalized equations are available for the estimation of molar volumes of
saturated liquids. The simplest equation, proposed by Rackett,'® is an example:

vt =y, Z0-T0 (3.63)

The only data required arethe critical constants, givenin App. B. Resultsare usualy accurate
to 1 or 2%.

Lydersen, Greenkorn, and Hougen'? developed a two-parameter corresponding-states
correlationfor estimation of liquid volumes. It providesacorrelation of reduced density o, as
afunction of reduced temperatureand pressure. By definition,

p_ Ve

e = 3.64
o =V (3.64)

%H. G. Rackett, J Chem. Eng. Data, vol. 15, pp. 514-517, 1970; see also C. F. Spencer and S. B. Adler, ibid.,
vol. 23, pp. 82-89, 1978, for areview of available equations.

19A. L. Lydersen, R. A. Greenkorn, and O. A. Hougen, " Generalized Thermodynamic Properties of Pure Fluids,”
Lhi v. Wisconsin, Eng. Expt. Sta. Rept. 4, 1955.
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where p, isthe density at thecritical point. The generalized correlationis shown by Fig. 3.17.
This figure may be used directly with Eq. (3.64) for determination of liquid volumes if the
value of the critical volume is known. A better procedure is to make use of a single known
liquid volume (state 1) by the identity,

v=n (3.65)

r2

Saiua‘ied Liguid -

Figure 3.17 Generalized density correlation for liquids

where V; = required volume
Vi = known volume
Pr., Pr, = reduced densitiesread from Fig. 3.17

Thismethod gives good results and requires only experimental data that are usually available.
Figure 3.17 makes clear the increasing effects of both temperature and pressure on liquid
density asthecritical point is approached.

Correlationsfor the molar densitiesasfunctionsof temperatureare given for many pure
liquids by Daubert and coworkers. 2

20T, E. Daubert, R. P. Danner, H. M. Sibul, and C. C. Stebbins, Physical and Thermodynamic Propertiesof Pure
Chemicals: Data Compilation, Taylor & Francis, Bristol, PA, extant 1995.
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PROBLEMS

3.1. Expressthe volumeexpansivity and theisothermal compressibility asfunctionsof den-
sity o anditspartial derivatives. For water at 323.15K (50°C) and 1bar,k = 44.18Xx 106
bar~!. To what pressure must water be compressed at 323.15 K (50°C) to change its
density by 1%? Assumethat k isindependent of P.
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32

33.

34.

3.5.

36.

37.

38.

Generaly, volume expansivity 8 and isothermal compressibility x dependon T and P.

Provethat:
( 31 )T ( I )

The Tait equationfor liquidsis written for an isotherm as:

AP
Wi Pl P
“( B+P)

where V is molar or specific volume, V; isthe hypothetical molar or specific volume at
zeropressure, and A and B are positiveconstants. Find an expressionfor theisothermal
compressi bility consistent with this equation.

For liquid water theisothermal compressibility is given by:
C
T Ve
wherec and b arefunctionsof temperatureonly. If 1 kg of water is compressedisother-

mally and reversibly from 1 to 500 bar at 333.15 K (60°C), how much work isrequired?
At 333.15 K (60°C), b = 2700 bar and ¢ = 0.125 cm® g~ .

Calculatethe reversiblework done in compressing 0.0283 m® of mercury at a constant
temperatureof 273.15 K(O°C) from 1 atm to 3000 atm. Theisothermal compressibility
of mercury at 273.15 K(0°C) is

k=39x10°-01x107°P
where Pisin amand k is in atm~!.

Five kilograms of liquid carbon tetrachloride undergo a mechanically reversible, iso-
baric change of state at 1 bar during which the temperature changes from 273.15 K
(0°C) t0 293.15K (20°C). Determine AV', W, Q, AH', and AU’. The propertiesfor
liquid carbon tetrachlorideat 1 bar and 273.15 K (0°C) may be assumed independent
of temperature: f = 1.2 x 10> K~!, Cp = 0.84kT kg K~!, and p = 1590 kg m~3.

A substancefor which k isaconstant undergoes an isothermal, mechanically reversible
processfrom initial state (P, V1) to final state (P2, V), where V ismolar volume.

(@) Starting with the definition of k, show that the path of the processis described by:
V = A(T)exp(—« P)

(b) Determine an exact expression which gives the isothermal work done on 1 mol of
this constant-K substance.

Onemoleof anideal gaswithCp = (7/2)R and Cy = (5/2)R expandsfrom P; = 8 bar
and T, = 600 K to P, = 1 bar by each of thefollowing paths:
(a) Constant volume; (b) Constant temperature; (c) Adiabatically.

Assuming mechanical reversibility, calculate W, Q, AU, and AH for each process.
Sketch each path on asingle PV diagram.
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39.

3.10.

311

312

313

3.14.

Anideal gasinitially at 600 K and 10 bar undergoesafour-stepmechanicaly reversible
cyclein aclosedsystem. In step 12, pressuredecreasesisothermallyto 3 bar; in step 23,
pressuredecreases at constant volumeto 2 bar; in step 34, volumedecreasesat constant
pressure; and in step 41, the gasreturns adiabatically to itsinitial state.

(a) Sketchthecycleona PV diagram.

(b) Determine (whereunknown) both T and P for states1, 2, 3, and 4.

(c) Caculate Q, W, AU, and A H for each step of thecycle.

Data: Cp = (7/2)R and Cy = (5/2)R.

An idea gas, Cp = (5/2)R and Cy = (3/2)R, is changed from P = 1 bar and
Vi=12 mto P, = 12barand V! = 1 m? by the following mechanically reversible
processes:.

(a) Isothermal compression.

(b) Adiabatic compression followed by cooling at constant pressure.

(c) Adiabatic compression followed by cooling at constant volume.

(d) Hesating at constant volumefollowed by cooling at constant pressure.

(e) Cooling at constant pressurefollowed by heating at constant volume.
Calculate Q, W, AU?, and AH' for each of theseprocesses, and sketchthe paths of all
processeson asingle PV diagram.

The environmental lapse rate dT /dz characterizes the local variation of temperature
with elevation in the earth's atmosphere. Atmospheric pressure varies with elevation
according to the hydrostatic formula,

dP

T |

e Pg
where M is molar mass, p is molar density, and g isthelocal acceleration of gravity.
Asssume that the atmosphere is an ideal gas, with T related to P by the polytropic
formula, Eqg. (3.34c). Devel op an expression for the environmental |apseratein relation
toM, g, R, and 6.

Anevacuatedtankisfilled with gasfrom aconstant-pressurdine. Developan expression
relating thetemperatureof the gasin thetank to thetemperature T' of thegasintheline.
Assumethe gasisideal with constant heat capacities, and ignore heat transfer between
the gas and the tank. Mass and energy balancesfor this problem are treated in Ex. 2.12.

Show how Egs. (3.35) and (3.36) reduce to the appropriate expressions for the four
particular values of 6 listed following Eqg. (3.36).

A tank of 0.1-m® volume contains air a 298.15 K (25°C) and 101.33 kPa. The tank
is connected to a compressed-air line which suppliesair at the constant conditions of
318.15K (45°C) and 1500kPa. A vavein thelineiscracked sothat air flowsdowly into
the tank until the pressureequalstheline pressure. If the process occursdowly enough
that the temperaturein thetank remainsat 298.15 K (25°C), how much heat islost from
thetank? Assume air to be anideal gasfor which Cp = (7/2)R and Cy = (5/2)R.
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3.15.

3.16.

3.17.

318.

Gas at constant T and P is contained in a supply line connected through a valveto a
closed tank containing the same gas at alower pressure. The valveis opened to alow
flow of gasinto thetank, and then is shut again.

(a) Developagenera equationrelatingn; and n,, the moles(or mass) of gasin thetank
at the beginning and end of the process, to the properties U/; and U,, the internal
energy of the gas in the tank at the beginning and end of the process, and H’, the
enthalpy of thegasin the supply line, and to Q, the heat transferredto the material
in the tank during the process.

(b) Reducethe general equation to its simplest form for the special case of anideal gas
with constant heat capacities.

(c) Further reducethe equation of (b)for thecaseaf n; = 0.

(d) Further reduce the equation of (c)for the casein which, in addition, Q = 0.

(e) Treating nitrogen as an ideal gas for which Cp = (7/2)R, apply the appropriate
equation to the case in which a steady supply of nitrogenat 298.15 K (25°C)and 3
bar flowsinto an evacuated tank of 4-m? volume, and cal cul atethe molesof nitrogen
that flow into the tank to equalize the pressuresfor two cases:

1. Assumethat no heat flows from the gasto the tank or through the tank walls.

2. The tank weighs 400 kg, is perfectly insulated, has an initial temperature of
298.15K (25°C), has a specific heat of 0.46 kJ kg~! K1, and is heated by the
gas so as dways to be at the temperatureof the gasin the tank.

Devel opequati onswhich may besolvedto givethefinal temperatureof thegasremaining
in atank after the tank has been bled from an initial pressure P; to afina pressure P;.
Known quantities are initial temperature, tank volume, heat capacity of the gas, total
heat capacity of the containing tank, P;, and P,. Assume the tank to be always at the
temperatureof the gas remainingin the tank, and the tank to be perfectly insul ated.

A rigid, nonconducting tank with a volume of 4 m? is divided into two unequal parts

by athin membrane. One side of the membrane, representing 1/3 of the tank, contains

nitrogen gas at 6 bar and 373.15 K (100°C), and the other side, representing2/3 of the

tank, is evacuated. The membranerupturesand the gasfills the tank.

(@) What is the final temperatureof the gas? How much work is done? Is the process
reversible?

(b) Describe areversible process by which the gas can be returned to its initial state.
How much work is done?

Assume nitrogenisanideal gasfor whichCp = (7/2)R and Cy = (5/2)R.

Anideal gas, initially at 303.15 K (30°C) and 100 kPa, undergoes thefollowing cyclic

processesin aclosed system:

(a) In mechanicallyreversibleprocesses, it isfirst compressed adiabatically to 500 kPa,
then cooled at a constant pressure of 500 kPa to 303.15 K (30°C), and finally
expanded isothermally to its original state.

(b) The cycle traverses exactly the same changes of state, but each step isirreversible
with an efficiency of 80% comparedwith thecorrespondingmechanicallyreversible
process.

Calculate Q, W, AU, and AH for each step of the process and for the cycle. Teke
Cp=(1/2)Rand Cy =(5/2)R.
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3.19.

3.20.

321

3.22.

3.23.

3.24.

3.25.

One cubic meter of an ideal gasat 600 K and 1000 kPa expandsto fivetimesitsinitial

volume asfollows:

(a) By amechanically reversible,isothermal process.

(b) By amechanically reversible, adiabatic process.

(c) By an adiabatic, irreversible process in which expansion is against a restraining
pressureof 100 kPa.

For each case calculate the final temperature, pressure, and the work done by the gas.

Cp=21Tmol"! K1

One mole of air, initialy at 423.15 K (150°C) and 8 bar, undergoes the following
mechanically reversiblechanges. It expandsisothermally to a pressure such that when
itiscooled at constant volumeto 323.15 K (50°C)itsfinal pressureis 3 bar. Assuming
arrisanideal gasfor whichCp = (7/2)Rand Cy = (5/2)R, calculateW, Q, AU, and
AH.

An ideal gas flows through a horizontal tube at steady state. No heat is added and no
shaft work is done. The cross-sectional area of the tube changes with length, and this
causesthevel ocity to change. Derive an equationrel ating thetemperatureto thevel ocity
of thegas. If nitrogen at 423.15 K (150° C)flows past one section of thetubeat avelocity
of 25 ms~!, what isits temperatureat another section where its velocity is50 ms—!1?
LetCp = (7/2)R.

One mole of anideal gas, initially at 303.15 K (30°C)and 1 bar, is changed to 403.15
K (130°C)and 10 bar by three different mechanically reversibleprocesses:

e Thegasisfirst heated at constant volumeuntil itstemperatureis403.15 K (130°C);
then it is compressedisothermally until its pressureis 10 bar.

¢ Thegasisfirstheated at constant pressureuntil itstemperatureis403.15 K (130°C);
then it is compressed isothermally to 10 bar.

e The gasis first compressed isothermally to 10 bar; then it is heated at constant
pressureto 403.15 K (130°C).

Calculate Q, W, AU, and AH in each case. Take Cp = (7/2)R and Cy = (5/2)R.
Alternatively, take Cp = (5/2)R and Cy = (3/2)R.

Onekmol of anideal gas, initially at 303.15 K (30°C)and 1 bar, undergoesthefollowing
mechanically reversiblechanges. It iscompressedisothermally to a point such that when
itisheated at constant volumeto 393.15 K (120°C)itsfinal pressureis 12 bar. Calculate
Q, W, AU, and AH for the process. Teke Cp = (7/2)R and Cy = (5/2)R.

A process consists of two steps: (1) One kmol of airat T = 800 K and P = 4 bar is
cooled at constant volumeto T = 350 K. (2)Theair is then heated at constant pressure
until its temperature reaches 800 K. If this two-step processis replaced by a single
isothermal expansion of the air from 800 K and 4 bar to some fina pressure P, what is
thevalueaof P that makesthe work of the two processesthe same? Assume mechanical
reversibility and treat air as an ideal gas with Cp = (7/2)R and Cy = (5/2)R.

A schemefor finding theinternal volume V;, of agas cylinder consistsof thefollowing
steps. The cylinder is filled with a gas to alow pressure P;, and connected through a
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3.26.

3.27.

3.28.

3.29.

3.30.

small line and valveto an evacuated referencetank of known volume V. Thevaveis
opened, and gas flows through the line into the referencetank. After the system returns
toitsinitial temperature, asensitivepressuretransducer providesavauefor thepressure
change A Pin thecylinder. Determinethe cylinder volume V}, from thefollowing data:

o V! =1256cm’.
e AP/P = —0.0639.

A closed, nonconducting, horizontal cylinder i sfitted with anonconducting, frictionless,
floating piston which divides the cylinder into Sections A and B. The two sections
contain equal masses of air, initially at the same conditions, 7; = 300K and P, = 1
am. An electrical heating element in Section A is activated, and the air temperatures
dowly increase: T4 in Section A becauseof heat transfer, and 75 in Section B because
of adiabatic compression by the slowly moving piston. Treat air as an idea gas with
Cp = %R, and let n, be the number of moles of air in Section A. For the process as
described, evaluate one of thefollowing sets of quantities:

(a) T4, Tg, and Q/VLA, if P(final) = 1.25 atm.

(b) Ts, O/na, and P(final), if To = 425K.

(©) T4, Q/ny, and P(final), if Tp = 325K.

(d) T4, Tz, and P(final), if @/ns =3 kJ mol ™!,

One mole of anideal gaswith constant heat capacities undergoesan arbitrary mechan-
ically reversibleprocess. Show that:

AU = —I-—A(PV)
y—1

Derive an equationfor the work of mechanically reversible, isothermal compression of
1 mol of agasfrom an initial pressure P; to afina pressure P, when the equation of
stateisthevirial expansion[Eq. (3.11)] truncated to:

Z=1+BP
How does the result compare with the corresponding equation for an ideal gas?

A certain gasis described by the equation of state:

0
PV:RT+(b—-ﬁ)P

Here, bisaconstant and 8 isafunctionof T only. For this gas, determine expressions
for the isothermal compressibility k and the thermal pressure coefficient (3P/aT)y.
These expressionsshould containonly T, P, 8, d6/d T, and constants.

For methyl chloride at 373.15 K (100°C) the second and third virial coefficients are:
B = —242.5 cm® mol™! C = 25200 cm® mol 2

Calculate the work of mechanically reversible, isothermal compression of 1 mol of
methyl chloride from 1 bar to 55 bar at 373.15 K (100°C). Base calculations on the
followingforms of the virial equation:
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33L

3.32

3.33.

3.34.

B C

(a) Z=l+?+~‘}—£

(b) z=1tBPt P

where ;
, B .
“zr ™ =&y

Why don't both equations give exactly the sameresult?

Any equation of statevalidfor gasesin the zero-pessurelimit impliesafull set of viria
coefficients. Show that the second and third virial coefficientsimplied by the generic
cubicequation of state, Eq. (3.41), are;

a(T) .5 e+ o)ba(l)

B=b-— RT C=b"+ RT
Specializetheresultfor B to theRedlich/Kwong equation of state, expressitin reduced
form, and compare it numerically with the generalized correlation for B for simple
fluids, Eg. (3.61). Discuss what you find.

CalculateZ and V for ethyleneat 298.15 K (25°C) and 12 bar by thefollowing equations:

(a) The truncated viria equation [EQ. (3.39)] with the following experimenta values
of virial coefficients:

B = —140 cm® mol™! C = 7200 cm® mol 2

(b) The truncated virial equation [EQ. (3.37)], with a value of B from the generalized
Pitzer correlation[Eq. (3.59)].

(¢) TheRedlich/Kwong equation.

(d) The Soave/Redlich/Kwong equation.

(e) ThePeng/Robinson equation.

CalculateZ and V for ethaneat 323.15K (50°C) and 15 bar by thefollowing equations:

(a) Thetruncated viria equation [EQ. (3.39)] with the following experimenta values
of virid coefficients:

B = —156.7 cm® mol ! C = 9650 cm® mol~2

(b) Thetruncated viria equation [EQ. (3.37)], with avalue of B from the generalized
Pitzer correlation[Eg. (3.59)].

(c) TheRedlich/Kwong eguation.

(d) The Soave/Redlich/Kwong equation.

(e) ThePeng/Robinson equation.

CalculateZ and V for sulfur hexafluorideat 348.15K (75°C)and 15 bar by thefollowing
equations:

(a) The truncated virial equation [Eg. (3.39)] with the following experimental values
of viria coefficients:

B = —194 cm® mol ™! C = 15 300 cm® mol 2
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3.35.

3.36.

3.37.

3.38.

(b) Thetruncated virial equation [Eq. (3.37)], with a valueof B from the generalized

Pitzer correlation [EqQ. (3.59)].
(¢) TheRedlich/Kwong equation.
(d) The Soave/Redlich/Kwong equation.
(e) ThePeng/Robinson equation.

For sulfur hexafluoride, 7, = 318.7 K, 2, = 37.6 bar, V, = 198 cm® mol~!, and
o = 0.286.

DetermineZ and V for steam at 523.15K (250°C) and 1800 kPa by thefollowing:

(a) Thetruncated virial equation [Eq. (3.39)] with the following experimentd values
of virial coefficients:

B = —152.5 cm® mol™! C = —5800 cm® mol 2

(b) The truncated virial equation [Eq. (3.37)1, with a value of B from the generalized
Pitzer correlation [Eq. (3.59)].
(c) Thesteam tables (App. F).

With respect to the virial expansions, Egs. (3.11) and (3.12), show that:

a9z 9Z
(), = =)
ap T,P=0 90 /1. p=0

wherep =1/ V.

Equation (3.12) when truncated tofour termsaccurately represents the volumetric data
for methane gas a 273.15 K (0°C) with:

B = —53.4 ¢cm® mol™! C = 2620 cm® mol—2 D = 5000 cm® mol 3

() Usethesedatato prepareaplot of Z vs. P for methaneat 273.15K (0°C) from 0 to
200 bar.
(b) Towhat pressures do Egs. (3.37) and (3.38) provide good approximations?

Calculatethe molar volumedf saturated liquid and the molar volume of saturated vapor
by theRedlich/Kwong equationfor onedf thefollowingand compareresultswith values
found by suitablegeneralized correlations.

(a) Propaneat 313.15 K(40°C) where P = 13.71 bar.
(o) Propaneat 323.15 K(50°C) where P$* = 17.16 bar.
(c) Propaneat 333.15 K(60°C) where P5* = 21.22bar.
(d) Propaneat 343.15 K(70°C) where P5* = 25.94 bar.
(e) n-Butaneat 373.15 K(100°C) where P*** = 15.41 bar.
(H n-Butaneat 383.15K(110°C) where P*** = 18.66bar.
(9 n-Butaneat 393.15 K(120°C) where P5* = 22.38bar.
(n) n-Butaneat 403.15 K(130°C) where P = 26.59 bar.
(i) lsobutane at 363.15 K(90°C) where P# = 16.54 bar.
(/) Isobutaneat 373.15 K(100°C) where P%* = 20.03bar.
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3.30.

3.40.

341.

342.

343.

344.

345.

3.46.

347.

(k) Isobutaneat 383.15 K(110°C) where P*" = 24.01 bar.
() Isobutaneat 393.15 K(120°C) where P = 28.53bar.

(m) Chlorineat 333.15K(60°C) where P = 18.21 bar.

(n) Chlorineat 343.15K(70°C) where P% = 22.49 bar.

(0) Chlorineat 353.15 K(80°C) where P = 27.43bar.

(p) Chlorineat 363.15 K(90°C) where P** = 33.08 bar.

(9) Sulfur dioxideat 353.15 K(80°C) where P**' = 18.66 bar.
(r) Sulfur dioxide at 363.15 K(90°C) where P** = 23.31 bar.
(s) Sulfur dioxide at 373.15 K(100°C) where P5* = 28.74 bar.
(t) Sulfur dioxide at 383.15K(110°C) where P** = 35.01 bar.

Use the Soave/Redlich/Kwong equation to calculate the molar volumes of saturated
liquid and saturated vapor for the substanceand conditionsgiven by one of the partsof
Pb. 3.38 and compare results with valuesfound by suitable generalized correlations.

Usethe Peng/Robinson equation to calcul ate the molar volumes of saturated liquid and
saturated vapor for the substance and conditions given by one of the parts of Pb. 3.38
and compare results with values found by suitable generalized correlations.

Estimate the following:

(a) Thevolume occupied by 18 kg of ethyleneat 328.15 K (55°C) and 35 bar.

(b) The massof ethylene contained in a0.25-me cylinder at 323.15 K (50°C) and 115
bar.

Thevapor-phasemol ar volumeof aparticul arcompoundisreportedas 23000 cm® mol !
at 300 K and 1 bar. No other data are available. Without assuming ideal-gas behavior,
determine a reasonabl e estimate of the molar volume of the vapor at 300 K and 5 bar.

To agood approximation, what i sthe molar volumeof ethanol vapor at 753.15K (480°C)
and 6000 kPa? How does this result compare with theideal -gas value?

A 0.35-m® vessd is used to storeliquid propane at its vapor pressure. Safety consider-
ations dictate that at atemperatureof 320 K theliquid must occupy no more than 80%
of thetotal volume of the vessel. For these conditions, determinethe massof vapor and
themassof liquidin the vessel. At 320 K the vapor pressureof propaneis 16.0 bar.

A 30-md tank contains 14 m?® of liquid n-butanein equilibriumwithits vapor at 298.15 K
(25°C). Estimatethe mass of n-butanevapor in thetank. The vapor pressureof n-butane
at the given temperatureis 2.43 bar.

Estimate:

(@) Themassof ethane containedin a0.15-m? vessdl at 333.15 K (60°C) and 14 bar.

(b) Thetemperatureat which40kg of ethanestoredina0.15-m? vessdl exertsapressure
20 bar.

To what pressure does one fill a0.15-m? vessal at 298.15 K (25°C) in order to store
40 kg of ethyleneinit?
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3.48.

3.49.

3.50.

3.5L

3.52.

3.53.

3.54.
3.55.

3.56.

3.57.

3.58.

3.50.

If 15 kg of H,O in a0.4-m3 container is heated to 673.15 K (400°C), what pressureis
developed?

A 0.35-m? vessdl holds ethane vapor at 298.15 K (25°C) and 2200 kPa. If it is heated
t0 493.15K (220°C), what pressureis devel oped?

What isthe pressurein a0.5-m® vessal when it is charged with 10 kg of carbon dioxide
at 303.15K (30°C)?

A rigid vessdl, filled to one-half its volume with liquid nitrogen at its normal boiling
point, is alowed to warm to 298.15K (25°C). What pressureis devel oped?The molar
volume of liquid nitrogen at its normal boiling point is 34.7 cm® mol~1.

The specific volume of isobutaneliquid at 300 K and 4 bar is 1.824 cm® g~!. Estimate
the specificvolume at 415 K and 75 bar.

The density of liquid n-pentaneis 0.630g cm— at 291.15 K (18°C) and 1 bar. Estimate
itsdensity at 413.15 K (140°C) and 120 bar.

Estimatethe density of liquid ethanol at 453.15 K (180°C) and 200 bar.

Estimate the volume change of vaporization for ammoniaat 293.15 K (20°C). At this
temperaturethe vapor pressureof ammoniais 857 kPa.

PVT datamay betaken by thefollowing procedure. A massm of asubstanceof molar
mass M isintroducedinto athermostated vessel of known total volume V*. The system
isalowed to equilibrate, and the temperature T and pressure P are measured.

(a) Approximately what percentageerrorsare alowablein the measured variables(m,
M, VI, T and P)if the maximum allowableerror in the cal culated compressibility
factor Z is £1%?

(b) Approximately what percentage errors are allowablein the measured variablesif
the maximumallowableerror in cal cul ated values of the second virial coefficient B
is+1%7? Assumethat Z ~ 0.9 and that valuesof B are calculated by Eq. (3.32).

For a gas described by the Redlich/Kwong equation and for a temperaturegreater than
T., develop expressionsfor the two limiting slopes,

i a7z i BZ)
P apP . Phs aP ),

Notethat inthelimitas P — 0,V — oo, and thatin thelimitas P — o0,V — b.

If 3.965m° of methane gas at 288.75 K(15.6°C) and 1 atm is equivalent to 3.785 x
103 md of gasolineasfuel for an automobileengine, what would be volumeof thetank
required to hold methane at 207 bar and 288.75K(15.6°C) in an amount equivalent to
37.85 x 10~ m® of gasoline?

Determineagood estimatefor the compressibility factor Z of saturated hydrogen vapor
at 25 K and 3.213 bar. For comparison, an experimental valueis Z = 0.7757.
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3.60. TheBoyle temperatureisthe temperaturefor which:

0Z
lim (—) =0
P~0\3P J;

(a) Show that the second virial coefficient B is zero at the Boyle temperature.
(b) Use the generalized correlation for B, Eq. (3.59), to estimate the reduced Boyle
temperaturefor simplefluids.

3.61. Natural gas (assumepure methane) isdeliveredto acity viapipelineat avolumetricrate
of 4 normal Mm?® per day. Average delivery conditionsare 283.15 K (10°C) and 20.7
bar. Determine:

(a) The volumetricdelivery ratein actual m® per day.

(b) The molar ddlivery ratein kmol per hour.

(c) Thegasvelocity at delivery conditionsin ms=!.

The pipe is 600 mm heavy duty steel with an inside diameter of 575 mm. Normal
conditionsare 273.15 K (0°C) and 1 atm.

3.62. Some corresponding-statescorrelationsusethecritical compressibility factor Z,., rather
than the acentric factor w, as athird parameter. The two typesof correlation (one based
on T, P., and Z,., the other on 7., P., and w) would be equivalent were there a one-
to-one correspondence between Z. and w. The data of App. B alow a test of this
correspondence. Prepareaplot of Z. vs.w toseehow well Z,. correlateswithw. Develop
alinear correlation (Z. = a + bw)for nonpolar substances.



Chapter 4

Heat Effects

Heat transfer is one of the most common operations in the chemical industry. Consider, for
example, the manufactureof ethylene glycol (an antifreeze agent) by the oxidation of ethylene
to ethylene oxide and its subsequent hydration to glycol. The catalytic oxidation reaction is
most effective when carried out at temperaturesnear 523.15K (250°C). Thereactants, ethylene
and air, are therefore heated to this temperature before they enter the reactor. To design the
preheater one must know how much heat is transferred. The combustionreactionsof ethylene
withoxygeninthecatal yst bed tend to rai sethetemperature. However, heat isremoved fromthe
reactor, and the temperaturedoes not rise much above523.15 K (250°C). Higher temperatures
promotethe productionaof CO,, an unwanted product. Designof the reactor requiresknowledge
of the rate of heat transfer, and this depends on the heat effects associated with the chemical
reactions. The ethylene oxide product is hydrated to glycol by absorption in water. Heat is
evolved not only because of the phase change and dissolution process but also because of
the hydration reaction between the dissolved ethylene oxide and water. Finally, the glycol is
recovered from water by distillation, a processof vaporizationand condensation, which results
in the separation of a solutioninto its components.

All of theimportant heat effectsareillustrated by this relatively simple chemical-manu-
facturing process. In contrast to sensible heat effects, which are characterized by temperature
changes, the heat effectsof chemical reaction, phasetransition,and theformationand separation
of solutions are determined from experimental measurements made at constant temperature.
In this chapter we apply thermodynamicsto the evaluation of most of the heat effects that
accompany physical and chemical operations. However, the heat effectsof mixing processes,
which depend on the thermodynamic propertiesof mixtures, are treated in Chap. 12.

4.1 SENSIBLE HEAT EFFECTS

Heat transfer to a system in which there are no phase transitions, no chemical reactions, and
no changesin composition causes the temperatureof the system to change. Our purpose here
is to develop relations between the quantity of heat transferred and the resulting temperature
change.

When the system is a homogeneous substance of constant composition, the phase rule
indicates that fixing the values of two intensive properties establishes its state. The molar
or specific internal energy of a substance may therefore be expressed as a function of two
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other state variables. These may be arbitrarily selected as temperature and molar or specific
volume:

U=U,Vv)
ou olU
=|—1 dT — | dV
Whence, dUu (BT)V +(3V)r

Asaresult of Eg. (2.16) this becomes:

aU
dU =CydT + | —) 4V
v (av)T

Thefinal term may be set equal to zeroin two circumstances:

e For any constant-volumeprocess, regardlessof substance.

e Whenever theinternal energy isindependent of volume, regardlessof the process. This
isexactly true for ideal gasesand incompressiblefluids and approximately true for low-
pressure gases.

In either case, dU = CydT

and 5
AU:f CydT @1
T

1

For a mechanically reversible constant-volume process, Q = AU, and Eq. (2.19) may be
rewritten: .
T

Similarly, the molar or specific enthalpy may be expressed as a function of temperature
and pressure:

H = H(T, P)
Whence, dH = (S_H) dT + (QE) dr
arT ) p aP )y

Asaresult of Eq. (2.20) this becomes:

oH
= — ] dP
dH deT-l-(aP)T

Again, two circumstancesallow the fina term to be set equal to zero:

e For any constant-pressure process, regardlessof the substance.

e Whenever the enthalpy of the substance is independent of pressure, regardless of the
process. This is exactly true for ideal gases and approximately true for low-pressure
gases.
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In either case, dH =CpdT

and
n
AH = CpdT 4.2)
n

Moreover, Q = AH for mechanically reversible, constant-pressure, closed-system processes

[EQ. (2.23)] and for the transfer of heat in steady-flow exchangerswhere AEp and AEg are
negligibleand W, = 0. In either case,

F5
n

The common engineering applicationaf thisequation is to steady-flow heat transfer.

Temperature Dependence of the Heat Capacity

Evaluation of the integral in Eg. (4.3) requiresknowledge of the temperature dependence of

the heat capacity. Thisis usually given by an empirical equation; the two simplest expressions

of practical valueare:
Cp

F=oe+ﬁT+yT2 and

Cp
R =a+bT +cT™?

wherea, 8, and y and a, b, and ¢ are constantscharacteristicof the particular substance. With
the exception of the last term, these equations are of the same form. We therefore combine
them to provide asingle expression:

c
%’ = A+ BT +CT?*+ D12 (4.4)

where either C or D is zero, depending on the substance considered. Sincetheratio Cp/R is
dimensionless,theunitsof Cp are governed by the choiceof R.

As shown in Chap. 6, for gases it is the ideal-gas heat capacity, rather than the actual
heat capacity, that is used in the evaluation of such thermodynamic properties as the enthal py.
The reason is that thermodynamic-property evaluation is most conveniently accomplished in
two steps: first, calculation of valuesfor a hypothetical ideal-gas state wherein ideal-gasheat
capacitiesare used; second, correctionof the ideal-gas-state values to the real-gas values. A
real gas becomesideal in the limit as P — 0; if it were to remain ideal when compressed
to finite pressures, its state would remain that of an ideal gas. Gasesin their ideal-gas states
have properties that reflect their individuality just as do real gases. |deal-gas heat capacities
(designated by C5* and C,#) are thereforedifferent for different gases; although functionsof
temperature, they areindependent of pressure.

| deal-gas heat capaciti esincreasesmoothly with increasing temperature toward an upper
limit, which is reached when al translational, rotational, and vibrational modes of molecular
motionarefully excited[seeEq. (16.18))]. Theinfluenceof temperatureon C ;£ for argon, nitro-
gen, water, and carbon dioxideisillustratedin Fig. 4.1. Temperaturedependenceis expressed



4.1. Sensible Heat Effects 119
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Figure 4.1 Ideal-gas heat capacities of argon, nitrogen, water, and carbon dioxide

analytically by equationssuch as Eq. (4.4), here written:
C¥ 2 ppe2

Vauesof the parametersaregivenin TableC.1 of App. Cfor anumberof common organic
and inorganic gases. More accurate but more complex equationsarefound in the literature.'
Asaresult of EQ. (3.18), thetwo ideal-gasheat capacities are related:

oF e
R R

The temperature dependence of C"}g/R followsfrom the temperature dependenceof C ,’;g/R.

The effects of temperatureon C,# or C¥ are determined by experiment, most often
calculated by the methods of statistical mechanics from spectroscopic data and knowledge
of molecular structure. Where experimental data are not available, methods of estimation are
employed, as described by Reid, Prausnitz, and Poling.'

-1 4.5)

'See F A. Aly and L. L. Lee, Fluid Phase Equilibria, vol. 6, pp. 169-179, 1981, and its bibliography; see also
T. E. Daubert, R. P. Danner, H. M. Sibul, and C. C. Stebbins, Physical and Thermodynamic Propertiesof Pure
Chemicals: Data Compilation, Taylor & Francis, Bristol, PA, extant 1995.

2R. C. Reid, I. M. Prausnitz, and B. E. Poling, The Propertiesof Gases and Liguids, 4th ed., chap. 6, McGraw-Hill,
New York, 1987.
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Althoughideal-gashesat capacitiesare exactly correct for real gasesonly at zero pressure,
the departure of real gasesfromideality is seldom significant at pressuresbelow several bars,
and here C;* and C;f are usually good approximationsto their heat capacities.

Gas mixtures of constant composition may be treated in exactly the same way as pure
gases. Anideal gas, by definition, is a gas whose molecules have no influence on one another.
This means that each gas in a mixtureexistsindependent of the others; its propertiesare unaf-
fected by the presence of different molecules. Thus one calculatesthe ideal-gas heat capacity
of a gas mixture as the mole-fraction-weightedsum of the heat capacities of the individual
species. Consider 1 mol of gas mixtureconsisting of speciesA, B,and C, and let y4. yz, and
yc represent the molefractions of these species. The molar heat capacity of the mixturein the
ideal-gasstateis:

Cci = yACj;ﬁ +y3C;;i +ch;;§ (4.6)

Prnisaure

where C;¢, €%, and C}¥ are the molar heat capacitiesof pure A, B, and C in the ideal-gas
state.
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As with gases, the heat capacitiesof solidsand liquidsare found by experiment. Param-
etersfor the temperaturedependencecf Cp asexpressed by Eq. (4.4) aregivenfor afew solids
andliquidsin TablesC.2 and C.3 of App. C. Correlationsfor the heat capacitiesof many solids
and liquidsare given by Perry and Green and by Daubert et al.?

Evaluation of the Sensible-Heat Integral

Evaluationof theintegral [ Cp dT isaccomplishedby substitutionfor Cp, followed by formal
integrati on. For temperaturelimitsof Ty and T theresultisconveniently expressed asfollows:

B C D (t-1
—a‘T ATy(t — 1) + -Tg(ﬂ D+ RE -+ — (t ) 4.7
Ta 3 Tu T

T
To

Given Ty and T, the calculation of Q or AH isstraightforward. Lessdirect is the cal cu-
lationof T,given Ty and Q or AH. Here, aniteration scheme may be useful. Factoring (t — 1)
from each term on theright-hand side of Eq. (4.7) gives:

where T

i

—dT [AT(] + 5

B C D
. —T02(1'+1)+ —?;T(f(rz—l—r-f-l)—l— m](r—-l)
T-T;

Since -1 =
T Tg

this may be written:

7
Cp B € ne D
L g - i _— -
j;o Rd [A+2Tn(r+l)+3?}](r +r+”+rT§]{T T
We identify the quantity in square bracketsas (Cp) /R, where (Cp),, is defined as a mean
heat capacity:
Cp B C D
{——}- =A+4+— Fg(r 1)+ —TO (2ot e i (4.8)
R T2

Equation (4.2) may therefore be written:
= (Cplu(T - To) (4.9)

The angular bracketsenclosing Cp identify it as a mean value; subscript "' H" denotesa mean
value specificto enthal py cal culations, and distingui shesthis mean heat capacity fromasimilar
quantity introduced in the next chapter.
Solution of Eqg. (4.9) for T gives:
AH

T = + T 4.10
Crin 0 (4.10)

3R. H. Perry and D. Green, Perry's Chemical Engineers Handbook, 7th ed., Sec. 2, McGraw-Hill, New York,
1997; T. E. Daubert et al., op. cir.
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A starting value for T (and hence for = = T/T;) alows evaluation of (Cp), by Eq. (4.8).
Substitution of this valueinto Eq. (4.10) provides anew valueof T from which to reevaluate
(Cp)y. Iteration continues to convergence on afinal valueof T.

Use of Defined Functions

Thermodynamic calculations often require evaluation of theintegral [(Cp/R)dT. This sug-
gests that one has at hand acomputer routine for computational purposes. The right-hand side
of Eq. (4.7)is therefore defined as the function, ICPH(TO,T;A,B,C,D). Equation (4.7) then
becomes:

T CP
TdT = ICPH(TO,T;A,B,C,D)

Ty

The function name is ICPH, and the quantities in parentheses are the variables T, and T,
followed by parameters A, B, C,and D. When these quantities are assigned numerical values,
the notation represents a valuefor theintegral. Thus, for the evaluation of Q in Ex. 4.2:

Q = 8.314 x ICPH(533.15,873.15;1.702,9.081E—3,—-2.164E—6,0.0) = 19 778 J

Representative computer programs for evaluation of the integral are given in App. D.
For added flexibility the programs also evaluate the dimensionless quantity (Cp)y /R asgiven
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by Eq. (4.8). Theright-hand side of this equation is another function, MCPH(TO,T;A,B,C,D).
With this definition, Eq. (4.8) becomes:

(Crly

= MCPH(TO,T;A,B,C,D)

A specific numerical vauedf thisfunctionis:
MCPH(533.15,873.15;1.702,9.081E—-3,—2.164E—6,0.0) = 6.9965

representing {Cr )y /R for methanein the calculation of Ex. 4.2. By Eq. (4.9),

AH = (8.314)(6.9965)(873.15 — 533.15) = 19778 J

4.2 LATENT HEATS OF PURE SUBSTANCES

When apure substanceis liquefied from the solid state or vaporized from the liquid at constant
pressure, no changein temperature occurs; however, the processrequiresthe transfer of afinite
amount of heat to the substance. These heat effects are called the latent heat of fusion and the
latent heat of vaporization. Similarly, there are heats of transition accompanying the change
of asubstancefrom one solid state to another; for example, the heat absorbed when rhombic
crystallinesulfur changesto the monoclinic structureat 368.15 K (95°C) and 1 bar is 360 Jfor
each g atom.
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The characteristic feature of al these processes is the coexistence of two phases.
According to the phase rule, a two-phase system consisting of a single species is univari-
ant, and its intensive state is determined by the specification of just one intensive property.
Thus the latent heat accompanying a phase change is a function of temperatureonly, and is
related to other system propertiesby an exact thermodynamicequation:

dPsat
dT

AH=TAV (4.11)

wherefor a pure speciesat temperature T ,

AH = latent heat
AV = volume change accompanying the phase change
P = vapor pressure

Thederivationof thisequation, known as the Clapeyron equation, is givenin Chap. 6.

When Eq. (4.11) is applied to the vaporization of apureliquid, dP**/dT isthesopeof
the vapor pressure-vs.-temperature curve at the temperature of interest, AV is the difference
between molar volumes of saturated vapor and saturated liquid, and A H is the latent heat of
vaporization. Thus valuesof AH may be cal culated from vapor-pressure and volumetricdata.

Latent heats may also be measured cal orimetrically. Experimental values are available
at selected temperaturesfor many substances.* Correlationsfor the latent heats of many com-
pounds as a function of temperature are given by Daubert et a ~Nevertheless, data are not
aways available at the temperature of interest, and in many cases the data necessary for
application of Eq. (4.11) are also not known. In this event approximate methods are used
for estimates of the heat effect accompanyinga phase change. Since heats of vaporizationare
by far the most important from a practical point of view, they have received most attention.
One procedureisuseof agroup-contributionmethod, known asUNIVAP.® Alternativemethods
serveone of two purposes:

e Prediction of the heat of vaporization at the normal boiling point, i.e., a a pressure of
1 standard atmosphere, defined as 101.325 kPa.

e Estimationof the heat of vaporizationat any temperaturefrom theknown valueat asingle
temperature.

Rough estimates of latent heats of vaporization for pureliquids at their normal boiling
pointsare given by Trouton'srule:
A hrn
RT,
where T, isthe absolutetemperatureof the normal boiling point. The unitsof AH,, R,and T,
must be chosen so that A H,/RT,, isdimensionless. Dating from 1884, this rule till provides
asimple check on whether values calculated by other methods are reasonable. Representative

~ 10

4V. Majer and V. Svoboda, IUPAC Chemical DataSeriesNo. 32, Blackwell, Oxford, 1985; R. H. Perry and D. Green,
op. cit., Sec. 2.

5T. E. Daubert et al., op. cit.
5M. Kliippel, S. Schulz, and P. Ulbig, Fluid Phase Equilibria, vol. 102, pp. 1-15, 1994.
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experimental valuesfor this ratio are Ar, 8.0; Ny, 8.7; Oz, 9.1; HCl, 10.4; C¢Hs, 10.5; H,S,
10.6; and H,O, 13.1.
Of the same nature, but not quite so simple, is the equation proposed by Riedel:’

AH,  1.092(ln P, — 1.013)
RT, ~  0930-T,
where P, isthecritical pressurein barsand 7;, isthereduced temperatureat 7,,. Equation (4.12)

issurprisingly accuratefor an empirical expression; errorsrarely exceed 5 percent. Applied to
water it gives:

(4.12)

AH,  1.092(In220.55— 1.013)
RT, 0.930 _ 0.577

= 13.56

Whence, AH, = (13.56)(8.314)(373.15) = 42 065 J mol !

This correspondsto 2334 J g~!; the steam-tablevalueof 2257 J g~ islower by 3.4 percent.
Estimatesdf thelatent heat of vaporization of a pureliquid at any temperature from the

known valueat asingletemperature may be based on aknown experimental valueor on avalue

estimated by Eq. (4.12). The method proposed by Watson® hasfound wide acceptance:

ot _ (k)™ e
AH, \1-T, '

Thisequation is ssmpleand fairly accurate; its useisillustratedin thefollowing example.

7L Riedel, Chem.Ing. Tech., vol. 26, pp. 679-683, 1954.
8K. M. Watson, Ind. Eng. Chem,, vol. 35, pp. 398406, 1943.
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4.3 STANDARD HEAT OF REACTION

Heat effects discussed so far have been for physical processes. Chemical reactions also are
accompanied either by the transfer of heat or by temperature changes during the course of
reaction—in some cases by both. These effectsare manifestationsof thedifferencesin molec-
ular structure, and thereforein energy, of the productsand reactants. For example, thereactants
in acombustion reaction possess greater energy on account of their structurethan do the prod-
ucts, and thisenergy must either be transferredto the surroundingsas heat or produceproducts
a an elevated temperature.

Each of the vast number of possible chemical reactions may be carried out in many
different ways, and each reaction carried out in a particular way isaccompanied by a particular
heat effect. Tabulation of all possible heat effectsfor al possiblereactionsisimpossible. We
therefore calculate the heat effects for reactions carried out in diverse ways from data for
reactionscarried out in a standard way. This reducesthe required data to a minimum.

The heat associated with a specific chemical reaction depends on the temperatures of
both the reactants and products. A consistent (standard) basis for treatment of reaction heat
effectsresults when the productsof reaction and the reactantsare all at the same temperature.

Consider the flow-cal orimeter method for measurement of heats of combustion of fuel
gases. Thefuel ismixed withair at ambienttemperatureand the mixtureflowsinto acombustion
chamber where reaction occurs. The combustion products enter a water-jacketed section in
which they are cooled to the temperature of the reactants. Since no shaft work is produced
by the process, and the calorimeter is built so that changesin potential and kinetic energy are
negligible, the overall energy balance, Eq. (2.32), reducesto

0 =AH

Thus the heat Q absorbed by the water is identical to the enthalpy change caused by the
combustion reaction, and universal practiceis to designate the enthalpy change of reaction
AH astheheat of reaction.

For purposesof data tabulation with respect to the reaction,

aA+bB — IL+mM

the standard heat of reactionis defined asthe enthal py changewhena molesof Aand b moles
of B intheir standard states at temperature T react to form/ molesof L and m molesof M in
their standard states at the same temperature T .

A standard state is a particular state of a species at temperature T

and at specified conditions of pressure, compaosition, and physical

condition as, e.g., gas, liquid, or solid.

Astandard-state pressureof 1 standard atmosphere (101.325kPa) wasin usefor many
years, and older data tabulations are for this pressure. The standard is now 1 bar (10° Pa),
but for purposesof this chapter, the differenceis of negligible consequence. With respect to
composition, thestandard statesused in thischapter arestatesof the pure species. For gases, the
physical stateistheideal-gasstate and for liquidsand solids, thereal state at the standard-state
pressureand at the system temperature. In summary, the standard statesused in thischapter are:

e Gases: The pure substancein theideal-gasstate at 1 bar.
e Liquids and solids: Thereal pureliquid or solid at 1 bar.
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Property values in the standard state are denoted by the degree symbol. For example,
C; isthe standard-state heat capacity. Since the standard state for gasesis the ideal-gas state,
C; for gasesisidentical with C;%, and the data of Table C.I apply to the standard state for
gases. All conditions for a standard state are fixed except temperature, which is aways the
temperature of the system. Standard-state properties are therefore functions of temperature
only. The standard state chosen for gasesis a hypothetical one, for at 1 bar actual gasesare not
ideal. However, they seldom deviate much from ideality, and in most instances enthal piesfor
thereal-gasstate at 1 bar and the ideal-gas state are little different.

When aheat of reactionisgivenfor aparticular reaction, it appliesfor the stoichiometric
coefficients as written. If each stoichiometric coefficient is doubled, the heat of reaction is
doubled. For exampl e, the ammoniasynthesi sreaction may be written:

INa+3H; > NH;  AH5 =—461101
or N, + 3H; — 2NH; AHsp =—92220]

The symbol A H3,, indicatesthat the heat of reactionis the standard valuefor atemperature
of 298.15K (25°C).

4.4 STANDARD HEAT OF FORMATION

Tabulation of datafor just the standard heats of reactionfor all of the vast number of possible
reactionsisimpractical. Fortunately, the standard heat of any reaction can be calculatedif the
standard heatsoffor mati on of thecompoundstakingpart inthereactionareknown. A formation
reaction is defined as areaction which forms a single compound fromits constituent elements.
For example, the reaction C + %02 + 2H, — CH;OH is the formation reaction for methanol.
ThereactionH,0 + SO; — H,S0, isnot aformation reaction, becauseit forms sulfuric acid
not from the el ementsbut from other compounds. Formationreactions are understoodto result
in theformation of 1 mol of the compound; the heat of formation is therefore based on 1 mol
of the compound formed.

Heats of reaction a any temperature can be calculated from heat-capacity data if the
value for one temperature is known; the tabulation of data can therefore be reduced to the
compilation of standard heats of formation at a single temperature. The usua choice for
this temperatureis 298.15 K or 25°C. The standard heat of formation of a compound at this
temperatureis represented by the symbol AH ;. The degree symbol indicates that it is the
standard value, subscript f showsthat it isaheat of formation, and the 298 isthe approximate
absolutetemperaturein kelvins. Tablesof theseval uesfor common substancesmay befoundin
standard handbooks, but the most extensive compilationsavailable arein specialized reference
works.” An abridged list of valuesis givenin TableC.4 of App. C.

9For example, see TRC Thermodynamic Tables—Hydrocarbons and TRC Thermodynamic Tables—Non-
hydrocarbons, serial publications of the Thermodynamics Research Center, Texas A & M Univ. System, College
Station, Texas; "' The NBS Tablesof Chemical Thermodynamic Properties,” J. Physical and Chemical Reference Data,
vol. 11, supp. 2, 1982. See aso, T. E. Daubert et a., op. ciz. Where data are unavailable, estimates based only on
molecular structure may be found by the methods of L. Constantinou and R. Gani, Fluid Phase Equilibria, vol. 103,
pp. 11-22, 1995.
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When chemical equationsare combined by addition, the standard heats of reaction may
alsobeaddedtogivethestandardheat of theresultingreaction. Thisispossiblebecauseenthal py
isa property, and changesin it areindependent of path. In particular, formation equationsand
standard heats of formation may always be combined to produce any desired equation (not
itself aformation equation) and its accompanyingstandard heat of reaction. Equationswritten
for this purpose often include an indication of the physical state of each reactant and product,
i.e., theletter g, [, or s is placed in parentheses after the chemical formulato show whether it
isagas, aliquid, or a solid. This might seem unnecessary since a pure chemical speciesat a
particulartemperatureand 1 bar can usually exist only in onephysical state. However, fictitious
states are often assumed for convenience.

ConsiderthereactionCO,(g) + H,(g) — CO(g) T H,0(g) at 298.15K (25°C). Thiswater-
gas-shift reactioniscommonly encounteredin thechemical industry, thoughit takes placeonly
a temperatureswell above 298.15 K (25°C). However, the data used arefor 298.15 K (25°C),
and theinitial stepin any calculation of heat effectsconcerned with this reactionisto evaluate
the standard heat of reaction at 298.15 K (25°C). The pertinent formation reactions and their
heats of formation from Table C.4 are;

COa(g):  C(s) + O2(g) — CO2(g) AHZ = -393509]
Hy(g): Sincehydrogenisanelement AH; = 0
CO(g):  C(s) + 302(g) = CO(g) AHZ, =—110525]

H,0(g):  Ha(@) +302(e) > Ho0(g)  AHp, = —241818]

Since the reaction is actually carried out entirely in the gas phase at high temperature,
conveniencedictates that the standard states of all productsand reactantsat 298.15 K (25°C)
betaken astheideal-gasstate at | bar, even though water cannot actually exist asagas at these
conditions.

Writingtheformationreactionsso that their sum yiel dsthe desired reaction, requiresthat
the formation reaction for CO, be written in reverse; the heat of reaction is then of opposite
sign to the standard heat of formation:

COx(g) — C(s) + O2(g) AH,",, =393509J
C(s) + 302(g) = CO(g) AHgy, = —110525)
Hy(8) + 502(8) — H0(g) AH,", = —241818J

CO,(g) T Hy(g) — CO(g) + H,0(g) AHj5 =41166J

The meaning of thisresultisthat theenthal py of 1 mol of CO plust mol of H,O isgreater than
the enthal py of 1 mol of CO; plus 1 mol of H, by 41 166 J when each product and reactantis
taken asthe puregas at 298.15 K (25°C) in theideal-gasstate at 1 bar.

In this example the standard heat of formation of H,O is available for its hypothetical
standard stateasagas at 298.15 K (25°C). One might expect the value of the heat of formation
of water to belisted for its actual state asaliquid at 1 bar and 298.15 K (25°C). As a matter
of fact, valuesfor both states are given in Table C.4 because they are both frequently used.
Thisis true for many compounds that normally exist as liquids at 298.15 K (25°C) and the
standard-state pressure. Casesdo arise, however,in which avalueisgivenonly for the standard
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state as aliquid or as an ideal gas when what is needed is the other value. Suppose that this
werethe casefor the preceding exampleand that only the standard heat of formation of liquid
H,0 isknown. We must now include an equationfor the physical changethat transformswater
from its standard state as aliquid intoits standard state as a gas. The enthal py changefor this
physical processis the difference between the heats of formation of water in its two standard
states:

—241.818 — (—285.830) = 44.012kJ

Thisisapproximatelythelatent heat of vaporization of water at 298.15K (25°C).Thesequence
of stepsis now:

CO2(g) — C(s) + O2(g) AH,",, = 393.509kJ

C(s) + 302(g) = CO(g) AHSs = —110.525 kJ
Ha(g) + $01(g) — HO()) AH,", = —285.830k]J
H,0() — H,0(g) AHg, = 44.012 kJ

CO2(g) + Ha(g) — CO(g) + Ho0(g) AHz, = 41.166 k]

Thisresultisof coursein agreement with the original answer.

4.5 STANDARD HEAT OF COMBUSTION

Only afew formation reactionscan actually becarried out, and theref oredatafor thesereactions
must usually be determined indirectly. One kind of reaction that readily lends itself to exper-
iment is the combustion reaction, and many standard heats of formation come from standard.
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heats of combustion, measured calorimetrically. A combustion reaction is defined as a reac-
tion between an element or compound and oxygen to form specified combustion products. For
organic compounds made up of carbon, hydrogen, and oxygen only, the products are carbon
dioxide and water, but the state of the water may be either vapor or liquid. Data are always
based on1 mol d the substance burned.

A reaction such as theformation of n-butane:

4C(s) +5Hz(g) — CiHio(g)

cannot be carried out in practice. However, this equation results from combination of the
following combustionreactions:

4C(s) +40,(g) — 4COx(g) Sos = (4)(—393.509)
5Hy(g) +250,(g) — SH20()) AHgyg = (5)(—285.830)
4C0(g) + SH,O(l) — C4Hio(g) +6302(g)  AHj, = 2,877.396

4C(s) + 5Hz(g) — C4Hi0(g) AH,", = —125.790k]
Thisisthe value of the standard heat of formation of n-butanelisted in Table C.4.

46 TEMPERATURE DEPENDENCE OFAH°

In the foregoing sections, standard heats of reaction are discussed for a referencetemperature
of 298.15 K (25°C). In this section we treat the calculation of standard heats of reaction at
other temperaturesfrom knowledgeof the value at the reference temperature.

The general chemical reaction may be written:

[vi|Ap + [v2]A2 + - = |uz|As + |vg|Ag + -

where |v;| isastoichiometriccoefficient and A; standsfor achemical formula. The specieson
theleft are reactants; those on the right, products. The sign convention for v; isasfollows:

positive (+)for products and negative (—) for reactants

The v; with their accompanying signs are called stoi chiometric numbers. For example,
when the ammoniasynthesisreactionis written:

N, + 3H, — 2NH;
then v, =-1  vm=-3 nm=2

Thissign conventionallows the definition of astandard heat of reaction to be expressed
mathematically by the equation:

AH" = Y vH? 4.14)
where H? is the enthalpy of speciesi in its standard state and the summation is over all

productsand reactants. The standard-stateenthal py of achemical compoundisequal toits heat
of formation plusthe standard-stateenthal piesof its constituent elements. If the standard-state
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enthalpies of all elements are arbitrarily set equal to zero as the basis of calculation, then the
standard-state enthal py of each compound isits heat of formation. In thisevent, H® = AH E
and Eq. (4.14) becomes:

AH°= Y v AHE 4.15)

I

wherethesummationisover al productsand reactants. Thisformalizesthe proceduredescribed
in the preceding sectionfor calculationof standard heatsof other reactionsfrom standard heats
of formation. Applied to the reaction,

4HCl(g) + O2(g) — 2H0(g) +2CL(g)
Eqg. (4.15) iswritten:
AH® = 2AH}H30 - 4AH}HC[
With datafrom Table C.4for 298.15 K, this becomes:
AHjgg = (2)(—241 818) — (4)(—92 307) = —114 408 ] or 114.408 kI

in agreement with the result of Ex. 4.5.
For standard reactions, productsand reactantsare always at the standard-statepressureof
1 bar. Standard-state enthal pies are thereforefunctionsof temperatureonly, and by Eqg. (2.21),

dH} = Cj, dT

where subscript i identifiesa particular product or reactant. Multiplying by v; and summing
over al productsand reactantsgives:

Z Vi dH(-C = E ij;(_ dT
Sincey; isaconstant, it may be placed insidethe differential:
Y dWwiHY) =d Y v Hf = 3 viCpdT

i

Theterm }_; v; H? isthestandard heat of reaction, defined by Eq. (4.14) as AH°. The standard
heat-capacity change of reactionis defined similarly:

ACp= Y viCp (4.16)

Asaresult of these definitions, the preceding equation becomes:

|d AH® = AC3dT | (4.17)

Thisis thefundamental equation relating heats of reaction to temperature. | ntegration gives:

T o
AH® = AHZ + Rf ACE ar (4.18)

Ty

where AH® and AHj; are heats of reaction at temperature T and at reference temperature 7,
respectively. If the temperature dependence of the heat capacity of each product and reactant
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isgiven by Eq. (4.4), then theintegral is given by the analog of Eq. (4.7) (t = T/ Ty):

AD

£ AQS AB A -
f RPdT = (AA)TH(r — 1)+ — T (z* - l)+TCT03{r3- D+ — (t .
Ti

2 TD

] 4

) (4.19)
where by definition, AA= Y A

with analogous definitionsfor AB, AC,and AD.
Analternativeformulation resultswhen amean heat capacity changeof reactionisdefined
in analogy to Eq. (4.8):

(ACp)y AB AC AD
= _AA+._2_TO(r+1)+TTO(r +t+])+;T_§ (4.20)
Equation (4.18) then becomes:
AH® = AHS + (ACR)y(T — Ty) (4.21)

Theright side of Eq. (4.19) providesafunctionfor evaluation of theintegral of interest
herethat is of exactly the sameform as given by Eq. (4.7). The one comesfrom the other by
simplereplacement of C» by ACp and of A, etc. by AA, etc. The same computer program
therefore servesfor evaluation of either integral. The only differenceisin the function name:

T ACg
f 4T = IDCPH(TO,T;DA,DB,DC,DD)
To
where"D" denotes"A".

JustasfunctionMCPH isdefined torepresent (Cp ),/ R, sofunctionMDCPH by analogy
is defined to represent (AC;), / R; thus,

(A_?)ﬁ = MDCPH(T0,T;DA,DB,DC,DD)
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In theforegoing examplesof reactionsthat occur at approximately 1 bar, we havetacitly
assumed that the heat effects of reaction are the same whether gases are mixed or pure, an
acceptable procedurefor low pressures. For reactionsat elevated pressures, thismay not bethe
case, and it may be necessary to account for the effects of pressure and of mixing on the heat
of reaction. However, these effects are usually small.

PROBLEMS

4.1

42,

4.3.

44,

For steady flow in a heat exchanger at approximately atmospheric pressure, what is the
final temperature:

(&) When 10 mol of SO, is heated from 473.15t0 1373.15K (200 to 1100°C)?
(b) When 12 mol of propaneis heated from 523.15 to 1473.15 K (250to 1200°C)?

For steady flow through a heat exchanger at approximately atmospheric pressure, what
isthefina temperature,

(2) When heatintheamount of 800kJ isadded to 10 mol of ethyleneinitially at 473.15K
(200'C)?

(b) When heat in the amount of 2500 kJ is added to 15 mol of 1-butene initialy at
533.15K (260°C)?

(c) When hest in the amount of 1055 GJisadded to 18.14 kmol of ethyleneinitially at
533.15K (260°C)?

If 7.08 m® s~! of air at 322.15 K (50°C) and approximately atmospheric pressureis
preheated for a combustion processto 773.15 K (500°C), what rate of heat transfer is
required?

How much heat is required when 10 000 kg of CaCOj; is hested at atmosphericpressure
from 323.15t0 1153.15K (50°Cto 880°C)?
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4.5.

4.6.

4.7.

4.8.

4.9.

4.10.

If the heat capacity of a substanceis correctly represented by an equation of the form,
Cp=A+ BT +CT?

show that the error resulting when (Cp}, is assumed equal to Cp evaluated at the
arithmetic mean of theinitial and final temperaturesis C(T» — T;)?/12.

If the heat capacity of asubstanceis correctly represented by an equation of theform,
Cp=A+ BT+ DT?

show that the error resulting when (Cp)y, is assumed equal to Cp evauated at the
arithmetic mean of theinitial and final temperaturesis:

D ( T, — T )2
T] TZ Tz + T]
Calculatethe heat capacity of agas samplefrom thefollowinginformation: The sample
comesto equilibriumin aflask at 298.15K (25°C) and 121.3kPa. A stopcockis opened
briefly, allowing the pressure to drop to 101.3 kPa. With the stopcock closed, the flask
warms, returning to 298.15 K (25°C), and the pressureis measured as 104.0 kPa. De-

termine Cp in Jmol~! K~ 'assuming the gas to be ideal and the expansion of the gas
remaining in the flask to be reversibleand adiabatic.

A processstreamis heated asagasfrom 298.15t0523.15 K (25°Cto 250°C) at constant
pressure. A quick estimate of the energy requirement is obtained from Eq. (4.3), with
Cp taken as constant and equal to its value at 298.15 K (25°C). Is the estimate of Q
likely to be low or high? Why?

Handbook valuesfor thelatent heatsof vaporizationinJg~! aregivenin thetablefor a
number of pureliquidsat 298.15K (25°C) and &t 7,,, the normal boiling point (App. B).

AH"™ at298.15K (25°C) | AH" at T,
n-Pentane 366.3 357.2
n-Hexane 366.1 336.7
Benzene 4333 393.9
Toluene 412.3 363.2
Cyclohexane 392.5 358.2

For one of these substances, calcul ate:

(a) Thevaueof thelatent hest at 7, by Eq. (4.13), given thevaueat 298.15K (25°C).
(b) Thevaueof thelatent heat at 7, by Eq. (4.12).

By what percentagesdo these values differ from the onelisted in the table?

Table 9.1 lists the thermodynamic properties of saturated liquid and vapor tetrafluo-
roethane. Making use of the vapor pressures as a function of temperature and of the
saturated-liquid and saturated-vapor volumes, cal culate the latent heat of vaporization
by Eqg. (4.11) at one of thefollowingtemperaturesand comparetheresult with the value
calculated from the enthal py values givenin the table.

(8) 258.15K (—15°C), (b)272.15K (—1°C), (c) 286.15 K (13°C), (d) 300.15 K (27°C),
(e) 313.15K (40°C).
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411

4.12.

4.13.

4.14.

Handbook valuesfor the latent heats of vaporizationin Jg~! are given in the table for
severa pureliquidsat 273.15 K (0°C) and at 7,,, the normal boiling point (App. B).

AH" at273.15K (0°C) | AH" at T,

Chloroform 270.9 246.9
Methanol 1189.5 1099.5
Tetrachloromethane 217.8 194.2

For one of these substances, calcul ate:

(@) Thevauedf thelatent heat at 7,, by Eq. (4.13), given the valueat 273.15K (0°C).
(b) Thevauedf thelatent heat at 7;, by Eq. (4.12).

By what percentages do these valuesdiffer from the onelisted in the table?

For onedf thefollowingliquids, determinethe heat of vaporizationat itsnormal boiling
point by application of the Clapeyron equation to the given vapor-pressure equation.
Use generdized correlationsfrom Chap. 3 to estimate AV.

2773.78

. sat = g ] — —
() Benzene: In P 5% /kPa = 13.859 T/K — 53.00

3279.47

. InP/kPa=140045— —
(b) Ethylbenzene n P % /kPa T/K — 59.95

2911.32

- : In P /kPa = 13.8587 — ————————
(c) n-Heptane n /kPa T/K — 5651

2447.07

- : sat =138183 - ———
(d) n-Pentane: In P** /kPa T/K — 39.94

(e) Toluene: In P /kPa = 14.0098 — -
' T/K —53.36

A methodfor determinationof the second virial coefficient of apure gasisbased on the

Clapeyronequation and measurementsof thelatent heat of vaporization A #™, themolar

volume of saturatedliquid V*, and the vapor pressure P*. DetermineB in cm? mol !

for methyl ethyl ketone at 348.15 K (75°C) from thefollowing dataat thistemperature:

AH"™ =31600J mol™! V! = 96.49 cm® mol !
In P /kPa = 48.157543 — 5622.7/T — 4.705041n T [T =K]

One hundred kmol per hour of subcooled liquid at 300 K and 3 bar is superheated to
500 K in asteady-flow heat exchanger. Estimatethe exchanger duty (in kW) for one of
thefollowing:

(a2) Methanol, for which T ** = 368.0K at 3 bar.

(b) Benzene, for which T ** = 392.3K at 3 bar.

(c) Toluene, for which T ** = 426.9K at 3 bar.
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4.15.

4.16.

4.17.

4.18.

4.19.

4.20.

4.21.

Saturated-liquid benzene at pressure P, = 10 bar (7;** = 451.7 K) is throttled in
a steady-flow process to a pressure P, = 1.2 bar (I,* = 358.7 K), where it is a
liquid/vapor mixture. Estimate the molar fraction of the exit stream that is vapor. For
liquid benzene, Cp= 162 Jmol~! K~. Ignorethe effect of pressure on the enthal py of
liquid benzene.

Estimate AH;, _for oneof thefollowing compounds asaliquid at 298.15K (25°C).

5

(a) Acetylene, (b) 1,3-Butadiene, (c) Ethylbenzene, (d) n-Hexane, (€) Styrene.

A reversible compressionof 1 mol of anideal gasin apiston/cylinder deviceresultsin
apressureincreasefrom 1 bar to P, and a temperature increase from 400 K to 950 K.
The path followed by the gas during compression is given by

PV'35 = const
and the molar heat capacity of the gasis given by
Cp/R =3.85+057 x 1073T [T =K]

Determinethe heat transferred during the process and the final pressure.

Hydrocarbon fuel s can be produced from methanol by reactionssuch as thefollowing,
which yields 1-hexene:

6CH;0H(g) — CgHja(g) + 6H20(g)

Compare the standard heat of combustion at 298.15 K (25°C) of 6CH;0H(g) with
the standard heat of combustion at 298.15K (25°C) of CsHj2(g) for reaction products
CO;(g) and H>0O(g).

Calculatethetheoretical flametemperature when ethyleneat 298.15K (25°C)isburned
with:

(a) Thetheoretical amount of air at 298.15K (25°C).

(b) 25% excessair at 298.15 K (25°C).

(c) 50% excessair at 298.15K (25°C).

(d) 100% excessair a 298.15K (25°C).

(e) 50% excess air preheated to 773.15K (500°C).

What is the standard heat of combustion of n-pentane gas at 298.15 K (25°C) if the
combustion products are H, O(/) and CO,(g)?

Determinethe standard heat of each of thefollowing reactions at 298.15 K (25°C):
(@) Na(g) + 3Ha(g) — 2NHa(g)

(b) 4NHs(g) F 50,(g) — 4NO(g) T 6H,0(g)

(¢) 3NO,(g) + H,0(l) — 2HNOs()) T NO(g)

(d) CaCy(s) + H,0() — CrH,(g) + CaO(s)

() 2Na(s) T 2H,0(g) — 2NaOH(s) + Hy(g)

(f) 6NOx(g) + 8NH(g) — TN (g) T 12H,0(g)

(g) C2Ha(g) + 102(2) — ((CH3),)0(g)
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4.22.

4.23.

4.24.

4.25.

(h) C2Hy(g) + H,0(g) — ((CH2)2)0(g)

(i) CH4(g) + 2H20(g) — COx(g) + 4Ha(g)

(7) COa(g) + 3H2(g) — CH30H(g) + H,0(g)

(k) CH;0H(g) + 10,(g) - HCHO(g) + H,0(g)

() 2H,S8(g) + 302(g) — 2H;0(g) T 2S0,(g)

(m) HyS(g) + 2H20(g) — 3H2(g) + SO2(g)

(n) Na(g) + O2(g) — 2NO(g)

(0) CaCO;s(s) — CaO(s) T COs(g)

(p) SOs(g) + H0() — HySO04(D)

(q) C2Ha4(g) + H20(I) — C2HsOH()

(r) CH3CHO(g) + Hz(g) — C;H50H(g)

(s) CoHsOH() T 0,() — CH3;COOH(l) T H,0())
(t) C,HsCH:CH,(g) — CH,:CHCH:CH,(g) T Ha(g)
(U) C4Hyo(g) — CH,:CHCH:CH,(g) + 2Ha(g)

(v) C;HsCH:CH,(g) T 10,(g) — CH,:CHCH:CHa(g) + H,0(g)
(w) 4NH;(g) + 6NO(g) — 6H,0(g) + SN2(g)

(x) Na(g) + C2H,(g) — 2HCN(g)

(v) CgHs.CaHs(g) — CeHsCH:CH,(g) + Ha(g)

(z) C(s) + H,0(l) — Ha(g) + CO(g)

Determine the standard heat for one of the reactionsof Ph. 4.21: Part (a) at 873.15 K
(600°C), Part (b) at 773.15 K (500°C), Part (f) at 923.15 K (650°C), Part (i) at 973.15K
(700°C), Part (j) at 583.15K (310°C), Part (!) at 683.15K (410°C), Part (m) at 850K,
Part (n) at 1300 K, Part (0) at 1073.15K (800°C), Part (r)at 723.15 K (450°C), Part (t)
at 733.15 K (460°C), Part (u) at 750 K, Part (v) at 900 K, Part (w) at 673.15K (400°C),
Part (x) a 648.15K (375°C), Part (y) at 1083.15 K (810°C).

Develop ageneral equationfor the standard heat of reaction as afunction of temperature
for one of thereactionsgivenin parts(a),(b), (€),(F), (g), (h), ), (K), (D), (M), (n), (o),
(r), (@), (W), v), (w), (x), (y), and (z) of Pb. 4.21.

Natural gas (assumepure methane) isdelivered to acity viapipelineat avolumetricrate
of 4.0 meganormal m® per day. If the selling priceof the gasis $5.00 per GJ of higher
heating value, what is the expected revenue in dollars per day? Normal conditions are
273.15K (PC) and 1 atm.

Natural gasesarerarely puremethane; they usually al so containother light hydrocarbons
and nitrogen. Determinean expressionfor the standard heat of combustionasafunction
of compositionfor a natural gas containing methane, ethane, propane, and nitrogen.
Assumeliquid water as a product of combustion. Which of thefollowing natural gases
has the highest heat of combustion?

(a) yen, = 0.95, yc,n, = 0.02, ye,u, = 0.02, yx, = 0.0

(b) yer, =0.90, ye,u, = 0.05, ye,u; = 0.03, yn, = 0.02.

(C) YcH, = 0.85, Yo, v = 0.07, Yoy, = 0.03, YN, = 0.05.
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4.26.

4.27.

4.28.

4.29.

4.30.

4.31.

4.32.

If the heat of combustionof urea, (NH;),CO(s), at 298.15K (25°C)is631 660 Jmol~!
when the productsare CO»(g), HO(!), and Na(g), what is AH?,  for ureaat 298.15K
(25°C)?

Thehigher heating value (HHV) of afuel isitsstandard heat of combustionat 298.15K

(25°C) with liquid water as a product; the lower heating value (LHV) isfor water vapor

as product.

(a) Explaintheoriginsof theseterms.

(b) Determinethe HHV and the LHV for natural gas, modeled as pure methane.

(c) Determinethe HHV and the LHV for a home-heating oil, modeled as pure liquid
n-decane. For n-decaneas aliquid AH; = —249700J mol ™!,

A light fuel oil with an averagechemical compositionaof C;oH;s isburned with oxygen
in abomb calorimeter. The heat evolved is measured as 43960 J g~! for the reaction at
298.15K (25°C). Caculate the standard heat of combustionof thefuel oil at 298.15 K
(25°C) with H,O(g) and CO,(g) as products. Note that the reactionin the bomb occurs
a constant volume, producesliquid water as a product, and goesto completion.

Methane gas is burned completely with 30% excess air at approximately atmospheric
pressure. Both the methane and the air enter the furnace at 303.15 K (30°C) saturated
with water vapor, and the flue gasesleave the furnace at 1773.15K (1500°C). Theflue
gasesthen pass through a heat exchanger from which they emergeat 323.15K (50°C).
Per mole of methane, how much heat is lost from the furnace, and how much heat is
transferredin the heat exchanger?

Ammonia gas enters the reactor of a nitric acid plant mixed with 30% more dry air
than is required for the complete conversion of the ammoniato nitric oxide and water
vapor. If the gasesenter thereactor at 348.15 K (75°C), if conversionis80%, if no side
reactionsoccur, and if the reactor operates adiabatically, what is the temperature of the
gases leaving the reactor? Assumeideal gases.

Ethylene gas and steam at 593.15 K (320°C) and atmospheric pressure are fed to a
reaction processas an equimolar mixture. The process producesethanol by the reaction:

CyHa(g) + H,0(g) — CHsOH()

The liquid ethanol exits the process at 298.15 K (25°C). What is the heat transfer
associated with this overall processper mole of ethanol produced?

A gas mixture of methane and steam at atmospheric pressureand 773.15 K (500°C) is
fed to areactor, wherethe following reactionsoccur:

CH,tH,0 >CO*+3H, ad CO+H,0— CO,* H,

The product stream leaves the reactor at 1123.15 K (850°C). Its composition (mole
fractions) is:

Yco, = 0.0275 Yco = 0.1725 YH.0 = 0.1725 Yo, = 0.6275
Determinethe quantity of heat added to the reactor per mole of product gas.
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4.33.

4.34.

4.35.

4.36.

4.37.

4.38.

4.39.

A fuel consisting of 75 mol-% methane and 25 mol-% ethane enters a furnace with
80% excessair at 303.15 K (30°C). If 800 GJ per kmol of fuel istransferred as heat to
boiler tubes, at what temperaturedoes the flue gas |eave the furnace? Assume compl ete
combustion of thefuel.

The gas stream from a sulfur burner consists of 15 mol-% SO,, 20 mol-% O,, and
65 mol-% N,. The gas stream at atmospheric pressure and 673.15 K (400°C) enters a
catalytic converter where 86% of the SO, is further oxidized to SO;. On the basis of
1 mol of gas entering, how much heat must be removed from the converter so that the
product gasesleave at 773.15K (500°C)?

Hydrogenis produced by the reaction:
CO(g) +H,0(g) — CO(g) + Ha(g)

Thefeed stream to the reactor is an equimolar mixtureof carbon monoxideand steam,
and it entersthe reactor at 398.15 K (125°C) and atmospheric pressure. If 60% of the
H20isconverted to H; and if the product stream leavesthereactor at 698.15K (425°C),
how much heat must be transferredfrom the reactor?

A direct-fired dryer bums afuel oil with anet heating value of 44 200kJ kg !. [The net
heating value is obtained when the products of combustion are CO,(g) and H,O(g).]
The composition of the oil is 85% carbon, 12% hydrogen, 2% nitrogen, and 1% water
by weight. The flue gases leave the dryer at 477.15 K(204°C), and a partial analysis
shows that they contain 3 mole-% CO, and 11.8 mole-% CO on a dry basis. The fudl,
air, and material being dried enter the dryer at 298.15 K(25°C). If the entering air is
saturated with water and if 30% of the net heating value of the qil is alowed for heat
losses (including the sensible heat carried out with the dried product), how much water
is evaporatedin the dryer per kg of oil burned?

An equimolar mixtureof nitrogen and acetyleneentersasteady-flow reactor at 2