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absolute temperature, 170 capacitative or displacement energy store, 549—550
absolute value of the internal energy, 145 capacity factors, 94
adiabatic boundary, 94, 99, 197-198, 547-548 Caratheodory principle, 252-254
adiabatic expansion Carnot, Nicolas Leonard Sadi, 93, 164

of a system of non-interacting particles, 415 Carnot engine, 168, 206, 209, 252

work done by an ideal gas in, 35-36 Clausius statement of the second law and,
adiabatic process, 34, 109 209-210
adiabatic work, 112, 145, 147, 199, 254, 282-283 Carnot refrigerator, 168—170, 209, 211

between two states of same bulk energies, Clausius statement of the second law and, 209-210

143-144 Carnot’s cycle, 164171, 338
‘a prior’ assumption, 404405 analysis of, 167-168
average kinetic energy of gas molecules, 14 in different planes, 220
average occupation number, 405 efficiency of, 219
axiomatic thermodynamics, 254 flow chart of, 166
heat engine, 168

blackbody radiation, 317-322 heat in-flow and out-flow in, 172

Cp, kT and f3 for, 320 important properties of, 168

energy distribution of, 489-493 representing a reversible cyclic process by a

equation of state and thermodynamic functions cascade of, 201-202

for, 318-320 in 7-v plane, 166, 201

free expansion of, 322

Joule—-Thomson cooling of, 322

reversible adiabatic expansion of, 321
reversible isothermal expansion or compression

work done by the system in, 167-168
cavity radiation, 490
Celsius scale of temperature, 105
Celsius temperature, 105

of, 321
third law of thermodynamics and, 320 characteristic speeds of gas molecules, 32-33
Boltzmann constant, 12, 14, 31, 414, 424, 492 characteristic temperature, 471, 475

characteristic variables, 275-276
chemical equilibrium, 108

Boltzmann distribution law, 466467
bond energies, 378

Bose—Einstein statistical distribution, 406408, chemical potential, 285
416-418, 491, 493 chemical potential for ice and liquid water, 289
Boyle’s temperature, 58—59 chemical reactions
British Thermal Unit (BTU), 148 change of entropy in, 381-382
enthalpy change in, 371-372
calories, 148 exothermal, 380
canonical variables. see characteristic variables spontaneity of, 382
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classical distribution, 420421
using partition function, 425-427
Clausius—Clapeyron equation, 291-292
Clausius inequality, 211-213
coefficient of diffusion, 72-74
coefficient of self-diffusion, 74
coefficient of thermal conductivity, 68—69
coefficient of viscosity, 71
coefficient of volume expansion, 124
CO, isotherms
at different temperatures, 55
on P-V plane, 148-150
collisions between molecules of real gas, 59-62
average collision time, 61
average distance between two successive
collisions, 61
average distance normal to the plane after last
collision, 66-67
criteria of collision, 60
Drude’s classical theory, 74—75
frequency of collisions, 61
lattice—electron collisions, 75
macroscopic collision cross section, 61
mean free path for collision, 61-62
microscopic collision cross section, 61
molecular flux in direction approaching the
imaginary plane, 66—-67
compressibility factor of the gas, 58-59
compressibility of an ideal gas, 124
compression ratio, 340
configurational work, 116-118
of heat flow at constant pressure and constant
volume, 151
Helmholtz function in, 274
non-PdV, 274
during phase transition, 149
constant volume gas thermometer, 101-105
constitutive relations, 548
critical temperature, 54-55
cross coefficients, 540
crystalline solids, application of quantum statistics
to, 477483
behavior at high temperatures, 482
behavior at low temperatures, 482—483
Debye theory for heat capacities, 479-483
cubic equations of state, 5657
Curie constant, 121, 497
cut-off ratio, 342

Dalton’s law of partial pressures, 2, 23-24
Daniel cell, 388-389
D.C. electrical conductivity of metals, 75-77
Debye temperature, 482
Debye theory for heat capacities of crystalline solids,
479-483
degeneracy of a level, 399
of the free electron macro level, 484
degrees of freedom, 14-17, 290
atomicity of the molecule and, 26
for a diatomic gas, 26
for molecules of higher atomicity, 17
for a monatomic gas, 25
diatomic molecule, 15-16, 474477
degrees of freedom of, 16
diesel engine, 341-342
efficiency of a, 342
P-V diagram of, 341
diffusion, 72-73
coefficient of, 73
self-diffusion, 73
disordered systems, 398
dissipative work, 118-119, 148
distinguishable particles, 401
distribution functions, 397, 415-423
Bose-Einstein statistical distribution, 416418
Fermi—Dirac statistical distribution, 418-420
for free electrons, 487
Maxwell-Boltzmann statistical distribution,
421-423
drift velocity, 76
Drude, Paul K. L., 74
classical theory, 74-75
Dulong—Petit law, 26-27

effusion or diffusion rates of different gases, 24-25
Einstein statement of third law of thermodynamics,
282
Einstein theory for the heat capacity of crystalline
solids, 478-479
elastic rod under tension, 336-338
entropy of, 337-338
Helmbholtz function of, 337
internal energy of, 337
Maxwell relations, 337
electric equilibrium, 98
electrochemical cells, 386-391
Gibbs free energy change, 390
potential at standard conditions, 387-388
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redox reaction, 390
reduction potentials, 388-389
temperature dependence of, 390-391
electrochemical potential, 543
endothermic reactions, 368
energy
degradation, 218-219
equation of the ideal gas, 160
engineering applications of thermodynamics,
338-346
ensemble, 397
enthalpy, 383
chemical reaction and, 371-372
formation of products and the reactants, 373
entropy, 199, 280
of an ideal gas as a function of temperature and
pressure, 249
of an ideal gas in free expansion, 217
of a body in irreversible rise of temperature at
constant pressure and constant volume, 217
calculating the change of, 213-219
of elastic rod under tension, 337-338
generation in irreversible processes, 536-538
as a measure of the order of a system, 414
of a non-isolated system, 199-200
principle of increase of, 205-208
quantitative measure of, 200-201
process, 214
in reversible and irreversible processes, 204-205
in reversible isothermal expansion of an ideal
gas, 215
in reversible isothermal processes, 214
in reversible processes, 214-216
of a spin half system, 499-500
thermodynamic probabilities and, 412-415
unit of, 204
equation of state of the substance (gas), 11-14
for an ideal gas, 125
from expansivity and compressibility, 125
equilibrium, 107-108, 145, 197
liquid-vapor and solid-vapor, 292
mechanical, 287-288
network thermodynamics, 548-549
phase, 288-291, 384-386
with respect to mass flow, 288
equipartition theorem, 467-469
exclusion volume, 53
exothermal chemical reactions, 380
expanding gas, work done by, 17-20

Index 569

expansivity

of an ideal gas, 124

of a material, 124

of water, 124
explosion, concept of, 380
explosion temperature, 380

Fahrenheit scale, 105
Fermi—Dirac statistical distribution, 408410,
418-420

Fermi—Dirac statistics, 397, 484, 486

Fermi energy, 485-487, 489

first law of thermodynamics, 106, 143-146
analytic form, 147
application of, 368-369

first order phase transitions, 292

flame temperature, 380

flame temperatures, 380

forced equilibrium, 107-108

force per unit area, 10-11

Fowler, Ralph H., 98

free expansion of a gas, 19-20
configurational work, 117-118

free expansion of a system of non-interacting

particles, 415
free expansion of blackbody radiation, 322
fusion, 385

gas molecules, velocity distribution of, 27-33
Gay-Lussac—Joule experiment, 157-159
generalized Helmholtz function, 278-279
Gibb’s equation, 541
Gibbs function, 274-275, 279, 286, 291-292, 320,
383, 386

of interface or surface film, 334-335

for paramagnetic system, 326-327
Gibbs—Helmholtz equations, 278, 280
Gibbs phase rule, 290
Graham’s law of effusion and diffusion, 2, 24-25

heat capacities, 424

of the assembly at constant volume C , 473,
498-499

at constant pressure and constant volume,
151-153

Debye theory for, 479483

Einstein theory for, 478-479

free electrons in a metal and, 483-489

polyatomic gas molecules, 469473
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heat flow
at constant pressure and constant volume, 151
in a gas, 68
in non-adiabatic process, 146—148
in a system of non-interacting particles at

constant volume, 414

heat of formation, 372

Helmholtz free energy, 273

Helmbholtz function, 271-274, 279, 320, 383,

425426

for a closed system, 332
in configurational work, 274
of elastic rod under tension, 337
generalized, 278-279
for interface or surface film, 334
for isothermal and isochoric processes, 332
for paramagnetic system, 326-327
significance of, 271-273

Hess’s law, 375

Hook’s limits, 120

ice point of water (IPW), 100, 103-106
ideal gas, 49
compressibility of an, 124
definition of, 12
difference between real gas and, 49-51
energy equation of, 160
entropy of, as a function of temperature and
pressure, 249
expansivity of, 124
Joule-Thomson coefficient for, 162—-163
molecules, pressure exerted by, 9-11
relation between AQ,, and AQ,, for, 371
reversible adiabatic process for, 163—-164
speed distribution of the molecules of, 459-467
Tds equations, 245-246
Van der Waals equation of state for, 51-57
work done in adiabatic expansion, 35-36
work done in isothermal expansion, 35
indistinguishable particles, 401
intensity factors, 94
interface or surface film
atoms in, 329
in case of pure liquids, 335-336
defined, 329
equation of state for, 335
Gibbs approach of infinitesimal thick interface,
331

Gibbs function of, 333-335
Helmholtz function of, 334
interface properties, 330
internal energy of, 330, 333-334
Young—Laplace equation, 332-333
interfacial excess, 330
of elastic rod under tension, 337
of the gas, 13, 17
Gibb’s equation for calculating the rate of, 541
of ideal gas, 159-160
interface or surface film, 330, 333-334
of the system, 331
internal pressure, 153
inversion curve, 161
irreversible processes, thermodynamics of
entropy, 536538
linear, 539-540
matter and/or energy flow in, 538-539
Onsager’s theorem, 540-541
order of a steady state, 542
Prigogine’s theorem, 541-542
isenthalpic curve, 161
isobaric or isopiestic process, 109
isochoric or isovolumic process, 109
isochoric reversible processes, 154
isolated system, 94
isothermal changes for an ideal gas, 34
isothermal compressibility of a material, 124
isothermal expansion, 33
of a system of non-interacting particles, 415
work done by an ideal gas in, 35
isothermal process, 33, 108
isothermal Young’s modulus, 336
isotherms, 54
as per Van der Waals equation of state, 55-56

Joule coefficient, 159, 250
Joule—Kelvin coefficient, 249
Joule—-Thomson coefficient for ideal gas, 162—-163

Joule-Thomson cooling of blackbody radiation, 322

Joule-Thomson experiments, 249-252
‘0’-junction, 551
‘1’-junction, 551

Kelvin’s principle of energy degradation, 219
kinetic energy

flow per unit area per second, 69

of molecules, 68
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kinetic theory interpretation of temperature, 13
kinetic theory of gases, 2-22, 68
application to free electrons of metals, 74-77
assumptions or postulates of, 2
drawbacks, 27
justifications and implications of assumptions,
2-6
kinetic theory of matter, 1-2
Kirchhoff’s current law (KCL), 549, 551
Kirchhoff’s voltage law (KVL), 549

latent heat, 150
lattice—electron collisions, 75
law of equipartition of energy, 14—17, 75
laws of conservation, 197
laws of elastic scattering, 6
linear irreversible processes, 539-540
application of Onsager’s method for, 543-546
linear oscillators, 478
linear phenomenological relation, 539
matrix representation of coupled, 542-543
liquid-vapor transitions, 292
Lundsberg, P.T., 254

macroscopic collision cross section, 61
macrostate of the system, 402—-404
magnetic induction, 323
magnetization, 323
magneto-caloric effect, 328-329
Maxwell, James Clerk, 28-29, 279
Maxwell-Boltzmann speed distribution function,
31-32
Maxwell-Boltzmann statistical distribution, 410-
412, 421-423, 470, 472
using partition function, 423-425
Maxwell-Boltzmann statistics, 397
Maxwell-Boltzmann velocity distribution function,
464-466
Maxwell relations, 279-280
of elastic rod under tension, 337
for paramagnetic system, 327
Maxwell speed distribution, 60
Mayer’s relation, 23
mean free path for collision, 61-62, 64
mean speed, defined, 32
mean square velocity/speed, 30-32
mean thermal capacity, 20, 68

Index 571

measurement of temperature, 99-101
mechanical equilibrium, 108, 287-288
mechanical equivalent of heat, 148
mechanical port, 547
microscopic collision cross section, 61
microstate of the system, 402—404
minimum number of state properties, 95
molal specific heat capacities, 25-26
molal thermal capacities, 23
molar specific heat capacities

for non-metallic solids, 77
molar volume of the ideal gas, 59
molecular attraction and reduction in pressure, 51-52
molecular collisions, 3
molecular flux, 6-9
molecular speeds, 3
molecule size, assumptions related to, 3
molecules of a real gas, 49-50
molecules of higher atomicity, 17
Mollier diagram, 338
monatomic ideal gas, quantum thermodynamics of,

453-457

monatomic molecule, 15

natural equilibrium, 107
natural temperature, 170
negative temperature of quantum statistics, 500-501
Nernst, Hermann, 281
Nernst heat theorem, 280-281
Nernst principle of un-attainability of absolute zero,
282-283
net momentum transported per unit area per second,
71
network thermodynamics, 546-554
application to diffusion of a fluid through a
membrane, 552-554
bond graph notation, 550-552
generalized displacement, 549
generalized momentum, 549
postulates of, 547
terminology of, 547-548
three types of (energy rate or power) interactions,
549-550
nitrogen gas, compressibility factor of, 58
non-adiabatic work, 146-148
non-linear irreversible processes, 539
normal population of the levels of the system, 500
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occupation number, 400-401
Ohm’s law, 75, 77
Onsager’s reciprocal relation of linear coefficients,
541
Onsager’s theorem, 540-541
open systems, 94
thermodynamics of, 285-287
Otto cycle, 339-341
efficiency of the engine, 340-341
P-V diagram of, 340

parallel junction, 551
paramagnetic ions of magnetic moments, quantum
statistics of, 494-500
entropy of the assembly, 499-500
heat capacity at constant volume C,, for the
assembly, 498—499
interaction potential energy, 497-498
partition function, 495
relation between magnetization M and
temperature 7 of the assembly, 495-497
paramagnetic material, 121
paramagnetic system
adiabatic demagnetization of paramagnetic
material, 328-329
equation of state, 324
heat capacities, 326
potential energy and internal energy, 325-326
TdS equations for, 327-328
thermodynamic functions, 326-327
work done in changing the magnitude of
magnetic induction, 324-325
partial pressures, 23-24
partition function, 398, 423427, 471
for a monatomic ideal gas, 454-455
Patel-Teja equation, 57
Pauli’s exclusion principle, 483
Peltier effect, 546
Peng—Robinson equation, 57
perpetual motion of the zeroth kind, 283-284
Pfaffian equations, 253
phase equilibrium, 288-291
phase transformation, 149
phase transitions, 148—150
phenomenological coefficients, 540
phonon, 480
photons, 490
Planck, Max, 413

Planck—Kelvin statement of the second law, 254
Planck’s statement of third law of thermodynamics,
281
polyatomic gas molecules, 469—473, 477
heat capacities of, 469-473
internal energy of the assembly, 472-473
thermal capacity of, 474-477
population inversion, 500-501
porous plug experiment (Joule—Thomson
experiment), 160-163
isenthalpic curves, 162
results of, 161-162
port, 547
Prigogine’s theorem, 541-542
processes, 108—111
adiabatic, 109
of charging and discharging of the reversible cell,
118
irreversible, 111
isobaric or isopiestic, 109
isochoric or isovolumic, 109
isothermal, 108
quasi-static, 109-110
quasi-static but non-reversible, 111
reversible, 111
in a two dimensional plane, 220
P-s-h graph for water, 338-339
P-V diagram of a system, 115
Otto cycle, 340
P—y-T surface, 145
for an ideal gas, 121-123
motion on, 123-125
for Van der Waals gas, 121-122

quantum ideal gas, classical thermodynamic
functions for
entropy, 458-459
heat capacity at constant volume, 458
internal energy, 458
pressure, 457-458
quantum linear oscillators, 470-472
quantum numbers, 399
quantum statistics, 1-2, 397
to an assembly of non-interacting particles, 398
application of, 489493
quantum thermodynamics, 397
application of quantum statistics to crystalline
solids, 477-483
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Bose-Einstein statistical distribution, 406—-408

distinguishable and indistinguishable particles,
401

energy levels, energy states, degeneracy and
occupation number, 398-405

entropy as a measure of the order of a system,
414

Fermi-Dirac statistical distribution, 408—410

free expansion of a system of non-interacting
particles, 415

heat flow in a system of non-interacting particles
at constant volume, 414

interpretation for the change of entropy of a
system, 414

isothermal expansion of a system of non-
interacting particles, 415

macrostate and microstate, 402—-404

Maxwell-Boltzmann statistical distribution,
410412

of a monatomic ideal gas, 453-457

of a paramagnetic salt in external magnetic field,
494-500

a prior probability of all microstates, 404—405

probability of a macrostate, 405412

relation between entropy and thermodynamic
probability, 412-415

quasi-static process, 109—111

Rankine, W.J.M., 105
Rankine cycle, 342-345
effeciency of, 345
in h-s plane, 344
projections of an ideal, 345
P-V diagram for, 344
reasons for super heating steam in, 345-346
schematic diagram of, 343
in s-T plane, 344
Rankine scale, 105
Rayleigh—Jean’s formula, 490
real boundary, 94
real gas
behavior of, 54-57
collisions between molecules of, 59-62
equation of state for, 50-51
properties of, 49-50
reduction in pressure due to molecular attraction,
51-52
reduced gas variables, 57
relaxation time, 75

Index 573

reversible adiabatic expansion of blackbody
radiation, 321
reversible adiabatic process for ideal gas, 163—-164
reversible cyclic process, 201-202
reversible process of expansion or contraction, 114,
151
root-mean square speed, 11, 32
of ideal gas molecules, 462464

Schottky anomaly, 498
second law of thermodynamics, 199, 252-254
Clausius’ statement of the second law, 206
Kelvin—Planck statement of the second law,
206-208
perpetual motion machine of second kind,
208-209
principle of increase of entropy, 207-208
second order phase transitions, 292
Seebeck coefficient, 545
self-diffusion, 73
coefficient of, 74
series junction, 551
slope of an adiabatic, 34
slope of the isotherm, 34
Soave-Redlich—-Kwong equation, 56
space distribution function, 28
specific enthalpy, 150
specific heat for fusion and vaporization, 150
specific heat of transformation, 150
specific molal heat of solids, 2627
specific molar heat capacities, 377, 487
at constant volume cy of the solid, 479
of electron gas, 488
of hydrogen, 476477
of monatomic, diatomic and polyatomic gases,
476
specific molar (molal) volume of a gas, 11
specific or molal heat of transformation, 150
specific thermal capacities, 21
specific value of an extensive property, 94
speed distribution of ideal gas, 459-467
most probable speed, 462
root mean square speeds, 462464
temperature and, 462
speed of maximum number of molecules, 32
spin half paramagnetic ions, 501
spontaneous processes in chemical reactions, 382
standard Gibbs free energy, 384

© in this web service Cambridge University Press

www.cambridge.org


www.cambridge.org/9781107172883
www.cambridge.org

Cambridge University Press
978-1-107-17288-3 — Classical and Quantum Thermal Physics

R. Prasad
Index
More Information

574  Index

standard molar enthalpy, 372
state of thermal equilibrium, 98
state parameters or properties of a state, 94-97
extensive parameters, 94
intensive parameters, 94
measureable, 97-107
state variables/functions, 95-96
statistical mechanics, 1-2
steady state. see also forced equilibrium
of m™ order, 542
of zero™ order, 542
steam tables, 338
Stefan—Boltzmann law, 493
Stefan’s constant, 319
sublimation, 150
surface tension, 331, 333, 335-336
for pure liquids, 335-336
rate of change with temperature, 335
surroundings, 93-94
survival equation, 63—66
collision parameters, 65
graphical representation of, 64
system
defined, 93
state parameters or properties, 94-97
with three state variables P, v and T, 153-157

Taylor’s expansion, 539
TdS equations, 240244
applications, 244-248
for a magnetic system, 327-328
pressure P and specific volume v as independent
variables, 240-241
pressure P and temperature 7 as independent
variables, 243-244

temperature 7" and molar volume v as independent

variables, 241-243
temperature, 153-156, 206
in different units, 106
heat of reactions and, 377-378
of the ice point of water, 104
measurement of, 99-101
in quasi-static and non-quasi-static processes,
109-110
of a system, 97-106
temperature dependence, 2, 27, 99, 119, 469, 473—
474, 477478, 498
in Carnot cycle, 171

of cell e.m.f. and other thermodynamic functions,
390-391
of heat of reaction, 377-378
of the speed distribution function, 462
of the surface tension, 334-335
thermal capacity, 20-23
molar, 23
thermal conductivity, 67-69
thermal death of the universe, 206
thermal efficiency of heat engines, 168
thermal equilibrium, 18, 97-98, 108-109, 287
of a gas, 28
thermodynamic equilibrium, 197
thermodynamic potentials, 276-278
derivatives of, 277-278
thermodynamic probabilities, 412415
of open systems, 285-287
zeroth law of, 93, 98-99
thermodynamic standard state of a substance, 371
thermodynamic temperature, 170-172
thermo-emf of the copper-constantan thermocouple,
100
thermometric property, 99-100
third law of thermodynamics
background, 280
Einstein statement of, 282
Nernst observation, 280-281
Nernst principle of un-attainability of absolute
zero, 282-283
Planck’s statement of, 281
third order phase transitions, 292
Thompson, Benjamin (Count Rumford), 93, 148
transducer device (TD), 551-552
transport properties of fluids, 67
transport properties of gases
coefficient of diffusion, 72-74
thermal conductivity, 67-69
viscosity, 69-72
triple point of water (tri), 100, 106
triple point temperature, 105, 172

ultraviolet catastrophe, 490
universal gas constant, 11
universal or generalized Z-values, 59

Van der Waals equation of state, 119, 121
Van der Waals force, 49-50
difference between ¢, and c,, for, 248
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equation of state of, 246247
Joule-Thomson coefficient for, 250
specific internal energy of, 247-248
Tds equations, 246-248
temperature for inversion of, 251-252
Van der Waals potential, 49-50
Van der Waals principle of corresponding states, 57
velocity distribution function, 29-31
velocity space, 28
velocity vectors, 4-5
virial coefficients, 57-58
virial equation of state, 57-58
viscosity, 69-72
of gaseous system, 97
of liquid systems, 97
units of, 97
von Helmholtz, Hermann Ludwig Ferdinand, 271

Index 575

Wien’s formula, 490

work, 111-119
adiabatic, 112
configurational, 116-118
at constant pressure, 370
at constant volume, 371
dissipative, 118-119

work done, 111
by an ideal gas in adiabatic expansion, 35-36
by an ideal gas in isothermal expansion, 35
in changing the volume of a system, 112-116
in isobaric processes, 116

work—energy principle of mechanics, 111

X-component of velocity, 28-29
Young-Laplace equation, 332-333
zeroth law of thermodynamics, 93, 98-99, 199, 283
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