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caonservation of muss, 214-221
conservation of muss principle, 216-218
definition, 11
energy transport by mass, 223-225
entropy, 378385
exergy balance, 454463
flow work, 221-22§
mml encrgy equation, 247-250
exchungers, 238-240
incompressible flow, 219-221
mass and volume control rates, 214216
mass balance for steady-Aow processes,
218-219
mixing chambers, 236-237
moving or deforming control volumes, 218
nozzles and diffusers, 229-23]
pipe and duct Mow, 240-242
steady flow engineering devices, 224-242
steady flow systems. 225-228
systems, 10-12
throttling valves, 234-236
total energy, flowing fluid, 222-223
turhines and compressors, 231-234
unsteady-flow processes, 242-247
Convection, 62, 92
Convection heat transfer coetficient, 93
Converging-diverging nozzles, 847,
R56-860)

Converging nozzles. 832-856
Conversion efficiencies, 78-85
annuul fuel unlization efficiency IAFUE), 79
cooking appliance, 80
environment, 81
generutor, 79, 83
higher heating value (HHV), 79
lighting efficacy, 80
lower heating value (LHV), 78
mechunical and electricil devices, ¥2-84
motor, 3
pump, 82
turbine, 82
water heater, 78
Conversion ratios, units, 9-10

Cooking appliunce efficiency, 80

Cooling pond, 746

Coaling with dehumidification, 740-742
Coulomb repulsion, 57

Criterion for chemical equilibrium, $(06-808
Critical properties, 850

Critical rutios, 850

Cycle. 16

Daily calorie needs, 190
Dalton’s law of additive pressures. 690
Dead state, 422
Deadweight tester, 34
Decrease of exergy principle, 441442
Deficiency of air, 765
Defiection angle, 866
Degree Kelvin (°K). 5
Density, 13
Density and specific gravity, 13-14
density, 13
relutive density, 14
specific gravity, 14
specific weight, 14
Desulination processes, 712-714
osmotic pressure, 712
osmotic rise, 712
Destruction, exergy, 441442
Detached oblique shock wave, 868
Mach angle, 870
Much wave, 870
Dew-paint temperature, 729-731
Diesel cycle, 499-502
dual eycle, 500
Diffusers, 229-23]
Dimensional homogeneity, §
Dimensions, 3-10
primury (fundamental ), 3
secondary (derived), 3
Dircet-contiact feedwater heater, 569
Displacement volume, 491
Dry uir, 726-727
Duct flow, heat transfer, neghigible friction
(Ravleigh flow), 875-384
Rayleigh flow, 875
Rayleigh flow. choked, 882-8%4
Rayleigh flow property relations, 881-882
Rayleigh line, 877
Dynamic temperature, 841

Effectiveness e, 514
Efficiency, 509-510
Efficiency, Rankine cycle
boiler pressure, 562-563
condenser pressure, 561
superbeated steam, 562
Elustic solid bars, 67-68
Electricul power (W), 65
Electrical work, 65

Emissivity, 94
Energy, 51-110
ce, 72

change of & system, 72-73, 433438
conservation, $2-53

conversion efficiencics, 78-85

und environment, 85-91|

first law of thermodynamics, 70-77
forms, 53-59

heat transfer, 60-62, Y196

mtroduction, 52-53
mechanical, 66-70
and thermodynamics, 2-3
transfer mechunisms, 73-77
work, 62-65
Energy analysis, 163-211
encrgy balance, 169-174
enthalpy changes, 184187
internal energy chunges, 184
internal encrgy. enthulpy, and specific heuts
of ideal gases, 176-183
Internal energy, enthalpy, and specific heats
of solids and liquids, 183-187
moving boundary work, [64-169
polytropic process, 168-169
specific heat, ideul gases. 178183
specific heats, 174176
steady flow systems, 225-228
Energy balunce, 169-174
consiant-pressure guasi-equilibrivm
process, 172
Energy efficiency ratio (EER), 286-288
Energy forms, 53-39
chemical, 55
Coulomb repulsion, 57
heat transfer, 56
internal (L), 53
kinctic (KE), 53-34
latent, 55
macroscopic, 33
mechanical. 58-59
microscopic, 53
nuclear. 5557
potential, 34
unsteady-flow processes, 242-247
volume flow rate, 54
work. 56. 62-65
Energy transfer mechanisms, 73-77
Heat transfer, 73
mass flow, 73
work transfer, 73
Engineering equation solver
(EES), 37-39
Enginecring software puckuges, 36-37
English units, 6-8
property tables, 948-987
Enthalpy, 125-126, 176-183, 183-187
chunges, |84-187
internal energy and specific heats of idcal
gitses, 176-183
iternal energy und specific heats of solids
und liquids, 183187
Enthalpy changes of real gases, 674-673
Enthalpy changes, thermodynamic property
relations, 666-667
Enthalpy departure. thermodynamic property
relations, 673
Enthalpy, (ormation and combustion. 771-774
enthalpy of reaction, 772
heating value, 773
higher heating value (HHV), 773
Tower heating vulue (LHV). 773
Enthalpy of formation, Gibbs function of
formation
und absolute entropy at 25°C, | am, 937
und absolute enteopy at 77°C, T aum, 985
Enthalpy of gas mixtures, 705
Enthalpy of reaction, 772
Enthalpy of vaporization property tables of
pure substances, 126



Entropy, 329420
ahsalute entropy, 344
balunce, 373-386
Bemoulll eguation. 360
Boltzmann constant, 344
change of pure substances, 337-340
Cluusius inequality, 330333
compressors, 363366
constant specific heat, 353, 3535-350
in daily life, 346-347
definition, 332
ieal gases, entropy change in, 352-359
increase of entropy principle, 334-337
imtermally reversible isothermal heat transier
processes. 333
isentropic efficiencies, 367-373
isentropic efficiency of a compressor,
169-371
isentrupic efficiency of nozzles, 371-373
isentropic efficiency of turbines, 367-364
isentropic processes, M0-342, 355
liuids and solids, entropy changes in,
344-352
moleculir disorder, 344-345
multistage compression with intercooling,
164-366
property diagrams, 342-343
relative pressure, 356-359
relative specific volume, 356-359
reversible adiabatic process. 341
reversible steady-flow work, 359-363
second law of thermodynumics, 330-333
T ds relations, 347-348
thind law of thermodynamics, 344343
variable specific heat, 353-355. 356
Entropy balance, 373-394
change of system, 374
closed systems, 377-378
compressed air, 386-394
control volumes, 378-385
generation of, 376-377, 385-386
heat transfer, 374-375, 385-386
mass flow, 375-376
mechanisms of transfer, 374-376
Entropy change of reucting systems, 782-784
absolute entropy, 783
third law of thermodynamics, 783
Entropy changes, thermodynamic property
relations, 667-668
Entropy changes of real gases, 676-678
Entropy departure, 78
Entropy of gas mistures, 705
Environment. 81, 85-91
acid rain, 87-88
greenhouse effect. 891
ozone and smog, 86-57
Equation of state, 135
Equilibrium, 14
Equivalence ratio, 765
Evaporation, 148
Evaporutive coolers, 148
Evaporative cooling, 742-743
Exact differentials, 63
Excess uir; 765
Exergy, 421484
bulance, 44363
closed system (nonflow), 435
In duily life, 463466
dend state, 422
decrease of exergy principle, 441-442

defimition, 422
destruction, 441442, 784
energy change of o system, 433438
fixed mass, 433435
flow (stream), 436-438
heat transfer, 439440
imeversibility, 425-430
kinetic and potential energy. 4234235
mass transfer, 44044 |
reversible work, 425-430
second law efficiency, 430433
surroundings work, 426
transfer, 43841
work potentiul, 42225
work trunsfer, 440
Exergy halance, 443463
closed systems, 443454
control volumes, 45463
definition, 443
mte form, 443
reversible work, 456
second-law efficiency, steady-flow devices,
456-463
steady-flow systems, 455456
Exhuust blowdown, 492-493
Exhuust valve, 491
Expanding flow, 870
Expunsion fan, 570
Extension dingrams for solid phases. 120-122
sublimation, 122
triple point, 121
Extensive properties, 12
External combustion, 506
Externally reversible, 295

Falwrenheit scale, 18

Feedwater heater (FWH), 369
closed, 571
direct-contact, 369
open, 569

First-law analysis of reacting systems, 774-779
closed systems, 776-779
steady-flow systems, 775-776

First law of thermodynamics, 2. 70-77
conservation of energy principle, 70, 71
energy balance, 72
encrgy change of a system, 72-73
encrgy trunsfer mechanisms, 73-77
general enerpy equution. 247

Fixed mass, 433435

Flow (stream), 436438

Flow work, 221-225
energy transport by mass, 223-225
flow energy, 221
totul energy. 222-223

Force (F), 66

Forced convection, 93

Formal sign convention, 63

Fourier's law, 92

Four-stroke combustion engine, 492

Free (natural) convection, 93

Friction, 293

Fuel cells, 7%-791

Fuel efficiency, S30-536

Fuels and combustion, 760-764
air-fuel ratio, 763
conservation of mass principle, 762
hydrocarbon fuels, 760
ignition temperamre, 762

INDEX

mass balunce, 762
octine, 760)
prodocts, 762
reactants, 762

Gas, 113
Gas mixtures, 687-723
Amagat’s law of additive volumes, 690
Dalton's law of additive pressures, 690
desulination processes, 712-714
idexl and real gas behavior, 690-695
ideal und real gas properties, 695-703
ideal-gas mixtures, 691, 696-7(X), 706-705
mass and mole fractions, 638690
minimum work of separation of mixtares,
F08-710
real-gas mixtures, 692-695, 700-714
reversible mixing processes, 710
second-law efhiciency, 710-711
separation of o two component mixture, 711
Gas power cycles, 485-352
uctual gas-turbine cycles versuy idealized,
311-512
air-standard assumptions, 480
armilysis, 45688
Brayton cycle, 506-513, 513-515, 516-520
Camot cycle, 488490
Diesel cycle, 499-502
fuel efticiency, S30-536
gas turbine development, 509-311
idealizations and simplifications, 487
jet propulsion cycles, 520-526
Ot cyele, 402498
reciprocating engines, 490491
second-law analysis, $26-519
Stirling und Ericsson cycles, SD2-306
Gas refrigeration cyeles, 630-633
Gas rbines, development, 5U9-311
Gas-vapor mixtures, 725-758
absolute (specitic) humidity, 727-729
adishatic mixing of tirstreatns, 743-745
adiabatic saturation empemture, 731-734
uir-conditioning processes, 737-747
atmospheric air, 726-727
cooling with dehumidification, 740-742
des-point ten re, 729-731
dry air, 726-727
evisporative cooling, 742-743
heating with humidification, 739-740
human comfort and air conditioning,
735737
psychrometric charts, 734735
relative humidity, 727-729
saturited aie, 727
simple heating and cooling, 738
specific humidity, 727-729
wet-bulb emperature, 732-734
wet cooling towery, 745-747
General Conference of Weights and
Measures, §
Genernl eneray equation, 247-250
Generalized enthalpy departure chart, 940
Generalized entropy departure churt, 941
Generation of entropy balance, 376-377,
385-386
Generator, efficiency 79, 83
Gibbs-Dalion law, 696
Gibbs equation, 348
Clibbs' formulation 344



Gibbs function, 661, 784, 807
Gibbs phase rule, 822
Gravitation force, 7
Greenhouse effect. $8-491

Heat engines, 278-283
Kelvin-Planck statement, 283
Q. 281283
thermal efficiency, 279-281
working fluid. 278
Heat exchangers, 238-240
Heating vilue, 773
Heating with humidificanon, 739740
Heat pumps, 285-286
coefiicient of performance, H08
und refrigerators, 608-609
Heat pump systems, 622-623
Heat transfer, 56, 60-62, 73, 374-375, 385386
udinbatic process, H0-61
caloric theory, 61-62
conduction, 62
convection, 62
entropy, 374-375, 385-386
exergy, 43940
Irreversibility, 294
kinetic cnergy, 61
rudition, 62
Heat transfer, mechanisms of, 91-96
absarptivity, 94
blackbody, 94
blackbody radiation, 94
Boltzimann constant, 94
conduction, 91
convection, 92
convection heat transfer coefficient, 93
cmissivity, 94
forced convection, 93
Fourier's law, 92
free (natural) convection, 93
Kirchhof s law, 94
Newton's law of cooling. 93
mdistion, 93
thermal conductivity, 91
Helmholtz tunction. 661
Henry's constant, 824
Higher heating value (HHV), 79, 773
Human comfort and air conditioning, 735-737
Hydrocarban fuels, 760
Hypersonic fluid flow, 843

lee point, 20
Ideal and real gas behavior, 690-693
Amagot’s law of additive volumes, 690
compaonent pressure, 691
component volume, 691
Dalton’s law of additive pressurcs, 6%)
partisl pressure, 691
partial volume, 691
Tdeal and redl gas properties, 695-703
extensive propertics, 696
ideal-gas mixtures, 696-704)
Ideal gases, entropy change tn, 352-350
Idcal gases, internal energy and specific heats.
176-183
property tables for, 899, 949
Ideal-gas equation of state, 134-138
defimition, 135
equation ol state, 135

ideal-gas relution, 133
molar mass M, 135-136
universal gas constant 8, 135
water vapaor, 137-138
Idenl-gas mixtures, 691, 696700, 706-708
Ideul-gas mixtures. chemical equilibrium
constant, S08-812, 812-816
[deal-gas properties
air, 923,972
carbon monoxide, 929, 978
hydrogen, 933, 982
hydroxyl, 936
monstomic oxygen, 936
nitrogen, 925, 974
oxygen, Y27, 976
water vapor, 934, 983
Ideal-gas relation. 138
Ideal-gas specific heats of vanous common
guses, 899 049
ldeal-gas temperature scale, 1819
Idealizations und simplifications, power cycles,
487
Ideal power cycle, 456
Ideal vapor-compression refrigerution cyche,
610613
Ignition temperature, 762
Inclined muanometer. 31
Incompressible flow, 219-22]
Incompressible substance, 183
[ncrease of entropy principle, 334-337
Independent propertics, 15
Inexact differentials, 63
[nnovative vapor-compression systems.
623-630
cascade refrigeration systers, 624-626
liguefaction of gases, 629-630
multipurpose refrigerution systems, single
compressor, 628-629
multistage compression refrigemtion
syatems, 626-628
Intenvive properties, 12
Internal (7)) energy, 53, 176-1K3, 183187
changes, 184
enthalpy und specific heats of fdeal gases,
176-183
enthalpy und specific heats of solids and
Hggerids, 183187
Intermil energy changes. thermodynumic
property relations, 666
Intemal energy changes of real gases. 675
Intermally and externally reversible processes.
294-295
externally reversible, 205
imternally reversible, 294-295
totlly reversible, 295
Intermally reversible, 294-295
Internally reversible isothermal heal trunsfer
processes. 333
Internutional Temperature Scale of 1990, 2021
lrreversibilities, 293
Irreversible processes, 203-204, 425430
exergy. 425-430
friction, 293
heat transfer, 204
Ireversibilities, 293
unrestrained expansion of a gas, 204
Isentropic efficiencies, 367-373
compressor, 369-371
nozzles, 371-373
turbiney, 367-368

Isentropic flow through nozzles, 851-860
buck pressure, 851
choke, 855
converging-diverging nozzles, 856-860
converging nozzles, 852-356
normal shock, 857

Lsentropic stagnation state, 841

Lsabaric process, 16

hacharic (isometric) process, 16

Isoluted system. |1

Isothermal process, 16, 340342, 355

Jet propulsion cycles, 520-526
afterburner, 526
modifications, 524-526
propjet engine, 523
propulsive efficiency, 521
ramjet, $26
rbofan, 524
Joule-Thompson coelficiant, 235, 672-674

Kuy's rule, 692

Kelvin-Planek sttement, 283
cquivalency, Kelvin-Planck stuement,

289-290

Kelvin seale, 20, 300

Kilogram (kg), §

Kinctic and potential energy, 423425

Kinetic (KE) energy. 53-54. 61

Kirchhoff's law, 94

Latent energy, 53
Lutent heat of fusion, 116
Lutent heat of vaporization, 116
Liquelaction of gases, 629-630
Liguid, 113

property tables for, 902, 952
Liguids and solids, entropy changes in,

340352

Liquid-vapor saturation curve, 116
Lower heating value (LHV), 78, 773

Much angle, §70
Mach number (Mu), 844
Mach wave, §70
Mucroscopic energy, 53
Munometer, 30-33
Muass and mole fructions, gas mixtores, 688-690
Miws and volume flow rates, 214-216
Mitss balunce. 216, 762
Mass balunce for steady-flow processes,
218-219
Mass flow, 73, 373376
Mass trunsfer, 440441
Maxwell relations, 661-662
Mayer relation, 669-672
Mean effective pressure (MEP), 491
Mechanical und clectrical devices, efficiency,
R2-84
Mechanical encrgy, 5859, 66-70
elustic solid bars, 67-68
force (F), 66
raising or accelerating a boady, 68-64
shaft work, 66-67
spring work, 67
stretching of lguid film, 68



Mechameal equilibriom, |4
Mechanisms of trunsfer. 374376
Metubolism, 188
Meter (m), §
Microscopic energy, 53
Minimum work of separation of gas mixtures.
F08-710
Mixing chumbery, 236-237
Molar mass M, 135-136
Molar muss, gos constunt, and criticul-point
properties, propeny tables, 898, 948
Mole. §
Molecular disorder, 344-345
Molecules, 2-3
Molbier diagrm, 343
for water, Y13, 9h3
Mutor efficiency, 83
Moving boundary work, |164-169
definition, 164
polytropic process. 168-160
quasi-equilibrium process. 164
quasi-static process, 164
Moving or deforming control volumes, 218
Multicompanent chemical equilibnum system,
822-828
Henry's constant, 824
solubility. 823
Multipurpose refrigeration systems, singls
compressor, 625-629
Multistuge compression refrigention systems,
626628
Multistuge compression with intercooling,
364-366

Nutural-deaft cooling tawer, 746
Natwral Jogarithms of equilibrium
constunt K, V39
Nelson-Oberr generalized compressibulity
churt, 921
Newton (N), 5
Newton's luw of cooling, 93
Nonmechamical formy of work, 70
Normal shock, 857
Nozzles, 229-23]
converging-diverging, 856-86()
converging. 852-%56
und diffusers. 220-23|
isentropic efficlency of, 371-373
isentropic flow through, 851-860
steam, 884887
Nuclear energy, 55-57

Oblique shock waves, 866-570
bow wave, 868
deflection angle, 866
detached obligue shock wave, 868
Mach ansle, 870
Mach wave, 870
shock angle, 866
strong obligue shocks, 864
turning ungle, 866
wave angle, 866
weak obligus shocks, 869
Octane, 760
One-dimensional isentropic compressible-flow
functions for an ideal gas with & = 1.4, 943
One-dimensionul isentropic flow, 845-851
convergimg-diverging nozzles, 847

propeny relatons, isentropie flow of jdeal
gases, 849-851
throar, 847
vittiation of uid velocity with flow ares,
847849, 943
One-dimensional normal shock functions for an
ideal gas with £ = 4, 944
Open cycle. 506
Open feedwater heater, 569
Open system, 11
Osmotic pressure, 712
Osmuotic rise, 712
Outo eycle, 492408
compression rutio, 495
exhuust blowdown, 492493
four-stroke combustion engine, 492
two-stroke engine, 493
Ozone and smog, 86-87

Packuge jeing, 118
Partinl derivatives and associted
thermodynamic propeny relitions,
656-660
Partial differentiul thermodynamic propernty
relations, 639-660)
Purtial differentials, 657-659
Partial molar properties, 703
Partinl pressure. 691
Partial volume, 69
Pascal’s luw. 26, 32
Path, 5
Path functions, 63
Peltier effect, 637
Pervent deficiency of air, 765
Percent excess air, 765
Percent theoseticul uir, 765
Perpetual motion mackines, 290-292
ual motion machine of the lirst kind
(PMMI ), 290
perpetunl motion machine of the second kind
{PMM2), 200
£-h diagram for refrigerant, 918, 968
Phuse-change processes of pure substiances,
113-118
compressed liguid amd saturated
liguid, 114
consequences of 7, and P, dependence,
116-118
saturated vapor and superheated vapor,
114-115
saturation temperature and saturation
pressure, | 15-116
vacuum cooling, 117
Phase chemical equilibrivm, 820-828

Gibbs phase rule, 822
multicomponent system, 822-828
phase rule. §22

single component system, 820-522
Phase equilibration, 148
Phase equilibriun, 15
Phases of pure substances, 1124113
gas, 113
liquid, 113
solid, 112
Phase mile. chermical equilibnum, 822
Piezoclectric trunsducers, 34
Pipe and duct flow, 240-242
Polytropic process, |68-169
Potential energy, 54
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Pound (Ib), &
Paund-force (Ibf), 6
Power, 227
Power cyeles, analysis, 486488
idenl cycle, 486
idenlizations and simplifications, 487
property diagrams, 457458
thermul cfficiency, 486
Prandil-Meyer expansion waves, 870-875
compressing flow, 870
expanding How, 870
expansion fan, 870
Prandil-Meyer function, 871
Pressure, 22-26
absoline pressure, 23
definition, 22
Pascal’s law, 26
vacuum pressure, 23
variation with depth, 24-26
Pressure measurcment devices, 27-34
barometer, 27
burometric pressure, 27
Bourdon tube, 33
deadweight tester, 34
inclined munometer, 31
munometer, 3433
plesosiectric transducers, 34
pressure trnsducer, 33
standard stmosphere, 27
strmin-gage pressure transducers, 34
Pressure ratio, 507
Pressure transducer, 33
Primary (fundumental) dimensions, 3
Principle of corresponding staies, 138-139
Problem-solving techoigue. 34-36
Process, 15
Products. 762
Properties of atmosphere at high altitode, 922,
97l
Properties of common liguids, solids, and
foods, W2, 952
Properties of some common fuels und
hydrocarbans, 938, Y86
Property diagrams, entropy, 342-343
Mollier diagram, 343
Property disgrams of pure substunces, | 15124
extension for solid phases. 120122
PT diagram, 122-123
Loy dmgram, 120
P-v-T surfoce, 123
Tov dingram, 1E-119
Property disgrauns, power cycles, 487-488
Property relations, isentropic flow of ideal
gases, 840-851
critical properties, 85
critical ratios, 850
Propenty tables and charts
enthalpy of formution, Gibbs lunction of
formation, and absolute entropy at 25°C,
| utm, 937
compressed liguid water property tibles,
912, 962
enthalpy of formation, Gibbs function of
formation, and absolute entropy at 77°C,
| wtm, 985
generalized emhalpy departure chart, 940
eeneralized entropy departure chirt, 941
ideal-gas propertics of uir, 923, 972
Ide:l,;w7m»p¢nkn of carbon monoxide,
29, 978



Property mbles and charts (continued )
{deal-gas properties of hydrogen, 933, 082
ideal-gas properties of hydroxyl, 936
kel gas properties of monatomic oxyeen, 936
ideal-gas properties of nitrogen, 923, 974
ideul-gus properties of oxyvgen, 927, 976
idenl-gas properties of water vapor, 934, Y53
ideul-gas specitic heats of varions common
gises, 899, 940

molar miss, gus constant, and criticul-point
properties, ¢ tnbles, 8UK, M8

Mollier disgram for water, 915, 965

natural ;ugnrithms of equilibrivm constant
K. 939

one-dimensional isentropic compressible-
flow functions for an ideal gus with

= 14,943

one-dimensional normal shock functions for
an fdeal gas with & = 1.4, 944

properties of atmosphere st high aluiude,
922,971

properties of common liguids; solids, and
foods, 402, 952

properties of some common fuels and
hyvdrocarbons, 938, 986

psychometric chart ar 1 atm wtal pressure,
042, O87

Rayleigh flow functions for an ideal gas with
k= 14,945

satirmated ioe-water vapor property tuble,
913, 963

sutorated refrigemnt pressure table, 917, 967

saturnted refrigerant temperature table. 916,
Q66

satorated water pressure table, 906. 956

saturited water lempernture table, 904, 954

superbented walcr, property tables, 908, 958

T=x diagram for water, 914, 964

Propenty tbles of pure substances, 124-134
compressed liguid. 131-132
cothalpy, 125-126
enthalpy of vaporizution. |26
reference state und reference values, 132-134
saturnted Hguid and sutunited vapor stues,

125126
saturated tiquid-vapor mixture, 127130
superheated vapor, 130131
Propjet engine, 525
Psychametric chart at | atm towl pressure, 942,
987
Psychrometnic chars, 734-735
P-T diagram. 122-123
Pump efficlency, 82
Pure substances, 111-161, 337-340)
Beattie-Bridgeman equation of stute,
142143

Benedict-Webb-Rubin equation of state,
143144

compressed ligquid and suturated Hquid, 114

compressibility factor (Z). 138-141

consequences of 7 und £ dependence,
116-118

definition, 112

ideal-gus equation of state, [34-138

phase-change processes of, 113118

phases of, 112-113

property dingrums, | |8-]24

property tables, 124-134

ulmr:tcd vapor and superheuted vapor,
14-115

suturation emperature and satration
pressure, 15116
van der Walls equation of stite, 142
vapor pressure and phase equilibrium,
146-150
vittal equation of state, |44-145
water vapor as ideal gas, 137-138
P<v diagram, 120
P surface, 123

Q.. 281-283

Quality, Carnot heat engine, 302-303
Quuntity versus guality, daily life, 303-304
Quasi-equilibriom process. 16, 164
Quusi-static process, 16, 164

Radiation, 62. 93
Raising or accelenting 4 body. 68-69
Ramjet, 526
Rankine cycle, 555-558, S58-560. 561-565.
365-568, 569-577
uctual versus idealized. 555-500
anulysis, S38-560
efficiency, 561-565
feedwater heater (FWH), 569
ideal regencrative, 569-577
ideal reheat, S65-568
regenerator, 569
Rinkine seale, 20
Rate form, 443
Rate of heat trunsfer, 227
Rayleigh flow, 875
choked, 882-884
line, 877
property relations, 881-882
Rayleigh flow functions for an ideal gas
with & = 1.4, 945
Reactiants, 762
Real-gas mixtures, 692095, 700-714
chemical potential, 705
desalinution processes, 712-714
enthalpy of mixing, 705
entropy of mixing, 703
ileul-gas mixtures and ideal solutions,
6-708
Kay's nile, 692
minimum work of sepamtion of iy
mixtures, TOR=710
partial molar properties, 7035
reversible mixing processes, 710
second-law efficiency. gas mixtures, 710-711
separution of & two component gas misiure,
711
Reciprocating engines, 49049
bore, 491
bottom dead center (BDC), 491
clearance volume, 494
compression ignition (C1) engines, 491
displacement volume, 291
exhiuust valve. 491
mean effective pressure (MEP), 491
spark ignition (SD engines. 491
stroke, 40|
1op dead center (TDC), 491
Reduced pressure, 138
Reduced femperature, 138
Reference stute and reference values property
tahles of pure substances, 132-134

Refrigerant selection, 620-622
Reéfrigerntion cycles. 607-653
absorption refrigeration systems, 633-635
actual vapor compression, 613-615
cascide refrigemtion systems, 624-626
gus refrigemtion eyeles, 630-633
heat pump systems, 622-623
Ideal vapor compression, 610-613
IMMOVALIVE VAPOr-COmpPression sy stems,
H23-H30
liquefaction of gases, 6H29-630
multipurpose refrigeration systems, single
compressor, 628620
multistuge compression refrigeration
systems, 626-628
refrigerunt selection, 620-622
refrigerators and heat pumps, 60%-609
reversed Cumat eycle, 609610
second-law analysis ol vupor compression,
615-620
thermoelectnic power generation, 636-637
Refrigerators aml heat pumps, 283290,
608604
Cliusius sttement, 288289
coefficient of performance, 284-285. 608
energy efficiency rutio (EER). 286-288
equivalency, Clavsius aml Kelvin-Plnck
stulements, 289-290
heat pumps, 285-286
houschold. 307-311
perfomunce, 286
Regeneration, 503, 513-515
Regenerstor, S69
Relative densuy, 14
Relative humidity, 147, 727-720
Relative pressure, 356-359
Relative specific volume. 356-350
Reversed Camot eycle, 297, 609-610
Reversibillty, 295
Reversible adiabatic compression, 296
Reversible adiabatic expansion, 296
Reversible adiabatic process, 341
Reversible isothermal compression. 296
Reversible isothermal expansion. 296
Reverible mixing processes, 710
Revenible processes, 202-203
second-law efficiency. 293
Reversible steady-flow work, 3549-363
Reversible work, exergy. 425-430). 456

Saturated wir, 147
Saturated iceswaler vapor property tuble. 913,

Saturated liguid and saturated vapor states
property tibles of pure substances,
125-126

Saturated Hguid line, 119

Saturated Tquid-vapor mixture property tubies
of pure substances, 127130

Saturnted Tigquid vapor region (wet region), 119

Suturated refrigerant

pressure table, 917, Y67
temperatire lhle, 916, Y66

Samrated vapor and superheated vapor,
14115

Saturated vapor line, 119

Saturated water

pressure table, Y06, 956
temperature table. Y04, 954




Sanu?uuull:mpcmum and saturation pressure,
15-116
latent heat of fusion, 116
latent heat of vaporization, 116
liquid-vapor sataration curve, |16
Secondary (derived) dimensions, 3
Second-law analysis, gas power cycles,
526-529
Sevond-liw analysis of reacting systenms,
T84-790
exergy destroyed, 784
Second-law analysis of vapor compression.
015-620
Second-law analysis, vapor power cycles.
577-579
Sccond-law efficiency, 293, 430-433,
456401
Second-law efficiency, gus mixtures, 710-711
Second luw of thermodvmmics, 2 275-328
Carnor cycle, 205-297
Carnot beat engine, 301304
Carnot principles, 297-298
Cumnot refrigerutor and beat pump, 4307
Clausins staterment, 288-289
coefficient of performance, 284-285
entropy and, 330-333
equivalence, Kelvin-Planck und Clausius
statements, 289-29()
heat engines. 278-283
beat pumps. 285-286
household refrigerators, 307-311

internally and externally reversible processes,

204-205
introduction, 276-277
irreversible processes. 293-204
Kelvin-Planck stutement, 283
performance, refrigerutors. air conditioners.
and heat pumps, 286-288
perpetual motion machines, 28292
Q.. 2K1-283
(uantity versus quality, daily lifz, 303304
refrigerators and heat pumps, 283-290
reversed Carnot eycle, 297
reversible prcesses, 202-203
thermal efficiency, 279-281
thermal energy reservoirs, 277-278
thermodynumic tempemtire scile, 299-30]
Seobeck effect, 636
Separation of 4 1w Component gas mixiure,
71
Set point, 192
Shafl work, 66-67
Shock angle; 8§66
Shock waves. 860-%75
Fanno line, 361
norml shock waves, 860-866
obligue shock waves, 866-870
Prandtl-Meyer expansion waves. 870-%75
Rayleigh line, 361
SI units, -8
property tahles, 897-945
Significant digits, 39-30)
Simple compressible system, 15
Simple heating and cooling, 738
Stmultuneous reactions, chemical equilibrinm,
516-818
Siagle component system, chemical
equilibrium, 820822
Solid. 112
property whbles for, W12, 952

Solids and liquids, intermil eneryy and specific
heuts, 183-187
Solubility, 823
Somic fluid How, 843
Sanic number, 843
Spark ignition (S1) engines, 491
Specific gravity, 14
Specific hets, 174-176
At constant prossure, 174
ut constant volume, 174
r,and ¢ 668-672
definition, 174
of wdenl gases, 176183
of solids und liguids, 183-187
Specific humidity, 727-729
Specific properties, 12
Specific weight, 14
Spead of sound und Mach number,
§43-845
hypensonic Nuld flow, ¥43
Mach number (May, 844
sonic Nuid flow, 843
somie mumber, 843
subsonic fluid flow. 843
supersoric fluid flow, 843
transomic fluid flow. 843
Spring work. 67
Stugnation enthalpy, 840
Stagnation pressure, 841
Stugnation properties. B40-§43
dynamic temperature. 841
ISentropic stagnation stite, 841
stagrtion enthidpy . 840
stagnation pressure, 841
stagnation properties, $40-841
stagnation temperature, 841
static enthulpy, 840
fotal enthalpy, 840
totul temperature, 841
Stagnation temperature, 841
Stundard stmosphere, 27
Stundard-state Gibbs functon change, §08
State of u system. equilibrium, 14-15
<hemical equilibrivm, 15
eqitilibrium, 14
mechanical equilibrium, 14
phase equilibrium, 15
thermal equilibrivm, |14
State postulute, 15§
Sustic enthulpy, 840
Steady-flow devices, second law efficiency.
456463
Steady flow engmeering devices, 228-242
heat exchangers, 238-24()
mixing chumbers, 236-237
nozzles and Jiffusers, 229-23|
pipe and duct flow, 240-242
throttling valves, 234-236
turhines and compressors, 231-234
Steady-flow process, 16-17
Steady-flow systems, 225-228, 435-456
chemical reactions, 775-776
exergy hulance, 435456
power. 227
rate of heat transfer, 227
Steam point, 20
Steam nozzles, S84-887
suplersaturated stesm, 885
supersaturation, 885
Wilson line, 885

e —

Stirling and Ericason eyeles, $02-506
extemal combustion, 506
regeneration, 503

Stoichiometric air, 764

Strain-page pressure transducers, 34

Stretching of hquid film, 68

Stroke, 491

Strong obligue shocks, 869

Sublimation, 122

Subsonic tuid flow, 843

Superheated refrigerunt property tables, 918, 96%

Superheated steam, 562

Superheated vapor property tables of pure

substances, 13013

Superheated vapor region, 119

Supetheated water, property tables, Y08, 958

Supersaturated steam, 885

Supersaturation, 885

Supersonic fluid fow, 843

Surroundings outside system, 1|

Surroundings work, 426

System processes and cycles, |5-17
cycle, 16
iwb':)i: process, 16
wochorie (isometric) process, 16
sothermal process, 16
path, 15
process, 1S
quasi-equilibnum process, 16
quasi-static process, 16
steady-flow process, 16-17

System properties, 12-13
continuum. |2-13
definition, 12
extensive propertics, |2
independent properties. 15
Intensive properties, 12
simple compressible system. 15
specific properties, 12
state postulate. |15

Systems and contol yolames, 1012

boundary, 10

chised system, 10

control mass, 10

control surfuce, |}

control volume, |1

tsolated system, 11

open system, 11

surmbndings outside systen, |1

T ds relations, entropy, 347-348

Temperature. 18-22

absolute gas temperatore scale, 19

Celsius scale, 18

constint volume gis thermometer, 19

Fahrenheit scale. 18

iee point. 20

ideul-gas tempemture scale, 18-19

Intermational Temperature Scale of 1990,
20-2

Kelvin scale, 20

Rankine scale, 20

s point, 20

thermal equilibaum, 17

thermodynamic temperuture scale, 18

triple point, 20

recoeth law of thermodynamics, 18

Temperature, varations of chemical

equilibrium constant with, §18-820



Theoretical wr, 764
Theoretical and actusl combustion processes,
764-770
deficiency of air, 765
equivalence ratio, 7635
excesy air, 7635
percent deficiency of ain, 763
pereent excess air, 765
percent theoretical air, 765
stoichiometric alr, 764
theoretical air, 764
Thermal conductivity, 91
Thermal efficiency, 279-2K1, 302. 486
Thermal energy reservolrs. 277-278
Thermal equilibrium, 14, 17
Thermodynamic property relitions, 655685
Clapc)mn Clausius equiition, 664-665
Clapeyron equation, 662-665
enthalpy changes, 666667
enthalpy changes of neal gases, 674-675
enthalpy departure, 675
entropy changes, 667668
entropy chunges of real gases, 676-678
entropy departure, 678
internal enerpy changes, 666
internal encrgy changes of real gases, 675
Joule-Thomson coeflicient, 672-674
Muxwell relations, 601-662
Muavyer relution. 669-672
partinl derivatives and assocrated relutions,
H56-500)

partial differential refations, 659-660

partial differentials. 657659

specific heats ¢ and ¢, 668-672
Thermodynamics

applications of, 3

hiological systems, 187-194

clitssical thermodynamics, 3

conservation of energy principle, 2

density and specitic gravity, 13-4

and dimensions and units, 3-10

and enerpy, 2-3

engineering equanon solver (EES) for, 37-39

engineering softwire packages for, 36-37

first law of thermodynamics, 2

pressure, 22-34

problem-solving echmigue for, 3436

second law of thermodynumics, 2

significant digits, 3940

state of o syster, 1415

system processes and cycles, 15<10

system properties, 12-13

systems and conrrol volumes, [0-12

temperuture and zeroeth luw of

thermodynumics, 17-18
third Taw of thermodynamics. 344-345

Thermodynamic iemperature seale, 18,
290301
ubsolute temperutures. 300
Kelvin scale, 300
Thermoelectric power generation, 636-637
Peltier effect. 637
refrigerutor systems, 636-637
Seebeck effect. 636
Third law of thermodynamics, 344-343, 783
ThruuL 847
Throtling valves, 234-230
Top dcmf center (TDC), 491
Total enthalpy, 840
Total temperature, 841
Transfer, exergy, 438441
Transonic fluid How, 843
Triple paint, 20, 121
Tox diagram for water, 914,964
Turbine efficiency, 82
Turbines and compressors, 231234
Turbolan, 524
Tov dingram, 118-119
saturated Hguid ine, 119
saturuted liguid vapor region (wet region), 119
suturated vapor line, 119
superheated vapor region, 119
Two-stroke engine, 403

Unit systems, 3-10
British theema! unit (Bu), 7
conversion ratios, 9-10
dimensional homogeneity, 8
English system, 34
kilogram (kg), 3
metnc system, 4
mole. §
newton (N), §
pound (1b), 6
und-foree (b, 6
:w States Customary System (USCS).

watt (W), 7

welght, 6
Universal gos constant R, 135
Unrestrained expunsion of u gas, 294
Unsteady-flow processes, 242-247

Vacuum coaling. 117

Vucuum freezing, | I8

Vicuum pressure, 23

van der Walls equation of sue, 142

Vipor power cycles, 353-6(15
binary vapor cycles, S87-389
Carnol vapar cyele, 554

cogeneration. 579-584
combined gs-vapor power cycles, 584-587
Rankine cycle. 555-558. 558-56(0). 561-565.
S65-568
Rankine cycle, actual versus idenlized,
555-560)
Runkine cycle, analysis, 538-36)
Rankine cycle, efficiency, S61-565
Rankine cycle, ideal regenerative, 569-577
Rankine cycle, ideal reheat, 565-56%
secont-law analysis, vapar power cycles,
577-579
Vapor pressure and phase equilibrium, 146-150
bolling. 148149
definition, 146
evaporation. 148
evaporative coolers, 148
phase equilibration, 148
relative humidity, 147
saturnted air, 147
Variable specific heat, 353-355, 3156
Varintion of fluid velocity with low arew.
R47-849
Virial equation of state. 144145
Volume flow mte, 54

Water heater efficiency, 78
Witter vapor as ideal gas, 137-13%
Wan (W), 7
Wave angle, K66
Weak obligue shocks, 8649
Weight, 6
Wet-bulb iemperatre, 732-734
Wet cooling towers, 745-747
cooling pond, 746
natural-druft cooling tower, 746
Wilson line, 885
Work. 56. 62-65
electrical work, 63
exnet differentinls, 63
formal sign convention, 63
inexuct differentials, 63
path functions, 63
Warking fMuid, 278
Work potential, 422425
Wark transfer. 73, 440

Zeroeth law of thermodymumics, 18



