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SYMBOLS

a acceleration

A area

a, A specific Helmholtz function and total Helmholtz function
AF air-fuel ratio

Bg adiabatic bulk modulus

By isothermal bulk modulus

c velocity of sound

c mass fraction

Cph coefficient of discharge

{

constant-pressure specific heat
constant-volume specific heat
zero-pressure constant-pressure specific heat

zero-pressure constant-volume specific heat
coefficient of performance
compression ratio

1 specific energy and total energy
FMP electromotive force, electrical potential, volt
ER expansion ratio
S fugacity, pseudo pressure
E Faradays constant
F force, also tension
FA fuel-air ratio
g acceleration due to gravity
&G specific Gibbs function and total Gibbs function
h, H specific enthalpy and total enthalpy
HR, HP enthalpy of reactants and enthalpy of products
HV heating value
i electrical current
1,1 specifc and total irreversibility
k conductivity
k specific heat ratio: C,/C,
K equilibrium constant
ke, KE specific and total kinetic energy
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A
Absolute entropy, 523-524

of substances, 629
Absolute temperature, 196, 201
Absolute temperature scale, 193
Absorption refrigeration cycle, 401-403
Accumulation, 135
Acentric factor, 684

Active flow devices and systems, control volume, 160-162

Actual cycles, deviation of, 388-391
Actual fuel-air ratio, 533
Actual heat engines, 199-200

v taal vapor-compression refrigeration cycle,

deviation of, 397-399
Adichatic compressibility, 464-467
whatic flame temperature, 521-523
batic flow, 583-584
tubatic process, 88
batic saturation process, 432-434
Adiabatic saturation temperature, 432
Air compressors, 25, 161
Air conditioner, 61, 198
Aircraft cooling, 361
Air-{uel ratio, 501, 506, 507
Air-standard cycle for jet propulsion, 356-359
Air-standard Diesel cycle, 336-339
Air-standard Otto cycle, 333-336
Air-standard power cycles, 327-328
Air-standard refrigeration cycle, 360-362
Alcohols, 501
Alternative energy systems, 279
Ammonia, 179
pressure-enthalpy diagram for, 690

Ammonia absorption refrigeration cycle, 402
Aneroid barometer, 27
Atkinson cycles, 341-344
Atmospheric nitrogen, 504
Atmospheric pressure, 17

Automotive engine intake throttle, 27
Automotive tire pressure gauges, 25
Avedoere Power Station, 2

Average velocity, 136

B

Balance equation, exergy and, 306-311
Ball valve, 160
Benedict-Webb-Rubin (BWR) equation, 471
Bernoulli, Daniel, 271

Bernoulli equation, 584

Biobutanol, 540

Blocks of copper, 22

Bore B, 331

Bottom dead center (BDC), 333
Brayton cycle, 344-350

Bridge expansion joint, 62

British thermal unit (Btu), 88

Bunsen burner, 4

Buoyancy effect, 63

€
Calorie (cal), 88
Capillary tube, 145
Carbon, 511
Carbon dioxide, phase diagram for, 41
Carnot cycle, 190-192

efficiency of, 192-193

on temperature-entropy diagram, 220
Carnot, Nicolas Leonard Sadi, 190
Cascade refrigeration system, 400
Celsius scale, 23, 24
Centigrade scale, 23
Centrifugal air compressor, 140, 161
Centrifugal (irrigation) pump, 161
Check valve, 160
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Chemical equilibrium, 7, 553-562 isentropic nozzle, mass-flow rate of ideal gas, 590-595
coal gasification, 567-568 nozzle and diffuser coefficients, 601-603
engineering applications, 570-572 nozzle, normal shock in ideal gas, 595-601
equilibrium, requirements for, 545-547 stagnation properties, 578-580
ionization, 568-570 Compression ratio, 335
metastable equilibrium, 551-552 Dual cycle, 340
pure substance, two phases of, 547-551 Compressor efficiency, 281
simultaneous reactions, 563-567 Compressor, steady-state process, 146-148

Chemical potential, 480 Condenser losses, 390

Chemical reactions: Conduction, 199
adiabatic flame temperature, 521-523 Conservation of energy, 71
combustion process, 503-509 Conservation of mass, 134-137
engineering applications, 533-536 Constant enthalpy, 145
enthalpy and internal energy of combustion, 516-521 Constant-pressure heating value, 517
enthalpy of formation, 509-511 Constant-pressure process, 38, 221
fuel cells, 529-533 Constant-pressure specific heats, 100-102
fuels, 499-503 solids and liquids, 101-102
reacting systems, energy analysis of, 512-516 Constant-temperature energy reservoirs, 197-199
second-law analysis of reacting systems, 524-529 Constant-volume heating value, 517
third law of thermodynamics and absolute entropy, 523-524  Constant-volume heats, 100-102

Chemical systems, 116 solids and liquids, 101-102

Chlorofluorocarbons (CFCs), 396 Continuity equation, 108, 135, 148, 152-155

Clapeyron equation, 450-453, 549 Control mass, 4, 94, 235-236

Clausius, inequality of, 200-203 Control mass process, 302-304

Clausius statement, 182-185 Control surface, 134

Closed cycle, 325 Control volume, 382

Coal gasification, phase and chemical equilibrium, 567-568 conservation of mass and, 134-137

Coefficient of performance (COP), 180, 181, 360 energy conservation and device efficiency, 277- 1.3
vapor-compression refrigeration cycle, 395 energy equation for, 137-139

Cogeneration system, vapor power, 391-394 entropy balance equation for, 260-261

Cold air properties, 328 engineering applications, 159-164, 277-283

Collins helium liquefier, 361 momentum equation for, 580-582

Combined Brayton/Rankine-cycle power system, 406 multiple-flow devices, 152-154

Combined-cycle power and refrigeration systems, 405-407 principle, increase of, 273-277

Combined heat and power (CHP), 114, 391-394 with several different subsystems, 73

Combustion, 533 steady-state single-flow process, 269-273

Combustion process, 561-562 thermodynamic system and, 4-5
chemical reactions, 503-509 transient flow process, 154-159

Compound pressure gauge, 26 transient process, 262-269

Compressed air system, 162 Control-volume equations, 140

Compressed liquid, 38 Convection, 199

Compressed liquid water, 646-647 Convective heat transfer, 89

Compressed-solid region, 45 Convergent-divergent nozzle, 592, 598-599

Compressibility chart, low-pressure region of, 468 Convergent nozzle, 593

Compressibility factor, 56-60 Converging-diverging nozzle, 594-595

Compressible flow, 578 Conversion, energy, 113-114
control volume, momentum equation for, 580-582 Conversion factors, 612-614
ideal gas, reversible, adiabatic, one-dimensional Coolers, control volume, 160

flow of, 587-590 Cooling effect of adiabatic saturation process, 439
ideal gas, velocity of sound in, 585-587 Coordinate system, for diatomic molecule, 21
incompressible fluid, adiabatic, one-dimensional, Critical constants, 615

steady-state flow of, 583-584 Critical-density ratio, 590
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Critical pressure, 38
Critical-pressure ratio, 590
Critical temperature, 38
Critical-temperature ratio, 590
Critical volume, 38

Cryogenic fluids, 99

Cubic equations, 60, 470
Cubic equation of state, 683
Cut-off ratio, Dual cycle, 340
Cyclic heat engine, 204

Cyclic machine, 74

Cylinder pressure, 84

Cylinder system, 14-15, 18-19

D
Dalton model of gas mixtures, 420-425
Dead state, 307
Dehumidifier schematic, 439
Density, 10-13
Desuperheater, 162
Device efficiency, entropy analysis, 277-283
Diatomic molecule, coordinate system for, 21
Diatomic polyatomic gases, 681-682
Dichlorodifluoromethane (CCL,F,), 396
Diesel eycle, 336-339

Yiesel engine, aftercooler for, 160

iffusers:

control volume, 159-160
steady-state process, 145

ifuser coefficients, nozzle and, 601-603

Yistrict heating, 392
Urey-bulb temperatures, 434-440
Dry saturated vapor, 37
Dual cycle, 339-340
Dual fluid heat exchanger, 142

E
Electrical systems, 116
Electricity, 113
Electromotive force (EMF), 529-532
Energy, 20-22, 246
Energy analysis, of reacting systems, 512-516
Energy conservation, entropy analysis, 277-283
Energy consumption, 112
Energy conversion, 113-114
Energy conversion devices, 178
Energy equation, 70-73, 215
constant-volume and constant-pressure
specific heats, 100-102
for control volume, 137-139
definition of work, 75-79

engineering applications, 111118
enthalpy, thermodynamic property, 98100
gas-vapor mixtures, 430-432
heat, definition of, 88
heat transfer modes, 89-93
internal energy, enthalpy and specific heat of
ideal gases, 102-108
problem analysis and solution technique, 93-97
simple compressible system, 80-87
transient heat transfer process, 109-111
Energy resources, 111-113
Energy storage, 114-116
Energy transfer, 116-118, 135
Energy transformation, 113114
Engineering applications:
chemical reactions, 533-536
energy conversion and transformation, 113-114
energy resources, 111-113
energy storage, 114-116
energy transfer, 116-118
entropy analysis, 277-283
exergy, 316-317
gas mixtures, 434-440
phase and chemical equilibrium, 570-572
pure substance, 61-63
second law of thermodynamics, 204-206
thermodynamic relations, 488-491
thermodynamics, 24-28
English Engineering System of Units, 9, 10, 23
Enthalpy:
at constant temperature, 472-475
energy equation, 102-108
and internal energy of combustion, 516-521
thermodynamic property, 98-100
thermodynamic relations, 458-464
Enthalpy-entropy diagram for steam, 218
Enthalpy of formation, 629
chemical reactions, 509-511
Entropy:
and chaos, 246-248
control mass during irreversible process, change of, 235-236
energy conservation and device efficiency, 277-283
engineering applications, 277-283
entropy balance equation, for control volume, 260-261
entropy balance equation, rate form, 242-246
entropy generation and entropy equation, 236-238
ideal gas, change of, 226-231
principle, increase of, 238-241, 273-277
property of system, 215-217
of pure substance, 217-219
reversible polytropic process, for ideal gas, 231-234
reversible processes, change in, 219-224
solid or liquid, change of, 225-226
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J

Jet engine, ideal gas-turbine cycle for, 358
Jet pump, 161

Joule (]), 76

K

Kalina cycle, 407

Kay’s rule, 485

Kelvin-Planck statement, 182-185
Kilogram (kg), 9

Kinetic energy of the control mass, 76-78

L

Large axial-flow gas turbine compressor rotor, 161
Large butterfly valve, 160

Large wind turbine, 162

Lee-Kesler equation, 61, 471-473, 476, 489, 684
Lee-Kesler simple fluid, 684, 685

Lewis-Randal rule, 482

Linde-Hampson system, for liquefaction of gases, 400

Linear polyatomic gases, 681-682

Liquefaction of gases, Linde-Hampson system for, 400

Liquefied natural gas (LNG), 62
Liquid:
constant-volume and constant-pressure
specific heats, 101-102
entropy change, 225-226
properties of, 616
Liquid crude oil, 501
Liquid hydrocarbon fuels, 500, 501
Liquid hydrogen, 501
Liquid metal-water binary power system, 406
Liquid octane, 522-523
Liquid oxygen plant, 400
Liquid propane-gaseous water, 520
Liquid propane-liquid water, 519
Liquid pumps, 161
Liquid states, 49-50
Liquid-vapor surface, 42, 43
Liquid water, submerged in, 55
Lost work, 299
Lower heating value (LHV), 518
Low-pressure ammonia vapor, 401
Low-pressure region, of compressibility chart, 468
Low-temperature fuel cells, 531

M
Macroscale, 20
Macroscopic point of view, 5-6

Manual oil pump, 161
Mass and energy transfers, 297
Mass, conservation of, 134-137
Mass-flow rate, 54, 136, 139
of ideal gas, isentropic nozzle, 590-595
Maxwell relations, 455-458
Mean solar day, 8
Mean temperature of heat addition, 378
Mechanical systems, 115
Mercury barometer, 17
Mercury (Hg) manometer, 17
Metastable equilibrium, 551-552
Methane, 505, 508
Micro, 8
Microscopic points of view, 5-6
Miller cycles, 341-344
Milli, 8
Mixing chamber, 162
Mixture:
property relation for, 478-482
of two gases, 420
Mole-basis analysis, of gaseous mixture
yields, 419
Mollier diagram, 217
Momentum equation, for control volume, 580-582
Monatomic gases, 681
Multiflow devices, control volume, 162, 163
Multiple-flow devices, 152-154

N
Nano, 8
Naphthalene, 500
Natural gas furnace, 152
Newton’s second law of motion, 8, 10
Nitrogen, 56
compressibility of, 57
NJEB, 38
Nonequilibrium process, 84
Nonlinear polyatomic molecules, 682
No phase, 101
Nozzle:
adiabatic, one-dimensional, steady-state flow,
incompressible fluid, 583-584
control volume, 159-160
and diffuser coefficients, 601-603
normal shock in ideal gas, 595-601
reversible, adiabatic, one-dimensional flow,
ideal gas, 587-590
steady-state process, 144-145
Nozzle pressure ratio, 592
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0

Ocean exploration, research submarine for, 18

One-dimensional flow, 583-584

One-dimensional isentropic compressible-flow

functions, 609, 610
One-dimensional normal shock, 595
Open cycle, 325
Organic Rankine Cycles (ORC), 392
Otto cycle, 325, 333-336
Oxy-combustion, 533
Oxygen, pressure-enthalpy diagram for, 691

p
Partial derivatives, 454, 455
Pascal (Pa), 13, 14, 16
Passive devices, control volume, 159-160
Path function, 81
Percent theoretical air, 505
Perpetual motion machines, 204
Petroleum distillation column, 502
Phase boundaries, 36-42
Phase equilibrium:
coal gasification, 567-568
engineering applications, 570-572
equilibrium, requirements for, 545-547
ionization, 568-570
metastable equilibrium, 551-552
pure substance, two phases of, 547-551
simultaneous reactions, 563-567
Pico, 8
P’inch point, 412
Pipeline gate valve, 160
Piping losses, 389
Piston cylinder, 73
Piston/cylinder-type compressor, 147
Point functions, 81
Polyatomic molecules, 21
Polymer electrolyte cell (PEC), 532
Polytropic process, 231, 232
simple compressible system, 85-87
Pound, 10
Power-generating devices, 2
Power plant, steady-state process, 149-152
Power systems, 325-327

air-standard cycle for jet propulsion, 356-359

air-standard power cycles, 327-328
Atkinson and Miller cycles, 341-344
Brayton cycle, 344-350

Diesel cycle, 336-339

Dual cycle, 339-340

gas-turbine power cycle configurations, 352-356

Otto cycle, 333-336
reciprocating engine power cycles, 331-333
simple gas-turbine cycle with regenerator, 350-352
Stirling cycle and Ericsson cycle, 328-331
Pressure, 13-19, 24
Pressure-enthalpy diagram:
for ammonia, 690
for oxygen, 691
Pressure ratio, 350
Pressure relief valve, schematic of, 26
Problem analysis and solution technique, 93-97
Products, 503
Propane, 59, 519-521
Property relation for mixtures, 478-482
Pseudopure substance models, for real gas mixtures, 482-487
Psychrometer, 434
Psychrometric chart, 434-440, 692
P-T diagram, 40
Pump, steady-state process, 146-148
Pump losses, 389
Pure substance, 35-36
compressibility factor, 56-60
engineering applications, 61-63
entropy of, 217-219
equations of state, 60-61
ideal gas states, 53-56
liquid and solid states, 49-50
phase boundaries, 36-42
P-v-T surface, 42-45
superheated vapor states, 50-53
thermodynamic properties, tables of, 45-47
two phases of, 547-551
two-phase states, 47-48
P-v diagram, 80
polytropic process on, 232
reversible and irreversible processes on, 238
transient flow process, 158
P-v-T behavior:
pseudopure substance models for real gas mixtures, 482-487
real-gas behavior and equations of state, 467
P-v-T surface, 42-45

Q

Quasi-equilibrium process, 80-83

R

R-134a, 142, 143, 179, 398
Radiation, 199

Railroad tracks, 62

Rankine cycle, 375-378, 407
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paes, [ 75182 Sheil and tube heat exchanger: 160
2 Sigmrconvention, [T
Simpie compressible system. 7, 80-54
350352 poiytropic process, 85-87
Simpie fan, 161
Simpie gas-turbine cycle, with regenerater, 330-332
Simple Rankine cycie, 375-378
Simple steam power plant, 177
Simple vapor-compression refrigeration cycle, /8¢
Simultaneous reactions, phase and chemical
equilibrium, 563-567
Sink, 182
Sl units, 9, 11, 14
air, standard entropy, ideal gas properties of, 619
conversion factors, 612-614
critical constants, 615
enthalpy of formation and absolute entropy
of substances, 629
equilibrium constant, logarithms, 630
fundamental physical constants, 611
ideal gases, constant-pressure specific heats, 618
ideal gases, properties of, 617
isentropic relative pressure and relative
volume functions, 620
liquids, properties of, 616
solids, properties of, 616
substances, entropies, ideal gas properties of, 621-628
Solid-liquid—vapor equilibrium, metastable states for, 552
Solid-liquid-vapor triple-point, 40
Solid oxide cell (SOC), 532
constant-volume and constant-pressure
specific heats, 101-102
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Steu cxractions; 162

Steam: powerplant: 3

Steam tables; 45—46

Steasn: turbine shaft; 162

Stirting cycle; 328-331

ometric coefficients, 504, 563

Stoichiometric mixture, 505

Storage, energy, 114116

Structure of the molecule, 500

Subcooled liquid, 37

Subcooled solid, 49

Sublimation, 42

Substance, 6-7, 511

Superheated ammonia, 652-653

Superheated carbon dioxide, 658-659

Superheated methane, 678-680

Superheated nitrogen, 673-675

Superheated R-134a, 668-671 e
Superheated R-4104, 662-665
Superheated vapor, 38, 50, 142
Superheated vapor region, 58
Superheated vapor states, 50-33
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special applications, 490-49!1
thermodynamic tables, 488-490
volume expansivity and isothermal and adiabatic
compressibility, 464467
Thermodynamic scale of temperature, 24
Thermodynamic system, and control volume, 4-5
Thermodynamic tables, 488-490
compressed liquid water, 646-647
saturated ammonia, 650-651
saturated carbon dioxide, 656-657
saturated methane, 676-677
saturated nitrogen, 672
saturated R-134a, 666-667
saturated R-410A, 660-661
saturated solid-saturated vapor. water, 648-649
saturated water, 632-635
saturated water pressure entry, 636-639
saperheated ammonia, 652-655
superheated carbon dioxide, 658-659
superheated methane, 678-680
superheated nitrogen, 673-675
superheated R-134a, 668-671
superheated R-4104, 662-665
superheated vapor water, 6£0-645
Thermodynamic temperature scale, 193-194
Third law of thermodynamics, chemical reactions, 523-52
Throttle:
control volume, 159-160
steady-state process, 145
Top dead center (TDC), 333
Total energy (E), 70
Transfer. energy, 116-118
Transformation, energy, 113-114
Transient flow process, 154-159
Transient heat transfer process, 109-111
Transient process:
entropy analysis, 262-269
exergy, reversible work, and irreversibility, 304-306
Translational energy, 20
Triple point, 39-40
Triple point of water, 23
T-s diagram:
Carnot-cycle efficiency and Rankine-cycle efficiency, 384
losses, boiler and turbine, 390
polytropic process on, 232
reversible and irreversible processes on, 238
turbine and pump inefficiencies, 389
Turbine, 35
steady-state process, 146
Turbine losses, 389
Turbofan jet engine, 357
T-v diagram, 38, 39, 48

problem analysis and solution technique, 94, 96, 97
Two-cycle cascade refrigeration system, 401
Two-fluid heat exchanger, 313
Two-phase states, 47-48
Two-stage compression dual-loop refrigeration system, 399
Typical arrangement, 388

U

Unit for power, 77

Universal gas constant, 54

Unrestrained expansion, irreversible process, 188
Unsaturated hydrocarbons, 500

Vv
Vacuum gauge, with-f
Valves, control volume, !
van der Waals equati

Vapor-compression re

VCie,

o o

deviation of, 397-399

combined-cycle power and refrigeration sy
combined heat and power, 391-394
deviation of actual cycles from ideal cycles, 385~
exergy analysis of cycles, 403405
Rankine cycle, pressure and temperature on, 37527
refrigeration cycle configurations, 399-401
regenerative cycle and feedwater heaters, 383-355
reheat cycle, 381-383
simple Rankine cycle, 375-378
vapor-compression refrigeration cycle, 394-396
vapor-compression refrigeration systems, working
fluids for, 396-397

Velocity coefficient, 602

Velocity of sound, in ideal gas, 585-587

Virial coefficients, 469

Volume expansivity, 464-467

Volume-flow rate, 55

W

Water-gas reaction, 558

Water-gas shift equilibrium reaction, 567
Water phase diagram, 41

Water, temperature-entropy diagram for, 689




Water vapor, 35
Weight, 10
£ Wet-bulb temperatures, 434-440
' Work, definition of, 75-79
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