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absolute humidity, see humidity ratio

absolute pressure, 46–48

absolute temperature scale, 50, 335–36

adiabatic process

constant-pressure flame temperature,

715–17

defined, 201

isentropic turbine, 378–80

moist air saturation, 681–83

adiabatic saturation temperature, 681

air

combustion with propane, 703–5

conditions of moist, 768–69

entropy of, 645–46

molecular composition of dry, 825

molecular weight of, 638

specific heat of, 642–43

stoichiometry of, 705–9

thermodynamic analysis of, 636

thermodynamic properties of, 825–27

thermo-physical properties of, 828

air conditioner

evaporator in, 662

ideal-gas mixtures in, 637

and the second law of thermodynamics,

325

air pollution, 8

air–fuel ratio, 576, 706–7

air-standard cycle, 372, 555, 573

air–vapor mixtures

concepts and definitions in

dew point, 670–73

humidity ratio, 667–68

psychrometry, 667

relative humidity, 668–69

water vapor in dry air, 667

indoor climate systems

conservation equations, 673–80

humidity measurement, 680–85

schematics, 661–64

thermodynamic analysis of, 663–66

Amagat’s model, 640

Archimedes, 798

atom balances (reacting systems), 700–5

atomic clocks, 22

atomic weight, see molecular weight

availability

closed system, 407–13

defined, 406

open system, 413–17

related to the second law of

thermodynamics, 58

availability balance

closed system, 407–10

open system, 414–17

Avogadro constant, 44

bar (pressure unit), 46

barometric pressure, 47

Bernoulli, Daniel, 798

Berthelot, Pierre Eugene Marcelin, 760

Berthollet, Claude Louis,

760

Blasius, Paul Heinrich, 800

boiler

as steady-flow combustion device, 727

thermodynamic analysis of, 736–41

boiler (steam power plant), 218–20

boiling water reactor, 551–53

Boltzmann constant, 52, 449

Boltzmann, Ludwig, 319, 800

bore (spark-ignition engine), 194

boundary

in a closed system, 13, 257

energy transfer across, 200–17

in open systems, 14–15

pure substance, 84

in thermodynamics, 13

work occuring at, 202–12

Brayton cycle, 556, 581

Bridgeman, Percy, 801

British thermal unit (Btu), 218, 255

Buckingham, Edgar, 800

bulk motion, 197–200

calculus

in basic thermodynamics, 25

interpolation tutorial, 76–77

caloric, 201

caloric theory, 104, 201, 319, 700

calorific equation of state

defined, 59

ideal-gas, 66–72

ideal-gas mixtures, 641–43

properties related to, 52–57

relationships, 83

water in liquid and vapor phases, 103–8

carbon (thermodynamic properties), 843

carbon dioxide

deviation from ideal-gas behavior, 75–76

dissociation at different temperatures,

771–73

dissociation at varied pressure, 775–76

thermodynamic properties of, 832, 847

carbon monoxide, 763, 831, 848

Carnot cycle

and entropy, 370

between high- and low- temperature

reservoirs, 358

processes of, 581–82

as reversible cycle, 397–98

work and heat for, 395–96

Carnot efficiency, 337–39

Carnot, Sadi, 3, 197, 318, 333, 799

Cauchy, Augustin Luis de, 799

Celsius scale (temperature), 50

centrifugal pump, 484–87

chemical bonds, 53

chemical equilibrium, see also second law of

thermodynamics

for conditions of fixed internal energy and

volume, 762–64

defined, 20

history of, 760

inert gas presence, 776–79

pressure affecting, 773–77

principle of Le Châtelier, 779

process for conditions of fixed internal

temperature and pressure, 764–70

temperature affecting, 770–73

in thermodynamic equilibrium, 760

Chézy, Antoine, 798

Clapeyron equation, 784–86

Clausius inequality, 393

Clausius statement, 339, 392–93

Clausius, Rudolf, 255, 318, 355, 359, 799

Clausius–Clapeyron equation, 784–86

clearance volume (spark-ignition engine), 194
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closed feedwater heater

defined, 543–44

process of, 506–7

in a steam power plant, 548–51

closed system

availability, 407–13

computer chip as, 14

defined, 13–14

entropy balances for, 380–99

entropy of, 356

first law of thermodynamics in, 255–74

isochoric system, 363–64

isothermal reversible, 356–57

mass conservation in, 147–52

steady flow process in, 17

undergoing a cycle, 18

coefficient of performance

reversible heat engine, 589–91

vapor compression refrigeration cycles,

592–97

coefficient of performance (COP), 326

cogeneration cycle, 562–63

combined cycle (power plants), 563–65

combustion

constant-pressure, 714–17

constant-volume, 717–23

enthalpy of, 724–25

ideal-gas mixtures in, 637

as irreversible process, 332

multiple equilibrium reactions and, 779–81

propane with air, 703–5

as reacting system, 700

stoichiometry, 705–9

combustor

fossil-fuel, 707–9

jet engine, 728, 730–36

turbojet engine, 574

complex open system, 15

compressed liquid specific entropy, 373–74

compressibility factor, 80–83, 89–90, 203

compression ratio (spark-ignition engine), 194

compressors

spark-ignition engine process, 721–23

thermal fluid analysis, 471–87

turbojet engine, 574

vapor compression refrigeration cycles,

592

computer chip, 14

condenser, 220–21, 592

conduction, 225–26, 861

conservation of energy, see first law of

thermodynamics

constant-pressure adiabatic flame heat, 715–17

constant pressure combustion, 714–17

constant-pressure specific heat, 54–56

constant-volume adiabatic flame, 719–20

constant-volume combustion, 717–23

constant-volume specific heat, 54–56

continuum limit (density), 44–45

control volumes, see open systems

convection (rate law), 226–27

conversion factors, xxvii–xxxiv

cooling tower, 663–64

counterflow heat exchanger, 500–2

critical point, 72

critical properties

and compressibility charts, 80

gases, 72–73, 845

cross-flow heat exchanger, 500–2

curve-fit coefficients

fossil fuel, 859

fuel vapor, 861

thermodynamic properties of, 844

cycle

Brayton, 556, 581

Carnot, 358, 370, 395–98, 581–82

combined, 563–65

diesel, 586–88

four-stroke engine, 8–9, 21, 582–86

heat engine, 389–96, 407–10

Rankine, 4–5, 219, 324, 526–28, 536–51,

562–63

Stirling, 398–99

thermodynamic, 18–19

cyclically operating device, see heat engine

da Vinci, Leonardo, 146, 798

d’Alembert, Jean le Rond, 798

Dalton’s law of partial pressures, 639–40

Darcy, Henry Philbert Gaspard, 799

dead state, 407

dehumidifiers, 663, 677–80

density, 44–45

dew point, 670–73

diesel cycle, 586–88

diffusers

thermal fluid, 456–61

thermodynamic application, 455

turbojet engine, 279–80, 573

diffusional process, 225

dimensions (thermodynamics), 21–24

displacement (spark-ignition engine),

194

dissociation, 762–65, 768, 771–73

dry air

mass conservation of, 665

molecular composition of, 825

psychrometry, 667

thermodynamic treatment of water vapor

in, 667

dry-bulb temperature, 684

Du Buat, Pierre Louis Georges, 798

Durand, William Frederick, 801

dynamic devices, 473

efficiency

basic Rankine cycle, 530–31

nozzles, 462–64

pumps, compressors, and fans, 478–80

turbojet propulsive, 575–76

Einstein, Albert, 146

electrical work, 214–15

electricity as irreversible process, 331

element conservation, 767

energy conservation principle, see also first

law of thermodynamics

gas turbine engines, 555

heat exchangers, 502–4

indoor climate systems, 666, 673–80

jet engines, 731–33

nozzles and diffusers, 458–61

pumps, compressors, and fans, 475–76

reversible heat engine, 588–89

for steady-flow combustion device, 730

throttles, 459–61

turbojet engine, 568–71

energy quality, see availability

energy systems and thermodynamics, 1

energy transfer

across boundaries

heat, 200–1

work, 201–17

associated with systems as a whole, 198–99

equation, 40

history of, 197

in a closed system

for a change in state, 258–67

entropy balances, 386–88

incremental change, 257–58

at an instant, 267–74

properties related to,

52–57

rate laws for heat transfer, 225–31

units and conventions in, 217–24

energy utilization (power plant), 742–43

engine oil, 856

enthalpy

and the first law of thermodynamics and

calorific equation of state, 54

fossil-fuel, 859

enthalpy of combustion, 724–25

enthalpy of formation, 711

enthalpy of reaction, 724–25

enthalpy–entropy diagram, 377–78

entropy

of air, 645–46

defined, 355–56

derivation, 358

Gibbs relationships, 359–61

ideal-gas mixtures, 643–46

ideal-gas properties, 361–72

isothermal heat transfer, 356–57
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entropy (cont.)

molecular interpretation of, 449–51

pure nonideal substances, 372–80

related to the second law of

thermodynamics, 58

specific, 359

entropy balances

closed system

with energy exchange with

surroundings, 386–88

for an isolated system, 381–86

undergoing a cycle, 389–96

undergoing change in state, 380–81

open system

isentropic efficiency of a nozzle, 405

isentropic efficiency of a pump, 403–5

isentropic efficiency of a turbine, 400–1

environment

dead state, 407

defined, 406

equation of state

defined, 58

density and, 44–45

for ideal gases, 60–62

mass and, 43

number of moles for, 44

pressure and, 46–48

properties related to, 44–52

specific volume and, 46

temperature and, 49–51

volume and, 44

equilibrium, 19–21, 761–62, 781

equilibrium constant

and Gibbs function change, 765–68

interpretation of, 769–70

ethylene glycol, 857

Euler, Leonard, 798

evaporator

coolers, 661, 673–76

vapor compression refrigeration cycles,

592

exactness test (of a function), 784–86

exergy, see availability

expansion valve, 592

expansion/compression work, 203–13

explosions, 382

extensive property (of matter), 41–42

external irreversibility, 386

extraction (Rankin cycle), 541

F103 engine (turbojet), 10–11

Fahrenheit scale (temperature), 50

fans, 471–87

feedwater heater, 541–45

feedwater pump

isentropic process, 403–5

thermal-fluid analysis, 480–83

first law-efficiency, see thermal efficiency

first law of thermodynamics, see also energy

conservation principle

for a closed system, 255–74

history of, 255

for ideal-gas processes,

258

for open systems, 275–78

first law of thermodynamics for closed

systems, examples

cooling rate of an orange, 271–73

drop velocity, 259–61

electrical system energy balance,

268–69

heating rate of a light bulb, 273–74

light bulb filament temperature, 269–71

piston–cylinder isobaric process of air,

265–67

piston–cylinder isothermal process of air,

261–63

first law of thermodynamics for open systems,

examples

air tank filling, 284–86

heating steamed milk, 286–88

jet engine diffuser, 279–80

steam power plant condenser, 282–84

steam turbine power output, 280–82

fixed-mass system, see closed system

flow process (thermodynamics)

and cycles, 19

defined, 17

flow rates, mass conservation

average velocity, 153–54

distributed velocity, 153

uniform velocity, 152

flow work, 216–17, 221–23

fluid mechanics, 1

forced convection, 227

fossil fuel

steam power plant, 2–4

thermo-physical properties of, 858–61

Fourier, Jean Baptiste Joseph, 798

four-stroke engine cycle

ideal air-standard Otto cycle, 582–86

mechanics of, 8–9

as a quasi-equilibrium process, 21

free convection, 227

friction, 330–31

Froude, William, 799

furnace, 727

fusion line, 110

gage pressure, 46–48

gases

critical constants and specific heats for, 845

inert gas presence in chemical equilibrium,

776–79

spontaneous processes of, 382–86

thermo-physical properties of, 846

throttle pressurized gas flow, 469–71

van der Waals equation of state, 845

gas-turbine engines

applications, 552–54

Brayton cycle, 556

combustor, 707–9

cycle efficiency, 557

power and size, 558–59

process thermal efficiency, 559

schematic, 553

generalized compressibility charts, 80

generic balance principle, 146–47

Gibbs, Josiah Willard, 319, 355, 760, 800

Gibbs free energy/function

and entropy, 359–61

and equilibrium constant, 765–68

and ideal gases, 361–64

ideal-gas mixtures, 650–51

related to the second law of

thermodynamics, 58, 761

Gibbs phase rule, 783–84

glycerin, 857

graphs

plotting thermodynamic processes,

63–64

steam power generation, 74

gravity, 20–21

Guldberg, Cato Maximilian, 760

Hagen, Gotthilf Heinrich Ludwig, 799

Hagenbach, Eduard, 799

head losses, 331

heat (defined), 200–1, 320

heat engine, 322–26, 338

heat engine (cycle)

availability, 407–10

change in entropy

energy transfer, 389–90, 393–94

isothermal heat transfer, 390–91

work and heat for, 395–96

heat exchangers

applications, 501

thermal-fluid analysis, 501–7

types of, 500–2

heat flow, 340

heat of combustion, see heating values

heat pump

defined, 325

example, 328–30

processes of, 597–600

heat pump cycle, 597–600

heat recovery steam generator, 564–65

heat reservoir

defined, 322

isothermal, 356–57
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heat transfer

energy changes in closed system, 386–88

rate laws for, 225–31

as redundant term, 201

thermal-fluid sciences component, 1

heat-transfer coefficient (convective), 227

heating values, 725–27

helium, 849

Helmholtz, Hermann, 255, 799

Helmholtz free energy (A)

ideal-gas mixtures, 651

related to the second law of

thermodynamics, 58, 762

higher heating value, 725–27

Hippocrates, 760

horsepower, 218

humidifiers, 661

humidity

measurement, 680–85

ratio, 667–68

relative, 668–69

Hunsaker, Jerome Clarke,

801

hydro turbine. See water turbines

hydrocarbon fuel. See fossil fuel

hydrogen, 833–34, 850

hydroxide, 835

ice point, 50

ideal air-standard diesel cycle, 586–88

ideal air-standard gas-turbine engine, 556

ideal air-standard Otto cycle, 582–86

ideal Carnot cycle, 397

ideal gas

defined, 59

equation of state, 58

in the Stirling cycle, 398–99

mass conservation in, 148–49

mixing of

at constant pressure, 646–48

at different temperatures, 648–50

plotting thermodynamic processes, 63–64

polytropic processes, 208

properties

Gibbs relationships, 361–64

isentropic process relationships,

364–68

in T-s and P-v space, 368–72

and the second law of thermodynamics, 321

state relationships, 60–62

thermodynamic properties of, 830–43

water vapor as, 672–73

ideal gas-turbine engine, 560–61

ideal Rankine cycle, 526–30

ideal solution, 639

ideal vapor compression refrigeration cycles,

591

ideal-gas calorific equation of state, 66–72

ideal-gas equation of state, 60–62

ideal-gas law, 40

ideal-gas mixtures

calorific relationships, 641–43

Gibbs free energy/function, 650–51

and pure substances, 635–37

second law of thermodynamics,

relationships, 643–50

specifying composition in, 637–38

state relationships for, 639–40

immediate surroundings,

406

incompressible substance

nozzles and diffusers, 457–58, 461–62

pumps, compressors, and fans, 482–87

solid as, 111

increase in entropy principle, 386–88

incremental change, 257–58

independent properties, 58

indoor climate systems, 661–64

inert gas, 776–79

intensive property (of matter), 41–42

internal combustion engine, see spark-ignition

engine

internal energy (U)

and the first law of thermodynamics and

calorific equation of state, 52–54

and thermodynamic properties, 39–40

in thermodynamic equilibrium,

762–64

internal irreversibility, 386

International System of Units (SI), 21–22

International Temperature Scale of 1990 (ITS-

90), 50

interpolation tutorial, 76–77

irreversible process

entropy in, 381–86

explosions as, 382

and the second law of thermodynamics,

330–32

vapor compression refrigeration cycles,

594

isentropic

data, 17

efficiency, 400–1, 403, 478–80

feedwater pump, 403–5, 482

ideal gas, 208, 364–68

nozzle, 405, 462

steam turbine, 378–80, 400–1

isobaric data, 17

isobars

compressed water, 821–23

isentropic, 99

of superheated water vapor, 809–20

on T–s diagram, 104

isochoric system, 17

isochors on T–s diagram, 104, 368–69

isolated system, 381–86

isothermal data, 17

isothermal expansion, 104, 375–77

isothermal heat transfer

and entropy, 356–57

entropy change in, 390–91

isothermal ideal gas in a piston-cylinder

device, 321

isotherms on T–v diagram, 369

J52-P-408A turbojet engine, 566

jet engines

combustor, 728, 730–33

compressor thermal-fluid analysis,

479–80

first law of thermodynamics, 279–80

as thermodynamics example, 9–11

joule (energy unit), 217

joule (internal energy unit),

54

Joule, James Prescott, 255, 799

Joule–Thomson coefficient,

471

Keenan, Joseph, 319, 801

Kelvin, Lord, see Thomson, William

Kelvin–Planck statement

coefficient of performance, 326

consequences of

absolute temperature scale, 335–36

Carnot efficiency, 337–39

comparison of, 332–35

defined, 320–22

heat engine, 322–26

proof of, 394–95

reservoirs, 322

reversibility, 330–32

thermal efficiency, 326–27

Kelvin scale (temperature), 50

kinetic theory model (gas), 78–79

laminar flow, 153

Lavoisier, Antoine Laurent, 146, 700, 798

liquid phase

compressed water, 821–23

friction occurring in, 331

property approximations, 108–9

in pure substances, 41, 83–108

specific entropy, 373–74

thermo-physical properties of, 853–57

lower heating value, 725–27

macroscopic systems

energy associated with, 198–99

first law of thermodynamics for, 256

Magnus, Albertus, 760
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manometer, 47

mass and equation of state, 43

mass conservation

in a closed system, 147–52

conceptual history of, 146

flow rates, 152–55

gas-turbine engines,

555

generic balance principle, 146–47

indoor climate systems, 664–66, 673–80

jet engines, 731

in an open system, 155–73

pumps, compressors, and fans, 475

reacting systems, 637, 700–9

for steady-flow combustion device, 729

thermal-fluid analysis of nozzles and

diffusers, 456–58

thermal-fluid analysis of throttles, 466

turbojet engine, 568

mass flow rate, 152

mass fraction, 637

mass-specific property

defined, 42

reacting systems, 713–14

Mayer, Julius, 3

Mayer, Julius Robert, 255, 799

Mayer, Robert, 197

mechanical equilibrium

defined, 20

in thermodynamic equilibrium, 760

mercury thermometer, 857

microscopic systems energy, 199–200

miniREFPROP (database), 74, 92–95

molar-intensive property, 43

molar-specific property

defined, 42

reacting systems, 713–14

mole

defined, 44

and equation of state, 44

mole fraction, 637

molecular weight

defined, 42

and number of moles, 44

Mollier diagrams, 378

momentum conservation

pumps, compressors, and fans, 476

turbojet engine, 571

Moody, Lewis Ferry, 801

moving boundaries and work, 203–13

natural convection, 227

Navier, Louis Marie Henri, 799

Neumann, Franz, 799

Newcomen, John, 2

Newcomen, Thomas, 798

Newton, Isaac, 798

Nikuradse, Johann, 801

NIST WebBook (database), 74, 83, 102–3

nitrogen, 837–38, 850

nitrous oxide, 839–40

no-slip condition (fluid velocity), 152

nonideal gases, 66–83

nozzles

efficiency, 462–64

thermal-fluid, 456–61

thermodynamic application, 455

turbojet engine, 575

nuclear power plants, 551–53

oil/water heat exchanger, 505–6

open feedwater heater

defined, 542

in a steam power plant, 545–48

open systems

availability, 413–17

defined, 9–14

enthalpy in, 54

entropy balance in, 400–5

first law of thermodynamics

with steady flow, 275–77

with unsteady flow, 277–78

flow process in, 17

flow work in, 216–17

gas-turbine engines in, 554–55

indoor climate systems, 663–66

for jet engine combustion, 730

mass conservation

general mathematical view of, 155–56

steady-state flow, 156–67

unsteady flow, 167–73

nozzles and diffusers, 456–61

pumps, compressors, and fans, 474–87

steady-flow combustion, 728

turbojet engine, 567–71

Otto cycle engines, see spark-ignition engine

oxygen

dissociation at high temperatures, 768–69

dissociation at low pressure, 774–75

dissociation mixed with inert gas, 777–79

thermodynamic properties of, 841–42, 851

parallel flow heat exchanger, 500–2

partial pressures, 639

particular gas constant, 59

pascal (pressure unit), 46

path function, 202

Pelton type turbine, 489

performance, see thermal efficiency

perpetual motion machine,

333

phase equilibrium, see also second law of

thermodynamics

defined, 20

of a pure substance, 781–86

in thermodynamic equilibrium, 761

pinch point, 564

Planck, Max, 255, 319, 800

point function, 202

Poiseuille, Jean Louis, 799

Poisson, Simeon Denis, 799

polytropic exponent, 208

polytropic processes

ideal gases, 205–8

spark-ignition engines, 209–12

positive-displacement devices, 472

power

gas-turbine engines, 558–59

rate of work, 22, 202

steam power plant output calculations,

401–3

practical temperature scale, 50

Prandtl, Ludwig, 800

pressure

and chemical equilibrium, 764–70, 773–77

in mechanical equilibrium, 20

in quasi-equilibrium compression of a gas,

21

saturation, 85–86, 89–90

pressurized water reactor, 551–53

principle of corresponding states, 80–83

principle of Le Châtelier, 779

process (thermodynamics)

defined, 17–18

heat and work, 320

propane combustion, 703–5

properties of matter

calorific equation of state, 59

common pure substance, 42–58

equation of state, 58

humidity ratio, 52–57

ideal gases, 58–70

importance of, 39–40

key definitions, 40–42

liquid phase, 108–9

nonideal gases, 72–83

plotting thermodynamic processes, 63–64

pure substances

liquid and vapor phases, 83–108

solid phase, 110–12

related to the equation of state, 44–51

related to the second law of

thermodynamics, 58

state principle, 58

property (thermodynamic definition), 16

psychrometers, 681, 684

psychrometry, 667, 684–85, 862

pumps (thermal-fluid analysis), 471–87

pure substance

common thermodynamic properties, 42–58

defined, 40
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ideal gases as, 59–72

ideal-gas mixtures, 635–37

phase equilibrium, 781–86

simple compressible substances as, 41

PW4084 turbojet engine, 566

quality, definition, 86–88

quasi-equilibrium process, 21

R-134a, 856

radiation (rate law), 227–30

Rankine cycle

basic components and thermodynamics,

526–28

components of, 4–5

heat removal in, 324

schematics, 219

with cogeneration, 562–63

with regeneration, 541–51

with superheat and reheat, 536–41

Rankine scale (temperature),

50

reacting systems

atom balances in, 700–5

energy conservation for

constant-pressure combustion,

714–17

constant-volume combustion,

717–23

enthalpy of combustion, 724–25

heating values, 725–27

standardized properties, 710–14

history of, 700

mass conservation for, 700–9

standardized properties, 710–14

steady-flow applications for, 727–43

refrigeration cycle, 588–97

refrigerator and the second law of

thermodynamics, 325

regeneration, Rankine cycle, 541–51

reheat process (Rankine cycle), 540–41

relative humidity, 668–69

reversible cycle

and the second law of thermodynamics,

330

Carnot cycle, 397–98

Stirling cycle, 398–99

work and heat, 395–96

reversible heat engine

as the most efficient engine, 335

refrigeration and heat pumps as,

588–600

second law of thermodynamics, 338

reversible process

closed isothermal system, 356–57

pumps, compressors, and fans, 476–78

Reynolds, Osborne, 800

Riabouchinsky, Dimitri, 800

rich mixture, 705

Rumford, Count, see Thompson, Benjamin

Saint-Venant, Claude Barre de, 799

saturation

adiabatic, 681–83

diagrams, 99–100

ice–vapor sublimation, 824

quality, 86

tables and databases, 89–90

water, 853–55

saturation pressure, 85–86

saturation properties of water and steam with

varied pressure, 805–9

saturation properties of water and steam with

varied temperature, 802–4

saturation temperature, 85–86

second law of motion, 44

second law of thermodynamics, see also phase

equilibrium, chemical equilibrium

alternative statements, 339–40

and thermodynamic equilibrium, 761–62

availability

closed system, 407–13

defined, 406

open system, 413–17

entropy

balances for a closed system, 380–99

balances for an open system, 400–5

defined, 355–56

derivation, 358

Gibbs relationships, 359–61

ideal-gas properties, 361–72

isothermal heat transfer, 356–57

pure nonideal substances, 372–80

specific, 359

historical background, 3

history of, 318–19, 355

ideal-gas mixtures, 643–50

Kelvin–Planck statement

coefficient of performance, 326

consequences of, 332–39

defined, 320–22

heat engine, 322–26

reservoirs, 322

reversibility, 330–32

thermal efficiency, 326–27

properties related to, 58

reversible heat engine example, 338

usefulness, 319–20

water in liquid and vapor phases, 103–8

second law of thermodynamics examples,

321

sensible enthalpy change, 711

shaft power, 212–14

shock wave, 332

simple closed system, 13

simple compressible substances, 41

simple open system, 9

Smeaton, John, 798

solar heating, 224

solid phase

energy storage in, 200

in pure substances, 41

saturation, 89–90

saturation of ice–vapor sublimation, 824

specific entropy, 374

thermodynamic properties of, 110–12

solidification line, 110

spark-ignition engines

areas of work done, 203–7

as closed system, 13

compression and combustion processes in,

721–23

constant-pressure combustion in, 714–15

entropy, 371–72

in four-stroke engine cycle, 582–86

geometry of, 194–95

isentropic process, 367–68

mass conservation in, 150–51

reciprocal, 717–23

thermodynamics example, 8–9

throttles in, 465–71

work process in, 209–12

specific energy, 42

specific entropy

for pure nonideal substances, 372–80

as a state property, 359

specific fuel consumption, 559, 576–81

specific-heat ratio, 56

specific heats

of air, 642–43

and the first law of thermodynamics and

calorific equation of state, 54–56

fossil-fuel, 859, 861

gases, 845

specific humidity, see humidity ratio

specific thrust (turbojet), 576–81

specific volume

and equation of state, 46

defined, 42

spontaneous heat flow, 340

spontaneous process, 382–86

standard atmosphere (pressure unit), 47

standard reference state, 643, 711–12

standardized enthalpy, 711

standard-state Gibbs function change, 767

state principle, 58

state relationships

change in closed system, 258–67, 380–81

chemical equilibrium for conditions of

fixed temperature and pressure,

764–70
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state relationships (cont.)

defined, 17, 58

gas-turbine engines, 556–61

how to define them, 95–98

ideal gases, 60–62, 66–72

ideal-gas mixtures, 639–41

nonideal gases, 72–83

pure substance, 84–89

turbojet engine, 572–75

steady-flow devices, 727–43

steady-flow process

Carnot cycle and, 398

in closed system, 18

for open systems, 156, 275–77

reversible, 476–78

steady state, 156

steam dome, 86

steam point, 50

steam power cycle

basic Rankine cycle in, 534–35

change in entropy, 389–90

Rankine cycle with regeneration,

541–51

Rankine cycle with superheat and reheat,

536–41

steam power plant, 2

availability change in, 415–17

boiler analysis, 736–41

components of, 218–21, 526–28

electrical work in, 213

energy transfer in, 218–21

first law of thermodynamics, 280–84

heat engine in, 324

heat recovery in, 564–65

net flow work in, 221–23

and nuclear power, 551–53

open system boiler flow, 162–64

open system feedwater pump flow,

165–67

open system turbine flow, 160–62

overall energy utilization, 742–43

power output from, 401–3

state relationship tabular database on, 74

steam turbine (in steam power plant)

isentropic process, 378–80, 400–1

nozzles and diffusers, 459–61

processes of, 220

thermal-fluid analysis, 493–95

working fluid in, 490

Stevin, Simon, 798

Stirling, Robert, 398–99

Stirling cycle, 398–99

Stirling engine, 19, 327–28, 581

stoichiometry (combustion), 705–9

Stokes, George Gabriel, 799

stroke (spark-ignition engine), 194

Strutt, John William (Lord Rayleigh), 800

subcooled liquid, 85

sublimation line, 110

supercritical region, 85–86

superheated vapor

isobaric data, 809–20

properties of, 89–90

Rankine cycle, 536–39

temperature of, 86

surroundings (thermodynamics)

defined, 406

entropy balances in a closed system,

386–88

system

defined, 13, 406

energy associated with, 198–99

Taylor, Geoffrey Ingram, 801

temperature

adiabatic saturation, 681

and chemical equilibrium, 764–73

and mixing of ideal gases, 648–50

dew point, 670–73

saturation, 85–86, 89–90

scales of, 50

wet- and dry-bulb, 684

zeroth law of thermodynamics, 711–12

temperature differences, 225

temperature gradient, 225

temperature–entropy diagram, 374

tetrafluoroethane, 853–57

thermal efficiency

and cycle efficiency, 531–34

defined, 326–27

gas-turbine engines, 556–61

thermal equilibrium

defined, 19

in thermodynamic equilibrium, 760

thermal reservoir, 323

thermal-fluid analysis, steady-flow devices

components of, 453–54

heat exchangers, 499–507

nozzles and diffusers, 454–64

pumps, compressors, and fans, 471–87

throttles, 465–71

turbine engines, 487–99

thermal-fluid sciences, 1

thermodynamic equilibrium

and the second law of thermodynamics,

339, 761–62

for conditions of fixed internal energy and

volume, 762–64

defined, 19

multiple reactions and, 779–81

summary of, 761

types of, 19–21

thermodynamic state (how to define),

95–98

thermodynamic temperature scale, see absolute

temperature scale

thermodynamics

defined, 1

thermal-fluid sciences component, 1

thermodynamics applications

jet engines, 9–11

spark-ignition engines, 8–9

steam power plant, 2–4

thermodynamics learning

hierarchy in, 11–12

mathematical skills in, 25

problem solving method in, 24–25

thermometric substance, 50

third law of thermodynamics, 359

Thompson, Benjamin (Count Rumsford), 197,

201, 255, 798

Thomsen, Hans Peter Jørgen Julius, 760

Thomson, William (Lord Kelvin), 319, 335–36,

799

throttles

applications, 467–71

energy conservation, 459–61

mass conservation, 466

thermal-fluid analysis, 465–71

throttling calorimeter, 467–69

Torbern Olof Bergman, 760

Trans-Alaska pipeline, 554

triple point (water), 50

turbine engines

thermal-fluid analysis, 487–99

turbojet, 574

turbofan engine, 10–11

turbojet engine

basic operation of, 566–67

combustor, 733–36

components of, 9–11

nozzle thermal-fluid analysis, 463–64

open systems analysis, 567–71

propulsive efficiency, 575–76

PW4084 engine example, 566

schematic and processes of, 554

schematic of, 566

specific thrust and specific fuel

consumption, 576–81

state relationships, 572–75

thermal-fluid analysis, 491

thermodynamic analysis, 633–34

turbulent flow, 153

US customary units, 22–24

unified atomic unit (mass), 44

units (common thermodynamic),

21–23

universal gas constant, 59

unsteady flow in open systems, 167–73,

277–78
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vacuum pressure, 47

van der Waals equation of state, 78–79, 845

van’t Hoff, Jacobus Hendricus, 760, 771

van’t Hoff equation, 771

vapor compression refrigeration cycles,

591–97

vapor dome, 86

vapor phase

fossil fuel curve-fit coefficients for, 861

in pure substances, 41, 83–108

specific entropy, 373

Vaschy, Aimeé, 800

viscosity (fuel vapor), 861

viscous heating, 331

viscous losses, 331

viscous work, 203

volume

defined, 44

thermodynamic equilibrium, 762–64

volumetric flow rate, 152

Von Karman, Theodor, 800

Waage, Peter, 760

water

enthalpy–entropy diagram, 377–78

entropy, 360

in liquid and vapor phase diagrams,

99–100, 104

isochoric process, 263–65

isothermal expansion, 375–77

phase equilibrium, 20, 781–86

pure substance, 83–108

saturated, 853–55

temperature–entropy diagram, 375

thermodynamic properties of, 802–24, 836

triple point of, 50

water heater, 728

water pump (steam power plant), 218, 483–84

water turbines, 497–99

water vapor

in dry air, 667

as ideal gas, 672–73

thermodynamic properties of, 851

Watt, James, 798

watts (power unit), 217

Weber, Moritz, 801

wet-bulb temperature, 684

wind turbines, 490

work

defined, 201–2

defined by second law of thermodynamics,

320

reversible steady flow, 476–78

types of

electrical, 214–15

flow, 216–17

moving boundaries, 203–13

shaft, 212–14

working fluid, 18

Young, Thomas, 197, 798

zeroth law of thermodynamics,

711–12
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