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Actuators, 299-300
Adiabatic efficiencies, 7, 23, 163, 322-326
Adiabatic process, 36, 319, 321
Adverse pressure gradient, 350
Affinity laws, 29
Air, thermodynamic properties of, 360
Air-cooled condensers, 130
Aircraft, 145, 216, 249, 332-333
Air duct system, 133
Airfoils, 38, 110-116, 350-355
Air Movement and Control Association (AMCA),
127
American Society of Heating and Air Conditioning
Engineers (ASHRAE), 132
Anemometer-type turbine, 303
Angle(s):
of attack, 112, 120
blade, 61
deflection, 112, 116
deviation, 112
divergent, 37, 123
flow, 48, 111, 120, 125
incidence, 112, 116
stagger, 112, 116, 118, 120-121
Angular momentum, 42
Aspect ratio, 116
Automotive gas turbine engine, 5, 251-254
Axial-flow cascade, 116—118
Axial-flow compressors, 14, 191-212
and compressibility/shock waves, 205-207
efficiency determination, 204—-205
performance of, 207-209

preliminary design of, 200—-204

stages of, 192

surge/stall in, 209-212

theory of, 193-199
Axial-flow impulse turbines, 51-52
Axial-flow machines, 9, 15, 45-47
Axial-flow pumps and fans, 109—146

airfoil, flow over isolated, 110-116

cascade, 116118

fan application, 129—132

fan selection, 137-145

fans in duct systems, 133—137

fan test, 127-130

preliminary design of, 118—124

propellers, 145-146

radial equilibrium requirement, 124—127
Axial-flow reaction turbines, 52
Axial-flow steam turbines, 262-264, 268
Axial-flow turbines, 51-52, 227-232, 278, 281,

282

Axial force, 145
Axial thrust, 39

Backward-curved fans, 165

Balancing drum, 152

Bends, flow through, 37

Bernoulli’s equation, 18, 40

Blade cooling, 243-245

Blade profiles:
for axial-flow machines, 45, 48, 52
for centrifugal devices, 168—169
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Blade profiles: (continued)
for centrifugal pumps, 80, 81
for mixed-/radial-flow machines, 48, 49
for radial-inflow turbines, 238
Blade solidity, 110
Blowers, 12, 149
Boiler feed pumps, 99
Bottom-cycle system, 270, 271
Boundary layer, 36—-38
laminar, 350, 351
separation, 36—37, 51
turbulent, 350, 351
Brake horsepower, 62
Branca, Giovanni de, 14, 15
Brayton cycle, 326, 327
Buckingham pi theorem, 19-24
Bulb turbines, 278, 282

Camber, 111, 113
Cantilever impellers, 237
Carbon dioxide, 360
Carnot cycle, 326
Cascade, axial-flow, 116—118
Casings, 59, 61, 123-124, 264
Casing loss, 83
Cavitation, 7, 65, 68-74, 77
Cavitation erosion, 66
Cavitation parameter, 69, 116, 118
Cavitation test, 89
Center of pressure, 352
Centrifugal blowers, 14, 150-152, 154
Centrifugal compressors, 3, 5, 171188
advantages/disadvantages of, 183
applications of, 179-184
axial-flow vs., 192
with Francis type impeller, 172
gas conditions in, 153
preliminary design of, 171-178
selection of, 184—188
Centrifugal devices, 149-165
change of performance in, 158—-162
classification of, 149—153

performance parameters/characteristics of,

150-157

polytropic efficiency in, 162—165
Centrifugal fans, 151, 165-171
Centrifugal pumps, 14, 59-105

applications of, 97—100

cavitation in, 66, 68—72

construction/classification of, 59-62

discharge pressure of, 21-22

performance characteristics of, 65—68

performance modifications to, 72-77

performance tests for, 87—-92

preliminary design of, 77-87

and pumping systems, 92-97

selection of, 100—105
working principles of, 60—65
Centrifuging, 51
Centripetal impellers, 237
Change of performance, 158—162
Channels, 37, 336-341
Check valves, 94
Choking, 7, 150, 210, 211
Chord, 110-112, 118-120, 351
Circular-arc fans, 165, 168
Clearance, 83
Closed-impeller machines, 3
Closed-loop test setup, 87—89
Closed system, 320

Cogeneration, 216, 258, 259, 270-273, 330,

331
Combined cycle plants, 16, 270-273

Combined heat and power (CHP), 216, 330
Combined impulse and reaction in multistage

turbines, 263
Combustors, 246-247

Compressed-air energy storage (CAES), 251, 252,

313, 314
Compressibility, 22, 205-207, 257
Compressible flow, 336—-341
Compressible flow analysis, 15
Compressible fluid machines, 23
Compression, 318-321

Compressors, 3-5, 12, 43, 149, 232-236, 323, 324.
See also Specific compressors, e.g.: Axial-flow

compressors
Compressor stage, 207-209

Computational fluid dynamics (CFD), 9, 356

Concentric casings, 59, 61

Condensing steam turbines, 263

Conical diffusers, 82

Conservation of energy, 36
Conservation of mass, 35

Conservation of momentum, 35
Constants, 359

Constant rotating speed, 6, 7
Contaminant generation rate (CGR), 132
Continuity equation, 35

Continuously variable transmission (CVT), 254

Control surfaces, 35

Control volume, 34, 35
Convergent-divergent nozzle, 340-341
Convergent nozzle, 339-340
Conversion factors, 359

Cooling towers, 130

Cordier diagram, 26, 27

Counterflow forced draft towers, 130
Cross-compound steam turbines, 264
Cross-flow fans, 169—-170

Crude-oil production, 179

Curtis stage, 258-261



Darrieus wind turbine, 303
Deflection angle, 112, 116
Degree of reaction, 50-56, 194, 217,
219-223
Density at STP, 360
Deriaz turbine, 278, 281
Design and flow analysis, 356357
Deviation angle, 112
Diagonal-flow turbine. See Deriaz turbine
Diameter, 158. See also Specific diameter(s)
Diffusers, 51, 81, 82, 149, 176, 206, 323
Diffusion, 51
Diffusion casing, 123-124
Dimensional analysis, 9, 17-31
and Buckingham pi theorem, 19-24
defined, 17
dimensions/dimensional homogeneity in,
17-19
and similarity laws, 27-32
of specific diameter, 25-27
of specific speed, 25, 26
Dimensional homogeneity, 18
Direct-connected steam turbines, 264
Discharge pressure, 21-22
Disk-flow impeller pumps, 72, 73
Disk friction loss, 83, 84
Divergent angle, 37, 123
Double-suction pumps, 4, 83, 84
Drag, 20-21, 38, 110, 111, 351
Drag coefficient, 22
Drivers, 104, 139, 184
Drum, balancing, 152
Dynamic pressure, 18, 19

Efficiency, static, 109
Elbows, 135, 137
Electricity-generating power plants, 258
Element system effects, 133, 135—-137
Emission pollutants, control of, 247-249
Energy, conservation of, 36
Energy losses, 265
Energy transfer, 34—-56

and axial-flow machines, 45-47

as degree of reaction, 50-56

and Euler equation, 40—45

and flowing fluids, 39-40

and fluid mechanics, 34-39

and mixed-/radial-flow machines, 47-50
Energy transfer equation, 9
English system, 18
Entropy, 36, 319
Equations of state, 317
Euler equation, 9, 40—45
Expansion, 318-321
External flow, 9, 34, 38

Index

Fan(s), 127—145. See also Specific fans, e.g.
Axial-flow fans
applications for, 129-132
classification of, 138
defined, 149
in duct systems, 133-137
selection of, 137-145
testing, 127-130
Fan laws, 132, 150
Fan test, 127-130
50% reaction stage, 194
First law of thermodynamics, 36—39
Flow:
around rotating disks, 38, 39
leakage, 39
over objects, 37, 38, 350-351
secondary, 38
through bends, 37
through channels, 37
types of, 2, 3, 15
Flow analysis, 8—12, 109
Flow angles, 48, 111, 120, 125
Flow capacity inlet volumetric flow rate, 184
Flow coefficient, 21, 22, 24
Flow control, 180, 181
Flow field, 36
Flowing fluids, 39-40
Flow passage areas, 47—48
Flow processes, 3, 9
Flow resistance, 92—94
Flow surge, 94
Flow velocity, 40, 322
Fluid mechanics, 34-39
Forced-vortex flow, 125
Forward-curved fans, 165, 166

Four-vane impeller with concentric casing, 74

Francis impellers, 59, 60, 62
Francis machines, 2, 3

Francis turbines, 14, 290-294
Free-vortex condition, 200
Free-vortex flow, 125
Full-admission steam turbines, 263

Gas conditions, 153

Gas constant, 360

Gaseous bubbles, 73, 76

Gas equation, ideal, 18

Gas-handling devices, 2

Gas turbine (engines), 3, 5, 215-254
advantages of, 327
in aircraft propulsion, 332-333
applications of, 249-254
axial-flow turbine performance, 227-232
blade cooling in, 243-245
closed-cycle, 329-331
in cogeneration, 330, 331

365



366 Index

Gas turbine (engines), (continued) in centrifugal pumps, 78
combustion chamber in, 246—247 discharge configurations for
compressor and turbine matching, 232-236 centrifugal-compressor, 173-176
degree of reaction in, 219-223 efficiency of, 25, 26
efficiency determination, 226-227 Francis-type, 172
emission pollutants control in, 247-249 geometries/flow velocities around, 41
Euler equation for, 43 inlet configurations for centrifugal-compressor,
history of, 12—-14 173, 174
modifications to, 329 and leakage flow, 39
net power of, 327-329 multivane, 166
open-cycle, 329, 330 types of, 2, 3, 59, 60
preliminary design of, 223-226 Impulse turbines, 14, 51-52, 263
radial-inflow, 237-239 Incidence angle, 112, 116
thermodynamic cycles of, 327-335 Incidence loss, 241
thermodynamics in axial-flow, 218-219 Inducers, 68, 69
thermodynamics in radial-inflow, 239-243 Inlet blade angle. See Stagger angle
Geared steam turbines, 264 Inlet condition changes, 159-160
Geometric similarity, 28 Inlet configuration, 78—79
Gravitation, 94 Inlet flow arrangements, 3
Greek letters (symbols), xiv—xv Inlet guide vanes (IGVs), 181, 211
Grid-intertie system, 313 Integrated gasification combined cycle (IGCC),
250

Intercooling, 182—183
) Intermediate-pressure (IP) turbines, 265
Head coefficient, 21, 24 Internal diameter of standard schedule 40 pipe, 361
Head rise, 6, 16, 61, 62 Internal efficiency, 265
Heating, ventilation, and air-conditioning (HVAC) Internal flow, 9, 34, 35
systems, 3, 6, 100, 129-132 International Standard (SI), 18

Heat rate (HR), 265 Irrigation, 98, 99, 313
Heat recovery steam generator (HRSG), 258
Hero of Greece, 14, 15
High-pressure (HP) turbines, 265
Horizontal-axis turbine, 279
Horizontal-axis wind turbines, 301-302, 306 Jets, 145
Horizontal steam turbines, 264 Jet engines, 15
H-rotor turbine, 303, 304
Hub-tip ratio, 119, 120
Hybrid power system, 313
Hydraulic systems, 92
Hydraulic turbines, 275-294

applications of, 275-277

Head, 22

Isentropic process, 319-321
Isothermal process, 321

Kaplan turbines, 278, 281, 290-294
Kinematic similarity, 28
Kinetic energy, 36, 51

Euler equation for, 43 Labyrinth seals, 152
Francis/Kaplan, 290-294 Lambda. See Work done factor
history of, 14 Laminar boundary layer, 350, 351
output shaft power of, 23-24 Laminar flow, 36
Pelton, 288-289 Leading edge (L.E.), 351
performance characteristics of, 285-287 Leakage flow, 39
selection of, 278, 280, 282-284 Lift, 20-21, 38, 110, 111, 351
types of, 276-282 Liquid droplets, 257
Hydrocarbon liquids, 74, 77 Ljungstrom turbines. See Radial-outflow steam
Hydropower, 275-277 turbines
Hyperbolic cooling towers, 130 Local flow velocity, 322

Low-pressure (LP) turbines, 265

Ideal gas equation, 18
Impellers: Mach number, 22, 23, 205-206
in centrifugal devices, 149 Mass flow rate, 6



Matching, 232-236

Maximum allowable concentration (MAC),
132

Mean camber line, 351

Mean radius, 45, 48, 224

Mechanical arrangement, 3

Mechanical energy, 1, 36

Mechanical loss, 83

Microturbines, 250, 251

Mixed-flow machines, 2, 3, 9, 15, 47-50

Mixed-flow turbines, 277, 278, 280, 281

Moisture content, 257

Molecular weigh, 360

Mollier diagrams, 196, 218, 221, 318-319

Momentum equation, 9, 35, 42

Momentum thrust, 333

Moving shock waves, 345

Multistage axial-flow gas turbines, 3

Multistage axial-flow reaction turbines, 15

Multistage axial-flow steam turbines, 15

Multistage compressors, 152, 182-183

Multistage horizontal compressors, 4

Multi-stage steam turbines, 263, 264

Multivane fans, 165, 166

NACA 0012 airfoil data, 353

NACA 2412 airfoil data, 354

NACA 21012 airfoil data, 355
NACA airfoil specifications, 352—355
NACA mpgxy, 352

NACA mpxy, 352

National Advisory Commission on Aeronautics

(NACA), 111
Net positive suction head (NPSH), 6870
Net positive suction head required to prevent
cavitation (NPSHR), 65, 69-72, 78

Net positive suction pressure (NPSP), 68—70, 73
Net positive suction pressure available (NPSPA), 70,

72
Noise, 132, 297
Noncavitation test, 89
Noncondensing steam turbines, 263
Nonequilibrium process, 257
Nozzles, 127, 128, 323, 324, 339-341

Objects, flow over, 37, 38

Oblique shock waves, 341, 345-347
One-dimensional flow analysis, 45
Open-impeller machines, 3

Open-loop test setup, 89

Open system, 320-321

Outlet configuration, 79-81

Output hydraulic power, 7
Output-power-to-input-shaft-power ratio, 7
Output pressure, 6

Index

Output shaft power, 23-24
Overall efficiency, 6, 7, 265
Overexpanded waves, 341

Paddle-type water wheels, 14
Parallel connections, 94, 95
Partial-admission steam turbines, 263, 267
Part-load operation, 267—-268
Pelton turbines, 276279, 288-289
Pitch, 110

Pitch/chord ratio, 116, 118

Pitot tube traverse, 127, 128
Polytropic efficiency, 162—165, 177
Polytropic process, 321
Positive-displacement machines, 1, 184
Potential energy, 36

Potential flow, 36

Power coefficient, 22, 24, 28
Power-generating systems, 3, 5
Preliminary analysis, 9

Pressure rise, 6

Pressure thrust, 333

Primary dimensions, 17, 19
Priming system, 89

Process plants, 258

Propeller machines, 3

Propellers, 145-146

Pumps, 3, 4, 43. See also Specific pumps, e.g.

Centrifugal pumps
Pumped storage plants, 275-277
Pumping devices, 2
Pumping systems, 92-97, 313
Pure impulse turbines, 14

Quality factor (QF), 265
Quasi three-dimensional flow analysis, 9

Radial equilibrium condition, 124127
Radial fans, 165

Radial-flow machines, 2, 3, 9, 15, 47-50
Radial-flow reaction turbine, 52

Radial impellers, 26, 59, 60
Radial-inflow gas turbines, 237-243
Radial-inflow steam turbines, 15, 262
Radial-inflow turbines, 14
Radial-outflow machines, 14
Radial-outflow turbines, 262

Ramjet, 249

Rankine cycle, 326, 327, 335-336
Rankine-Hugoniot relations, 343
Reaction, degree of. See Degree of reaction
Reaction turbine impellers, 277, 278
Reaction turbines, 263

Reciprocating compressors, 183
Recirculation flow, 66, 68, 83
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Reentry stage, 258, 259

Refining plants, 98, 99

Refrigeration, 183—184, 335-336
Refrigeration cycles, 326

Relative flow velocity, 41, 45

Repeating parameters, 20

Resistance, 92—-94

Reynolds number, 21

Reynolds number effect, 21, 22, 27

Rim generator turbines, 278, 282

Rotary compressors, 183

Rotating disk, 38, 39

Rotating speed, 6-8, 28, 141, 142, 158-160
Rotating stall, 210

Rotors, 192-195, 197, 217, 301, 302-303

Savonius (S) rotor, 303

Saybolt Universal Unit (SSU), 101

Schedule 40 pipe, 361

Screw compressors, 183

Scroll compressors, 183

Seals, 39, 152

Secondary (derived) dimensions, 17

Secondary flow, 38

Second law of thermodynamics, 36—39

Semiopen-impeller machines, 3

Separation boundary layer, 36-37, 51

Series connections, 94, 95

Shaft orientation, 264

Shaft power, 25, 40, 63-64, 83-84, 142, 301

Shape number, 25

Shear force, 36, 37

Shock waves, 205-207, 322, 341-347

SI (International Standard), 18

Similarity laws, 27-32, 132

Single-shaft gas turbines, 233-235

Single-stage, single-suction blower, 4

Single-stage centrifugal compressor, 152

Single-stage pumps, 102

Single-stage radial-inflow turbines, 15

Single-stage steam turbines, 263

Sirocco fans, 165

6-stage centrifugal compressors, 15

Slug, 18

Slurry pumps, 72, 74, 75

Solar energy, 276, 296

Solidity, 80, 81, 301

Solid particles, 72, 74, 75

Specific diameters, 25-27, 66, 150—153, 283

Specific heat, 360

Specific speeds, 25, 26, 68, 118, 150-153, 177,
283

Speed of sound, 322

Sprinklers, 52

Stability, of pumping systems, 94, 96

Stage (as subscript), 51

Stage efficiency, 121-123, 204-205
Stage stacking, 207, 208
Stagger angle, 112, 116, 118, 120-121
Stagnation state, 321-322
Stall, 209-212
Stalling point, 116
State, equations of, 317
Static efficiency, 109
Stationary normal shock waves, 342—345
Stators, 1, 51, 122, 192-195, 197, 217
Steady-state flow, 34
Steam rate (SR), 265
Steam turbine(s), 3, 257-273
characteristics of, 257-258
classification of, 262—-265
in cogeneration/combined-cycle plants,
270-273
Euler equation for, 43
history of, 12—14
parameter/performance of, 265-270
velocity-compounded stage of, 258-262
Stodola’s formula, 63
Stokes flow, 39
Straightening vanes, 89
Straight fans, 168
Subscripts (symbols), xv
Subsonic flow, 322, 338
Suction specific speed, 69, 70
Superheated steam, 360
Supersaturation, 257
Supersonic flight, 15
Supersonic flow, 205, 322, 338, 341
Surge, 7, 94, 150, 209-212
Symbols, xiii—xv
System effect factor (SEF), 133, 135
System resistance, 92

Tandem-compound steam turbines, 264
Tangential-flow steam turbines, 263
Tangential velocity, 40, 41
Tank, 89
Thermal cavitation effect, 74
Thermal efficiency, 15-16, 271, 326
Thermal energy, 36
Thermal power plants, 99
Thermal/pressure energy, 1
Thermodynamics, 317-347
and adiabatic efficiencies of flow components,
322-326
of axial-flow turbine, 218-219
compressible flow through channel, 336-341
cycles of, 326-327
first law of, 36—-39
gas turbine engines, thermodynamic cycles of,
327-335
and local flow velocity, 322



normal shock waves, 341-345
oblique shock waves, 345-347
processes of, 318—321
properties of, 317-318
Rankine cycles with vapor, 335-336
second law of, 36-39
and speed of sound, 322
stagnation/flowing states of, 321-322
Thermodynamic cycles, 326—335
Thermodynamic processes, 318—321
Thermodynamic properties, 317-318, 360
Thomas parameter, 69
Three-stage centrifugal compressors, 14
Throttle valve, 92
Throttling, 267
Thrust, 146, 333
Thrust bearings, 39
Tip speed ratio, 303-307
Topping-cycle system, 270, 271
Topping steam turbines, 263
Torque, 145
Tower shadow, 302
Trailing edge (T. E.), 351
Transonic flow, 205, 206
Tubular turbines, 278, 282
Turbines, 2, 323, 324
Turbine blade cooling, 243-245
Turbine inlet pressure, 15
Turbine pumps, 14
Turbine stage efficiency, 226—-227
Turbofans, 249, 332, 333
Turbojets, 332-333
Turbomachines, 1-15
applications of, 3, 5-6
classification of, 2, 3, 14—-15
define, 1
historical evolution of, 12—14
methods of flow analysis for, 8—12
performance characteristics of, 6—8
types of, 1-4
Turboprops, 249, 332, 333
Turbulent boundary layer, 350, 351
Turbulent flow, 36
25-stage centrifugal compressors, 15
Twin-spool compressors, 211
2-stage axial-flow turbines, 15

Index

Underexpanded waves, 341
Unit of measure, 18
Utilization factor, 229-231

Vanes, 37, 181

Vaned diffusers, 14, 82, 176

Vaneless radial diffusers, 14

Vane thickness, 111, 113
Variable-geometry compressors, 211, 212
Variable-speed pumps, 100, 104
Velocity, 40, 322

Velocity-compounded stage, 258262
Velocity diagrams, 41, 42, 48, 50, 52
Ventilation systems, 131-132
Vertical-axis turbine, 279

Vertical-axis wind turbines, 302-303, 308
Vertical pumps, 4, 102, 103

Vertical steam turbines, 264

Viscosity, 72, 73

Viscous force, 36, 37, 92

Viscous friction, 351

Volumetric flow rate, 6, 7, 41

Volutes, 14, 81-83, 176

Vortex pump, 72, 74

Waste heat boiler (WHB), 258
Water, thermodynamic properties of, 360
Water head, 7
Water pumps, 12
Water supply, 97
Water wheels, 14
Wind farms, 297, 299
Windmills, 14
Wind power, 296-299
Wind turbines, 296-314
and actuator theory, 299-301
applications of, 312-314
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characteristics /preliminary design analysis of,

304-310
history of, 14
output shaft power of, 24
types of, 301-304
variable-speed performance of, 311-312
and wind power, 294-299
‘Work done factor, 193






