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acentric factor, 97 Bernoulli equation, 139
angles blockage, 138
absolute flow angle, 52 blockage factor, 138
axial lean angle, 491 due to boundary layers, 155
departure angles, 506 boundary layer, 155
deviation, 51, 152, 219 displacement thickness, 157
diffuser inlet flow angle, 367 effect of adverse pressure gradient, 161
impeller inlet blade angle, 343 end-wall, 167
impeller outlet blade angle, 358 fully developed, 156
incidence, 51 kinetic energy thickness, 159
lean angle, 383 laminar, 159
lean angle along a quasi-orthogonal, 492 mass-flow thickness, 158
meridional blade angle, 491 momentum thickness, 158
meridional slope angle, 491 profiles, 164
metal angle, 52 separation, 155
radial lean angle, 490 shape factor, 159, 164
rake angle, 383 thickness, 156
relative flow angle, 52 transition, 160
tangential wrap angle, 382 bypass transition, 160
applications effect of leading edge shape, 163
air-conditioning, 27 laminar separation bubbe, 163
air separation, 37 Tollmien—Schlichting waves, 160
automotive gas turbines, 31 wake induced, 161
auxiliary power unit, 33 viscous sub-layer, 165
carbon capture and storage, 38 Boyle’s law, 88
compressed air, 26
compressed air energy storage, 38 cascades of blades, 210
fluid catalytic cracking, 37 aeroynamic loading, 236-246
fuel cell systems, 39 alpha-Mach diagram, 222
history, 14 blade-to-blade loading criterion, 245
jet propulsion gas turbines, 31 controlled diffusion, 222
mechanical vapour recompression, 38 diffusion, 219, 224
medical, 40 effect of incidence, 225
microcompressors, 39 effect of solidity, 223
micro-gas-turbines, 30 flow turning, 219
oil, gas and chemical industries, 34 hub-to-shroud loading criterion, 246
power generation gas turbines, 29 loss coefficient, 220
refrigeration and heat pumps, 28 profile types, 221
synthetic fuels, 38 space-chord ratio, 219
turbochargers, 24 casing component design
vacuum, 27 axial thrust, 22, 461
wastewater treatment, 26 balance piston, 462
Aungier diffusion factor, 245 casing and rotor configuration,
averaging, 142 444
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deswirl vanes
axial, 459
integral coolers, 460
return channel vanes, 458
inlet
inlet guide vanes, 448
intermediate inlet volute, 447
side-stream inlet, 447
suction nozzle, 446
outlet volute, 449
cross sections, 450
performance, 451
static pressure distortion, 454
return channel
crossover bend, 455
outlet width, 456
schedule of width ratio, 458
rotor—stator side space, 462
swirl brakes, 465
centrifugal effect, 12, 53, 73, 144
degree of, 55
centrifugal force, 11, 148
CFD, 117, 137, 154, 528
academic codes, 531
boundary conditions, 545
codes from large organisations, 533
commercial codes, 535
computational grid, 540
difference equations, 537
emergence as a design tool, 530
finite volume method, 537
governing equations, 536
interface planes, 547
Moore’s law, 529
numerical schemes, 543
pressure based and density based, 539
quality and trust, 554
categories of errors, 554
turbulence models, 550
unsteady calculations, 549
use in design, 560-561
checklist for aerodynamic aspects, 561
postprocessing, 563
Charles’s law, 89
choking mass flow, 256
components, 297
compressibility factor, 92, 94
compressible channel flow
choking at a throat, 196
effect of area, 194-195
effect of back pressure, 197
effect of Mach number, 192
effect of real gas, 206
compressor
API style, 35
axial-centrifugal, 1, 7, 32
back-to-back in-line, 22
barrel, 24

Index

double suction, 20, 32
horizontally split, 24
integral gear, 22
intercooled, 23
multistage, 18, 21
side-stream, 23
single stage, 15, 20
straight-through in-line, 22
vertically split, 24
compressor performance map
choke, 270
efficiency contours, 270
speed lines, 269
surge line, 269
compressors
books, 40
conferences, 42
technical journals, 42
types, 4
continuity equation, 137
controlled diffusion blade profiles, 162
Cordier diagram, 290
Cordier line, 291, 293
approximate equations, 293
Coriolis force, 148
effect on pressure gradient, 149
corrected flow per unit area, 194, 256
effect of real gas, 209
covolume, 97

753

de Haller number, 54, 142, 162, 225, 239, 242, 366,

460
degree of reaction, 13
kinematic, 54, 115, 127-128
pressure, 54
design process, 688-696
optimisation and inverse methods, 696
diagrams showing changes of state, 75
aerodynamic work, 75-76
displacement work, 75
dissipation losses, 75
enthalpy change, 75
heat transfer, 75
preheat effect, 77
diffuser design
effect of diffuser inlet flow angle, 409

effect of impeller outlet Mach number, 411

effect of impeller velocity triangle, 406

effect of nonuniformities in the flow, 407

effect of pinch, 410
vaned diffuser
comparison with planar diffuser, 418
comparison with vaneless, 417
low solidity, 406
matching with the impeller, 430
types, 418
unconventional, 441
with straight vanes, 421
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diffuser design (cont.)
vaned diffuser guidelines, 437
vaned diffuser pressure recovery
cascade diffuser channel, 435
effect of blockage at the throat, 428
exit semi-vaneless and vaneless
space, 441
ideal, 423
low-solidity channels, 438
pipe diffuser, 440
vaneless and semi-vaneless space,
426
wedge diffuser channel, 433
vaned diffuser zones, 424
diffuser channel, 425
downstream vaneless space, 425
upstream semi-vaneless space, 425
upstream vaneless space, 425
vaneless diffuser, 412
choke, 417
effect of the Mach number, 416
effect of radius ratio, 413
flow path length, 414
governing equations, 416
ideal pressure recovery, 412
instability, 414
diffusers, 210
planar diffusers, 226-235
diffusers in series, 235
effect of inlet blockage, 234
effect of Mach number, 229, 234
flow regimes, 230
optimum area ratio, 233
performance coefficients, 227
Reneau chart, 232
step diffuser, 235
drag coefficient, 260
drag force, 159
dynamic stresses
achieving safe designs, 659
bladed-disc structures, 658
circular discs, 658
linear mass-spring-damper
model, 653
logarithmic decrement, 655
mistuning, 658
mode shapes, 657
natural freqency, 654
phase angle, 655
source of vibrations, 653
tapered beam, 657
uniform cantilevered beam, 656

efficiency
adiabatic, 108
effect of heat transfer, 132
general definition, 70

isentropic, 107-108
entropy based, 112
evolution in a stage, 116
static—static, 111
total—static, 114-115
total-total, 113, 115

isothermal, 107-108, 133

mechanical, 130

minimum reversible work, 107, 118

polytropic, 107-108
components, 126, 706
diabatic, 130, 132
entropy based, 121
real gas, 134
side-loads, 130
small-scale, 118

wheel, 74, 129

equation of state

calorific, 57

calorifically perfect gas, 88

ideal gas, 88-89

incompressible fluid, 91

real gas, 88
Aungier—Redlich—-Kwong, 97, 99
Benedict—-Webb-Rubin, 98
generalised cubic equation, 96
Lee—Kesler, 98
mixtures, 98
Peng—Robinson, 97
Redlich-Kwong, 97
Span—Wagner, 98
virial equation, 97

real gas with constant compressibility factor, 93

simple model of real gas, 88

Soave, 97

thermal, 57

thermally perfect gas, 88

van der Waals equation, 95, 97
equivalent diffuser opening angle, 242
Euler equations, 141

normal to a streamline, 142

in streamwise direction, 142
Euler number, 250
Euler turbine equation, 7, 46, 141
expansion waves, 202

Fischer—Tropsch process, 38
flow coefficient
global, 18, 254
effect on efficiency, 255
optimum values, 285
local, 50, 254, 367
optimum values, 23, 327
friction factor, 167, 260
Colebrook—White formula, 170
fully developed pipe flow, 169
Haaland equation, 170
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Galilean transformation, 8
generalised compressibility chart, 94
geometry definition
axisymmetric stream surface, 467
Bernstein polynomial, 472
Bezier curve, 471472
Bezier patch, 475
Bezier polygon, 473
Bezier surface, 474
camber surface, 478
circular arc blades, 479
coordinate systems, 466
m' meridional coordinate, 468
meridional coordinate, 467
normalised meridional coordinate, 467
parameters for the meridional
channel, 477
Pascal triangle, 472
ruled surface, 478
surface of revolution, 467
thickness, 478
Gibbs equation, 68, 250

head coefficient, 258
isentropic, 258
optimum values, 285
polytropic, 258

ideal pressure recovery coefficient, 240
impeller
open, 18, 340-341, 644
shroud, 19, 342, 644
tip-speed, 343
impeller design, 338-390
blade angle distribution, 384
blade number, 372
blade outlet
advantages of backsweep, 362
backsweep, 358
effect on work, 359
effect of backsweep on chracteristic,
360
effect of work coefficient on stabilty,
362
outlet velocity triangle, 367
outlet width ratio, 366
comparison with axial compressor, 397
comparison with centrifugal pump, 399
comparison with mixed flow impeller, 398
comparison with radial turbine, 401
control of clearance flows, 384
inducer inlet
blade angle variation with radius, 352
casing relative Mach number, 353
choke, 357
optimum inlet angle, 343, 348, 358, 367
optimum radius ratio, 346, 348

Index

splitter blades, 354
splitter vanes
leading-edge camber, 355
throat area, 355
outlet blade angle
effect on the degree of reaction, 368
rake angle, 384
rake multipoint design, 387
transonic inducer, 385
free-form surface, 388
leading-edge sweep, 389
ruled surface, 387
unique incidence, 385
impeller families
cut back leading edges, 396
cut back outlet diameter, 396
determination of meridional contours, 395
effect of Mach number, 396
master stages, 390
number of different families, 393
overfile and underfile, 396
Renard series, 392
trimming hub or shroud, 393
instrumentation and measurements, 708-714
isolated aerofoil, 211
angle of attack, 212
drag force, 212
effect of curvature, 211
effect of Mach number, 218
lift force, 5, 211-212
stall, 212
supercritical profile, 218
types of stall, 217

jet-wake flow, 156, 158, 180-191
Joule cycle, 29, 31, 632

Kutta—Joukovsky condition, 155

755

Lieblein diffusion factor, 162, 221, 225, 243, 460

modified for radial impellers, 244
loss coefficients
defined by component efficiency, 301
dissipation, 300
enthalpy, 301
total pressure, 300
loss correlations, 318
aerodynamic loss mechanisms, 318
efficiency based on duty, 325
effect of diffuser type, 329
effect of flow coefficient, 326
effect of tip-speed Mach number, 328
optimum geometry, 319
loss mechanisms, 303, 317
boundary layer, 304
dissipation, 309
dissipation coefficient
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loss mechanisms (cont.)
Denton loss model, 304
Traupel loss model, 305
dissipation coefficient for compressors, 307
effect of Mach number, 315
end-wall loss, 303
importance of hydraulic diameter, 305
incidence loss, 314
leakage over a shroud, 317
profile loss, 303
Reynolds dependent, 313
Reynolds-dependent losses, 308
Reynolds independent, 312
Reynolds-independent losses, 309
tip leakage loss, 315
trailing edge, 313
viscous dissipation, 303

Mach number
tip-speed, 256, 262
manufacturing
flank-milling, 646
heat treatment, 648
materials, 647
open impellers, 645
shrouded impellers, 647
matching
matching in multistage compressors, 629

matching of compressor and turbine in a gas

turbine, 631
matching of compressor and turbine in a
turbocharger, 634
conventional system, 639
engine operation in compressor map, 638
matching conditions, 637
use of a bypass valve, 641
use of a variable turbine geometry, 642
matching of impeller and diffuser, 628
maximum pressure rise coefficient, 241
meridional direction, 12
momentum equation, 139

Navier—Stokes equations, 137, 141
Newton’s laws of motion, 7, 45, 139, 141

operation off-design, 565

effect of Mach number, 588

effect of work coefficient, 588

field experience, 587

instability, 566
acoustic resonance, 575
compression system dynamics, 576
conditions for instability, 575
differences beteen axial and radial

compressors, 568

effect of impeller—diffuser matching, 582
effect of Mach number, 578

effect of tip clearance, 580
Greitzer B parameter, 576
hysterisis, 567
inlet recirculation, 573
rotating stall, 567, 570
rotating stall inception
modes and spikes, 580
rotating stall propogation speed, 572
stability of individual components, 578
surge, 567, 569
mild surge and deep surge, 577
vortex shedding, 575
safety margin definitions, 585
stability enhancement, 590
active control systems, 600
adjustable diffuser vanes, 594
bleed and injection in vaned diffusers,
599
bypass and bleed, 596
recirculating bleed, 596
slots and chambers, 599
suction and discharge throttling, 591
variable inlet guide vanes, 591
variable speed control, 591
variable trim, 598
system requirements, 584

parasitic losses, 320
disc friction loss, 320-321
effect of flow coefficient, 322
effect on performance, 323
leakage loss, 320, 322
leakage flow over a shroud, 324
recirculation loss, 320, 322
performance map
effect of heat transfer on apparent
efficiency, 619
extrapolation to low pressure ratio, 620
extrapolation to negative flow, 624
generated from stage characteristics, 604
validation, 616
interpolation in stage characteristics, 626
prediction methods, 602
prediction of surge and choke, 613
stage stacking for multiple stages, 624
polytropic head. See diagrams showing changes of
state, aerodynamic work
power input factor, 258
preheat factor, 120
preliminary design
determination of size, 330
determination of tip speed, 330
mean-line calculation, 330
compression process, 331
equations, 333
flow condititions through the stage, 332
stage as two components, 335
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pressure gradient
at inlet to a radial impeller, 146
blade-to-blade, 147
in curved flow path, 143
in swirling flow, 144
process
incompressible
analysis, 264
isentropic
analysis, 263
disadvantage, 117
ideal gas, 74
real gas, 102
polytropic, 118
analysis, 263
ideal gas, 77
polytropic exponent, 119
polytropic ratio, 78
real gas, 102
special features, 79
profile shape
camber, 213
effect of incidence, 215
leading edge, 214
thickness, 213
trailing edge, 214

radial equilibrium equation, 145
reduced frequency, 251
reduced state variables, 96
relative eddy, 151
reversible shaft work, 108
Reynolds number, 155, 252, 260
correction methods, 261
lower critical, 167, 169
upper critical, 167
Reynolds stresses, 164
rotary stagnation pressure,, 174
rothalpy, 71
conservation of, 71
rotordynamics, 677
rotor instability, 678
Jeffcott rotor, 681
theoretical models, 685
unbalance response, 680

secondary flow, 171
blade surface vortex, 174
Coriolis vortex, 174
passage vortex, 172, 174
secondary circulation, 173
shock structure
detached curved shock, 203
effect of operating point, 205
swallowed shock, 204
unige incidence, 205

Index

shock waves
deflection, 201
entropy generation, 200
normal, 199
oblique, 201
similarity, 248
dynamic, 252
fluid dynamic, 253
geometric scaling, 252
kinematic, 250
normalized parameters, 264
pressure ratio, 266
effect of gas properties, 267

effect of tip-speed Mach number, 267

thermodynamic, 252, 261

slip factor, 153

slip velocity, 152-153
Wiesner correlation, 359

specific diameter, 285

specific speed, 284-296
alternative definitions, 287
physical significance, 288
speed of sound, 296

stacking
stage, 297

stage characteristic, 271
choking, 273
effect of changes in geometry, 279
effect of flow coefficient, 607

superellipse, 609

effect of isentropic exponent, 281
effect of Mach number, 273
effect of matching, 274
effect of Reynolds number, 280

effect of tip-speed Mach number, 607, 611

effect of work coefficient, 614

idealised, 265

normalised efficiency curves, 605
stage characteristics

vaned and vaneless diffusers, 616
static stresses

blade lean and bending, 650

effect on blade shape, 652

rotating disc, 651

rotational stresses in blades, 649

thermal stresses, 675

streamline curvature throughflow method,

145, 482
blade surface velocities, 488, 513
choked flow, 515
derivation of equations, 492
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acceleration along the quasiorthogonal, 499

acceleration due to curvature, 498
acceleration due to swirl, 498
blade force, 495

blade force term, 495
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streamline curvature throughflow method, prototype, 698, 702
(cont.) research and development tests, 702
dissipation force term, 500 test stands
pressure force term, 499 determination of component
empirical modifications performance, 706
blockage, 508 industrial compressors, 703
departure angles, 506 open impellers, 705
losses, 507 simplified research rigs, 707
iteration to pressure ratio, 506 types of tests, 698
iterative scheme, 504 thermodynamic property
losses, 487 enthalpy, 62
relaxation factor, 503 entropy, 66
spanwise mixing, 489, 508 extensive, 57
Denton mixing model, 509 intensive, 57
diffusion equation mixing model, 511 static, 62
mixing at a trailing edge, 513 total, 63
streamline positions, 502 thermodynamics
velocity gradient equation, 485 control volume, 56, 137
integration, 501 boundaries, 56
modification for choke, 500 equilibrium, 57
Strouhal number, 250 reversible process, 57
structural analysis sign convention, 58
Campbell diagram, 669 specific dissipation, 68
centrifugal stress stiffening, 668 state, 57
design cycles, 661 steady-flow energy equation, 44
design life, 662 system
design of axial tie bolt, 675 closed, 56
design speed, 662 open, 3, 56
design stresses, 663 tip-clearance flow
Goodman diagram, 666 effect on peformance, 179, 279
high cycle fatigue, 665 tip-clearance vortex, 177
low cycle fatigue, 663 trajectory of vortices, 178
design temperature, 663 tip leakage flow, 176
disc design, 673 vena contracta, 177
disc burst, 663 turbulence models
impeller hub, 673 algebraic models, 551
impeller shroud, 675 Baldwin-Lomax, 186, 551
engine order, 668 low Reynolds number models, 166
finite element methods, 660 one equation models, 552
fouling, corrosion and erosion, 665 Spalart—Allmaras, 552
interference diagram, 670 Reynolds stress transport models, 554
mode shapes, 666 transition, 553
nodal diameter, 667 two equation models, 552
shrink fit, 676 k-& model, 552
surface finish, 167 k- model, 552
centre-line average roughness, 168 Menter SST model, 553
equivalent sand roughness, 168
hydraulically smooth, 167 variable inlet guide vanes, 280
ISO class number, 168 velocity triangles, 48
relative roughness, 253 associated blade shapes, 51
roughness in CFD, 169 sign convention, 51
Sutherland’s law, 259 viscosity
dynamic, 259
testing eddy, 550
acceptance tests, 699 kinematic, 259
international standards, 699 Von Karman integral equation, 159
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work Mallen and Saville method, 103

aerodynamic, 69, 81, 107 Schultz method, 103

effect of efficiency, 84 reversible shaft work, 70, 109

effect of gas properties, 83 shaft, 61
displacement, 59, 68, 81 work coefficient, 115, 239, 257, 367
flow, 61, 81 Euler, 320
polytropic head, 69

Huntington method, 104 Zweifel loading coefficient, 221, 243
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