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Actuator disc: 

theory 186-91 
blade row interaction effects 190 
comparison with radial equilibrium 

theory 187 
concept of 187 
mean-value rule 189 
plane of discontinuity 188 
settling-rate rule 190 

theory 61-2, 162-5 
zero lift line 164 

Aerofoil: 

Ainley and Mathieson correlation 

Aspect ratio of cascade blade 65 
Axial flow compressors Ch. 5. 

casing treatment 154-6 
choice of reaction 143 
control of flow instabilities 159 
direct problem 179 - 80 
estimation of stage efficiency 149-54 
flow coefficient 144 
low aspect ratio blades 138 
multistage pressure ratio 148-9 
normal stage 140 
off-design stage performance 183-4 
reaction of stage 143 
simplified off-design stage performance 

stability 154-60 
stability criterion 158 
stage loading 144-5 
stage loss relationships 142 
stage pressure rise 147-8 
stage velocity diagrams 140 
total-to-total efficiency 142 
velocity profile changes through stages 

work done factor 150-1 

70- 1, 
81 -7 

145-6 

150-2 

Axial flow ducted fans 160 et seq. 
Axial flow turbines, two dimensional analysis 

Ch. 4 
Soderberg’s loss correlation 97-9, 100 
stage losses and efficiency 96-7 

thermodynamics of stage 94-5 
types of design 99 
velocity diagrams 93-4 

Basic thermodynamics Ch. 2 
Basic units in SI 3 
Bernoulli’s equation 26, 27 
Blade: 

angles 57 
cavitation coefficient 207 
criterion for minimum number 253 
efficiency 163 -4 
element theory 162 et seq. 
interference factor 160-2 
Mach number 17 
profile loss coefficient 71 
row interaction 190- 1 
surface velocity distribution 72 
zero lift line 165 

effect on secondary losses (turbine 

separation 44 
stall control in a cascade 

Boundary layer 

blade) 84-5 

63-5 

Camber line 56 
Cascade, two-dimensional Ch. 3 

blade chord 56 
camber angle 57 
circulation and lift 61 
choking 78-9 
definition of stall point 69 
deviation angle 75 
drag coefficient 60- 1 
efficiency 62 
flow measurement instrumentation 

forces exerted 57-8 
lift coefficient 60- 1 
Mach number effects 
negative incidence stall 69 
nomenclature used 56 
off-design performance 76 et seq. 
operating problems 63 

65-8 

315 
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Cascade, two-dimensional Ch. 3 - (continued) Circulation 61, 171 

performance law 63 
pressure rise coefficient 59 
profile losses 69 
profile thickness distribution 56 
reference incidence angle 69 
space-chord ratio 57 
stagger angle 57 
stall point 6 9 .  
tangential force coefficient 59 
test results 67 et seq. 
turbine correlation (Ainley) 81 et seq. 
wind tunnel 56, 63 
working range of flow incidence 69 

Cavitation 8-12, 301-4 
avoidance 304 
corkscrew type 302 
effect on pump performance 8 
erosion caused by 13, 301 
inception 12- 13 
limits 13 
net positive suction head 14 
pump inlet 206-7 
tensile stress in liquids 14 
Thoma’s coefficient 302, 304 
vapour formation 14 
vapour pressure 302-4 

Centrifugal compressor Ch. 7 
choking of stage 230 et seq. 
condition for maximum flow 205 et seq. 
conservation of rothalpy 204 
diffuser 201, 205, 227-30 
effect of prewhirl 209-10, 211, 212 
effect of backswept vanes 221-5 
impeller 203 -4 
inducer section 202, 210 
inlet analysis 208- 11 
inlet casing 203 
kinetic energy leaving impeller 225-7 
limitations of single stage 205-6 
Mach number at impeller exit 223-4 
pressure ratio 219-22 
scroll 201 
slip factor 213-18 
uses 199-200 
use of prewhirl 212 
vaned diffusers 228-30 
vaneless diffusers 227-8 
volute 201 

head increase 28-9 
Centrifugal pump characteristics 7-9 

Choked flow 19,20 

Coefficient of 
cavitation 207, 303 
contraction 65 
drag 60-1 
energy transfer 6 
flow 6 
head 6 
lift 60-1 
power 6 
pressure rise 59 
profile loss 82 
pressure loss 68 
tangential force 59 
total pressure loss 59 
volumetric flow 6 

Compressible fluid analysis 16-20 
Compressible flow through fixed row 

Compressible gas flow relations 
Compressor: 

180-1 
15- 16 

control of instabilities 159-60 
fluctuating pressure in blade rows 

losses in a stage 70 
off-design performance 145-6 
pressure ratio of a multistage 
reaction ratio 143-4 
stage loading 144-5, 148 
stage losses and efficiency 142 
stage pressure rise 147-8 
stage thermodynamics 141 
stage velocity diagrams 140 
stall and surge 

Compressor cascade 
characteristics 69-70 
equivalent diffusion ratio 74 
Howell’s correlation 68-70, 74-9 
Lieblein’s correlation 71 -4 
Mach number effects 78-9 
McKenzie’s correlation 80- 1 
off-design performance 76-8 
performance 68,71-9 
wake momentum thickness ratio 73 
ultimate steady flow 151 
work done factor 150- 1 

20, 
21 

148-9 

19, 137, 154-6 

Constant specific mass flow 181-3 
Continuity equation 23 -4 
Control surface 5 
Control variables 5 
Corresponding points 7 
Cosine Rule 147 
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Deflection of fluid 

definition 68 
nominal 69,70 

Design point efficiency (IFR) 
at nominal design point 242 et seq. 

Deviation of fluid 75 
Diffusers 43 et seq. 

analysis with a non-uniform flow 
conical and annular 44 
design calculation 49-5 1 
effectiveness 46 
ideal pressure rise coefficient 46 
maximum pressure recovery 49 
two-dimensional 44 
optimum diffusion rate 44 
optimum efficiency 49 
stall limits 48 

in compressor blades 71 -4 
in turbine blades 103 
optimum rate 49, 137-8 

Dimensional analysis 4-5 
Dimensional similarity 6-7 
Dimensions 3 
Direct problem 179-80 
Drag 59-60, 126 
Draft tube 290, 294, 301 
Dynamically similar conditions 7 

51 - 

Diffusion: 

Efficiency definitions 
compressor cascade 62-3 
compressors and pumps 33, 34 
definitions of 30 ef  seq. 
diffuser 45 
hydraulic turbine 30, 33 
isentropic 30 
maximum total-to-static 100, 112-4 
mechanical 31,33 
nozzle 41, 43 
overall 30 
overall isentropic 38 
polytropic or small stage 35-9 
total-to-static (turbine) 33 
total-to-total (turbine) 32-3 
turbine 30 

Energy transfer coefficient 6 
Entropy 29 
Equivalent diffusion ratio 74 
Euler’s equation of motion 26 
Euler’s pump equation 28 
Euler’s turbine equation 28 

Exducer 238 
Exercises on 

logarithmic spiral vanes 216 
radial flow turbine 244 
turbine polytropic efficiency 39 
units 4 

-53 
Fans: 

aerofoil lift coefficient 162-3, 164-5 
blade element theory 
centrifugal 200 
ducted, axial-flow 160 et seq. 

First law of thermodynamics 
First power stage design 176-9 
Flow coefficient 6 
Flow instabilities, control of 159-60 
Fluid properties 5 
Force, definition of 3 -4 
Forced vortex design 175-6 
Francis turbine 2, 279, 302, 303 

162 et seq. 

23, 24 

capacity of 28 1 
vertical shaft type 291, 294, 295 

Free-vortex flow 171 et seq. 

General whirl distribution 176 
Geometric variables 6 
Geometrical similarity 7 
Grand Coulee large turbines 281 

Head 4, 5 
coefficient 6 
effective 286 
gross 286 
loss in penstock 286 

Heat transfer sign convention 24 
Helmholtz type resonance 157 
Hertz, unit of frequency 4 
Howell 

correlation method 74-9 
deviation rule 75 - 6 
Mach number effects 78-9 
off-design performance 76-8 
tangent difference rule 75 

Hydraulic mean diameter 99 
Hydraulic turbines, Ch. 9 
Hydropower plant 

features 277-8 
largest 281 
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Illustrative examples 
annular diffuser 52-3 
axial compressor 38-9, 148-9, 152-4, 

axial turbine 43, 100-1, 104-7, 118-20 
centrifugal compressor stage 21 1, 226-7 
centrifugal pump 202-8, 218-9 
compressor cascade 76-8 
compressor cascade off-design 77 
conical diffuser 50-1 
fan blade design 80-1 
Francis turbine 295-6 
free-vortex flow 173-4 
multistage axial compressor 148-9 
Pelton turbine 289-90 
Penstock diameter 286 
radial flow gas turbine 241, 24-6, 

scale effects (Francis turbine) 300-1 
three dimensional flow 173-4, 177-9 

for centrifugal compressor 203-4 

173-4, 177-9 

252-3, 259-60, 262-3 

Impeller analysis 

Impulse turbomachines 2 
Impulse blading 70-1 
Impulse turbine stage 102 
Incidence angle 68 

loss 260 et seq. 
nominal 68 
optimum 70 
reference 68 

Inducer 202 
Inequality of Clausius 29 
Interaction effect of closely spaced blade 

Internal energy 24 
Isolated actuator disc 189 

rows 191 

Joule, unit of energy 4 

Kaplan turbine 2, 9, 279, 280, 296-9 
Kelvin, unit (thermodynamic temperature) 4 
Kinematic viscosity 7 
Kutta-Joukowski theorem 61 

Lieblein correlation 7 1-4 
Lift 59-60,61, 126 

coefficient 60, 76, 145, 153, 162, 164-5 
relation to circulation 61 

Lift to d;ag ratio 61, 62-3 
Ljungstrom steam turbine 236-7 

Logarithmic spiral 215, 216, 229 
Loss coefficients in IFR turbine 247-8 

Mach number 
blade 17 
critical 78 
eye of centrifugal compressor 206 
impeller exit 222-5 
inlet to a cascade 67-8 
radial flow turbine 246-7 
relative 209 

Manometric head of a pump 2 18 
Mass flow rate 17 
Matrix through-flow computation 192 
Mixed flow turbomachines 2 
Mollier diagram: 

axial compressor stage 141 
axial turbine stage 95 
centrifugal compressor stage 203 
compressors and turbines 32 
inward flow radial turbine 240 

moment of 27 
one-dimensional equation of 23, 25 

Momentum: 

National Advisory Committee for 
Aeronautics (NACA) 70, 73 

National Aeronautics and Space 
Administration (NASA) 70, 71 

National Gas Turbine Establishment 
(NGTE) 137 

Net energy transfer 6 
Net hydraulic power 7 
Net positive suction head 
Newton, unit of force 4 
Newton’s second law of motion 25 
Number of impeller blades in IFR turbine 

Nominal conditions 69, 74-6 
Nozzle efficiency 41 et seq. 

14, 302 

253-6 

Off-design operation of IFR turbine 
et seq. 

Off-design performance of compressor 
cascade 76-8 

One-dimensional flow 24 
Optimum efficiency 
IFR turbine 248 et seq. 
variable geometry turbomachine 9 

260 
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Radial flow turbines, Ch. 8 

basic design of rotor 241 -2 
cantilever type 237-8 
criterion for number of vanes 253-6 
cooled 271-2 
effect of specific speed 267-8 
inward flow types 237-9 
Mach number relations 246-7 
nominal design point efficiency 242-6 
nozzle loss coefficients 247-8 
optimum design selection 266-9 
optimum flow considerations 248 et 

rotor loss coefficients 248 
velocity triangles 238, 239 

blade 70-1 
compressor stage 143-4, 172-3, 176 
effect on efficiency 107-8 
fifty per cent 103 
true value 179 
turbine stage 101-4, 290 
zero value 102-3 

seq. 

Reaction 

Reheat factor 40 
Relative eddy 214 
Reynolds number 

critical value 67 
Rotating stall 157 

cause 157-8 
control 159-60 

Rothalpy 29, 204-5 
Royal Aircraft Establishment (RAE) 137 
Royal Society 3 

Optimum space-chord ratio 87-8 
Optimum design selection (IFR turbines) 

Overall performance 
26 et seq. 

compressor characteristic 18-20 
turbine characteristic 18-20 

Pascal, unit of pressure 4 
Pelton wheel turbine 2, 3, 279, 280-90 

energy losses 286 
nozzle efficiency 287 
overall efficiency 287-8 
speed control 284 

Penstock 285 
diameter 286 

Perfect gas 16, 17 
Performance characteristics of 

turbomachines 7 
Pitch-Iine analysis assumption 

axial compressor 138-9 
axial turbine 93 

Polytropic index 38 
Power coefficient 6, 18, 301 
Prerotation, effect on performance 209- 12 
Pressure head 4 
Pressure ratio limits of centripetal turbine 

Pressure recovery factor 46 
Pressure rise coefficient 45 
Primary dimensions 6 
Profile losses in compressor blading 69 
Profile thickness 56 
Propagating stall 64 
Pump: 

269-71 

centrifugal 
efficiency 7 
head increase 218-9 
inlet, optimum design 206-8 
mixed flow 2, 9, 12 
simplified impeller design 202 
supercavitating 14, 15 
vane angle 215-6 

7-9, 200, 201, 206-8, 218-9 

Radial equilibrium 
direct problem 179-80 
equation, theory 169 et seq. 
forced vortex 175-6 
free-vortex 171 -5 
general whirl distribution 176-9 

Radial flow 169 
Radial flow compressors and pumps, Ch. 7 

Scroll 201, 290 
Second law of thermodynamics 
Secondary flow 64 

losses 84-5 
vorticity 64 

gyroscope analogy 193 
overturning due to 194 

23, 29 

Secondary flows 193-5 

Shroud 201, 238 
Shape number 10 
SI units 3-4 
Similitude 6 et seq. 
Slip: 

definition 214 
factor 213-18 
in IFR turbines 248-50 
velocity 214 
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Soderberg’s correlation 71, 97, 105 
aspect ratio correlation 98-9 
Reynolds number correction 99 

Sonoluminescence 305 
Specific speed 10 

application and significance 257 et seq. 
highest possible value 12 
power specific speed 11 
suction 14 

Specific work 28 
Spouting velocity 242 
Stage loading factor 

Stagger angle 57, 161-2 
Stagnation properties: 

enthalpy 15, 17 
pressure and temperature 16 

Stall and surge phenomena 
propagating stall 64 
rotating stall 157-9 
wall and blade 156 

100, 106, 107, 108, 
144-5 

154 et seq. 

Stall at negative incidence 69 
Steady flow, 

energy equation 24 
momentum equation 23 
moment of momentum equation 27 

Stodola’s ellipse law 122, 124 
Streamline curvature 192 
Supercavitation 14 
Surge, definition 20 
Surge Occurrence 137, 157-9 
Systkme International d’Unit6s (SI) units 

3-4. 310 

Temperature 4, 16, 17 
Thoma’s coefficient 302 
Three dimensional flow in axial turbomachines, pressure ratio limits 

Ch. 6 specific speed application 257-60, 

et seq. Turbomachine: 
Three Gorges project 277 as a control volume 5 
Through-flow problem 192 definition of 1 
Total pressure 10SS correlation (Ainky) 82-4 
Transitory flow in diffusers 48 Two-dimensional analysis 
Turbine (axial flow): 

Three dimensional flow in turbine stage 186 263-4 

Two-dimensional cascades, Ch. 3 

axial compressors, pumps and fans , 
blade cooling 120- 1 Ch. 5 
blade materials 116-9 axial turbines, Ch. 4 
blade speed limit 99 
centrifugal stress in rotor blades 
choking mass flow 19, 20 Ultimate steady flow 151 
diffusion in blade rows 103-4 Unsteady flow 20 

114-20 

ellipse law 122, 124 
flow characteristics 19, 122 
normal stage definition 96 
reversible stage 112-4 
stage losses and efficiency 96-99 
stage reaction 101 -4, 107 
stage thermodynamics 94 er seq. 
taper factor of blades 116 
thermal efficiency 121 
types of design 99 et seq. 
velocity diagrams of stage 93-4, 

102-3, 104, 111, 123 
Turbine cascade (2 dimensional) 

Ainley’s correlation 70-1, 81-7 
Dunham and Came improvements 

flow outlet angle 85-6 
loss comparison with turbine stage 

optimum space to chord ratio 
Reynolds number correction 85 
tip clearance loss coefficient 85 

cantilever type 237-8 
centripetal (IFR) type 236 et seq. 
clearance and windage losses 269 
cooled 271-2 
cooling effectiveness 271 
diffuser 238-9 
exhaust energy factor 264 
Francis type 2, 279, 302, 303 
incidence losses 260-6 
loss coefficients (90deg IFR) 247-8 
number of impeller blades 
optimum design selection 
optimum geometry 
outward flow type 

84-5 

86-7 
87-8 

Turbine (radial flow): 
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Well’s turbine 124 et seq. 

blade aspect ratio 129 
design and performance variables 

flow coefficient (effect of) 130 
hub to tip ratio (effect of) 130 
operating principle 125 
solidity 129, 130 
starting behaviour 131 -2 
two-dimensional flow analysis 127-8 
velocity and force diagrams 127 

128-31 

Whittle turbojet engine 199 
Work-done factor 150 
Work transfer sign convention 25 

Units 
Imperial (English) 3 
SI (Systkme International d’UnitCs) 

3-4 
Universal gas constant 17, 274 

Vapour cavities 13, 305 
Vapour pressure of water 
Velocity coefficients 247 
Velocity perturbations 190 
Volute (see Scroll) 
Vortex design 
Vortex free 17 1 -5 
Vorticity 172 

14, 302-4 

56, 171 let seq. 

secondary 64, 194 

Watt, unit of power 4 

Zero lift line 164-5 
Zero reaction turbine stage 102-3 
Zweifel criterion 87 - 8 


