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Cl 

A 

A 

b 

B 

NOTATION 

acoustic velocity 

area 

area 

a constant 

width of impeller passage at blade inlet 

a constant 

C. chord length of impeller blade 

Co drag coefficient 

c.._ lift coefficient 

Cp pressure coefficient 

C~-t heat transfer coefficient 

CQ volume entrainment .coefficient 

C\. specific heat of liquid 

C a constant 

~ diameter of cavitation bubble 

First Used in Equatiol 

(3.6) 

(3.8) 

(5.~0) 

(3.20) 

(4o9) 

(3.20) 

(2.8) 

(3.ll) 

(3.11) 

(3.8) . 

cl average diameter of impeller pass.:age at blade inlet 

(2.2) 

(2.4) 

(4.9) 

(3.21) 

(4.9) 

(4.9) 

(4.10) 

(4.36) 

(3.5) 

D diameter of runner (pump or turbine) 
I 

0 ~~ diameter of impeller eye (pump) 

Dh diameter of impeller hub 

F1 velocity ratio, \T"""' / \Ta 

f.l. velocity ratio, tr....,' / trQ 

l=r Froude number 

9 acceleration due to gravity 

h height· of surface roughness 

h height of cavity wake 

h static head 

h 1 / static head at impeller entry 

ha atmospheric pressure 

hs suction pressure 

H total head of pump or turbine 

(iv) 

(3.7) 

(5.1) 

(2.4) 

(5.ll) 



Symbol 

Hsv 

First Used in Equation 

net positive suction head of pump or turbine 

-
k thermal conductivity 

~n !<,.., oavi tation coefficients 

K oavi tation number ' · 

Ko coefficient · 

K Ia coefficient (used with c:P a ) 

.K,rn coefficient (used with cp""") 

Ka impeller cavitation coefficient (based on \To ) 

K.,., impeller oavi tation coefficient (based on \Tn-o ) 

K ~ impeller oavi tation coefficient (based on v-...:. ) 

K u impeller oavi tation coefficient (based on u ) 

L length of oavi ty 

L typical length 

~ Mach number 

Wl Factor in equations (4.38) and (4.39) 

n exponent 

n number of nuclei 

~ number of nuclei per unit volume 

N rotational speed 

1-J s specific speed 

p pitch of helical inducer 

p 

p 
statio pressure 

power 

p ratio of' suction specific speeds 

Pe Peolet number 

Pr Prandtl number 

Q capacity, rate of flow 

Q o oapaoi ty at maximum efficiency 

unit capacity 

r radius of cavitation bubble 

r radius at impeller eye 

r Ll: radius of curvature of leading edge of inducer , 

rs radius of' front shroud at impeller eye 

R radius 

( v) 

(3.1) 

(Appendix 

(2.8) 

(4.13) 

(4.14) 

(4-14) 

(~.8) I 

(4.8) 

(4.34) 

(4.8) 

(5.19) . 

(3.4) 

(3o6) 

(4.38) 

(3.10) 

(3.16) 

(3.16) 

(4.6) 

(4.12) 

(2.6) 

(3.20) 

(2.1) 

(4.25) 

(2.9) 



Symbol First Used in Equation 

R factor in-equation (4.35) 

R ratio of relative velocities entering and leaving cascade 

(4.35) 

(5.6) 

(3.4) 

(5.1) 

(4.7) 

(4.7) 

(4-9) 

(2.10) 

(3.8) 

(4.9) 

(4.1) 

Re Reynolds number · 

s blade spacing in ca'scade 

~ suction specific speed 

5
1 

adjusted suction specific ,speed 

t thickness· of impeller blade 

t time 

· T temperature 

u peripheral velocity at impeller eye 

Llp peripheral component of the absolute velocity 
of the liquid entering the impeller 

V typical velocity 

~ specific volume 

lT absolute velocity of liquid entering impeller 

lTQ axial velocity of liquid at impeller eye 

tl~ meridional velocity of liquid at blade inlet 

ur~ meridional velocity of liquid at blade inlet, 
ignoring effect of blade thickness 

Lrw whirl component of velocity 

W relative velocity 

~' relative velocity of flow entering cascade 

W-z.. relative velocity of flow leaving cascade 

VV Weber number 

X correction factor 
\ 

z complex variable 

Z number of impeller blades 

z vertical elevation 

o< angle of incidence 

0( air content of liquid 

o<s air content of liquid when saturated 

(!l blade angle at entry to impeller 

{::) blade angle of cascade 

y specific weight 

(vi) 

(2.6) 

(3.8) 

(4.9) 

(4.9) 

(4-34) 

(5.31) 

(5.1) 

(5.1) 

(3.14) 

(5.20) 

(5.17) 

(4-9) 

(5.1) 

(3.19) 

(3.19) 

(4.1) 

(5.1) 

(2.4) 



Symbol 

surface tension 

angle of stagger of cascade' 

size of cavitation nucleus 

velocity ratio, up/ u. 

hodograph variable · 

'r) efficiency 

e camber angle of hydrofoil 

e 
e 
).. 

angle of flow leaving cascade 

<PI:"''~~ ) , parameter r l+c:.GG~ 
latent heat of vapourization 

A velocity ratio, u.Pa / \Ta c 

!-"- viscosity 

vr kinematic viscosity 

i; hub-tip ratio at impeller eye Dh / D 

f density 

cr- Thoma cavitation parameter 

~ inlet flow coefficient 

cP 0 inlet flow coefficient (based on lra ) 

cp,.., inlet flow coefficient (b.,ased on lim ) 

A-.~ '1"... inlet flow coefficient (based on ll'~ ) 

Suffixes: 

ave average value 

bd. condition at cavitation breakdown 

g gB:cS 

i condition at cavitation inception 

1 liquid 

max maximum value 

min minimum value 

opt optimum value 

v vapour 

Notes: 

First Used in Equation 

(2.1) 

(5~17) 

(3~15) 

(4.21) 

(5.17) 

(5.7) 

(5.28) 

(3.8) 

. (4.26) 

(3o4) 

(3.21) 

(4.7) 

(2.6) 

(3.1) 

(4.8) 

(4.8) 

(4.35) 

(2.1) 

(2.7) 

(3.8) 

(4.19) 

(2.8) 

(4.18) 

(2ol) 

Where quantities refer to conditions at impeller inlet it is understoo 

that they apply to the blade tips unless otherwise stated. In equations 

(4.26) and (4.27) the suffix "o" is used to distinguish conditions at.the 
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outer radius of the impeller eye. 

Where equations are derived in a general form it is assumed that a 

consistent set of units is used throughout. The units used in a~ detailed 

calculations in the thesis are stated in the text. 
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P R E F A C E 

This thesis considers aspects of rotating hydraulic machiner.y of 

the centrifugal, mixed-flow, and axial-flow types; wherever the word 

"pump" is used without any qualifying adjective it is understood that 

it is a generic term which includes all these types. The objective 

is to present and discuss the methods available for the design of IUfiP 

impellers for cavitating or near-cavitating conditions. 

In order to give an orderly and logical account of this subject 

the thesis opens with a description of cavitation in hydrodynamics, 
I 

and this is followed by an examination of its mechanism and of the 

physical factors which affect it. Model experiments are an import-

ant tool in assisting the designer predict performance and one chapter 

is therefore devoted to a discussion of model laws and scale effects 

in cavitation. Chapters 4 and 5 deal with the detailed design of 

impellers for non-cavitating and cavitating flows, while the final 

chapter evaluates this work and draws some general conclusions. 

'-. 

(ix) 



CHAPI'ER 1. 

INTRODUCTION - CAVITATION IN HYDRODYNAMICS 

1.1 DEFINITION 
I~ 

In most engineering applications cavitation consists of the 

formation of the vapour phase of a liquid when it is subject to reduced 

pressure at constant ambient temperature. In general a liquid is said 

to cavitate when vapour bubbles are observed to form and grow as a con

sequence of pressure reduction. In hydraulic machinery the phase 

transit:i:on is a result of pressure changes brought about by hydrodynamic 

means, that is pressure changes within the moving liquid caused by changes 

in the velocity of flow. 

In a cavitating flow there is"a continuous process of formation and 

collapse of cavities within the liquid stream. There are three ·stages 

in this process :-

(1) Inception 

(2) Growth 

(3) Collapse 

and each of these will be studied. 

1.2 FIELDS OF INTEREST 

Cavitation has long been of interest and importance in the fields 

of hydraulic structures, hydraulic machinery, shipbuilding, underwater 

signalling, and underwater weapons. In reoent·years cavitation has 
. . 

become of increasing interest in other applications. These include : 

lubrication of journal bearings, chemical processing (acceleration of 

reactions; industrial cleaning),"medioine (bullet wounds, speculations 

on brain concussion under blows), nuclear physics (use of bubble chambers 

for research on high energy particles), and the handling of highly volatile 

liquid rocket fuels and cryogenic liquids. 

1•3 " ·EFFECTS OF CAVITATION 

1.3.1 General 

The-effects of cavitation are predominantly undesirable and often 

destructive. In- a few applications its characteristics are deliberately 

employed for a construoti ve purpose; for example, as a means of 1imi ting 

the capaoity"of special centrifugal pumps, in particular of condensate 

extraction pumps in power stations. These pumps are sited as near to 

t~e condenser as possible and are often allowed to operate under cavitatine 

conditions, the statio head at pump inlet being reduced to a low value in 

order to minimise the cost of foundations. 

Another example of the constructive use of cavitation is the design 

of "super-cavitating" propellers which seek to exploit the promise of 

high efficiency super-cavitating flows about lifting surfaces. 
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The bad effects of cavitation are numerous, :ao numerous in fact 

that a catalogue of them would be practically endless. In general 

they may be grouped under four headings : (1) Material Damage, 

(2) Performance, (3) Vibration, (4) Noise. 

1.3.2 Cavitation Damage 
Cavitation damage is so common and so serious that by ma~ people 

it is thought of as the phenomenon itself rather than as an effect of 

which cavitation is the cause. 

Hydraulic structures: a flood passing over a spillway er through 

_the outlet works of a dam may leave in its wake cavitation damage cost

ing thousands of pounds to repair. Concrete surfaces, needle valves, 

spillway gates and seats 'have all been badly damaged as a result of 

cavitation. Hydraulic machinery: damage to hydraulic turbines may 

occur in the low pressure regions at the .. discharge end of the runner 

passages and in the draft tube, but may also be found in the relief 

valve and associated energy dissipation devices. In centrifu!Bl and 

axial-flow pumps cavitation damage can take the form of erosion of the_ 

impeller blades near inlet and also of the inlet portions of the volute 

tongue or diffuser vanes. Fig. (1.1) and (1.2) show typical examples 

of damaged runners. 

With large pump or turbine installations the plant designer is 

constantly urged to keep the initial cost as low as possible. That 

tends to keep the margin of safety against cavitation to a minimum. 

The present knowledge of the factors controlling cavitation is still 

incomplete, and that has led on occasion to the designed margin of 

safety being found insufficient when the plant is put into operation. 

liarine propellers are another type of hydraulic machine in which 

cavitation damage is commonly encountered, particularzy in high-speed 

ships. Another example which has received a lot of investigation 

recentzy is the damage to liners of diesel engines. 

1.3.3 Performance 

The effect of cavitation on the performance characteristics of 

hydraulic equipment is of great importance. Broadzy speaking it can 

be said that hydraulic equipment consists of combinations of surfaces 

or passages which guide and constrain liquids to flow in specified 

directions at desired speeds. One effect of cavitation on such a 

surface or passage is to alter the effective size of the passage and 

the direction of the guidance. The flow no longer conforms to the 

designer's intentions, and is, in general, degraded: the changes in 

direction are less. than those specified and the resistance to flow is 

increased. In centrifugal pumps these effects general]Jr result in 

loss-of head and often a simultaneous increase in power consumption; 

in hydraulic turbines the power output is lowered. In both cases the 

efficiency is reduced. It is of interest to note that at one stage 

of the development of a modern fighter aircraft its ceiling was limited 
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not by aerodynamic coll3iderations but by the onset of cavitation in , 

its fuel pumps. 

On ships' propellers cavitation causes a reduction of thrust and 

efficiency and hence of the speed of the ship. Cavitation on fins and 

rudders of surface craft causes loss of control and decrease in stabil

ising effect. 

1.3.4 Vibration 
·The production of vibration in all types of hydraulic equipment is 

_another effect resulting from cavitation. The cavitation process is 

an unstea~ one and usuallY is associated with relative~ large hydro-
' dynamic forces. This produces vibration of the equipment in which the 

cavitation is occurring. The amplitude of vibration may vary from very 

small values to values large enough to cause major damage or even destruc

tion. 

It is pertinent to interpolate here that pump vibrations are some

times false~ attributed to cavitation when in fact they result from the 

presence of air in the liquid passing through the impeller. Air entrain

ing vortices can form in the liquid from which the pump is drawing its 

supp~ if this liquid has a free surface whose level is too low in 

relation to the impeller. These vortices can be long thin filaments 

persisting for some distance into the liquid. If they are long enough 

to extend to the impeller itself the rotating blades experience varying 

forces as they impinge on the mixture of air and liquid, and hence 

vibrations are set up. To prevent this happening care must be taken in 

the design of the installation and in important cases model experiments 

should be carried out. 

1.3.5 Noise. 

The cavitation process is essentiallY ndsy. The importance of this 

noise·varies tremendous~ with the use of the equipment. A given amount 

of cavitation noise in hydraulic turbines in a large power house may be 

ha~-detectable, whereas the same amount of noise produced by a cavitat

ing propeller on a submarine may de~troy completely the usefulness of the 

vessel. 

1.4 DETERMINATION OF INCEPTION OF CAVITATION 

The-various effects produced by cavitation have been used to determine 

its inception. In experiments with hydraulic machinery the following 

methods have been used. 
·-· ' 

(1) Visual - viewing through a window in the apparatus to 

determine either when the vapour bubbles appear as the system 

pressure is lowered, or when they disappear as the pressure 

is increased from a value sufficiently low to have already 

caused cavitation. · This method supplemented with special 

high-speed photographic equipment is commonly used in research 

work. 
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(2) Acoustic - using either the human ear or hydrophones to 
' 

detect the onset of cavitation. It is widelY believed 

that this is the most accurate method as in the first phase 

of cavita~n the bubble size is ver,y small, and may escape 

detection by visible means. 

(3) Vibrational - detecting cavit~n by attaching a piCk-up 

to the item being tested to measure its amplitude of 

vibration. 

(4) Performance - In the field of centrifugal and axial-flow 

pumps it is common practice to define the point of cavitation 

inception as that condition when the bead (H) generated by 

the pump first departs by a measurable amount from its value 

under non-cavitating conditions. This definition will be 

used later in the detailed discussion of pumping equipment. 
• f I . 

Careful experiment bas shown that cavitation starts before 

a~ reduction in performance is observed, and that in this 

initial phase the amount occurring is so small that there 

are no deleterious effects either on performance or due to 

damage or v.ibration. 

After this brief survey of cavitation and its effects it is now 

proposed to look at some fundamental considerations before moving on 

to an account of its influence on the design of hydraulic machiner.y. 
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CHAPTER 2. 

NECHANICS .OF CAVITATION 

2.1 GENERAL 

In this chapter the inception of cavitation is examined and the 

process of bubble growth and collapse discussed. This leads to a 

stu~ of cavitation damage and means of protection against it. 

Fundamental investigationsinto cavitation phenomena are difficult 

and costlY, because the cavities themselves are very small and because 

their formation, growth and collapse takes place at high frequencies. 

Knowledge of the subject is therefore incomplete; the account which 

follows is intended to provide an appreciation of the salient features 

of cavitation and to outline current theories concerning its nature. 

2.2 · INCEPTION OF CAVITATION . 

2.2.1 Role of Nuclei 

The formation of a cavity within a liquid obviously involves a 

rupture ·of the liquid. lhtU:itiv·ely it might appear that a liquid bas 

no rupture strength whereas in fact many specially constructed experi

ments-have-shown conclusively that liquids such as water can withstand 

tensions even if onlY for short periods. Measurements made under 

static conditions when a stea~ tension is applied to undisturbed water 

have given a wide range of values for its tensile strength, from several 

atmospheres to estimates as high as a thousand atmospheres. Measure-

menta made by the centrifuge method in which a stea~ tension is created 

at the centre of a rotating column of water have.yielded tensile strengths 

up to three hundred atmospheres, Briggs (l). Moreover, the Kinetic 

theory of liquids predicts high tensile strengths. 

It is common experience that ordinary liquids usually cavitate 

whenever the local pressure reaches the vapour p~ssure. Since this 

is the condition when there is no longer an external force to hold the 

liquid together, it appears that these liquids have no effective tensile 

strength. -To explain this great discrepancy it has been postulated that 

ordinary liquids always contain impurities or "nuclei" which are weak 

spots that rupture or tear at vanishingly small tensions thus producing 

cavities. 

·These impurities are not dissolved in the liquid since the theor,y 

of solutions indicates that a dissolved impurity should have very little 

effect on the tensile strength of the base liquid. · This class of impurity 

is thus eliminated from consideration, leaving undissolved solids, im

miscible liquids and free gas as the possible sources of weak spots in 

ordinary liquids. Immiscible liquids can be eliminated because they 

are not universally present in common liquids and because experiments 

have demonstrated that the interface between immiscible liquids is not 

weak enough to explain the observed lack of effective tensile strength 
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of normal liquids. With regard to undissolved solids there is ample 

evidence to show that with a high degree of wetting of the solid matter 

by the liquid the adhesive force across the interface is ve:ry high and 

even for a low degree of wetting it is probab~ higher than the effective 

tensile strengths observed in normal liquids. This reasoning reduces 

the·range of impurities responsible for the weak spots in liquids to 

undissolved gases, and unwetted, that is, hydrophobic solids. 

It is now generallY accepted that the inception of cavitation in 

ordinary liquids is associated with the growth of nuclei (submicroscopic 

in size) containing vapour, undissolved gas or both, which are present 
either within the liquid or in crevices on suspended solid particles or 

on bounding walls. 

The wide discrepancies in the measurements of the tensile strength 

of water are attributed to variations in the nuclei content of the 

-specimens; these measurements may also have been affected by the inter

facial properties of the liquid container system, the treatment of the 

liquid before testing, and the experimental methods used. In most cases 

of practical interest in hydrodynamics (e. g. ship propulsion, hydraulic 

machinery) inception of cavitation occurs at pressures of the order of 

the vapour pressure, and is associated with the growth of nuclei with 

diameters ranging from io~5. to lo-3c~. 

The smaller the size of these nuclei and the fewer they ~re in 

number, the higher will be the fracture strength of the liquid. Thus 

it has been demonstrated by Harvey et al. (2), .;.Knapp (3) and others 

that ordinary water saturated with air when "denucleated" by the prior 

application of large pressure exhibits fracture strengths of the order 

of hundreds of atmospheres, in line with the Kinetic theor,y predictions. 

(This theor,y incidentallY postulates the existence of ver.y small nuclei 

of the order of molecular dimensions which are assumed to form statistical~ 

as a result of thermal fluctuations in the interior of the liquid. After 

the application of pressure these ultra-small nuclei will remain although 

larger ones will be forced into solution). The existence of nuclei of 

the sizes required for inception near the vapour pressure (i.e. about lo-3cm 

has also been demonstrated experimentallY by techniques based on the absorp

tion of ultrasonic vibrations by nuclei bubbles in resonance with the 

·applied frequencies, Strasberg (4), Richardson (5). Work is proceeding 

in an endeavour to develop these techniques to the.point where they can be 

used to give information on the number of nuclei of different siz~s in a 
liquid specimen. 

It has been suggested that some of the scatter in cavitation measure

ments may be due to the action of cosmic rays, as it is known t~at the 

passage of highly energized cosmic rays through a superheated liquid can 

give rise to the formation of bubbles of vapour within the liquid. If 

this suggestion is correct, the longer a liquid is exposed to high energy 

radiation the more nuclei it should contain, its tensile strength should 

be lower and its susceptibility to cavitation increased. However, no such 
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time-dependent effects have been observed, and this implies that cavity

formation in liquids cannot be explained by nucleation resulting from 

cosmi·c or other high-energy radiation. 

2.2.2 Stability and Growth of Nuclei. 

In water and other liquids the nuclei present will consist of small, 

undissolved bubbles of air.an~or vapour; it is usually postulated that 

the nuclei consist of air or other non-condensable gas and may contain 

some vapour due to evaporation of the liquid from the walls of. the bubbles. 

Now diffusion theory clear~ shows that such nuclei cannot persist but 

should dissolve spontaneous~ in the water. To resolve this dilemma, an 

explanation must be found for the failure of the nuclei to dissolve even 

if the water is undersaturated. The most common suggestion to account 

for the.presence of nuclei in undersaturated liquids is that microscopic 

dust particles are present on which the nuclei are stabilised, possib~ 

by being trapped in cracks on their surfaces. Another suggestion is that 

solution does not occur because the bubbles are surrounded by a thin 

protective skin formed from organic impurities existing in the water. 

Since· the· growth behaviour of nuclei stabilized in crevices and stabilized 
by organic skins would ·be functional~ the same, Strasberg (4), it is 

difficult to differentiate experimental~ between these postulates. While 

the former is more wide~ accepted, it is not known which, if either, is 

correct. 

During cavitation each nucleus starts to grow and this growth can 

take place in two ways : (l) by diffusion of dissolved air out of the 

water into the bubble; (2) by sudden expansion of the bubble into a 

large cavity. 

The first process has been called "ga~eous" cavitation because it 

results in a cavity filled primari~ with air. Theory and experiments 

with liquid-gas systems combine to show that diffusion takes place slow~. 

In hydraulic machines the liquid' is flowing relative~ fast, so fast that 

there is insufficient time for a~ nuclei.present in the moving stream to 

grow appreciably by·this means. However, diffusion may well be important 

for the·· growth of nuclei trapped in crevices on the walls of the liquid 

boundary •.... 

The second process has been called "vapourous" cavitation because 

the cavity. grows so rapidly that the diffusion of air into it cannot be 

maintained, and.the cavity is filled primari~ with water vapour. 

The two processes may take place consecutive~ - gradual growth 

Of"small nuclei by.diffusion (especially if they are trapped on the 

boundary walls so that there is time for this to happen) until they reach 

a critical size above which they become dynamical~ unstable, then rapid . , 
expansion as the nuclei grow explosively by evaporation from their internal 
surfaces. 

Gaseous cavitation may be important in some applications but in 
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..................................... 
hydraulic machiner,y vapourous cavitation is almost certai~ the more 

critical. Gaseous cavitation can occur at liquid pressure greater 

than the vapour pressure so that ita inception may be observed before 

that of the vapourous form, as for instance in the case of VuSkovic (6). 

In the light of this discussion it is now in order to make some 

calculations concerning the stability of nuclei and to review the 
~ ' 

relation between mechanical stability and bubble size. For simplicity 

and to make the problem amenable to calculation a spherical bubble is 

considered and· dynamic and heat transfer effects ignored. 

for static mechanical equilibrium is 
The eq~ation 

p 
v 

p = 2_§_ 
r 

where P = · partial pressure of gas in bubble g 
P v = liquid vapour· pressure 

· P = surrounding local liquid pressure 

6 = surface tension 

r = bubble radius. 

(2.1) 

If the bubble contains a constant amount of gas (assumed perfect) 

at constant temperature 

c 
pg = ~ 

where C is a constant. Then 

P - Pv = . - s 2-r 
(2.2) 

If the L.H.S. is differentiated with respect to r and equated to zero, 
•. 

the minimum value of (p - pv) for static equilibrium is obtained. This 

is designated (p - pv)* and occurs when 
I 

d (p - pv) = - ·....2.£_ + __g..Q_ 
dr r4 r2 = 0 

i.e. when r = r* = .m s 

or r* = 4S 
(p - pv)* (2.3) 

In this equation the minus sign indicates that the critical liquid 

pressure is actuall,y below the vapour pressure. · If now from the 

condition r = r* at (p - pv) = (p - pv)*, Pis decreased slight~ 

the bubble, is unstable and tends to grow' without bound. At pressure 

greater than the critical pressure, the bubble is stable and assumes an 

equilibrium radius satisfying equation (2.1). 

At 68°F the surface tension of water is 5.00 x 10-3 lb./ft'(72.8 dyne 

/om) and. the relation between pressure and initial diameter is then 

(h - hv)* X d* = 2.·58 X 10-3 

where (h - hv)* = (p - pv)* , ft. of water, 
'¥ 

and d* = bubble diameter, in. 

This is shown in fig. (2.1). 
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·It can be seen from fig. (2.1) that to initiate cavitation, tensions 

much higher than those encountered in most practical. cases are necessar,y 

unless bubbles of microscopic size are present. This relation can be 

used to estimate the critical. nucleus size corresponding' to experimenta~ 

determined thresholds of vapourous cavitation. 

More elaborate investigations have been made into the influence of 

time dependent factors on bubble. growth, for example by Noltingk and 

Neppiras (7) who derived the differential equation for the growth of a 

spherical afr bubble subject to a fluctuating pressure p(t). 

- (p0 - Pv + 2S )(.::2)3 + 2 CO =- ~"~ _ p<.t) 
ro 1:' r 

(2.5) 

Here r 0 is the original radius of ,the bubble at an external pressure po • 
This equation was solved for p ( t) as one cycle of a negative sine function, 

giving results which agreed quite well with those from the quasi-static 

equation, (2.3). 

2. 2. 3 Engineering Significance of Nuclei. 

It is clear that inception of cavitation is closely associated with 

the number, size and distribution of the nuclei in the liquid, and that 

carefully controlled experiments both in the laboratory and in the field 

should include a description of the nuclei content, i.e. a "spectrum" 

showing their variation in size and the number of nuclei in each size 

range. The wide scatter of many experimental results indicates the lack 

of knowledge of this spectrum. Techniques are slowly being developed ·for 

carrying out this type of neasurement, in particular for distinguishing 

between dissolved and undissolved gas contents. 

Consideration of the role of nuclei in cavitation raises questions 

of significance to the mechanical engineer, although many answers are not 

known at present. The following are a few examples : 

(1) For the same relative velocities in cavitation areas, are low

head turbines more susceptible to cavitation than higp-:l1ead turbines, both 

as regards its effect on performaroe and degree of damage? The penstock 

of a high-head turbine should be an effecti~ means of pressurization, and 

thus of forcing larger nuclei into solution. 

(2) For machines handling cold water at comparable velocities, are 

centrifugal pumps more susceptible to cavitation troubles than high-~ad.::. 

turbines? The viewpoint here is the same as in the first question. 

Natural waters are exposed to a continuous rain of dust particles which 

serve as hosts· for gas nuclei. The maximum pressurization of the water 

befare it enters the pump :impeller eye is measured by the submergence 

of the inlet pipe, which is very small compared to that in the penstock 

of a high-head turbine. 

(3) Stepanoff has pointed out that a high-pressure boiler feed pump 

handling hot water is less susceptible to the effects of cavitation than 

is ~he same pump handling cold water under otherVIise identical conditions. 
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He explained this by the difference in the thermodynamic properties of 

the liquids. However, modern boilers operate on a closed cycle with 

deaerated distilled water, which is highly pressurised each time it 

passes through the boiler. Therefore might not this improved pump 

performance be explained by a scarci~ of nuclei? 

(4) There is a ~neral impression in the petroleum industr,y that 

there is mu~h leas trouble from cavitation in hydraulic equipment than 

in comparable installations using water. Is it not possible that a 

.major reason for the difference is the higher wetting ability of most 

petroleum derivatives, since this would tend to decrease ,greatly the 

concentration of effective nuclei? 

Effect of Gas Content. 
Consider now the eftect·of gas content on the inception of cavitation 

in hydraulic machines. Only a few experiments have been reported; these 

dealt with cases of practical interest and studied the effect of var.ying 

air content.on turbines and pumps handling cold water. Vuskovic (6) and 

Shmuglyako~ (8) carried out tests on Kaplan turbines and Kanellopoulos (9) 

on a ·small centrifugal pump. 

The results of the turbine experiments showed that increasing the air 

content increased the susceptibility of the machine to cavitation, that is 

inception took place at higher pressure at the suction or exit side of the 

runner. While this effect was marked at low heads (less than 15 ft.) it 

became less as the turbine head was raised and according to VuSkovic was 

negligible at heads over 30 ft. Kanellopoulos' work showed also that his 

pump which had a low specific speed radial impeller became more susceptible 

to cavitation at higher air contents,, that is higher inlet pressures were 

required to suppress cavitation other conditions remaining the same. 

The paucity and restricted nature of the results available hardly 

allow any general conclusions to be drawn. It is reasonable to suppose, 

however, that there is a correlation between the air content and the nuclei 

content in the water. Therefore a hydraulic machine would be expected to 

be more susceptible to cavitation as the gas content in the liquid passing 

through it is raised. ·This has been found to be the case in many experi

ments on hydrofoils and submerged streamlined bodies in water tunnels; see 

f'or example Numachi (10) Crump (11) Williams and McNulty (12) Ripken (13) 

and Holl (14); a few wor.kers have found no·effecta from changes in air 

content, Kermeen et al. (15), Hammitt (16). In the field of marine 

propeller research Edatrand (17) determined air content to have a marked 

effect on cavitation inception, and he gave correctionswhich have to be 

applied to results of water tunnel experiments where air contents are low 

to correlate with performance in the sea where the air content. is naturally 

hi~. 

Hysteresis •. 

For his pump experiments Kanellopoulos used a closed circuit arrange-
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ment in which the water was continually recirculated. He found there was 

a definite "lzystereais" in that the critical pressure at impeller inlet for 

onset of cavitation was lower when approached from the non-cavitating state 

("inception") than when approached from developed cavitation ("cessation"). 

In America these two conditions are often distinguished as "incipient" and 

"desinant" cavitation respectively. Kanellopoulos found that the difference 

between cessation and inception pressures decreased as the gas content was 

increased, also that the inception conditions for low gas contents were 

unstable with a fairly wide scatter of results, whereas the cessation 

conditions were rep·eatable within narrow limits. 
. ' 

Similar results have been noted in m~ laborator,y water tunnel experi-

ments, Kermeen et al. (15), Holl (14). In a few cases these effects have 

not been found even when specifically looked for, Straub'et al.(l8); 

Hammitt (16). The occurrence of hysteresis may depend on experimental 

factors such as the velocity of test and the nature of the test rig, whether 

an open or closed circuit is used and/ whether a resorber is provided. 

Several hypotheses have been advanced to account for hysteresis. It 

may be explained by c~nsidering the conditions of the gas nuclei content of 

the water. For low gas content the equilibrium size of gas nuclei is small 

and thus, when approaching cavitation from the non-cavitating state, low 

critical pressure should be expected. Conversely when critical conditions 

are approached from a developed state of cavitation, gas bubbles of 

comparatively large size, remaining after the collapse of the cavitation 

cavities and travelling with the stream may, on entering the region of 

minimum pressure, cause continuing cavitation of gradually decreasing 

intensity. .Thus the cessation pressure would be expected to be higher 

than the corresponding inception pressure. The fact that the inception 

condi tiona are unstable may be explained by ~he trapping of small gas 

bubbles in wall crevices in the test circuit which, under some external 

disturbance or vibration, may part from the walla and enter the stream 

to start cavitation. 

The Author's experience based on an extensive number of pump cavita

tion tests is that while lzysteresis can occur it is usually only slightly 

greater in amount than the limits of accuracy of the test ~quipment. It 

is in fact common practice to define the onset of cavitation in a pump at 

the "inception" point when proceeding from non-cavitating to cavitating flow. 

, This··may ·mean a loss in accuracy but is justified on the ground that once 

cavitation has occurred, conditions within the liquid have altered : for 

example, ·one boundar,y of the non-cavitating flow has been displaced by an 

amount equal to the width of the cavitating zone. Nevertheless ma~ 

research workers use the cessation point to define the beginning of cavita

tion in order to obtain more consistent experimental results. 

Design. 

The majority.of turbines and pumps have to operate with cold aerated 

water from oceans, lakes, rivers and reservoirs, and runner design for 
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cavitation performance is based on the premise that cavitation begins 

when the minimum pressure in the runner falls to the vapour pressure. 

As ordinary water from these sources can be expected to contain large 

numbers of nuclei this procedure is correct, but for special liquids 

with small nuclei content it may well be conservative. 

2.2.4 Boundary Layer and Turbulence Effe,cts. 

In pumps and turbines cavitation takes place in regions of low 

pressure and/or high velocity close to the walls of the flow boundary. 

This flow is almost always turbulent. It is therefore necessary to 

consider the effects of factors involving turbulence and boundar,y layer 

f~rmation on the inception of cavitation. 

is :contained in papers by Dai~ and Johnson 

Holl (20). , 

Most of the available evidence 

(19), Kermeen et al. (15), and 

With regard to turbulence it is clear that when attempting to predict 

inception account should be taken not o~ of the average pressure condit

ion but also of the magnitude and duration of pressure fluctuations in 

regions of turbulence. 

Various boundary layer effects may be important in the inception 

process. First~, the pressure gradient in the direction of flow : if 

this is adverse it will promote separation of the flow from the solid 

surface with the associated low pressures at the centres of the vortices 

in the separated flow. Second~, the pressure gradient across the 

boundary layer : if this is large it will hel.p to sweep away any nuclei 

trapped in the wall. Thirdly, the type of flow in the boundary layer 

turbulence has a significant effect on the local. pressure reductions. 

It has been shown that in laminar boundary layers cavitation occurs 

first at the wall. In turbulent boundary layers it might be expected 

that cavitation would commence in the regions of highest turbulence 

intensity, at . a small distance from the boundar,y wall where the pressure 

fluctuations are largest. However, in experiments with turbulent boundary 

l.ayers in a rectangul.ar nozzle Dai~ and Johnson (19) observed that the 

maximum number of cavities occurred in the central portion of the boundary 

layer rather than closer to the boundary as would have been expected on 

t!le basis of experimental observations of intensity of velocity fluctuation. 

· From this summar.r of the existing evidence it will be seen that there 

is little data available in a form useful to the designer of hydraulic 

machinery. The "state of the art" is such that he can 0~ ignore the 

boundary layer effects discussed here on the implicit assumption that 

the size of any cavitation bubbles which form in his equipment are large 

compared to the thickness of the boundary layer. This assumption is . 

probably true for water from oceans and rivers and should lead to safe 

designs for other liquids. 
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2.2.5 Quantitative Definition of Cavitation Inception. 

Critical Cavitation Number (Ki). 

· . In the discussion of all types of cavitation problems, experimental 

results, and performance of equipment, sane system for describing quantit

atively the d;ynamic conditions under which cavitation is taking place is 

necessary. 

In the ideal case of potentiai flow of a pure liquid around a sub

merged body the minimum pressure . that will occur on the surface of the 

body can be predicted for any given configuration and will be described 

for all scales and velocities by a certain value of the ratio 

where 

= c . 
- p mm 

. j:> = reference pressure in undisturbed liquid. 

P min = minimum pressure on surface· of body. 

V = relative velocity between the bod;y' and the liquid, 

normally measured where the liquid is undisturbed. 

p = density of liquid. 

cp min = minimum pressure coefficient. 

As explained earlier, in most engineering applications the ability of 

the liquid to support a tension is ignored and it is assumed that cavitation 

is incipient when the minimum pressure becomes equal to the vapour pressure. 

The cavitation number, characteristic of the now, is defined by 

P- Pv 

ifv2 
(2.6) 

and the critical conditions for onset of cavitation are 

~ = Pt , the pressure at inception. 

P min= Pv , the vapour pressure corresponding to 

the liquid temperature. 

The critical cavitation number is then 

i e v2 
Pi.- l=>v (2. 7) 

Thus in the design of streamlined bodies in unseparated flows, 

inception of cavitation is assumed to occur when 

Ki = I cpmin I (2.8) 

For two-dimensional flow around a streamlined body the minimum pressure 

coefficient, Cp min, can be found from tests in wind or water tunnels, or 

in many cases can be detennined from computations of the potential flmv. 

When the system is three-dimensional results are much more difficult to 

obtain except in the relatively simple case of axially s;ymmetricaJ. bodies. 

It is interestiTig to note that water tunnel tests of aerofoil sections give 

results similar to those obtained in wind tunnels for lift, drag and manent 

coefficients, and pressure distribution, Daily (21). 



The peysical significance of the cavitation number K is clear. The 

IDli!lerator is the net pressure acting to collapse a cavity, while the denan

inator is the velocity pressure or velocity head of the flow. Now the 

variations in pressure which take place on the surface of the body or on any 

tJrpe of 2).lide passage are due basically to changes in the velocity of flow. 

Thus the velocity head mey- be considered as a measure of the pressure 

reductions that mey- occur to cause a cavity to form or exp8lld. From this 

poi.D.t of view the cavitation number is simply the ratio of the pressure 

available ·for collapsing cavities to the pressure avaUable for inducing 

their formation and growth. 

When estimating value of Ki applicable to a specific design the f~llowing 

.. factors have. to be kept in mind • 
. · 

(1) Turbulence. 

Toore mey- be corrections to the local pressures due to 

turbulent pressure fluctuations and similar ind.etenninate effects. 

( 2) Separation. 

When predicting inception of cavitation, attached flows around. 

streamlirlEld bodies should be distinguished fran separated flows fran 

bluff bodies. · In the latter case the minimum pressure does not occur 

on the surface of the body but in the cores of the vortices in its wake, 

and cavitation bas been observed to camnence in these vortex cores. 

The incipient cavitation number Ki cannot then be correlated with Op min 

and is in fact always greater in magnitude. 

·.Apart fran special exceptions such as .sUpercavitating pumps and 

propellers the design of hydraulic machinecy is based on attached flows 

·around streamlined bodies in streamlined passages of smooth profile. 

Separated flows are not considered although they may occur at off-design 

conditions or if the initial design is incorrect. 

( 3) Surface Roughness. 
~· 

Cavi ta.tion abcnt smooth wavy surface roughnesses is analogous 

. to cavitation in unseparated flows, the incipient cavitation number may 

be detennined by taking the minimum pressure coefficient and using the 

bouma.r,y leyer velocity corresponding to the beig)lt of. the rou~ss. 

Sha:p.:.eaged roughnesses produce cavi ta.tion in the separation zone just 

behind. the roughnesses, Holl (20), Shalnev (22)~ As a result Ki is 

increased above its value for a smooth surface of ·too same base profile • 

. Very few laboratory or field experiments have reported the surface 

rouglmess of the ec;n.J.ipment tested. In most laborator,y tests surface 

finish is smooth in order to eliminate the secondary effects discussed 

here and. this should be clearly UIXlerstood when a.pp]3ing the results of 

such tests. 

(4) Air or Gas Content. 

As, mentioned earlier, a few research workers have found that 

Ki is not affected by change in the air content of the water used in 

their tests. This is contrary to the majority of reports which show 

that Ki depends on the air content and. increases with it.. One e:x:plan· 
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ation advanced for this is based on the hypothesis that inception of 

cavitation depends on the scipp~ of nuclei fran crevices in the flow 

boun:laries. These nuclei may grow by a process of gaseous diffusion 

into bubbles of macroscopic size which are then swept off and travel 

along the boundary surface to the region of minimum pressure,. The 

larger the bubbles on reaching this region the greater is the likelibooa 

of cavitation occurring. This will in turn depend on the flow veloci"f;J 

the longitudinal pressure gradient and b size of the body. This 

process of reasoning leads to the conclusion that small submerged 

streamlined bodies with sharp pressure gradients tested at hi~ velocit] 

should show little or no variation of Ki with. gas content, since these 

conditions would not favour the growth of nuclei into cavjlation bubbles 

by the mechanism postulated. There is sane experimental evidence to 

support the view that Ki can depend on gas content in cases where gaseou 

diffusion pl~s a significant part in the ear~ stages of the inception 

process, but this question bas not been final~ resolved. 

With regard to hydraulic machinery the investigation made by 

Vuskovio ( 6) is illuminating. He found that the onset of' gaseous 

cavitation {i.e. separation of clouds of' air bubbles out of tre flow) 

was influenced to a marked degree by air content, ·and that this form 

of cavitation was more like~ to occur as the air content was imreased. 

However, changes in air content had on~ a very slight influence on the 

onset of' vapourous cavitation. Vuskovic also noted that gaseous 

cavitation itself' did not lead to ~ noticeable reduction in turbine 

efficiency nor to destruction of' material. Although it is theoreticaJ.l 

possible for gaseous cavitation to take place at liquid pressure above 

the vapour pressure, he suggested that its influence could be disregaXae 

in practice. 

2. 3 BUBBLE DYNAMICS 

2.3.1 Description of Bubble Growth and Collapse. 

So far, discussion has been centred on inception o'! cavitation, its 

mechanism and the factors affecting it. It is new proposed to consider 

the behaviour of bubbles formed in a liquid as a result of cavitation. In 

a pure~ cavitating flow there are myriads of t~ bubbles, which grow ani 

collpase at very fast rates with lives of the order of milliseconds or less. 

Experimental observation of the grOwth and collapse of' these bubbles makes 

frequent use of hi~-speed photography, pictures be,ing taken at rates as high 

as one million frames per second in some oases. 

· A typical investigation will now be described, Knapp { 23), and the 

results discussed in the light of' current theories of' bubble eynamics. 

These experiments were carried out on a streamlined smooth boey of revolution 

in a water tunnel fitted with resorber. Co:rditions were auch that the 

bubbles examined originated _from canparative~ large nuclei so that they 

were large compared to the boundar,y leyer thickness, and their history ms:y 

be regarded as typical of' bubbles in an essential.~ irrotational flow. 
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The test boay was a cylirder with a pointed nose, the radius of 

curvature of the nose being 1.5 times the diameter of the cylinder ( 1.5 

calibre ogive). The water tunnel was operated at 40 ft./sec. and the 

absolute pressure in 'the undisturbed flow was about 4.0 p.s.i.a., equivalent 

to K = 0.33. Under these conditions cavitation was taking place on the nose 

of the body and high-speed photography was used to examine the life history 

of a typical cavity - its formation after first appearing as a smooth 

transparent bubble, its growth and subsequent collapse. 

Refer now to fig. (2.2). At the top is shown the haJ.t' profile of tm 

test body. The graph below it, drawn to the s~ longitudinal scale, shows 

the pressure distribution on the surface of the body and the behaviour of the 

cavity from its inception to collapse. It will be noted that only the 

negative portion of the pressure distribution curve is shown, the cirdinate 

for this curve being absolute pressure. The vapour pressure of the water~ 

at the temperature of the experiment is shown by the horizontal dotted line. 

The pres~ure distribution is that measured for non-cavit~ting cOirlitions, 

i.e. , · for a 'high vaJ.ue of K. The dotted line having the horizontal section 

AB shows the changed pressure distribution for K = O. 33• Cl.U'ves showing the 

radius and volume of the cavity were calculated fran photographic records; 

for this the average cavity radius was assumed to be one half of the mean of 

its horizontal and vertical dhlensions. The volume was caJ.culated on the 

assumption that. the cavity was a sphere of this radius. 

Point A shows the position on the nose of the body at which the pressure 

has been reduced to the vapour pressure of the water. It will be seen that 

this is also very nearly the position at which the cavity was first detectable 

as a tiny bubble. The photographs show that the cavity moved downstream on 

the body into a region where the pressure tends to decrease below the vapour 

pressure. The cavity was observed to grow at a rapid rate, and this high 

rate of growth continued nearly to point B which correspon:ls to the position 

on the boey at which the pressure returns to vapour pressure. 

During the rapid gt'owth of the cavity the liquid is moving outward at 

high speed. From A to B this ·outward radial flow is taking place in the 

direction of the pressure gt'ad.ient. Fran B onward it is against the pressur 

. gradient. As the curves for radius and volume shOW', this motion is then 

decelerated, and finally ceases at the point of maximum radius. The cavity 

radius then begins to shrink at a rate that in:licates a high radially inward. 

acceleration. Thus when viewed with respect to the pressure distribution 

diagram, the behaviour of the cavity is explained in a logical mazmer. The 

salient features of this behaviour are as follows:-

(1) Formation of cavity a~ the position on the guiding surface where 

the pressure is reduced to vapour pressure. 

02) Growth of cavity so long. as the surface pressure is at or below 

vapour pressure. 

(3) Deceleration of the rate of cavity growth as the pressl.lt'e on the 

surface rises above the vapour pressure; the cavity quickly 

reaches its maximum size and then hmnediately starts to collapse. 
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(4) Collpase of cavity at a rate much hi.eP.er 'than that of' fonnation. 

2.,.2 .Anal.ysis of Bubble Dynamics 

By making suitable simplifying assumptions it is possible to analyse 

the collapse of a cavitation bubb1E!, and to caJ.culate the size of the cavity 

from the ti.roo it has reached its maximum diameter until it has completely 

collapsed. This was first done by Lord Rayleigh ( 24) who considered the 

collapse of an empty spherical cavity in an imccmpressible -frictionless 

fluid having a constant pressure at infinity. He equated the kinetic energj 

of the resulting motion of the fluid to the work done at infinity by the 

constant pressure acting throu@:l a change of volume equal to the change of 

the cavity volume. Fig. (2.3) is based on the results sholvn in Fig. (2.2) 

and gives a comparison of the observed collapse with that predicted on the 

basis of Lord R~leigh' s assumptions. Although these assumptions are of 

a comprehensive nature it will be seen that the agreement is ~ite good, 

so good in fact as to leave little doubt that the basic mechanics are as 

Lar:-d Rayleigh visualised. He also calculated the pressure that would 

result if the cavity collapsed concentrically on to a small rigid sphere. 

(The reason for assuming the existence of a sphere is to obtain a finite 

collapse velocity, ·since for a perfectly imcao:p:ressible fluid the collapse 

vel~ity approaches an indefinitely large vaJ.ue as the radius of curvature 

approaches 'zero. This assumption would not be necessary it' the calculation 

could. be made for a real canpressible fluid). He abandoned the assumption 

of the incanpressible fluid at the instant the cavity wall touched the surfac 

of the sphere, and proceeded to determine the pressure on the surface of the 

sphere on the basis that the kinetic energy present in the liquid just before 

the instant of contact was converted to potential energy of canpression as 

the liquid came to rest. This is the same peysical picture that unde:?;li.es 

. all caJ.culations of water hammer pressure. If the slope· of the theoretical 

or experimental curve in Fig. (2.3) is used to compute the radial velocity 

of the water as the bubble radius approaches zero it will be found that this 

velocity is of the order of hundreds of feet per second. Thus the moodnn:un 

pressure obtained must be very high, certainly of the same order as the 

elastic limits of metals used in hydraulic machinery. 

The prediction of _these high pressures during the collapse phase sheds 

sane light ·on cavitation noise. The collapse zone must be a vary effective 

sound source, since the pressures are high and the pressure fronts are steep. 

Undoubted.ly sane of the energy involved will be dissipated in the fom of 

pressure pulses. 

In actual fact during_ the collapse of a cavity, the liquid is not 

incc:mpressible nor infinite in extent, the pressure is not constant at its 

boundary, the cavity is not spherical, surface tension and viscous effects 

are present. Furthermore the cavity is not empty but is filled with "V'apour 

and possibly contains some permanent gas, so that processes of heat transfer 

and gaseous diffusion m83"' be occurring. To derive a set of e~ations taking 

into account all these factors is well-nigh. impossible. An extension of 

Rayleigh's theory due to (Plesset)(25) will be described here in order to 

give sane idea of the nature of the problem. 
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Consider a spherical bubble in a perfect i:nccmpressible liquid of 

infinite extent, and let the origin of co-ordinates be at the centre of 

the bubble which is at rest. The radius of the bubble at a:n:y time 

is R and r is the radius to any point in the liquid. As is well known 

the velocity potential for motion of the liquid with spherical symmetry 

is 

= 

The Bernoulli integt"al. of the motion is 

+ 'Ot 
p (r) 
p 

where p(r) is static pressure at r 

= 
p ( t) 

p 

(2.9) 

(2.10) 

p( t) is static pressure at a distance fran the bubble at time t • 

Fran e~tion ( 2. 9) 

( vc:p )2 = R4 R2 
4' r 

and = ~ ( 2 R R2 + R2 R ) 

(2.11) 

(2.12) 

Equatio~ (2.10) will be applied as r = R so that the equation of motion for -

.... ·:the bubble radius is determined, ( 2.11). Then 

(acp ) 2R• 2 + R •R• 
'at r=R= 

<'Vet> >2 = i2 
. 

so that equation (2.10) became 

= 
p (R) - p (t) 

p (2ol3) 

This is the generaJ. equation of motion of a spherical bubble in a 

liquid with given external pressure p ( t ) and with the. pres~ at the 

bubble boundary p ( r. ) • Rey-leigh' s solution is obtained as the special 
case with 

p ( t ) - p ( r ) = p 
0 

, a constant. 

If the bubble is considered to be full of vapour at pressure pv and 

is the surface tension at the bubble surface, 

( ) .. 2 8;-
p r = Pv - -R· (2.14.) 

Equations (2.13) and (2.14)· together with a statement of the pressure 

relationship p ( t ) fully de fire the problem. To find p ( t ) it is usually 

assumed that· it can be determined from the pressure distribution in non
cavitating flow. · 

Plesset analysed experimental observations or bUbble growth and collapse 

in the cavitation on a subnerged streamlined body in a water tmmel and found 

g<?Od agreement with this theory. He later carried out more detailed anazysis, 

e.g. for the gz:-owth of -a bubble in a superheated liquid (26) when heat trans-

fer at the bubble wall retards its rate of growth appreciably. Other 
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detailed ana.l3ses have been carried out, notably by Gilmore (27), but a 

discussion of them would extend beyond th9 scope of this thesis. 

Summing up then, it is clear that Raylei2Jl,' s ideaJ.ised theory should 

be modified to aJ.low for the properties of real liquids, but attempts to 

do this very soon bog down in laborious mathematics. The important effects 

of the properties of real li<FJ.ids are briefly as follows. Surface tension 

tends to ioorease the rate of bubble collapse; viscous effects, canpress

ibil:i.ty effects, ~_the effects of entrained air (or vapour which cannot 

condense rapidly' enou2Jl, to follow the coll~psing bubble walls and. so acts 

as pennanent gas) all tend to slow down the motion, and hence to reduce the 

maximum pressures attained. 

Because of the extreme canplexity of the behaviour of cavitation bubbles, 

and particularly because of the impossibility of describing in detail the 

properties of the liquid-gas system (initial. size and shape of bubbles, 

their air content, vapour behaviour, defonnations due to instability of the 

·bubble waJ.ls) it is not possible to state unequivocally the ~ pressures 

develop~d or the pressure history during the motion and collapse of such 

... bubbles~ . Recent ex_periments on cavitation on photoelastic specimens by 

Sutton (28) suggest that the impact stresses produced in the surface by 

bubbles collapsing on it can be as high as 200,000 p.s.i. While this 

figure has still to be confirmed there is no doubt that the peak pressures 

developed during collapse can be high enough to cause mechanical damage to 

materiaJ.s. 

2.4 DEVELOPED FORMS OF CAVITATION 

Following inception, cavitating flows m83" continue to be composed of 

individual transient cavities. However, in many cases a large cavity . 
region appears which is attached to the body on which cavitation has been 

induced. This is particularly likely to occur if the point of detachment 

is sharply defined, for example a hydrofoil with a sharp leading edge. The 

region is described as an attached or quasi-steady cavity; its boundaries 

do not aiter with time although conditions inside the cavity are constantly 

changing in a very canplicated manner. 

Flaws with qua~i-steady:, or attached cavities that are long canpared 

with the body about which they are formed are called 11 supercavitating" flows. 

Su,percavitating flows are of :importance in connection with high speed marine 

propellers, lzy"drofoil boats, and low head pumps and. turbines. They are 

d,iscussed later in Chapter 5 • 

. Many observations have been made of these attached cavities and it 

appears that the. liquid flows aJ.ong the boundary of the cavity and re-enters 

at the downstream end~ Depending on a number of factors as yet incanpletely 

understood, the re-entering fluid mey fill the cavity canpletely and cause 

it to collapse, whereupon the cycle of growth, collapse, filling and collapse 

recurs. When the .velooities are high enous):l, and presunably when the rate 

of entrainment of the re-entering liquid becanes gr;-eat enous):l, the entrained 

liquid is swept out of the cavity region. The re-entrant jet has insufficient 
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manentun to refill the cavity, and the cavity remains essenti:Uly filled 
\ 

only with the vapour phase and air di:f'fused fran the nei~bouring liquid. 

The re-entrant jet still appears but is dissipated before it can fill the 

cavity again. Under these conditions the trailli.g edge of the cavity 

exhibits quite an unstable motion, leading to oscillating forces that are 

. of rather low frequency and that may be the cause of severe vibrations in 

hydraulic machinery. 

2. 5 CAVITATION DAMAGE .AND PROTIDTION 

2.5.1 General 

The onset of damage is associated with the local mechanical stressing 

of proximate material by the hieP. pressures developed in the liquid 

surrounding cavitation bubbles. The phenanenon is a canplex one involving 

a number of hydrodynamic and metallurgical variables and, in corrosive media, 

chemical and electrochemical effects as well. The na'blre of the damage is 

intimately related to the response of materials to high rates of mechanical 

stressing and to theil• chemical reactivity, so that as damage proceeds it is 

often .difficult to separate the effects in an unambiguous wa:y. An eJroellent 

review of the present lmowledge of cavitation damage has been made by 

Godfrey ( 29). 

In the necessarily brief account given here, the· view of Preiser and 

Tytell ( 30) is :followed : that the total damage to a surface can be 

divided into three distinct parts, each having a specific mechanism. 

These are : 

( l) Cavitation Deformation and Fracture. 

(2) Cavitation Fatigue. 

( 3) Cavitation Corrosion. 

In the case of Cavitation Deformation and Fracture, all three mechanisms 

mey be superimposed on each other to contribute to the total damage. The 

second case of Cavitation Fatigue mey" have only the corrosion mechanism 

operating in concert. The third case of Cavitation Corrosion implies no 

physical damage to the metal substrate but an electrochemical damage 

accelerated by cavitation collapse forces. These three mechanisms will 

new be described in greater detail. 

2.5.2 :Mechanism of Cavitation Damage 

Cavitation Deformation arid Fracture 

Cavitation Deformation and Fracture results fran the intense hydro

mechanical forces generated by collapsing cavities, and is generally 

experienced on spec:imens exposed to special a.c6e~rated laboratory tests 

using magnetostriction or ultrasonic apparatus. Most of the damage is due 

to mechanical breakdown of the material sm-face, and the subsequent 

separation and ejection of small particles from the parent body. Secondar,y 

fatigue and corrosion effects mB\9" be operating but their results are 

obscured. For example, in:~ .the .. case of cavitation on a metal in water, 

the collapsing bubbles fU:st produce indentations in the surface, and it 
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has been suggested, Wheeler (31), that the rise in temperature at these 

indentation points caused by the absorption of energy can create cond.i tions 

favourable to energetic chemical action between the water and the metal. 

The tme scale for damage' by cavitation deformation and fracture is so short 

that such secondary mechanisms probably do not ccntribute substantialzy to 

the total damage. 

The only effective way of reducing this ty}:e of damage is by mechan

ically cushioning the intense :implosive forces of cavitation collapse. The 

use of entrained air for this purpose is well-known in hydraulic structures, 

valves, and. turbines. Cathodic protection has also been used successfully 

to arrest this fonn of cavitation damage (see for example Pleeset (;52). In 

this case the hydrogen gas is an over-voltage reaction product of the 

cathodic process and introduces a resilient gas cushion between the 

collapsing vapour cavities and the metal surface. 

Cavitation Fatigue. 

Cavitation fatigue occurs on metals and other materials when the 

implosive forces of the collapsing cavities are below the yield. strength 

of the material. This lower intensity cavitation damage takes place over 

a longer time scale and therefore allows corrosion mechanisms, when existing, 

to influence the rate of damage substantially. This type of cavitation 

damage is believed to be found on most ship propellers and in hydraulic 

·machinery. 

Experimental observations indicate a damage meeha:nism similar to stress 

corrosion cracldng whereby the severity of cavitation collapse dislocates 

grain boundaries, and causes rupture of any surface films which m~ have 

originally contributed to the corrosion resistance. The metal under these 

stressed conditions in a corrosive enviroillllent quickzy causes anodic solution 

at the grain boundaries. This progresses rapidly because corrosion products 

are swept away fran the cracks by the moving liquid, and polarization effects 

are removed at the adjacent cathodic grain surfaces. 

This mechanism then is similar to that of corrosion fatigue and consists 

essential:cy of the transgr:-anular cracking of the metal under a repeated 

oyclwal stress which is within the elastic limit in a corrosive enviromnent. 

Cavitation Corrosion 

. When the cavitation collapse forces are of sufficientzy low intensity 

so as not to stress the metal unduly, the damage is generalzy confined to 

the destruction of protective films on the metal surface and. the removal 

of corrosion products. This type of damage is similar to velocity and 

impingement damage and forms a third mechanism called cavitation corrosion. 

Velocity and turbulence effects promote corrosion by many accepted 

mechanisms such as : protective film breakdown, differential aeration and 

differential ion concentration. Other theories on the electro-chemical 

effects produced by cavitation collapse forces deal ·with thermogaJ.vanic 

potentials, ion dissociation effects, etc. 
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The damage to a metal under these conditions is completely electro

chemical in character and can be c~tered by stana.ara cathodic protection 

techniques. 

2.5.3 Selection of Materials to Resist Cavitation Damage. 

The resistance of materials to cavitation damage may be examined in 

relation to their mechanical properties, their neta.llurgical properties, 

and their behavioural characteristics. 

With respect to mechanical properties increasing resistance is 

exhibited with iroreasing hardness, ability to work-harden, ultimate 

tensile strength, elasticity. However these properties alone do not 

define uniquezy the. ability of materials to withstand cavitation damage. 

For example it has been shown that mozybdenum, which has a hardness .ana. 
' 

tensile strength of about the same magnitude as nickel and brass, exhibits 

damage resistance canparable with much harder materials. Mozybd.enum is 

known to exhibit large yield lag under rapidly applied stress so that, in 

view of the very short duration of the pressures applied by collapsing 

cavities, this b~haviour may be expected; much more research must be 

carried otit :~fore this conclusion can be substantiated in detail. 

Among. the metallurgical properties known to be of iln.Portance in 

detezmining the resistance of materials to cavitation damage are :

crystal and grain structure - the finer the grain structure the less the 

damage; presence of inclusions - these tend to reduce the resistance to 

damage; presence of alloy constituents - these mS¥ affect the grain 

structure and thus the resistance to damage. 

It can be seen fran the discussion of the various damage mechanisms that, 

in general, a material with a hanogeneous micro-structure should be less 

susceptible. to cavitation damage. 

Behavioural properties of importance are fatigue and. corr,osion fatigue. 

Resistance to cavitation damage appears to be correlated with fatigue 

properties, and, in corrosive media, with corrosion fatigue. Also 

materials with high strength at high temperatures exhibit good resistance. 

A short, representative sunmary of the relative resistance of metals 

used in hydraulic machiner.r has been canpiled, Rheingans (33), and is 

shown below. This list is in order of merit and shows the weight losses 

determined in laborator.y experiments on cavitation damage of metal 

specimens in ~cial magnetostriction oscillator de.vice. 
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Alloy 

Rolled Stellite 

Welded Aluminium Bronze 
( 83o0% cu, 10.3}& Al, 5.8}& Fe) 

Cast Aluminiuni Bronze 
(83.J.% Cu, 12.4% Al, 4-J.% Fe) 

Welded Stainless Steel 
(2 layers of 17% Cr, 7/o Ni) 

Hot-rolled Stainless Steel 
( 2~ Cr. 13}& Ni) 

Tempered, Rolled, Stainless Steel 
(12% Cr) . 

Cast Stainless Steel 
( 18)& Cr 8}& Ni) . 

Cast. Stainle~s Steel ( ~ Cr) 

Cast Manganese Bronze 

Welded Mild Steel 

Plate Steel 

Cast. Steel 

Aluminium 

Brass 

Cast Iron 

2.5.4 Protection against Cavitation Damage 

Weight Loss after 
2 hours - IIlE?Jll· 

o.6 

3.2 

5.8 

6.0 

s.o 

9.0 

13.0 

20.0 

so.o 

97.0 

98.0 

105.0 

124.0 

156.0 

224.0 

There are three methods of protecting against ·cavitation ·damage 
in hydraulic machinery, or of remedying the situation when excessive 
damage is occurring. 

(1) Elimination of the problem at the source by hydrodynamic 

redesign. 

(2) Use of highly resistant materials, for example, welded or 

sprayed overl83's, in the zone of cavitation attack. This method is 

often used if it has been decided to operate under cavitating conditions 

for short lengths of time - pumps and turbines at off-design duties 

far instance. 

(3) Use of artificial protective devices as adjuncts to the main 

system. In this case protection may be achieved by the injection of 

small amounts of air into the cavitating regions or by the use of cathodic 

protection. 
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MODEL LAWS AND SCALE EFFECTS IN CAVITATION 

3.1 GENERAL 

Models of large pumps and turbines are built and tested to check 

their performance and cavitation characteristics. This provides an 

economical method of proving the design before heavy costs are incurred 

in manufacture of the prototype. 

The aspects of cavitation discussed so far have demonstrated its 

conplexity, and it will readily be realized that accurate calculations 

of the cavitation performance of a given design are difficult. It is 

necessary therefore to look at the problem of predicting full-scale 

performance from model tests. This chapter commences with a general 

analysis of the ,subject and then examines particular features relating 

to pumps and. turbines. Chapters 4 and 5 deal with methods of designing 

centrifugal and axial flow pumps for specified inlet conditions. 

Certain t.ypes of high specific speed axial flmv pumps have been 

developed to operate with cavitating or supercavitating flows. Apart 

from such special cases, centrifugal and axial-flow pumps are designed 

to operate without cavitation; this is also true for turbines although 

small amounts of cavitation are sometimes accepted in hydraulic .turbines 

if the ensuing damage is small and can conveniently be repaired during 

annual overhauls. The discussion of the factors affecting scaling from 

model to prototype will therefore . be confined to relationships applicable 

to inception of cavitation. Scaling relationships for developed forms 

of cavitation or for the damage process will not be included. With that 

point clear, similarity conditions for cavitation will nmv be examined. 

3.2 THEORETICAL CONSIDERATIONS 

3.2.1 Classical Similarity Relations for Cavitation 

The classical theory of similarity applied to cavitation is based on 

two assumptions : -

( 1) The liquid flowing through or around the mOdel and prototype is 

frictionless, incompressible without the effect of gravity or other 11bodyn 

forces. Thus forces other than inertia forces are not effective, and all 

pressure differences in the flow are proportional to eV2. Furthermore' 

the geanetrical similarity between model and prototype includes surface 

irregularities at the flow boundaries. 

(2) The pressure at which cavitation takes place is the equilibrium 

vapour pressure of the liquid which is knmm and constant for the particular 

flow field considered. Also cavitation takes place instantaneously whenever 

the vapour pressure is reached; there is no tension in the liquid and there 

are no time effects. 



In the light ~f this ideal theory a simple relationship can be 

fonnulated between the velooities, pressures and fluid properties 

pertaining to cavitation. Thus for similar flow with cavitation the 

. difference between a.rr:r pressure in a hydrodynamic machine and the vapour 

pressure of the liquid is proportional ~o ~r, as is any other dynamic 

pressure difference in the machine. The oldest expression of this law 

with respect to pumps and turbines is Thanas ;· law of similarity : 

Hsv 
CS = . H = constant (:;.1) 

where H is the total head of the machine and. Hsv its total suction head 

above w;pour pressure.. Fig. (3.1) has been drawn to show clearly how 

this definition of Hsv is applied. 

With respect to flow relative to a specified part or structure, a 

slightly different form of cavitation parameter is used, and the classical 

law of similarity for cavitation then appear~ in the fonn 

K = p - .nv 
~T-"'==":-'"•.- = constant 

- n Vl-2 ~ 

where p is uaually the static pressure in a uniform flow far , ahead 

the cavitating object, pv the vapour pressure of the liquid at :. ·. 

an easily measured reference temperature, and V a conveniently defined 

reference velocity of the :f'low, usually at the same place where p is 

measured. 

Thus the classical theory of cavitation is expressed by equations 

(:;.1) and. (:;.2) and states that the cavitation conditions in two geometric

similar machines o~ structures with similar flows will be "similartt (i.e. · 

the form and extent of the cavitation voids will be similar) if and only if 

the Thana~: parameter or the cavitation number K have the same values for 

the machines or flow structures canpared. 

As explained earlier our interest is primarily in cavitation inception 

defined by 

= (Hsv) i 
H 

(:;.:;) 
Pi- Pv = t ~v2 

. While this classical theory has been widely used, some significant 

departures have been observed; many. instances have been recorded of 

variations in a i and Ki in experiments on similar hydrodynamic machines 

and structures, for example, Kermeen et al. (15). These departures from 

'the classical theory - the "Scale Effects" - suggest that the assumptions 

on which this theory is based should be re-examined. 

:;.2.2. General Conditions for Similarity 

The discussion of scale effects falls naturally into two parts. 

( 1) SoaJ.e effects on the flow outside the cavitation voids which 

affect the minimum pressure in the liquid :f'low:irrespective of ~e presence 
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or absence of cavitation, i.e., scale effects due to the fact that a 

real liquid does not behave in the ideal manner assumed. 

(2) Scale effects on the cavitation process itself which may cause 

the pressure at the cavitation voids ( nthe cavitation pressure") to depart 

from the. equilibrium vapour presence at the bulk temperature of the liquid, 

and may cause tension and time effects. 

Scale Effects on the Minimum ~ssure in the Liquid. 

The actual flow and its pressures are knovm to depart fran the ideal 

flow. The sindlarity laws governing these departures involve Reynolds 

number, Froude number, Mach number and surface roughness. They are as 

follows. 

To maintain a constant ratio of inertia to viscous forces the Reynolds 

number must be kept constant, 

Re = V L 
po/~ = constant. 

To.maintain a constant ratio of inertia forces to gt"avitational 
I . 

forces, the Froude number must be kept constant, 

v 
~ 

Fr = = constant. 

To maintain constant effects of conpressibility, the Mach number must 

be kept constant, 

= ..L 
a = constant. (3.6) 

In a , given liquid· the kinematic viscosity ( p-I f' ) and the velocity 

of propagation of a pressure wave (a) are constant so that these three laws 

then require 

v. L = constant 

V / L = constant 

V = constant. 

Obviouszy onzy one of trese laws can be satisfied under one set of conditions. 

Althou@i liquids are marly incompressible there is no justification for 

neglecting changes in Mach number, since in cavitating flow a mixture of 

liquid and. vapour (or gas) can have a low acoustic velocity. 

Surface irreguluities are present on all hydrodynamic bodies, and 

consequently, families of 11 similar" shapes lack exact geanetric similarity 

since surface irregularities are usualzy not scaled proportionally. 

Surface irregularities can lower the min:imum pressure significantly from 

that which would be predicted for a smooth surface. Thus if Cp min is 

the coefficient of minimum pressure for a snooth surface, then cavitation 

produced by surface irregularities is such that 

Ki '> Cp min 

Surface irregularities thus constitute a major scale effect on the 

minimum pressure. 
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A recent investigation has been made by Holl (20) into the effects 

of isolated surface irregularities on the occurrence of cavitation in a 

turbulent boundary. layer. The results showed that the most impClt'tant 

factor appeared to be the height of the surface roughness (h)· relative 

to the tbiclmess of the boundary layer. If Reynolds number effects are 

disregarded the boundary layer thickness can be assumed proportional to 
the general linear dimensions of the structure (L). The resulting 

similarity condition is then 

Relative roughness = h 
= constant 

This brief discussion indicates that the problems of scale effects 

on the minimum pressure are reasonabzy well understood, although it should 

be noted that the problem of cavitation produced by random surface rough

ness and the associated pattern of turbulent pressure fluctuations (Daizy 

and Johnson (19) ) are far from solution at present. . . . 
Scale Effects on Cavitation Pressure and Bubble Growth 

Scale effects on the cavitation process fall into two groups which 

will be discussed in turn. 
( 1) Effects on the vapour pressure due to the change in local 

temperature resulting fran evaporation at walls of' the cavitation bubbles. 

( 2) Effects of' molecular forces such as surface tension on the pressure 

at which a void will form in .a _liquid. 

The vari~?-tion of' the local vapour pressure due to cooling at the 

bubble wall (resulting fran vapourization) was investigated theoretically 

by ~lesset and Zwick (38). They found. that although the change in 

tenq>erature ~s small, the effect on the growth of a bubble may be appreciable, ; 

particularly in superheated liquids. These findings were confirmed by 

Dergarabedian ( 39). If the vapour pressure of the liquid is low, as in 

cold water, the effect of vapourization on the local vapour pressure is 

necessarily small. 

In order to estimate the local temperature drop at the bubble wall 

(.c. T), first assume that the entire heat transfer takes place by turbulent 

convection. It is reasonable to suppose that the velocity of vapour 

removal fran the cavitation bubble (by entrainment) is proportional to the 

velocity of' flow V so that 

AT 
a v· \.]" ... >-. (3.8) = constant 
at.. v-11" Ct. 

where A = latent heat of' vapourization 

c ... = specific heat of liquid 

tr: '- = specific volume of liquid 

\TIT = specific volume of vapour · 

a._ = area of heat supply through liquid 

a.~r = area of' vapour removal 

( ov-/ a~. is a for.m parameter of cavitation). 
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This is one extreme case. In the other extreme all heat transfer 

takes place by conduction, and for this case the previous _result must be 
. . '· . 

multiplied by the ratio of heat transfer by convection to that b~ con-

duction which is the Peclet number. 

Pe = Pr. Re = 
' 

_c..-1..~. - • (V.L) 
v~,· k 

where k =· coefficient of heat conduction. 

Thus-for pure conduction 

6 T = constant ~ . Pe \T\. . . - (3.9) 

In fact the true situation will lie sanewhere between the extreme 

val.ues represented by equations (3.8) and (3.9), so that 

b.. T = constant a"".· Pe" (3.10) 
a~. 

A more general relation for 6. T can be derived, 

A.T = · ~·. a~ .• ~-. }.. (3.11) 
C.~-t a'- tru-

where C._. = heat transfer coefficient, a ~tion of Re, Pr, and F, 

CQ = volume entrainment coefficient, a function of at least Re and F. 

The resulting reduction in vapour pressure is 

oP" 
IJ.Pv = - ~T oT 

0 . 
'Where ~ ... hT can be taken fran vapour tables for the fluid, or 

calculated fran Clapeyr.on' s equation. 

(3.12) 

The cavitation number characterizing the flow is changed from K to K1 • 

• • • 
1· 

K = 

p - (pv - 6. pv) 

i etv2 

K + 

Thus the ratio A pv/(h)v2) is a parameter indicating the importance of 

the cooling effect. Presumably then the condition for similarity is 

= constant. 

This parameter depends .on the Peclet number (i.e. on v. L for a given 

liquid), or on sane ~ore canplex canbinations of Prandtl number, Reynolds 

number, and possibly Froud.e number. Clear1y this imposes severe restrictions 

on conditions providing similarity of flow. 

The effects of surface tension and other molecular forces are now 

considered. These influence the pressure at which a cavitation bubble 

will form and are principally caooerned with the inception of cavitation. 
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Cavitation begins at weak spots or "nuclei" within .the liquid and 

the most common postulate is that these nuclei consist of pockets of 

undissolved gas trapped in crevices in hydrophob;ic solids as illustrated 

·in Fig. (3.2). Since the walls of the crevice are unwetted the 

gas pressure is less than the licpid pressure by the effect of surface 

tension, and therefore the liquid cannot dissolve the gas. The gas 

pocket is an actiye centre for the formation of a cavitation bubble. 

When surface tension forces are considered the condition for 

similarity of cavitation is that the Weber number be kept constant. 

W = R ~ L = constant. ( 3.14) 

where S = surface t~nsion. 

With regard to the cavitation nuclei the conditions for similarity may 

be written 

6. -L 

and n 

or 

Here 

= constant. 

= N. L
3 = 

= ;)[tJ. L = 
constant 

= constant L -
= size of nuclei 

(3.15) 

n = number of nuclei in the flow 

N = number of nuclei per unit volume. 

b.. 1 represents the average linear distance between nuclei and can be 

readily related to a characteristic·c,tim.e requ:ired for cavitation inception. 

An a.ddi tional relation is required to deScribe the nuclei spectrum 

which should remain unchanged in model and prototype tests. A sjmple form 

would .be 

6. max / b mean = constant. 

It should be noted that the influence of the number of nuclei per unit 

volume (N) mey- be significant only for cavitation away fran the solid flow 

boundaries, as near to these bowxla.ries irregularities of the solid surface 

mey- form the nuclei. Furthexm.ore the number of nuclei is a significant 

variable only if every ~ucleus acts as a centre of cavitation. 

The postulated nature of the nuclei leads to, the conclusion that the· 

scale effect of surface tension is restricted to the dimensions of the 

nuclei (6 ~ so that conditions (3.14) and (3.15) can probably be combined 

into one containing the Weber number of the nucleus • 

= . ·.:€ v2 b = - ~ constant. (3.18) 

A further relation may be introduced to take account of the gas content 

C( of the liquid ...J '""" = constant. 
cx:s 

where \)( $ is the gas content of the liquid when saturated: Because of 

experimental difficulties published work to date has either ignored this 

·factor or recorded. measurements of total gas content. It would be desirable 

of course to separate the effects of dissolved gases from those of undissolved 
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gases, and poss:ibly to combine the latter with the description of other 

nuclei in the liquid. 

As a full description of the mechanism of cavitation is not yet 

available ,it is impossible to state that the similarity relations 

derlv.ed above are canplete. Nevertheless, these relations may be regarded 

as representing the present state of knowledge and have therefore· been 

tabulated in Fig.' (3.3). This table is similar to one in the paper by 

Holl and Wislicenus ( 40); it sunmarises th~ requirements far similarity 

of cavitating flow on model and prototype. 

3 • 3 MODEL EXPERIMENTS 

3.3.1 St~amlined Bodies 

In the light of the above discussion it is now possible to review 

briefl,y the results of laboratory tests on hydrofoils and other streamlined 

.bodies submerged in water. Examination of these results for cavitation 

inception in attached flows (Holl and Wislicenus (40) ) shows that Ki varies 

in a. bewildering fashion. In most experiments Ki has been determined 

visuelly .on cessation of cavitation ( 11desinence") and has been found. to 

inorea.se-~ with velocity in a manner which could be explained by a combination 

of viscous and· surface tension effects. 

of R~ynolds number nor Weber number~ 
' 

However, Ki is not a unique :t'unctm 

In fact in one series of water tunnel 

tests by Olson a wetting agent was added to the water, and it was :f'ound that 

the cavitation pressure was u:naf:f'ected by the change in surface tension. 

Canparison of tests on families of similar hydrofoil shows conflicting 

results for the variation of Ki with size. In the majority of cases Ki 

decreases with iroreasing size, a possible explanation for this being that 

the influence of surface roughness (hjL) is less on the bigger_ scale.· 

It is suspected that some of the inconsistencies in these observations 

of Ki may be due to failure to distinguish between gaseous and vapourous 

cavitation. Sane may also be due to the e:f'fects of boundary ].eyer flows 

and of turbulence, as well as to the unsteady flow effects associated with 

the pressure gradients on two different scales. Of course in all these 

experiments there is considerable uncertainty regardtilg the nature of the 

nuclei spectrum, an:l whetl:er the nuclei are in the bod3' of the flow or 

attached to its boundaries. 

At present knowledge of cavitation inception and its scaling is 

incomplete, and there must be sclne uncertainty associated with the prediction 

of conditions :f'or the onset of cavitation. This suggests that the best 

that can be done is to characte~ize a system by a most probable criti,c·a,l. 

I. 
:1, 

I, 
I, 

I 
( \: 

I 

I 
l 

cavitation number based on a statistical analysis of the factors involved. . 1 

3.3.2 Pumps and Turbines 
, , 

Tests on model pumps and turbines are regularly carried out by 

man¢acturers and the operation of many large instal.lations shows that the 

results of these test have been successfully applied• However, it is 

usuall,y difficult if not impossible to make accurate tests on the full-scale .~-
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prototype. The model results are interpreted in an empirical manner by 

the manufacturer by reference to. his previous experience in order to determine 

whether there is ~ adequate safety margin between the plant c:r (or Hsv) and 

that rec;p.ired by the machine for operation free fran the deleterious effects 

of cavitation. There are many points to be elucidated before this empirical 

approach can be discarded and the subject placed on a firm engineering 

foundation. In a recent study Hutton (41) has canmented: "Although 

manufacturers, may be able to predict cavitation perfarma.noe empirically, 

it is at present jmpossible to stipulate MY generally applicable laws for 

similarity of cavitation performance." 

The relation has been established 

(Hsv) i 
cr"i = H 

Turbines: 

Pumps: 

<:5 i is defined as the critical value of the cavitation parameter 

when the efficiency first begins to fall off by a measurable 

amount. 

O"i is. defined as the critical value of the cavitation parameter 
' . when the head· first departs from its non-cavitating value by a 

measurable amount. 

Thus O'"i is defined in terms of the performanoe characteristics most 

sensitive to it, namely turbine efficiency and pump head. Occasionally 

other performance variables such as pump efi'icienoy are used to help determine 

O"i. 

Fig. (4.2) shows the results of typical cavitation tests with efficiency 

or head plotted against o- • Such tests are carried out for the design 

duty and fo;r.- any other duties at which the machine has to operate. 

The definition of O"i considers cavitation only in the low pressure 

regions of the runner, although cavitation can take place at other places 

notably on guide vanes and in clearance spaces between runner and casing. 

These forms of cavitation occur less often in practice, are mare easy to 

avoid by good design, and are therefore not considered in detail in this 

thesis which is devoted to a study of the influenoe of cavitation on n:lnner 

design. 

In section (3.2) it w~ .seen that the scaling of cavitation inception 

could be affected by a large number of factors. . With regard to pumps and 

turbiDes tested on cold water, it is likely that the most important ones 

are as follows. 

(1) Thcmas cavitation parameter ( cr ) • 

(2) Reynolds number and surface roughnes~. 
(.3) Froude number. 

(4) Air content of the water. 

· It is clear1y impossible to keep all these quantities the saJie in the 

model and the full-scale tests, but it is nevertheless necessary to know 

which factors should be gi. ven the most weight. 

(l) The use of the cavitation parameter cr is based on the assumption 
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that the critical value cr i is reached when the minimum pressure in the 

water is equal to the vapour pressure. Then 

'2.. 
01 c.e Q, 1 sa:y 0" i = B Q~ (B = a constant) 

where Q 1 = Q /( Doz. .fH ) is the unit capacity, and it is assumed that 

the now on the suction side of the rurmer is axial (probably correct for 

design point but not true awa:y from it). 

There are two difficulties here; one is that gaseous cavitation, or 

air-release, ~ay occur at .a pressure different from the vapour pressure, 

and the other that the critical onset of cavitation based on deterioration 

of perfonne.nce may also occur at some pressure different fran the vapour 

pressure. Even if gaseous cavitation is ignored this me·ans that in 

practice O""i should.be written more correctly as 
2 

0"' i = A + B Q.t 

where A is an arbitrary constant. For high head machines A is negligible 

and o- can be used successfully to define caVitation, while at low heads 

A may becane significant. This difficulty ma:y be overcome by usiqg relative 

not absolute values of a- such as o- - c>i ; A is not involved but some 

absolute value of O"i must be used as a reference datum. · 

(2) The model should be big enough and the Reynolds numbers high enougjl 

to ensure similar areas of laminar and turbulent flow in the hydraulic 

passages of the machines. Fran an analysis of Gennan and Russian data 

on turbines and English data on cascades, Hutton suggests that the minimtm1 
6 Reynolds number acceptable is about 2 x 10 , 

D '!.r 2 g H :;:; 2 x 106 ( 3t21) 

Surface roughness can have a marked effect on the cavitation performance 

of small models but its influence is secondary in models of reasonable size 

(runner diameter greater than 1211 ) • When sufficient information has been 

accumulated. it will probably be· necessary to stipulate surface finishes of 

models in relation to full-scale machines. 

(3) Sane engineers believe that cavitation tests, at least on low head 

machines, should be carried out with the same Froude number for model and 

prototype, i.e. 
.!! 
D 

= constant (3.22) 

Froude number is considered. the essential parameter because gravity 

farces are the only external forces acting. The argument of Danel and 

Dupont (42) in favour of this is based on writing_the Bernoulli equation 

for the local absolu"b9 pressure at a point on the· runner blades of a 

vertical turbine 

h = 
whence o- = 

where ~ = 

ha = 
hs = 
h = 

z D 
H 

ha- hs 
H 

- cr- H 
h 
H 

a'bnospheric pressure 

suction pressure referred sa:y to blade centreline 

local absolute pressure at elevation -z. 

where Z. = z 
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Application of the Froude law leads to model tests at reduced heads 

and. power outputs so that accurate measurements are made difficult and 

excessively low pressures are encountered on the suction side of the machine. 

Because of these practical. difficulties and because the research work 

discussed in se~tion {3.2) has not shown Froude number to have any signif

icant effect, the gt"eat majority of model tests ignore Froude' s law, and 

are in fact carried out with the same head on the model as on the prototype. 

The cqnd.ition is imposed 

H = constant 

whiCh is equivalent to 
V = constant. 

For models tested under the actual. :fUll-::scale head, Frome number effects 

would be insignificant for medium and high-head machines. Hcwrever, they 

could be important in low-head machines because the gravity force differences 

between model and full-scale are then appreciable in comparison with the 

inertia forces. 

Gerber {43) has presented evidence of the influence of test head on 

O""i ·for model turbines at their design points. While not conclusive a 

few examples do show eli to increase with H. Numachi' s results (44) ! 
for tests on a hydrofoil aJ.so show this tendency, Ki increasing slightly 

with test pressure. The question is not resolved but the "i't'ell-established 

practice of testing models at prototype heads should be noted. 

I; 

(4) The effect of air content has been referred to before in section 

(2.2). Generally, at low heads C5' i increases with increasing air content 

and Hutton quotes a semi-empirical. formula developed for turbines. 

where 

and. symbols marked with dash refer to model. 
,, 

Theoretically it would. be desirable to have the air content {and. more !
1 

genera.lly the nuclei content) similar in model and prototype, cC. = o<.' • 

This is seldpm possible as <X mey- not be known and o<'. will depend on 

the design of the test rig. In tests with. open 'circuit rigs the water is 

drawn fran a reservoir exposed to atmosphere so that o<.' would be expected. 

to be gt"eater than or equal to the saturation content, depending on how 

much air is entrained. In closed circuits fitted with air absorbing 

apparatus 0(
1 can be controlled; usually a low value is used so that the 

cavitation characteristics are not masked by air release. o<: 1 should not 

be too low as the goal is to reduce gaseous cavitation without delaying 

the onset of vapourous cavitation. 

A large pump or turbine is generally believed to be mare susceptible 

to cavitation than a similar smaller machine, .i. e. O':'i increases with D. 

For .example, Gerber (43) reported that pitting on the runner blades of large 

turbines had been observed at points where no cavitation had been noted 

during model tests at the same o- • Fig. {3.4) shows the results of two ; ' 
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pump tests carried out by the author; , these are plotted in non-dimensional 

form, C5" i versus Q / Q o, the ratio of the test CSJ>acity to that at 

the design or best efficiency point. The larger pump was approximate]3 

twice the size of the sma.ller but was not an exact scal.e aJ.though its design 

was similar. While a definite conclusion cannot be drawn from these tests, 

the performance of the larger pump does appear significantly worse than that 

of the smaller. 

These results and others of the same type have been recorded for cases 

where models and. prototypes were tested at similar heads and with similar 

flow velocities. They are usually explained in terms of a time effect due 

to the fact that the nuclei in the flow take longer to. traverse the region 

of low pressure in a large machine. Hence, if tl:ey are initially below the 

critical size for vapourous cavitation they have more time for growth by 

diffusion. They are therefore more likely to reach the critical siz.e, 

vapourous cavitation is more likely to occur, and the resistance of the 

machine to this form of cavitation is lower. In such cases inception 

mey- be effectively. prevented on the model scale but not on the protot3)?e. 
•., .. 

If this time scale were to be taken into account a new law of 

similarity would be . obtained 

JH 
D = constant. 

To sum up, the scaling relationships for inception of cavitation in 

punps and turbines have been examined. The problem is of great significance 

in detezmining turbine and pump settings in large installations where it 

has a major bearing on construction costs. For example, there are two 

pumped storage schemes un:ler core truction or being planned iD. Australia : 

Arthur's Lake, Tasmania, has one 9,500 H.P. circuit and the proposed 

J·iri.dabyne pumping station in the Snowy Mountains will have two 40 MW units, 

probably underground. In pumps of these sizes it would obviously be 

desirable to predict O"'i and (Hsv)i fran model tests, but only a courageous 

engineer would. be prepared to do this on the basis of published evidence. 
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CHAP.rER 4· 

nn.=ELIER DESIGN FOR OPrDruM: 

CAVITATION FERFOIMANOE 

PART I 

4.1 .JNTRODUOTION 

4.1.1 Scope 

NON-cAVITATING FIDWS. 

This chapter is devoted to the design of centrifugal and axial-flow 

punp impellers for optinrum cavitation performance. It begins with a 

classification of the types of imJ?Sller to be considered and a discussion 

of the definition of' cavitation inception. Same general features of 

impeller design are dealt with, then a detailed investigation is made of 

the information and methods available for the design of impeller inlets 

for best cavitation perf<mnanoe. The subjects covered include the 

selection of impeller profiles, eye diameters, and blade angles; the 

results are summarised :in a series of design equations and charts. 

4.1. 2 Classification of Impeller TY.PSs• 
) 

In this thesis impellers will be divided into four groups - radial, 

Francis, mixed-flow and axial-flow; fig. (4.1) illustrates the main features 

of each type. 
' 

The radial impeller, as its name implies, has a meridional or th.roug)J.-

flow velocity wholly in the radial direction. · The lqout of the impeller 

blades is essentia.J.ly two-dimensional, and at any radius the blade angle 

is constant across the blade section at that radius. In the Francis 

impeller the meridional velocity at the periphery is still radial and the 

blades. have a double curvature so that at any radial section the blade angle 

can be varied to suit the velocities in the relative flow. The mixed-flow 

impeller also has doubly curved blades but the meridional velocity at any 

point within the impeller has an ~al as well as a radial component. In 

an axial-flow impeller the through-flow is purely axial with no radial 

component. The SiJProximate range of' specific speeds covered by each of 

these impeller types is shown in fig. (4.1). It mS\1" be noted that this 

classification is based primaril,y on blade design, not on impeller performance. 

In all VI>es of impeller e:xx::ept the pure]J" radial, the blade angle ~ 

at inlet varies with the radius in such a wa:y that there is correct matching 

of the blading to the oncoming flow. If the variation of f-> is compat

ible With the velocity distribution in the flow the overall efficiency is 

~~ed as is the cavitation resistance. For this reason Francis 

impellers are often used at low specific speeds in preference to radial; 

a:od the greater part of the discussion on centrifugal impellers will there

fore be devoted to the Francis and
1

mixed-flow tY.PSs• 

35 

I' 
II: 
'II· 

1 ''.•. 

II : 
· •. j'.'! .. 

.. 
I I 

i 
I 
I I 
I I 
I I 

I~· 



4.1.3. Definition of Cavitation Inception. 

The conditions for inception of cavitation in pumps and turbines have 

already been defined in section 3.3.2 as 
= (Hsv)i 

i H 

Refer now to fig. (4.2) which shows the result_s of a typical. pump 

cavitation test and illustrates the progressive faJ.l-of'f' in ~ad with 

decreasing cr as cavitation develops. Initially, this fall-off is 

gi-adual so that it is difficult to decide the exact value of cr at 

which it begins. Nevertheless the author believes that it is possible 

to make this decision with reasonable accuracy, particularly if the 

efficiency curve is used as a cross-check to make sure that it begins to 

droop at the same value of t:S as the head curve, as iniicated in fig. (4.2). 

This definition of cavitation inception was used by Wood et al• (46) and 

will be used by the author in presenting the results of his own tests. 

However, Gongwer in his pioneering work (47) defined the effective onset 

of cavitation by the valU9 of o- when the total. head had been reduced 

by an amount ~ H where 

AH 
Stepanoff ( 104.) used ~ = 0• 03 in commercial testing but recanmended 

that the inception point be defined more accurately in laboratory tests. 

The general procedure for conducting cavitation tests is described in the 

AS M.E l?unp Test Code (48). In this code the datum plane for measuring 

, the pressure at entry to a horizontal pump is taken as the horizontal plane 

through the top of the impeller eye, shown as A - A in fig. ( 4e 1. ) , because 
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this is the region of lowest static pressure. Despite the provision of t~ • ! 

code most writers have reported their results referred to the pump 

horizontal centreline, and the author has followed this example in a series 

of tests on horizontaJ. pumps which are described later. As the average 

:impeller eye diameter for these tests was less than 611 fmY error introduced 

was negligible. 

The variations in the definitions of o- i are unfortunata but are a 

consecpence of this empirical approach to the subject. In practice the:ir 

effect is small, small enough for the results of different writers to be 

Can)?.ared without introducing serious error. In this thesis the inception 

of cavitation in a centrifugal or axial. flow pump is defined as that 

condition at which the pump head first departs from its constant non-

cavitating value. This definition is justified on practical grounds 

because the user of the pump is only interested in cavitation in so far as 

it affects the perfonnan:::e (or, if cavitation develops beyond the incipient 
I 

stage, whether it gives rise to vibration or damage). The problem for the \ 

designer then· is to design an impeller. for a given flow and speed of rotation 
1 

which will operate free fran cavitation at as low suction pressure as possible, i 

i.e. 0'" i to be a minjmum. 

While the discussion has so far considered cavitation in terms of 
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pump performance, it is in fact hi~ probable that smeJ.l pockets of 

vapour bubbles form in the liquid in the regions of'. maximum pressUl"e 

reduction in the impeller at a stage before the performance is affected 
' to any significant extent. Relatively few photographic studies of 

cavitation in pumps and t~bines have been published, but reference can 

be made to Har'bnann arid Soltis (49), Minami ~t al. (50), Tenot (51), 

Vuskovic (6), Wood (52).· These visual observations confirm this statement 

but experience has shown that the practical significance of the first small 

vapourous cavities is negligible : performance is not affected and the 

im,pe ller suffers no materie.l damage. 

Wood's experiments on a series of mixed-flow im.pell~rs are particularly 

interesting. In his work Wood took great care to de-gas and de-mineralise 

the water used· in the tests in order to ensure that as. far as possible any 

cavities observed consisted of vapour and were not farmed from_ non-condens-

able gases. He .made an extensive photographic record and found that in all 

impellers cavities CCllSisting Of clouds of bubbles were ~ormed at much hi~er 

values of'.N P~ S H than those associated with a drop in performance, am 

that this was the case at the design flow as well as at flows greater than 

and less than design. While cavitation was observed to start at, the tips 

of the blade inlets several different patterns of flow of' the vapour bubbles 

were observed during its subsequent developnent. 

The study by Minami et al. (50) on four Francis jmpellers is noteworthy. 
\ ! t 

These workers also observed pockets of' cav~tation bubbles to form ,sane tlm.e 

before the pump performance was adversely affected, this effect being more 

pronounced at off-design conditions. 
' 

It is clear that there is scope for f\u-ther. work to be done to correlate 

visual observations of the onset of cavitation in an impeller with observ-' 

ations of its fall-off in performance. Better methods are needed for 

determining cavitation inception; acoustic methods at present under develop

ment show the most pranise. These operate by detecting the change in noise 

level when the bubbles formed, during cavitation first start to collapse, and 

they therefore offer a means of distinguishing between vapourous cavitation 

and the less important gaseous fonn. 

It is pertinent to note that in certain t.ypes of' pump it is accepted 

practice to tolerate small amounts of' cavitation. This applies in 

installations where ~ration at the lovrest possible _value of N P S H mey-

result in' an appreciable saving in capital cost, for examPle in petroleum 

refining ·wher~ many volatile ~iquids are handled. In certain cases no 

objectionable_effects have been observed under conditions of controlled 

cavitation apart fran a slight reduction iri efficiency, for example when 

operating at o- = · O""i ~ 0.25 (O"b.d .:-C5'i). No doubt other circum

stances then contribute to pump safety agliinst cavitation damage, in particular 

the use of higher quality materials such as stainless ste~l in oil refinery 

pumps. 

In the great majority of' applications pumps must operate with perf'or.m

ance unaffected by cavitation and, accordingly, this chapter will be 
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primarily concerned with the design of impellers for condi tiona where the 

adverse effects of cavitation are to be absent. 

4. 2. Thil?ELIER DESIGN 

4• 2.1 General 

Sane general features of impeller design will now be discussed, in 

preparation for an attaCk on the problem of optimum cavitation perform.Sl!Ce. 

Hydrodynamic machines such as pumps and turbines depend for their · 

action on the change of manentum of the liquid passing through them. To 

prevent cavitation in these machines it is necessary to determine how much 
l 

the velocity of the liquid can be changed without reducing the local pressure [j: 

to or below the vapour pressure. However, the local pressure on critical n 

surfaces is determined not only by the local manentun1 change but also by the ::.I 

local ra.qius of curvature and, in the case of flow past stationary or rotat- 1 

ing guide vanes, by the blade profile. . If possible, all these factors ~·. · 
should be taken into account· in the final design. ':~1 
4.2.2 Characteristics of the Flow at Impeller Entry. 

First the influence on design of the flow at impeller inlet will be 

examined. Consider the general case of the flow of a liquid approaching 

a rotating impeller, as illustrated in fig. (4.3) which also defines the 

S3lllbols used. Fig. ( 4. 3) · has been drawn for a Francis impeller but 

similar arguments apply to mixed-flow and axial-flow designs. 

The blade inlet angles are found fran the inlet velociity triangles, 
-, -~ 

and in order to construct these triangles it is necessar,y to make some 

assumptions concerning the nature of the flow entering the impeller, in 

particular how the meridional vel09ity \T~n varies with radius and whether 

there is any pre-rotation present. (Note that v-~ is slightly higher than 

v-a, the axial velocity of approach at the impeller eye, because at v,.., the 

cross-section area for the flow is reduced by the blade thickness and 

because the impeller inlet is usually placed sli8}:ltly behind the eye). 

With regard to \Ta and \TIT\ the simplest assumption is that they are 

constant across any surface normal to the meridional flowo HoWever, at 

. the impeller inlet this flow follows a curved path, and it can be argued 

that for angular manentum to be conserved the velocities must be highest 

in the region where the radius of curvature of the flow-lines is highest, 

i.e., near the front shroud of the impeller. Pfleiderer {53) has given 

a semi-graphical method for. deriving ,this asymmetric velocity distribution; 

this is shown in fig •. (4-4} for a typical case. If this method of design 

is used the peak value of 'r~-n occurs at the. blade tip, the. region most 

susceptible to cavitation,. and is approximately 50% higher than the mean 

value. This suggests that design for best cavitation per£6rmance shoW.d 
instead be based on constant tr...,.... In practice for Francis impellers the 

assumption of constant v-..,... lea.d.s to values of ~ at the blade tip 2° - 5° 

'lower than those obtained using the "Pfleiderer" distribution. The 

difference between the two methods can be larger for mixed flow impellers. 
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Wislicenus (54)(55) has pointed out that while the assumption of a 

potential flow distribution at the impeller inlet leads to the conclusion 

that \T..., should increase towards the outer shroud, there is likely to be 

a compensating action fran the impeller vanes. This results fran the fact 

that the bound vortex lines of the vanes are inclined towards radial planes 

in such a wey as to give the meridional inflow a vorticity of significant 

magnitude. With standard impeller vane designs the direction of this 

vorticity mey be expected to produce a circulation r in the meridional 

inflow such as to change the velocity distribution in the potential flow 11;t 
the direction of more unifonn velocity. Qualitatively this influence can 

be estimated· as being of considerable practical importance~ but no adequate 

rational analysis of. this important flow phenomenon has been published. 

Pre-rotation in the liquid approaching the impeller alweys exists at 

off-design conditions; but mey or may not be present at the design duty. 

The sjmplest basis for design is to assume pz:e-rotation absent; this is 

COJIUnon practice especially in cases where there are straightening vanes 

placed in the flow ahead of the inpeller. If pre-rotation does occur 

.-its effect can be represented on the inlet velocity diagram by a circum-

ferential velocity Up as shown in fig. (4.5c). The inlet angle has then 

to be increased from its original value C:: to a new value where 

1 
(4-el) 

tan e. u = tan~· u - up 1 - ~ 

As will be seen later it is possible to design for pre-rotation in order 

to obtain better cavitation performance. 

Fig. (4.5) shows typical inlet velocity triangles for the cases 

discussed. These have been drawn for zero angle of incidence ( !)( = o ) 

which is the standard design criterion for Francis and. mixed-flow impellers. 

Sometimes snaJ.l positive values of o< are used if the impeller has to 

operate at over-capacities for any length of· time, say c:o( = 1° to 3°. 

Axial-flow impellers are designed on the basis of aerofoU theory and may 

also operate at small angles of incidence. 

The designer has considerable latitude. in his choice of lTn-~ distribution, 

. \ 

I 
I 
I 

~ and eX • Even if the flow initially departs fran the design assumptions ' 

it will tend. to adapt itself to the conditions imposed on it by the designer. 

Th~ if the approach axial velocity profile differs fran the profile built 

into the impeller, relatively small radial pressure gr:-adients in the space 

immediately upstream of the blades will suf:f'ice to bring it into conformity 

so long as the axial velocity heads are not too high. Sane mechanism sueh 

as this presumably accounts for the fact that impellers based on uniform 

velocity of approach perform very satisfactorily at their design flow. 

4.2.3 Practical Aspects of Impeller Design. 

In centrifugaJ. pumps the design of the impeller inlet depends on the 

c_ond.i tiona at pump entry and is essentially independent of the total head 

developed or the impeller outside diameter. For this reason the main 
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geanetrical proportions of the im,peller inlet profile 
r~ A/D 
"/D and 

in fig. (4.3), would be expected· to be canmon to several specific speeds. 

Far a wide range of Francis designs Stepanoff and Stahl (56) found 

.5! = 0.25 
D 

! = 0.45. 
D 

Similar proportions -were arrived at independent]Jr by the author and found 

to be satisfactory. To determine .the inlet profile of this class of 

impeller it remained then to select the eye diameter D, and this is dealt 

with in sections (4.4) and (4-5).. ·The discussion is extended to axial 

flow pumps in section (4. 6). 

Ome the impeller profile has been chosen the blade design can proc.eed. 

First the centreline is laid out to give the desired angles, then the thick

ness is superimposed. Each blade has a rounded leading edge with a radius 

usua.lly about l/1611 to 1/811 • Apart from some special cases pump impellers 

are metal castings and their surfaees have a rough finish. The rougher 

the surface the more prone it is to cavitation at the surface irregularities; 

it is ~herefare often standard practice to clean up the blade surfaces of 

impeller castings (this of course 8.1so improves efficiency). When experi

mental results are presented and discussed it will be generally assumed that 

.the impeller inlets have been cleaned by hand to give a reasonable surface 

finish With rounded leading edges that have not been specially filed to 

sharp points. 

Gongwer (47) has drawn attention to a detail of the blade design that 

is often over-looked, namely the importance C?f providing smooth fillets 

where the blades meet the front shroud. He pointed out that in the analogous 

case of the jun:ltion between the wing and fuselage of a subsonic aircraft, 

careful}Jr designed fairing is necessary in the region of the. re-entrant angle 

to prevent separation of the flow due to interference effects between the 

suction side of the wing and the fuselage. Similar}Jr in an :impeller it can 

be expected that interference between the inner surface of the front shroud 

and the under-pressure side of the blade would lead to undesirable flow 

separation and poor cavitation perfarinance unless care is taken to provide 

proper fillets. 

4.2.4 Theoretical ~spects of Impeller Design 

A rational basis of impeller design for optimum cavitation performance 

would be based on a canplete knowledge of the pressure distribution within. 

the liquid passages of a rotating impeller. Because of the complex tlree

d.imensional nature of the flow within an impeller this raises problems of 

considerable difficulty. It is the purpose of this section to examine some 

of these problems to see to what extent the theory available can be :used in 

achieving the objective of best cavitation perfonnance. 

There is an extensive literature on impeller design and on}Jr references 

or particular importance or relevance to the arglmlent of this thesis will be 
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quoted here.· 

related p~ts : 

Broad.J.Jr speaking the subjects may be divided into two inter

firstly the nature of the flow through the impel~r, and 

the calculation of the blade centreline to suit this -flow; secondly the 

selection of the blade profile to be superimposed on this centreline. 

Whereas many investigations have been carried out into the flow condi tiona 

in all tY,Pes of impeller, close study _of the selection of blade profiles 

has been confined to axial-flow pumps, the design of axial impellers being 

based on the application of aerofoil data. On radial and. mixed-flow 

impellers blade profiles are obtained by ad.ding the blade thickness to the 

centreline already chosen; with few e:xoeptions this thickness is determined 

more or less arbitrarily from successful past experieme. A brief discussion ~ 
) 

of the main impeller types will help to clarif,y the position. 

Radial Impellers. 

Exper:iments on the pressure distributions around the blades of a radial 

punp impeller have been made by Uchimaru (57), Acosta and Bowerman (58), and 

Acosta (59). The first two investigations were purely experimental. The 

third developed a theoretical solution to the problem of calculating the 

i' (! 
I 

flow of a perfect, incanpressible. fluid throug}l a radial, two-dimensional 

impeller fitted with logarithmic spiral blades; a series of tests were 

undertaken to check the results of this theocy. The agreement observed 

between calculated and measured pressure distributions was encouraging but 

not· sUfficiently close to be useful for design purposes. Moreover, the 

results were of limited applicability because Acosta took special steps to 

ensure that the liquid entered the impeller blade system as nearly as possible 

in the radial direction •.. He d:id this by using an impeller profile with very 

large shroud entry· radius r s, much larger than would be used in practice. 

Even so it was found that there was rapid gt"ovrth of the boundar,y ltcyer on 

' ~ ; 
~ ' 

. the front shroud, and at present there is no way of incorporating this and 

other real fluid effects into a. unified theoretical picture of the flmv. 

Francis and Mixed-Flow Impellers. 

The gt"eat majority of Francis and mixed-flow pumps operating today 

have been designed on a semi-empirical basis, with impeller blade centre

lines laid out to conform to the chosen radial profile and to give the 

required inlet ani outlet angles. Frequent recourse is had to past 

successful experience to help determine this profile and the outlet angles, 

also :the manmr in which the blade angle a are to be changed along the length 

from the values at inlet to those at outlet. 

The application of fluid mechanics theory to the design of mixed-flow 

pump impellers has been retarded by the complexity of the problem and by 

the fact that good designs have been developed by these semi-empirical 

methods. However, Hamrick et al. ( 60) have established a theory for 

mixed-flow compressor impellers and this has recently been used in pump 

design. Unfortunately, the ccmputations required, are even mere laborious 

than those of Acosta for radial imPellers, and are only suitable for design 

if a computer is available to assist the work. Hamrick's method is based 

on perfect fluid theory, and. if blade pressure distributions are calculated 
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in this manner.the question has still to be settled as to how they should 

be modified to allow for viscous effects. 

Axial-Flow Impellers 

Axial-flow impellers offer the best prospects for a useful theoretical 

approach because extensive work has been carried out on aerofoils for the . 

design of aircraft wings and propellers. If the simplified case of two

dimensional flow is first considered then wind-tunnel test data are available 

for a large number of aerofoil profiles, for example in Abbott et al. (61), 

these tests being carried out in flows of constant total pressure. A 

number of profiles have also been tested in water tunnels, and good agree

ment obtained in measurements of force and moment coefficients. Daily (21) 

reported tests on an NACA 4412 hydrofoil and some results on an.NACA 16012 

hydrofoil are included in Holl 1 s paper (14). Reference can also be made 

to a series of papers by Numachi and others although space precludes more 

than . a passing mention here. 

While the NACA 4412 profile is not sui table for use in hydraulic 

machines:·because or· its peaked. pressure distribution, Dailey's tests are 

of interest because he measured the cavitation inception coefficient Ki 

and compared it with values predicted from wind tunnel measurements of 

the minimum pressure coefficient (Cp) min. The results of this comparison 

are shown in fig. (4.6) where Ki is plotted against angle of incidence o< , 

and the observed values of Ki are seen to agree quite well with the 

predicted values for - 2° < o< < 7°. For angles of incidence outside 

this range, prediction from wind-tunnel tests gave conservative values 

of Ki. (In his paper Daily suggested that this discrepancy between the 

observed and predicted cavitation inception coefficients might have been 

due to small inaccuracies in the manufacture of ·the hydrofoil so that its 

profile departed from the correct form.) It will be noticed that there 

are two curves in fig. (4.6), one for incipient cavitation on the upper 

surface of the hydrofoil, the other for incipient cavitation on the lower. 

These two curves cross at o( = 1.4° when cavitation appears simultan-

eously on top and bottom surfaces. For any other value of ex cavitation 

appears on one surface before the other. 

The results of these tests confirm that wind-tunnel data can be used 

in hydrodynamics problems involving cavitation. The moving guide vanes 

in hydrodynaic machinery can broadly be Q.ivided into two Classes : those 

operating at constant stream pressure, and those in a variable pressure 

field. The free-stream propeller is typical of the first class, and 

aerodynamic data can be applied more readily than in the case of pump 

impellers where the technique of extrapolating results obtained for 

constant pressure flows to variable pressure flows is not clear. Also 

interference effects due to adjacent blades and walls or shrouds have to· 

be taken into account as well as three-dimensional effects such as radial 

flows within the impeller and, in the case of open impellers, secondary 

flows across the blade tips. 

Returning to consideration of the aerofoil in two-dimensional-flow, 
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it should be noted that the problem of constructing the profile of an 

isolated aerofoil to give a specified pressure distribution has been 

solved, Peebles (62). The next step is to consider a two-dimensional 

cascade of aerofoils, noting that the properties of an aerofoil in a 

cascade can be appreciablY modified by the presence of its neighbours 

if the space-chord ratio is less than about 1.5. A method of calculating 

the pressure distribution for inrlscid incompressible flow through a given 

cascade has been proposed by Schlichting (63), see also Weinig (64). The 

inverse problem, i.e. the calculation of the blade profiles to be used to 

give a specified distribution in a cascade has been treated by a number of 

writers including Lighthill (65), Johnson (66) and Scholz (67). 

; : The problem of transferring. results for two-dimensional flows to 

three dimension~l rotating imp~llers is discussed at length by Vavra (68). 
In general one can say that further information is required on the influence 

of blade:· aspect ratio; · tho existence of radial flows, the influell:ce of 

blade rotation on the boundar.y layer, and on other matters concerning the 

nature of the flow through an axial impeller. However, Kovats and Desmur 

(69) and Wislicenus (70) have analYsed the results of teats on axial-flow 

pumps and derived curves. showing ( c~ /Ct.. ) as a function of space-chord 

ratio and· mean blade angle, c~ · bedng the lift coefficient of the isolated 

aerofoil in two-dimensional flow, and C.t.. ita effective value when the 

aerofoil is used in the blades. of an axial-flow impeller. 

While the flow through an axial impeller is fully three-dimensional, 

in fact maqy successful designs have been evolved by making simplifYing 

assumptions which reduce the problem to one in two-dimensions. It is 

worthwhile therefore examining two-dimensional blade profiles even if 

·empirical corrections have to be applied later to enable the results of 

this examination to be used in design. The blade.profile of an axial-flow 

impeller may be defined by 

(1) The camber line. 

(2) The position of the blade maximum camber. 

(3) The blade maximum thickness. 

(4) The position of the blade maximum ~hickness. 

(5) The leading edge radius. 

(6) The trailing edge radius. 

Some of these variablea:•may be determined by factors quite separate 

from hydrodynamics. Thus maximum thickness may be controlled by the 

allowable stress, and trailing edge radius dictated by manufac~uring methods. 

Blade profiles used in axial-flow impellers to give optimum cavitation 

performance should satisfy the following requirements. 

(1) They should have smooth velocity and pressure distributions. 
' 

(2) Their pressure distributions should be insensitive to changes 

in angle of incidence. 

(3) They should be easy to manufacture. 

These requirements may .conflict. The first suggests the.use of one 
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of the· low-drag series of aerofoils which have been speciallY designed to 

have flat pressure distributions, e.g. the NACA 6-series. Fig. (4.7) 

compares the velocity distributions on the upper and lower surfaces of a 

conventional aerofoii, NACA 4412, and a low-drag aerofoil, NACA 16-209. 

The second requirement applies if the impeller is to operate. over a range 

of capacities in which case the blade incidence will vary. The performance 

of some profiles deteriorates markedly at high incidence. Fig. (4.8) 

compares the performance of two aerofoils and it is seen that the low-drag 

profile NACA 66~212 is superior to NACA 4412 only in the range of lift 

coefficients between 0 and 0.4. It may be noted that the 4412 aerofoil 

itself is quite sensitive to incidences: fig. (4.6) shows that at ~ = 10° 

the value of Ki (for two-aime~aional flow) is three and a half times its 

minimum value, while at o< = -10°, Ki Aci)min = 3·1/o. 7 = 4•4· · 

If the profile is to be insensitive to angle of incidence, the selection 

of the shape of its leading edge and tip radius become ver,y important, 

although as pointed out by Carter (71) littl~ work has been done on this 

aspect of blade design. 

To obtain a profile with flat pressure distribution it is necessary 

to place the positions of maximum thickness and maximum camber well back, 

possibly near the mid-chord position or behind it. In practice blade 

profiles have often been selec.ted on the basis of ease of manufacture, and 

one of the simplest from this point of view is that in the form of a 

segment of a circle. Wind-tunnel tests show that such profiles with 

suitable leading and trailing edge radii give reasonable lift-drag ratios, 

and since their maximum thickness is at mid-chord their cavitation perform

ance can be expected to be satisfactory. Axial-flow pumps with "segmental" 

blade profiles have been built for ma~ years and similar profiles are often 

used on ships' propellers. 

The selection of blade profiles for axial-flow machines has been 

discussed by Carter (71) for pumps, fans, and compressors, and by Hutton (72) 

for Kaplan turbines. Implicit in the argument of both authors is accept

ance of the fact that goon designs of axial-flow pumps and turbines have 

been evolved, largely on an empirical basis. For example the firm of 

Escher-Wyss have reported (73) experiments with various blade'profiles 

in Kaplan turbine runners, the liquid pressures on the blade surfaces 

being measured to ascertain which design gave the smoothest pressure 

distribution. But Carter and Hutton hope that a more fundamental approach 

can be made to the subject leading eventually to better designs by system

atic analysis of the flow regimes in impellers and the logical selection 

of blade profiles for these regimes. 

This discussion of axial-flow impellers would not be complete without 

reference to another form of cavitation which may appear in the vortices 

shed from the blade tips near the impeller periphery. This cavitation 

is associated with the high-velocity, low pressure cores of the trailing 

. vortex system of the blade lifting surface. In its incipient state it 

does not give rise to damage of the impeller blades, but it may seriously 

affect the ·upstream entry tQ the diffuser. A recent paper by MoCormick(74) 

:: 



has studied this phenomenon which is, however, more often encountered in 

ships' propellera than in pumps. A compl~te analysis of it would consider 

overall impeller design, development of total head, blade circulation and 

the strength of the trailing vortices, subjects of intrinsic interest but 

extending beyond the scope of this thesis. 

To sum up, the complex nature of the flow through a pump impeller 

gives rise to problems for·which the mathematical answers are as yet 

unknown. While a number of partial solutions have been derived on the 

basis of perfect fluid theo~, the simplifying assumptions made restrict 

the applicability of the results, since the mathematical model of the flow 

corresponds only approximate~ with the real state of affairs. 

In practice, therefore, design for optimum cavitation performance 

rests on a semi-empirical basis : theor,y is used to derive the important 

parameters or coefficients describing the flow, the results of pump tests 

are ana~sed to determine values of these coefficients which are then used 

in the preparation of new designs. 

SIMILARITY CONSIDERATIONS 

4.3.1 Introduction 

It is desired to predict the cavitation behaviour of a new impeller 

to meet given cavitation requirements. Such a prediction should be derived 

from the hydroqynamic thee~ of the flow through the impeller. However, 

as explained, the present knowledge of the actual flow conditions permits 

only an approximate theoretical description of them; the results of this 

theor,y are fragmentar,y and it is necessar,y to rely largely on experimental 

evidence. 

As a first step conditions for similarity are established, that is, 

comparisons are made between machines with geometrically similar inlet 

passages and hydraulical~ similar flow conditions in these passages. 

To make use·of similarity considerations tests must be carried out to 

determine the cavitation characteristics of existing impeller designs, 

these characteristics being expressed in a general non-dimensional form. 

The objective then is to derive suitable non-dimensional parameters to 

describe the flow at impeller entr,y, so that new designs may be compared 

with those alreaqy tested within the range of existing values of these 

parameters. In order to go beyong the range of existing data, it is 

necessa~ to formulate a semi-empirical thee~ which describes the mechanism 

of flow sufficiently well to allow extrapolation into untried fields. The 

development of such a theo~ forms the subject of the next section~ (4.4). 

4.3.2 Non-Dimensional Parameters. 

The flow conditions in geometrically similar pumps are similar if the 

impeller and fluid velocities at similarly located points change from one 
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pump to another by a factor which is constant throughout the two pumps 

compared. The velocity diagrams computed from the rates of flow and the 

cross-sectional areas of the waterways and from the peripheral velocities 

of the rotating parts are therefore similar at similarly located points. 

This is the Kinematic condition for similarity and at the impeller inlet 

it requires that the velocity.diagrams formed by the axial fluid velocity 

and the peripheral velocity of the impeller remains constant, i.e., 

u-Q ( u-..., ) 
- or - = constant 
u u. 

No account will be taken of changes arising from the influence of viscosity 

and turbulence, that is of changes in Reynolds number. As the flow in 

pump impellers is always fully turbulent, the effects of changes in Reynolds 

number on flow patterns in the fluid stream are small, except perhaps.in the 

immediate vicinity of the flow boundaries. Also in this discussion the 

surface roughness of the waterways is ignored as the effects of changes in 

relative roughness are usually of the second order of magnituae and in ~ 
' . 

case cannot be easily incorporated in the theor,y. 

The net positive suction head Hsv is the difference between the total 

head at the point near the impeller eye where the suction head is measured 

and the static head in the region of cavitation (assumed to be equal to the 

vapour pressure). It follows that similarity of flow will be maintained 

if this head difference Hsv follows the same ~namic relation as the pump 

total head H, or for that matter any other head diffe!ence in the machine. 

The oldest method of meeting this requirement consisted of making Hsv 

proportional to H. This led to the Thoma law of similarity for cavitation 

in pumps (and turbines) 

C) = !![y_ 
H 

= constant 

cr is the Thoma cavitation parameter, and according to this definition it 

should not be affected by changes in rotative speed; for this reason the 

resultsof cavitation tests are often presented in the form of performance 

characteristics placed against cr • It may be noted in passing that 

while c:s has been found to be independent of speed in many tests, 11 speed 

effects" have been observed in some cases. For example, Wood et al. (46) 

recorded that cr increased at low speeds, less than half the design speed, 

and the author has occasionally noted similar effects. There appears to 

be a critical speed, usually about half the design speed, above which c:s 
is not affected by speed changes. This observation may be explained by 

time effects in the cavitation process, as at the lower speed there is more 

time for potential cavitation bubbles to form in the liquid passing through 

the impeller. 

The Thoma law of similarity is not the only method of applying 

similarity relations to hydro~namic machines under cavitating conditions; 

it is equally permissible to introduce th~ net positive suction head Hsv 

into the ~ic relations. In accordance with the definition of similarity 

of flow conditions, all pressure or head differences inside geometrically 



similar impellers will change proportiona~ as t~e square of the velocities 

so long as the flows remain similar. Hence the dynamic relations for 

similarity require that the ratio of the net positive suction head to the 

velocity head of entr,y fluid velocity in the impeller eye and to the velocity 

head of the peripheral velocity at the eye should remain constant, i.e. 

Hsv or Hsv 
( \.1.;"- ) ( \TIY"\~ ) 

'2.9 "2.g 
= constant 

and Hsv 

( 
u·• 

) 
'2.9 

= constant 

The velocities in equations (4.4) and (4.5) can be expressed in terms of 

flow Q , rotational speed N, and eye diameter D, thus: 

\Ta = 

L.l = 

so that 

2g Hsv 

and 

Q 

·rr roND 

= constant 

= constant 

when D is eliminated the condition is obtained 

1 = constant 
J,_ (2. 

NQt . 
The non-dimensional group { (Hsv)~} is the well-known suction 

specific speed and will be denoted by S • For impellers having shafts 

through their eyes or with hubs projecting forward into the eye, 

and an adjusted specific speed sl is introduced where from equation (4.6) 
s 

= 
~1-7;2 

The suction specific speed prescribes combinations of operating conditions 

that permit similarity of flow in geometricallY similar hydroqynamic 

machines. Its importance lies in the fact that it defines the conditions 

for similarity in terms of the operating variables only. Furthermore the 

objective of· achieving optimum cavitation performance can n~w·be expressed 

quantitatively by saying that the suction specific speed is required to be 

a maximum'. 

The non-dimensional parameters which can be used to describe the 

inlet flow to an impeller are listed below. Different writers have used 

different parameters and all are listed here for completeness. Also, 

various units have been used in the calculations of suction specific speed; 

the most common practice has been to express N in r. p.rn. , Q in 

cusec.:>, dimensions in feet, velocities in ft./sec., and heads in feet. 

These units will be used in this thesis •. 
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-Inlet flow coefficient (<P") <Pa 
U""a 

= u. 

c:Ph'"l 
v-l"n = u 

Cavitation coefficient ( K ) ka 
,l-tsv . = l \.To)..) . 

'2-g 

I< ...... = 1-1 sv (4.8) 
( lrn"\7.) 

'2..g 

ku = 1-l sv 

(~) 
Suction specific speed ( 5 ) 5 = 

t-JQ'"2. 

J..l %. 
S\1 

s' = s 
J'- cs,_ 

' . 
The following important relations have already been established 

or follow immediately from these definitions. 

= 

Q = \rrn b (rr d 

= 

cPa = 24·3 (._' ~,_J( ~ )( ~3) 1 ~h"l = . F, cPa \Nhere f 1 :tr"""/v-a (4.10) 

J ·ku = 4>o'2.. ka = c:P."l.K 
rn "" 

s' = 
(4.11) 

s' = 

The Thoma cavitation parameter can be expressed in terms of the 

auction specific speed S and the performance specific speed Ns , 

thus 
CJ = 

For impeller design it is necessary to establish the relationship 

between either the cavitation coefficient or the suction specific speed 

and the flow coefficient for conditions of incipient cavitation : once 

this has been done the designer can determine cPa and fix the inlet 

diameter using equation (4.10). He assumes f, to obtain cp...., and 

constructs the inlet velocity triangles from which he derives values of 

(S ; a check is then made that the value assumed for F, is correct. 



4•4 CENTRIFUGAL IMPELLERS - PART I. 

4.4.1 Theory 

A theory of the ent:cy flow in an impeller under cavitating condi tiona 

shou~d consist of a quantitative explanation of the pressure drop from the 

pump inlet to the region of cavitation. First consider an impeller 

·operating at its designed inlet condition; the absolute velocity of the 

liquid approaching it is assumed to be wholly axial with no rotational 
component, there is no 11pre;_rotation11 • 

The theory to be developed here is based on the following simple 

equation for the net positive suction head. 

Hsv 
\]"'2. 

= K ~ 
0 2-:J + Ah (4-13) 

The first term on the right hand side describes the pressure drop 

due to the.a.Xial fluid velocity in the eye of the impeller, i.e. the 

pressure drop that occurs independent of the influence of the impeller 

blades. The coefficient Ko is larger than unity and is introduced to 

account for local increases in the absolute through-flow velocity over 

the mean velocity \.To ' and to allow for any losses between the pump 

inlet and the impeller eye. 

The second term expresses the pressure drop that is due .to the presence 

of the blades. It may be expected to vary in proportion to the square of 

the maximum velocity of the fluid relative to the blade inlets. This 

velocity is determined by the relation w.,_ = \l"a"l. + u'l. so that 

= K w1.. 
2.9 = 

The coefficient K corresponds to the blade minimum pressure 

coefficient. Its value depends on the control of the liquid flow into 

the impeller, and is higher for vane.syatems giving compa~ativelY large 
flow deflections and having small radii of curvature, factors which give 

rise to large local underpressures on the blade surfaces. 

From equation (4.13), 

• • • 

where 

Hsv = 
Hsv = 

(4-15) 
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It can be readi~ established also that 

ka l<:,a- k = + cP: 
(4.16) 

and k...., 1<,"""' 
K = + 
ct:>~ 
' ....., 

The derivation of these equations is discussed in greater detail in 

Appendix I. 

Equations (4.11) ana' (4.15) can how be used to express the suction 

specific speed as 
384-5 

K ~/4 cpa(f<,£1 + <Pa'2.) 
(4.17) 

and 384.5 

If the Kt'S and K are assumed to be constants independent of .<P , 
the suction specific;.speed has now been expressed as a function of the 

flow coefficient. ·From analYsis of existing pump test data it is possible 

to determine kta , K,""" and K for a wide range of impeller designs. 

Fig. (4.9) shows s1 plotted against 'Pa for typical values of K10 and K. 
It is)clear that for given K1 and K there is an optimum value of the 

flow coefficient which·leads to maximum suction specific speed and thus to 

best cavitation performance. 

For the time being the flow coefficient cpa is preferred to ct:>IV"' 

as it is of_~more direct use to the designer. It is clear from equation 

(4.17) that cPa will have, its optimum value· when the expression 

cPa ( k,a + k <Pa-'2. )~~A is a minimum. If this expression 

is differentiated with respect to cp"" holding K, a and K constant 

and the result equated to zero, it is found that 

= 

Then J k:z. l<1a 

1 
S max = 239 

. Fig.(4.10) has been drawn to show how s1max and (cPa )opt depend 

on the coefficients K 1 ~ and K. 

When (cPa )opt has been determined the optimum eye_ diameter can then 

be calculated from equation (4.10). , 

Dopt = 2e90 { J2 ~Ia ( ~) ( 
1 
~ ~-zJ (

1

~ (4.20) 

The same result is obtained by using equation (4.14) to express Hsv in 

terms of D and putting d Hsv = o. 
dD 

The simplest way of handling equation (4.20) is to calculate D opt 

for 5 = 0 (overhung impeller) and then to app~ the following correction. 
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For ~ = 0 0.1 0.21 0.25 0.3 0.4 0.5 
I 

increase D by 0 0-3% 1.4% 2.2}& 3·0'fo 6.0'fo lO.cf% 

Consider now the case where pre-rotation is present in the flow 

approaching the impeller so that the absolute velocity v- of the liquid 

has a rotational component up in the direction of rotation of the impeller. 

Assuming that the axial velocity of approach is constant across the inlet, 

the inlet velocit,y diagram for the blade tip takes the form shown in fig.(4.5) 

and it follows in a manner similar to equation (4.14) that 

2. w-z. 
Hsv = i< ~ + k-

0 29 2.Cj 

• Hsv Ka .!.. ( u-a -z. + u P ~ ) k :J:Cj ~ lra:l.. + (u- U.p ),_} • • = + 
2.Cj 

= (J(.,+ I<)~ ( 1Ta1. + ut) + 1<. ~7. (t ~~p) 
.2..'3 

• k ··c %. 2.) 
1..12. (1 z :;f> ) • • Hsv · . - I a '.2..c::J \Ta + Up + K-
2..c;) 

• Ku kt<::l (<Pa2.. + 6?.) + k ( 1- 2E ) (4.21) • • = 

where ~ = Up 

u 

• sl 384·5 ¢0'1-::.. 
(4.22) • • = 

~ K 1 .,(~./ + 6,_) + k ( I - 2 6 ) 1 ~1.4 

When this result is compared with equation (4.17) it is seen that 

the denominator has been reduced by an amount 

(2-kE:::: -E:.~k,a )-i 

·2k/ 
Clear~ t must be less than /~Ia• In fact for the greatest increase 

in s1, the expression ( 2 k E. - E. 
1 k • a ) must be a maximum. 

Hence, according to this analysis the optimum value of t. is K / K 1 a ; 

when E:.. has this value 

By differentiating again the new values of (4>a )opt and s1max are found. 

= Jt- ~\a ~Ia (4.23) 

1 
S max 1 239 = 

Thus the values 

J \ ~Ia Jl<z. l<lo (4.24) 

previously obtained are modified by the factor /r-t----.,..K..,...-K.a. 

For the values of K and K 1 a 

between 0.89 and 0.93, so that 

by this analysis is about 10}&. 

found in practice this factor lies 

the maximum increase in S1 predicted 

In fact designing impellers for pre-

rotation is found to give considerab~ higher increase in suction 

specific speed, indicating that this simple theor.y is inadequate. 

It is necessar.y therefore to modit,y this simple theor.y by recognising 
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that a flow with pre-rotation can be expected to have a non-uniform 

velocity distribution in which I..T0 (or \TIY'I) varies with radius. To 

carr,y this investigation further in a form amenable to theoretical attack, 

assume that the pre-rotation is produced by a stationary axial vane system 

with irrotational inflow. For the flow of a perfect incompressible fluid 

leaving this vane system Smith et al. (75) have established that 

+ = 0 

Here tr Q and u. p are the axial and circumferential components of the 

absolute fluid velocity approaching the impeller at radius r. Following 

Wislicenus (10) it is further assumed that the rotation of the liquid has 

the for.n of solid body rotation in which up is proportional to radius, 

i.e., 
= 

Upo ro 
where the subscript 110" denotes conditions at the outermost radius. A 
coeffic:i,.ent is introduced which assists the development of the 

mathematics at a later stage. 

= 
()u 

Substitution for Up and, 0 ,/ in equation (4.25) gives 

2. 

• v-a = • • 

• • • 

• • • 

lT:z. 
0 = 

= 

o(i t.rC\"L) 

-a ... = 0 

2(~)
1 

r,_ + . constant 

Now cPa is defined as l ,;-Q ) ~""·~-.. / u . and 

• • • 

• • • 

(LTa)a'le = 

= 

= 

= = (4.27) 

The energy equation applied to conditions at the tips of the blade 

inlets in a manner similar to that for equation (4.21) yields 

Hav = I< 1 , .!.... ( t.ra. "L -+- u r ,_ ) + k u 7. ( 1 -
2 ~ P .. ) 

a 2.g a ... 2.9 u 

lia '2. ( 
"2.. 

( I 
u lr: • Ku k, £l -" I + ~ .. ) + r< - 2.. _!o • ~<>) • • = uz.. I.J.:"2.. \ra., U no 

• Ku I< I a (I+ A:r..) { t ( >- ) r ~; + K t I - 2 ~ (~) cfJ a ~ (4.28) • • = 
where ~ ( >.,) .... A ..f.(>-.). 
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The suction specific,speed is thus given by 

= 
cPa [k,a (t-4->.:a.) f.f(}.)r· + -~~ { 1- 2 '](>-)<Pal J~14 

0 

The functions f( >. ) , g( >-. ) and ( 1 + ).. l..) ~ f ( >. ) J ~ 
are plotted in fig. (4.11). 

Although equation (4.29) looks unwieldy it is possible to make some 

simple deductions from it by observing from fig. (4.11) that 

Vfhen this approximation is made, 

= 384-5 
-zl<q(>.) 

cPa 
+ 

The value of cPa. which makes S 1 a maximum can then be sho\vn to be 

As will be seen later values obtained in practice for K and K10 

are such that 
K ~()..) :::::. 0.025. 

4 Kta 

(4.31) 

The value of ( <Pa)opt given by equation (4.31) is somewhat higher than 

J K/21<ta , the value previously obtained for conditions without 'pre

rotation. 

One can use equations (4.17) and (4.30) to show that for a given cPa 

the ratio by which the suction specific speed ca.n be increased by using 

pre-rotation is approximately 

• • • 

p = 

p = 

K 

f 
k I a + Cj?.-

1
'2. 

( I< ~ ) z. k: ClOd 
I a + c:P.,.-z.. - Cf;a 

1 

I I 

Now if 4>a = j K/2.1<ta which is close to the optimum value predicted by 

this theory, 

p = 1 

For the case cP 0 = ~ = 0.25 thi_s further reduces to 

p = 1 

t I - ~ <3 (A) r14 

The graph of P versus >.. has been drawn in Fig. (4.12). This 

shows that for ~ = 1.0 the predicted increase in suction specific speed 

is 23% and for A. = 2.0 it is 32}6. For A.> 2 the rate at which P increases 

becomes progressively less and little advantage is to be gained by having 

)\ greater than 2. • 

Fig. (4.13) shows the variation of suction specific speed with flow 

coefficient, calculated from equation (4.29). Curves have been drawn for 
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the cases A = 0. ~· 2 ; K = 0.1, 0.2, 0.3 ; K 10 = 1.2 + K. The 

influence of the pre-rotation coefficient A is clearly demonstrated. 

Experimental Evidence 

Several writers have recommended values of the coefficients K and 

K 1 for use in design. These are tabulated below, and except as noted 

for Gongwer'a results they apply for conditions at inception of cavitation. 

AUTHOR K K,a K,"" REMARKS 

Gongwer (47) 0.23 1.80 inception 

0.085 (1.40 + K) · breakdown 

Pfleiderer (53) 0.25 - 0.35 (1.1 - 1.3+K) 
Kovats (69) 0.16 - 0.30 (1.1 + K) 

Balje (76) 0.20 - 0.35 (1.2 + K) 

Wislicenus (55) (1.1 + K) thought optimistic. 

·. Gongwer's results were obtained as a result of extensive cavitation 

teats on sixteen Francia impellers at the California Institute of Technology. 

Where other writers have recommended a range of values for K , the lower 

values apply to impellers of lower specific speed.-

The author has conducted and analysed cavitation tests on a number 

of centrifugal pumps and the results of this work are presented in the 

table below, together with the results of analysis of the published data 

of Wood et al. (46) and Bowerman (77). 
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In all the author's tests care was taken to maintain a reasonable 

standard of accuracy. Flow was measured by orifice plate strictly in 

accordance with B.S. 1042, inlet pressure by mercury manometers from 

tappings in the straight length of horizontal pipe adjoining the pump 

suction flange, rotative speed by calibrated tachometer checked by "Strobotac". 

A typical test rig is shown diagrammatically in fig. (4.14); the pump in 

which the impeller is installed is driven either by Heenan and Froude 

swinging frame ~namometer or by calibrated electric motor. Fig. (4.2) 

illustrates a typical set of results, plotted non-dimensionally. Bearing 

in mind that difficulty is sometimes experienced in defining precisely the 

point of cavitation inception, it is considered that the values of suction 

specific speed given in the above table are accurate to within ~ 3%• It 

is interesting to note that in the case of impeller "F4" two series of 

cavitation tests were carried out at an interval of three and a half years, 

and the results agreed to within ~' showing a high degree of repeatability. 

After examination of this evidence the following comments can be made. 

(1) Of the group of eight Francis impellers seven were designed for 

no pre-rotation in the approach flow. Although the specific speed of these 

seven impellers varies from 46 to 136 (cusec units), the suction specific 

speed remains fairly constant at a value near 400; the inlet geometry 

represented by the ratios ~ an~ ~ does not vary greatly. There is 

little difference in cavitation performance between impellers designed for 

uniform approach velocity and those designed to conform to a potential flow 

distribution. 

1: 
! 

(2) For these seven Francis impellers, values of K and K 10 for 1 . 

inception of cavitation can be assumed which agree closely with those formed 

by Gangwer, namely, 

K = 0.23 ; K I = 1.80. a 

(3) The performance of impeller "F2" shows the marked improvement 

which can be obtained by designing for pre-rotation in the entry flow. 

This impeller was designed in accordance with a method to be discussed in 

section (4.5), but it may be noted at this stage that the observed increase 

in suction specific speed is lQ% higher than that predicted by equation 

(4.29) if K10 and K: are taken as 1.80 and 0.23 respectively. 

(4) The mixed-flow impellers 11M1" and "M2" follow the same trends 

as the Francis impellers although the values of K and K 1 a are slightly 

lower. However the impellers "M3" - A, B and C described by Wood 

et al. (46) have significantly better performance. These impellers were 

designed on the assumption of no pre-rotation in the approach flow; 

velocity traverses made during the cavitation teats showed that in fact 

the pre-swirl was small, always less than 2° and usually less than 1°· 

In his paper Wood co¢pares the performance of his impellers at cavitation 

breakdown and shows that the results are in reasonable agreement with those 

of Gangwer, with K:: 0.085 and K, 
0 

:: 1.485. However, at their 

design points the Wood impellers have a narrower cavitation region. 



Thus 

but 

(s b.d.) Wood 

(s i ) Wood 

(s b.d.) Gongwer 

( S i ) Gangwer 

Unfortunate~, Wood does not give explicit values of the suction specific 

speed corresponding to incipient cavitation. The values quoted here have 

been calculated from graphical data in his paper and their accuracy is 

limited tQ ! ~ because of the small scales on these graphs. \Vhile not 

conclusive this evidence does indicate that impellers designed by the methods 

of Hamrick et al. (60) give superior suction performance, higher suction 

specific speeds being possible before pump head and efficiency begin to 

deteriorate. 

4.4.3 Applications to Design. 

From this examination of the experimental evidence it can be concluded 

that for ma~ Francis and mixed-flow impellers, inlet design for specified 

cavitation performance without pre-rotation can be based on the use of the 

coefficients K and K • 0 , where 

K = 0.23 , = 1.80. 

This method is not precise because of the observed variations in these 

coefficients. For example, K varies from 0.19 to 0.26 which is 'sufficient 

to give an overall change in suction specific speed of lQ%. However if 

these values are adopted, the optimum value of the inlet flow coefficient 

without pre-rotation is then 

whence 

and 

( cPa)opt = J 6S = 0.252 

D opt = 4· 58 f( ~ ) (. _' ~ ~) t3 
= 430 

From the observation that suction specific speed remains constant for 

a wide range of specific speeds it follows from equation (4.12) that 
4;3 

o- oe "-ls 

This result has been plotted graphically in fig. (4.15). 

Return now to fig. (4.13) showing suction specifio speed versus flow 

coefficient.On this diagram are marked values of suction specific speed 

which have been observed in practice. · Jn certain special types of condensate 

and process pumps ver,y high values of s1 are obtained by allowing the 

impellers to operate with cavitating flows. If these exceptional cases 

are ignored it is clear that the values of s1 that can be achieved without 

cavitation are sufficiently high for some pre-rotation to be present in the 

impeller entr,y. In an attempt to develop a theor,y which would describe 

the effects of pre-rotation quantitatively equations (4.21) to (4.32) were 

derived. However, study of the Francis 11F2
11 impeller shows that this 

theor,y underestimates by lQ% the increase that can be obtained in the 

suction specific speed. Also it predicts too high a value for ( cPGI )opt, 

leading to velocity triangles which differ in shape from those which have 
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been found in practice to give successful designs. 

This gap between theor,y and practice has led to the development of 

alternative, more empirical, methods of design such as that to be presented 

in the next section. Nevertheless this discussion has been useful in 

examining the subject of impeller inlet design and def.ining possible limits 

of performance. 

4•5 CENTRIFUGAL IMPELLERS - PART II. 

4.5.1 Introduction. 

The suction specific speed can be written 

= ( --...:.1-~~' 3 'J 
K tv-- 4 

As a basis for design it is necessar,y to obtain a relation between s1 and 

¢..,.., • In what follows an empirical relation is established expressing 

the coefficient K h1 as a function of s1 and c:P....., 

A design can then be prepared using this relation in conjunction with 

equation (4.11). 

4.5.2 Design Procedure 

The method of impeller inlet design to be discussed here is based on a 

recent paper by Stepanoff and Stahl (78). It is first neceasar,y to define 

certain additional factors introduced by these writers. The cavitation 

coefficient is 
. I 

Krn = 
Hsv 
\.r' -a. ( ,-g ) 

where tr ~ is the meridional velocity at the impeller inlet when the blade 

thickness is ignored, i.e. 
I Q 

lT,.,.. = 
"""lr cl b 

and ¢' 
v:' ...... = IV\ u 

The irilet velocity diagram has been drawn in fig. (4.16) which also shows 

the geometr,y of the impeller inlet. As before attention is confined to 

the blade tips, the region most susceptible to cavitation. UnfortunatelY, 

Stepanoff and Stahl define their cavitation and flow coefficients in terms 

of v-on' and do not use tr~ so it is not easy to make a direct comparison 

between their data and those of other writers. They use an experimental 

factor R by which ~.r.:, is multiplied to allow for the effects of vane 

interference and any leakage flow being recirculated by the impeller • Thus 
.... I 

0.. v_ .J...' 
rctn ~-"' = R ...:.:.:_ = R G-' 

u ~ 

or R = 
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In normal impeller design for best efficiency, zero 'incidence angle 

and no pre-rotation, R can var,y from 1.15 for end inlet to 1.25 for 

pumps with "side elbow" inlet. 

As Stepanoff and Stahl point out, it is a well-established. fact 

that low N P S H values are obtained with impellers having small inlet 

angles and hence also large eye diameters. However, the minimum practical 

value of ~ is about 15° as· it is usually found that at angles smaller 

than 15° N P S H is not further reduced and the efficiency is impaired. 

For small pumps the minimum value of p. may be slightly higher, say 18°. 

With @> set at its minimum value further reduction inN P.S His 

possible by decreasing the meridional velocity~~ and increasing the eye 

diameter. This means that a higher value of R is used : R = 1.80 

is quite common and R = 2.0 is occasionally found in low N P S H pumps. 

In effect the impeller inlet is then designed to suit a larger pump and 

is operated at partial capacities. Thus high values of R are selected 

! 

to give low N P S H but this is done by making some sacrifice in efficiency. !:1
1 

To relate the eye diameter to the impeller blade inlet a coefficient 

f2 is defined (analogous to f1 in section (4.4) ) . 
D2 (1 s 2) I -\Try., f2 = - = (4.36) 

v-a 4 db 

In, practice f 2 can var,y widely from 0.8 to 1.20,. common values being 

0.9 for single stage pumps and 0.8 for multi-stage pumps. Then, 

s = B. 1 (4.37) 
(K~ y/4. 

Equation (4.37) connects the impeller inlet design elements ({3, R,' ~ , f2 ) 

with the cavitation characteristics of the impeller (S, K~ ). 

K '· ....... 

K I ...... 

is now related to 

= M 

4>;. 

and S 1 by a multiplier M where 

Equation (4.37) can then be written 

s' 

or S' 

As a result of an extensive analysis of experimental data for single 

and multi-stage pumps Stepanoff and Stahl derived their criterion for the 

inception of cavitation in centrifugal impellers, 

S ' M = 615 

which applies for S 1 > 300. 

(4.39) 

The use of this criterion in conjunction with equation (4.38) yields 

the following design equations. 
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I 
K...., 6.50 2 = 
f2 

(4.40) 
sl cp~ f2 

2 
94·5 (s' >; 30o) = 

A short calculation will indicate the suction specific speeds predicted 

by this method. For example, some designers recommend that f2 be unity, 

and if ~ and R are given typical values, say 16° and 1.80 respective~, 
then 

,h~ '+'... = 0.159 
and s I : 595 • 

The procedure to be adopted in designing an impeller for best 

cavitation performance when handling a given quantity Q of liquid is 

as follows. 

(1) Select (5 and R • 

(2) 

(3) 

0 ...s.._: Usual~ (3 min = 15 and R = ' 1.80 approximate~; '+',.. is 

calculated from equation (4.35). 
Assume ~ and f 2 from previous experience of the geometry 

of centrifugal impellers. 
I , 

Use the criterion S M = 615. 

K~ and s' can then be determined from equation (4.40). 
(4) Calculate S from equation (4.8). 

If the impeller speed is given the minimum N P S H can then 

be determined. Alternative~, if N P S H is given, the 

maximum speed is found, also from equation (4.8). 
(5) Calculate ~~ and u , using equations (4.34) and (4.35). 
(6) Calculate D and iTa from equation (4.9). 
(7) Check that the final values of s and f 2 agree with the 

original assumptions, if not repeat these calculations until 

satisfactory agreement is obtained. 

It will be seen that the crucial stage in this design, procedure is 

the use of the cavitation criterion, equation (4.39). While there are 

a large number of existing designs to support its use, there is neverthe

less sufficient scatter in the experimental results to limit the accuracy 

obtainable. Besides, a number of design elements have not been included 

in.this discussion, e.g. the form of the impeller approach passage, the 

number of impeller blades, and the surface finish of the blades. Stepanoff 

and Stahl therefore suggest that a tolerance of lo% should be allowed when 

estimating N P S H by this procedure. 
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4. 6 AXIAL-FLOW D~ELLERS 

In the present state of development of the axial-flow pump, the 

impeller consists of a few vanes disposed radial~ outward from a 

cylindrical hub and rotating in a cylindrical duct. The number of 

vanes seldom exceeds five and the vane width is comparable with the 

hub diameter. In most cases the vanes do not overlap, the solidity 

is low, and it has been customar.y to use simple aerofoil theor,y for the 

design of the vane camber and attitude, see for example O'Brien and 

Folsom (79), Pfleiderer (53). It is assumed that each circumferential 

strip of the vane behaves as if it were part of an infinitely long 

straight wing of uniform section in a linear flow which is defined in 

magnitude and direction by the relative velocity at the strip. For the 

infinite wing it is possible to calculate the pressure distribution over 

the aerofoil, and the results of such calculations are in satisfactor,y 

agreement with experimental data. The question arises as to whether 

it is possible to calculate the pressure distribution around an element 

of the blade of an axial-flow impeller, bearing in mind that the attitude 

of the aerofoil, its chord length, and the relative velocity var,y continu

ously along the radius from the hub to the duct wall. 

Morelli and Bowerman (80) carried out teats on axial-flow impellers 

designed by conventional aerofoil methods, and measured the blade pressure 

distributions. Unfortunate~, their paper gives only a brief comparison 

between measured and calculated values; fig. (4.17) taken from the paper 

shows that the agreement obtained was reasonable but not close. Similar 

experiments have been carried out by Kamimoto et al. (81) on axial-flow 

turbine runners. 

In the discussion in section (4.2) reference wa~ made to attempts 

to refine the theor.y in order to give a mathematical model which 

corresponds more closely to the actual state of affairs. Improved theories 

have been developed which give closer predictions of real performance but 

this has only been done at the expense of considerable mathematical complica

tion. Bowerman (77), for example, uses perfect fluid theor,y to determine 

the corrections that should be applied to the characteristics of two

dimensional aerofoil sections when they are subjected to the influence of 

the cylindrical boundaries of an axial-flow pump and when there are mutual 

int-erference effects between the blades. While other attempts have been 

made to account for interference based on calculations of simple cascades 

of aerofoils in two dimensions, Bowerman uses corrections based on a three

dimensional model, the blades being treated as spokes of a wheel. This 

work is of: particular interest here because he designs for optimUm cavita

tion performance on the assumption that the blade pressure distribution can 

be close~ predicted by the correction process developed. In order to 

produce a pump with best overall cavitation performance he proposea'that 

all blade sections should be made equally susceptible to to cavitation. 
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The optimizing analYsis then affords the first step in the design procedure 

by permitting proper choice of the blade section coefficients, the number 

of blades and their approximate geometry, and the speed of operation. The 
L 

interference corrections are applied to determine the finished shapes of 

the blade sections. 

There is no space to enter into details of Bowerman's theory, but his 

tests on an impeller designed by this method can be discussed brieflY· 

This impeller had two blades, each with symmetrical parabolic camber lines 

(N A C A series 65) and series 16 thickness function, this combination being 

chosen to give a smooth pressure distribution. The measured head and 

quantity at the maximum efficiency point were close to their design values, 

and the measured cavitation parameter ~t was 1.6, slightly better than 

the calculated value of 1. 7 • o-i. was found to be very nearlY constant 

with radius. These results are encouraging but tests on one impeller are 

hardly adequate to confirm the value of Bowerman's design. 

The methods of the preceding sections (4.4) and (4.5) can be extended 

to include axial-flow impellers. Thus in section (4.4) the impeller 

designated M2 is a high specific speed mixed-flow design, very close to 

a fullY axial impeller. In this case the values calculated for the 

coefficients K and K1 are fairly close to those for·Francis impellers. 

They may be compared with Kovats.' recommendation ( 69) for axial-flow 

impellers : 

K1 = 1.25 ; K = 0.25 

whence D 4.25 (Q I ) t opt = • -s 2 
ft. 

N 1 

This value of D t might have to be modified if it is found to give too op 
high a peripheral speed with excessive blade stresses. 

Stepanoff and Stahl (78) have examined evidence published from several 

sources for high specific-speed axial flow pumps and inducers. They found 

that their cavitation criterion still held fairlY well, although impellers 

with uniform straight· inlets performed better than those with bellmouth 

entries, the latter leading to higher local velocities. 

The data given by Bowerman for his impeller have been analyzed by the 

auth~r and the results entered into the table in section (4.4) in the row 

marked impeller 11A1
11

• It is seen that the coefficients K and K1 are 

somewhat higher than for the other impellers but not undulY so. If the 

S'M criterion is applied to the Bowerman impeller it is found that 

S'M = 595 ; this is within ~ of the stated figure of 615. The cavitation 

tests reported by Horie and Kawaguchi (82) for an axial-flow pump also show 

good agreement with this criterion which can therefore be used as a suitable 
' . 

basis for design. 
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4.7 PERFORMANCE AT OFF-DESIGN CONDITIONS. 

So far discussion has been concentrated on the subject of impeller 

design to meet given inlet conditions. However, for a pump operating 

over a range of duties the question arises as to how the impeller will 

perform at conditions away from the original design point. The departure 

of the flow through the impeller from its design value Q 0 introduces 

additional complications into the theor.y and makes quantitative predictions 

difficult, but a qualitative picture can be given. 

The results of pump cavitation tests carried out at various capacities 
' . 

can be expressed non-dimensionaly by plotting cavitation coefficient or 

suction specific speed against inlet flow coefficient. Some typical tests 

are shown in fig. (4.18), · Ku is plotted against c:f> a for impeller ";F4" 

for flows in the range 5Q% to 13~~ of design. It will be seen that for 

incipient cavitation. (Ku) i increases rapidly on over-discharge, Q > Q o , 

as larger values of N P S H are required to suppress cavitation. The 

rate at which this increase occurs varies with different impeller designs 

(Kuh at 1.25 Q 0 can be from 1.25 to 2.0 times its value at Q 0 • The 

average increase for good designs is about 1.4 to 1.5 , i.e. 

On under-discharge, Q < Q o , (Ku) i usually decreases slowly to a 

minimum around. o. 75 Q 0 after which it begins to rise again gradually as 

the flow is further reduced. In some cases this "gradual" rise becomes 

most pronounced, as for example for the Francis impeller whose performance 

is shown in fig. (4.19). Great care was taken by the author in testing 

the pump containing this impeller in order to establish the head-capaci~ 

characteristic as accurately as possible. This characteristic was found 

to have a small zone of instability or "kink" at flows close to the region 

of rapid increase in (Ku)i • The Francis impellers tested by Gongwer also 

exhibited this behaviour, and a similar observation was made by Minami et 

al. (50) although it is interesting to note that they found the steep 

increase in (Ku)i to occur only when incipient cavitation was defined by 

visual means, (Ku)i measured by deterioration in performance did not show 

aQY increase at partial capacities. Gongwer advanced a ver,y plausible 

explanation to account for the steep increase in (Ku)i and the dip in the 

H - ~ curve, suggesting that both were due to separation of the flow 

from the leading edges of the impeller blades at the high angles of 

incidence occurring at partial capacities. Under these conditions there 

is insufficient energy in the boundar,y layer to maintain the flow along 

the blade surface against the abrupt pressure increases which follow high 

local underpressures. 

When cavitation breakdown is considered (Ku)b.d is found to increase 

continuously with flow, as shown in figs. (4.18) and (4.19) which are 

typical in this respect. There is a general trend for the range of 

cavitation to increase at capacities other than design; the difference 

between (Ku)i and (Ku)b.d is a minimum near the design flow and increases 
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as one moves away from this flow. 

In section (4.4) equation (4.15) was derived, viz., 

Ku = K1 a . cp a 2 + K 

It is reasonable to suppose that for incipient cavitation the variations 

of Ku with <P a is due to variation of the factor K, as this represents 

the local underpressures on the surfaces of the impeller blades and will 

increase with increasing angle of incidence. · The factor K1 a is primarily 

dependent on the profile of the liquid passages at impeller inlet and could 

be expected to remain constant. If the variation of Ku with q, a is 

determined experimentally and K1a is taken as constant it is then possible 

to plot K -versus <P a , and this has been done in fig. (4.20) for the 

impellers "F4" and "F5". "F4" and "F5" were chosen for this analysis 

as they have near~ the same specific speed and their hydraulic design is 

closely allied but not identical. It will be seen that the two curves 

obtained of K versus cP0 are s~milar. Thus if the relation between 

K and cPa has been established for an impeller of existing design, it 

can be used to predict the variation of Ku with cPa for a new impeller 

of similar design, and hence to calculate its cavitation performance at 

off-design conditions. As impellers of differing designs have been found 

to give widely var,ying K - ~ curves this approach is of restricted 

application, but it can be extreme~ useful in estimating the performance 

of new impellers. 

Another qualitative check can be made by applying the "S'M" criterion, 

as Stepanoff and Stahl suggest that it can be used at partial capacities, 

perhaps down to 0.5~0 • However, the author's attempts to use this 

criterion at partial capacities have not met with the success these writers 

claim for it, and the method can o~ be used as a rough guide. This is, 

of course, better'than having no guide at all. 

4•8 CONCLUSION 

An investigation has been undertaken into the design of centrifugal 

and axial-flow pump impellers for optimum cavitation performance. After 

a general discussion of impeller design similarity relations were introduced 

in_ order to determine the important parameters that must be used to describe 

cavitation performance. This led to the definition of suction specific 
I 

speed, and the problem was then to achieve a design which would make this 

a maximum. For this purpose it was necessar,y to establish the relationship 

between suction specific speed and flow coefficient. In the present 

knowledge of fluid mechanics it was not· possible to do this on pure~ 

theoretical grounds and recourse was had to semi-empirical methods. The 

suction specific speed was expressed in the forms 

and 

S' = 384.5 ¢ a ~ 
( Ku ) :i 
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In section (4.4) Ku was derived as a quadratic in cp a , Ku = Kia <:\> a2 + K, 

it being assumed that K1a and K were constant coefficients independent of -I 
4> a • This procedure gave rise to higher optimum flow coefficients than j 

were used in practice and failed to predict closely the increase in suction 

specific speed to be gained by designing for pre-rotation. 

A second design procedure was then considered. This was based on 

analysis of a large number of test results leading to the empirical relation 

This in turn yielded 

I 

Krn = 

S' cP I f ..., 2 
2 

615 
(S' > 300) 

= constant (S' > 300) 

which expresses in mathematical terms the well-known observation that small 

flow coefficients can be used to give high suction specific speeds. Of 

course small values of cP adversely affect impeller efficiency and the 

minimum practical value is therefore around 0.15. 

It was pointed out that a number of design elements had not been 

included explicitly in either of these design procedures, the most important 

ones being the form of the impeller approach passages and the number of 

impeller blades. The approach passages should be designed to give as 

nearly uniform entr,y velocity as possible although this may be difficult 

where pump layouts are restricted by space limitations. With respect to 

the number of blades the evidence of the table in section (4.4) does not 

show this to have a~, significant effect on cavitation performance. It 

- could be argued that there must be an optimum number, because too maqy 

blades would lead to excessively narrow impeller passages so that a small 

pocket of cavitation on each blade surface would have a large effect on the 

total flow. On the other hand if there are too few blades the pressure 

difference across each blade is higher in order to transmit the energy to 

the liquid and the maximum blade underpressure is increased. 

It has been suggested that considerable improvements in cavitation 

performance can be obtained by designing impellers to have oversize passages 

in which local cavitation can take place (and perhaps cause local damage) 

without affecting the bulk of the flow or the overall hydraulic performance. 

Thus the Wood "M3" impellers had high suction specific speed based on 

performance measurements, but observation of the impeller passages showed 

that in fact pockets of vapour bubbles formed at considerably lower suction 

specific speeqs. The "F2" Francis impeller also gave a high suction 

specific speed; it was designed with wide suction passages and it may well 

have been that pockets of cavitation bubbles formed before a~ deterioration 

in performance was noted. However, observations to check this hypothesis 

have not been made. It should be recorded that for both the "F2" and "M3 11 

impellers the suction specific speed at cavitation breakdown S'b.d was 

approximately 750 although details of impeller design and blade profile 

were ver,y different in the two cases. Thus the fact that they can operate 

at high suction specific speeds depends on their abili~ to postpone the 
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adverse effects of incipient cavitation; the ultimate suction specific 

speed at which there is complete breakdown has not been advanced 

Gongwer reported S'b.d = 740 in his original work • 
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CHAPTER 5· 

IMPELLER DESIGN FOR OPTIMUM CAVITATION PERFORMANCE. 

CAVITATING FLOWS. 

5.1 INTRODUCTION. 

PART II 

In order to attain the highest possible suction specific speeds, 

pump impellers must operate in cavitating flows. , Chapter 4 dealt with 

the design of impellers in which cavitation was to be suppressed, and 

this chapter goes on to consider the design of axial-flow impellers for 

operation in cavitating and super-qavitating flows. The theor,y of 

hydrofoils in cavitating flows is outlined and its application to pump 

design examined. 

Cavitating and super-cavitating flows are of increasing importance 

in engineering, ~articularly with respect to high-speed marine propellers, 

hydrofoil ships, and low head pumps and turbines. There is a constant 

spur to operate a hydrodynamic machine at the highest possible speed 

because of the advantages to be gained in reduced size, weight and cost. 

In some cases these factors are of critical importance, a good example 

being the turbo-pumps used in liquid fuel rockets where it has been 

demonstrated that the dr,y weight of the complete power plant depends ver,y 

large~ on the suction specific speed of its fuel pumps. 

For such applications high-speed pumps have been developed having a 

so-called "inducer" stage as the first rotative element in the high-speed 

pumping systemj extensive experimental programmes are being conducted to 

investigate the cavitating flows associated with inducers. The primar,y 

function of an inducer is to act as a special~ designed axial stage which 

will operate with cavitation and gradual~ add momentum to the fluid until, 

as it enters advanced sections, the vapour is recompressed and rapid 

momentum addition can then be made as in a conventional impeller. These 

conditions implY that an inducer should have long passages, blading of 

moderatelY high solidity, with certain sections of the blades operating 

under cavitating conditions. In turn long passages would give rise to 

added frictional losses and consequentlY reduced overall efficiency. Also 

the presence of cavitation is conducive to damage. Experiments and 

practical use of inducers have shown that these shortcomings can be 

minimised and that lower efficiency and the possibility of damage are more 

than compensated by the improvement in suction performance. 

The inducer stage may be followed by a conventional centrifugal stage 

as illustrated in fig. (5.1), or by further axial stages. In the special 

field ,of liquid fuel rockets, the fuels may be exotic liquids such a,s 

hydrogen and the pumps may consist of th~e axial stages inducer, 

intermediate and high pressure stages. The intermediate stage then operates 

near incipient cavitation and develops an appreciable pressure rise to set 

up the liquid flow distribution for the following high pressure stage. 
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Super-cavitating marine propellers have been designed and tested, 

Tachmindji et al. (88) and (89); these have special blade sections 

designed to give good lift - drag ratios in super-cavitating novrs when 

the cavity springs fran the leading edge of the blade and extends a distance 

downstream equal to several times the length of the blade. Nearly all the 

performance data for super-cavitating cydrofoils are in the form of analyt

ical or experimental results on isolated cydrofoil sections in two-dimensional 

flow. For the design of' propellers and pumps this information can be used 

in an 11 a.erofoil" method of analysis in which blade sections at representative 

radii are considered, sey hub, tip, and mean; the lift and drag coefficients 

for two-dimensional flovr are then applied to these sections for the now 

relative to them, the relative velocity at each section being taken as the 

vectorial mean of the velocities upstream and. downstream of it, see for 

example Van Niekirk (90) and previous ref'ereroes to axial-flow pump theory. 

Data on hydrofoils will be presented first, and then applications to 

inducers and super-cavitating axial-flow pumps will be discussed. 

5.2 THEORETICAL CONSIDERATIONS. 

5.2.1 IsolatedBYdrof'oils. 

In cavitating flows cydrofoils of' conventional aerofoil shapes suffer 

serious changes in their force characteristics. Furthennore, when operated 

at cavitation numbers sufficiently high so that the cavity is shorter than 

or only slightly longer than the foil (partial cavitation), the forces on 

the foil mey- be subject to severe fluctuations and the foil itself to harmful 

cavitation damage. In general, as the cavitation number is lowered the lift 

and lift - drag ratio fall off' to a marked degree, so much so that the 

conventional aerof'oil shapes are not satisfactory for operation under 

cavitating conditions. Recently much attention has been given in the 

United States and elsewhere to the problem of developing new hydrofoils 

giving better characteristics in cavitating flows, and special sharp-nosed 

and blunt-based foils have been successfully tested. 

First consider the simplest shape, a thin flat plate in a flow of' 

uniform approach velooi ty. The lift of' such a plate at zero cavitation 

number was calculated by Rayleigh. Fig.(5.2) shows this together with the 

lift for larger values of K as obtained by Wu ( 91) for the two-dimensional 

case using the Roshko finite-cavity model. For these calculations and in 

fact, for all theoretical calculations in this discussion the fluid is 

considered inviscid and incompressible, and the problem solved by analytical 

techniques which are based on conformal mapping and which are widely used in 

free streamline theory, Plesset (92), Tulin (93) (94), Wu (91). The results 

shown in fig. (5.2) are in good agreement with experiment particularly for 

K <. 1.0. 

For K = 0 and at small angles of incidence it can be shown that the 

lift - drag ratio of a flat plate is theoretically 

c'- 1f = 
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if only the drag~ due to the cavity is taken into account. In practice 

there will of course be additional. frictional. drag on the lower wetted 

surface, so that in super-cavitating flow the lifting efficiency of the 

flat plate is smaJ.l. 

In order to obtain higher lift - drag ratios (that is, high enough to 

be useful in eydraulic machinery), . the effect of the shape of the bottom 

surface of the eydrofoil has been studied, and it has been found that 

certain positive~ cambered eydrofoil shapes lead to cavitation drags much 

lower than for the flat plate, the lift in both cases being the same. These 

low-drag eydrofoils are designed to have rearward placed centres of pressure. 

A family of .such super-cavitating eydrofoils has been tested and used in the 

blades of super-cavitating propellers, Tachmind.ji et al. (89). The bottom 

shape of these eydrofoils is shown in fig. (5.3) and the theoretical lift -

drag ratios at K = 0 in fig. (5.4). These foils are intended to operate 

with a cavity springing from the leading edge and with an entire~ unwetted 

upper surface. They have been designed to produce high lifting efficiencies 

and not to cavitate on their bottom surfaces. The shape of their upper 

surfaces must be such that they are complete~ enveloped within the cavities 

which extend from the leading edges. The allowable shapes have been 

calculated, and it has been found that the thickness of the eydrofoil should 

increase approximate~ linear~ from the leading edge to the trailing edge. 

The maximum allowable thickness tmax of the section at the trailing edge 

is given by 
imax 

c 
= 

vme];'e c = chord length 

o<' = angle of attack of low-drag eydrofoils relative to angle of 

attack when foil is being operated at design lift. 

ex' is expressed in d.eg;t"ees; recanmended design practice 
0 

is <X ' -= 1. 5 • 

Theory. is available to calculate the performance of arbitrary, thin, 

cambered lifting eydrofoils in super-cavitating flows, Plesset (92), 

Tulin (93) (94). The results for the simplest case, that of circular arc 

profiles, will be quoted here. The lift and drag coefficients are expressed 

as functions of cavitation number K and angle of attack ex in an approximate 

fonn which is sufficient~ accurate for flows with cavities at least 4 chord 

lengths long. 

CL. = 

l.. 
c. = 

1T -2 ( 1 + K) ( 01'. + A9
) + K

2
(1 + K) ~; • 

(1 + K) ( 0( + ~ )
2
+ K

2
(1 + K) ¥ 

1 + It( D( + £ )2 
K2 

The symbols are defined in fig. (5.5). 

1 

It should be made clear that this theory for super-cavitating eydrofoils 

rests on the assumption of cavity detachment at the leading edge. To achieve 

this the eydrofoil has to be kept thin, because if the thickness is too g;t"eat 
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the cavity detaches sane distance downstream of the leading edge, giving 

considerably increased drag and loss in lifting efficiency. Thus the 

allowable thickness of the supercavitating hy'd..rofoil is restricted and this 

is a major source of difficulty in structural design. 

In this discussion the possible effects of gravity on the flow around 

a super-cavitating cydrofoil have been ignored. Work has been carried out 

on this aspect of the subject, particularly with respect to ships' underwater 

structures, and it has been shown that the results are usually not of 

jmportance in cydrcx\Yn,amic machines where gravity effects are relatively 

small. 

5. 2. 2 Super-cavitating Cascades. 

Lifting foils in cascade operating under supercavi tating cond.i tiona 

have been studied particularly in connection with the stalled qperation of 

aero~amic compressors and turbines, the assumption being made that the 

flow past a completely stalled cascade is very similar to that in a "choked" 

supercavitating cascade, i.e. a cascade where the cavities extend for an 

infinite length dovmstream. Calculations have shown that lifting cascades 

will shed infinite-length cavities or choke at cavitation numbers greater 

than zero; thus the operation of cascades at low cavitation numbers is 

limited. The cascade effect is to decrease the lift developed by the foil, 

just as in fulJ.y wetted flow, and this effect may be severe. Even for a 

· space-chord ratio as large as 5, it has been calculated that the lift on 

super-cavitating flat plates in cascade mej1 be reduced by over lo;& for a 

0° stagger configuration and by over 6q% f'or 30° stagger. 

In this thesis on the influence of' cavitation on impeller design 

consideration is primarily being given to the performance characteristics 

of' the impeller inlet rather than to the overall perf~anoe of the impeller, 

that is the head it develops. An attempt is now made therefore to develop 

a theory which predicts the inlet conditions of a super-cavitating cascade. 

Later this is compared with the results of' experiments on special axial-flow 

impellers and semi-empirical coefficients are introduced to try and correlate 

theory with experiment and thus provide a rational basis for design. 

Consider then a series of thin flat plate qydrof'oils arranged in an 

infinite cascade in a cavitating flow with a free streamline originating 

from the leading edge of' each hydrofoil. The flm1 is assumed to be two

dimensional, irrotational, inviscid, incompressible, and non-oscillatocy. 

TWo cases will be examined, first when the length of each cavity is less 

than the chord of' the hydrofoil, second when each cavity is infinitely long 

and the cascade is choked. The first case corresponds to partial cavitation 

and the ana~sis of' this condition will be simplified by taking the chord 

length to be infinitely long, and studying the development of' the cavity in 

the inlet region of' each hydrofoil. The pressure in the cavities is 

assumed to be constant and equal to the vapour pressure at the bulk temper

ature of' the liquid. 

There are several models which can be adopted to describe mathematically 

the termination of' a constant pressure cavity of' finite length. Following 
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Stripling and Aoos.ta (95) the one used here is the wake (or Rosbko 

dissipation) model. The free streamline springs from the leading edge 

of the hydrofoil and closes upon a flat surface parallel to it, where 

there is a gradual recover,y of pressure from the value determined by the 

cavitation number to the free stream value. Of course, as the wake' thick

ness and structure of the real flow cannot be found from a perfect fluid 

theor.y there is considerable arbitrariness in any mathematical model chosen 

to represent the flow. 

Fig. (5.6) illustrates a partial~ cavitating cascade and fig. (5.7) 
a super-cavitating cascade. Some simple results follow from application 

of momentum theor,y. Thus for partial cavitation and with the symbols 

defined in fig. (5.6), the following relations can be derived. 

Continuity 

p, w,2. 
Energy + ::: r 2.cJ 

Momentum 

From equation (5.1) 

From equation.(5.3) 

h 
s 

Hence from equation (5.2) 

Pu- ~"c.-z. - + ;::. P-z. + 
)" y 2.<j 

P-z. (5- h )Sin(?> - !='v- h St.-- P., 

= 1 -

~ Q :!. ( w.,_- w, c.o5o(. ) 
s 

W 1 St<' (f-. - ...t.) 

W-z.. ':)IV"\ ~ 

Substituting for ~ in this expression and re-arranging gives 

:(We.. 
w, 

w,) + - CO~<X.: + 
We:_ . (

We.. W, ) 
- ·- - SIV"\<X 
W 1 We... 

If the cavitation number for the flow is defined as 

Pt - Pv 
I 2. 
2 ew, 

K = 

then the Bernoulli relation, equation (5.2), gives 

= w,.Jt+-1< 

(5.1) 

(5.4) 

(5.5a) 

(5.5b) 

We can be eliminated from equations (5.4) and (5.51>) to give K in 

terms of the angle of incidence ~ , the blade angle ~ , and the velocity 

ratio R (the ratio of the relative approach velocity W1 to the relative 

downstream jet velocity w2) 
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= 1 
( ~ + R) '2 c.os <X 

K = (5.6) 

Next consider the super-cavitating cascade in which the jet issues 

with velocity w2 at an angle e . to the direction of the hydrofoil. The 

symbols for this case are defined in fig. (5.7). 

Continuity Q 

Energy : 
h w 2 
r1 + _• 
y 2.'3 = P~ 

·1-

Momentum 

The result is obtained, 

2 c..os e = ( 
W2 Wa ) (W2. \"i"a J 1 ) - ·+- - CoS oc + - -. - Sl"'tX. c.ct- \...{!>- o<. w, w7.. w, w'l. 

or 2 co::.e = 

When e = 0, equation (5.7) becomes 

2R = (1 + R2) c:.oSIX + (1 - R2) "S1""'cx eat-((?,.- o() 

This can be solved for R to give 

* .R = = (5.8) 

This result corresponds to the limiting case for equation (5.4) when 

the cavitation number in the partia~ cavitating cascade is reduced to 

its minimum value. The cascade then becomes fully super-cavitating and 

the cavities extend an infinite distance downstream. Conditions in this 

limiting case of "choked" flovr will be denoted by an asterisk. 

W2 is then equal to We, 

it follows that 

* K = 1 
1 

The minimum value of the cavitation number K is 

* i Sin(~- '2. <><.) }2 K = 
Su·-. (fo - ~) - s ...... o<. 

whence * '2 '!. I A eX. $1.-. (~- o(.) 
K = 

' + c.os ~ 

Since 

1 

(5.10) 

Equation (5.10) brings out clearly that to ob.tain small cavitation numbers, 

0 should be small. 

To derive results suitable in axial-flow pump design, suppose that the 

cascade is rotating about a central axis with a peripheral speed u, and that 
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the results obtained for flow relative to the stationar,y cascade can 

still be applied. It has been assumed that there are no friction losses 

and that gravity forces are negligible so that the energy equation in 

conjunction with the definition of net positive suction head yields 
\rQ 2 

Hsv = (h1 + ) hv 
2 g 

\Tt:\ 2 
• (h1 - hv) • • Hsv = + 

2 g 

w1 2 \Tt:\ '2. • Hsv K (5.11) • • = - + 2 g 2 g 

This is equivalent to equation (4.14) with the simplification that Ko 
has been taken as unity in this case. 

The inlet velocity triangle fig. (5.7) shows that 

w1 = u sec 
u tan 

\T 2 
a 

The flow coefficient is 

l.ra 

u 

((?>-o{) 

(~ - o£) 
2 

+ u 

= tan ( f-> - ~ ) 

Equation (5.11) is expressed non-dimensional~ by putting Ku = Hsv / (u2/2g), 

whence 

Ku = K (1 + q, 2) + cP 2 (5.12) 

* Under the extreme super-cavitating condition, Ku = Ku can be related to 

* * K , R , e.( and (3 in the following manner. 

• • • 

• • • 

Ku* = K* (1 + cP 2) + cP 2 

* 1 
Ku = ( *2 1) (1 + ¢ 2) 

* Ku 

R 

= 1 +4? 2 
R * 2 

- 1 

= sec2 (f.> -<X) 
R*2 

- 1 

+ 4>2 

* Ku can also be expressed as a function of ~ and <P 

Ku * = K * ( 1 + 4' 2) + cP 2 

= 2 Sin C)( SIA ((3- o<.) 
------~------------------1 + c..os (3 

• 1 + q:,2 
c.osLC f.' - t>( ) 

• • • * Ku 

c:p2 = 2 cP + 
(1 + eos {:>) c.o~ ((3- c<) 

= 
2 

cp 5 II"'\~ C:.05 (f-....:_ o() - c.oS f., "51rt.(fo- t><) 
(1 4- c:..os (3 ) (4:)5 (f.. - o( ) 

= 2 4> S II"'\ (!> + cP 2 1 - C..O:;) f3 
1 + COS{:> 1 + <=.oS (3 

= 2 + <P2 
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Equations (5.11) to (5.14) are usual~ applied to the blade tips 

where velocities are highest. It is instructive to investigate radial 
* effects, in particular how the net positive suction head at breakdown Hsv 

varies with radius. For any radius r , equation (5.13) may be written 

,!< 

* (Ku ) = 
r' 

(~~v ) = 
-I '\"' 

- 2g 

1 + cos ( c:, - 2 o<. ) 

(~ + cos (3 ) cos2(~ - o<. ) 
1 

If c.: is small compared to ~ , the expression on the .R!. H. S. 
2 reduces to tan (:?> , so that for cases of practical interest it is 

approximate~ true to say 

(Hs/') r ex: ( r .tan (?> ) 2 

Thus for a constant pitch inducer (r tan (3 = constant) operating * . 
with uniform axial velocity at inlet, Hsv is only slightly dependent on 

the radial station. It appears quite possible to design an inducer with 

the blade angle and incidence angle var,ying radial~ in such a way that the 
* fhe-or~hca/ value of Hsv remains essentia~ constant across the inlet. 

Before leaving this topic it should be noted that for optimum 

cavitation performance, the suction specific speed S' is a maximum. 

S' is related to K'"' and c:P by equation (4.11) 

S' 
s = 384.5 = 

The present ana~sis follows Stripling and Acosta and puts 

S' = cP 1r 

Differentiation with respect to cp (holding K constant) and equating 

to zero gives the ·theoretical relation between the optimum value of dP 
and K. 

K = 2 cP o;et 2 
2 or <f>opt = J2(1 ~ K ) 1 - 2cpopt 

Then ku = .2 cP o;et 
2 

2 or ku = ~ 
1 - 2Cf)opt 2 

I 222 and S max = 4J K 2(l+K) 

These equations are similar to equations (4.18) and (4.19) previously 

derived. 

(5.15) 

(5.16) 

Returning now to the partial~ cavitating cascade fig. (5.6) it will 

be remembered that in the postulated model of the flow a free streamline 

originates at the leading edge of each plate and closes upon a flat surface 

parallel to the original surface. The problem is now to determine the 

length 1 of the cavitating region and its height h as functions of 

the blade angle (J> (or stagger angle o ) , angle of attack ex:, and the 

cavitation number I< which relates the upstream velocity w
1 

to the 
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velocity along the constant pressure surface W0 • The slant height of 

the cascade is taken as 211 to facilitate the mathematical analysis; 

it can be changed to any other value by introducing a suitable scale factor. 

As is oustomar.y in problems involving free streamlines, it is convenient to 

discuss the flow with reference to the hodograph plane, in which the stream

lines that describe the wetted surfaces and constant pressure surfaces are 

Sketched as functions of the hodograph variable S = u-iv. If 

F = cp + l. ·\j/ is the complex potential of the flow, with cp the 

velocity potential and ~ the stream function, then 

= dF -=u-iv 
dZ 

where u, v are the x- and y- velocity components in the physical 

plane, and Z = x + i y is the complex variable in the physical plane. 

The solution rests upon the fact that the imaginar.y part of F is known 

around the boundar.y of the flow as seen in the hodograph plane. This is 

shown in fig. (5.8) and corresponding points in the physical and hodograph 

plane are identified. If F can be determined as a fm1ction of ·s 
then physical co-ordinates for corresponding points in the ~ - plane can 

be determined by integration, i.e. 

z = + canst. 

In this case the hodograph is sufficiently simple for the solution F ( S ) 
to be determined by inspection. 

The solution is great~ assisted by recognizing that the uniform flows 

at infinity correspond to source-vortexes located at their corresponding 

points in the hodograph plane. For example, 

F = w
1 
e- i (S+o<) ln ( t; - w

1 
e -ie.e. ) 

represents a source-vortex in the ·s - plane located at the point correspond-

ing to z =-<:.o. Then, from integration, the corres.ponding physical 

co-ordinates are 
-i( s +« )1· a·s /S 

z = w1 e . s - w. e..- I.<><. 

= e -iS ln ( <:; - .;• e-C<><. ) + constant 

- i<>< vVhen w1 e is encircled once in the counter-clockwise direction, Z 

moves a distance 2W to a corresponding point on the next step of the 

cascade. Also it is readi~ shown that the streamlines in the "S - plane 

near the origin of the vortex are uniform and inclined at the angle c<:: 

to the ~ - axis in the physical plane. 

The complex potential must have the appropriate singular behaviour 

indicated above at each of the points -oo, + o0 of fig. (5.8). In 

addition the real axis and the circle t. 'S I = We must be streamlines in 

the hodograph. Finally it is necessar,y that the point ·s = 0 be a 

stagnation point of this flow which requires, ·· that 

( ~ ~~ = 0 
= 0 
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The potential satisfying these conditions, determined by the method 

of images is 

_LF(l)) 
w1 = 

+ 

+ 

i(~.;..<>() e 
e -i..(s-+<>(..) 

+ constant . 

In order that dF = 0 at 'S = 0 the following relationship between 
ds 

the velocity. ratios must hold : 

= 

This has already been derived from manentum considerations above and is 

another statement of the fact that the force on the hydrofoils is nonnal 

to the chord. 

The peysicaJ. co-ordinates of the flow, obtained by integration are 

Z = e-'-~ln (S- \..t• e-L...c..) + e i.S In ( ~ - w, e..i.i.c.) 

w,' i.(_b+'l-o(.) 
In ( S 

w 7.. - i.~) 
+ e. _<- e 

We.,_ w, . 

w.z. e-·~-(S-~2ool.) In (S "1. • 

+ wl. 
We. e.l-""-) 

c. w. 

+ constant. (5.17) 

The length 1 of the cavity from the leading edge and the height h 

of the wake normal to the .b;ydrofoil can then be derived. After some 

manipulation they are found to be 
c- { ,..., , c.os(o + cL) J 

h = '2. 1l' c:.o5 ., I - - • 'il. w'2. eos 
2 "1. 2 

1 = { (.' w, (\' \ 1 I We. - '2,W,c:.oSo<. + w, e.os o + -7.. c.os o + 2 o£ J J n 7. ·z.. 
we. Nr., + '2.. w,c:.os.ol. + w 1 

- 2 e.as(~ + "') ·( ~· + ~~)In w'c.- Wz 
W"L We. We,.+W7.. 

The solution to the problem is then represented by equations 

(5.4), (5.18) and (5.19). 

(5.18) 

Using this ideal. theory Stripling and Acosta ( 95) carried out 

extensive computations of. the characteristics of this cascade flow to 

determine K, Ku, and cavity shape. Their paper contains graphs of 

cavitation number K versus cavity length - spacing ratio 1/s for a. 

wide range of values of the inlet angle o£ and the blade angle ('& • The 

results will not be presented in detail here but it should be noted that 

the min:imum cavitation number is found to oocur when the length - spacing 
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ratio is about unity for all except the smallest blade angles. Now in 

practice most inducer pumps have been built with blade chord to spacing 

ratios of about 1.5 to 2 so it appears that the assumption of infinite 

blade chord should. not invalidate the results of the present calculations 

for practical configurations. In fact it suggests that inducers of 

considerably lower solidity could be used-' to good effect. 

The cavitation number is not particularly convenient for use in design, 

and Stripling and Acosta have also given gr:aphs of Ku versus 1/s for 

various o( and. @> , that for f-. = 15° being reproduced in fig. (5.9). 
The low vaJ:ues of Ku that can be obtained are immediately evident. 

To realise the cavitation performance of this ideB..l theory, it is 

necessary that the suction side of the blade not interfere with the free 

streamline. This is particularly important rear the leading edge where 

the cavity may be quite thin. Representative free streamlines have been 

calculated for a typical case with (:> = 15p , o(. = 6" , using equation 

(5.17), and these are shown in fig. (5.10). It will be seen that a rather 

pointed leading edge contour is required, and if the blade shape is blunter 

than the free streamline shape for the desired operating cavitation number, 

a drag force parallel to the blade chord will be experienced. This will 

adversely affect the performance of the cascade and its minimum cavitation 

number will be increased. This conclusion is borne out in practice as it 

bas often been noted that blunt leading edge· shapes have inferior cavitation 

performance to slender shapes, and those that have the pressure side of the 

blade filed are inferior to those with the suction side filed in conformame 

to the above ideas. 

5·3 .APPLICATIONS 

5.3.1 Introduction. 

A recent paper, Stripling (96), bas considered the application of this 

theory of super-cavitating cascades to the design of cavitation inducers. 

The discussion on inducers which follows is based on this work, and its 

approach to the subject mey be compared to that in a Russian article, 

Dumov (97), which gives rules for inducer design apparetly derived by 

empirical 11cut-and-try11 methods. Dum.ov' s results are followed by an 

examination of the advantages and disadvantages of designing axial-flow 

impellers for super-cavitating flows in which the cavities are longer than 

the blade chord. 

5.3.2 Cavitation Inducers. 

In his study of cavitation inducers Stripling used the theory developed 

for two-d:imensionaJ. cascades in cavitating flows and introduced correction 

factors to con""elate it with the results of tests on seven experimental 

inducers. In the ideal theocy the flow is assumed to be two-dimensional, 

irrotational and inviscid, conditions which are never achieved. with real 

fluids. These tests showed that in fact much hi8):ler values of the net 

* positive suction head. Hsv are reqJ.lired to produce canplete head breakdown 

than the theory predicts. 
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It is assumed; therefc:>re, that the "real" fluid effects may be 

allowed for by introducing into the theory a correction coefficient X 

defined as the ratio of the reduced or actual through flow area to the 

ideal area at the point corresponding to the wake closure. The downstream 

velocity W2 being constant, continuity shows that the ideal through-flmv 

area divided by the blade-to-blade normal spacing is 

• • • 

Ai= 1 __ h_ 
S·S•nl~ 

X = Aa = fW2~i __ :fu: 
Ai W2 a Ri (5.20) 

The suffix "a" refers to the actual condi tiona, and the suffix "itt to the 

ideal conditions described by equations (5.1) to (5.19). As before an 

asterisk will be used to denote the limiting case of super-cavitation when 

the cavity length approaches infinity, and there is complete breakdown of 

the head developed by the inducer. 

This coefficient X can be used to relate actual and ideal values 

of Ku, since fran equation (5.13) 

(Ku* )i sec2( (3 -eX ) 
= (Ri* )2 1 

(Ku* )a = sec2( P-> _: o{ ) 

(Ra* )2 
1 

and elimination. of· sec2( (!> - <X ) gives 

_L
2 

I. (Ku* )i + i ·~ 
(X*) { 1 5 

1 (5.21) 

This relation enables the CCXt'rection factor at breakdown X* to be 

calculated from a comparison of the measured and theoretical values of the 

cavitation parameter Ktr' • 

Canbining eqJ.lations. (5.21) and (5.:U..) gives 

(Ku*)a = -~-. '1-f I + 2~1nf!> cP + ( S\n.P.. )·~".L) 
(X*) l .. I, +c.oS f.. I +c.o-5 {!> 5 - I (5.22) 

The suction specific speed can be expressed in ter.ms of X, 
c:f:> , thus 

1 

= 384.5 
q,2 

(Ku)a ~ S' 5 = 

and at breakdown 

1 I S•" a .J, )"l. l-3-4 (S' )* = 384.5 ¢> 2 { - (I + l"" CJ-1 - I . . (X ~)2. I +C..O~@ 
(5.23) 

Fig. (5.11) has been drawn to show the influence of the factor V on 

suction specific speed. This has been done for a t.ypical blade tip angle 

(!:. of 14.0° and for values of X* ranging fran 0.985 to 1.000. (These 

values of X* are consistent with experimental data, see fig. (5.14). 

It is interesting to note that for a given value of X* less. than unity 

the suction specific speed increases as the flow coefficient cp decreases 

until it reaches a peak at sane optimum value , cP opt , after which it 

decreases as cf> is further reduced. The same general characteristics 

were observed by Gongwer (47) and Wood et al. (46) during tests on Francis 

and mixed-flow impellers. 
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Differentiation of equation (5.23) yields the optimum flow coefficients 

corresponding to the peak suction specific speed for a given blade angle and 

constant X*, i.e. 

~s' 
= 0 

o<f:> 

••• cp opt 1 i + c.o:s. f5 { J ~ - e ( >< * ,. ) ~ I I (5.24) = 4 ~~~~ op 

This may be re-arranged to give the breakdown correction factor for these 

optwum conditions. 

* 2 (X t) = 1 op 

From equations (5.22), (5.23) and (5.25) the peak suction specific speed 

is expressed as 

• • • 

* (S') opt = 

* I. } 3 (S') opt = 168.5 ( <P..-""t" Y' ( I+ c..c:6 (3 I "2. 4 
-.-- l '.::.11" F-> ¢:.c:pl"' 

(5.26) 

Equation (5.26) is the equation to the curve passing through peak 

values of S* for constant Xfo<. This equation is shown plotted in fig. 

(5.12) for blade angles ranging from 5° to 25°; lines of constant X* are 

also shown. 

The actual value of the net positive suction head at breakdown 

corresponding to the peak suction specific speed may be computed from 

the following relation. 

( 1-1 s"*)a (ku~)~ 

( ~~1) ( q,opr r· 
(1-ts...-*)0 3 l I+ c:.os (3 I r· • - 2 (5.27) • • ( ~;1) = -- . --

. ( <Popr)~ ~, ..... (3 <Pop I"" 

The inlet 8Jdal velocity of the fluid \.To is assumed to have a uniform 

distribution across the inducer.:inlet. Equation (5.27) is plotted in 

fig. (5ol3) for blade angles from 5° to 25° and corresponding constant X* 

lines are shown. 

Thus the cavitation performance of the ~ducer has been investigated 

with particular reference to the maximum suction specific speeds and 

minimum net positive suction heads attainable. These have been derived 

in equation. (5.26) and (5.27) in terms of blade angle and optimum flow 

coefficient, and the latter depends in turn on a correction factor which 

has to be detennined fran exper~ntal results. 

( 
~~~ ..... ('3. .L ) At this stage it should be noted that the term -\ +c.os f-> • q.~ occurs 

in many of the expressions. This suggests that a new parameter 6 be 

introduced to correlate the data, where 

9 = ( s ...... {3 ) cP 
l+c..oS~ 

Then from equation (5.1..4) the value of the cavitation parameter Ku 

at breakdown according to the ideal theory is 

(K:tl* )i = 2 e + e 2 (5.28) 
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and fran equations (5.22) and (5.25) the actual value of Ku under 

breakdown conditions is 
39 (Ku* )a = 1-29 

The correction coefficient becomes (equation (5.25) ) 

x* opt = J ' - e - 2 e).. (5·30) 

It will be seen that for small values of 9 i.e. for small blade 

angles and low flow coefficients, 

~ 
1Kli*Ji 

= 
2 - 39 - 2 8 

2 

so that the actual value of the cavitation parameter at breakdown is 

approrimatezy one and half times its ideal value. 

The last th.r8e equations (5.28) (5.29) and (5.30) indicate that the 

cavitation performance data m~ be plotted as a single fUnction of e 
irrespective of the inducer geometry and flow conditions. They can be 

applied to any chosen radius, and if this is done it is found that while 

(Ku* )i varies only slightzy with radius in a constant pitch inducer, 

(Ku*)a calculated from equation (5.29) does depend on radius, particularly 

in the case of inducers with large blade angles and large flow coefficients. 

Equation (5.30) is plotted in fig. (5.14-) which also shO\Vs the range 

of test results for the ratio A*a / Ai* canputed by Stripling from 

experimental data obtained by his colleagues. It will be seen that use 

of the new parwneter e gives quite a good correlation, and that the data 

tend to follow equation ( 5.30) which may therefore be used in design, at 

least for preliminary calculations. 

Further experimental data from Stripling are shown in fig. (5.15) 

where suction specific speed at canplete head breakdown (S' )* is plotted 

against flow coefficient <P • There is close agreement between the 

modified theocy and the results for one inducer (inducer t 1A11 for which 

(3 = 18.0°), but for inducers with lower blade angles the experimental 

values are considerably less than predicted by the theory. 

To sum up this investigation, the following conclusions may be drawn 

regarding the design and application of' inducer pumps • 

. ( 1) Cavitation performawe data at complete head breakdown condi tiona 

can be expressed as a ftmetion of the correlation parameter e irrespective 

of' the inducer's ~ometr,y and flow conditions. 

(2) The influence of' the "real fluid effects" on the cavitation 
\ 

performance of an inducer mey be estimated by assuming a correction 

coefficient X* defined as the ratio of' the actual through-flow area to 

the ideal area. Small changes in X* :impose severe limitations on the 

marim.um suction specific speed obtainable from an inducer. 

( 3) For a constant vaJ.ue of the correction coefficient .'X!" there 

exists an optimum flow coefficient at which the suction specific speed 

is a maximum. This unique solution permits the suction performance of' 

an inducer to be estimated by a modified free-streamline method without 

a lmowledge of the X*opt value. However, values other than X*opt must 
be determined experimentalzy. 
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(4) Blacle leading edge profiles can seriously affect the suction 

perfonnance of an inducer. Thinner blade sections are required for lower 

incidence angles, and the suction surface should be carefully filed so that 

the blade profile lies wholly within the shape of the free streamline. 

While the above discussion has made extensive use of fluid mechanics 

theory it is interesting to note that sane Russian results have been 

published, Dumov (97), giving design rules for tre construction of cavitation 

inducers. These rules have apparently been developed by successive trial 

and error and no indication is given of what theoretical justification they 

have, if any. 

In his paper Dumov refers to the difficUlties in arriving at a rational 

method for designing pumps for good cavitation perfonnance. These arise 

from the fact that in most cases of practical interest an exact solution 

does not exist for the problem of deternlin~g the maximum pressure drop on 

the surface of a blade in a rotating cascade. Vlhile such difficulties 

arise when dealing with perfect fluids, in practice the problem is even 

more complex because of the way in which the properties of real liquids 

depart from the ideal. 

The arrangement Dumov reccmmends is shown in fig. (5.16) for the case 

where an axial inducer is placed before a centrifugal impeller. The inducer 

consists of two blades each laid out on a helical spiral with the axial pitch 

appro:ldmately two-thirds of the outside diameter, or 

~ 1 r 
p - - 0 3 

More precise values of p are given in a nomogram in Dumov' s paper. The 

pitch is to be constant with radius so that 

p 
= 

The hub-tip ratio should be within the 11mits 

ri/ = 0.30 - 0.33 ro 

The chord- spacing ratio is approximately unity, 

As shovm in fig. (5.16) the leading edge of each blade is inclined to the 

flow in such a way that its radius of curvature is 

rL.E. = Oo64 f-o 
The blade profile is given in the table below, x being the distance 

measured along the. chord andt the blade thickness, see fig. (5.16). 

x/ c % 0 5 10 20 30 40 43 50 60 70 80 90 100 

t I tma:x: % 20 45 6o 79 _ 92 99 1oo 97 87 73 57 37 16 
The maximum thickness is equal to Y/o of the chord and occurs at a distance 

43% of the chord from the leading edge. The tip radii at the leading edge 

and trailing edge are lo;b and 8}& of the maximum. thickness t rna><: respectively. 

Dumov recommends that the inducer have a circular rim in order to 

elimirmte the possibility of cavitation in the gap between an open impeller 

and the casing and also to eliminate the hydraulic losses associated with 
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secondary flows in this gap. This advice is contrary to that of Ross and 

Banerian ( 98) who sa:y that the secondary flows across the blade tips of an 

open impeller help to alleviate the effects of tip cav:i. tation, and that 

inducers therefore should not have outer shrouds or rims. Unpublished 

evidence available to the author tends to support this view. 

The Russian paper states that the maximum suction specific speed 

obtainable fran a conventional impeller can be increased by a factor o:t: 

four by the use of an inducer of the above design. This is apparently 

accomplished without aQY loss in efficiency but whether the inducer operates 

under partially cavitating conditions is not made clear, although one would 

assume this to be the case. The limited results published by Dumov show 

that the collapse of head under extreme cavitation takes place very suddenly 

for the pump-inducer canbinations he designed. 

5.3.3 Super-cavitating Axial Flow Pumps. 

The use of super-cavitating hydrofoils in axial-flow pumps is a recent 

idea and it is too early to pronounce definitely on the prospects for its 

successful developnent. In the super-cavitating axial flow pump the impelle 

operates with cavities extending downstream from the leading edge of each 

blade; the length of the cavities is greater than the blade chord and they 

fina.lly collapse some distance behind the blades. The operation of pumps 

;: in super-cavitating regimes enables the highest suction specific speeds to 

be attained, but at the cost of reduced efficiency, increased blade stresses 

and increased susceptibility to vibration. Furtbexmore there will be many 

problems to be overcane in designing a suitable diffuser to obtain reasonablE 

pressure recovery in the flow from the impeller. 

In the ensuing discussion it is assumed that the aerofoil method of 

analysis can be applied to aQY radial station in an axial-flow super

cavitating impeller. While this assumption is necessary to provide a 

rational basis for discussion, it may represent a drastic simplification of 

the real state of affairs because the possibility of large radial flows is 

ignored. 

In the design of a super-cavitating hydrofoil the pressure surface is 

specified and the upper surface is then chosen so as not to interfere with 

the free streamline springing from the leading edge. As bas been seen in 

_fig. (5.10) the forward part of a hydrofoil tends to be very thin, giving 

rise to problems of bla..d.e stress and vibration which are absent in 

conventional impellers. 

Fig. (5.17) shows a typical blade section together with the appropriate 

velocity triangles, and defines the symbols used. The flow relative to the 

blade is considered, the velocity at the blade W being taken as the 

vectorial mean of the velocities upstream and downstream. If K is the 

cavitation number for this blade section, the net positive suction bead is 

Hsv = (h, + 
~l. ) - hv 
'2-'j 

• Hsv K 
w?. ITa z. 

0 • = - ...;.. 
2<j 2c.:J 
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J..t 'SV = 
:1. 

~a (I + K C:.OSe.C"" f-> ) 
2.'3 

':::a~ [ I + K li + _:__2 (I - 2v: f"l ] 
2.g '¥ 

= 

In this way the theoretical result is obtained 

cP [ I + K [ I -+- ~2 ( I -
Vw -"ZU 

(5.31 a) S' = 

A more general expression is obtained by multiplying the entry 

velocity head \Ta'l. /z..g by a coefficient Ko(K9> 1) so that 

S' s = = 
~I- f,2 

(5.31 b) 

This e~ation is similar to e~ation {4.17) previously derived; it has 

been plotted in fig. (5.18) for several impor1;ant oases. 

(a) K = 0, Ko = 1. This is theoretically possible for a super-cavitating 

hydrofoil and S' is then proportional to~ and increases without limit 

as cP is reduced. However in this case cavitation would be expected 

to occur in the pump entry so that in practice Ko ~ 1. 

(b) K = 0 ; Ko = 1.2 , Ko = 1.5. These curves show the upper limits 

of S' which are within the bounds of possibility. 

{c) K = 0.01 and K = 0.05. These curves show values of S' which mey 

be set as possible design objectives for super-oavi tating pumps. 

(d) K = 0.1. A curve has been drawn which represents the upper limit of 

S' at which cavitation occurs in conventional axial-flow pumps. It 

corresponds closely to K = 0.1. 

Fig. (5.18) demonstrates that much higher suction specific speeds mey 

be obtained in super-oavi tating pumps than in pumps of conventional design. 

The attainment of very higj:l S values would involve the use of low values 

of <f> , and hence reduced efficiencies. 

At the present time lift - drag ratios of super-cavitating hydrofoils 

are lower than those designed for non-cavitating flows, and the efficier.cies 

which might be obtained are therefore lower. In his preliminar,y s~, 

Norbury (99) discussed a series of super-cavitating designs based on a 

lift - drag ratio of 10, quite a realistic value. Using an "aerofoil11 analysis 

he calculated possible pump efficiencies for these designs at high suction 

specific speeds, and found that they lay closely on one curve which is plotted 

in fig. {5.19). It will be seen that the efficiency falls from about 62% 

at S' = 1000 to 40)& at S' = 5000. If the lift-drag ratio could be increased 

to 25, the calculated efficiency is around 7?1/o for these suction specific 

speeds. However, while a lift-drag ratio as high as this for a super

cavitating hydrofoil is not impossible it is definitely an optimistic estimate 

at present. 

The super-oavi tating pump is attractive in theory for applications where 

its lightness and canpaotness outweigh its lower efficiency, but its success

ful development depends on the solution of a number of problems. These 

include :-
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(1) The nature of the flow through super-cavitating impellers, in 

particular whether the flow.behaves approximate~ in the manner assumed 

here and whether the aerofoil method of design is valid. 

(2) The development of more efficient super-cavitating sections. 

(3) The avoidance of cavitation in the pump entr,y. 

(4) The development of axial or radial diffusers to handle the 

unsteaqy and non-uniform flow leaving the impeller. 

(5) Problems of stress and vibration associated with the thin 

leading edges of super-cavitating blades. Furthermore at medium or 

high heads blade tip speeds become ver,y high, possib~ beyond the strength 

and erosion resistance of existing materials. 

(6) Problems of erosion associated with the collapse of the vapour 

cavities. 

Operation with fully developed cavitation offers prospects of major 

advances in the suction specific speed of axial-flow pumps; This may 

provide the spur for the necessar,y time and money to be devoted to the 

project. A simple example quoted by Wislicenus (55) illustrates the 

advantages to be gained. Suppose that a high pressure pump is required 

to deliver 3 cusecs when the NPSH available is 20 ft. A single stage 

super-cavitating pump could operate at 15,000 - 20,000 r.p.m. corresponding 

to suction specific speeds of 2,700 - 3,600 cusec units. An impeller of 

'·only zJ" dia. would give a head of at least 5,000 ft. so that if 7afo 

efficiency could be obtained the power required would be 2,400 b.p. The 

performance specification for this pump would then be : 

Q 

Hsv 

H 

N 

s 
11 
p 

= 
= 
= 
= 
= 
= 
= 

3 cusecs 

20 ft. 

5000 ft. 

15,000 - 20,000 

2,700- 3,600. 

7afo 

2,400 h.p. 

also Impeller 0. D. -:::: zJ" 
and Casing o. D. ~ 10". 

r.p.m. 

Such a machine would be idea~ suited to steam or gas turbine drive and 

would, of course, be extreme~ compact. 

However, upon reflection one cannot help but feel that the super

cavitating pump will remain an engineering curiosity and that its 

commercial development will be slow; the difficulties to be surmounted 

require the expenditure of large amounts of time and money. The example 

of the supersonic axial-flow compressor supports this view. The supersonic 

compressor has similar advantages and disadvantages to the super-cavitating 

pump : low weight but lower efficiency and thinner blades. Despite large 

research programmes in government and private laboratories the use of 

supersonic compressors remains ver,y restricted. Perhaps the same fate 

awaits the super-cavitating pump unless some engineering breakthrough 

changes the picture radically. 



CHAPTER 6. 

REVIEW OF CAVITATION IN CENTRIFUGAL AND AXIAL-FLOW PUMPS. 

6.1 CAVITATION IN LIQUIDS OTHER THAN WATER. 

In chapters 4 and 5 reference was made to experimental results 

obtained by the author and to data published by other writers. This 

experimental evidence was obtained from pump cavitation tests on cold 

water; it can be safely applied to other liquids, since all the available 

evidence tends to show that centrifugal and axial-flow pumps are more 

susceptible to cavitation when handling cold water, possibly because more 

cavitation nuclei are present. Other liquids handled by centrifugal and 

axial-flow pumps include 

(1) hot water at elevated temperatures and pressures 

(2) hydrocarbon liquids and associated organic compounds 

(3) cr,yogenic liquids 

(4) liquid metals 

(5) molten salts. 

In most applications these liquids are used under conditions of 

temperature and pressure which are closer to their boiling points than 

is the case for cold water. Thermo-~namic considerations can therefore 

be expected to play a larger part in the development of cavitation, since 

heat transfer to and from a cavitation bubble may appreciably affect its 

growth and collapse. 

The sensitivity of pump performance to cavitation depends on the 

properties of the fluid, including latent heat of vapourization, specific 

heat, ratio of liquid to vapour density, and the rate of change of vapour 

pressure with temperature. Of these the most important is the liquid to 

vapour density ratio. Thus when water cavitates the volume of vapour 

created is 1,600 times the volume of vapourized liquid, and this vapour 

may change completely the flow in the impeller passages so that performance 

falls off drastically. In oxygen the density ratio is 257 : 1 and the 

effect of cavitation is less than for water. In hydrogen at its normal 

boiling point of 37° R the ratio is only 52 1 , and when liquid 37°R 

hydrogen flashes to vapour a relatively small increase in flow volume 

occurs, thus minimising the change in flow characteristics in the impeller. 

Pumps designed to operate with liquid hydrogen can be made much less 

sensitive to caviation than is the c~se for water, as is illustrated in 

fig. (6.1) for a typical example. 

The effect of cavitation on the performance of pumps handling less 

exotic liquids has been discussed by Salemann (103) and Stepanoff (104) 
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for hot water (up to 420°F), hydrocarbon liquids and freon. Empirical 

corrections have been proposed to predict the cavitation performance of 

pumps handling these liquids once their performance on cold water is known. 

These corrections have been derived in terms of a thermodynamic criterion, 

the ratio of the volume of vapour produced,in cavitation to the volume of 

liquid passing through the cavitation zone. This ratio is a major factor 

in determining the extent of the cavitation zone in the impeller. While 

the data presented by these writers is useful it is too restricted for any 

positive conclusions to be made regarding the range of applicability of the 

proposed criterion. 

Cavitation in pumps handling liquid metals has been studied by 

Grindell (105) and Smith et al. (106). Their work was hampered by 

uncertainty concerning the vapour pressures of liquid metals, but the 

general conclusion was that pump cavitation performance on liquid metals 

was similar to that on water. 

To sum up, the inference to be drawn from this discussion is that 

impellers designed for certain suction conditions with cold water will 

operate satisfactori~ at the same suction conditions with another liquid. 

The performance of impellers handling fluids with low liquid to vapour 

density ratios is less sensitive to cavitation, and this fact has assisted 

the development of inducer-type pumps for special liquids such as hydrogen. 

6.2 CONCLUSION 

This thesis began with a discussion of the phenomenon of cavitation 

in hydro-dynamics and then moved on to consider its influence on the design 

of impellers for centrifugal and axial-flow impellers. In general there. 

are two performance criteria for impeller design : 

(1) Maximum efficiency at specified duty (or duties) 

(2) Optimum cavitation performance at specified duty (or duties). 

The primar,y objective of the thesis has been to develop methods for meeting 

the second criterion, which may not necessari~ be compatible with th~first 

It was pointed out in Chapter 4 that a centrifugal impeller for high suction 

specific speed would not give the maximum efficiency possible, because in 

effect its entr,y would be designed for a flow greater than that specified, 

whereas its outlet and the deliver,y passages in the pump casing would be 

designed for the flow specified. 

In order to provide a rational basis for the design of centrifugal 

and axial-flow impellers for optimum cavitation performance, it is necessar.y 

to have 

(1) quantitative knowledge of the mechanics of cavitation 

(2) quantitative knowledge of the flow in a rotating impeller. 

Chapters 2 and 3 surveyed current ideas of the mechanics of cavitation, 

and some of the theoretical aspects of the flow in impellers were discussed 

in Chapter 4· These are both complex subjects, so much so that at the 

present time it is not possible to calculate from first principles the 
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cavitation performance of a new impeller. By analyzing experimental 

data from teats on existing designs, it is possible to build up a semi

empirical theor,y which can be extended to make predictions of the perform

ance of new designs. 

Centrifugal and axial-flow pumps have been built for many years and 

in many respects the art of their design is well developed. There are, 

however, exceptions to this generalization, particularly in the field of 

performance under cavitating conditions and at off-design conditions 

generally. With regard to cavitation, this thesis has examined current 

design practice; it is noteworthy that progress to date has been achieved 

without a solution of several problems of a fundamental nature, namely, 

the definition of cavitation inception, the problem of scale effects, and 

the determination of blade pressure distribution. 

(1) Definition of Cavitation Inception. 

A number of questions arise here. Should the inception of cavitation be 

defined by visual or sonic means or by observations of performance? Does 

inception of cavitation occur at the vapour pressure or will the liquid 

support a tension? What is the importance in practice of the difference 

between "desinent" and "incipient" cavitation? Can the onset of "gaseous" 

cavitation be distinguished from that of "vapourous" cavitation? 

(2) Scale Effects. 

Under what conditions is it possible to predict the cavitation performance 

of large hydraulic machiner.y from tests on models? While individual 

manufacturers may have been able to obtain partial answers to this question 

in the light of their own operating experience, a general answer is not 

known. 

(3) Blade Pressure Distribution. 

The question here is - What is the pressure distribution around an 

impeller blade? Detailed calculations of the flow in a rotating impeller 

can be carried out base~ on perfect fluid theor.y but this involves laborious 

mathematics. The advent of the electronic computer has now made the results 

of such calculations available to the designer. Commercial factors then 

enter the picture is it economically worthwhile for the designer to hire 

or buy a computer in order to obtain a more complete mathematical descrip

tion of the flow through th~ impeller, bearing in mind that this description 

is limited by the assumptions of perfect fluid theor.y and that he can 

achieve a design almost as good himself at lower cost. The position may 

well be reached where a large amount of money and effort is expended in 

attempts to obtain marginal improvement in performance. 

Fig. (4.13) summarised the limits of performance of conventional 

pumps, but it was later shown that these limits could be greatly extended 

by designing for cavitating and super-cavitating flows. A strong impetus 

has been given to this subject by the requirements of light, high-speed 

pumps for liquid fuel rockets, also by the prospect of increasing ships' 

speeds with super-cavitating propellers. In these fields more prosaic 
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engineering considerations tend to be superseded by the requirements o~ 

milita~ technology, national defence, and national prestige. One can 

expect therefore that developments in the use of cavitating impellers 

will be rapid, and that these developments will be firmly based on the 

theo~ of cavitating and super-cavitating flows. Some of the important 

aspects of this theo~ have been studied in Chapter 5, and an estimate 

has been made of the ultimate limits that may be placed on the cavitation 

performance of centrifugal and axial-flow pumps. 

In conclusion, the subject of cavitation has been considered from the 

viev~oint of the pump designer, who is concerned not so much with making a 

deep theoretical study but with developing methods which will enable him 

to achieve good design, even if this means taking short cuts on the way. 

The thesis has been written with the intention of combining an account of 

the theo~ of cavitation with an examination of the practical details of 

its influence on impeller design. Where the inevitable gaps between 

theo~ and practice have appeared, the way has been pointed to further 

studies which would help to eliminate them. 
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APPEND I X I. 

The impeller cavitation coefficient may be expressed either by 

using the mean axial velocity of approach at the impeller eye lTa , 

or the mean velocity at the blade inlet lrw-. ~ Thus, 

Ka = Hsv 

Km = Hsv 

In what follows suffixes "a" and 11m11 will be used with the coefficients 

~ , Ko and K 1 to denote whether they are based on u-a or lT""' • 

Equation (4.13) can be written 

\T: .2.. Wo 4 

ko 
a 

~a (a) Hsv = + 0 2g 2g 

v:-2. w~ 
2. 

Hsv Ko.,.... """ ~--- (b) or = + 2cg 2CJ 

• ( Koa + ~a) 
v-2. u2. 

(c) Hsv a + Ra • • = 2.g 2g 

and Hsv = ( ko""' + 
~ ) lr""' 2. + ·~z ~ (d) 
~ '2. ""' 2c:J 9 

• . ( 1<, a ) 
u-2. u~ 

Hsv 
Q 

I:< a (e) • • = + 
'2q '2.'3 

(k,~) u-""" 
l. u2 

and Hsv = + b.""' (f) 
'2c;J '2..<;j 

In the text the two expressions for Hsv, (e) and (f), were made 

equivalent by putting 

'<a = !<...._ = K 

1<., v-2.. 
k,"""' 

2. 

and = tr""" a a 

i.e. k, = f,:z.. k,""'"' (g) . ~ 
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