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/k~UNDARY EFFECT ON CAVITATING FI,('Aq PAST A CYLINDER 
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The widespread method of reducing data obtained in model ex- 
periments on a flow of finite width to the conditions of an infinite flow 
has been verified experimentally. The experiments were conducted on 
cylinders from 5 to 20 mm in diameter at a relative constriction of the 
working chamber (d/b)varying from 0.05 to 0.40. The parameters 
characterizing the flow, namely, resistance, pressure coefficient, and ca- 
vitation number, were reduced to the conditions at infinity using extra- 
polation curves as a function of the relative constriction of the flow to zero 

value of the constiction. It was shown that use of an equivalent velo- 
city is not always justified and may iead to errors. The cause of these 
errors resides in the fact that the increase in equivalent velocity at 
the profile of the model is nonuniform and is affected not only by the 
flow boundaries but also by the stage of cavitation, i. e . ,  the shape and 
size of the cavitation zone. The true value of the correction can be 
determined only be a series of experiments at different flow constric- 
tions but the same Reynolds number. 

NOTATION 

a height of working chamber; b width of working chamber; b c 
maximum width of cavitation zone; C x drag coefficient; d diameter 
of cylinder; h its height; g acceleration of gravity; k equivalent velo- 
city coefficient; lc length of cavitation zone; to length of separated 
part of zone; N number of sep.aratlng cavities; p hydromechanical pres- 
sure; Pc pressure in cavitation zone; Pv water vapor pressure; P pressure 
coefficient; q velocity head; r radius of cylinders; R Reynolds number; 
S Strouhal number; u velocity at cylinder profile; v flow velocity up- 
stream from model; v= flow velocity with aI1owanee for constietion 
due to model-equivalent  velocity; X drag of model; 8 relative width 
of cavitation zone; ZXv velocity increment; y weight of unit volume of 

water; x cavitation number; X c relative length of cavitation zone: ),0 
relative leffgth of separated part of cavitation zone; u kinematic visco- 
sit-y; 0 angle between axis of piezo aperture in model and direction of 
flOW. 

Subscripts: *,-for flow of infinite width; b-for flow of finite width: 

Peo - -  Pv P - -  Poe v 2 dvoo 

• - "rq P - "rq q = ~ g - '  p" = - - 4 -  ' 

Nd X b le 
S ~  z ,~  ' C x - h d % c  T , k - -  b - - d '  s  d ' 

lo bc (1) 
X o = - d - ,  3-- d " 

1. Owing to the presence of the wails opposite the end faces of 
the model, the uniform velocity curve at the measuring section is 

distorted by the boundary layer as a result of which the drag distribu- 
tion along the model also becomes nonuniform. The effect of these 
wails can be eliminated, if the drag is determined from the pressure 
distribution at the mid-section of the model and the measured pressure 
values are reIated to the velocity at the axis of flue working chamber. 

However, the presence of the other two wails must also have an 
effect on the flow past the middle eiement of the mode1 as compared 
with a flow of infinite width. 

There have been more theoretical than experimental studies of 
the effect of flow boundaries [1-15]. The theoretical studies relate 
primarily to the influence of chamber width on drag, lift force, and 
the dimensions of the cavitation zone, genera?ly for a very small range 
of the ratio d/b and small cavitation numbers z. 

It has been recommended that the measured values of the hydro- 
dynamic pressures be referred to a velocity equivalent to the velocity 
of a flow of infinite width and computed, in our investigations, from 
the formula [16-18] 

b 
v~ = vk = v  ~ . (2) 

In studies of cavitation erosion [19, 20] it is often necessary to 
know the effect of the boundaries over a quite wide range of values of 

the ratio d/b on other characteristics of the flow, for example: the 
Reynolds number R, the Strouhal number S, and the cavitation number 
~r for different stages of cavitation X. 

d, mm 

5 
8 

iOa 
10b 
12 
15 
2O 

Table 1 

d/b v,msec" 

0.05 17 5 
0. t6 
0.20 t2~5 
0.20 1~.2 
0.24 
0.30 4.4 
0.40 5.86 

k B ,10 -~  

i .03 0.62 
t.09 0.65 
1.t t.38 
1.t t.02 
t . t8  t , 4 6  
t .2t 0.80 
1,44 t. 68 

2. The experiments were conducted in a water tunnel, cross section 
of working chamber a x b = 20 x 50 ram. Six cylindrical models were 
tested at ratios d/d = 0.1 - 0.4. The test conditions are shown in Ta- 
ble I. The Reynolds numbers R in Table t were calculated using values 
of k obtained as a result of the present investigation with extrapolation 
of C x. As Table 1 shows, in these experiments the influence of the Rey- 
nolds number on the drag C• was relatively small. 
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The experiments consisted off 1) observations of the development 

of a cavitation zone in relation to the cavitation number, accompanied 

by measurements of the dimensions of the cavitation zone; 2) measure- 
ments of the pressure distribution at the mid-sect ion of the models, the 

water temperature, and the barometric pressure. In order to measure 

the pressure at different points of the cross section, using the same piezo 

aperture, the model, connected with a vernier scale, could be adjusted 

at an angle 0 between the flow axis and the axis of the piezo aperture. 

The flow axis was found as the axis of symmetry of the pressure coef- 

ficient curves P = P (O). 
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Fig. 2 

tance from the axis of the model to the point of transition from the 

part of the cavity adjacent to the model to the part with a bubbly 

structure at the end of the cavity. As found previously [ 21, 22], the 

pressure in the hoIlow part is equal to the water vapor pressure Pv in 

the bubbly part of the cavity pc/Pv . An examination of Fig. 1 1cads to 

the following conclusion. 

In spite of the similari ty of the Reynolds numbers for the models in 

each of the two groups (diameters 5, 8, and 15 mm and diameters 10, 
12, and 20 mm), there is no similari ty in the development of the cavita- 

tion zones. In al l  stages, with increase in the ratio d/b the cavitation 

zone develops closer to the model as a result of an increase in positive 

pressure gradient [23]. Thus, for models 5 and 8 mm in diameter in the 

ini t ial  stage we have k c = 3 and for a model 15 mm in diameter k c = 1 

At the same time, with increase of d/b the maximum width of the ca- 
vitation zone moves closer to the model and decreases from ~ = 1.5 to 

t5 = 1.25. For the separated stage, at k = ~,  the number ~ = 0.5, where-  
as for zero pressure gradient it must be equal to 0. 

The pressure distribution of six cylinders in the absence of cavi ta-  

tion is shown in Fig. 2, the pressure coefficient relation P(d/b) in Figs. 

3, 4, the drag of these cylinders Cx(d/b ) and the angles corresponding 

to the characteristic points on the pressure distribution curves 0ml a 

(d / b), 0~80 o, (d / b), inFig. 5. Applying the extrapolation method to 
C x (d/b), we can express it by means of the two formulas 

C x = O . 8 t - [ - 5 ( d / b ) 2 ,  Cx=O.74 -~ -5 (d /b )2 .  (3) 

These differ with respect to the constant, possibly as a result of 

the difference in Reynolds numbers (Table 1), except for the C x for 
the cylinder d = 15 ram. The drag of this cylinder is considerably dif- 

ferent from that which might have been expected from (3). This dfs- 

crepancy may be attributed to the fact that the pressure Pmin is less 

than what it should be according to the relation Pmin (d/b) for the 
cylinders with d = 5, 8 and 10 mm (Fig. 4). In its turn, the deviation 

of Pmin from the general Iaw is probably due to the unique character 

of the dependence of the angle 0mi n (d/b). There is a certain value 
d/b ~ 0.20, at which 0min assumes a min imal  value and after which 
the point with the value Pmin begins to move in the direction of flow 
(Fig. 5). 

The drag of the cylinders was found by planimetry from the pres- 

sure graphs P = f(r) without allowance for friction drag, which forms 

only a small  fraction of the total drag (1-2%). 
The results of the experiments were analyzed using extrapolation 

curves, on which the value of the parameter was plotted as a function 

of the ratio d/b. The value of the parameter obtained by extrapola- 

tion to the value d/b = 0 was taken as equal to that for a flow of infin- 

ni te width. 
3. The results of visual measurements of the cavitation zone are 

presented in the graphs showing the lengths k c = l c / d  and k0 = 10/d and 
the maximum width of the zone/3 c = bc /d  as a function of the ratio 
d/b (Fig. 1)~ the graph for d = 10 mm was comtructed for R = 1.38 �9 105. 
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Fig. 3 

Some idea of the structure of the zone is given by k0, the length 
of the separated part of the zone. The length /c is defined as the dis- 
tance from the axis of the model to the point at which the jets bound- 

ing the cavi tat ion zone join, while the length /~ is defined as the dis- 
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Fig. 4 

Accepting this explanation of the deviation of C x and Pmin for d = 
= 15 mm from the general laws in terms of the simultaneous opposing 
influence of the flow boundaries and the Reynolds number, in the sub- 
sequent analysis of the pressure distribution over the cylinders we used 

the extrapolation method (Figs. 3, 4). 
Employing this method, we shall consider the question of the value 

of the equivalent veloci ty for reducing the pressure to the conditions 
for a flow of infinite width. In accrodance with the definition of the 

pressoze coefficient P (1), the increase in veloci ty at different points 
of the mid-sect ion of cylinders in a flow of infinite width and a flow 
of finite width may be found from the formulas 

u - -  v o o  _ _  ] / i  - -  P o o  - - l ,  AVoo -- Vo ~ 

U b - -  Voo  A~b-- v ~ - V i - - e b - - i '  

(4) 
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where  the subscript  ~o ind ica t e s  that  the g iven  quant i ty  re la tes  to a 

mode l  with d /b  = 0, and the subscript  b to a model  with d /b  > 0. 

Then the in f luence  of the flow boundaries on the v e l o c i t y  at  any 

point  of the m i d - s e c t i o n  may  be e s t ima ted  from the v e l o c i t y  inc re -  

men t  in accordance  with the formula 

A v  b - -  Avco 
Av . . . .  (,5) 

The results of computa t ions  of Av are presented in the graph of 

Av(d /b )  for six cyl inders ,  two curves being g iven  for the cy l inder  d = 

= 10 ram: at ve loc i t i e s  v = 9.2 and 12.5 msec  -1 (Fig. 6). The increase  

t. ~,s,.q, e~,,.~ t'~/. 
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Fig. 5 

in equ iva l en t  v e l o c i t y  over  the profi le  is nonuniform. The changes  in 

Av are most  cons iderab le  in the  l ead ing  ha l f  of the prof i le  and at l a rge  

rat ios  d /b .  This means  tha t  to correct  the pressure coe f f i c i en t  for the  

e f fec t  of the flow boundar ies  the equ iva l en t  v e l o c i t y  must  be found 

for e a c h  point  of the prof i le .  It is not pe rmiss ib le  to use formula (2), 

a l though for such an accu ra t e  cons idera t ion  of  the ef fect  of  flow width  

laborious expe r imen t s  are required.  To avoid  these d i f f icu l t ies  in f ind-  

ing C x by the pressure d is t r ibut ion method ,  i t  is necessary find C x from 

the  urtreduced pressures, d e t e r m i n e  the equ iva l en t  v e l o c i t y  v~o, using 

the  ex t r apo la t ion  of C x to the  va lue  d / b  = 0, and find the equ iva l en t  

v e l o c i t y  i n c r e m e n t  from the formula  

C ~cb " z/, 

= (-e-C) - , .  (6) 

The results of  comput ing  Av from the da ta  of our expe r imen t s  and 

from the da ta  of other authors are presented in Fig. 7, in which: 1 de -  

notes e x p e r i m e n t a l  data  ob ta ined  in our inves t iga t ions ,  2 the same  ac -  

cording to Fage [2]. and 3 the same  accord ing  to Thoma  [1]; the  broken 

l i n e  represents  the t heo re t i c a l  r e l a t ion  of [3], the sol id  curve  was 

constructed using points 1. The r e l a t i o n A v ( d / b )  is sa t i s fac tor i ly  de-  

scr ibed  by the equa t ion  of a parabola  

Av = 3oo (d/b)~. (7) 

The e x p e r i m e n t a l  values  for Av obta ined  by a l l  the  authors differ 
cons ide rab ly  from the  t heo re t i c a l  va lues .  
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To reduce the values  of the c a v i t a t i o n  number  to the condi t ions  

corresponding to an in f in i t e ly  wide flow, i t  is necessary to use the same 

me thod  as for C x. These relat ions have  been plot ted  on the graph of 

x (d /b)  for fllree stages of cav i ta t ion :  for the i n i t i a l  s tage  k c = 0, for 
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Fig. 7 

the s tage  X c = 3, and for the separated stage X c = ~ (Fig. 8). The in-  

c rements  Av, de t e rmined  from this graph, depend on the s tage  of c a -  

v i t a t ion .  For each  s ta te  of c a v i t a t i o n  there  is a par t icu lar  equ iva l en t  

v e l o c i t y  for reducing n to the condi t ions corresponding to an in f in i t e  

flow. For cyl inders  d = 10 and 12 m m  the leas t  va lue  of Av is tha t  

for k c = 3. The values  of Av increase  both in the d i rec t ion  of k c = 0 

and in the d i rec t ion  of k = ~. 

The results of the exper iments  to e l u c i d a t e  the effect  of the 

boundaries  on C x and P can also be used to c la r i fy  the quest ion of the 

va lue  of the equ iva l en t  v e l o c i t y  in comput ing  the Strouhal number  S. 

z ~  a32 

Fig. 8 

For deve loped  cav i t a t i on  i t  is possible to write for the j e t  bordering the 

cav i ty ,  from the sec t ion  M to the sec t ion  of m a x i m u m  const r ic t ion  of 

the je t  by the cav i t y  M c, 

Pco r 2 Pc Vc'a 
T q '-)g T + 9g �9 (8) 

From Eq. (8) we find the pressure coef f ic ien t  at the point  M c 

Pc -- p~ -- Pm _ i --__%: (9) 
'~q v ~ 

analogous to the pressure coe f f i c i en t  at  some point of the mode l  (see 
formula for P (1)). 

We can put Pc = Pv' and then 

• = :  - -  P c  �9 ( 1 0 )  

At constant  v e l o c i t y  v, the c a v i t a t i o n  number  wiI1 be a function 

of the v e l o c i t y  v c, The number  of separa t ing  cav i t i e s  N = SVc/d must  

also be found in r e l a t ion  to these changes  in v c. Otl this basis, for 
e x a m p l e ,  in expe r imen t s  to d e t e r m i n e  S for models  with d =10 and 12 

m m  at k = .q the equ iva l en t  v e l o c i t y  v may  be equa l  to the v e l o c i t y  
ob ta ined  from the ex t r apo la t ion  curve for ~ in the a b o v e - m e n t i o n e d  
stages of cav i t a t i on .  To reduce the Reynolds number  to the condi t ions 
for an in f in i te  flow, i t  is l og i ca l  to t ake  the inc rement s  Av equa l  to 

the v e l o c i t y  inc rement s  for comput ing  C x. 
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8y way of example ,  Tab le  2 gives the results of de te rmin ing  by the 
ex t rapola t ion  method the values of Av fro) which must  be used to re- 

duce the values of the parameters  (first column)  to the conditions at 
infinity for flow past eyi inders  with d = 10 and 12 ram. 

Para-  

m e t e r  

C:c 

P50 a 

L'rai n 
IJ780o 

Table  2 

d, m m  Para-  ! d, m m  

10 ~2 mete r  10 ~2 

t2 17.5 •  [ 24 33 
t2 17.5 t8 26 
t9  22 • =or 39 52 
17 30 8 18 26 
28 4i ace. to (2) 25 32 

The last  row of Table  2 gives ZXv computed from formula (2). 

CONCLUSIONS 

1. Reduction of the expe r imen ta l  data charac te r iz ing  cav i ta t ing  

flow past a cyl inder  in the straight  working chamber  of a water  tunnel  

to the conditions corresponding to a flow of inf in i te  width using the 

equ iva len t  ve ioc i ty  found from the cont inui ty  equat ion may  lead  to 

errors in de te rmin ing  these parameters .  

2. The cause of these errors resides in the fact that  the increase 

in equ iva len t  ve loc i ty  over the profi le of the cy l indr ica l  model  is 

nonuniform and is affected not only by the flow boundaries but also 

by the stage of clevelopment  of cav i ta t ion ,  i. e . ,  the  change in the 

shape and dimensions of the cav i t a t ion  zone as a function of the c a v i t a -  

t ion number .  The true value  of the correct ion can be found only from 

a series of exper iments  at different  ratios d /b  for iden t i ca l  Reynolds 

numbers and cav i t a t ion  stages using the ext rapola t ion  method.  
:L According to studies of the sca le  effect  by the method described 

in [20], in exper iments  on cav i t a t ion  erosion it is necessary to use the 
cav i t a t i on  drag for cyl inders  de te rmined  under iden t i ca l  conditions of 

constr ic t ion of the working chamber  by the model .  In comparing the 
results of exper iments  conducted in different chambers  i t  is necessary 
t ake  into account  the effect  of a possible difference in pressure gra-  
dients along the axis of the chambers  on the va lue  of the cav i t a t ion  

parameters .  
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