
O P E R A T I O N  O F  A F L U I D  J E T  A M P L I F I E R  I N  

T H E  C A V I T A T I O N  R E G I M E  

B.  A .  C h e r n y a v s k i i  a n d  K.  K.  S h a l ' n e v  

It is  e s t ab l i shed  that  a Coanda-effec t  f luid j e t  a m p l i f i e r  cont inues to function in the in i t ia l  and i n t e r -  
media te  s t ages  of cavi ta t ion .  However ,  in the sepa ra t ion  s tage ,  which extends to the output channels ,  the 
effect is d i s rup ted  and the a m p l i f i e r  can no longer  function no rma l ly .  

a - width of nozzle  exit  sec t ion  

b - width of output channel  

c - e jec t ion  coeff ic ient  

d - width of working c h a m b e r ,  height of a m p l i -  
f i e r  

e - flow d i sp l acemen t  

h -  sudden expansion of d i f fuser  

l - d i s t ance  f rom nozzle  to flow d iv ide r  

P 0 -  p r e s s u r e  in d i f fuser  channel  

p ~ - p r e s s u r e  u p s t r e a m  f rom nozzle  

P r o -  p r e s s u r e  on eddy axis  

Pl - p r e s s u r e  at  p e r i p h e r y  of eddy in pocket  

P2- 

P w -  

p r e s s u r e  at  p e r i p h e r y  of eddy nea r  t ip  of 
flow d iv ide r  

p r e s s u r e  at d i f fuse r  wall nea r  nozzle  exit  
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- l iquid vapor  p r e s s u r e  

- p r e s s u r e  coeff ic ient  

- e j ec t ed - l i qu id  flow r a t e  

- Reynolds number  

- flow ve loc i ty  at  nozzle  exit  

- ve loc i ty  at  p e r i p h e r y  of eddy in pocket 

- ve loc i ty  at  p e r i p h e r y  of eddy nea r  t ip  of 
flow d iv ider  

v 0 - v e l o c i t y  of e jec ted  l iquid in output channel 

- d i f fuse r  d ive rgence  angle  

- nozzle  en t rance  ha l f -ang le  

v - k inemat ic  v i scos i ty  

p - dens i ty  of l iquid 

u*  - cavi ta t ion  number  co r r e spond ing  to onset  
of cavi ta t ion  

~ 0  _ cavi ta t ion number  co r r e spond ing  to onset  of 
s e p a r a t i o n  s t age  

R e s e a r c h  on f luid j e t  a m p l i f i e r s  has  shown that  t h e r e  is  a maximum je t  ve loc i ty ,  above which it is  
imposs ib l e  to obtain a t t achment  of the j e t  to the d i f fuse r  wall .  The l imi t ing  value of the cavi ta t ion  number  

= 2(p~o - Pv) /pv  2, at  and below which the a m p l i f i e r  will  not function, is  equal to >t ~ = 1.2 [1]. Accord ing  
to o ther  s o u r c e s  [2] u~ = 1.3. In [3] it  was found that  the opera t ion  of a fluid j e t  a m p l i f i e r  in the cavi ta t ion  
r e g i m e  is  c h a r a c t e r i z e d  by s e v e r a l  d i s t inc t  s t ages  of cavi ta t ion  development ,  f rom the in i t ia l  s tage ,  in 
which the f i r s t  cavi ta t ion  bubbles  a p p e a r  in the flow, to supercav i t a t ion ,  when the j e t  is  no longer  a t tached 
to the d i f fuse r  wall .  F u r t h e r  inves t iga t ion  has shown that  the g e o m e t r y  of the flow zone has a c o n s i d e r a b l e  
influence on the c r i t i c a l  ~*  and min imum ~~ va lues  of the cavi ta t ion  number  (~* = 1.3-3.6,  ~4 ~ = 1.05-1.4).  

1. Our expe r imen t s  were  p e r f o r m e d  in the GT2 and GT3 water  tunnels  of the Ins t i tu te  Of P rob lems  
of Mechanics ,  Academy of Sc iences  of the USSR, whose working c h a m b e r s  m e a s u r e  12 • 25 and 24 • 100cm 2, 
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F i g .  2 

r e s p e c t i v e l y ~  In t he  GT2 tunne l  we i n v e s t i g a t e d  f lu id  j e t  with t he  

fo l lowing  g e o m e t r y :  q~ := 45 ~ a = 3 r am,  d = 12 r am,  c~ := 22 ~ h / ~  = 
0 .5-2 ,  l / a  = 4.7, 6.5, 12.4.  The  f lu id  j e t  a m p l i f i e r s  i n v e s t i g a t e d  in 
the  GT3 tunne l  had  two t y p e s  of  n o z z l e s :  c o n i c a l  with a = 8.5 r am,  

= 45 ~ d = 2 4 m m ,  a n d A S M E  type  [4] with a = 1 1 . 5 ,  d = 24 ram,  

and a d i f f u s e r  with (~ = 22 ~ h / a  = 0-2 ,  l[a = 2-~.  

The  f low v e l o c i t y  and p r e s s u r e  in the  m o d e l s  w e r e  i n d e p e n -  
den t ly  r e g u l a t e d .  Dur ing  the  e x p e r i m e n t s  the  n o z z l e  ex i t  v e l o c i t y  
v = 5-25 m / s e c ,  and the  p r e s s u r e  in the  b a l a n c e  t ank  was v a r i e d  
f r o m  0 to 3 gage  a rm.  T h e s e  v e l o c i t y  and p r e s s u r e r a n g e s  enab l ed  
us  to c r e a t e  v a r i o u s  c a v i t a t i o n  r e g i m e s  on the  R e y n o l d s  n u m b e r  in -  
t e r v a l  R = va/u = (1-25)- 104. 

The onset of cavitation was determined visually from the 
appearance of cavitation bubbles accompanied by a characteristic 
sound (crackling). 

Other experiments were performed in a water channel with 
open circulation. Despite the low flow velocity and small Reynolds 
number (R = 3000), by means of these experiments we were able to 
obtain a quite detailed picture of free-vortex flow through the 
models. 

2. According to our open-channel experiments (Fig. I), the 
flow of liquid through the amplifier is accompanied by two eddy 
systems. One consists of eddies moving along the inner and outer 
surfaces of the jet leaving the nozzle. The other is observed at the 
tip of the flow divider in the ejected stream flowing from one out- 

put channel into the other. 

Visual observation of cavitation development in these models 
showed that cavitation first develops in the eddies of both systems, 

but at different ~. 

The effect of the Reynolds number R = (1-25). 104 on ~4" and 
~4 ~ is only slight for an amplifier of the given design and it may be 
assumed that ~t* and ~4" do not depend on R. The occurrence of 

c a v i t a t i o n  i s  a l s o  i ndependen t  of  the  t ype  of  nozz le~  H o w e v e r ,  i t  is  a f f e c t e d  by  the  r e l a t i v e  width of the  ou t -  
put  channe l  b / a ,  a s  fo l lows  f r o m  F ig .  2a, w h e r e  we have  p lo t t ed  ~* = f ( b / a )  [ c u r v e s  i and  2 b a s e d  on Eqs .  
(5) and  (8), r e s p e c t i v e l y ]  and ~~ = f ( b / a )  ( cu rve  3 b a s e d  on w a t e r  tunne l  e x p e r i m e n t s ) .  At  b / a  _> 2 c a v i t a -  
t ion  b e g i n s  in the  npocke t , "  the  r e g i o n  bounded  by the  n o z z l e  ex i t ,  the  i n n e r  c o n c a v e  s u r f a c e  of t he  j e t ,  and  
t h e ' d i f f u s e r  wal l .  On the  i n t e r v a l  2 -< b / a  <- 5 ~ *  = 1 .8 -1 .5 ,  a t  b / a  >- 5 ~ *  = 1.5. 

At  b / a  ~ 2 the  c r i t i c a l  r e g i o n  fo r  c a v i t a t i o n  is  the  v i c i n i t y  of the  t ip  of  t he  f low d i v i d e r .  As  b / a  d e -  
c r e a s e s  to b / a  = 1.5, the  n u m b e r  %* i n c r e a s e s  to ~ * =  3.6, then  f a l l s  a s  b / a  c o n t i n u e s  to  d e c r e a s e .  

T h e  p r o g r e s s i v e  d e v e l o p m e n t  of  c a v i t a t i o n  in an  a m p l i f i e r  with b / a  = 2 is  shown in F i g .  3, w h e r e  
f r a m e s  a ,  b ,  and  c c o r r e s p o n d  to ~4 = 1.5,  1.3, and  1.15.  In t h e s e  e x p e r i m e n t s  v = 21 m / s e c ,  R = 2.4.10So 
Cav i t a t i on  d e v e l o p s  s i m u l t a n e o u s l y  in the  pocke t ,  on the  c o n c a v e  s u r f a c e  of  the  j e t ,  and  n e a r  t he  t i p  of  the  
f low d i v i d e r .  As  ~4 f a l l s ,  the  c a v i t a t i o n  zone  g r o w s  and the  sound  b e c o m e s  m o r e  i n t e n s e .  At  ~ = 1.41 c a v i -  
t a t i o n  d e v e l o p s  on the  convex  s u r f a c e  of  the  j e t .  A t  ~ = 1.3 (F ig .  3b) the  f low in the  d i s c h a r g e  channe l  c o n -  
s i s t s  a l m o s t  c o m p l e t e l y  of  a m i x t u r e  of v a p o r - a i r  b u b b l e s  and l iqu id ,  but  the  a m p l i f i e r  con t i nues  to func t ion  
n o r m a l l y .  At  ~ = 1.15 (F ig .  3c) the  s e p a r a t i o n  s t a g e  of s u p e r c a v i t a t i o n  b e g i n s ,  the  p r e s s u r e s  o n e i t h e r  s ide  
of t he  j e t  a r e  e q u a l i z e d ,  and  the  j e t  s e p a r a t e s  f r o m  the  wal l  and  f lows s y m m e t r i c a l l y  p a s t  the  d i v i d e r .  The  
r e l a t i o n  ~ ~  i s  g iven  in F i g .  2a. 

3. T h e  d e t e r m i n a t i o n  of  u *  r e d u c e s  to the  d e t e r m i n a t i o n  of  the  m i n i m u m  p r e s s u r e  in t he  a m p l i f i e r .  
We wil l  f ind  t h e  m i n i m u m  p r e s s u r e  f r o m  the  fo l lowing  c o n d i t i o n s :  

1) the  p r e s s u r e  m i n i m u m  in the  f low s e p a r a t i o n  r e g i o n  i s  l o c a t e d  on the  a x i s  of  the  e d d i e s  p e r i o d i c a l l y  
e n t r a i n e d  by the  f low;  
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Fig. 3 

Fig. 4 

Then 

2) within each eddy the liquid rota tes  at a constant 
angular  velocity [5]; 

3) the p r e s s u r e  at the boundary of the eddy and the jet  
and at the diffuser wall near  the nozzle exit a re  equal [6]. 

With these assumptions,  on the eddy axis 

p ~  = p~,~ _ 1/~ P~I,~ ( 1 ) 

In o rde r  to find the minimum p r e s s u r e  in the pocket, we 
write Bernouilli~s equation for the jet  f rom the section 0-0 at 
the nozzle exit to a section 1-1 through the eddy axis normal  
to the channel axis (Fig. 4) 

p, -- pl = I/~P (vl~ -- v2) (2) 

Using Eqs. (1) and (2), we find 

u *  = 2 ( v l ~ / v  ~ - -  0.5) (3) 

The p r e s s u r e  coefficient at the per iphery  of the eddy 
Pl~ 2(p 1 - p0}~pv 2 is t rans formed,  using expression (2), to 

pl ~ -- i - r / v~ (4) 

Comparing (3) and (4), we find that 

~ . = i - 2 V w  o 

s ince f rom our  third condition we have pl ~ = pw ~ 
�9 + rq. 

replace  the relat ion n*(b/a)  with the relat ion ~ *(Pw ~ 

The experimental  ~* (Fig. 2a) a re  approximately 7% 
g rea t e r  than those ealeulated f rom Eq. (5), where pw ~ was 
taken f rom [3]. 

In o rder  to find the minimum p r e s s u r e  near  the tip of 
the divider,  we write Bernouilli~s equation for the part  of the 
flow f rom a section passing through the output channel, f rom 
which the ejected liquid flows, to a section 2-2 passing through 
the axis of the eddy at the tip of the divider and normal  to the 
axis of the channel, through which the main and ejected flows 
a re  d ischarged (Fig. 4). Here  we assume that the velocity v 0 
is smal l  and may be neglected. Then 

p~ = p~ - V~p~, ~ (6 )  

We find the velocity v 2 f rom the condition [5] 

e =  0.63 ( b ~  a) 

where e is the displacement  of the flow f rom the divider wall 
associa ted  with the bending of the s t r e s s  of ejected liquid. 

(5) 

Thus, we can 

Q 
v2 = 0.37 (b - -  a )  (Q . . . .  ) (7) 

Starting f rom Eqs. (1), (6), and (7), we obtain an expression for  determining the cr i t ical  cavitation 
number  in the neighborhood of the divider tip 

•  ~ i  .~ t4.6 ( b / a - - ~ )  ~ (8)  
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An investigation of Eq. (8) with the relation c(b/a) (Fig. 2b) represented in the exponential form 

= 0.25 [1 - e~,p ( b/a - ~ .2  / ] \ -  02 /j 

indicates the existence of a maximal  b/a = 1.5, n* = 3.6. As the a rea  of the output channel inc reases  
(b/a > 1.5), the velocity in the output channel v 2 dec reases .  As the a rea  of the output channel dec reases  
(b/a < 1.5), the velocity v 2 l ikewise dec reases  owing to the reduced ejected flow. A dec rease  in v z leads 
to an increase  in p r e s su re  in the neighborhood of the divider tip and to a fall in the value of the cr i t ica l  
cavitation number n*. 
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