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We consider problems associated with the appearance and development 
of cavitation in the flow of a liquid through channels with local con- 
striction. For the case of separa~on flo~ we have derived an equation 
which associates the parameters of three sections of the channel., at the 
inIet, at the cross section of the stream, and at the outIet; this equa- 
tion has been confirmed through experimentation on cold and hot 
water, as well as on kerosene. 

Variously  shaped channels  made ofp lex ig las  (Fig. 1) 
s e rved  as the object  of the study, and eaeh of these  
ehannels was placed inside a t r anspa ren t  tube con-  
nected to a con ta iner  f i l led  with a liquid whose s u r -  
face was open to the a tmosphere .  The other  end of the 
tube was connected to a m e t e r i n g  conta iner  which was 
evacuated by means  of a vacuum pump. As the liquid 
flowed through the channel,  we de te rmined  the volu-  
m e t r i c  flow ra te  as a function of the p r e s s u r e  d i f f e r -  
ence.  F igure  2 shows the c h a r a c t e r i s t i c s  of six v a r -  
iously shaped channels - -Nos .  1, 2, 3, 4, 8, and 9--with 
cy l indr ica l  segTnents of min imum c r o s s  sect ion;  in 
addition, t he re  were  four  channels - -Nos .  5, 6, 7, and 
10--with min imum c r o s s  sect ions  of va r ious  d i a m e t e r s  
and sharp  edges.  The curves  indicate that the shape of 
the d i scharge  c h a r a c t e r i s t i c s  depends on whether  o r  not 
the re  is a cy l indr ica l  segment  at the min imum c ross  
sect ion of the channel.  In one case ,  the c h a r a c t e r i s -  
t ics  exhibit  a so -ca l l ed  "shelf"  of constant flow ra te ,  
while in another  c a s e ,  no such phenomenon is evident.  

Visual observa t ions  revea led  cavi ta t ion at the con-  
s t r i c ted  port ion of the channel with a drop in the outlet 
p r e s s u r e .  Init ial ly the cavi ta t ion zone was c i r c u l a r ;  
then it i nc reased  in s ize .  With an outlet p r e s s u r e  c lose  
to the vapor  p r e s s u r e  of sa tura ted  s team,  flow sepa -  
ra t ion  o c c u r r e d  and a je t  was fo rmed .  Flow separa t ion  
occu r r ed  ini t ia l ly  along a smal l  segment  beyond the 
cons t r ic t ion ;  with a fu r the r  drop in the outlet  p r e s -  

sure ,  the separa t ion  zone became l a r g e r ,  and the cav -  
itation sheet  banding the moving liquid j e t  spread  along 
the tube in the d i rec t ion  of the flow. At the instant of 
comple te  flow separa t ion  the re  was a change in the 
sound accompanying the cavi ta t ion:  instead of the cha r -  
ac t e r i s t i c  c rackl ing  sound, a rus t l ing- type  sound set  
in. 

F igure  3 shows the occu r r ence  of separa t ion  flow. 
The Bernoul l i  equation for  sec t ions  0-0 and 1 -1 - -ne -  
glect ing l o s se s  at the channel const r ic t ion,  as well  as 
within the j e t - -g ives  us 

Pc - -  P1 + ~ Co 2 

c, ~ = ~ (1 )  
P__  

2 

A loss of to ta l  head occurs on sudden expansion of 
the jet .  Accord ing to the Borda-Carno t  theorem,  for  
sec t ions  1-1 and 2-2 we wr i te  

P l  - -  P~ = c l  - -  c , )  ~, 

where  

p * = p +  P---c ~. 
2 

Reduction of s i m i l a r  t e r m s  y ie lds  

whence 

Pl--P2 =pc~--pclc,, 

c, = pc~ + (p~--p~) (2) 
p c2 

After  squar ing  (2) and e l iminat ing  c~ f r o m  (1), we 
have 
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Fig. 1. Main d imensions  and shape of channels Nos. 1 to 10. 
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2 Oe~ P o + ~ - c  --2pc2 p ~ - ~ -  

= (p~ - p , )~  (3) 

The values of the total p r e s s u r e s  a re  given in the 
paren theses .  

This yields  

P o - - ( P ~ + P g )  

2_ 
2 

K. (6) 

Equation (4) can be presented  with the aid of the 
d imens ion less  p a r a m e t e r s  K and k for  our case of 
equal c r o s s - s e c t i ona l  a reas  at the inlet  and outlet of 

, 2 (P~--Pl)~ = 4 9 c~. (4) 
no - -  p2 2 

Equation (4), re la t ing  the p a r a m e t e r s  of three  sec -  
t ions of the channel - -a t  the inlet,  at a c ross  sect ion of 
the jet ,  and at the ou t l e t - - cha rac te r i zes  the energy 
d is t r ibu t ion  in the liquid flow on separat ion.  

Favorable  condit ions for the r e l ea se  of dissolved 
gases  are  es tabl ished in the r e d u c e d - p r e s s u r e  zone 
by the motion of the liquid. The stat ic p r e s s u r e  pi 
within the cavity is equal to the sum of the p r e s s u r e s  
Ps + Pg: the vapor p r e s s u r e  of sa turated s team and 
the par t ia l  p r e s s u r e  of the gas r e l e a s e d  f rom the l iq-  
uid. Reference [1] accordingly recommends  the sub-  
s t i tut ion of the sum of the p r e s s u r e s  Ps + Pg for Ps in 
the express ion  for  the cavitat ion factor .  Total sepa-  
ra t ion  of the flow takes place at Pz; the ra t io  of the 
excess  of this l a t te r  p r e s s u r e  over the p r e s s u r e  of the 
vapor  and the gas to the dynamic head over a broad 
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Fig. 2. Rate ( / /see) ve r sus  p r e s s u r e  drop 
(kg/cm ~) for water  at t = 15 ~ C and P0 = 
= 1.3 a tm abs for channels  of various ge-  
ometry.  F igures  show channel  numbers .  

sect ion of the channel  may be regarded  as the cav i ta -  
t ion factor which de te rmines  the ins tant  of separat ion:  

p~ - -  (p~ + pg)  

~3 C2 2 
2 

~,. (5) 

We introduce a similar factor for the inlet section of 

the channel: 
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Fig. 3. Scheme of separa t ion  fluid flow: 1) working 
channel;  2) inlet flow; 3) s team and gas region (cav- 
ity); 4) fluid s t r e a m;  5) region of bubble cavitation; 
6) outlet flow; 7) m e r c u r y  di f ferent ia l  manomete r :  
a) it shows p r e s s u r e  difference P0-P2 at p r e s e p a r a -  
t ion stage; b) shows p r e s s u r e  difference P0-P~ at 
complete flow separation~ Trans i t ion  f rom a) to b) 

is jumplike.  

the channel  (Fig. 3). Let us take the or iginal  equa-  
t ion (3) 

2,0 c~ (po - p~) = (p~ - pOD 

and let  us mult iply out and t r ans fo rm,  so that 

n~ - 2 (p l  - P c~) p~ + ( ~  - 2pc~p0) = 0 

Having solved the quadrat ic  equation and removing  
pc~ f rom under the radica l  pc~, we de te rmine  P2: 

T 

P2 = Pl p c 2 c 2 | /  P0 - -  Pl 
- -  2_+P 2 1 § 9 c 2 

2 

Since p~ = Ps + Pg and c o = c 2, and keeping (5) and (6) 
in mind,  we obtain 

(~ + 2)~ 4. ( 7 )  
K + ]  

The test  r e su l t s  for var ious ly  shaped channels  
filled with water  and kerosene  were  p rocessed  with the 
d imens ion less  p a r a m e t e r s  K and ~., and they are  p r e -  
sented in Fig. 4. The curve shows that Eq. (7) makes 
it possible  to de te rmine  P2, i . e . ,  the p r e s s u r e  at the 
channel outlet at the instant  of total  flow separat ion,  
provided that P0 and c 2 are  known. 

When a liquid flows from a wide tube into one that 
is na r rower ,  the s t r e a ml i ne s  become dis tor ted at the 
wall, thus fo rming  local cons t r ic t ion  which governs 
the liquid flow ra te  for a specified p r e s s u r e  difference.  
The ins tant  of total flow separa t ion  cor responds  to a 
fully defined magnitude of l iqu id- je t  const r ic t ion .  The 
coefficient of jet  const r ic t ion was de te rmined  wi thcon-  
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s idera t ion  of the s t ruc tu ra l  fea tures  encountered in the 
tes t  channels  in which the ra t io  between the length of 
the cy l indr ica l  port ion at the min imum c ross  sect ion 
and the d iamete r  of the orif ice was l e s s  t han l . 5 .  Thus, 
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Fig. 4. Exper imenta l  re la t ionship  3. = f (K)  in 
d imens ion less  coordinates  der ived for chan-  
nels of var ious shapes for water and kerosene 
at P0 = 1.3 atm abs. F igures  show c h a n n e l n u m -  
b e t s .  Open symbols  r e fe r  to water at t = 15~ 
fil led symbols  r e fe r  to ke rosene  at t = 15 ~ C; 

mixed symbols  re fe r  to water at t = 60 ~ C. 

on discharge f rom such nozzles ,  the liquid does not 
come into contact with the surface  of the cy l indr ica l  
port ion of the orif ice,  and the je t  exhibits  a d iamete r  
that is s m a l l e r  than that of the orif ice.  The c r o s s -  
sect ional  a rea  of the je t  was calculated f rom the fo r -  
mula  

]2st r 
Q 

/ / 2  [p~ - -  (p, 4- pg)]. 
P 

The jet  const r ic t ion factor was found f rom the ra t io  

Fstr  

F o r i  

Analysis  of the exper imenta l  r e su l t s  for water and 
kerosene- -shown in Table 1- -demonst ra te  that the con-  

Table 1 

Jet  Constr ic t ion Factors  Derived f rom 
Exper imenta l  Data for the Case of Liq- 

uid Separat ion Flow 

Channel 
number 

II Ch . . . .  1 ~p Jl number 

0.915 4 
0 .72  8 
0 . 7  9 

~p 

0 .72  
0 .62  
0.56 

s t r i c t ion  is a function of the inlet shape (see Fig. 1); 
the smoother  the inlet, the l a r g e r  the coefficient ~. 
The values  of the lef t -hand m e m b e r  of the equation 

P~--(Ps + Pg)_ = 1, (8) 
P 2 

- - C  I 
2 

given in Table 2, have been calculated without con-  
s idera t ion  of a je t  cons t r ic t ion  very  much grea te r  than 
unity. In compar ing  the cavitat ional  r eg imes  of v a r -  

iously shaped channels ,  we mus t  therefore  take into 
considerat ion the actual cons t r ic t ion  of the jet .  

Impulsive effects r e su l t  f rom p rema tu re  liquid sep-  
ara t ion from the solid channel sur face  with a drop in 
p r e s s u r e  ac ross  the outlet, and they promote  fo rma-  
t ion of cavitat ional  rup ture  within the liquid i tse l f .  We 
studied the s t rength of var ious  l iquids under  conditions 
of impulsive p r e s s u r e s  to de te rmine  the i r  effect on 
cavitat ion processes ,  and for this purpose we fab r i -  
cated a plexiglas vesse l  which we fil led with the tes t  
liquid. After proper ly  evaporat ing the vessel ,  it was 
subjected to impact  loads. The exper iment  showed 
that the r u p t u r e - r e s i s t a n c e  of water  is a function of 
the p r e s s u r e  within the vesse l ,  as well as of the im-  
pact force. For  example, only very  weak taps are  
needed for the rupture  of tap water under  a p r e s s u r e  
close to the vapor  p r e s s u r e  of sa tura ted  s team, so 
that bubble collapse becomes visible,  and so that the 
crackl ing sound that is cha rac te r i s t i c  of cavitat ion 
can be heard. Air is ini t ia l ly r e l eased  f rom the liquid 
in this case in large quant i t ies ,  and then in d e c r e a s -  
ingly sma l l e r  amounts,  as the number  of taps inc reases  
and as the air  is evacuated. Since the cavitat ion be -  
comes more  pronounced as the l ibera t ion  of the d i s -  
solved a i r  d imin ishes  in intensi ty,  al l  of the a i r  is 
f i r s t  removed f rom the water  by evacuat ing the vesse l  

Table 2 

S imi la r  Discharge Re-  
gimes for Var iously  
Shaped Channels Fi l led 
with Water and with Ker-  
osene (P0 = 1.3 atm abs) 

The left-hand mem- 
ber of  (8), without  

r consideration of  jet 
constriction 

0.915 1.2 
0 .72  1.9 
0 .7  2 . 0  
0 .62  2 , 6  
0 .56 3 ,5  

and shaking it. As the p r e s s u r e  in the ves se l  r i s e s  to 
0 .6-0 .8  atm abs, ha rder  impact is n e e d e d f o r  cavi ta -  
t ion to resul t .  

A sys tem of s tanding p r e s s u r e  waves is formed in 
the case of periodic  v ibra t ion  loads. The rup ture  of 
the liquid occurs  at ce r ta in  points within the container  
in this event. The appearance of cavi tat ion in a l iquid 
following the format ion of a s tanding wave has been 
studied exper imenta l ly .  We used a cyl indr ica l  plexiglas 
vesse l  for this purpose,  and provis ion  was made for 
s enso r s  to fix the jumpwise  var ia t ions  in the e l ec -  
t r i c a l  conductivity of the medium at the instant  that 
the liquid rup tured  at a given point within the vesse l .  
The tes t  was c a r r i e d  out in the following sequence.  
After posi t ioning the cy l indr ica l  vesse l  ve r t i ca l ly  and 
f i l l ing  it  with water ,  the liquid was degassed by lower-  
ing the p r e s s u r e  over its surface  and shaking the v e s -  
sel.  The vesse l  was then subjected to a sharp upward 
jolt .  The v ibra t ions  began on c losure  of the vapor cav-  
ity formed when the liquid separa ted  f rom the bottom 
of the vessel .  The liquid surface was s t ruck by a shock 
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wave which was immedia te ly  r e f l ec t ed  in the fo rm of 
an expansion wave. The in te rac t ion  of the incident and 

r e f l ec t ed  waves  r e su l t ed  in the fo rmat ion  of a standing 
wave. At this  instant rup tures  o c c u r r e d  throughout the 
en t i re  c ro s s  sect ion of the ve s se l ,  within a na r row l aye r  
of liquid si tuated in the middle  of the liquid column, at 
the point where  the incident and r e f l ec t ed  waves  met .  
The t es t  was c a r r i e d  out for var ious  quant i t ies  of water  
within the ve s se l .  The rupture  t imes  were  noted f rom 
signals  emi t ted  by e l ec t rodes  between which cu r r en t  
was passed.  The t ime  in te rva ls  were  m e a s u r e d  with 
an osc i l lograph .  Calculation showed that for  a v e s s e l  
with a d i a m e t e r  of 50 m m  and a length of 1220 mm,  
with a l iqu id -co lumn height of 1040 mm,  the t ime  in-  
t e r v a l  71 f rom impact  to the appearance  of rupture  
amounts to 0.0025 sec.  With a column height of 690 
ram, this  in t e rva l  is 72 = 0.0017 sec .  In both of the 
expe r imen t s ,  the p r e s s u r e - w a v e  v e l o c i t y - - d e t e r m i n e d  
f r o m  the condit ion of s imul tane i ty  for  the appearance  
of liquid rup tures  and the fo rmat ion  of a standing wave 
within the cy l indr ica l  v e s s e l - - p r o v e d  to be equal to 
620 m/ sec .  This r e su l t  was conf i rmed  by calcula t ion 
with the fo rmu la  of Zhukovskii [2]. 

Thus we es tab l i shed  that the onset of cavi ta t ion 
within a liquid may,  in addition to u l t rasonic  v i b r a -  
t ions,  a lso be caused by individual impuls ive  pheno- 

mena,  as well  as by low-f requency  v ibra t ion  on the 
par t  of r igid sys t em e lements .  

NOTATION 

p~ is the total  inlet p r e s s u r e ;  p{ is the total  outlet  
p r e s s u r e ;  p~ is the total  p r e s s u r e  in the liquid s t r eam,  
P0 is the s ta t ic  inlet p r e s s u r e ;  P2 is the s tat ic  outlet 
p r e s s u r e ;  pl is the stat ic  p r e s s u r e  in the s t r e a m ;  e 0 is 
the inlet  flow ve loc i ty ;  c 2 is the outlet  flow veloci ty;  
c 1 is the s t r e a m  veloci ty ;  p is the liquid densi ty;  Ps is 
the vapor  p r e s s u r e  of the sa tura ted  s team;  pg is the 
par t i a l  p r e s s u r e  of gas in the cavi ty;  Q is the fluid 
flow ra t e ;  E is the a rea  of the channel c r o s s  sec t ion;  

is the s t r e a m  cons t r ic t ion  fac to r ;  7 is the t ime .  
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