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The mechanism and the cause of vapor  bubble condensation in a v a p o r - w a t e r  s t ream are  
analyzed.  The causes  (inertia of the liquid and heat t ransfer)  actively contributing to con-  
densation are  examined. Experimental  data are  presented on the collapse of vapor bubbles 
in boiling water  under impact .  

The normal  operation of heat  exchangers  in power plants de te r io ra tes  under impact .  

The hydrodynamics  of a v a p o r - w a t e r  s t r eam subjected to impacts  of varying intensity was studied 
experimental ly in a vessel  with an 80 mm inside d iameter  and 750 mm high. Plain water  was poured into 
the vessel  and then heated to boiling under  a given p r e s s u r e  with the aid of a Permal loy  element.  The 
thermal  flux density was maintained constant at the element surface,  q = 0.5.106 W/m 2, in all t e s t s .  

In o rde r  to maintain a constant p r e s s u r e  in the vesse l ,  a small  condenser  was placed in the vapor 
zone o 

The behavior  of the v a p o r - w a t e r  mixture  during and after  an impact  was observed through quartz 
glass  windows and a model SKS-1M high-speed moving-pic ture  c a m e r a  was used for  photographic r e c o r d -  
ing at a rate of 1000-2000 f r a m e s / s e c .  

In additional to a visual inspection of the vapor bubbles, the p r e s s u r e  pulses in the liquid zone were 
measured  at a cer tain m a r k e r  height h = 30 cm from the free surface in the test  cell .  The liquid level was 
maintained the same in all t es t s :  at the mid-height  of the upper window. 

P r e s s u r e  pulses  were measured  with a low- iner t ia  h igh-frequency sma l l - s i ze  model TDD p r e s s u r e  
strain gage hooked on to a model UTS-1VT-12 amplif ier .  The p roces se s  occur r ing  during tes ts  were 
recorded  on an e lect romagnet ic  model N-102 osci l lograph.  At the same t ime,  the t empera tu re  of the boil-  
ing water  was measured  with two Chromel -Alumel  thermocouples  in the lower and in the upper hea te r  
zone respect ive ly .  

An impact  was effected on a special device where the tes t  cell with the boiling water  in it was s truck 
against  a base plate during a f ree fall.  The magnitude of the result ing accelerat ion was measured  with 
special t r ansduce r s .  

The velocity of the tes t  cell changed suddenly during an impact  and, as a resul t  of high accelera t ions  
produced here ,  the dynamic effect on the m a s s  of v a p o r - w a t e r  mixture was s t rong.  The impact  s t r eng th  
was defined in t e r m s  of accelerat ion and pulse t ime, both depending on the free fall height of the tes t  cel l .  

The p r e s s u r e  usually rose  within 5-7 psec and was picked up on the strain gage.  

Such a p r e s s u r e  r i se  Ap amounted to 1.5-2.5 bar,  depending on the imparted accelerat ion a (t) (Fig. 1). 
The graph here  indicates a slightly sma l l e r  Ap at higher  static p r e s s u r e s  P0 in the system,  because the 
p r e s s u r e  r i se  AP depends on the weight of the water  column and the specific gravity of water  is lower at 
higher  saturation p r e s s u r e s .  
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Fig.  1 Fig.  2 
Fig. 1. P r e s s u r e  r i se  &p (bar) as a function of the imparted ac -  
celerat ion a (m/sec2):p0 = 1 b a r  (1), 10 bar  (2), 20 bar  (3), 30 bar  
(4). 

Fig. 2. Relative radius of vapor bubbles as a function of the con-  
densation t ime, at P0 = 20 bar :  a = 35g (1), 50g(2) ,  75g  (3). 

The p r e s s u r e  level at the front of an impact  wave can also be determined f rom the Second Law of 
mechanics .  Thus, a p r e s s u r e  pulse recorded by a gage located at height h f rom the water  level will be 

ap (t) = ma (t) 
F = hPmix  a (t), 

where Pmix = p ' . . - ~ o ( p ' - p " ) .  

The calculated values agree  closely with the test  data.  

In our study Ap(t) and a (t) were  determined experimental ly ,  whereupon, when the liquid contained 
vapor  bubbles, it was easy to determine by Eq. (1) the t rue vapor content in the test  cell throughout the 
entire impact  t ime:  

(1) 

p ' - -  

TI 

o 

h J '  a(t) dt 
T 2 

o 

p'  _ p,, (2) 

and 

In the evaluation of osc i l lograms  taken during the tes ts ,  the numer ica l  values of in tegrals  

.t" a (t)dt were measured  with a p lanimeter  under the p(t) and a (t) cu rves .  
0 

~ t  

J p(t) dt 
0 

The mean true vapor content during the tes ts  varied within the ~ = 0.2-0.3 range.  With the aid of 
high-speed cinematography it was possible to establish that the vapor bubbles had assumed an i r r egu la r  
and hard to define shape during the free fall of the test  cell .  This was,  evidently, due to an insufficiently 
far  displacement of the generated vapor f rom the heating surfaces  and a result ing m e r g e r  of small  bubbles 
into a bulkier vapor format ion.  For  exactly this reason,  the vapor bubbles still remaining at the heating 
surface had assumed a ra ther  i r r egu l a r  shape. After separat ion f rom the heating surface,  such bubbles 
became more  distinct and symmet r i ca l .  

The initial bubble radii measured  between 2 and 7 mm.  The buoying velocity of the vapor bubbles 
before an impact  was the  same v b = 0A34 m / s e c ,  r egard less  of the difference in s ize .  This agrees  with 
the resul ts  of studies made by S. Usyskin and R.  Siegel [1]. 

At the in stant of impact  there  occur red  a perturbation in side the bulk of liquid which t raveled through the 
cavity volume filled with boiling water  at saturation p r e s s u r e  and which acted on the vapor  bubbles.  As 
a consequence,  all bubbles inside the test  zone vanished within 10-15 ~sec.  
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F i g .  3 .  R e l a t i v e  r a d i u s  of  v a p o r  b u b b l e s  a s  a f u n c t i o n  of  

t h e  d i m e n s i o n l e s s  t i m e  p a r a m e t e r  T N = (4 /Tr ) j a2Fo :  p = 1 

b a r  a n d a  = 3 5 g  (1), p = 1 b a r  and  a = 5 0 g  (2),  p = 1 b a r  

a n d a  = 7 5 g ( 3 ) ,  p = 1 0 b a r a n d a  = 3 5 g ( 4 ) ,  p = 1 0 b a r  

a n d a  = 5 0 g  (5),  p = 10 b a r  a n d a  = 7 5 g  (6),  p = 20  b a r  

a n d  a = 3 5 g  (7), p = 20  b a r  and  a = 5 0 g  (8), p = 20 b a r  

a n d  a = 7 5 g  (9),  p = 30 b a r  and  a = 3 5 g  (10),  p = 30 b a r  

a n d  a = 5 0 g  (11) ,  p = 30 b a r  a n d  a = 7 5 g  (12) .  

According to the photographs, during an impact all bubbles separated from the heating surface and 
flowed into the main stream. At the same time, two other phenomena occurred here: condensation and 
buoyance of vapor bubbles. Moreover, an impact caused the velocity of bubble ejection from the test zone 
to become higher than the velocity of their free buoyance in a normal gravity field and caused it to vary 
from 1.16 to 3.5 m/sec, depending on the acceleration. This effect could be explained by the formation of 
a water stream during an impact which carried off the vapor bubbles. The condensation rate characterized 
by the rate of change of the bubble radius dR/dt, on the other hand, and dependent on the prevailing ac- 
celeration as well as on the static pressure and on the bubble size did vary here from 0.15 to 0.8 m/sec. 
The photographs showed that the cross section of a bubble had been oscillating periodically between a 
slightly prolate and a slightly oblate shape, while under compression such a bubble appeared to loose its 
symmetry and to become convex in the direction of the impact wave - as was also observed by V. K. 
Kedrinski and R. I. Soloukhin [2]. 

According to the empirical relation R/R 0 = f(t), the process of bubble collapsing is oscillatory (Fig. 
2). An analogous observation has been reported by Chzho and Seban in [3]. 

The condensation time of individual vapor bubbles could be determined on the basis of taken photo- 
graphs. The shortest time was fcond = 5-6#sec at low static pressures inside the vessel. A rise in 
pressure had resulted in a longer condensation time, up to ~'cond = 14ttsec" The same test data were also 
evaluated in terms of the general condensation problem, considering that the collapse of vapor bubbles 
in a boiling liquid would be determined by the heat transfer and by the inertia of the liquid [4]. 
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The equation of mot ion for  a bubble wall in an i ncompres s ib l e  fluid is  

3 t~'= l [p"(Tmix)--p~o(t)l. (3) R,/~ q-- 2 p~- 

Consider ing the vapor  inside a bubble to be c o m p r e s s e d  adiabat ical ly ,  we have for  the radia l  d i s -  
p l acement  of the wall of a spher ica l  cavity r ep resen t ing  a vapor  bubble: 

- - -  p = - -  (4) 

The p r e s s u r e  P~o at the front  of an impac t  wave is  adequately well descr ibed  by the express ion  

with ~- denoting the pulse width (see).  

The heat  emit ted f r o m  a vapor  bubble i s  taken into account by the equation of heat  t r a n s m i s s i o n .  

OT -4- I~ R~ OT _ k  ( O~T 2 07.],  
Ot r 2 Or ~-Or 2 4- --r " Or ] r :>  R. (5) 

With v iscos i ty  and s u r f a c e  tension d i s rega rded ,  and with the heat  t r a n s f e r  f rom vapor  bubbles to 
the surrounding liquid a s sumed  to be conductive only, the solution of Eqs .  (3) and (5) for  the case  of vapor  
bubble condensation will be as stated in [5] (Fig. 3, cu rves  I ,  II ,  III) .  Curve  I (T N = 1/312(R~/R) 
+ (R/R0) 2 -3])  r e p r e s e n t s  the condensation p r o c e s s  governed by heat  t r a n s f e r  according  to the P l i s se t  
- Z w i e c k  solution.  Curve II (R/R 0 = 1--~fT N) r e p r e s e n t s  the solution to this p rob lem for  the case  of a f lat  
in te r face  between phases .  Curve III (~N = t /R0# (2/3) (AP/p)) r e p r e s e n t s  condensation governed by the 
iner t i a  of the l iquid.  Here  ~-N = (4/v)Ja2(at/R~) is a d imens ion less  t ime  p a r a m e t e r .  

An ana lys i s  of data shows that  the t e s t  cu rves  a r e  genera l ly  s i m i l a r  to the theore t ica l  ones .  The ra te  
of bubble col lapse  is  de termined,  essen t ia l ly ,  by the ine r t i a  of the liquid as well as by the heat  t r a n s f e r  
p r o c e s s .  Only under  low stat ic  p r e s s u r e s  (P0 = 1 bar)  does the ef fec t  of heat  t r a n s f e r  p redomina te .  

This  can be explained by the l a rge  t e m p e r a t u r e  deficiency AT = 30~ during a p r e s s u r e  r i s e .  In all 
o ther  c a se s  the t e m p e r a t u r e  deficiency is  much s m a l l e r  (AT = 5~ at h igher  s tat ic  p r e s s u r e s  in the bo i l -  
ing cavi ty ,  because  the re la t ive  p r e s s u r e  r i s e  AP/P0 become insignif icant  at high P0 l eve l s .  

Otherwise ,  the t e s t  cu rves  indicate a condensation ra t e  of vapor  bubbles somewhat  h igher  than in 
t heo ry .  

The higher  ra te  of bubble col lapse  in the exper iment  can be explained, p r i m a r i l y ,  by the high veloci ty 
v b which the bubbles  attained during an impac t  between t e s t  cell  and b a r r i e r .  

According to an analys is  of the p r o c e s s e s  r ecorded  in th is  exper iment ,  boiling ceased  within the t es t  
zone within 0.01-0.015 sec a f te r  an impac t  and individual bubbles  appeared  at the heat ing su r face  only 
0.03-0.07 sec  a f t e r  an impac t .  The cessa t ion  of boiling within the t e s t  zone can be explained by a par t i a l  
condensation of vapor  bubbles and an eject ion of the r e s t .  The fo rmat ion  of new vapor  bubbles was delayed 
by a ce r ta in  amount of subcooling due to the p r e s s u r e  r i s e  and by a d i sp lacement  of liquid (mass  t r ans fe r )  
during an impac t .  F u r t h e r m o r e ,  during an impac t  all bubbles  were  thrown off the heat ing sur face  and 
the superheated l a y e r  was pe rhaps  removed  together  with the vapor  nucleat ion c e n t e r s .  Consequently,  
boiling seemed to r e s u m e  fully about 0.40-0.50 sec a f t e r  an impac t .  

g 
F 
p ' ,  p" 

t 
R 
R0 
p,, 

p~o 

NOTATION 

i s  the acce le ra t ion  of g rav i ty ,  m/sec2;  
i s  the sur face  a r ea ,  m2; 
is  the density of wa te r  and vapor  at sa turat ion t e m p e r a t u r e ;  
is  the t ime,  sec;  
is  the bubble radius ,  m; 
is  the initial radius  of bubble, m; 
is  the  vapor  p r e s s u r e  inside a vapor  bubble, N/m2; 
is  the wa te r  p r e s s u r e  at a fa r  dis tance f rom a bubble, N/m2; 
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J a  = p'cpAT/p"r 
a 

AT = T s - T  
a (t) 

is  the t empe ra tu r e ,  ~ 
is  the exponent of the adiabatic law; 
is the specific heat; 
is  the Four i e r  number;  
is  the Jacob number;  
is the the rmal  diffusivity of water;  
is  the t empera tu re  deficiency below saturat ion t empera tu re ;  
is the acce lera t ion  impar ted  to the tes t  cel l .  
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