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The  authors report the results of a study of the crktca~ heat  f luxes and 

boi l ing  mechan i sm of cer ta in  l iquids at  reduced pressures. 

As a r e su l t  of expe r imen t s  to d e t e r m i n e  the c r i t i -  
cal heat f luxes in the p r e s s u r e  range  0 .05-1  b a r  d u r -  
ing boi l ing of d i s t i l l ed  water ,  ethanol and benzene  on 
hor izonta l  hea t e r s  of va r ious  d i a m e t e r s  (from 0.2 to 
5.0 mm) it has been found that at p r e s s u r e s  p -< 0 . 2 -  
0.3 ba r  for  water  and ethanol the hydrodynamic  s t a -  
bi l i ty  c r i t e r i o n  

is not constant  but depends on p r e s s u r e  [t[.  F i g u r e  1 
gives the r e su l t s  of the expe r imen t s  in the fo rm of a 
r e l a t ion  between the s tab i l i ty  c r i t e r i o n  k and the c o m -  
plex A, c h a r a c t e r i z i n g  the inf luence  of the t r a n s v e r s e  
d imens ion  of the heater ,  for  p r e s s u r e s  p = 1.0, 0.2, 
and 0.1 ba r  (curves  1, 2, 3). It is c l ea r  f rom the graph 
that for  hor izonta l  cy l indr i ca l  hea te r s  there  a re  th ree  
regions  of inf luence of the geomet r i c  h e a t e r  d imens ion  
on the c r i t i ca l  heat  flux q . .  In the reg ion  0.2 </x < 
< 1.0 there  is a m a x i m u m  of the c r i t i c a l  heat  flux 
density,  a t /x  < 0.2 the va lue  of q. fa l ls  sharply,  and 
when A > 1.6 we get s e l f - s i m i l a r i t y  of q, r e l a t ive  to 
the l i nea r  d imens ion .  A s i m i l a r  r e l a t ion  was p r e v i -  
ously obtained in [2] for  a tmospher i c  p r e s s u r e  and 
above. The na tu re  of the re la t ionsh ip  between k and 
A is  also p r e s e r v e d  under  vacuum condi t ions;  how- 
ever ,  s t a r t i ng  f rom a p r e s s u r e  p ~ 0.2 b a r  for  water  
and ethanol, the re  is a ce r t a in  i n c r e a s e  in the s t a -  
b i l i ty  c r i t e r i o n  in the s e l f - s i m i l a r i t y  reg ion  (A > 1.6) 
and a m o r e  subs tan t ia l  i n c r e a s e  in k in the reg ion  of 
thin hea te r s .  At p ~ 0.1 ba r  the re  is a m o r e  i m p o r -  
tant  i n c r e a s e  in k; thus, in the s e l f - s i m i l a r i t y  region  
the value of k i n c r e a s e d  f rom 0.15 to 0.18, while in 
the thin hea t e r  region  the i n c r e a s e  was f rom 0.20 to 
0.28. F o r  benzene  at a p r e s s u r e  p ~ 0.2 ba r  the re  is 
a small increase in k (by about 10%) in the self-simi- 

larity region, and no change is observed for boiling 

on thin heaters (experiments with benzene were not 

performed at pressures below 0.2 bar). 

The increase of k in the low-pressure region is 

confirmed by the data of Van Stralen [3] and Schrok 

and Lienhard [4] on the critical heat fluxes for water 

boiling on wires 0.2 and 0.5 mm in diameter. Accord- 

ing to the data of [4], at pressures p-< 0.3-0.2 bar k 

increases by about 25% and, according to the data of 
[3], by 40%, while at the lowest pressures obtained 

in those experiments p ~ 0.02-0.03 bar k increases 

by a factor of 2 as compared with the data for atmo- 

spheric pressure. The lowest pressure in the experi- 

ments with boiling benzene in [41 was 0.25 bar, and 

in that case an increase in k was not observed. 

It may be a s sumed  that the i n c r e a s e  in the s t ab i l -  
ity c r i t e r i o n  at low p r e s s u r e s  is a s soc ia ted  with the 
specia l  c h a r a c t e r i s t i c s  of the boi l ing m e c h a n i s m  
under  those condit ions.  

We made a n u m b e r  of f i lms  of the boi l ing  p roce s s  
for the above ment ioned l iquids at f i lm speeds of 7 5 0 -  
2000 f r a m e s / s e c  and at d i f ferent  p r e s s u r e s  and heat  
fluxes. 

The data obtained af ter  ana lyz ing  the h igh-speed  
f i lms for the b reakaway d i a m e t e r  Do and the mean  
ra te  of growth of vapor  bubbles  on the surface,  com-  
puted as w~ = D o / T  ~ , a r e g i v e n  in  a table  (p. 89). It 
follows f rom the data that with d e c r e a s e  in p r e s s u r e  
D o and w~ i nc r e a se .  Thus ,  at p = 0.1 b a r  w~ t for 
water  and ethanol i n c r e a s e s  by about th ree  t imes  as  
compared  with a tmospher ic  p r e s s u r e .  

F i g u r e  2 p r e s e n t s  growth curves  for  th ree  bubbles  
in water  boi l ing on an insu la ted  p la te  9 m m  wide in 
the fo rm of the r e l a t ion  D 0 =f(~-") and, for  c o m p a r i -  
son, l ines  r e p r e s e n t i n g  the r e su l t s  of ca lcu la t ions  
based  on the Z u b e r - F o r s t e r  fo rmula  [5] 

D0 = 21/-~--cATy'~/-d--~ (1) 
r '~" 

and the Labuntsov fo rmula  [6] 

2 ! /  c TT' (2) Do __ aT/r. 
I /  

It  i s  c l ea r  f rom the exper imen ta l  cu rves  that the 
bubbles  grow at d i f ferent  ra tes ;  in the in i t ia l  per iod  
7" < 3 - 10 -3 sec the g r o w t h r a t e  is g r ea t e s t ,  the exponent  

h of T" r eaches  1 or more .  Then the growth ra te  slows 
down, and in the f inal  stage the bubbles  grow roughly 
at the same rate,  with h ~ 0.5. This  type of bubble 
growth at p r e s s u r e s  nea r  a tmospher i c  has been noted 
in a n u m b e r  of s tudies  [7, 8]. F i g u r e  3 shows a s e -  
r i e s  of photographs i l l u s t r a t i n g b u b b l e  growth for  water  
boi l ing on an insu la ted  plate.  The s ize  of the bubble 
at the moment  of separa t ion  is 25 mm, the t ime  in -  
t e rva l  between f r a m e s  is 0.008 sec. At the very  b e -  
ginning of growth the bubble  is hemisphe r i ca l ,  then 
it is pul led out in the ve r t i ca l  d i rec t ion  acqui r ing  an 
a lmos t  spher ica l  shape. In o r de r  to cons t ruc t  the 
growth curves  we m e a s u r e d  the height  of the bubble  
at def ini te  t ime  in t e rva l s .  As shown in Fig. 2, ca lcu-  

la t ion of the b reakaway d i a m e t e r  f rom Eq. (1) gives 
r e su l t s  that a re  a lmos t  four t imes  too high, while the 
ca lcula ted  d imens ion  of the bubble before  b reakaway  
based on fo rmula  (2) is 1.8 t imes  lower  than that ob-  
ta ined expe r imen ta l ly .  A c o m p a r i s o n  of the e x p e r i -  
menta l  va lues  of D O with those ca lcula ted  f rom f o r m u -  
las  (1) and (2) for  water  and ethanol under  the va r ious  
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conditions indicated in the table showed that the calcu- 
lated values of the breakaway diameter based on for- 
mula (I) are several times greater than the experi- 
mental values, the discrepancy increasing with 

decrease in pressure. Thus, at p = 0.i bar the cal- 
culated value of D O is five times greater than the 
experimental value. Calculations based on formula 

(2) give close agreement with experiment at pressures 
near atmospheric (p = 0.5-1.0 bar), but at pressures 

p = 0.06-0.15 bar the calculated values of Do are 
about half the experimental values. 

If it is assumed that the increase in k at low pres- 
sures is associated with an increase in the growth 
rate of vapor bubbles on the heating surface (i.e., with 

the more rapid removal of vapor from the heating 

surface), we may introduce the Froude number in the 

form 

and analyze the experimental critical heat flux data in 

the coordinates 

\ g ~  cr i 
(4) 

8 3 ~ 5 6  810., 

where k 0 is the stability criterion for the given liquid 

in the region of self-similarity with respect to the Fr 

number defined as in (3). The results of such analysis 

of our data are presented in Fig. 4. 
Clearly, the stability criterion remains constant at 

Froude numbers less than 8, while at greater values it 

begins to increase. 
This relationship between k and Fr was constructed 

for the region of self-similarity with respect to A, 

since the data on the bubble growth rate at the heating 
surface relate to heaters 2 and 3.2 mm in diameter and 

to insulated plates 5-9 mm wide. 
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Fig. i. Stability criterion k as a function of the param- 
eter A for boiling water, alcohol, and benzene: a, b, 

c) water, p = I~ 0.2, and 0.i bar; d, e, fl alcohol, 

p = 1.0, 0.2, and 0.1; g, h) benzene, p = 1.0 and 0.2. 

It should also be noted that the values of the mean 

velocities ~0', substituted in the Froude number, were 
determined ior heat fluxes when individual isolated 

bubbles are formed. However, in some experiments 

at large heat fluxes, when the bubbles are already be- 
ginning to interact, bubbles that had not run together 

were selected. It is not possible to determine the 
growth rate under near-critical conditions owing to 

the extremely complicated and unstable hydrodynam- 
ics of the two-phase boundary layer. Whereas at 
pressures above atmospheric, bubbles that have run 
together have an almost spherical shape and data on 

this type of bubble at large heat fluxes can be analyzed 
in the usual way [9], at low pressures owing to inter- 
action of the bubbles highly deformed vapor formations 
developed. At low pressure and large heat fluxes the 

vapor bubbles come into contact with each other be- 
fore they reach their breakaway diameter; thus the 

bubbles interact both with neighboring bubbles on the 
surface and in the body of the liquid with bubbles that 
have previously broken away. 
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Fig. 2. Comparison of experimen- 

tal data on bubble growth for water 
with equations (I) and (2) at p = 

=0.18 bar, q =0.8-105 W/m 2 (D O 

T pt in ram, in sec): i, 2, 3)exper- 

imental data; 4, 5) calculations 

based on formulas (2) and (i)~ 

With decrease in pressure the critical dimension 

of the vapor phase nuclei, given by the expression 

R ~  ~ 2~ T"AIr y" ~T, (5) 

increases several times. Thus, at a pressure p = 0.I 

bar for ethanol and water, Rmi n increases by about 

four times as compared with the value at p = 1.0 bar. 

The adopted method of analyzing the experimental 

data is justified to some extent in that, as already 

pointed out, the maximum bubble growth rate occurs 

in the initial period. Therefore the high growth rates 

at low pressures measured for individual bubbles are 

also characteristic of the bubbles that occur at near- 

critical heat fluxes. However, the mean rate w~'intro- 

duced into the Froude number should be regarded as a 

certain scale. 

Thus, for the first time relation (4) links data on 

the mechanism of formation of individual bubbles with 

one of the basic integral characteristics of the boiling 

process (stability criterion). 
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Fig. 3. Growth of vapor  bubble  on insula ted  pla te  (p = 0.18 bar ,  q = 0.8 �9 105 W/m2), 

/.~, o 2 

t ~  II # ,J_ 

Fig. 4. Stabil i ty c r i t e r i o n  as a funct ion of the 
Froude  n u m b e r  for  water  (1), alcohol (2),and 

benzene  (3). 
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Results of Film Analysis 

p, bar q, W/m 2 Do, m m  w~, c m / s e e  = _ _ 7 _  : [ k k./ko 
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NOTATION 

A is the thermal equivalent of work; g is the ac- 

celeration of gravity; a is the surface tension; 7', 7" 
are the specific weights of water and vapor; r is the 
latent heat of vaporization; a is the thermal diffusivity; 
e is the specific heat; p = I0 is a constant; q. is the 

critical heat flux; T ' is the absolute temperature of 
saturated vapor; T~ is the temperature of the heating 

su r face ;  AT = T w -  T" is  the t e m p e r a t u r e  di f ference at 
the hea t ing  surface;  D is the hea t e r  d i ame te r ;  D o is 
the vapor  bubble  breakaway d iamete r ;  r" is the t ime  
of vapor  bubble  growth on the heat ing su r face ;  w~ = 
= D0/7" is the mean  ra te  of growth of the vapor  bubble  
on heat ing su r face ;  A = D/(~/( 7, _ 7,,)) ~ is  the d i m e n s i o n -  
less  complex taking into account  the effect of hea te r  
d i ame te r .  
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