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The p ressu re  dependence of the internal charac te r i s t i cs  of nitrogen and oxygen boiling is 
investigated. Formulas  are  derived for  the break-off  radii  and the growth module of the 
vapor  bubbles. 

The interest  in boiling of cryogenic  liquids is constantly increasing due to their  ever  increasing use 
in different  fields of science and technology. In recent  years  a number of ar t ic les  have appeared that are  
devoted to the experimental  investigation of the boiling charac te r i s t i c s  required for engineering computa-  
tions (hea t - t ransfercoef f ic ien ts  and cr i t ical  densities of the heat flux) in a wide range of p re s su res  [1-4]. 
However, the data on the internal boiling charac te r i s t i c s  (break-off d iameters  of the bubbles, frequency of 
break-off  from the heater ,  growth r a t e s , e t c J  are almost  completely lacking. The known studies contain in- 
complete information about the internal charac te r i s t i c s  of boiling of nitrogen and oxygen at a tmospher ic  
p res su re  [5-8]. The data on the internal boiling charac te r i s t i c s  are  somet imes  used in the derivation of 
formulas  for the hea t - t r ans fe r  coefficients in the presence  of bubble boiling [9-11]. The determination of 
the relationship between the internal cha rac te r i s t i c s  and the intensity of heat t ransfer  during bubble boiling 
would lead to the derivation of physical ly sound dependences of the hea t - t rans fe r  coefficients not only on the 
p res su re  and heat flux density but also on the accelera t ion due to gravity.  

The known experimental  dependences pertaining to the dynamics  of vapor  bubbles, obtained from the 
study of boiling of water and organic liquids, cannot be d i rec t ly  extended to the case of boiling of cryogenic 
liquids if only due to cer tain charac te r i s t i c  features  of the la t ter  (for example, very  smal l  edge angles, 
relatively small  amount of dissolved gases ,  and different law of their  solubility compared to high-boiling 
liquids). 

The object of the presen t  work is an experimental  investigation of the internal cha rac te r i s t i c s  of 
nitrogen and oxygen boiling in a quite wide range of saturation p ressures .  

The experiments  were conducted on the equipment descr ibed in [2]. A horizontal  tube of 1Khl8N9T 
stainless steel with 8 mm diameter ,  0.3 mm thickness,  and 100 mm length was used as the heater.  The 
outer surface of the tube was careful ly processed;  its purity af ter  the final operation (polishing) was of the 
10th c lass .  The heating was done by a constant current .  The heat flux density was calculated from the 
measured  values of the current ,  the voltage, and the surface area  of the heater.  

The tempera ture  of the heated surface was measured  with three c o p p e r -  Constantan thermocouples .  
The thermocouple junctions placed within the tube touched its upper generatr ix;  the reliabili ty of the con- 
tact  was ensured by a tight fitting of direct ing s leeves.  The tempera tu re  of the inner surface of the tube 
was determined by averaging the thermocouple readings. The cold junctions of the thermocouples were 
placed inside the investigated liquid, which made it possible to measure  the tempera ture  head di rect ly .  In 
determining the tempera ture  head cor rec t ion  was introduced for  the temperature  drop in the thermal  re-  
s is tance of the wall [2]. The tempera ture  of the liquid was regulated with six copper-Cons tan tan  the rmo-  
couples placed in the operating volume. The emf of the thermocouples  was measuredwi th  anR-306 potentio- 
meter .  The saturat ion vapor  p re s su res  of the liquid was measured  by a vacuum manometer  of type MO of 
0.4 accuracy  c lass .  
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TABLE 1. Conditions of Exper iments ,  Charac ter i s t ic  Times ,  and 
Growth Moduli 

Liquid p, bar. q, kW/m 2 ar,deg ~ - ~ e e  n . ~  xd,msec xw,msec 1%,msec 

O 

Z 

0,1 
0,25 
0,42 
0,70 
1 
2 
4 
6 
8 

0,22 
0,45 
0,70 
1 
2 

17,7 6,0 
3,o 3,~ 
3,0" 3,2 
4,2 3,7 
3,0 3,8 
2,8 1,8 
2,8 1,4 
3,2 1,2 
2,8 0,9 

1,6 1 ,9  
1,3 1,6 
2,3 2,4 
2,2 2,2 
1,3  1,7 

3,5 
5,3 
0,83 
0,68 
0,40 
0,19 
0,10 
0,07 
0,03 

2,50 
0,90 
0,46 
0,45 

0,53 
0,72 
0,47 
0,48 
0,46 
0,45 
0,43 
0,39 
0,25 

0,66 
0,55 
0,49 
0,51 

21,7 
6,6 
2,4 
3,4 
5,0 

10,2 
24,0 
26,8 
31,2 

5,8 
3,4 
3,1 
3,5 

13,2 

28,0 49,7 
0,8 7,4 
1,2 3,6 
0,7 4,1 
1,0 6,0 
0,8 ll,O 
2,9 26,9 
4,7 31,5 
5,6 36,5 

0,7 6,5 
0,8 4,2 
t,I 4,2 
0,3 3,8 
2,2 15,4 
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Fig. 1. Growth modulus as a function of Jacob 
number:  1) oxygen; 2) nitrogen; 3) nitrogen [6], 4) 
nitrogen [13]. 

The photographs were taken by a Cinemato- 
graphic camera  SKS-IM in the t ransmit ted light 
with a 'Vjupiter-6" tele-object ive.  A revers ib le  
16-mm cinematographic film of type OCh-180 was 
used for  the photographs. The rate of photograph- 
ing was 3500 f r a m e s / s e c .  A Constantan wire of 
0.17 mm diameter  placed at a distance of 7-8 mm 
from the heated surface was used as the dimension 
scale and served as the reference for  focussing the 
objective. Bubbles growing in isolation at the upper 
edge of the hea ter  were chosen for  photographs. 
The f rames  were processed  using a 5PO-1 pro jec-  
tion equipment with • 15 magnification. The ve r t i -  
cal and horizontal dimensions of the bubbles were 
measured during the analysis of the f rames .  The 
time origin was re fe r red  to the f rame preceding 
the instant of visible appearance of the bubble. 

The motion picture of nitrogen and oxygen 
boiling was taken in the pressure  range 0.22-2 and 

0.:1-8 bars ,  respect ively.  The. regime parameters  of each experiment are  given in Table 1. The choice of 
the heat flux was governed by the necess i ty  of obtaining isolated bubbles at the edge of the heater .  At each 
p ressu re  25-30 bubbles were analyzed. 

Growth of.the �9 On the f rames  corresponding to the instant of generation the bubbles bad a .  
hemispher ical  shape; at  p r e s su re s  of 0.25 bar and lower they had the shape of a segment. As the growth 
progressed ,  the bubbles acquired a shape close to spherical ,  slightly elongated along the ver t ical .  At the 
instant of break-off  at  a p ressure  higher  than 0.1 bar the shape of the bubbles was a lmost  spherical  (the 
difference between the ver t ica l  and horizontal  dimensions of the bubble was of the o rde r  of 10%). At 0.1 
bar p ressu re  the bubbles had an i r regu la r  form at the instant of break-off.  In this case the equivalent 
d iameter  of the bubble was calculated as  the d iameter  of the sphere having the same volume as the bubble. 

In the time interval 0.2 ~d -< T -< T d the growth of ni trogen and oxygen bubbles is sa t i s fac tor i ly  app rox - ,  
imated by the relat ion 

. R = ~ n .  ( 1 )  

For  T < 0.2 T d a considerable sca t te r  of the experimental  points up to •  this can be due to the 
e r r o r  in the measurement  of the bubble radius on the initial segment of its growth. 

The experimental  data on the growth of bubbles for 7 > 0.2 7 d were analyzed by the method of least  
squares  for  obtaining (1). The mean values of n and f~ a re  shown in Table 1 for  the mean e r r o r s  in their  
determinat ion equal to ~20~ • respectively.  As evident from the table,  ~ and ~ have a tendency to 
decrease  with the increase of the p ressure .  
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Fig. 2. Dependence of the b reak-  
off radius on sa tura t ion  p r e s s u r e  
(a, oxygen; b, ni trogen):  1) theory;  
2) exper imen t ;  R d in m m ,  p in bars .  

Different values of n denote also different dimensionalities 
of growth rhoduli ft. Therefore in order tobe able to compare flfor 
different values of p and with the theoretical formulas the curves 
of bubble growth were normalized to the dependence 

R = [3~'/2. (2) 

In the investigation of oxygen the normalized and true values 
of the growth moduli for certain pressures (p = 0.25, 6, 8 bars) 
are appreciably different; however, in the time interval from the 
generation to break-off the maximum difference between the true 
and the normalized curves does not exceed :~25 ; in all the re- 
maining cases the two curves practically coincide. 

The existing theories of growth of vapor bubbles [I0, 12] 
lead to formula (2), where 

~l = C~janp a '/~-. (3) 

The va lues  of the normal ized  quantity f~/a4h-are shown in 
Fig.  1 for  all  the invest igated liquids. The dependence f l /4"a= f(Ja) 
for  oxygen c l ea r ly  b reaks  up into two branches .  At sma l l  J acob  
number s  (0 .3_  10; dashed line in Fig .  1) Labuntsov (nil, = 0.5; 
Cfl = 6); type dependenceholds ;  at l a r g e r  Jacob numbers  (7 _< Ja  _< 35; 
continuous line in Fig.  1) P ies  s e t -  Zweek type dependence holds 
(n~ = 1, C/3 = (2.5). The exper imen ta l  r e su l t s  of [6, 13] ag ree  
s a t i s f ac to r i l y  with our  r e su l t s .  In the ent i re  p r e s s u r e  range  the 
values of the mean growth moduli for  oxygen and ni t rogen a re  
higher  than the theore t ica l  values  [10, 12]. 

B reak -o f f  C h a r a c t e r i s t i c s  of the Bubbles.  Until recent ly  the  d imension  of a v a p o r  bubble during its 
b reak-o f f  f r o m  the hea t e r  was e s t ima ted  using the Fr i t z  fo rmula  [9] obtained f rom an approx imate  solution of 
the prob lem of stat ic  s tabi l i ty  of the bubble at  a plane wall.  A compar i son  of the exper imen ta l  dependences 
of R d on p and g with the Fr i t z  f o rm u l a  shows that this  fo rmula  is  inapplicable for  es t imat ing  the d imens  ions 
of v a p o r  bubbles during boiling in a wide range of var ia t ion  of p r e s s u r e  p and acce le ra t ion  due to g rav i ty  g. 
The F r i t z  f o r m u l a g i v e s  tooweak  a dependence o fR d on p [14-17] and too s t rong  a dependence of R d on g com-  
pared to the exper iment ;  accord ing  to the exper imen ta l  data  the dependence of R d on g is c lose to R d ~ g- i f3  
[ 7 1 .  . .  

The dependence of R d on p and g, which is in sa t i s f ac to ry  accord  with the expe r imen ta l  data for  suf-  
f icient ly low p r e s s u r e s ,  is given by the fo rmulas  obtained f rom a compar i son  of the. dynamic and buoyancy 
forces  acting on the bubble breaking off f rom the heater .  F o r  a bubble growing in accordance  with (2) all  
such fo rmu la s  can be exp re s sed  in the fo rm [18, 19] 

Rd = @4/3 g-,n, (4) 

where C is a constant  coefficient  of the same  o rde r  of magnitude as unity. The joint e f fec t  of the dynamic  
and stat ic  fo rces  on the b reak-o f f  radius  R d and the growth t ime T d of the bubble (the t ime  in terval  f rom 
genera t ion  to break-off )  has been invest igated in [20] by one of the p resen t  authors .  The computat ional  fo r -  
mulas  thus obtained a re  of the form 

--?-,'3 R~ C~4ng-'/3; ~ =  C~13~"3g - , (5) 

CR = [i 
30v 

4 '--1"47 ] 1 / 2 ( ~ )  1 ' 3 ; M  

6R~a p ; %,-- 
pp~ p - -  ,o" 

18v 
p~ (6) 

where 

411 



R d 2 •  o - - - f  

8 v V A ~ 

- "  ' - 5 

,o-j 
2 ~, ~ 8,',~a 2 O 6 e I L f  e 2 I-,, 6 8.~o -~ 2 P/Pcr 

F i g .  3. Dependence  o f  b r e a k - o f f  r a d i i  o f  bubb les  on the n o r -  

real ized p r e s s u r e :  1) oxygen; 2) ni trogen;  water :  3) f rom [14], 
4) f rom [21], 5) f rom [16], 6) f rom [15], 7) F reon -12  [17]; R d 
in cm.  

The p r e s s u r e  dependence of the mean  expe r imen ta l  va lues  of the b reak-o f f  radi i  of the bubbles is 
shown in Fig.  2. As seen  f rom this f igure ,  the radius  ii d of the bubble a t  the t ime of b reak -o f f  d e c r e a s e s  
with the inc rease  of the p r e s s u r e ;  the s t ronges t  dependence of R d on p is  obse rved  at normal ized  p r e s -  
su r e s  P /Pcr  < 0.01. F igure  2 shows the values  of R d computed f rom fo rmulas  (5), (6) for  the exper imenta l  
values  of the t e m p e r a t u r e  heads  and growth moduli (the use of averaged moduli  does not br ing in any s igni-  
f icant  change in the computed dependence).  I t  is evident  that f o rmu la s  (5), (6) give a s a t i s f ac to ry  a g r e e -  
ment  with the exper imenta l  data  in the ent i re  invest igated p r e s s u r e  range.  The s teeply  r is ing segmen t s  of 
the cu rves  (p < 0.7 ba r  fo r  oxygen, p < 0.4 ba r  fo r  n i t rogen)  co r r e sponds  to the computat ion by fo rmulas  
(5), (6) fo r  the case ,  when the breaking off of the bubble is  de t e rmined  main ly  by the iner t ia  force  of the 
liquid, i .e. ,  30v/• 2 + 6P, ca/p{J 4 << 1, and the b reak -o f f  r eg ime  is dynamic.  The flat  p a r t s  of the curves  on the 
r ight  (p > 2 ba r s  fo r  oxygen, p > 0.8 bar  for  ni trogen) co r respond  to the computation by fo rmulas  (5), (6) 
fo r  the case  when the dec is ive  fo rces  a r e  the fo r ce s  of su r face  tension; in this case  6Rca/p~ 4 >> 1 and 
a quas is ta t ic  r eg ime  of b reak-of f  of bubble occurs .  In the computat ions  with fo rmulas  (5), (6) the radius  
of the center  of vapor  fo rmat ion  is de te rmined  in t e r m s  of the c r i t i ca l  radius  of vapor  nucleation R c = 4aT s 
/ L~'t~T [20]. 

The b reak -o f f  rad i i  of bubbles,  obtained by d i f ferent  authors  [14-17, 21] during boiling of di f ferent  
l iquids,  a r e  shown in Fig .  3 as  afunct ion of the normal i zed  p r e s s u r e .  In spite of the significant d i f fe rence  
In the physical  p r o p e r t i e s  of the invest igated liquids and the conditions of the exper iments  (shape and m a -  
t e r i a l  of the heating su r face ,  value of the t e m p e r a t u r e  head) the dependences of the b reak-o f f  radii  on the 
normal ized  p r e s s u r e  a r e  v e r y  s imi l a r .  Two cha rac t e r i s t i c  regions  of va r ia t ion  of the b reak-o f f  radius  
w i t h t h e  p r e s s u r e  change can  b e  dist inguished:  

a) a region of dynamic  r eg ime  of b reak -o f f  v a p o r  bubbles (P/Pcr < 10-2), where  the dependence of the 
bubble rad ius  on the normal ized  p r e s s u r e  is genera l ized  by the fo rmula  (curve T) 

R~ = 1.9.10 -4 (p/pcr) -I.-0 ; (7) 

b) a region of quas i s ta t i c  r eg ime  of b reak-o f f  of vapor  bubbles (P/Pcr > 2.10-2) ,  where this depen-  
dence is genera l ized  by the fo rmula  (curve II) 

R d = 6.6.10 -3 (p/pcr) - ~  . (8) 

In fo rmulas  (7), (8) the values  of R d a r e  in cm.  

The ave rage  va lues  of t h e g r o w t h t i m e o f v a p o r b u b b l e s T d a n d t h e  t ime  ~'b = Td + lw,  where  ~w is the 
waiting t ime ,  a r e  given in Table  1. It is  evident that  the values  of T d and ~b inc rease  rapidly  both in the 
region of la rge  and sma l l  p r e s s u r e s .  The f requency of b reak -o f f  of the vapor  bubbles f = T~ I consequent ly  
fal ls  off sha rp ly  at  the edges  of the invest igated p r e s s u r e  range.  
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Fig. 4. Dependence of the dimensionless  f requency 
of break-off  of the bubbles on the normal ized p re s -  
sure:  1) oxygen; 2) nitrogen; water:  3) f rom [16]; 4) 
f rom [15]; 5) Freon-12  [17]. 

The dependence of the relative values of the break-off  f requency f(p)/f (0.03 Pcr) on the normalized 
p re s su re  (P/Pcr) is shown in Fig. 4 for oxygen and nitrogen as well as water  [11, 15] and Freon-12 [17]. 
Exper imental ly  obtained values of the frequencies  for p = 0.03 Pcr were taken as the reference  values of f 
for water [15], Freon-12 [17], oxygen, and nitrogen: 75 sec -1 [15], 58 sec -1 [17], 125 sec - I  for  oxygen, 260 
sec -1 for nitrogen. In [16] the frequencies were not determined for  this p ressure .  Considering thht for the 
data presented in Fig. 4 for water  as well as for the o ther  liquids in the range 0.005 Pcr  < P < 0.05 Pcr  the 
break-off  frequency of the bubbles may be assumed to be independent of the p res su re  within the limits of 
the e r r o r  in their  determination, the value f = 33 sec -1 at p = 1 bar  was taken as the reference  break-off  
frequency for  [16]. In spite of the a r b i t r a r y  nature of this dependence and large sca t te r  of the experimental  
data obtained for different values of the tempera ture  heads AT and heat flux densit ies q three  charac te r i s t i c  
regions of var ia t ion of f can be distinguished. In the region of low p re s su re s  (P/Pcr < 5 .10  -3) f dec reases  
with p; in the region of high p r e s su re s  (P/Pcr > 5- 10 -2) f dec reases  with increase  in p;and in the in ter -  
mediate region the var ia t ion of f for each liquid lies within the limits of e r r o r  in the determination of f. 

A qualitative explanation of the experimentally observed variat ion of R d and f with p res su re  can be 
obtained f rom an analysis  of formulas  (5), (6), which has been done in [20] for dynamic and quasis ta t ic  
regimes  of break-off  of vapor  bubbles corresponding to low- and h igh-pressure  regions.  It follows from 
(5), (6) that in the dynamic regime the bubble radius decreases  sharply with the increase in p ressure .  In 
the static regime also the p ressu re  increase  resul ts  in a decrease  of the bubble radius but the p ressu re  
dependence is weaker.  It is seen f rom Figs.  2 and 3 that there is not only a qualitative but also a sa t i s -  
fac tory  quantitative agreement  between the experimental  data and the theoret ical  es t imates  given in [20]. 

According to [20] the break-off  frequency,  determined as ~d ~ in the dynamic regime,  increases  with 
the p res su re ,  while it dec reases  in the quasistat ic  regime; this is m accord  with the data presented in 
Fig. 4. The behavior of f has a ve ry  s t rong dependence on the temperature  head and the waiting time T w, 
which is not taken into considerat ion in formulas  (5), (6). One thing that can be stated with cer ta in ty  is that 
f increases  with p in the region of smal l  p r e s su re s  and dec reases  with the increase of p in the region of 
large pre ssu res .  

The data presented in Figs.  3 and 4 permi t  the conclusion that in the case of boiling in the regime of 
so l i ta ry  bubbles the boundary between the dynamic and quasistat ic  regimes  of break-off  of vapor  bubbles 
(between "low" and "high" p ressures )  lies in the range 0.005 Pcr <P < 0.05 P c r  with the mean value 
p ~ 0.02 Pcr" 

D is the d iameter ;  
R is the radius; 
T is the t ime; 
7 w is the waiting time; 

NOTATION 
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C/3, C, C R 
g 
G 

n ,n~  

P 
AT 

Y 

p, p" 
G 

f 

ac 
q: 

Ja  = k A T / L p " a  

are  the numeriCal coefficients in the formulas  for  fi and R d, respect ively;  
is the accelera t ion due to gravi ty;  
is the thermal  diffusivity; 
a re  the power exponents; 
is the p r e s su re ;  
is the t empera tu re  head; 
is the growth module of  bubble; 
is the kinematic viscosi ty;  
are  the densi t ies  of liquid and vapor ,  respect ively;  
is the surface  tension; 
is the break-off  f requency of bubbles; 
is the radius of cen ter  of vapor  formation;  
is the heat flux density; 
is the Jacob number .  

S u b s c r i p t s  an  

d 
c r  

d S u p e r s c r i p t s  

�9 denotes the b reak-of f  conditions; 
denotes the c r i t i ca l  point. 
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