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Study of the in te rna l  c h a r a c t e r i s t i c s  of boi l ing is  of g r e a t  impor t ance  in unders tanding  the phys ics  
of this  complex  p r o c e s s ;  da ta  on in te rna l  c h a r a c t e r i s t i c s  may  be used fo r  de r iva t ion  of fo rmulas  
for  in teg ra l  boi l ing c h a r a c t e r i s t i c s  (hea t - l ibe ra t ion  coef f ic ien ts ,  c r i t i c a l  t h e r m a l  flux dens i t i e s ) .  
Only a l imi ted  number  of works  have been dedica ted  to study of boi l ing of c ryogenic  l iquids over  
a wide sa tura t ion  p r e s s u r e  range .  In [1] the in te rna l  c h a r a c t e r i s t i c s  of n i t rogen boi l ing were  
s tudied at  p r e s s u r e s  f rom 0.1 to 8 ba r ,  while oxygen was s tudied f rom 0.22 to 2 ba r .  In [2] de -  
tachment  r ad ius  and bubb le -de tachment  f requency were  de t e r m i ne d  fo r  hydrogen boi l ing o v e r  
the p r e s s u r e  range  1-11 ba r .  The p r e s e n t  study is  dedica ted  to an examinat ion  of in te rna l  c h a r -  
a c t e r i s t i c s  of hydrogen boil ing over  the sa tu ra t ion  p r e s s u r e  range f rom t r ip le  point p r e s s u r e  
(0.072 bar)  to 2.0 ba r .  

The expe r imen ta l  method and appara tus  used were  d e s c r i b e d  in [3]. The hydrogen boi l ing expe r imen t s  
were  p e r f o r m e d  with hor izonta l  tubular  German s i l v e r  h e a t e r s  3.1 and 5 mm in d i a m e t e r ,  80 and 88 mm long, 
r e spec t i ve ly .  Hea t e r  s u r f a c e s  were  f in ished to c l a s s  7-8 of GOST (All-Union State Standard) 2789-73. 

The t e m p e r a t u r e  of the h e a t - l i b e r a t i n g  su r f ace ,  with appropr i a t e  cons ide ra t ion  of wall t he rma l  r e s i s t a n c e ,  
was de te rmined  by a low ine r t i a  p la t inum r e s i s t a n c e  t h e r m o m e t e r  located ins ide  the hel ium f i l led  tubular  
h e a t e r .  

Cine photography of the boi l ing p r o c e s s  was p e r f o r m e d  with an SKS-1M h igh - speed  c a m e r a  a n d " J u p i t e r -  
6" telephoto lens,  using 04-180 cine r e v e r s a l  f i lm at an average  f r a m e  ra te  of about 3500 f r a m e s / s e c .  The 
cine f r a m e s  were  p r o c e s s e d  with 15-20-fo ld  magnif ica t ion  p ro jec t ion ,  Bubbles growing in i so la t ion  on the 
upper  edge of the h e a t e r  were  s e l ec t ed  fo r  p r o c e s s i n g .  

TABLE 1 

Heater 
diam- 
et et ,  
mm 

3,1 

5,0 

i 

1 0,072 
2 0,126 
3 0,342 
4 0,62 
5 :0,72 
6 1,00 
7 0,072 
8 0,08 
9 0,i34 

'tO 0,138 
t i 0,20 
t2 0 535 
13 !0,69 
i4 i0,82 
~5 ! l .o  
i6 l ila 
i7 1.5 
t8 121o 

4,35 3000 
3,35 2380 
i,85 585 
t,20 325 
t ,05 330 
l,t5 400 
3,80 4500 
2,60 li50 
3,90 2500 
i,20 500 
3,20 2260 
0,90 290 
0,80 260 
9,26 i80 
0,60 200 
0,40 i20 
0,75 260 
0,40 310 
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TABLE 2 

Exp. No. of I t3(0.5) rd, 
No. measure- ~13' % 0f~, % ~ d' cm/sec ~tsec = psec merits 

t 
2 
3 
4 
5 
7 
8 

i0 
t2 
15 

9 
tt 
24 
27 
16 
t0 
l0 
t5 
23 
12 

S(n),  
n ~ C I n / S e C  

0,65 3,50 
0,5i 0,75 
0,46 0,34 
0,43 0,25 
0,4 0,t2 
0,5 1,24 
0,46 0,93 
0,35 0,20 
0,39 0,t5 
0,39 0,2 

• 23 
+11 
-+3 
+3 
-+4 
• 
-+S 
+6 
+_4 
+_6 

1,55 
0,73 
0,43 
0,24 
0,i9 
t,3i 
i,t2 
0,38 
0,23 
0,21 

+t5 
-+13 
_+ti 
+ 12 
+15 
~t2 
+1o 
+16 
_j-t2 
+ 13 

9,5 
10,t 
t0,9 
t3,8 
13,5 
9,3 
9,5 

16,5 
20,i 
t4,2 

2,2 
2,7 
1,1 
2,4 
t,9 
2,4 
i,7 
t,9 
3,0 
2,5 

V a p o r  B u b b l e  G r o w t h  o n  H e a t e r  S u r f a c e  

P a r a m e t e r s  at which the s tudy of i n t e r n a l  bo i l ing  c h a r a c t e r i s t i c s  was p e r f o r m e d  a r e  p r e s e n t e d  in  Table  

1. 

The m e a n  bubble  d i a m e t e r  was ca l cu l a t ed  as the a r i t h m e t i c  m e a n  of i t s  v e r t i c a l  h 1 and h o r i z o n t a l  h 2 
d i m e n s i o n s ,  < D> = 0.5(h I + h2). The bubble  f o r m  r e m a i n e d  p r a c t i c a l l y  s p h e r i c a l  ove r  the p r e s s u r e  i n t e rva l  
0 .072-0.6  b a r ,  while at p r e s s u r e s  above 0.6 b a r ,  at the m o m e n t  of de t achmen t  the bubbles  e longa te  and the 

v e r t i c a l  d i m e n s i o n  i n c r e a s e s ,  s o m e t i m e s  r e a c h i n g  a value of 2h 2. 

The  e x p e r i m e n t a l l y  d e t e r m i n e d  dependence  of bubble  r ad ius  on t ime  may  be r e p r e s e n t e d  by the f o r m  

R = 13(,~)~". (1)  

Values  of f~(n) and n were  d e t e r m i n e d  by the method of l e a s t  s q u a r e s  fo r  each of the e x p e r i m e n t s  f r o m  the en -  
t i r e  se t  of e x p e r i m e n t a l  da ta  on bubb le  growth .  The r e l a t i v e  e r r o r  in  m e a s u r e m e n t  of 5ft. i s  p r e s e n t e d  in  
T a b l e  2 where  a gene ra l  t endency  to an i n c r e a s e  in  exponent  n with i n c r e a s e  in  p r e s s u r e  is  ev ident  (with the 

except ion  of the point  p = 0.138 ba r ) .  

The d i f fe r ing  va lues  of n ind ica t e  d i f f e ren t  values  of the growth modulus  fi(n), c m / s e c .  In o r d e r  to c o m -  
p a r e  the e x p e r i m e n t a l  da ta  on bubble  growth  at va r ious  p r e s s u r e s  the e x p e r i m e n t a l  growth c u r v e s  were  approx-  
i m a t e d  by the theo re t i ca l  funct ion [4] 

R = fi(o.5)-~~ ~. (2)  

Over  the t ime  i n t e r v a l  f rom bubble  g e n e r a t i o n  to de t achmen t  such bubble  growth c u r v e s  di f fer  f rom the e x p e r i -  
m e n t a l  ones by no m o r e  than 25% b e c a u s e  of the s m a l l  d i f f e rence  of the e x p e r i m e n t a l  n values  f r o m  the theo re t -  
i ca l  n = 0.5. The m e a n  va lues  of fl(0.5) obtained in this m a n n e r  for  each of the e x p e r i m e n t s  a re  p r e s e n t e d  in  

T a b l e  2. 

The  we l l -known theo re t i ca l  r e l a t i o n s h i p s  for  the b u b b l e - g r o w t h  modulus  fl(0.5) may  be wr i t t en  in the form [4] 

~(0.5) = Cf~:lanf~a 1/2, (3) 

whe re  nfl = 0 .5-1 ;  Cfi is  a c o n s t a n t  (in s o m e  s tud i e s ,  a func t ion  of the phys ica l  p r o p e r t i e s  of the l iquid and 
h e a t e r  m a t e r i a l  [5]}; J a =  X A T / L p " a  i s  the J acobs  n u m b e r ; k ,  a are the coef f ic ien ts  of t h e r m a l  conduct iv i ty  
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and diffusivity of the liquid; L is the latent heat of vaporization; p" is the vapor density; and AT is the temper -  
ature head. 

To determine the experimental  value of nfi in Eq. (3) for  the ease of hydrogen boiling the dependence of 
fl(0~ the Jacobs  number  was determined.  P rocess ing  of all experimental  data on fi(0oS) presented in 
Table 2 by the method of least squares  gives the following expression for the vapor  bubble-growth modulus in hydro-  
gen boiling: 

~(0.5) = 5.2Ja~176 (4) 

To approximately the same accuracy  the experimental  data are descr ibed by an expression close to the theo- 
ret ical  one of [4], 

~(0.5) = 4.2Ja~ ~ (5) 

Equation (4) prac t ica l ly  coincides with Labuntsov 's  fo rmula  [4], in which nfi + 0.5; Cfi = ~ lfi"2-4"2"0. 

Figure 1 presents  Eqs~ (4), (5) in the form of the function fi(O.5)/(j=f(Ja), together with mean cor rec ted  
experimental  values of the growth modulus fl(0~ obtained in two se r ies  of experiments  [1) with 3.1 mm diam- 
e ter  heaters ;  2) with 5 mm diameter  heaters]~ The large scat ter ing of the experimental  data at low Jaeobs 
number  (Ja _< 1) is explained p r imar i l y  by the low accuracy  in determinat ion of bubble d iameters  and t empera -  
ture heads in the relat ively high saturat ion p re s su re  range. It is evident f rom Fig. 1 that for  Ja  > 1.6, Eq. (4) 
descr ibes  the experimental  data be t te r  than Eq. (3). 

C h a r a c t e r i s t i c s  o f  V a p o r  B u b b l e  D e t a c h m e n t  

Exper imental ly  determined values of vapor bubble-detaehmentradius  Rd for hydrogen boiling in the satu-  
ration p res su re  range studied, obtained with heaters  (1 - 3,1 mm diameter;  2 - 5 mm diamter;  3 - averaged 
resul ts  of [2]), a re  presented in Fig. 2o It is evident that just as in nitrogen, oxygen, water, and organic liquid 
boiling [1, 6], bubble-detachment radius increases  with increase  in p re s su re ,  and this dependence becomes 
especial ly great  at sufficiently low p re s su re s  (p < 0.5 bar).  

The method of est imating R d values proposed by one of the authors of [1, 7] was used for  quantitative 
interpretat ion of the experimental  data. The calculated dependence of R d on p presented in Fig. 2 is of the 
same cha rac t e r  as the experimental  one and agrees  with the lat ter  sat isfactor i ly .  

The value of R d for boiling at sufficiently low p re s su re s  (for example, p < 0~ where p.  is the cr i t i -  
cal pressure)  and at sufficiently high p r e s su re s  (for example p > 0.05p,) may be descr ibed by the simple func- 
tions of [7]: 

a) for  low p res su re  (dynamic bubble-detachment regime) 

~d  ~ CR ~4/3g--1/3; (6) 
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b) for  high p res su re  (quasistatic bubble-detachment regime) 

3 
Rd = I / (3 /2)R~/g(p  - -  p';), (7) 

where C R is a constant coefficient of the o rde r  of unity (C R .z 1.34 [7]); g is the accelerat ion of gravity;  and 
(r is the surface tension. 

Equation (7) is an analog of the well-known Fr i tz  fo rmula  [8] for  the case of boiling of liquids with very 
small  boundary angles (including cryogenic liquids), where the Fr i tz  formula  is inapplicable [7, 9], and bubble 
detachment must  take place not f rom a smooth hea te r  surface ,  but f rom the edge of a microcavi ty  of radius 
R c in which the vapor bubble is generated.  The value o f R  c is defined according to [10] as the d iameter  of a 
cr i t ical  vapor nucleus under the given experimental  conditions. The growth modulus fi for  construction of the 
theoret ical  function is calculated f rom Eq. (5) for J a  > 1.6 and f rom Eq. (4) for  J a  < 1.6. 

Calculation of the forces  acting on the hydrogen vapor bubble upon detachment, using the method of [7], 
reveals  that dynamic forces  (inertial forces  of liquid react ion and frontal resis tance)  exceed static forces  (sur-  
face tension) at p _< 0.4 ba r  or  p _< 0.03p..  This p r e s s u r e  is close to the value at which an inflection occurs  
in the function R d = f ( p )  for  both hydrogen (Fig. 2) and a number  of liquids of widely differing thermodynamic 
proper t ies  (nitrogen, oxygen, water ,  Freon-12) ,  for  which the corresponding p r e s s u r e  boundary is about 0.02p, 
[1]. It can be seen that bubble dimensions in the dynamic detachment regime descr ibed by Eq. (6) must  hange 
more  rapidly with p re s su re  than in the static regime where dimensions are described by Eq. (7) or  the Fr i tz  
equation [Eq. (8)]. 

We note that there exists not only qualitative analogy, but quantitative agreement  of the general ized re-  
sults on internal boiling charac te r i s t i cs  of high-boiling-point liquids (water, ethanol) with those for  cryogenic 
liquids (hydrogen) at sufficiently low saturat ion p r e s s u r e s .  In [8] resul ts  were presented of water,  ethanol, 
and benzene boiling in the form of dimensionless  d iameter  D d 4 g ( p - p , , ) / a  as a function of Froude number  F r  = 
(D~/~-~g)4g(p - p " ) / a .  This empir ical  relat ionship may be written with sa t i s fac tory  accuracy in the form 

9 
D d = 4/3"~g. (8) 

It can be shown that Eq. (8) may be obtained by substitutiori of Eqs~ (1), (2) at "r = 7 d in Eq. (5) with the value 
C R ~ 1.15, which differs f rom the theoret ical  value of [7] by only 14%. 

Values of bubble-growth t ime on the hea te r  -r d as a function of p r e s su re  are  presented in Table 2, where 
a~- d is the mean square e r r o r  of the measurement .  Expectancy time Tw (from moment of bubble detachment 
until moment  of appearance of new bubble) was absent at all p r e s s u r e  values (Tw ~ 0)o At the very  lowest 
p r e s su re ,  corresponding to the triple point, boiling was unstable. Bubbles detached in ser ies  within which 7 w 
0 ,  while time intervals between se r i e s  were i r r egu la r .  

Figure  3 presents  vapor bubble-detachment  f r e q u e n c y f  = T~ 1 as a function of p r e s su re  f rom experimental  
resul ts  obtained with two hea te rs :  1) hea te r  d iamete r  3.1 mm; 2) 5 mm; 3) averaged resul ts  of [2]. 

Despite the conditional nature of this function and the high scat ter ing of experimental  points,~one can 
rel iably distinguish two p r e s s u r e  regions  v.4th different rules  fo r  bubble-detachment frequency: 1) a region 
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w h e r e f  is practically independent of p (p = 0.072-0.8 bar); 2) a region w h e r e f  decreases sharply ,with increase 
in p (p > 0.8 bar  or p > 0~176 The lat ter  region corresponds to the quasistatie detachment regime, and its 
limit is the same as in other liquids [I]. 

Figure 4 shows mean bubble-growth rate Ddf for hydrogen boiling (1 ~- 3 .1-mm-diameter  heater; 2 -  
5-ram-diameter  heater; 3 - data of [2]) as a function of the parameter  II = p , / p .  The crosshatched region of 
Fig~ 4 corresponds to data for  organic liquids [11]o Thus, the tendency for  change in value of Ddf with change 
in p ressure  in a cryogenic liquid (hydrogen) is the same as in organic liquids, while the numerical values of 
Ddf in these two different classes of liquid coincide within the limits of experimental e r ro r .  
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