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The resul ts  of an investigation into the effects of sur face  coatings on the cr i t ical  number 
qcrl  charac te r iz ing  the bubble-type (nucleate) boiling of helium on ver t ical  cylinders (either 
in free space or  in a ver t ica l  channel) with natural c i rculat ion at 2,4-5~ a re  presented,  

One of the fundamental processes of cryogenic cooling used in creating favorable conditions for 
superconductivity in various superconducting electrical systems is the boiling of liquid helium. The value 
of the critical thermal flux at which the transition takes place from bubble- to film-type boiling (the bubble- 
type boiling crisis, qcr0 is accordingly very important in connection with such devices. 

Many papers have been written in relation to the theoretical foundations of the bubble-type boiling 
crisis. A leading role has been played in this respect by various Soviet scientists: Kutateladze [1], 
Borishanskii [2], Kruzhilin [3], Labuntsov [4], and others. 

A number of papers have also now been written in relation to the bubble-type boiling crisis of helium 
on clean surfaces in free space [5-121 and in channels with natural circulation [11-16]. 

It is also well known that nonmetallic coatings deposited on the heat-emitting surface have a variety 
of effects on the value of the first thermal-flux crisis during the boiling of liquids. Thus, Alad'ev and 
Yashnov showed [17] that in the case of water boiling in free space the deposition of fat (grease) on a clean 
heat-transferring surface reduced the value of qcrl. On the other hand, experiments regarding the effect 
of nonmetallic coatings on the bubble-type boiling crisis of cryogenic liquids in free space carried out by 
Bewilogua et al. [18] in nitrogen and hydrogen, Class et al. [19] in hydrogen, Cummings and Smith [7] and 
Butler et al. [8] in helium show, on the other hand, that the -value of qcrl for surfaces with nonmetallic 
coatings 5-170 ~zm thick increases by 6-110% in comparison with the qcr! for a clean surface. Only in an 
investigation by Lyon [5, 6] was no increase in the bubble-type boiling crisis of helium on a "contaminated" 
surface discovered. 

Thus, at the present time there have been insufficient experiments on this theme and there is also 
insufficient unanimity of opinion as to the physics of boiling on coated surfaces. Further accumulation 
of experimental material is vital. 

The aim of the present investigation was to determine the first critical thermal flux for the boiling 
of helium on a clean surface and on surfaces with Vaseline coatings in free space and in vertical channels 
with natural circulation at other than atmospheric pressure. 

The experimental apparatus and the method of studying qcrl for the boiling of helium in free space 
and in vertical annular channels under conditions of natural circulation were described earlier [11, 16]. 

The experiments were carried out in the helium boiling temperature range of 2.4-5~ a) on the 
heated surface of a vertical stainless steel KhI8N10T cylinder dst = 6 mm in diameter and 50 mm long, 
either clean or with a Vaseline coating, the thickness of the latter being about 40 p; b) in annular channels 
50 mm long formed between the same heated surface (clean or Vaseline-coated) and an outer polyfluor- 
ethylene (Teflon) tube with an internal diameter of 8, 9, or 10 mm; c) in a German ~ilver MNZhMts 30-1-1 
tube with an internal diameter of 3.5 mm and 300 mm long. 
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Fig.  1. Bubble- type  boiling 
c r i s i s  of he l ium in f r ee  space .  
Clean s u r f a c e s :  1) ve r t i c a l  
Khl8N10T s tee l  cyl inder  [11]; 
2) ve r t i c a l  copper  and a l um i -  
num cyl inder  [10]; 3) v e r t i -  
cal  copper  cyl inder  [9]; 4) 
ve r t i ca l  copper  pla te  [8]. 
Coated s u r f a c e s :  5) au thors '  
data;  ve r t i ca l  copper  p la te  
[8] with var ious  coat ings:  6) 
6.5-,r cel lulose;  7) 18; 32; 
and 46-,r cel lulose;  8) thin 
l aye r  of Tef lon + 8-# poly-  
amide  fi lm; 9) 12- and 25-~ 
polyvinyl ace ta te  enamel ;  10) 
four spots  of cel lu lose  13 p 
thick;  1) s even  spots  of ce l -  
lu lose  27 # thick; 12) f rozen  
mix tu re  of Tef lon and ta le  
powder .  A and B r e l a t e  to 
Eq. (1). T i n ~  q c r l i n W  

Start ing f rom the hydrodynamic  model of the boiling c r i s i s  and 
using the methods developed by Kutateladze and Bor i shanks i i  [1, 2], 
as  well  as  Vishnev [20], we der ived  an equation for the bubble- type  
boiling c r i s i s  of a liquid on a su r f ace  inclined at var ious  or ientat ions,  

(qcr ,) f.s.= z (t 9 0 -  qD)0.5 r [gg (p' - -  9') (p,,)~]02b, W/rn~ . (1) 

F igure  1 i l lus t ra tes  our  data regard ing  the value of qcrl  in 
f r ee  space  on the clean su r face  of a ve r t i ca l  cyl inder  and on the s a m e  
su r f ace  with a Vasel ine coating in the t e m p e r a t u r e  range  2.4-5~ (P 
= 0.085"2 b a r s ) .  The exper imenta l  points c losely  obey Eq. (1). Fo r  
a clean ve r t i ca l  su r face  z = 0.0095; ~0 = 90 and for a Vase l ine-coa ted  
ve r t i ca l  su r face  z = 0.0i4, ~o = 90. 

For  compar i son ,  the s a m e  f igure i l l u s t r a t e s  Buf fe r ' s  r e su l t s  
[8] for  a clean v e r t i c a l  su r face  and su r f aces  with coatings of var ious  
kinds, and a lso  the r e su l t s  of Boiss in  [9] and Dinaburg [101 for  clean 
ve r t i c a l  cyl inders ,  which a r e  desc r ibed  by Eq. (1) (curves A and B) 
to an accu racy  of ~10%. 

We see  that the value of qcrl  for  the boiling of he l ium on a v e t -  
t ica l  su r f ace  (stainIess s tee l  with a Vasel ine coating) is 45-50% 
g r e a t e r  than the qcr l  for  the boiling of he l ium on a s i m i l a r  but c lean 
ve r t i c a l  su r face  over  the whole range  of t e m p e r a t u r e s  studied.  We 
note that ,  in studying the f i lm- type  boiling c r i s i s  qcr2 of ni t rogen 
and he l ium in f r ee  space ,  Pronko et al .  [21] and But ler  et al .  [81 
a l so  noted a r i s e  in qcr2 on su r f aces  with nonmetal l ic  coatings as 
compared  with clean s u r f a c e s .  

A cons idera t ion  of the work of Ogata et .  al .  [13] and Lehongre 
et al .  [14], who studied the bubble- type  boiling c r i s i s  of he l ium in 
na r row  channels ,  shows that  in developing the phys ica l  p r inc ip les  of 
the p r o c e s s  the authors  made some  initial  a s sumpt ions  which, in our 
own opinion, a r e  not ve ry  well based .  In these  ana lyses  the veloci ty  
of the vapor  bubbles was in fact  r ega rded  as constant  along the axis  of 
the channel, as  a r e su l t  of which the value of qcr l  depended sole ly  on 
the vo lume t r i c  vapor  content of the flow, this being a function of the 
d is tance  f r o m  the channel inlet .  

Never the les s ,  it was es tab l i shed  exper imenta l ly  in [22] that the 
veloci ty  of the vapor  i nc rea sed  by a fac tor  of s e v e r a l  t imes  on pass ing  
along the channel. 

/m2" Vishnev and Elukhin [22] es tab l i shed  theore t i ca l ly  the re la t ion-  
ship between the heat  t r a n s f e r  a s soc ia t ed  with boiling and the reduced 

veloci ty  of the vapo r  w~ in un i formly  heated channels .  It was a l so  noted in [23] that  the veloci ty  of the 
vapo r  core  had an  intensifying act ion on the heat  t r a n s f e r  a s soc ia t ed  with boiling in tubes .  

The reduced  veloci ty  of the vapor  which i n c r e a s e s  along the channel and has  a dec is ive  influence on 
boil ing under  conditions of na tura l  circulat ion) may be e x p r e s s e d  in the following way: 

x 
w 0 = ~ f -  , m / s e e  (2) 

and in turn  

v;=  (3) 

while 

a; = q J ! ,  kg 
f 

(4) 
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Fig. 2. Influence of the parameters ~Jd and l l d  onthe 
bubble-type boiling cr is is of helium in ve~ica l  chan- 
nels (T = 4.21~ For  an annular  coated channel: 1) 
l / d  = 6.8; clean annular  channels:  2) l / d  = 10.8; 3) 
6.8; 4) 4.7; tube: 5) l / d  = 86; f ree  space 6) 1 / d  = 0; 
a-e)  corresponding calculated curves  based on Eq. (10), 

Thus,  

Since 

w ~ -  qF~ , m/see 
ro'f 

d~ d ' 

4 

the express ion  for  the reduced velocity may be expressed  in the fo rm 

(5) 

(6) 

(w~).~ - q 4 _ f x  m/sec. (7) 
rp" d 

If we assume  that the reduced veloci ty  of the vapor  along the channel changes f rom w~ = 0 to (w~)* 
where (w~)* is the limiting value of the reduced velocity in the pa r t i cu la r  c ross  sect ion of the channel in 
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Fig. 3. Bubble- type boiling c r i s i s  of helium in v e r t i -  
cal channels (T -- 4.21~ For  a tube: 1) I / d  = 86. 
Unilateral  heating, rec tangula r  channels:  2) I / d  = 10- 
70 [12]; 3) 20-100 [13]. Bi la te ra l  heating rec tangular  
channels:  4) I / d  = 20-130 [12]; 5) 10-70 [15] (modi- 
fied data); b)-e) calculations based on Eq. (I0) for  
I / d =  15; 10.8; 6.8; 4.7, r espec t ive ly .  
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Fig.  4. Influence of the t e m p e r a t u r e  of liquid hel ium 
on the bubble- type  boiling c r i s i s  in ve r t i ca l  channels.  
Clean channels :  a) for  l / d  = 10.8: 1) x = 1.3; x /d  
=0 .28 ;  2) x =9 .9 ;  x / d = 2 . 1 5 ;  3) x = 2 5 ;  x / d = 5 . 4 2 ;  
4) x = 4 3 . 4 ;  x / d = 9 . 4 1 ;  b) for  l / d = 6 8 ;  5) x = 2 5 ;  
x /d  = 3.4; for  a coated channel having l / d  = 6.8; 6) x 
=43 .5 ;  x / d = 5 . 4 ;  7) x = 2 5 ;  x / d = 3 . 4 ;  8) x = 4 ;  x /d  
= 0.55; I-VIII)  cor responding  calculat ions based  on Eq. 
(11). T i n ~  q c r l i n W / m  2. 

which the whole of the liquid is evapora ted ,  and that  the bubble- type  boiling c r i s i s  is inve r se ly  propor t iona l  
to the inc remen t  in the reduced  veloci ty  of the vapor ,  the value of qcr l  at a d is tance  f r o m  the channel inlet 
will be 

(qcr,)x=(qcr~)0 [1 - -  (w0) ,(~~ ] , W/m2. (8) 

Replacing (W~)x by i ts  value in (7) we obtain 

[ +1 1 _L c , W/m z (9) 
(qcr,)~ = (qcr~)o 

Clear ly ,  the  coeff icient  c = 4/ (w 0) *p" r ,m2/W will be constant  for  a pa r t i cu l a r  liquid if p = const .  

We d i s cove red  expe r imen ta l ly  that  the f i r s t  c r i t ica l  t h e r m a l  flux for  the boiling of liquid hel ium in a 
channel depended both on the reduced  veloci ty  of the vapor ,  e x p r e s s e d  in t e r m s  of the r a t e  of vapor iza t ion  
and the p a r a m e t e r  x /d ,  and a l so  on the ra t io  of the absolute  d imens ions  of the channel in the range  0 < i / d  

< 15 [16]. The equation p roposed  for  calculat ing qcr l  in any c ro s s  sec t ion  of a ve r t i ca l  channel during the 
boiling of he l ium under  a t m o s p h e r i c  p r e s s u r e  in [11, 16] is 

[ 1 + Q  c~ - - J 0 , 0 4  - -  10 -4 W/m s (10) (qcr3. 
L (qcr,)f.s. d d ' 

where  for  c lean ve r t i c a l  channels c 1 = 1 m2/W, c 2 = 0.0063, for  ve r t i ca l  channels with a Vasel ine coating 
e I = 0.3 m2/W, c 2 = 0.047; (qcrl)f .s .  is obtained f r o m  Eq. (1) for  c lean and coated su r f aces ,  r e spec t ive ly .  

Equation (10) (curves a,  b, c, d, e) s a t i s f ac to r i ly  d e s c r i b e s  our own exper imen ta l  data for  the boiling 
of he l ium in coated channels and in c lean channels and tubes with 0 < l / d  < 86 (Fig. 2), and a lso  the r e -  
sul ts  of [12, 13, 15] for  clean channels with 20 < l / d  < 135 (Fig. 3). This  equation d i f fers  f r o m  those of 
Ogata et al .  [13] and Lehongre  et al .  [14] in the range  0 < l / d  < 15, s ince these  authors  did not allow for  
the inhomogenei ty  of the flow and the sl ipping of the individual phases  in the la t te r ,  which is e spec ia l ly  
app rec i ab l e  in channels with sma l l  ~/d.  F o r  l / d >  15 the influence of the absolute  ra t io  l i d  r e m a i n s  
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constant in view of the fact that the inc rease  in the ra te  of liquid c i rculat ion has ceased.  In this case we 
put l / d  = 15 in Eq. (10) and the resu l t s  closely approach thdse of [13, 14]. 

The effect of t empera tu re  (pressure) on the bubble-type boiling cr i s i s  is taken into account in Eq. 
(1). In view of this it is convenient to unify Eqs. (1) and (10) in order  to descr ibe  the boiling cr i s i s  in 
channels at var ious  p r e s s u r e s .  To this end, instead of (qcrl)f.s. in Eq. (10), we intrs  its value 
taken f rom Eq. (1); as a resul t  of this we ~  following equation for the boiling of helium in ver t i -  
cal channels:  

(qcr,)~ = (qc~,) f_~s. - - ,  Wire z. (11) 
l@(qcr')f's'q [(Pe" t05 r~-c" d--O'04] p" ] r " d 

~f 

For  all liquids 0e and r e cor respond to the density and heat of vaporizat ion at P - 0.35 Per-  For  
heIium _Pe and re correspond to the vaIues at 0.35Pcr -~ 1 bar  (T e = 0.8 Tc r  = 4.1 K); then qerl takes its 
maximum value [201. 

Figure  4 shows our own experimental  data regarding the f i rs t  cr i t ical  thermal  flux for clean ver t i -  
cal channels with l id  = 10.8 in four c ross  sections having x/d  equal to 0.28; 2.15; 5.42; 9.41 [11] and l /d 
= 6.8 in the c ross  sect ion x/d = 3.4, and also for a ver t ical  channel with a Vaseline coating having lid 
= 6.8 in three  c ross  sections,  x/d = 0.55, 3.4, and 5.9, at t empera tu res  of 2.4-5~ The continuous lines 
correspond to calculations based on Eq. (11) (curves I-VIII).  We see that the calculated curves and ex- 
per imental  data a re  in exeellent agreement ,  the maximum discrepancy  not exceeding ~:10%. 

Figures  2 and 4 show that for identical geometr ica l  pa r ame te r s  of the channels the value of qcrt  in 
a coated ehanneI is g r ea t e r  than the vaIue of qcrl  for the boiling of helium in a clean channel (curves a and 
d in Fig. 2 and VII and V in Fig. 4). It should also be noted (see Fig. 2) that the difference in the values 
of qcrl  for the clean and coated channels is 40-50% at the inlet and 15-25% at the outlet. 

Equation (11) is capable of descr ibing t hep roces s  for  various p r e s s u r e s  in ver t ical  channels with 
natural c i rculat ion contours s imi la r  to the experimental  geometry ,  and also (on putting t /d = 0) in a large 
volume. Thus, Eq. (11) links the bubble-boiling cr i s i s  in free space and in channels. 

Equation (11) corresponds  to the genera l  hydrodynamic theory  of the bubble-type boiling cr i s i s  de- 
veloped by Kutateladze and Borishanski i  [1, 2], and it excellently supports  our proposed mechanism for the 
development of the boiling cr i s i s  under conditions of natural liquid circulat ion [16]. 

As experimental  data regarding the bubble-type boiling cr is is  accumula te  for sur faces  with different 
types of coating, the quantities el and c 2 in Eqs. (10) and (11) may be refined fur ther .  Equation (11) is 
suitable for engineers '  calculations regarding  the boiling p rocess  in channels with unilateral  and bi lateral  
heating, and also in free space on clean surfaces  and sur faces  coated with nonmetall ic mater ia ls  under 
conditions s imi la r  to those ruling in the exper iments .  
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NOTATION 

is the distance f rom the channel inlet; 
is the absolute length of the channel; 
is the thermal  equivalent d iameter ;  
is the thermal  flux; 
is the f i rs t  cr i t ical  thermal  flux; 
a re  the f i rs t  cr i t ical  thermal  flux in f ree space,  at zero  distance f rom the 
channel inlet, and at a distance x f rom the channel inlet, respect ively;  

a re  the densit ies of the liquid and vapor;  
is the heat of vaporizat ion;  
is the boiling point of the liquid in the pool (bath); 
a re  the ext remal  vapor density, heat of vaporization, and tempera ture ;  
is the p re s su re ;  
a re  the cr i t ical  p r e s s u r e  and t empera tu re ;  
is the sur face  tension; 
is the gravitational acceleration; 
is the relative inclination of the surface to the horizontal; 
is the reduced velocity of the vapor; 
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Z 

Gx" 

F x  

f 

is the hydrodynamic stability coefficient of the process;  
is the volume of vapor passing through the cross section at a distance x; 
is the amount of vapor on the surface of the channel pr ior  to the cross sec-  
tion at a distance x; 
is the heat - t ransfer  surface of the channel under consideration; 
is the cross-sect ional  area of the channel. 
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