
CRITICAL HEAT-TRANSFER CHARACTERISTICS 

FOR THE BOILING OF HELIUM I IN A CENTRIFUGAL 

FIELD 

Yu. A. Kirichenko, S. M. Kozlov, 
and N. M. Levchenko 

FORCE 

UDC 536.248.2 

The cr i t ical  heat fluxes and cr i t ical  differential  t empera tu res  associated with the boiling of 
hel ium in a centrifugal  force  field on a flat copper heater  are  investigated in the range of re la -  
tive acce lera t ions  1-2280. 

The t imel iness  of hea t - t r ans f e r  studies in helium in a centrifugal force field is dictated by the consider-  
able promise  of developments in superconducting machines and devices [1]. F o r  the analysis of the cooling sys -  
t em for  a ro to r  equipped with a superconducting field coil it is neces sa ry  to know the charac te r i s t i cs  of the 
boiling of helium under the conditions of large relative iner t ia l  accelera t ions  V =g/gn- Of special  significance 
in this connection is the determinat ion of the upper limit of the nucleate boiling regime, because the t ransi t ion 
to film boiling can cause overheating of the coil and departure  f rom the superconducting state. 

The few papers  published on the cr i t ical  hea t - t r ans fe r  charac ter i s t ics  of the boiling of helium I in a field 
of centrifugal  forces  repor t  studies in the ranges U -< 179 [2, 3] and V-< 126 [4], i.e., for  values far  below those 
real ized in the ro to r  cooling sys tems  of superconducting osci l la tors .  The resul ts  of studies of high-boiling 
liquids at  sufficiently high relat ive acclera t ions  [5, 6] cannot be used, without suitable testing, to analyze the 
hea t - t r ans fe r  p rocess  in helium. These studies have been car r ied  out at much lower reduced p ressu res  than 
those at which helium exists in rotating cooling systems.  An urgent need therefore  exists for  the investigation 
of the cr i t ica l  hea t - t r ans f e r  charac te r i s t i cs  associated with the boiling of helium I at relat ive accelerat ions  far  
exceeding those actual ly attained, i.e., ~ >>102. 

Here we repor t  a study of the charac te r i s t i cs  of the f i r s t  and second cr i t ical  points for  the boiling of 
helium (crit ical  heat fluxes qcr l  and qcr2 and the corresponding cr i t ical  differential t empera tures  ATcr  1 and 

ATcr2). 

The investigations were car r ied  out on a special  centrifuge (Fig. 1) consisting of two main assembl ies :  
the s ta tor  1 and a ro to r  with a ver t ica l  axis of rotation. The hollow shaft 2 of the ro to r  is packed in rubber 
seals 3. Two working chambers 5 a re  mounted d iametr ica l ly  opposite one another on the center  block 4. Each 
working chamber  is the rmal ly  insulated by the vacuum shield 6 and the protect ive dewar 7. A constant influx of 
liquid hel ium into the working chambers  is supplied through the s tat ionary siphon tube 8, which is connected to 
the rotating siphon tube 9. The liquid level is held constant in the working volume (10 mm above the hea t - t r an s -  
fe r  surface of the hea ter  10) by draining off its excesses  through the overflow tube 11. 

The hea t - t r ans f e r  surface  is the end of a copper cylinder with a d iameter  of 15 ram, finished to purity 
class 11 (GOST-2789-73). 

The t empera tu re  of the hea t - t r ans f e r  surface of the heater  as well as the t empera tu res  of the liquid and 
the vapor  in the working volume were determined with germanium res is tance  the rmomete r s  within 0.02~ 
e r r o r  limits. The e lec t r ica l  signals from the t empera tu re  sensors  were sent to the s tat ionary instrumentation 
by means of a special  s l ip - r ing  assembly.  E lec t r i ca l  power is supplied to the heater  in the working volume 
through a power contacting device. 

The increment  Ap of the hydrosta t ic  p re s su re  of the liquid and vapor  in the centrifugal forces  ( 0 -  Ap < 8.2 " 
10 a Pa) is taken into account  in calculating the p res su re  at the hea t - t r ans fe r  surface.  
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Fig.  1. Expe r imen ta l  appara tus .  
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Fig. 2. Cr i t i ca l  heat  fluxes qcri  (light points) and qcr2 (dark points),  W / m  2, v e r s u s  re la t ive  a c -  
ce le ra t ion  fo r  hea t e r  or ienta t ion ew =0. a) Expe r imen ta l  dependence of qc r  on ~ ; b) "pure"  
dependence of the reduced f i r s t  c r i t i ca l  heat  flux; e) "pure"  dependence of the second c r i t i ca l  heat  
flux on the re la t ive  acce le ra t ion ;  1) flat  copper  hea ter ,  data of this study; 2) flat  copper  hea ter ,  
data of [4]; 3) tubular  s ta in less  s t ee l  hea te r ,  data of [2]; 4) Kutateladze function qlv = ~ o 2 5  

Fig. 3. Cr i t ica l  differential  t e m p e r a t u r e s  ATcm (light points) and ATcr  2 (darkpoints) ,  ~ v e r s u s  r e l a t ive  
acce le ra t ion  for hea te r  or ienta t ion ~o~ = 0. a) Exper imenta l  dependence of ATcr  on 7; b) "pure"  de-  
pendence of the reduced  f i r s t  differential  t e m p e r a t u r e ;  1) data of this study; 2) data of [4]. 

The exper imen t s  were  ca r r i ed  out for  th ree  di f ferent  or ienta t ions  of the hea t e r  re la t ive  to the centr i fugal  
acce l e ra t ion  vec to r  (i.e., d i f ferent  angles r between the cent r i fugal  acce l e r a t i on  vec tor  and the outward n o rma l  
v e c t o r  to the h e a t - t r a n s f e r  surface) :  a) or ientat ion I: h e a t - t r a n s f e r  su r face  facing the axis of rotat ion (%~=0), 
dis tance of the h e a t - t r a n s f e r  su r face  f r o m  the axis  of rota t ion r =301 mm, th ickness  of the liquid l a y e r  above 
the hea t e r  h=10  ram, r e l a t i v e - a c c e l e r a t i o n  range V =1-2280; b) or ienta t ion II: h e a t - t r a n s f e r  su r face  pa ra l l e l  
to the radius of ro ta t ion  (%~=90~), r=300  mm, h =9.5 m m  (measured  to the cen te r  of the h e a t - t r a n s f e r  su r f ace ) ,  

= 1-1185; c) or ienta t ion [[I: h e a t - t r a n s f e r  su r face  facing away f r o m  the axis  of ro ta t ion  (~c~=180~), r =  312 
mm, h=21 mm, ~? =1-250. 

The resu l t s  of the expe r imen ta l  s tudy of the c r i t i ca l  heat  fluxes fo r  the case  of or ienta t ion I (good=0) a r e  
shown in Fig. 2a for  var ious  re la t ive  acce le ra t ions .  The var ia t ion  of qcrl  and qcr2 as the  re la t ive  acce l e ra t ion  
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Fig. 4. Cri t ical  heat fluxes qcr~ (lightpoints) and 
qcr2 (dark points), W / m  2, ve r sus  relat ive ac-  
celera t ion for different heater  orientations, a) 
O ri ent atio n II, ~oc0 = 9 0O ; b) o t ie ntati on III, ~c0 = 180~ 
1) data of this study; 2) [7l (V =1), ~0 =90~ 3) [7] 
(V=I),  r = 180 ~ . 

is increased  exhibits a nonmonotoniebehavior .  The functions qcrl (V) and qcr2 (U) are  determined both by the 
influence of the relat ive acce lera t ion  per  se and by the increase  of the hydros ta t ic  p ressu re  of the liquid and 
vapor  column at the surface of the heater.  

Approximating the exper imental  data (Fig. 2a) in the intervals  of monotonic growth of the cr i t ical  heat 
fluxes by the l eas t - squa res  principle in accordance  with the eqimtion 

qcn .2 = Ai,21]h ,2 (1) 

for  qcrt  we obtain A 1 =(1.14• �9 104 W / m  2, k 1 =0.228 • (1 -  ~ <1500) (the rms  deviations are indi- 
cated). 

On the other  hand, the rat io of these quantities Cq (U) =qcre (~)/qcrl  (7) should not depend on the increment  
of the hydrosta t ic  p res su re ,  because the p r e s s u r e  var ia t ions  of qcrl  and qcre a re  approximately identical [7]. 
I t  is evident f rom Fig. 2a that the quantity Cq (~/) i nc reases  with the relat ive accelerat ion,  varying roughly f rom 
0.17 to 0.75 as the relat ive acce le ra t ion  is inc reased  f rom 1 to 2200. This behavior  corresponds  to a s t ronger  
dependence for  qcre (~) in compar ison with q c v  (~) for  the intervals  of monotonic growth of the cr i t ical  heat 
fluxes, as has been observed in the case of noneryogenie liquids in [8]. 

To determine the influence of the actual  relat ive accelera t ion on qcrt  (i.e., to find the "pure" dependence 
of qc r  on V) we use the procedure  proposed in [6]. The dependence of qc r  on the relative acce lera t ion  ~? and 
the p r e s s u r e  increment  Ap is wri t ten in the fo rm 

% (~1, Ap) = % (I, 0) #, ~p, (2) 

where qc r  (1, 0) is the value of the cr i t ica l  heat flux under  s teady-s ta te  conditions (V =1) at a tmospher ic  p r e s -  
sure  (Ap =0); ~p is the var ia t ion of qc r  under s teady-s ta te  conditions with an increase  in the p ressure :  

@ = q c r ( l '  hp) ; (3) 
% O, o) 

and q~ is the sought-a~mr var ia t ion of qc r  for a constant p r e s s u r e  (Ap =0) and an increase  in the relat ive ac -  
ce le rati  on: 

A = ':(or (~, O) _ qc~ (~, ~ p ) _  = 'n'*. (4) 
qcr (1, O) qcr (1, O) qp 

N 
We determine qp according to the data obtained in [7] on a copper  heater.  

We have confirmed exper imental ly  the vir tual  absence of subeooling of the liquid for  heat fluxes close to 
the cr i t ical  values, making it unnecessa ry  to introduce a cor rec t ion  for subcooling (proposed in [6]). 
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Figures  2b and 2c show the exper imen ta l  data a f t e r  reduct ion accord ing  to (4), i .e. ,  the re la t ive  c r i t i ca l  
heat  fluxes co r rec ted  for  the va r ia t ion  of qcr  due to growth of the hydros ta t i c  p r e s s u r e .  

The resu l t s  shown in Figs.  2b and 20 indicate that  the expe r imen ta l  functions qcr l  (V) and qcr2 (V) r e m a i n  
nonmonotonic even a f t e r  the p r e s s u r e  cor rec t ion ,  i .e. ,  this nonmonotonicity is not caused by the influence of the 
p r e s s u r e ,  but solely by the influence of the re la t ive  accelera t ion .  It is conceivable that the function qc r  (7) will 
d i f fer  for  d i f ferent  reduced p r e s s u r e s .  

The dashed line in Fig. 2b r ep re sen t s  the function ~V (V) obtained f r o m  the hydrodynamica l  theory  of 
c r i t i ca l  points [9]: ~lV = V0.25, In the in te rva l  1-<~ < 1000 it app rox ima tes  with s a t i s f ac to ry  a c c u r a c y  the r e l a -  
t ive values of the f i r s t  c r i t i ca l  heat  flux obtained in this study. The m a x i m u m  deviat ions of the points f r o m  the 
line 4 in Fig. 2b do not exceed 32%. The values  of q ~  =qcr l  (~?)/qerl (1) fal l  between the data of [2] and [4]. 

The "pure"  dependence for  the second c r i t i ca l  heat  flux in the in te rva l  1 -  ~? < 1500 is approx imated  by 
the following equation obtained by the l e a s t - s q u a r e s  pr inciple:  q2v =77k2, where  k 2 =0.393 -~0.007 (Fig. 2c). 

The nonmonotonic i tyof  the "pure"  functions qcrl(~) and qcr2(~) at suff icient ly high r e l a t i ve  a c c e l e r -  
ations and the s t ronger  dependence of qcr2(~?) in compar i son  with qcrl0?) cannot be explained within the 
scope of the hydrodynamic  model  of the c r i t i ca l  points for boiling r e g i m e s .  The c r i t i ca l  point in this 
case  is poss ib ly  of a the rmodynamic  nature  [although the t he rmodynamic  model  of  the cr i t ica l  points  
also fails  to account for the ~'onfirmed behavior  of qcr(V)]. Here  the t e m p e r a t u r e  of the heat  su r face  T H 
must  a t ta in  m a x i m u m  poss ib le  superhea ts  of the liquid Tins. In fact, the exper imen ta l ly  de te rmined  values  of 
T H not only exceed T m s  , but a l so  the c r i t i ca l  t e m p e r a t u r e  T c. 

F igure  3a shows the values  of the c r i t i ca l  d i f ferent ia l  t e m p e r a t u r e s  A T c r  fo r  or ienta t ion I. The values  
of the d i f ferent ia l  t e m p e r a t u r e s  AT a re  de te rmined  in the f o r m  AT = T H - TSH , where  TSH is  the liquid s a t u r a -  
t ion t e m p e r a t u r e  cor responding  to the p r e s s u r e  at the heater .  The values  of A T c r  I obtained in [4] a r e  in good 
a g r e e m e n t  with the data of this study. The behav io r  of A T c r  with va r i a t ion  of the re la t ive  acce l e r a t i on  is 
analogous to the function qcr(~) ;  for  ~7 > 1000 both ATcr  I and ATcr  2 a re  obse rved  to d e c r e a s e ,  and the i r  va lues  
tend somewhat  to converge  as the re la t ive  acce le ra t ion  is increased .  

We have a t tempted  to de te rmine  the "pure"  dependence of A T c r  1 on the re la t ive  acce l e ra t ion  by analogy 
with the case  of q~: 

A'[',~ ATm:~('G, 0) _ /ATcr,(~, Ap) ) / (  ATcr,(1, kip)] =~ll" (5) 
= o) IItA o ,( , O) S 

The values of A T o r  1 (1, Ap) a r e  obtained by means  of the equation 

ATo~ (1, Ap) = B( i  --T~.ITJ/6, (6) 

in which B =3.3~ Equation (6), which was postulated in [10], s a t i s fac to r i ly  gene ra l i zes  the r e su l t s  of var ious  
authors  on heat  t r a n s f e r  in helium. L e a s t - s q u a r e s  p roces s ing  of the expe r imen ta l  data  accord ing  to exp re s s ion  
(5) yields in the inves t igated range  of re la t ive  acce le ra t ions  ~ =0.213 =~ 0.004. The la rge  values  of A T c r  1 ob- 
tained in this study and in [4] for  the boiling oi he l ium at l a rge  re la t ive  acce le ra t ions  can be a t t r ibuted to the 
fact  that  even before  the onset  of the f i r s t  c r i t i ca l  point of heat  t r a n s f e r  s table  sea t s  of f i lm boiling a r e  fo rmed  
on the heating surface ,  coexist ing there  with the nucleate boiling p r o c e s s  on the r e s t  of the sur face .  The mean 
sur face  t e m p e r a t u r e  ( recorded with a t h e r m o m e t e r )  is de te rmined  by the ra t io  of the a r e a s  occupied by nucleate 
and f i lm boiling and can g rea t ly  exceed the su r face  t e m p e r a t u r e  for  nucleate boiling. As the heat  flux is  in-  
c reased  the f r ac t i ono f  the sur face  occupied by f i lm boiling i nc r ea se s ,  and i ts  mean  t e m p e r a t u r e  can exceed  the 
cr i t ica l  ( thermodynamic)  t e m p e r a t u r e  well  before  the onset  of the c r i t i ca l  h e a t - t r a n s f e r  point ove r  the ent i re  
sur face  (in this s tudy the t e m p e r a t u r e  of the hea t e r  su r face  at the onset  of the f i r s t  c r i t i ca l  point a t ta ined 
6.4~ 

This kind of p r o c e s s  has been observed  in the boiling of he l ium on a s t a in less  s t ee l  hea t e r  under  s t eady-  
s tate  conditions (~ =1) [11]. Here  A T c r  1 at tained values  of 6-11~ (in this s tudy and in [4] A T c r  1 ~1-2"K). In 
[11] it  was poss ib le  for  the emerg ing  sea t s  of f i lm boiling to p e r s i s t  owing to the poo r  t h e r m a l  conductivity of 
the hea t e r  mate r ia l .  In the case  of boiling at high re la t ive  acce le ra t ions  the p r e s e r v a t i o n  of the sea t s  of f i lm 
boiling is p romoted  by the r e l a t ive ly  large h e a t - t r a n s f e r  coeff icients  assoc ia ted  with f i lm boiling. 

We have invest igated the influence of the or ienta t ion of the h e a t - t r a n s f e r  su r f ace  on the c r i t i ca l  heat  flux. 
In the case  of or ienta t ion II (~oa~=90 ~ the dependence of qcr2 on ~ is p rac t i ca l ly  inva r i an t  in compar i son  with 
the dependence for  q~0~ =0 and can be e x p r e s s e d  by re la t ion  (1) with A 2 = (2.09 �9 0.04)" 103 W / m  2 and k 2 =0.331 + 
0.004 in the in te rva l  of re la t ive  acce le ra t ions  2 < ~ < 1000 (Fig. 4a). On the o ther  hand, the dependenee of qcr l  
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on ~ for ~w=90o is much weaker  than in the case ~ = 0  [in express ion (1) A 1 = (8.1 *0.2)- 103 W / m  2, and k 1 = 
0.158 • for  2 -< ~? < 1000]. In this orientation, as in the case ~0=0,  the values o f q c r  1 and qcr2 tend to con- 
v e n e  as V is increased.  

Figure  4b gives data on the var ia t ion of qcrl  and qcr2 with the relative accelera t ion for orientation III 
(~w =180~) in the in terval  ~ =2-250. F o r  a constant orientation of the surface relat ive to the centrifugal ac-  

celera t ion vec to r  ~w(~co = 180~in  the interval of small  relat ive accelerat ions,  its orientation relative to the vector  sum 

g =aw +gn will change, where gn is the ea r th ' s  gravitat ional  accelerat ion.  With a var ia t ion of the relative cent r i -  
fugal acce lera t ion  f rom 1 to 20 for  q~o =180~ the angle q~ charac ter iz ing  the position of the heater  plane relative 
t o - ~ v a r i e s  f rom 135 to 177 ~ This var ia t ion  of the angle ~ will necessa r i ly  decrease  the value of qcr  by ap- 
proximately  1 /2 .4  if  we assume that this var ia t ion corresponds  to the law qcri  ~ ( 190~ ~)1/2 [12]. The var ia t ion 
of ~p for ~o~o=0 produces only a slight inc rease  in the values of qcrl,  while in the case of orientation II (q~w=90o) 
the hea t - t r ans f e r  surface is situated in such a way that the vec tors  ~ and-g n lie in its plane and the angle 
does not depend on the relat ive accelera t ion and is equal to a constant 900. 

The var ia t ion  of the rea l  inclination of the hea ter  surface as the relat ive acce lera t ion  is increased can 
account in large measure  for  the abrupt decrease  of qcr  in the case of orientation III in the fnterval 1 < ~ <20. 
A decrease  of qc r  with increas ing  relat ive acce lera t ion  has also been observed for  V -< 40 in experiments  with 
water  [13]. It is evident f rom the data in Fig. 4b that for sufficiently large relative accelerat ions (7 > 40) the 
value of qcrl  inc reases  with the relative accelerat ion.  

The nature of the var ia t ion of qcr2 with the relative acce lera t ion  for e~o =180O is the same as for qcrl ;  
the function qcr2(~) has a nonmonotonic behavior  with a minimum around ~? ~40. When the relative accelerat ion 
is inc reased  to 2 50, the ra t io  qcr2/qer i  comes close to unity. 

Also shown in Fig. 4b are  the values of qcr  obtained under  s teady-s ta te  conditions (V =1) [7] for e =90 ~ 
and ~ =180~ These values delimit  the range of var ia t ion of qcr(~) in the interval  of relative accelerat ions ~ = 
1-20. 

In this study we have obtained a resul t  that differs qualitatively f rom those of previous investigations, 
namely nonmonotonicity of the f i r s t  c r i t ica l  heat flux as a function of the relat ive acce lera t ion  (of the actual 
relat ive acce lera t ion  a f te r  cor rec t ion  for  the increase  of qcr l  induced by the increase  of the hydrostat ic  p res -  
sure  with the relat ive accelerat ion).  Clearly, this effect shows up only under the par t i cu la r  experimental  con- 
ditions real ized for  the f i rs t  t ime in this study, i.e., with the combination of high relative accelerat ions (of the 
o rder  of 103 ) and high reduced p r e s s u r e s  (above 0.4). 

The high values of the t empera tu re  of the heating surface at the cr i t ical  boiling point, exceeding the value 
of the cr i t ical  t empera ture ,  and the function A T c r  1 (7) must  be related to the observed "anomalous" behavior of 
the function qcrl  (~?). This relationship can only be determined af ter  the mechanism of the cr i t ical  boiling point 
has been established; for  large relative accelerat ions and reduced p r e s s u r e s  it c lear ly  cannot be descr ibed by 
the hydrodynamic model. This model also fails to account for the growth of the ratio qcr2/qcr l  with the relat ive 
accelerat ion,  as established in this study. 
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C R I T I C A L  H E A T - F L U X  D E N S I T Y  I N  O P E N  C H A N N E L S  C O O L E D  

BY H E L I U M  I I  

V.  G. P r o n ' k o , *  V. V.  G o r o k h o v ,  
a n d  V.  N. S a v e r i n  

UDC 536.423.1 

A genera l ized  dependence is given for  de te rmin ing  the c r i t i ca l  heat - f lux densi ty  in uni formly  
heated open channels cooled by He H. 

E a r l i e r  [11, the basic  resu l t s  obtained for  un i formly  heated open channels cooled by na tura l ly  c i rcula t ing 
hel ium lI were  given: 

1) the quantity qc r  depends significant  ly on the t e m p e r a t u r e  in the bath, and has a max imum at  T--- 1.9~K; 

2) the value of qc r  i nc reases  withchange in slope of the channel f r o m  ~0 =0 to ~0 =90~; 

3) the value of qcr  d e c r e a s e s  with i nc rea se  in re la t ive  length of the channel, qc r  ~ (//d)-l-~; 

4) the value of qc r  does not depend on the i m m e r s i o n  depth of the open channel in the bath; 

5) propagat ion of the h e a t - t r a n s f e r  c r i s i s  ove r  the whole length of the channel occurs  p rac t i ca l ly  ins tan-  
taneously.  

In the d iscuss ion  and analys is  of the expe r imen ta l  data, i t  was n e c e s s a r y  to take into account  that there  
a r e  in fact  two cur ren t  t rends  in invest igat ing the heat  t r a n s f e r  in He II. 

The f i r s t  is the invest igat ion of heat  t r a n s f e r  at the l i q u i d - s o l i d  boundary, including the invest igat ion of 
var ious  conditions of so -ca l l ed  nonpel l icular  boiling (conditions of "Kapi tsa  r e s i s t ance"  being one such). The 
resu l t s  of [1] may be writ ten,  when speaking of the s imples t  examples ,  in va r ious  fo rms  of functional dependence 
on the ra t io  AT/T 

16aSkbpWF F { wt ) T3" 

Here  the power  index on T is s o m e t i m e s  s ignif icant ly  different  f r o m  those in Eqs. (1) and  (2) [2, 5]. 

(2) 
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