
HHGTHTYT 
I IAepHblX 

H c c n e A o a a H n R  

Yu .P.  Filippov, V.F.Minashkin, I .A.Sergeyev 

TRANSIENT HEAT TRANSFER 

INTO LIQUID HELIUM 

UNDER CONTROLLED HEAT GENERATION 

Presented a t  the  Cryogenic Engineering Conference 
and I n t e r n a t i o n a l  Cryogenic M a t e r i a l s  Conference, 
Ju ly  24-28, 1989,  Los Angeles, USA 



INTRODUCTION 

The transient experiment performed by ~ackson'l' shows 
that the use of steady-state heat transfer rates results in 
an unwarranted margin in thermal stability of helium-cooled 
devices. Besides,as demonstrated by many investigators later 
(see Funaki et al. and references therein), an adequate 
simulation of a superconductor behaviour in the conditions of 
thermal transients requires the consideration of a "thin 
structure" of time-dependent heat removal. Thereby transient 
helium heat transfer represents still a topical problem. Si- 
nce many variables are displayed in heat transfer, we rest- 
rict ourselves to the case of heating a solid placed in sa- 
turated He1 under ambient pressure by a single pulse. All pre- 
vious studies may be conventionally classified as follows: 
i) relatively full-scale tracing of transient heat transfer; 
ii) registration of a certain event in the cvurse of the pro- 
cess. 

Type i) data afford a basis for the development of the map 
of transient heat transfer modes, i.e. assist to understand 
the regularities of thermal processes and the shifts of heat 
transfer regimes. The mode map plotted on the basis of the 
data given in Refs. / 3 1 4 /  is shown in Fig. I .  (Far convenience we 
introduce the term "mode map" by analogy with "flow pattern 
map".) Owing to certain difficulties, the number of similar 
works is far from being large. Type ii) data go to demarcate 
different modes, i.e. provide information on the boiling-up 
point and on the crisis moment (see Ref . 15' and Ref ."/ res- 
pectively and references therein). Despite the abundance of 
similar works, no unified procedure for determination of the- 
se characteristics has been established. Further, according 
to Lue et a1.l7' It. .. the stability margin is strongly depen- 
dent on the details of energy input to the conductor (i.e.ti- 
me history and spatial extent)". However, the majority of 
experiments has been performed with a step pulse heat load 
input. Somewhat different shape of loading is described only 
in a few works: the experiment by Giarratano and Frederick 
with a linearly growing superheat and semi-transient experi- 
ments with a linearly increasing electric current through a 
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Fig.1. The map o f  modes a f t e r  Steward j 3 '  and th? 
region o f  unstable  bo i l i ng  a f t e r  kfikiayev e t  a l .  4' 

Sol id  l i n e s  - data; dashed l i n e s  - boundaries o f  
regimes. Modes: I - t rans i en t  heat conduction, 
2 - steady nucleate  bo i l i ng ,  3 - metastable nuclea- 
t i o n ,  4 - t r a n s i t i o n  t o  f i lm bo i l i ng ,  5 - steady 
f i lm  bo i l i ng ,  6 - unstable  bo i l i ng  ( 6 , 1  - peaks, 
6 . 2  - branchings, 6 . 3  - o s c i l l a t i o n s  o f  superheat) .  

heater (e. g. see Grigoriev et a1 . I 9 /  ) . Thus, blanks in the da- 
ta on transient helium heat transfer are evident. Our opinion 
is that to fill in some of these blanks it is mare convenient 
to examine a trapezoidal pulse heating. 

EXPERIMENTAL SYSTEM 

Experimental equipment has been described earlier 14* lo/ . 
Now we shall dwell upon a few important aspects. Test sample 
is a stoppered and pumped-off polished ceramic tube of 11.5 mm 
e.d., 1.75 rmn thick, and 61 mrn long. Deposited on the specimen 
is a carbon film less than 1 pm in thickness and 54 mm in 
length, which serves both as a heater and a thermometer (HT). 
Due to thermometric requirements, the characteristic of HT 
resistance as against temperature is rather steep. Therefore, 
if the voltage (or current) applied is stabilized on HT, then 
the intensity of the Joule heat generation will essentially 
vary with temperature during the period of load application. 
For this reason the heat input is maintained by a special sys- 

tem which stabilizes just the thermal power. Besides, this 
system controls the thermal power in accordance with a preset 
rule W(t), i.e. it loads HT with a heat pulse of a desirable 
shape.The results described in this paper are for single tra- 
pezoidal pulses: 

where @ is the pulse power, t - time, 7 - the leading edge ti- 
me, u = Q/T - the rate of the power increase at the pulse edge. 
Voltage drops across HT and standard resistor are measured by 
two 12 bits x 30 ps ADCs with a frequency range 10 Hz to 
33 kHz. For every value of power Q, from several hundreds to 

I 
several thousands measurements were taken. The control-measur- 

I ing apparatus is made to CAMAC-standards and operates on line 
with a microcomputer. The data are processed as dependences of 

I superheat vs. time, AT(t)g. Uncertainty in the determination 
of AT, as estimated, amounted to about 10 ntK for T I  5 K and 

, to 0.52 all over the remaining range. Error in measurements of 
W constituted 1-4% where large values correspond to smaller 

I W-values. 

RESULTS AND DISCUSSION 

The data are obtained when such parameters as - orientation 
of specimen is vertical, helium is saturated, the bulk fluid 
temperature equals 4.23 K, duration of the pulse is 6.4 s - 
are fixed; and other parameters are variable: heat pulse power 
ranges from 0.3 to 17W (which corresponds to the heat flux 
from 0.15 to 8.5 kw/m2), duration of the pulse leading edge is 
20 ps, 1 ms, 2 ms, 10 ms, 100 ms, 200 ms, Is. Due to the fact 
that the measuring system used has a dead time of 30ps, the 
case of 7 = 20ps may be considered as a step pulse load input. 

' Quasistationary Regime 

Characteristic results are plotted in Fig.2,showing that 
the pattern of transient heat transfer with a trapezoidalpulse 
heat load input is qualitatively the same as for a step pulse 
input.Al1 regimes indicated in Fig.] are also clearly traced 



Fig. 2 .  Superheat versus 
time h i s tor i e s  for vari- 
ous pulse poser a t  lea- 
ding edge t7;rne equals 
10 ms. 1 - Q = 16.7 W; 
2 - 10.9; 3 - 8.54; 4 - 
6.40; 5 - 3.48; 6 - 1.34; 
7 - 0.63; 8 - 0.33. 

here; however, essential. 
differences may be de- 
noted. First, as it co- 
uld have been expected, 
instantaneous values of 
!AT(tIQ changed. Second, 
the regime of metastable - 
nucleation is almost de- 

generated. Third, at t < and large Q (curves 1-5) a new re- 
gime arose characterized by a linear dependence of lg(4T) on 
lg(t). In Fig.2 this regime is marked by an arrow; and its 
interpretation is not difficult. Since at t < r the power is 
linearly related with time, then from the a.m. proportiona- 
lity it follows that power dependence of the superheat on 
heat load, AT = C1.  Wr' . The exponent n and coefficient C are 
close to m and C 2  respectively which appear in the approxi- 
mation AT = C 2 .  q m  , of the nucleate boiling section of the 
steady-state boiling curve. Resides, the range of superheats 
covered by that regime agrees with the interval of 4T in 
which a steady-state nucleate boiling occurs. Then it is ob- 
vious that this new regime is the nucleate boiling when the 
system "a solid - a liquid" adapts immediately to the varia- 
tion in the intensity of heat release. This regime can be 
reasonably called as quasistcztionary nucleation. In view of 
the above it is natural that the quasistationary nucleation 
is disposed in the area of the metastable nucleation on the i 

mode map. Exact determination of the boundaries of this new 
regime follows from subsequent analysis. 

* 
Modified Mode Map 

Influence of the pulse leading edge time on the dynamics 
of hezt transfer can be estimated by comparing the experimen- 
tal data at differentr . In Fig.3 we present the results of 
comparison only for two series of experiments in order not 

t ,  s 
Fig.3. Superheat versus time h i s t o r i e s  for pul- 
se pairs a t  equal powers and d i f f e r e n t  leuding 
edge times. Powers 1-8 are approximately  the 
same as those i n  Fig. 2 .  

to overload the graph; however, the information which follows, 
is based on comparison of all data obtained. Figure 3 shows 
that the influence of r on instant values of AT(t)Q, and con- 
sequently on the transient characteristics of the process, is 
rather substantial. Also, for r > 20 ps there exists a new re- 
gime, the quasistationary nucleation, that is not observed 
for a step pulse load input. Thereby the generalization of the 
transient data may seem hardly attainable. Fortunately, it is 
not true to fact. The matter is that though the dependences 
AT(t), "shift" to the right along the time axis with growing 
r , and hence, the tims ~f boiling-up and crisis rise with r 

at a constant power 0, the corresponding boundaries, t rans ient  
boiling-up and t rans ient  c r i s i s ,  in ATvs t coordinates remain 
fixed; i.e. if these boundaries are given by 

I 

b (boiling-up) B T ~ =  F'unci(t), 1 = 
c (crisis) 9 

the functions F'unci are invariant with respect to r . The same 
is valid for two other important boundaries, the nucleate 
boi l ing  l i m i t  (the line bounding from above the regime of sta- 
tionary nucleate boiling) and the f i lm boi l ing l i m i t  (the li- 
ne bounding from below the regime of the stationary film boil- 
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From t h i s  f a c t  one may unders tand t h e  n a t u r e  of t h e  supe rhea t  
b ranch ings  and o s c i l l a t i o n s  observed e a r l i e r t 4 /  and p l o t t e d  
i n  t h e  i n s e r t i o n  t o  F i g . ] .  The most impor tan t  t h i n g  i s  t h a t  
t h e  graph gvsAT d i s p l a y s  ve ry  c l e a r l y  t h e  t r a c e s  of t h e  mode 
boundar i e s .  I n  p a r t i c u l a r ,  it i s  obvious t h a t  p o i n t  A i n  F ig .5  
i s  t h e  boundary of the nucleate boiling l imi t ;  whereas p o i n t  
B, i s  t h e  boundary of the film boiling l i m i t .  I n  a d d i t i o n  i t  
i s  p o s s i b l e  t o  c o n s t r u c t  rwo enve lop ing  cu rves :  t h e  f i r s t  en- 
ve lopes  t h e  l o c a l  maxima of c u r v e s  4-6 [ t h e  maxima a l o n g  t h e  
a x i s  AT) i n  t h e  range  of 0 . 2  < AT < 0.4 K ,  t h e  second envelo-  
p e s  t h o s e  s e c t i o n s  of cu rves  1-3 t h a t  r e p r e s e n t  t h e  e x t r a p o l a -  
t i o n s  of t h e  p a r t  of n u c l e a t e  b o i l i n g  i n  t h e  range  of  0.7 < 
<AT < 1 .0  K .  It i s  c l e a r  t h a t  t h e s e  enveloping cu rves  repre-  
s e n t  l o c i ,  r e s p e c t i v e l y ,  of t h e  transient boiling-z~p and tran- 
s ient  c r i s i s  i n  q vs  AT c o o r d i n a t e s .  Thus, on t h e  graph q vs AT i t  
i s  p o s s i b l e  t o  c o n s t r u c t  p r o j e c t i o n s  of mode con tour s  devoid  
of a r b i t r a r i n e s s  o r  u n c e r t a i n t y .  It i s  r e l e v a n t  t o  make use  
of t h i s  approach f o r  a c c u r a t e  c a l c u l a t i o n  of t h e  regime boun- 
d a r i e s ,  e . g .  t r a n s i e n t  c r i s i s .  To beg in  w i t h ,  we should  make 
a - p r o v i s o :  a s  t h e  c r i s i s  i s  preceded by t h e  q u a s i s t a t i o n a r y  o r  
m e t a s t a b l e  n u c l e a t i o n ,  t h e  power r e l e a s e d  i n  HT i s  d i s s i p a t e d  
i n t o  he l ium i n  f u l l ,  i . e .  w(tc) = c l .  Taking t h e  v a l u e  of q  a s  
s p e c i f y i n g ,  one f i n d s  t h e  co r re spond ing  p o i n t  ATC on t h e  enve- 
l o p i n g  cu rve  of t r a n s i e n t  c r i s i s  on graph q vs AT. Then p a s s i n g  
ove r  t o  graph AT vst  one f i n d s  p o i n t  AT on c u r v e  hT(t) which 
co r re sponds  t o  t h e  g iven v a l u e  of Q and determines  t h e  moment 
tC . Thus, t h e  computat ion scheme i s  as fo l lows  : Q + q C  + Fig .  5 ,  
AT '+ ~ i g .  2 ,  tC . A s  a r e s u l t ,  one o b t a i n s  a b lock  of p o i n t s  
t h a t  de te rmines  b o t h  boundary A T C =  F u n c C ( t )  and t h e  wel l -  
known dependence tC =func(q ) .  The advantage  of t h e  technique  
dec r ibed  above l i e s  i n  t h e  f a c t  t h a t  when i t  i s  a p p l i e d  t o  
p rocess  t r a n s i e n t  d a t a  f o r  v a r i o u s  p u l s e  powers and l e a d i n g  
edge t imes ,  i t  a s s u r e s  h igh  accuracy a l o n g  t h e  whole range  of 
0 and,  i n  p a r t i c u l a r ,  a t  Q c l o s e  t o  t h e  s t e a d y - s t a t e  c r i t i c a l  
h e a t  l oad .  I t  should  b e  no ted ,  t h a t  r e s u l t s  of c a l c u l a t i o n s  
a c c o r d i n  t o  a . m .  p rocedure  w e l l  ag ree  w i t h  t h e  r e s u l t s  c i t e d  
i n  Ref !6' when p u l s e  powers a r e  h igh .  (Thorough d e s c r i p t i o n  
of such r e s u l t s  w i l l  be  p r e s e n t e d  i n  a  s e p a r a t e  pape r . )  

COMPARISON WITH DATA OBTAINED BY OTHER AUTHORS 

Among a g r e a t  v a r i e t y  of p u b l i c a t i o n s  devoted t o  t r a n s i e n t  
he l ium b o i l i n g ,  we have chosen pape r s  by and Giar- 
r a t a n o  and~rederick!" t o  compare wi th  o u r  r e s u l t s  f o r  t h e  
fo l lowing  r easons :  f i r s t ,  c o n s t r u c t i o n s  of expe r imen ta l  samp- 

l e s  a r e  s i m i l a r  (of cour se ,  t o  a  c e r t a i n  e x t e n t ) ,  and second, 
t h e s e  d a t a  a r e  q u i t e  exhaus t ive  and s t i l l  a c t u a l  i n  s p i t e  of 
the  f a c t  t h a t  a  ten-year  per iod  has passed .  As t o  t h e  r e s u l t s  
obta ined under a  s t e p  pu l se  h e a t  load  input  and desc r ibed  i n  
Ref. we may compare only t h e  p a r t  of our  d a t a  t h a t  c o r r e s -  
ponds t o  the  l e a s t  va lue  of the  l e a d i n g  edge t ime,  7 = 20  ps .  
We have made t h i s  comparison e a r l i e r ' 4 /  and t h e r e f o r e  we d o n o t  
P resen t  here  t h e  corresponding Figure  ( i n s t e a d ,  d a t a  shown 
i n  F i g s . ]  and 3 can be made use  o f ) .  The comparison shows t h a t  
q u a n t i t a t i v e  and q u a l i t a t i v e  d i f f e r e n c e s  e x i s t ,  bu t  no con- 
t r a d i c t i o n s  a r e  observed,  i . e .  t he  process  p a t t e r n  and dyna- 
mics a r e  s i m i l a r .  The d i f f e r e n c e s  a r e  caused by the  geometry 
of t h e  exper imenta l  samples,  t h e i r  s i z e s ,  and t h e  manner of 
h e a t  load i n p u t .  The main d i f f e r e n c e  l i e s  i n  t h e  f a c t  t h a t , n o  3 
u n s t a b l e  b o i l i n g  p rocess  i s  ev iden t  i n  the  r e s u l t s  of Ref. . 
To ana lyse  i t ,  l e t  us cons ide r  Fig .6 ,  where among o t h e r  t h i n g s  
we p l o t t e d  t h e  s t eady-s t a t e  b o i l i n g  curve  f o r  t h e  Steward 
sample taken from Ref.  18' . The curve has a  s p e c i f i c  f e a t u r e :  
p o i n t s  of t h e  f i r s t  and the  second c r i s i s  co inc ide .  And, a s  
shown above, t h e  r eg ion  of u n s t a b l e  b o i l i n g  on t h e  graph 
l i e s  between t h e s e  p o i n t s  ( t e t r a g o n  ABCD i n  F i g . 5 ) .  Hence, i t  

8 Data from Ref. : 
403- -steady boihng wrve 

- 100 K/s 
--- 400 K/s 
--- 7500 K/s 

Fig. 6 .  Comparison i ~ i t h  data ins long as  the 
Ze i n  I J O ~ ~ S  318' i s  the save, compared 

EzS2a:?3', i ~ e  use the  steady-state curve 18 /1 .  



i s  c l e a r  now why i n  Ref.  13' no b ranch ings  and o s c i l l a t i o n s  
of s u p e r h e a t  a t  powers c l o s e  t o  t h e  s t a t i o n a r y  c r i t i c a l  l o a d  
were observed .  F i g u r e  6  a l s o  shows t h e  r e s u l t s  of o u r  d a t a  
r e c a l c u l a t i o n  t o  t h e  f  o m  q vs AT, which a l l o w s  t h e  comparison 
t o  be  made w i t h  d a t a  of ~ e f  .I8' . The r e a s o n s  f o r  t h e  observed  
d i s c r e p a n c i e s  a r e  t h e  same a s  mentioned above. However, t h e r e  
i s  a n  impor t an t  co inc idence .  It c o n s i s t s  i n  t h e  tendency of 
c u r v e s  t o  change t h e i r  shape  w i t h  t h e  growth of h e a t i n g  ve lo-  
c i t y  found by G i a r r a t a n o  and F r e d e r i c k  and w i t h  s h o r t e n i n g  
of t h e  l e a d i n g  edge t ime  found by u s .  T h i s  i s  one more eviden- 
c e  i n  f avour  of t h e  u n i v e r s a l i t y  o f  t h e  t r a n s i e n t  h e a t  t r a n s -  
f e r  p a t t e r n ,  which t a k e s  p l a c e  d i s r e g a r d i n g  t h e  d i f f e r e n c e s  
i n  expe r imen ta l  c o n d i t i o n s .  

CONCLUSIONS 

Dura t ion  of  t h e  l e a d i n g  edge of t h e  h e a t  p u l s e  inpu ted  t o  
a  s o l i d  g r e a t l y  i n f l u e n c e s  t h e  i n s t a n t a n e o u s  v a l u e s  of  super-  
h e a t  of t h e  s o l i d  s u r f a c e ,  and a s  a  r e s u l t ,  t h e  c h a r a c t e r i s -  
t i c s  of  t r a n s i e n t  h e a t  t r a n s f e r  i n t o  he l ium.  Under c e r t a i n  
c o n d i t i o n s  i t  i s  p o s s i b l e  t o  r e a l i z e  t h e  regiine of q u a s i s t a -  
t i o n a r y  n u c l e a t i o n .  T h i s  regime i s  n a t u r a l l y  i nc luded  a f t e r  
some m o d i f i c a t i o n  i n t o  t h e  map of t r a n s i e n t  h e a t  t r a n s f e r  
modes. The mode map r e v e a l s  a  u n i v e r s a l  n a t u r e ,  and f o r  t h i s  
r e a s o n  i t  i s  a  powerfu l  t o o l  f o r  g e n e r a l i z i n g  t r a n s i e n t  d a t a .  
The r e p r e s e n t a t i o n  of d a t a  i n  t h e  c o o r d i n a t e s  "hea t  f l u x  i n t o  
he l ium - s u p e r h e a t  of a  s o l i d "  a l l o w s  f o r  c l e a r  i n t e r p r e t a t i -  
on of  t r a n s i e n t  expe r imen ta l  r e s u l t s .  P r o c e s s i n g  of t r a n s i e n t  
d a t a  o b t a i n e d  f o r  d i f f e r e n t  l e a d i n g  edge t imes  i n  accordance  
w i t h  t h e  scheme 

c plot qvs AT Q - q  - * AT c plot ATvst , t C  

a s s u r e s  a n  a c c u r a t e  d e t e r m i n a t i o n  of  t h e  bounda r i e s  of r e g i -  
mes most impor t an t  f o r  p r a c t i c a l  a p p l i c a t i o n s .  
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