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The e f fec t  of t ransverse  mass  f low on h e a t  t ransfer  h a s b e e n  d e t e r m i n e d  

for the  case  of s u b l i m a t i o n  o f  a m o v i n g  p l a t e  in a r a re f i ed  gas m e d i u m .  

It has been  es t ab l i shed  t ha t  a t  Knudsen numbers  Kn > 0 . 0 0 1  it is n e c -  

essary to t ake  in to  a c c o u n t  the e f fec t  of  the  wal l  l a y e r  nea r  the  sub- 

l im ing  sur face .  

Fi lm  cool ing is a spec ia l  method of pro tec t ing  the 
components  of je t  engines ,  the walls  of combus t ion  
chambers ,  etc. Since the su r f ace  f i lm is d i s tu rbed  
by the flow of heat  t r a n s f e r  agent, the eff iciency of 
f ihn  cool ing d imin i shes  in the d i rec t ion  of the gas 
flow. This d isadvantage  can be avoided by us ing  a 
new the rma l  sh ie ld ing  process ,  evapora t ive  cooling.  
For  this purpose  it  is poss ib le  to use  the p rocess  of 
t r a n s p i r a t i o n  of a l iquid through a porous e l emen t  or  
the method of sub l imat ion .  In this ease  the l ayer  of 
vapor  or sub l ima t e  is cont inuously  renewed,  and the re  
a re  no local  d i scon t inu i t i e s  along the cooled sur face .  
In this method of cooling the flow of coolant  vapor  
f rom the su r face  of the e l emen t  reduces  the heat 
t r a n s f e r  coeff ic ient  as compared  with heat t r a n s f e r  
condit ions in the absence  of evapora t ive  cooling. 

In o rde r  to obta in  a r e l a t i on  that would approxi -  
mate ly  de sc r ibe  this reduc t ion  in the heat t r a n s f e r  
ra te  it is poss ib le  to subs t i tu te  a s impl i f ied  m o d e l f o r  
the actual  p r o c e s s .  As this model  we will  use  the 
Couette flow between two p a r a l l e l  wal l s ,  one of which 
is s t a t iona ry  while the other  moves  at cons tan t  ve loc -  
ity in its own plane�9 

We will  cons ide r  the flow in a coord ina te  s y s t e m  
with axes x and y for  sub l ima t ion  of one of the plates,  
as shown in Fig. 1. 

Ln our case  plate 2 is in mot ion and sub l imes  at a 
ra te  v. In this case  the t e m p e r a t u r e  field be tween the  
plates  will  differ  f rom the case  of flow without s u b l i -  
mat ion.  At cons tan t  p r e s s u r e  in the d i rec t ions  x and 
y and cons tan t  veloci ty  v along the plate the t e m p e r -  
a ture  T wil l  va ry  only in the d i r ec t ion  of the y axis, 
the r a t e  v be ing cons tan t  in the y d i r ec t ion  if the t he r -  
modynamic  p a r a m e t e r s  of the medium a re  constant �9 
Since gasdynamic  effects a re  much more  compl ica ted  
in r a re f i ed  gases  than in dense  media,  owing to a t t en-  
uat ion of the i n t e r ac t i on  between the gas and the wall, 
the no - s l i p  condit ion of cont inuous flow theory ceases  
to be comple te ly  val id.  Dur ing  the flow process  the 
r a r e f i e d  gas begins  to s l ip  c lose  to the wall ,  f o r mi ng  
a wall  l aye r  whose molecu les  i n t e r ac t  with the wall  
accord ing  to a law that dif fers  f rom cont inuum flow. 
On average,  the gas (vapor) molecu les  pass  through 
this wall  l aye r  without coll iding,  the mos t  compl i -  
cated p rob lem being that of s tudying the re f lec t ion  of 
gas molecu les  f rom the wall .  An exact  ana lys i s  of the 
in t e rac t ion  between the gas and the wall  su r face  r e -  

qui res  a knowledge of the d i s t r ibu t ion  funct ion in the 
l a ye r  of gas d i rec t ly  adjacent  to the wall .  The th ick-  
ness  of this l a ye r  may be taken equal to the mean  f ree  
path of the molecu les  (Knudsen l aye r ) �9  This l aye r  
always exis ts  but in a cont inuous flow is so thin that 
it can be neglected.  As the total  p r e s s u r e  fal ls ,  the 
Knudsen  l a ye r  becomes  th icker  and plays an e v e r -  
i n c r e a s i n g  par t  i n t he  p roces s  of heat  and m a s s  t r a n s f e r .  
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Fig. i. Couette flow diagram for subli- 

mation of a moving plate. 

There fo re  the p r e s e n c e  of a wal l  l aye r  c r ea t e s  
diff icul t ies  both in fo rmu la t i ng  t h e b o u n d a r y  condi t ions  
and in se l ec t ing  a model  of the m e c h a n i s m  of heat 
t r a n s f e r  through the wall  l aye r  to the wall .  

If the Knudsen p a r a m e t e r  is smal l ,  e . g . ,  Kn < 
< 0. 001, the gas may be r ega rded  as a con t inuum up 
to the wal l  i t se l f .  Otherwise ,  i .e . ,  when Kn > 0.001, 
it  is not d e s i r a b l e  to neglec t  the effect of the wall l ay -  
er .  

We will  ca lcu la te  the heat  flow f rom su r face  1 to 
the sub l i m i ng  su r f ace  2. Since the t e m p e r a t u r e  in the 
flow field is a funct ion of y only, in our  case  the t e m -  
p e r a t u r e  field between the plates  can be obtained by 
so lv ing  the d i f fe ren t ia l  equat ion 

~, d2T- - -  9 vc --dT = o. (1) 
dy 2 dy 

The boundary  condi t ions  with a l lowance for  the p r e s -  
ence of a wall  I ayer  a re  taken in the fol lowing form: 

g = L ,  T=TL; y : b ,  T--T> 

Then the solut ion of this equat ion wil l  have the form 

oxp(  ) 
o = (2)  

In t roducing  d i m e n s i o n l e s s  complexes ,  we obtain 

O = exp (y/b R%Pr) - -  exp (Re, Pr Kn) (3) 

exp (R%Pr) - -  exp (R% Pr Kn) 
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Fig.  2. Schemat i c  of e x p e r i m e n t a l  a p p a r a t u s .  
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Fig. 3. Dimensionless temperature prof i le 
between plates in a Couette f low: a) calcu- 
lated values, b) experimental data at p = 

-- 1.33 �9 103 N/m 2. 
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On the b a s i s  of the m o l e c u l a r - k i n e t i c  t heo ry  of g a s e s  
Grad  [6] e s t a b l i s h e d  that  the s t a t i s t i c a l  gas  t e m p e r a -  
tu re  is  p r o p o r t i o n a l  to the k ine t ic  ene rgy  of m o t i o n o f  
m o l e c u l e s  with c o r r e s p o n d i n g  m a s s  f low v e l o c i t y  u. 
In this  c a s e  the s t a t i s t i c a l  t e m p e r a t u r e  of the gas  at  
a d i s t a n c e  L f r o m  the p la te  can be  d e t e r m i n e d  f r o m  
the  equat ion 

�9 ] -~- (z A 

(I A i+.).,<11 
I /  

(4) 

The heat flow to the wal l  layer at a distance L from 

the subliming surface to the plate is determined from 

the expression 

idT - -  s  TL) R% Pr (5) 
q = - - ~ m i x ! d q  u=e b [ e x p [ R % P r ( 1 - - K n ) l - - 1 ]  

The t h e r m a l  conduc t iv i ty  ;h'nix of the  v a p o r - a i r  m i x -  
t u r e  be tween  the  h e a t e r  and the  wal l  l a y e r  can be  found 
from the equation 

~1 t ~2  
s lq_A12(x2/xx ) : 1+ A~a(x/x~) (6) 

In the presence of a temperature jump in the wall 

layer we get an additional resistance to heat transfer; 

therefore we can write an expression for the over-all 

convective heat transfer coefficient including the ther- 

mal resistances of both the main flow and the temper- 

ature jump, i.e., 

q = ~ (% -- r~). (7) 

Itis assumed that the amount of heat transferred to 

the wall layer is equal to the heat supplied to the sub- 

liming surface of the plate. 

%-.... 

I 
0%1 0.2 0.2 0,# a,5 Q6 ~e~ 

Fig .  4. E x p e r i m e n t a l  r e l a t i o n  be tween  r e l a t i v e  
t r a n s f e r  coef f i c ien t  and d i m e n s i o n l e s s  r a t e  of 

t r a n s v e r s e  f low of sub l iming  subs t ance .  

If we compute the heat transfer coefficient a from 

Eqso (5) and (7) 

- -  ~ .mi•  - -  TL ) R% Pr (8)  {2-~_ 
b (Tz - -  TO { exp [R%Pr (1 - -  Kn)] - -  11 

and compare it with the eoeffieient a0 in a Couette 

flow without sublimation at the same thermodynamic 

parameters of the medium, we find that the coeffi- 

cient with sublimation is less than the pure heat trans- 
fer coefficient, i.e., a < a0: 

a _ -- s  TL ) Re~, Pr , (9) 
% kb(T~ --T2) {exp [R%Pr (1--  Kn)]-- l} 

w h e r e  c~0 is  taken  equal  to kb /b .  
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Fig, 5. Dimensionless relation between 

transverse mass flow rate and the velocity 

of the subliming plate at different ambient 
pressures: i) 1.33 ~ 104 N/m2; b) 6.65" 104; 

e) 1.33" i03. 

In order to verify the correctness of these rela- 

tions we conducted experiments relating to Couette 

flow. 
The experiments were performed on a vacuum ap- 

paratus (Fig. 2) consisting of a metal cylinder i, closed 
at the top by a glass bell. Inside the chamber we set 

up an electric balance 3, mounting adc motor 2 onthe 

pan. To the shaft of the electric motor we attached 

copper and constantan thermocouple rings and a bal- 

ance arm (the thin tube from a hypodermic needle}. 

The rings were made of constantan wire, which 

formed a junction with a copper wire at the tempera- 

ture measuring point. A textolite sleeve was fitted 

over the rings to hold the thermocouple contacts. To 

make the contacts we used wire of the same cross 

section as in the thermocouple working junction. The 

thermocouples were led out from the contacts to the 

temperature measuring points through the hollow bal- 

ance arm, at one end of which there was attached a 

short plate 5 eovered with the subliming material (a 

hydrocarbon, naphthalene) and at the other a bob 

weight. Inside the glass bell we set up a metal ring4, 
whose temperature could be regulated within desired 

limits by means of an internal electric heater. The 

outside and upper and lower faces of the metal ring 

were thermally insulated. The temperature of the in- 

side surface of the ring could be kept constant. The 

heater voltage was regulated by means of an auto- 

transformer 12. The variation of heater power could 

be checked by means of a voltmeter ii and an amme- 

ter i0. The velocity of the subliming plate was regu- 

lated by means of a rheostat 19, whose voltage was 

checked by means of voltmeter 20. The speed of the 
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e l ec t r i c  motor  was de t e rmined  by means  of a s t r obo -  
scope 18. The p r e s s u r e  in the c h a m b e r  was kept con-  
s tant  by means  of a vacuum pump 8 and r egn la t edwi th  
a needle  va lve  9. The total  p r e s s u r e  was m e a s u r e d  
with a m e r c u r y  U - m a n o m e t e r  7 and a the rmocouple  
vacuum gauge 14. The t e m p e r a t u r e  field between the 
sub l im ing  plate  and the ins ide  su r f ace  of the r i ng  was 
m e a s u r e d  with e o p p e r - c o n s t a n t a n  the rmocouples  6. 

The t e m p e r a t u r e  m e a s u r i n g  c i r c u i t  included the 
following e lements :  m i r r o r  ga lvanomete r  17, low-  
r e s i s t a n c e  po ten t iomete r  16, the rmocoup le  switch 15, 
vacuum bot t le  with t h e r m o m e t e r  for  the cold junct ion 
of the the rmocoup les  13, contact  sys t em,  etc. 

The ra te  of m a s s  t r a n s f e r  was d e t e r m i n e d  f rom 
the change of m a s s  of the subs t ance  sub l im in g  f rom 
the su r face  of the plate.  

We wil l  now d i scuss  the r e su l t s  of the expe r imen t s .  
In Fig. 3 we have plotted the t e m p e r a t u r e  prof i le  

between the pla tes  f rom data ca lcula ted  f rom Eq. (3) 
for va r ious  va lues  of Re v. For  c o m p a r i s o n  we also 
show the t e m p e r a t u r e  d i s t r i bu t ion  obtained e x p e r i -  
menta l ly .  As may  be seen  f rom the graph, at the s a m e  
the rmodynamic  p a r a m e t e r s  of the medium,  as the 
t r a n s v e r s e  m a s s  flux i n c r e a s e s  the t e m p e r a t u r e s  of 
the sur face  of the plate  and the v a p o r - a i r  m ix t u r e  
between the plates  dec r ea se .  

According  to t e m p e r a t u r e  m e a s u r e m e n t s  n e a r  the 
sub l iming  plate, in r ea l i ty  the t e m p e r a t u r e  curve  is 
sharp ly  d i s to r ted  n e a r  the wall .  This behav ior  of the 
curve  is a t t r ibu tab le  to the fact that the d i s t r ibu t ion  
of gas molecu les  in the inc ident  flow is s ign i f ican t ly  
changed as a r e s u l t  of co l l i s ion  with the vapor  mo l e -  
cules  escap ing  f rom the plate.  This d i s t r ibu t ion  c a n -  
not be exp re s sed  exactly us ing  o rd ina ry  t r a n s p o r t  
theory,  Since in this case  the accommoda t ion  coeff i -  
c ient  ~A depends not only on t e m p e r a t u r e  but also on 
the veloci ty  and densi ty  of the molecu les  s t r i k ing  the 
wall  or  escaping  f rom it. The t e m p e r a t u r e  a c c o m m o -  
dation v a r i e s  sharp ly  with the p rope r t i e s  of the gas 
(vapor) and the na tu re  of the sub l im ing  wall .  If the 
wall  is smooth,  the imping ing  gas molecu les  a re  r e -  
f lected f rom it at f i r s t  impac t  and the accommodat ion  
is weak. In the case  of a rough wall, which c o r r e -  
sponds to the case  of subl imat ion ,  on s t r ik ing  the 
wall  the gas molecu les  i n t e r ac t  with it for a ce r t a in  
t ime  and the accommodat ion  is m o r e  complete .  

It is c l e a r  f rom Fig. 4 that as the t r a n s v e r s e  mass  
flow ra te  i n c r e a s e s  the heat  t r a n s f e r  coeff ic ient  de-  
c r e a s e s .  In our  case  the p a r a m e t e r  R e v v a r i e d  in the  
range  0. t l - 0 . 6 9 ,  the r e l a t i ve  coeff ic ient  v a r y i n g c o r -  
respondingly  f rom 0.97 to 0.76.  

If we compare  the va lues  of ~/a0 obtained f rom (9) 
with the e x p e r i m e n t a l  data, we obtain quite s a t i s f a c -  
tory ag reemen t .  

It is c l e a r  f rom Fig. 5 that as the total  p r e s s u r e  
d e c r e a s e s  the t r a n s v e r s e  m a s s  flow ra te  sharp ly  in -  
c r e a s e s ,  the total  p r e s s u r e  having a s t r o n g e r  effect 
on the ra t e  of s epa ra t ion  of vapor  f rom the su r face  of 
the m a t e r i a l  than the veloci ty  of the plate.  

At p r e s s u r e s  p < 1.33 �9 10 a N/m 2 dur ing  per iods  
of ve ry  in t ense  sub l ima t i on  there  is a change in the 
heat  t r a n s p o r t  m e c h a n i s m  due to d i s tu rbance  of the 

wall  l a ye r  by local  evapora t ion  p r o c e s s e s .  Thus, for  
example,  in our  e xpe r i me n t s  on the sub l ima t ion  of 
naphthalene at a d i m e n s i o n l e s s  t r a n s v e r s e  flow ra te  
Re v >0 .8  we obtained an in tens i f i ca t ion  of the heat 
t r a n s f e r  p rocess ,  the coeff ic ient  in the p r e s e n c e  of 
sub l ima t ion  being g r e a t e r  than the pure  heat t r a n s f e r  
coeff icient .  This indica tes  that  the heat t r a n s f e r  r a t e  
is s ign i f ican t ly  affected by the way in which t h e v a p o r  
s e pa r a t e s  f rom the sub l ima t ion  sur face ,  i . e . ,  by the 
vapor  flow r e g i m e  nea r  the sub l iming  su r face  of the 
ma t e r i a l .  

NOTATION 

v = q m / P  is  the t r a n s v e r s e  mass f low  ra t e ;  qm is 
the sub l ima t ion  ra te ;  p is the dens i ty  of v a p o r - a i r  
m ix tu re ;  c is the specif ic  heat  of v a p o r - a i r  m ix tu re ;  
L is the th ickness  of wal l  l a y e r ;  b is the width of the 
gap between plates ; Re v = vb/~ is  the Reynolds n u m -  
b e r  ca lcula ted  f rom the t r a n s v e r s e  m a s s  flow ra te ;  
v is the k inemat ic  v i scos i ty  of the v a p o r - a i r  m i x -  
t u re ;  Kn = Z/L is the Knudsen n u m b e r ;  l is the m e a n  
f ree  path of mo lecu le s ;  P r  is the P rand t l  n u m b e r ;  
T m = (3T 2 + T1)/4 is the average  main - f low t e m p e r -  
a tu re  outside the wall  l aye r ;  u is the plate veloci ty ;  
R is the gas cons tan t ;  

' I  A,a = T 1.-~ ~ "~1 ! I--  S.,/T . 1+ S , / T '  

k b is the t h e r m a l  conduct ivi ty  of v a p o r - a i r  mix tu re  
between plates  ; t~ and ~'2 a r e  the t h e r m a l  conduct iv-  
i t ies  of pure  components  of v a p o r - a i r  mix tu re ;  x 1 and 
x 2 a re  the mole f rac t ions  of the c o r r e spond ing  com-  
ponents ;  #1 and P2 a re  the v i s cos i t i e s  of the pure  com-  
ponents ;  M 1 and M2 are  the m o l e c u l a r  weights of pure 
components ;  T is the t e m p e r a t u r e ;  S 1 and S 2 a re  the 
Sutherland cons tan ts  for the pure  components  (S 

1 .5T  b, where  T b is the n o r m a l  boi l ing  point) ; 
$12 = ~' S~-~ is the Sutherland cons tan t  for  the mix tu re ;  
Re = u b / v  is  the main- f low Reynolds n u m b e r ;  | = 
= (T - T L ) / ( T  1 - TL) is  the d i m e n s i o n l e s s  t e m p e r a -  
tu re  p a r a m e t e r .  
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