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The heat t r ans fe r  coefficient is measured  in air  in ter layers  at reduced p re s su re .  The r e -  
sults are  compared with c r i te r ia l  relat ionships.  

The general  p rocedure  for obtaining the computational equations enabling one to calculate the coeffi-  
cients of heat exchange and heat t r ans fe r  at different gas p r e s su re s  if the form of the cr i ter ia l  heat ex- 
change equations is known at normal  p r e s s u r e  is examined in [1]. The sca rc i ty  of the l i tera ture  data on 
heat exchange of natural  convection under conditions of raref icat ion leads to the necess i ty  of experimental  
verif icat ion of the proposed computational equations. Moreover ,  "a compar ison  of the cr i te r ia l  equations on 
heat t r ans fe r  i.n in ter layers  proposed by different invest igators  reveals  considerable  discrepancies  in the 
est imate  of the intensity of heat exchange (Fig. 1). 

Heat t r ans fe r  in in te r layers  is usually descr ibed in the form of the dependence of the convection co- 
efficient ~c = X/k2 on the Rayleigh number  (Ra)m0 = (GrPr)m0. The physical  p a r a m e t e r s  entering into the 
Gr and Pr  numbers  are  selected for the mean ar i thmet ic  t empera ture  (index m) of the walls bounding the 
in ter layer  under conditions of normal  p r e s s u r e  (index 0); the thickness L of the in ter layer  is taken as the 
re fe rence  dimension. As follows from Fig. 1, the sca t te r  in the convection coefficients f rom different 
authors reaches  35%. Such great  d iscrepancies  go beyond the range of the measurement  e r r o r s  and are  
probably caused by the different conditions under which the experiments were conducted {geometry of in ter -  
layers ,  boundary conditions, etc.). Because the information on these conditions is incomplete it is diffi- 
cult to give preference  to one or another of the resul ts .  Therefore ,  we conducted pre l iminary  m e a s u r e -  
ments of the heat exchange coefficient in in ter layers  at normal  gas p r e s s u r e  for the selection of the c r i t e r -  
ial equations. We note that the curve cons t ruc ted  from M. A. Mikheev's equation [6] lies approximately 
in the middle of the field of sca t te r  of the convection coefficient for horizontal  and ver t ical  in te r layers .  
Therefore  one can use the one dependence of [6] for an approximate es t imate  of ee independent of the or ien-  
tation of the in ter layer .  

A general  view of the measur ing  instrument  is shown in Fig. 2. The method of a secondary wall 
was used to study the su r f ace -ave rage  heat t r ans fe r  coefficient in a fiat in ter layer .  The experiments were 
conducted with an air  in ter layer  formed by two metal l ic  i sothermal  plates 1 and 2 200 • 200 mm in size 
and enclosed along the pe r ime te r  by eight end covers  6. Teflon spacers  5 and 3 mm thick a re  set between 
the covers  6 and the plates 1 and 4. The gap 6 between neighboring covers  is ~0.1 mm.  The neces sa ry  
thickness of the in ter layer  was provided by mounting textolite brace  bushings 7 (outer diameter  7 mm, inner 
6 mm) between plates 1 and 2, fixed with textolite pins 8 (4 mm in diameter)  and nuts 9. Plate  1 was made 
from brass  15 mm thick. The other wall consisted of a fiat ca lor imeter  made up of a set of plates:  b rass  
4 (15 mm thick), copper 2 (3 mm thick), and rubber  3 (2 mm thick). Plates 2, 3, and 4 were joined with 
BF-2  adhesive. Coils 10 of copper 5 mm in d iameter  a re  sealed into the channels of plates 1 and 4. Water  
whose t empera tu re  is kept constant with an e r r o r  of ~0.1~ is circulated through the coils.  To dec rease  
radiant heat exchange all the inner sur faces  of the in ter layer  were polished and glossy chrome plated. 

The tempera tu re  of the plates was measured  by n ichrome-cons tan tan  thermocouples  with an elec-  
t roded iame te r  of 0.1 mm.  The t empera tu re  of the hot and cold plates was measured  relat ive to a cold 
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Fig.  1. Compar i son  of funct ions ee = So (Ra)_m0 f r o m  data 
of d i f fe ren t  a u t h o r s :  a) r eg ion  of s c a t t e r  fo r  ho r i zon ta l  
o r i en ta t ion  of i n t e r l aye r ;  b) r eg ion  of s c a t t e r  fo r  ve r t i c a l  
o r i en ta t ion  of i n t e r l a y e r ;  1) [9]; 2) [5]; 3) [3]; 4) [8]; 5) 
[4] at  L / H  = 0.25; 6) [7]; 7) [6]; 8) [8]; 9) [2] at L / H  
= 0.5; 10) [3]; 1t) [2] at L / H  = 0.025; 12) [5]; 13) [4] at 
L / H  = 0.025. 

junct ion p laced  in a D e w a r  f lask.  The t e m p e r a t u r e  drop  at  the work ing  insula t ion l aye r  was m e a s u r e d  
with a t he rmop i l e ,  14 ]unctions of which w e r e  u n i f o r m l y  d i s t r ibu ted  along the length of the i n t e r l a y e r .  
The t e m p e r a t u r e  drops  w e r e  r e c o r d e d  with a P P T N - 1  p o t e n t i o m e t e r  with a M 195/1 g a l v a n o m e t e r  as the 
null instrument. 

To study the heat transfer coefficient at a reduced pressure the measuring instrument was placed 

in a pressure chamber with a volume of N0.05 m 3. The vacuum system could create rarefication down to 

i �9 I0 -4 torr. Pressure in the range of 760-100 torr was measured by a pointer-type manometer of the 

1.5 torr accuracy class; in the range of I00-i0 torr pressure was measured by a U-shaped mercury man- 

ometer. Let us examine the working equation for calculating the heat transfer coefficient in the interlayer 

from the measurement data. The heat flux Qh flowing from the hot to the cold plate through the gas inter- 

layer is equal to the flux Qd determined by the calorimeter after deduction of the loss flux QI which arrives 

at the thermometer through the construction elements (bushings, pins, thermoelectrodes) and through end- 

type heat exchange between surfaces 2 and 6: 
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Fig.  2. D i a g r a m  of m e a -  
su r ing  in s t rumen t .  
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Fig .  3.  C o m p a r i s o n  of c o m -  
pu t a t i ona l  equa t ions  wi th  e x -  
p e r i m e n t a l  da ta :  1, 2) e x p e r -  
i m e n t a l  da t a  ob ta ined  with  
h o r i z o n t a l  and v e r t i c a l  o r i e n -  
t a t i o n s  of i n t e r l a y e r s ,  P < 700 
t o r t ;  3 ,4)  s a m e ,  but  a t  P 
~- 760 t o r r ;  I) c a l c u l a t i o n  f r o m  
Eq.  (7) fo r  h o r i z o n t a l  i n t e r -  
l a y e r ;  II) f r o m  Eq. (8) f o r  
v e r t i c a l  i n t e r l a y e r .  

Qh = Q,d-- Qi, (I) 

w h e r e  

Subs t i tu t ing  into Eq. 
i n t e r l a y e r  

C2h = KAt.S~; Qd = ~ At,,S,. 
t7 3 

(1) t he  e x p r e s s i o n s  fo r  the  hea t  f luxes  we find the  h e a t  t r a n s f e r  coe f f i c i en t  K in the  

K =  ~8 . At:~ Q1 = A  Atu Q:I (2) 
% Atl, S~Atl~ Atlo. S~At12" 

It  was  p o s s i b l e  to  d e t e r m i n e  f r o m  the  e s t i m a t i n g  c a l c u l a t i o n s  tha t  the  h e a t  f lux  l o s s  t h rough  the  c o n s t r u c -  
t ion  e l e m e n t s  i s  s m a l l  and  does  not  e x c e e d  0.3% of the  m e a s u r e d  h e a t  f lux.  The  e n d - t y p e  hea t  exchange  
can  be  found by  c a l c u l a t i o n ,  knowing the  t e m p e r a t u r e  d r o p  Ata in the  gap  b e t w e e n  p l a t e  2 and the  c o v e r s  6. 
The  m e a s u r e m e n t s  of At a showed  tha t  i t  i s  p r a c t i c a l l y  i ndependen t  of  the  i n t e r l a y e r  t h i c k n e s s  L and i s  a 
funct ion only of Atl2, w h e r e  the  l a s t  t e r m  of Eq.  (2) was  found to equa l  0.05. The  n u m e r i c a l  va lue  of the  
c o e f f i c i e n t  A = 105 was  found f r o m  c a l i b r a t i o n  t e s t s  when the  h e a t  t r a n s f e r  in t he  i n t e r l a y e r  was  a c c o m -  
p l i s h e d  only by the  h e a t  conduc t ion  of the  a i r  and by r a d i a t i o n .  The  c onve c t i on  coe f f i c i en t  was c a l c u l a t e d  
f r o m  the  equa t ions  

e c _  ( K - - ~ r ) a  ( TI_)4__{ T~ ~4 
k l o o ,  ~ l o o /  

k, , ~Zr = ere,. 5.67 T1 - -  T~ ' 

K = 105 -A-t*4.- - -  0,05. 
A/I, (3) 

The  r e d u c e d  r e f l e c t i v i t y  e r e  = 0.045 of s u r f a c e s  1 and  2 was  found f r o m  t e s t s  a t  a p r e s s u r e  of  1 �9 10 -4 t o r r .  

The  e x p e r i m e n t s  w e r e  conduc ted  in t he  fo l lowing r a n g e s  of v a r i a t i o n  of t he  d e t e r m i n i n g  p a r a m e t e r s :  
t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  bounding  p l a t e s  20-60% t e m p e r a t u r e  of  "co ld"  p l a t e  ~298~ v e r t i c a l  and  
h o r i z o n t a l  o r i e n t a t i o n s  of  i n t e r l a y e r s  5, 10, 15, and 25 m m  th ick ;  a i r  p r e s s u r e  10-760 t o r r .  The  r e s u l t s  
of  the  m e a s u r e m e n t s  a r e  p r e s e n t e d  in F ig .  3. The  m e a s u r e m e n t s  w e r e  conduc ted  u n d e r  con t inuous  con -  
d i t ions  wi th  Knudsen  n u m b e r s  Kn << 1; t h e r e f o r e  the  R a y l e i g h  n u m b e r s  w e r e  c a l c u l a t e d  f r o m  the  equa t ion  
I l l  

Ram = Ra,~,0 �9 (4) 

An e s t i m a t e  of the  m e a s u r e m e n t  e r r o r  showed  tha t  the  r e l a t i v e  i n s t r u m e n t  e r r o r  of the  i n d i r e c t  m e a -  
s u r e m e n t s  of t he  convec t ion  c o e f f i c i e n t  a t  n o r m a l  p r e s s u r e  does  not  e x c e e d  +2%, whi le  at  r e d u c e d  p r e s s u r e  
the  e r r o r  r e a c h e s  e4%. We no te  tha t  the  r e p r o d u c i b i l i t y  of t he  e x p e r i m e n t s  l ay  wi th in  the  s a m e  l i m i t s .  

As  s e e n  f r o m  F ig .  3, t he  e x p e r i m e n t a l  da t a  a g r e e  s a t i s f a c t o r i l y  with c u r v e s  I and  II c o n s t r u c t e d  
f r o m  N i e m a n n ' s  equa t ions  [51 o b t a i n e d  fo r  n o r m a l  p r e s s u r e :  
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h o r i z o n t a l  i n t e r l a y e r s ,  h e a t - e m i t t i n g  s u r f a c e  on b o t t o m :  

v e r t i c a l  i n t e r l a y e r s  : 

0.07Ra~i0 aa 0 . 0 7  [ ( a ; p , % o ] " ~ 3  = 1 ' , ( 5 )  
Vc = 1 3.2.10:" --  (GrPr),,~0 -7 3.2.103 _ Ra,~ 0 

0.0236 [(GrPr)mo] 1'39 0.0236RaL~9 
e c = i + 1.01.10~ ~(CrPr)~o = 1 _- �9 (6) 1.01- 10 ~ -}- Ra~o 

Subs t i t u t ing  the  R a  m of  Eq.  (4) in to  (5) and (6) in p I a e e  of the  n u m b e r  Ram0 we ob ta in  equa t ions  a l Iowing  
the  c a l c u l a t i o n  of the  s u r f a c e - a v e r a g e  conve c t i on  c o e f f i c i e n t  a t  r e d u c e d  p r e s s u r e s  in c l o s e d  h o r i z o n t a l  
and  v e r t i c a l  i n t e r l a y e r s ,  r e s p e c t i v e l y :  

O.07Ra,~ a3 
e c = 1 + 3,2.103 -+ Ra,, (7) 

0,0236Ra~;, 39 
e c = 1 1 . 0 1 . 1 0 4  if-  Ra,,~ " ( 8 )  

If R a m  < 1 �9 10 a, e c shou ld  be  t a k e n  as  equa l  to  one.  

Le t  us  e x a m i n e  s e p a r a t e l y  the  q u e s t i o n  of the  ef fec t  of the  s i m p l e x  L/H on h e a t  t r a n s f e r  in a v e r t i c a l  
c l o s e d  i n t e r l a y e r .  T h e r e  is  no s i n g l e  op in ion  in the  l i t e r a t u r e  on the  need  to  t a k e  th i s  p a r a m e t e r  into a e -  
count .  Some  a u t h o r s  [2, 41 a l l o w  fo r  th i s  f a c t o r ,  o t h e r s  [3, 5, 6] do not .  Oa r  e x p e r i m e n t  was conduc t ed  
u n d e r  cond i t ions  when 0.025 < L / H  --< 0.125. Any d e p e n d e n c e  of the  h e a t  t r a n s f e r  coe f f i c i en t  on the  r a t i o  
of i n t e r l a y e r  d i m e n s i o n s  was  not  d e t e c t e d  in th i s  i n t e r v a l .  

Thus ,  the  r e s u l t s  of the  m e a s u r e m e n t s  c o n f i r m  the  p o s s i b i l i t y  of u s i n g  the  e r i t e r i a l  equ~itions (7) 
and (8) ob ta ined  by the  m e t h o d  of [1]. The  equa t ions  m a k e  i t  p o s s i b l e  to d e t e r m i n e  the  convec t ion  coe f f i -  
e ien t  in f ia t  c l o s e d  a i r  i n t e r l a y e r s  u n d e r  cond i t ions  of r a r e f i c a t i o n  when Kn << 1 with a r o o t - m e a n - s q u a r e  
e r r o r  of 6.4% in the  i n t e r v a l  of 1 �9 10 ~ -< R a m  -< 1 �9 10 s. 
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NOTATION 

is the convection coefficient; 
are the coefficients of equivalent thermal conductivity, thermal conductivity of gas in in- 
terlayer, and thermal conductivity of heat insulation plate 3, W/m �9 ~ 
is the coefficient of convective, conductive, and radiative heat transfer in interlayer, 
W / m  2 �9 OK; 

a r e  t he  R a y l e i g h ,  G r a s h o f ,  and P r a n d t i  n u m b e r s ;  
is  the  t h i c k n e s s  of  i n s u l a t i n g  p l a t e  3, m;  
i s  the  a r e a  of h e a t - a b s o r b i n g  s u r f a c e  of p l a t e  2, m2; 
a r e  t he  t e m p e r a t u r e  d r o p s  at  i n su l a t i ng  l a y e r  and be tw e e n  hot  and e o l d p l a t e s  i and 2, ~ 
is  t he  p r e s s u r e  of g a s  f i l l i ng  i n t e r l a y e r ,  t o r r ;  
a r e  the  t e m p e r a t u r e s  of p l a t e s  1 and 2, ~ 
i s  the  he igh t  of i n t e r l a y e r ,  m;  
is  the  c o e f f i c i e n t  of r a d i a t i v e  h e a t  exchange ,  W / m  2 �9 ~ 

1 .  
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3. 
4. 
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6. 
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