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HEAT TRANSPORT BY RESIDUAL GASES IN MULTILAYER VACUUM INSULATION 
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The results of an experimental investigation of residual gas heat-transfer 
in multilayer vacuum imulation are Feported. The "thermal paradox" 
observed when the cold-wall temperature changes from 77 to 20.4 ~ K 
is explained. Graphs of the variation of the residual gas pressure in the 
insulation layers are given and the components of the total heat flux- 
radiative and residual gas--are determined. 

In s t u d y i n g  t h e  t h e r m a l  c o n d u c t i v i t y  of m u l t i l a y e r  
v a c u u m  i n s u l a t i o n  on the  c a l o r i m e t r i c  a p p a r a t u s  d e -  

s c r i b e d  in [1] we o b s e r v e d  a d e c r e a s e  in h e a t  f low b y  
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Fig.  1. V a r i a t i o n  of  t o t a l  s p e -  
c i f i c  h e a t  f lux  and  i t s  c o m p o -  
n e n t s  o v e r  the  t h i c k n e s s  of t he  
s p e c i m e n :  1 and  2) t o t a l  s p e -  
c i f i c  h e a t  f lux;  3 and  4) r a d i a -  
t i ve  s p e c i f i c  h e a t  f lux  {bounda ry  
t e m p e r a t u r e s  3 0 0 - 7 7  ~ K f o r  1 
and  3;  3 0 0 - 2 0 . 4  ~ K f o r  2 a n d 4 ) .  

1 5 - 2 0 %  when  the  t e m p e r a t u r e  of t he  co ld  wa l l  c h a n g e d  
f r o m  77 to 20.4 ~ K a t  c o n s t a n t  ho t  wa l l  t e m p e r a t u r e .  
T h e  d e c r e a s e  in h e a t  f low f o r  1 0 - 1 5  l i t e r  v e s s e l s  was  
3 0 - 3 5 %  u n d e r  t he  s a m e  c o n d i t i o n s .  T h i s  " t h e r m a l  p a r -  
adox"  h a s  a l s o  b e e n  o b s e r v e d  by  o t h e r  a u t h o r s  [ 2 - 5 ]  
in  v a r i o u s  t ypes  of i n s u l a t i o n .  

In m u l t i l a y e r  i n s u l a t i o n  h e a t  t r a n s f e r  d e p e n d s  on 
r a d i a t i o n ,  c o n d u c t i o n  t h r o u g h  t he  s o l i d  m a t e r i a l ,  and  
on the  t h e r m a l  c o n d u c t i v i t y  of the  r e s i d u a l  gas .  M o s t  
a u t h o r s  d i s r e g a r d  the  r e s i d u a l  ga s ,  i . e . ,  a s s u m e  tha t  
X = f ( T ) .  T h e n  the  s p e c i f i c  h e a t  f lux  t h r o u g h  a n  i n s u -  
l a t i o n  p a c k a g e  of t h i c k n e s s  6 wi th  b o u n d a r y  t e m p e r -  
a t u r e s  T 1 and  T2 c a n  b e  w r i t t e n  as  

T2 

ql=-- l~-{'~,dT. (1) 
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I t  fo l lows  f r o m  (2) t h a t  t h e  o b s e r v e d  d e c r e a s e  in h e a t  
f lux  w i t h  f a l l  in  the  co ld  wa l l  t e m p e r a t u r e  c a n n o t  b e  
a t t r i b u t e d  to a d e c r e a s e  in  the  e m i s s i v i t y  of t he  s u r -  
f a c e s  and  an  i n c r e a s e  in  the  t h e r m a l  r e s i s t a n c e  of  t he  
c o n t a c t s  w i th  d e c r e a s i n g  t e m p e r a t u r e ,  a s  a s s u m e d  in  

[21. 
Consequently, there must be a factor that affects 

the heat transmission through the insulation but does 
not depend on the temperature. This factor may be 
the residual gas pressure in the layers of insulation. 
A similar suggestion was made in [5]. 

Our object was to study the effect of the residual 
gas pressure on the heat transfer in multilayer vac- 
cure insulation. 

From the kinetic theory of gases, for the low- 
pressure region, when the condition Kn = L/d >> i is 
satisfied, the molecular heat-transfer due to the re- 
sidual gas enclosed between two parallel surfaces at 
t e m p e r a t u r e s  T1 and  T2 i s  g iven  by  [6] 

q g =  1,82. D aY + 1 Tx--T~ - -  1 ao ~ P ~ W / e m  z (3) 

w h e r e  T is  the  t e m p e r a t u r e  of  the  m e d i u m  s u r r o u n d i n g  
t he  m a n o m e t e r .  

T h e  f r e e l y  s t a c k e d  i n s u l a t i o n  p a c k a g e  i n v e s t i g a t e d  
c o n s i s t e d  of  r e f l e c t i n g  s h e e t s  ( s c r e e n s )  s e p a r a t e d  by  
f i ne  f i b r o u s  p a c k i n g  of p o r o s i t y  m = 0.9.  T h e  d i s t a n c e  
b e t w e e n  s h e e t s  was  0.36 r a m .  F o r  n i t r o g e n  t he  m i n i -  
m u m  L / d  r a t i o  i s  3 .1  at  an  i n t e r v a l  p r e s s u r e  of  5.3 
N / m  2 and  a t e m p e r a t u r e  of  246 ~ K and  f o r  h y d r o g e n  i t  
i s  16 at  1.86 N / m  2 and  210 ~ K. A s s u m i n g  t h a t  the  g a s  
m o l e c u l e s  m o v e  f r e e l y  t h r o u g h  the  p a c k i n g  w i thou t  
c o l l i d i n g  wi th  the  i n d i v i d u a l  f i b e r s ,  w e  can  u s e  Eq.  (3) 
to s tudy  the  r e s i d u a l  ga s  h e a t  t r a n s f e r  in  t he  p r e s s u r e  
r a n g e  1 . 3 3 - 1 . 3 3  �9 10 -4 N / m  2. To f ind  the  p r e s s u r e  in  
t he  l a y e r s  of i n s u l a t i o n  we d e v e l o p e d  a m e t h o d  w h i c h  
r e d u c e d  to the  e x p e r i m e n t a l  d e t e r m i n a t i o n  of q,  T1, 
T 2, and  a .  T h e  o t h e r  q u a n t i t i e s  w e r e  t a k e n  f r o m  p u b -  
l i s h e d  s o u r c e s .  

E x p e r i m e n t a l  m e t h o d .  We u s e d  the  f l a t  c a l o r i m e t e r  
d e s c r i b e d  in  [1] wi th  a s p e c i m e n  of  a n n e a l e d  a l u m i n u m  
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sheets  14 # thick separa ted  by SBR-M glass paper  
40 ~ thick with e l emen ta ry  f ibers  5 - 7  ~t in d iameter .  
The specimen was 20 mm thick, and the stacking den-  
sity was 28 s h e e t s / c m .  Edge effects were e l iminated  
with a plas t ic  foam pro tec tor  r ing,  with a t empera tu re  
d is t r ibut ion  s i m i l a r  to that in the spec imens .  The t em-  
pe ra tu re  in the specimen and at the pro tec tor  r ing  was 
measu red  with p reca l ib ra ted  copper -cons tan tan  t he r -  
mocouples .  We used a R-306 potent iometer  and an 
M!7 /2  ga lvanometer .  The max imum e r r o r  in the t em-  
p e r a t u r e  did not exceed +0.2 ~ Before  being inse r t ed  
in the spec imen each thermocouple  was bonded to the 
pro tec tor  r ing  over 250 mm at a level  with a t e m p e r -  
ature close to that in the specimen.  This  a l m o s t e l i m -  
inated the pa ras i t i c  heat flow along the thermoeouples  
Six thermoeouples  were  used:  two on sheets 1 and 56, 
the r e s t  between sheets  14 and 15, 28 and 29, 42 and 
43, and 49 and 50. The t empera tu re s  of these sheets 
were de te rmined  graphical ly .  

The p r e s s u r e  in the ca lo r ime t e r  cavity was mea -  
sured  in the range 1.33 * 10-5-1.33 �9 10 -I  N /m 2 with 
two LM-2 ionizat ion gauges and in the range 1.33" 
�9 10-1-13.3 N /m 2 with two LT-2  thermocouple gauges 
in combinat ion with VIT-1A vacuum gauges. The 
ra ted  total p r e s s u r e  measu r ing  e r r o r  is not g rea t e r  
than :L15% for the LM-2 gauges and • for the 
LT-2 gauges.  However, s ince the exper imenta l  
gauge readings  did not differ by more  than 5% in the 
f o r m e r  case  and 10% in the la t te r ,  the total p r e s s u r e  
measu r ing  e r r o r  can be cons idered  be t te r  than the 
instrument ratings. 

The heat flow was assumed to be steady when the 

gas flow rate and the temperature of the aluminum 

sheets became constant. The total error in measuring 

the heat flux was less than • 
Experimental results. To determine the residual 

gas pressure in the layers of insulation we used Eq. 

(3) in the form 

P =  5.5.10 - ~ v -  1 V M T  qg (4) 
y +  1 Tn-- Tn+l ao 

In analyzing the exper imenta l  data we made the fol-  
lowing assumpt ions  : 

a) the p r e s s u r e  between the cold wall of the calo-  
r i m e t e r  and the adjacent a luminum sheet  was taken 
equal to the p r e s s u r e  in the ca lo r ime te r ;  this a s s u m p -  
t ion is based on the fact that for  s c reen  and sepa ra t i on -  
l aye r  t e m p e r a t u r e s  below 125 ~ K, the i r  gas separa t ion  
is very smal l ,  while the gas r ema in ing  between them 
is evaluated by the cold wall .  

b) the heat t r ans fe r  by solid conduction is  less  than 
10% [7, 8] and can be neglected.  Accordingly,  s t r i c t ly  
speaking, the data obtained below (Figs. 1, 3, and 4) 
are  not absolute, but make it  poss ib le  to es t imate  the 
na tu re  of the re la t ions  and typical  values of the com-  
ponents of the specific heat flux and of the gas p r e s s u r e  
in the l aye r s  of insulat ion.  

With these assumpt ions  we wri te  

qg = qt - -  qr ' (5) 

where  qt was de te rmined  exper imenta l ly  at var iab le  
p r e s s u r e  in the ca lo r ime te r  cavity and qr  s t ems  f rom 

qr = %ea~( 7] 4 - -  T . + x ) ,  ( 6 )  

where ered is the reduced emis s iv i ty  as a function of 
t empera tu re  of two a luminum sheets  separated by a 
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Fig, 2. Accommodation factor  of 
hydrogen as a function of t e mpe r -  
a ture :  1) exper imenta l  data com-  
puted f rom Eqs. (5) and (6); 

2) computed f rom Eq. (8). 

l ayer  of glass paper.  The value of ere d was de te r -  
mined f rom other exper iments  and on the t empera tu re  
in terva l  300-77 ~ K var ied  l inear ly  f rom 0.02 to 0.031. 
It should be noticed that the reduced emiss iv i ty  of the 
a luminum sheets without glass  insulat ion had approxi-  
mate ly  the same  values.  This means  that in f i r s t  
approximation the g l a s s - f i be r  ma te r i a l  is l a rge ly  
t r a n spa r e n t  to in f ra red  radia t ion in the region 10-54 #. 

The var ia t ion  of qg over the thickness of the speci -  
men is shown in Fig. 1 for the boundary t empera tu res  
300,77 and 300-20 ~ K and a vacuum of 4 �9 10 -5 N/m 2 
in the c a l o r i me t e r  (in Figs. 1, 3, and 4 the absc issas  
a re  reckoned f rom the hot wall). 

The quanti ty a0 in Eq. (4) given in t e r m s  of the 
accommodat ion factor  is 

a 
ao : - - .  (7) 

2--:a 

Preliminary calculations on the experimental data 

showed that the accommodation factor for gaseous 
nitrogen at the cold wall of the calorimeter lies in the 

range 0.89-0.92 on the pressure interval 6.5 �9 10-4-1.33 
N/m 2. Our accommodation factors for nitrogen are in 

good agreement with the data of [9] for surfaces cov- 
ered with unknown adsorbed gases. Consequently, in 

constructing the curves in Fig. 3. the variation of the 
accommodation factors with temperature for nitrogen 
as well as for air were taken from the dataof [9]. When 
the pressure in the calorimeter cavity varied from 
2.66 �9 10 -5 to 2.66 �9 i0 -i N/m 2, the accommodation fac- 

tor for gaseous hydrogen at the cold wall varied from 
0.588 to 0.82. The accommodation factor defined as a 
measure of the completeness of energy transfer in a 
collision, is by definition independent of the pressure. 
Its increase is apparently attributable to the fall in the 
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Fig. 3. P r e s s u r e  in the l ayers  of insulat ion 
as a function of the p r e s s u r e  in the ca lo r im-  
e ter  cavity for the boundary t empera tu res  
300-77 ~ K (fi l ler  gas ni t rogen) :  1) at calo-  
r i m e t e r  p r e s s u r e  of 1.33 N/m2; 2) 1.33 �9 10-1; 
3) 1.33 * 10-2; 4) 1.33 �9 10-3; 5) 6.6- 10-4; 
6) 4.2" 10-5; 7) 4" 10 -5 for the boundary 

t empera tu res  300-20.4 ~ K. 
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Fig. 4. P r e s s u r e  in the layers  of insulat ion 
as a function of t h e p r e s s u r e  in the caLorim- 
eter  cavity for the boundary t empera tu re s  
300-20.4 ~ K ( 1 - 4 - - f i l l e r  gas hydrogen; 5-- 
air) :  1) at a ca lo r ime te r  p r e s s u r e  of 1.33- 
�9 10 -1 N/m2; 2) 1.33o10-~; 3) 2 .33.10-3;  

4) 1.33"10-4; 5) 1.33~ -4 . 
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T h e r m a l  Conduct ivi t ies  and Specif ic  Heat F luxes  Obtained on a 
Flat  C a l o r i m e t e r  and on a Dewar -Type  C a l o r i m e t e r  

8, mm heft q,/zW/cm 2 Apparatus T, ,~ Ta, ~ /~W/cm .~ Pcator,N/m ~ 

Flat calorimeter 

Dewar-type 
calorimeter 

, 20 300 

12 295 

77 
20.4 
77 
20.4 

0.778 
0.472 
0.895 
0.43 

86.9 
71:4 

I34. l 
80.5 

4 .4 ,  I0 - s  
3 .5 .10  - s  
9 .3 .  I0 --~ 
4 .2 .  I0 - 5  

t e m p e r a t u r e  of the a luminum sheet  f r o m  124 to 32 ~ K, 
which co r r e sponds  to the data  of [10], and a poss ib le  
i n c r e a s e  in the contaminat ion of the cold sur face  of 
the c a l o r i m e t e r  with adsorbed gases  as the p r e s s u r e  
r i s e s .  

To de t e rmine  the p r e s s u r e  in the spec imen  for hy- 
drogen on the t e m p e r a t u r e  in t e rva l  120-230~ K (Fig. 
4) we used the exper imenta l  data on the accommoda -  
tion f ac to r s  given by Rowley and Evans in [11], and 
p re sen t ed  as a s t ra igh t  l ine  of ln (1 /a  - 1) v e r s u s l / T .  
To fac i l i t a te  the ext rapola t ion  of the t e m p e r a t u r e  de-  
pendence of the accommodat ion  fac tor  the broad  t e m -  
p e r a t u r e  range  300-30  ~ K, we reduced  the data of 
Rowley and Evans to a and T coordina tes  (Fig.  2), 
whe re  the dashed l ine gives  the ext rapola ted  va lues  
of the accommodat ion  factor .  In the t e m p e r a t u r e  in-  
t e r v a l  120-30 ~ K ex t rapo la t ionwas  c a r r i e d  out acco rd -  
ing to the c h a r a c t e r  of the reduced  curve .  As seen  
f r o m  Fig. 2, the ex t rapola ted  va lues  of the a c c o m -  
modation factors agree closely with our experimental 
values. The extrapolated values of the accommodation 

factors on the temperature interval 230-300 ~ K were 

plotted based on the Yuskin-Bertram equation 

RT +const,  (8) 

which c lose ly  r ep roduces  the exper imentaI  value 
the accommodat ion  fac tor  obtained by Rowley and 
Evans on the t e m p e r a t u r e  inverva l  120-230 ~ K [11]. 
To find the ex t rapola ted  va lues  of the accommodat ion  
fac tor  we reduce  Eq. (8) to the f o r m  

1 l = C + C  Q--Ea, (9) 
a RT  

where  C = coast .  
In the expansion of the exponential  in Eq. (8) we 

re t a in  only f i r s t - d e g r e e  t e r m s .  The  d i f fe rence  Q - E a 
and the coeff ic ient  C for  the t e m p e r a t u r e  in te rva l  
220-300 ~ K in Eq. (9) w e r e  taken equal to the i r  va lues  
on the t e m p e r a t u r e  in te rva l  200-220 ~ K, s ince  on the 
in te rva l  in quest ion the effect  of the third t e r m  of the 
s e r i e s  is  not impor tant  and the change in Q and E a is  
only slight.  

F igu re s  3 and 4 r e p r e s e n t  the p r e s s u r e  dis t r ibut ion 
in the l a y e r s  of insulat ion as a func t ionof  t h e p r e s s u r e  
in t he  c a l o r i m e t e r  cavi ty  for  the boundary t e m p e r a t u r e s  
300-77 and 300-20.4  ~ K. 

Curve  5 in Fig. 4 was cons t ruc ted  using the a c c o m -  
modat ion fac to r  for  a i r  [9] at a c a l o r i m e t e r  p r e s s u r e  
of 1.33 - 10 -4 N / m  2. The  actual  p r e s s u r e  in the l a y e r s  
will  l ie  between cu rves  4 and 5, s ince  at this p r e s s u r e  

it may be a s sumed  that there  is a mix tu re  of hydrogen 
and r e s idua l  gas between the l aye r s .  

F r o m  an examinat ion of Figs .  1, 3, and 4 we may 
draw the following conlus ions:  

a) res idua l  gas h e a t - t r a n s f e r  plays an impor tant  
pa r t  in the total heat  flow through mul t i l aye r  vacuum 
insulat ion even at a vacuum of be t t e r  than 1 �9 10 -~ N / m  2 
in the insulat ion cavity.  

b) the r e s idua l  p r e s s u r e  in the l aye r s  of insulat ion 
(Fig. 3, curve  6) at a c a l o r i m e t e r  co ld-wal l  t e m p e r -  
a ture  of 77 ~ K exceeds the r e s idua l  p r e s s u r e  (curve 7) 
in the case  of a cold-wal l  t e m p e r a t u r e  a t  20.4 ~ K for 
the s a m e  p r e s s u r e  in the c a l o r i m e t e r  cavity,  namely  
4 . 1 0  -5 N / m  2. Thus,  the r educed  p r e s s u r e  in the s e c -  
ond case  of fe rs  a good explanation of the " the rmal  
paradox ."  

c) the nonuniform p r e s s u r e  d is t r ibut ion  over  the 
th ickness  of the spec imen,  min imal  in the l aye r s  ad- 
jacent  to the wal ls  of the c a l o r i m e t e r  and max imal  in 
the cen t ra l  zone, is explained not only by the reduct ion  
in vapor  p r e s s u r e  with d e c r e a s e  in the t e m p e r a t u r e  of 
the l aye r s  but also by the m o r e  favorab le  evacuation 
conditions when the t e m p e r a t u r e  of the cold wall  is 
r educed  f r o m  77 to 20.4 ~ K. 

In o rde r  to i l l u s t r a t e  the " t h e r m a l p a r a d o x "  we have 
tabulated the ef fec t ive  t he rma l  conduct ivi t ies  and spe-  
c i f ic  heat  f luxes obtained on a f lat  c a l o r i m e t e r  [1] and 
a t en - l i t e r  Dewar - type  c a l o r i m e t e r  for  the given type 
of insulation. 

NOTATION 

a is  the accommodat ion  coeff icient ;  q is the spec i f ic  
heat  flux; qt, qr ,  qg a r e  the spec i f ic  heat  f luxes:  total,  
r ad ia t ive ,  and gas;  ~ is  the the rmal  conductivity; T 
is the t empera tu re ,  ~ Tn is the t e m p e r a t u r e  of the 
n- th  sheet;  5 is the thickness  of the spec imen,  mm; 
L is the mo lecu l a r  mean f r e e  path, mm;  b is the d i s -  
tance between shee ts ,  mm; Kn is the Knudsen number ;  
P is the gas p r e s s u r e ,  N/m2; o- = 5.77" 10 -12 W" cm -2 �9 

�9 deg -4 is the radia t ion  constant;  T = Cp/Cv is the ra t io  
of speci f ic  heats ;  M is the m o l e c u l a r  weight; Q is the 
heat of adsorption;  E a is the act ivat ion energy;  and 
R is the un ive r sa l  gas constant.  
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