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We examine the h e a t - t r a n s f e r  mechan i sm in vacuum- lamina t ed  insulat ion and explain the r e -  
lat ionship between the effect ive coeff icient  of t he rma l  conductivity and the th ickness  of the 
insulat ion l aye r .  

As demons t ra t ed  by expe r imen t s  [1], the effect ive coefficient  of t he rma l  conductivity for Vacuum- 
lamina ted  insulation is not only a function of t e m p e r a t u r e ,  but also a function of th ickness .  To explain this 
phenomenon,  let  us ini t ial ly examine the re la t ionship  between the effect ive c o e f i c i e n t  of conductivity for  an 
insulat ion packet  and the effect ive coefficient  of t h e r m a l  conductivity for i ts  separa te  segments .  Here  we 
will use the exper imen ta l  data  [1] for  insulat ion that  is a r r anged  loosely  and is made up of a luminum 
s c r e e n s ,  with a th ickness  of 14 pm and SBR-M glass  space r s  with a th ickness  of 40 ~m.  We will divide 
the th ickness  of the insulation packet  into n equal segments  (6 i = 6/n). 

Since the speci f ic  heat  flow in the s t eady- s t a t e  r eg ime  is identical  at any point on the spec imen,  the 
following equation is valid: 

AT~ 
~'eff i ~ - := ~eff Tl ~ Tz -- q 

n 

Since T 1 - T 2 = ~ ATi,  Eq. (1) can be t r a n s f o r m e d  to 
i = l  

whence 

const. (1) 

; . . . . . .  6 ' q6 
q i + + . . . .  = 

\ n~'eff 1 ItSelf 2 n~'eff n ~'eff 

(2) 

n 

, 1 ( 1  l i v  ' 
)~eff n ~'eff 1 Left 2 ~eff ~=~ 

Figure  1 shows the cu rves  for  the change in the effect ive coefficient  Xeff i of t h e r m a l  conductivity in 
the insulat ion segment ,  for  spec imens  exhibiting th icknesses  of 10, 21.5, and 40 mm; these  curves  have 
been plotted accord ing  to (1), where  q and AT i have been der ived exper imenta l ly .  The redueed spec imen  
th ickness  x /6  has been  plotted along the axis  of a b s e i s s a s .  

It follows f rom the graph  that:  a) Xeff i v a r i e s  sharp ly  through the spec imen  th ickness ,  and the max i -  
mum values  a r e  found in the middle zone; b) the absolute values  of Xeffi inc rease  in the var ious  segments  
with an inc rease  in the spec imen  th icknesses ;  c) the absolute values  for  spec imens  of identical  th ickness  
a r e  g r e a t e r  for spec imen  boundary t e m p e r a t u r e s  of 300-77~ 

As follows f rom (3) and Fig. 1 Xef  f as a function of insulation th ickness  is thus governed by the change 
in Xeffi in the segments .  
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Fig. 1. Change in the conductivity Xef f i of the insulation segment ,  t ~ W / c m  �9 deg for spec imens  of var ious  
th icknesses :  1) 40 ram; 2) 21.5 ram; 3) 10 ram; a) spec imen  t e m p e r a t u r e  300-77~ b) 300-20.4~ 

Fig. 2. Change in conductivity ~teffi, p W / c m ,  deg, in the insulation segments  exhibiting identical t e m p e r -  
a tu res  at the boundar ies ,  for  spec imens  of var ious  th icknesses :  1-3a and b) see Fig. 1. 

It is mos t  convenient to explain the nature  of the function Xeff i(x) by examining the change in Xef f i 
in segments  exhibiting identical t e m p e r a t u r e s  at the boundar ies  of spec imens  of var ious  th icknesses  (Fig. 
2). The plotting of Aeffi(Ti) was a lso  accompl ished  on the bas i s  of (1). As we can see  f rom Fig. 2, in 
segmen t s  with identical  boundary t e m p e r a t u r e s  the absolute values  of l e f f  i i nc rease  with an inc rease  in 
the th ickness  of the spec imen.  Let us explain this phenomenon. 

The t r a n s f e r  of heat  between the s c r eens  [aluminum foil] is accompl ished  by radia t ion,  and by con-  
duction through the solid and the res idua l  gases .  Thus we can wri te  

~effi =~'rad ~ s  +%effg i (4) 

Let us evaluate  the effect  of the components  in the r ight -hand m e m b e r  of (4) and their  contr ibut ion to the 
conductivity with a change in insulat ion th ickness .  In the spec imen  segments  exhibiting identical  t e m p e r a -  
ture  at the boundar ies  we have 7~rad ~ const ,  s ince the s c r eens  have been fabr ica ted  f rom one ma te r i a l  and 
the i r  packing densi ty is constant  (28 s c r e e n s / e r a ) .  This  is also borne  out by curves  3 (Fig. 4). Under 
identical  conditions,  in f i r s t  approximat ion ,  we can also a s s u m e  that As ~ const (see cu rves  2 in Fig. 4). 
Consequently,  the function Xeffi(x) can be explained by a change in Xeffg i. 

Let  us evaluate  the res idua l  p r e s s u r e  in the l a y e r s  of the insulat ion and the nature  of its va r ia t ion  
with a change in spec imen  th ickness  (Fig. 3). The cu rves  have been plotted according to the method d e s -  
cr ibed in [2] for the case  of a min imum p r e s s u r e  of 2 . 1 0 - 5 - 5 , 1 0  -5 N / m  2 in the c a l o r i m e t e r  bomb.  Let  
us examine the re la t ionship  between Xeffg i and the res idual  p r e s s u r e  between the s c r eens .  The flow of 
heat  between two adjacent  s c r e e n s ,  t r ansmi t t ed  by the res idua l  ga se s ,  can be wr i t ten  as 

6/N -" (5) 

On the other  hand, assuming  approx imate ly  that because  of the substant ia l  poros i ty  of the g lass  space r  
(m > 0.9) the gas molecules  pass  through it f ree ly ,  without col l is ion against  any of the f ibe r s ,  and because  
Kn = (L/d) -> 1 (this condition is sa t i s f ied  in our  case) ,  according to the kinetic theory of gases  the t r a n s -  
fe r  of heat  by the res idua l  gases  between the s c r e e n  [3] can be de te rmined  f rom the equation 

- -  p ,  (6) 

where  Agi is the coefficient  of t h e r m a l  conductivity for  the res idua l  gas  at the t e m p e r a t u r e  (Ti + Ti+I) /2:  

C L; ~ 2 - - a  2p, 9 y - - 5  
P a y + l  4 
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Fig. 3. Dis t r ibut ion of p r e s s u r e  P for res idual  gases  in the insulation 
l a y e r s ,  N /m 2, for  spec imens  of Various th icknesses :  1 - 3 , a ,  andb) see 
Fig. 1. 

Fig. 4. Overa l l  conductivity 7ti, p W / c m ,  deg, in the insulation s e g -  
ments  with identical  t e m p e r a t u r e s  at the boundar ies ,  and the compo-  
nents of the conductivity for  the solid,  the radiat ion,  and the res idual  
gases  in the l aye r s  for spec imens  of the following thickness:  I) 10 ram; 
I1) 21.5 mm; 1) Xeffi; 2) ks; 3) Xrad; 4) ~teffgi. 

Equating Eqs. (5) and (6), we find that  

~effg i = ~'gi~i P. (7) 
2peN 

Turning to any spec imen  th ickness  and assuming  in all  c a se s  that T i = const ,  and assuming  that the change 
in Ti+ 1 is insignificant (according to the exper imenta l  data),  we can opera te  on the assumpt ion  that  in (7) 
the quantity Xg i/2/3C = const.  ThenXeffg  i =)teffg i(P), and consequently,  2teffi = Xeffi(P). At the s ame  t ime,  
we see  f rom Fig. 3 that the absolute  values  of the p r e s s u r e  in the l a y e r s  inc rease  with an inc rease  in spec i -  
men th ickness ,  i . e . ,  P = P(x). With this r e la t ionsh ip ,  it follows f rom (7) that Xeffgi  and, consequently,  
the values  of Xeff i in (4) a r e  functions of the th ickness .  The inc rease  in the absolute values  of the p r e s -  
sure  in the insulat ion l a y e r s  (with an i nc rea se  in spec imen  thickness)  is explained by the inc rease  in the 
g a s - r e l e a s e  su r f ace ,  whe rea s  the evacuat ion conditions a r e  impai red .  Re fe rence  is made in [4] to the poor  
conditions of evacuat ion f rom the insulation and to the resu l t ing  dif ference in p r e s s u r e s  between the l a y e r s  
and within the insulated space.  

As we can see f rom Fig. 3, the g r e a t e s t  p r e s s u r e  values  a re  found in the middle zones.  The re fo re ,  
accord ing  to (7), in these  zones Xe f fg i  is at its g r e a t e s t  and, consequently,  Xefft is at its max imum (see 
Figs.  1 and 2). It should be  expected that with an inc rease  in spec imen  th ickness  for  identical boundary 
t e m p e r a t u r e s  (provided that  the conditions of a constant  ra te  of evacuat ion f rom the c a l o r i m e t e r  bomb is 
maintained) a p r e s s u r e  will be es tab l i shed  within the middle zone of the spec imens  that is c lose to the con-  
stant  p r e s s u r e  which is brought  about by the dynamic  equi l ibr ium between the number  of evacuated mo le -  
cules and those  being r e l e a s e d  f rom the ma te r i a l .  This  assumpt ion  is conf i rmed by the curves  of Fig. 3. 
Since the effect  of the e x t r e m e  zones becomes  insignificant in this case ,  Xeff i will tend toward some con-  
stant  quantity.  

Le t  us evaluate  the contr ibut ion to the overa l l  t r a n s f e r  of heat  in the insulation l a y e r s  by radia t ion 
and by conduction th roughthe  solid and through the res idua l  gases ;  for  this purpose  we will use  two spec i -  
m e n s ,  with th icknesses  of 10 and 21.5 mm,  at boundary t e m p e r a t u r e s  of 300-20.4~ The tentat ive data 
for  the components  of Eq. (4) a re  given in Fig. 4. 
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where 

Radiative heat trmasfer (curves 3) was determined f rom the equation 

qrad i 6/N (8) 
)~rad i = 

Ti - -  T~+i" 

qrad i = ered i ~y ( T4 - -  T4+I) �9 

The values of ei(T) are  taken f rom [51. 

The conduction through the solid was determined in the following manner.  The t r ans fe r  of heat be-  
tween the cold wall of the ca lo r imete r  exhibiting a t empera tu re  of 20.4~ and the adjacent screen ,  at a 
p r e s s u r e  of 2 . 1 0  -~ N/m 2 in the ca lo r imete r  bomb, is due exclusively to radiation and conduction through 
the spacer .  Thus 

(q - -  qrad n ) 6 I N  
X s ::- (9) 

T ~  - - -  T 2 

Since the resul t ing values of Xs0 in our ease are  smal le r  by a factor  of 102-103 than the thermal  conduc- 
tivity of the g lass  when T = 100~ [61,, recalculated with provis ion for the density of the glass  paper and the 
d iameter  of its e lementary  f ibers ,we  canassume  that Xs0 is defined exclusively by contact conduction. In 
the existing formulas  for contact conduction in f iberglas  mater ia ls  (for example, Eq. (58) on p. 34 of [7]) the 
authors assumed a model in which the a rea  of the contact spots var ies  with a change in the applied load as 
3r while the number  of these contact points remains  constant. Such a model is quite valid for great  loads. 
However,  in our case,  with the specific load ranging from 0.05 ~o 0.36 g/era  2 (with considerat ion of speci -  
men weight), there is an increase  in the number of contacts with application of the load, and the change in 
contact conduction, in f i rs t  approximation,  can be assume to be l inearly dependent on the load [8]. Our 
experimental  data differ f rom the theoret ical  data obtained from formula  (58) of [7] by fac tors  of 200-400. 

To determine the function Xs0 we pe r fo rmed  a number of experiments  for three values of the specific 
load on the specimen: p = 0 is the loose packing; p = 0.05 and 0.11 g / c m  2. From the resul t ing magnitudes of 
of the heat flow and the t empera tu re  differences between the cold wall and the sc reen  in contact with the 
wall, using formula  (9), we determined the contact conductivity which is expressed by the relat ion 

~s o ='= 0.36p. (10) 

Figure  4 shows the curves  for the change in contact conductivity through the thickness of the speci -  
men (curves 2), plotted according to (10), where the specific load p was determined with considerat ion of 
the initial compress ion  of the specimen and with considerat ion of the weight of the insulation layer .  

The conductivity through the gas (curves 4) was determined f rom the difference 

),eft g i=  )~eff i-- ()~rad i .4- )"s i)" 

Table 1 shows the 'mean integral  values of the conductivities for radiation, and for conduction through 
the solid and through the residual  gas. 

Analytically,  let us express  Xeff as a function of the insulation thickness and the p r e s s u r e  of the 
res idual  gas in the l aye rs  on the basis  of the above-ci ted analysis  of the hea t - t r ans fe r  mechanism.  From 
the theory of heat t r ans fe r  for mult i layer  mater ia l s ,  in the case of X = X(T), the heat flow in a s teady-s ta te  
reg ime is wri t ten as follows: 

s --T2) (11) q 
6 

where 

~,eff = - -  

T2 

1 ~i ~ (7) d T .  
T i - -  T 2 

T~ 

(12) 

It follows from a compar ison  of the experimental  data (Figs. 1-4 and Table 1) and their  analysis  that Xeff 
is a weak function of t empera tu re  and is determined p r imar i ly  by the residual  p r e s s u r e  in the insulation 
layers .  This can be seen from compar ison of the p r e s s u r e  and  Xeff i at the boundaries of the specimen 
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T A B L E  1. C o n t r i b u t i o n  to the  O v e r a l l  T r a n s f e r  of Hea t  by R a d i a t i o n ,  

and Conduc t ion  t h r o u g h  the  Sol id  and t h r o u g h  the  R e s i d u a l  G a s e s  in 
the  I n s u l a t i o n  L a y e r s  

6,1TIll2 

21,5 
t0 

0,51 
0,4 

Zeff 

100 
100 

0,42 
0,3 

. . . .  arad 
II I 

83 / 0,073 
74 I 0,088 

II l I I  

14 0,014 3 
22 0,016 4" 

and in  the  midd l e  zone .  
a s s u m e  tha t  h ~ )t o + h(P) ,  w h e r e  A 0 = cons t  ~ is  the  a v e r a g e  va lue  of  the  e f f ec t ive  coe f f i c i en t  of t h e r m a l  c o n -  
d u c t i v i t y  fo r  the  g iven  r a n g e  of t e m p e r a t u r e s  in the  c a s e i n  which  t h e r e  is  no conduc t ion  th rough  the ga s .  

A s  w e  can  s e e  f r o m  F i g s .  2 and 3, the  d i s t r i b u t i o n  of the  r e s i d u a l - g a s  p r e s s u r e  in the  i n su l a t i on  
l a y e r s ,  in f i r s t  a p p r o x i m a t i o n ,  is  i ndependen t  of  t e m p e r a t u r e ,  but  i t  is  a funct ion  of the  c o o r d i n a t e s ,  i . e . ,  
P = P(x ) .  We can  then  w r i t e  tha t  

~, = ~ + X (x). (13) 

T h e r e f o r e ,  f o r  our  c a s e ,  the  h e a t - c o n d u c t i o n  equa t ion  a s s u m e s  the  f o r m  

dT 
[Xo + ~ (x)] -~x" = q ----- const. (14) 

L e t  us  i n t e g r a t e  Eq. (14) o v e r  the  e n t i r e  i n s u l a t i o n  t h i c k n e s s  6 

T.~ 6 

- -  d T  = q X o + ~. (x) 
T t 0 

The  func t ion  X = MT) can  t h e r e f o r e  b e  n e g l e c t e d  and in f i r s t  a p p r o x i m a t i o n  we can  

A s  a r e s u l t  of  the  i n t e g r a t i o n  we have  

Tt - -  T2 (16) q 

, Z,o + ;~ (x) 

L e t  us  i n t r o d u c e  Xeff in  t he  fo l lowing  m a n n e r :  

~.eff:= - ~ (17) 

.t' dx xo + x (x) 
0 

L e t  us  t r a n s f o r m  Eq. (17). S ince  P = P(x) ,  we can  e x p r e s s  x in the  fo rm of the  func t ion  x = x(P) .  Le t  us 
f ind the  to ta l  d i f f e r e n t i a l  of  t h i s  e x p r e s s i o n ,  b e a r i n g  in mind t ha t  the  func t ion  h = X(T) can  be  n e g l e c t e d :  

d x = - O x  dP-- dP (18) 
OP OP 

Ox 

A f t e r  s u b s t i t u t i o n  into ( 1 7 ) , ) t e f  f f i na l ly  a s s u m e s  the  f o r m  

~'eff = p~ (19) 

i d, 
. 0_pP_ [~o + z (P)l 
Pl OX 

F i n a l l y ,  we can  d r a w  the  fo l lowing  c o n c l u s i o n s :  a) in v a c u u m - l a m i n a t e d  i n su l a t i on  we have  the  func -  
t i o n  Xeff(6) , wh ich  i s  g o v e r n e d  by  the  p r e s e n c e  of the  r e s i d u a l  g a s  in the  l a y e r s .  With  an  i n c r e a s e  in t h i c k -  
n e s s  the  a b s o l u t e  v a l u e s  of the  p r e s s u r e s  in the  l a y e r s  i n c r e a s e  a s  a r e s u l t  of i m p a i r m e n t  of the  e v a c u a -  
t i on  cond i t ions ;  b) even  in t h e  c a s e  in which  the  p r e s s u r e  on the s p e c i m e n  is  l o w e r  than  1 �9 10 -3 N / m  2, the  
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effect ive coefficient  of t he rm a l  conductivity for vacuum- lamina ted  insulation should be t r ea t ed  as a func- 
tion of t e m p e r a t u r e  and as a function of the res idual  p r e s s u r e  in the insulation l aye r s ;  c) in v a c u u m - l a m -  
inated insulation based on aluminum foil and SBR-M glass  paper ,  with the l a y e r s  f ree ly  packed,  t h e  p r i n c i -  
pal contr ibut ionto  the heat  t r a n s f e r  is made by the res idua l  ga se s  and by radia t ion (see Table  1). In this 
case ,  the t r a n s f e r  of heat  through the solid amounts  to no more  than 5%. 
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NOTATION 

effect ive coefficient  of t he rma l  conductivity; 
specif ic  heat  flow; 
spec imen  thickness;  
instantaneous coordinate;  
number  of sc reens ;  
number  of segments ;  
sequential  number  of each segment;  
t empe ra tu r e ;  
t e m p e r a t u r e  of the w a r m  wail; 
t e m p e r a t u r e  of the cold wall; 
Knudsen number;  
mean f ree  path of the gas molecules;  
f iber  d iamete r ;  
gas  p r e s s u r e ;  
accommodat ion  factor;  
ra t io  of  i sobar ic  and isochronie  heat  capaci t ies ;  
specif ic  load; 
S t e f an -  Bol tzmann constant.  

1. 

2. 

3. 

4. 
5. 
6. 

7. 

8. 
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