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The results of an investigation of the most effective rnultilayer vacu- 
um insulations are presented, and the effect of the structure of fiber- 
glass materials on heat transfer is considered. 

In l o w - t e m p e r a t u r e  eng inee r ing  the speeif ie  heat 
flow through m u l t i l a y e r  vacuum insu la t ion  in the s t a -  
t ionary  r e g i m e  is usua l ly  ca lcula ted  f rom the F o u r i e r  
fo rmula  

~ (To. - -  T,). (1) q 

In this  case,  as may be seen  f rom the formula ,  it 
is n e c e s s a r y  to find keff s ince  all  the other  quant i t ies  
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Fig. 1. Dis t r ibu t ion  of t e m p e r a t u r e  T, *K, over  
th ickness  of spec imen ;  1, 2) accord ing  to Eqs. (2) 
and (3), r e spec t i ve ly ;  3 ,4 ,  5) a l u m i n u m  foil + SBR- 
M g lass  paper  at 5 = 40 m m  and p = 28 s c r e e n s /  

/ c m ,  20 and 56, 10 and 12, r e spec t ive ly .  

are  known. The heat t r a n s f e r  through this type of in -  
sula t ion  may be rega rded  as depending on the t he rma l  
conduct ivi ty  of the ma te r i a l ,  radia t ion,  contact  r e s i s -  
tance,  p r e s s u r e ,  and the na tu re  of the r e s idua l  gas.  
These fac tors  a re  s imu l t aneous ly  operat ive ,  i n t e r r e -  
lated,  va r i ab l e  for each type of insu la t ion ,  and as yet 
have no exact  ma thema t i ca l  solut ion.  

Accordingly,  the chief c r i t e r i o n  in e s t ima t ing  the 
heat  t r a n s f e r  in mu l t i l aye r  vacuum insu la t ion  is  a 
compar i son  of the expe r imen ta l  data for d i f fe rent  types 
of insu la t ion .  A n u m b e r  of au thors  [2-9] have made ex-  
p e r i m e n t a l  s tudies  of the t h e r m a l  conduct ivi ty  of m u l t i -  
l aye r  vacuum insu la t ion .  The data p resen ted  in [5-9] 
cannot  be used d i rec t ly  s ince  domest ic  insu la t ing  m a -  
t e r i a l s  a re  not made in the s ame  way as the i r  fore ign  
e quivalents .  

As for the expe r imen ta l  data p resen ted  in [2-4] they 
a re  not exhaust ive  and a re  insuf f ic ien t  for eng inee r ing  
ca lcu la t ions .  

F igure  1 shows the expe r imen ta l  and theore t ica l  
t e m p e r a t u r e  d i s t r ibu t ion  in m u l t i l a y e r  insu la t ion  con-  
s i s t ing  of sheets  of r e f l ec t ive  a luminum s c r e e n s  sep-  
a ra ted  by f i ne - f i be r ed  SBR-M glass  paper .  When the 
a l u m i n u m  sc r e e ns  are  loosely  packed, the proximi ty  
of the expe r imen ta l  cu rve  3 to the theore t i ca l  curve  1 
based on the S te fan-Bol tzmann  equation 

T~ = I T4 n -{-li (T~_T]) ]~/4 (2) 

be a r s  wi tness  to the r ad ia t ive  c h a r a c t e r  of the heat 
t r a n s f e r  in the sys t em.  However,  as the s c r e e n  pack-  
ing densi ty  i n c r e a s e s ,  curve  5 approaches  the s t ra igh t  
l ine 2 cons t ruc ted  in accordance  with the heat conduc-  
t ion equat ion 

T i = T 2 -  i (T~--T1). (3) 
n 

Thus, as the packing densi ty  i n c r e a s e s ,  the c o n t r i -  
bution of r ad ia t ive  heat  t r a n s f e r  to the o v e r - a l l  hea t -  
t r a n s f e r  ba lance  d e c r e a s e s ,  while the con t r ibu t ion  of 
heat conduct ion i n c r e a s e s .  In [2] Kaganer  gives the 
following fo rmula  for kef f when the s c r e e n s  a re  loosely 
packed (assuming  heat t r a n s f e r  by rad ia t ion  only):  

4 4 
58 Cr s T 2 - - T I  (4)  

~ff- -  (n +1)(2- -~)  T~--T--~ 

The re la t ion  between the expe r imen ta l  va lues  kex p and 
the theore t i ca l  va lues  ktheo r in accordance  with Eq. 
(4) for a l u m i n u m  fo i l -g l a s s  paper  insu la t ion  with a 
packing densi ty  of 30 s c r e e n s / c m  for the boundary -  
t e m p e r a t u r e  range  300o-77 ~ K is expres sed  by the 
equation 

Eexp = (3,5 -- 4) ~,theor �9 (5)  

In the ca lcu la t ions  the absorp t ion  of the s c r eens  was 
a s sumed  to be the s ame  as in [2]. 

However,  a s l ight  change in packing densi ty  (see 
curve  1 in Fig.  2) leads  to a cons ide rab ly  g r ea t e r  in -  

c r e a s e  in her f. 
Thus, the above equation can be used only ve ry  ap-  

p rox imate ly  and only for f ind ing the  o rde r  of magni tude  
of kef f. The need for fu r the r  expe r imen ta l  study of 
m u l t i l a y e r  vacuum insu la t ion  is obvious.  

In p rac t i ce  it is n e c e s s a r y  to know how the the rma l  
conduct ivi ty  v a r i e s  with the following quanti t ies:  a) 
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Fig. 2. Effective t h e r m a l  conduct ivi ty  Xef f, ~W/em �9 deg, for s e ve r a l  
mu l t i l aye r  vacuum insu la t ions  as a funct ion of the packing densi ty  
p, s e r e e n s / c m  (Tt = 77 ~ K, T 2 = 300): 1) 14-g a l u m i n u m  foil  + 
+ 40-i t  SBR-M glass  paper ;  2) 12.5-/~ c rumpled  a lumin ized  m y l a r  
f i lm;  3) the same ,  co r ruga ted ;  4) 40-g  SBR-M without s c r e e n s ;  

5) a Iuminum foil + 150-#  EVTI-15 g lass  cloth;  6) EVTI-15.  

packing dens i ty  (mechanica l  c o m p r e s s i o n ) ,  b ) t h i c k -  
ness  of insula t ion ,  c) va r i a t i on  of boundary  t e m p e r a -  
tures ,  d) na tu re  and p r e s s u r e  of r e s idua l  gases .  

The t h e r m a l  conduct iv i ty  was inves t iga ted  as a func-  
t ion of these  p a r a m e t e r s  by the f l a t -p la te  method in 
the s t a t iona ry  r e g i m e  us ing  the c a l o r i m e t r i c  a ppa r a -  
tus de sc r ibed  in [1]. Since the e f fec t iveness  of d i f fe r -  
ent kinds of in su la t ion  was es tab l i shed  in [2-6], we 
made a detai led study of the p rope r t i e s  of the most  ef-  
fect ive insu la t ions  only. The r e su l t s  of this i nves t iga -  
tion a r e  p resen ted  in F igs .  2 -4  and in Tables  1 -3 .  

The insu la t ions  were  composed of the following m a -  
t e r i a l s :  a) annealed  a l u m i n u m  foil (5 = 14 ~ as r a d i a -  
t ion s c r e e n s ;  b) f i n e - f i b e r e d  SBR-M glass  paper  5 = 
= 40/a, f iber  d i a m e t e r  5 -7  /z, as  s epa ra t ing  m a t e r i a l ;  
c) EVTI glass  cloth 150 # thick, f iber  th ickness  
15-18 /~, as s e p a r a t i n g  m a t e r i a l ;  d) c rumpled  and 
cor ruga ted  polyethylene te rephtha la te  (mylar )  f i lm 

12.5 u thick, with one s ide sur faced  with a luminum 

0.025 # thick. 
The inves t iga t ions  were  c a r r i e d  out at a vacuum in 

the c a l o r i m e t e r  not lower  than 10 .4 N/m 2 , a p a r t f r o m  

the expe r imen t s  in which a va r i a t i on  of the vacuum 
was r equ i red .  

IL is c l e a r  f rom Fig. 2 that the lowest  effective 
t he rma l  conduct ivi ty  co r re sponds  to the insu la t ion  con-  
s i s t ing  of a l u m i n u m  s c r e e n s  separa ted  by SBR-M 
glass  paper  and c rumpled  m y l a r  f i lm.  

Since heat t r a n s f e r  through the insu la t ion  depends 
on rad ia t ion  and solid conduction,  there  mus t  be a n o p -  
t ima l  packing densi ty  at which the o v e r - a l l  heat flow 
is a m i n i m u m .  This follows f rom the fact that r a d i a -  
t ive heat t r a n s f e r  is p ropor t iona l  to 1 / (n  + 1), while 
on the other  hand, i n c r e a s i n g  the n u m b e r  of s c r e e n s  
per  uni t  th ickness  leads to a reduct ion  in contact  t h e r -  
real r e s i s t a n c e .  Star t ing  f r o m  a ce r t a i n  value depend-  
ing on the physica l  and s t r u c t u r a l  p rope r t i e s  of the 
m a t e r i a l s  used,  the heat  conduct ion i n c r e a s e s  m o r e  than 

the r ad ia t ive  heat  t r a n s f e r  d e c r e a s e s .  These  r e m a r k s  
a re  conf i rmed  by the na tu re  of the cu rves  in Fig.  2. 

Table 1 

Effective The r ma l  ConductiviW as a F u n c -  
t ion of Insu la t ion  Thickness  

keff, q, ~W/cmZ P, N/rn 2 6, mm ~W/cm. deg 

10 
15 
20 
28 

1. 595 
1.525 
1.685 
1.57 

356 
226 
188 
125 

1.2" 10 -4  
3.10 -~  
9.10--a 
3- 10 - a  

Equation (1) is val id only if kef f does not dependon  
the th ickness  of the insu la t ion .  That the th ickness  has 
no effect on heat conduct ion follows d i r ec t ly  f rom the 
heat conduct ion equa t ion .Th i s  conc lus ion  is conf i rmed  
in the f i r s t  approx imat ion  by our expe r imen t s  a tbound-  
ary  t e m p e r a t u r e s  of 300~ ~ K for i n su l a t i on  c o n s i s t -  
ing of a luminum s c r e e n s  sepa ra t ed  by SBR-M glass  
paper,  and the r e su l t s  a re  p r e sen t ed  in Table 1. In 
o rde r  to improve  the accu racy  of the expe r imen t  we 
took the i nc r e a se d  packing dens i ty  p = 35 s c r e e n s / c m  
(for loose packing p = 28 s c r e e n s / c m ) .  

It should also be noted that her f in Eq. (1), be ing 
the o v e r - a l l  c h a r a c t e r i s t i c  of a complex  heat t r a n s f e r  
p rocess ,  is val id only in the t e m p e r a t u r e  in te rva l  in 
which it is de t e rmined .  Accordingly ,  we made an ex-  
p e r i m e n t a l  study of the effect of the boundary  t e m p e r -  
a tu res  on the heat t r a n s f e r  p r o c e s s .  Upon va ry ing  the 
t e m p e r a t u r e  of the cold wall  we es tab l i shed  that for 
m u l t i l a y e r  vacuum insu la t ion  in the t e m p e r a t u r e  i n t e r -  
vals  300~ ~ K and 300~ ~ K 

;k 1300 
heft 203~176 = (0.65-- 0.75) effl.7, , (6) 

while for f ibe rg la s s  insu la t ion  

1300 
eff!2 o = (0.6--0.7)Xeff]37~ 0 (7) 
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Table 2 

Effect of Insu la t ing  Mater ia l  on Heat Flow Between Surfaces at 
T e m p e r a t u r e s  of 300~176 K 

p, layers/cm ~W/cm 2 q, 
Type of insulation 6, mm (screens/crr o, q-T 

High vacuum, ~ 10-4--10 -5 
N/m2 

S B R - M  glass paper in vacuum 
EVTI-15 glass cloth in 

vacuum 
Aluminum foil + SBR-M glass 

paper 
Aluminum foil + EVTI-15 

glass cloth 

40 

40 

40 

40 

30 

10 

28 

7 

4300 
444 

1040 

52.2 

85.8 

1 
9.7 

4.13 

82.5 

50.2 

Table 3 

Effective T h e r m a l  Conduet iv i t ies  of Var ious  Mul t i l ayer  Vacuum 
Insula t ions  

Material 

14-~ a luminum foil -t- 
+ 4 0 - g  SBR-M 
glass paper 

14-p a luminum foil + 
+ 150-/J EVTI-15 
glass cloth 

14-p a luminum foil + 
+100-~ EVTI-IO 
glass cloth 

12~i~m~ crumpled mylar 

l~15mP corrugated mylar 

40-p SBR-M glass paper 

mm r~, [ P' ;~eff' 6, ~ r,, ~ screens v ,kg/m s ~W. 

c m .  deg 

77 0.5--O.8 
30 300 28--30 140--150 

20 0.35--0.55 

30 300 77 7--8 42--45 i . 1--1.3 

77 0.7--1 
30 300 14--16 80--90 

20 0.5--0.7 

30 300 77 0 .8 - - i .  ! 20 18--22 38--45 0.5--0.7 

30--4C 300 77 20--25 41--52 i .25--2 
20 0.9--1.5 

30--4C 3O0 77 
20 

30--35 35--40 8--9 
Without screens':' 5--6.5 

EVTI-15 glass cloth with-  40 300 77 10 21 I8.8 
out screens* i 
*The reduced emissivity of the calorimeter boundary walls was ~ = 0.096. 

p, N/mE 

4. !0 -5  

2.10 -5 

4.10 -5 

4- 10 -5 

2. I0 -5 

4.10 -'~ 
2. !0 -'~ 

4.10 -5 
2.10 -5 

4.10 -5 
2.10 -5 

4.10 --5 
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Fig. 3. Specific heat flux q, #W/cm 2, as a function 
of the hot wall temperature T 2, ~ (aluminum foil + 
+ 40-p SBR-M glass paper, 6 = 20 mm, p =28 

sereens/cm). 
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F i g .  4 .  E f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  7~ef f, p W / c m ,  deg ,  f o r  

c e r t a i n  t y p e s  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  as  a f u n c t i o n  
of  t h e  p r e s s u r e  p, N / m  2, and  t h e  n a t u r e  of  t h e  r e s i d u a l  g a s  

(T 2 = 300) :  1) a l u m i n u m  fo i l  + S B R - M  g l a s s  p a p e r ,  6 = 

= 40 r a m ,  p = 30 s c r e e n s / c m  (a i s  r e s i d u a l  g a s  h y d r o g e n ,  

T 1 = 20 ,  b i s  h e l i u m ,  T 1 = 20 ,  c i s  n i t r o g e n ,  T 1 = 77);  2) 
c o r r u g a t e d  m y l a r  f i l m ,  5 = 39 ,  p = 25 (a i s  h y d r o g e n ,  

T 1 = 20, b i s  h e l i u m ,  T 1 = 2 0 ) ;  3) S B R - M ,  6 = 20, p = 60 

l a y e r s / c m ,  n i t r o g e n ,  T 1 = 77;  4)  E V T I - 1 5 ,  5 = 20, p = 21, 

n i t r o g e n ,  T1 = 77 .  
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It should also be emphas ized  that in all  the e xpe r i -  
ments  the absolute  va lue  of the heat flux in the t em-  
p e r a t u r e  in te rva l  300~ ~ K was l e s s  than in  the i n -  
t e rva l  300o-77 ~ K. This effect has also been observed  
by other  authors  in connect ion  with both powder-  
vacuum [11] and s c r e e n - v a c u u m  insu la t ion  [5]. The 
explanat ion of this t he rma l  paradox is s t i l l  unknown 
and the inves t iga t ion  of the p rob lem cont inues .  

F igure  3 shows the effect of the t e m p e r a t u r e  of the 
hot wall on the specif ic  heat flux for insu la t ion  con-  
s i s t ing  of a l u m i n u m  s c r e e n s  separa ted  by glass  paper  
at a cold wall t e m p e r a t u r e  of 77 ~ K. It is c l ea r  f rom 
the graph that at t e m p e r a t u r e s  above 250 ~ K the spe -  
cific heat flux is a funct ion of the fourth power of the 
hot wall t e m p e r a t u r e .  Thus, at these t e m p e r a t u r e s  
the heat t r a n s f e r  through the insu la t ion  is main ly  due 
to rad ia t ion .  

The effect of the m a t e r i a l s  compos ing  Lhe m u l t i -  
l aye r  vacuum insu la t ion  on the total  heat flux may be 
judged f rom a quant i ta t ive  c o m p a r i s o n  of the heat 
t r a n s f e r  for s eve ra l  types of insu la t ion .  All the ex-  
pe r imen t s  were  pe r fo rmed  on loosely  packed spec i -  
mens  at boundary  t e m p e r a t u r e s  of 300o-77 ~ K. The r e -  
sul ts  are  p resen ted  in Table 2. 

The fact that SBR-M glass  paper  in an evacuated 
space reduces  the rad ian t  flux by a fac tor  of a lmos t  10, 
while EVTI-15 g lass  cloth reduces  it by a factor  of 
more  than 4, is obviously r e l a t ed  with the absorp t ive  
and s t r u c t u r a l  c h a r a c t e r i s t i c s  of f ibe rg la s s  m a t e r i a l s .  

Whereas  the a t tenuat ion  of the rad ian t  flux can be 
at t r ibuted to the physica l  na tu re  of the ma te r i a l ,  the 
d i f fe rence  in the absolute  va lues  of the flux a t t enua-  
t ion by g lass  paper  and g lass  cloth is probably  a s s o -  
ciated on lywi th  the i r  s t r u c t u r a l  and technologica l  c h a r -  
a c t e r i s t i c s .  A mic roscop ic  examina t ion  of glass  paper  
and glass  cloth shows that the f iber  d i s t r ibu t ion  and 
the n u m b e r  of f ibers  per  uni t  a rea  a r e  different .  In 
glass  paper  with a f iber  th ickness  of 5-7  p the d i s -  
t r ibut ion of the f ibers  is such that they fo rm a "space 
la t t ice"  with a d imens ion  of about 15-20 #, whereas  
in glass  cloth with a f iber  th ickness  of 18-15  p the 
co r r e spond ing  d imens ion  is 100-180 p.  The g r e a t e r  
d imens ions  of the "space  la t t i ces"  in glass  cloth ob-  
v iously  reduce  the amount  of r ad ian t  energy absorbed  
by the f ibers  as compared  with glass  paper .  The f iber  
th ickness  also affects the absorp t iv i ty  of f i be rg l a s s  
m a t e r i a l s .  As the f iber  d i a m e t e r  d e c r e a s e s ,  so does 
the i r  absorpt iv i ty ,  which is d isplaced into the l o n g e r -  
wave r eg ion  of the spec t rum above 3p [10]. In the case  
cons idered  the r ad i a t i on  s p e c t r u m  e m b r a c e s  the r e -  
gion 9 - 3 5  p. 

Accordingly,  in o rde r  to obtain m a x i m u m  ef f ic ien-  
cy the s epa ra t ing  m a t e r i a l s  should have opt imal  th ick-  
ness ,  f iber  d iamete r ,  and "space la t t ice"  d imens ions .  

In t roducing re f lec t ive  s c r e e n s  into packets  of glass  
paper  and glass  cloth reduced the heat t r a n s f e r  by 
factors  of 8 and 12, r e spec t ive ly .  This indicates  that 
in f ibe rg la s s  m a t e r i a l s  heat t r a n s f e r  depends main ly  
on rad ia t ion .  In spite of the s m a l l e r  n u m b e r  of s c r e e n s  
the reduct ion  of heat flow observed  in a glass  cloth 
packet is g r ea t e r  than for glass  paper .  Thus, the a s -  

sumpt ion  that the g r ea t e r  "space  la t t ice"  d imens ions  

of glass  cloth make it more  t r a n s p a r e n t  to rad ia t ion  is 
conf i rmed.  

It is known that the r e s idua l  gas p r e s s u r e  affects 
the heat t r a n s f e r  in m u l t i l a y e r  vacuum insu la t ion  [5,6]. 
However, the dependence of the heat t r a n s f e r  on the 
na tu re  of the r e s idua l  gas in such insu la t ion  has not 
been adequately inves t igated .  The r e su l t s  of expe r i -  
ments  to d e t e r m i n e  the effect of va r ious  r e s idua l  gases 
on the effective t he rma l  conduct ivi ty  a re  p resen ted  in 
Fig.  4. As may be seen f rom the figure,  at a p r e s s u r e  
below 10 - 2 - 10  -3 N / m  2 the t he r ma l  conduct ivi ty  

reaches  a m i n i m u m  value and is a lmos t  independent  of 
the p r e s s u r e .  At p r e s s u r e s  above 10-a-10  -3 N / m  2 
the i n c r e a s e  in h e f  t is d i rec t ly  p ropor t iona l  to the p r e s -  
sure ,  which is in good a g r e e m e n t  with the kinet ic  the-  
ory  of gases .  For  f ibe rg la s s  m a t e r i a l s  the r e s idua l  
gas begins  to have a s ign i f ican t  effect on heat t r a n s f e r  
at p r e s s u r e s  above 1 N / m  2. 

Expe r imen ta l  data on the t h e r m a l  conduct ivi ty of v a r -  
ious types of m u l t i l a y e r  vacuum insu la t ion  a re  p r e sen t ed  
in Table  3 (in all  cases  they r e l a t e  to loose packing). 

NOTA TION 

q is the specif ic  heat flux; kef f i s  the effect ive t h e r -  
mal  conduct iv i ty ;  6 is the th ickness  of insu la t ion ;  T 1 
is the cold wall  t e m p e r a t u r e ;  T 2 is the hot wall  t e m -  
pe r a t u r e ;  Ti is the t e m p e r a t u r e  of the i - th  s c r e e n ;  i 
is the n u m b e r  of the s c r e e n ;  n is  the n u m b e r  of s c r e e n s ;  
e is the reduced e m i s s i v i t y ;  crs is the S te fan-Bol tzmann 
cons tant ;  p is the packing dens i ty ;  p is the p r e s s u r e i n  
c a l o r i m e t e r ;  y is the specif ic  weight.  
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