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The optical spect ra l  charac te r i s t i cs  of mater ia ls  used in vacuum-powder  heat insulation are  
measured .  A method is also developed for calculating the radiant conductivities of these ma-  
ter ia ls ,  and some examples a re  presented.  

Highly dispersed materials are widely employed in cryogenic technology for the creation of low-tem- 
perature thermal insulation. Heat transfer is mainly effected by conduction and radiation in evacuated in- 
sulating materials. These mechanisms interact with one another and, strictly speaking, should never be 
considered separately. However, in certain particular cases the representation of the total heat transfer 
as the sum of the two independent components is an entirely acceptable approximation. Depending on the 
type of insulation, either one or the other form of heat transfer may predominate. In vacuum-powder in- 
sulation based on aerogel and pearlite about 90% of the heat is transferred by radiation. 

Studying the contribution of radiation to the total heat transfer of insulating materials , Van der Held 
[I] derived an equation for the apparent radiant thermal conductivity a long way from the boundaries of the 

medium, 

X r -- 16n~%T~ (1) 
37 

The attenuation coefficient for the radiation of a d ispersed medium may be determined optically 
f rom the measured  t r ansmis s ion  and reflect ion coefficients.  In various experimental  investigations r e -  
garding radiant heat t r ans fe r  in insulating mater ia ls  based on the method of infrared spect roscopy [2-4], 
e i ther  no allowance has been made at all for the scat tered radiation (with consequent ser ious e r ro r s )  or, 
al ternatively,  only the integrated optical eharsc te r i s t i cs  of the l ight-scat ter ing media have been de te r -  
mined. Such data are ,  accordingly,  only suitable for the par t icu lar  t empera tures  and sources  of radiation 
used in their  original derivat ion (i. e., for t empera tures  of the order  of 800-1800~ In the present  in- 
vest igation we measured  the hemispher ica l  t r ansmiss ion  coefficients D;~ for a layer  1 mm thick and the 
ref lect ion coefficients Rkoo of an optically "infinitely thick" layer  in the spect ra l  range 0.4-25 # for several  
powder mater ia ls  [5] used in making vacuum-powder  thermal  insulation in cryogenic technology (Fig. la ,  
b). 

For  this purpose we used SF-4 (0.4 -< h _< 1.5 ~) and IKS-12 (1.0 -< J~ -< 25 #) spec t romete r s  with 
adapters  enabling both the ref lected radiation and the radiat ion t ransmit ted by the sample to be focussed 
on the r ece ive r  [6, 8]. The values of D and Roo obtained in the SF-4 instrument to an accuracy  of 0.5-1.5 
and 1-2%, respect ively ,  were used to introduce correc t ions  into the resul ts  of the measurements  car r ied  
out by means of the IKS-12 instrument,  which contained a hemisphere  as collecting element. These cor -  
rect ions  were determined by comparing the D and Roo values obtained in the SF-4 and IKS-12 instruments  
in the spect ra l  range 1-1.5 #. 

The accuracy  of the D and R~ measurements  in the medium and far infrared parts  of the spec t rum 
i s  3% for ~ = 1.5-5 ~ and 10% for h = 10-25 ~. For  mixtures of aerogel  with 20 and 40% bronze powder 
(BPI) the e r r o r s  in measur ing  D o v e r  the spect ra l  range 15-25 # increase  to 20-30%. 
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Fig. 1. T ransmis s ion  coefficient of insulating powders (l = 1 
mm) (a) and ref lect ion coefficient of optically infinitely thick 
layers  of the same insulating powders (b) as functions of inf ra-  
red  wavelength ;t (in #): 1) pear l i te  powder (bulk density p 
= 100 kg/m3); 2) aerogel  (p = 100 kg/m3; 3) mixture of 80 
wt. % aerogel  and 20 wt. % BPI bronze  powder (p = 130 kg 
/m3); 4) mixture of 60 wt. % aerogel  and 40 wt. % BPI bronze  
powder (l = 0.5 mm, p = 170 kg/ma).  

In order  to calculate the rma l  conductivities f rom optical proper t ies  it is essent ial  to know the inte- 
gra ted  radiat ion attenuation coefficients.  We developed a method of determining these coefficients f rom 
the resul ts  of spec t rophotometr ic  experiments  for any rad ia t ion-source  t empera tu res ,  including c ryo-  
genic.  We shall he re  introduce the concept of the effective t empera tu re  of radiant t r ans fe r  T r .  The 
apparent  radiant conductivity a r  of the insulation between bounding sur faces  held at t empera tures  T~ and 

T 2 is 

Zr ~ ( r  z + To) (T~ --' r~). 

have 
If the same insulating mater ia l  is placed between sur faces  at t empera tu res  Tr  and T r + dT r ,  we 

If we assume that a r = J~r, 
taining dTr,  we obtain 

" Z r ~ [ T r  +(Tr  +dTr)] [T~ + ( T  r + dTr)-o]. 

equate the r ight-hand sides of these equations, and neglect t e rms  con- 

4Tar = (T, + T~)(T~ -- T~). 
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TABLE I. Integrated Optical Parameters of Insulation Materials 
and Radiant Conductivities of Vacuum-Powder Insulation for Boun- 
dary Temperatures of 90 and 300~ 

Insulation material =, lira (~, llm ~], I / m  

pW/cm. ~ 

calorimetric 
~ method [5] 

Pearlite powder 
Aerogel 
Mixture of 80 wt. % 

aerogel and 20 wt. % 
BPI bronze powder 

Mixture of 60 wt. % 
aerogel and 40 wt. % 
BPI bronze powder 

1,2.10 3 
1,2-10~ 

1,8.10 a 

2,7.1~ 

2,0.10 8 
1,8.10s 

2,7.10 3 

6,7.10 a 

3,2.10 3 
3,0.10 s 

4,5.103 

9,4.10 ~ 

9,1 
9,7 

6,5 

3,1 

9--10 
10--13 

5--6 

2--2,5 

Hence ,  

Tr = ~V(T~ + T~)(T~4 • r~) (2) 

F i g u r e  2 shows  the  h e m i s p h e r i c a l  r a d i a t i o n  ( emis s ion )  s p e c t r u m  of an  a b s o l u t e  b l a c k  body (curve  1) 
a t  a t e m p e r a t u r e  T r = 212~ (boundary  t e m p e r a t u r e s  300 and 90~ and a l s o  c u r v e s  p lo t t e d  for  p e a r l i t e  
p o w d e r  g iv ing  the  s p e c t r a l  i n t e n s i t y  d i s t r i b u t i o n  of the  a b s o l u t e  b l a c k - b o d y  r a d i a t i o n  r e f l e c t e d  (curve  2) 
and t r a n s m i t t e d  (curve  3) by  the  s a m p l e  a t  the  t e m p e r a t u r e  i n d i c a t e d ;  t h e s e  c u r v e s  r e p r e s e n t  the  r e s u l t s  
of m u l t i p l y i n g  the  o r d i n a t e s  of c u r v e  1 (Fig .  2) by the  r e f l e c t i o n  c o e f f i c i e n t s  RA~ (Fig .  lb )  and t r a n s m i s -  
s i o n  c o e f f i c i e n t s  DA (F ig  l a )  of p e a r l i t e  for  each  w a v e l e n g t h .  The  r a t i o  of the  a r e a s  u n d e r  c u r v e s  2 and 3 
to  the  a r e a  u n d e r  c u r v e  1 (Fig .  2), r e s p e c t i v e l y ,  g ive  the  i n t e g r a t e d  h e m i s p h e r i c a l  t r a n s m i s s i o n  and r e -  
f l e c t i o n  c o e f f i c i e n t s  of the  s a m p l e  D and R ~ .  Knowing t h e s e  q u a n t i t i e s ,  we m a y  find the  s i n g l e - s c a t t e r i n g  
a l b e d 0  a~ and the  o p t i c a l  t h i c k n e s s  r 0. The  equa t ions  r e q u i r e d  fo r  th i s  p u r p o s e  w e r e  g i v e n  in  [7]; f o r  the  
cond i t ions  of the  p r e s e n t  i n v e s t i g a t i o n  t hey  m a y  be  s i m p l i f i e d  as  fo l l ows :  

where 

D (A 1 : 1) exp ( - -  To)-- A 1 exp ( - -  kTo) - -  a [A 2 exp (--To) --A1a exp (--kTo) ] [exp (k%) - -  exp (--k%)] 
exp (k%)--  a ~ exp ( - -  k%) 

and 

_ o [ 3 ( 2 k - - 3 )  ] 
R~ 4 ( 1 - -  1,6o) 3@ 2k ~ 0,6 , (4) 

& 

CO 

20 

0 5 f5 

~, f \  i 

__a 

Fig. 2. Diagram to aid calculation 
of the integrated hemispherical op- 
tical parameters of perlite powder 
(Ir, W/m3; X.~p): 1)Intensity of 
absolute black-body radiation at Tr = 
212~ 2) intensity of radiation re-  
flected by an optically infinitely thick 
layer; 3) intensity of radiation trans- 
mitted by a layer I mm thick. 
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F o r  r 0 = 1 and co = 0 .1 -0 .9  E q s .  (3) and (4) a g r e e  c l o s e l y  (2-3%) with  the  r e s u l t s  of an  e x a c t  n u m e r i -  
ca l  s o l u t i o n  of t he  o r i g i n a l  i n t e g r o d i f f e r e n t i a l  e q u a t i o n  c a r r i e d  out in  an  e l e c t r o n i c  c o m p u t e r .  

F o r  c o n v e n i e n c e  of s u b s e q u e n t  c a l c u l a t i o n s  E q s .  (3) and (4) w e r e  p l o t t e d  g r a p h i c a l l y  in  c o o r d i n a t e s  of 
D - -  T o fo r  co = 0-1 and Roe - -  log  (1 - -  col  T h e  l a t t e r  r e l a t i o n s h i p  e n a b l e s  us  to  d e t e r m i n e  co d i r e c t l y  f r o m  
1%o. Knowing 0~ and D and u s i n g  the  g r a p h i c a l  r e p r e s e n t a t i o n  of Eq.  (3), we m a y  f ind r 0. 

T h e  i n t e g r a t e d  a b s o r p t i o n ,  s c a t t e r i n g ,  and  t o t a l  a t t e n u a t i o n  c o e f f i c i e n t s  a r e  r e l a t e d  to  w and r 0 a s  
f o l l o w s :  

(z : (1 - -  o) %/l; (5) 

: o~%/l;  (6) 
? = c ~ +  (~. (7) 

The  v a l u e s  of t h e s e  p a r a m e t e r s  fo r  p e a r l i t e ,  a e r o g e l ,  and m i x t u r e s  of a e r o g e l  wi th  20 and 40 wt.  % 
of B P I  b r o n z e  p o w d e r ,  d e t e r m i n e d  wi th  e r r o r s  of 12, 8, and 15%, r e s p e c t i v e l y ,  a r e  shown in T a b l e  1. 
T h e  a d d i t i o n  of b r o n z e  p o w d e r  to  t he  a e r o g e l  has  l i t t l e  e f fec t  on the  a b s o r p t i o n  c o e f f i c i e n t  of the  m i x t u r e  
b e c a u s e  of the  low a b s o r b i n g  p o w e r  of m e t a l s  in  the  longwave  p a r t  of the  s p e c t r u m .  H o w e v e r ,  an  i n c r e a s e  
in  B P I  conten t  l e a d s  to  a c o n s i d e r a b l e  r i s e  in  the  s c a t t e r i n g  c o e f f i c i e n t .  

I n t r o d u c i n g  the  e f f e c t i v e  r a d i a n t - t r a n s f e r  t e m p e r a t u r e  and r e m e m b e r i n g  tha t  in  v a c u u m - p o w d e r  i n -  
s u l a t i o n  the  r e f r a c t i v e  i n d e x  of the  f i l l i ng  m e d i u m  n = 1, Eq.  (1) m a y  f ina l ly  be w r i t t e n  in  the  f o r m  

;~r -- 16% Tr 3 (8) 
37 

Table 1 compares the radiant eonduetivities of vacuum-powder insulation obtained by the optical and 
calorimetric methods for boundary temperatures of 90 and 300~ As indicated by these results, the 
optical method agrees with the calorimetric measurements (the accuracy of the latter being 5-7%). Spec- 
troscopic measurements are simpler and less time-consuming, they determine the proportion of heat trans- 
ferred by radiation directly, and may be successfully used for determining the radiant conductivities of 
effective thermal-insulation materials. 
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NOTATION 

is the apparent radiant conductivity; 
are the spectral and integrated hemispherical transmission coefficients; 
are the spectral and integrated hemispherical, reflection coefficients of an optically infinitely 
thick layer; 
are the integrated hemispherical absorption, scattering, and total attenuation coefficients; 
is the optical thickness; 
is the single-scattering albedo; 
is the Stefan--Boltzmann constant; 
is the refractive index of the filling medium; 
is the effective temperature of radiant transfer; 
are the boundary temperatures; 
is the thickness of dispersed layer; 
is the radiation wavelength; 
is the spectral intensity of the hemispherical radiation. 
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