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INTRODUCTION 

The p r e s e n t  Research Grant i s  t o  i n v e s t i g a t e  c e r t a i n  thermai  r a d i a t i o n  

and conduction phenomena i n  s o l i d s ,  t h a t  a r e  s i g n i f i c a n t  i n  t h e  des ign  and 

thermal c o n t r o l  o f  s p a c e c r a f t s .  S p e c i f i c  s u b j e c t s  under t h e  p r e s e n t  i n v e s t i -  

g a t i o n  a r e :  

(A) Tota l  emit tance o f  l o ~ i  emi t tance  m a t e r i a l s  i n  t h e  temperature 

range o f  3 0 0 " ~  > T > 40°K. 

(B) Radia t ion  tunne l ing  e f f e c t  on h e a t  t r a n s f e r  a c r o s s  two c l o s e l y  

spaced m e t a l l i c  s u r f a c e s .  

(C) L a t e r a l  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  o f  m u l t i l a y e r  i n s u l a t i o n s  

. w i t h  o r  without  space r s .  

The e a r l i e r  p rog res s  o f  t h i s  i n v e s t i g a t i o n  has been r epor t ed  i n  t h e  F i r s t ,  

Second, and Thi rd  Semiannual S t a t u s  Report (1,  2 ,  3 ) .  The p re sen t  r e p o r t  sum- 

marizes  t h e  r e s u l t s  o f  t h e  r e s e a r c h  accomplished dur ing  t h e  e n t i r e  p e r i o d  of  

t h e  Grant from June 1, 1968 t o  J u l y  31, 1970, which inc ludes  a  two-month no-cost  

ex t en t ion  a s  approved. 

TOTAL EMITTANCE STUDIES 

The t o t a l  emi t tance  of  low emi t tance  m a t e r i a l s  a t  cryogenic tempera tures  

i s  a  p rope r ty  o f  v i t a l  p r a c t i c a l  importance i n  t h e  des ign  and performance 

eva lua t ion  of m u l t i l a y e r  i n s u l a t i o n s  (4 ) .  I t  i s  t h e  i n t e n t  of  t h e  p r e s e n t  

i n v e s t i g a t i o n  t o  y i e l d  q u a n t i t a t i v e  informat ion  regard ing  t h i s  p rope r ty .  The 

p r e s e n t  s tudy c o n s i s t s  o f  a  combined t h e o r e t i c a l  and experimental program. 

T h e o r e t i c a l  r e s u l t s  of  t h e  t o t a l  emittarice of low emi t tance  m a t e r i a l s  a t  

cryogenic temperatures have been developed (5) .  In  cryogenic m u l t i l a y e r  i n su -  

l a t i o n s ,  however, it i s  found t h a t  t h e  th i ckness  o f  metal  l a y e r s  on t h e  p l a s t i c  



f i l m  s u b s t r a t e  i s  o f t e n  i n  such a  range t h a t  t h e  e m i s s i v i t y  of  t h e s e  metal  

l a y e r s  i s  a  func t ion  of  t h i ckness .  Th i s  s i z e  e f f e c t  has  been under i n t e n s e  

i n v e s t i g a t i o n  and both t h e o r e t i c a l  and experimental r e s u l t s  have been 

ob ta ined  (6, 7 ) .  These r e s u l t s  c l e a r l y  i n d i c a t e  t h e  inc rease  of e m i s s i v i t y  

va lues  wi th  t h e  decrease  o f  me ta l - f i lm  th i ckness .  In a d d i t i o n ,  t h e  p l a s t i c -  

s i d e  e m i s s i v i t y  o f  t h e  s i n g l y  m e t a l l i z e d  i n s u l a t i o n  b lanket  has a l s o  been 

i n v e s t i g a t e d ,  r e s u l t i n g  i n  a  new method of  c a l c u l a t i o n  based on a  concept  o f  

band-averaged o p t i c a l  cons t an t s  (8) . 

RADIATION TUNNELING STUDIES 

Radia t ion  tunnel ing  phenomenon could p l a y  an important  r o l e  i n  t h e  

hea t  t r a n s f e r  behavior  normal t o  a  m u l t i l a y e r  i n s u l a t i o n .  An ex tens ive  

a n a l y t i c a l  and experimental  i n v e s t i g a t i o n  has  been c a r r i e d  ou t  under t h e  

support  o f  t h e  p re sen t  Grant .  Resu l t s  which have been presented  i n  t h r e e  

publ i shed  papers  (9,  10, l l ) ,  i n d i c a t e  a  s i g n i f i c a n t  i n c r e a s e  of  r a d i a t i v e  

t r a n s f e r  when t h e  spac ing  between two l a y e r s  i s  comparable t o  o r  l e s s  t han  

t h e  maximum-intensity wavelength o f  r a d i a t i o n .  

MULTILAYER INSULATION HEAT TRANSFER STUDIES 

Successfu l  a p p l i c a t i o n  o f  m u l t i l a y e r  i n s u l a t i o n  r e q u i r e s  an  a c c u r a t e  

knowledge o f  i t s  l a t e r a l  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  The l a t e r a l  h e a t  

t r a n s f e r  along t h e  laminat ions i s  governed by t h e  conduction through t h i n  

me ta l l i zed  f i l m  on the  p l a s t i c ,  and t h e  r a d i a t i o n  t r a n s p o r t  a long two con- 

duc t ing  f i l m s .  The former c o n t r i b u t i o n  has been analyzed i n  t h e  p r e s e n t  

i n v e s t i g a t i o n ,  and t h e  a n a l y t i c a l  r e s u l t s  agree  favorably  wi th  measurements 

r epo r t ed  e a r l i e r  (12) .  The l a t e r a l  r a d i a t i o n  t r a n s p o r t  a long two conducting 



f i lms  has  been analyzed and the  p r e d i c t e d  r e s u l t s  a r e  i n  good agreement wi th  

e x i s t i n g  experimental  d a t a  (13) .  A more r e f i n e d  experimental  s tudy  o f  t h e  

l a t e r a l  conduction and r a d i a t i o n  i n  m u l t i l a y e r  i n s u l a t i o n  h a s  a l s o  been c a r r i e d  

out  under t h i s  Grant (14).  In  o rde r  t o  provide  some understanding about  t h e  

e f f e c t  o f  nongray s u r f a c e s ,  a  small  e f f o r t  has  been made t o  analyze t h i s  e f f e c t  

(15).  I'he c a l c u l a t i o n  o f  normal h e a t  t r a n s f e r  i n  m u l t i l a y e r  i n s u l a t i o n  h a s  

a l s o  been improved by t h e  development o f  a  s u r p r i s i n g l y  s imple bu t  r e a l i s t i c  

a n a l y t i c a l  model (16) . 

Under t h e  suppor t  of t h i s  Grant ,  a  s i g n i f i c a n t  amount of  u se fu l  in format ion  

f o r  t h e  design and performance eva lua t ion  o f  c ryogenic  m u l t i l a y e r  i n s u l a t i o n  has 

been ob ta ined  and r epor t ed  i n  t h e  t h i r t e e n  p u b l i c a t i o n s  (4-16). A review and 

summary o f  t h e s e  s t u d i e s  has  been p re sen ted  i n  a  r e c e n t  i n t e r n a t i o n a l  meeting 

(17).  Fu r the r  i n v e s t i g a t i o n s  of  t h i s  and o t h e r  r e a l  e f f e c t s ,  however, a r e  needed 

be fo re  a good understanding of normal and l a t e r a l  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  

of m u l t i l a y e r  i n s u l a t i o n s  can be  achieved.  



REFERENCES 

1. C .  L .  Tien,  I n v e s t i g a t i o n  o f  Radiat ion and Conduction o f  So l id s  f o r  
Spacec ra f t  Heat Transfer  Appl ica t ions ,"  F i r s t  Semiannual S t a t u s  Report ,  
NASA Grant NGR-05-003-285, College o f  Engineering,  Un ive r s i t y  o f  
C a l i f o r n i a ,  Berkeley, C a l i f o r n i a ,  December, 1968. 

2 .  C. L. T ien ,  " Inves t iga t ion  of  Radia t ion  and Conduction o f  So l id s  f o r  
Spacec ra f t  Heat T rans fe r  Appl ica t ions ,"  Second Semiannual S t a t u s  
Report,  NASA Grant NGR-05-003-285, College of Engineering,  Un ive r s i t y  
o f  C a l i f o r n i a ,  Berkeley, C a l i f o r n i a ,  June,  1969. 

3. C . L .  T ien ,  " Inves t iga t ion  of  Radia t ion  and Conduction of  So l id s  f o r  
Spacecraf t  Heat T rans fe r  Appl ica t ions ,"  Thi rd  Semiannual S t a t u s  Report ,  
NASA Grant NGR-05-003-285, College o f  Engineering,  Un ive r s i t y  o f  Calif- 
o r n i a ,  Berkeley, C a l i f o r n i a ,  December, 1969. 

4. C.L.  Tien and E . G .  Cravalho, "Thermal Radia t ion  o f  S o l i d s  a t  Cryogenic 
Temperatures," Advances i n  Cryogenic Heat T r a n s f e r ,  Chem. Engrg. Prog. 
SPP S e r i e s ,  Vol . 64, No. 87, pp. 56-66 (1968) . 

5. G.A. Domoto, R.F. ~ o e h m ,  and C . L .  T i en ,  "Predic t ions  of t h e  To ta l  
Emiss iv i ty  of  Metals a t  Cryogenic Temperatures," Advances i n  Cryogenic 
Engineering,  Vol. 14 ,  pp. 230-239 (1968). 

6. B.F. Armaly and C . L .  T ien ,  "Emiss iv i t ies  o f  Thin M e t a l l i c  Films a t  
Cryogenic Temperatures," ---- Proceedings of  4 t h  I n t e r n a t i o n a l  Heat T rans fe r  
Conference, - Vol . 3,  R 1 . l  (1970) . 

7. G . R .  Cunnington, G . A .  Be l l ,  B.F. Armaly and C . L .  T ien ,  "Total Emit tance 
Measurements of  Thin M e t a l l i c  Films a t  Cryogenic Temperatures," AIM 
Paper No. 70-63 (1970). 

8. C . L .  T ien ,  C . K .  Chan and G . R .  Cunnington, " In f r a red  Radiat ion of  Thin 
P l a s t i c  Films," t o  be  presented  i n  t h e  ASME Annual Meeting, New York, 
November, 1970. 

9 .  G . A .  Domoto and C . L .  T ien ,  "Thick Film Analysis  of Radia t ive  Trans fe r  
Between Metals a t  Cryogenic Temperatures , I 1  ASME Paper No. 69-fVA/HT-6, 
t o  appear  i n  -- Jou rna l  o f  Heat T rans fe r .  

10. R.F. Boehm and C . L .  Tien,  lrSmall Spacing Analysis  o f  Rad ia t ive  T r a n s f e r  
Between bletals a t  Cryogenic Temperatures," ASME Paper No. 69-\IA/HT-8, 
t o  appear i n  Jou rna l  of Heat T rans fe r .  

11. G.A.  Domoto, R.F. Boehm, and C . L .  T ien ,  "Experimental I n v e s t i g a t i o n  of 
Radia t ive  Trans fe r  Between bletals a t  Cryogenic Temperatures," ASbIE 
Paper No. 69-\VA/HT-7, t o  appear i n  Jou rna l  of Heat T rans fe r .  

1 2 .  C . L .  T ien ,  B.F. Aumaly, and P .S .  Jagannathan,  "Thesmal Conduct iv i ty  of 
Thin M e t a l l i c  Films and Wires a t  Cryogenic Temperatures," Proceedings - -- 



13. C . L .  Tion, P.S. Jagannathan,  and B.F. Armaly, "Analysis o f  L a t e r a l  Con- 
duc t ion  and Radia t ion  Along Two P a r a l l e l  P l a t e s , "  AIM Journa l ,  Vol. 7, 
pp, 1886-1808 (1969) . 

14. P.S. Jagannathan and C . L .  Tien,  "Experimental I n v e s t i g a t i o n  o f  L a t e r a l  
Heat T rans fe r  i n  Cryogenic Mul t i layer  I n s u l a t i o n ,  "Paper No. L-6, 1970 
Cryogenic Engineering Conference (1970). 

15. B.F.  Armaly and C .  L .  T i en ,  "A Note on t h e  Rad ia t ive  Interchange Among 
Non-Gray Surfaces ,"  Jou rna l  of  Heat T rans fe r ,  Vol. 92, pp. 178-179 (1970). 

16. G.R.  Cunnington and C . L .  Tien,  "A Study of Heat T rans fe r  Processes  i n  
Mul t i l aye r  I n s u l a t i o n s , "  AIAA Paper No. 69-607 (1970). 

17. C . L .  Tien,  "Fundamental Aspects o f  Heat T r a n s f e r  Through Cryogenic 
Mul t i l aye r  In su la t ion , "  I n t e r n a t i o n a l  Symposium onc ryogen ic s  and Cryo- 
engineer ing ,  Tokyo, Japan,  September, 1970. 


