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W e present the method for and the results from an exper imenta l  in- 

vest igat ion into the tempera ture  function of the integral  emissivity 

for cer tain mater ia ls  used in low- tempera tu re  muh i l a ye r  vacuum 

insulation. We study the effect  of fiberglas filler mater ia ls  on radia-  

t ive  heat  transfer. 

It is wel l-known that r ad ia t ive  heat  t r ans f e r  in low- 
t e m p e r a t u r e  mul t i l aye r  vacuum insulat ion makes  up a 
substant ia l  f rac t ion  of the total  t r a n s f e r r e d  heat  [13, 16]. 

Emissivities for Several Materials at Temperatures 

of 77-90 ~ K 

Material Here Other authors 

Aluminum foil 

PETPh film (12.5 ~m) from the 
aluminum-coated side 

the same, from the uncoated side 

0 ,0t9  

0.036 

0.34 

*The film has been coated with aluminum on both sides. 

0.018 I l l  
0.02t 

0.04*) [11 

o,21 [111 

For  a ma themat i ca l  analysis  of rad ia t ive  heat  t r ans fe r  
through insulat ion we mus t  know the t e m p e r a t u r e  func- 
tion of the in tegra l  emi s s iv i t y  for the sc reens ,  and we 
must  know the influence of the f i l l e r  m a t e r i a l  on the 
rad ia t ive  heat exchange between two radia t ion  s c r e e n s  
as a function of t empera tu re .  

When the insulat ion is used at boundary t e m p e r a -  
tures  of 300-77 ~ K, the wavelengths  cor responding  to 
max imum s c r e e n  radia t ion  a re  equal to 13.7-53.4 #m.  
The use of the function e(T) in accordance  with the 
c l a s s i ca l  Drude fo rmula  

a = e = 3 6 - 0 5 ~  - (i) 

for t e m p e r a t u r e s  below 300~ of the anomalous 

skin e f f e c t w o u l d r e s u l t  in a subs tan t i a l  e r r o r ,  although-- 
as demons t ra ted  by Hagen and Rubens--wi th  this m a -  
t e r i a l  at room t e m p e r a t u r e  in the in f ra red  reg ion  of 
the spec t rum for wavelength >10 pro, this fo rmula  is 
in good a g r e e m e n t  with the expe r imen ta l  data. Even 
if the calcula t ion is c a r r i e d  out with cons idera t ion  of 
the anomalous skin effect,  such an e r r o r  would not 
be excluded, s ince it is imposs ib le  to take into con- 
s idera t ion  the s ta te  of the s c r e e n  sur faces .  We were  
unable to use  the values  of the absorpt iv i ty  (emiss iv i ty)  
avai lable  in the l i t e r a tu re  [1-3],  s ince these c o r r e -  
spond only to those conditions under  which the r a d i a -  
tion source  exhibits  a t e m p e r a t u r e  c lose  to 300 ~ K, 
while the sur face  under considera t ion  exhibits  t e m -  
p e r a t u r e s  of 90, 77, 20.4, and 4.2 ~ K. 

For  mos t  me ta l s  and d i e l e c t r i c s  subjected to r a d i a -  
tion with X > 5 #m, thei r  absorpt iv i ty  changes only 

sl ightly with a g r e a t e r  wavelength;  to t r ea t  these  as 
gray  bodies in this case  for this reg ion  of wavelengths  
is t he re fo re  quite valid.  P roceed ing  f rom this fact ,  
for  t e m p e r a t u r e s  <300 ~ K the absorpt iv i ty  and e m i s -  
s ivi ty  of the su r f aces  can be r ega rded  as equivalent .  
On the bas is  of this assumption,  the method proposed  
by the authors of [1-3] for the de te rmina t ion  of e r e -  
duces to the following. The outside surface  of the in-  
side conta iner  of D e w a r - v e s s e l - t y p e  c a l o r i m e t e r  is 
fabr ica ted  of the m a t e r i a l  being invest igated.  The 
outside v e s s e l  with a known em i s s iv i t y  was kept at 
a t empe ra tu r e  c lose  to 300 ~ K. Since the t r ans f e r  of 
heat  to the inside v e s s e l  is due en t i re ly  to radiat ion,  
the total heat  flow, which is de te rmined  f rom the speed 
with which tile c ryogenic  liquid boils away, can be 
exp re s sed  by the equation 

Q _ ~1 e2 F~ o 4 

e2 ~e , (1  --e , )  F1 (T2--T~), (2) 
F~ 

f rom which we find e 1 . 
With this method we cannot de t e rmine  e(t), s ince  

we would have to know sz(T) at t e m p e r a t u r e s  <273 ~ K; 
on the other  hand, the re  ex is t s  a l imi ted  number  of 
low-boi l ing l iquids which would enable us to cover  the 
t e m p e r a t u r e  range 300-77 ~ K. 

We would also be unable to de te rmine  s by the non- 
s teady l o w - t e m p e r a t u r e  c a l o r i m e t r y  method [4-6] 
based on the inves t iga t ion  of the change in the t e m -  
pe ra tu r e  of a heated spec imen  as it cools down, The 
assumption is made in this method that the emiss iv i ty  
and heat  capaci ty of the m a t e r i a l  in the t e m p e r a t u r e  
range being studied is constant,  and the e s sence  of 
this assumption cont rad ic t s  the purpose  of m e a s u r i n g  
~(T). 

The radia t ion  method [71 is pa r t i cu l a r ly  c u m b e r -  
some and cal ls  for a su r face  standard with a known 
function e(T). 

It is equally imposs ib le  to de te rmine  the in tegra l  
e(T) for low t e m p e r a t u r e s  with other methods  [8, 9], 
so that we developed the following method. 

In accordance  with the Kirchhoff  law, the e m i s -  
s ivi ty  of any body with r e s p e c t  to total and spec t r a l  
radia t ion  is always numer ica l ly  equal to the absorp-  
tion coeff icient ,  given the ident ical  va lues  of X and 
T, i . e . ,  

(T) = a (T), (3 )  

(E, T) = a ( ~ ,  T).  

The rad ia t ive  heat  exchange between two pa ra l l e l  
su r faces  of equal t empe ra tu r e  is  desc r ibed  by the 



JOURNAL OF ENGINEERING PHYSICS 295 

6' /0 3 7 9 8 

Fig. 1. Exper imen t  for  E(T) de terminat ion:  1 -4 )  centra l ,  
shielded,  lower ,  and upper  hea te r s ;  5, 6) c ryogenic  
v e s s e l s ;  7) heat  insu la tors ;  8) t e m p e r a t u r e  equa l ize rs ;  

9) guard  r ings;  10) support  e lements .  

S te fan-Bol tzmann equation 

(4) 

If two su r f ace s  of ident ica l  m a t e r i a l  a re  in a s ta te  
of equi l ib r ium and if the i r  t e m p e r a t u r e s  a r e  suff ic ient ly  
c lose ,  i t  can be a s sumed  that el ~ e2, while on the 
bas is  of Eq. (3) the i r  e m i s s i v i t y  may be a s sumed  to 
be equal to the absorpt iv i ty .  In this case  

28re d 8 
e: = e2 -- or er~d-- (5) 

1 A C ere d 2 --g 

The method for the de te rmina t ion  of e(T) thus r e -  
duces to mainta in ing two su r faces  of ident ical  m a -  
t e r i a l  at va r ious  t e m p e r a t u r e s ,  with a t e m p e r a t u r e  
d i f fe rence  of 10-15  ~ C, and de te rmin ing  the spec i f ic  

heat flow between these  sur faces .  The value of e r e  d 
and e a re  then found f rom Eqs.  (4)-(5).  

The expe r imen t s  were  c a r r i e d  out on a c a l o r i m e t e r  
[10] fit ted out for the de te rmina t ion  of the in tegra l  
e(T), as shown in Fig. 1. All of the m e a s u r e m e n t s  
were  c a r r i e d  out at a c a l o r i m e t e r  p r e s s u r e  which did 
not exceed 7 .10  -5 N / m  2. The top and bottom e l e c t r i c a l  

tOO /JO 200 260 ,/00 7 

~a 

Q5 

o7 

Fig. 2. Temperature dependence of integral 

emissivity of some surfaces: i) aluminum 
foil; 2) aluminized side of 12.5 p PETPh 

film; 3) the same, nonaluminized side. 

hea te r s  w e r e  at tached through insu la tors  to the bot toms 
of the cryogenic  v e s s e l s ;  a luminum disks a re  mounted 
on the hea t e r s  to even out the t e m p e r a t u r e s .  The 
cen te r  and the guard hea te r s  a r e  mounted on supports  
to ensure  point contact .  The center  hea te r  (120 mm in 

diameter) is mounted on three point supports with a 

high thermal resistance. The clearance between the 
center and guard heaters, on the one hand, and the 

15 

5 

h_J  
o 20 ~o ;~ 

Fig. 3. Radiation transmission 

by some aluminized materials; 

I) PETPh film; 2) SBR-M 40. 

c lea rance  between the top and bottom hea te r s ,  on the 
other  hand, amounted to 2 .5 -3 .5  mm.  Copper -con-  
stantan the rmocoup les  were  attached to the hea te r s ,  
and then the m a t e r i a l s  to be tested.  It should be noted 
that the tes t  m a t e r i a l s ,  af ter  they were  attached, ex-  
hibited a ce r t a in  amount of roughness .  The aluminum 
guard r ings  a r e  designed to e l imina te  i r r ad ia t ion  f rom 
the hot c a l o r i m e t e r  pa r t s .  For  this s a m e  reason ,  the 
o r i f i ces  in the r i ngs - -des igned  to evacuate  the space 
between the top and bottom h e a t e r s - - a r e  shifted r e l a -  
t ive  to each other,  and the inside sur face  of the outside 
r ing has been blackened.  To e l iminate  the pa ras i t e  
heat  flow, the p o w e r - s o u r c  e wi re  and the the rmocouples  
that lead to the cen ter  hea te r  a r e  at tached at a d i s -  
tance of 150 m m  to the guard heater ,  whose t e m p e r a -  
ture  was kept the same  as that for the cen ter  hea te r  
throughout the exper iment .  Moreover ,  the p r e s e n c e  

of the guard hea te r  seemingly  en la rges  the sur face  of 
the center  hea ter ,  so that i t  may be a s sumed  with suf-  
f ic ient  accu racy  that the em i s s iv i t y  being m e a s u r e d  
is "normal . "  

The heat  flow is m e a s u r e d  f rom the power supplied 
to the cen ter  hea te r .  The t e m p e r a t u r e  and cu r r en t  
s t rength  were  m e a s u r e d  by R-306 po ten t iomete r s  
opera t ing  in conjunction with M17/2 ga lvanomete r s ,  
while the vol tage is m e a s u r e d  with a un ive r sa l  dc 
UPL-60-2  poten t iometer .  The t o t a l m e a s u r e m e n t  e r r o r  
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Fig. 4. T ransmi s s ion  spec t r a  of f ibe rg las  spacers :  
1) SBR-M 40; 2) EVTI-10. 

amounted  to ~6%. The reproduc ib i l i ty  of the r e su l t s  for 
e i ther  m a t e r i a l  fel l  within a range of ~2%. 

The value of e(T) was de te rmined  for Al -brand  
aluminum foil (GOST 618-62) with a th ickness  of 14 
pro, and for an a luminized polyethylene te rephtha la te  
f i lm 12.5 #m in th ickness ,  with the deposi t ion th ick-  
ness  ranging f rom 0.025 to 0.03 #m (with coated and 
uncoated sides).  We also de te rmined  the reduced e m i s -  
s ivi ty  for  the cases  in which the a luminum-fo i l  s u r -  
faces  being tes ted  were  separa ted  by SBR-M40 g l a s s -  
r e in fo rced  paper  (a f iber  d iamete r  of 5 - 7  pro, a th ick-  
ness  of 40 #m,  fabr ica ted  accord ing  to OAI.503.058 
engineer ing  speci f ica t ions)  and by EVTI-10 g l a s s -  
r e in fo rced  fabr ic  (fiber d i ame te r  16-18  pro, th ickness  
100 #m,  fabr ica ted  according to MRTU6 technica l  
specif ica t ion No. M-864-62).  

The expe r imen ta l  r e su l t s  a re  shown in Fig. 2 . It 
should be noted that the values  for the in tegra l  e m i s -  
s ivi ty which we obtained for t e m p e r a t u r e s  of 77-90  ~ K 
a re  in good ag reemen t  with the m e a s u r e m e n t s  of other 
authors [1, 11], de r ived  at an emi t t e r  t e m p e r a t u r e  of 
300 ~ K (see table). 

The m a t e r i a l s  were  tes ted  in the condition in which 
they were  de l ive red  f rom the fac tory ,  without any 
fo rm of specia l  machining or p rocess ing ,  with the ex-  
ception of the degreas ing  of the aluminum foil. 

As we can see f rom Fig. 2, the emi s s iv i t y  d imin-  
ishes  with a drop in t empera tu re ,  i . e . ,  with an in-  
c r e a s e  in the radia t ion  wavelength.  The nature  of the 
change in curves  1 and 2 within the t e m p e r a t u r e  i n t e r -  
val  300-90 ~ K is smooth, which may  suggest  the ab- 
sence within this range of expl ic i t  zones of absorption.  

The g rea t  e m i s s i v i t y  of the coated a luminium layer ,  
in compar i son  with that of a luminum foil,  cannot be 
explained exc lus ive ly  by the th ickness  of the coated 
layer .  The de te rmina t ion  of the t r a n s m i s s i o n  of spec -  
t r a l  rad ia t ion  by this f i lm in the range  of wavelengths 
2 -56  pro, c a r r i e d  out with in f ra red  IKS-14 and IKS-21 
in f ra red  s p e c t r o m e t e r s - - m o d i f i e d  for 56 pm with an 
echele t te  diffract ion g ra t ing - -demons t ra t ed  its com-  
plete opacity, just  as the aluminum foil.  The m e a -  
su r emen t  accuracy  for these  dev ices  was • It is 
in te res t ing  to note that with an a luminum coating thick-  

ness  of 0.007-0.008 # m t h e  f i lm is a l ready  par t i a l ly  
t r ansparen t  for  the indicated reg ion  of the spec t rum 
(see curve  1, Fig.  3). 

The propagat ion of the radia t ion in the me ta l  is de -  

sc r ibed  by the equation 

I = Ioexp ( - -  4 ~ % ~ )  �9 (6) 

In our case  -X  = 5 . 4 7 ( k / P )  1/2, and Eq. (6) a s sumes  
the fo rm 

Having c a r r i e d  out the calculat ions  with cons idera t ion  
of fo rmula  (7) and the change in p(T), we find the r ad i a -  
tion attenuation I0/I when X = 13o7 and 50 pm for  a 
f i lm with a coating thickness  of 3.03 #m in e a'3G and 
e 6"35, r e spec t ive ly ,  while for  a f i lm with a eoating 
thickness  of 0.007 gm we find the at tenuation in e ~ 
and e 1"49. 

We can thus draw the following conclusions.  
1. The reduct ion in the coating thickness  below 

0.025 #m is not advisable .  
2. Exceeding the absolute values  of the em i s s iv i t y  

for the coated layer  r e l a t ive  to that of the a luminum 
foil can be explained by qual i ta t ive  changes in the 
c rys ta l  s t ruc tu re  of the coated layer ,  and also by the 
poss ib i l i ty  of the contr ibution made by the fo rces  of 
su r face  tension to the intensi ty  of the coated layer  
r e l a t ive  to the hea t - t r ea t ed  foil.  It should be expected 
that the emi t tance  of the coated layer  will  approach 
that of the sol id m a t e r i a l  as the th ickness  of the coated 
layer  is increased~ 

Plac ing  the f ibe rg las  SBR-M40 and EVTI-10 f i l l e r s  
between the s c r eens  has v i r tua l ly  no effect  on the m a g -  
nitude of the rad ia t ive  heat exchange between these ,  
as we noted in [12]. This phenomenon can be explained 
by two fac tors :  the em i s s iv i t y  of the f i l l e r s  is no m o r e  
than an o rder  of magnitude l a r g e r  than the em i s s iv i t y  
of the s c r eens ,  or  the i r  optical  densi ty is low. These  
conclusions follow f rom the analysis  of the following 
equation of reduced emis s iv i t y  for a sys tem made up 
of two m a t e r i a l s  which a re  separa ted  by sc reens :  
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1 1 o 
- + ~ _ _ _ _ ~ .  (8)  

gred ~red 6sh 

Indeed, if esh > 10el, ez, (in our case ere  d = 0 .01-  
0.019) we can wri te  1/e~e d ~ 1 /e red ,  while if the 
optical densi ty  is smal l ,  the r e su l t s  of the study lead 
to Eq. (5). 

We are  not deal ing with the mechan i sm  of rad ia t ion  
t r anspo r t  in f iberg las  m a t e r i a l s  in this a r t ic le ;  this 
mechan i sm plays a subs tant ia l  role ,  however, in gen-  
e ra l  heat t r anspor t .  The br ie f  outline of the theore t ica l  
fundamentals  of rad ia t ive  heat exchange in such media  
was given in [13]. Reference [14] demons t ra ted  that 
the radiant  flux is at tenuated p r i m a r i l y  as a r e su l t  of 
sca t te r ing  in f iberg las  vacuum insula t ion  at t e m p e r a -  
tu res  of 367-700 ~ K. In our case,  where  the d imens ions  
of the glass  f ibers  and the d i s tances  between these are  
commensura t e  with the rad ia t ion  wavelengths,  and the 
glass  i t se l f  is not t r anspa ren t ,  the at tenuat ion of the 
rad ian t  flux is ex t remely  complex and in need of sepa-  
ra te  invest igat ion.  

F igure  4 shows the t r a n s m i s s i o n  spec t ra  for SBR- 
M40 and EVTI-10 f iberg las  f i l l e r s  in the region of 2 -  
56 #m,  taken with the above-ment ioned  in f ra red  spec-  
t r ome te r s .  It is easy to see that the t r a n s m i s s i o n  
is ex t remely  nonuniform and var ies  f rom 42 to 147o 
for var ious  wavelengths.  With an i nc r ea se  in the wave-  
length, the t r a n s m i s s i o n  in i t ia l ly  d iminishes ,  a s suming  
its m i n i m u m  value in the wavelength in terva l  8-45 pro, 
and then it again r i s e s .  The EVTI-10 f i l l e r  is m o r e  
t r a n s p a r e n t  in the in terva l  2 -28  pm and less  t r a n s -  
parent  in the in terva l  37-56 pro. 

Having analyzed the curves  in Fig. 4 and having 
noted that f rom the exper iments  we have 1 / e r e  d 

1 /s  we can assume,  on the one hand, that the 
radiant  f lux--both d i rec t  and ref lected,  including the 
sca t te red  ref lec t ion  f rom the f i b e r s - - p a s s e s  without 
h indrance  through the openings in the f i l le r  latt ice,  
and on the other hand, in view of the s t rong absorp-  
t ion by the glass  f ibers  and the i r  l imi ted  thickness ,  
the absorbed energy is radia ted  to the r ece ive r  (the 
screen)  without s ignif icant  at tenuation.  Thus the a s -  
sumption made here  to the effect that the f i l le r  ex- 
hibits  a high emiss iv i ty  is quite valid. 

The one-s ided  coating of the g l a s s - r e i n f o r c e d  paper  
with a luminum subs tant ia l ly  reduce  (to 5 70) the t r a n s -  
m i s s ion  in the range  45 -50  pm (curve 2, Fig. 3). 

Examinat ion of the g l a s s - r e i n f o r c e d  f i l ler  under  a 
microscope  showed that its s t ruc tu re  is not uniform;  
we find both concent ra t ions  of f ibers  and a reas  in which 
they are  much less  dense;  we note open s l i ts  (windows) 
3 -20  ~ m in size. Pro jec t ions  of the overa l l  c ros s  
sect ions  of the f ibers  through the s l i t s  onto a plane 
vary  from 5 to 25 #m. The at tenuat ion of the radiant  
flux in such a medium comes about as a r e su l t  of its 
ref lect ion,  as well as because  of the phenomenon of 
diffraction,  s ince in f i r s t  approximat ionthe  s t ruc tu re  
of the coating can be t rea ted as a diffract ion grating.  

The p rob lem of the diffract ion of e lec t romagnet ic  
waves on fiat metal  grat ings  for a case s im i l a r  to the one 
under  considerat ion,  i .e . ,  when the per iod of the gra t ing 
and thewidth of the s l i t s  a re  commensu ra t e  with the 
length of the incidentwave,  has been solved in [15]. 

Unfortunately,  f rom our exper iments  it is imposs ib le  
to de te rmine  the f rac t ion of the attenuated radiant  flux 
due to diffraction; however, we can s ta tewi th  sufficient  
jus t i f ica t ion that it is possible  to employ coated lat t iced 
m a t e r i a l s  as insulat ion,  p a r t i c u l a r l y ' i n  low- tempera - ;  
tu re  zones. The se lect ion and fabr icat ion of such m a -  
t e r i a l s  mus t  be based on the theoret ical  r ecommenda -  
t ions of [15] and the resu l t s  presented  in this paper.  

NOTATION 

e is the integral  emiss iv i ty ;  e re  d is the reduced 
emiss iv i ty ;  a is the absorpt ivi ty;  p is the re la t ive  
e lec t r ic  r e s i s t ance  ohm �9 mm2/m;  k is the wavelength, 
#; T is the t empera tu re ;  ~ is the radia t ion constant  of 
an absolute black body; F is the sur face  area;  q is the 
specific heat flux; X is the absorpt ion index; I0 is the 
in tensi ty  of incident radiat ion;  I is the radia t ion in-  
tens i ty  with respec t  to the depth of &rad ia t ion ;  K is 
the coefficient of radia t ion t r ansmis s ion ,  %. 
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