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The t r a n s m i s s i o n  of rad ian t  ene rgy  through a medium with low opt ical  density is analyzed 
he re .  The rad ia t ive  t h e r m a l  conductivity of thin porous  f iber  l aye r s  was m e a s u r e d ,  and 
the r e su l t s  a re  shown. 

The equation of rad iant  ene rgy  t r a n s m i s s i o n  through an absorb ing  plane l a y e r  bounded by g r a y  dif-  
fus ively  emit t ing and ref lec t ing  su r f aces ,  in the g r a y : b o d y  approximat ion  and under  conditions of local 
t he rmodynamic  equi l ibr ium,  leads to the following express ion:  
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A unity r e f r ac t i ve  index is a s sumed  here  and subsequently.  

F r o m  a reconci l ia t ion  between this and another  well  known express ion  for  the radia t ive  t he rma l  con-  
ductivity 

~. = 16 oTaT (2) 
3 

itfollows that ~ = 3/2. Under the same conditions, (i) is identical to the result based on the Milne-Eddington 
approximation. That result can be obtained also directly by solving the equation of radiant energy trans- 
mission with the respective boundary conditions. 
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Fig. i 

The l a t t e r  were  f i r s t  defined by G. L. Polyak [1] and then 
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Fig.  2 

Fig. i. Effective radiative thermal conductivity k 7 (W/m - deg) as a function 
of the optical thickness T (In) and of the geometrical thickness L (m), for a 
loose fibrous material (7 = 30 kg/m 3) with e e = 0.27: i) Nylon fiber 30 # in 
diameter; 2) superfine glass fiber 1-2 # in diameter, calculated by formula 
(10) (solid lines). 

Fig.2. Ratio XT/k as a function of the optical thickness, for a layer of den- 
sity 30 kg/m 3, calculated by formula (i0) (solid lines): i) e = 0.88; 2) e 
= 0.27. Test points for superfine glass fiber (1) and Nylon fiber (II). 
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Fig.  3o Functions of the optical  th ickness  of a l ayer :  a) ra t io  
/2t for  superf ine  g lass  f iber  y = 30 k g / m  3, pol ished a luminum 
as the cold su r face  with ~e = 0.087, calculated for  diffusive 
boundary  s u r f ace s  (solid line) and with t e s t  points indicated,  b) 
q / ~ (  T14- T24), ca lcula ted f r o m  data in [3] (solid l ines) and f rom 
data in [6] (dashed lines) with e e = 1 (1), 0.88 (2), 0.67 (3), 0.33 
(4), 0.27 (5), 0.176 (6). Tes t  points:  Nylon f iber  and e = 0.28 (I), 
superf ine  g l a s s  f iber  and e e = 0.26 (II), superf ine  g l a s s  f iber  and 
e e = 0.88 (III).  Curve  1 coincides with the data in [2, 7]. 

used on numerous  occas ions  in s e v e r a l  subsequent  s tudies .  I t  is only to be noted that the conventional 
s t ipulat ions concern ing  the quas i i so t ropy  of incident radiat ion,  usual ly  found in the l i t e ra tu re  on this sub-  
ject ,  a re  superf luous  for  making exp re s s ion  (2) and p= 3/2 in (1) valid. An analogous r e su l t  will be ob-  
tained on the basis of the angular intensity distribution function, which can be expressed as a linear func- 

tion of #, while the intensity distribution of thermal fluxes of finite magnitude is not at all isotropic. 

It has been reiterated [2-4] that the assumption of p in formulas like (!) being independent of the opti- 
cal density of the layer is not strictly justified. Even the contrary has been asserted. In [5], for example, 
an attempt was made to prove that ~ is a function of ~- under conventionally assumed restrictions. A com- 
parison of radiant energy fluxes through thin optical layers calculated according to formulas like (i) on the 
basis of a constant # = 3/2 with results based on solutions to integral equation [6, 7] has shown an almost 
complete agreement over the entire range of T values. This has been noted in [2, 4, et al.]. 

It should be noted that in all these studies the concept of radiant energy transmission was a simplified 
one. No consideration was given to the induced radiation of particles of the medium. The latter was as- 
sumed gray, without any scattering, and subject to conditions of local thermodynamic equilibrium. 

In view of all this, much interest has been shown in direct experimental studies concerning the pro- 
cesses of radiant energy transmission through optically thin layers of real media. In this case it is im- 
possible not to consider the effects having to do with emission and dispersion of radiant energy. It is rea- 
sonable that the first stage of such a study should cover low-intensity transmission processes, in which the 
conditions for local thermodynamic equilibrium are closely enough approximated. In the next stage, a study 
of conditions departing from equilibrium states will make it possible to determine also the applicability 
limits of the local-thermodynamic-equilibrium hypothesis. 

Thus, when T I-~ T2, relation (i) can be rewritten as 

4 ~T~L dT (3) 
q = "  1 1 - dx 
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and, with the Knudsen radia t ion number ,  we have also 

~ 2 Kn 
, 1 §  
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(5) 
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F i g . 4 .  Relat ion r r - - T  ~- (r) ,  c a l cu -  
la ted by Eq.  (6) (solid l ines) for  e 
= 0.27 (1), 0.88 (2). Tes t  points:  
Nylon f iber  and e e = 0.28 (I), 
superf ine  g l a s s  f iber  and e e = 0.28 
(II), superf ine  g l a s s  f iber  and e e 
= 0 . 8 8  ( m ) .  

or ,  f inally,  

2 
-~.~= _ § r.  (6 )  

F% 

Express ions  (3)-(6) a r e  comple te ly  equivalent.  The Knudsen 
number  and the r - p a r a m e t e r  here  a r e  r e f e r r e d  to continuum values 
of the m e a n - f r e e - p a t h  of photons according to (2). The values of 
rad ia t ive  t h e r m a l  conductivity of l aye r  here  had been obtained ex-  
pe r imen ta l l y  under conditions of negligibly smal l  boundary effects ,  
i .e . ,  at  L >> T and 

dL  
- -  0.  ( 7 )  

d L  

The authors  have exper imenta l ly  studied the the rma l  conduc- 
t ivi ty of loose f ibrous m a s s e s  with a varying optical th ickness .  The 
m e a s u r e m e n t s  were  made under  a high vacuum. In this way, the 
conducted heat  could be reduced  to a negligibly low level and condi-  
t ions of rad ia t ive  equi l ibr ium could be ensured .  We used superf ine 
b low-grade  g lass  f iber  approx imate ly  1-2 # in d i ame te r  (average) 
and s taple  Nylon f iber  approx imate ly  30/~ in d iamete r .  The optical  
densi ty of a spec imen  was var ied  by varying the m a s s  of ma te r i a l  
packed into the appara tus .  

We applied the c l a s s i ca l  method of a plate and a s teady t h e r -  
ma l  flux. The appara tus  for  m e a s u r i n g  the effect ive t he rma l  con-  

ductivi ty of spec imens  was made up of an e l ec t r i ca l  c a l o r i m e t e r  s epa ra t ed  f rom the housing by a l ayer  of 
vacuum-sh ie ld  g rade  t h e r m a l  insulat ion (VSTI). 

The p r e se nce  of VSTI r e su l t ed  in a apprec iab le  reduct ion of s t r a y  t h e r m a l  fluxes and ensured  a s a t i s -  
f ac to ry  accu racy  as well as an excel len t  r epea tab i l i ty  of data .  The t e m p e r a t u r e s  were  m e a s u r e d  w i thChro -  
r e e l - C o p e l  the rmocoup les ,  a model  R-306 l o w - r e s i s t a n c e  po ten t iomete r ,  and a model  M 195/1 ga lvano-  
m e t e r .  The c a l o r i m e t e r  h e a t e r s  were  energ ized  f r o m  a s tabi l ized power sou rce .  The drawn power was 
m e a s u r e d  by the po ten t iomete r  method with these  i n s t rumen t s .  The "cold" operat ing sur face  of the ap-  
pa ra tu s  was a shidld cooled by running wa te r .  For  m a t e r i a l s  of the boundary sur face  we used:  oxidized 
a luminum,  pol ished a luminum,  oxidized copper ,  and varn ish  coat ings on meta l l i c  l a y e r s .  

The effect ive t h e r m a l  conductivi ty was ca lcula ted  by the fo rmula  

QL (8) 
~'*-- F A T  ' 

with the c a l o r i m e t e r  hea te r  power  Q = IV, the t e m p e r a t u r e  di f ference AT = TI-T2,  and the sur face  a r e a  F 
= 0.092 m 2. The equivalent  e m i s s i v i t y  of the boundary  su r faces  was calcula ted by the fo rmula  for pa ra l l e l  
infinitely la rge  p la tes  

Q (9) ~ . ~  
( T t -  ' 

with the power  Q m e a s u r e d  without loose f iber  in the appara tus .  The power  Q rema ined  the s a m e  with the 
gap varying f r o m  1 to 5 ram,  an indication of negligible heat  leakage through the ends.  The e r r o r  in d e t e r -  
mining the effect ive  t he rm a l  conductivity did not exceed 5%. 

With the aid of exp res s ion  (4) and lett ing ~ = 3/2,  we have 

' 1 ( 1 0 )  
k~= 1 1 + 

~, 4 e e oTSL  

o r  

1 (11 )  ;~ 
1 1 

where  T = (T 1 + T2) /2 .  
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The function X~- = X~-(T 7 according  to (10) is shown in Fig. 1 with e e = 0.27 as m e a s u r e d .  Tes t  values  
of effective thermal conductivity have also been plotted here. According to the data in Fig. 2, the differ- 
ences between diffractivities of the test materials did not affect the trend of the curves for thin layers. 
The continuum characteristics of our test materials (Nylon fiber 7 = 30 kg/m 3 and I = 0.031 W/m �9 deg at 
T = 343~ l= 2.52 ram; superfine glass fiber 7 = I00 kg/m 3 and 2t = 0.0028 W/m .deg at T = 343~ l'= 0.23 
ram) determined from relation (Ii) and from test points for X T agree with those obtained by direct measure- 
ments of the thermal conductivity of vaeuumized optically dense layers. 

The results indicate that relations (57, (10), and (11) do, within a sufficiently close approximation, 
describe the dependence of A r on both the geometrical and the optical thickness of a layer. The differences 
between measured and calculated X r = X r (r) values lie within the limits of test accuracy. The preceding 
discussion applies to transmission through layers with diffusively reflecting and emitting boundary sur- 
faces. The use of polished aluminum as the boundary (cold) surface brought about a marked departure from 
relation (107 (Fig. 3a 7. 

This result is quite a legitimate one. The emission of most energy at low angles to the surface,which 
is characteristic of polished metals,leads to an appreciable increase inthe effective optical density of a thin 
layer. The data in Fig. 3b for diffusive surfaces have been compared with those obtained by R. F. Probstein 
[2], by M. A. Heaslet and F. ]3. Fuller [6], and by C. M. Usiskin and E. M. Sparrow [7]. 

Thus, the outcome of the experiments indicates that, when diffraction occurs at gray surfaces bound- 
ing a thin layer, the value p = 3/2 may be assumed the same for every optical thickness, i.e., the boundary 
effects cause the optical density of a layer to increase by a constant amount independent of ~- (Fig. 47. 
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N O T A T I O N  

is the thermal flux density, W/m2; 
is the Stefan-Boltzmann constant; 
are the emissivity of surface 1 and surface 2 respectively, and equivalent emissivity of 
the system of both surfaces; 
are the temperature of surface 1 and surface 2 respectively, ~ 
is the average temperature of layer, ~ 
is the coefficient accounting for the angular distribution of incident radiation intensity; 
is the optical thickness (density) of layer; 
is the fictitious optical thickness of layer, according to (67; 
are the radiative thermal conductivity of an optically thick layer and of an optically thin 
layer respectively, W/re. deg; 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 

m e a n - f r e e - p a t h  of photons in a medium,  rnm; 
l inea r  space  coordinate ,  m;  
g e o m e t r i c a l  th ickness  of l aye r ,  m;  
Knudsen radia t ion number ;  
densi ty of spec imen  m a t e r i a l ,  kg/m3; 
power  supplied by e l ec t r i ca l  hea te r ,  W; 
a r e a  of act ive  su r face ,  m2; 
angle with the no rma l  to the su r f ace .  
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