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Molecular and radiant heat t ransfer  and the interact ion of these p rocesses  in friable 
fibrous heat insulators  a re  discussed.  The resul ts  of experimental  studies of the ef- 
f iciency of heat conduction of optically thin layers  of mater ia l  a re  presented and it is 
shown that it is inadmissible to use the hypothesis of additivity of hea t - t r ans fe r  pro-  
cesses  under these conditions. 

Heat insulators  having small  volume densit ies (5-30 kg/m3), made of various friable fibrous masses ,  
a re  widely applied in modern  technology. 

However, it is not ve ry  widely known at present  that light-weight heat insulators  have a number of 
proper t ies  connected with the conditions attaching to the progress  of complex hea t - t ransfer  p rocesses  in 
media of small  volume densities. For  conclusive studies of thermophysical  propert ies,  calculations of 
heat fluxes and tempera ture  fields should be carr ied  out taking due account of these propert ies;  their 
neglect may resul t  in significant e r ro r s .  

The resul ts  of experimental  studies of the heat conduction of friable porous masses  of various volume 
densit ies a re  presented below, The samples studied were manufactured both f rom Capron fibers with an 
average  diameter  of 30 #, and f rom superfine f iberglass  1-2 p in diameter .  The c lass ica l  "plate" method 
and a s teady-s ta te  heat flux were used. The instrument  for measur ing the heat conduction consisted of an 
e lec t r ic  ca lo r imete r  with a protective unit having auxi l iary heaters .  A shield cooled by circulating water 
served as the cold surface.  The studies were conducted at normal  a tmospher ic  pressure ,  under conditions 
of partial  vacuum, and under high vacuum conditions with P __ 5 �9 10 -3 N / m  2. The mean tempera ture  of the 
layers  was 70~ while the tempera ture  drop ac ros s  the specimens was 100-110~ The heat-conduction 
coefficient was calculated f rom the well-known formula 

= QL (1) 
(T 1 - -  T2) F 

The maximum measurement  e r r o r  was a:5%. 

Since the Four ie r  hypothesis may only provisionally be extended to the region of thin layers ,  hence-  
forward we will be dealing with the effective coefficient of heat conduction following formal ly  f rom Eq. (1). 

Heat t r ans fe r  in the given medium (for the given ease in a dispersed thermal ly  isolated layer) is a 
complicated heat-exchange process .  In principle, the possible means of energy t ransfer  a re  heat conduc- 
tion of the filling gas, convective movement  of the latter,  conductive heat t ransfer  in the solid part icles 
(fibers) of the mater ia l ,  and radiant heat exchange. In general  the effective heat conduction of the mater ia l  
is not an additive total of the e lementary  processes .  

The presence of convective air  movement in a dispersed medium is easi ly established by 
measur ing  the effective heat conduction of specimens under conditions of different filling gas pressures .  
For  all the composit ions studied convection was absent, since their effective heat conduction in the shallow 
vacuum range did not depend on the pressure .  A typical resul t  of the measurements  is presented in Fig. la .  
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Fig. 1. Dependences:  a) of ra t io  ~p/Ap=0.1 on a i r  p r e s -  
sure  P ( N / m  2) for  superf ine  f iberg lass :  1) 7 = 10 kg/m3;  
2) 5; 3) 2.5; b) of Q / A T  (W/deg) on volume densi ty  y (kg 
/ m  3) of f r iable  f ibrous  layer :  1) superf ine  f ibe rg lass ;  2) 
Capron f iber .  

It was shown in [1] that contact conductive heat t r a n s f e r  through so l id -phase  par t ic les  of evacuated 
f r iab le  f ibrous m a s s e s  of modera te  densi t ies  not having any specia l  bonding m a t e r i a l s  is negligibly smal l .  
This  r e su l t  a l so  conf i rms the measured  r e su l t s  of heat fluxes passing through evacuated f r iable  f ibrous 
l aye r s  of var ious  volume densi t ies  presented  in Fig. lb.  The var ia t ions  in the la t ter  were  obtained by 
compress ing  the l aye r s ,  whilst  leaving the total  m a s s  of ma t e r i a l  unchanged. At constant  boundary t e m -  
pe ra tu res  the heat flux passing through the spec imens  studied did not depend on the degree  of c o m p r e s s i o n  
of the la t ter ,  i .e. ,  the conductive heat flux was negligibly smal l .  

Thus, the principal  p r o c e s s e s  of energy  t r an s f e r  for the m a t e r i a l s  studied were  radiant  heat  ex-  
change and heat  t r a n s f e r  by moving a i r  molecules  in the p o r e s  of the d i spersed  body. 

Str ic t ly  speaking, one should understand the la t ter  to be a genera l ized  g a s - s o l i d  par t ic le  heat  con-  
duction sys tem.  For  the l aye r s  of low volume densi ty studied (5-30 k g / m  3) the genera l ized  heat conduction 
does not s ignif icantly depend on the heat  conduction of the filling gas,  growing with increased  m a t e r i a l  
densi ty as  a l inear  function. This is conf i rmed by the data of Fig. 2 in which the resu l t s  of exper imenta l  
studies of the dependence of ~* /~a  on 7 for  opt ical ly thick l aye r s  of superf ine  f ibers  a r e  presented.  

In evacuated l aye r s ,  heat  conduction is en t i re ly  dependent on radiant  hea t -exchange  p r o c e s s e s .  The 
continuous radiant  heat  conduction of a d i spe r sed  body k= ,  inherent  to sufficiently thick l aye r s  of the l a t -  
t e r ,  and i ts  effect ive heat  conduction in opt ical ly thin l a y e r s  ~ -  a r e  re la ted  by the fo rmula  

1 )~| = (2) 
1 1 ' 

~ 4~ereTa3v L 

resul t ing  f r o m  the weII-known equation for  radiant  heat  t r a n s f e r  in absorb ing  media  (see, for  exampie ,  
[2, 3]): 

T ~ - - T ]  
3 

el ~ 4 

Equation (2) holds for cases  of diffusely ref lec t ing and radia t ing boundary surfaces" with sufficiently smal l  
heat  f luxes where  an approx imat ion  to radiant  heat exchange may  be used. The accu racy  of Eq. (2) was 
tes ted exper imenta l ly  in the t e m p e r a t u r e  range  invest igated a t  optical th icknesses  of 1-50. 

The r e su l t s  of s tudies of the effect ive heat  conduction of evacuated and gas- f i l l ed  ma te r i a l s  as a 
function of the volume densi ty of the layer  a r e  presented in Fig. 3. Measuremen t s  were  conducted for  
var ious  conditions of the boundary su r f aces  of the ins t rument .  To cha rac t e r i ze  the la t ter  the reduced 
emis s iv i ty  of the ins t rument  was exper imenta l ly  measu red ,  calculated f r o m  the heat flux values  between 
the boundary su r faces  occurr ing  under high vacuum conditions (P ~ 5- 10 -3 N / m  2) in the absence  of spec i -  
mens  of the m a t e r i a l s  being studied. Changes in the volume densi ty of the spec imens  in the exper imen t s  
were  produced by compress ing  them. In this connection the product ~ L remained  constant for  each curve  
plotted in Fig. 3 and equalled 0.3 k g / m  2 for  e re  = 0.07 and 0.72 k g / m  2 for  e r e  = 0.27. 

The essent ia l  role  of radiant  heat exchange in lightweight heat insu la tors  even at  re la t ive ly  low 
t e m p e r a t u r e s  is seen  f r o m  a compar i son  of the r e su l t s  presented in Fig. 3a, b. The heat conduction of 
evacuated l aye r s  is connected, as was shown above,  exclus ively  with p r o c e s s e s  of radiant  heat exchange, 
making up f r o m  10 to 50% of the effect ive heat conduction of gas- f i l led  ma te r i a l s .  
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Fig.  2. Dependence of 2~*/2~ a on 
vo lume dens i ty  "y ( kg /m  3) fo r  op- 
t i ca l l y  thick layers of superfine 
fiber. 
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However, one may assume that the role of radiant heat ex- 
change is evaluated by these relat ions only assuming additivity of 
the energy t ransfer  p rocesses  taking place. The latter a s sump-  
tion is invalid for optically t h i n l a y e r s  and may lead to grave e r -  
ro r s .  

Analytical studies of the effects of the interaction of heat 
conduction and radiant heat-exchange processes  in optically thin 
layers  of dispersed bodies may be car r ied  out on the basis of 
the solution of a sys tem of equations, including a radiation t r ans -  
fer  equation and an energy equation. A number of works [4-8] 
have been devoted to a solution of problems of this type. The 

results reported in them, usually obtained by various numerical methods, are connected with many simpli- 
fying assumptions and allow only an evaluation of a qualitative picture of the effect. A large number of 
independent parameters have an influence on the process of heat transfer in an optically thin layer. The 
most important of these are the optical density of the layer, the emission characteristics of the boundary 
surfaces, and the thermal conductivity of the filling gas. 

In optically thin layers the value of the local radiant flux exhibits an extremal dependence'on the 
optical density of the layer. This shows the inadmissibility of using the additivity hypothesis in heat-trans- 
fer calculations in materials having low volume densities. 

This is graphically illustrated by the results of the experimental studies conducted. The character- 
istic form of the dependence ~* = ~*(T) is presented in Fig. 4. The value },* represents the increase in 
effective heat conduction of a dispersed material as a result of filling the layer with air: 

If one proceeds from the additivityof the processes of molecular and radiant heat exchange, then 
the value of ~* represents the generalized heat conduction of the gas-solid particle system, depending 
only on the thermal conductivity coefficients of the gas and the material of the particles and the geometry 
and orientation of the latter. In the range of small volume densities studied, the hypothesis of additivity 
corresponds to dependence 1 presented in Fig. 4, approximately linear and intersecting the ordinate axis 
at a value corresponding to the heat conduction of the filling gas (in the absence of convection). 

The interdependence of the processes of heat conduction and radiant heat exchange leads to a sharp 
change in the nature of the dependence ~* = ~*(7) in the region of optically thin layers. The increase in 
efficiency of heat conduction of a layer when it is filled with gas is much greater than the value resulting 
from the additivity hypothesis. 

According to the experimental data obtained the curve of ~* = ~*(T) has an extremal form. A de- 
crease in the emissivity of the boundary surfaces leads to a growth in the influence of the interaction 
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Fig. 3. Dependence of effective heat conduction ~- (W/m 
�9 deg) of evacuated layer (a) and friable fibrous layer at nor- 
mal atmospheric pressure (b) on volume density T (kg/m 3) 
for a mean temperature of the layer of 70~ i) superfine 
fiberglass, ere = 0.07; 2) superfine fiberglass, ere = 0.27; 
3) Capron fiber, ere = 0.27. 
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Fig. 4. Dependence of ~* (W 
/ m -  deg) on volume densi ty  of 
l ayer  T ( k g / m  s) of superf ine  
f iberg lass :  1) for  case  of ad i -  
abat ic  molecu la r  t r ans fe r ;  2) 
exper imenta l  data for  e re  = 0.88; 
3) exper imenta l  data for  e r e  
= 0.07. 

effects  in the region of low optical  th icknesses .  For  opt ical ly thick layers  the influence of in terac t ion  ef -  
fects  becomes  negligibly smal l ,  so that i ts  role  en te rs  into the case  studied only upon a change in the 
boundary conditions. 

The re  a r e  v e r y  con t rad ic to ry  data in the l i t e ra tu re  on the the rmophys ica l  p rope r t i e s  of heat  in-  
su la to rs  of low volume densi t ies .  The large s ca t t e r  in the exper imenta l  data is explained by the fact  that 
in view of the p rope r t i e s  of h e a t - t r a n s f e r  p r o c e s s e s  in these media mentioned above the exper iment  gives 
informat ion  on the p rope r t i e s  of the exper imenta l  s p e c i m e n - e x p e r i m e n t a l  ins t rument  sys tem.  If the n ece s -  
s a r y  cha r ac t e r i s t i c s  of the measur ing  appara tus  a r e  not taken into account the exper imenta l  data obtained 
on the the rmophys ica l  p roper t i e s  of optical ly thin l aye r s  of m a t e r i a l s  have a v e r y  l imited Value. 

NOTATION 

;~oo, h~ a r e  the coefficients  of radiant  heat conduction of optical ly thick and optically thin 
l aye r s ,  r espec t ive ly ,  W / m .  deg; 

X* is the coefficient  of the i nc rea se  in effective heat conduction of a layer  when it is 
filled with gas,  W / m .  deg; 

X0.1 is the effective heat  conduction of a f r iable  f ibrous  layer  at no rma l  a tmospher i c  
p r e s s u r e ,  W / r e .  deg; 

~p is the effect ive heat conduction of layer  at in te rmedia te  p r e s s u r e s  P, W / m .  deg; 
ha is the coefficient of heat conduction of the a i r ,  W / m .  deg; 
cr is the S t e f an -Bo l t zmann  constant;  cr = 5 .67.10 -8 W / m  2. deg K4; 
e r e  is the reduced emis s iv i ty  of boundary sur faces  of the ins t rument ;  
AT = T l - T 2 is the t e m p e r a t u r e  drop in the l ayer  of ma te r i a l ,  ~ 
Tav = (T 1 - T2)/2 is the ave r age  t e m p e r a t u r e  of the layer ,  ~ 
Q is the heat flux, W; 
P is the a i r  p r e s s u r e ,  N/m2; 
7 is the volume densi ty of the layer ,  kg/m3;  
L is the thickness of the layer ,  m; 
F is the a r ea ,  m2; 
T is the optical  densi ty  of the layer .  
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