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This paper gives the results of measurements of the thermal diffusivity 
and thermat conductivity of an aerogel, peflite powder, and white 
soot by the steady-state method, the continuous heating method, and 
the method of the regular regime of the first kind, The experimental 
data agree well with theory. 

A de te rmina t ion  of the t e m p e r a t u r e  dependence of 
the t h e r m a l  conduct ivi ty  of insu la t ing  m a t e r i a l s  earl 
be used to a s s e s s  the ro le  of d i f ferent  fac tors  in the 
t r a n s f e r  of heat through insu la t ion  and to deveiou 
methods of reducing such t r an s f e r .  

De te rmina t ions  by the s teady-s ta te  heat f luxmethod 
r equ i r e  seve ra l  expe r imen t s  with different  t e m p e r a -  
t u re s  on one of the boundary  walls ,  

The method of continuous var ia t ion  of the t e m p e r a -  
ture [1-31 can be used to find the t e m p e r a t u r e  depen-  
dence of the t he rma l  diffusivi ty or t he rma l  conduct ivi ty  
in one exper iment .  For  the pa r t i eu l a r  ease  of an i a -  
f in i te ly  long cy l inder  the fo rmulas  have the form: 

R2 d (To+@AT)~_  
a 4AT d'~ 

5 R~ d2hT (1) 
2304 a A T  d ~  ' 

1 dT ( 2 R 
- . R~ cr In W -  + 2AT d~ . ., .  

R2--R~ R : c , l n ~ )  (2) + c ~  2 

The e r r o r  due to the f ini te  value of the ra t io  L /R  is 
negl ig ib le  if this ra t io  is  not l e s s  than 4~5 .  The con-  
t inuous heat ing method was used in [3] for r h e a s u r e -  
men t s  of hea t - i n su l a t i ng  m a t e r i a l s  at t e m p e r a t u r e s  
of 100-6000 C. 

We cons ide r  the poss ib i l i t y  of us ing  the  method of 
the r e g u l a r  heat  r eg im~ of the f i r s t  kind t~ find the 
t e m p e r a t u r e  dependence of a and k. The equat ions ob-  
ta ined for this method are  der ived  on the aSSumption 
of cons tancy  of X, c, and a. In pa r t i cu l a r ,  for a c y l -  
inder ,  

rn 

If 3. and c va ry  with t e m p e r a t u r e  in such a way that a 
r e m a i n s  constant ,  the use of these  equat ions will  not 
Iead to s igni f icant  e r r o r s  when the values  of (1/3.) x 
x (dX/dT)and  (1/e)(dc/dT)  a re  r e l a t ive ly  smal l .  
If a also va r i e s ,  the ra te  of cooling wiI1 change con -  
t inuous ly  dur ing  the exper iment .  We can a s s u m e  that 
in  a f i r s t  approx imat ion  the ra te  of cooling and the 

t he r ma l  diffusivi ty will  s t i l l  be propor t ional ,  in a c -  
cordance  with (3). 

In this  work we m e a s u r e d  a and X of seve ra l  i n -  
sula t ing powders in the range  78-300  ~ K by the s teady-  
state heat flux method, the continuous heat ing method, 
and the method of the r e gu l a r  heat  r eg ime  of the f i r s t  
kind. In the s t eady-s ta te  method X was m e a s u r e d  by 
a sphere  on the appara tus  desc r ibed  in [4]. For  m e a -  
su r e me n t s  of a and X by the uns t eady- s t a t e  methods 
we cons t ruc ted  two c a l o r i m e t e r s ,  cons is t ing  of copper 
cy l inders  with an in t e rna l  d i ame te r  of 35 m m  and a 
length of 190 mm.  On the axis of the a - c a l o r i m e t e r  
there  was a m a n g a n i n - c o n s t a n t a n  thermocouple  (wire 
d i ame te r  0.05 mm)~ with the junc t ion  at the c en t r a l  
point of the cy l inder .  The junct ion of another  t h e r m o -  
couple was so ldered  to the copper surface.  An e l e c -  
t r i c  hea te r  for regula t ing  the heat ing rate  was mounted 
on the outer surface.  The X-ca lo r ime te r  had the same 
shel l  d imens ions .  Suspended in the cen te r  of it was 
a c o r e - - a n  a luminum rod 5 m m  in d iamete r  and 100 

m m  long. 
The c a l o r i m e t e r  was mounted in a bath, insu la ted  

with glass  wool, and put into a Dewar vesse l .  The 
c a l o r i m e t e r  was then exhausted to a p r e s s u r e  of l e s s  
than i N /m 2, the bath and ves se l  were  f i l led with 
l iquid n i t rogen ,  and an E P P - 0 9  p o t e n u o m e t e r  r ecorded  
the t e m p e r a t u r e  in the cen te r  of the sample  as it cooled. 
F r o m  the r e su l t s  of the m e a s u r e m e n t s  we ca lcula ted  
m and then a f rom (3). 

When the sample  had cooled to 78 ~ K we switched 
on the hea te r ,  evaporated the l iquid n i t rogen  f rom 
the bath and heated the c a l o r i m e t e r  at such a ra te  that 
the difference in the t e m p e r a t u r e s  at the cen te r  and on 
the pe r iphe ry  of the sample  did not exceed 20-30  ~ . 
in mos t  exper imen t s  the di f ference in the emf of the 
thermoeouples  was kept constant .  The s e r i e s  of ex-  
pe r i me n t s  was then repea ted  with the t e m p e r a t u r e  
difference kept constant .  The r a t e  of heat ing in the 
f i r s t  case gradua l ly  dec reased  with t ime .  In the second 
case i t  i nc reased .  The mean  difference between the 
r e s u l t s  of these  expe r imen t s  did not exceed 10% and 
the g r ea t e s t  d i f ference was 25%. It should be noted 
that the d i f fe rences  were  of a sys temat ic  n a t u r e - -  
the values  of a obtained when AT was kept cons tan t  
were  usual ly  lower and agreed  be t t e r  with the values  
obtained by the other  methods.  

We did not m e a s u r e  3. of the powders in a vacuum,  
s ince the in t roduct ion  of the ex t ra  m a s s  of the core  
made the expe r imen t  s eve ra l  t i me s  longer  than in the 
case  of m e a s u r e m e n t  of a. F o r  ins tance ,  heat ing of 
evacuated aeroge l  through 30 ~ took 6 hr .  Hence,  we 
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Fig. 1. Temperature dependence of thermo- 
physical properties of insulating powders at 
atmospheric pressure:  I) thermal diffusivity 
(10 r m 2/sec); II) apparent thermal conductiv- 
ity (mW/m'  deg); 1) BS-280 white soot 
(a-continuous heating method, b - r egu la r  re-  
gime method); 2) aerogel; 3) U-333 white 

soot; 4) perlite powder. 
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Fig. 2. Apparent thermal conductivity of aerogel (mW/m- deg) 
in vacuum in relation to: a) temperature with different densi-  
ties, kg/m 3 (1-74, 2 -105 ,3-113 ,4-124) ;  b) density [1-exper i -  
mental data; 2--from equation (6)]. O -= (T 1 + T2)(T ~ + T~) �9 10 -z. 
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ca lcula ted  2, f rom the expe r imen ta l  values  of a by using 
pub l i shedva lues  of the spee i f i chea t  of in tegra l  m a t e r i a l s  

of the same chemica l  composi t ion.  The absence  of an 
apprec iab le  difference in the specific heat of d i spe r sed  
and in tegra l  m a t e r i a l s  of the same composi t ion  has 
been conf i rmed  by r ecen t  inves t iga t ions .  

M e a s u r e m e n t s  were made on per l i te  powder, s i l ic ic  
acid aerogel ,  and white soot. Pe r l i t e  powder is f inely 
d i spersed ,  expanded per l i t e  (volcanic glass) .  The 
aerogel  and white soot are  f inely powdered s i l icon 
dioxide. White soot differs  f rom the aerogel  in i ts  
g r ea t e r  densi ty  and s m a l l e r  g r a in s ,  which in  both 
materials consist of aggregates of microparticles with 

a diameter of about 15 nm (150 A). 
The thermal diffusivity of the insulating powders 

at atmospheric pressure (Fig. i, I) in the investigated 

temperature range did not depend greatly on the tem- 
perature. Heat transfer in insulating powders at this 

pressure is due mainly to conduction by the gas [4]. 
The temperature dependence of the thermal conduc- 
tivity is represented by the straight lines (Fig. l,II). 

In measurements by the regular regime and con- 

tinuous heating methods the initial portions of the re- 
lationship are discarded. In the first method this is 
the high-temperature region and in the second it is the 
low-temperature region. Hence, the two methods sup- 

plement one another and enabled us to cover the whole 

investigated temperature range (see experimental data 
for BS-280 white soot in Fig. i, If, and Fig. 3). 

In the experiments to determine the thermophysical 
properties of evacuated powders the pressure did not 
exceed 0.4 N/m 2. Heat transfer by the gas at such 
pressure becomes negligible and is due almost entirely 
to conduction by the solid and to radiation. In this case 
the temperature dependence of the apparent thermal 
conductivity of the powder can be put in the following 

form: 

x = X~o,+X,, d = X0o.+ k(T~ +T~)(T~ +T~) .  C4) 

The t e m p e r a t u r e  dependence of the re f rac t ive  index 
and the t he rma l  conduct ivi ty  of the solid can be neg l ec t -  
ed in this  case .  If t h e b o u n d a r y t e m p e r a t u r e s  a re  c lose ,  
Eq. (4) becomes  

~.= ~o~+ 4kT3~ . (5) 

When the t e m p e r a t u r e  d i f fe rences  ((T 1 - T2)/T2)  a re  
r e l a t i ve ly  low (_< 0.2) the e r r o r  in using (5) ins tead  
of (4) does not exceed 1%. As was shown in [3, 5], the 
t he rma l  conduct ivi ty  of seve ra l  insu la t ing  m a t e r i a l s  
in  a vacuum conforms  with (5). 

F igure  2a shows the t e m p e r a t u r e  dependence of the 
the rmal  conduct ivi ty  of ae roge l s  of d i f ferent  compac -  
t ion in  a vacuum. The different  compact ions  were ob-  
ta ined by exhaust ing the i n s t r u m e n t  to di f ferent  p r e s -  
su re s  af ter  the powder was loaded. The r e su l t s  of the 
m e a s u r e m e n t s  ar~ zepresen ted  by approximate ly  pa ra l l e l  
s t ra ight  l ines .  The i n c r e a s e  in t he rma l  conduct ivi ty  
with i nc r ea s ing  compact ion  is  due to the g r e a t e r  con -  
tact  heat t r a n s f e r  between the powder pa r t i c l es .  A 
fo rmula  for ca lcu la t ing  the contact  heat  t r a n s l e r  was 

obtained in I6]; it  has the form 

'%con~ 3 . 1 2 ~ s ( 1 - - e ) % p V ~  _~ 3"12~s'Y'/~P% (6) 
E '/~ V "/' F?/" 

This formula  was der ived  f rom a model  in which the 
d i s p e r s e  med ium was r ega rded  as a sy s t em of s p h e r -  
ical  pa r t i c l e s  with contact  spots on their  surface.  The 
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Fig. 3. T e m p e r a t u r e  dependence of apparen t  t he rma l  
conduct ivi ty  (mW/m"  deg) in vacuum: 1) BS-280white  
soot (T = 200 kg/m~);  2) per l i t e  powder (7 = 130 kg /  
/mS);  3) U-333 white soot (7 = 350 kg/m3).  Solid 
l ines - -con t inuous  heating method, d a s h e d l i n e s - - s t e a d y -  
state method, dot -dash  l i ne s - -me thod  of r e gu l a r  r e -  

gime of f i r s t  kind. | ~ (T 1 + T2)(T ~ +T~)" 10 -7 . 

s tate  of the sur face  (for ins tance ,  the p r e sence  of an 
oxide f i lm,  m i c r o i r r e g u l a r i t i e s )  which can have a 
s ignif icant  effect in the case  of r e l a t i ve ly  la rge  p a r -  
t ic les  of high the rma l  conductivi ty,  pa r t i cu l a r l y  meta l  
pa r t i c l e s ,  should not have an apprec iab le  effect on the 
the rmal  r e s i s t a n c e  of insu la t ing  powders for which 
formula  (6) is proposed.  

To use the fo rmula  we need to know the specific 
load on the powder. To do this we m e a s u r e d  the densi ty  
of the aerogel  under  di f ferent  loads and then ca lcula ted  
the contact  t he rma l  conduct ivi ty  of the aerogel  f rom 
fo rmula  (6). 

For  the ca lcula t ions  we need to know ~'s, i. e . ,  the 
t he rma l  conduct ivi ty  of s i l icon  dioxide in the amorphous  
state.  In a f i r s t  approximat ion  it  can be taken as equal 
to that of the t he rma l  conduct ivi ty  of quar tz  g lass :  
1 .2 -1 .86  W/m" deg [7]. In the ca lcua t ions  we took ks = 
= 1.6 W / m .  deg, Ys = 2300kg/m3, a n d E = 5 -  101~ 2. 
The calcula ted values  a re  compared  in Fig. 2b with 
the exper imen ta l  values  found by ext rapola t ion of the 
s t ra ight  l ines  in Fig. 2a to the y axis.  The a g reemen t  
is quite sa t i s fac tory .  

The t e m p e r a t u r e  dependence of the t he r ma l  con -  
duct ivi ty of per l i t e  in vacuum (Fig. 3) is also r e p r e -  
sented by a s t ra ight  l ine in the coordina tes  of Fq. (4). 
M e a s u r e m e n t s  by the th ree  methods gave cons i s t en t  
r e su l t s .  The values  of kco n and krad of per l i t e  and the 
aerogel  a re  c lose  to one another .  For  a n u m b e r  of 
other pe r l i t e  samples  k ra  d was lower,  with the r e s u l t  
that the apparen t  t he r ma l  conduct ivi ty  of per l i t e  was 
lower than that of the aerogel .  At the boundary  t e m -  
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p e r a t u r e s  of 293 and 90 ~ K the mean  value was 1 . 0 m W /  
/ m "  deg for  pe r l i t e  and 1.4 roW/m-  deg for  the aerogel .  
The apparent  t he rma l  conduct ivi ty  of U-333 white soot 
in the same condit ions was approximate ly  twice as 
high. White soot, as Fig. 3 shows, had higher  kco n 
and kra  d. The r ea sons  for this a re  the g r ea t e r  densi ty  
(which i n c r e a s e s  the contact  heat  t r ans fe r ) ,  and the 
smal l  pa r t i c le  s ize  (which reduces  the scattering~of 
heal  radiat ion) .  

The t e m p e r a t u r e  dependence found for the t h e r ma l  
conduct ivi ty  of BS-280 white soot is  of cons ide rab le  
in te res t .  It is  r e p r e s e n t e d  by a curve  which is  an a l -  
mos t  hor izonta l  s t ra igh t  l ine at low t e m p e r a t u r e s .  
Hence,  sca t t e r ing  of r ad i a t i onby  this powder i n c r e a s e s  
rapid ly  when the t e m p e r a t u r e  is reduced.  This explains  
the r e l a t i ve ly  low the rma l  conduct ivi ty  (0.7 m W / m .  
�9 deg) at the above- ind ica ted  boundary  t e m p e r a t u r e s .  

The rad ia t ion  sca t te r ing  coeff ic ient  of BS-280 soot 
depends on the phase shift 

u d  p = 2 ( n - - 1 ) - -  (7) 
%w 

and reaches  a max imum when p ~- 4. The soot g ra ins  
have a d i ame te r  of approximate ly  10 #. For  an ex -  
p lo ra to ry  ca lcu la t ion  of the r e f r ac t ive  index of this  
m a t e r i a l  in the i n f r a r e d  reg ion  we take i t  as equal to 
that of quar tz  and quartz  g lass  at wavelength 10-3 .6  p 
[8]. We find f rom formula  (7) t h a t t h e g r e a t e s t  s c a t t e r -  
ing of heat rad ia t ion  by pa r t i c l e s  of BS-280 soot occurs  
at kw ~ 40 p.  This  wavelength co r re sponds  to the m a x i -  
mum rad ia t ion  in tens i ty  at 73 ~ K, i . e . ,  to the a b s c i s s a  
0.15 in Fig. 3. Thus,  the exper imenta l  data a re  con -  
s i s t en t  with the theory that rad ia t ion  sca t t e r ing  by white 
soot r eaches  a m a x i m u m  at low t e m p e r a t u r e s .  

NOTATION 

a is the t he rma l  diffusivity;  c and ec a re  the specific 
heats  of sample  and core ;  d is  the pa r t i c le  d i ame te r ;  
E is the modulus  of e las t ic i ty ;  k is a constant;  L is 

the length of cy l indr i ca l  c a l o r i m e t e r ;  m is the cooling 
ra te ;  n is  the r e f r ac t i ve  index; p is the specif ic  load; 
R and R c a re  the radi i  of the stlell ann core  of the 
c a l o r i m e t e r ,  r espec t ive ly ;  T o is the t e m p e r a t u r e  in 
cen te r  of sample ;  T 1 and T 2 a re  the boundary  t e m p e r a -  
t u r e s :  AT = T~ - T 2 ; T a v  = (T 1 + T 2 ) / 2 ; 7  anti 7c a re  the 
ciensities of the sample  and core ;  Ts is  the dens i ty  of 
in tegra l  ma t e r i a l ;  e is  the poros i ty ;  k is  the apparen t  
t he r ma l  conduct ivi ty  of insu la t ing  ma t e r i a l ;  k s is the 
t he rma l  conduct ivi ty  o f m o n o l i t h i c m a t e r i a l ;  Xeo n is  the 
contact  t he rma l  conductivi ty;  k r a  d is  the rad ia t ion  
t he r ma l  conductivi ty;  kw is the wavelength of radia t ion;  
p is the phase shift. 
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