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An examination is made of the theoretical basis and implementation 
of a nonstationary method of rapid measurement of the thermal con- 
ductivity of powdered and fibrous insulation under conditions of mono- 
tonic change of filler gas pressure. 

The t h e r m a l  eonduc t iv i ty  of p o w d e r e d  and f ib rous  
m a t e r i a l s  is  m e a s u r e d  ma in ly  by s t a t i o n a r y  me thods  
[1 -5 ] ,  and t o  s o m e  ex ten t  by the method  of monotonic  
hea t ing  at  cons t an t  p r e s s u r e  [6, 7], which d i f f e r s  f rom 
the s t a t i o n a r y  me thods  as  r e g a r d s  the du ra t ion  of the 
e x p e r i m e n t ,  s ince  i t  p e r m i t s  d e t e r m i n a t i o n  in one 
e x p e r i m e n t  of the dependence  X(t) ove r  a wide t e m -  
p e r a t u r e  r ange .  E x p e r i e n c e  shows,  however ,  that  the  
t h e r m a l  conduc t iv i ty  of the above m a t e r i a l s  has  a 
m o r e  compIex  dependence  on the p r e s s u r e  of the f i l -  
l e r  gas  than on t e m p e r a t u r e .  I t  m a y  t h e r e f o r e  s o m e -  
t i m e s  be of g r e a t  p r a c t i c a l  i n t e r e s t  to have a method  
of r a p i d  d e t e r m i n a t i o n  of t h e r m a l  conduct iv i ty  as  a 
funct ion of p r e s s u r e  at  cons tan t  t e m p e r a t u r e .  Methods 
of th i s  type  should f ac i l i t a t e  and sho r t en  the i n v e s t i -  
ga t ion  of thermal conductivity as a function of tem- 

perature and pressure. In addition, it is considerably 
simpler to thermostat porous materials at variable 
pressure than to keep the pressure steady at variable 

temperature. 
The calorimetric equipment employed in the above 

method is shown in Fig. I, and consists of a solid 
airtight thermostatted metal shell with a metal core 

mounted concentrically inside it. The gap between 
the  two i s  un i fo rm  and is  f i l l ed  wi th  the  m a t e r i a l  to 
be t e s t ed .  At  the points  C and S the s e n s i t i v e  j unc -  
t ions  of t h e r m o c o u p l e s  a r e  i n s t a l l ed ,  the "cold"  
junc t ions  be ing  t h e r m o s t a t t e d ~  

Before  the  s t a r t  of the  e x p e r i m e n t ,  the e l e c t r i c a l  
h e a t e r  is  u sed  to ach ieve  a p r e s c r i b e d  t e m p e r a t u r e  
of the c o r e  ove r  the she l l .  The t e s t  then p r o c e e d s  
unde r  condi t ions  of  f r e e  coo l ing  of the c o r e  (with the 
h e a t e r  off) th rough  the l a y e r  of t e s t  m a t e r i a l  c o m -  
p l e t e l y  s u r r o u n d i n g  it .  The cool ing  s t age  is  a c c o m -  
panied  by a qui te  slow v a r i a t i o n  of the p r e s s u r e  of 
the g a s  f i l l ing  the  work ing  cav i ty  of the c a l o r i m e t e r .  
The p r e s s u r e  (or vacuum) i s  r e c o r d e d  cont inuous ly .  
The t h e r m a l  conduc t iv i ty  of the  m a t e r i a l  as  a func-  
t ion of p r e s s u r e  i s  compu ted  f r o m  the va lues ,  
m e a s u r e d  cont inuous ly  dur ing  the t e s t ,  of r a t e  of 
coo l ing  of the c o r e  and of i t s  e x c e s s  t e m p e r a t u r e  
r e l a t i v e  to the she l l .  The hea t  f lux is  c a l c u l a t e d  
f r o m  the known hea t  capac i ty  of the core .  A s e -  
r i e s  of t e s t s  a t  v a r i o u s  va lues  of she l l  t e m p e r a -  
tu re  a r e  made  in o r d e r  to s tudy  the complex  d e -  
pendence  X(H, t). 

The  c a l o r i m e t e r ,  which is  of op t imum des ign  in 
o r d e r  to s imp l i fy  the ca l cu l a t i ons ,  m u s t  s a t i s f y  de f i -  
n i te  condi t ions ,  

1. The t e m p e r a t u r e  f i e ld  in the c o r e  and in the 
she l l  m u s t  be  p r a c t i c a l l y  un i fo rm.  

2. The p r e s s u r e  dur ing  the t e s t  m u s t  be v a r i e d  
v e r y  s lowly  and be equa l i zed  wi thin  the  t e s t  m a t e r i a l .  

3. The t h i cknes s  of the t e s t  l a y e r  m u s t  be s m a l l  
enough to s a t i s f y  the inequa l i ty  c _< 0.1 CC, in which 
c a s e  the l a y e r  m a y  be a s s u m e d  to be p r a c t i c a l l y  
p lane  with ef fec t ive  s u r f a c e  a r e a  F = (F c + F s ) / 2 .  

4. The e x c e s s  t e m p e r a t u r e  of the c o r e  ove r  the 
she l l ,  ~c, should not exceed  2 0 - 5 0  d e g r e e s ,  in the 
t e s t ,  and t h e r e f o r e  the t h e r m o p h y s i c a l  p r o p e r t i e s  of 

t h e  t e s t  m a t e r i a l  within the t e m p e r a t u r e  d rop  tic, to 
suf f ic ien t  acet~racy (not w o r s e  than ~ 1.0%), con fo rm 
at cons tan t  p r e s s u r e  to a l i n e a r  r e l a t i o n  of the type  

= X0(l+ kx~), w h e r e  lkx~f S.0.1, 

.~ =ao(1  +kaY), where Ika @)[~0. I. 

Thus,  dur ing  the t e s t  the m e t a l  c o r e  coo l s  th rough  
a t h e r m a l l y  insu la t ing  l a y e r  of low hea t  c a p a c i t y  and 
with  t h e r m o s t a t t e d  ou te r  su r f ace .  The t e m p e r a t u r e  
f i e ld  within the l a y e r  m a y  then be c o n s i d e r e d  as  
p lane ,  o n e - d i m e n s i o n a l ,  and n e a r l y  s t eady .  The  
f o r m u l a  for  ca l cu la t ing  X(H) of the l a y e r  may  be 
ob ta ined  f r o m  the condi t ion  of hea t  t r a n s f e r  be tween  
c o r e  and l a y e r  a t  the bounda ry  with  the she l l  (x = 0): 

~s=--~cbc l+--~c~j/ ~ s '  (1) 

F o r m u l a  (1) con ta ins  p a r a m e t e r s  (~d/ax)0 and 
bv, which a r e  not m e a s u r e d  d i r e c t l y  in the t e s t .  They  
may  be r e l a t e d  with  suf f ic ien t  a c c u r a c y ,  however ,  
to the m e a s u r e d  p a r a m e t e r s  tic/5 and b c th rough  an 
a p p r o x i m a t e  a n a l y s i s  of the t e m p e r a t u r e  f i e ld  wi th in  
the t e s t  l a y e r .  

The equat ion of hea t  conduct ion of the l a y e r ,  

may be transformed, in virtue of conditions 3 and 4, 

to an approximation of the form 

0x - ~ = -  ~ ]  a- /a ,  (2) 

(omi t t ing  t e r m s  of h ighe r  o r d e r s  of s m a l l n e s s ) .  
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The terms appearing on the right of the equation 
are corrections, since, as a whole, they determine 
the curvature of the temperature field in the layer 
which is a small quantity. They may be estimated 
using the results of solving (2) in the "zero" approxi- 
mation 

02 8 o 

Ox 2 

whence, taking account of the boundary conditions 

9(0, -~) =o, 8(a, -~)=O~(,r) (3) 

we have 

( ~ 1 7 6 1 7 6  ~ )~ 08~ o x ~~]=(~/' -~(= oy" (4) 

The solution of (2) in the "first" approximation, 
taking (3) and (4) into account, gives a more accurate 

expression for the temperature field in the layer 

0 =  ~c ( 1 +  1 - 1 be ;2 ) 
y ~  -~ ~8~ -V  ~o% ' - 

1 k> x 2 + - -  - -  

2 ' 6 ao ; ' 
whence the des i red  re la t ions  for (0d/0x)0 and b v may 
be wri t ten in the form 

(0o) oc( 1 , c02) 
~x o--~-  l Z c v  kxOc 6 ao~c ' b v ~  be.(5) 

Allowance has been made in (5) for the fact that 
bv(r  ) appears  as a cor rec t ion  t e r m  in (1), and affords 
a bet ter  es t imate  than does (ad/ax)0. 

Fig. 1. Principal  fea tures  of the equipment: 1) 
core;  2) tes t  mater ia l ;  3) shelt; 4) heater;  5) 
coil; 6) fo re -vacuum pump; 7) diffusion pump; 
81 9) LT-2  thermocouple  bulbs; 10) LATR-1 
au to t ransformer ;  11) "cold N junction unit; 2) 
switch; 13) galvanometer ;  14) potent iometer .  
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After substitution of (5) into (1) and cer ta in  s im-  
plifying t ransformat ions  of the s t ruc ture  of the co r -  
rect ion t e r m s  

be5 ~ c ( 1 ) '  
~ - - - - ,  ?'o I-}- kx~c 

a0 8c Co -2- 

the finaI form of the formula  for calculating ~-is 

To ver i fy  the method experimental ly ,  and to 
fur ther  investigate the the rma l  conductivity of pow- 
ders  and fibrous ma te r i a l s  in l ow-p res su re  eonditions, 
the equipment of Fig. 1 was set  up. 

2 3 ' 6 5 

Fig. 2. Electrical circuit of vacuum-meter: 
I) M-82 millivoitmeter; 2) LT-2 thermo- 
couple bulb; 3) R-14 resistance box; 4) 

220/5.5-V transformer; 5) ST-250 stabilizer. 

Its main elements are: a) calorimeter unit; b) a vac- 
uum system with RVN-20 fore-vacuum pump and 
TsVL-100 diffusion pump; c) an electrical supply for 
the core heater with autotransformer; d) a vacuum 
measuring system with two thermoelectric sensors; 
e) a temperature measuring system, including two 
nichrome/constantan thermocouples S and C of 

diameter 0.2 ram, a type PPTN-I laboratory poten- 
tiometer with a galvanometer and a "cold" junction 
unit. 

The core and the shell of the calorimeter were 
made of brass. The thickness of the test layer was 
6 ram, the core diameter 50 ram, height 114 ram, 
and mass 1.97 kg. The heater was spiral in form, 
mounted in a porcelain tube; its heat capacity was 
about 0.1% of that of the core and was not taken into 
account in the calculations. 

The vacuum system could reach a limiting level 
of the order of i0 -I N/m 2, which was quite satisfac- 

tory for the study of powdered and fibrous materials, 
since at H < I0-I N/m 2 the conductivity h of such 

materials is independent of pressure [2-5]. The rate 
of evacuation of air from the calorimeter was con- 
trolled manually using two valves in series. 

The strong dependence of thermal conductivity of 
porous materials on pressure (or vacuum) in the 
range 104-10 -I N/m 2 necessitated continuous and 

quite accurate measurement of pressure within the 
test material during the entire test. The total range 

of pressure measurement in these tests should be 
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10s-10 -z N/m z. Industrial vacuum-meters proved 

unsuitable for this purpose, since they usually oper- 
ate in a narrow pressure range, and also either do 
not attain the required accuracy or are excessively 

slow and do not permit continuous measurement. 
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Fig. 3. Ca l ib ra t ion  curves  of the LT-2  t h e r m o -  
couple bulb (I, II, III, IV, V - p r e s s u r e  ranges  of 

f i l l e r  gas). 

For  the p r e s s u r e  m e a s u r e m e n t s ,  therefore ,  we 
const ructed  a f o r c e d - h e a t i n g  thermocouple  vacuum-  
m e t e r  (Fig. 2), the operat ing pr inc ip le  of which is 
desc r ibed  in [8]. In [8] the f i lament  of the LT-2  bulb 
was main ta ined  at a cons tant  t e m p e r a t u r e  of the o rder  
of 800 ~ C, the m e a s u r e d  p a r a m e t e r  being f i lament  
supply cur ren t .  In our  v a c u u m - m e t e r  c i rcu i t  a dif- 
fe rent  operat ing r eg ime  of the LT-2 bulb proved to 
be expedient. A stabilized voltage was supplied to the 
filament, and the pressure was measured in terms 
of filament temperature, i.e., from the readings of 
a thermocouple attached to it. This regime was sim- 
pler to accomplish, stabilization being achievable 
with any industrial voltage stabilizer. An EPP-09 
potentiometric recorder may be used for automatic 
and continuous recording of the vacuum-meter read- 

ings. 
The total range of pressure measured by the bulb 

was divided into five r anges :  106 - 2 �9 10 s N/m2; 2 �9 
�9 10 = -  2 . 1 0  zN/mz;  6 . 1 0 2 - 2 . 1 0 N / m 2 ;  3 0 -  2 N / m  2 

and 2 - 5 �9 10 -2 N/m 2. In going f rom one range  to 
another ,  "the bulb supply voltage was changed in s teps.  
The supply voltage values  and the boundar ies  between 
r anges  were  chosen exper imen ta l ly  in such a way that 
the thermocouple  bulb emf  va r i ed  in the l imi t s  10-32 
mV, cor respond ing  roughly to f i l ament  t empe r a t u r e  
va r i a t ion  f rom 250* to 500* C. The bulb should be 
ca l ib ra ted  with a r e f e r ence  v a c u u m - m e t e r .  In p a r -  
t i cu la r ,  in the p r e s s u r e  range  10 t - 2 * 101 N / m z, 
the bulb may be ca l ib ra ted  with a U-tube m e r c u r y  
manomete r ,  and in the range  2 �9 103-5 �9 10 -2 N / m  2 
with a s t andard  m e r c u r y - g l a s s  McLeod m a n o m e t e r .  
The accuracy  of ca l ib ra t ion  in  the va r ious  ranges  
var ied  f rom • to • as the p r e s s u r e  dropped, 

the e r r o r  being de te rmined  mainly  by the e r r o r  of 
the r e f e r ence  manome te r .  Cal ibra t ion  curves  of one 
of the LT-2  bulbs a re  shown in Fig. 3. Two bulbs 
were  used in the expe r imen ta l  equipment  (Fig. 1): 
one ahead of the ca lo r ime te r ,  the other  behind it, 
which afforded a m e a s u r e  of the un i formi ty  of p r e s -  
su re  d i s t r ibu t ion  within the tes t  ma te r i a l .  

The equipment  was used to m e a s u r e  the t he rma l  
conductivi ty of quar tz  sand and lead shot, and the 
expe r imen ta l  curves  a re  shown in Fig. 4. The tes t s  
were  run  at room tempera tu re ,  and the in i t ia l  excess  
t e m p e r a t u r e  of the core  was about 30 degrees .  The 
e r r o r  in the measu red  va lues  of },(I-I) was ahout•  
and the ove r -a l l  e r r o r ,  including p r e s s u r e  e s t ima -  
tion, about • 10%. 

The tes ts  showed that the the rmal  conductivi ty of 
finely d i spe r se  powdered m a t e r i a l s  in the h igh-vac-  
uum region  depends very  subs tant ia l ly  on the t ime 
spent  by the ma te r i a l  at the given p r e s s u r e ,  this 
being evidently due to the p r e sence  on the pa r t i c l e s  
of m a t e r i a l  of a ha r d - t o - e va po r a t e  fi lm of absorbed 
a i r ,  or some t i me s  oil. For  this  r eason  it is ex-  
pedient to c a r r y  out the tes ts  under  condit ions of 
smooth i nc r ea se  of p r e s s u r e  in the c a l o r i m e t e r  
with prolonged preliminary soaking at the limiting 
vacuum, it being also expedient to "anneal" the 

material. 
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Fig. 4. Dependence of effective t he r ma l  
conductivi ty of tes t  m a t e r i a l  on p r e s s u r e  
of f i l le r  gas: 1) quar tz  sand, d = 0.2 mm,  
p = 35%, ~f = 1700 kg/m3; 2) lead shot, d = 

= 1.25 mm,  p = 3 5 % ,  T = 7400 kg /m 3. 

NOTATION 

t - - t e mpe r a t u r e ;  } ,̀ a - - t h e r m a l  conductivity and d i f -  
fusivi ty of t es t  ma te r i a l ;  k}`, ka - - r e l a t ive  t empera tu re  
coefficients of }̀  and a; 5- - th ickness  of test  layer ;  x--  
var iab le  layer  coordinate  reckoned f rom shell;  6 = 
= ~(x), ,~c--excess t e mpe r a t u r e  of ma te r i a l  at sect ion 
x and of core over shell ;  b c, bv- - ra te  of cooling of 
core and of var ia t ion  of vo l ume - me a n  t empera tu re  of 
layer ;  Cc, c- - to ta l  heat  capacity of core and mate r i a l ;  
Fs,  F c - - a r e a  of working sur faces  of shell  and core; 
d - - d i a me t e r  of par t i c les  of bulk ma te r i a l ;  p - - m a t e r i a l  
porosi ty;  T--volume densi ty  of mate r ia l .  
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