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The dependence of e l ec t rophys ica l  p r o p e r t i e s  of t he rma l  insulation m a t e r i a l s  on loading is studied. 
The data obtained are  c o m p a r e d  with the r e su l t s  of t he rma l  r e s i s t a n c e  m e a s u r e m e n t s .  

One of the bas ic  h e a t - t r a n s f e r  m e c h a n i s m s  in l o w - t e m p e r a t u r e  t he rma l  insulation is  Contact t he rma l  
conductivi ty,  the role  of which i n c r e a s e s  significantly with inc rease  in ex te rna l  mechanica l  loading of the insu-  
lation. Due to the high complexi ty  of d i spe r sed  s y s t e m s ,  including t he rma l  insulation m a t e r i a l s ,  and addi- 
t ionally because  of l a rge  d e p a r t u r e s  f rom addi t iveness  which occur  in many cases  under  conditions of complex 
r a d i a t i o n -  conduction heat  t r a n s f e r ,  e s t imat ion  of the contribution of contact  conductivity to total  heat t r a n s f e r  
i s  e x t r e m e l y  difficult .  T h e r e f o r e ,  it is of g rea t  in te res t  to develop methods  for  e s t ima t ing  this component  
which do not r equ i re  p e r f o r m a n c e  of t he rmophys ica l  expe r imen t s .  

The p r e sen t  study will use a f o rm a l  analogy between e l ec t r i ca l  and t he rma l  r e s i s t ance  [1, 2] for  the p u r -  
pose  of studying the dependence of contact  t he rma l  conductivity of insulat ing m a t e r i a l s  upon mechanica l  load-  
ing. 

Measu remen t s  of the e l ec t r i c a l  r e s i s t a n c e  of spec imens  were  p e r f o r m e d  with the appara tus  shown in 
Fig .  1. The m e a s u r e m e n t  c h a m b e r  has a detachable h e r m e t i c  ease  5, in which the e lec t rode  s y s t e m  1, 2, 3 is  
mounted upon insu la tors  9. The movable  e lec t rode  1, and thus the spec imen 4, a re  loaded by the sca les  6. 
P r e s s u r e  on the spec imen  is  t r ansmi t t ed  through l e v e r  a r m  10 and coupling rod 7. The coupling rod  leaves  
t~e he rme t i c  chambe r  through the thin rubbe r  s leeve  8. The dial indicator  11 is  used to m e a s u r e  spec imen 
th ickness .  The weight of the movable  pa r t  of the appara tus  is  compensa ted  by balance weight 12. The conduc- 
t o r s  joining the e l ec t rodes  to the m e a s u r e m e n t  equipment  a re  fed through a he rme t i ca l ly  sealed connector  in 
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Fig.  1. Appara tus  for  de terminat ion  of Load dependence 
of e l ec t r i ca l  r e s i s t a n c e  and d ie lec t r ic  pe rmi t t iv i ty  of 
insulat ing m a t e r i a l s :  1, 2, 3) h igh-vol tage ,  m e a s u r e -  
ment ,  and guard e l ec t rodes ;  4) spec imen;  5) shel l ;  
6) sca le s ;  7) coupling rod;  8) he rme t i ca l ly  sea led  
s leeve ;  9) insu la tor ;  10) l e v e r  a r m ;  11) dial indi-  
ca to r ;  12) ba lance  weight;  I) dry n i t r o g e n ;  II) to 
vacuum pump. 
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the shell. The la t ter  is grounded and se rves  as a shield to avoid induction of s t ray  signals into the e lec-  
trode s. 

To eliminate the effect of mois ture  upon the resu l t s ,  the specimen was heated to a tempera ture  of 373- 
423~ placed between the e lec t rodes ,  and subjected to vacuum pumping for 3-4 h. After pumping was t e rmi -  
nated the device was filled with dry nitrogen to a tmospher ic  p r e s su re  and measurements  were made over  a 
loading range of 0-0.1 MPa. 

The measuremen t s  were made with a th ree-e lec t rode  sys tem with grounded guard electrode 3 to equalize 
the field between the high-vol tage 1 and measu remen t  2 e lec t rodes  [3]. This method determines  the volume 
res is tance  of the portion of the specimen incIuded between e lec t rodes  1 and 2. Measurements  were per formed 
with an EK6-7 t e r aohmmete r .  

With this equipment the dependence of e lec t r ica l  res i s tance  re upon mechanical  loading P at 293~ was 
studied for three types of insulating mate r i a l s :  powdered (aerogel,  perl i te powder); sheet fi lament (SBR-M 
glass  paper ,  ODP cellulose paper);  and 0pen-pore sheet polyurethane foam. These types are used in vacuum- 
powder and vacuum-mul t i l ayer  cryogenic  technology. 

Similar  functions of contact thermal  res is tance  r c over the tempera ture  interval  293-90~ were studied 
for  all ma te r ia l s .  To do this special  ca lor imet r ic  measuremen t s  were pe r fo rmed  with a plane ca lo r ime t e r  
containing an at tachment to compress  the specimen [4]. The heat flux through the specimens at boundary tem-  
pe ra tu res  of 293 and 90~ was determined f rom the quantity of oxygen evaporated f rom the main ca lo r imete r  
chamber .  The thermal  res is t iv i ty  was then determined f rom the express ion 

AT 
- - - -  f .  ref -- Q 

To find the contact component r c of the total res is t iv i ty ,  the simplifying assumption of additiveness of rad ia -  
tion and conductivity was used. F o r  paral le l  action of these mechanisms 

- - 1  - - 1  - -1  
r e = ref - -  r �9 

When the specimen is compressed  the apparent radiant res is t iv i ty  remains  pract ica l ly  unchanged. Its 
value depends on the optical cha rac te r i s t i c s  of the mater ia l  - absorption and scat ter ing coefficients,  which 
for  powdered and sheet f i lament insulation mate r ia l s  were determined by infrared spec t roscopy [5, 6]. 

In the absence of data on the absorption and sca t te r ing  coefficients of polyurethane foam, its attenuation 
coefficient was determined f rom ca lo r imet r i c  measu remen t s .  The asymmet r i c  heating method of [7] with a 
plane ca lo r ime te r  with heater  on the hot wall was used to obtain the tempera ture  dependence of the effective 
thermal  conductivity coefficient of the polyurethane specimen,  which was composed of 3-mm-thick  sheets  with 
a density of 70 k g / m  3. The r r value determined for polyurethane f rom this t empera ture  dependence compr ised  
6.9 m 2. degK/W.  

Original specimen thicknesses  for  P = 0 compr i sed  10 and 20 mm for the e lec t r ica l  and ca lo r imet r i c  
measu remen t s ,  respect ive ly .  

F o r  aerogel  and perl i te  (Fig. 2A) and polyurethane foam (Fig. 2B) the changes in re and rc  with loading 
a re  s imi la r  over  p rac t ica l ly  the ent ire  range studied. Fo r  f i lament ma te r i a l s  (Fig. 2B) the dependence is 
s imi la r  in the load range 0.03 MPa for  the glass  paper  and near  0,09 MPa for  the cellulose paper ,  the p r e -  
dominant t r a n s f e r  mechan i sm here  being thermal  conductivity. The divergence in the values obtained fo r these  
ma te r i a l s  at lower  loading m ay  be explained by inaccuracy  in determination of r c due to interaction of rad ia -  
tion and thermal  conductivity, leading to disruption of the additive principle.  

The e lec t r ica l  charac te r i s t i c  measurements  show that aerogel  and perl i te have pract ical ly  identical 
dependences of contact res i s tance  on loading. F o r  an increase  in loading to 0.1 MPa the res is tance falls by a 
fac tor  of 30. The study of sheet mate r ia l s  shows that the polyurethane foam is more  sensitive to loading, its con- 
tact  res is tance  and load dependence being close to that of the powdered mater ia l s .  The e lect r ical  res is tance  
of the papers  changes under compress ion  to a significantly lower degree.  The ODP paper  res is tance falls 

7 t imes ,  while that of the SBR paper  falls by less than a factor  of 4. This agrees  with the resul ts  of ca lor i -  
met r ic  studies [4], which demonstra ted the high effect iveness of SBR glass paper  as a gasket mater ia l  in 
mul t i l ayer -vacuum insulation. 

To verify the validity of the resu l t s  obtained, measurements  were also made of the dielectr ic  pe rmi t -  
tivity e of the insulating mate r ia l s .  An E8-3 digital capacitance me te r  was employed. Since that device 
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Fig.  2. E lec t r i ca l  c h a r a c t e r i s t i c s  (re ,  s .m2; 5/~,  m) and con-  
tact  t h e r m a l  r e s i s t a n c e  (rc ,  d e g K . m 2 / W )  for  powdered {A) and 
sheet  {B) t he rm a l  insu la tors  vs  mechanica l  loading (P, MPa): 
1) ae roge l ;  2) per l i te  powder ;  3) ODP; 4) SBR; 5) po lyure -  
thane foam;  a) r c ;  b) re ;  c) 5 /e .  

ope ra t e s  at a f requency of 1 kHz,  where  the guard e lec t rode  does not function p r o p e r l y ,  a two-e lec t rode  sys -  
t em was used,  with d i a m e t e r s  of m e a s u r e m e n t  and high-vol tage e l ec t rodes  equal to the spec imen d i ame te r .  
Because  of the s imi l a r i t y  of P o i s s o n ' s  equations for  e l ec t ro s t a t i c s  [8] and the rma l  conductivity in the s teady 
s tate  [2], the d ie lec t r ic  pe rmi t t iv i ty  is an analog of the t he rma l  conductivity coefficient .  The re fo re ,  cons ide r -  
ing that  r c may  be r e p r e s e n t e d  in the fo rm r c = 5 / ~ c ,  the e l ec t ros t a t i c  analog of r c will be the quantity 6 /e .  

As is evident  f rom Fig.  2, the load dependences of the quantit ies r e and 6 /e  are  s im i l a r .  

M e a s u r e m e n t s  of e l ec t r i c a l  r e s i s t a n c e  and capaci tance as functions of mechanica l  loading were  also 
made fo r  a number  of t h e r m a l  insulation m a t e r i a l s  in [9]. Unfortunately,  these data are  not internal ly  se l f -  
cons is tent  no r  cons is ten t  with r e su l t s  of contact  t he rma l  r e s i s t i v i t y  m e a s u r e m e n t s .  

Thus,  ana lys i s  of the data obtained p e r m i t s  the conclusion that  for  t h e r m a l  insulation m a t e r i a l s  the 
c h a r a c t e r  of the change with mechanica l  loading of e l ec t r i ca l  r e s i s t a n c e ,  the p a r a m e t e r  5 / e  at 293~ and con- 
tact  t he rma l  r e s i s t ance  in the t e m p e r a t u r e  range 293-90~ is consis tent  for  all  m a t e r i a l s  studied. This makes  
it poss ib le  to use e l e c t r o t h e r m a l  analogy to study contact  t he rma l  r e s i s t i v i t y  in d i spe r sed  s y s t e m s ,  e l iminat ing 
the ef fec t  of the radiant  component .  Moreove r ,  since in compar i son  to c a l o r i m e t r i c  techniques e l ec t r i ca l  
m e a s u r e m e n t s  a re  m o r e  rapid  and s i m p l e r ,  use of the methods cons idered  here  p e r m i t s  rapid  qualitative 
a s s e s s m e n t  of the sui tabi l i ty  of m a t e r i a l s  for  use as cryogenic  t h e r m a l  insulation f rom the viewpoint of con- 
tact  conductivity.  This will p e r m i t  reducing the number  of c a l o r i m e t r i c  expe r imen t s  needed in development  of 
new effect ive composi t ions  of these m a t e r i a l s .  

NOTATION 

r e ,  r c ,  r r ,  r e f ,  e l e c t r i c a l ,  contact ,  apparent  rad iant ,  and effect ive t he rma l  r e s i s t iv i ty ;  e, d ie lec t r ic  
pe rmi t t iv i ty ;  h c,  coeff icient  of contact  conductivity;  Q, t h e r m a l  flux through spec imen;  &T, t e m p e r a t u r e  
change a c r o s s  spec imen;  5, spec imen th ickness ;  F ,  a r e a  of bot tom sur face  of c a l o r i m e t e r  chamber .  

I .  

2. 
3. 

4. 

5. 
6 .  
7. 
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A R H E O L O G I C A L  M O D E L  OF A T H I X O T R O P I C  

V I S C O E L A S T C P L A S T I C  M E D I U M  

G. Y a .  K u n n o s ,  V .  M .  V a s i l e v s k i i ,  
a n d  V.  E .  M i r o n o v  

UDC 532.135:536.242 

A model is proposed which allows for  the difference between instantaneous and slow deformations 
during loading and unloading (of a mixture based on minera l  binding substances).  At different 
constant deformation ra tes  the model ref lects  the dependence of the relaxation phenomena on the 
velocity and descr ibes  t he  thixotropy loop. 

In our investigations of the theological  proper t ies  of f o a m - c o n c r e t e  mixtures by the creep method under 
simple shear  [1] and in the same medium (adobe) at a more  mature  age under axial compress ion  and tension 
[2], as well as under simple shear  in the presence  or  absence of normal  s t r e s s  [3-5], the difference between 
the instantaneous and slow deformations during loading and unloading was clear ly and rel iably t raced.  There-  
fore ,  we proposed a new rheological e lement ,  a ratchet  with an imperfect ion,  which can be called a genera l -  
ized St. Venant e lement  [1-5]. For  the rheological  descript ion of media possess ing  fluidity this element is 
connected to the S c h o f i e l d - S c o t t - B l a i r  model as shown in Fig.  1; the se r ies  connection of the second Newton-  
St. Venant e lement  to the indicated model provides the function ~ = f(T) with a p iecewise- l inear  cha rac te r  [1] 
by which we approximate the nonlinear fluidity curve.  

When T c < T < T d the equation of state of the model during loading, i . e . ,  when the general ized St. Venant 
e lements  do not come into play, has the form 

T ~ T  o ~ -  - -  (1) 
113 t. ., '1~ ] 

When T O < ~- < V c the second t e r m  and n2171/~73 drops  out of the left-hand side of Eq. (1). 

l 
'c 

Fig.  1. Rheological model 
of a thixotropic medium with 
a nonlinear fluidity cha rac -  
ter is t ic .  
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