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A method is d e s c r i b e d  for  the in tegra ted  de t e rmina t ion  of the the rmophys ica l  c h a r a c t e r i s t i c s  
of so l id  and g r a n u l a r  m a t e r i a l s  at  room t e m p e r a t u r e .  

We know of many methods  of de t e rmin ing  the rmophys ica l  c h a r a c t e r i s t i c s ;  these methods a s s u m e  
the use  of su r face  o r  in te rna l  sou rce s  of constant  heat .  In the p r e s e n c e  of heat  s inks ,  the final effect  r e -  
sul t ing f rom the development  of a t e m p e r a t u r e  f ie ld in this case  will  be a s teady t he r m a l  s t a t e ,  in which 
r e g i m e  the t he rma l  conduct ivi ty  is  usua l ly  d e t e r m i ne d  (the plate  and ho l low-cy l inde r  method) [1]. The 
d rawback  of this approach  l i e s  in the fact that it  does not make use of the nonsteady phase  of the t he rma l  
p r o c e s s ,  which b a s i c a l l y  enab les  us to de t e rmine  the the rmal  d i f fus ivi ty .  A g r e a t  v a r i e t y  of p r o c e d u r e s  
a r e  poss ib l e  for  ca lcu la t ing  the t he rma l  conduct ivi ty and di f fus ivi ty .  

It is the purpose  of the p r e s e n t  a r t i c l e  to d e s c r i b e  an in tegra ted  method and device for  the d e t e r -  
ruination of the t he rmophys i ca l  c h a r a c t e r i s t i c s  of sol id and g r a n u l a r  m a t e r i a l s  in the p r e s e n c e ,  r e s p e c -  
t ive ly ,  of t i m e - c o n s t a n t  heat  sou rce s  and s inks within the tes t  spec imen  and at  i ts su r f ace .  The method 
is  based  on the f a m i l i a r  solut ions  of the hea t -conduc t ion  equation for  unbounded p la t e s  and a hollow cy l inde r ,  
when these bodies  a r e  acted o n b y  a cons t an t -power  sou rce ,  and when the outside su r f aces  a r e  kept at a 
cons tan t  t e m p e r a t u r e  [2]. A n a l y s i s  of these and s i m i l a r  solut ions  d e m o n s t r a t e s  that beginning with some 
ins tant  of t ime ,  at any point on the above- ind ica t ed  m a t e r i a l s ,  the following [3, 4] equat ions will  be val id:  

In (tst - -  t 0 - -  In (tst - -  t~) In b t - -  In b 2 
m = -- (1) 

T 2 - -  T 1 T 2 - -  T t 

In e x p r e s s i o n  (1) t s t  is  the t e m p e r a t u r e  d i f ference  in the s t e a d y - s t a t e ,  and it is a function of the Kirpichev 
number ;  q and t 2 a r e  the va lues  of the t e m p e r a t u r e  d i f ference  for  the t ime ~'1 and v2, r e s pe c t i ve l y ;  b is  the 
r a t e  of t e m p e r a t u r e  change.  Since r e f e r e n c e  [5] d e s c r i b e d  a method for  the in tegra ted  de t e rmina t ion  of the 
t he rmophys i ca l  c h a r a c t e r i s t i c s  with the use of (1) for  p l a n e - p a r a l l e l  s pe c i m e ns ,  we will  dwell on the ana l -  
y s i s  of the solut ion for  a hollow cy l inde r ,  which we used in the method for  the inves t iga t ion  of 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 g r a n u l a r  m a t e r i a l s .  

Let  us examine  a hollow unbounded cy l inde r  whose inside rad ius  is r 0 and whose outside r ad ius  is  R. 
The inside su r face  of the cy l inde r  is  ac ted  on by a constant  heat  flow q and the outside sur face  is  kept at a 
cons tant  ze ro  t e m p e r a t u r e .  The in i t ia l  t e m p e r a t u r e  is  equal to ze ro :  The solut ion of the s ta ted  p r o b l e m  is 
wel l  known [2] and can be p r e s e n t e d  in the fo rm 

t(r, "~ ) tst 1 + 
roln R ~n=~ - x~ [ J~(kxn)--J2(x~)] exp(--x2Fo) , (2) 

t" 

where  
, aT . r o 

ts t __ roq'~, l n - - ' r  F o  = . . . .  R 2 , k -  R 
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Fig .  1. D i a g r a m  of the expe r imen t a l  ins ta l l a t ion  for  in tegra ted  r e s e a r c h  into t he rmophys i ea l  
c h a r a c t e r i s t i c s ,  at  room '~emperature : 1) cy l ind r i ca l  conta iner ;  2) l o w - i n e r t i a  hea t e r ;  3 ,4)  cove r s  ; 
5 ,8)  d i f fe ren t i a l  t he rmocoup les ;  6) flat  spec imen  with imbedded hea te r ;  7) cooling units;  I) cooling 
w a t e r .  

F ig .  2. Function (8) for  the point r = r 0 (curve 1) and function (9) for  the point r = R / 2  (curve 2). 

where  x n denotes  the roo ts  of the c h a r a c t e r i s t i c  equation 

Jo (x) Y l  (kx) - -  J i  (kx) Yo (x) = O. (3) 

In the expe r imen t a l  ins ta l l a t ion  which we employed,  the ra t io  of the inside rad ius  for  the hollow c y l -  
inde r  to the outside rad ius  is  equal to one fourth ~ = r 0 / R  = 0.25). F o r  this r a t io  the value of the f i r s t  
root  in (3) is x I - 2.668. 

In o r d e r  to introduce the heat ing r a t e s  in the fo rm of (1), we have to evaluate  the convergence  of 
s e r i e s  (2). The ca lcu la t ions  c a r r i e d  out for  k = 0.25 show that when Fo -> 0.05 for a point r = r 0 with a c -  
,curacy to 0.5% we can l imi t  ou r se lves  to the f i r s t  nonsteady number  of s e r i e s  (2). Consequently,  

t (r, ~) - tst = A, exp (--x~Fo).  (4) 

We can ea s i l y  find the formula  for  the de te rmina t ion  of the the rmal  diffusivi ty  f rom (4): 

R ~ 
a = ~ i  m. (5) 

R e g a r d l e s s  of the method used to de t e rmine  m (see (1)) by expe r imen ta t ion ,  we must  know the nature  of 
the change in the t e m p e r a t u r e  d i f ference  between any two points  of the spec imen .  

The expe r imen t a l  scheme by which it is poss ib le  to achieve in tegra ted  de te rmina t ion  of the t h e r m o -  
phys i ca l  c h a r a c t e r i s t i c s  of so l id  and g ranu la r  m a t e r i a l s  is  shown in F ig .  1. In studying sol id  m a t e r i a l s  we 
p lace  spec imen  6 together  with the hea te r  into the space between "cooling un i t s"  7 through which we pas s  
w a t e r  I at  a cons tant  t e m p e r a t u r e ,  and this wa te r  is c o m p r e s s e d  by the s ides  of the cooling unit.  Since the 
e x p e r i m e n t a l  method has been d e s c r i b e d  e a r l i e r  in [5], we wil l  dwell in g r e a t e r  de ta i l  on the d e s c r i p t i o n  
of the " c a l o r i m e t e r "  for  the tes t ing of the g r a n u l a r  m a t e r i a l s .  

The g r a n u l a r  m a t e r i a l s  a r e  studied in cy l inde r  1 whose outside sur face  is  f lushed by wa te r  I at con-  
s tant  t e m p e r a t u r e .  L o w - i n e r t i a  h e a t e r  2, made of a manganin wire  0.2 mm in d i a m e t e r ,  i s  pos i t ioned on the 
ax i s  of the cy l i nde r .  A th ick -wa l l ed  copper  tube s e r v e s  as  the f r ame  of the h e a t e r .  

The hea t e r  is  held in p lace  by means  of bottom and top cove r s  3 and 4. The junct ions of the d i f fe ren t ia l  
C h r o m e l - A l u m e l  thermocouple  5 a re  mounted at the hea t e r  sur face  and on the inside sur face  of the c y l -  
i nde r ,  i . e . ,  at  the point  r = r0 and r = R. 

The expe r imen t  was c a r r i e d  out in the following sequence.  Having removed  the upper  cove r ,  we 
f i l led  the cavi ty  between the outside sur face  of the h e a t e r  and the inside sur face  of the cy l inde r  with the 
m a t e r i a l  being t es ted .  The sur face  of the cy l inde r  was cooled with running wa te r  to leve l  off the t e m p e r a -  
ture  throughout the volume of the m a t e r i a l .  A cons tan t -power  source  (heater  2) was then switched on. The 
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change in the temperature difference is recorded on the graph-paper strip of an automatic N 373-1 photo- 

electric recorder Whose lower voltage limit is 0.5 inV. The steady-state regime sets in at Fo -> 1.0. Know- 

ing the t e m p e r a t u r e  at  any in s t an t  of t ime  and in the  s t e a d y  s t a t e ,  we can  p lo t  the funct ion  In (tst  - t) = f ( r ) .  
In g r a p h i c  f o r m ,  th is  func t ion  is a s t r a i g h t  l ine  whose  s lope  is g iven  by the t h e r m a l  d i f fu s iv i t y  (see [1, 5]). 
The  t h e r m a l  d i f fu s iv i ty  can  be c a l c u l a t e d  d i r e c t l y  f r o m  f o r m u l a  (5), e l i m i n a t i n g  the need  fo r  the p lo t t i ng  of 
the c u r v e .  The r e c k o n i n g  in th is  e a s e  m u s t  p r o c e e d  f r o m  t -> t s t / 2 ,  wh ich  c o r r e s p o n d s  to Fo ->- 0.05 (the 
r e g u l a r  r e g i m e ) .  

Knowing the hea t  f low and the t e m p e r a t u r e  d i f f e r e n c e  in t h e  s t e a d y  s t a t e ,  we can  find the t h e r m a l  c o n -  
d u c t i v i t y  

X = roq_ In ~ (6) 
Atst ro 

The s p e c i f i c  hea t  c a p a c i t y  is  found f r o m  the f a m i l i a r  r e l a t i o n s h i p  

c = - - .  (7) 
a? 

Le t  us dwe l l  b r i e f l y  on o t h e r  m e t h o d s  of c a l c u l a t i n g  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 .  It fo l lows  f r o m  
r e l a t i o n s h i p  (2) that  

t (r, ,) f (Fo), (8) 
t s t ( r  , oo) 

w h e r e  

tst(r  , o o ) =  r~ l n ~  R .  
r 

F u n c t i o n  (8), c a l c u l a t e d  fo r  the poin t  r = r 0, is  shown in F ig .  2 (curve  1). Hav ing  e x p e r i m e n t a l l y  d e t e r m i n e d  
the r a t i o  in (8), we can find t h e ' F o  n u m b e r  and ,  c o n s e q u e n t l y ,  we can  f ind the t h e r m a l  d i f f u s i v i t y .  The t h e r -  
m a l  conduc t i v i t y  and hea t  c a p a c i t y  in this  c a s e  a r e  a l s o  d e t e r m i n e d  f r o m  (6) and (7). An  ana logous  m e t h o d  
of  c a l c u l a t i o n  was  e m p l o y e d  in s tudy ing  m a t e r i a l s  in the f o r m  of p l a t e s  [6]. 

Solut ion (2) m a k e s  i t  p o s s i b l e  to a c h i e v e  p u r e l y  n o n s t e a d y  v a r i a n t s  of i n v e s t i g a t i o n .  One of these  i n -  
v o l v e s  the d e t e r m i n a t i o n  of the func t ion  l n b  = f(r)  Ca s t r a i g h t  l i ne ) .  H o w e v e r ,  the d e t e r m i n a t i o n  of lnb  i n -  
v o l v e s  s u b s t a n t i a l  e r r o r s .  

The  e s s e n c e  of the s e c o n d  v a r i a n t  i nvo lves  the fo l lowing .  F r o m  (2) we have the r a t i o  of t e m p e r a t u r e s  
a t  any  two po in t s  a t  the i d e n t i c a l  i n s t a n t s  of t i m e ,  aga in  a funct ion  of the Fo n u m b e r ,  i . e . ,  

t (q, ~) = ~ (Fo). (9) 
t (% ,) 

In F i g .  2 (curve  2) func t ion  (9) has  been  p lo t t ed  fo r  the po in t  r = r 0 and r = R / 2 .  If we know the e x -  
p e r i m e n t a l  va lue  of (9) and use the c u r v e  of (2) we can  find the Fo n u m b e r ,  and t h e n  we find the t h e r m a l  
d i f f u s i v i t y .  Since  the va lue  of  f (Fo)  fo r  the po in t  r = r0 is  known (curve  1), the t h e r m a l  conduc t iv i t y  can  be 
found d i r e c t l y  f r o m  (2). 

The  s h o r t e n i n g  of a l l  t h e s e  c a l c u l a t i o n  m e t h o d s ,  inc lud ing  the one which  we have p r o p o s e d ,  l i e s  in the 
f ac t  tha t  the t a b u l a r  o r  g r a p h  m a t e r i a l  i s  d e r i v e d  fo r  f ixed  po in t s  on the a s s u m p t i o n  of  a u n i f o r m  in i t i a l  
t e m p e r a t u r e  d i s t r i b u t i o n .  T h i s  l a t t e r  c i r c u m s t a n c e  r e q u i r e s  that  these  cond i t i ons  be m a i n t a i n e d  d u r i n g  
the e x p e r i m e n t .  

The m e t h o d s  and i n s t a l l a t i o n  fo r  the i n t e g r a t e d  s tudy  of the t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  of so l i d s  
and g r a n u l a r  m a t e r i a l s  a t  r o o m  t e m p e r a t u r e ,  a s  d e s c r i b e d  h e r e ,  a r  e unique in t h e i r  s i m p l i c i t y  and r e l i -  
a b i l i t y .  Be fo re  e x a m i n i n g  the e r r o r s  in the e x p e r i m e n t ,  we wi l l  o f fe r  c e r t a i n  d a t a .  In our  i n s t a l l a t i o n  r 0 
= 5.7 r a m ,  h = 138 m m  (hea te r  he igh t ) ,  R = 22.8 m m ,  the t e m p e r a t u r e  of the runn ing  w a t e r  is  12~ and the 
t e m p e r a t u r e  d i f f e r e n c e  r e c o r d e d  by the d i f f e r e n t i a l  t h e r m o c o u p l e  i s  8-12~ The "cool ing  u n i t s "  in which  
the s o l i d  m a t e r i a l s  a r e  t e s t e d  a r e  d e s i g n e d  to u se  p l a n e - p a r a l l e l  c i r c u l a r  o r  s q u a r e  p l a t e s  up to 70 m m  in 
d i a m e t e r .  Since  a l l  of the t h e o r e t i c a l  r e l a t i o n s h i p s  a r e  d e r i v e d  f r o m  o n e - d i m e n s i o n a l  s o l u t i o n s ,  the s e l e c -  
t ion of  the o p t i m u m  r e l a t i o n s h i p s  be tween  the l i n e a r  s p e c i m e n  d i m e n s i o n s  is  b a s e d  on the so lu t i on  and a n a l -  
y s i s  of c o r r e s p o n d i n g  t w o - d i m e n s i o n a l  p r o b l e m s  (see ,  for  e x a m p l e ,  [7]). F o r  f l a t  s p e c i m e n s  the r a t i o  of the 
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overal l  height to the d iameter  of the specimen must be equal to or less than one third. For  a cylinder this 
rat io must  be on the o rde r  of 3. With such relationships and given the t ransfer  of heat f rom the ends of the 
specimens to the ambient medium under conditions of free convection at room temperature  the one-dimen-  
sionality in the center  port ions of the specimen housing the sensors  remains  vir tually inviolate. (This is 
confirmed as well by the work done by other  authors [8] .) These conclusions are  valid for slight t empera -  
ture differences,  which was prec ise ly  what we found in our experiments  (the heater  actually "functioned" 
at room temperature) .  As regards  the thermal  res i s tances ,  it is ex t remely  difficult to speak of their effect 
when studying granular  mater ia l .  In testing solids we implemented measures  to reduce the thermal  r e -  
s is tance by careful ly treating the rubbing surfaces with lubricants and by compress ing  the specimen.  The 
experiment  showed that in testing heat insulators (k < 1 W / m  .deg) the effect of the thermal  res is tance  on 
the accuracy  with which the thermophysical  charac te r i s t i cs  are determined under these conditions is in-  
significant (less than 1%). Thus it is assumed that there is no e r r o r  result ing from the fact that there is a 
difference between the actual conditions of the experiment and those theoret ical ly postulated (the unbounded- 
ness  of the specimen, ideal thermal  contact). As regards  the relative instrumentation e r r o r ,  its value is a 
function of the accuracy  with which we have measured  the quantities contained in the theoretical  formulas .  
In the exper iments  which we ca r r i ed  out for a large variety of granular  and solid mater ia ls  (quartz sand, 
common salt,  c i t r ic  acid, polymethyl methacryla te ,  polytetrafluoroethylene,  etc.) the instrumentation e r r o r  
was on the o rder  of 5-7%, while the divergence f rom data of other authors did not exceed 10%. 
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