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The  p r o c e s s  of hea t  t r a n s f e r  in C a l v e t - t y p e  conduc t ive  m i c r o e a l o r i m e t e r  has  been  a n a l y s e d .  
The  m e t h o d  of r e c o n s t r u c t i n g  the  t r u e  c u r v e  of hea t  l i b e r a t i o n  f r o m  the s h a p e  of the  t h e r m o -  

g r a m s  has  been  p r e s e n t e d .  

The  conduc t ive  m i c r o c a l o r i m e t e r s  of T i e n - - C a l v e t  t ype  c o n s t i t u t e  the  p r i m a r y  t ype  of i n s t r u m e n t s  
tha t  can p r e c i s e l y  m e a s u r e  the  m i l d  hea t  f lows and s tudy  the  k i n e t i c s  of long p r o c e s s e s  a c c o m p a n i e d  with  
m i c r o - g e n e r a t i o n  of hea t .  Due to  the  r e m a r k a b l e  p r o p e r t i e s  of t h e s e  d e v i c e s ,  p a r t i c u l a r l y  s e n s i t i v i t y  up 
to  0.1 pW and high r e l i a b i l i t y ,  they  a r e  f inding w i d e r  and w i d e r  a p p l i c a t i o n  in p h y s i c a l ,  c h e m i c a l ,  and 
b i o l o g i c a l  s t u d i e s  [1], m e t r o l o g y ,  and m e a s u r e m e n t  t e c hn ique s  [2, 3]. 

The  p r o b l e m s  of hea t  t r a n s f e r  in conduc t ive  m i e r o c a l o r i m e t e r s  have  been  d e a l t  with in [4-8].  The  
m o s t  c o m p r e h e n s i v e  s tudy  of hea t  t r a n s f e r  in C a l v e t - t y p e  m i c r o e a l o r i m e t e r s  has  been  conduc ted  in [8]. 
The  a u t h o r  has  e x a m i n e d  the  t h e r m a l  p r o c e s s e s  in s i m p l i f i e d  m o d e l s  r e p r e s e n t i n g  a c o m b i n a t i o n  of m i c r o -  
c a l o r i m e t r i c  t h e r m o c o u p l e  e l e m e n t s .  In a c c o r d a n c e  with the  m o d e l  the  t h e r m o e o u p l e  e l e m e n t  is  c o n s i d e r e d  
as  a t h e r m a l  b r i d g e  tha t  jo in  n e a r l y  i s o t h e r m a l  j a c k e t s  of a c a l o r i m e t e r .  Such a c o n s i d e r a t i o n  l e a d s  to 
o n e - d i m e n s i o n a l  equa t ion  of t h e r m a l  conduc t iv i ty  fo r  a l i m i t e d  thin  rod  with hea t  exchange  at  the  l a t e r a l  
s u r f a c e .  An a n a l y s i s  of the  so lu t i on  of a s y s t e m  of equa t ions  fo r  a c t i v e  and p a s s i v e  t h e r m a l  t i e - p l a t e s  
c o n f i r m e d  the  b a s i c  c o n s i d e r a t i o n s  r e g a r d i n g  the  cho i ce  of o p t i m u m  c o n s t r u c t i o n  of the  t h e r m o p i l e  d e -  
s c r i b e d  in [1] and gave  a s e r i e s  of p r a c t i c a l  r e c o m m e n d a t i o n s  fo r  r e c o n s t r u c t i n g  the t r u e  hea t  g e n e r a t i o n  
c u r v e s  on the  b a s i s  of t h e r m o g r a m s .  

H o w e v e r ,  the  above  s c h e m e  does  not t ake  into accoun t  the  i n h o m o g e n e i t y  of the  h e a t - c o n d u c t i n g  s y s -  
t e m ,  the  con tac t  hea t  r e s i s t a n c e s  at  the  t h e r m o c o u p l e  j unc t ions ,  and the  i n t r i n s i c  convec t ion  be tw e en  the  
m i c r o c a l o r i m e t e r  i a c k e t s .  

An a t t e m p t  has  been  m a d e  by us to s tudy  the  t h e r m a l  p r o c e s s e s  in a m o d e l  which is c l o s e r  to the  
a c t u a l  c o n s t r u c t i o n  of a t h e r m o c o u p l e  e l e m e n t  than  the  m o d e l  s u g g e s t e d  by Ca lve t .  In the  p r o p o s e d  m o d e l  
the  con t ac t  hea t  r e s i s t a n c e s  tha t  a r e  u n a v o i d a b l e  in ac tua [  c o n s t r u c t i o n  have  been  t aken  into accoun t .  The  
c o n v e c t i v e  hea t  exchange  be tween  the  p a r t s  of a m i c r o c a l o r i m e t e r  has  a l s o  been  c o n s i d e r e d  (Fig .  1). The  
m o d e l  t a k e s  into accoun t  the  hea t  t r a n s f e r  a long  m e t a l l i c  p a r t s  of the  t h e r m o e o u p l e  e l e m e n t ,  hea t  r e s i s -  
t a n c e s  at  the  iunc t ion  of a t h e r m o c o u p l e  e l e m e n t  wi th  the  t h e r m o s t a t i c  b lock  of the  m i c r o e a l o r i m e t e r  and 
i t s  c h a m b e r .  The  h e a t - c o n d u c t i n g  s y s t e m  of the  c o n s t r u c t i o n  c o n s i s t i n g  of a s i l v e r  p l a t e ,  i nne r  junc t ion ,  
t h e r m o c o u p l e  e l e c t r o d e ,  e x t e r n a l  junc t ion  and a s i l v e r  p l a t e  is  c o n s i d e r e d  as  a s i n g l e  conduc to r  2 in F ig .  1. 

The  hea t  t r a n s f e r  a t  the  s u r f a c e  of the  t h e r m a l  e l e c t r o d e s  and a long  the  s i l v e r  p l a t e s  (F ig .  2) a t -  
t a c h e d  to  the  e x t e r n a l  s u r f a c e  of the  c o p p e r  c y l i n d e r  t a k e s  i ts  own c o u r s e .  On the  w i r e  s u r f a c e  a p e l l i c u -  
l a r  s t a t e  of hea t  t r a n s f e r  is  o b s e r v e d ,  in which  the  R a y l e i g h  c r i t e r i o n  l~a has  a va lue  of 0.1 to 0.3 when Ra 
= (Gr - P r )  < 1, Nu = 0.5 and a = 0 .5(k /d)  [11, 12, 13], w h e r e  Nu is the  N u s s e l t  c r i t e r i o n ,  c~ is  the  hea t  t r a n s f e r  
coe f f i c i en t ,  k i s  the  coe f f i c i en t  of t h e r m a l  conduc t iv i ty ,  and d is  the  d i a m e t e r .  

When  t h e r e  is m o v e m e n t  of a i r  a long  the  i n n e r  s i l v e r  p l a t e s ,  a l a m i n a r  f low t a k e s  p l a c e s  wi th  G r B  
" P r B  < 109. The  hea t  t r a n s f e r  coe f f i c i en t  d e c r e a s e s  wi th  he igh t  in p r o p o r t i o n  to x-  0. 25, w h e r e  x is  the  
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Fig .  1. Model  fo r  c a l c u l a t i o n .  

he igh t  [14]. The  m a x i m u m  va lue  of hea t  t r a n s f e r  coe f f i c i en t  
c o r r e s p o n d s  to ~ = 0 .5(k /d)  a s  in  the  c a s e  of a t h e r m o c o u p l e  
e l e c t r o d e .  When the  he igh t  of the  c y l i n d e r  is  8 c m  the  coe f f i -  
c i en t  fo r  the  u p p e r  s i l v e r  p l a t e  is  a p p r o x i m a t e l y  ha l f  a s  much  
as  for  the  l o w e r  one.  The  hea t  t r a n s f e r  f r o m  the  s u r f a c e  of 
the  m i c r o c a l o r i m e t e r  e l e m e n t s  has  b e e n  t aken  c a r e  of by  
m e a n s  of i n t r o d u c i n g  a coe f f i c i en t  H of h e a t  t r a n s f e r  in the  
equa t ion .  The  a n a l y s i s  and  e v a u l a t i o n s  show tha t ,  wi thout  d i -  
m i n i s h i n g  the  g e n e r a l i t y  of the  p r o b l e m ,  the  quan t i t y  H can  be  

c o n s i d e r e d  as  cons t an t  and not  dependen t  on t e m p e r a t u r e .  The  equa t ion  of t h e r m a l  c onduc t i v i t y  and the  
b o u n d a r y  cond i t ions  in the  p r e s e n t  c a s e  have  the  f o r m  

c3T~ 02T~ 
. . . . .  • . . . .  viTi, (1) 

Ot Ox 2 

H e r e  i = 1, 2, and  3 fo r  the  t h r e e  f i e lds  shown in F ig .  1 

T, (a, t) - -  rz  (O, t) = 0 (l), 

OT a I 
s~k3 ~ . . . .  = ~ (0, 

T 1 (a, t ) =  To(a, t), T z(b, t ) =  Ta(b, t), Ta(0, l ) =  0, (2) 

OTl l ~xxOT~ ,=a 
s,k, - g x  ix=o: s2k2 , 

&k OT~ox .I*=b = S~k3 -~xOTa ,=b ' 

w h e r e  T i is  the  d i f f e r e n c e  of t e m p e r a t u r e s  at  the  poin t  wi th  c o o r d i n a t e  x and in the  t h e r m o s t a t i c  b lock ,  t 
i s  the  t i m e ,  W(t) is  the  c a p a c i t y  of hea t  l i b e r a t i o n  in the  m i e r o c a l o r i m e t e r  c h a m b e r ,  0(t) is  the  d i f f e r e n c e  
of t e m p e r a t u r e s  a t  the  po in t s  x = a and x = b, n l ,  n 3, and ~t2 a r e  t he  t h e r m a l  e o n d u c t i v i t t e s  of the  i n s u l a -  
t ing  and t h e r m o e o u p l e  m a t e r i a l s  r e s p e c t i v e l y .  By W(t) one u n d e r s t a n d s  the  hea t  f low tha t  r e a c h e s  the  
inlaer j a c k e t  of a m i c r o c a l o r i m e t e r  (i. e . ,  the  s u r f a c e  of the  m i c r o c a l o r i m e t e r  c h a m b e r  5 in F ig .  2). T h e  
con ten t s  of the  m i c r o c a l o r i m e t e r  c h a m b e r  can  be  e x t r e m e l y  d i f f e r e n t .  Hea t  c a p a c i t y  of the  c h a m b e r  con-  
t en t s  is  of ten v a r i a b l e  due  to  the  o c c u r r e n c e  of p h a s e  t r a n s f o r m t i o n s .  A dd i t i ona l  i n v e s t i g a t i o n  of the  e f fec t  
of hea t  c a p a c i t y  of the  c h a m b e r  con ten t s  on W(t) o f f e r s  the  p o s s i b i l i t y  of s tudy ing  the  d y n a m i c s  of hea t  l i b -  
e r a t i o n  i n s ide  the  c h a m b e r .  

In the  p r e s e n t  s t u d y  the  ob j ec t  fo r  m i c r o c a l o r i m e t r i c  m e a s u r e m e n t  a long  with i ts  hea t  c a p a c i t y  has  
not  been  def ined  c o n c r e t e l y .  F u r t h e r  the  i n s u l a t i n g  m a t e r i a l  in the  f i e ld s  1 and 3 (Fig .  1) wi l l  be con-  
s i d e r e d  as  one and the  s a m e .  The  quan t i ty  K 1 = K 3 and K2, which  deno te  the  t h e r m a l  c o n d u c t i v i t i e s  of in-  
s u l a t i o n  and t h e r m o c o u p l e .  The  quan t i t y  S 1 = S 3 and $2, which  deno te  the  c r o s s  s e c t i o n a l  a r e a s  of the  in-  
s u l a t i o n  s t a c k  and t h e r m o c o u p l e :  

Hf/~ % - -  
ciPiSi 

w h e r e  11 i a r e  the  p e r i m e t e r s  of the  c r o s s - s e c t i o n ,  c i a r e  the  s p e c i f i c  hea t  c a p a c i t i e s ,  and oi a r e  the  d e n -  
s i t i e s  of the  s u b s t a n c e  of r e s p e c t i v e  f i e l d s .  The  i n i t i a l  t e m p e r a t u r e  d i f f e r e n c e  in the  s y s t e m  is a s s u m e d  
to be equa l  to z e r o .  I n t e g r a t i o n  of (1) and (2), a f t e r  L a p l a c e ' s  t r a n s f o r m a t i o n s ,  l e a d s  to  the  so lu t i on  of 
the  s y s t e m  of c o m m o n  d i f f e r e n t i a l  equa t ions  of the  fo l lowing  f o r m  

d@ i (x, p) (vi -i- P) 7'i (x, p) --: O, (3) x i dx2 

w h e r e  the  c o r r e s p o n d i n g  L a p l a c e  f o r m s  have  been  de no t e d  by a b a r  o v e r  the  v a r i a b l e s .  The  so lu t i on  of 
Eqs .  (3) wi th  r e s p e c t  to  the  f o r m  of hea t  l i b e r a t i o n  funct ion W(p) u n d e r  t he  g iven  b o u n d a r y  cond i t ions  is  
g iven  by 

W' (p) = if(P) 

sh (a~h)[1 - -  ch (l~h)] + ? [xl ch (a~q) sh (l~t2) 

ISlkxlal ch (I~%) [sh 2 (abq) -i- ch 'z (alx01 -}- X 
t 
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Fig.  2. T h e r m o p i l e  of the m i e r o c a l o r i m e t e r :  1) coppe r  block;  2) cop-  
p e r  lense ;  3) c o r r e c t i n g  s t ee l  l ense ;  4) coppe r  cas ing;  5) m i c r o c a l o r i -  
m e t r i c  c h a m b e r ;  6) t h e r m o p i l e  e l e c t r o d e s ;  7) f ixing r ing;  8) glue,  in-  
s u l a t o r ,  s i l v e r  p la te ,  glue,  i n su la to r ,  and inner  junction; 9 ) g l u e ,  in-  
su l a to r ,  s i l v e r  p la te ,  and ex t e rna l  junction; 10) h e a t - c o n d u c t i v e  g r e a s e .  

Fig.  3. C o m p a r i s o n  of the t r u e  and compu ted  hea t  l i be r a t i on  c u r v e s .  
The  cont inuous l ine r e p r e s e n t s  the t r u e  c u r v e  and the  dots r e p r e s e n t  the 
compu ted  va lues .  (W in #W and t in minu te s ) .  

where 

S , 2 k  2 ; ~tli : : :  P -  v i 

By i n v e r s e  L a p l a e e ' s  t r a n s f o r m a t i o n  we obtain  

W(t) : :  2 1 2 S , I q %  cos(2a%)cos(lS,~) __ 
~=~ , ~ (%) 

' 2 

-7o- - -  S.,k.,6,~ sin (2aa,,) sin (16,,) 
67, - "  } .  

- -  ; (%) 

1 

�9 exp {-- (v~-j-- • t} .f 0 ('c) exp ( h - !  • "~dr, 
0 

~(%) = sin(16,,) cos(at%) Xl l s i n ( a % ) -  

• - • 62 sin (t6,~) + ct [1 - -  cos (16n) ] ; 
n 

where 

~,, sin (16,,) 
1 - -  cos (16,,) 

Here a n are the roots of the transcendental equation 

C~ tg (a%) -- 

(4) 
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The obtained solution contains infinite sum of exponents and, at f i rs t  glance, agrees  with the resul ts  
of Laville [4]. However, after  interpolating the function 0(t) by Lagrange ' s  polynomial in an a rb i t r a ry  sec-  
tion and then integrating the expression (4) t e rm-wi se  it is not difficult to make sure  of the r eve r se .  The 
reason  for this d isagreement  should be found in the fact that in the formula (7) in [4] the t ime dependence 
was ignored for the quantities 

I 

g~ = A~ (p)(~,, + p) ~ g~ (p). 

The mic roca lo r ime te r  under considerat ion is a sensit ive isothermal  instrument.  In measur ing 
thermal  values of less than 1 ttW the tempera ture  fluctuation does not exceed 0.1~ Therefore,  the 
the rmoelec t r i c  pa ramete r s  of the mater ia l  of thermocouples  can be considered as invariable with t ime. 
With such assumptions the thermocouple  emf E is determined by the express ion 

E = ~ o (t) ~ .... (5) 
m = l  

where A a m  is the differential t h e r m o - e m f  of m- th  thermocouple and s is the number of thermocouples .  

The expression (4) permits  the analysis of a basic problem of mic roca lo r ime t r i c  measurements ,  i .e . ,  
the reconst ruct ion of the true form of heat l iberation curve from the recorded  the rmograms .  

Such an analysis was car r ied  out by Calvet, Calvet and Camia (graphical method) [1, 6] and Laville 
[4, 5]. However, by using the f i rs t  method in a number of cases sufficient accuracy  (5%) could not be 
achieved by us. This method does not enable one to c a r r y  out a general  analysis of the degree of dis-  
agreement  between the true curve of heat l iberation and the recorded  the rmogram.  The process ing  of 
one recorded curve by the graphical  method usually takes comparat ively  longer t ime (7 to 8 h). It has 
been a l ready mentioned that the second method does not have entirely co r r ec t  mathematical  calculations, 
as a resul t  of which cer tain resul ts  in [4] could not be accepted to have been sufficiently general ised.  

From the Eqs. (4) and (5) it fool0ws that the scale factor  ~ determined by the rat io ~ = W(t)/E(t) is 
the functional of 0(t) and is a function of the pa rame te r s  of the mic roca lo r ime te r  chamber 

oo  ," 

n = l  

where An are  the coefficients depending on the pa ramete r s  of the mic roca to r ime te r  chamber.  During the 
experiments on the basis of the relat ion ~ (t) for a number of standard 0 (t) (rectangular pulse and l inear 
dependence) the coefficient An have been determined with an accuracy  of 0.15%. 

The formula (6) makes it possible to determine the true curve of heat l iberation on the basis of 
mic roca lo r ime t r i c  experiments by means of integration which can be easily car r ied  out with the help of 
calculating machines.  The analysis  of the expression (6) also shows that the main causes of t ime depen- 
dence of the scale  factor  are  the heat exchange from the thermocouple surface,  heat capacity of the mic ro -  
ca lor imeter  elements,  and d iss imi lar i ly  of the thermopile  components.  

The experimental  varif icat ion of the obtained theoret ical  relat ions and the analysis of the basis of 
the given model were car r ied  out in the Calvet-type mic roca lo r ime te r  constructed by us with cones equa- 
lizing the heat flows [1]. The mic roca lo r ime te r  (Fig. 2) enclosed in a multi jacket thermostat ,  was placed 
in a special  thermosta t  of large volume. This a r rangement  is, in fact, s imi lar  to setting a mic roca lo r i -  
me te r  in a place with rigid conditioning but it is more  compact.  For a volume of 1.6 m a the tempera ture  
is maintained in the interval of 15 ~ to 40~ with an accuracy  of up to 0.001~ Therefore,  the tempera ture  
requirements  of the laboratory where the big thermosta t  is located are  not so rigid as in the set-up of 
CaIvet. Simple conditioning and an a i r -mixing  sys tem of cer tain planning than ensures  the stability of 

ir t empera ture  in the labora tory  within 0.1~ were sufficient for us. 

The mic roca lo r ime te r  consisted of two' copper constantan thermopiles  with 95 thermocouples in each 
pile connected in a different ial  circuit .  The division of the thermopiles  into large and small  was the same 
as in the Calvet 's  s y s t e m .  

Mica [1], f luoroplastic [9], and lavsan [10] were used as e lectr ical  insulators of thermocouple junc- 
tions. The thermal  conductivity of the transi t ion layer  g lue- insula tor-glue  was studied in a specially pre-  
pared set -up for different types of glue and insulating mate r ia l s .  The maximum value of thermal  conduc- 
tivity was obtained with a t r iaceta te  film and a special  synthetic glue. The assembled thermoptle  had high 
strength,  rel iable e lectr ic  insulation, and minimum thermal  res i s tance  of the t ransi t ion layer  between the 
copper cylinder and s i lver  plate. In assembling the external junctions the same mater ia ls  were used. 
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The thermopiles were located in two holes in the central copper block which is fixed between the 
thermally correcting lenses and cones that equalize the heat flows [i]. The central block and the cones 

are made of electro-technical copper and the lenses are made of steel KhlSN9T. The adjacent surfaces 

were polished to mateh each other and were lubricated with a fine layer of grease with high thermal con- 
ductivity of the transition layer. The selection of grease that would ensure minimum thermal resistance 

of the transition layer between the two metal surfaces was done with the help of a special set-up made for 
this purpose. Loading of samples, introduction of standard heaters and thermometers, and pouring of oii 
in the vessels were carried out through holes in the cones, lenses, covers, and jackets with the help of 
polyethylene tubes joining a laboratory area with the microcalorimeter. During measurements these holes 
and eonneeting tubes were sealed with multilayer porolon stoppers which were put in and taken out with the 
help of special devices. 

The'above mentioned relations among the heat transfer coefficients and other experimentally deter- 
mined thermal parameters of the mierocalorimeter were used to compute the heat liberation curve by 
means of Eq. (6). The mierocalorimeter was calibrated in the same way as in [i] with the help of a stan- 
dard axial heater. The amount of liberation of Joule's heat in the mierocalorimeter chamber was deter- 

mined with an accuracy of 0.03% potentiometrically by measuring the current and voltage of the heater. 

The comparisin of the calculated and true heat liberation curves is given in Fig. 3. The agreement 
between the curves is good with an accuracy that lies in the range of the experimental precision. In [i, 4, 
5, and 6] a very high accuracy has been claimed in matching the true and computed curves. The achieve- 
ment of this accuracy depends on the assumption that all the mathematical calculations are correct. This 
is not wholly true. The accuracy of 1.0 to 0.1% shown in [I, 6] is doubtful. According to our experiments 
and evaluations the methods employed in the above studies give an accuraey that is five times lower. 

The proposed method of processing the results of a mierocalorimetrie experiment provides a suffi- 
cient accuracy of 2%. The processing of results of one experiment in accordance with the proposed method 
does not require more than 2 h, when the ealeulations are made with the help of a calculating machine of 

I 

the type BESM-4. 
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