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A method is proposed he re  for  measu r ing  the thermoact iv i ty  of d ie lec t r ic  liquids and solu-  
tions. Exper imenta l  r e su l t s  a r e  shown which have been obtained by the rmoac t iv i ty  m e a -  
su remen t s  during the mixing of two die lec t r ic  liquids. The possibi l i t ies  of using this me th -  
od for  a range  of applicat ions a r e  discussed.  

Measur ing  the the rmoac t iv i ty  of d ie lec t r ic  liquids (~ = @ )  is undoubtedly of g rea t  in te res t  to c h e m -  
ical  engineering and re la ted  r e sea rch .  Such m e a s u r e m e n t s  indicate the concentrat ion of d ie lec t r ic  b inary  
solutions, and they provide informat ion about the kinet ics  of the reac t ions  which a r e  taking place .  These  
m e a s u r e m e n t s  can a lso  be useful for  studying the kinet ics  of po lymer  t r ans fo rmat ions .  

The gist  of the method is as follows. I m m e r s e d  in a d ie lec t r ic  is a th in-f i lm t ransducing device in 
the f o r m  of a meta l  f i lm (~0.1 p thick) deposited on a d ie lec t r ic  subs t ra te  plate on which a constant heat 
flux (q = const) will appear  when a squa re -wave  e lec t r ic  cur ren t  pulse is t ransmi t ted .  The design and 
the technology of such t r ansduce r s  a r e  d iscussed  in [1]. At a pulse width of 100 psec  < T < 1000 psec  it is 
pe rmi s s ib l e  to d i s rega rd  the t he rm a l  capaci ty  of the meta l  f i lm and to consider  the p r o b l e m a s  one of a 
homogeneous medium. The solution to the heat conduction equation [3] for  x = 0, where  the meta l  f i lm is 
located, will be 

t = 2qv' T 
�9 (es + %) 1/, ~-, (1) 

with T being the t ime  of the rma l  flux action and t being the t e m p e r a t u r e  r i s e  above the initial  level.  

If through the f i lm of the t r ansduce r  is  passed a t r a in  of identical  pulses  of width T 0 and of such a 
f requency that the t e m p e r a t u r e  of the s u b s t r a t e - l i q u i d  boundary su r face  becomes  equal to the initial  t e m -  
pe ra tu re  to, then the t e m p e r a t u r e s  t at the end of each pulse (~- = TO) will provide informat ion about changes 
in the thermoac t iv i ty  of the liquid volume contained within a thin boundary layer .  Indeed, letting a = % 
+ &at ,  we have by the end of a single pulse a t e m p e r a t u r e  r i s e  due to the change in the thermoac t iv i ty  of 
the liquid: 

2q l /  % [ 1 1 ] 

A t =  Vn- ~es+eo+Ae~  e l + e 0  ]" 
(2) 

The change in thermoac t iv i ty  follows f r o m  (2): 

AEx: 
At (~s + %)* 

2q | / T  o (3) 

The s u r f a c e t e m p e r a t u r e s  a r e  de termined by measu r ing  the r e s i s t a n c e  of the meta l  f i lm and by con-  
ver t ing  changes in this r e s i s t a n c e  into e lec t r ic  Signals. Let  us analyze  the e lec t r ic  m e a s u r e m e n t  circuit .  
The tes t  stand consis ts  of a model G-5-2A pulse genera to r  controlled by the plate cur ren t  of the 6N5S tr iode.  
This  se t -up  is descr ibed  in [3]. The plate c i rcui t  includes a potent iometer  br idge RI, R2, R3, R 4 (Fig. 1) 
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Fig. 1. Circui t  d i ag ram of the tes t  
bridge. 

with two t r ansduce r s  R k and Rm, each of the la t ter  in one of the 
para l le l  a r m s  of the bridge. T ransduce r  R k is located in a i r ,  t r a n s -  
ducer  R m is  i m m e r s e d  in the d ie lec t r ic  liquid a = %. As e lec t r ic  
pulses a r e  applied, the meta l  f i lms  of both t r ansduce r s  heat up. 
Inasmuch as  the t e m p e r a t u r e  of both changes according  to the s ame  
law t ~,/~- and their  r e s i s t a n c e s  also change in the same  relation,  
the re  is a possibi l i ty  that during the flow of cu r ren t  puIses the 
voltage between points a and b may  become zero.  

Signal balancing is achieved by means  of potent iometers  R1, 
R2, R3, R 4. As a pulse t r a in  of f requency ~0.1 Hz is  applied to the 
bridge,  the change in the rmoac t iv i ty  %of the liquid produces an 
unbalance of the br idge and, as a resul t ,  a signal appea r s  between 
points a and b. 

As is well  known 

u'R1 u'R~. 
II, 0 ~ 

RI+ Rs§ R~+R~+Rrn 

where  u' is the voltage applied to the bridge.  We will expand u into a s e r i e s  of t e r m s  in the va r i ab les  Rk 
and Rm: 

u'R~ _ u'R~. u'R, ARk ) 
U = R I @  Ra+ R k l#2+Ra+ Rrn ~ (R,+R3+Rk)~ 

u'R2 ARm + u'R 1 AR~ u'N 2 AR 2 " 

(R~.-§ (R,+ R ~ :  nk) ~ (R~+R,+~m)~ 
+ . . .  

(4) 

+ 

(5) 

As long as  inequali t ies  

ARk (.< I.. (6a) 
R1 + R3 + Rk 

ARm <<I (6b) 
Ro~- ~ _. R, TRm 

hold t rue ,  one may b reak  off the s e r i e s  (5) a f te r  the f i r s t  four t e r m s  and wri te  

[ u'R~ARm. __ u'RIARk J A. : . 0 +  ' 

where  u 0 is  a smal l  initial  vol tage due to imper fec t  br idge balance.  

hence 

Since 

u'R~ ~_~ u'R1 
R,+R~+Rrn RI+R~:SRk 

(7) 

Au = %+ u'Rg ( ARm ARk 
(R2+R~+R m )2 R.~ _~_ ] (8) 

The condition for  balance is that the second t e r m  on the r ight-hand side of (8) is equal to zero,  or 

ARm ARk 
- -  (9) 

R2 t71 

Substituting for  AR m and AR k in (9) will yield the condition for  balance 

R,arn R~ eI~R~R2 
(Ss+ %) (R~+ R~+ Rrn )2 Sm ssS k (RI+ R~+R~) ~ ( Io) 
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F ig .  2. O s c i l l o g r a m  of a s i gna l  p r o d u c e d  by  d i s t u r b i n g  the 
b a l a n c e .  

S ince  AR cc At and Au cc AI1 when i n e q u a l i t y  (6b) ho lds  t r u e  (this happens  in a l l  p r a c t i c a l  c a s e s ) ,  then  
e x p r e s s i o n  (3) can  be r e w r i t t e n  a s  fo l lows:  

k Au (~ +%)2 

A e ~ = - -  2qV~0 ~_kAu (es@ eo) ' (11) 
g~ 

w h e r e  Au i s  the  i n c r e m e n t a l  s i gna l  added  to u 0 and k i s  the  p r o p o r t i o n a l i t y  f a c t o r  in  Au = k~ t .  The  va lue  of 
k can  be  d e t e r m i n e d  f r o m  e x p r e s s i o n  (7). 

The  t r a n s i e n t  t h e r m o a c t i v i t y  was  d e t e r m i n e d  e x p e r i m e n t a l l y  a s  fo l lows :  a d r o p  of a l c oho l  was  p l aced  
on the  s u r f a c e  of t r a n s d u c e r  R m  and the  s i gna l  was  then  b a l a n c e d  out. G e n e r a l l y  (u 0 ~ 0) a b a l a n c e d  s i g n a l  
i s  a s t e p  v o l t a g e  and d u r i n g  the  t i m e  of r e c o r d i n g  i t ,  t h i s  t i m e  be ing  much  l o n g e r  than  the  p u l s e  width,  i t s  
top  c o n t r a c t s  into a point .  A f t e r  ba l anc ing ,  a pu l se  t r a i n  of a c e r t a i n  f r e q u e n c y  was  s en t  t h rough  the  t r a n s -  
d u e e r  and the  o s c i l l o s c o p e  s w e e p  was  t r i g g e r e d .  A t  the  s a m e  t i m e ,  a d r o p  of w a t e r  was  added  to the  d r o p  
of a l coho l .  A s  the  two l iqu ids  mixed  wi th in  the  v o l u m e  a d j a c e n t  to the  m e t a l  f i lm,  a change  in  the  t h e r m o -  
a c t i v i t y  was  t ak ing  p l a c e  and a s i gua l  Au a p p e a r e d  a s  a r e s u l t  (Fig.  2). I n a s m u c h  a s  r m << r ,  the  s i gna l  
d e g e n e r a t e d  into a v e r t i c a l  l ine  s e g m e n t .  The  o s c i l l o g r a m  shown in F ig .  3 d e p i c t s  the  p r o c e s s  of w a t e r  and 
a l coho l  mixing.  H e r e  the  t i m e  b a s e  of the  s w e e p  i s  1 s e c  and the  a pp l i e d  pu l se  f r e q u e n c y  i s  ~50 Hz. F r o m  
th i s  o s c i l l o g r a m  one can  e x t r a c t  da ta  p e r t a i n i n g  to the c ha nge s  in  concen t r a t i on .  

Indeed,  Au cc a( l iq) ,  w h e r e  a(liq) = a(C), C i s  the  a l c o h o l  c o n c e n t r a t i o n  in  w a t e r .  

A s  the  c o n c e n t r a t i o n  changes ,  hea t  of  m i x i n g  i s  r e l e a s e d  s i m u l t a n e o u s l y ,  and th i s  c a u s e s  a sh i f t  
of t h e  i n i t i a l  s igna l  l eve l .  Us ing  fo r  th i s  m e a s u r e m e n t  a c a l i b r a t e d  c u r v e  wiII  m a k e  i t  p o s s i b l e  to a s s e s s  
not only  the  c h a n g e s  in  c o n c e n t r a t i o n  but  a l s o  the  c ha nge s  in  t e m p e r a t u r e  a t  the  s u b s t r a t e - i i q u i d  b o u n d a r y .  

T y p i c a l  c u r v e s  of t e m p e r a t u r e  and c o n c e n t r a t i o n  changes  in  the  l a y e r  of the  s o l u t i o n  a d j a c e n t  to i t s  
b o u n d a r y  with  the  s u b s t r a t e  p la t e  a r e  shown in F ig .  4. In th i s  p a r t i c u l a r  c a s e  the  t e m p e r a t u r e  of the  w a t e r  
d r o p  was  s l i g h t l y  l o w e r  than  tha t  of the  a l c o h o l  d r o p  and,  t h e r e f o r e ,  one o b s e r v e s  an i n i t i a l  t e m p e r a t u r e  
d e c r e a s e  fo l lowed by  a t e m p e r a t u r e  i n c r e a s e  due to the  r e l e a s e d  hea t  of mixing .  The  thin  l a y e r  of a l coho l  
r e m a i n i n g  on the  s u r f a c e  b e c o m e s  hea ted  up, i t s  t e m p e r a t u r e  i n c r e a s e s ,  the  d i f fus ion  of w a t e r  into th i s  
l a y e r  b e c o m e s  a p p r e c i a b l e ,  and a s i gna l  a p p e a r s  which  c o r r e s p o n d s  to the  d e c r e a s e  in a l c o h o l  c o n c e n t r a -  
l ion.  

We wi l l  now e s t i m a t e  the  f r e q u e n c y  of a p p l i e d  p u l s e s  which  d e t e r m i n e s  the  f r e q u e n c y  of t h e r m o -  
a c t i v i t y  changes  r e c o r d a b l e  by t h i s  method .  The  l i m i t i n g  f r e q u e n c y  d e p e n d s  on the  s u b s t r a t e - l i q u i d  i n t e r -  
f a c e  coo l ing  t i m e .  F o r  the  p u r p o s e  of th i s  e s t i m a t e ,  l e t  us  c o n s i d e r  f i r s t  the  fo l lowing  p r o b l e m :  

at o2t 
a , t > 0 ,  x ~ 0  (12) 

O• Ox 2 
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Fig .  3. O s c i l l o g r a m  of the  w a t e r  and a l c o h o l  m i x i n g  p r o c e s s .  
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Fig. 4. Curves of temperature (1) and 
concentration (2) percent changes in a 
layer of solution adjacent to the surface 
of t he  s u b s t r a t e  p l a t e ,  when a l coho l  and 
w a t e r  a r e  m i x e d  on i t ;  ~ i s  in s e c o n d s .  
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with  the  b o u n d a r y  cond i t i ons  

t [~=o=0, 
t I~=| = 0  

and the  i n i t i a l  cond i t i on  

t(x, 0 ) -  2q]/~ i e r f c - -  
8 

The  r e s u l t  f o r  x = 0 i s  

2 V a~o 

(V ) t (o, ~) - 2gV~ ~ + 1 - ] / f ~  . (13) 

This  happens  to be  the  so lu t i on  to the  o n e - d i m e n -  
s i o n a l  coo l ing  p r o b l e m  for  the  c a s e  of a s u b s t r a t e  s u r f a c e  

hea t ed  by  a c o n s t a n t  hea t  f lux  (q0 : const )  which  a c t s  on tha t  s u r f a c e  d u r i n g  the  t i m e  r 0. It was  a s s u m e d  
tha t  the  s u b s t r a t e  i s  in  a i r  and tha t  the  hea t  l o s t  t h rough  d i s s i p a t i o n  i s  neg l i g ib l e .  S ince  the  s u b s t r a t e  i s  
in  a l iquid ,  howeve r ,  hence ,  a s s u m i n g  the  t h e r m a l  p r o p e r t i e s  of the  l iquid to be the s a m e  a s  t h o s e  of the  
s u b s t r a t e ,  i t  b e c o m e s  n e c e s s a r y  to d iv ide  e x p r e s s i o n  (13) by  two. Tak ing  a l s o  in to  accoun t  the  s p a t i a l  
d i s t r i b u t i o n  of hea t ,  e x p r e s s i o n  (13) m u s t  be  r e w r i t t e n  - w i t h  su f f i c i en t  a c c u r a c y -  a s  fo l lows :  

t (o, ~) : q }/~o 1 
W + 1 -  ~-o err ] / ~ o .  e r f - -  

V 2Fo= 
(14) 

where 

F%. : - az Fo z a~ 
Ly 2 L~ ~ ' 

L y  and L z  a r e  r e s p e c t i v e l y  t he  wid th  and the  length  of the  m e t a l  f i lm .  

Now we m u s t  s a t i s f y  the  i n e q u a l i t y  

q l / ~ -  
( V  ~ + I  1 / / - -~ - - )  _ _ _ _ 1  1 -- - -  err ~ < 0,01, 

v V ~ V2Fo~ 
w h e r e  the  f i g u r e  0.01 i s  t a k e n  f r o m  a c a l c u l a t e d  e s t i m a t e  that  the  hea t  s t o r e d  up in  the  s u b s t r a t e  a f t e r  
p a s s a g e  of  a p r i o r  pu l se  wi l l  not  a f fec t  the  a m p l i t u d e  of the  s u b s e q u e n t  t e m p e r a t u r e  i n c r e m e n t  pu l se  b e -  
g inning  a f t e r  ~0. 

The next  t a s k  i s  to d e t e r m i n e  the  t i m e  i n t e r v a l  b e t w e e n  c o n s e c u t i v e  p u l s e s  and,  by the  s a m e  token,  
the  pu l se  f r equency .  

(15) 
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If q 4 ~ 0 / ~  = I~ with T 0 = 200/~sec while Ly = 1 m m  and L z = 4 mm,  for  instance,  then the in-  
coming pulse frequency mus t  be  f _< 200 Hz. 

In prac t ice  the incoming pulse f requency may be as high as  500 Hz. 

In o rder  to e s t ima te  the sensi t iv i ty  of this method, we substi tute 

2qV~ R~ az. 2 u",/T-o 
ARm = Rm %At =R m r ]/~(es + e0) = ~,' ~(~s + %)S~(Ro-+R4+Rm,) ~ 

into (7) and different ia te  the la t te r  with r e spec t  to ~, which gives 

OU ,~ 2 / - -  _ 2u R~Rm, a~ ~o 
as V-~S2 (Ro.+Rc~ Rm,) 4 (s s -~-eo) ~ 

(16) 

With the t r ansduce r  p a r a m e t e r s  and the e lec t r i c  c i rcui t  used in this study, the sensi t iv i ty  amounted 
to about 0.1 m V / J / m  2. deg.  sec  1/2, 

The m e a s u r e m e n t  p rec i s ion  depends on the ampli tude of signal AU: at an ampli tude of 30-50 mr  0 it is 
2-4%. 

q 
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NOTATION 

Is the thermoactivity coefficient; 
is the heat flux; 
is  the t empera tu re ;  
is the t ime;  
is the potential  dif ference;  
is the ohmic re s i s t ance ;  
is the t e m p e r a t u r e  coefficient  of r e s i s t ance ;  
i s  the a rea ;  
~s the concentration; 
is  the t he rm a l  diffusivity; 
is  the Four i e r  c r i te r ion ;  
is the frequency;  
is the liquid. 

S u b s c r i p t s  

s denotes the subs t ra te ;  
0 denotes the initial  value of p a r a m e t e r s .  

1 .  

2. 
3. 
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