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A N D  H E A T  

A technique is descr ibed for  measur ing  the heat re lease  in a condensed phase.  The substance studied, 
coated on a metal plate, is heated nearly instantaneously by e lec t r ic  cur ren t  to the required tempera ture  
and is then maintained at a constant level in the course  of the experiment .  In the experiment  we measure  
the amount of heat re leased  (or absorbed) in the course  of the chemical react ion and also the rate  of heat 
re lease  (or heat absorption).  

Some data for pyroxylin are  presented.  

Measurements  of heat re lease  at t empera tures  above two hundred degrees encounter severe  diffi- 
culties associa ted  with the rAgh rate of the chemical p rocesses ,  on the one hand, and with the small values 
of the thermal  conductivity and thermal  diffusivity of the powders, on the other.  The lat ter  poses a 
fundamental t empera ture  limit,  above which it is impossible to obtain information on the kinetics of the 
chemical p rocess ,  even having iner t ia less  equipment, f i r s t  because of the impossibil i ty of heating a finite 
mass  of mat te r  sufficiently rapidly (Joe., avoiding chemical change in so doing) and, second because of the 
impossibil i ty of t ransmit t ing the heat re leased  to the meter ing  element .  

In the presen t  paper we descr ibe  an impulsive technique for measur ing  the heat re lease  rate and the 
overall  amount of heat in the condensed phase of powders and explosives at high t empera tu res .  The test  
mater ia l  is applied in a very  thin l ayer  on the inner sides of two titanium plates which are  folded together.  
This packet is he.~ted impulsively by e lec t r ic  cur rent  to the required  tempera ture .  During this time the 
tes t  mater ia l  does not experience any marked chemical t ransformat ion .  Thereaf te r  the constant current  I 
is passed through the packet to compensate for heat losses  into the surrounding medium.The material  
begins to react ,  re leas ing (or absorbing) the heat, causing a r i se  (fall) of the tempera ture ,  which is mea -  
sured by the change of the packet  res i s tance .  Because of the small thickness of the mater ia l  layer ,  the 
tempera ture  in the mater ia l  is equal to the substrate  t empera ture  through the tes t  t ime. The heat re lease  
(absorption) ra te  is calculated f rom the packet tempera ture  change result ing f rom the chemical t r ans -  
formation.  The tempera ture  change (useful signal t) is determined by heating the packet twice: with the 
mater ia l  (basic heating) and then without the mater ia l  (control heating). 

For  the selected plate dimensions (thickness d = 40 #, length L = 30 cm) the heat losses  at the ends 
do not exceed a f ract ion of a percent  of the magnitude of the heat losses  f rom the side sur face .  Therefore  
the heat balance equation for the packet has the form 

dT I'~II(] +~To) ~F - -~HI  ~ q (1) 
(I + ~p) ~- - -  c c ( T - - T o ) + ~ "  

with the initial condition T : T~ for ~ = 0. 

Here T is the packet tempera ture ;  Tt is the tempera ture  reached as a resul t  of impulsive heating; 
T O is the ambient tempera ture ;  ~ is the t ime measured  f rom the moment of terminat ion of the impulsive 
heating; I is the current ;  m is the heat t r ans fe r  coefficient; w is the rate of heat re lease  by chemical 
react ions;  W is the rat io of the specific heat of the test  material  to the specific heat of the packet; 17 is the 
packet e lec t r ic  res i s tance  at 0 ~ C; fl is the packet t empera ture  res i s tance  coefficient; F is the side surface 
area ;  and c is the heat capacity of thepacketo 

Novosibirsk.  Transla ted f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, Vol. 10, No. 5, 
pp. 149-152, September-Octeber ,  1969o Original ar t ic le  submitted April 2, 1969. 

�9 1972 Consultants Bureau, a division of  Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of  the publisher. A copy of this article is available from the publisher for $15.00. 

830 



_t.*~ _t.*, 6 

F i g .  1 

F o r  the con t ro l  e x p e r i m e n t  (when q = 0 and ~0 = 0) the  s o l u t i o n  h a s  the f o r m  

T2- -  To = ( T ,  - -  To) + De -k" (2) 

/~ ~F -- ~ill ~ 1]I z (1-4- ~To) 
= 7 , T . - - T 0 =  ~ F - - ~ n F  ' D = T , - - T ,  (3) 

We s e e  f r o m  the s o l u t i o n  (2) t ha t  the  p a c k e t  t e m p e r a t u r e  in the  c o u r s e  of t i m e  a p p r o a c h e s  the 
s t a t i o n a r y  va lue  T ,  wi th  the  t i m e  c o n s t a n t  1/ko The d i f f e r e n t i a l  equa t ion  d e s c r i b i n g  the t i m e  v a r i a t i o n  of 
the  use fu l  s igna l  t wi l l  be the  d i f f e r e n c e  of equa t i ons  (1) fo r  the  b a s i c  and con t ro l  h e a t i n g s .  

dt k q r dTe 
~ + t - - - + ~ t - - c ( i + 9 ) - - i + ~  d~ for ~ = 0 ,  t = - - t o  (4) 

The  e x p e r i m e n t a l  h e a t  r e l e a s e  r a t e  ql  i s  found f r o m  the s i m p l i f i e d  equa t ion  (4), in which  we s e t  99 = 0 

dt 
+ kt = ~ (5) 

Analysis of the errors which arise in this case showed the following: a) the condition D = t o should 

be satisfied to reduee the experimental error; b) under the assumption that condition a) is satisfied, the 

relative error in the heat release rate and heat content for the majority of the practically important cases 

does not exceed 0.5 ~0, except for the initial period. The exception is eliminated if the initial heat capacity 

of the test material is taken into account in calculating qi and Ql for the times ~- -< (0.5-1) ~-i, where r i is 

the  r e a c t i o n  t i m e .  

F r o m  the in vacuo  e x p e r i m e n t s  f o r  the  p a c k e t  of t i t a n i u m  p l a t e s  of t h i c k n e s s  40 # i t  was  found tha t  
the  e q u a l i z a t i o n  r a t e  k = (7.5 ~ 0 .5 ) .  10 -~ s e c  -1. Wi th  i n c r e a s e  of the  p r e s s u r e  f r o m  0.05 to 1 m m  Hg, the 
v a r i a t i o n  of k does  not  e x c e e d  the  l i m i t s  i n d i c a t e d  a b o v e .  The  v a l u e  of the  use fu l  s igna l  c o r r e s p o n d i n g  
to t i m e s  g r e a t e r  t han  5.3 k a f t e r  t e r m i n a t i o n  of any  m a r k e d  c h e m i c a l  t r a n s f o r m a t i o n s  i s  t a k e n  as  the 
p o s i t i o n  of the z e r o  l i n e .  

Un i fo rm  h e a t i n g  t h r o u g h  the t h i c k n e s s  d u r i n g  the t i m e  of the  i m p u l s i v e  s t a g e  i s  a c h i e v e d  by  the  u se  
of  s u f f i c i e n t l y  th in  l a y e r s .  The  t i m e  fo r  t e m p e r a t u r e  e q u a l i z a t i o n  t h r o u g h  the  l a y e r  t h i c k n e s s  is  found 
f r o m  the f o r m u l a  [1] 

~ 62 
"r, ~ ~ ~ t0a 

H e r e  gl = ~ i s  the  f i r s t  e i g e n v a l u e  of the  f i r s t  b o u n d a r y  p r o b l e m  fo r  the  o n e - d i m e n s i o n a l  c a s e ,  a 
i s  the t h e r m a l  d i f fu s iv i t y ,  6 i s  the  l a y e r  t h i c k n e s s .  In a p p l i c a t i o n  to c o l l o i d a l  p o w d e r s  (a ~ 10 -3 c m 2 / s e c  
[2]) fo r  the t h i c k n e s s e s  10 and  1 p r e s p e c t i v e l y ,  ~', ~ 10 -4 s e c  and r ,  = 10 -r s e c .  F o r  the  t i t a n i u m  p l a t e s  
(a ~ 6 . 4 " 1 0  -2 c m 2 / s e c  [3, 4]) of t h i c k n e s s  4 0 ~  r .  ~ 2 . 5 . 1 0  -5 sec~ 

O v e r h e a t i n g  of  the  m a t e r i a l  in  the  c o u r s e  of t h e r m a l  d e c o m p o s i t i o n  is  e l i m i n a t e d  by  the u se  of thin 
l a y e r s ,  a s  a r e s u l t  of which  the c r i t i c a l  t h e r m a l  e x p l o s i o n  t e m p e r a t u r e  i s  r a i s e d  c o n s i d e r a b l y .  S p e c i f i c a l l y ,  
f o r  p y r o x y l i n  of t h i c k n e s s  10 and 1 ~ the  c r i t i c a l  t e m p e r a t u r e  e q u a l s  r e s p e c t i v e l y  310 and  390 ~ C (for 
E = 48,500 ca s ino1 ,  Q "z = 4.23 ~ 1021 c a l / g ,  s e e  [5], T = 1.3 g /era3) ,  and  the  s u p e r h e a t  of the  o u t e r  s u r f a c e  
of the  f i l m  r e l a t i v e  to the  s u b s t r a t e  f o r  T = 300 ~ C i s  found to be 2.9 and  5 .4 -  10 -2~ C, r e s p e c t i v e l y .  

I t  was  found tha t  a t  a d i s t a n c e  11 ern f r o m  the c e n t e r  of a p a c k e t  30 c m  long  the t e m p e r a t u r e  d e c r e a s e  
does  not  e x c e e d  4 ~ C f o r  T ,  = 300 ~ C, T O = 25 ~ C. This  w o r k i n g  s e g m e n t  l eng th  i s  r e c o m m e n d e d  f o r  u s e .  
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A schematic  of the e lectr ical  circuit  is shown in Fig. 1. The mea-  
surement  of the usefnl signal t is made on the basis of the res is tance  of 
the packet H 1 (on the plates of which the test  mater ia l  is applied pr ior  to 
the basic  heating) with the aid of a bridge circui t  consist ing of the two 
identical packets IIi and II 2 and the two identical r e s i s to r s  ~ and Y-2. The 
controllable impulsive heating is accomplished with the aid of the fusible 
copper wires  1 [6], which burn out when the switch K i is closed. The 
electr ical  c i rcui t  is supplied f rom the bank of s t a r t e r  bat ter ies  2 of at 
least  100A-h capacity with total voltage 282-324 V. Connection of the bank 
of e lec t romet r i c  type "EF"  capaci tors  C in para l le l /v i th  the bat ter ies  
makes it possible to reduce the heating t ime.  The tempera ture  changes 
d iscre te ly  when changing f rom one wire diameter  to another.  Intermediate 
values of the tempera ture  are  rea l ized by controlled preheating of the 
ca lor imet r ic  packets by e lec t r ic  cur ren t  f rom the s torage bat tery 3 
through the regulating rheosta t  R 6. 

After  the wire fuses there flows through the bridge the meter ing 
current ,  established pr io r  to the experiment  with the aid of galvanometer  
1R 5 with the switches K 2 and K 3 closed (the res i s tance  R 7 is approximately 

equal to the res i s tance  of the bridge cell together with II 3 at the operat ing temperature) .  In the course of 
the exper iment  the meter ing current  is r ecorded  by the galvanometer  7-2. 

In the general case the bridge is unbalanced. The difference of the lit and II 2 packet res i s tances  is 

calculated f rom the formula 
RoS.,hl 

~ i  - n~ =- ~ = [2 (,,1 + nl) + z]  ~ (6) 

which is derived f rom the known formula [7] for  the cur rent  in a bridge diagonal for the conditions II << Z 
and Y4 = ~ = E, which are  satisfied with good accuracy .  Here ri ,  Si, h i a re  the internal res is tance ,  sens i -  
tivity, and "spot" deflection of t  he i- th .galvanometer on the osci l lograph paper,  respect ive ly .  The useful 
signal t is proport ional  to the difference of the quantites A of the basic and control exper iments .  The 
coefficient of proport ional i ty  is 1//31I. 

When conducting the in-vacuo experiments  there was connected in ser ies  with the bridge cell the 
p a c k e t  II 3 (similar to packets H i and 112), on which a coating of mater ia l  equal to the coating of packet Hi 
was applied p r io r  to the control heating. The use of this packet makes it possible to maintain the same 
heat  t ransfer  conditions in the control and basic experiments .  

The p re s su re  variat ion was monitored by a special vacuum me te r  of the res i s tance  type with 
sensit ive element  made from 5-p-diam.  tungsten wire .  Titanium was selected as the mater ia l  for  the 
ca lo r imet r i c  plates because of its low thermal  conductivity and high e lec t r ic  res is t iv i ty  [3, 4]~ 

The packet t empera ture  is measured  f rom the res i s tance  of packet II 1 (galvanometer  F4) and by the 
indications of four or  five m a n g a n i n -  constantan str ip thermocouples 4, bonded perpendicular  to the length 
of the packet on the layer  of material  using ah igh- tempera ture :polymer  (poly-[2,2-bis (4 ' -metoxy-3 ' -e thyny l -  
phenyl)-propane]) (A. S. Zanina, I. L.  Kotlyarevskii ,  N. Me Gusenkova, I. Eo Sokolov, and E. N. Cherepov, 
USSR Patent  No. 180197, dated 29 Mar 1965). 

The the rmocoup leswere  fabricated by electrowelding f rom 20-t~-diam. wire  and then rol led to a thick- 
ness of 5-6 ix. The tempera ture  measurement  e r r o r  was 2-3%. 

All the signals were recorded  on an H-105 12-channel r o t a t i n g - m i r r o r  osci l lograph [8]. The method 
was checked in experiments  measur ing  the Joule heat related in a heater  bonded in place of the test  
mater ia l  on the inner side of the packet of plates.  The heater  was a 6-#-thick constantan s t r ip  obtained 
by rolling f rom 20-# diam. wire .  The str ip was ar ranged in a zigzag pat tern covering the entire width. 
The complex p re s su re  pat tern was obtained with the aid of pyroxylin f i lms applied to the packet I I3Prior  
to the basic and controlheat ing cycles .  

Figure 2 shows resul ts  of measuremen t s  when passing constant cur ren t  (point 1) and t ime-vary ing  
cur ren t  (points 2) through the heater .  Comparison of these points with the Joule heat re leased  in the heater  
(curves 1' and 2') made it possible to evaluate the e r r o r s  in the measurements  of the heat content and the 
heat re lease  ra te .  Analysis of resul ts  of a large  number of experiments  showed that these e r r o r s  do not 
exceed 5-7 and 10-15%, respect ively .  
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Exper imen t s  were  made with pyroxyl in .  Pyroxyl in  f i lm about one mic ron  thick andweighing 12.2 
mg was obtained by withdrawing the c a l o r i m e r t i c  pla tes  at  a constant  r a t e  f rom a solution of pyroxyl in  in 
acetone with subsequent  drying in a dry  a tmosphe re  above P205. The excess  pyroxyl in  was wiped off using 
cotton mois tened  in acetone.  The res idual  solvent  (about 2% by weight) was r emoved  f r o m  the f i lm p r i o r  
to the expe r imen t  by heating the pla te  and f i lm at 160 ~ C in a vacuum for  one minute .  F igure  3 shows 
re su l t s  of one of these tes t s ,  conducted a t  a t e m p e r a t u r e  of 250-260 ~ C and p r e s s u r e  0.05 < p  < 0.5 m m  Hg. 
Here  1 is the useful signal in m m  deflect ion of the spot of the f i r s t  ga lvanometer ;  2 is the posi t ion of the 
r e f e r e n c e  line; 3 is the useful signal in m m  a f t e r  reduct ion using equation (5) (the scale  fac tor  M = 3.0 
c a l / g ' m m ) ;  4 is the l imit ing value which curve  3 approaches ;  5 is the average  t e m p e r a t u r e  Tdur ing  the 
bas ic  heating cycle; 6 is the ave r age  t e m p e r a t u r e  during the control heating cycle;  and 7 is the p r e s s u r e  
va r ia t ion  during the bas ic  cycle heat ing f rom the tungsten vacuum m e t e r  record ing  in m m  deflection on the 
os cill og r am.  

The magnitude of the t he rma l  efec t  obtained in this expe r imen t  is about 160 ca l /g .  This is approx i -  
ma te ly  1.5-2 t imes  the value p re sen ted  in [9]. The heat  r e l e a s e  r a t e  for  a decomposi t ion  depth V = 0.25 
(point 1 in Fig.  3) is about 70 c a l / g "  sec .  The t e m p e r a t u r e  at  that  moment  was 254 ~ C. F o r  compar i son  
we note that the heat  r e l e a s e  ra te  at  250 ~ C obtained using the ignition method is equal to 30 and 80 c a l / g .  
sec  [5]. 

The authors  wish to thank I. L. Ko ty la revsk i i  and A. So Zanina fo r  kindly supplying the p o l y m e r s .  
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