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THERMAL ASPECTS OF CONSTANT RATE TRANSFORMATION 

A. 1. Borovikova and V. A. Logvinenko 
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A mathematical  model for the conjugate formulation of  the working conditions of  the Q-de- 
rivatograph is created. There are no simplifying assumptions about  the heat transfer processes 
for reacting active media and for their thermal interaction with the inert surroundings in this 
model. The energetic significance o f  the key components  of  the transfer and the redistribution of 
the fluxes is calculated by means of  special balance relations. The influence o f  the kinetic and 
thermal reaction parameters on the nature of  the establishment of  the constant  transformation 
rate is demonstrated.  The accompanying heat  phenomena are studied in detail. The essential 
differences in the behaviour of  the TA system during endo and exothermal transformations 
are discovered. The exothermal reactions introduce significant irregularities, up to sharp oscil- 
lations. 

In Q-thermogravimetry one is faced not  only with the quasi-equilibrium 
stages of  process evolution, but with the transient processes which precede 
quasi-equilibrium establishment and accompany the exit from it [1 ]. The 
special problem is fully non-uniform processes, without any stabilization 
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stages, where it is possible to separate the chemical reactions from the 
non-chemical (say, the thermal) phenomena only at a non-rigorous level 
(without an applicable mathematical model). The purpose of the separate 
treatment of  the heat transfer is to examine the heat transfer contribution 
in the constant rate establishment. Assumptions about low heat exchange, 
as welt as the presence or absence of  gradients in the reaction space, are 
accepted in the detailed models. Ultimately, these assumptions are reflected 
in the resulting relationship between the transformation rate and external 
control action. 

The conjugate mathematical model is formulated and is solved in order 
to avoid the potential inaccuracy resulting from such assumptions. For the 
conjugate description in the modelling part of the thermoanalytical system 
(TA system), the sample, the holder and the inert gas surroundings are 
involved up to the surface, where the control action is realized. The 
mathematical formulation of  the conjugate problem is recorded via the 
differential equation system in partial derivatives: 

a T  a2T 1 a T  1 + )+ Q 
ap  Tp .... 

Q<~ p <~r 

aoL __ ko exp - -E/RT f(ot) 
a t  

aT1 - - a l  ( 02T1 + '  1 aT1 
at  ap 2 p ap 

a sr'2 - -  a 2 ( O = T2 + 1 aT2 
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Initial conditions: 

t = 0 :  T = T I  = T 2 = T o ,  ~ = a o  

Boundary conditons: 

aT. 1 = F ( T , Q , a  .... ), T =  T1;  aT _ 0 ;  p = r : - X l  ap p = O :  ap 
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P = / ' 1  " --•1 ~T1 --~k 2 0T2 T1 = ]'2" ~)p ~)p ' 

p ~ r 2 "  T = T d e t + k a f i t + k ~  ( da da ) 
dtdet  d tmid  

The form of the unknown function /F(T,Q,d,...)/ after approximation 
by the conservation scheme, which allows a consideration not only of the 
heat transfer equations, but also of the energy balance for discrete cells, is: 

OT +dOT + h OTx OTx 

r r r-Z~p r-- /3p r + A p  I r 

The solution of this problem yields the space and time components of the 
temperature fields for the sample and the inert part of the TA system, the 
degree and rate of the transformation, and density of heat fluxes. Because 
the problem is solved numerically, it is necessary to have a large outfit of 
modifying data to run down the dependences of interest. However, it is dif- 
ficult to evaluate the influence of the heat processes on the transformation 
rate, with different dimensions for the heat flux, tranformation rate, and 
change in temperature rate. A more generalized approach to the result of 
modelling is now required. 

The conservation law was applied with this aim in terms of "heat 
displacement", according to the variational method [2]. 

Conservation law: 
t 

c'y (T(x,y,z, O-To ) ~ - d i v  H + ~ Wdt 
0 

H ---~ heat displacement vector, 
W = heat source power. 

For the sample with the source (in radial coordinates) 

c~/ ( T(p,t)-To ) -- 

t 
1 a 

(pH) + Q S a~(o,t) dt 
p ~p at 

0 
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by definition: 
all(p, t) 

~t -- q (p,t) -= heat flux density 

The heat balance in the differencial form is: 

r aT(p,t) r acz(p,t) 
c7 I a ~  pap = -rqJ(t)  + Q I Ot 

r 
0 0 

pdp 

The heat balance in the integral form is: 

r t t r ao~(p,t) . 
c~ oS(T(p ' t ) -  To )pap-=-r fq t~ t )d t+o  Q fo fo ~ pop at 

Thus, all part of  the balance are presented in a form which allows ob- 
servation of  both the features of  the components  and their energy signifi- 
cance. The linear heating is a particular case of  the described equation 
system [3 ]. Figures 1 and 2 demonstrate the heat  balances for endo-and exo- 
-thermal transformations. 

d 

0.15 
u 

0.10 

005 

0 
- Q 0 2  - 

T 

a) ~ . -  Generotecl heat 

] ~  Pussed heat 

~ L ~ # # ,  Accumulated he~ 

J 5  %10 15 
t,xl02s 

30 
u 

A 

- b) ~ Generated heat 
i f  

10 . ~ ' ' ' ~ -  Acc u m ula t e d heat 

l . . , , ~  / I I D. 
G ~..5 J 10 15 

- S - -  t~x1OZs 
T 

Fig. 1 Sample differential (a) and integral (b) heat balances for exothermal reaction (linear heating, 
= 5 deg/min). Initial data: E = 22 kcal/mol, Ko = 1.61011 s-l,n-----l-Q = 100cal/cm3, 

X = 0.0024 cal/cm s deg, c"/~--- 0.528 cal/cm 3 deg, Xl = 0.0002 cal/cm s deg, cl "tl ----- 0.6 cal/cm 3 
deg, r =  0.25 cm, r] -D- 0.31 cm. 
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Fig. 2 Sample differential (a)) and integral (b)) heat balances for endothermal reaction (linear heating 
/3 = 5 deg/min). Initial data: Q = - 1 0 0  cal/cm 3, ;kj = 0.2 cal/cm s deg, c~ ~'a = 0.6 cal/cm 3 deg 
Other data as in Fig. I. 

We will present the results of  modelling for the Q-working conditions, 
varying the parameters of the reaction itself. The characteristics of the inert 
part of the system remain constant. Special calculations for the zero thermal 
effect of the reaction demonstrate the important role of this parameter in 
the stabilization process (Fig. 3). The initial superheating is reversed by the 
temperature drop. This reveals the possibilities of  combinations of the 
reaction and the system features which cause substantial non-uniformity. 
However, we get accustomed only to chemical explanations of such non- 
uniformity, say the nuclear growth during the induction period. 

Figure 4 shows temperature curves for them same case. For the zero 
thermal effect, the temperature course at the sample centre exhibits oscil- 
lation behaviour. Figure 5 demonstrates the time plot of the heat flux 
density on the holder surface. For the zero thermal effect, the flux diverts 
the direction. This means that the task of maintenance of a constant 
transformation rate, not backed up by heat absorption, calls for heat removal 
sometimes. 

The conditional character of the preselected transformation rate is 
absolutely evident during work with our model. We are inclined to regard the 
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Fig. 3 
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Fig. 4 Temperature at sample centre and control Fig. 5 Time course of heat flux density on 
action surface (initial data as in Fig. 3). sample surface (p ----- r, initial data 

as in Fig. 3). 

accurate attainment of a preselected transformation rate as a rather ex- 
ceptional case. In general, the existence of a heat feed-back through the 
transformation rate only favours the tendency of  the TA system to a certain 
likely thermal steady-state. Figure 6 illustrates this idea. 

We have paid attention to the features of the heat balances in the sample 
while discussing the dynamic regime. Figure 7 shows the differential 
balance, conforming to the first curve of Figure 6 (without the steady-state). 

* The parameters of the inert part of the TA system and the thermal properties and geometry of the 
sample are the same for Figs 3-1  0. 
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Fig. 6 In f luence  o f  k ine t i c  p a r a m e t e r s  on  course  o f  t r a n s f o r m a t i o n .  Curve  1: E = 47 ,51  k c a l / m o l ,  

Ko = 1.0-1023 s -1, n = 2 /3 ,  Q = - 2 0 7  c a l / c m 3 ; c u r v e  2: E = 31 .0  k c a l / m o l ,  Ko = 1.0.1016 
s -] , n = 2/3, Q .-~ - 1 7 0  ca l j cm 3 . 
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Fig. 7 Dif ferencia l  hea t  ba lance  fo r  sample  (init ial  da t a  as in Fig.  6, curve  l) .  Ra t e  c o n s t a n c y  is n o t  
r eached .  

Thermal equilibrium is not  established here. As concerns dynamic heating, 
the differential balance has the peculiarity that the rates o f  heat generation 
and heat transfer are rather close to each other  and constant in sign. They 
are energetically more important  than the heat accumulation in the sample. 
The heat transfer is a guide to the rate. The control action process of  the 
transformation rate for the exothermal reaction displays absolutely different 
behaviour (Fig. 8). Unlike the above-discussed endothermal cases, the in- 
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dication is the presence of  a sharply pronounced oscillation for the transfor- 
mat ion rate. The sample temperature exhibits oscillation, as well as the heat 
flux. Moreover, the heat flux density becomes sign-reversible. It is known, 
that the reverse reaction is exothermal; it is the exothermicity which 
produces the key irregularity in the process. 
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Fig. 8 Character of  transformation for exothermal reaction. Initial data: E =- 47.51 kcal/mol, Ko = 
1.0'1023 s - 1 , n  = 2/3, Q = - 5 0  cal/cm 3. 

The TA system is susceptible to the form of  the kinetic function in the 
reaction rate equation. Let us discuss one more case: the non-dependence of  
the heat feed-back on the current conversion amount  (with the reaction 
order equal to zero). Figure 9 demonstrates the transformation rate and the 
heat flux density. The ideal thermal steady-state begins after a conversion of  
25% and continues till the end of  conversion. Thus, at a steady transforma- 
tion rate the intensity o f  heat generation and transfer can be unspecified, but  
their equality is obligatory. For  this case we observe not  the dying-down of 
the heat transfer processes, but  their selective redistribution (Fig. 10). 

The mathematical tools we use for the heat transfer description are valid 
for the mass transfer description also. This applies to the equations involving 
the partial derivatives of  the diffusion type,  as well as to the concept  of  the 
"displacement"  (of  heat and mass). We plan to use these tools for study 
o f  the remaining types of  transfer and their inter4nfluence in the future. 

Symbols used: T -= temperature,  K; a = conversion amount;  t = time, 
s; p -~- current radius, cm; r ~- fixed radius, cm;a  = X / c %  where X -= heat 

conductivity, cal/cm s deg; c ---= heat capacity, cal/g deg 7 ----- density, g/cm 3 ; 

-~- external heating rate, deg/s; Q =  reaction thermal effect,  cal/cm 3 ; E ---- 
activation energy, kcal/mol;/Co ~-~ preexponential  factor, s-1 ; n = reaction 
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Fig. 10 Dif ferent ia l  hea t  ba lance  for  sample .  T e m p e r a t u r e  s t ab i l i za t ion  is r eached  (init ial  da ta  as in 
Fig.  9.).  
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order; Ap = size of  calculated discrete cell, cm, 0.05r; Kt~ and Ks = 
coefficients for the imitation of  Q-working conditions; fl, d, h and p = 
coefficients, dependent  on the thermal properties and geometry of  the 
sample and of  the holder. 

Indices: 0 = for initial time values; 1 ~ for the holder; 2 ----- for the gas 
surroundings; det ----- for the preselected values; mid = for the calculated 
values, after integration and averaging. 
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Zusammenfassung - Fiir die Arbeitsbedingungen des Q-Derivatographen wird ein mathematisches 
Modell aufgestellt. Dabei werden keine vereinfachenden Annahmen fiber die W~irmetransportprozesse 
ftir die reagierenden Stoffe and tiber ihre thermische Wechselwirkung mit  der inerten Umgebung 
gemacht.  Die Energien der entscheidenden Beitr~ige des Transports und der Verteilung der Str6me 
werden mit  speziellen Bilanzbeziehungen berechnet. Der Einfluss der kinetischen and thermischen 
Reaktionsparameter auf  die Einstellung einer konstanten Umwandlungsgeschwindigkeit  wird gezeigt, 
die entsprechenden thermischen Vorg~inge werden im einzelnen untersucht .  Die wesentlichen 
Unterschiede im Verhalten des Systems bei endo- und exothermen Vorgangen werden aufgezeigt, 
exotherme Reaktionen bewirken erhebliche Schwankungen bis zu deutlichen Oszillationen. 

PE3IOME - -  Coa~a~a MaTeMaTHqecKa,q MO~e~b e y~leTOM yCJIOBHI~ pa6oT~x Q-~epHBaTorpaqba. B npe~- 
CTaBYleHHOI~I Mo~eHH HeT y I lpo I I1a IO~  npeII~ono)KeHm~ o npoueccax TennonepeHoca peaKm~OHHO~ 
cpegJ~l H t~x TepMHqeeKoro BaaHMoRe~CTBHH C oKpyT~amme~ HHepTHO~ cpeRo~. 9HeprH~ aTHX K~Oqe- 
BI~IX KOMIlOHeHT nepeHoca n nepepacnpe~eneH~ HOTOKOB 6 ~ 1 a  BI~IqHCYIeHa C noMonI~Io crlei~ayl~i-i~ix 
ypaBHeHI~! 6a.qaHca, HOKa3aHO BHF, m ~ e  ICHHelI~eCKHX napaMeTpoB H IlapaMeTpOB TepMI~4eeKoI ~1 peaK- 

Ha ycTaHoB~iet~le nOCTOI~[HOITI CKopocTH npeBpamem~L ~eTan~Ho O6Cy~eHO conpoBo>K~alomee 
npH ~TOM Tennoaoe RBneHHe. yCTaHOBYleHI~I cymecTBemmte p a 3 ~  B IIOBeKeHHH TA CHCTeMbI l"fpH 
3H~O- I4 3KaoTepMHqecIcHX npeBpameHm~X. 3K3oTepMHqeC/CHe peaKUHH BBOK~rr 3Ha~rreyrbH~le Hepe- 

rym~pHocTH BnnoT~ no pe3xnx  x o n e 6 a m ~ .  
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