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Synopsis 

Temperature rises which occur in the early stages of polymerization in batch reactors are discussed. 
Comparisons between experimental results and a reactor model shows that realistic predictions of 
temperature rises can be made when the model allows for changes in density and specific heat of 
the reaction fluid. In the case of styrene polymerization, the neglect of density and specific heat 
changes leads to the prediction of large temperature increases, which are not found in practice. When 
allowance for these changes in physical properties is made, agreement between theoretical prediction 
and experimental results is good. 

INTRODUCTION 

The characteristics of a polymer, which is produced by the free-radical poly- 
merization of a vinyl monomer, depend on reaction conditions. Control of re- 
action conditions is important but not always easy to achieve. In particular, 
control of reaction temperature can be difficult because the thermal conductivity 
of the reaction fluid is low and the heat of reaction is relatively high. The for- 
mation of “hot spots” becomes possible. A t  high conversions, increases in vis- 
cosity make mixing more difficult and may lead to thermal instabilities. Even 
at  low conversions, when mixing is relatively easy, i t  is possible for thermal 
runaway to occur. 

Biesenberger et al.’ used a computer simulation to determine thermal ignition 
boundaries for a chain-addition polymerization in a well-mixed batch reactor. 
They showed that reactor behavior could be very sensitive to small changes in 
process conditions. Experiments have shown that such sensitivity can be ob- 
served in practicee2 Although trends in thermal behavior have been examined 
experimentally, accurate correlations between experimental results and the 
predictions of reactor “models” are relatively rare. Accuracy in such predictions 
is highly desirable because the safe and successful operation of a polymerization 
reactor is not possible unless both the existence and location of boundaries are 
established. 

In this paper, it will be shown that small changes in physical properties (which 
accompany all polymerization reactions) can influence the thermal behavior of 
a polymerization reactor. This observation has important implications in the 
design of temperature control procedures. It will also be shown that if these 
small changes are taken into account, agreement can be obtained between the 
predictions of a simple reactor model and experimental results. The polymer- 
ization of styrene will be used for illustration purposes; the necessary data are 
available for this reaction.2 
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THE KINETIC SCHEME 

The essential reaction scheme is given below. Free radicals are generated by 
the thermal decomposition of an initiator I: 

k d  
initiator decomposition, I -+ 2Y 

ki 
chain initiation, Y + M -+ YM 

k P  
chain propagation, YM, + M - YM,+, 

k t  
chain termination, YM, + YM, -+products 

In each of these reaction steps, kinetic order corresponds with molecularity. 
Symbols are listed below. 

In the case of styrene polymerization, free radicals can be generated from 
thermal reaction of the monomer also. This is a second-order reaction which 
has been characterized previously3 and is incorporated in the subsequent pro- 
cedures. 

Material balances lead to the following equations: 

The term k,cM2 accounts for thermal generation of radicals from the mono- 
mer. Previous work4 has shown that k ,  = ht (h/k,)2, where k is the overall rate 
coefficient for the second-order noncatalyzed polymerization. The density and 
specific heat of the reaction mixture are given by the following expressions4: 

p = U l  a2CM + U 3 T  

S = bl  + b2T + b3T2 

The rate coefficients conform to Arrhenius expre~sions.~*6 Values for the acti- 
vation energies and Arrhenius constants are given below. The values for Pd, 

Ed,  and f apply to benzoyl peroxide. Over the temperature range used in the 
illustrations the enthalpy of polymerization will be virtually constant at 73.15 
kJ-rn01-l.~ 

Since the fluid density is a variable, the volume of the reaction mixture will 
not be constant but is given by 

v = V o p o / ( U i  a 2 C ~  a 3 T )  

Differentiation and subsequent manipulation of the above equations leads to 
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TABLE I 
Experimental Conditions (2) 

Run no. V / L  CIO TR ("C) 

34 0.0027 0.07 97.5 
35 0.0025 0.07 95 
43 0.0032 0.07 97.5 
85 0.00254 0.10 90 

a set of four differential equations which express d T l d t ,  dCMldt,  dCIldt ,  and 
dCyld t  as functions of T ,  C M ,  CI, and Cy. Once initial conditions have been 
established, these equations may be solved numerically. In this work, the initial 
conditions that were chosen were the same as those used in the experimental work 
of Sebastian and Biesenberger.2 A fourth-order Runge-Kutta procedure was 
used for solving the equations. Values for USA were obtained from calculations 
based on the geometry of the experimental reactor and the values for U L  given 
by Sebastian and Biesenberger. Their assumption, that the reaction vessel had 
the heat transport characteristics of an infinite cylinder, is used here also. 

Table I shows conditions and run numbers used in the experiments2; TR,  the 
temperature of the heat exchange fluid, is also the initial temperature of the 
reaction mixture. 

RESULTS 

Solutions to the equations given above are shown in Figures 1 and 2. In all 
cases, separate solutions have been obtained when density and specific heat are 
taken as constant. For this latter condition the density and specific heat were 
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Fig. 1. Changes of reaction temperature with time: (0) experimental results for run 34 (Table 
I), curve 1 solution of equations for conditions of run 34 and curve 2 solution of equations neglecting 
changes in density and specific heat; (0 )  experimental results for run 35, curve 3 solution of equations 
for conditions of run 35 and curve 4 solution of equations neglecting changes in density and specific 
heat. 
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Fig. 2. Changes in reaction temperature with time: (0) experimental results for run 43 (Table 
I), curve 1 solution of equations for conditions of run 43 and curve 2 solution of equations neglecting 
changes in density and specific heat; (0 )  experimental for conditions of run 85, curve 4 solution of 
equations neglecting changes in density and specific heat. 

assumed to remain at values which would have been expected at the start of the 
reaction. 

It can be seen that the experimental results are consistent with the predictions 
when allowances are made for changes in density and specific heat. However, 
if these changes are neglected, the solutions to the differential equations deviate 
markedly from experimental observation. Greater deviations might be en- 
countered if density and specific heat had been assigned their values a t  25°C. 
The changes in these physical properties are not very large, but good agreement 
between theory and experiment is not obtained unless they are taken into ac- 
count. 

During the course of polymerization, other changes in physical properties will 
occur also. In the later stages of polymerization increases in viscosity can be 
expected. This will lead to a reduction in the value of the rate coefficient for 
chain termination.8 For the conditions described here, conversions are low 
enough for viscosity effects to be neglected. Equations which describe the whole 
range of conversion should take the effects of viscosity into account. This is not 
a simple matter because the relationships between kt  , conversion, viscosity, and 
degree of polymerization are complicated and not understood fully. 

In the experiments cited here, thermal runaway was a distinct possibility, even 
at low conversion. A reactor model which does not take changes in specific heat 
and density into account will predict temperature rises which are much greater 
than those which are found in practice (see curves 2 and 4 in Figures 1 and 2). 
Such a model will fail to discriminate between stable and unstable conditions 
at  reactor startup and is, therefore, of little use in process control. 

NOMENCLATURE 

a constant (1.3187 X lo3 
a constant (-0.01769 kg-mol-1) 
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a constant (-8.858 kgm-3.K-') 
heat transfer area (m2) 
a constant (1.938 kJ.kg-'.K-') 
a constant (-3.77 J.kg-1-K-2) 
a constant (0.0105 J~kg-l-K-~)  
concentration of initiator (mol-m-3) 
initial value of CI (m01.m-3) 
concentration of monomer (m01.m-3) 
concentration of radicals (m~lem-~)  
activation energy for thermal polymerization (86.0 kJ-mol-') 
activation energy for initiator decomposition (119.5 kJ-mol-') 
activation energy for chain propagation (32.6 kJ.mol-') 
activation energy for chain termination (10.0 kJ-mol-') 
initiation efficiency (0.8) 
enthalpy of polymerization (73.15 kJ-mol-') 
initiator (benzoyl peroxide) 

k 
kd 
ki 
kP 
kt 
k ,  
M monomer (styrene) 
P 
pd 
PP 
Pt 
S specific heat (J-kg-I-K-') 
t time (s) 

rate coefficient for thermal polymerization (m3-mol-'-s-') 
rate coefficient for initiator decomposition (s-') 
rate coefficient for chain initiation (m3-mol-'.s-') 
rate coefficient for chain propagation (m3-mol-'-s-') 
rate coefficient for chain termination (m3-mol-l-s-') 
rate coefficient for thermal initiation (m3.rnol-'.s-') 

Arrhenius constant for thermal polymerization (lo3 m3.mol-1-s-') 
Arrhenius constant for initiator decomposition (10'3 s-') 
Arrhenius constant for chain propagation (2.2 X lo4 m3-rnol-'.s-') 
Arrhenius constant for chain termination (2.6 X lo6 m3.rnol-'.s-') 

reactor temperature (K) 
temperature of heat trasfer fluid (K) 
initial value of T (K) 
heat transfer coefficient (J-m%-'-K-') 
volume (m3) 
initial value of V (m3) 

YM,+1 free radicals 
density (kg-m-3) 
initial value of p 
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