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Abstract  

Thermal runaway has been a major threat to process safety in chemical industry for decades. In this work, classical 

reaction engineering principles are employed to innovate the engineering design of inhibition system which aims 

to quench thermal runaway by injecting a small quantity of chemical inhibitors into the reactor. A mathematical 

model for inhibition of thermal runaway is developed with free-radical bulk polymerization of methyl methacrylate 

(MMA) in a batch reactor as an illustrative example. The model is able to predict the performance of inhibition on 

thermal runaway by characterizing the competition between thermal runaway and inhibition kinetics. Key 

parameters of inhibition behavior including timing of injection, inhibitor quantity, inhibitor kinetics, are discussed 

based on the simulation results. It is found that inhibition performance is sensitive to injection timing and quantity 

of inhibitors, and also inhibition kinetics, and early response may lead to more flexibility of inhibitor selection. 

The model can be further applied to a more comprehensive strategy of emergency response to thermal hazards in 

chemical plants.  
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Introduction 

     Thermal runaway is one of the primary sources of risk 

in chemical industry. As emergency response of 

quenching thermal runaway, injection of chemical 

inhibitors is proposed to consume the live polymer 

radicals in the reacting mass so that runaway kinetics can 

be hindered. During past two decades, experimental 

efforts by Rowe (1996), later Ampelli (2006), and Russo 

(2007)  have been devoted to test feasibility of inhibition 

and results seem promising. However, the fundamental 

inhibition mechanism remains elusive which impedes the 

further engineering applications of inhibition system.  

In the current work, a mathematical model for 

inhibition of thermal runaway is developed to investigate 

dynamic competition between thermal runaway and 

inhibition kinetics. Given the availability of experimental 

data needed for validation, free-radical bulk 

polymerization of methyl methacrylate (MMA) carried 

out in a batch reactor is taken as a demonstrative example. 

Key design parameters of inhibition system will be 

examined and further applications of the model are 

discussed.  

 

Theoretical 

Thermal  runaway of polymerization 

    Mass balance and energy balance for a well-mixed 

batch stirred reactor that carries out liquid phase, 

homogeneous bulk free-radical polymerization  of MMA 

initiated by Azobis-isobutyronitrile (AIBN) read as Eqs. 

(1) - (4). Energy balance is derived based on the scenario 

where the jacket temperature remains same during 

thermal runaway without any control loop applied, as the 

“worst case scenario” from process safety perspective. 

The overall kinetic rate expression of polymerization is 

obtained by assuming quasi-steady state of live polymer 

radicals. The total live polymer radical concentration is 

expressed as Eq. (4). The kinetic parameters of free 

radical mechanism is cited from Brandrup and Immergut 

(1989).  
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Inhibition model 

    During thermal runaway, chemical inhibitors are 

injected into the reactor. Given that the inhibitor acts like 

a free radical scavenger, it is assumed to react with live 

polymer radicals to form dead products in the inhibition 

mechanism. The kinetic rate expression is re-derived with 

inhibitor and the corresponding mass balance and energy 

balance after inhibitor injection is presented as Eqs. (5) - 

(9). By comparing Eq. (4) and (9), it is illustrative that the 

inhibitor is introduced to reduce the concentration of live 

radicals so as to decrease the overall kinetic rate of 

polymerization and temperature inside the reactor as well.  
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where [x] is the concentration of inhibitors, kx is its kinetic 

rate constant, λ0,inh is the live radical concentration after 

inhibitor is injected.  

 

Results 

These two systems of differential equations (Eqs. (1) - 

(4) and Eqs. (5) - (9)) can be solved numerically, 

generating insights on dynamic behavior of thermal 

runaway and inhibition inside the reactor. A case study 

for [M]0 = 4.5 mol/L, [I]0 = 0.055 mol/L, T0 = 330K, Tj = 

330K is performed to demonstrate how significant 

injection timing and inhibitor quantity can influence the 

trajectory of thermal runaway, as shown in Fig 1. Based 

on simulation results, early response and larger dosing 

quantity of inhibitors lead to a stronger inhibition effect. 

The parameters exhibit criticality where thermal runaway 

can be killed completely when parameters are beyond 

certain limits. Inhibition kinetics is characterized as the 

ratio inhibition kinetic rate over free-radical propagation 

kinetic rate, i.e., kx/kp, and investigated at different 

injection timing (Fig. 2). It suggests that early response 

should be more effective than choosing a good inhibitor.  

 

Conclusions 

In this work, a predictive model is developed to 

characterize the competition between polymerization 

kinetics that drives thermal runaway, and inhibition 

kinetics which hinders polymerization. Key inhibition  

parameters are examined to engineer the inhibition 

system design.  

 

Fig.1 (A)Temperature trajectory after inhibitor injection at 8 

min, 9 min and 10 min after thermal runaway;                       

(B) Temperature trajectory with inhibitor concentration 50%, 

100% and 200% of initial concentration of initiator 

 

Fig.2 Temperature trajectory after inhibition with kinetics 

efficiency defined as kx/kp at injection timing of 11 mins 

(above), and 12 mins (below) 
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