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ABSTRACT 

The main objective of this project is to control the temperature of styrene reaction inside jacket reactor by 

manipulating refrigerant flow of jacketfor the learning process of the process control course. Mathematical modelling 

inside the reactor and the jacket was carried out through moles and energy balances. The temperature control system was 

implemented using pneumatic valve, sensor-transmitter and dynamic simulation using SIMULINK. The proportional-

integral controller reached steady state in a low time and the reaction temperature error was lower than that reached by the 

proportional controller. Also, the proportional-integral controller reacted fast to the step change in the set point of reaction 

temperature with a good performance. Likewise, the proportional-integral controller performed very well against a step 

change in the inlet temperature of polymer. 

 
Keywords: temperature control, mathematical model, tuning, polymerization reaction. 

 

1. INTRODUCTION  

An automatic control system of the 

polymerization reaction improves product quality, 

maintain safety, and reduce production costs [1]. In 

addition, the quality of the products helps to increase the 

number of clients of the companies. Different types of 

reactors are used for continuous bulk styrene 

polymerization such as cooling reactor [2]. Modeling, 

simulation and control of continuous stirred tank Reactor 

(CSTR) with Cooling Jacket with high exothermic 

polymerization reactions are necessary for security, 

product quality and energy saving [3]. The properties of 

the styrene polymer are generally determined by average 

molecular weights and viscosity, which depends on the 

reaction temperature. Therefore, it is important to control 

the polymerization temperature, a key issue for the 

desirable properties of the polymer [4-7]. Controlling the 

chemical reaction occurring in a reactor requires engineers 

with complex knowledge on chemical process, control 

logical and instrumentation. Therefore, it is important to 

apply learning strategies to verify the theoretical 

knowledge explained to students in the classroom. Among 

the most used strategies to acquire skills in the area of 

process control are practices in the equipment in pilot 

scale to control variables such as level and temperature, 

and the other is the simulation of processes when there is 

no physical laboratory.  

Temperature control of a jacketed reactor requires 

adjustment of the controller parameters. There are many 

tuning method for PID controller based on based on 

Lyapunov approach [8-9]. The performance of the 

parameters is safely analyzed in the temperature control 

simulation before implementing in the real process to 

avoid risk of explosion and low product quality [10]. The 

aim of this work is to control the temperature inside 

reactor vessel by manipulating the coolant flow inside 

jacket by using a pneumatic valve. Initially, mathematical 

modeling of the reaction process, valve, and sensor-

transmitter were carried out. After, fitting of controller 

parameters, and finally simulation of the control loop 

using SIMULINK. 

 

2. DESCRIPTION OF CHEMICAL PROCESS 

The exothermic chemical reaction to be 

controlled is the polymerization of styrene in a jacketed 

CSTR. The general reaction that describes the 

polymerization of styrene is represented by Figure-1. 

Figure-2 shows a jacketed reactor schematic 

diagram. The styrene enters the reactor with a variable 

flow and constant concentration. The polymerization 

reaction to produce polystyrene is exothermic, which is 

cooled with water passing through a jacket. The 

parameters of the reactor and the polymerization reaction 

are shown in Table-1. 

 

 
 

Figure-1. Chemical reaction of polymerization of styrene. 
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Figure-2. Continuous Stirred Tank Reactor (CSTR) with 

cooling jacket. 

 

Table-1. Parameters of the polymerization reaction  

and the reactor. 
 

1113

0 molsl1095.5k
 

 

Polymerization rate 

constant (frequency 

of collisions) 

1
molJ342.124762E

  
Activation energy of 

polymerization 
1

r molJ34.70020H
  Heat of reaction 

11076.293  KsJUA  

Transfer area and the 

overall heat transfer 

coefficient 

11

p KlJ365.1497C
  

heat capacity and density 

of reactants 

11

pcc KlJ7048.3998C


 
heat capacity and density 

of the refrigerant 
1

A sl098.0f
  Monomer flow 

1

c sl129.0f
  Cooling flow inside jacket 

l2500V   Reactor volume 

l124.35Vc   Jacket volume 

16981.8  lmolCAi  Inlet styrene concentration 

17396.1  lmolCA  

Styrene concentration at 

steady state inside the 

reactor 

Ti= 330 K 
Styrene temperature at the 

reactor inlet 

TCi=295K 
Coolant temperature at the 

jacket inlet 

T=423K 
Steady state temperature 

inside the reactor 

TC=340K 
Steady state temperature 

in jacket 

 

 

 

 

2.1 Mathematical Model of Continuous Stirred Tank  

      Reactor (CSTR) with Cooling Jacket 

Mass balance for styrene (component A) is given 

by equation 1:  

 𝑓(𝑡)𝐶𝐴𝑖(𝑡) − 𝑓(𝑡)𝐶𝐴(𝑡) − 𝑉𝑟𝐴(𝑡) = 𝑉 𝑑𝐶𝐴(𝑡)𝑑𝑡                   (1) 

 

where CAi is the styrene concentration at the reactor inlet, 

CA is the styrene concentration at the reactor outlet, f is 

volumetric flow of inlet and outlet of reactor, V is the 

rector volume and rA is the reaction velocity for the 

polymerization reaction (equation 2). 

 

)t(Cekr
2

A

)t(RT

E

0A




                  (2)

 

 

where 𝑘0is the rate constant (frequency of collisions), T is 

the reaction temperature and E is the activation energy. 

Energy balance for reaction inside reactor is 

given by equation 3. 

 𝑓(𝑡)𝜌𝐶𝑝𝑇𝑖(𝑡) − 𝑉𝑟𝐴(𝑡)(𝛥𝐻𝑟) − 𝑈𝐴[𝑇(𝑡) − 𝑇𝑐(𝑡)] −𝑓(𝑡)𝜌𝐶𝑝𝑇(𝑡)𝑉𝜌𝐶𝑉 𝑑𝑇(𝑡)𝑑𝑡                                                    (3) 

 

where 𝐶𝑝is the heat capacity at constant pressure, 𝐶𝑉is the 

heat capacity at constant volume, 𝛥𝐻𝑟  is reaction enthalpy, 𝜌 is the density of mixture inside reactor, 𝑇𝑖  is the styrene 

inlet temperature, 𝑇𝑐 is the coolant temperature and A is 

the transfer area of heat. 

Energy balance for coolant (C) inside jacket is 

given by equation 4. 

 𝑓𝐶(𝑡)𝜌𝐶𝐶𝑃𝐶𝑇𝐶𝑖(𝑡) + 𝑈𝐴[𝑇(𝑡) − 𝑇𝐶(𝑡)] −𝑓𝐶(𝑡)𝜌𝐶𝐶𝑃𝐶𝑇𝐶(𝑡)𝑉𝐶𝜌𝐶𝑉𝐶 𝑑𝑇𝐶(𝑡)𝑑𝑡                                         (4) 

 

where 𝐶𝑃𝐶is the heat capacity at constant pressure of 

coolant, 𝐶𝑉𝐶 is the heat capacity at constant volume of 

coolant, 𝜌 is the density of mixture inside reactor and 𝑇𝑖  is 
the styrene inlet temperature. 

The nonlinear terms of equations 1, 2, 3 and 4 are 

linearized using Taylor series as detailed below.  

The nonlinear terms of mass balance for styrene 

(component A). 

 𝑓(𝑡)𝐶𝐴𝑖(𝑡) = 𝑓̅𝐶�̅�𝑖 + 𝑓̅[𝐶𝐴𝑖(𝑡) − 𝐶�̅�𝑖] + 𝐶�̅�[𝑓(𝑡) − 𝑓]̅     (5) 

 𝑓(𝑡)𝐶𝐴(𝑡) = 𝑓̅𝐶�̅� + 𝑓[̅𝐶𝐴(𝑡) − 𝐶�̅�] + 𝐶�̅�[𝑓(𝑡) − 𝑓]̅         (6) 
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The nonlinear terms of energy balance for 

reaction inside reactor are: 

 𝑓(𝑡)𝑇𝑖(𝑡) = 𝑓�̅̅�𝑖 + 𝑓[̅𝑇𝑖(𝑡) − 𝑇𝑖(𝑡)] + �̅�𝑖[𝑓(𝑡) − 𝑓̅]        (8) 
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𝑓(𝑡)𝑇(𝑡) = 𝑓̅�̅� + 𝑓̅[𝑇(𝑡) − 𝑇(𝑡)] + �̅�[𝑓(𝑡) − 𝑓]̅           (9) 

 

The nonlinear terms of energy balance for coolant 

inside jacket 

 𝑓𝐶(𝑡)𝑇𝐶𝑖(𝑡) = 𝑓�̅� �̅�𝐶𝑖 + 𝑓�̅�[𝑇𝐶𝑖(𝑡) − 𝑇𝐶𝑖(𝑡)] + �̅�𝐶𝑖[𝑓𝐶(𝑡) −𝑓�̅�]                                                                                   (10) 

 𝑓𝐶(𝑡)𝑇𝐶(𝑡) = 𝑓�̅��̅�𝐶 + 𝑓�̅�[𝑇𝐶(𝑡) − 𝑇𝐶(𝑡)] + �̅�𝐶    [𝑓𝐶(𝑡) −𝑓�̅�]                                                                                   (11) 

 

The linearized equations 5, 6 and 7 are replaced 

in equation 1, then equation is placed in terms of deviation 

variables and the Laplace transform is applied, obtaining 

the transfer function (equation 12). 

 𝐶′𝐴(𝑠) = 𝐾11+𝜏𝑆 𝐶′𝐴𝑖(𝑠) + 𝐾21+𝜏𝑆 𝑓′(𝑠) − 𝐾31+𝜏𝑆 𝑇′(𝑠)          (12) 

 

where 𝜏 = 𝑉𝑓̅ + 2𝑉𝑘0𝑒−𝐸𝑅�̅�𝐶�̅� 

 𝐾1 = 𝑓̅𝑓̅ + 2𝑉𝑘0𝑒−𝐸𝑅�̅�𝐶�̅� 
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 𝐾3 = 𝑉 𝐸𝑅�̅�2 𝑟𝐴𝑓̅ + 2𝑉𝑘0𝑒−𝐸𝑅�̅�𝐶�̅� 

 

The linearized equations 7, 8 and 9 are replaced 

in equation 3, then the equation is placed in terms of 

deviation variables and the Laplace transform is applied, 

obtaining the transfer function (equation 13). 

 𝑇′(𝑠) = 𝐾41+𝜏2𝑆 𝑇′𝑖(𝑠) + 𝐾51+𝜏2𝑆 𝑓′(𝑠) −  𝐾61+𝜏2𝑆 𝐶′𝐴(𝑠) +𝐾71+𝜏2𝑆 𝑇′𝐶(𝑡)                                                                    (13) 

 

where 

 𝐾4 = 𝑉𝜌𝐶𝑉𝑉(𝛥𝐻𝑟) 𝐸𝑅�̅�2 𝑟𝐴 + 𝑈𝐴 + 𝜌𝐶𝑃𝑓̅ 
 𝐾4 = 𝜌𝐶𝑝𝑓�̅�′𝑖(𝑠)𝑉(𝛥𝐻𝑟) 𝐸𝑅�̅�2 𝑟𝐴 + 𝑈𝐴 + 𝜌𝐶𝑃𝑓̅ 
 𝐾5 = 𝜌𝐶𝑃(�̅�𝑖 − �̅�)𝑉(𝛥𝐻𝑟) 𝐸𝑅�̅�2 𝑟𝐴 + 𝑈𝐴 + 𝜌𝐶𝑃𝑓̅ 𝐾6 = 2𝑉(𝛥𝐻𝑟)𝑟𝐴𝑉(𝛥𝐻𝑟) 𝐸𝑅�̅�2 𝑟𝐴 + 𝑈𝐴 + 𝜌𝐶𝑃𝑓̅ 

𝐾6 = 𝑈𝐴𝑉(𝛥𝐻𝑟) 𝐸𝑅�̅�2 𝑟𝐴 + 𝑈𝐴 + 𝜌𝐶𝑃𝑓̅ 
 

The linearized equations 10 and 11 are replaced 

in equation 4 then equation is placed in terms of deviation 

variables and the Laplace transform is applied, obtaining 

the transfer function (equation 14). 

 T′C(t) = K8τ3S  +1 T′Ci(s) + K9τ3S  +1 f ′C(s) + K10τ3S  +1 T′(t)   (14) 

 

Where: 

 𝜏3 = 𝑉𝜌𝐶𝑉𝑈𝐴 + 𝜌𝐶𝐶𝑃𝐶𝑓�̅� 

 𝐾8 = 𝜌𝐶𝐶𝑃𝐶𝑓�̅�𝑈𝐴 + 𝜌𝐶𝐶𝑃𝐶𝑓�̅� 

 𝐾9 = 𝜌𝐶𝐶𝑃𝐶(�̅�𝐶𝑖 − �̅�𝐶)𝑈𝐴 + 𝜌𝐶𝐶𝑃𝐶𝑓�̅�  

 𝐾10 = 𝑈𝐴𝑈𝐴 + 𝜌𝐶𝐶𝑃𝐶𝑓�̅� 

 

Considering constant volume and density. The 

inlet and outlet flows will be equal and constant, it will 

also be taken into account that the inlet concentration is 

constant, however, the inlet temperature varies with time 

(disturbance). Using these assumptions, equations 12, 13 

and 14 reduce to equations 15, 16 and 17, respectively: 

 𝐶′𝐴(𝑠) = − 𝐾31+𝜏𝑆 𝑇′(𝑠)                                                     (15) 

 𝑇′𝐶(𝑡) = 𝐾9𝜏3𝑆  +1 𝑓′𝐶(𝑠) + 𝐾10𝜏3𝑆  +1 𝑇′(𝑠)                             (16) 

 T′(s) = K41+τ2S T′i(s) − K61+τ2S C′A(s) + K71+τ2S T′C(t)     (17) 

 
Replacing equations (15) and (16) in equation 

(17), equation 18 is obtained, which represents the 

temperature inside the reactor (controlled variable) as a 

function of the coolant flow (manipulated variable) and 

the inlet temperature of the styrene (disturbance). 

 𝑇′(𝑠) = 𝐾7𝐾9(𝜏1𝑆+1)[(𝜏2𝑆−1)(𝜏1𝑆+1)−𝐾6𝐾3](𝜏3𝑆  +1)−𝐾7𝐾10(𝜏1𝑆+1) 𝑓′𝐶(𝑠) + 𝐾4(𝜏1𝑆+1)(𝜏3𝑆  +1)[(𝜏2𝑆−1)(𝜏1𝑆+1)−𝐾6𝐾3](𝜏3𝑆  +1)−𝐾7𝐾10(𝜏1𝑆+1)  𝑇′𝑖(𝑠)            (18) 

 

where 

 𝐺𝑝 = 𝑇′(𝑠)𝑓′𝐶(𝑠) = 𝐾7𝐾9(𝜏1𝑆+1)[(𝜏2𝑆−1)(𝜏1𝑆+1)−𝐾6𝐾3](𝜏3𝑆  +1)−𝐾7𝐾10(𝜏1𝑆+1)        (19) 

 𝐺𝐷 = 𝑇′(𝑠)𝑇′𝑖(𝑠)= 𝐾4(𝜏1𝑆 + 1)(𝜏3𝑆  + 1)[(𝜏2𝑆 − 1)(𝜏1𝑆 + 1) − 𝐾6𝐾3](𝜏3𝑆  + 1) − 𝐾7𝐾10(𝜏1𝑆 + 1)             (20) 
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2.2 Design of Sensor-Transmitter 
A thermocouple (EFECTOR600® - TA3231) 

was used to monitor the temperature in the reactor, which 

is recommended for use in industrial processes for its 

resistance to corrosion. Through information on the 

operating range and time constant found in the technical 

sheet, the transfer function for the sensor was represented 

by a first order function (equation 21). 

 𝐺𝑇(𝑠) = 𝐾𝑇𝜏𝑇 𝑠+1                                                                (21) 

 

where𝐾𝑇 is the sensor gain and 𝜏𝑇 is the time constant. 

The sensor gain is calculated using equation 22, which 

corresponds to the changes in the output variable between 

the changes in the input variable. The sensor output signal 

has a measurement range of -10 °C to 150 °C. 

 𝐾𝑇 = (20−4) 𝑚𝐴150°𝐶−(−10°𝐶) = 0.1 𝑚𝐴°C                                           (22) 

 

The time constant of the transmitter is 0.65 min 

and replacing this in equation 21, the following transfer 

function for the transmitter is obtained (equation 23). 

 𝐺𝑇(𝑠) = 0.10.65 𝑠+1                                                              (23) 

 

2.3 Design of Pneumatic Control Valve 

The control valve will act on the flow of 

refrigerant circulating through the cooling jacket. A valve 

of equal percentage characteristics with a range ability 

parameter (α) of 50 was selected, which produces a very 

small change in flow at the beginning of the valve position 

displacement, but as it opens to the maximum opening 

position, the flow increases considerably. The valve is to 

be designed for 100% overcapacity and pressure drop can 

be considered constant. The valve selected to regulate the 

refrigerant flow in the jacket is BELIMO B2 series 

(LRB24-3), two-way. The model LRB24-3 has a time 

constant of 0.93 min and its transfer function is given by 

the equation 24. 

 𝐺𝑣(𝑠) = 𝐹𝑗(𝑠)𝑀(𝑠) = 𝐾𝑣𝜏𝑣 𝑠 + 1 𝐺𝑣(𝑠) = 0.877.3 𝑠+1                                                                (24) 

 

3. RESULTS AND DISCUSSIONS 
A feedback control system (Figure-3) consisting 

of a sensor-transmitter (equation 23), a pneumatic valve 

(equation 24), and a feedback controller is installed on the 

jacketed reactor represented by equation 18. The feedback 

control loop is represented by a block diagram as indicated 

in Figure-4. 

Tuning of the parameters (Kc, y τI,) of the 

feedback controller was performed using the closed loop 

method proposed by Ziegler and Nichols [11]. Based on 

the fine-tuning of the feedback controller parameters, 

different simulations were carried out using the 

SIMULINK software. Figure-5 shows simulations of 

feedback temperature control of a jacketed reactor using 

proportional controller at different proportional gain 

values. In this case, without disturbances for all 

simulations and the set point value was 250 °C. It is 

observed that the difference between the steady state and 

the desired value (error) decreases as the value of the 

proportional gain increases, the same behavior happens 

over time to reach the steady state. Meanwhile, the number 

of oscillations and their overshoot increase as the value of 

the proportional gain increases. These results are in 

accordance with the process control theory [12-13] and 

obtained by Realpe et al. [14]. 

 

 
 

Figure-3. Feedback control system for Continuous Stirred 

Tank Reactor (CSTR) with cooling jacket. 
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Figure-4. Closed-loop block diagram of a feedback control system. 

 

 

 

b) Kc= 10.4 

a) Kc= 8.4 
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Figure-5. Simulations of feedback temperature control of a jacketed reactor using proportional controller  

(P) with set point value of 250 °C at a) Kc=8.4, b) Kc=10.4, Kc=12.4 and Kc=16.4 

 

Figure-6 shows the effect of the step change of 

set point from 250 to 350 at minute 120 using proportional 

(P) controller. The controller acts fast before change in the 

set point, however, the set point is not reached. A similar 

behavior of the P controller is observed in Figure-7 when 

there is a step change of the inlet temperature (Ti) of 

styrene from 28 to 45 °C. 

Therefore, the proportional-integral (PI) 

controller was implemented and fitted by closed loop 

method of Ziegler and Nichols. Figure-8 shows simulation 

of proportional-integral controller (PI) where the step 

changes of set point from 250 to 350 at 120 minutes is 

applied. It is observed the PI controller reached the set 

point faster than P controller, and the error of PI controller 

is lower than P controller. Meanwhile, the oscillations and 

overshoot of PI controller are lower than P controller. 

Similarly, Figure-9 shows the effect of the step change of 

input temperature (Ti) of styrene from 28 to 45°Cat 120 

minutes using PI controller, showing a little peak up that 

drop to set point, indicating a good performance of PI 

controller. 

The PID controller was tuned similarly to the PI 

controller using the Ziegler and Nichols closed loop 

method, however, the dynamic response of the reactor 

temperature was slower to reach steady state than the 

proportional controller as shown in Figure-10. 

 

 

 

d) Kc= 16.4 

c) Kc= 12.4 
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Figure-6. Effect of the step change of set point from 250 to 350°C at 120 minutes using proportional controller. 

 

 
 

Figure-7. Effect of the step change of inlet temperature (Ti) of styrene from 28 to 45 °C at 120 minutes 

using proportional controller (P) with set point value of 250 °C. 
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Figure-8. Effect of the step change of set point from 250 to 350 at 120 minutes using proportional-integral 

controller (PI) with set point value of 250 °C. 

 

 
 

Figure-9. Effect of the step change of inlet temperature (Ti) of styrene from 28 to 45 °C at 120 minutes 

using proportional-integral controller (PI) with set point value of 250 °C. 
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Figure-10. Effect of the step change of set point from 250 to 350 at 120 minutes using proportional- 

integral-derivative controller (PID) with set point value of 250 °C 

 

4. CONCLUSIONS 
The temperature control of the styrene 

polymerization reaction inside jacketed reactor was 

simulated using SIMULINK software. Initially, energy 

and mole balances were carried out within the reactor and 

the jacket, then the mathematical modelling of valve and 

sensor-transmitter were carried out. Proportional and 

proportional-integral controllers were tested, and PI 

controller reached a steady state faster than proportional 

controller. Furthermore, step changes in the set point and 

inlet temperature did not affect the performance of PI 

controller. 
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