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Introduction

  Continuous polymerization reactors are widely used to produce the synthetic polymers. With an increasing demand for high-quality polymers, it is necessary to build a control strategy that would minimize the production of off-spec polymer during the start-up or grade change operations. However, polymerization processes are difficult to control effectively due to their severe nonlinearities. As a result, several kinds of nonlinear control strategies have been developed for polymerization processes.

  In this study, the extended Kalman filter based nonlinear model predictive controller [1] was implemented experimentally to control the conversion and the weight-average molecular weight of polymer product in a continuous MMA polymerization reactor. Manipulated variables were the jacket inlet temperature and the feed flow rate. In order to measure the properties of polymer on line, the densitometer and the viscometer were utilized.

Polymerization Reactor Model

  From the general free radical polymerization mechanism, the following mass balance equations can be derived for each of initiator, monomer and solvent:
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(3)
in which V and q denote the volume of the reaction mixture and the volumetric flow rate, respectively, while I, M, S, and G0 represent the concentrations of initiator, monomer, solvent and living polymer, respectively. The subscript f denotes the feed stream.

  To describe the molecular weight distribution, the method of moments can be adopted to calculate the number-average molecular weight (Mn) and the weight-average molecular weight (Mw). One can derive balance equations for the first three moments of the living and dead polymer concentrations as follows:
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where Gk and Fk are the kth moments of living and dead polymer concentrations, respectively.
  It is well-known that free radical polymerization kinetics exhibit the gel effect. In this work, we adopted the gel effect correlation proposed by Schmidt and Ray [2]. The kinetic data used for the plant model of this study are taken from the literature [3]. Based on the mass balance equations, the monomer conversion and the number- and weight-average molecular weights are defined by the following equations:
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where subscripts p and r denote the polymer and the reaction mixture, respectively.

  The energy balances for reactor and jacket can be formulated as follows:
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where U, A, and Qloss denote the heat of reaction for propagation, the overall heat transfer coefficient, the heat exchange area and the rate of heat loss, respectively. Further, the subscripts j, c and a represent the jacket, heating-cooling water and ambient air, respectively.

  We assume that the process model is represented by the following nonlinear differential equation:
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         (13)
The state vector x, the manipulated input vector u, the unmeasured disturbance d and the output vector y are defined, respectively, as
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Experimental
  Figure 1 shows the schematic diagram of the continuous MMA polymerization reactor system used in this study. The jacketed glass overflow reactor has a capacity of 1L and is equipped with a stirrer for the mixing of the reactants. The valve stem positions of the hot and cold water lines are adjusted, in a cascade control configuration, in such a way that the jacket inlet temperature is kept equal to the desired value specified by the master controller.

The density of polymer can be used effectively to follow the course of polymerization and to examine the variation of monomer conversion X, which is defined by equation (10). After going through several steps of algebraic manipulation, one can express the conversion in terms of the measured density 
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 of the reaction mixture and the densities of individual components ; i.e.,
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in which 
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 denote the densities of monomer, solvent and polymer, respectively, determined at the measuring temperature. Here, Wsf represents the weight fraction of solvent in reactor, which may be assumed constant.

  Some correlations have been reported to give the relationship between specific viscosity 
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 and intrinsic viscosity 
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 [4]. The empirical equation developed in this study is given by
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where kH and b can be treated as the curve-fitting parameters, and C indicates the mass concentration(g/mL) of the polymer in the reactor. The weight average molecular weight can be obtained if the value of 
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 in centipoise is used in the Mark-Houwink equation
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where K and a are Mark-Houwink constants, which may be assumed independent of the temperature. The values of K and a are given as 
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and 0.72, respectively, for PMMA [5].

  Ethylacetate (EA), benzoylperoxide (BPO), and methylmetacrylate (MMA) are used as solvent, initiator, and monomer, respectively. The reaction mixture is sampled at successive times and the conversion is measured by the gravimetric method, while the average molecular weights are measured by the gel permeation chromatography.

Results and Discussion
The polymerization reaction experiment was conducted and the polymer properties were measured both on-line and off-line in such a way that the proposed model and measurement technique could be validated. Figure 2 shows the comparison between the experimental and simulation results when the setpoints of reactor temperature and the feed flow rate undergo a series of step changes, respectively. The two are in fairly good agreement not only in terms of the conversion but also in view of the molecular weights. Therefore, it may be concluded that the model developed in this study is adequate to be used for model predictive controller.

The on-line measurement values of conversion and weight-average molecular weight are presented in Figure 2 (Parts (a) and (b)). Clearly, the values are found to agree well with the off-line measurement values. Hence, it is justified to use the measured values for on-line state estimation.

The manipulated variables are the jacket inlet temperature and the feed flow rate whereas the controlled variables are the conversion and the weight-average molecular weight. The upper and lower bounds of the feed flow rate are 30 and 5 ml/min, respectively. The weighting matrices are diag(10, 0.05) for the output and diag(30, 2) for the input. 

  In Figure 3, Parts (a) and (b) present the profiles of the controlled outputs when there are step changes in the setpoints of conversion and molecular weight. The corresponding profiles of the jacket inlet temperature and the feed flow rate are shown in Parts (c) and (d). The setpoint of molecular weight is changed from 120,000 g/mol to 150,000 g/mol at 350 min, while the setpoint of conversion remains unchanged.

  Since the reactor has interactive dynamics, the controller increases the feed flow rate (to increase the weight-average molecular weight) and also increases the jacket inlet temperature (to maintain the conversion at 0.1) simultaneously to compensate for the interaction. However, the controller cannot fully compensate for the effect of setpoint change in the molecular weight and thus the conversion slightly oscillates before returning to its setpoint at about 500 min.
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  When the conversion setpoint increases to 0.2 and the setpoint for the molecular weight goes down to 90,000 g/mol at 600 min, the transition turns out to be really fast and smooth and the controller performance is found remarkably good.

Conclusions

  An EKF based nonlinear model predictive controller was implemented experimentally to control the conversion and the weight-average molecular weight in a continuous MMA polymerization reactor. For this a mathematical model was developed for a continuous reactor in which free radical polymerization of methyl methacrylate (MMA) occurred. In order to measure the properties of polymer on line, the densitometer and the viscometer were utilized.

  Despite the complex and nonlinear features of the polymerization reaction system, the EKF based NLMPC performed quite satisfactorily for the property control of the continuous polymerization reactor. It seems evident that the proposed control strategy may be applied to other continuous polymerization processes to minimize the production of off-spec polymer.
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Figure 1. Schematic diagram of the continuous MMA polymerization reactor system.
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Figure 2. Histories of conversion and average molecular weights when the setpoints of the reactor temperature and the feed flow rate undergo a series of step changes, respectively
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Figure 3. Servo and regulatory performances of EKF based NLMPC for step changes in the setpoints for conversion and weight average molecular weight.








_981372828.unknown

_981373326.unknown

_981387607.unknown

_981387620.unknown

_981445226.unknown

_981447338.unknown

_981447769.unknown

_981387874.unknown

_981387611.unknown

_981378822.unknown

_981378841.unknown

_981387588.unknown

_981378853.unknown

_981378827.unknown

_981378815.unknown

_981372853.unknown

_981372869.unknown

_981372978.unknown

_981372981.unknown

_981372974.unknown

_981372865.unknown

_981372840.unknown

_981372842.unknown

_981372836.unknown

_981372812.unknown

_981372819.unknown

_981372824.unknown

_981372817.unknown

_981372800.unknown

_981372808.unknown

_977225685.unknown

_981372777.unknown

_977222269.unknown

