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Introduction
The batch polymerization process is widely used in industries for its availability and flexibility in operation. In a batch free radical polymerization process, a typical operation task involves manipulation of reactant concentrations, reactor temperature, and other adjustable variables to achieve desired targets such as conversion, molecular weight, and residual impurities. It is well known that molecular weight (MW) and molecular weight distribution (MWD) significantly affect the mechanical and rheological properties of the polymer[1]. Hence, operating a polymerization process to achieve a specified MWD is highly desired. However, MWD control is very difficult with on-line measurement being the primary obstacle. Without measurement, the feedback control of MWD is not possible. Thus the polymerization process is operated according to a pre-determined recipe (such as reactor temperature trajectory or initiator supply policy) which has been obtained to produce the polymer with desired properties. In industrial practice, the recipe is usually determined by trial and error experience. A less common industrial approach for determining the recipe is to use polymerization models.

The main disadvantage with pre-determined recipe is that the poor control of molecular weight distribution may arise due to process disturbances. The question is then how to modify the pre-determined recipe in the presence of disturbances. In this study, therefore, we develop the on-line two-step method to obtain the polymer product with the desired MWD under process disturbances. As an illustrative example of the on-line two step method, we use the solution polymerization model for styrene in a batch reactor system and discuss the implementation issues for the on-line two-step method.

Batch Polymerization Reactor Model
We consider the styrene solution polymerization in a batch reactor. The reaction kinetics are assumed to follow the general free radical polymerization mechanism. The method of moments is adopted to calculate the number average molecular weight(Mn) and the weight average molecular weight(Mw). The definitions of the moments are as follows:




where Gk and Fk are the k-th moments of living and dead polymer concentrations, Rn and Pn, respectively. As monomer is converted to polymer, the density of the reaction mixture increases and thus the reactant volume V shrinks as the reaction proceeds. Therefore, we use the appropriate density correlation to consider the reactant volume change. Although the gel effect in styrene polymerization is not as strong as in MMA polymerization, it has to be considered in describing the polymerization kinetics at high conversion or low solvent volume fraction. In this study, the empirical gel effect correlation by Hamer et al. is used[2].

The Two Step Method for MWD Control
In most cases, MWD is fairly well described by Mn and the polydispersity P. Therefore, the MWD control problem in a batch reactor boils down to that of searching an operating condition to produce polymer with the prescribed number average degree of polymerization Y* and the prescribed polydispersity P* at the desired conversion level X*. At time t, Y(t) and P(t) are represented as:




and X(t) in a batch reactor is given by:




Also, the total amount of polymer formed is calculated from the monomer material balance: 




Substituting X(t), Y(t) and P(t) in Eqs. 2 and 3 for X*, Y* and P*, the desired values of the moments of polymer concentrations are obtained as follows:










Therefore, given the control objectives X*, Y* and P* and the initial reactor condition, the MWD control problem is equivalent to that of searching an operating condition to produce polymer with H0*, H1* and H2*.

Instantaneous degree of polymerization and instantaneous polydispersity

The instantaneous degree of polymerization y and the instantaneous polydispersity p are defined as




From Eq. 6, the following equations are obtained




Integration of Eq. 7 from 0 to H0* gives the following equations:




These equations must be satisfied to obtain the polymer product with desired properties.

  Here, we can separate the MWD control problem into two steps; the first step is to determine y*(H0) and p*(H0) satisfying Eq. 8 and the second step is to explore the operating conditions forcing y(H0) and p(H0) to y*(H0) and p*(H0) determined at the first step.

First step : Determination of the simple expression for y*
For the simplicity of calculation, p(H0) is assumed to be constant during a batch. This assumption has been justified by the simulation of styrene polymerization models. Furthermore, one can put Eq. 8 into the dimensionless form




Takamastu et al.[3] used three different types of expression for y(H0). The expression for y(H0), however, may be arbitrarily chosen considering the reactor operability. In this work, we will consider the following expression for y(H0) to execute the two-step method; i.e.,




where y(0) is calculated by using the initial reactor condition. Eq. 10 can be inserted into Eq. 9 to determine a1 and a2, respectively. The resulting y*(H0) profiles are derived as follows:




where




The desired polymer product is to be obtained if y tracks the profile determined by Eq. 11 during the course of polymerization. It is important to know that the profile of Eq. 11 is only the subset of y(H0) profiles satisfying Eq. 9. The general y* profile can be constructed by combining the simple y* profiles in sub-reaction interval and the full MWD control problem can be solved by constructing the general y* profile. The generalization of the two-step method is discussed in Yoo and Rhee[4].

Second step : Calculation of the reactor operating condition
In this part, the reactor operating condition that realizes y* profile in the first step should be calculated based on the polymerization reactor model. Using the moment balance equations for the living and dead polymer concentrations, y is determined by the following expression:




Using the reactor model, we can derive the reactor operation policies for the efficient MWD control. In the present study, the reactor temperature is primarily used to control MWD with given initiator amount and solvent fraction. Here, we calculate the right hand-side of Eq. 13 for a given temperature and indeed determine the temperature that makes the right hand-side equal to y*, in which the reactor model is integrated for I, M, S and G0 simultaneously. And the following equation is used in mapping the y*(H0) profile into the corresponding time profile y*(t):




The On-line Two Step Method for MWD Control
Due to the external disturbances and limited controller performance, the operating policies determined by the two step method may not be realized exactly. As a result, the obtained polymer property may deviate from the desired polymer property as the deviation from pre-determined operation policy increases. Thus we develop the on-line two step method to compensate the deviation from pre-determined operating policy.

The first step in the on-line two step method
In the on-line approach, the operating policy is updated based on the present state of the reactor. In the first step of the on-line two-step method, the following dimensionless equations must be satisfied to obtain the desired polymer product:




where




And we use the second order polynomial for y(H0) to execute the on-line two-step method at y(t). The resulting y*(H0) trajectories are derived in the dimensionless form:




where




Here, Eqs. 11 and 17 are equivalent if the pre-determined operating policy is perfectly realized. In the first step of on-line approach, H0(t), H1(t), and H2(t) must be estimated by using open-loop or closed loop scheme. While this open-loop scheme is adequate for many cases, the lack of feedback measurements may limit the performance of MWD control. If on-line closed loop estimation of H0(t), H1(t), and H2(t) are combined, the performance of the on-line two step method will be remarkably improved.

The second step in the on-line two step method
In the second step of on-line approach, the operating condition can be derived by using various schemes. The second step in the on-line approach parallels that in the off-line approach. In this case, however, Eqs. 13 and 14 are computed keeping pace with the progress of the reaction. That is, the required operating condition is calculated on-line during a batch. In such a circumstance, if we use a controller, for which the present set-point value is only needed, i.e. PID controller, it is sufficient to generate the present set-point in the second step. However, if model predictive controller is implemented, for which the future set-point values are needed at every sampling instant, the second step must generate the set-point values up to the prediction horizon. In summary, we present the set-point generation structure for the on-line two-step method in Figure 1.




Figure 1. The set-point generation structure using the on-line two step method.
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