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Abstract

Optimal open loop control strategies are developed for batch and semibatch free radical
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tool CONSOLE, which was developed at the University of Maryland in 1987. CONSOLE
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of various design specifications. Conflict resolution among the different objectives is made by
scaling of specification space based on designer’s knowledge of the polymerization process. A
feasible direction algorithm is used to obtain optimal monomer addition and reactor temperature
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Introduction

A precise control of polymer properties has become one of the major issues in optimizing indus-
trial polymerization processes recently. Many polymerization processes involve batch or semi-batch
reactors to produce small-to-medium volume engineering and gpecialty polymers. Although con-
tinuous processes, in general, produce polymers of more consistent quality in large volume through
process automation than batch processes, the latter are still industrially very important and par-
ticularly well suited for the production of polymers of varying grades in a rapidly changing market
environment.

In free radical copolymerization processes, controlling both copolymer composition and molec-
ular weight or molecular weight distribution (MWD) is of primary importance. For instance, two
styrene-acrylonitrile (SAN) copolymers differing more than 4% in acrylonitrile level are incompat-
ible, resulting in poor physical and mechanical properties [1]. It is also well known that significant
batch-to-batch variation in product polymer properties is quite common in industrial processes and
resulting off-specification products are often wasted.

Many of the batch or semibatch polymerization reactor control problems stem from the lack of
accurate on-line sensors for polymer property measurements. Although some promising progress
has been made in recent years in developing on-line sensors for certain polymerization systems
[2-6], on-line sensors for the measurement of many important polymer properties are not readily
available at this time. Therefore, batch or semibatch copolymerization processes pose challenging
open loop control problems (Task Level Control). Inevitably, accurate process models are required
in order to synthesize open loop time varying control policies which minimize properly defined
objective functions.

Semibatch free radical copolymerization process is a typical example of a multivariable open
loop optimal control design pr\oblem. Here, one has to manipulate at least two control variables (e.g.
monomer addition rate, reactor temperature) in order to obtain copolymers of desired composition
and molecular weight or its MWD, in the shortest possible time under the operating constraints.
If only one polymer quality parameter is controlled by manipulating one control variable, uncon-
trolled property parameters may deviate from their desired values as the reaction proceeds. In
other words, performance objectives compete against each other and a compromise has to be con-
sidered. One simple technique used quite often for handling such problems is the weighted sum

approach, in which the single cost is a weighted sum of various performance objectives. However,



this has the disadvantage of hiding the physical significance of these objectives when viewing the
values of the course during an optimization. In other words, this technique gives a solution to the
overall problem but does not provide insight into the conflicts among the competing objectives.
Furthermore, it requires a priori knowledge of the weights to vary the emphasis given to each ob-
jective and adjusting them is usually a cumbersome process. In recent years several publications
dealing with single cost function optimization in homopolymerization have appeared, [7-10]. Chen
and Lee [11] used the single objective optimization for copolymerization reactor design. For such
multiobjective optimization problem, as copolymerization process optimal solutions generally do
not exist and one must be satisfied with obtaining a non-inferior solution or Pareto optimum. The
non-inferior solution is one in which no decrease can be obtained in any of the objectives without
causing a simultaneous increase in at least one of the other objectives. Tsoukas et. al [12]. were
the first to apply the dynamic two-objective e-constraint algorithm developed by Haimes et. al.
[13] to a semibatch copolymerization process. Farber [14] reported the use of similar multiobjec-
tive optimization technique to determine the non-inferior sets for continuous copolymerization of
styrene-acrylonitrile and methyl methacrylate-vinyl acetate systems.

With a rapid progress in computer technology, there is a growing interest in developing inter-
active optimization tools to solve a variety of engineering problems. In this paper, we apply a new
methodology in solving an open loop optimal control problem for semibatch copolymerization pro-
cesses. This methodology was developed by Nye and Tits [15] and it has been applied successfully
to numerous design problems in various branches of engineering such as integrated circuits [16],
control systems [17-22] or earthquake resistant structures [23]. The central idea in this computer
aided design(CAD) methodology is to emphasize designer intuition and man-machine interaction
in an optimization-based approach to engineering design in which the designer and the computer
are complementary as they work together to optimize the performance of designs. Furthermore, it
handles constrained multi-objective design problems where some of the objectives or the constraints
could be ‘functional’. This means that the specification could also be a function of an independent
variable and that the specification needs to be optimized or satisfied for all values of the independent
variable in a given set. The delivery of designer intuition and knowledge pertaining to the design
problem is through an application-oriented problem formulation. We summarize the procedure of

the problem formulation below. For more details, see [15,24,25].

1. Partition of the various specifications into three categories:



(a) hard (functional) constraint - a specification whose satisfaction is considered essential
and hence achieving it should proceed with the utmost priority. For our design problem,
good examples for hard constraints are the requirements of total reaction mass and
operating temperature. It is clear that the resulting design has no engineering value if

the total reaction mass exceeds the designed reactor volume.

(b) soft (functional) constraint - a specification which involves a desired or target value, that
the designer should try to approach and reach if possible, but such that no further gain
would be obtained if the specification overachieved its target value. A soft constraint
could be the product specifications. A slight violation of the constraint would probably

not jeopardize the value of the design, even though a design satisfying the constraint

would be preferable.

(c) (functional) objective - a specification for which some quantity should be minimized or
maximized. Minimization of deviation of product specification from their set values and

minimization of reaction time will be our objectives.

Based on the above definition of constraints and objectives, the algorithm proceeds in three
phases. In the phase I, only the hard constraints are considered, when all the hard constraints
are satisfied, the second phase starts. In the phase II; objectives and soft constraints compete
simultaneously, while hard constraints remain satisfied. The third phase starts only when all
the soft constraints are satisfied, all objectives have reached at least their good values (see
below) and hard constraints are still maintained satisfied. In the phase III effort is made to

improve the objectives, while all hard and soft constraints are still kept satisfied.

. Choose a good value (curve) and a bad value (curve) for each specification by uniform satisfac-
tion/dissatisfaction rule: having all of the various (functional) objectives and soft (functional)
constraints achieve their corresponding good values (curves) should provide the same level
of satisfaction to the designer for each, while achieving the bad values (curves) should pro-
vide the same level of dissatisfaction. Having all of the various hard (functional) constraints
achieve their corresponding good values (curves) should provide the same level of satisfaction
to the designer for each, while achieving the bad values (curves) should provide the same level
of dissatisfaction. The use of good and bad values in this way provides a very simple way
to do tradeoff analysis; if the designer is dissatisfied with the performance level achieved by

a particular objective or constraint, he simply changes what he considers to be satisfactory



(good value) or unsatisfactory (bad value).

With this problem formulation, comparison between various scaled specifications becomes mean-
ingful. Namely, under the assumption that the levels of satisfaction are affine functions of the
specifications, we can say that the ith specification is more satisfied than jth, if fi> fI and vice
versa. Hence the maximal scaled value of all specifications represents an index of the quality of the

design. Therefore we consider the following nonlinear mathematical programming problem

min max fi(z) (1)

subject to

gi(z)<o0, j=1,2,...
where z is the design parameter vector, f: and gJ are the ith ‘scaled’ (functional) objective and the
sth (functional) constraint respectively. The ‘scaled’ (functional) objective is defined by

— f' - ;ood
fl:ad - fgood

fi (2)

where f* is the ith (functional) objective and f;ood, fi.q4 are its good value (curve) and bad value
(curve) respectively. With this transformation, 0 and 1 correspond respectively to the specified
good and bad values. A similar definition applies to the ‘scaled’ (functional) constraint. In case
of functional objective, f! stands for the maximal value of all possible values of the independent
variable, and similarly, for the functional constraint, gJ < 0 means that the constraint must be
satisfied for all possible value of the independent variable.

The methodology mentioned above has been implemented in the CAD package CONSOLE [24].
CONSOLE is an interactive optimization-based design tool for a very broad range of engineering
systems provided that simulators are given. It was developed by Fan et. al. [24] at University of
Maryland. CONSOLE meets many of the very specific requirements that design engineers demand
of the packages, such as, (1)the description of design problem is closely related to the character of
design, (2)can be linked with arbitrary simulators in an extremely easy way, (3)graphic capability,
etc. CONSOLE also provides user interactive interface which allows the user to visualize various
outputs related to the performance of the design at a specified iteration. Such outputs include
displaying of design parameters, Performance Comb, active specifications and plots of functional

objectives or functional constraints. See subsequent sections for more details.



Kinetics and Reactor Modeling

The polymerization reactor optimization problem was investigated with solution copolymeriza-
tion of styrene and acrylonitrile. The solvent and initiator used were xylene and AIBN, respectively.
The reasons for selecting this system were: SAN copolymer is commercially important and opti-
mal control is necessary if copolymer composition has to be maintained at points other than the
azeotropic point. The details of reaction kinetics and reactor modeling equations are described
below and the numerical values of kinetic constants are listed in Table 1.

The following kinetic model is used to describe the homogeneous solution free radical copoly-
merization of styrene with acrylonitrile. At high solvent volume fraction, the effect of diffusion
controlled termination (gel effect) is not significant. Penultimate effect is also assumed negligible

(These assumptions do not restrict the applicability of the proposed controller design technique,

however.).
INITIATION
I —2R (3)
R+ M; E'—l Pio (4)
R+ M %3 Qo1 (5)
PROPAGATION
Pam + My " Py (6)
k
Pn,m + M2 Ll’z Qn,m+1 (7)
k
Q".m + MI Ly Pn+1,m (8)
k
Qn,m + M2 p_23 Qn,m+1 (9)
COMBINATION TERMINATION
Pn,m. + Pr,q k'_cll Mn+r,m+q (10)
Pn,m + Qr,q kﬂz Mn+r,m+q (11)
Qn,m + Qr,q kﬂz Mn+r,m+q (12)

DISPROPORTIONATION TERMINATION

Pogn + Prg "4 M, + M, (13)



Table 1: Numerical values of kinetic parameters and reaction

conditions for Styrene-Acrylonitrile Copolymerization

Parameter Pre- Activation Ref
exponential Energy
factor (cal/gmol)
Initiator ky 6.02 x 1015sec™1 31,730
AIBN f 0.6 -
Monomer 1/mol-sec
Styrene kp11 1.06 x 107 7,067
k11 1.25 x 10° 1,677
kg1 2.31 x 108 12,670
Acrylo- kp2a 3.0 x 107 4,100
nitrile ka2 3.3 x 1012 5,400
kf2z 6.93 x 108 5,837 (a)
" 2.56(—) 1,190
re 6.67 x 1075(-) -4,340
k12 30 x k1 12,670
kg2 5 X kgaa 5,837
Pt 23(-) -
AH, =1.02[1 - (1.393F;(1 — F1))%®] + 16.03F; + 16.73(1 — Fy) | (b)

Reactor Parameters:
fs =0.25, tpmaz =5(hrs), Vier = 4.0(l), I, = 0.05(mol /1)
he = 6.5 x 1074(kcl/sec — em? —° K), pC, = 0.332(kcl/l —° K)

(a) Tsoukas, et. al. [12], (b) Miyama and Fujimoto [27]



k
Pom+Qrg 3 Mym + M, 4 (14)

Qum + Qrg B Mpm + Mg (15)
CHAIN TRANSFER
Ppom + M; ty Mpm + Pro (16)
P+ My "2 My + Qor (17)
Qg+ My B3 My + Pig (18)
Qnim + My 23 My + Qor (19)

where P, ,, represents a growing copolymer chain with n units of monomer 1 and m units of
monomer 2, and monomer 1 on the end. Similarly, @, » represents growing copolymer chain with
monomer 2 on the end. M, ,, denotes inactive (or dead) polymer.
The copolymer molecular weight and MWD are computed by using three leading moments of
the total number average copolymers. The instantaneous k-th moment is given by
o o0
A= Z Z (nwy + mwg)an,m k=0,1,2... (20)
n=1m=1
where w; and w, are the molecular weights of monomer 1 (styrene) and monomer 2 (acryloni-
trile), respectively. The total number average chain length (X,), the total weight average chain

length (X,,) and the polydispersity index (PD) which is a measure of molecular weight distribution

broadening are expressed as:

M

A
Xw = Fli' (22)

Xuw
=Y 23
PD =" (23)

In order to maintain constant monomer mole ratio in the bulk phase, more reactive monomer
or monomer mixture is injected with initiator to the reactor. Thus, the modeling equations of the
semibatch copolymerization reactor of volume V take the following form:

Reactor Mass Balances:

dM; u

“L = Z(Myp — My) — [(kpry + kg11) P+ (Kpar + kp21) Q1 My (24)
dt 14

dM: u

th— = ‘—/-(sz — M) — [(kpaz + k722)Q + (kp1z2 + ks12) P) M (25)



dl u

= =y r— D -kl (26)
% —u (27)

Energy Balance
pCoV o = V(AH,)(Rep) — hoAelT — T2) + upCy(Ty — T) (28)

where,

Rep = [(kp11 + kf11) P + (kp21 + ky21)QI My + [(Kp22 + Kr22)Q + (Kp12 + kyp12) P] M2 (29)

Live Polymer Moments

1/2
P= ( 2fkal - ) (30)
(kte11 + kearr) + 28(kterz + kearz) + B%(kecaz + keazz)
where,
_ kpiz+kpiz _ M;
(kp21 + kg21)9 ’ M,

M; and M; are molar concentrations of monomer 1 (styrene) and monomer 2 (acrylonitrile), re-
spectively, I is the initiator concentration, and u the volumetric monomer addition rate. Other

parameters are defined in the Notation.

An application of pseudosteady state approximation to live polymers [26] leads to the following

live polymer moment equations:

1y
. (w101a1 + 2IQ; + wy (0 P+ "7‘11(?)) (31)

(1-ay)

wyChaz + Z2P1 + wz(a2Q + 22 P)
- (32)

arz
(1 - az)



P (w'fClou + 29Q; + 2wion Py + 2429Q; + wi(ay P + #1Q) (33)
2 =
(1 - Otl)

Q _ w%Czag + ;%%Pz + 2%%?})1 -+ 2w2a2Q1 -+ w%(,%z;P + azQ) (34)
2 (1 bd az)
where,
Cy = (k11 P + kp21Q) My
kp11 M,y
Cy = (ky22Q + k12 P) M,
ky2a Mo
L= Ken
kpiz ' kp21
k
N = P2
pl2
g = kpllMl
[(kp11 + kp11) My + (kp12 + kp12) My + (kte11 + kearn) P + (kecr2 + Kea12) Q)
oy = k2o M,
((kp22 + kf22) M2 + (kpa1 + kga1) My + (kee22 + Ked22)Q + (Kecr2 + kedi2) P
The moment equations for dead polymers are given by
dxg 1 S | 2
& = (Ektcll + kear1) P + (EkthZ + ktaz2) Q" + (ktc12 + 2keq12) PQ
/\d
+(kpiiMy + kp1aMa) P + (kg Ms + k21 My)Q — Vou (35)
drd
ol (kte11P + kea11 P + kee12Q + kea12Q + kp1iMy + ky1a M) Py
+(ktc22Q + kea22Q + kec12 P + kea12 P + kgaa My + ka1 M1)Q1
Ad
——‘7111 (36)
d\$
p7al (ktc11 P + kea11 P + kec12Q + keq12Q + kp1iMy + k12 M) P
+(kec22@Q + kta20Q + kec12P + keara P -+ kpaaMs + ka1 M1)Q2
)\d
tktc11PE + kic22Q? + 2ke12P1Q1 — _‘_/Zu (37)



The numerical values of kinetic parameters used in the simulations are listed in Table 1. The
instantaneous copolymer composition (F;) is determined by the relative reactivities of monomers

(r1 and r3) and bulk phase monomer mole fractions (f; and fz) as follows:

rif 12 + f1f2
F1= 38
nTE+ 2fif2 + Tof] (38)
or in terms of monomer mole ratio, ¢,
rg*+¢
= 39
YTt 26+ (39)
The conversion of monomer 1 is defined as follows:
VoM Eu(t)Mysdt — V My (t
oy = YoM+ Jo u(t) My 1(t) (40)

VoMo + [ u(t)Mysdt
where Vj is the initial reaction volume, Mjq the initial monomer concentration in the reactor, My,

the feed monomer concentration, and u(t) the monomer feed rate.

Problem Definition

The first step in the design of the optimal control policy is to specify the objectives, hard
constraints and soft constraints. For our problem the objective is to minimize the deviation of
copolymer composition and MW from their respective desired values. In other words the objective
is to minimize the squared errors for desired copolymer composition and MW during the entire span
of reaction time. For this purpose the reactor temperature and the monomer feed rate containing
the mixture of monomers, solvent and initiator are selected as control variables. Instead of an
actual optimal control which is obtainable by the application of Pontryagin’s principle, third order
polynomials in time are assumed for both monomer feedrate and reactor temperature profiles.
This will result in a suboptimal solution. However, it is our experience that if the order of the
polynomials is sufficient, then the obtained performance will be very close to the true optimal. The

open loop optimal control profiles will be obtained by control vector parameterization, therefore

the design parameters are the coefficients of the polynomials as shown below;

3
uy(Feedrate) = ag + a; Z £ (41)
i=1
8 .
ug(Temperature) = bo + b; ) t' (42)
=1

10



The batch reactor optimal control problem is considered as a dynamic optimization problem
and thus it becomes an infinite dimensional problem. For our purpose this infinite dimensional
problem was approximated by a finite dimensional problem, where the entire span of reaction time
is divided into mesh type structure with a desired number of mesh points. As the number of mesh
points increases, the problem approaches the actual dynamic optimization problem. In our case 20
mesh points have been found satisfactory and used for this purpose. According to this convention,
time dependent quantities like MW, copolymer composition, reactor temperature, feedrate, etc. are
considered as functional quantities and time dependent objectives and constraints will be defined
as functional objective and functional constraints, respectively. Now their values will be considered
only at finite number of time instants(mesh points). This allows us to specify the good and bad
values of functional objectives and functional constraints at each mesh point corresponding to the
desired value of the independent variable(i.e. time). The algorithm will try to satisfy the functional
objectives and the functional constraints at each individual mesh point.

In our problem it is desired to maintain specified molecular weight and copolymer composition
during the entire span of the reaction. Therefore, they are considered as functional objectives. Also
reactor temperature and feedrate are time dependent quantities and so the constraints associated
with them were defined as functional constraints. Constraints on operating variables are necessary
for safe and reasonable operation of the reactor. Based on the requirements for reaction rate, heat
transfer limitations and reactor safety, upper and lower bounds on reactor temperature are defined
as constraints. Similarly upper and lower bounds on feed rate are defined as constraints, this is
necessary to avoid negative flowrate and to limit the maximum flowrate which can be handled
by the reactor system. The type of constraints defined for upper and lower bounds are hard
constraints, because if they are violated the design will not have any engineering value. Another
hard constraint is defined for the volume of total reactor mass and obviously it should not exceed
the designed reactor volume. This quantity is considered only at the final time (at the last mesh
point) and so it is not a functional constraint.

In mathematical notations, we can formulate the problem as follows:

Objectives:
min{fi; = (¢(5) ~ ¢,)*}; ¢=1,...,N (43.a)
min{ f; = (Mn(3) — Mn,)?}; i=1,...,N (43.5)
Hard constraints:
0.0 < uy; (feed rate) < 0.07(I/min.) (44.a)

11



323 < ug; (temperature) < 368(K) (44.5)
Vi=n < 4.0(1) (44.c)

where N is the number of mesh points, the subscript ¢ represents the ith mesh point, fi;
represents the kth objective at the 1th mesh point and ¢, and My, are the desired monomer mole
ratio and the number average molecular weight. The desired value for ¢, was selected as 1.0 and
the same for My, was chosen as 30,000. Where as, u;; represents the kth control at the ith mesh
point.

In the case of molecular weight control, the initial deviation from the desired specification is
very high. This is because of the fact that at the initial stage of the reaction, MW suddenly rises
to the peak value and then tends to decrease with time. Thus the objectives at the initial mesh
points will be always the worst. This is not desirable for our problem as the final properties are of
more importance than the initial values. To avoid this drawback, two modifications are made in
defining the objective for the molecular weight control; (1) a first few initial mesh points are not
considered and, (2) different weights are used for the different mesh points.

Finally, the objective function definition is modified to achieve the desired properties in mini-
mum possible time. For this case, objectives for the properties were transformed to soft constraints
and the soft constraints for the final conversion and for the volume of final reaction mass are defined
as shown below.

Soft constraints:

(6(1) — ¢,)* =0.0; i=1,...,N (45.a)
(Mn(1) — My,)? =0.0; i=1,...,N (45.b)
Xien =0.75 (45.¢)

3.0(1) < Vien < 4.0(0) (45.d)

One more design parameter (i.e., final reaction time) is included in the problem definition and all
the other hard constraints are kept as before. Here, optimization ends when the point is reached

where the scaled value of time can not be improved any further without deteriorating the scaled

values of the properties by the same amount.

12



Synthesis of Optimal Control Policies

The algorithm used in CONSOLE is a method of feasible direction. The basic operation of such

method can be described in the following procedure.
Step 1: Initialization.
Step 2: Stop if a certain criterion for the current design parameters is satisfied.

Step 3: Find a search direction such that it is a descent direction for all e-active specifications. A
specification is said to be e-active if the sum of its scaled value and ¢ is larger than the scaled
values of all specifications. If the search direction is large enough in magnitude, proceed to

the next step. Otherwise, reduce ¢ and go to Step 2.

Step 4: Along the search direction, preform a line search such that the maximum of the scaled

values of all specifications is sufficiently decreased.
Step 5: Update the design parameters and go to Step 2.

A detailed description of the actual optimization algorithm used is given in [15,25]. Following
description in the rest of this section explains how the Pcomb performance chart and other graphical
representation of CONSOLE can be used to obtain the desired optimal control policies for semibatch
copolymerization process. The complex information that needs to be conveyed to designer requires
graphical feedback showing algorithm and problem performance. Figure 1(a) illustrates the displays
of initial parameter values in polynomials and the initial performance for the optimization problem
of maintaining desired polymer properties (molecular weight and copolymer composition) during
the entire span of reaction, when the final time is fixed.

The performance of CONSOLE is displayed as a chart in the lower half of Figure 1(a) and
it is called the Pcomb performance comb. This allows a designer using the multiple objective
formulation quickly to grasp the performance tradeoffs of a design. Figure 1(a) clearly shows that
our initial choice of parameters is unsatisfactory. The interpretation of the Pcomb diagram is as
follows:

On the Pcomb display, the first row displays the current iteration number, phase number(I ~
III), the value of ¢ and the worst (largest) scaled value. Second row is the heading. Following
that, there is a row asso?iated with each specification and it is identified by both a symbol and

its name. For instance, in the third row of the Pcomb display in Figure 1(a), ‘FO1’ identifies
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Design Parameters:

Name
al
a2
a3
ad
b1
b2
b3
b4

Value Variation wrt O Prev Iter=0

3.33000e+02
1.00000e+01
1.00000e-01
1.00000e-01
2.00000e+01
-1.00000e+00
-1.00000e-01
-1.00000e-02

[ Y L L

Pcomb (Iter= 0) (Phase 1)

SPECIFICATION PRESENT

FO1
FO2
Cc1

FC1
FC2
FC3
FC4

Figure 1(a)

(MN-
(¢ -
final
upper
lower
upper
lower

8)"2 1.67e+08
§)°2 4.75e-02
vol 5.81e+00
flow 2.00e-02
flow 1.12e-02
flow 3.98e+02
flow 3.33e+02

.0e+00
.0e+00
.0e-02
.0e-02
.0e+00
.Oe-01
.0e-02
.0e-03

(eps= 1.000) (MAX_HARD= 35)

GOOD G B BAD

0.00Q-‘-OO R s RIS EEECREE SRR D 2.50e+07
0.00e+00 ===z=z==s===z===z=zz=z==X I 5.08e-02
4.00e+00 -==-====-=-==---cocmmceoccomooo- > 4.10e+00
7.00e-02 <-- | | 7.50e-02
0.00e+00 <-----------v-cccccrccce e ~5.00e-03
3.63e+02 ---------ssoommee e m e e > 3.64e+02
3.28e+02 *----=------o-o-ooomooomce oo 3.23e+02

Open loop control of SAN copolymerization reactor, initial design param-

eters and their performance comb, as displayed by CONSOLE(semibatch

nonisothermal reaction with fixed final time, Case:3).



the first functional objective (My — Mp,)*(minimization of squared error for desired MW). The
number under PRESENT is its current (unscaled) value. Its good and bad values are indicated
under GOOD and BAD respectively. When displaying a functional specification, its current, good
and bad values are displayed at the independent variable where the specification has the maximal
‘scaled’ value. The scaled value of the specification is graphically displayed between good value
column and bad value column. The position of the tip of each line represents the scaled value. If
the scaled value is between -1 and 2, the corresponding tip position is shown in the display window
and it is marked by a ‘#’. Therefore, the tip position lying under the heading G represents the
scaled value 0, and similarly, under the heading B stands for the scaled value 1. If the scaled value
is less than -1, it is displayed by an arrow towards the left. If the scaled value is more than 2, it
is then displayed by an arrow towards the right. For example, in Figure 1(a), the scaled value of
‘FO2’ is 0.75 and its tip position is about three quarters away from ‘G’ to ‘B’. As ‘FC1’ and ‘FC2’
have scaled values less than -1, they are indicated by left-towarding arrows on the left. Where as,
‘C1’ and ‘FC3’ have scaled values more than 2 and are indicated by right-towarding arrows on the
right. Notice that some lines in Figure 1(a) are drawn from the left, where as, some are drawn from
right. Lines drawn from the left stand for specifications which are to be minimized or constrained
for upper bounds and similar arguments applies to the lines drawn from the right. Notice also
that, the line corresponding to ‘FO1’ and ’FO2’ are drawn by characters ‘=’ while others are drawn
by ¢-’. Lines drawn by ‘=’ represent either objectives or soft constraints, and lines drawn by ‘’
represent hard constraints.

The Pcomb may be output automatically during each optimization iteration or manually after,
say, adjusting the good or bad values for a particular objective or constraint. Tradeoffs between
competing objectives or constraints are explored by adjusting good and bad values after best or
near best performance of the system being designed has been achieved following several iterations
of optimization. Basically, after several optimization algorithms have been carried out with a
set of good and bad values, the designer displays a performance comb and decides whether the
present values of objectives and constraints are satisfying. A designer who is not happy with the
present performance can adjust good and/or bad values to reflect these feelings and then resume
optimization.

In the example Pcomb shown, it is clear that many of the specifications are definitely not
satisfying. The final volume is almost two liters above the target value, the product molecular

weight specification is not met, and the temperature limit is not observed.
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Plots of the functional specifications are given in Figure 1(b). Figure 1(b) illustrates the graph-
ical representation of two functional objectives and their current values at each mesh point. The
plots also represent the good curve(desired level) as curve:2 and, the bad curve as curve:3. The aim
is to keep the constraint curve:1 below curve:2 and curve:3 (in the case of minimizing). It can be
observed that for the case of molecular weight the initial eight mesh points are neglected, where
as, for the case of copolymer composition the initial four mesh points are neglected. In both cases
one can observe that curve:l is going away from the good curve and for molecular weight it is even
going out of the bounds. Not only is the final product far too low and the molecular weight far
off-spec, but the control is not even feasible.

After running COSOLVE for 22 iterations, the results obtained are shown in Figures 2(a)-(b).
Figure 2(a) shows the Pcomb display for this set of parameters. It can be observed that the
performance has been improved significantly for both the objectives and for all the constraints. As
shown in Figure 2(b) the property objectives are well within the bound and very close to the good
curves. This could be taken as a feasible solution or it could be improved further depending upon

the requirements of the user.

Results and Discussion

Optimal control policies for several cases were developed using this methodology, the results of
optimal control are shown in Figures 3-7. The desired value for copolymer composition (F;) was
selected such that the weight% acrylonitrile in the copolymer is in the range of 25% to 35%, and
the desired value of number average molecular weight was chosen as 30,000. Initial reactor volume
was 1.0 liter and other initial design parameters were, f, = 0.25(molefraction), Iy = 0.05(mol /lit),
¢s = ¢ = 1.0. Solvent mole fraction and initiator concentration in the feed were the same as their
initial values and the monomer mole ratio in the feed, M;/M;, was 1.5.

The first plot in Figure 3 shows the optimal control profile for the reactor temperature when
only molecular weight is controlled. Response of MW after the use of the optimal temperature
profile is also shown in the same plot. Initial deviation in MW from the desired value is very
low and at the end of the reaction the desired value is achieved accurately. It can be observed
from the polydispersity plot that control of MW is sufficient to obtain the narrowed molecular
weight distribution. However, the second plot showing the copolymer composition proves that

when only MW is controlled, the copolymer composition deviates considerably from its desired

15
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value. Figure 4, illustrates the results of optimal control when only the copolymer composition is
controlled. For this case reactor temperature was kept constant at 333.0° K. As shown by the figure,
copolymer composition is maintained well at its desired level. Though polydispersity is maintained
well, the MW is far away from its desired value and it shows the continuously decreasing trend.
Because of low temperature the final monomer conversion achieved is below 50%. The third case,
where a combination of two controls was used is shown in Figure 5. Here, MW and copolymer
composition were controlled simultaneously. Very good results were achieved for both MW control
and copolymer composition control. Copolymer composition is maintained at its desired level
through out the reaction , where as, for MW the initial deviation from the desired value is reduced
and eventually the desired value is obtained with very little error. Polydispersity remaines at a
good level and monomer conversion of 80% is achieved. For all the three cases MW and copolymer
composition were controlled at several mesh points.

In the next case the aim was set to achieve desired MW and copolymer composition only at
the final time, keeping all the other variables same as before. The results obtained are shown in
Figure 6. Because of the fact that MW is controlled only at the final time, a very high initial
deviation from the desired value is obvious, however, the desired value at the final time is reached
very accurately. It can also be observed that though copolymer composition is controlled only
at the final time the desired value is maintained throughout the reaction span. This leads to a
conclusion that it is important to control MW at an early stage, whereas copolymer composition
should be controlled at the final stage of the reaction. Note that very desirable polydispersity and
conversion values are obtained.

Finally the commercially important case of minimization of batch polymerization time was
studied. Desired MW, copolymer composition, monomer conversion and desired minimum and
maximum limit of reaction mass at final time were set as soft constraints and constraints on
temperature and flowrate were kept as before. The final time is an additional design parameter
and was included in the problem definition and optimization was performed again with the design
parameters obtained in Case 4(c.f. Figure 6) . The objective was to minimize the reaction time while
still maintaining the desired specifications at the final time. The results obtained are illustrated
in Figure 7. It can be observed that the path followed by the optimal control profiles is almost
same as that followed by the profiles for the Case 4. Note, that the same desired properties are
obtained in the shorter reaction span. In the other word, there is no need to continue the reaction

for 5 hours, instead the same level of satisfaction for all the objectives and the constraints can be
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obtained within 4.58 hours. This indicates that there is no other optimal path which gives the same

level of satisfaction for the desired properties and simultaneously minimize the reaction time.
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Conclusions

In this paper, we have introduced a user interactive CAD package for optimization, "7CONSOLE’,
developed at the University of Maryland, to solve the optimal control problem of controlling copoly-
mer composition and molecular weight for semibatch copolymerization reactor. The multivariable
dynamic optimization approach is used for this problem, where the control variables are parameter-
ized as third order polynomials in time. The coefficients of these polynomials are considered as the
design parameters of the multivariable optimization problem. For our study reactor temperature
and feed rate are used as the control variables. The dynamic optimization problem associated with
the batch or the semibatch processes is approximated by the use of mesh type structure, where the
infinite dimension is reduced to the finite dimension equivalent to the number of mesh points. The
time dependent objectives and constraints are defined as functional quantities and their specifica-
tions are observed only at the definite number of time instants corresponding to the mesh points.
Constraints on the time varying variables and the static variables are also included in the problem
definition.

It has been shown that CONSOLE provides a very good approach for resolving the tradeoffs
between the competing objectives by introducing the concept of good values and bad values. The
criterias of selecting the good values and the bad values are related with the designer’s intuition and
his knowledge of the problem. The whole concept of objectives, soft constraints, hard constraints
and their related good and bad values is easy to understand and provides the platform for design
engineers’ intuition. One definite advantage gained over the single cost function approach is the
elimination of cumbersome process of selecting the weights for the individual objective. Five dif-
ferent cases based on the different objectives are studied. For all the cases, numerical simulations
show excellent open loop controls of copolymer composition and molecular weight. The control
profiles obtained are easy to implement in any computer control systems. The successful use of
this approach for the multivariable dynamic optimization problem such as copolymerization reactor

optimization studied in this work opens the door for many other dynamic chemical reactor systems.



Notation

A, Heat transfer area per reactor volume (cm?/liter)

Cy Specific Heat of reaction mixture (cal/g°K)

F; Mole fraction of ith monomer in copolymer, 1 =1, 2

f Initiator efficiency

fi Mole fraction of ith monomer in reaction mixture; i = 1, 2
h, Overall heat transfer coefficient (cal/cm? — sec—°K)

I Initiator concentration in reaction mixture (mol/liter)

Iy Initiator concentration in feed (mole/liter)

ka Initiator decomposition rate constant (sec™!)

ksi;  Chain transfer rate constant; i, j = 1, 2 (Ister/mole — sec)

kp,i;  Propagation rate constant; i, j = 1, 2 (liter/mole — sec)

ktij  Combination termination rate constant; i, j = 1, 2 (liter/mole/ — sec)
k:gi;  Disproportionation termination rate constant; i, j = 1, 2 (liter/mole — sec)
M; ith monomer concentration in reaction mixture; i = 1, 2 (mole/liter)
M;s  ith monomer concentration in feed; i = 1, 2 (mole/liter)

My  Total number average molecular weight

Mpys Desired value of total number average molecular weight

My  Total weight average molecular weight

P Total growing polymer concentration of type-1 (mole/liter)

B ith moment of the total number MWD of radicals of type-1

P, Concentration of growing polymer containing n units of monomer-1
and m units of monomer-2 (mole/liter)

PD Polydispersity
Q Total growing polymer concentration of type-2 (mole/liter)
Qi ith moment of the total number MWD of radicals of type-2

Qnm Concentration of growing polymer containing n units of monomer-1
and m units of monomer-2 and ending in monomer-2 (mole/liter)

R, Copolymerization reaction rate (mole/liter — sec)
rij Monomer reactivity ratio

T Reactor Temperature (°K)

T, Jacket media temperature (°K)

Ty Monomer feed temperature (°K)
19



t  Reaction time (min)
u  Monomer feed rate (liter/min)

u; ith manipulated variable; i = 1, Feed rate; i = 2, Reactor temperature
V  Reactor volume (liter)

w; Molecular weight of ith monomer; i = 1, 2 (g/mol)

Greek Letters

AH, Heat of copolymerization (cal/mol)
Y- kth moment of the dead copolymer total number MWD; k = 0, 1, 2
p Density of reaction mixture (g/liter)

Molar ratio of monomers in reaction mixture

b5 Monomer mole ration in feed stream
bs Desired value of molar ratio of monomers in reaction mixture
bt Cross termination factor
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Figure Captions

Open loop control of SAN copolymerization reactor, initial design param-
eters and their performance comb, as displayed by CONSOLE (semibatch
nonisothermal reaction with fixed final time, Case:3).

Open loop control of SAN copolymerization reactor, performance plots of
functional objectives with initial design parameters, as displayed by CON-
SOLE (Case:3): [A] Molecular Weight; [B] Bulk Phase Composition

Open loop control of SAN copolymerization reactor, final design parameters
and their performance comb as displayed by CONSOLE (Case:3).

Open loop control of SAN copolymerization reactor, performance plots of
functional objectives with final design parameters, as displayed by CON-
SOLE (Case:3): [A] Molecular Weight; [B] Bulk Phase Composition

Open loop copolymer molecular weight control in a batch reactor with con-
trol profile obtained by the use of CONSOLE (batch nonisothermal reaction
with fixed final time, Case:1).

Open loop copolymer composition control in a semibatch reactor with control
profile obtained by the use of CONSOLE (semibatch isothermal reaction
with fixed final time, Case:2).

Open loop copolymer composition and molecular weight control in a semi-

batch reactor with control profiles obtained by the use of CONSOLE
(Case:3).

Open loop copolymer composition and molecular weight control at final time
in a semibatch reactor with control profiles obtained by the use of CONSOLE
(semibatch isothermal reaction with fixed final time and properties control
only at the final time, Case:4).

Minimum end time problem for open loop copolymer composition and molec-
ular weight control in a semibatch reactor (semibatch nonisothermal reaction
with final time minimization, Case:5).






