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Abstract−This paper presents a feasibility study of the broadening of polyethylene molecular weight distribution
produced using a multisite Ziegler-Natta catalyst in a fluidized-bed reactor. A nonlinear model predictive control algo-
rithm, applied to a validated model of the reactor, is used for the on-line control of the entire molecular weight distri-
bution of the produced polymer. Control of a target chain-length distribution is achieved by selecting a collection of
points in the distribution and using them as set points for the control algorithm. An on-line Kalman filter is used to
incorporate infrequent and delayed off-line molecular weight measurements. Through simulation the control algorithm
is evaluated, under tracking conditions as well as plant-model mismatch. The results demonstrate that the control algo-
rithm can regulate the entire molecular weight distribution with minimum steady state error. However, the efficiency
of this approach is highly dependent on the dynamics of hydrogen inside the reactor.

Key words: Molecular Weight Distribution, Nonlinear Model Predictive Control, Polymerization Reactor Control, Polyeth-
ylene, Fluidized-bed Reactor

INTRODUCTION

Polymers are important industrial products with a wide range of
applications. The physical and chemical properties of a polymer
generally determine its areas of use. Among such characteristics is
the molecular weight distribution (MWD), which is considered as
one of the fundamental properties of the polymer. The monitoring
and control of MWD is therefore important during industrial pro-
duction. Significant research has been carried out in the literature
in the modeling, control and monitoring of polymerization reac-
tors. Excellent reviews can be found, for instance, in references [1-
4]. In Table 1 we have summarized some key research contribu-
tions in the field. When considering the studies that focus on poly-
olefins, a number of useful observations could be made from this
table. First, it can be noted that most of the available studies in the
literature use the weight average molecular weight (Mw) to describe
polymer MWD. The molecular weight can be obtained either from
gel permeation chromatography (GPC), melt index or intrinsic vis-
cosity measurements, in addition to polydispersity index (PDI). On
the other hand, only few researchers used the entire molecular weight
distribution in their control studies. The use of Mw and PDI to describe
polymer quality is helpful; however, sometimes it is more useful to
describe polymer quality by using the entire molecular weight distri-
bution. For instance, in some polymer applications such as paints
and paper coatings, it is required to specify the weight distribution
accurately [3,5]. Furthermore, the use of molecular weight average
can be misleading when the distribution shows bimodalities and/or
if it has high molecular weight tails. Moreover, although polydis-
persity is a useful and convenient measure of the width of polymer
molecular weight distribution, the polydispersity value itself does

not contain enough information about a complete differential molec-
ular weight distribution. It is possible that polymers of different chain
length distribution can have the same polydispersity value but exhibit
significantly different end-use properties. There is therefore a strong
incentive to develop control strategies that can handle the complete
distribution, and not only pre-specified parameters. The second ob-
servation that could be made from Table 1 is that most of the work
that was carried out in controlling the entire MWD of the pro-
duced polyolefins used a mixture of different metallocenes [6-13]
or a hybrid catalyst of Ziegler-Natta and metallocene catalysts in a
one stage process [14-16]. The use of a single reactor to produce
the desired polymer is a cost-efficient alternative. However, for each
polymer grade a sophisticated catalyst has to be developed in order
to adjust the amount, the molecular weight distribution, the comono-
mer incorporation, and the comonomer distribution of both frac-
tions formed in the polymerization reaction. Moreover, the mixture
of different catalysts may lead to complex undesirable catalyst inter-
actions and non-reproducible catalyst behavior due to the high vari-
ability of the polymerization rate of each catalyst [11,17]. For these
reasons, this method is still in the research stage and it may take
some time before it can be implemented in industry. It should be
noted that different polyolefins grades are currently produced in the
industry using reactor cascades, where each reactor is operated at
different polymerization conditions (usually hydrogen concentration).
This technology is commonly used with Ziegler-Natta catalysts. It
has the advantage that only one optimized catalyst is required for
the production of various grades. The desired molecular weight distri-
bution and comonomer distribution are designed by the process.
However, this method is characterized with high operational costs
[23], and the overall process has a low throughput since two serial
processes are used [24].

An alternative approach that could be used to control the entire
molecular weight distribution may lie in the introduction of varia-
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tions in the polymerization conditions, usually in a periodic way, in
a single polymerization reactor. The periodic operation of continu-
ous chemical reactors is known to improve the performance of the
reacting system [19] and can allow better control of the molecular
weight distribution in a single reactor [20-22]. The objective of this
work is to carry out a feasibility study to investigate whether the dis-
tribution of polyethylene, produced in a single fluidized bed reac-
tor, could be broadened through variations of different inlet feeds
to the reactor using nonlinear model predictive control (NLMPC)
strategy. The “broadening” in this work has to do with the entire
molecular weight distribution of the produced polymer instead of
using only the polydispersity index. To control the whole distribu-
tion using NLMPC, a number of representative points in the distri-
bution are selected and used as set points to the controller.

PROCESS MODEL

In fluidized-bed polyethylene reactors the copolymerization of
ethylene and -olefin monomers is carried out using a multi-site Zie-
gler-Natta catalyst. It is assumed that the catalyst consists of three
different types of active sites. Each active site produces polymer
with molecular weight distribution that can be described by Schulz-
Flory distribution. The polyethylene reactor process is depicted in
Fig. 1. The process model was developed by McAuley et al. [25]
and is given below. This model was chosen because its kinetic param-
eters were validated against plant data [25]. The various states and
parameters of the model are defined in the nomenclature.

(1)

(2)

(3)

(4)Vg
dCM1

dt
----------- = FM1− xM1Bt − RM1

Vg
dCM2

dt
----------- = FM2  − xM2Bt − RM2

Vg
dCH

dt
--------- = FH − xHBt − RH

Vg
dCN

dt
--------- = FN − xNBt

Table 1. Papers on controlling polymerization reactors

Paper MON RT WN MV CV CS

Al-haj Ali et al. [40]
Atasoy et al. [41]

Dunnebier et al. [42]
Kiparssides et al. [43]
Vicente et al. [44]
Wang et al. [45]
Ogawa et al. [46]
Ali et al. [47]
Crowley and Choi [48,49]
Echevarria et al. [50]
Pladis and Kiparssides [51]

P
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E
E
E
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S
E
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-
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BAT
BAT

Autoclave

S
S

S
S

S/E
S

S/E
S

S/E
S/E
S

CTA/JT
CTA

M/T/C/RM
T

M/C/CTA
H/M/C
M/C

C/RSM
T

CTA/M
IFR

MI/C
MW

C/V
NA/WA/MWD/C

MWD/CC
MI/PR/TP

MI
C/T

MWD
MWD
C/MI

NLMBC
NN PC & NN
NARMA-L2
EKF/MPC

PI-PID/EKF
NLMBC

NLMPC/EKF
CC/OLIS
NLMPC

EKF/MPC
NLMBC
SQDMC

MON: MONomer (Ethylene, Propylene, Methyl MethAcrylate, Styrene, n-Butyl Acrylate, Not Mentioned)
RT: Reactor Type (Continuous Stirred Tank Reactor, BATch, Fluidized Bed Reactor)
WN: Work Nature (Simulation, Experimental)
MV: Manipulated Variables (Hydrogen, Monomer, CoMonomer, Catalyst feed (or Concentration), Temperature, Chain Transfer Agent, Ini-
tiator Flow Rate, Recycle Monomer, Jacket Temperature)
CV: Controlled Variables (Melt Index, Number Average molecular weight, Weight Average molecular weight, Molecular Weight Distribution,
Conversion, Copolymer Composition, Production Rate, Temperature, Viscosity, Total Pressure, Ratio of Superficial velocity to Minimum
fluidization velocity)
CS: Control Structure (Neural Network, Predictive Control. Nonlinear Auto Regressive Moving Average, Extended Kalman Filter, Propor-
tional-Integral, Proportional-Integral-Derivative, Nonlinear Model-Based, Cascade Control, Online Inferential Scheme, Supervisory Qua-
dratic Dynamic Matrix Controller)

Fig. 1. Schematic of the polyethylene reactor.
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(5)

(6)

(7)

(8)

(9)

(10)

where

HF=(FM1CpM1+FM2CpM2+FHCpH+FNCpN)(Tf −Tref) (11)

HG=FgCpg(Tg−Tref) (12)

HT=(Fg+Bt)Cpg(T−Tref) (13)

HP=OpCpp(T−Tref) (14)

HR=Mw1RM1∆Hr (15)

Op=Mw1RM1+Mw2RM2 (16)

(17)

(18)

(19)

The model equations listed above are slightly modified from those
given by McAuley et al. [25]. For simplicity, the energy balance
around the cooler considers the dynamic of the recycle temperature
explicitly instead of the heat removal used by McAuley et al. [25].
In due course, the cooling process is modeled as a well mixed system.
The thermal effect of the recycle compressor is also included in this
model. Note that the partial pressure of the reactants can be calcu-
lated directly from the reactant concentrations using the ideal gas
law. The steady state operating conditions for the plant are given in
Tables 2 and 3. These operating conditions were found by optimi-
zation and were discussed elsewhere [26].
1. Molecular Weight Distribution Model

The instantaneous molecular weight distribution for each type

of active sites can be described by Flory-Schulz exponential func-
tion [27]:

(20)

The overall distribution of the produced polymer can be calculated
by the weighted sum of the three distributions as given below:

(21)

where yj, ins is the overall instantaneous molecular weight distribu-
tion, and wi is the mass fraction of each site. The molecular weight
distribution of the polymer accumulated in the reactor after a certain
polymerization time can be calculated using the following equation:

(21)

Finally, the GPC reading of the MWD is calculated by the follow-
ing equation:

GPC=j·yj·ln(10) (22)

In the above equations, j is the number of repeating units and q is
the chain termination probability. It is defined as the sum of chain-
termination rates over the chain propagation rate:

(23)

X denotes the molar ratio of hydrogen to monomer inside the reac-
tor. This ratio is a crucial parameter to adjust the value of q and con-
sequently the molecular weight distribution, as it is discussed in the
results section.

THE ON-LINE NLMPC ALGORITHM

In this work, the structure of the MPC version developed by Ali
and Zafiriou [28] that utilizes directly the nonlinear model for output
prediction is used. A usual MPC formulation solves the following
on-line optimization:

(24)

subject to

dYc

dt
--------- = Fcac − kdYc − OpYc/Bw

MrCpr + BwCpp( )dT
dt
------ = HF  + HG − HR − HT − HP

MwCpw
dTg

dt
-------- = FgCpg Tgi − Tg( ) + FwCpw Twi − Two( )

Pt = CM1+ CM2  + CH + CN( )RT

Tgi = 
Pt

Pt + ∆P
----------------⎝ ⎠
⎛ ⎞T

FwCpw Twi − Two( ) = 0.5UA Two + Twi( ) − Tgi + Tg( )[ ]
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−E

R
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−E

R
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yj
d

 = j q2 − j q⋅( )exp⋅ ⋅
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d( )i⋅

i=1

3

∑

dyj

dt
------- = 

Op yj ins,  − yj( )⋅
Bw

-------------------------------

q = 
ktm + kthX

ktm + kthX + kp
-------------------------------

Γ y tk+i( )  − R tk+i( )( ) 2
 + Λ∆u tk+i−1( ) 2

i=1

M

∑
i=1

P

∑
∆u tk( ) … ∆u tk+M−1( ), ,

limmin

Table 2. Steady state operating condition

CM1 297.06 mole/m3 FM1 131.13 mole/s Yc 5.849 mole Tg 324.7 K
CM2 116.17 mole/m3 FM2 003.51 mole/s T 82.7 oC Two 308 K
CH 105.78 mole/m3 FH 0001.6 mole/s Bt 10.39 mole/s Twi 293 K
CN 166.23 mole/m3 FN 002.52 mole/s Fw 3.11×104 mole/s Fc 2.0 kg/hr

Table 3. Process parameters

Bw 70×107 g ∆Hr −894 cal/g kp1 85 L/mole·s CpH 7.7 cal/mole·K
Cpp 0.85 cal/g·K kd 0 L/s kp2 3 L/mole·s CpM1 11 cal/mole·K
E 9,000 cal/mole MrCpr 1,400 kcal/K Tf 293 K CpN 6.9 cal/mole·K
Vg 500 m3 Fg 8,500 mole/s ∆P 3 atm CpM2 24 cal/mole·K
Tref 360 K UA 1.263×105 cal/s·K ac 0.548 mole/kg Cpw 18 cal/mole·K
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AT∆U(tk)≤b (25)

For nonlinear MPC, the predicted output, y over the prediction
horizon P is obtained by the numerical integration of:

(26)

y=g(x) (27)

from tk up to tk+P where x and y represent the states and the output
of the model, respectively. The symbol ||.|| denotes the Euclidean
norm, k is the sampling instant, Γ and Λ are diagonal weight matrices
and R=[r(k+1) … r(k+P)]T is a vector of the desired output trajec-
tory. ∆U(tk)=[∆u(tk) … ∆u(tk+M−1)]T is a vector of M future changes
of the manipulated variable vector u that are to be determined by
the on-line optimization. The control horizon (M) and the predic-
tion horizon (P) are used to adjust the speed of the response and
hence to stabilize the feedback behavior. Γ is usually used for trade-
off between different controlled outputs. The input move suppres-
sion, Λ, on the other hand, is used to penalize different inputs and
thus to stabilize the feedback response. The objective function (Eq.
(24)) is solved on-line to determine the optimum value of ∆U(tk).
Only the current value of ∆u, which is the first element of ∆U(tk),
is implemented on the plant. At the next sampling instant, the whole
procedure is repeated.

To compensate for modeling error and eliminate steady state off-
set, a regular feedback is incorporated on the output predictions,
y(tk+1) through an additive disturbance term. Therefore, the output
prediction is corrected by adding to it the disturbance estimates. The
latter is set equal to the difference between plant and model outputs
at present time k as follows:

d(k)=yp(k)−y(k) (28)

The disturbance estimate, d is assumed constant over the predic-
tion horizon due to the lack of an explicit means of predicting the
disturbance. However, for severe modeling errors, or open-loop un-
stable processes the regular feedback is not enough to improve the
NLMCP response. Hence, state or parameter estimation is neces-
sary to enhance the NLMPC performance in the face of model-plant
mismatch. In this work, Kalman filtering (KF) will be incorporated
to correct the model state and, thus, to address the robustness issue.
Utilization of the NLMPC with KF requires adjusting an additional
parameter, σ. More details on the integration of KF with the NLMCP
algorithm are given elsewhere [28]. In addition to state estimation
by KF, the predicted output will be also corrected by the additive
disturbance estimates of Eq. (28).

The main objective of the use of the NLMPC is to control the
MWD. It is also necessary to maintain acceptable polymer production
rate. Process stability is another important issue which is handled
through regulating the total gas pressure and the bed temperature.
These two controlled objectives are satisfied using two separate PI
control loops. The design and tuning parameters of these loops are
given elsewhere [26].

RESULTS AND DISCUSSION

1. Open-loop Analysis
It is well-known that, for conventional transition-metal catalysts,

the specific hydrogen to monomer ratio (X) is manipulated to con-
trol the polymer molecular weight. In this paper, different polymer
grades are characterized by the corresponding entire molecular weight
distribution. When a certain MWD is required, the situation is quite
difficult because it requires “mixing” different polymer grades dur-
ing polymer synthesis. This can be achieved, for instance, by dis-
turbing the polymerization process through moving between two
operating conditions for the ratio (X) within certain time duration,
i.e., cyclic operation. Because the hydrogen consumption rate for
Ziegler-Natta catalyst is low, changing polymer molecular weight
distribution is a very slow process, due to the long time it takes for
the excess hydrogen to wash out. To accelerate the transition times,
two of the strategies used industrially for gas-phase polymerization
reactors, namely vent flow increase and manipulated variables over-

dx
dt
------ = f x u t, ,( )

Fig. 2. Input and output sequences for high Mw operating condi-
tion.

Fig. 3. Molecular weight distribution for input sequence shown in
Fig. 2; dash-dot: MWD at initial operating condition, dot-
ted line: MWD at the end of simulation.
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shoot [29,30], are used here.
The process is firstly simulated in open-loop mode for periodic

operation in the inlet flow rate of hydrogen and monomer. The re-
sults are shown in Figs. 2-5. The input sequences in Fig. 2 are de-
signed such that it moves the process towards lower X and conse-
quently higher Mw. The same period is used for hydrogen and mono-
mer feed flow rates, but the pulse width is not the same. Pulse du-
rations and widths are determined by trial-and-error to obtain the
broad MWD shown in Fig. 3. The magnitude of the input sequence
is set to specific limits. For example, the monomer flow rate is con-
strained between 40 and 260 mole/s, while the hydrogen flow rate
is bounded between 0 and 0.5 mole/s. High upper limit for mono-
mer and low upper limit for hydrogen is chosen to produce mini-
mal X. The lower limit for monomer is set slightly higher than zero
to maintain a reasonable production rate. The periodic changes in X
result in a broadened MWD as shown by Fig. 3. The use of periodic

operation produces different polymer grades. These grades are blended
at the molecular scale which is a lauded advantage of this approach.

It should be noted that in batch reactors, polymer distribution can
be broadened by changing hydrogen concentration inside the reac-
tor once [31]. However, this is not sufficient when dealing with con-
tinuous reactors. In fact, the broadening of the distribution can only
be achieved by varying X periodically during the polymerization
reaction. The implementation of periodic operation improves pro-
cess performance and product properties and this has been the sub-
ject of many experimental and theoretical studies [17,20,32-37].

Figs. 4 and 5 show simulations for the case for higher X value.
Once again, the duration of the up and down step changes in the
feed flow rates is determined by iterations. The magnitude of the
input sequence is set to specific limits. For example, the monomer
flow rate is limited between 40 and 131 mole/s, while the hydrogen
flow rate between 0 and 1.6 mole/s. Low upper limit for monomer
and high upper limit for hydrogen were chosen to produce large
variations in X. As shown in Fig. 5, a wide MWD is obtained. Ob-
viously, lower average production rate is obtained in this case. At-
tempts to increase the lower limit of FM1 for the sake of higher average
production rate are found to distort the shape of the MWD.

It should be mentioned that varying hydrogen flow rate solely
can adjust X; however, hydrogen partial pressure inside the reactor
has slow dynamics. This requires an input cycle with long pulse
period to affect the MWD. Therefore, varying both monomer and
hydrogen flow rates was adopted to speed up the time response of
X. For this reason and because the process has wide residence time
distribution, designing the duration of the two halves of the input
cycle is crucial as mentioned earlier.
2. Closed-loop Analysis

It is worth mentioning that obtaining input trajectories that pro-
vide desired MWD is a difficult task since the final polymer quality
is sensitive to the value of X and to the mass of the produced polymer.
In this sense, maintaining the desired MWD during process opera-
tion is even more challenging. In the presence of model-plant mis-
match and/or when unmeasured disturbances enter the plant, the
situation becomes more complex. For this purpose, we will test the
effectiveness of nonlinear model predictive control to handle this

Fig. 6. Manipulated variable response using NLMPC.

Fig. 4. Input and output sequences for low Mw operating condi-
tion.

Fig. 5. Molecular weight distribution for input sequence shown in
Fig. 4; dash-dot: MWD at initial operating condition,
Dashed: MWD at the end of simulation.
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issue. The control objective here is to produce and maintain broad
polyethylene with well-defined MWD starting from narrow distri-
bution. The results of closed loop simulations are shown in Figs. 6
and 7. Four manipulated variables, which are the monomer, hydro-
gen, nitrogen and catalyst flow rates, are used. The weighting factors
for these inputs are Λ=[0 0 20 50]. Four controlled variables, which
represent specific points in the target MWD, are considered as shown
by the dots in Fig. 7. The weighting factors for all outputs are given
by the same value of Γ=[1 1 1 1]×100. The lower limit for the ma-
nipulated variables is set to zero and the upper limit is set to twice
their nominal values. The MWD target function contains 103 points,
but only four points were selected as controlled outputs to reduce
the computation effort required by the NLMPC calculations. The
input horizon (M) and output horizon (P) are taken equal to 1 and
4, respectively. A sampling time of 1 hr is used. Usually the GPC
measurements are available at low frequency. Advanced measure-
ment sensors that can provide measurements in the order of min-
utes are available but are costly [38,39].

Fig. 7 demonstrates the ability of NLMPC to maintain the new
set point for the polymer distribution with minor distortion in the
distribution function. More interesting is the response of the manip-
ulated variables shown in Fig. 6. The response of the manipulated
variables is in the form of periodic functions. Long prediction and
moving horizon capability of NLMPC helped the controller to un-
derstand the dynamic nature of the process to an extent that it pro-
duced cyclic input sequences. Moreover, Fig. 6 shows how the bleed
flow rate (BT) and the cooling water inlet temperature (Tw) are varied
by separate PI controllers to maintain the total pressure at 20 atm and
the reactor temperature at 82 oC. Note that the manipulated variables
used by NLMPC are plotted in discrete form because the NLMPC
works in discrete time fashion.

Next we test the closed loop algorithm for targeting a different
MWD. In this case, six points on the GPC curve are taken as the
controlled variables with their weights fixed at Γ=[1 100 100 200
100 50]×102. The lower limit of FM1 is set to 40 mole/s to keep high

monomer concentration in the reactor. The values of the rest of the
parameters remain the same as before. The simulation results are
shown in Figs. 8-9. Evidently, the nonlinear controller managed to
generate suitable periodic input sequences that produce MWD close
to the desired one as shown in Fig.9. The MWD suffered from minor
distortion; however, exact match of the target function is not neces-
sary, especially when we know that the relative error in GPC meas-
urements is around 10%. In this case, higher values of X require
lower FM1 which reduces the production rate. The small production
rate is obvious from Fig. 8. To improve the production rate, the latter
is incorporated as a controlled variable in the NLMPC algorithm. In
this case, the production rate is incorporated as an additional output
into the NLMPC algorithm. Setting its corresponding weight to,
for instance, γj=0.1, the controller managed to increase the polymer
production to 2.86 kg/s but with notable variations in the MWD.
Results are not shown here for space limitations. Increasing further
the weight of the controlled output will increase the production rate

Fig. 8. Manipulated Variables response using NLMPC.

Fig. 7. MWD using NLMPC, dotted: initial condition, solid: tar-
get, dashed: controlled output initially; dash-dot: controlled
output at the end of simulation.

Fig. 9. MWD using NLMPC, dotted: initial condition, solid: tar-
get, dashed: controlled output initially; dash-dot: controlled
output at the end of simulation.
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but the MWD will depart away from the desired set point. Our in-
vestigation revealed the existence of trade-offs between the pro-
duction rate and broadening the MWD. Widening the distribution
requires pronounced changes in hydrogen concentration inside the
reactor. Increasing hydrogen concentration is achieved by feeding
more hydrogen to the reactor, this reduces ethylene polymerization
rate and as a consequence reduces the overall production rate. Where-
as, reducing hydrogen concentration is achieved by opening the vent
[30] that allows hydrogen in the reactor to escape, causing hydro-
gen concentration to fall quickly. Such reduction in the concentra-
tion affects positively the production rate. It should be noted that
large fluctuations in bleeding flow rate are common in the industry.
One way to reduce these fluctuations is by increasing the pressure
set-point inside the reactor.

The previous simulations were carried out assuming a perfect

model. However, this is not always true in real practice. To test the
robustness of NLMPC to handle modeling errors, the simulation
of targeting higher molecular weight is repeated with −20% error
in the reaction rate constant and catalyst activity. The results are
shown in Figs. 10-11. To further investigate the influence of model
uncertainty on the control performance, additional +15% error on
the bed mass, Bw is injected into the model. The inaccuracy in the bed
mass is expected to directly influence the dynamic of the cumulative
molecular weight distribution. The outcome of running NLMPC
under this situation is illustrated in Figs. 12-13. It is evident that
NLMPC was able to keep good control performance despite minor
loss in the performance. The simple additive disturbance estimates
were sufficient to help the NLMPC overcome the influence of the
model uncertainty.

It is worth mentioning that the controller performance could be

Fig. 10. Manipulated variable response using NLMPC In the pres-
ence of 20% error in catalyst activation and reaction rate
constant.

Fig. 11. MWD using NLMPC in the presence of 20% error in cat-
alyst activation and reaction rate constant, dashed: initial
condition, solid: target, dotted: controlled output.

Fig. 12. Manipulated variable response using NLMPC in the pres-
ence of −20% error in catalyst activation and reaction rate
constant and +15% error in bed mass.

Fig. 13. MWD using NLMPC in the presence of −20% error in cat-
alyst activation and reaction rate constant and +15% error
in bed mass, dashed: initial condition, solid: target, dot-
ted: controlled output.
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improved more if the dynamics of hydrogen is faster. Since hydro-
gen is not consumed in the reactor and large fluctuations in hydro-
gen concentration are required to broaden polymer distribution, im-
proving controller performance would not be an easy task. This chal-
lenge can be solved by using either a catalyst that is highly-sensitive
to hydrogen as metallocenes or a hydrogen consuming agent. The
first approach depends on implementing a relatively new catalyst
that is not widely used industrially [18]. The second approach still
needs more investigation to prove its applicability for the studied
process. Finally, it should be noted that venting is usually used to
reduce hydrogen concentration, as described above; however, venting
reactor contents is not an economical choice because monomer also
escapes from the reactor. Nonetheless, no other choices are available.

CONCLUSIONS

A feasibility study was performed to investigate the possibility
of using on-line MWD control technique to broaden polyethylene
molecular weight distribution, in a fluidized-bed polymerization reac-
tor, by changing the operating conditions inside the reactor. This
strategy used a detailed polymerization process model and Kalman
filter to correct model states. An NLMPC controller was designed
to control polymer MWD and polymerization process productivity.
For the calculation of the MWD, selected points in the polymer dis-
tribution curve were used as set points for the controller that manip-
ulates monomer, hydrogen, nitrogen and catalyst feed rates. To test
the feasibility of the proposed MWD control technique, simulations
were carried out for ethylene gas-phase polymerization using con-
ventional Ziegler-Natta catalyst. The simulations suggest that the
proposed control strategy can be a useful technique for broadening
the MWD of polymer in continuous polymerization processes pro-
vided that hydrogen can be efficiently removed from the reactor.
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NOMENCLATURE

A : constant matrix for linear constraints
ac : active site concentration [mole/kg]
b : vector of upper and lower bounds for the linear constraints
Bw : mass of the polymer in the bed [gm]
BT : bleed flow rate [mole/s]
CM1, CM2, CN, CH : concentration monomer, co-monomer, nitrogen,

and hydrogen [mole/m3]
CpM1,CpM2, CpH, CpN : heat capacity of monomer, co-monomer, hy-

drogen and nitrogen [cal/mole K]
Cpg, Cpw : heat capacity of recycle gas and water [cal/mole K]
Cpp : heat capacity of polymer [cal/g K]
E : activation energy for propagation [cal/mole]
Fc : catalyst flow rate [kg/s]
Fw, Fg : cooling water and recycle flow rate [mole/s]
FM1, FM2, FN, FH : monomer, co-monomer, nitrogen and hydrogen

flow rate [mole/s]
HF, HG, HP : sensible heat of fresh feed, recycle gas and product

[cal/s]
HR : enthalpy generated from ethylene polymerization [cal/s]
kd : deactivation rate constant [1/s]
kp1, kp2 : propagation rate constant for monomer and co-monomer

[L/mole s]
kth : reaction rate constant for chain transfer to hydrogen [m3/

mol s]
Kp : propagation reaction rate constant [m3/mole s]
ktm : reaction rate constant for chain transfer to monomer [m3/

mol s]
M, Mp : control horizon, constant matrix
Mw : water holdup in the heat exchanger [mole]
MrCpr : thermal capacitance of the reaction vessel [kcal/K]
Op : polymer outlet rate [kg/s]
P : prediction horizon
Pt : total pressure, atmosphere
PM1, PM2, PN, PH : partial pressure of monomer, co-monomer, nitro-

gen and hydrogen [atm]
q : chain termination probability
R : ideal Gas constant, atm m3/K mole also vector of set points
RM1, RM2, RH : consumption rate of monomer, co-monomer, and hy-

drogen [m3/mole s]
T, Tf, Tref : bed, feed and reference temperature [oC]
Tgi, Tg : temperature of recycle stream before and after cooling [oC]
Twi, Two : cooling water temperature before and after cooling [oC]
t : time [s]
UA : overall heat transfer coefficient multiplied by the heat trans-

fer area [cal/s K]
Vg : gas holdup in the reactor [m3]
x : vector of states
xM1, xM2, xN, xH : mole fraction of monomer, co-monomer, nitrogen

and hydrogen
X : hydrogen to monomer ratio
Y, Yp : vector of future outputs over n and P, respectively
Yc : number of moles of catalyst site [mole]
y, yp : vector of model outputs, and of plant outputs
yj, yj

d : cumulative and instantaneous molecular weight distribution

Greek Letters
∆u : vector of manipulated variables
∆U : vector of M-future manipulated variables
∆Hr : heat of reaction [cal/g]
Λ : input weight
Γ : output weight
σ : tuning parameter for Kalman filtering
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