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Fluidized-bed polyethylene reactors are prone to unstable behavior and temperature
oscillations (Choi and Ray, 1985b). Their work is extended to show the effects of ethy-
lene feed system operation, reactor cooling system design, catalyst properties, and gas
composition on reactor stability and dynamics. The analysis is performed using a well-
mixed model, because heat- and mass-transfer resistances between multiple phases are
small and are not required to account for the observed bifurcation phenomena. The
addition of a gas recycle and heat exchanger system to the model significantly affects
dynamic performance, including the formation of limit cycles. The size and dynamics of
the heat exchanger, howeuver, have little effect on the overall stability. In contrast, au-
tomation of the ethylene feed system to replace the monomer in the reactor as it is
consumed leads to substantially different dynamic behavior than if the ethylene feed is
maintained at a constant rate. Catalyst properties (mulliple sites, activation energy, and
deactivation) significantly affect dynamics and stability, whereas comonomer and other
gases affect them only mildly. The results confirm that without proper temperature con-
trol, gas-phase polyethylene reactors are prone to instability, limit cycles, and excursions

Effects of Operating Conditions on Stability of

toward unacceptable high-temperature steady states.

Introduction

Polyethylenc is the most popular of all synthetic commod-
ity polymers, with current worldwide production of more than
30 billion tonnes per year. A large proportion of this polyeth-
ylene is produced in gas-phase reactors using Ziegler-Natta
catalysts. Onc benefit of gas-phase polyethylene production
is that there is no solvent present in the reactor system to bc
recovered and processed. Another advantage is that gas-phasc
processes usually operate at more moderate temperatures and
pressures than high-pressure or liquid-phase polymerization
systems, A disadvantage of gas-phase systems is that the tem-
perature in the rcaction zone must be maintained above the
dew point of the reactants to avoid condensation and below
the melting point of the polymer to prevent particle melting
and agglomeration. Excellent reviews of industrial gas-phase
polyethylene production technology have been provided by
Choi and Ray (1985a) and Xie et al. (1994),

To ensure sufficient polymerization rates and maintain the
temperature below the polymer melting point, commercial
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gas-phase fluidized-bed polyethylenc reactors are operated in
a relatively narrow temperature range between 75 and 110°C
(Xie et al., 1994). Even within this range, significant tempera-
ture cxcursions must be avoided because they can lead to tow
catalyst productivity and changes in product propertics (Mc-
Auley and MacGregor, 1991, 1992, 1993). Past modeling
studies (Choi and Ray, 1985b; McAuley, 1992) have indicated
that gas-phase polyethylene rcactors are prone to unstable
behavior and temperature oscillations. The goal of this arti-
cle is to extend this carlier work to show the effects of ethy-
lene fced system operation and rcactor cooling system pa-
rameters on the thermal behavior of the reactor. We also
investigate the importance of catalyst deactivation and multi-
ple catalyst sites, and show the effects of hydrogen, inert and
comonomer concentrations on reactor stability and dynamics.

Dynamics and Stability of Polymerization Reactors

Van Heerden (1953) was one of the first rescarchers to
study the problems of multiple steady states and instability in
chemical reactors. Later, Uppal ct al. (1974, 1976) used bifur-
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cation theory to study multiplicity and stability in their analy-
sis of the autothermal CSTR problem. This seminal work
prompted a rapid expansion in chemical reactor stability and
multiplicity research in the late 1970s and early 1980s. Mor-
bidelli et al. (1987) and Razon and Schmitz (1987) have pro-
vided excellent reviews of this research. Important new re-
sulis on the application of singularity theory to determine the
steady-state multiplicity patterns of different reactor configu-
rations are still being developed (Lovo and Balakotaiah,
1992).

W. H. Ray and coworkers at the University of Wisconsin
have performed a large portion of the multiplicity and stabil-
ity research specific to polymerization reactors. In polymer-
ization systems, multiplicity and oscillations can arise for a
number of reasons, including particle nucleation and growth
phenomena in emulsion polymerizations (Rawlings, 1985); gel
effect (Jaisinghani and Ray, 1977; Schmidt and Ray, 1981;
Schmidt et al., 1984; Adebekun et al., 1989); and autothermal
cffects (Hamer et al., 1981; Teymour and Ray, 1989, 1992a).
The multiplicities and oscillations predicted for polyethylene
reactors in the current article arise due to autothermal ef-
fects.

Teymour and Ray (1989, 1992a) have studied autothermal
limit cycles and multiple steady states in the solution poly-
merization of vinyl acetate in a CSTR. A laboratory-scale
polymerization reactor was used to validate their model and
to confirm the existence of limit cycles and multiple steady
states. Teymour and Ray (1992b) extended their model to
demonstrate that the dynamics of full-scale industrial reac-
tors can be even more complex than their lab-scale counter-
parts. For example, their full-scale model predicts period
doubling bifurcations for the limit cycles and possibly even
chaos, whereas these phenomena were not predicted at the
laboratory scale. The difference in dynamics between small
and large reactors results from the difference in volume to
surface area. In lab-scale reactors, the heat capacity of the
reactor walls and the rate of heat loss to the surroundings are
relatively large and help to damp out temperature oscilla-
tions.

Feedback temperature controllers can often be used to sta-
bilize reactors that arc open-loop unstable. In their study of a
full-scale polypropylene reactor Choi and Ray (1988) have
shown that the steady-state operating point of industrial in-
terest is almost always open-loop unstable. Without tempera-
ture control, the only stable steady states occur when the level
in the reactor is controlled, but the reactor pressure is not.
Pressure can only be controlled if a stabilizing feedback tem-
perature controller is added to the system. Even though tem-
perature control can be used to stabilize open-loop unstable
systems, a good understanding of the underlying steady-state
and transient behavior of the system is essential. This infor-
mation is useful for designing control schemes, and for pre-
dicting and avoiding undesirable oscillations or runaway phe-
nomena when the temperature controller fails or saturates.

Steady-state multiplicity in polyethylene reactors has been
examined on two levels, at the small-scale of individual poly-
mer particles, and at the macroscale of the whole reactor.
Hutchinson and Ray (1987) modeled heat generation in and
dissipation from particles in the fluidized bed and predicted
multiple steady states for individual polymer particles. They
showed that particle ignition and overheating leading to an
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undesirable high temperature steady state can occur early in
the lifetime of a polymer particle when the ratio of the mass
of catalyst to the particle surface area is high. As the parti-
cles grow, their surface area increases and the catalyst de-
cays, reducing the risk of particle melting. Hutchinson and
Ray (1987) showed that particle overheating is largely unre-
lated to the efficiency of the macroscale heat removal system
of the reactor. Even injection of liquid condensate onto the
particles, which might occur when fluidized bed reactors are
operated in condensed mode, has little or no effect on parti-
cle overheating (Hutchinson and Ray, 1991). Hence, the solu-
tion to the polymer particle ignition problem is one of proper
catalyst design.

At the larger scale of the entire fluidized bed reactor, in-
stability, multiple steady states, and limit cycles have been
predicted using mechanistic models. In the very first article
on the dynamics of polyethylene reactors, Choi and Ray
(1985b) used a dynamic model accounting for separate bub-
ble and emulsion phases in the bed to predict up to three
steady states in a polyethylene reactor. Their analysis, which
focused on the reactor alone without the associated heat ex-
changer, predicts that a Hopf bifurcation leads to oscillatory
behavior. Talbot (1990) showed that a simplified back-mixed
model also predicted multiple steady states. In simulations of
ethylene /a-olefin copolymerizations, McAuley (1992) used a
well-mixed model to predict that gas-phase polyethylene re-
actors are prone to open-loop unstable behavior in operating
regions of industrial interest, and showed that the system can
be stabilized using a PID feedback controller.

In their dynamic analysis, Choi and Ray (1985b) used a
comprehensive two-phase model that accounts for heat- and
mass-transfer resistances between the emulsion and bubble
phases in the fluidized bed. Recently, McAuley et al. (1994)
compared steady-state predictions of a two-phase model and
a simplified well-mixed model. They showed that tempera-
ture and concentration predictions of the two models differ
by less than 2 or 3°C and 2%, respectively, in the operating
range of industrial interest. Hence, at steady state, industrial
fluidized-bed polyethylene reactors can be accurately mod-
eled using a simplified well-mixed model.

The current article demonstrates that dynamic behavior
and stability predictions from a simplified well-mixed model
of the reactor are similar to those of Choi and Ray’s two-phase
model. As such, we used the simplified model for all subse-
quent analysis. First, the behavior of the reactor is analyzed
on its own and it is shown that either one or three steady
states is possible, depending on the catalyst feed rate. The
focal stability of the multipie steady states is analyzed to show
that the low temperature steady state may be either stable or
unstable. The middle steady state, however, is always unsta-
ble and the high temperature steady state is always stable.
Next, a recycle stream and external cooler are added to the
model, reflecting the usual industrial situation. We show that
the behavior of the combined reactor and recycle system is
very different from that of the reactor alone. There is a range
of catalyst feed rates where no stable steady state exists, and
within this range, limit cycle behavior is obtained.

The effects of adding an ethylene concentration controller
to the combined reactor and recycle system are examined to
demonstrate that the reactor feed system strategy can have a
significant effect on stability and multiplicity. The effects of
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Figure 1. Gas-phase polyethylene reactor system.

heat exchanger dynamics and size are investigated, and are
shown to have very little influence on the overall dynamics
and stability of the system. In the original work of Choi and
Ray (1985b), only ethylene homopolymerization was modeled
using a nondeactivating single-site Ziegler-Natta catalyst. In
the current article, we demonstrate the importance of cata-
lyst deactivation and multiple catalyst sites, and investigate
the effects of inerts, hydrogen, and comonomer to the reac-
tor. We show that, while catalyst properties and the ethylene
feed system have a significant influence, addition of
comonomers and other gases to the reactor system have only
a mild effect on multiplicity and stability.

Single-Pass CSTR Model for the Fluidized Bed

A dynamic model of the polyethylene reactor shown within
the dashed system boundary in Figure 1 can be derived by
assuming that both the gas and the solid phases are well-
mixed, that the temperature within the reactor is uniform,
that the mass of polymer in the reactor is constant due to
perfect bed-level control, and that there is only one type of
catalyst site:

diM,]
Vg_d‘t-:Fyl([Ml]o_[Ml])*RMl (1)
a_ 0,
@~k ) @

w

(M,Cp, + BWCPPOI)—d—t— =

Hy—Hg,+H~H,. (3
In the mass balance on the ethylene (Eq. 1), [M,] is the con-
centration of ethylene in the reactor, V, is the volume of the
gas phase in the reactor, Fy, is the volumetric feed rate of

the monomer to the reactor, and R,,, is the rate of ethylene
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consumption due to reaction:
Ry =M}k, (T)Y 4

where Y is the number of moles of catalyst sites in the reac-
tor and k,(T) is a temperature-dependent propagation rate
constant:

—-E (1 1
k,,(T)=kp(T,ef)exp( = (?_T )) (5)
ref

where R is the ideal gas constant, E, is the activation energy
for propagation, and T,,; is a reference temperaturc at which
the value of the rate constant is known.

In the catalyst mass balance (Eq. 2), F, is the molar feed
rate of catalyst sites to the reactor that can be determined
from the mass flow rate of catalyst to the reactor, F,, and the
active site concentration on the catalyst, a_:

Fy,=F.a,. (6)

In Eq. 2, k, is a deactivation rate constant, O, = Ry, m,, is
the outflow rate of the polymer product from the reactor,
and B, is the mass of polymer in the bed. In the reactor
energy balance (Eq. 3), T is the reactor temperature, M,C,,
is the thermal capacitance of the reaction vessel, and C,  is
the heat capacity of the polymer. The contribution of the gas
to the heat capacity of the gas-phase reactor and its contents
has been neglected. H, is the enthalpy of the feed to the

reactor and H,,, is the enthalpy of gas leaving the reactor:

Hy = Fy [M1,Cpp(Ty = Toer) @
Hiop = Fyi[MVJC, (T = Tep). 8

H._, the rate of heat generation by reaction, is related to the
enthalpy of reaction, A H; by

H,= (= AH Dk (T)Y[M,]m,,, 9

where m,,; is the molecular weight of ethylene. H, is the
enthalpy associated with the polymer leaving the reactor:

H,=0,C,0o(T =T (10)

In the development of the dynamic reactor model (Eqs. 1-3),
it has also been assumed that the quantity of unreacted
monomer leaving the reactor with the polymer is negligible.
The rate of heat loss through the reactor wall is also ne-
glected because it is much smaller than the other terms in
Eq. 3.

Choi and Ray’s (1985b) polyethylene reactor model, con-
sisting of five differential equations, is more complicated than
the current model because separate monomer and energy
balances are required for the bubble and emulsion phases.
The assumption of uniform monomer concentration and tem-
perature in the gas (McAuley et al.,, 1994) leads to the cur-
rent well-mixed model requiring only three differential equa-
tions.
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Figure 2. Multiple steady states and stability for a sin-
gle-pass gas-phase polyethylene reactor (k,
=0, E,=9,000 cal/mol).

, Stable steady state; —-—-—,
*, Hopf bifurcation point.

unstable steady state;

The steady-state behavior predicted by the well-mixed
model is shown in Figure 2, indicating that three possible
steady states can occur for catalyst feed rates between 0.82
and 6.6 kg/h. For feed rates below 0.82 kg/h, only a single
low temperature steady state exists and above 6.6 kg/h there
is only a high temperature steady state. Since the melting
point of polyethylene is approximately 400 K, the high tem-
perature steady state predicted by the model would not actu-
ally be obtained. Instead the fluidized polymer particles would
melt and agglomerate, and the well-mixed model would no
longer be valid. The solid portions of the curve in Figure 2
indicate stable steady states, whereas the dashed portion is
unstable. For catalyst feed rates greater than 4.7 kg/h, the
lower portion of the steady-state curve is unstable. The insta-
bility arises at a Hopf bifurcation point which was deter-
mined using the AUTO software of Doedel (1986). Attempt-
ing to operate the reactor with a catalyst feed rate of 5 kg/h
results in oscillation away from the low temperature unstable
steady-state operating point and runaway toward the high
temperature steady state. Therefore, feedback temperature
control is required for safe operation of the reactor at cata-
lyst feed rates beyond the Hopf bifurcation point.

The multiplicity and stability behavior shown in Figure 2 is
very similar to that determined by Choi and Ray (1985b) us-
ing their two-phase model. It appears that a complicated
model accounting for interactions between separate bubble
and emulsion phases is not required to predict overall reactor
dynamics and stability in the operating region of industrial
interest, because resistances to heat and mass transfer be-
tween the two phases are small. McAuley et al. (1994) have
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Table 1. Reactor Operating Parameters Used in the Single-
Pass Model
a, 0.548 mol/kg
B, 70 tonne
Cpy 11.0 cal/(mol-K)
Cp ool 0.85 cal/(g*K)
E, 9,000 cal/mol
Fy, 28,000 L/s
Hpy 894 cal/g
ky 0s™!
k, (360 K) 85 L/(mol-s)
m,, 28.05 g/mol
[M,], 0.3 mol/L
M,C,, 14,000 kecal/K
T, 298 K
T 360 K
| 500 m*

shown that significant deviations between well-mixed and
two-phase polyethylene reactor models can occur for high
temperature reactor operation. Therefore, we expect our
model predictions of steady-state operating temperatures will
not be accurate for middle and high temperature steady-state
portions of the curves. This is not a problem, however, be-
cause we are only interested in the portion of the steady-state
operating curve that is below 400 K. The model parameters
used to obtain Figure 2 are given in Table 1.

Behavior of the Combined Reactor and Cooling
System

Mass balances

Most fluidized bed polyethylene reactors are cooled using
a heat exchanger on the recycle gas line as shown in Figure 1.
Since the single-pass conversion in these reactors is usually
quite low (2-5%), the recycle stream is much larger than the
fresh feed stream. Inert components and impurities are pre-
vented from building up in the system by removing gas from
the reactor, either along with the product or in a separate
bleed stream. In the current model, we assume that a bleed
stream is present, and that any gas exiting with the polymer is
immediately captured and recycled to the reactor. We also
neglect the short time-delay associated with the recycle gas
flow through the heat exchanger and recycle lines, as well as
any unreacted monomer or comonomer that leaves the reac-
tor dissolved in the polymer particles. Using these assump-
tions, a dynamic ethylene mass balance can be written for the
combined reactor and cooling system:

diM,}
[@T:Fle_le“RMl an

where Fy,; is the molar feed rate of fresh ethylene to the
reactor, and by, is the outflow rate of ethylene in the bleed
stream. In some industrial ethylene polymerization systems,
the time delay associated with transport of unreacted
monomer through the recycle system and heat exchanger can
be large, and can dominate the dynamics. This is especially
true if the heat exchanger is used as a condenser or separator
as in the BASF or AMOCO gas-phase processes (Xie et al.,
1994). In the current article, only systems with negligible
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Table 2. Operating Parameters Used in the Combined Re-

actor and Heat Exchanger Model

AU 1.14x10°% cal/(s+ K)
Coua 7.7 cal/(mol-K)
C, 6.9 cal/(moi-K)
oM 11.0 cal/(mol-K)
Cor 24.0 cal/(mol - K)
C, 7.5 atm~ "+ mol/s
F, 8,500 mol/s
Furira 134 mol/s
F,C,, 5.6 10° cal/(s-K)
K 5,737 mol/{atm-s)
ks 0.088 L/ (mol-s)
K 0.37 L/ (mol-s)
ks ko 1.0 L/(mol-s)
ka (360 K), kplz (360 K) 85 L/(mol-s)
Kz 360 K0, Koy (360 K) 3L/(mol-s)
k., [R]. k.-[R] 40x107°
M. 28.05 g/mol
m,,, 56.2 g/mol
Pumisp 7.67 atm
v 17 atm
T, 293K
T, 293 K
v, 0.5
T 360s
T ],500 S

monomer recycle time lags are considered. To control the
ethylene pressure in response to changes in the ethylene con-
sumption rate, the following PI control law has been imple-
mented in most of the simulations in this article:

i
FM11'=FM1/-(;+K(e(t)+— fe(t)dz) (12)

T

where Fy,;, is the ethylene feed rate to the reactor when
the controller is turned off, and e(r) is the error between the
ethylene partial-pressure setpoint py,,, and the actual ethy-
lene partial pressure, which can be determined from the ideal
gas law:

Pay = M,IRT. (13)

Values for the tuning parameters, K and 7, are given in Table
2. Simulations indicate that multiplicity and stability results
are not very sensitive to the tuning of the ethylene partial-
pressure controller.

The flow of ethylene in the bleed stream, by, is equal to
the mole fraction of ethylene in the gas-phase, multiplied by
b, the total bleed stream flow rate that depends on the reac-
tor pressure, P:

b=V,C,/P—P, 14)

where V), and C, are the bleed stream valve position and
valve coefficient, respectively, and P, is the pressure down-
stream of the bleed valve. Values for V,, C,, P, and all other
parameters used to simulate the reactor behavior are given in
Table 2.

Inert components such as nitrogen are added to gas-phase

polyethylene reactors, either as a carrier for the catalyst, or
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to help remove the heat of reaction from the polymer parti-
cles. Hydrogen is added to the reactor to control the molecu-
lar weight of the polymer. Butenc or other comonomers can
be added to control the density of the polymer (McAuley et
al.,, 1990). The following mass balances can bec written for
these additional gas-phase components:

dlI] <
i = Fy = b (15)
d[H,]

Vg dr Fl—i:/ _sz - Ry (16)
diM,]
g P bps— Ry (17)

wherc [I], [H,], and [M,] are the concentrations of inerts,
hydrogen, and comonomer, respectively, in the gas phasc. The
bleed flow rate of each component can be determined by
multiplying the respective mole fraction by the total bleed
rate. The rate of consumption of hydrogen by reaction, Ry,
is much smaller than the other terms in Eq. 16 and can be
neglected.

Ziegler-Natta catalysts used for gas-phase ethylenc poly-
merization can have multiple types of active sites, each with
different rate constants and activation energies for propaga-
tion and deactivation reactions. The current model considers
a two-site catalyst with temporary site deactivation due to
chain transfer reactions with hydrogen (McAuley et al., 1990).
The following mass balances can be written for each type of
site:

’

Nk —k
o

0,
aYi = YigE = kpYIHL ]+ K NIR)

w

+ ki NIM, ] (i=12) (18
where N, is the number of moles of sites of type i deactivated
by hydrogen; N; can be obtained using the stationary state
hypothesis

YiK;[H,]
N, = . (=12 19
kI M1+ k,[R1+ /s,

where k, is the rate constant for site deactivation by hydro-
gen, and k,; and k,, are rate constants for subscquent site
reactivation reactions with cocatalyst and ethylene, respec-
tively, and [ R] is the concentration of cocatalyst in the reac-
tor. Using this two-site catalyst, the rate of ethylene con-
sumption is

RMlz(kp11Y1+k[)12Y2)[Ml] (20)
and the rate of butene consumption is
Rupa = (ko Yy + kYoM, (20

where k,; is a pseudopropagation rate constant for con-
sumption of monomer i at catalyst sites of type j.
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Energy balances

Separate energy balances on the reactor and external heat
exchanger are required to model the combined system. The
reactor energy balance is similar to Eq. 3, except that the
enthalpy of the gas stream entering the reactor is divided into
two parts, the enthalpy of the fresh feed stream, H,, and that
of the recycle stream H,:

T
(M,C,,+B,C =H +Hy~H

.C, poot) +H,—-H, (2

top

The enthalpy of the gas entering in the fresh feed stream,
Hf, is

Hy=Fy C,(Ty —T), (23)
and the enthalpy of the gas entering the reactor with the re-
cycle stream is

Hy = F,C,(Tyy— Toop). (24)
The recycle flow rate, F,, is controlled at a constant value by
compressors on the recycle line to achieve good fluidization

and mixing in the bed. The enthalpy of the gas leaving the
reactor is

H,, =(F, +b)C, (T =T, (25)

and H,, the enthalpy associated with the polymer product
stream, is given by Eq. 10.

The external heat exchanger has been modeled as a coun-
tercurrent single-pass exchanger with the recycle gas on the
tube side and cooling water on the shell side. Steady-state
analysis of such a system reveals that the gas-side outlet tem-
perature is

FeChe
T, {1 —exp(y)}— T{l — FC—}

Tg()ss = Fgcpg e (26)
FuCpw P
where
AU( ! ) on)
Y= +
Fngg chpw

where 7, is the cooling water inlet temperature, 7 is the
temperature of the gas entering the heat exchanger, F, and
F,, are gas and cooling water flow rates, C,, and C,,, are the
respective heat capacities, A is the area available for heat
transfer, and U is a heat-transfer coefficient.

To avoid using a complicated partial differential equation
model for the dynamics of the shell and tube heat exchanger,
the approach taken in the current study is to determine the
steady-state heat-removal rate using Eq. 26, and then deter-
mine the dynamic heat-removal rate, Q,, using a first-order
approximation
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ig_‘i — FKCP&’(T - T:g'().x.s ) - Qd
dt .

(28)

where 7 is the first-order time constant for the exchanger.
This approach gives only an approximate heat-removal rate
from the system. However, the first-order approximation pro-
vides a more realistic method for predicting interactions be-
tween the reactor and external exchanger than that used by
Choi and Ray (1985b}, who assumed that the heat exchanger
could instantaneously cool the recycle stream to a desired
reactor inlet temperature. If Eq. 28 is used to predict the
heat-removal rate in the exchanger, then the enthalpy of the
recycle stream entering the reactor can be determined from

HO = Hlnp - Hh - Q([ (29)

where H,, which is the enthalpy associated with the bieed
stream, is very small and can be neglected.

Stability and Multiplicity Results for the Combined
Reactor and Cooling System

Constant ethylene feed policy
The steady-state reactor temperature obtained for differ-

ent catalyst feed rates using a constant fresh ethylene feed
rate of 134 mol/s is shown in Figure 3. A single-site catalyst

720

TK

360 T T T

0 1 2 3 4 5

Fc (kg/hr)
Figure 3. Steady states and stability for the combined
reactor and cooling system for a constant eth-
ylene feed rate of 134 mol/s (k,=0.0001 s,
E_,=9,000 calmol).

, Stable steady state; ——-, unstable steady state;
*, Hopf bifurcation point.
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Figure 4. Dynamic response of the reactor system to a
cooling water temperature disturbance.
(a) F. = 1.5 kg/h; (b) F, = 2.5 kg/h.

(E,=9,000 cal/mol, kd = 0.0001/5s") is used in the analysis,
ethylene is the only gas-phase reactant, and nitrogen is fed to
the reactor at a rate of 2 mol/s. Notice that multiple steady
states are not observed, and that unstable reactor behavior is
predicted for catalyst feed rates between 0.03 and 2.1 kg/h.
Figure 4a and b show the open-loop reactor behavior in re-
sponse to a small cooling water disturbance, for catalyst feed
rates of 1.5 and 2.5 kg/h, respectively. In both simulations,
the reactor operates at the unstable steady state for the first
1,000 s. At this time the cooling water temperature increases
from 293 to 295 K and remains at the new level for 100 s
before returning to 293 K. As predicted in Figure 3, reactor
operation without a feedback temperature controller at a cat-
alyst feed rate of 1.5 kg/h leads to unstable oscillatory behav-
jor. Limit cycle behavior like that shown in Figure 4a, al-
though predicted by the dynamic model, would not be ob-
served in a gas-phase polyethylene reactor. Once the reactor
temperature reached the melting point of the polymer parti-
cles ( ~ 400 K), agglomeration and loss of fluidization would
occur rapidly, leading to reactor shutdown. The cooling water
temperature disturbance has only a minor effect on the reac-
tor temperature when the catalyst feed rate is 2.5 kg/h (Fig-
ure 4b). The reactor temperature increases by approximately
0.3 K, and then oscillates back to the original steady state.
The unstable steady states in Figure 3 and the limit cycles
in Figure 4a can be explained mathematically by the presence
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of Hopf bifurcation points, where complex conjugate pairs of
eigenvalues of the Jacobian matrix for the dynamic model
cross the imaginary axis. Physically, the oscillatory behavior
can be explained by positive feedback between the reactor
temperature and the reaction rate. If the reactor tempera-
ture is above the unstable steady-state temperature, then the
heat-removal rate in the heat exchanger is larger than the
steady-state heat-generation rate (McAuley, 1992). As a re-
sult, the reactor temperature begins to decrease, decreasing
the rate of reaction. The product outflow rate from the reac-
tor is reduced, thereby reducing the rate at which catalyst
flows from the reactor with the polymer product. Thus, cata-
lyst and monomer begin to accumulate in the reactor. When
enough catalyst and monomer have accumulated, the rate of
reaction begins to increase, increasing the reactor tempera-
ture and the product outflow rate. When the monomer con-
centration is very low and most of the catalyst has left the
reactor in the product outflow stream, the reaction rate and
reactor temperature begin to fall, and the cycle begins again.
This type of unstable oscillatory behavior does not occur for
higher catalyst feed rates, as in Figure 4b, where the reactor
operates in a monomer-starved mode. Sufficient catalyst is
present in the reactor at all times so that the concentration
of ethylene in the system remains very low. Such low ethylene
concentrations are not observed in industrial polyethylene re-
actors because the ethylene pressure in the reactor is main-
tained using a feedback controller that manipulates the fresh
ethylene feed rate. As demonstrated in the ncxt section, the
presence of an ethylene pressurc controller can lcad to multi-
ple steady states and higher operating temperatures because
the controller ensures that there is always a ready supply of
ethylene in the reactor.

Reactor operation using an ethylene partial-pressure con-
troller

Addition of an ethylene partial-pressure controller (Eq. 12)
to the system has a significant effect on multiplicity and sta-
bility. As ethylene is consumed by the reaction, the controller
increases its feed rate to maintain the ethylene partial pres-
sure at the desired setpoint. The stability and multiplicity be-
havior for the reactor system is shown in Figure 5 for cthy-
lene partial-pressure setpoints of 3, 7.67, and 15 atm. Either
one or three steady states is possible, depending on the ethy-
lene partial-pressure setpoint and on the catalyst feed rate.
Figure 5 illustrates that high ethylene concentrations in the
reactor make the system more prone to runaway to unaccept-
able high temperature steady states. At an ethylene pressure
of 15 atm, the lower steady-state branch exists only for cata-
lyst feed rates up to 4.8 kg/h, whereas for an ethylene pres-
sure of 3 atm, the lower steady-state branch extends to a cat-
alyst feed rate of 14.6 kg/h.

Figure 6 shows the effect of the activation energy of the
catalyst on stability and multiplicity for reactor operation at
an ethylene pressure setpoint of 7.67 atm. All of the catalysts
shown in Figure 6 have the same propagation rate constant
at 360 K, but exhibit different activation energies. For a cata-
lyst with a low activation energy (5,000 cal /mol), single stable
steady states are observed for a given catalyst feed rate. In-
creasing the catalyst feed rate results in a monotonic increase
in the steady-state temperature, and can result in operating
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Figure 5. Steady states and stability for the combined
reactor and cooling system using an ethylene
partial pressure controller (k,=0.0001 s, E,
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unstable steady state;

temperatures above the melting point of the polymer if cata-
lyst feed rates are too large. Catalysts with larger activation
energies are more sensitive to changes in reactor tempera-
ture, and exhibit multiple steady states. As the activation en-
ergy increases, the range of catalyst feed rates for which a
high temperature steady state exists becomes larger. Al-
though the low temperature branch of the steady-state curve
is stable, disturbances in the catalyst feed rate, catalyst prop-
erties, or cooling system could lead to reactor runaway to-
ward the high temperature steady state.

In Figure 7, multiplicity and stability information for the
system is presented in a slightly different way. Activation en-
ergy is plotted as the bifurcation parameter along the ab-
scissa, and steady-state operating temperatures are shown for
several fixed-catalyst feed rates. For catalyst feed rates of 5.0
and 8.0 kg/h either a single low temperature steady state
occurs or there are three steady states with the lower and
upper steady states being stable and the middle steady state
unstable. For intermediate catalyst feed rates of 5.8 and 7.0
kg/h, there are certain catalyst feed rates for which a single
unstable steady state is observed. Limit cycle behavior is ob-
served at these catalyst feed rates. Figure 8 summarizes the
multiplicity and stability behavior from Figures 6 and 7. In
region A, there is a unique unstable steady state. Region B
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Figure 6. Effect of activation energy on stability and
multiplicity (k;=0.0001 s, py,,,=7.67 atm).
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*, Hopf bifurcation point.

has three steady states, with the upper and lower stable and
the middle unstable. Region C also has three steady states,
with both the middle and lower unstable and the upper sta-
ble. Regions D and E correspond to unique high temperature
and low temperature steady states, respectively.

Effect of heat exchanger size and operating conditions

The area available for heat transfer, AU, and the first-order
time constant, 7, have very little effect on either the location
or the stability of the steady states. AU was varied over two
orders of magnitude, from 1.14 X 10° to 1.14 X 10%, and = was
varied from 100 s to 3,600 s. In all cases, the steady-state
curves and stability predictions were nearly coincident with
the corresponding curves in Figures 5 and 6. A second-order
overdamped model of the heat exchanger was also tested and
had very little effect. One explanation for the insensitivity of
the reactor behavior to the heat exchanger size and dynamics
is that instability and multiple steady states arise due to au-
tothermal feedback within the reactor itself.

The cooling water temperature 7,, is often used as a ma-
nipulated variable for feedback control of the reactor tem-
perature (McAuley, 1992). As expected, Figure 9 shows that
the cooling water temperature has a significant effect on the
steady-state reactor temperature. For the conditions simu-
lated in Figure 9, cooling water temperatures greater than
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298 K result in an undesirable high-temperature steady state.
Even in the limit when the cooling water freezes, a high-tem-
perature steady state exists. From Figure 9, it appears that if
the reactor experiences an excursion toward a high-tempera-
ture steady state, then manipulation of thc cooling water
temperature alone may not be sufficient to bring the temper-
ature back to the desired level.

Importance of multiple catalyst sites

The results in Figures 2 to 8 have been obtained using a
catalyst with a single type of active site. In Figure 10, multi-
plicity and stability behavior are shown for a two-site
Ziegler-Natta catalyst in which half of the sites have activa-
tion energy £, and the other half have activation energy E,.
Both sites have the same deactivation rate constant, k, =
0.0001 s~', and the same propagation rate constant at 360 K.
The ethylene partial pressure controller setpoint is 7.67 atm
and the catalyst feed rate is 4.8 kg/h. The resuits in Figure
10 demonstrate what happens when the active sites are al-
lowed to have different activation energies for the propaga-
tion reaction. When both activation energies are low, a unique
stable low temperature steady state is observed. When both
activation energies are high, a unique, stable high tempera-
ture steady state is observed. In the region between the
dashed and solid lines, there is a unique, unstable steady state
and the reactor experiences limit cycle behavior. If the cata-
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Figure 8. Stability and multiplicity regions for the com-
bined reactor and recycle system.

lyst feed rate were allowed to change along a third axis, a
three-dimensional bifurcation diagram could be constructed
wherein Figure 10 would correspond to the plane where F. =
4.8 kg/h and Figure 8 would correspond to the diagonal plane
where E,, = E,,.

Effect of catalyst deactivation

In Figures 2 to 10, the rate of catalyst deactivation was
assumed to be independent of temperaturc. Figure 10
demonstrates the effect of catalyst deactivation on stability
and multiplicity behavior for a single-site catalyst with an ac-
tivation energy for propagation of 9,000 cal /mol. As shown in
Figure 11, a catalyst with a constant deactivation rate con-
stant of 0.0001 s~! leads to an improvement in reactor stabil-
ity over a nondeactivating catalyst, since the lower portion of
the steady-state curve extends over a larger range of catalyst
feed rates. When temperature-dependent deactivation is
added to the reactor model with k,=0.0001 s™' at 360 K,
and an activation energy for deactivation of 13,000 cal/mol,
multiple steady states are not observed. However, the single
steady state is open-loop, unstable for catalyst feed rates be-
tween 2.1 and 18.8 kg/h. Thus, even with a catalyst that de-
activates at high temperatures, the reactor would be prone to
limit cycles, which would lead to dynamic operating tempera-
tures that are well beyond thc melting temperature of the
polymer particles.
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Effect of hydrogen, inerts, and comonomer

Gas-phase polyethylene reactors are operated with other
components in the reactor in addition to ethylene. Nitrogen
or other inerts may be added as a carrier for the catalyst or
to assist in heat removal from the polymer particles. Hydro-
gen is added to control molecular weight. Comonomers such
as butene and hexene are added to produce linear low den-
sity polyethylene copolymers. Figure 12 shows that adding ni-
trogen and hydrogen to the reactor at a rate of 2 mol/s has
very little effect on the multiplicity and stability behavior of
the reactor. In Figure 12, the ethylene partial pressure is con-
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Figure 10. Effect of activation energies of active sites
on reactor stability (k,=0.0001 s, py, ., =
7.67 atm, F_=4.8 kg/h).

AIChE Journal

<
}_
kd=0.0
6001 I
JIRY kd = 0.0001
Ly kd = (T) .
400 ' 4 ' !
» |
~<ff’i§<_,v/v - l
200 Jni—j_l T [ T TS R e R ¥ _1
0 4 8 12 16 20

Fc (kg/hr)

Figure 11. Effect of catalyst deactivation on multiplicity
and stability (py,,,, =7.67 atm, E_ =9,000 cal
Jmol, F,=5.8 kg/h).

, Stable steady state; ——-—, unstable steady state;
*, Hopf bifurcation point.

trolled at 7.67 atm and k,=0. Compared with the k,=0
case in Figure 10, there is very little change in the steady-state
behavior. Slight differences are caused by the different heat
capacities of the gases, and by the deactivating influence of
hydrogen on the catalyst (Eq. 18).

Figure 12 shows the effect of butene addition to the reac-
tor using a catalyst with k,=0.0001 s~' and E,=9,000
cal/mol. The comonomer has a very mild effect on the reac-
tor operation for the propagation rate constants given in
Table 2, but does not significantly alter the multiplicity and
stability behavior of the reactor system. Butene is consumed
to a much smaller extent than ethylene, so the reactor behav-
ior is far more sensitive to the ethylene concentration than
the butene concentration.

Conclusions

A gas-phase ethylene polymerization model has been ana-
lyzed to determine the effects of reactor operating conditions
on dynamics and stability. The reactor model employed as-
sumed that both the gas and polymer phases in the reactor
are well mixed. Our analysis of ethylene homopolymerization
in the reactor alone gives similar results to those of Choi and
Ray (1985b), confirming that mass- and heat-transfer limita-
tions between multiple phases are not responsible for the ob-
served bifurcation behavior.
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The reactor model was extended to account for the effects
of the external heat exchanger and the recycle stream. Ac-
counting for the recycle stream is important because the re-
cycle to fresh feed ratio in gas-phase polyethylene reactors is
on the order of 50 to 1 (Xie et al., 1994). The combined sys-
tem was shown to exhibit unstable behavior and limit cycles.
Because the unstable behavior arises due to positive feed-
back between the reactor temperature and polymerization
rate, the size and dynamics of the heat exchanger have very
little effect on either the stability or multiplicity of the sys-
tem.

It was shown that the presence of an ethylene partial-pres-
sure controller had a significant effect on multiplicity and
stability. Higher partial-pressure setpoints made the reactor
more prone to run away toward undesirable high tempera-
ture steady states by ensuring that ample monomer is always
available for the reaction. The catalyst feed rate, activation
energy, and deactivation properties were also shown to have
a significant influence on reactor behavior. If a multiple-site
catalyst is used for the polymerization, then both the distri-
bution and kinetic behavior of the individual sites on the cat-
alyst can affect the dynamic behavior and stability of the sys-
tem. Hydrogen, inert components, and butene comonomer
were shown to have only a very minor effect on system behav-
ior.

The results in this study demonstrate that without feed-
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back temperature control, gas-phase polyethylene reactors are
prone to unstable steady states, limit cycles, and excursions
toward unacceptably high temperature steady states. Minor
design changes to the external heat exchanger cannot be used
to ensure open-loop stability, so feedback temperature con-
trol is very important in gas-phase polyethylene reactors.
Without feedback temperature control, disturbances in the
catalyst feed rate, catalyst properties, or ethylene concentra-
tion in the reactor could cause the system to move away from
a desirable steady state into an unacceptable operating
regime. Such information about the underlying properties of
the system is very important to the design of reactor operat-
ing policies and to the implementation of stabilizing feedback
temperature controllers.
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Notation

K =ethylene partial-pressure controller gain

p; =partial pressure of component i

R, =rate of consumption of component i by reaction
t =time
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Yy, Y, =quantity of active catalyst sites of type 1 and type 2, respec-
tively [mol]

Greek letters

y =dimensionless group defined in Eq. 17
7, =integral time for ethylene partial-pressure controller

Subscripts

0 =reactor inlet condition
1, M1 =ethylene
2, M2 =butene comonomer
f =fresh feed stream
g0 =gas recycle stream entering the reactor
I =inert component
r =due to reaction
ss =steady state
top =condition of stream leaving the top of the reactor
w =cooling water
Y, = catalyst site of type i
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