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Flow and reaction in a typical commercial scale autoclave LDPE reactor were modeled by a
three-dimensional computational fluid dynamic (CFD) k—¢ model in order to shed light on the
macrosegregation effects that can occur in these reactors. It is shown that the CFD model
predicts significant differences from CSTR behavior. Results are discussed in terms of the effects
of macro- and microscale inhomogeneities of concentration and temperature on free radical
polymerization kinetics. The observed nonidealities in terms of minima in the initiator
consumption curves and multiple steady states are explained on the basis of competing turbulent
transport and chemical kinetics. Microsegregation effects are shown to be negligible in
comparison to macrosegregation effects. Given the fact that the CFD model is based on reactive
scalar and energy balances without adjusted parameters in the three-dimensional flow field of
the entire reactor, it is tentatively concluded that commercial-scale LDPE vessel reactors can
have significant macrosegregation effects beyond a certain steady-state adiabatic operating

temperature that is specific to the initiator being used.

Introduction

Polyethylene (PE) resins, produced commercially for
over 50 years, have become a global business. In 1992,
world production of PE was 33 million metric tons. On
the basis of world consumption, PE represented 70% of
polyolefins and 44% of all thermoplastic resins, while
consuming about half of world ethylene output. As of
1992, low-density polyethylene (LDPE) accounted for
40% of the world PE capacity (Stanford Research
Institute, 1995). LDPE is produced in adiabatic auto-
claves or tubular reactors by free radical polymerization
of ethylene at high temperature (140—300 °C) and high
pressure (100—3500 atm). Autoclaves account for about
half of the total LDPE production. The autoclave
reactors are operated at low conversions for safety
reasons. Relatively high feed flow rates and short
residence times that are typical for these reactors often
result in a feed jet with composition and temperature
significantly different from the rest of the reactor vessel.
These macroscale inhomogeneities due to the presence
of the feed jet can create a significant macrosegregation
effect on the performance of these reactors as compared
to the predictions from a continuously stirred tank
reactor (CSTR) model. There have been a number of
mathematical models, published over the last two
decades, that addressed the “mixing” issue in the vessel
reactors. A review of these models is given by Kippa-
rissides et al. (1993). Of particular industrial interest
is the relationship between the initiator content of the
feed and the steady-state operating temperature of an
adiabatic vessel reactor since this is the main relation-
ship that governs the steady-state operating conditions
of the reactor including the presence of multiple steady
states. The consequent relationship between the initia-
tor consumption per unit mass of polymer and the
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operating temperature is also of high industrial signifi-
cance since initiator costs are an important fraction of
the variable costs. The latter relationship has been
investigated experimentally in laboratory reactors by
Luft and Bitsch (1977), van der Molen et al. (1972,
1982), and Mercx et al. (1972). These workers showed
that the consumption versus temperature curve for a
given initiator displays a characteristic minimum as the
operating temperature is increased. A number of work-
ers attempted to model this behavior mathematically.
Mercx et al. (1972) predicted the observed minimum by
a model consisting of a plug flow reactor with recycle.
Marini and Georgakis (1984a,b) used a compartmental
zone model which represented the feed jet as two small
CSTRs of equal volume in series with the rest of the
vessel also represented as a CSTR with recycle to the
small CSTRs. The volume of the small CSTRs and the
recycle flow that each one received were the model
parameters. These parameters were estimated by the
authors for the laboratory scale reactor of the study by
van der Molen et al. (1982) for a jet of assumed size and
shape through mass and momentum balances. Good
agreement between model predictions and experimental
data was found. Zwietering (1984) presented a “plume
model” where the plume of the feed jet would exponen-
tially grow by mixing with the bulk until concentrations
inside the plume become the same as those in the bulk.
With proper choice of the parameter p, the time constant
for the growth of the plume, the model would qualita-
tively predict the observed minimum in the consumption
curve. In what is essentially a zone model, Smit (1992)
fixed the size of the jet (“flame”) in terms of the
kinematic viscosity and turbulent energy dissipation
rate and qualitatively predicted the minimum by a
model similar to the engulfment model of Baldyga and
Bourne (1984). The size of the flame which is the
adjustable parameter of Smit’s model had a significant
effect on the location of the minimum. A computational
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discussed later, the CFD flow solution was relatively
insensitive to the relevant physical properties density,
viscosity, and molecular diffusion. Therefore, composi-
tion-dependent physical properties would have resulted
in slightly very different temperature and concentration
values in the reactive scalars modeling stage of the CFD
solution (see below) while greatly increasing the com-
putation times which were considerable (see discussion
of computation times below). Thus, physical properties
corresponding to the outlet temperature of the reactor
were used as constant throughout the grid in each
computation. It was assumed that heat of reaction by
propagation (8.95 x 107 J/(kg mol)) was the only
chemical energy source that contributed to the enthalpy
balances. Heat effect of the initiation and termination
steps were neglected.

Kinetic Model

The lumped treatment of free radical chain addition
polymerization (Ray, 1972) with initiation, propagation,
and termination by combination was used with the
inclusion of a gel effect function g, for diffusion-
controlled termination. The basic reactions and the
kinetic rate equations that constituted the source terms

to vi;lz;é;s‘in"g conversion, hence reduced chain-end mo-
bility. The gel effect function g, was (Buback, 1990)

&, = 1Kalog,((5.39x + 3.7x"%)) +
1400k, (1 — 2)ky (5)

where x is the monomer conversion.

The parameters of the rate constants used are given
in Table 1. The initiators A and B were commercial
initiators of peroxide type.

CFD Model

Modeling LDPE reactors with computational fluid
dynamics is relatively new with few reports in the open
literature (Torvik et al., 1995). CFD affords the only
means to model an asymmetric reactor in three dimen-
sions with the ability to solve mass, momentum, and
energy equations throughout the computational domain.
We have used FLUENT version 4.2 to model flow and
version 4.3 (Fluent, Inc., 1995) to model polymerization
by passive scalars option in a typical industrial-scale
reactor (Chan et al., 1993) which had an L/D of about
4, a multiple-impeller agitator, a single feed jet intro-
duced vertically at the top outside the perimeter of the



























