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During olefin polymerization on heterogeneous catalyst, a catalyst particle undergoes
fragmentation, and the formed polymer gets deposited on the fragments. These
polymer-coated fragments (microparticles) together form a porous polymer particle
(macroparticle). The multigrain model (MGM) gives a detailed description by account-
ing for the monomer diffusion phenomena at both levels. The original approach to
solution involved a sequential shell-by-shell determination of monomer concentration
profiles, with both radial boundaries of the shells moving with the particle growth. A
fixed boundary system of simultaneous differential equations enables easier computer
implementation of the MGM model. Further, in a new development presented here, the
interstitial spaces between the microparticles make up the pores through which monomer
transport occurs not only by diffusion, but also by convection. The convection is driven
by the pressure gradient created by the monomer consumption within the particle. Con-
sistent with recent experimental observations, significantly higher monomer transport
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rates are thus predicted.

Introduction

Diffusional limitation during heterogeneously catalyzed
olefin polymerization has been modeled in the form of the
polymeric flow model (PFM) (Singh and Merrill, 1971;
Schmeal and Street, 1971; Galvan and Tirrell, 1986) and later
more extensively as the multigrain model (MGM) (Yermakov
et al., 1970; Nagel et al., 1986; Floyd et al., 1987; Hutchinson
et al., 1992). The PFM offers the advantage of relative math-
ematical simplicity, particularly since the moving-boundary
problem is easily transformed into a fixed-boundary problem,
thereby facilitating easy numerical solution. The MGM incor-
porates a more detailed picture of the underlying phenomena
on the microparticle and the macroparticle scales at the cost
of increased numerical complexity. We begin by showing that
the physical details of the simple MGM can in fact be incor-
porated easily in the PFM, while retaining the ease of numer-
ical simulation of the fixed-boundary adaptation of the PFM
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(Galvan and Tirrell, 1986). Then, we proceed to incorporate
in this model an additional mode of monomer transport into
the polymer particle, that is, monomer convection through
the interconnected pores in the two-phase particle.

During olefin polymerization on heterogeneous catalyst, the
catalyst particle undergoes fragmentation and the polymer so
formed gets deposited on the fragments. These polymer-
coated fragments (microparticles) together form a porous
polymer particle (macroparticle). The overall reaction rate
can be limited by the monomer transport, first through the
porous macroparticle, and then within the microparticle (to
the active sites on the catalyst fragments). The PFM, first
proposed by Schmeal and Street (1971) and Singh and Mer-
rill (1971), provides a simple description of the phenomena.
It assumes the intraparticle mass transfer to be simply Fick-
ian diffusion through the polymer. Galvan and Tirrell (1986)
considered a mathematical transformation to convert the
moving-boundary problem into a fixed-boundary problem.
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They concluded that polydispersities higher than 2 can result
from diffusional limitations only at Thiele modulus [«
= \/Rﬁ(kp/D) A, 1 values greater than Y10 . Hence, they at-
tributed the observed high polydispersity at the smaller o
primarily to multiple active sites. A crucial correction to their
mathematical transformation was presented many years later
by Byrne (1993). This was used by Hoel et al. (1994) to at-
tribute the observed copolymer composition variation in the
polymer particle to the monomer diffusional limitations.

The MGM more directly takes into account the heteroge-
neous nature of the growing polymer particle. The growth of
the microparticle by the polymer deposition around the cata-
lyst fragment, and the growth of the macroparticle (ag-
glomerate of the microparticles) is explicitly considered. A
dimensional analysis of the relevant parameter values to de-
termine presence of diffusional resistance was presented by
Floyd et al. (1986). Considering peak polymerization rates of
5,000 g/g-cat h, Floyd et al. (1987) concluded that significant
diffusional resistance only occurs if the macroparticle level
diffusivity is 10~° cm?/s or lower. They also concluded that
for macroparticle diffusivity of 2 X 10~¢ cm?/s for slurry-phase
olefin polymerization, reaction rates in excess of 20,000 g/g-
cat h could not be predicted without wastefully using excess
active metal. Hutchinson et al. (1992) predicted diffusional
limitations during the first hour of slurry-phase polymeriza-
tion at the rate of 2000-10,000 g/g-cat h. McKenna et al.
(1997) and Weickert et al. (1999) have shown that the peak
high activities observed with the modern catalyst cannot be
explained by the Fickian diffusion of monomers. There has
been much effort to experimentally examine if the monomer
transport limitations do exist. However, a conclusion has been
elusive, as the observable effects, such as slowing polymeriza-
tion rate, higher polydispersity, and particle-size dependence,
can also result from chemical deactivation of sites, existence
of multiple active sites, and nonuniformity of catalyst loading,
respectively (sce Agarwal, 1998; Przybyla et al., 1999a).

The alternative mode of monomer transport in the poly-
mer particle is the monomer convection through the pores,
driven by the pressure drop caused by the monomer con-
sumption by the reaction. Although this has been recognized
to be the dominant mechanism during homopolymerization
in the absence of diluents (Floyd et al., 1986; Weickert et al.,
1999), it has not been incorporated in the mathematical for-
mulations {Naik and Ray, 2001). Yet in situations involving
catalysts of not so high activity, a Fickian diffusion mecha-
nism (with estimated diffusivity values) continues to be em-
ployed, and perhaps considered satisfactory. But, as this fails
to explain the high activity of 10° g/g-cat h now attainable,
the need for incorporating monomer convection in such a
model is clear (McKenna et al., 1997; Weickert et al., 1999,
Meier et al.,, 2001, McKenna and Soares, 2001, Kittilsen and
McKenna, 2001). McKenna and Schweich (1992), McKenna
et al. (1995), and Kittilsen et al. (2001) have approached the
issue of convective flux as defined by the product of the su-
perficial convective velocity (1) and the monomer concentra-
tion. But lacking the details of the calculation of u, we are
unable to judge the nature of convection considered by them.
Yiagopoulos et al. (2001) explicitly considered monomer dif-
fusion through the pores in an expression for overall effective
diffusivity, and defined convective transport by considering u
to be the local particle expansion velocity. Thus, they consid-
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ered convective transport of the monomer absorbed in the
swollen polymer phase, but ignored the monomer convection
through the pores.

In the subsection on the PFM with frozen boundary we
present the governing equations of the PFM. The transfor-
mation of the moving-boundary problem into the fixed-
boundary problem is then carried out as per Galvan and Tir-
rell (1986), incorporating the corrections of Byrne (1993). In
the subsection on the MGM and its new solution, we present
our extension of the PFM to simultaneously follow the growth
of microparticles as in the framework of the MGM. As we
shall see, this amounts to a significant computational simplifi-
cation of the detailed MGM. In the subsection on the two-
phase model, we supplement this model with an additional
mode of monomer transport into the polymer particle, that
is, monomer convection through the interconnected pores.

Both the PFM and the MGM models consider that the
catalyst instantaneously breaks up into fragments. The frag-
mentation process during the polymerization has been mod-
eled (Ferrero and Chiovetta, 1987; Przybyla et al., 1999b; Es-
tenoz and Chiovetta, 2001), but we retain the assumption of
instantaneous fragmentation to maintain simplicity. We re-
strict our consideration to homopolymerization, absence of
inerts or diluents in the system, spherical catalyst particle,
and only a single type of active site.

Theory
Polymeric flow model with frozen boundary

The diffusion-reaction processes in the growing polymer
particle [r < R(#)] are described by the following balance
equations:
Monomer diffusion and consumption by reaction

oM 1 9 28M AM )
gt 2o\ ar 4 )

Flow and production of polymer

£
)

%(urz)—kpAM )

Flow of catalyst sites with the polymer

oA 1¢9qu \
o0 =T ) ()

The boundary conditions are

M=M, at r=R (4a)
oM
— =0 and u=0 at r=0 (4b)
ar
The initial conditions are
R=R, and A=A, at t=0 (5)

where R, is the radius of the initial catalyst particle contain-
ing active sites with concentration A4,. The initial monomer
concentration can be taken as one of the following:
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(i) M =0, that is, no monomer present at ¢ = 0;

(i) M =M, that is, in equilibrium with the surrounding
medium, but no reaction at ¢ <(;

(iii) M(r)= M, (r), that is, a steady-state profile corre-
sponding to Eq. 1.
The particle radius R grows at the rate of polymer velocity
at the particle surface

dR(1)
d

u at r=R (6)

We assume that there is neither any change in the catalytic
activity of active sites, nor complete deactivation of the cata-
lyst sites. Then, the total amount of active sites is given by

R(1)
A, (t)=4dx f rA dr (7)
0

which should remain constant as the particle grows.
We define the following dimensionless variables [Galvan
and Tirrell (1986), Byrne (1993)]:

i M W M, r
"M, T TTR@y
R R _uR, I A Dr
“®, T T4 TR

and the Thiele modulus, « =/R3(k,/D)A,. We empha-

size that R represents the particle growth factor (radial), and
the definition of the radial position variable, x, amounts to
compression of the scale resulting in freezing of the moving
boundary r = R(¢) to x = 1.

The system of equations is now rewritten in the dimension-
less form (Byrne, 1993) as

x oM 11 4 oM _

—==i()—+ =5 — | —|-MM (8)

T R dx R x*° ox ax
0= (x*a)- 24007, R g
= ax(x i)-a m 9

A (0 x dA —
——+(:—:ﬁ(l) — =— oA MM (10)

ar R R

—=q 11
P u(1) (11)

(or 0 or S profile). (12)

(13a)

and
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—=0 and =0 at x=0 (13b)

The dimensionless parameters of the system are o and M,
We note that Galvan and Tirrell (1986) and Yiagopoulos et
al. (2001) missed the [(x/R)u(1)] term in Egs. 8 and 10. The
latter also considered the local velocity, u, to be directly pro-
portional to the local polymerization rate, rather than de-
scribing it by Eq. 2.

Multigrain model and its new solution

The multigrain model in its simplest form (Floyd et al.,
1987) accounts for the diffusion phenomena on two different
scales, that is, the microparticle and the macroparticle scales.
Using M and D to denote the monomer concentration and
effective diffusivity in the macroparticle at radial position r,
its balance equation is written as

(D S 1 R 14
— | pr—y (1~
at rtor ar (=R, a9
where € is the porosity (assumed constant) in the particle
and

R,=k,AM* (15)

is the reaction rate based on polymer volume in the mi-
croparticle at that location, M* being the monomer concen-
tration at the catalyst surface (radius S,) in the microparticle
(of radius S) at that location. Thus, § = S/S,, is the micropar-
ticle growth factor (radial), §, and S being the microparticle
radius at location r at time 0 and present time ¢, respectively.
We also note that A refers to the active site concentration
based on polymer volume. If 4’ is the active site concentra-
tion based on catalyst volume, then 4 = A4'/S°. Thus, A4 de-
creases from initial value A, with microparticle growth, while
A’ decreases from the same initial value A, only if deactiva-
tion (Floyd et al., 1987) is present:

’

dA N2
— =y (A) (16)

where the second-order deactivation rate constant is related
to the catalyst half-time as

ty=(kyA4,)"" (17)

Using the QSSA presented in Hutchinson et al. (1992), M*
is easily obtained as

M
18
1 S; 1 5o k A o
+ — !
30#( S ) P

3
il

where n*M represents the monomer concentration at the
microparticle surface, M being the monomer concentration
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in the macroparticle at that location and n* being the corre-
sponding equilibrium constant for monomer absorption in the
microparticle.

The reported method of numerical simulation of MGM in-
volves consideration of the macroparticle as being made up
of microparticles in concentric spherical shells, and then a
shell-by-shell evaluation of the concentration profiles (Floyd
et al., 1987, Hutchinson et al., 1992). Further, since bound-
aries of these shells move with particle growth, a grid initial-
ization and update procedure is required to follow the
boundaries. Instead, we incorporate the important aspect of
the MGM (that is, two scales of phenomena) in the following
modification of the PFM, thereby eliminating the need to fol-
low such a grid initialization and update. The displacement
of microparticles is now presented as a continuous velocity
(u) of the polymer in the porous particle, so that

14 1-€)R
O=r—279—;[(1—e)ur2]——(————p—)—5 (19)
and
dR(t)
= u(R1) (20)

Here, the particle porosity, €, has been taken as a constant,
as in the early MGM (Floyd et al., 1987). Not only can the
material displacement be followed in terms of differential
equations, but also the microparticle growth can be described
by the following equation:

s a5 SR,
—tp—=—— (2D
at ar 3 p

The governing equations can now be modified as in the PFM
case, by normalization of the radial variable as x = r/R(¢):

aM x oM 1 4 ZaM
€ "‘—“—A‘u(l) =WE(DX —)—(1—€)Rp

ot R 7 ax ax
(22)
1 9 R
2 P
= — - — 23
Rl o ) p (23)
as u x as SRP
— +l—=——u —_—— (24)
at R R dx 3 p
dR(t)
=u(l,t) (25)

The overall time-dependent reaction rate (g /g-cat time) can
be calculated as

R\’ pM, d(R/R,)
Ry =3 —| — ——2 26
overall 3(R ) Peat dt ( )

o

where M, is the molecular weight of the monomer. In the
absence of diffusional limitations, its maximum possible value
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can be obtained from the catalyst’s intrinsic reactivity as:

Rmax = kpAoMm Mw/pcat (27)

Two-phase model

It is now well recognized (Keii et al., 1982; Ferrero et al.,
1993; McKenna et al., 1999; Oleshko et al., 2001; Pater et al,,
2001) that the growing polymer particle is indeed porous and
that both diffusion and convection of the monomer make up
the monomer transport within a growing particle. Yet, the
existing models just mentioned consider only a diffusion con-
tribution to monomer transport, but use an effective diffu-
sion coefficient to account for transport through pores in the
macroparticle. This is restrictive in the realistic two-phase sit-
uation because the transport mechanisms are essentially dif-
ferent, since the Fickian diffusion and convection flux are
proportional to the gradients (9M/dr) and [ M(8P/or)), re-
spectively. Further, while the pressure-driven convection
through the pores would strongly depend on the pore size
(which increases with particle growth), the effective diffusion
coefficient was not considered to change during particle
growth. Floyd et al. (1986) justified ignoring convective trans-
port by arguing the convective transport is substantial primar-
ily for homopolymerization cases involving no inerts or trans-
fer agents. However, even in the presence of inerts, the phe-
nomena like inerts enrichment cannot be described by the
pure-diffusion model, as the monomer diffusion is driven by
its own concentration gradient. Besides, with the newer and
faster catalysts, the importance of incorporating the
monomer’s convective transport has increased (Weickert et
al., 1999; McKenna and Soares, 2001).

We consider that the growing polymer particle is made up
of spherical microparticles, with the interstitial spaces provid-
ing the pores through which monomer transport occurs by
diffusion and convection. The convective transport of the
undiluted monomer is driven by the pressure gradient cre-
ated by the monomer consumption within the particle:

M 1 4 M 1 P
e—=——|r’D—+—Bor’M— |~ (1= €)R, (28)
at  r? or r ar ?

where the flow resistance in the pores is described by Darcy’s
law (Adler, 1998), the corresponding Darcy’s coefficient

€

Ba = KD 87’

5% Kp~1 (29)

being dependent on the porosity (), tortuosity (7'), and the
pore radius. Weickert et al. (1999) reported measuring the
final pore diameter to be the same as the final microparticle
diameter, and comparable growth factors for pore and
macroparticle diameters. Based on this, we assume the pores
to be the interstitial spaces between the microparticles, and
the pore radius to be the same as the microparticle radius
(S). Even though we realize this is not always the case, we
make this assumption in the absence of a better description
of pore-size variation during particle growth. For example,
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McKenna et al. (1999) reported that large interconnected
pores on the order of several microns were generated during
slurry polymerization of ethylene. The role of such pore mor-
phology in facilitating monomer convection to even larger ex-
tent is clear.

Limiting our consideration now to gas phase polymeriza-
tion, and assuming that the gaseous monomer behaves as an
ideal gas with concentration M = P/R,T, the previous ex-
pression can be rewritten as

iM 1 ¢
€= — D+
at re or

’

KyRT € )zaM)
ar

Mg

—(l-e)R, (30)

Normalizing r with respect to R(¢), Eq. 30 is rewritten as

[&M x ¢9M] 1 4

———u(l)— | = —
ot R( Ix R%x? gx

) 5 oM
x| [1+ B(S/S,) (MM, x*— ) ~(1- R, (31)
ox
where it is clear that the dimensionless number

RRT S
w D 87

is an indicator of the convection contribution as compared to
diffusion. Thus, the convenience of incorporating the convec-
tion contribution in this two-phase model is largely based on
the development carried out in the earlier sections, as the
equations in the subsection on the MGM and its new solu-
tion (other than the monomer balance, Egs. 14 and 22) re-
main directly applicable here.

Results and Discussion
PFM model

In this work, we have used gPROMS (General Process
Modelling Systems) software with orthogonal collocated fi-
nite-element method (OCFEM) for solving systems of differ-
ential equations. We begin by verifying this tool by compar-
ing our results with previous publications. The system of Egs.
7-13 is solved without the (x/R)u(1) term in Egs. 8 and 10,
and the results are shown as solid lines in Figure 1a for a? =
20, M,, = 0.009, which are the parameter values also used by
Galvan and Tirrell (1986). Comparison of these solid lines in
our Figure 1a with the curves in Figure 2 of Galvan and Tir-
rell (1986) shows an exact match (except that Galvan and Tir-
rell seem to have termed 3600 dimensionless time units as 1
h). This verifies that we have correctly implemented the nu-
merical simulation tool. We then use Eq. 7 in the same simu-
lation to calculate the total number of active catalyst sites
(A,) in the particle. The results, plotted in Figure 1b as a
solid line, show that the model predicts the amount of cata-
lyst to increase with particle growth. This is not possible
physically, and the error is due to ignoring the (x/R)u(1) term,
which amounts to an incorrect mathematical attempt to freeze
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Figure 1. PFM (Eqs. 7-13) prediction of the develop-
ment for «2=20, M,,=0.009: (a) monomer
concentration profiles; (b) total catalyst
amount.

Results without (solid lines) and with (dashed lines) the
(x/R)u(1) correction terms are included. At 7 = 0, the initial
concentration profile is the initial steady-state solution, and
is the same for both cases.

the moving boundary. Simulations were then carried out with
the (x/R)u(1) term as incorporated in Eqgs. 8 and 10, and the
results are included in Figure 1 as dashed lines for compari-
son with the situation when the (x/R)u(1) term was ignored
(solid lines). When the (x/R)u(1) term is included, the amount
of catalyst in the particle remains constant (Figure 1b), thus
removing the inconsistency. Further, the concentration pro-
files begin to approach M =1 (Figure la, dashed lines), sug-
gesting elimination of diffusional limitations right from the
beginning, in contrast to Galvan and Tirrell’s prediction (solid
lines) of depleting concentrations, that is, increasing diffu-
sional limitations at an early stage.

MGM model

The MGM is solved using the sets of equations, Eqs. 15-18
and 22-25, for the parameter values listed in Table 1, as also
employed by Floyd et al. (1987) for slurry-phase polymeriza-
tion of propylene. The results presented in Figure 2a show a
good match with Figure 4 of Floyd et al. (1987). This suggests
the MGM can indeed be simulated by the system of equa-
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Table 1. Parameters for Simulation of Slurry
Polymerization of Propylene (Figure 2)

Parameter Value
k, (L/mol-s) 24,600
M,, (mol/L) 4
n* 1
t1, () 0.25
B, em*s) 1078
D (em?/5) 1073
p (mol/em?) 0.0238
Pear (g/em®) 2.84
€ 0.3
R, (pm) 15
So( wm) 05
A (mol/g-cat) 1x107°

tions (Egs. 15~18 and 22-25). The advantages of such a sys-
tem and solution technique for MGM as compared to the
method employed earlier in the literature are that one no
longer needs a shell-by-shell and grid update procedure.
Polymer flow in the macroparticle (that is, displacement of
microparticles) is now presented as a continuous variable
u(r,t), the velocity of the polymer in the porous particle.
Equation 24 allows us to follow the microparticle growth as
well, and the results at some radial locations in the growing

4000
T 3000
ZE k,=24600
Q
= 2000 k,=4920
g
& 1000 -
k,=2460
0 T r -r
0 2000 4000 6000
t(s)
(a)
30
25 x=1 =T -
- - 'x =0
S(x)/S, 20 e
” -
s
s
15 ’
7’
/
/
10
0 1 2 3 4 5 6
t(s)
(b)

Figure 2. MGM (Eqs. 15-18, 22-25) predictions for the
slurry-phase propylene polymerization for pa-
rameter values in Table 1.

(a) Reaction rate, and (b) microparticle growth factors at
particle center (x = 0) and particle surface (x =1).
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Figure 3. MGM predictions for gas-phase propylene
polymerization for parameter values in Table
2.

(a) Reaction rate for different macroparticle-level diffusivi-
ties (D, cm%s) shown in the figure, and (b) monomer con-
centration profiles for D =10"% cm?%5, at different times
(t = 20, 100, 1000, and 5000 s, higher curves at higher time).

particle are presented in Figure 2b. As can be clearly seen,
the microparticle growth is fast at the polymer-particle sur-
face (x = 1) right at the beginning. At the center of the poly-
mer particle (x = 0), the initial microparticle growth rate is
smaller due to diffusional limitations, but increases within the
first seconds to the same level as that of the microparticles at
the surface of the polymer particle.

Weickert et al. (1999) reported polymerization rates of 0.8
x 10° g/g-cat h for gas and liquid pool polymerization of
propylene. Kittilsen and McKenna (2001) recently observed
peak catalytic activity of 10° g/g-cat h during ethylene poly-
merization following slower prepolymerization steps. This
goes to say that the intrinsic catalytic activity of modern cata-
lysts can indeed be so high. Meier et al. (2001) recently re-
ported activities of 10> g/g-cat h for gas-phase propylene
polymerization. Using the estimated parameter values from
their experiments, as listed in Table 2, and ignoring the mi-
croparticle diffusion resistance (i.e., M™ = M), we carried out
the MGM simulations (subsection on the MGM and its new
solution). The results presented in Figure 3a for various val-
ues of macroparticle diffusivity indicate that diffusional limi-
tations are eliminated and that the intrinsic reactivity pre-
dicted only if the macroparticle diffusivity is higher than 107>
cm?/s. Although the value of monomer diffusivity is some-
what uncertain, and a recent discussion on this topic can be
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Table 2. Parameters for Simulation of Gas-Phase
Polymerization of Propylene (Figures 3-4)

Parameter Value
k,A, () 1878*
M, (mol/L) 1
7 1
1 () 0.25
D, (cm’/5) o4
D (cm?/s) 1074
p (mol/cm®) 0.0238
Peat (g/cm3) 2.84
€ 0.3
T 6
R, (pm) 108
S,(um) 0.2
T (K) 343

*From Eq. 27, using R ., = 10° g/g h.

found in Yiangopoulos et al. (2001), the effective diffusivity is
of the order (D ~107°-10"* cm?/s). MGM simulations (Fig-
ure 3a) predict serious diffusional limitations at such diffusiv-
ities. As seen from the monomer concentration profiles in
Figure 3b, the monomer depletion and the extent of diffu-
sional limitations are predicted to decrease with the progress
of the reaction, but rather slowly. Significant diffusion limita-

100000
w20
80000
70000
Roveratt 800001

i
1
(/g-cat br) gyl 200
soocof)
o T
a0} 5000

10000%,”
4
0
0 1000 200 3000 4000 5000
t{s)
(a)
10 20 e ———
ool -~ e
08 PP -
a7 P .
.1 e
M/My, 200 ,-
05 ’
4
0.4 . -
4 K
’ .
03 , 2000
02 ’
, .
Dt i .
[
20 04 02 03 04 0s 0% 07 08 09 10
/R

Figure 4. Two-phase model predictions for gas-phase
propylene polymerization for parameter val-
ues in Table 2, and pu, (cP) values in the fig-
ures: (a) reaction rate and (b) monomer con-
centration profiles at t =20 s.
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tions are predicted even at 5000 s after the start of the reac-
tion.

Two-phase model

For the same set of parameters as used in Figure 3 and the
convection parameters listed in Table 2, we carried out simu-
lations of the two-phase model by solving Eqgs. 15~18, 23-26,
and 31. The results for various values of the gas viscosity
(p, ) are presented in Figure 4a. We note that, at u, values
of 20 cP or lower, reaction rates close to the intrinsic value
R,,.. =10° g/g-cat h are quickly achieved, before decreasing
due to catalyst deactivation. The absence of mass-transfer
limitations at u, =20 cP or lower is also seen from the
monomer concentration being close to the maximum at all
radial positions (Figure 4b). We can thus conclude that at the
practical viscosities values of about 0.2 cP, convection will
provide sufficient monomer transport, and macroparticle
mass transfer will not be rate-limiting, at least for the present
case of undiluted gaseous monomer. We also note that, while
the profiles in Figure 3b correspond to a parabolic differen-
tial equation, the deviation, in the shape of the monomer
concentration profiles of Figure 4b, is related to the nonlin-
ear nature of their governing Eq. 31.

Conclusions

The MGM is very often used to examine the role of diffu-
sional limitations in the olefin polymerization rate on hetero-
geneous catalysts. In the past, its simulation has involved de-
termination of monomer concentration profiles sequentially
for each radial shell of microparticles, with both boundaries
of the radial shells moving with the particle growth. We have
presented a fixed boundary system of simultaneous differen-
tial equations that enables easier computer implementation
of the simplest form of the MGM.

In addition to simplifying the analysis of the MGM, we
have extended it to a two-phase model that directly accounts
for the monomer transport by convection through the inter-
stitial pores between the growing microparticles. Such
monomer transport is driven by the pressure gradient created
by monomer consumption. While both PFM and MGM pre-
dict significant diffusional resistance at the high activities ob-
tained with modern catalysts, we find the monomer convec-
tion through pores contributes substantially to the total
monomer transport in gas-phase polymerization. From a sim-
ple analysis of the reported high activity propylene polymer-
ization experiment, it appears that at practical viscosity val-
ues of less than 0.2 cP, convection provides sufficient
monomer transport for intrinsic reaction rates to be achieved,
at least for the case of undiluted gaseous monomer. The
presence of inert solvents in the reaction medium may re-
duce the convection contribution due to inerts accumulation
in the pores, and are being examined (Parasu Veera et al,
2001).

It is desirable to incorporate much of the last three decades
of advancements of MGM into the solution methodology pre-
sented in this article. Some such issues that remain to be
considered include the morphology determining microparti-
cle movement, porosity variation, copolymerization, molecu-
lar-weight distributions, catalyst distribution and decay, mul-
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tiple active sites, and external mass-transfer resistance. Fur-
ther, it is important to consider the heat-transfer effects, be-
cause the rapid generation of the heat and its insufficient
removal can lead to temperature gradients in the particle
(McKenna et al., 1999; Yiagopoulos et al., 2001), and the ac-
companying variations in the monomer diffusivity and viscos-
ity, the M-P relationship, among others. It is also important
to point out that the method of freezing the moving bound-
ary, enabling a simpler mathematical representation, that is
presented here, can provide alternatives to the techniques
used for analysis of other situations. Examples of such pro-
cesses are the pressure- or diffusion-induced growth/collapse
of spherical bubbles (Agarwal, 2002); the swelling and disso-
lution of polymer particles, such as during controlled drug
release; polymer processing operations like blow molding;
microparticle growth during olefin polymerization; and drug
encapsulation by interfacial polymerization.

Notation

A = catalyst concentration (based on volume of polymer parti-
cle), kmol-m~3
A’ = catalyst concentration (based on catalyst volume),
kmol -m ™
A, = initial catalyst concentration, kmol-m >
A= dimensionless catalyst concentration
B, = Darcy’s coefficient
D = diffusion coefficient at the macroparticle level, m?-s
D, = diffusion coefficient at the mxcropartxcle level, m?-s
k, = propagation rate constant, m -kmol™!-s~
K, .= deactivation rate constant, m*-kmol~!-
K, = a constant in Darcy’s equation, ~1
M = monomer concentration, kmol-m ™3
M,, = maximum monomer concentration, that is, at particle sur-
_ face, kmol-m™?
_M = dimensionless monomer concentration, M/M,,
M,, = fractional concentration of monomer, M,,/p
M = molecular weight of the monomer, kg-kg mol™!
P= monomer pressure, Pa
;= monomer pressure in the reaction medium containing the
growing particle, Pa
r= radial location in the growing particle
R, = universal gas constant, N-m-kmol™ Lg-!
R, =rate of reaction, based on polymer volume, kmol-m~3-s
overan = Overall rate of reaction, kg-kg-cat™! -5
R, = initial radius of the particle, m
IS= radius of the particle at time ¢, m
R = (macro)particle growth factor
S = radius of the micro particle, m
S, = initial microparticle radius, m
§,= dimensionless initial microparticle radius
S = dimensionless microparticle radius
t=time, s
t1, = half-life of the catalyst, s
T'= temperature, K
u = velocity of the swollen polymer, m+s™
i = dimensionless velocity of swollen polymer
x=dimensionless radial position

-1
-1

-1

P,

e

-1
R

1

Greek letters

a= Thiele modulus in the PFM case
B= dimensionless number
€= porosity
7* = monomer sorption coefficient
T= dimensionless time
7' = tortuosity
H, = monomer viscosity, Pa-s
p = density of monomer or monomer swollen polymer,
kmol-m™?
Pear= density of catalyst, kg-m ™3
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