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Our previous polymeric multigrain model (PMGM) for the slurry polymerization of propylene is extended
to account for the presence of gas-liquid mass transfer resistance and the gradual build-up of the monomer
concentration in the liquid medium in an isothermal, semibatch reactor. Results are obtained for the
situation where one starts with a pure n-heptane liquid medium. The Soave-Redlich-Kwong (SRK) equation
is used for predicting gas-liquid equilibrium, and appropriate correlations are used to estimate mass transfer
coefficients and interfacial areas for both the gas—liquid and liquid-solid interfaces. It is found that the
initial transient in the monomer concentration leads to important effects on the rate of polymerization,
the mean degree of polymerization (DP) and the mean polydispersity index (J) and one must account for
these phenomena. The effects of changing the various parameters are also studied. It is found that products
with polydispersities higher than about 2.0 can be formed because of the presence of multiple activity
catalyst sites and not because of diffusional limitations, at least for the parameters studied.
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INTRODUCTION

Even though polypropylene is one of the most important
commodity polymers, a sound understanding of the
behaviour of reactors producing this polymer using
Ziegler-Natta (ZN) catalysts' is lacking. This study is
meant to narrow the gap in our understanding of
polypropylene semibatch reactors. We attempt to model
the operation of a semibatch slurry reactor during
start-up, when the concentration of propylene builds up
in the solvent (usually n-heptane). It is well documented®*
that the ZN catalyst particles break up during this early
stage and that the timing and degree of fragmentation
as well as the conditions at this time criticaily influence
the subsequent polymerization. In this study we look at
the early stages of polymerization in considerable detail.
We account for the presence of mass transfer resistances
at both the gas-liquid and liquid—solid interfaces. Floyd
et al.* have found that these interfacial resistances could
play an important role during polymerization when
modern, high-activity catalysts are used. Our model,
which accounts for various physicochemical phenomena
which are operative, also provides a good starting point
for the design of control systems, and sets the stage for
the development of algorithms for optimization.

The semibatch reactor used in this study is shown
schematically in Figure 1. The slurry taken initially in
the reactor comprises a volume V| of liquid solvent
(usually n-heptane) and N, solid catalyst particles (all
assumed to be spherical and having the same radius R,).
The vapour space (of volume V*) above this slurry is
occupied by some inert gas or (in this study) by propylene
gas at latm pressure. At time t=0, pure gaseous
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monomer (propylene) is bubbled into the reactor at a
rate of g, ;, mols ™! (this rate could vary with time). The
reactor is assumed to be well stirred (usually, a standard
mixing tank geometry is taken, with a flat-blade disc
turbine agitator used). Propylene dissolves partially in
the solvent, and diffuses towards the catalyst particles
through the solvent medium. The rate at which propylene
transfers from the well-distributed gas bubbles to the
liquid solvent will be controlied by the overall gas-liquid
mass transfer coefficient and the gas-liquid interfacial
area. If an excess of monomer is bubbled in, some of it
(@m.ow mol's 1) will go to the vapour space at the top of
the reactor. We thus have two regions which are in the
vapour phase — one in the form of gas bubbles (forming
a three-phase slurry), and the other at the top of the
reactor, which we will refer to as the ‘continuous gas
phase’.

Monomer is transferred from the continuous liquid
phase to the solid particles. Again, the liquid—solid mass
transfer resistance and the total liquid—solid interfacial
area will influence the rate of transfer. The monomer
diffuses radially inwards inside the solid. During this
process, polymerization takes place at the active sites of
the catalyst. The polypropylene formed accumulates
inside the solid particles, which grow with time. Very
soon after the start of polymerization, the original catalyst
breaks into several smaller fragments, called catalyst
fragments, these being embedded in a continuum of
polypropylene. These growing solid particles comprising
polymer, catalyst fragments and diffusing monomer are
called macroparticles. Several groups of workers® *® have
studied the polymerization inside single macroparticles
using a variety of models and techniques. Detailed
discussions of these single-particle studies have been
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Figure 1 Schematic of a semibatch slurry polypropylene reactor

presented earlier®7-18.20

the sake of brevity.

At the beginning, most of the propylene bubbled in
goes into building up the monomer concentration in the
solvent. Slowly, the excess monomer starts accumulating
(at a rate of g, ., mol s 1) at the top of the reactor, and
the pressure P, builds up. One then needs to introduce
monomer through the sparger at higher and higher
pressures. As the concentration of monomer in the solvent
builds up, one could reduce g, ;,. This, however, is not
done (to avoid reduction in the mass transfer effects at
the gas-liquid interface), and the pressure of the gas at
the top of the reactor is usually maintained at some value
by releasing vapour through a control valve, the
monomer released being recycled. In this study q.,;, the
rate of release of monomer from the reactor, is assumed
to be such that the pressure P, first builds up to a value
P, and is then maintained at this value.

In our study, we have assumed that heat transfer
resistances are negligible in the semibatch reactor, and
so the temperature is constant throughout (65°C). We
have used our polymeric multigrain model (PMGM)!8:19
to account for the polymerization of propylene inside the
macroparticles. The PMGM incorporates the salient
features of the two families of models existing in
the literature, and accounts for all the important
physicochemical effects operative during polymerization.

and are not repeated here for

FORMULATION
Solid phase

The equations describing the solid phase (growing
macroparticles) are the same as used in our earlier
studies'®2° on single macroparticles, and are given in
Table 1 of ref. 18. It is assumed in this study that all the
N, macroparticles taken into the semibatch reactor are
identical at any time t, and so the solution of these
equations for a single macroparticle is sufficient. The
diffusion of the monomer through the macroparticle is
described by!®

oM 10 oM
—=Def——<r2 ——>—92 (1a)
ot r2 or or
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a_M=0 (1b)
or

at r=0

at r=Ry,, Def<aa_M>=kls(Ml—M)(lc)
r

The various terms in these equations are defined in the
Nomenclature. Equations (1) have to be solved along
with the equations in Table 1 of ref. 18. In this work we
have assumed that the chain transfer agent (H,) is
uniformly distributed in the macroparticle (ie. the
diffusivity of H, is very high).

Liquid phase

We now discuss the equation characterizing the
well-mixed liquid phase (see Figure 2). The concentration
M, of monomer in the liquid phase is given by

dM
4 —j: kgag (Ve + VUM — M) —ka (V4 VM, — My, )
2)

Equation (2) is applicable to the initial operation of the
semibatch reactor, when the concentration of propylene
builds up in the liquid solvent (n-heptane).

Gas bubble phase

The mass balance equation characterizing the ‘gas
bubble phase’ (as contrasted to the gas above the slurry
in the reactor) is given by

qm,out = qm,in - kglagl(Vg + I/I)(M;':I - Ml) (3)

Continuous gas phase

The pressure P, in the continuous gas phase at the top
of the reactor builds up with time due to the inflow of
the gas bubbles. This is given by

P g
L= (qm,out qcxll>RT (4)
dt p*

where we have assumed ideal gas behaviour. Equations
(3) and (4) lead to

% — I:qm,in - kglagl(Vg + I/l)(M?:l - Ml) — Gexit

N

|
(
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Figure 2 Variation of the monomer concentration with location at
any time t



Table 1 Estimation®! 2* of a,, k, and ¥,
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Methodology of solution

The values of V,, a, and k,, the total gas bubble
volume, the gas-liquid interfacial area, and the gas-liquid
mass transfer coefficient, respectively, can be estimated
using a trial and error technique with the equations
summarized?!2* in Table 1. For a given liquid volume
V,, we first obtain a standard stirred-tank geometry (with
d,=(1/3)d,, height of liquid=d,). We then take a value
for v,, the superficial inlet gas velocity (v, is related to
the monomer sparging rate ¢,,;,). The volumetric feed
rate of the gas Q, is then calculated (using equation (b),
Table 1). The rate of rotation N, of the flat-blade disc
turbine stirrer is estimated (equation (c), Table ). Then
the power required W for stirring pure liquid (no sparging)
1s estimated using equation (¢) (for a high tank Reynolds
number Re,) of Table I. The power required W, in the
presence of sparging is estimated using equation (f) of
this table. A trial and error solution is then required to
estimate the gas bubble diameter d, or its terminal
settling (rising) velocity v, A value of v, is assumed
and values of a, are estimated using equation (h) or (i)
of Table 1. The quantity d, and the gas volume fraction
¢, are estimated using equations (j) and (k) of Table 1.
This d, is checked against correlations for the terminal
settling velocity given in equations (1) to (q) in Table .
These equations are based on analytical expressions for
the drag coefficients of spheres. Values of the converged
d, (and the corresponding ¢,) are used in equations (r)
to (u) to give k, and V,. The value of ¢,, ;, is obtained
from equation (v) of Table 1.

The diffusivity D, of propylene (prop) in liquid
n-heptane (nC,) is estimated using the Scheibel?2-2*
correlation given in Table 2. Critical volumes V_ ; for both
these components are used in these equations. It is
claimed?? that this correlation gives better estimates than
the Wilke-Chang?® equation for diffusivities of organic
solutes in organic solvents. Values of the various physical
properties used in our study are given in Table 3.

The correlations used* for estimating g, and k, are
given in Table 4. The quantity a, is easily estimated from
the total number N, of macroparticles in the semibatch
reactor using equation (a) of Table 4. The diameter d,
(=2Ry. ,) of the macroparticle is used to estimate its
terminal settling velocity u,,, using a trial and error
procedure with equations (c) and (d) of Table 4. The
converged value of the Reynold’s number Re, of the
macroparticle (using u,.,,,) is used in the Ranz-Marshall
correlation (equation (f) of Table 4) to compute k.

In order to integrate our system of equations, we first
rewrite equations (1) in the finite difference form (for
unequally spaced grid points'®) to give a set of (N +2)
ordinary differential equations (ODEs) for M;, the
monomer concentrations at each of the (N +2) different
computational grid points shown in Figure 1 of ref. 18.
These are given in Table 2 of ref. 18 (with M, replaced
by M)). In addition to these (N +2) ODEs, we have two

Table 2 Estimation of D, (Scheibel correlation??-2%)

V/=0.285V%"48 i=prop, nC, (Tyn and Calus equation??) (a)
k1%
K'=(82x 10-3)[1 +( "C7> ] (b)
Vprop
K'T
DIEDProp nC7= #—Vgrlo,_s (c)
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Table 3 Values of physical and thermodynamic properties used

Property Propylene

n-Heptane

Surface tension?? ¢
Density?? p,, p,
Viscosity?? p, g,
Critical volume2%27 ¥,

f(P,, T)fromideal gas law (gas)
9.25x 107 %kgm ™~ !s! (gas)
1.81 x 10" m3mol !

2014x 102N m™! (liquid)
683.7kgm ™ (liquid)

28x 107 *kgm™! s~ (liquid)
432.3x 10" °m3mol !

more coupled ODEs (equations (2) and (5) for M, and
P). The equilibrium relationship between Mf; and P, is
an algebraic one, and is given by a set of four cubic spline
expressions given in Table 5. These expressions have been
obtained by a curve fit of the vapour-liquid equilibrium
information on the propylene-n-heptane system at
65°C (the temperature used in this study) from the
Soave-Redlich-Kwong (SRK) equation of state?6 28,

The numerical procedure involves the evaluation of
the entire monomer concentration profile and P, at time
t+ At by integrating the (N +4) coupled ODEs for M;
(i=L12,...,N+2), M,and P, from time t to ¢t + At. Gear’s
method (using subroutine DO2EBF of the NAG library)
is used for this purpose. The exact numerical procedure
used (including decoupling of the equations into two sets
solved separately) is similar to that used in our previous
work18-20-28 For small times of polymerization!® (below
0.002 h), we have used At=At, =10"*h. After t=0.002h
(=t,), we use At=At,=10">h.

While performing the integration of the (N +4) coupled
ODEs, we have built in the following additional options.

1. For P,<P,,,,-
(i) Case 1: kgag (Ve + VMY — M) < g in (6)

Under this condition, equations (2) and (5) are used
as such and g, is put as zero.
(i) Case 2: kyag(Vy+ V)M — M) >4 0 ()

Under this condition, equations (2) and (5) are
replaced by the following equations

dM, —min— kisa(Vi+ VM, — My . 5)

8
o % (8a)
dP,
-0 8b
o (8b)
qexit=0 (80)

This prevents more monomer from being transferred
to the liquid than that fed into the reactor. This
second option is used only in the first few minutes
of operation for the conditions used in this study.
2. For P>P,,,.

We use the equation for dM,/d¢ as given above for

cases 1 and 2. In addition, we use the following

equations for case 1

dp
-0
dt
dexit = 9m.in _kglagn(Vg + WM —M,)  (9b)
Under the operating conditions studied in this
work, qn.. was always found to be larger than
kgag(Ve+ VIIME, — M) (i.e. case 1) after the first few

minutes of operation. If, however, this condition is
violated and we have case 2 with P,>P,,,, we could

P =P (9a)

max
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Table 4 Correlations* used for estimating a,; and ki,

2
—~Assume Re, (b)
Calculate u o,
_945(p,—p)
T 18y

40%(p. — p)2 13
umm=[ 9%(p, p.)] .
22501

[3-19(15(/1,, —p.)]” 2
uterm =l T

4}
dsutermpl

M

for Re,<0.4

for 0.4 < Re,< 500

for Re,> 500 ©)

L>Check Re,= (d)

H
Sc=—- (e)
oDy
Shy,=2+0.65c'*Re!’? (Ranz-Marshall equation) )

_ShsDy
ds

(4]

use
exit = 0

dP
d—tt= [—- kglagl(‘/g + I/l)(M]t - Ml) + qm,in]RT/V*

(10)

to account for the transfer of propylene from the
vapour space above the slurry to the liquid medium
(the equations for estimating k, and g, account for
the entrapment of gas from the space above). This
option, though present in our program, was not
actually used. We have also made the concentration
M; inside the macroparticles as zero whenever they
are found to be negative. This option is used in the
initial stages due to the high local rates of reaction.

RESULTS AND DISCUSSION

The Soave-Redlich-Kwong (SRK)?%-27 equation of state
is used for the binary system, propylene-n-heptane, to
compute the value of M{;, the equilibrium concentration
of propylene in n-heptané at the gas-liquid interface. The
values of M}, are obtained?® at different pressures P, at
65 °C. These SRK values of M} are then curve fitted
using simpler equations for routine use. Four different
cubic splines in different ranges of pressure are obtained
and are given in Table 5. Table 6 shows values of MF;
obtained from these two techniques at different values of
P, It is observed that the spline fit is acceptable. It may
be added that even though we have used the SRK equation
for a binary system to predict M¥,(P,), we have neglected
the vaporization of n-heptane into the gas bubbles and
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Table 5 Relationships between P, and MF, using cubic splines®

M, =0.0064 + 0.28444(P,—0.35) + 0.00051(P,— 0.35)* 035<P <5 (a)
M}, = 1.37995 +0.3148(P, — 5.0) + 0.00706(P, — 52— 0.00083(P,—5)°  5.0<P,<10 (b)
M =3.02633 + 0.41416(P,— 10) + 0.00544(P, — 10)2 4 0.0006(P, — 10)* 10<P, <20 (c)
M3, =6.68274+0.32301(P, — 20) + 0.00367(P, — 20)* + 0.00024(P, — 20)*  20< P, <25 (d)
“P,in atm and M}, in moli™!; T=65°C
Table 6 SRK and spline values of M, (T=65°C) at different P,
SRK Spline
P, 1073MF 1073 M}, Pressure range for
(atm) xc® ve, (molm™3) (molm™3) spline used (Table 7)
0.35 0.00113 0.0653 0.00640 0.00640
0.50 0.0085 0.3453 0.04835 0.0491
0.75 0.0207 0.5637 0.11861 0.1202
1.00 0.03289 0.6731 0.18930 0.1914 035<P,<5atm
2.00 0.08091 0.8377 047641 0.4780
3.00 0.1279 0.8927 0.77052 0.7697
4.00 0.17397 0.9203 1.07169 1.0694
5.0 0.219 0.937 1.37995 1.37995
6.0 0.2631 0.9481 1.69531 1.70098
7.0 0.3063 0.9561 201772 203113 5<P,<10atm
8.0 0.349 0.962 2.34713 2.36541
9.0 0.3899 0.967 2.68340 2.69881
10.0 0.430 0.971 3.02633 3.02633
12.0 0.5087 0.9767 3.73098 3.83336
14.0 445751 4.59969 10< P <20 atm
16.0 5.19969 5.32815
18.0 594715 6.02156
20.0 6.68274 6.68274
21.0 7.03783 7.00232
220 7.37811 7.31601 20< P.<25
230 7.69713 762530 shisaim
24.0 7.98669 793165
25.0 8.23653 8.23653

“xc, and yc, represent mole fractions of propylene in equilibrium liquid and vapour respectively

have neglected the gas—film mass transfer resistance. This
is quite a good approximation since it is found that the
mole fraction of n-heptane in the vapour phase is below
about 0.1 at P, as low as 3 atm, and decreases still further
as P, is increased (its value being only 0.022 for
P,=12.5 atm). It may be added that neglecting the mass
transfer of n-heptane to the gas bubbles has an opposite
effect to neglecting the decrease in the gas bubble size,
and the errors due to the use of these two approximations
tend to cancel out. We have also used the ideal gas law
to estimate the density of pure propylene in equation (5)
instead of using the SRK equation of state. This is not
expected to lead to any significant error.

The values of the reactor operating conditions and
parameters used in this study are given in Table 7. Some
of these reference values are the same as those used by
Sarkar and Gupta'®. The rate constants are chosen to
correspond to catalysts of relatively high activity. The
value of k,[H,]!? is chosen to give polymers having
number-average molecular weights in the region?® of
200000. It may be emphasized that k, [H,]'/* really sums
up the effects of all the chain transfer steps (to monomer,

Table7 Reference values of the parameters and operating conditions

Parameter Value Units

Cc* 32 mol site (m? catalyst) ™!
D, 10710 m2s”!

ke 2.5 m? (molsite) " 's !
ko [H,11? 186 §7!

N 36

No 1012

Pra 1.266 x 10° (12.5)  Pa (atm)

P (t=0) 1.013 x 10° Pa (pure propylene)
R, (before breakage) 115%10°3 m

R, ; (after breakage) 20x1077 m (uniform)

R 8.314 Jmol ' K™!

T 338.0 K

p* 4.0 m?

Uy 0.08 ms™!

V 20.0 m?

P 2260 kgm~?

Pp 900 kgm™3
Computational parameters

At, 10-* h

At, 10-3 h

1 0.002 h
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Figure 3 Variation of M, and P, with time (T=65°C). Note the initial
transients in M,. Reference conditions used as given in Table 7

hydrogen, cocatalyst, etc) actually occurring in the
reactor. The reactor volumes, catalyst loading, etc. in
Table 7 are values which are typically used in industry?®.

Several tests were made to check the correctness of
our computer code. We obtained results for the special
case when the gas-liquid interfacial diffusional resistance
is assumed to be zero (i.e. dM,/dt=0 and dP,/dt=0), M,
to be constant at 4 x 103 molm~3, and k,,=10"3ms™1).
These results matched those obtained from the computer
code of Sarkar and Gupta'®. We also changed the values
of the computational parameters (e.g. TOL in DO2EBF,
Aty, At,, t,, etc.) and found imperceptible changes in our
results. The time taken for a single run of 3.5h
polymerization time was 48s on an HP 9000/850 S
computer, without using clubbing of shells*®.

Our first simulation run corresponds to using 20 m3
of pure n-heptane (M, =0) in the reactor at the beginning
(t=0). A total of 10'? catalyst particles (spherical)
each having a radius (prior to fragmentation) R,
of 1.15x1073m is taken into the reactor. Gaseous
propylene is then bubbled in, and its superficial
velocity v, is maintained at a constant 0.08 ms™%, as
recommended by Treybal?! for achieving good mass
transfer rates. The value of P,,, is taken to be
12.66 x 10° Pa. Figure 3 shows how the monomer
concentration M, builds up in the liquid phase (referred
to as ‘transient’). It is observed that it takes a reasonable
amount of time (~0.7h) for M, to build up to
its final value of 39729 molm™3 (corresponding to
P,=P,.,=12.66x 10° Pa). Most theoretical studies
reported up to now have neglected this relatively slow
build-up of the monomer concentration, and have
assumed M, to be constant. Neglecting the transients in
M is likely to lead to significant errors in prediction since
it is well known?? that catalyst fragmentation occurs
during the initial period, and that conditions existing
inside the solid macroparticles then determine the exact
nature of fragmentation (which, in turn, determines the
subsequent polymerization). The present study is thus an
improvement over earlier studies in that it accounts for
the variation of M, with time in real reactors.

The build-up of pressure above the slurry is also shown
in Figure 3. It is assumed that the gas space above

4422 POLYMER, 1993, Volume 34, Number 21

the slurry is filled initially with pure propylene at
1.013 x 10° Pa. The pressure P, increases with time and
is maintained at P, (=12.66 x 10° Pa), once this value
is attained, through the release of vapour at a rate g,
(mols~1'). The latter is plotted in Figure 4, along with
Gm.in- It 15 possible to reduce q.,; and reduce monomer
recycling costs, but this would lead to a lowering of g, ;,
and a corresponding undesirable reduction in the mass
transfer coefficient k. One could envisage, however, an
optimal q,, ;, history, but in the present study we do not
focus on this issue (but keep v, constant at 0.08 ms™1).
It may be noted from Figures 3 and 4 that P, initially
remains constant at 1.013 x 10° Pa for a short interval of
time (approximately 0.05 h) before increasing. During this
time, all of the monomer fed into the reactor is transferred
to the slurry, and none of it goes into the vapour space
above the slurry. The value of g, ;, remains constant
during this interval. After this period, only a part of the
monomer sparged in is transferred to the slurry, while
some of it goes to the vapour space at the top. This leads
to an increase in P, and q,, ;, (an increase in the sparging
pressure leads to higher molar feed rates even though v,
is constant).

Figure 5 (solid curve) shows the effect of the transient
in the monomer concentration on the (instantaneous)
rate of polymerization as well as on the size of the polymer
particle (which reflects the yield). The corresponding
curves in the absence of this transient, using constant
values for M,(3972.9 mol m ~®)and k,, (4.66 x 10" *ms ™!,
the value at t=3.5h for the conditions corresponding to
the solid curve), are also shown. The initial value of
monomer concentration M, inside the catalyst particles
is zero for all cases. The difference between the curves
reflects the compounded effects of incorporating the
gas-liquid mass transfer resistance in the model, as well
as that of the gradual build-up of the concentration M,
of monomer in the liquid associated with the increase in
the pressure P,. It is interesting to observe that even
though it takes only about 0.7h for M, and P, to
build up to their constant values, their effects persist for
later times as well. Neglecting the transients leads to
an overprediction of the final yield by about 4%. A similar
overprediction of the mean degree of polymerization by
as much as 11% (by neglecting the transient in M) is

300 T T T T T T
= -
9m ,in
4
Yexit
0 1 1 1 1 1
0 1 2 3

Time,hr

Figure 4 Variation of q,,;, and gq.,;, with time (conditions as for
Figure 3)
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Figure 5 Instantaneous rate of polymerization and dimensionless size
of particles as a function of time (conditions as for Figure 3)
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Figure 6 Variation of the average degree of polymerization and
average polydispersity index with time (conditions as for Figure 3)

observed in Figure 6. The importance of accounting for
the gas-liquid mass transfer resistance and the associated
delayed build-up of the monomer concentration in the
liquid is thus established.

The mass transfer coefficient k,, decreases with
time to about 47 x 10”*ms~! while a; increases first
and, after a shallow maximum, then decreases slowly to
about 0.85m?m ™3 at t=3.5h. In our earlier work'®'®,
we had used constant values for both these parameters.
The gas-liquid mass transfer coefficient k, is found
to be relatively constant at 49x 10 *ms~! because
the superficial inlet gas velocity v, is constant. For
the same reason, a, is almost constant at about
296x1072m?m ™3,

The effects of varying some of the important operating
conditions and parameters were also studied. Figure 7
shows that increasing k_ from 2.5 m® mol ™! s~ ! (reference
value) to 3m>mol 1s~! (while keeping all other
parameters at their reference values) delays the build-up
of monomer concentration in the n-heptane medium

because of its higher consumption inside the solid
particies. Figure 8 shows the sensitivity of the rates and
yields to k,. Increasing k,, (keeping k,[H,]'/* unchanged)
leads to products having DP about 15% higher. Increases
in the active site concentration C* should lead to almost
similar effects since the terms k, and C* mostly (but not
always) occur together in the equations as k,C*.

An important drawback in most studies on the
simulation of polymerization reactors, particularly those
involving many phases, is the lack of good correlations
for estimating mass (and heat) transfer correlations. We
decided to check whether this is important for slurry
propylene reactors as well. We made k, five times its
value predicted from the equations in Table I, and found
that this leads to negligible increases in the rate and DP.
Hence, we infer that these results are not too sensitive
to the correlations used for estimating the gas-liquid mass
transfer parameters. Since k, and a, occur together in
the equations, similar inferences can be made for the effect
of changing a,. Changing k, (arbitrarily) to five times
the value predicted from the Ranz-Marshall equation
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Figure 7 Effect of increasing k, on M, and P,. All other parameters
are at their reference values (Table 7)
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Figure 8 Effect of increasing k, on the rate and yield
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Figure 9 Effect of decreasing D, from reference value of 1071 m?s~*
to 5x 107 ' m?s~! on rate and DP
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Figure 10 Effect of incorporating two kinds of catalyst sites with
(curves 3) and without (curves 2) first-order decay on the rate and yield.
k., =1.0m3(mol site) ' s~ % k, , =7.0 m*(mol site) ' s~ *; C} =2.4 mol
site (m?® catalyst)™'; C3¥=28mol site (m® catalyst)™; ¢,,, (first
order)=0.5h for both sites. Dashed curves are indistinguishable from
reference results (for single site, curves 1)

(Table 4) also leads to insignificantly higher rates and
DPs. We thus conclude that we can use any reasonable
correlation for estimating the mass transfer effects, at
least for catalysts having relatively high activity.

The effect of reducing the monomer diffusivity D, from
the reference value of 107 1°m2s 1 to 5x10 1 m2s~!
is shown in Figure 9. The reaction rate over most of the
polymerization is reduced. The product DP is also
slightly reduced. There is imperceptible difference in the
polydispersity index. It is thus confirmed that for catalysts
of relatively high activity the value of @ is close to 2.0
for single-site catalysts. Values of Q far above 2.0 can
therefore be attributed primarily to the presence of
multiple activity catalysts (which have sites having
different values of k,, etc.). It may be mentioned here that
in our model only a single diffusion parameter D, is used.
Its reference value of 107'°m?s™! is taken to lie
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between the two diffusivities (for macroparticies and
microparticles) used in the multigrain model of Ray and
coworkers®11-13713.17,

It was also found in our study that changing the
number N of shells from 36 to 30 while keeping R,
constant (i.e. R, is increased simultaneously as N is
decreased) does not change the results perceptibly, even
for D,=5x 10" ** m? s~ !, This does not necessarily imply
that the effect of catalyst particie breakage (at values of
t larger than zero) is negligible. We need to modify our
single-particle model considerably to account for particle
breakage in an appropriate manner to find out the answer
to this interesting question. Since the polymer is formed
first in the outer regions, particle breakage would take
place there before the inner regions break up. One could
modify our model to account for such a sequential
break-up of the catalyst particle somewhat along the lines
followed by Ferrero and Chiovetta®3. We believe that
interesting results would be obtained, but this was not
the focus of the present study.

Figures 10 and 1] show some results for multiple
activity catalysts. Two kinds of active sites are assumed
to be present in the catalyst. The values'® of k, ,, k, 5,
C¥ and C¥ are selected as

k,.1=1.0 m* (mol site)™* s~!
ky»=7.0 m* (mol site) "' s*
*=2.4 mol site (m> catalyst)~!

C%=0.8 mol site (m? catalyst) ™! (11)

These values are such that Y 2, k, ,C¥ is equal to k,C*
for the single-site catalyst in the reference run. All other
parameters are at their reference values. It is found (curves
1, 2) that the rate and yield are almost unchanged from
the single-site reference results. This is not surprising since

71 k,;C¥ has been chosen to be the same as k,C* for
the single-site catalyst. Figure 11 shows that DP is also
quite insensitive to multiple activity sites (curves 1
and 2) under these conditions, but that a higher
(curve 2) polydispersity product is obtained with multisite
catalysts than with single-site catalysts (curve 1).
Introduction of first-order decay with a half-life of 0.5h

20

75 T 1

Time,hr

Figure 11 Effect of two-site catalysts without decay (curves 2) and
with first-order decay (curves 3). Single-site reference results (curves 1)
are also shown. Values of parameters are as for Figure 10
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for both sites (curves 3 in Figures 10 and 11) leads to
polydispersity indices of the final product as high as 8.5
for the parameter values studied. It may be added that
clubbing of shells*® was used to generate multisite catalyst
results.

CONCLUSIONS

A detailed simulation of propylene polymerization
(slurry) was carried out in a semibatch reactor. This model
incorporated various physicochemical aspects of the ZN
polymerization of propylene. This model differed from
our previous work '®1?in that it accounted for diffusional
limitations on the gas-liquid side, as well as the slow
build-up of the monomer concentration in the liquid
phase. The results showed that incorporating these effects

influenced the rate of polymerization, DP and Q
significantly. It was also observed that even though the
transient in M, lasted for only about 0.7 h, the rate of
polymerization, DP and Q were affected till much later
times. It was found that values of the polydispersity index
far above 2.0 could be explained in terms of the presence
of multisite catalysts rather than diffusional effects. The
influence of the important parameters was also studied.
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NOMENCLATURE

ag Gas-liquid interfacial area per unit volume of
liquid and gas bubbles (m?m™~?)

a Liquid-solid interfacial area per unit volume of
solid (macroparticles) and liquid (m? m~?3)

c* Catalyst active site concentration (mol site

(m? catalyst)™!)
Cp Drag coefficient

dg Diameter of gas bubble (m)

d, Impeller diameter (m)

d, Diameter of the solid macroparticle (m)
d, Diameter of the reactor (m)

D, Effective macroparticle diffusivity at the ith grid
point (m?s™~ 1)

D, Diffusivity of solute propylene in liquid n-
heptane (m?s™ 1)
D, Concentration of dead polymer having n

monomer units (mol (m? catalyst)™ 1)

D, Effective monomer diffusivity in pure (solid)
polymer (m?s™ 1)

DP Degree of polymerization

DP Mean degree of polymerization in the macro-
particle

g Acceleration due to gravity (ms™?)

h Height of liquid in the reactor (m)

[H,] Hydrogen concentration(uniform inside macro-

particles) (molm ™)

Liquid-side mass transfer coefficient at the

gas-liquid interface (ms™')

ky Liquid-side mass transfer coefficient at the
liquid-solid interface (ms™1!)

ky Ralte constant for propagation (m* (mol site) "*
s77)

ki, Rate constant for termination (m*? mol ~*/2s™1)

M,; Monomer concentration at the ith grid point
(molm ™ 3)

M, Concentration of propylene in the (bulk) liquid
(mol m™?3)

M Equilibrium concentration of propylene at the
gas—liquid interface at a given pressure and
temperature (mol m~?)

M, Number-average molecular weight

M, Mean number-average molecular weight of

polymer in the macroparticle
M, Number-average molecular weight in the kth
shell
My ., Concentration of propylene at the outer surface
of the solid at any time (molm™?)
M, Weight-average molecular weight
M Mean weight-average molecular weight of
polymer in the macroparticle
Weight-average molecular weight in the kth
shell
MW  Molecular weight of propylene (kg mol™?)

N Initial number of shells in the macroparticle

N, Number of catalyst fragments in the ith shell

N, Impeller speed (revs™!)

No Total number of catalyst macroparticles in the
reactor

P... Maximum allowable pressure at the top of the
reactor (Pa}

P, Concentration of sites with a growing chain of
n monomeric units (mol (m? catalyst) ™ !)

P, Pressure at the top of the reactor (Pa)

P, Concentration of empty sites (mol (m> catalyst) ")

Gexit Rate of propylene exiting from the reactor
(mols™ ')
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qm,in

qm,out

end

Rate of monomer bubbied into the reactor
(mols™ 1)

Rate of monomer going out from the slurry to
the vapour space at the top of the reactor
(mols™1)

Polydispersity index

Mean polydispersity index of polymer in the
macroparticle

Radial position (m)

Radius of the macroparticle at any time (m)
Universal gas constant (Jmol ! K1)

Radius of catalyst fragment in the ith shell (m)
Rate of reaction per unit volume at the ith grid
point (molm~3s71)

Macroparticle radius (m)

Initial catalyst macroparticle radius (m)
Raleigh number (dimensionless)

Reynolds number for a gas bubble (dimensionless)
Reynolds number of the solid macroparticle
(dimensionless)

Reynolds number based on impeller diameter
diN p\/u, (dimensionless)

Schmidt number

Sherwood number for the gas-liquid interface
(liquid side) (dimensionless)

Sherwood number for the liquid—solid interface
(liquid side) (dimensionless)

Time (s)

Reaction time (s)
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T

uterm

L]

Temperature of the reactor (K)

Terminal settling velocity of the macroparticle
(ms™)

Superficial inlet gas velocity (ms~')

Terminal velocity of gas bubble (ms™1)
Volume of gas at the top of the reactor (m?)
Critical molar volume of the ith component
(m?®mol 1)

Total volume of the gas bubble phase (m?)
Liquid molar volume of the ith component at
its normal boiling point (m® mol~!)

Total volume of the liquid in the reactor (m?)
Total volume of the solid in the reactor (m?3)
Power delivered by the impeller in the absence
of sparging (W)

Power delivered by the impeller in the presence
of sparging (W)

Mass fraction of polymer in the kth shell
Probability of propagation

Void fraction of close-packed spheres (=0.476)
kth moment of live polymer (P,) MWD

kth moment of dead polymer (D,) MWD
Viscosity of gaseous propylene (Pas)
Viscosity of the pure liquid medium (nC,) (Pa s)
Density of catalyst (kg m™?3)

Density of liquid (nC,) (kgm~?3)

Density of polymer (kgm™?)

Surface tension of the liquid (nC,) (Nm™1)
Volume fraction of gas bubbles in the liquid



