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ABSTRACT: This work aims at developing a steady-
state particle size distribution (PSD) model for predicting
the size distribution of polypropylene particles in the out-
flow streams of propylene gas-phase horizontal stirred
bed reactors (HSBR), on the one hand and investigating
the effect of the catalyst residence time distribution (RTD)
on the polymer PSD, on the other hand. The polymer mul-
tilayer model (PMLM) is used to describe the growth of a
single particle. Knowing the PSD and RTD of a Ziegler–
Natta type of catalyst and polymerization kinetics, this
model allows calculating the polymer PSD of propylene
polymerization in the HSBRs. The calculated polypropyl-
ene PSDs agree well with those obtained from the indus-

trial reactors. The results reveal that both the PSD and the
RTD of the catalyst affect the polymer PSD but in different
manners. The effect of RTD on the PSD is less significant in
the case of a nonuniform size catalyst feed. This model also
allows investigating the effects of other process parameters
on the polymer PSD under steady-state conditions, including
intraparticle mass- and heat-transfer limitations, initial cata-
lyst size, and polymer crystallinity. VC 2012 Wiley Periodicals,
Inc. J Appl Polym Sci 125: 2668–2679, 2012
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INTRODUCTION

Catalyst systems mostly used in recent years for
polypropylene production are the higher generation
Ziegler–Natta catalysts. They are supported systems
in the form of porous pellets. Polymerization pro-
ceeds, as the monomer transfers from the gas phase
or the liquid phase to active sites. The formation of
polymer particles replicates catalyst particles whose
diameters usually range from 10 to 200 lm. The
diameters of the ultimate polymer particles usually
range from 100 to 5000 lm.1,2 Particle size distribu-
tion (PSD) is a very important morphological charac-
teristic of polypropylene particles.3,4 On the other
hand, it may not only influence the hydrodynamics
of a fluidized bed reactor (FBR) but also have a sig-
nificant effect on the elastomer content in the case of
high-impact polypropylene.5

Many efforts are made to account for the polymer
PSD in olefin polymerization reactors. Table I pro-
vides a concise overview on some of the works on
the subject. It shows that the PSD models proposed
in the literature are mainly focused on gas-phase
FBRs. Population balance models (PBMs) are often
developed to investigate the PSD in olefin polymer-
ization reactors.
However, only a limited amount of work has been

devoted to the horizontal stirred bed reactor (HSBR),
which cannot be considered as a single continuous
stirred tank reactor (CSTR) due to its characteristic
configuration.13,14 The literature regarding the effect
of residence time distribution (RTD) on the polymer
PSD is also relatively scarce. Dittrich and Mutsers11

proposed a modeling approach describing the RTD
in a HSBR and simulated the PSD with different
RTD models. For simplicity, the intraparticle mass-
and heat-transfer resistances were not considered in
their work. Moreover, most of the PSD models in
the literature are not validated with any industrial
scale data. Nevertheless, it is very useful to refer to
them when developing new PSD models. The work
reported in this article aims at developing a steady-
state PSD model coupled with a single particle
growth model for predicting the size of polypropyl-
ene particles in the outflow streams of HSBRs. It is
validated by data generated in industrial reactors.
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The effects of the intraparticle mass and heat limita-
tions on the particle growth rate and the final poly-
mer PSD are investigated. The effect of the catalyst
RTD on the polymer PSD is also simulated for both
uniform and nonuniform catalyst size feeds.

PROCESS DESCRIPTION

Figure 1 is a scheme of the gas-phase polypropylene
process using HSBRs in series. Unlike slurry and solu-
tion processes, no liquid phase but vapor and solids
are present in the HSBRs. In the first HSBR, the cata-
lyst, usually a fourth-generation Ziegler–Natta catalyst
with titanium as the active component, is fed to the
front end of the reactor where it reacts with the mono-
mers in the gas phase. The reaction heat is removed by
spraying condensed monomers at various locations
along the top of the reactor. The reactor is horizontally
placed and cylindrical in shape, and it contains several
zones that are sometimes separated by weirs. It
involves mechanical agitation, rather than fluidization.
Paddles connected to a rotating shaft mildly agitate the
polymer powder. The reacting powder moves slowly
toward the reactor outlet from which it is discharged.
The agitation provides a typical axial powder mixing
pattern which is unique for polyolefin gas-phase reac-
tors. Hence, the HSBR cannot be considered as a single
CSTR due to its characteristic configuration,2,15,16 as
will be discussed in detail in the following section. Ta-
ble II shows the operating conditions for the HSBRs.

MATHEMATICAL MODELS

Modeling of RTD

The RTD of a single CSTR cannot correctly describe
that of a HSBR. Caracotsios found that the flow in a

HSBR behaved, as though it was moving through
three to five equivolume CSTRs in series.13 Other
authors also used the concept of equivolume CSTRs
in series for describing a HSBR.2,16 More recently,
Dittrich and Mutsers11 proposed a semimechanistic
model to take into account mixing and mass trans-
fer. They recommended not using flow models with
a lumped parameter for backmixing but describing
axial net transport and backmixing separately then
superimposing them for flow modeling. They com-
pared four flow models for a HSBR. Models 1 and 2
were cascades of CSTRs of equal residence times
(Model 1) or equal volumes (Model 2) with a simple
overflow from one CSTR to the next. The RTD for
those two models are described by eqs. (1) and (2),
respectively.2,15,17

E tð Þ ¼ tNCSTR�1

sNCSTR

i NCSTR � 1ð Þ! e
�t=si (1)

EðtÞ ¼
XNCSTR

i¼1

sNCSTR�2
i

PNCSTR

j¼1;j6¼iðsi � sjÞ
exp

�t

si

� �
(2)

where NCSTR, the number of CSTRs, is the parameter
for the RTD model.

TABLE I
A Brief Summary of Studies on the PSD in Polyolefin Reactors

Authors Systema Reactors Model Remark

Choi et al.6 PE FBR PBM Steady state; perfectly back-mixed reactor;
Soares and Hamielec7 – CSTR – Steady state; effect of reactor RTD on polymer PSD;
Zacca2 PP VSBR, HSBR,

FBR, and
loop reactors

PBM Steady state; catalyst residence time as main coordinate;

Hatzantonis et al.8 PE FBR PBM Steady state; perfectly back-mixed reactor; inclusion of particle
attrition and agglomeration effects;

Yiannoulakis et al.9 E–P FBR PBM Steady state; perfectly back-mixed reactor; incorporation of PFM model
and PBM; inclusion of particle agglomeration effects;

Kim and Choi10 E–P FBR PBM Steady state; multicompartment model; inclusion of
particle segregation;

Harshe et al.3 PP FBR PBM Prediction of polymer properties;
Dompazi et al.4 E–P FBR PBM Dynamic; multiscale, multiphase, multizone; prediction

of particle segregation;
Dittrich and Mutsers11 PP HSBR – Steady state; incorporation of RTD and backmixing in the HSBR;
Luo et al.12 PP Tubular

loop reactor
PBM Steady state; effects of process parameters on PSD;

a PE: polyethylene; PP: polypropylene; E–P: ethylene–propylene copolymer.

TABLE II
Operating Conditions for the Propylene

Gas-Phase HSBRs

Reactors R1 R2

Temperature (�C) 70 66
Pressure (bar) 21.2 22.1
Volume (m3) 92 92
Mean residence time (h) 2.32 1.4
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Models 3 and 4 were backflow models that
reflected the outcome of the tracer experiments. In
this work, Models 1–3 are used for describing or
predicting the RTD. Moreover, the spline function is
used to treat Dittrich’s RTD data (Model 3).18 The
resulting RTD function is incorporated in a PSD
model developed in this work.

Modeling of a single particle growth

The literature used the so-called polymer multilayer
model (PMLM) to simulate the growth of a single
polymer particle.19–21 The model assumes that grow-
ing polymer chains and catalyst fragments form a
continuum. A schematic representation of the
PMLM is shown in Figure 2. The whole particle is
divided into concentric spherical layers as in the
multigrain model,22 but microparticles are not con-
sidered. At the beginning of the polymerization, the
active sites are distributed uniformly inside all
layers. The monomer concentration and temperature
are calculated at the boundaries of each layer using
a three-point Lagrangian interpolation polynomial.
The average concentrations of the monomer in the
layers are used to calculate the polymerization rate
of the layers in each time interval. According to the
amount of polymer formed in that time interval, the

volume of each layer is updated. The monomer and
temperature profiles are recalculated for the new
boundary positions, and the process is repeated for
the next time interval. It should be pointed out that
the boundary conditions of the model used here are
somewhat different from those of the PMLM.19,21

Ranz–Marshall correlations, which are often used in
gas-phase catalytic olefin polymerization,23–25 are
applied to this study to calculate the gas–solid film
mass- and heat-transfer coefficients for growing
polymer particles. The PMLM accounting for the
intraparticle mass- and heat-transfer limitations com-
prises the following differential equations and
boundary conditions:

oM
@t

¼ 1

r2
o
or

Deffr
2 oM
or

� �
� RM (3)

oT
ot

¼ 1

qpCp

1

r2
o
or

ker
2 oT
or

� �
þ ð�DHrÞ

qpCp
RM (4)

where M is the propylene concentration in the poly-
mer particle, T, the temperature in the polymer par-
ticle, Deff, the effective monomer diffusion
coefficient, RM, the propylene consumption rate
(mol/m3 s), ke, the thermal conductivity of the poly-
mer, and �DHr the polymerization heat. Equations
(3) and (4) are subjected to following initial and
boundary conditions:
Initial conditions

t ¼ 0; M ¼ 0; T ¼ Tbulk (5)

Boundary conditions

r ¼ 0;
oM
or

¼ oT
or

¼ 0 (6)

Figure 1 Gas-phase polypropylene process using HSBR
in series.

Figure 2 A schematic representation of the PMLM.
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r ¼ R; �Deff
oM
or

¼ hm M�Mbulkð Þ;

� ke
oT
or

¼ h T � Tbulkð Þ (7)

where Mbulk and Tbulk are the monomer concentra-
tion and temperature of the bulk phase (gas phase
herein), respectively. hm and h are the external gas–
solid film mass-transfer and heat-transfer coefficient,
respectively. The values of hm and h are given by the
well-known Ranz–Marshall correlations as follows:

Sh ¼ 2þ 0:6Sc1=3Re0:5 (8)

Nu ¼ 2þ 0:6Pr1=3Re0:5 (9)

where Sh ¼ hmdp/Dbulk, Sc ¼ lg/qgDbulk, Re ¼
dpurqg/lg, Nu ¼ dph/kg, and Pr ¼ lgCpg/kg are the
dimensionless Sherwood, Scmidt, Reynolds, Nusselt,
and Prandtl numbers, respectively.

The volume and boundary position of each layer
must be updated after a prescribed time interval Dt.
The monomer concentrations in the previous time
step are used for this purpose, and the equations are
expressed as

V1
i ¼ 4

3
p r1i
� �3� r1i�1

� �3h i
(10)

V
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j
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" #
(11)

r
j
iþ1 ¼

3

4p
V

j
iþ1 þ r

j
i

� �3� �1=3
(12)

In these equations, the superscripts and subscripts
indicate the time and radial position, respectively.
For example, V

j
i and r

j
i are the volume of layer i and

its radial position in the polymer particle at the jth
time interval, respectively. To update the volume,
the concentration of active sites that depends on the
volume of layers in layer i at the jth time interval,
C*

j
i, is expressed as

C
�j
i ¼ C�

i
j�1V

j�1
i =V

j
i (13)

The radial profiles of the monomer concentration,
the temperature, and the active sites inside the poly-
mer particle are obtained from the PMLM. More-
over, the particle growth rate G(D), which links the
single particle growth with the polymer PSD model,
can also be determined from the PMLM. The cubic
spline method is used to fit the particle growth rate
with D as an independent variable and G as a de-
pendent one. Then G(D) is incorporated in the PSD
model to predict the distribution of the polymer par-
ticle size.

Polymerization kinetics

The literature on the kinetics of Ziegler–Natta cata-
lyzed polymerization of propylene is abundant.26–29

This type of catalyst tends to produce polymers
with a broad molecular weight distribution because
of the nature of the multiple active sites. However,
the particle growth rate depends mainly on the ele-
mentary reactions of chain activation, propagation,
and deactivation. The effect of the chain transfer
to hydrogen and monomer on the polymer particle
size could be neglected. Therefore, a single active
site kinetic model, which composes of chain activa-
tion, propagation, and deactivation, is used to
calculate polymer particle growth rate, as shown in
Table III.

1. Consumption of the potential catalyst:

dSp

dt
¼ �kf Sp (14)

2. Activation reaction of the potential catalyst:

dC�

dt
¼ kf Sp � kdC

� (15)

3. Accumulation of the dead catalyst:

dCd

dt
¼ kdC

� (16)

4. Propagation of the polymer chains at the active
catalytic site:

Rp ¼ kp C� Cm (17)

The polymerization rate can be calculated by inte-
grating eqs. (14)–(17) and is expressed by eq. (18)30:

Rp ¼ kp Cm kf C
�
0½expð�kf tÞ � expð�kdtÞ�=ðkd � kf Þ

(18)

with

kf ¼ kf0 expðEaf=RgasTÞ (19)

kp ¼ kp0 expðEap=RgasTÞ (20)

kd ¼ kd0 expð�Ead=RgasTÞ (21)

where kf is the activation rate constant, Eaf, the acti-
vation energy for the lumped activation reaction, kp,

TABLE III
Kinetic Scheme of Propylene Homopolymerization over

a Ziegler–Natta Catalyst

Activation Sp �!
kf

C�

Chain propagation C� � Pj þM �!kp C� � Pjþ1

Deactivation C� �!kd Cd þDj
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the propagation rate constant, Eap, the activation
energy for the lumped propagation reaction, T, the
temperature, Cm, the concentration of monomer
absorbed in the polymer and can be calculated
according to the procedure described in the subse-
quent section monomer sorption effect, C*0, the initial
concentration of active centers (mol/kg-cat), kd, the
deactivation constant, and Ead, the activation energy
for the lumped deactivation reaction. The kinetic
scheme incorporated in the model is purposely kept
as simple, as it can describe the catalyst activity pro-
file and predict the polymer growth rate sufficiently
well.

Effect of the monomer sorption

The effect of the monomer sorption is an important
aspect, because it dictates the actual monomer con-
centration Cm in the polymer. In semicrystalline
polymers, sorption occurs only in the amorphous
polymer phase. The actual monomer concentration
depends on the crystallinity of the polymer accord-
ing to the equation31

Cm ¼ au½M�� (22)

where [M]* is the moles of the penetrant per unit
volume amorphous polymer. The amorphous vol-
ume fraction, au, can be determined from the poly-
mer density, according to the relation

au ¼ qc � qp
qc � qa

(23)

where qc and qa are the densities of crystalline and
amorphous polymers, respectively. Henry’s law can
be applied for the sorption of relatively light propyl-
ene in polypropylene under gas-phase conditions.

M½ ��¼ k�Pm (24)

where k* is the Henry constant and Pm, the mono-
mer pressure. The value of the Henry constant can
be calculated from the following equation31,32:

log k�ð Þ ¼ �2:38þ 1:08
Tc

T

� �2

(25)

where Tc is the critical temperature and k*, the
Henry constant expressed in mol/L atm.

Modeling of the PSD

Theoretical considerations about the relationship
between RTD and PSD

The polyolefin PSD can be influenced by parameters
like the size of catalyst particles, mass and heat

transfer at the particle level, particle growth, break-
age, agglomeration, operating conditions, and RTD.
As mentioned in ‘‘Introduction’’ section, PBM is of-
ten used to predict the PSD in a single CSTR. It
takes into account the behavior of particle swarm,
such as particle agglomeration and particle attrition.
Theoretical relationships between the RTD and PSD
are developed.2,7 This methodology has the advant-
age of investigating the effect of the RTD on the
polymer PSD. The PSD model developed in this
work is also based on the RTD.
According to the references in Table I and the spe-

cific processes herein, our PSD model is based on
the following assumptions:

• Based on the ‘‘reactor granule technology,’’ the
polymer particle replicates the high-generation
Ziegler–Natta spherical catalyst particles. Poly-
mer particles are spherical and have a constant
density.1 The particle porosity and polymer
crystallinity are assumed constant during the
particle growth.

• Particle agglomeration is absent during the
polymerization. In FBRs, agglomerization may
occur due to the temperature gradient in the
bed and frequent particle collision.8 However,
in HSBRs, the relatively slow particle motion to-
gether with an excellent heat removal capacity
may avoid particle agglomeration.11,13

• Particle breakage is negligible. Both the particle
morphology in the early stage of the polymer-
ization and the mechanical agitation can affect
particle breakage. Unfortunately, there is a lack
of study on the modeling of particle breakage in
polyolefin processes.2,12 This assumption will be
discussed in Section 4.2.

• Particle residence time is independent of the
particle size and is only dependent on the
hydrodynamics of the reactor.

Based on the above assumptions, at the steady state,
the number particle density function N(D) can be
related to RTD7 by eq. (26) (see Appendix for details):

N Dð ÞdD ¼ Ecat tð Þdt (26)

The term N(D)dD denotes the number of particles
in the size range [D, D þ dD]. Rearrangement of eq.
(26) leads to N(D):

N Dð Þ ¼ Ecat tð Þ
	

dD

dt
(27)

Accordingly, the probability density function P(D)
can be defined in terms of N(D):

P Dð Þ ¼ D3 �N Dð ÞRDmax

D0
D3 �N Dð ÞdD

(28)
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P(D)dD denotes the mass fraction of particles in
the size range [D, D þ dD]. Note that P(D) satisfies
the following normalization condition:

Z Dmax

Dmin

P Dð ÞdD ¼ 1 (29)

Effect of the nonuniform catalyst feed

For a catalyst feed with a nonuniform PSD, the cata-
lysts’ size distribution is discretized into n intervals,
each representing a mean diameter. The total PSD is
superimposed according to eq. (30):

P Dð Þ ¼
Z D0;max

D0;min

P D;D0ð ÞP0 D0ð ÞdD0 (30)

where P(D, D0) is the PSD function for the particles
of size D grown from the initial catalyst of size D0,
and P0(D0) is the catalyst PSD function. Equation
(30) can be rewritten as the following matrix:

w1 w2 w3 . . . wm½ �

�

P11 P12 P13 � � �
0 P21 P22 P23 � � �
0 0 P31 P32 P33 � � �
..
.

0 0 . .
. . .

. . .
. � � �

0 0 0 � � � Pm1 Pm2 Pm3 � � � Pmn

2
6666666664

3
7777777775

¼ ½Pt;1 Pt;2 Pt;3 � � � Pt;mþn�1� (31)

where the vectors: w ¼ (w1, w2, w3, . . ., wm) and Pt ¼
(Pt,1, Pt,2, Pt,3, . . ., Pt,m þ n � 1) are the catalyst mass
fraction and the total polymer particle PSD, respec-
tively. Each row of the matrix represents the poly-
mer PSD corresponding to each catalyst interval
derived from the RTD.

Methodology for the polymer PSD model

This work considers reactors R1 and R2 in Figure
1. Figure 3 shows the solution procedure for the
above model. The model input includes transport
properties, kinetic pre-exponential factor, activation
energy, initial active catalyst concentration and di-
ameter. The single particle growth model PMLM is
used to calculate the particle growth rate. The
monomer concentration and temperature profiles
can also be determined from the PMLM model.
Based on the particle growth rate G(D) and the
catalyst residence time in the reactor, eqs. (26)
and are used to calculate the PSD. In the case of a
nonuniform catalyst feed, eqs. (30) and (31) are
performed.

RESULTS AND DISCUSSION

Model comparison and parametric identification

The model developed in this work is first validated
by comparison with the PBM in terms of the proba-
bility density function. The population balance equa-
tion in the absence of particle agglomeration and
breakage in a single CSTR can be written as
eq. (32)8:

� F1
W

P Dð Þ � d

dD
P Dð ÞG Dð Þ½ � þ P Dð Þ 3

D
G Dð Þ ¼ 0 (32)

For the sake of simplicity, the activation and deac-
tivation of the catalyst and the intraparticle mass-
and heat-transfer resistances are ignored. Figure 4
shows that the two models yield very similar results.
Keep in mind that the population balance equation
[see eq. (32)] gives the PSD in the reactor, while the
model developed in this work calculates the PSD in
the outflow stream of the reactor. In the case of a
CSTR, both are identical. However, in the case of a
nonideal reactor, they are different. Figure 5 com-
pares Soares’s work and this one in terms of the
probability density function. The agreement is good.
The propagation constant and operating conditions
are taken from Soares’s work and are listed in the
caption of Figure 5.7 Note that the number density

Figure 3 Methodology used to solve the PSD model.

MODELING AND SIMULATION OF POLYPROPYLENE PSD 2673

Journal of Applied Polymer Science DOI 10.1002/app



function obtained from Soares’s work is converted to
the probability density function (mass density func-
tion) so as to be consistent with our model.

According to the procedure in Figure 3, some of
the parameters of the PSD model are estimated
using industrial data from reactor R1. The PSD
model is then used to predict the polymer PSD in re-
actor R2. The parameters used in the simulations are
gathered in Table IV.

Comparison between experimental
and simulated data

The average diameter of the initial catalyst particles
is 25 lm, and its distribution is unknown. Therefore,
an assumption is made that it follows a log-normal
distribution8,10

P0 D0ð Þ ¼ 1ffiffiffiffiffiffi
2p

p
D0r

exp � lnD0 � lnD0

� �2
2r2

 !
(33)

The standard deviation r is chosen as an adjusta-
ble parameter. The flow Model 1 is used to describe
the HSBR. Figure 6 compares the fitted polymer PSD
with the one obtained experimentally from reactor
R1. The agreement is good except for particles
smaller than 0.04 cm in diameter. This reveals that
the polymer particles in the industrial reactor R1
have more fine particles (<0.04 cm). As stated in the
model assumptions (the fourth item), this can be

Figure 4 Comparison of polymer PSD between the
results of the PBM and this work (kp ¼ 1.2 � 105 L/mol
min, Cm ¼ 4 mol/L, C* ¼ 10�3 mol/L, kf ¼ 0, kd ¼ 0, s ¼
1.55 h).

Figure 5 Comparison of polymer PSD between the
model predictions and Soares’s work (kp ¼ 1.2 � 105 L/
mol min, Cm ¼ 4 mol/L, C* ¼ 10�3 mol/L, kf ¼ 0, kd ¼ 0,
s ¼ 2 h).

TABLE IV
Parameters for the Simulation of the HSBR

Property Value Reference

Transport properties of the reaction mixture
Dbulk (m2/s) 4 � 10�7 22
Deff (m

2/s) 5.0 � 10�10 22
lg (Pa s) 10�5 22
ur (m/s) 0.2 22, 23
Cpg (J/kg K) 1680 15
kg (W/m K) 0.02 22
ke (W/m K) 0.1092 22
DHr (J/mol) 1.042 � 105 22

Catalyst parameters
dcat (lm) 20–70 This work
C*0 (mol/kg-cat) 0.035 This work
qcat (kg/m

3) 2840 25
Polymer parameters

qpp (kg/m3) 910 25
qcry (kg/m3) 980 25
qam (kg/m3) 854 25
Cp (J/kg K) 1392 22

Kinetics parameters
Eaf (kcal/mol) 12 15
Eap (kcal/mol) 12 15
Ead (kcal/mol) 12 15
kf0 (1/s) 4.0 � 104 This work
kp0 (m

3/mol s) 3.0 � 107 This work
kd0 (1/s) 3.7 � 103 2, 33

Figure 6 Polymer PSD from reactor R1.
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interpreted by two aspects: first, the mechanical agi-
tation ensured by the paddles may break up some of
the growing polymer particles; second, the polymer
particle can undergo fast fragmentation into fine
powder because of the absence of the prepolymeri-
zation step in this process.

Once the model parameters are obtained from
reactor R1, the model can be used to predict the
polymer PSD in the outflow streams of reactor R2.
Figure 7 shows that the predicted PSD agrees well
with the industrial one, confirming the validity of
the PSD model developed in this work.

Simulation of PSD in HSBRs

Effects of the catalyst particle size

Figure 8 shows the time evolution of the propylene
concentration profiles in the catalyst particle as a
function of the dimensionless particle radius. As the
initial catalyst size increases, the propylene concen-
tration in the particle decreases because of mass-

transfer limitations. As a result, large radial concen-
tration gradients can arise inside the catalyst/poly-
mer particle during the early stages of polymeriza-
tion. The results also reveal that the time required
for eliminating the propylene concentration radial
gradients in the particle increases, as the initial cata-
lyst size increases. On the other hand, according to
the results of Figure 9, no significant radial tempera-
ture gradients arise inside the catalyst/polymer par-
ticle, even at earlier polymerization times.
In the simulations, the catalyst concentration of

active sites is kept constant, that is, C*0 ¼ 3.5 � 10�2

mol/kg-cat. This means that the total molar mass of
the active sites increases with increasing initial cata-
lyst size. From Figure 10, although large radial con-
centration gradients may arise inside the catalyst/
polymer particle at early stages of polymerization
for a larger catalyst size, the particle growth rate
increases, as the initial catalyst size increases
because of a higher amount of active sites. Conse-
quently, the polymer PSD becomes broader with

Figure 7 Comparison of the polymer PSD between the
simulation and the industrial data from reactor R2.

Figure 8 Spatial propylene concentration profiles for two
different catalyst sizes at three different times.

Figure 9 Spatial temperature profiles for two different
catalyst sizes at three different times.

Figure 10 Polymer particle growth rates with three dif-
ferent catalyst sizes.
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increasing catalyst size in R1 with a concomitant
shift of the PSD to larger particles (see Figure 11).

One of the most important transport properties for
calculating the growth rate of a catalyst/polymer
particle in gas-phase olefin polymerization is the
effective monomer diffusion coefficient. Figure 12
shows the influence of the effective monomer diffu-
sion coefficient on the polymer PSD. The latter is
shifted to larger particles with an increase in Deff.
However, the polymer PSD changes slightly, when
the value of Deff is 5 � 10�10 m2/s. This could be
explained by the propylene concentration profiles
inside the particle (see Figure 13). Large concentra-
tion gradients arise inside the catalyst/polymer par-
ticle with decreasing Deff. When the value of Deff is
as low as 10�11 m2/s, the rate of the monomer trans-
fer from the bulk gas phase to the active catalyst
sites becomes the limiting step in the polymeriza-
tion,. In contrast, when the value of Deff is close to

5 � 10�10 m2/s, no remarkable monomer concentra-
tion gradients arise inside the particle, and the intrin-
sic kinetics dominates the rate of polymerization.
Figure 14 shows the effect of the polymer crystal-

linity on the polymer PSD. The shift of the PSD
curve to small particles is due to a decrease in the
amount of the sorbed monomer in the amorphous
polymer phase. It is well known that the propylene
solubility and permeability in the polymerization
system is dependent on the polymer crystallinity. In
fact, the effective monomer diffusion coefficient
decreases with increasing polymer crystallinity.25 As
pointed out in the previous paragraph, a decrease in
Deff can also result in smaller polymer particles.

Effect of the RTD

Based on Dittrich’s work,11 Models 1–3 are used to
describe the flow in reactor R2. The reason for

Figure 11 Effect of the catalyst size on the polymer PSD
in reactor R1.

Figure 12 Effect of the effective monomer diffusion coef-
ficient on the polymer PSD in R1 (h1i Deff ¼ 10�11 m2/s;
h2i Deff ¼ 5 � 10�11 m2/s; h3i Deff ¼ 5 � 10�10 m2/s; h4i
Deff ¼ 5 � 10�9 m2/s, dcat ¼ 20 lm).

Figure 13 Effect of the effective monomer diffusion
coefficient on the propylene concentration profiles at t ¼
0.5 h (h1i Deff ¼ 10�11 m2/s; h2i Deff ¼ 5 � 10�11 m2/s;
h3i Deff ¼ 5 � 10�10 m2/s; h4i Deff ¼ 5 � 10�9 m2/s, dcat ¼
20 lm).

Figure 14 Effect of the polymer crystallinity on the poly-
mer PSD in R1 (Deff ¼ 5 � 10�10 m2/s, dcat ¼ 20 lm).
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choosing reactor R2 is that its average residence
time is 1.4 h, which is close to Dittrich’s RTD data.
Figure 15 shows the RTDs in reactor R2 predicted
by the above three models. Those predicted by Mod-
els 1 and 2 are close to each other, and they are sig-
nificantly wider than the one predicted by Model 3
(Dittrich’s model). The following sections will show
that the different RTDs may have different influence
on the simulated polymer PSD results.

Figure 16 shows the polymer PSDs predicted by
the three models for a uniform size catalyst feed.
The average polymer particle diameter predicted by
the RTD of Model 3 is 490 lm, which is slightly
smaller than those of Models 1 (510 lm) and 2 (510
lm). For a nonuniform size catalyst feed, the PSDs
of the three models are almost the same (see Figure
17). This is in agreement with Dittrich’s work (2007)
and could be explained by the fact that both the cat-
alysts PSD and RTD affect the polymer PSD but in a
different manner. As a result, the effect of the RTD
on the polymer PSD is less obvious for a nonuni-
form size catalyst feed than for a uniform one.

CONCLUSIONS

A steady-state PSD model is developed to predict
the size distribution of polypropylene particles in
the outflow streams of industrial HSBRs. The PMLM
is used to calculate the growth rate of a single parti-
cle under the internal and external heat and mass
transfer limitations. The model takes into account
both the single polymer particle growth and the cat-
alyst RTD. It is validated by data generated from
industrial processes at steady state. The polymer
PSDs predicted by the model agree satisfactorily
with the industrial data.
The effects of the internal mass and heat transfer

limitations on the particle growth, the intraparticle
monomer, and temperature profiles are predicted by
the PMLM. The results reveal that the effect of the
intraparticle mass resistance is important, and no re-
markable temperature gradients inside the particle
are observed for the propylene polymerization in the
HSBRs. The effects of the feed catalyst particle size,

Figure 15 RTDs predicted by three different flow
models.

Figure 16 Comparison of the polymer PSD among three
different flow models for a uniform size catalyst feed.

Figure 17 Comparison of the polymer PSD among three
different flow models for a nonuniform size catalyst feed.

Figure 18 Schematic diagram of a continuous olefin po-
lymerization process.
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the internal mass transfer resistance, and polymer
crystallinity on the polymer PSD in the HSBRs are
also investigated in this work. The internal mass
transfer resistance and the initial catalyst size greatly
affect the polymer PSD. An increase in the polymer
crystallinity shifts the PSD to a smaller particle size.

The effect of the catalyst RTD on the polymer PSD
is also simulated by the model. In the case of a non-
uniform size catalyst feed, the PSDs predicted from
three different flow models are not very different
from each other. The reason is that both the catalysts
PSD and RTD affect the polymer PSD and their
effects oppose each other.

NOMENCLATURE

au volume fraction of the amorphous phase
in polymer (1)

Cm actual concentration of monomer absorbed
in the polymer (kg m�3)

C
j
mi actual concentration of monomer absorbed

in layer i at the jth time interval (kg
m�3)

Cpg heat capacity of the gas phase (J kg�1 K�1)
Cp heat capacity of the polymer particle (J

kg�1 K�1)
C*0 initial number of active sites per kilogram

of catalysts (mol kg-cat�1)
C* number of active sites per kilogram of

catalysts (mol kg-cat�1)
C*i

j concentration of active sites based on
volume of layer in layer i at jth time
interval (mol m�3)

D polypropylene particle diameter (m)
Dbulk monomer diffusion coefficient in bulk

phase (m2 s�1)
Deff effective monomer diffusion coefficient in

polymer phase (m2 s�1)
dcat catalyst diameter (m)
dp particle diameter (m)
E(t) RTD density function (s�1)
Eaf activation energy for the lumped activation

reactions (kcal mol�1)
Eap activation energy for the lumped propagation

reactions (kcal mol�1)
Ead activation energy for the lumped deactivation

reactions (kcal mol�1)
F1 flow rate of the outflow streams of polymer

particles (kg s�1)
G(D) particle growth rate (m s�1)
DHr heat of polymerization (J mol�1)
H external film heat transfer coefficient (W

m�2 K�1)
hm external film mass transfer coefficient (m

s�1)
kd deactivation constant (s�1)

kd0 frequency factor (s�1)
ke thermal conductivity (W m�1 K�1)
kf activation constant (s�1)
kf0 frequency factor (s�1)
kp propagation rate constant (m3 mol�1s�1)
kp0 frequency factor (m3 mol�1s�1)
k* Henry constant (mol L�1 atm�1)
M monomer concentration in polymer particle

(mol m�3)
Mbulk monomer concentration of bulk phase

(mol m�3)
[M]* moles ofmonomer per unit volume amorphous

polymer (molm�3-amor)
N(D) number density function (m�1)
NCSTR number of tanks (1)
Nu Nusselt number (1)
P pressure (bar)
P(D) mass density function (m�1)
Pm the monomer pressure inside polymer

particle (atm)
Pmn the value of polymer PSD produced by

the catalyst at the mth intervals (m�1)
Pr Prandtl number (1)
Pt total polymer PSD (m�1)
R radius of polymer particle (m)
Re Reynolds (1)
Rgas gas constant (J mol�1 K�1)
RM monomer consumption rate (mol m�3 s�1)
Rp polymerization rate (mol kg-cat�1s�1)
R radial position in growing polymer

particle (m)
r
j
i radial position of the layer i at the jth time

interval (m)
Sc Scmidt number (1)
Sh Sherwood number (1)
Sp potential active sites per kilogram of

catalyst (mol kg-cat�1)
T temperature (K)
Tbulk bulk phase temperature (K)
Tc the critical temperature (K)
t residence time (s)
ur particle-fluid relative velocity (m s�1)
V

j
i the volume of layer i at the jth time

interval (m3)
W catalyst weight fraction (1)

Greek symbols

kg thermal conductivity of gas phase (W m�1

K�1)
lg viscosity of gas phase (Pa s)
qa density of amorphous polymer (kg m�3)
qcat catalyst density (kg m�3)
qc density of crystalline polymer (kg m�3)
qp polypropylene density (kg m�3)
r standard deviation (1)
s mean residence time (s)
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APPENDIX

Figure 18 shows polymer particles in a continuous
olefin polymerization. To derive eq. (12), a popula-
tion balance for polymer particles is performed.
Based on the assumptions for the model, one has:

Number of polymer particles ¼
Number of catalyst particles (A1)

The catalyst mass fraction of exit stream of age
between t and t þ dt is

EcatðtÞdt (A2)

For a uniform catalyst-size distribution, eq. (A2)
also represents the catalyst number fraction of exit
stream of age between t and t þ dt. The size of a sin-
gle polymer particle is dependent on the residence
time of the initial corresponding catalyst particle.
From eqs. (A1) and (A2), one can write:

Catalyst number fraction of exit stream

of age between t and tþ dt ¼
Polymer number fraction of exit stream of volume

between V and V þ dV (A3)

As it is assumed that polymer particles are spheri-
cal and have constant density, eq. (A3) becomes

EcatðtÞdt ¼ NðDÞdD (A4)

where N(D)dD represents the number fraction of
polymer particles whose diameter ranges from D to
D þ dD.
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