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a b s t r a c t

A modified model for the gas phase catalyzed olefin polymerization fluidized-bed reactors (FBR) using
Ziegler–Natta catalyst is presented in this study. This mathematical model accounts for mass and heat
transfer between the bubbles and the clouds without chemical reaction, between the clouds and the emul-
sion without chemical reaction, and between emulsion and solid with chemical reaction that occurs at the
surface of the catalyst particles. The model accounts for the effect of catalyst particles type and porosity on
the rate of reaction. In this work, the concentration and temperature profiles in the bubble, and emulsion
lefin polymerization
athematical model
ynamic studies

phases are calculated and the effect of catalyst solid phase on the system is estimated. The effect of impor-
tant reactor parameters such as superficial gas velocity, catalyst injection rate, and catalyst particle growth
on the dynamic behavior of the FBR is investigated and the behavior of mathematical model is compared
with the reported models for the constant bubble size model, well-mixed model and bubble growth model
. Moreover, the results of the model are compared with the experimental data in terms of molecular weight
distribution and polydispersity of the produced polymer at steady state. A good agreement is observed
between our model prediction and the actual plant data.
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. Introduction

The general classification of polyethylene semi-batch reac-
or models has been considered by many previous studies.
enerally, three main models exist namely; constant bubble

ize model [1], well-mixed model [2] and bubble growth model
3].

These reactor models can be divided into homogeneous and
eterogeneous categories. The pseudo-homogeneous polyethylene
odels are the simplest to use in catalyst bed batch reactor
odeling. The basic assumption made is that the reactor can

e described as an entity consisting only of a single (liquid or
as) phase. On the other hand, heterogeneous models are used
ainly for the case of gas phase polyethylene semi-batch reac-

ors. These use heterogeneous catalysis because of the multi-phase
ature of the process (liquid–solid phase or gas–solid phase) and

lso involve inter-phase mass transfer, heat transfer and chemical
eaction [4,5].

Heterogeneous models are used widely especially in poly-
erization system [5,6]. Current research in this important area
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an be divided into two parts namely; mathematical models
or fixed bed catalyst reactor systems and mathematical models
or fluidize bed catalytic reaction for production of polyethy-
ene. Chatzidoukas et al. [4] where the improved heterogeneous

odel considers the distinction between the gas phase and solid
hase. Varma (1981) included mixing in the axial direction. Sala et
l. [5] developed a two dimensional mathematical model where
oncentration and temperature patterns in the reactor can be
redicted. Zeman and Amundson [6], Zheng et al. [7], Zavala et
l. [8] improved the dynamic optimization of a semi-batch reac-
or for polyurethane production, Hatzantonis et al. [3] further
mproved the two-phase model of the polymerization system. In
revious works, mass transfer with chemical reaction in fluidized-
ed systems either consider all phases (Kunii and Levenspiel,
969) or the emulsion phase alone (Choi and Ray, 1985; McAuley
t al., 1994) [3,7–9].

In this study the contribution in the modified modeling is by
ncluding the catalyst phase and considering all three phases as
ompared to the other models i.e., constant bubble size model,

ell-mixed model and the bubble growth model. Simulations
ere also performed to study the effect of superficial veloc-

ty and catalyst flow rate in the bubble and emulsion phases.
omparisons with actual plant data at steady state were also
erformed.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mohd_azlan@um.edu.my
dx.doi.org/10.1016/j.cej.2008.05.014
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Nomenclature

Ar Archimedes number [= d3
p�g(�s − �g)g/�2]

Ak
sf fraction of metal that can form “k” catalyst active

AB cross sectional area of bubble phase (m2)
A1 cross-sectional area of the bed (cm2)
Ck

d concentration of deactivated catalyst active sites
(mol/cm3)

Cpg specific heat capacity of gaseous stream (cal/g/K)
CPMi specific heat of “I” monomer (cal/mol/K)
Cp,pol specific heat capacity of polymer product (cal/g/K)
CA·S adsorbed surface concentration of A in kmol/kg cat-

alyst
CB·S product desorption of B in kmol/kg catalyst
CB product concentration (kmol/kg catalyst)
CV vacant molar concentration sites (kmol/kg catalyst)
Ccat mass fraction of catalyst in the solid phase
CAB concentration of monomer gas in bubble phase

(kg/m3)
CAc concentration of monomer gas in cloud phase

(kg/m3)
CAe concentration of emulsion phase (kg/m3)
dbm maximum stable bubble size (cm)
dp particle diameter (cm)
db bubble diameter (cm)
Dg gas self-diffusion coefficient (cm2/s)
Dk

n concentration of “dead” copolymer chains
(mol/cm3)

Dbed bed diameter (m)
h random bed height (m)
H total bed height (cm)
Hmf bed height at minimum fluidization conditions (m)
Hbc bubble to cloud heat transfer coefficient

(cal/m3/s/K)
Hce cloud to emulsion heat transfer coefficient

(cal/m3/s/K)
Hbe bubble to emulsion heat transfer coefficient

(cal/m3/s/K)
[H2] hydrogen concentration (mol/m3)
kg gas thermal conductivity (J/m/s/K)
ki rate constant of reaction (l/s)
kA thermal conductivity between layers of catalyst par-

ticles (J/m2/s/K)
kn rate constant of spontaneous reaction (l/s)
kf rate constant of chain transfer (l/s)
Kbc bubble to cloud mass transfer coefficient (l/s)
Kce cloud to emulsion mass transfer coefficient (l/s)
Kbe bubble to emulsion mass transfer coefficient (l/s)
Kh rate constant of chain transfer to hydrogen (l/s)
MFI melt flow index of polymer (g/10 min)
[Me] active metal concentration (mol Me/m3)
[Mi] “I” monomer concentration (mol Me/m3)
PA partial pressure of A in gas phase
P0 potential active sites (kmol/m3)
P0 active sites concentration (kmol/m3)
PDI polydispersity index
Q0 volumetric product removal rate (m3/s)
r radius (m)
ra rate expression for the active sites (kmol/kg catalyst)
Rk

�n,i
rate expression for live moments

Rk
vn,i

rate expression for dead moments

Rk
X reaction rate of species X at “k” catalyst activesites

(mol/m3/s)

Sk
P concentration of potential “k” catalyst active sites

(mol/m3)
T temperature (K)
Tb temperature in the bubble phase (K)
Tref reference temperature (K)
Te emulsion phase temperature (K)
Tw wall temperature (K)
Tfs temperature of inlet catalyst (K)
Tf temperature of the feed gas (K)
umf minimum fluidization velocity (m/s)
ue emulsion gas velocity (m/s)
V volume (m3)
Z bed height (m)

Greek letters
˛ ratio between weak to bubble volume
ıb bubble phase volume fraction
ı* fraction of fluidized-bed consisting of bubbles
�Hr×n heat of reaction (kJ/kg)
ε void fraction of the bed at minimum fluidized veloc-

ity
�g viscosity of gas (g/cm/s)
�k

0 live polymer zero
�k

1 live polymer
�k

2 live polymer
vk

0 dead polymer
vk

1 dead polymer
vk

2 dead polymer
� constant ratio
�s solid density (kg/m3)

Subscripts/superscripts
B bubble phase
cat catalyst property
e emulsion phase
k type of catalyst active site
mf minimum fluidization conditions
n compartment number
ref reference value
1 monomer gas ethylene
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2 monomer gas butane

. Description of the improved mathematical model

.1. Fluidized-bed system

In the fluidized-bed system considered here as seen in Fig. 1,
he reactant gas enters the bottom of the bed and flows up the
eactor in the form of bubbles. As the bubbles rise, mass transfer of
he reactant gases takes place between the bubbles and the clouds
nd between the clouds and the emulsion without chemical reac-
ion. The mass transfer between emulsion and solid with chemical
eaction happens on the surface of the catalyst particles.

The model accounts for the type of catalyst particles and cat-
lyst porosity. This is due to their effects on the rate of reaction
s shown in Fig. 1. The product then flows back into the bub-
le and finally exits when the bubble reaches the top of the bed.

he rate at which the reactants and products transfer in and out
f the bubble affects the product conversion. Literally hundreds
f investigators have contributed to what is now regarded as a
airly practical description of the behavior of a fluidized bed;
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Fig. 1. Steps of the polymerization process.

Table 1a
List of model assumptions

1 The fluidized bed comprises three phases: bubble, cloud, emulsion
and solid phases.

2 Polymerization reactions occur in emulsion and solid phases.
3 The emulsion phase is at minimum fluidizing conditions.
4 Gas in excess of that required to maintain the minimum fluidizing

condition passes through the bed as the bubble phase.
5 There are negligible radial temperature and concentration gradients

in the bed, due to the agitation produced by the up-flowing gas.
6 There is not negligible resistance to mass transfer between emulsion

and solid phase.
7 The gas phase is composed of ethylene, 1-butene, 1-hexene, nitrogen

and hydrogen.
8 The dynamic of reactions is represented by the rate of reaction at the

surface of two kinds of catalysts rigid and porous catalysts.
9
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Table 2
Numerical values of the kinetic rate constants for adsorption, surface and desorption
reactions inside the catalyst layers

Rate constant (s−1) Site type

1 2

Reactant adsorption (KA) 0.001 0.001
Activation energy (E) (kcal/mol) 9 9

Surface reaction (KS) 0.001 0.001
Activation energy (E) (kcal/mol) 9 9

Product desorption (KD) 0.00047 0.00047
Activation energy (E) (kcal/mol) 9 9
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In this model mass transfer of emulsion molecules occurs on the
catalyst solid particles and reacts at the surface of catalysts particles
(surface reaction) with propagation of polymer particles.

mong these is the work of Davidson et al. and Choi and Ray
1], McAuley et al. [2], Hatzantonis et al. [3]. Early investigators
aw that the fluidized bed had to be treated as a two-phase sys-
em only: an emulsion phase and a bubble phase (often called
he dense and lean phases) without considering the effects of the
olid phase. The bubbles contain very small amount of solids

7–10]. Each bubble of gas has a wake which contains a sig-
ificant amount of solids. As the bubble rises, it pulls up the
ake with its solids behind it. The net flow of the solids in the

mulsion phase must therefore be downward. The gas within a

m
t
m

able 1b
ifferences between the modified model and the other models

o. Functions Modified mathematical
model

Constant bub

Phases Bubble, emulsion and cloud Bubble and e
Mass transfer from bubble
to the cloud

Mass transfer from bubble
to the cloud without
chemical reaction

Not calculate

Mass transfer from cloud to
the emulsion

Mass transfer from cloud to
the emulsion without
chemical reaction

Mass transfe
to the emuls
chemical rea

Mass transfer from
emulsion to the solid

Mass transfer from
emulsion to the solid with
a chemical reaction

Not found

Rate of reaction Two types of rate of
reaction for catalysts
porous and rigid.

Activation re
depending o
catalysts

Energy transfer Solid phase considered Solid phase i
j + s�Mj,s Reactant adsorption

j,s → Pn,i,s Surface reaction

n,i,s → Pn,i ,+ s Product desorption

articular bubble remains largely within that bubble, penetrat-
ng only a short distance into the surrounding emulsion phase.
he region penetrated by gas from a rising bubble is called the
loud. Emulsions are part of a more general class of two-phase
ystems of matter called colloids. In the present model, these
bservations were combined with some improving assumptions
o provide a practical, usable model of the fluidized-bed behavior.
he model assumptions are listed in Table 1a and the differ-
nce between our model and all the well known model is shown
n Table 1b.

.2. Reaction kinetics

In the present study, a comprehensive mechanism is considered
o describe the copolymerization kinetics of ethylene and 1-butane
ver a Ziegler–Natta catalyst with two different catalyst porosity
nd rigid catalyst sites based on the kinetic model proposed by
cAuley et al. [2]. Rates of formation, initiation, propagation and

hain transfer are different for each site type. This mechanism com-
rises of series and parallel elementary reactions as listed in Table 2.
he rate constants used in this study are those given by kinetic and
seudo-kinetic [2] and the activation energies are taken from [9] for
orous catalysts the effects of adsorption, desorption and surface
eaction are included in the rate of chemical reaction. The reactions
re listed in Table 3. Side reactions with poisons are neglected in
The moment equations are given in Table 4. The method of
oments for live and dead moment is applied for the predica-

ion of the physicochemical characteristics of the polymer such as
olecular weight, polydispersity index and melt flow index.

ble size model Bubble growth model Well-mixed model

mulsion Bubble and emulsion Only one phase
d Not calculated Not calculated

r from bubble
ion with
ction

Mass transfer from bubble
to the emulsion with
chemical reaction

One temperature and
concentration change
represented by one phase
only

Not found Not found

action not
n the types of

Activation reaction not
depending on the types of
catalysts

Activation reaction not
depending on the types of
catalysts

gnored Solid phase ignored Solid phase ignored
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Table 3
Kinetic mechanism of olefin copolymerization for rigid Ziegler–Natta catalyst

Spontaneous activation: P0 kn

−→P0

Initiation: P0 + Mj

ki
j−→P1,j, j = 1, 2

(Formation of P1,i: P0 + Mi

ki
i−→P1,i, i = 1, 2)

Propagation: Pn,i + Mj

kP
i,j−→Pn+1,j, i, j = 1, 2, n = 1, 2, . . . , ∞

(Consumption of P1,i: P1,i + Mi

kP
i,j−→P2,j, i, j = 1, 2, n = 1, 2, . . . , ∞)

(Formation of Pn,i: Pn−1,i′ + Mi

kP
i′ ,i−→Pn,i, i′, i = 1, 2, n = 1, 2, . . . , ∞)

Chain transfer: Pn,i + Mj

kf
i,j−→P1,j + Qn, i, j = 1, 2, n = 1, 2, . . . , ∞

Pn,i + H2

kh
i−→P∗

0 + Qn, i, j = 1, 2, n = 1, 2, . . . , ∞

(Formation of P1,i: Pn,i′ + Mi

kf
i′ ,i−→P1,i + Qn, i′, j = 1, 2, n = 1, 2, . . . , ∞)
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Table 5
Estimation of the reactor model parameters for mathematical model system

εmf = 0.586�−0.72

(
�2

�g	d3
p

)0.029(
�g
�c

)0.021

� = 1.6 for Dbed > 1 m

	 = g(�c − �g)

umf = (�dp)2

150� 	
ε3

mf
1−εmf

dbm = 0.652[Ac(u0 − umf)]0.4

dbm−db
dbm−db0

= e−0.3h/Dt

ub = u0 − umf + (0.71)(gdp)1/2

Kbc = 4.5
(

umf
dp

)
+ 5.85

(
D1/2g1/4

d
5/4
p

)

Kce = 6.77

(
Dgεmfub

d3
p

)1/2

Hbc = 4.5
(

umf�gCpg
db

)
+ 5.85 (kg�gCpg)1/2g1/4

d
5/4
b

H
(kg�gCpg)1/2(εmfub)1/2

k

M

a

a

w
a
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Consumption of P1,i: P1,i + Mj

k
i,i−→P1,j + Q1, i, j = 1, 2)

Consumption of P1,i: P1,i + H2

kh
i−→P∗

0 + Q1, i, j = 1, 2)

From the kinetic mechanism, the rate expression for the active
ites (ra) for each species can be written as follows:

a = Active site formation − Active site consumption

= kn[P0] −
2∑

j=1

ki
j[P0][Mj] (1)

The derivation of the rate expressions based on the kinetic
echanism for rigid catalyst is given in Table 2.
The over all rate expression for live and dead moment is repre-

ented in Eqs. (2) and (3) respectively, as seen below.
Rate expressions for live moments is given as;

k
�n,i

= −rP0 × Pn,i − (rH2 × Pk
n,i) − (rPn,i

× Pn,i)

+ı(n)

⎛
⎝ n∑

j=1

kh�0Mi + kiMi

⎞
⎠ (1 − ı(n))

n∑
j=1

kP
j MiPn−1,j

−
n∑

j=1

kP
j MjPn,j (2)

here ı(n) is the Kronecker’s delta function (e.g., ı(n) = 1 for n = 1
nd ı(n) = 0 for nı(n) /= 1).

Rate expressions for dead moments is given as;

k
v = (kf[M] + kh[H2])�n (3)
n,i

The dynamic mass balance for the catalyst is given as:

dCcat

dt
= Fcat

WS
− Q0Ccat�cat

WS
(4)

able 4
oment equations for live and dead polymer

∂�0
∂t

= Pn,0[−rP0 − rPn,i
+ MT × kP

i,j
] + kh

i
× MT

∂�1
∂t

= Pn,1[−rP0 − rPn,i
] + Pn,0MT [kP

i,j
+ kP

i,i
] + kh

i
× MT

∂�2
∂t

= Pn,2[−rP0 − rPn,i
] + Pn,0MT kP

i,j
+ MT kP

i,j
[Pn,0 + 2Pn,1] + kh

i
× MT

∂v0
∂t

= (kf[MT ] + kh[H2])�0

∂v1
∂t

= (kf[MT ] + kh[H2])�1

∂v2
∂t

= (kf[MT ] + kh[H2])�2

2

T
i
f

2
3

t
c

ce = 6.77
(d3

b
)
1/2

be = (1/kbc + 1/kce)−1; Hbe = (1/Hbc + 1/Hce)−1

FI = 3.346 × 1017 M−3.472
w

Similarly, the mass balance for the potential active sites and
ctive sites, are

d[P0]
dt

= FcatP0
in

WS
− Q0P0�cat

WS
− rP0 (5)

nd

d[P0]
dt

= FcatP0

WS
− Q0P0�cat

WS
− rP0 (6)

The rate expression for each species of porous catalyst can be
ritten and the rate expression for the active sites ra can be written

s follows:

j =
[

mT − Pn,i/KD

1 + PAKA

]
PAKA (7)

From the kinetic mechanism, the rate expression for the active
ites ra can be written as follows:

a = Active site formation − Active site consumption

= knP0 −
2∑

j=1

ki
jP0

[
MT − Pn,i/kD

1 + PAkA

]
PAkA = knP0 −

2∑
j=1

ki
jP0Mj

(8)

he rate of reaction ra is used in calculations of the emulsion tem-
erature and concentration in Eqs. (13) and (14) respectively.

.3. Fluidized-bed reactor modeling

The estimation of the reactor model parameters are given in
able 5. From Fig. 1, it can be seen that the polymerization process
n the fluidized-bed reactor (FBR) occurs in three basic steps as,
ollows:

1. Bubble phase to cloud phase (Step 1).
. Cloud phase to emulsion phase (Step 2).
. Mass transfer with chemical reaction from emulsion phase to the

catalyst phase and propagation in size and molecular weight of

the polyethylene particle (Step 3).

The mass and energy balance equations pertinent to each of
hese steps are described below where the meaning of all symbols
an be found in the nomenclature section.
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Table 6
Physical constants and operating parameters for the mathematical model system

Cpg = 1.84 × 103 J/(kg K)
Cps = 1.91 × 103 J/(kg K)
D = 2.5 (m)
DG = 6.0 × 10−7 m2/s
Ea = 3.76 × 104 J/mol
H = 6 m
kg = 3.2 × 10−2 J/(m s K)
kpo = 4.17 × 103 m3/(kg cat s)
(−�Hr) = 3.829 × 106 J/kg
u0 =0.4 m/s
�g = 29 kg/m3

�s = 2.37 × 103 kg/m3

� = 1.16 × 10−5 kg/(m s)
C0 = 20 kg/m3

qc = 1.39 × 10−4 g/s
Tref = 300 K
Tf/Tref = 1.0
Tw/Tref = 1.1
Ethylene concentration = 40%
1
H
I

w
o

u

M

a
[

P

2

b
(
(� ), mass transfer driving force (	), particle diameter (dp), max-
imum bubble diameter (dbm), melt flow index and mass and heart
transfer coefficients. These parameters are calculated using semi-
empirical and empirical corrections. Table 5 gives a list of these
correlations.
A.S. Ibrehem et al. / Chemical Eng

.3.1. Bubble phase to cloud phase of ethylene (Step 1)
Mass balance;

ub
dCAb

dZ
= −Kbc(CAb − CAc) At Z = 0, CAb = CAb0 (9)

Heat balance;

d
dZ

[CAb(Tb − Tref)] = Hbc

ubCpg
(Tc − Tb) (10)

.3.2. Cloud phase to emulsion phase (Step 2)

Mass balance;

ubı

[
3(umf/εmf)

ub − (umf/εmf)
+ ˛

]
dCAc

dz

= Kbc(CAb − CAc) − Kce(CAc − CAe) (11)

Heat balance;

z
d

dZ
[CAc(Tc − Tref)] = Hce

ucCpg
(Te − Tc) (12)

.3.3. Mass transfer with chemical reaction from emulsion phase
o the catalyst phase and propagation in size of the polyethylene
article
Mass balance;

A1Hεmf
dCme

dt
= Kce[CAc − CAe]A1Hεmf + G1(CAO − Cme)

−Q0Cmeεmf + raWS (13)

Heat balance;

A1H[(1 − εmf)�sCps + εmfCmfCpg]
dTe

dt
+ A1H(Te − Tref)εmfCpg

dCme

dt

= −GCmeCpg(Te − Tf) + ABHbe

∫
(Tb − Te)dz + (−�Hr)ra

−Q0(εmf)CmeCpg(Te − Tfs) − Q0εmfCmeCpg(Te − Tf)

−�DH(1 − ı∗)hw(Te − Tw) (14)

After mass transfer to the catalysts particles (Step 3), chemi-
al reaction happens on the surface of the catalyst and propagates
ithin the polymer particles. This will cause the polyethylene par-

icles to produce and grow. The particle growth is assumed to be of
pherical shape given by;

d(4r3�)
3dt

= MW(catalyst) × ra × M(mass of catalyst)
�c

d(r3)
dt

= MW × ra × M × 0.75
��c

(15)

The dynamic balances for all other species Xk (e.g.,
k
0, �k

1, �k
2, vk

0, vk
1, vk

2) can be expressed as:

dXk

dt
= Rk

X − Q0Xk�cat

WS
(16)

These leading moments are used in the calculation of average
olecular weight Mw and number average molecular weight Mn.

=
∑2

j=1Wj[Mj]∑2
j=1[Mj]

(17)
n = W
(

�1 + v1

�0 + v0

)
(18)

w = W
(

�2 + v2

�1 + v1

)
(19) F

w

–Butene concentration = 17%
ydrogen concentration = 9%

nert gas concentration = 34%

here Wj is the ratio of molecular weight of the monomer to that
f the co-monomer.

The relation between the melt flow index (MFI) and the molec-
lar weight of polyethylene is given by the following equation:

FI = 3.346 × 1017M−3.472
w (g/min) (20)

Polydispersity index (PDI) is defined as the ratio of the aver-
ge molecular weight to the number average molecular weight
11,5,12,8] given as:

DI = Mw

Mn
(21)

.3.4. Estimation of the reactor model parameters
Model parameters include the bubble velocity at which the bub-

les move through the column (ub), minimum fluidized velocity
umf), minimum fluidizing emissivity (εmf), reactor shape factor
ig. 2. Effects of superficial velocity on monomer temperature in the bubble phase
ith variable height.
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. Model solution and analysis

The previously described process model Eqs. (1)–(21) incorpo-
ating the parameter values of Table 5 were solved in Matlab using
he Differential Algebraic Equation (DAE) solver with the fourth
rder Runge–Kutta method (Table 6).

The process was simulated for the effects of superficial velocity
n monomer temperature in the bubble phase with variable height
nd effects of superficial velocity and catalyst flow rate in the emul-
ion phase with variable time on emulsion temperature, emulsion
oncentration and molecular weight of the phase.

In the following sections the simulation results are described for
he different phases of the system.
.1. Bubble phase

Fig. 2 shows the effect of gas velocity on the monomer tem-
erature in the bubble phase for different superficial gas velocities
horough the reactor height. The temperature profile has an inverse

c
o
e
t

Fig. 3. Effects of superficial velocity in the emulsion phase with variable time for (a)
ng Journal 149 (2009) 353–362

elationship with the increase in superficial gas velocity. However,
he rate of change in the temperature is higher at low superficial gas
elocity and decreases as the superficial gas velocity value becomes
arger. Since the mass and heat transfer coefficient decreases with
ncrease of superficial velocity this will lead to reduction in the con-
entration and decrease of the bubble temperature with change of
olumn height.

.2. Emulsion phase

Figs. 3 and 4 show the effect of superficial gas velocity and
atalyst flow rate respectively on the temperature, concentra-
ion and molecular weight in the emulsion phase with respect to
ime.
It can be seen that the emulsion temperature, monomer con-
entration and molecular weight in the emulsion phase depend
n the values of superficial gas velocity and catalyst flow rate. The
mulsion temperature and molecular weight have an inverse rela-
ionship with the increase in superficial gas velocity. The change

emulsion temperature, (b) emulsion concentration and (c) molecular weight.
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F n temperature, (b) emulsion concentration and (c) molecular weight with variable time.
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ig. 4. Effect of variation in catalyst flow rate in the emulsion phase for: (a) emulsio

n emulsion concentration has an inverse relationship with the
ncrease in superficial gas velocity because the mass and heat
ransfer coefficient have inverse relationship with increase super-
cial velocity so, the emulsion concentration reduce that leads
o decrease in the rate of reaction, emulsion temperature and

olecular weight. The emulsion temperature, molecular weight
nd emulsion concentration proportionally increases with cata-
yst flow rate because there is an increase of the rate of reaction
hat leads to the increase in emulsion temperature and molecular
eight. All these behavior are shown in Figs. 3 and 4 respec-

ively.

.3. Polyethylene particles growth

The types of catalyst used affect the propagation of radius

olymer particles due to the adsorption of porous catalyst. This
educed rate of reaction will have bigger effects on the prop-
gation of catalyst compared to the nonporous catalyst. Model
redictions of the particles growth for porous and nonporous cat-
lysts are shown in Fig. 5. For emulsion temperature, the effect

Fig. 5. Effect of catalyst types on particle growth with time for porous and nonporous
catalyst cases.
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Fig. 6. Effect of catalyst types on emulsion temperature with time for porous and
nonporous catalyst cases.
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Fig. 8. Evaluation number average molecular weight during the residence time of
polymer for fcat = 0.001 g/s in the reactor for porous and not porous catalyst.
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ig. 7. Evaluation weight average molecular weight during the residence time of
olymer for fcat = 0.001 g/s in the reactor for porous and nonporous catalyst.

f catalyst type used is not found to be significant as shown in
ig. 6.

.4. Number average, weight average molecular weight of
olymer, and polydispersity index

Polydispersity index of the polymer is defined as the ratio
f weight average molecular weight to the number average

olecular weight. Figs. 7–9 show that the type of catalyst have

ittle effect on the number average, weight average molecular
eight and the Polydispersity index. These can also be seen

n Table 7.

able 7
ffect of type of catalyst on molecular weight and number average molecular weight
alculations at time 3.5 h

Molecular weight
(kg/kmol)

Number average molecular
weight (kg/kmol)

igid catalyst 106,700 33,406
orous catalyst 106,300 33,387

cat = 0.001 g/s.

t
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t
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ig. 9. Evaluation of polydispersity index during the residence time of polymer in
he reactor for porous and not porous catalyst.

. Model validation with previous models and
xperimental data

Comparison of the three previously available models; the well-
ixed model, the constant bubble size model, the bubble growth
odel and modified model in terms of their dynamic predications

s shown in Figs. 10 and 11, and Table 1b. The figure indicates that
he predications of the four models are close to each other at the
tartup conditions of the reactor operation. However this behavior
hanges as the process dynamics proceeds in time and by the end of
he time of reaction, the modified model becomes closer to Hatzan-
onis (bubble growth model) and Well-mixed model. However the
hoi and Ray model (constant bubble size model) has the largest
eviation from the modified model.

The close behavior of modified mathematical model to the bub-
le growth model is mainly due to the fact that the active site
eaction happens in the emulsion phase which occupies an area
f more than 92% of the total system area. The well-mixed model
erformance is also, close to the modified mathematical model
ecause in both models the reaction is considered to occur in all

he system. The difference between the two models is in the num-
er of phases considered. The constant bubble size model considers
wo phases but the rate of reaction does not occur in all the system.

In summary the dynamic behavior of the modified model is
ery close to the bubble growth and well-mixed models in the
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Fig. 10. Comparison behavior of emulsion temperature at u = 0.3 m/s between mod-
ified model and the other three models

Fig. 11. Comparison behavior of emulsion concentration at u = 0.3 m/s between
modified model and the other three models

Fig. 12. Actual plant versus model predicted MFI values
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Fig. 13. Actual versus model predicted emulsion temperature

nitial stages and starts to differ with change in the time. The
ccuracy of the steady state behavior of these models can be seen
rom their comparison with actual plant data [13,14] as shown in
igs. 12 and 13 for the MFI and emulsion temperature respectively.
he condition related to the different sample number can be seen
n these references [13,14]. Further more the change in butene and
ydrogen compositions when one of them increased lead to pro-
uce the dead polymer in site active reaction that make the models
ery close to each other.

. Conclusion

A modified dynamic three-phase structure model was devel-
ped in this work. This model takes into account the presence of
articles participating in the reaction with emulsion and catalyst
hases which depend on superficial velocity and catalyst feed. In
ddition, heat and mass transfer between the bubble and the cloud
s well as between the cloud and the emulsion phases was included.
he solid phase was considered in the mass transfer calculations.
odel simulations indicate that it is capable of predicating reactor

erformance indicators as well as calculating the changes of poly-
er particles size throughout the transience of the reaction. The
odel presented in this work was compared with three previously

vailable models and results of the proposed model were compared
ith experimental data at steady state for MFI and emulsion tem-
erature of the polyethylene production process. From its observed
ccuracy, we can conveniently use this model as a predictive tool to
tudy the effects of operating, kinetic and hydrodynamics param-
ters on the reactor performance as well as polymer properties.
he comparison results between the modified model and the other
hree available models gave good indication about the behavior of
he present model which is very close to that of the bubble growth

odel and the well-mixed model in the initial stages but different
ith change in time. The model developed here will also be used

n model-based prediction control to control the reactor which is
art of our future work.
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