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ABSTRACT: The use of distributed parameter model is becoming a common approach for simulating liquid—solid flow in loop poly-
merization reactors. However, there are still several issues with it. One of them is the absence of modeling of distributed pressure, as
no thermodynamic state-equation is incorporated into the model. In this work, inner pressure of the reactor was associated with tem-
perature using a thermodynamic state-equation for high-pressure liquid. The thermodynamic state-equation was solved together with
a dynamically distributed reactor model based on the mass, energy, and momentum conservation as well as polymerization kinetics
to predict the dynamic trajectories of component concentration, temperature, pressure, and bulk mass velocity in the reactor. Indus-
trial steady-state data were used for model validation. The application of the model was demonstrated by simulating the effect of

recycle ratio on the above distributed reactor parameters. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 4302-4313, 2013
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INTRODUCTION

Polypropylene (PP) can be produced in various types of reac-
tors, such as autoclave, continuous stirred tank, fluidized-bed
reactor (FBR), and tubular loop reactor. Tubular loop reactor is
the most frequently used one at present."* In the loop reactors,
polymerization occurs in a liquid phase under a reactor pressure
of 3.5-4.5 MPa and the polymer matrix is produced as a solid
suspension in the liquid stream, namely a liquid—solid two-
phase polymerization system. Propylene polymerization is a
highly exothermic reaction where the pressure is difficult to
control.”™ The quick rise of reactor temperature and pressure
usually results in breakage of the reactor and consequent release
of flammable fluids.”® In addition, the reactor pressure influences
the polymerization rate, feed rate, and product properties.”™!
Thus, control of reactor pressure and temperature are neces-
sary.'>2 On the other hand, to achieve an optimum perform-
ance for the complete PP preparation process, the reactor
should be comprehensively optimized.'> Because of the com-
plexity of liquid—solid polymerization system, the development
of reactor model, from which product information (such as
component concentration and density, etc.) as well as flow-field
information (such as reactor pressure and temperature, etc.)

can be derived in a quantitative fashion, is of critical impor-
tance.'"* Furthermore, the occurrence of physical and chemical
phenomena at different scales makes the reactor model possess
a dynamically distributed nature.'”™ Therefore, a dynamically
distributed reactor model involving a distributed pressure equa-
tion would be necessary in order to describe the reactor behav-

. 20,21
ior accurately.

To develop a dynamically distributed model, especially a
dynamically distributed pressure model, the kinetics, mass,
energy, and momentum conservation equations must be solved
together with the thermodynamics state-equation for the high-
pressure liquid in loop reactors.”' >

Most of the papers published on olefin polymerization con-
cerned the heat and mass transfer inside the polymer particles
and the reaction mechanism/kinetics.'"**'"*® The overall poly-
merization process combined with the dynamically distributed
pressure in the reactors was normally neglected. The first math-
ematical model developed for the polymerization of propylene
in loop reactors appeared in the 1970s*”?® and used continuous
stirred tank reactors (CSTRs) to describe the mixing patterns in
these systems. The approach was also used later by Ferrero and
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Chioveta® and suffered from the limitation that the system
must operate at very high recycle ratios in order to guarantee
perfect mixing. The models based on this approach can not pre-
dict the main flow-field parameters, such as pressure and mass
velocity due to the absence of state-equation and momentum
conservation equation.”’ ?° Zacca and Ray’*"!
propose a distributed dynamic model to describe the propylene
polymerization in loop reactors. However, validation of the
model with industrial data was not presented. In addition, the
loop reactor was handled as two tubular rectors interconnected
and their model is based on the kinetics, mass, energy, and
momentum conservation equations.’>*' However, no reactor
pressure data are reported in Zacca and Ray’s works.’>*" Fur-
thermore, Zacca and Ray’>”' did not describe the discrete pro-
cess of the momentum conservation equation and the velocity
gradient along the loop length. Reginato, Zacca, and Secchi’?
developed a dynamically concentrated model instead of distrib-
uted model for liquid-phase polymerization in loop reactors,
which is based on the nonideal CSTR model capable of dealing
with multisite copolymerization of olefins. In their work, poly-
mer moment balances were used to compute resin properties,
such as average molecular weights, polydispersity, and melt flow
index, but no reactor pressure and mass velocity data were
reported. Pinto et al.”” presented a dynamically distributed
model with a recycle pump in the loop PP reactors and vali-
dated with industrial data for the first time based on their pre-
7 The model was able to predict the dynamic
trajectories of production rates, melt flow index, and xylene
soluble values during grade transitions within the experimental
accuracy.”® Although their model was a distributed model and
could predict some variable distributions in loop reactors, there
were still no distributed pressure and mass velocity data due to
the absences of state-equation and momentum conservation
equation in their works.”>™” Recently, Touloupides et al." devel-
oped a comprehensive dynamical mathematical model to
describe the dynamic operation of an industrial slurry-phase
ethylene-1-hexene copolymerization loop reactor series based on
dynamical macroscopic mass and energy conservations for each
loop reactor and validated with industrial data. In their model,’
each loop reactor consisting of loop reactor and settling legs
was modeled as an ideal CSTR in series with a semi-continuous
product removal unit. Thus, if the recycle ratio is high enough,
the reactor can be deemed as an ideal CSTR reactor. It means
that all parameters in any position of the reactor are the same
in their work. More recently, based on the mass, energy, ther-
modynamics and kinetics conservations as well as the pipeline
equations of the reactors, Luo et al.’® developed a dynamic
model for the prediction of the reactor variables including the
pressure in the loop propylene polymerization
However, Luo et al’s model is still based on the assumption
suggested by Touloupides et al.' and is lack of momentum
conservation equation.”® Zheng et al."® addressed the issue that
whether the velocity gradient can be neglected or not. In their
work, two dynamically distributed reactor models, either
considering or neglecting axial velocity gradient, were presented
to examine its effect in tubular loop polymerization reactors.
However, as a note, the reactor model used is simplified and
the effect of recycle ratio is neglected.

were the first to

vious works.

reactors.
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On the basis of the above discussion, it becomes clear that the
early modeling efforts in this field were made to account for the
detailed aspect of the polymerization kinetics and to predict the
polymer properties in reactors. It is also clear that few open
reports were on the dynamically distributed reactor model along
with incorporating the momentum conservation equation into
the kinetic and thermodynamic models.

In this work, based on the mass, energy, momentum, and
kinetics conservations as well as the thermodynamic state-equa-
tion for high-pressure liquid, a distributed model is developed
for the prediction of reactor variables, especially the distributed
pressure in loop propylene polymerization reactors. To the best
of our knowledge, the present work is the first one aiming at
realizing the combination of distributed pressure model and
dynamically distributed reactor model along with incorporating
the momentum conservation equation and kinetic equation as
well as considering the velocity gradient in loop propylene poly-
merization reactors. Dynamic data from an industrial plant are
used for model validation. Particular attentions are paid to the
application of the model to identify the flow fields in loop pro-
pylene polymerization reactors by simulating the effect of
recycle ratio on the distributed reactor parameters.

LOOP REACTOR DESCRIPTION

The Spheripol technology is one of the most widespread com-
mercial methods to be used to produce PP.*'™* Generally, its
key part constitutes of three loop reactors and a FBR. To illus-
trate this technology, a typical schematic flowsheet of the con-
tinuous tubular loop reactors from a chemical plant in China is
shown in Figure 1, where the same flowsheet is reported in our
previous works.>*>?>*4¢47 In addition, some points are listed
as follows: first, the technology includes a prepolymerization re-
actor (R200) and two main polymerization reactors in same
volume (R201 and R202), which are sequentially linked to-
gether. Second, both R201 and R202 consist of two continuous
tubular reactors connected in sequence with each other, namely,
they are both closed tubes as a whole, wherein the reacting
slurry driven by recycling pumps circulate at high-recycle
rates.>>***4947 I this work, in order to develop a dynamically
distributed reactor model, R201 is selected as our studied object.

On the other hand, there are many published papers relating to the
loop polymerization reactor (R200, R201 or R202).>*?07333%41:4647
As reported in previous works,”®>* the loop reactor consists
essentially of a main tubular system closed in a loop (see Figure
1). The reaction slurry flows through the pipe impelled by an
axial pump. Its cross-sectional area is usually uniform and the
reactor must operate free of any obstruction that could interfere
with the circulation of the reaction contents. In addition, the
basic set-up configuration analyzed here has been presented by
Zacca and Ray.>®*' In short, the loop reactor (R201) is formed
by two tubular reactors interconnected. Figure 2 shows a sche-
matic flowsheet representation of the loop reactor model,
namely, the physical model of R201. The convention adopted is
that the axial coordinate z has its origin at the inlet zone and
increases in the same direction of the fluid flow. In addition,
from Figure 2, R201 composes of two tubular sections where
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Figure 1. Basell Spheripol-II loop process (China Lanzhou Petrochemical Company of China National Petroleum Corporation). (A—Catalyst; B—Pro-
pylene; C—Hydrogen; D—Product; E—Coolant; 1—P200; Pump; 2—P201, Pump; 3—P202, Pump; 4—R200, Pre-polymerization reactor; 5—R201,

Main polymerization reactor; 6—R202, Main polymerization reactor).

the cooling water flows into the jacket to remove the reaction
heat. Section 1 represents the tubular section that starts at the
inlet zone and ends at the outlet zone by following the fluid
flow direction, whereas Section 2 represents the recycle portion
of the reactor.’®*' Monomer, fresh catalyst, and hydrogen are
introduced into the reactor from the reactor inlet, and polymer
slurry in the reactor leaves from the reactor outlet, and the dis-
tance between the inlet and outlet is 113 m. The two small tank
reactors shown in Figure 2 are not real. However, they can be
used to explain material and energy mixture. The two reactors
are small enough to neglect component residence time. In prac-
tice, they connect the four boundaries (07, 07, L, L™) of two
sections. Accordingly, the following mathematical model is
based on this physical model shown in Figure 2.

DYNAMICALLY DISTRIBUTED MODEL

As described above, a dynamically distributed model based on
the mass, energy, momentum and kinetics conservations as well
as the thermodynamic state-equation was used to describe the
flow fields in loop reactors for catalytic propylene polymeriza-
tion. The velocity gradient was considered via the momentum
conservation equation, and the pressure gradient was considered
via the thermodynamic state-equation. Furthermore, all the
above equations were solved together to comprehensively
describe the distributed flow-field parameters in the loop reac-
tors. In what follows, propylene polymerization mechanism and
kinetics are first presented. Next, the general model of R201

ow
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Figure 2. Physical model of R201.
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(Figure 2), the thermodynamic state-equation and the initial
and boundary conditions are described, respectively.

Polymerization Kinetics

Since a concentrated model was developed to simulate the loop
polymerization reactors in our previous work,”® the propylene
polymerization mechanism and kinetics were also suggested and
validated. Herein, the same propylene polymerization mecha-
nism and kinetics were applied. The main mechanism and ki-
netic equations are listed in Table I and eqs. (1)—(4).

Propagation rate : rp = kp[M][C"], (1)
transfer rate : r, = ky[H,)"[C"], (2)
catalyst deactivation rate : rg = kq[C"], (3)
Arrhenius equation : k = kpe ¥/*T. (4)

In addition, some points must be emphasized: (1) the value of
the rate constant for each step is independent on the chain
length; (2) the value of the chain initiation rate constant is
equal to that of the chain propagation rate constant; (3) the

Table I. Kinetic Mechanism'~®!>16:31-41

Initiation C' + M2 ppr

Propagation PP’ +M—kp—> PP}

* kP
PP; +M — = PP},

Transfer reaction

Transfer to hydrogen PP? + H, & pp; 4+ C*

Deactivation reactions

Spontaneous deactivation PP} & PP; + Cq4
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chain transfer reaction is assumed to occur spontaneously or
through the reaction of active chain with hydrogen; (4) the po-
lymerization rate is also given by eq. (1) considering the propa-
gation reaction as the main consumption of propylene.

Dynamically Distributed Reactor Model

As depicted in Figure 2, the loop reactor here is composed of
two tubular reactors interconnected and the tubular reactors
were then described according to the axial dispersion model.
The recycling pump is much smaller in volume than the loop
and it is used to provide recycling-flow momentum of slurry in
the loop reactor. Thus, it is ignored according to its volume and
can not be ignored from the momentum source of loop as
described in the next boundary conditions yet.

According to the above discussion, the most similar study pre-
sented in the literature on the mathematical modeling of loop
polymerization reactors is that of Zacca and Ray.’>’' However,
the dynamically distributed model proposed in this work is
based on the physical model shown in Figure 2 with several
modifications. The modifications are discussed by considering
the velocity and pressure gradients in the loop reactors here,
which are ignored by Zacca and Ray.*>*' Other assumptions for
this model can be found in Refs. 30 and 31. Therefore, the fol-
lowing model equations are made based on the above descrip-
tions and the mass, energy, momentum, and kinetics conserva-
tions as well as the thermodynamic state-equation.

Component Material Conservation
According to the axial dispersion model, a molar conservation for
a given species in a tubular section of the loop reactor results in:

aC;
96,0 (Cv.) =D

PC;
or | 0z 5z = Rep %)

822 j

where, C; is the molar concentration of species j (monomer, cat-
alyst, hydrogen, and moments of the polymer molar mass distri-
bution) in any tubular section of the loop reactor. In addition,
since the catalyst activity decreases as a result of catalyst deacti-
vation, the catalyst concentration herein is the active catalyst
concentration. Accordingly, in this work, the catalyst concentra-
tion is the active catalyst concentration.

Energy Conservation

The energy conservation is obtained by neglecting energy

changes due to expansion work, viscous flow, external fields,

radiation, and heat of mixing, which is applied in previous

works.*®?13373748 The differential equation of energy in one

spatial dimension can be written as:

<g+6(va)) L
ot 0z 072 pCp

{> camr+55

r=1

(Taa =)} (6)

Momentum Conservation

In this case, the momentum conservation equation is used to
calculate the bulk mass velocity gradient and is reduced to the
axial component of the equation of motion in cylindrical coor-
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dinates. The application of Zacca and Ray’s model results in the
following equation:*?"

2 2
szfric é (t) a 173
0z + R, + 31 92

@7_ 81/2+ v,
0z Plor "

(7)

The above momentum conservation equation is included in
Zacca and Ray’s model, however, no axial velocity gradient was
considered in their works.”>?!

Thermodynamic State-Equation for High Pressure Liquid

As described above, the pressure gradient and corresponding ther-
modynamic state-equation for high pressure liquid are considered
in this work, which is one of the differences from previous distrib-
uted reactor models.>>*'**=7 In addition, in our previous work,”®
we have demonstrated that the increase of propylene density is the
essential reason of the pressure rise in loop reactors and the reac-
tor pressure can then be described via the pressure of the liquid
propylene. Furthermore, we incorporated one of the most excel-
lent state-equations for high pressure liquid, i.e., the Tait equation
of state (EOS), into a concentrated reactor model to describe the
reactor pressure. Since the Tait EOS is universal and can be
applied in a loop reactor,*” ™ it can be incorporated into the dis-
tributed reactor model. The governing equations involved in the
EOS are listed in egs. (8) and (9). The detailed information relat-
ing eq. (9) is listed in Supporting Information. For more informa-
tion regarding the EOS, readers are encouraged to refer to Ref. 39.

1 Now w
=) S+t (8)
p =P Pp
¢(P7 T7 pP) = 07 (9)

where eq. (8) is obtained directly via the definition of density.
According to eq. (9), the slurry density is influenced not only by
slurry temperature but also by slurry pressure. However, in Zacca
and Ray’s works,®! the slurry density is only the function of
temperature and the influence of pressure on it is ignored.

Initial and Boundary Conditions

Equations (1)—(9) consist of a closed model, namely, the
dynamically distributed reactor model. In addition, the model
can be used to predict the component concentration, slurry ve-
locity, temperature, and pressure (slurry density can be
described via component concentration or slurry temperature
and pressure). However, in order to solve the model, some ini-
tial and boundary conditions must be needed.

In this work, the input conditions under certain steady-state
operation are considered as the initial conditions (these data are
directly presented from control-compute at plant site) and the
corresponding initial conditions are listed in egs. (10)—(15).

Cul g = 7272.4, (10)
Chl,_y = 16.48, (11)
Cel,—y = 0.04905, (12)
Cppl,_y = 6101.34, (13)
T|,_, = 343.54, (14)
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Val,_o = 7.65. (15)
From Figure 2, the axial dispersion model requires the establish-
ment of two boundary conditions per tubular section since the
partial differential equations above are of second order. In this
work a closed-closed set of boundary conditions for both tubu-
lar sections is similar to that reported by Zacca and Ray with a
few modifications.’®' The description regarding the selected
boundary conditions are listed as follows:

First, four points (Figure 2) are selected to denote four different
positions of the two sections, respectively. Namely, 0" denotes
the boundary after the inlet zone, following the direction of the
fluid motion; 0~ denotes the boundary before the inlet zone,
following the direction of the fluid motion; L denotes the
boundary after the outlet zone, following the direction of the
fluid motion; and L~ denotes the boundary before the outlet
zone, following the direction of the fluid motion. Correspond-
ingly, the selected boundary conditions are listed as follows.

On the basis of the component material, the energy and the
momentum conservation in the inlet stirred-tank reactor, the
boundary conditions at L* are described via egs. (16)—(18):

% _ (qJF + (VZAXCj)|Z:0’ 7(VZIAXCJ')|z:0+)/(AxVZ)|z:(Yr LR
ot o V; Gy
(16)
oT R UA(Teoia — T°)
Il =S (—AH) R, 4L eld T 7 )
pLp 81’ e ;( )r + ‘/1
1 7o 7(0)
L / CodT + p vi- A, / CrdT], (17)
Vin Tr o
Ao
vl g = e £ (1)

On the other hand, for Section 2 shown in Figure 2, based on the
mass conservation equation, the following equation can be obtained:

Qo = Q- — Qrec- (19)

If Q, is constant, the recycle ratio is determined by the outlet
velocity of Section 1. In practice, the recycle ratio is set around
200, it means that most of the materials flow back into the loop
reactor. Accordingly, in Zacca and Ray’s works,”>*" the assump-
tion of Q;- = Qge. was adopted. Furthermore, the velocities in
Sections 1 and 2 are the same if their diameters are the same.
Therefore, if Q- = Qgeo it means that Q, = 0 and no any
materials flow out from the reactor. Obviously, it is unpractical.
In this study, eq. (19) is adopted instead of Q;- = Qge. and the

recycle ratio (R..) is defined as eq. (20):
Ree = QRec/Qo- (20)

Accordingly, the component material concentration and velocity
ratio after and before the outlet of Section 1 can be written as:
Ry = Rec/(l + Rec) (21)

The boundary conditions at Lt can be described via eqgs. (22)—(24):
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C}"z:LJr =Ry lez:L*a (22)

Tl = Tl,_-(pCp)| =1~/ (PCP)| =+ (23)
Vel,opr = V/28He Ror v,y (24)

Here, we must emphasize that the axial pump can not be
ignored in this model although it is not described in Figure 2.
In practice, in this model, the pump is considered as the pro-
duction of momentum via eq. (24), which shows that the com-
ponent materials are recycled from the outlet and accelerated by
the axial pump.

On the other hand, for a closed outlet boundary, the mass,
energy and momentum fluxes must be zero at the outlet.’®”’
Accordingly, the boundary conditions at 0" and L™ are described
via egs. (25) and (26), respectively.

4y =0, (25)
a4, =0, (26)

where, AA is distribution parameter (AA = C;, T, and v,).

MODEL IMPLEMENTATON AND PARAMETER ESTIMATION

Equations (1)—(30) include a set of coupled, nonlinear partial
differential and algebraic equations. The above partial differen-
tial equations were first discretized to algebra equations by the
Crank-Nicholson method. The algebra equations obtained were
then solved as an FSOLVE-function provided in Matlab 6.5 soft-
ware. To solve the model, the kinetic constants of the model
must be estimated. The kinetic constants were estimated from
the plant data. Our former models had already been thoroughly
validated against data.”>*! The estimation method of the kinetic
constants was also made in our previous works.”>*! In addition,
as described below, the catalyst used in this work is the same as
that reported in our previous work. Here, the same estimation
method and similar values for the kinetic constants are applied.
In addition, some thermodynamic property parameters and
plant data related to the model must also be obtained in
advance. The estimation of main thermodynamic property pa-
rameters (including viscosity and axial dispersion coefficient)
was also done in our previous work® and the same estimation
method was used in this work. The finally adopted kinetic con-
stants are listed in Table II, and the plant data are shown in Ta-
ble III. In addition, the solution procedure of the model is illus-
trated in Figure 3. We still point out that the obtained plant
data is at the outlet and inlet positions described in Figure 2.

The plant process of the propylene polymerization is a classical
slurry polymerization process in the presence of the fourth gen-
eration Ziegler-Natta catalyst.

RESULTS AND DISCUSSION

Comparison Between Industrial Data and Simulated Data

By substituting the thermodynamic properties (refer to Ref. 42)
and the kinetic constants (Table II) for related terms in egs.
(1)—(30) respectively, the simulated results are obtained. In this
work, at the initial state of R201, the loop works under condi-
tions listed in egs. (10)-(15), which are derived from a real
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Table II. Kinetic Constants®*!

Kinetic

constants Computational equation, k = koexp(-E/RT)
Kim ki = 4.97 x 107 exp (-51900/RT)

ko ke = 4.97 x 107 exp (~51900/RT)

K kg = 4.4 x 10° exp (-51900/RT)

kqg kg =7.92 x 10% exp (~51900/RT)

industrial data. Therefore, these conditions [egs. (10)—(15)] can
be used as the initial values for the current model to calculate
parameter distributions.

Figures 4 and 5 illustrate the predicted reactor parameter distri-
butions along the axes in R201. In addition, in order to describe
these parameter gradients clearly, the simulated profiles at cer-
tain time (i.e., the constant reactor parameters can be obtained
since the time and ¢ = 50,000 s in this study) are also obtained
and are illustrated Figure 6 (main reactor parameters not all at
the time are listed here). The maximum and minimum values
for these reactor parameters shown in Figure 6 are specially
listed in Table IV. Meanwhile, the above reactor parameters
under steady-state operation conditions (the conditions are the
same as the above simulation conditions) were also collected
from the industrial R201 selected in this work (see also
Table IV, in addition, Figures 4-6 will be discussed in the next
section).

Table 1V illustrates the comparisons between the industrial and
simulated data under certain operation conditions in R201. As
described in Table IV, the industrial reactor parameter data,
such as the bulk mass velocity, the pressure, the monomer con-
centration and the solid mass fraction, are in the range of the
simulation parameter data. In addition, all these ranges are
small. It means that a good agreement between the industrial
data and the simulated results is obtained. Furthermore, the
above also shows that the main reactor parameter gradients are
small at R.. = 170, which will be described and discussed later.

The Effect of Recycle Ratio on the Flow Field and Its
Identification

As shown in Figures 4 and 5, these dynamically distributed pa-
rameters (i.e., component concentrations, temperature, pressure
and bulk mass velocity) in R201 are expressed via three-dimen-

Table III. Input Parameters from Plant®

Parameters Values
Vao1/m? 66

Jacket water temperature (T¢qq)/°C 62.85

G n lkg/h) 0.51
Gullkg/h) 2.418 x 10*
T.J°C 29.5

Pin/MPa 5.358
Qolm3/s) 0.0129512
Heat transfer coefficient (K)/(W/(m?-K)) 1600
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Figure 3. Flowsheet of dynamical distributed model in this study.

sional drawings at R.. = 170. Furthermore, Figures 4 and 5 are
used to demonstrate the dynamically distributed nature of the
flow field in R201.

From Figures 4 and 5, all of the parameter values at each axial
position of R201 change from one steady state to another steady
state with the polymerization proceeding, which means that the
polymerization is dynamical during the two steady states. The
interval between the two steady states is about 30,000 s as
described in Figures 4 and 5. Therefore, in the next study, the
simulation data at + = 50,000 s (after 30,000 s) are selected to
evaluate the effect of R.. on the flow field in R201. Further-
more, according to Figures 4 and 5, one can also find that these
changes are different with each other for different parameters.
With the polymerization proceeding during the two steady
states, the monomer concentration and the pressure at each
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Figure 4. (a) Monomer concentration profile. (b) Hydrogen concentration profile. (c) Catalyst concentration profile. (d) Polypropylene concentration
profile. (T = 69.39°C, P = 4.034 MPa, v, = 7.65 m s, Rec = 170, p = 561.7 kg m>, Ggr = 0.51 kg h™", Gy; = 2.418 x 104 kg h™", Ty, = 29.5°C, P;y
= 5.358 MPa). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

axial position of R201 decrease to minimums quickly and
increase to constant values hereafter as described in Figures 4(a)
and 5(b). On the contrary, Figures 4(d) and 5(a) show that the
PP concentration and the reactor temperature both increase to
maximums quickly and decrease to constant values hereafter
with the polymerization proceeding during the two steady
states. In addition, Figures 4(b,c) demonstrate that both the
concentrations of hydrogen and catalyst decrease to constant
values with the polymerization proceeding during the two
steady states. Figure 4(b) demonstrates that the concentration of
hydrogen decreases little with time, as hydrogen is used to regu-
late average molecule weight of polymers and has weak influ-
ence on the polymerization reaction. It means that hydrogen
does not influence the generation rate of polypropylene. Com-
pared with that in Figure 4(b,c) illustrates that the concentra-
tion of catalyst decreases obviously with the reaction proceed-
ing. In practice, based on eq. (3), one knows that the catalyst
activity decreases and the deactivation rate follows a first-class
equation. Different from Figures 4 and 5(a)—(c), Figure 5(c)
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shows that the bulk mass velocity fluctuates slightly during the
two steady states. Besides the above results, next, when fixing
the polymerization time, namely, at every instant of time, Fig-
ures 4 and 5 demonstrate the occurrence of small gradients
along the axial direction in R201 as would be expected at R.. =
170 (a very high recycle condition). Furthermore, as described
in Figures 4 and 5, all these parameter gradients in the middle
of the axis are the most notable. In practice, the above results
involving the monomer concentration gradient are adjacent to
those reported in Zacca and Ray’s works.’®' However, there
are still some different results between in this work and Zacca
and Ray’s works.®*! Zacca and Ray obtained that the loop re-
actor was fairly uniform presenting almost flat monomer con-
centration profiles along its axial distance at every instant of
time at high R.. (R.. = 30). Therefore, they suggested that the
loop reactor would behave as a CSTR for R.. above ~ 30,791
In our simulation results, even at R.. = 170, although the loop
reactor is in total uniform presenting almost flat parameter pro-
files (including monomer concentration profile) along its axial
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Figure 5. (a) Temperature profile. (b) Pressure profile. (c) Bulk mass ve-
locity profile. (T = 69.39°C, P = 4.034 MPa, v, = 7.65 m s ', Rec = 170,
p=5617kgm > Gy =051kgh ', Gy = 2418 x 104 kg h™ !, T}, =
29.5°C, P, = 5.358 MPa). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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distance at every instant of time, the parameter gradients still
exist in the middle of the axis.

In order to further demonstrate the above differences, the
effects of R.. on the axial flow field in R201 at ¢t = 50,000 s are
simulated via the above model and the main simulation results
are shown in Figure 6.

First, Figure 6 prove that the gradients are the most obviously
at the outlet of axis in R201 at all selected recycle ratios (R.. =
10, 15, 50, 170, and 500). As mentioned in Figure 2, the two
tubes (Section 1 and Section 2) are linked with each other. The
inlet of Section 2 is linked to the outlet of Section 1. If no any
material/slurry flows out from R201, the above two points, i.e.,
the inlet position of Section 2 and the outlet of Section 1 will
be the same. However, when a small fraction of slurry flows out
from R201, they will recycle into Section 2 with the same diam-
eter as that of Section 1. As a result, the monomer concentra-
tion in the above joint from the outlet of Section 1 to the inlet
of Section 2 decreases, which is exactly the middle of axis in
R201. Accordingly, the temperature increases and both the pres-
sure and bulk mass velocity in the joint decrease according to
the tait EOS. In addition, since there are the above flowing out
from R201 (Section 1) and recycling into R201 (Section 2), the
parameters in both Sections 1 and 2 will change. However, the
change mechanisms and degrees in this joint and in Sections 1
and 2 are different, As is shown in egs. (5)—(7), these compo-
nent concentrations and temperature are influenced by the
united-function of reaction and diffusion, the temperature is
also influenced by the Jacket water temperature, and the velocity
is influenced by the united-function of diffusion and wall-fric-
tion. However, these influence factors mentioned above can not
cause great parameter gradient along the axis. Due to the direct
action as the joint, the change degree in the joint is the most
obviously. Next, as described in Figure 6, comparing with the
other parameter gradients, the bulk mass velocity gradient along
the reactor is the most unconspicuous. Namely, the circumflu-
ence amount has the smallest influence on the velocity since the
velocity is directly linked to the momentum equation [eq. (7)],
which depends on the axial pump power not its flux. However,
the other parameters (component concentrations, temperature,
and pressure) are influenced not only by the momentum but
also the flux. On the other hand, as described in Figure 6, it is
easy to find that all parameters along the axes change toward
flat with the increase of R... However, it is difficult to determine
the critical value corresponding to the case that the parameters
along the axis are nearly the same and the reactor model can be
handled as a CSTR model. In our viewpoint and based on Fig-
ure 6, we recommend that 50 as the critical value of R.. In
practice, the parameters along the axis except in the middle of
axis in R201 are nearly the same, which validates the conclusion
that the loop reactor will behave as a CSTR model for recycle
ratios above 30.>*' Namely, here, we adopt this dynamical dis-
tributed model to distinguish the CSTR model can be adopted
in the loop propylene polymerization reactor for recycle ratios
above 50. This rationality of the CSTR model is validated not
only by the monomer concentration profile but also tempera-
ture, pressure and velocity profiles along the axis. Finally, it is
obvious that the monomer concentration decreases with the
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Figure 6. (a) Monomer concentration distributions at different recycle ratios. (b) Temperature distributions at different recycle ratios. (c) Pressure distri-
butions at different recycle ratios. (d) Bulk mass velocity distributions at different recycle ratios. (+ = 50,000 s, T'= 69.39°C, P = 4.034 MPa, p = 561.7
kg m >, Gy = 0.51 kg h™!, Gy = 2.418 x 104 kg h™!, T, = 29.5°C, P,, = 5.358 MPa). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

increase of recycle ratio, which means the monomer conversion
increases. Accordingly, a more perfectly mixing and a more
effective reaction in R201 generate.

CONCLUSIONS

An improved dynamically distributed model was developed to
describe the dynamics of the polymerization of olefins in a loop

Table IV. Comparison Between the Industrial and Simulation Data

reactor using Ziegler-Natta catalysts. In this model, the thermo-
dynamic state-equation was solved together with a dynamically
distributed reactor model based on the mass, energy, and mo-
mentum conservation as well as polymerization kinetics to pre-
dict the dynamic trajectories of component concentration, tem-
perature, pressure, and bulk mass velocity in the reactor.
Industrial data from certain China plant were used for model
validation. The application of the model was demonstrated by

Monomer
Velocity (m/s) Temperature (K) Pressure (MPa) concentration (mol/m®) Solid hold-up
Industrial data 7.65 342.54 4.034 7272.4 45.6%
Simulation data 7.62-7.7 343.1-343.55 3.921-4.522 7254-7230 45.9-46.5%

Rec = 170.
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simulating the effect of recycle ratio on the above distributed re-
actor parameters. Following conclusions can be drawn based on
the simulation results:

1. At each axial position of the loop reactor, all reactor pa-
rameters, including the components, temperature, pres-
sure, and bulk mass velocity, change during two steady
states and these changes are different with each other for
different parameters. Among them, the bulk mass velocity
fluctuates slightly during the two steady states.

2. The simulation results demonstrate the occurrence of small
gradients along the axial direction in the loop reactor at R, =
170. The gradients in the middle of the axis are the most.

3. With the increase of recycle ratio, all reactor parameters
along the axes change toward flat. However, it is difficult
to determine the critical value corresponding to the case
that the parameters along the axis are nearly the same and
the reactor model can be handled as a CSTR model. The
loop reactor works as a CSTR for recycle ratios above
~ 50. The rationality of the CSTR model is validated not
only by the monomer concentration profile but also tem-
perature, pressure, and velocity profiles along the axis.
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NOMENCLATURE

General

A, [m?] cross-sectional area square
Cq [—] deactivation catalyst site
C [-] activated catalyst site

C] [mol m™]
Cp (kg K]

CPM [J-(kg K)~']
Cop [J-(kg K) ']
Cy [mol m™]
Cy [mol m™]
Ce [mol m™]

-3

component material concentration
slurry heat capacity

propylene heat capacity
polypropylene heat capacity
concentration of propylene
concentration of hydrogen
concentration of catalyst

Cpp [mol m™7] concentration of polypropylene
D [m)] loop reactor diameter
DY [m?s7] axial dispersion coefficient

E [J mol '] active energy

Jric [—] friction factor

g [m?s™'] acceleration of gravity

Gy [kg s influent mass flow of propylene
Gy, [kg s™'] influent mass flow of hydrogen
H, [W] axial pump power

H, [—] hydrogen

k[—] reaction rate constants

corresponding to eqgs. (1)—(3)

M WWW MATERIALSVIEWS.COM
\luw’ﬁ

K[Wm 2K

kins [L-(mol-s) ']
Kd[s™"]

k, [L-(mol 7Y

ke [L-(mol s) ]

NC [—]
NR [—]
P [MPa]
P’ [Pa]
Pr[—]
P’ [-]

Pc [_]

PP;(i=1,2,3, ..
PP (i=1,2,3, ..

qr (kg s™']
gj,r [mol s

Q [mol s

Qr [mol s7]

Qec [mol s7']

7, [mol-(L 97
re [mol-(L s) ']
r4 [mol-(L s)™']
R, [m]

R [J-(kg mol)™"]
Re, [J-(kg mol) ]
Ry [—]

R [-]
t[s]

T [K]
Ty [K]
Ty [—]

T. [K]
Tcold [K]
Tr [K]

T, [K]

V [m’]
Viy [m’]
wj (-]

wp [—]

v, [m s
z [m]

Greek letters

pat kg m 7]
pp [kg m™?]
p [kg m™]

WILEYONLINELIBRARY.COM/APP
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gross heat-exchange coefficient

monomer-initiation rate

chain termination rate constant

chain propagation rate constant

rate constant of chain transfer to
hydrogen

pre-exponential factors
corresponding to eqgs. (1)—(3)

mass of slurry

propylene

number of components

number of reactions

pressure of propylene

saturation pressure of propylene

reduced pressure of propylene

saturation reduced pressure of
propylene

critical pressure of propylene P,

polymer chain containing i segments

active polymer chain containing i
segments

slurry feed flow rate

feed flow rate of component material
j

volumetric flow rate

feed volumetric flow rate

recycle volumetric flow rate

polymerization rate

chain transfer rate

catalyst deactivation rate

radius of reactor

gas constant

producing rate of component j

slurry concentration ratio between
inlet of Section 2 and outlet of
Section 1

recycle ratio

time

temperature of propylene

boiling point of propylene

reduced temperature factor of
propylene (T},/T,)

critical temperature of propylene

cooling water temperature

feed temperature

reduced temperature of propylene

reactor volume

inlet volume

mass fraction of component j

mass fraction of polypropylene

bulk mass velocity

axial distance from the inlet

propylene density
polypropylene density
slurry density
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o []
Vps [m? kgfl]
v° [m® mol™]

o9 [m® kg™
wp [—]

compressibility factor

specific volume of propylene

saturation specific volume of
propylene

thermal dispersion coefficient

acentric factor

{[—] configuration factor

1 [cp] viscosity of slurry

Superscript

+ [—] forepart of boundary

—[-] back end of boundary

Subscript

o[-] outlet

in [—] inlet

p -] propagation

tr [~] transfer

d[—] deactivation

G reactants (j = 1—4 represent
monomer, hydrogen, catalyst and
polypropylene, respectively)
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