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THE EFFECT OF PARTICLE SIZE DISTRIBUTION ON 
THE OLEFIN POLYMER REACTOR DYNAMICS 
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Abstract-  Mass and energy balances in a reactor have been derived to study the effect of particle size distribution 
(PSD) for each reaction mechanism on the reactor dynamics. It was observed that the PSD affects both bed height 
and particle volume. A feasible region for reactor operation has been calculated by using physical constraints. In a 
nonisothermal polymerization system, the reactor temperature does not change apprec,;ably as catalyst injection rate 
increases. A unique steady state solution is found in a gas-phase continuous stirred-bed propylene polymerization 
reactor. The eigenvalues of the system of equations indicate that the steady state is unstable. A comparison with pub- 
lished data allows the observation that the actual reactor dynamics may be readily explained by using only the PSD 
derived from a simple reaction mechanism. 
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INTRODUCTION 

Gas phase olefin polymerization processes have developed 
in the past two decades towards minimizing capital investment 
in the process, by eliminating separation processes needed for 
hydrocarbons and polymer products in slurry or solution pro- 
cesses. Continuous stirred-bed reactors (CSBR) and fluidized 
bed reactors are widely used in gas phase polymerization. The 
mathematical modeling of fluidized bed reactors is compli- 
cated by the mechanics of the fluidization of growing poly- 
mer particles. The CSBR affords a simpler description. Here, 
we developed a mathematical model in order to study the ef- 
fect of particle size distribution (PSD) on the reactor dynam- 
ics. These results may be extended to fluidized bed reactor 
systems and will be described later. 

Very little information has been published on the dynamics 
of gas phase olefin polymerization reactor systems. Brock- 
meier and Rogan [1976] modeled a semibatch stirred-bed re- 
actor for gas phase propylene polymerization and obtained 
the polymer yield and particle size from their model. Choi and 
Ray [1988] modeled a CSBR for the solid catalyzed gas phase 
polymerization of propylene. They observed a single unsta- 
ble steady state at normal operation conditions. However, they 
assumed the PSD in the reactor to be uniform and ignored 
the effect of the PSD on the reactor dynamics. 

The schematic diagram of a CSBR is shown in Fig. 1. In- 
jected active catalyst is uniformly mixed with polymer parti- 
cles by a U-shaped anchor agitator. Liquid propylene, which 
is injected at the bottom of the reactor, instantaneously ab- 
sorbs the heat of  reaction and is vaporized. To regulate the 
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molecular weight of polymer products, a small amount of hy- 
drogen is added to the reactor. The unreacted propylene gas 
is sent to a condenser and liquefied. This liquefied propylene 
is recycled to the reactor. Product is withdrawn continuously 
fxom the reactor in a cyclone, separating solid polymer from 
the gas-solid mixture. Since the principal mechanism for the 
removal of the heat of  polymerization is the vaporization of  
propylene, the reactor must be operated so as to preclude the 
condensation of propylene. For an equation of state relating 
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Fig. 1. Schematic diagram of continuous stirred-bed reactor 
for olefin polymerization. 
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Fig.2.The relationship between propylene vapor pressure 
and temperature. 

the pre~ure, temperature and monomer concentration in the. 
reactor, Choi and Ray [1988] used the ideal gas law. This, 
however, has several limitations and does not represent the 
state of a real gas. The Redlich-Kwong equation has been 
used in this work. The vapor pressure expression for propy- 
lene [Reid et al., 1987] has been used to calculate the phase 
diagram of propylene. It shows the state of propylene at a 
given temperature and pressure which are calculated from the 
macroscale equations governing the reactor. Fig. 2 shows pro- 
pylene phase diagram. 

THE EQUATIONS G O V E R N I N G  
THE P O L Y M E R I Z A T I O N  

Several assumptions taken in this model of a CSBR propy- 
lene polymerization include some used in Choi and Ray [1995]. 

(1) The mixing of gas and solid polymer particle is ideal. 
The composition of withdrawal product is the same as that 
of stirred bed. 

(2) Catalysts, whose active sites may deactivate during po- 
lymerization, are injected continuously to the reactor. 

(3) Physical properties, e.g., density, heat capacities of the 
gas and solid phase, approximated as those of gaseous propy- 
lene and polymer, are constant during polymerization. 

(4) The Redlich-Kwong equation is used to calculate mono- 
mer pressure at a given concentration. The Ideal Gas law is 
applied to hydrogen in the mixture of gases. 

(5) Liquid propylene and hydrogen are fed to the reactor at 
the ,same temperature. 

(6) The reactor is adiabatic for the nonisothermal model. 
(7) The amount of gaseous propylene remaining in the dis- 

charged polymer product is negligible. 
(8) Monomer does not accumulate in the reactor. 
(9) Heat and mass transfer resistances between bulk and par- 

ticle are negligible. 

With these assumptions, the mass and energy balances have 
been derived for a gas phase polymerization of propylene in a 
CSBR. 
1. Isothermal Systems 

Since there are two phases, that is, gas and solid in the re- 

Table 1. Governing equations for isothermal gas phase olefm 
polymerization in a continuous stirred-bed reactor 

(1 - ~) vR ~ = -  --q~: + ~ - -  q~: -c~, O+rM 1 - 

dC M CM CH 
(1 - + - c .  O + r . .  - r M - -  

d6 p~, v ~ -  V =q~: +p~, 0 -  e ) O - ~  

dt 

where rM = - VR t5 M,~ J'~, kp [M]t, -i- ffV) dV 

r~, M = -  V R ~M~H j'~ lq. n [Hz~,t'2-1 - f(V) dV 

actor, the following definitions will help in developing a re- 
presentation of the model. 

5 = Vp~ _ Vp,~ = Fractional Volume of Stirred-Bed 
VR V ~ + V ~  

e= vg _ vg _ Gas Withdrawal Rate 
Q vg + v m  Product Withdrawal Rate 

Using the approximation that the rate of monomer consump- 
tion is much greater than that of chain transfer to a hydro- 
gen, one may derive the mass balances shown in Table 1. 

Hutchinson and Ray [1990] studied the equilibrium mono- 
mer sorption to determine the local monomer concentration 
in the semicrystalline polymer shell that surrounds the cata- 
lyst surface. They showed that Stem's correlation fits experi- 
mental data very well for light hydrocarbons such as ethy- 
lene and propylene and deviates slightly for heavier hydro- 
carbons. In this work, Stem's correlation is used to calculate 
monomer concentration at the particle. 

[MI~ = k;, PM 

log(k~) = -5.38 + 1.08 (1) 

where k~ is Henry's constant. Though the concentration at the 
particle is numerically larger than that in the bulk due to unit 
change (g/cm3)---*(g/cm3par), it is assumed that hydrogen and 
cocatalyst concentration at the panicle are the same as those 
in the reactor, since the quantities of hydrogen and cocatalyst 
compared to monomer are small. 
2. Nonisothermal Systems 

Since the monomer vaporizes as it is injected into the re- 
actor, the energy balance for a gas phase CSBR on olefm po- 
lymerization is given by 

[VR(I- b')C M CpM +V R ~(I- ~)pp~ C~] d__T_T 
dt* 

= - (qM: + qR ) C ~  (T - T,~/) - (d/-Iv) (qM/+ qR ) 

+ C ~ ,  o~ (T R - T,~/)+ C~ ,  qM/(T~ - T,,/) 

- ( - a ~ )  r~, - ( c ~  - cpp) i f -  T,~:) rM (2) 

where ~ is thc rccyclc monomcr mass flow rate and C~ rc- 
presents the mass concentration of monomer in the reactor. 
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In this derivation, the terms containing the catalyst heat ca- 
pacity and the hydrogen concentration are neglected. Several 
constraints are required for safe operation of the reactor. The 
volume fraction S should be bounded, that is, less than one. 
Another important constraint comes from phase diagram, which 
indicates the state of the monomer. Since propylene must be 
vapor just after being injected into the reactor, there is an 
acceptable range of pressures at a given temperature. This 
will be discussed further in the next section. The monomer 
concentration at the particle is given by Stem's correlation 
involving monomer pressure, determined using the Redlich- 
Kwong equation of state in a given bulk monomer concen- 
tration. Since this bulk concentration, however, is calculat- 
ed by solving mass and energy balances, the governing equa- 
tions and the equation of state should be solved simulta- 
neously. 

Floyd et al. [1986a, b, 1987] studied the effect of heat and 
mass transfer resistance between bulk and particle on polym- 
erization behavior and polymer properties for polymeriza- 
tions of olefins on a heterogeneous catalyst. They found re- 
sistances are negligible except for a highly active and larger 
initial volume of catalyst. Hutchinson and Ray [1987] studi- 
ed the possibility of particle ignition and extinction pheno- 
mena for olefm polymerization on a heterogeneous catalyst. 
Overheating was observed at the start of the reaction for gas 
phase polymerization, when the polymer particle has a high 
volume to surface area ratio. They observed that as catalyst 
activity increases, the overheating problem becomes more se- 
vere. This result may be important during a start-up of the 
reactor or grade transition. In this study, it is presumed that 
there is no particle overheating. These governing equations 
may be made dimensionless using the dimensional variables 
and parameters defined in Table 2. Unlike conventional di- 
mensionless variables such as conversion in free-radical polym- 
erization, the monomer and the hydrogen mass concentra- 
tion are made dimensionless using a reference monomer and 
hydrogen density. In olefin polymerization, the polymer yield 
and catalyst residue in the polymer particle are much more 
important than the conventional term, conversion. 

TaMe 2. Dimensionless variables and parameters for olefin po- 
lymerization 

t '  V n P M I  
t= tR- tR-  q u ~  

X3= g X4=~ 

PMr 
A 1 - A 2 - 

Pm 

Pul B 1 - B 2 - 
RM, 

f _  % f _ _ _  
pc: vx 

N 

k;~MM.M 
] . 1 1 - - - -  

PHr 
Pmr 
PM1 
Pp~ 

Pttr VR kdu 

kdgPMr 
kdv Mwg 

Pu, 

c~ c .  
X l -  X2- 

PM, P.~ 
[c,,,l,, 

Xlp - 
PMr 

A 3 _  Pc[ O= VR 
ppo~ Q 

D,,p = t R kp [N~ 

= k, [COl 

~2 = kt~MRT / ~ -  

kdv M ~  
B PM~ MwM T v2 

M,M 114- A PM, knu 
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The kinetic data do depend on which catalyst is used and 
what is composition of a catalyst. The use of different co- 
catalysts in a given titanium compound gives rise to different 
propagation rate and activation energy [Choi and Ray, 1988]. 
The principal reason for improving catalyst performance is 
to increase polymer yield and to improve the polymer mor- 
phology. Consequently, only the propagation rate constant and 
its activation energy are experimentally measured for a new- 
ly developed catalyst. However, to operate the polymeriza- 
tion reactor optimally and safely, other reaction steps already 
discussed should be considered. Though no published paper 
contains all necessary kinetic data, the use of kinetic data on 
similar Ziegler-Natta catalysts selected from several sources in 
the open literature enables a quantitative study of reactor dy- 
namics. Physical properties and operating parameters are shown 
in Table 3. 

Choi and Ray [1988] modeled propylene polymerization 
over a conventional Ziegler-Natta catalyst in a CSBR. Their 
operating parameters are used in this work with minor mod- 
ification of some parameters, e.g., the reference pressures. Rin- 
con-Rubio et al. [1990] used a slurry lab-scale reactor to po- 
lymerize propylene with a highly active magnesium support- 
ed Ziegler-Natta catalyst. Their model included several deac- 
tivation rate constants, though useful or valid only for an iso- 
thermal system. There are no published kinetic data for the 
deactivation steps. Consequently, the values for the deactiva- 
tion rate constants used in this research are assumed constant 
for both the isothermal and nonisothermal model. If this as- 
sumption results in a significant difference between the pre- 
dicted and real PSD, as a consequence of the ignorance of 
the nonisothermal effect, these results may still offer some guid- 
ance to the study of reactor dynamics. This model may be 
reasonably extended to the solution of a real nonisothermal 
reactor, if sufficient kinetic data are available. Chen [1993] 

TaMe 3. Physical properties and operation parameters for ole- 
fin polymerization 

Parameter Value Reference 
pM, 0.093 ~cm ~) 
p~, 0.9103 (g/cm 3) Choi and Ray [1988] 
Pu, 0.4 (g/cm 3) Choi and Ray [1988] 
Pn~ 1.625x 10 -4 (g/cm 3) 
p~ 2.84 (g/cm 3) Chen [1993] 
Vo 6.545• 10 s (cm s) Chen [1993] 
VR 1.0• 106 (cm s) Choi and Ray [1988] 
[N']o 6.0x 10 -6 (mol/cm 3 cat) 
[COl 1.0• 10 -5 (mol/cm s) 
kp 3.948x 10  9 (crn3/mol hr) Rincon-Rubio et al. [1990] 
k, 7.094x 101~ (cm3/mol hr) Chen [1993] 
k,m 3.0525x t05 (crn~/mol 1'2 hr) Rincon-Rubio et al. [1990] 
kay 0.066 (//mol) Rincon-Rubio et al. [1990] 
k,~ 23.7 (cm3/mol hr) Rincon-Rubio et al. [1990] 
kan 4.773 (cm3a/molV2 hr) Rincon-Rubio et al. [1990] 
e 0.25 Choi and Ray [1988] 
Tr 300.15 (K) Choi and Ray [1988] 
T/ 328.15 (K) Choi and Ray [1988] 
PMr 22 (aim) 
P,, 2 (aim) Srinivasan et al. [1988] 
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Table 4. Chain transfer rate constants and the ratio of  chain transfer constant to propagation rate constant 
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ktrH 
( cmY 2 ] Reaction Catalyst 

mo~T-hr temperature 

Yuan et al. [1982] 2.95 • 1013 A 
Bosworth [1983] 1.138• 106 Supported catalyst 
Rincon-Rubio et al. [1990] 3.0525 • 105 70 ~ B 
Sarkar and Gupta [1992, 1993] 6.69• 10 ~ 70~ A 
Choi [1984] 2.41• 109 87~ t$ TiCh type 
Kuo [1985] 1.59x 104 50~ C 
Galvan [1986] 3.60x 106 TiCI~VIgCI2 type 
where A: t5 TiC13/AICIgTEA, B: TiCI~VIgCIz/TEA/DMS, C: TiCI,/MgCI2/EB/PC/DMS 

*This value is a pre-exponential factor (Activation Energy = 12 kcal/mol) 

k~ 
k,, 

2.24 x 102 
6.33x 10 -4 
0.77x 10 4 
3.72• 10 -4 

1.1 x 104 
0.59x 10 -4 

1.Ox 10 -4 

Table  5. The general solution of  a reaction system for an iso- 
thermal olefin polymerization 

X1= 
tRe 

0 

X2E 0 Xff2 YH ( A AlXlp 1 e )  f . -  + 3 f ~ - - - ~ -  =0 

x~- 
Do, x,,  Tf dv 

[N]~ 
A3 f~ 

X4 - (1 - e)/0 

measured the kinetics of propylene polymerization in a gas 
phase lab-scale reactor with magnesium chloride-supported 
Ziegler-Natta catalyst similar to Rincon-Rubio et al. [1990]. 
These data are used in our nonisothermal model, since it re- 
quires activation energy data. No one, however, has meas- 
ured the activation energy for chain transfer to hydrogen, k,,. 
Although the amount of hydrogen injected to the reactor is 
small and the main purpose of hydrogen is molecular weight 
control, the rate change of the hydrogen concentration in the 
reactor is important because of the hydrogen-assisted deacti- 
vation at the particle. An estimate of the rate constant and 
activation energy for k,ff was obtained from the ratio, k~,/k,, 
calculated from several experimental data (Table 4). Most val- 
ues of the ratio are near 10- and it is used in this study. 
From kp and activation energy for propagation [Chen, 1993] 
and the transfer ratio, the chain transfer rate constant for a 
nonisothermai system was estimated. 

Algebraic manipulation of the governing equations for the 
isothermal system leads to the solution given in Table 5. The 
principal parameter o f  the olefin polymerization model is not 
the residence time of monomer but the catalyst injection rate. 
Since mass and heat transfer resistances are negligible and bed 
height is a variable, the governing equations can be combin- 
ed. Inserting the total PSD function derived in Kim et al. 
[1997] into the solution, the reactor dynamics and the effect 
of PSD can be recovered for each given reaction mechanism. 

Table 6. The general solution of  a nonisothermal reactor sys- 
tem for olefin polymerization 

tRe 
0 

+ 3fc -- =0 
0 A 1 Xlp 

x_~= 
D. e Xl p f~ Tf dv 

[N]o 
A3 f~ 

X 4 - - -  
(1 - e)/O 

L r - tR A3 [BHR + (A4 - 1)] f~ 
B1 A1 

X 5 - 

+fR tR(1 -A4XI-E) ]  + tR A3(1 -A4) 
B l A 1 0 ] B 1 A 1 

Lf =(1 + fR)(1 - aHv) + As[fR(XsR - 1) + (XsI - 1)] 

tR Bn~0-e)  tR(1-A~XI-e) + 
B 1 A 1 0 B 1 A 1 0 

The solution form of a nonisothermal system is shown in Table 
6. Note that catalyst ignition and extinction phenomena are as- 
sumed to be negligible and the mixing of  particles is ideal. 

FEASIBLE REGIONS CONSTRAINTS 

There are several physical constraints for feasible polymer 
reactor operation. These are derived from dimensionless vari- 
ables and thermodynamics. Since the definition of bed height 
is the ratio of polymer particle volume to reactor volume, this 
dimensionless variable has a range between zero and one. For 
simplicity, the derivation presented is confined to the simple 
reaction mechanism model. Inserting the total PSD function 
into the model solution of X3, the following constraints are 
derived. 

ForX3 >_ 0 , 0 <  1 - e  
A3f~ 

Korean J. Chem. Eng.(Vol. 15, No. 2) 



168 J.Y. Kim et al. 

For X3 < 1, O > 1 - e  (3) 
-- -- A 1 D.p f~ ft 

A3~c + 

The dirnensionle~s monomer concentration, Xt, should be great- 
er than zero, for the monomer is not completely depleted 
during polymerization. 

For X~ _>_ 0, O > 1 - e (4) 
A~ B~ 

A3 f~ + tr 

For the calculation of the monomer concentration at the par- 
ticle, the Redlich-Kwong (RK) equation of state is used. X]e, 
which is the ratio of monomer concentration at the particle 
to the reference concentration, should be greater than zero. 
The dimensionless RK equation can be expressed by 

/h 1 (5a) 
Xxv - 1 

The denominator of the attraction term of the RK equation has 
to be greater than zero to avoid a negative pressure. 

ForX~ <__ 1 _ , O _ <  (5b) 
/'/3 tR A3 fc 

B] + - - -  
A~ 

Since propylene injected into the reactor absorbs heat of po- 
lymerization and vaporizes, there is no condensation of mon- 
omer. The propylene pressure, therefore, must be less than 
the vapor pressure, P~. 

( T4/ tn l - e +  
A~ 

F o r P u ~  P ~ , O <  
tr A3f~ 

B~ + - -  
A] 

( 6 )  

These five constraints define a feasible region of reactor op- 
eration with constant withdrawal rate. If the bed height is con- 
trolled and fixed, i.e., the volumetric withdrawal rate is not 
fixed, these constraints may not be valid. Bed height, how- 
ever, is much more difficult to control than the withdrawal 
rate, since the withdrawal rate must vary in order to control 
bed height. The consequence may be an irregular production 
of polymer. 

RESULTS AND DISCUSSION 

1. Feasible Operating Regions 
The constraints developed above define the feasible region 

within which the polymerization reactor may be operated. Fig. 
3 shows the five restrictions and that the dimensionless with- 
drawal rate must decrease with increasing catalyst injection 
rate (for the simple reaction mechanism model with t~=l hr). 
The feasible operating range lies in the bounded region be- 
tween the line, X3 _> 0 and the constraint, X3 _ 1. More se- 
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Fig. 3. Feasible operating regions for a simple reaction model 

vere restrictions, however, lie within the bounded region. The 
expanded diagram in Fig. 3 shows the more restrictive oper- 
ability region surrounded by XI _> 0 and PR < PR'. A plot of 
volumetric withdrawal rate versus catalyst injection rate (Fig. 
3) is drawn for the simple reaction mechanism model with 1 
hour monomer residence time. The catalyst residue in poly- 
mer particles increases with increasing catalyst injection rate. 
A significant catalyst residue may result in undesirable prod- 
ucts. Therefore, it must be as low as possible. The feasible 
region of operation may be confined to a volumelrie withdraw- 
al rate between 0.575 and 0.585 (m3/hr). 

M a ~ h , l ~ 8  
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2. Simple Reaction Mechanism 
Fig. 4 shows steady state profiles of monomer concentra- 

tion, hydrogen concentration, bed height, catalyst residue and 
monomer pressure for 1 hour monomer residence time. Note 
that monomer and hydrogen concentrations increase with an 
increase in catalyst injection rate, which means that less mon- 
omer and hydrogen are consumed by a greater catalyst in- 
jection. This is due to the fixed polymer withdrawal rate. The 
general solution of the isothermal system shown in Table 5 
leads to this conclusion. Since 0 and t, are fixed and B1 is a 
given feed concentration of monomer, the monomer bulk 
concentration is proportional to the catalyst injection rate. If 
the catalyst feed increases, the bed height described in Eq. 
(6) decreases. 

x~ - = 0 (7) 
DapXl.["  i f  dV DapXl.["  i f  dV 

"Jr.  [N]o ".~v. [N]o 

If f~---' 0 
larger amount of Xl in the reactor 
X] is withdrawn (for 0 fixed) and X3 is larger. 

If f --, oo, 
larger amount of f~ in the reactor 

f~ is withdrawn (for 0 fLxed) and X3 is smaller. 

The catalyst residue and monomer concentration also in- 
crease with catalyst injection rate. The increase in mean num- 
ber volume and diameter with increasing catalyst injection can 
be explained by showing that the average volume growth de- 
pends on the propagation step and that mean volume is lin- 
early proportional to the monomer concentration at the par- 
ticle, X~p. Since monomer pressure is related to X ,  by Stem's 
correlation and the pressure increases with catalyst injection 
rate, the mean volume and diameter are greater for a larger 
catalyst injection rate. In Fig. 5 is shown the change of po- 
lymer yield with cataly.st injection rate. The reason that po- 
lymer yield decreases with higher catalyst injection rate can 
be understood by Eq. (6). For larger catalyst concentration 
in the reactor at a fixed volumetric withdrawal rate, much 
more catalyst is withdrawn. At a low monomer concentration, 
the propagation reaction rate will be smaller than at a higher 
monomer concentration, or correspondingly, a smaller cata- 
lyst injection rate. Choi and Ray [1985] summarized polymer 
yields for different catalyst systems. Most reported data are 
observed not in commercial scale continuous reactors but in 
lab-scale batch reactors. Recently developed new generation 
catalysts have yields greater than 4000 (g polymer/g catalyst) 
in lab-scale reactors. Yields of 1200-2000 (g polymer/g cata- 
lyst), however, may be reasonable for most catalysts in com- 
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Fig. 4. Steady state profiles for a simple reaction mechanism with 1 hr monomer residence time. 
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Fig. 5. Polymer yield with catalyst i~eetion rate fur a simple 
reaction mechanism. 

mercial scale reactors. 
The effect of catalyst injection rate on total particle size 

distribution is shown in Fig. 6. When the catalyst injection 
rate, q4, increases, as expected, more particles are made and 
the total PSD becomes much broader. The peak of each PSD 
slightly shifts to a larger size for an increase in q,r Since the 
reactor is assumed to be well-stirred, the shape of the total 
PSD resembles that of the residence time distribution, an ex- 
ponential decay. However, the curves describing a normaliz- 
ed distribution (the total PSD divided by qr plotted in Fig. 
7, do not superpose. The PSD curve depends not only on 
the residence time distribution, but also on the reaction. We 
can see the PSD is a function of average number of active 
sites which depends on the reaction mechanism and the resi- 
dence time distribution. The cumulative PSD is drawn in 
Fig. 7. The slope of the cumulative curve is steep for higher 
q,r. Tait [1989] plotted the cumulative distribution using ex- 
perimental data and showed that a mean value of the diame- 
ter is approximately 0.1 cm. A mean diameter of the particle 
of around 0.1 cm was also reported by Karol [1984]. The cu- 
mulative PSD calculated in this model also shows that a mean 
diameter of the particle is about 0.1 cm. The average number 
of active sites, the ratio of initiation step to deactivation step, 
is inversely proportional to the monomer concentration. There- 
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Fig. 6. The Effect of catalyst i~ection rate on particle size 
distribut~n for a simple reaction mechanism. 
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fore, it decreases for higher catalyst injection rate, as seen in 
Fig.& 

In order to check the stability of a steady state solution, 
the eigenvalues of the governing equations for an isothermal 
system are analyzed. One of the four eigenvalues is positive 
in a feasible operating region, that is, 300-700 g/hr catalyst 
injection rate. That steady state is unstable. Without the help 
of a controller, stable reactor operation is impossible. PID 
control or nonlinear model predictive control may be useful 
to control the reactor [Bequette, 1991]. The effect of reactor 
temperature on the behavior of steady state will be described 
in a later section. 
3. Active Site Reduction Mechanism 

Kuo [1985] found that the termination of active sites fol- 
lows second order kinetics at higher and lower aluminum/ti- 
tanium ratios in their high-mileage Ziegler-Natta catalyst. 
The following expression of termination rate constant was ob- 
tained using their data. 

/ - R ~ /  ( 1 / (7) k r = 1.429 x 105 exp 

This value, however, appears unreasonable, given the perfor- 
mance of a commercial reactor at a reasonable reaction tem- 
perature, T=343.15 K. Given these data, we cannot operate 
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Fig. 8. Mean particle volume and diameter and average num- 
ber of  active sites for a s ~ p l e  reaet~n mechanism. 

the reactor below a 3 kg/hr catalyst injection rate, and the 
polymer yield is too low. To understand the effect of an ac- 
tive site reduction mechanism on the reactor dynamics, the 
value of termination rate constant is assumed to be 3.36• 
105 (cm3/mol hr). Note that from the governing equations of  
this model, the solution does depend strongly on the value of 
kr. Combining the solution form with particle size distribu- 
tion function, the following relation can be derived. 

f~ 

or 

| 

O? - - - -  

0 

Fig. 9. Bed height vs. catalyst injection rate for active site re- 
duction mechanism. 

(8) 

2t. .,~/2~(1+~___.O0 +1 
0Xlp A1 ' ~  Dan ~ ft 

where y, - k,/kp 

Since monomer and hydrogen concentrations are not affect- 
ed by kr, the trends with catalyst injection rate are the same 
as those of simple model case. Bed height, however, changes 
dramatically when compared to simple reaction model. The 
bed height is always lower than 0.2 for all catalyst injection 
rate as shown in Fig. 9. Lower bed height shows that total 
particle volume is small. From Eq. (8) we can see that X3 is 
strongly sensitive to ~ with fixed tR and 0 for a given f~. For 
a larger ~, bed height becomes higher and conversely, bed 
height is lower for a small ~. 

The total particle size distribution and cumulative PSD are 
depicted in Kim et al. [1997]. Note that the peak maximum 
is lower than that in a simple model for all given q,r values 
and the distribution is broader. Since the termination reaction 
occurs between two growing polymers in the particles [Kuo, 
1985], the sizes of the particles differ, each having a different 
growth path. The average number of active sites does not 
change with catalyst injection rate. These depend on not only 
particle volume, but also the termination rate constant. In con- 
trast to a simple model case where the average number of 
active sites is constant, the average number of active sites in 
this model is proportional to the square root of the particle 
volume. This is a consequence of the termination step. Min 
[1976] and Rawlings [1985], studying emulsion polymeriza- 
tion, showed that the average number of radicals in the par- 
ticles can be obtained from the Stockmayer-Oq'oole equation, 
which consists of the termination mechanism and radical en- 
try into the particle and radical exit from the particle. Unlike 
the radical transfer step in emulsion polymerization, all active 
sites remain in the particle, and the total number of  sites in- 
volving potential and dead sites is conserved in olefin polym- 
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Fig.lO. Mean particle volume and diameter for active site re- 
duction mechanism. 

efization. Mean number volume and diameter are drawn in 
Fig. 10. These values are surprisingly large and unrealistic for 
current catalyst systems. Since Kuo [1985] used a lab-scale 
batch reactor to polymerize propylene over high-mileage Zie- 
gler-Natta catalyst, this termination kinetic data may not be 
entirely relevant for commercial scale reactors. Although the 
results shown in this model are not appropriate for a com- 
mercial process, we may still use this model to understand 
whether newly made or improved catalysts have the termina- 
tion mechanism. Rincon-Rubio et al. [1990] modeled active 
site transformation as a first order mechanism for their batch 
slurry system. Since its transformation of active sites is very 
similar to an unassisted deactivation mechanism, we could in- 
clude it as an extension of a simple model readily if it were 
important for a specific catalyst. 
4. Nonisothermal System 

In the study of  the thermal effects on the reactor dynamics 
and particle size distribution, a simple reaction mechanism with 
a single type active site is used. The additional dimensionless 
groups are defined in Table 7. The general solution of a non- 
isothermal system is given in Table 6. Note that the Henry's 
constant is also a function of temperature and expressed as 
follows: 

- (9) 

A classical van Heerden analysis, a comparison of the heat 

Table 7. Additional dimensionless groups for a nonisothermal 
reactor  system 

T o~ T a 
X5-  Trey fR -- qMf NSR -- Tre f 

C~,M1 Tf~ A~- C~,r A5- XsR- 
CpM C ~  T,~f 

BH R _ (-AHr.,) BH~-  (AH.) Ta = Tcr  
Ct,t, r Tr. / C~, M Tre f Trey 

generation and removal terms, affords a check of the stabil- 
ity of steady state solutions. Heat generation (HG) contains 
the reaction terms which generate heat of reaction. Heat remov- 
al (HR) is effected by the convection of monomer (recycled 
and fresh) and the vaporization of liquid monomer feed. 

HG = (-z3I-~)r M + ( C ~  - Cpm~) r ~ 

HR=-CpM, ~ ( T  R - T r e f ) -  C ~ l  qM/ (T/M-Tre/) 

+(qut  + qa) Cpu(T-  Tr~f) + (AH'~) (qMf +qs)  (10) 

The general solution form of X5 in Table 5 can be written as 

Z 1 - - Z 2 f r  

xs= ~ +z4 f~ 

i .  v 
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Fig. l l .  Heat removal and generation curves with changing 
catalyst injection rate. 
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equations for a nonisothermal reactor system. 

The derivative of X~ with respect to f~ is negative, that is, 
dXddf~ < 0 only if Z-~2 + Z l ~  > 0. Since Z3Z2 + ZIZ4 :# 0 for 
the data used in this work, there are no multiple steady state 
solutions. This unique steady state solution is seen in the plot 
of  heat generation and removal terms as a function of  cat- 
alyst injection rate (van Heerden plot). Fig. 11 shows the uni- 
que and unstable steady state which violates the Ads crite- 
rion [Ads, 1958] over the temperature range of interest. The 
eigenvalues are depicted in Fig. 12. For catalyst injection 
rate in the range of 500 to 100 (g/hr), three out of five ei- 
genvalues are positive and, therefore, the steady state is un- 
stable. Choi and Ray [1988] showed that one of the eigen- 
values for their equations is positive and concluded that the 
unique steady state solution is unstable. They assumed a uni- 
form particle size distribution and the Ideal Gas law for 
monomer. Consequently, eigenvalues of their model are not 
the same in this work. They observed a pseudo-stable region 
where the system exhibits only  weak instability, since only 
one eigenvalue is positive and very small in the region. How- 
ever, we find three positive eigenvalues that are not small. 
We conclude that there is only one unstable steady state in 
a nonisothermal continuous stirred-bed reactor for the polym- 
erization of  propylene over a Ziegler-Natta catalyst contain- 

! 
_t 

CATRL~4T M4  ECT~  RATE ~ 

Fig. 13. Temperature variations with changing catalyst injec- 
tion rate. 

ing one type of active site. 
The monomer concentration profile in the bulk is not af- 

fected by the temperature variation during polymerization. From 
the general solution, we note that X~ only depends on f~ for a 
fixed O. The hydrogen concentration and bed height are chang- 
ed slightly in comparison with an isothermal system. Note 
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for isothermal and nonisothermal systems were developed,  
setting the volumetric  withdrawal rate as fixed. Our obser- 
vations were: 

1. Bed height and particle volume are affected by the PSD 
whose form depends on the reaction mechanism. 

2. The feasible region for the reactor operation was calcu- 
lated using physical  constraints. It shows the regions of oper- 
ability and of avoiding to operate the reactor. 

3. The temperature change in the reactor with increasing cat- 
alyst injection rate was observed to be minimal. 

4. There is only one unstable steady state solution in a pro- 
pylene polymerization reactor. 

T E M P E R A T U R E  E F F E C T  

,o :-I | 

V 1~1D31 x l . 0E3  

Fig. 14. Number average particle volume and total particle 
size distribution for a nonk~thermal reaction. 

that bed height is strongly dependent on the particle size dis- 
tribution, determined by reaction mechanism. The dearth of ki- 
netic data for deactivation forces us to assume that deactiva- 
t ion rates do not change appreciably with temperature. This 
assumption is acceptable, however,  because the temperature 
variation with changing catalyst injection rate is small as shown 
in Fig. 13. The temperature difference at the operating region 
of  interest is only 2 ~ Mean volume and the total PSD are 
drawn in Fig. 14. The mean number  volume of particles in 
this nonisothermal case is smaller than that in an isothermal 
case, because the value of  propagation rate constant is differ- 
ent. Note that <V> depends mainly on propagation reaction 
term and on the initial catalyst  volume. In the isothermal 
case, we used the propagation rate constant in Rincon-Ru- 
bio  et al. [1990]. On the other hand, Chen's datum [1993] is 
used in the nonisothermal case, since it contains an activa- 
tion energy for the propagation step. The total PSD becomes 
much narrower and depends not only on the reaction mech- 
anism but also the residence time distribution. 

C O N C L U S I O N  

Mass  and energy balances were derived for a gas-phase 
polymerizat ion of propylene in a continuous stirred-bed reac- 
tor. The Redl ich-Kwong equation was used to calculate mon- 
omer  pressure at a given concentration. The general solutions 

For  the first time, a PSD for propylene polymerizat ion in 
a continuous stirred-bed reactor was derived by using reac- 
tion mechanisms. The reactor dynamics studied here will help 
to establish better operating conditions for increasing productiv- 
ity and improving polymer properties. 

N O M E N C L A T U R E  

BH : heat generation parameter 
C, : concentration of species i 
CO : cocatalyst concentration 
Cp, : heat capacity of species i 
CpM1 : heat capacity of liquid propylene 
D,~ : Damk6hler number, i=d, p, t 
E~ : activation energy of species i 
F : total particle size distribution [mol/cm 3] 
F~ : molar flow rate of species i 
f (3/, t) dV : total particle size distribution function in a volume 

V to V+dV at time t 
H2 : hydrogen concentration 
HG : heat generation 
HR : heat removal 
(-AI-I,) : heat of reaction 
AHv : heat of vaporization 
7 
i : average number of active sites 
J : Jacobian of a matrix 
k~ : Henry's constant 
kp : rate constant for propagation 
k,,n : rate constant for chain transfer to hydrogen 
M : monomer concentration 
MwM : molecular weight of monomer 
N : potential sites 
Na : Avogadro's  number 
P : pressure 
PM : monomer pressure 
Q : volumetric withdrawal rate 
q,r : catalyst injection rate 
q, : recycle rate 
R : gas constant 
rM : rate of monomer consumption 
rp : polymer mass growth rate 
r,,u : rate of hydrogen chain transfer 
rv : rate of particle growth [cm3/hr] 
T : reaction temperature 

M a ~ h , l ~ 8  
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T, : time 
V : particle volume 
VR : reactor volume for olefin polymerization 

Greek Letters 
t5 : fractional volume of stirred-bed 
e : ratio of gas withdrawal rate to product withdrawal rate 
r162 : catalyst residue 
Pc1 : catalyst density 
Pi : density of species i 
Pt~, : particle density 
0 : residence time 
r : dimensionless time 

Subscripts 
c : catalyst 
f : feed 
H : hydrogen 
M, m : monomer 
o : initial 
p : particle 
R : recycle 

Superscript 
* : initial condition 
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