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Abstract—The aim of the present work is the development of a practical model for an industrial high-pressure poly-
ethylene plant. The reactor considered in this work is the adiabatic slim type autoclave with four zones for free rad-
ical polymerization of ethylene. A fairly comprehensive but realistic model is described that has the ability to pre-
dict the ternperature at each reaction zone as well as the effects of initiator flow changes. From the stability analysis
we could identify the range of operating conditions which can effectively be used to prevent decomposition pheno-
mena (runaway reactions) and to maximize polymer conversion in LDPE autoclaves.
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INTRODUCTION

Free radical polymenzation of ethylene at high pressure has
been used in the polymer industry for years to produce low-den-
sity polyethylene (LDPE). Although transition metal-catalyzed
low-pressure ethylene polymenzation processes {gas-phase and
slurry-phase Ziegler-Natta processes) have gained popularity in
the polyolefin industry in recent years, a significant amount of low-
density polyethylene is still manufactured world-wide by high-pres-
ssure free radical polymerization processes. Moreover, some ap-
phications of high-activity transition metal catalysts to high-pres-
sure reactor systems and the use of conventional high-pressure
polyethylene reactors to produce copolymers have recently been
reported and we can see that high-pressure polymenzation tech-
nology will likely remain quite competitive in the future.

High-pressure polyethylene processes are charactenized by high
reaction temperature (150-300 °C) and pressure (1,000-3,000 atm).
Two types of processes are commonly used: a tubular process
using a very long, small-diameter tubular reactor and an autoclave
process using a well-stirred tank reactor. It is well known that
polyethylene products manufactured by these processes differ in
their molecular architecture and in their end use properties. The
two processes enjoy equal popularity in industrial practice. De-
composition reactions oceur less frequently in tubular processes
due to a higher cooling surface area than in the autoclave reactor.

Since decomposition reactions occur over a very small time in-
terval [Huffman et al., 1974] there is no practical way to control
the high temperature and pressure in the reactor once the decom-
position reactions have started. Thus, it is common for LDPH re-
actors to be equipped with relief valves that open at a specified
upper pressure limit

Many results can be found on modeling LDPE autoclave and
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tubular reactors [ Agrawal and Han, 1975, Ahn et al., 1985; Bran-
dolinet al, 1988; Chanetal, 1993; Chenet al., 1976, Feucht et al,
1985; Goto et al., 1981; Han and Liu, 1977, Hollar and Ehrlich,
1983; Marini and Georgakis, 1984; Mavridis and Kiparissides,
1985; Shirodkar and Tsien, 1986; Yoon and Rhee, 1985; Zabisky
etal, 1992]. But most of these results deal with only polymeri-
zation and polymer molecular structure due to the lack of a funda-
mental understanding of the decomposition reactions. Descrip-
tions of typical decomposition phenomena can be found elsewhere
[Zhang et al., 1996]. The purpose of the present study is to iden-
tify the range of operating conditions to prevent decomposition
reactions based on the plant model. We developed a steady-state
model of an actual autoclave reactor based on combined polym-
enzation [Ham and Rhee, 1996; Lee et al., 1999] on the assump-
tion of perfect mixing. Decomposition phenomena due to excess
mitiator flow, excess monomer flow and excess mitiator concen-
tration were also investigated.

POLYMERIZATION KINETICS

A determinstic description of the free radical polymerization
reaction mechanism is well established [Ehrlich and Mortimen,
1971] and is summarized in Table 1. This reaction scheme can be
extended by including various cham-transfer reactions to account
for branching reactions that affect many important polymer prop-
erties. The primary objective of the present work is to analyze
overall reactor behaviors and to evaluate effects of key vanables
(initiator flow, monomer flow and initiator concentration) to iden-
tify operating conditions causing decomposition phenomena.

Ethylene and polyethylene may exist as a single phase or two
phases at normal operating temperature and pressure. In case of
two phases, the frequency of long-chain branching decreases on
account of diminution of transferring property of polymer-chain
[Solvik and Kinch, 1983]. To consider this trend, we used a kine-
tic constant with long chain branching functional relation of given
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Table 1. Free radical polymerization mechanism

I,—%>2¢
0+M—=>R,
R+M s R,
RAM 25 R,
RAR, %>R,
R;+R, —“> P+ P,
R,+M fus P 4P,
R+P, 2 5P +R,
R, —> R,

Initiation
Propagation

Termination by combination
Termination by disproportionation
Chain transfer to monomer

Chain transfer to polymer

Back biting

temperature and pressure.

The symbols I, 0, M, R, and P, represent the initiator, free rad-
ical, monomer, living polymer, and dead polymer, respectively.
The reaction constants except k,, are assumed to be independent
of the chain length j and hence can be determined at any temper-
ature and pressure by the Arrhenius relation. The rate constant for
the chain transfer to the polymer is considered to take the form
of jk, [Ham et al., 1996].

KINETICS OF DECOMPOSITION

The rapid decomposition of ethylene brings about runaway phe-
nomena. Many researchers attempted to identify decomposition
kinetics and kinetic rate constants [Hucknall, 1985; Miller, 1969,
Tarzawa and Gardiner 1980]. So far reliable results on the decom-
position kinetics have not yet been presented. Zhang et al. [1996]
analyzed the runaway phenomena based on Watanabe's mecha-
nism kinetics based on the scheme originally proposed by Wata-
nabe et al. [1972] as shown in Table 2. Simplified expressions for
the decomposition elements can be given by

%:ka[cim]z% %[Mlz M
AL IMIICH, 1k [C.H, J(CH, 1= 5‘*1%/% Jur @
%:kg[l\/l][cgm-]+1<7[CH3-]2:§1<1[1V1]2 @
%:kg[czm][cm]+kg[CzHa']2:kl[M]2 e

With the simplified decomposition scheme, there are only two
independent rate constants that need to be determined: k, and
kX" They can be determined from two pieces of information:

Table 2. Ethylene decomposition mechanism

20H, 2> CHy +CHs
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CHy £ C+CH5
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CH, +CHy 53 CH,
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Fig. 1. Schematic diagram of reactor.

the crossing temperature of the decomposition reaction rate with
the polymerization rate and the decomposition products distribu-
tion at a specified temperature [Zhang et al., 1996].

MASS AND ENERGY BALANCES

The industrial reactor being modeled is an adiabatic slim-type
autoclave reactor with four reaction zones as shown in Fig. 1. We
divided the first zone into three cells, since its volume 1s much
larger than that of the other zones and monomers are fed into three
different locations in the zone. Certain degree of back flow 1s as-
sumed to incorporate mixing effects. Operational data on volumes
and temperatures at each reaction zone and inlet streams used in
the simulations are shown in Tables 3 and 4.

1. Mass Balance
The mass balances can be written as
dC,
EE:Qmpurcmpuu7Q0utpurcjf+vfrq, (5)
i=LM,G,G,G", F,F F",C,CH,,C;H,, CoH,
i=zonel a,1b,1¢,2,3,4

The first subscripts n C, represent the quantities n the order of
LM, G, G, G" F, F', F", and decomposition products (C, CH,,
C,H,, C,H,). T and M are the concentrations of initiator and mo-
nomer, G and F are the total concentrations of living and dead
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Table 3. Inlet streams to reactor
Zone Feed property VOIS,EZISOW Co?gitffg on Fe(iiiglp' Remarks
Zone 1 Zone 1-a Qi Monomer T17 15.27 35/308
Qa Monomer 717 15.27 35/308
Qaia Initiator A 600 1.84x107 35/308
Zone 1-b im Monomer 717 15.27 30/303
Qa Initiator A 189.42 1.83x10? 30/303
Zone 1-¢ Qi Monomer 717 15.27 30/303
Qi Initiator A 134.4 1.83x10? 30/303
Zone 2 gs cat-solvent 40/313 not concerned
Zone 3 Qsiz Initiator B 105 5.4%107 40/313
Zone 4 Gz Initiator B 10.5 5.4x10° 40/313
Table 4. Reactor volume and temperature (pressure P=1,335 Table 6. Kinetic constants
atm) . k, E, v
Reactor Volume Temperature (steady-state) Reaction o olsyors™] [oal/mel] [cal atmmol)]
Zone  Symbol Value (litter) — Symbel Value (k) Polymeri- Ak, 1.309%10" 33872
la v, 220 T, 498 zation Bk, 1.396+10% 30103
1-b Vi 220 Ty 493 k, 4.16%10° 6477-0.56P
l-c Vi, 440 T, 493 k. 3%10° 3950
2 v, 220 T, 498 ky 3#10° 3950
3 A 220 T, 533 k,, 1.9%10° 11778-0.48P
4 v, 310 T, 568 k, 3%10° 9375-0.48P
Decompo- k, 4.003%10% 65000 ~0.1937
Table 5. The expressions for r, siion  kgk ™ 1.587%10% 65000 0.32185
AH,, 21400 cal/mol

=Lk,

r,~—2fk ] -k MG—k,, MG

re=21k,1 7(kxc+kzd)G2

r=2fk ]+ MG (k, k)G G+, M(G— G+, (GF"—G'F")

T =20k Ik M(2G+G )~ (k, + K, )G Gk, M(G—G")
+k,(GF"—G'F")

ek Gk /20 1k, MG

rp=(k, k)G G+, MG +k, (G'F — GF")

=k GG k(GGG kMG +k, (G"F—GF™")

polymers, and the prime and double prime are the concentrations
of first and second moments, respectively. The second subscript
1indicates the cell number. The rate of backflow between the zones
1s specified by companng the simulation results with the plant
data. The expressions for r,, are given in Table 5. In the simula-
tions pseudo steady-state was assumed and the closure technique
of Hulbert and Katz [1964] was used to obtain F".

The initiators being used in the plant and considered in the pre-
sent study are di-t-buty! peroxide (initiator type A) and t-butyl-
peroxy 2-ethyl-bexapoate (initiator type B). The parameters for the
reaction rate constants are taken from elsewhere [Ham and Rhee,
1996] with hittle adjustments and summanzed in Table 6. The in-
itiator decomposition efficiency f is 0.3 for initiator type A and
0.2 for imitiator type B.

2. Energy Balance

Density for the single-phase reaction mixture can be given by

[Benzler and Koch, 1955]

AHeom, 30200 cal/mol

*k=kyexp[-(E/RT)]: Arthenius equation used for polymerization
*k=kyexp[—(E+V,PYRT]: Arrhenius equation used for decompo-
sition

1000

P 1
335.810gm(w)10gm(f)

Heat capacity (c,) is assumed to be constant as 0.583 cal/g-k
[Michels and DeGroot, 1946]. Energy balance at each zone is
given by

p=199585-601 .2logm(L)+ 593.310gm(%)

(6)

dT,
picp VIE = picp [QmputTmpur*QourpurTf]

+ Vi [rpl(7 AHpoiy )Jr rdl(7 AHdemmp)]+ ViPi (7)

(i=zone la, 1b, 1¢, 2,3, 4)

where T denotes the reaction temperature, 1, is the polymerization
rate, 1, is the decomposition rate and P. represents the rate of heat
generation per unit volume by agitation. P, can be obtained from

(8)

where p, 1L d, and £, represent the density, the agitation speed, the
impeller diameter and the viscosity correction factor, respectively.
With an agitation speed of 720 rpm the value of P, remains con-
stant at 15.02 cal/s-L.

P=137f,pn’d’
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RESULTS AND DISCUSSION

Continuation analysis of the reactor offers important informa-
tion regarding possible steady states and their stability. Many re-
sults were published on continuation analysis of the LDPE auto-
clave [Gardner 1975; Hoftyzer and Zwietering, 1961]. However,
all of those results considered only polymerization mechanisms
in their models, which significantly limited the predictive power
of their reaction models. In this study, we put emphasis on sug-
gesting operation limits for three variables (initiator flow rate, mo-
nomer flow rate and initiator concentration in feed) to prevent
runaway phenomena based on the model including both polym-
erization and decomposition kinetics. The steady-state model of
the actual reactor was developed first and continuation analyses
were performed on the three variables mentioned above.

Fig. 2 shows the results of simulations and plant data on ordi-
nay operating conditions. A little discrepancy can be seen between
simulation results and plant data, but the model shows a chang-
ing trend similar to that observed in the plant.

1. Effects of Initiator Flow Rates

Initiators are injected to the reactor through five stream lines:
ot Qs Qs Geca 8N ra. The locations of each stream line are
as shown in Fig. 1. Figs. 3 and 4 show the effects of mitiator flow
on the conversion and temperature. Effects of variations of g4
are shown in Fig. 3, and those of qq, in Fig. 4, respectively. Ef-
fects of ¢y and gy show similar behavior to ¢, and ggy, respec-
tively. Onset of decomposition is characterized by sharp decrease
of polymerization extent and reaction temperature (Fig. 3). But
increase of qu;, rate does not cause decomposition as cen be seen
in Fig. 4. Figs. 3 and 4 clearly show the permissible operating
range of initiator flow rates in order to prevent decomposition
reactions.

2. Effects of Monomer Flow Rates

Monomers are fed into the zone 1-a, 1-b and 1-c as shown in
Fig. 1. Effects of variations of each monomer stream cp,, and qq,,
are shown in Figs. 5 and 6. Variations in q,, and g, show similar
behavior. In fact, the reaction temperature can be lowered by de-
creasing flow rates of q,, and s, In contrast to qy,, and g, vari-
ations of ¢, and ¢, show quite different characteristics from q,,
and q,, as can be seen in Fig. 6. From this fact we can see that
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polymenzation mainly occurs in reaction zone 1-a and g,, and q,,,
can be effectively used to control the reaction temperature. The
threshold in the monomer flow rates which causes decomposi-
tion reactions can easily be identified from Figs. 5 and 6.
3. Effects of Initiator Concentrations

Figs. 7 and 8 show the effects of vanations n mitiator concen-
trations on conversion and temperature. As can be seen in Fig. 7,
increase of concentrations of g, and g, causes decrease in con-
version and temperature and does not cause decomposition reac-
tions. But certain values of q,,, and g,,, concentrations cause de-
composition phenomena. Effects of variations in g, concentra-
tion show similar behavior with those of g, Unconditional in-
crease of initiator concentrations may deteriorate the polymeri-
zation process as can be seen in Figs. 7 and 8.

CONCLUSIONS

A practical model for an industrial high-pressure polyethylene
plant was developed. The slim type autoclave reactor was divid-
ed into four reaction zones and combined polymerization was
employed in the modeling, In order to identify permissible oper-
ating range to prevent decomposition reactions, effects of vana-
tions in the initiator and monomer flows were examined. From
the simulations we could easily identify the threshold of runaway
phenomena. Results of the present study can be effectively used
in the operation to increase conversion while avoiding decompo-
sition reactions.

Korean J. Chem. Eng(Vol. 17, No. 2)
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NOMENCLATURE

@]

- concentration of species j in the inlet volumetric flow
rate [mol/]

- concentration of species j in the zone i [mol/]

- heat capacity [cal/{g-K)]

- impeller diameter

- activation energy of the Arrhenius equation [cal/mol]

- concentration of dead polymer [mol/f]

- initiator decomposition efficiency

- concentration of living polymer [mol/f]

- concentration of initiator [mol/]]

: reaction rate constant [s™ for initiation, #(mol-s) for the
others]

: concentration of monomer [mol/]]

- agitation speed [s7]

: pressure [atm]

- inlet volumetric flow rate [Is]

- outlet volumetric flow rate [£/s]

- temperature of the zone 1[K]

- temperature of inlet volumetric flow rate [K]

- time [s]

- volume inthe zone i [/]

- viscosity correction factor

: reaction rate [mol/{f-sec)]

input f

mEQm R e 00

g
E

g

" aTHH00TR g
¥
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p - density [g/]]

AH,..., - heat of ethylene decomposition (cal/mol)
AH,,, :heat of polymerization {cal/mol)
0 : concentration of free radical
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