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ABSTRACT

A thorough model of the high pressure polymerization of ethylene
in wbular reactors previously developed by the au.thors is used 10
analyze operating condilions for a specific indus}rlal reactor. The
objective is to maximize productivity while keeping prm:iuct q.ual-
ity within desired parameters. The variables under analysis are: po-
sition, rale and lemperature of lateral reactor fecds‘, _rcactor Jjacket
configuration, temperature and flow rate o‘l‘ the reir}gerant. Sc.pa—
raling the initiator injections provides an mcrcase‘ in convcrsnoru
but also in polydispersity. However, this 1{11d051rab1c .e.ffcct in
polydispersity can be sorted out by manipulating the m(‘adxl.'u?r [low
rate properly, Besides, the refrigerating cost can be mgmhcaml-y
reduced by means of a proper jacket configuration and an opl-
mized refrigerant flow rate. In this way we show the usefulness of
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the mathematical model as a predictive ™
pilot or industrial scale trials- especial,
ried out under severe operating conditions.

in comparison with
fien processes are car-

INTRODUCTION

Polymerizations are highly complex processes, often carried out under se-
vere operating conditions. This has stimulated an exhaustive study of the chemi-
cal reactions and physical properties involved, in order to generate mathematical
models which are as precise as possible. These models make it possible to analyze
the influence of different design and operative variables on production and prod-
uct quality both safely and economically.

We are concerned here with ethylene polymerization in particular.
Polyethylene is a material of widespread industrial applicability. It is obtained by

the polymerization of ethylene monomer, following different processes from -

which different kinds of polymers result. Polyethylene properties depend on the
operating conditions, as well as on the catalyst or initiator used. In this work we
study the high-pressure ethylene polymerization in a tubular reactor which pro-
duces low-density polyethylene. The operating conditions are rather severe: pres-
sure is between 1300 and 3000 atm, and temperature varies from 50 to 330 °C
along the axial length as a result of highly exothermic reactions. Moreover, a puise
valve located at the reactor end periodically sends a pressure pulse in order 1o sep-
arate the polymer added to the reactor wall. This modifies the reaction extent and
the thermodynamics of the mixture.

The reactor productivity and molecular properties of the product are con-
trolfed by multiple initiator injections, chain transfer agents and monomer added
at different positions along the reactor. This makes it clear that a mathematical de-
scription of this process is not an easy task and it will be more accuraie as the
model becomes more detailed and realistic.

A search in the literature shows that there are very few works dealing with
the optimization of reactors of this kind, most of which use simplified models. For
example, Lee and Marano (1979) determined the jacket temperature that maxi-
mized conversion for a given molecular weight. Besides, they performes! a sensi-
tivity analysis which involved the initiator, modifier and global heat transfer co-
efficient. Mavridis and Kipparissides (1985) presented an optimization strategy
using a theoretical modet to find the best values for the operative paramelers, so
as to obtain the maximum conversion for a certain polyethylene molecular weight.
Results from these works present the inconvenience that they were obtained using
models which assume constant jacket temperature, reactor pressure and global
heat transfer coefficient, Yoon and Rhee {1985) determined optimum temperature
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profiles that a-imized conversion. Like the previously mienuuicd uliivis, Uiy
alsouseda. _..fied model without including molecular properties in the objec-
tive function.

Recently, Kiparissides et al. (1993) presented simulation results illustrating
the effects of initiator concentration, inlet pressure and chain transfer concentra-
tion on polymer quality and reactor operation.

Brandolin et al. (1991) studied optimal policies for operating an industrial
reactor, while keeping molecular properties within desired values. They used a
model that considered a single oxygen initiation, constant pressure and variable
jacket temperature. Afterwards, our research group (Lacunza et al., 1998a) per-
formed a parametric analysis with the purpose of finding the optimum operating
conditions that maximized conversion, while keeping the product within desired
specifications as regards polydispersity and long-chain branching indexes.
Monomer and initiator flows, positions and temperatures of all feeds were ana-
lyzed by means of a thorough model of the reactor (Brandolin et al., 1996).

In this paper we go further on with that kind of analysis. We have studied
the influence of monomer feeding points with simultaneous initiator injection,
monomer and modifier flow rates on reactor productivity and product quality.
Product quality was measured in terms of molecular weight, polydispersity and
long-chain branching indexes. The former model by Brandolin et al. (1996) was
used to perform the analysis. The situation investigated consisted in splitting the
main feed: part of it was derived into two lateral feeds, varying their position and

proportion. In ali cases, the lateral feeds were accompanied by an initiator injec-
tion, whose flow rate and composition were kept constant. In addition 1o this, the
effect of varying modifier’s flow rate so as to keep polydispersity in the desired
value was studied. Moreover, different jacket configurations were analyzed with
the purpose of reducing refrigerating costs.

MODEL DESCRIPTION

Our mathematical model for the polymerization reactor assumes plug flow
and supercritical reaction mixture; besides, it considers variation of physical and
transport properties along the axial length. It also includes the pressure pulse and
the option to use experimental values for the global heat transfer coefficient or
to calculate it either with the ad-hoc model by Lacunza et al. (1998b) or with
usual correlations. A generalized kinetic mechanism for this process (Equations
1 to 12) is shown in Table 1. The basic reactions for the free radical polymer-
ization are initiation, propagation and termination. Thermal degradation is one
of the reactions that allows good prediction of temperature profiles. Transfer to
polymer enables the prediction of long-chain branching and the high polydis-
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Table 2, Main Mass and Temperature Equations

d

Global Mass (dL:) =0 (13)
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persities found in this type of reactor. For the process and operating conditions
considered in this work, transfer to monomer, therma!l initiation and double bond
end propagation do not affect predicted temperature profiles and product prop-
erties significantly.

The main model balances {Equations 13 to 28) are listed in Tables 2 and 3.
This model allows a realistic configuration of the reactor, as exemplified in Fig-
ure 1 -i.e. multiple initiator injections, co- or counter current jacket flow, lateral
monomer feeds, periodic pressure puise and the possibitity for the jacket flow of
a given jackel zone Lo come either from a water tank or from another jacket zone.
Further details on the model as well as on the kinetic information may be found in
Brandolin et al. (1996).

The model gives the following results: monomer conversion; reaction mix-
ture and jacket fluid temperatures and pressures; mass fractions of oxygen, per-
oxides, monomer, radicals and polymer, as well as the three first moments of the
chain length distribution of radicals and polymer; Peclet, Nusselt, Reynolds and
Prandt! numbers; global heat transfer coefficient; velocity, density, viscosity and
specific heat; average molecular weights, molecular-weight distributions and long
and short branches indexes.
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Figure 1. Reactor scheme,

PARAMETRIC ANALYSIS POLICIES

In brief the reactor under analysis has a main feed, through which the
monomer, modifier and oxygen enter. In addition, there are two lateral injections
of peroxide mixtures. Heating and/or cooling is achieved by means of eight jacket
zones, which are independent from each other. The jacket fluids are water vapor
in the first zone and liquid water in the other ones. A sensible examination of de-
sign and operative variables was performed aiming at maximizing conversion,
while taking into account the molecular properties. The following subsections
contain a description of this analysis.

Monomer Feed Splitting and Variation of Lateral Feeding Points

We investigated the effect of dividing the global monomer feed into a main
stream introduced at the reactor entrance, and two lateral ones. The latter were al-
ways accornpanied by an injection of initiator mixture, whose flow rate and com-
position remained constant, For each feed, different ratios R were selected with re-
spect to the global feed (R = % main feed- % first lateral feed - % second lateral
feed). Their specific values were: R = 90-10-0, 90-5-5, 90-0-10, 80-15-5, 80-10-
10, 80-5-15, 70-25-5, 70-15-15, 70-5-25, 60-30-10, 60-20-20 and 60-10-30. In
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lateral feed positions resulted from the comb™ ~  nof the following locations Nt |
and Nt2 for the first and second lateral mone. . feeds respectively: Ntl: {0.031,
0.05, 0.063, 0.075, 0.094, 0.011} and Nt2: {0.375, 0.406, 0.433, 0.469, 0.500,
0.531, 0.563, 0.594, 0.625 }, where Ntl and N2 are relative to the total reactor
length,

Modifier Flow Rate

In order to learn how the modifier flow rate influences reactor productivity
and molecular properties, the modifier flow rate was changed within a range from
0.1 to 5.7 times the base case value. Conversion, number average molecular
weight and polydispersity were analyzed. The objective was to be able to get a
given polydispersity by manipulating the modifier flow rate.

Lateral Feed Temperatures

In all cases mentioned above, the temperature of the lateral feeds was eqqual
to the one of the main feed. As this might be an important factor, we selected the
feeding points that gave maximum conversion for each monomer split, setting
feed temperatures similar to those of the reacting mixture at each pesition. The
changes in conversion, polydispersity and average molecular weights were ana-
lyzed under those conditions.

Jacket Configuration

The jacket fluid configuration was studied with the purpose of reducing the
refrigerating/heating costs, while keeping the already obtained conversion and
polydispersity. We manipulated the jacket fluid flow rate and the connections be-
tween the different jacket zones. All the options were evaluated by means of Equa-
tion (29), which gives the refrigerating/heating costs (C, $/year) as a function of
the jackel fluid outlet temperature (Tjo.is °C) flow rate (Wi, m*h) and pressure
drop (AP;;, kg/cm?). This equation takes into account the costs of treated water,
pumping, purge and reposition of water evaporated in the cooling tower,

RESULTS AND DISCUSSION

The reactor under analysis has a length to diameter ratio of 27800, The base
point at which this reactor operated is Fisted in Table 4. Figure 2 shows the final
conversion as a function of the position of the lateral feeds, for three of the
monomer feed distributions presented as examples,

Table 4. Base Case Operating Conditions

Componen Nt Mass Fraction
Monomer 6.25 1077 0.587
Oxygen 6.25 1073 6.13 x 1078
Peroxide A 0.10 0.42
Peroxide B 0.10 0.26
Peroxide C 0.53 0.37
Peroxide D 0.10 0.14

0.53 0.48
Peroxide E 0.10 0.19
Peroxide F 0.53 0.15
Modifier A 6251072 0.0026
Madifier B 6.25 1073 0.0040
Madifier C 6.25 1073 1.46 % 10™4

Mass flow rate

Reacting Mixture 6.25 1073 11 kg/s

Cooling Water*

0.04, 0.21,0.34, 0.42,
0.50, 0.59, 0.71, 0.84

100, 0.45,0.37, 0.33,
0.39, 0.39 ,0.34, 0.32

Pressures
Inlet pressure 6251073 2.32x 10* Pa
Ppy 0.84 2.53x 107 Pa
tp —_ 255

L
Jacket pressure

0,21,0.34, 0.42, 0.50,

11s
5.20,2.11,3.17,2.11,

0.59,0.71,0.84 2,11,3.11,3.17
Temperatures
Inlet Temperature 6.25 10-3 347K
Vapor Temperature 0.04 434 K
Water Temperature* 0.2], 0.34, 0.42, 0.50, 1.34,0.97, 1.02, 0.97, 0.97,
0.59,0.71,0.84 1.01, 1.01

* Water parameters’ values are reported relative to those of the vapor in the first zone.

It was observed that, for constant values of N12, there is a coincidence in the
location of a point of maximum conversion, which in most cases corresponds to
Ntl = 0.05. In the same way there is a point of maximum conversion around Ni?2

= 0.594 for constant values of Nil. An 0
tions is achieved in those positions. Howe
behavior were observed. This occurred
feed was greater than 15%.

ptimum temperature for initiator injec-
ver, in some cases departures from this
when the ratio of the second monomer
When this was the case, the previous tendency was fol-
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Figure 2. Conversion vs. lateral feed positions for R = 00-5-5, R = 80-10-10, and
R = 60-10-30.

lowed until the position of the last monomer feed approached the reactor end. Af-
terwards, the conversion fell down abruptly, later rising when the second
monomer feed was right at the reactor exit. '

Table 5 lists the combinations of lateral monomer feed positions that gave
maximum conversion. The greatest maximum conversion value corresponds to
the split R = 90-10-0, which is the lowest deviation (split) of monomer along the

Letl Gidin s ibetans o -

resulls can reasonably infer that the initiator {eeding pomnis rather than the
monomer feed split, can increase conversion. In turn, the conversion gocs down
when the monomer feed split increases.

Polydispersity appears to be dependent on the position of the first monomer
feed, but not on the second one, as shown in Figure 3. This remark is almost ex-
act when the second monomer feed is small, but presents a distortion when it be-
comes large. In the latter, the preceding tendency is followed until the position of
the second feed reaches the reactor end, bearing a close resemblance to conversion
behavior. Anyway, in all cases it was observed that polydispersity decreased as
the first monomer feed left the reactor entrance.

Figure 4 shows the maximum conversions and the corresponding polydis-
persities for each monomer feed split. In all cases, the maximum CONVErsion was
larger than the base case value. Polydispersity was around 10.5 when the maxi-
mum conversion was achieved. This value was far from the base case value of
about 8, that we wanted to maintain. However, the desired value of polydispersity

Table 5. Maximum Conversion vs. {ateral Monomer Feeding Positions

R

%o Main,

% Lateral 1, Conversion
% Lateral 2. Ntl Ni2 %o
100-0-0 0.10* 0,53+ 27.22
(base case)

90-10-0 0.0625 0.625 31.34
90-5-5 0.05 0.594 30.94
90-0-10 0.0625 0.954 30.67
80-15-5 0.05 0.594 30.64
80-10-10 0.05 0.594 30.55
80-5-15 0.063 0.594 30.07
70-25-5 0.050 0.594 30.38
70-15-15 0.050 0.594 29.80
70-5-25 0.0625 0.625 28.12
60-30-10 0.050 0.594 30.54
60-20-20 0.031 0.594 29.54
60-10-30 0.063 0.531 21.80

* It corresponds 1o initiator injection only.
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Figure 3. Polydispersity vs. lateral feed positions for R = 90-53-5, R = 80-10-10, and
R = 60-10-30.
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Figure 4. Maximum conversion vs. the corresponding polydispersities obtained for each
monomer split.

could be achieved without great losses in conversion by manipulating the modi-
fier flow rate, as it will be shown later. Table 6 shows molecular properties for
maximum conversion for two monomer splits. Number average molecular weight,
long and short branches were not significantly affected by monomer flow devia-
tion,

Polydispersity can be adjusted at the desirable value by increasing the mod-
ifier flow rate. Figure 5 displays the dependence of number-average molecular

Table 6, Molecular Properties at Maximum Conversion. [Ni2 = 95 and Ntl = i0
(R =90, 5, 5)] [Nt2 = 85 and Nt1 = 10 (R= 80,15,5)]

Praperty Base Case NIZ/Ntl = 9.5 Nit2/Ntl = 8.5
Conversion 27.22 30.94 30.64
Mngai/Mnexp 0.96 1.06 .00
Polydispersity 7.48 10.7 10.5
LCBuo/LBC ., (/1000C) 0.99 1.16 1.10

SCB.uc/SCBeyp (/1000C) 0.94 0.86 0.86




Figure 5,  Number average molecular weight, polydispersily and conversion vs. modifier
flow rate, for R = 90-5-5, R = 80-10-10, and R = 60-10-30, Modifier flow rate, conver-
sion and Mn are shown relative 1o its corresponding base-case values; Pd is shown relative

to the base-case value,
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Figure 6. Maximum conversion vs. the corresponding polydispersities oblained with
“hot” laleral feeds for each monomer split.

weight Mn, conversion and polydispersity Pd on modifier flow rate, for three dif-
ferent values of R. The corresponding lateral feed positions are those reported in
Table 5. The reactor model predicted that Mn and Pd would diminish as the mod-
ifier flow rate increases, while conversion had lillle variation. The result was that
it is necessary Lo increase the modifier flow rate by aboul two or three times in or-
der to attain a Pd of 8, while Mn is reduced by 20%:

It was also found that when the lateral feed’s temperature is set equal to that
of the reaction mixture, conversion and polydispersity go down. Figure & presents
these results for the cases that had yielded maximum conversion, This is in good
agreement with previously reported resulis (Lacunza et al., 1998a).

Finally, the jacket {luid configuration was studied with the objective of re-
ducing the refrigerating/heating costs, In the best result we reached, zones 510 8
were interconnected so that they became a single zone with counter current flow.
In addition o this, the flow rates were reduced in the mentioned zones as well as

Table 7. Optimized Jacket Flows

Zone 1 2 3 4 5-8
Flow/Base Flow 0.i8 0.22 I 1 0.049

£7




Figure 7. Original (continuous line) and modified
tions.

ed line) reactor jacket configura-

in zones | and 2 (see Table 7). This configuration reduced the refrigerating/heat-
ing cost by 70%. Figure 7 shows a scheme of the original (continuous line) and the
modified (dashed line) jacket configurations.

CONCLUSIONS

The usefulness of a comprehensive steady-state mathematical model for the
high-pressure polymerization of ethylene in tubular reactors was demonstrated by
determining the optimal operating conditions of an industrial reactor in order to
obtain a product with predetermined properties at maximum productivity. We
could find combinations of joint monomer and initiator feeding, at different
monomer flow rates and feeding positions, that maximize productivity while
keeping the molecular propesties of the product between limits. From the resulis
presented above, it appears that the initiator injection points rather than the split
of the monomer feed are responsible for increasing conversions, We have shown
that separating the injection points provides an increase both in conversion and
polydispersity. The latter appears to depend mostly on the first monomer lateral
feeding. The modifier flow rate proved to be a suitable control variable to keep the
polydispersity within the desired value. It was also shown that it is possible to re-
duce refrigerating costs significantly by integrating some of the jacket zones and
reducing jacket flow rates. Finally, it is not recommendable to heat the lateral feed
since these results revealed that conversion and polydispersity go down.

NOMENCLATURE
Conv Monomer conversion
C Cost function
Cp Heat capacity of reacting mixture
Cy Heat capacity of jacket fluid
D Reactor internal diameter
fe Friction factor
f Initiation efficiency of initiator “j”, j = 1,2
Fy Initiator lateral flow rate “j",j = 1,2
Finen Inert flow rate
Fm Monomer flow rate
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Yolymer flow rate

Efficiency of high temperature peroxide initiation

Modifier flow rate

Jacket fluid mass flow rate

Initiator

Jacket flow index (1: liquid, O: vapor)

Kinetic constant for initiator decomposition

Kinetic constant for terminal double bond propagation

Kinetic constant for monomer thermal initiation

Kinetic constant for oxygen decomposition

m-nt" order moment for the generic function fi(x), m = 0,1 . ;
n=012,..

Kinetic constant for the propagation reaction

Kinetic constant for high temperature initiator decomposition
Kinetic constant for termination by combination

Kinetic constant for thermal degradation

Kinetic constant for transfer to monomer reaction

Kinetic constant for transfer to polymer reaction

Kinetic constant for transfer to modifier reaction
Number-average long chain branching

Long chain branching every 1000 C

Monomer

Number-average molecular weight

Weight-average molecular weight

Total number of initiators

Total number of modifiers

Relative location with respect to the total length

Relative location of lateral monomer feed *j” or initiator injec-
tion “j",j = 1,2

Total number of jacket zones

Pressure of reacting mixture

Polydispersity

Pressure due to friction effects

Polymer molecule with “i" long-chain branches and “x”
monomer units

Pressure of jacket fluid

High temperature peroxide molecule with “i" long chain
branches and “x” monomer units
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R

Titp, (1.X)
rdhp’, (i,X)
rg{)az(i’x)
rpo2(i,x)

rp (1,%)
r{ix)
rrth(isx)
rfﬂ?l”!
rmn,.(i X)

r!rpp(i,x)

r,,,,r(i,x)
rrr.\-r(l;x)

Firsy

SCB/1000C

8!10
(-AH)

% main feed-% first lateral =~ ' -% sccond lateral feed

Rate of radical Ry(x) consun., _a in double bond propagation
Rate of polymer Py(x) consump[ton in double bond propagation
Rate of high temperature initiator PCly(x) generaticn

Rate of high temperature initiator PO4;(x) decomposition

Rate of initiator decomposition

Radical molecule with “i” long chain branches and “x”

monomer units

Rate of monomer thermal initiation

Rate of oxygen initiation

Rate of monomer consumption in propagation reaction

Rate of radical R;(x) consumption in propagation reaction

Rate of radical R;(x) consumption in termination by combination
Rate of radical Ry(x) consumption in thermal degradation

Rate of monomer consumption in transfer to monomer reaction
Rate of radical Ry(x) consumption in transfer to monomer reac-
tion

Rate of polymer Pi(x) consumption in transfer to polymer reac-
tion

Rate of radical Ri(x) consumption in transfer to polymer reaction
Rate of radical R;(x) consumption in transfer to modifier reac-
tion

Rate of modifier consumption in transfer to modifier reaction
Chain transfer agent {modifier)

Short chain branching every 1000 C

Temperature of the reacting mixture

Elapsed time after the last pulse

Jacket temperature

Jacket fluid outlet temperature

Time between pulses

Recovery time between pulses

Global heat transfer coefficient

Axial velocity of reacting mixture

Jacket fluid volumetric Mow rate

Axial length

Greek Symbols
Adjustable coefficient in pressure pulse empirical correlation

Kronecker delta
Heat of polymerization

. Pressure drop due to pulse valve
~ Pressure drop due to pulse valve
Density of reacting mixture
Density of jacket fluid

Subscripts

b.c. Base case
calc Calculated
exp Experimental
i In

Out

Pulse valve
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EMULSION/MINIEMULSION
POLYMERIZATION OF BUTYL
| ACRYLATE WITH THE CUMENE
' HYDROPEROXIDE/TETRAETHLENEPENT-
" AMINE REDOX INITIATOR

Yingwu Luo,' F. Joseph Schork,"* Yulin Deng,”
and Zegui Yan?

18chool of Chemical Engineering, Georgia Institute of
Technology, Atlanta, Georgia 30332-0100, USA
Institute of Paper Science and Technology, 500 10th Street,
NW, Atlanta, Georgia 30318-5794, USA

ABSTRACT

.+ ' The macro- and miniemulsion polymerization of butyl acrylate
. (BA) with cumene hydroperoxide/tetracthlenepentamine (CHP/-
. 'TEPA) as a redox initiator system was investigated. It was found
;" that the rate of polymerization was monotonically decreasing
rather than going through a maximum as is common in emulsion
polymerization. Furthermore, the polymerization rate at high
monomer conversion of macroemulsion polymerization was unex-
i pectedly decreased with an increase in initiator concentration. For
; miniemulsion polymerization, the polymerization stopped at rather 2
£y £ low conversion. It was also found that the average number of free &

/?%Jrzﬂ_/ radicals per particle dropped very quickly with polymerization
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