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ABSTRACT

.

-

A simulation and control optimization of a steady
'stéte, high pressure, tub lar polyethylene reactor is
presented in thLé thesis.,/ A klnetlc mod?& is develdped

based on published modeis irgﬁhe literature. /

*
v

Simulation studies for‘consﬁgnt jacket
temperature and isothermal feactors are presented
Molecular welghts and conversion decrease with 1ncreases
in jacket temperature. Conversion lncreases agdﬁ Qlecular
weights decrease with increases in inlet initia%ég?
concentration. Optimal operating conditions, determined
by désired product gualities, are investigated. The
sensitivitiésjof prdduct qualities with respect to control
variables and kinetic.parameters are examined. The
~Jproduct properties are very sensitive to the values of the

et -

“kKinetic parameters.

.Reactor control schemes to improve broduct
conversion are presented. Multiple injections of
initiator are used to increase conversion ana
polydispgrsity. The relationship between reactor
temperature Dfofileg and molecular weights is ipvestigated
using temperature homents. Changes in the temperature
moments 1nd1cate changes in the product molecular
welghts Online control using these calculated

| ‘» B
temperature moments is suggested.

jv

-
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1. INTRODUCTION ‘

1.1 Background on Polyethylene

’ \
Polyethylene was first synthesized in 1933 by

E.W.M. Fawcett and\ﬁ:O, Gibson of Imperial Chemical

.Induftries, Ltd. lé} thevSO years S%FCE its discovesy it
has‘bkcome’a widel{ used polymer. Eurrently its main uses
are for plastic films, wire coatings;-plastic containers
and piﬁes. n

" Polyethylenes are divided into two classes: low
density' and high density. Low density polyethyléne kLbPE)'
is produced at moderate to high pressures, greater than
500 aﬁm; in autoclave or tubular reactors. This type of
polyethylene is more highly branched, less crystalline,
less dense and weaker tfian high density polyethylene.

High density polyethyléne is usqally synthesized at low
prlessures using Ziegler-Natfa catalysts in batch or
cgntinuous reactors.

N
a

P

A typical high pressure, tubular polyeth}lene

‘eactor is shown in FigU;e 1.1.



Figure 1.1 has been omitted because copyright permission was not
‘ N A

available at the time of submission. The Figure showed the main

process flows for a typical polyethylene reactor. The original

drawing was taken from Hwu, M.C. and Foster, R.D., Chem, Eng. Prog.,

78, pp. 62-68 (1982).



\
1.2 Objectives L -

Although polyethylene has been in productio% for
50 years very few simulation and control studies have been
reported for polyethylene reactors, especially high
pressure tubular reactors. More research is needed in
this area to improve reactor desién and determine optimum

of
operating conditions.

The primary objectivé of this work is to perfgrm
a serieé of runs on a simglated tubular polyethylene
reactor to test the validity of this kineﬁic hodel. A
secondary objective is to &nvestigate‘ways to impr%ye
~reactor performance based on optimal operating policies.
Alsg, implementation of a practical.cﬁntrol scheme will be

inVestigated.

This thesis is divided into eightugh;pters. In

the first chapter,’an introduction to polyéthylene

pronction is provided and the objectives of the study are

stated. | . ‘

A : . ) . —_—

The developmehf of a kinetic model for a high

pressure polyethylene reactor is presénted in the second

chapter. It includes background informapion‘on

polyethylene reactor models and optimal control of polymer



A

v
reactorls. The derivation of a polyethylene reactor model,
includipg idenfification of all variables and parameters,
is incluced in this chapter and ihhﬂppendix A,

\ o

In»Ctapter Three)simulation studies for a:base
case reactéf, constant Jacket temperature reactor and an
isothermal reactor ére presented. The base case reactor
is similar to tyose presented inffhe literataure (Agrawal
and Han (1975), Chen et.al. (1976), Lee and Marano
(1979)). The isothermal reactor simplifies the
interpretation of the modei. From studies on these two
reactors}the effécts of input variables on the polymer

product are determined.

The sensitivities of the model outputs to chanages
in model parameters and to uncertainty in the kinetic
parameters are presented in Chapter Four.

>In Chapter Five simglations are analyzeo té
determine thé optimal_operatiné condition; for producing a
desired polymer. This analysis is based on static
optimi;ation theory. Several reactor configurations,
including single and multiplé initiator.injections and

sinaole ana multiple jacket temperature zones are

investigated.



In Chapter Six, three reactor configurations,
designed to im6r0v9 conversion,maré presented and
compared. From these an overall reactor control scheme to
improve conversion is proposed. The ohjective of this
reactor configuration is to produce a polymer of rdesired

molecular weiahts at maximum monomer conversion,

In Chapter Seven the quantitative relationship
between temperature profiles and molecular weights is
investigated. Using these relationships molecular weight

trends can be inferred from temperature profile trends. k}

In Chapter Eight the results of this work are

i
summarized. ’§uaoesrjons for additional studies in this :

area are provided.



2. PULYLTHYLENE REACTOR MODEL DEVELUPMENT

2.1 Literature Survey

Since the first synthesis of polyethylene in 1933
numerous investigations have been performed concerning the
effects of reactor conditions on molecular weights and

[

their distributions. Recently, simulations of tubular

palyethylene reactors have been reported.

]

]

Hoftyzer and Zweiterung (1961) developed a
nonlinear mathematical model of a coMtinuous polyethylene
reactor. The model consisted of differential equations
representing heat and material balances. For stability
studies they linearized the model about the steady state
solutions. They sugaested that proportional @?:trol of
the initiator concehfratibn be implemented to“maintain

reactor stability.

In 1963 the first simple simulation of a tuEularA
polyethylene reactor was published by Volter. He
investigated the stability of a kinetic model of an
industrial, experimental, tubular polyethylene reactor.

He concluded that the reactor stability is related to the
observed oscillations in temperature, conver#io

product quality.



Cintron-Cordero et.al. (1968) simulated a tubular
polymerization reactor. [t was observed that polymers
with lowér number averaqge molecular weiqht (MN) and
higher polydispersity were formed under severe conditions
of high inlet and wall temperatures. Under such
conditions temperature ignition occurs in the reactor.
The mechanism and effect of lang chain branching has been
studied by several authors. Mulliken and Mortimer (1970,
1972) applied probability theory to long chain branching.
They assumed that the probability of branching was
directly related to the exposufe time of the branch site.
Molecular weights, calculated using their model, agreed
well with the published experimental results of Billmeyer

(1953).

The first rigorous tubular polyethylene reactor
simulation was reported by AgraWal and Han (1975); Their
kinetic model included a branching reaction. It was shown
that branching broadeﬁslthe molecular weight distributiaon
and increases the polydispersity. . They investigated the
effects>of axlial dispersion on molecular weights. It was
found that increases in axial mixing increase the overall
conversion and polymer molecular weights. The axial
dispersion model of Agrawal and Han was not used in this
study because, under normal opefating conditions, the

degree of axial dispersion in a tubular polyethylene



reactor is low, grawal and Han also reported that

Inttiator concentration, heat transter parameters and

| ——

inlet temperature also have significant ettects on

conversion and reactor temperature protiles.

Chen et.al. (1976) rophrtwu another model for
tubular high pressure polyethylene reactors. This madel
omitted axial dispersion‘by claiming that fﬁeapressure
pulses generated by the outlet valve on the reactor do not
induce significant axial mixing. The main features of
Chen's model include variable fluid dehsity, unsteady
state radical concentration and long chain branching. The
model calculates radical and polymer sizé distribution and
long chain branching moments at any point in the reactor.
Chen's simulations showed that conversion and polymer
oroherties are directly related to the size and location:
of the Dolyﬁeriza ton zone of the reactor.

Thies (1979) reported. a kinetic model of a
tubular polyethylene reactor. The objective of Thies'
study was to use modelling fo ovércome the d}fficulties of>>
scaling-up pilot plants. A simple batch model and 5
continuous stirred tank model were presented, and
converéion and temperature profiles were céchlatEd fo£
both of these models. A mathematical model was developed

\
for the tubular reactor from the batch and stirred tank



mode s, however, no kinetic data was cupyp dea. The
polymer (Ll.,,lélli.fil"-v\ predicted by the model agreed well with
industrial test data. Goto et. al. (19R]) presented A
computer ITH)("H?I ot a tubular polyethylene reactor, Their
study included determination ot rate constants,
development of poact}on mechaniasms and calculation ot
molecﬁtar structure. They develuped siﬁﬂlation% fort hutﬂ
CSTR and plug tlow reactors. The predicticns of thne
tubular reactor model a@reeu'well with conversians anc

molecular weights obtained trem a commercial reactor.

s

vy v

Conati et.al. (1982) published a mathematical

¢
. !

model. agescribirg temperature ana conversion protiles in a
turular polyethylene reactor, represented as a “eries of
stirred tanks with non-unif.:m jacket temperature. This

treatment of'tne coQ

ing jacket is more realistic than
that of previous mdopls. A mdre tec;bus rathematical
technique was reou‘iad to solve ?cﬁati's simultaneous heat
ang material balancesi No attempt was mace bty the authors
to solve tne polymer moment “alance equaticrs.

. Hwu anJ Foster (1982) reportec 3 practical mocel
for a tubularipolyethylene reactor:which cah te useo to
predict fouliné; Fouling in reactors is undesirartle

because 1t reduces the heat transfer raté between the

reactants and the surrounding jacket, giving less control

y,
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[

over the reactor temperature proflle and, hence, molecular

welghts " Time Serles.analysrs ‘'was used by Hwu and Foster

"to-predict polymer properties and cgompare these prdpeties

-with the actual values "Using this method- foullng can- be

detected before it affects the reactor performance

srgnlflcantly.

fhe model.of Lee and Marano (1979) was used as
the basis for simulation in this work. ‘The featureswof
this model are plug f;ow conditions,‘constant jacket
temperature,ﬂunsteady statefradicai concentrations and‘

long'chain branching Lee and Marano reported the effects

of 1n1t1ator type and concentratlon, Jacket temperature

"

‘solvent concentratlon and heat transfer coeff1c1ent on

polymer molecular.welghts and conver51oh By constructing_

‘\

operatlng llnes for desired propertles versus reactor

parameters ‘the authqrs reached several conclusrons

Conver51on depends 0 both the 1n1tlal initiator

.concentration and. the jacket temperature. The,polymer

molecular'weights depend aon the~temperature.profile and
conversion. For a:given constant jacket ‘temperature

reactor with initiator injection at the inlet, there

. . e')’ - . N ’r_'
exists-an optimUmUinitiator type, .as“Eefinedvby its rate -

constant and concentration for producrng a polymer of

de51red propertles

e

10
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The'kihetic model‘developed in Chabter 2 of this
study is used to investigate some of the~éharacteristics |
of .a tubular polyethylene reactor, descrlbed previously by
other authors. The effects of 1nlet/ahd Jacket'
temperatures ph the product qualityj/described by
Cintron:Cordero et.al., will be agﬁressed in Chapter 3.
The effects of'inlet‘ihitiator cgncentratiOh on conversion
~and temperature prefiles, as deecribed by Agraﬁal and Han,
w1ll be studled in the 51mulat10n, optlmlzatloh and
control studles The study of the moments of the
'temperature proflle, in Chapter 7, arise ‘from the
observatlehs of Chen et. ai. and Lee and Marano, relatihg‘
conversion ahd_mblecular weights to the size of the |

reaction zone and the shape of the temperature: proflle and

from the simulatipn studles in Chapter 3.

2.2 Description of the Reaction Mechanism

Y%
~High pressure polymerization of ethylene is a
freewradical.type addition.polymerization. The general

pdﬁymerization reactien is:
n CH, = CHZ-————9 H - (CH2 - CH2-)n H

- where n is thes#ilimber of ethylene units

et
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M

In the following reactionsfdescribing'the polymerization

Ssteps:

basic reactions:

N

(1/(mol.s))

3

‘

represents the initiatorimolecules

‘the initiator radicals

o

the activated initiatorﬂﬁ#ﬁicals
monomer .units

initiator efficiency factor

live radical with x monomer units

dead polymer chain with k‘monomer units

initiator decomposition rate constant
(1/s) v

chain 1n1t1atlon raﬁe constant
(1/(mol.s)) N

propagation rate constant (l/(mol.sg)

\

transfer to polymer rate constant

— g

termination by combination rate
constant (l/(mol;s))

termination by dlsproportlonatlon rate
constant (1/(mol.s))

Pdlymerization pro@éeds through the folldwing

(i) Initiation

K4 L 2Ry 2 f RS

Initiation is composed.of two reaction steps:

(a) initiator decomposition:
! |



(b) chain initiation:

Ry + M KL Rt
(ii) Propagation
During'propagation live radical chains g}ow by

adding monomer unitss:

k
R;+M_«__L)R;+l xefll, »)
(iii) Transfer Reactions
Transfer reactions may occur between live radical
chains and monomer, solvent or dead polymer
chains. In this model only transfer to polymer_is

considered:

Kk
* fp
Rg + Py > Py + R;

(iv) Termination

Termination of two live radical chains may occur

by either combination or disproportionation.

(a) termination by combination:
R*X+ R;—*RLQ___Q Pxey X,y 21, <)
(b) termination by disproportionation:

R*x+ R;—RLd__a PX + Py )(’y,:[l’ ':))



" In the derivation of the kinetic mogel it is
assuméd that:
(i) all reactiohs are irreversible and elementary
(ii) reaction rate EOnstants are independent of.chain K
length. |

2.3 Derivation.of Kinetic Equations

The high pressure tubular reactor is assumed to
be a plug flow reactor with a constant temperature’ cooling
Jacket. Using the abové reaction mechanism and the
characteristics of plug‘flow reactors, material and energy
balances can be made for a volume element of.the reactor
and integrated, with fime, over the length of the

"reactor. Time is selected as the reactor coordinate, and
defined as <ii= ratio'of the feactor volume to the
volumetric f. «» rate of the reactants and products. The

*features of : is model are summarized in Table 2.1.

The initiator decomposition reaction follows
first order kinetics. The rate of initiator disappearance
is giyeh by the following differential equation:

dal1] - _5 , ' . :
—F 2 kgl1] | (2.1)

where [I] is the initiator concentration (mol/l)

t is the reactor coordinate(s)



.

Table\b;l Model Features

Plug flow reactor with no axial or backmixing.
Steady state reactor operation.

Constant reactor pressure.

Constant overall héat'transfer coefficient.

Constant reactant fluid heat capacity and density.

Radical concentration not at steady state.
Long chain branching of polymer molecules.

No volume changes due to reaction

15



Material balancesvfor other species in the
reactor require the use of radical and polymer moments.
The KktN moment .0of a live radical distribution is defined

as:

0

. ki *
o LR .
x=lx x ] (2.2)

\\ k -

~where [RX*] is the concentration of live radicals of

“chain length x (mol/1)

The relétionships between the live radical moments in

Equation 2.2 and those of the model are:

G(l,t) = . (2.3)
G'(1,t) = Y (2.4)
G"(1l,t) = N (2.5)
Similarly, the kthvmoment of the polymer
concentration is defined as:

where [Px]'is the concentration of dead polymer

molecules of chain length x (mol/1).



- In this model the dead polymar moments are redefined as:

H(l,t) = Wy * XO (2.7)
H'(1l,t) =u o+ \l - (2.8)
H"(1,t) = by o, - (hy + V) - (2.9)

A detailed derivation of the material balances .
for monomer, radicals and polymer molecules is given in
Appendix A. The results of those derivations are

presented here.,

The rate of disappearance of monomer is described

as:

-dM).
EILIE kp[M]G(l\t) } (2.10)

where [M] is the monomer coneentration (mol/1)

The rate of change of the zeroth and first live

radical moments are expressec as:

d(l,t) . 2fkd[;]_gfgz(l,t) (2.11)

at

a6t (l,t) _ 25?0[11 + kp[M]G(l,t)-ktG<i,t>e'(1,t)

- Kep LOHT L, 80 (G (L, 8) -6 (1,t)) = HY"(1,t)6(1,t)]
‘3 (2.12)

B
<

+



where t is the initiator efticiency factor, and
is the sum of the termination rate constants,

k vk (1/(mol.s))

tc td!

The rate of change of zeroth, first and second
L8

moments of dead polymer concentration are:

dH(égt) = 2fkglI) = 1/2 ktoG2(1,t) (2.13)
OH'(é{t): 2fkglI] + kp[MIG(L,t) o (2014

Eﬂiié%El = 2kpIMIG'(1,t) + ktc(o'ﬁl,t))Q §2.15)

The propagation reaction is highly  exothermic anc
all other reactions have negligible heats of réaction.
Therefore, only propagation is. considered in the overall
‘energy balance. The rate of propagation,:RD, is

equivalent to the monomer consumption rate:

Rp = ;9%%1 = kp[MIG(1,t) (2.16)



The overall energy balance is described as:

) . . ) , )
iT:‘ m_ﬂ,}jlé- _.ii (1 - T (2.17)

at Cp o Ovep

where T s the reactor temperature (K),
H ils the heat of propagation (cal/mol),

is the reactor fluid density (g/1),

cD s the fluid heat capacity (cal/goC),
D is the reactor diameter (m),
¥ is the overall heat transfer coefficient

Al

(cal/m‘s °C), and ' -

T is the jacket temperature (K)

The second term in the energy balance accounts for the
heating and cooling provided by the constant temperature

jacket.

The molecular weights ana polydispersity of the

poclymer are calculated as follows:

My = M
N C2H4 H (1,

H"(l,t) + 1,
M = M / 2 } 2.19)
My
PD = (2.20)
MN “



where: M. is the molecular welght of\ethylene

2 4
MN 1s the number averaae moleqular weight
Mw is the welght averaage mole¢cular weight -
20 is the pmlydi%pprsirx

2.4 Parameter Estimates

-

In the kinetic ‘model presented in the previous
section the rate constants, and thermodynamic ana system
operating parameters must be specified.

For initiator decomposition both the rate
constant, kd, and efficiency factor, f, must be
specified. The initiator efficiency factor is an
empirical factor with values ranging from O to 1. For
eommercial initiatcrs this facter is usually between 0.5

and 1.0 (Hamielec and Friis, 1975). 1In this model the

value of f 1s assumec to be 0.5.

Rate constants are expressed in the Arrhenigs

form: o

20



where

o
kj is the rate constant (1/vmol.s))
K . 15 the frequency factar (l/(mol.s))
is the activation enerqy (cal/mol)

R is the universal qas constant and

T is absolute temperature (K)

\ Many commercial initiators are available for use
in polymer reactors, with peroxides and azo-campounds
beina-the most common initiator types. The choice of
initiator depends on its reactivity, kd’ at the
polymerization temperature. Rate constants for several
different initiators are listea in Table 2.7. For this

study, benzoyl peroxide was chosen as the initiator’ 1t

has an activation energy of 29,700 cal/mol and a freguency

13 s"l.(Hamielec and Friis, 1975).

factor of €.38 x 10
This initilator gecomposes at a moderate rate in the range
of temperatures encountered in this reactor, 270 to
50C K. For example, at 410 K, a.typical initial
temperature in the polyethylene reactor, the initiator
decomposition rate is 0.9 s“l.

All other rate constants usec in the moagel are
those reported by Chen et.al. (1976) The rate constanfs

are listed In Tatle 2.3 and shown in Figure 2.1. Rate

constants from other literature sources are also listed in

3



Rale Constants

Tabhle 2.2 Initiator

¥ O

|
I
!
I
|
|
I
I
|
|
|
I
!
I
|
|
|
!
|
I
I
I
|
|
I
I
I
i

T [ I
I | Frequency | Activation
Initiatar | Source | Factor | Eneray
I | 5 I cal/mol
I I I
[ | !
acetyl I Hamielec and | 1.le x Lole | 52500
neroxide | Friis | I
| [ I
ATBN | Hamielec and | 1.96 x lol4 | 29500
| Friis [ I
I I |
benzoyl | Hamielec and | 6.38 x 10l3 »| 29700*
peraxide | Friis I I
I I |
t-butyl | Hamieleg® and | 3.26 x l0ol4 | 35100
peroxide | Friis I
I | I
t-butyl | Agrawal & Han | 8.20 x loll  |25p00+0.17p
hydrn- | : . I
peroxige | | |
I | I
di-t-butyl| Chen et.al. I 1.60 x lulé | 38400
peroxice | I |
I I I
peroxide | Donati et.al. | 1.608 x jgoll 130670-0.6(P-1)
I | 1/mnl/s |
| I |
used in simulation
pressure (atm)



Table 2.3

Hate

Constants

l I I .
| I - Freqmency | Activation
Initiatnrl SNuree l Factnr | Fnerqy
[ | 5L I cal/mnl
| | |
l | T
Kpy | Chen et.al. | 2,95 x 107/% | 8200-.555p
I Domati et.al. | 3.1 x 104 I 6l64-0.6(P-1)"
| Lee & Marano | 5.88 x L0/ | 7100-.5%6P
: Agrawal & Han ; 1.25 x 108 1 780040, 50
o ¢ | ) |-
Kte % | Chen et.al. | 1.6 x 1uY« l 2a00*
| Domati et.al. | 4.0 x Lo4 I 750
| Lee & Marano | 1.08 x 109 | 300-.34P
| Agrawal & Han -] 2.2 x 10l0 [ 1000+.244pP
l | |
[ | I
Kt g | Chen et.al. ™ | 2.72 x joll« | 20000+
| Lee & Marano | 3.25 x 108 Io-0.12P
| i I
5 I l
l l I
Kep , | Chen et.al. 9.0 x 1u>x | 9000*
| Lee & Marano | 4.1 x.l0° | 7160-.48P
| Aorawal & Han | - |- 12000

| |

used in simulation

pressure (atm)
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\

‘Table 2.3. Numerlcal values. for the rate constants in

\'1
ethylene polymerization are not well known, as camxbe seen
from the wide variatioh of values listed in Table 2.3.. If
. .

a detailed kinetic study were to be undertaken for this

syétem, experimental work to determine acceptable rate

constants would be required.

A\

The value of the ratio of propagation and

termination rates has been studied. Ehrlich and Mortimer

(l970) correlated resultsifrom several authors on the

value of kp/k 1/2. At 2500 ;atm and 129°C this

factor is 0.73. Using the rateiconstants’in Table 2.3,

kp/kte'l/z is 0.65, which agrees well with Ehrlich

and Mortimer's value.

Ehrlich and Mortlmer also suggest that tbe value

of ktd is: 31gnlf1cantly less than other rate constants

at temperatures less than 200°C. This 15 true for Qhen

-et.al.'s value of ktd given in Table 2.3.

Lee and. Marano (1979) reeont a Qalue of kfp
which 1is abbroximately ten times that of Chen el.al. over
the range of reaclor temperatures. .Since kfp is only |
known qualitatively . the value reported in Tabley2.3 is

acceptable.

!
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The system parameters which muét be specified in
reactor design are reactor léngth, reactor diameter,
residence time and operating pressure. Ranges of values
fof these reactor specifications reported in the
literature aré listed in Table 2.4. Cdmmon practice in

industry dictates reactor length, diamet r and residence

time. Sittig (1976) reports ‘that reaction times in tubular

reactors range from 20 to 60s. Reactor length/diameterJ
fatioé fange from 300 to AQ,UOO and tube - internal %
diameters from 1.5 to 9 cm.“Using a length of 600 m,
‘diameter of 2 cm and residence time of 30 s all of the

.above criteria are satisfied.

High pressure ethylene polymefization‘is usually
carried out at- pressures between 1000 and 3000 atm
(Sittig, 1976). The reactor pressure chosen for this

’ i

lmodel 1s 2000 atm, .which is within this range and-élose to

the otherbliterature values.

For the base case simulation of this model énly

one initiator injection point, at £;;>reactqr inlet, and@
‘one cooling jacket zone are considered. In the optimal
control and conyersion improvement studies multiple
injection points and jacket temperature zones wiil be

: \
considered.

26



2.

4

. Jable

Reactor Specifications

l
, |
Parameter I Saurce I Value
I |
l |
| l
reactor length, L | simulation l 600 m
| Romanini l 800 m
. Donati et.al. ! > 500-1000 m
8 Agrawal & Han I 450-1500 m
Chen et.al."- l 1200 m
| !
, | R I
reactor | simulation | 2 cm
diameter, D | Romanini | < 7-8 cm
| Donati et.al. | 2.5-5 cm
| Agrawal & Han l 2.54 cm .
| Chen et.al. l 5
| Sittiq i 1.5-9 ¢m
| |
: l I
L/D ratio | simulation l . 30,000
' | Donati et.al. | 1000-15,000
| "Agrawal & Han | 250-12,000
| Sittig | 300-40,000
I |
l l ‘
reaction time *| simulation l 30 s
N | (residence time)
I Sittig [ 20-60 s
| i l
pressure | simulation [ 2000 atm
| Agrawal & Han I 2500 atm
| Chen et.al. l 2000 atm
| Lee & Marano N 2245 atm
I |
|

Sittiq

1000-3000 atm

27
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Thermodynamic properties of the ethylene/
polyethylene sysﬁem required for this model are heat
capacity, cp, heat of polymefization, “H, and Qverali
heat transfer coefficient, U. The literature values of
these constants are listed in Table 2.5. The values of
Fp reported in the literature range from 0.48 to 0.61
over the range of reactor temperatures. A constant value
of c, was uséd in this model, 0.58 cal/(g°C), which is
>within the reported range. Literature values for the-heat

of ethylene polymerization range from -21000 to -24200
cal/mol.\ For this model  H is assumed to be -21400,
wﬁich is consistent with literature values. ~From the
reporteﬁ litegature values for a reactor with little
ﬁgyling.the average overall heat transfer coegfficient, U,
is assumed to be.250 cal/(mzs °C).

The input variables fp; the polyethylene reactor
are monomer concentrapiony initiétor’concentration, inlet
temperaturé and jacket.temperature. The inlef feed stream
is essentially pure monomer. Chen et. al. report that the
‘density of ethylenme at 2000 atm and 373 K is 540 g/1, its
concentration is 19.4 mol/l. The initiator concéntration
may;ranqe.frcm 1 ﬁpm to 10 weight %, debencing upon the
in;tia£or type and the desired properties of the.product

polymer. The inlet temperature may vary from 323 to

373 K, depending upon the amount of preheat available for



Table 2.5 Thermodynamic Properties

r
Parameter Source Value
heat cabacity, Cpl Brandup & Immergut| 0.4755 cal/(ge°C)
, at 0¢°cC
Hellwege 0.248+0.001547
cal/gecC

Lee & Marano
Agrawal & Han

0.58 cal/geC*
0.85 cal/geC

I
:
!
I
l
|
I
I
I
I
|
]
|
!
|
|
I
I
I
I
I
|
|
I

hedt of Hamielec & Friis -21000 cal/mol
polymerization, Brandup & Immergut -24200 cal/mol
" H Chen et.al. -21400 cal/mol*
Lee & Marano -22300 cal/mol
Hwu & Foster -23500 cal/mol
overall heat Chen et.al. 235 cal/mZsoC:
.transfer Lee & Marano 40-150 cal/m2socC
coefficients U Agrawal & Han 270-550 cal/mZseC
simulation 250 cal/mZsoC*

used in simulation

|
I
|
I
|
I
I
I
|
|
|
I
|
|
I
I
|
I
|
|
I
I
:
I
|
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the feed stream. The jacket temperature may range from
373 to 533 K, depending on the desired reactor -

temperature.

The values of the rate constants, reactor
parameters and thermodynamic properties defined in Tables
2.2, 2.3 and 2.4 are used in the reactor model to provide

typical conditions for a bolyethylene reactor simulation.

o



3. MODEL EVALUATION

3.1 Base Case Simulation

The polyethyleﬁe reactor described in Chapter 2
can be operated at many diffefent valuég of the input
variables. For the simulation studies a referénce set of
conditions known’as the base case conditions, were
chosen. These inputs are listed in Table 3.1 The
differential equations describing the model weére ’
inte@rated.osing a Runge-Kutta method, IMSt.suerutinej
DVERK, to calculate reactor temperature, conversyoh,

\,

moment and molecular weight profiles.

The reactor temperature and conversion profiles
for the base case simulation are showﬁ in Figure;Bil. The
heating, reaction and coolihg zones éfe shbwn in Figure
. 3.2, and molecular weight prdfileé in Figure 3.3. Ihe *
product polymér has a MN of 138300 and a Mw of
625400. The final initiaﬁor-cﬁnversion’is 100% ano

monomer conversion is 6.2%. : .

Near the entrance the reactants are heated up-by‘
the surrouhding Jacket. This region is known as the
heating zone. The derivative of the reactor temperature

with respect to the reactor coordinate, time, is positivel

31
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.

and decreasing in this zone. In the reaction zone the
temperature in@rgases rapidly, due to the exothermic
polymerization reactions. The temperature peak in the
reaction zone corresponds to the point where the initiator
conversion is at its max imum, 100%. Afper this point no
new initiaﬁed radicals ar> available anu the propagation
rate decreases. In'the croling zone the polymerization
reactions do not occur at a significant rate, there is no

Change in monomer conversion anu the reactor contents are

cooled by the cooling jacket.

The molecular weights ot the polymer are . .
calculated continuously along the reactor coordinate. The
moleCUlar‘weight profiles for the base Case are shown in
Figure 3.3. The molecular wei&hté are high near the
reactor entrance, reacn.minima in fhe reacticn zone, and
increasé to their ftinal values near the beginnina of the
cooling zone. The significant increase in My trom its |
minimum of 319,000 to the final value of 625,400 is cue to

Koo Rtg

dominates the termination reactions and long polymer

and kfp‘ Termination by combination

molecules are formed. Also, transter to polymer results

in large amounts of long ch - branching. Thus MW

increases while My, remains constant.
b ¥



5.2 ktftfect of Jacket Temperature

The reactor variable that can be most easil
} y

manipulated 1s the jacket temperature. Jucket

temperatures ranging from 403% to 53 K were used in the

f
reactor model. The model predictions toy these cases are
N e

listed in Tabir 3.2,

¢

-

The ettects of jacket temperature on malecular
weights, polydispersity and conversion are shown in Fiqure
3040  Exclucging the first data poinmt, T, = 403 K, where

~J .

the initiator decomposition is not complete, the molecular
weights, polydispersity ana conversion all decrease with
increasing jacket temperature. At higher jackettw
temperatures the reactor temperature is corresponaihgly
higher and all reactions proceed at higher rateél

‘

However, the overall rate of polymerization decreases adue

to the higher relative decrease in G(l,t).

For the very low jac@et temperature, 403 K,
inifiagor gecomposition occurs at a low rate ang never
Pecomes large enough to cause signfficant propagation ana
reactor temperature ;mcreases. As a result, the moncmer
conversion is low. For high jacket temperatures the’

molecular weights,'polyaispersity, ana conversion approach

»
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o

minima. bThese minima are governed by more favourable
termination versus‘propagation reactions. A practical
constraint ie}placed on the maximum jacket temberature.
ARbove reactor temperatures:of'BUO°C (573 K) ethylene
decomposition occurs, reéelfing in discoloration of the
pelymer product and exﬁloeions. lTo avoid £hese problems
the jacket temperature is usually set at a temperature low

\

enough to mainrtain the reactor temperature below 300°C.

g
p | ‘%a*

The temperaﬁUre profiles for three jacket

temperature cases, 403, 433 and 473 K, are shown in Figure

an

3.5. Forlehe low jacket temperature case‘t%e reactor
temperatqrgbprofile is monotonic. As the jecket
temperature‘%pcreases the magnitede of the reactor
tempeeaturebpeak.increeses and its location méves closer
to‘the reaCtO? inlet: Initi%}@r.decohposition'occurs at a
higher rate;ft higher temperatures, the{efore~the reactor
tempefaturefgncreases rap%dly. The heat gemneration rate_is
, . o

Greater than fhe jacke% cooling rate when rapiag ifitiation
occurs, hence a higher maximum temperatureﬁis achieved.
Combinine the effect of jacket temperature on the
Folymer product and the digision of the coo;ing jacket
into zones, controi‘ove;/f%e reaction zone can be
implemented. The base type reactor mocel is modi%ied-with

the cooling jacket zones having different temperatures.
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This is referred to as a multi—zdne reactor, naméd'for thé‘
multiple cooling jacket zones.

The réactdr temperature andvmonomer conversion
profiles for this multi-zone reactor are compared with
those of the base case in Figure 3.6. The molecular
weights and conversions of poth reactors are cbmparéd in
Table 3.3. The multi-z&ne Jacket temperatures are a53'K
in.the heating zone, 423 K in the reaction zone and- 333 K
in the cdoling zone. The temperature rise in the heating Lo
zone of the multi-zone reactor is larger thén that in the
single jacket temperature zone reactor. bThis is due
maiﬁly to the higher jackét temperature of 453 'K vs
ABB.K. .The larger temperature rise induces faster
initiator decomposition, monomer conversion ‘and
polymerizaticn. fhe faster initiation rate in the heatihg
zone of the multi-zone reactor causes the temperaﬁurevpeak

to be located closer to the reactor entrance. ’ .

The slight decrease in overall mbnomer conversion
in the_multi—zohe reactor iﬁ due mainly to the higher |
temperatures in the“mgsfing and reaction zones, which
increase the rate of términation relative to the rate of

propagation. The  lower Mw in the multi-zone reactor is

‘also due to the higher heating and reaction zone

temperatures in the reactor. -



43

% ‘UOISISAUO)

L ]

35e) 9SPg pUP JUOZ-LI[NW AO0J SI[L40d4 401003y 9°¢ ounbiyg

s ‘ourl],
02 GT or ¢

T T T

aseq G 4 Wy L3N G

t1Lnw |

00€

@) o
o 1e)
< ap)

Q-
0
<

00G

066G

009

y ‘euanjedsduisy,



44

_ _ _ _ ] _ _ _ _ _

_ | _ _ I : | | | | |

QUL | eU™9 | w07 | 0S70ss [USE9:l || y=UTXL'6 | wle | €95 | v | ssb |

| | g | '] | | _ I _

Ut “ LT°9 " 26" “ Uersdy |Ued8sel || p-UTXL"6 “A e Ly “ een “ eel “ ee ;
[ |

_ _ T _ 1] _ _ A AT A

% | % | | | H [/1ow | % | ¢ 8Uoz| ¢ 3uoz| [ auoz|

I Wx | ad | Mo | N [ Oy | Op Cp | Cp CpLj

| | | _ | } _ | | _

11 . |

SINd 1IN0 a3¥NSYIN [ SHTIGYINYA INGNI |

‘ L , _

- ~SI0}OB3Y ISe] aseyg pue

AUOZ-T13[MW JO uosTaedwo) ¢ 3TYE]



45

3.3 Effect of Initiator Concéntration

Another important manipulated variable is the
inlet initiator concéntfation. To_sthdy its effect on the
base case hodel-the concentration was Variéd from
1.0 x 107% to 1.94 x ;o'z-miifi. The results of the

model for these cases are listed in Table 3.4,

The effects of iritiator concentration on
N . - . ' .
molecular weights, polydispersity and conversion are shown
in Figure 3.7. The monomer conversion increases with
increasing initial initiator concentration. The number of
active radicals generated in the reactor is proportional

Yo the initiator concentration. With more activated

radicals the propagation rate, and hence the rate c¢f

“*monomer consumption, j Rses. As the rate of

jse s dactor temperature also

propagation incre
-increasqg. At hi§her temde :gures gpe termipation.rate
increases and the polymer cha y lengths are shorter.

gs of the broJUct”polymer
decrease with increasing inlet ini iator concehtratioh.
The overall conversion increases with increasing inlet
initiator concentration. For inlet initiator
concentrations up to 2 x 10_3 hol/l the polydispersity

r.
decreases with increasing inlet initiator cohcentration.

After this concentration the polydispersity remains
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constant at 3 because the molecular weights decrease at

the same rate.

In Figure 3.8 the temperature profiles for three
inlet initiator concentrations are plotted. For the lowm
“initiator concentration, 1.0 x 10" mol/l, there is no
temperature peak. In this system the-rate of initiator o
decomposition is too slow to initiate significant -
propagation to give-the temperature profile its
characteristic peak. ﬁlso, the initiator conversion is

98.3% and that of the monomer, 2.6%. This long, slow

reaction .zone yields a product with high molecular weights.

"

]

As the inlet initiator concentration increases
the temperéture peak becomes ‘more ppominent and shifts
towards the reactor entrance. In these cases the
initiator decomposition has induced the propagation
reaction, leading to a significant temperature rise.
Accompahying the higher tempera£ures in the reactipn zone
aré higher terminat;on‘rates, hence the molecular weights

of the product decrease..

5.4 Effect of Initial Temperature

The base case model assumes that there is a

preheater before the réactor entrance which can heat the
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monomer feed to any desiréd temperature, 10. This inlet
temperature affects the length‘of the reactor heating
zone. With higher inlet temperatures shorter heating
Zzones are needed to raise the reactants to the reaction

temperatures.

The reactor inlet temperature or length of the
heating zone is a design vaﬁgable whiéh affects the
product quality. The resul%g for inlet temperatures of
323 to 473 K are listed in Table 3.5 ang shown in
Figure 3.9. As the‘inlet temperaéUre imcreases, and the
length of the heating zone decreases, the molecular
welghts, polydispersity and conversion decrease. This
effect Is similar to that observed for increasing jacket
temperatures.

At the versy low inlet temperatures, less than
4CC K, MN and conversion are almost constant. In this

region the inlet temperatures.are well below the
temperaturé at which initiator decomposition occurs at é
sigrificant fate, 410 K. Therefore, increases in inlet
temperature in this region do not change the reaction

Tates sighificantly and very little change in product

quality is observed. : &7

{ ¢

£
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Comparing the temperature profiles for inlet

temperatures of 373, 413 and 443 K in Figure 3.10, the

temperature~peak is closer to the reactor inlet for higher.

\Lnletltemperétures. Thus, tHe heating zone is shorter.
For the higher inlet temperature the‘temPErature’peak-is
higher, 484 ys. 474 and 473 K, fhan ét lowe£ |
.temperatufeé. ‘jLower molecular weight‘prodqcts afe
produced in reaefors with high temperaturé peaks located.

r" [
close to the reactor entrance:

A high pressure tubular polyethy\ene reactor does

not usually have a feed preheater upstream of the

reactor. Instead, initiator.is injected into the reactor

3

downstream éf the entrance at the poinﬁ at which the
monomer feed has been heated to a desired ﬁempe;ature by
-the heatihg jacket. .The design engineer must decide upon
the apppokimate locations of the injettion péints ering
the reactor desig% stage. Ffor %im,'knowledge‘of the
effect bf the heating zone length ié important in

determining the physical location of the injection points.

3.5 . Isothermal Reaction Zone Reactor

a
&

Aﬁ‘alternative to operating the tubular reactor

“at constant jacket temperatup'ﬁT§ to operate it .

isothermally in the reactif

53

ﬁ@‘
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~ jacket temperature. The main adVantage of isothermal
operation, in‘this study, is the ease of interpretation of
results. By maintaini'g'a consfént reactor temperature in
the reaction zone the' emperature etfects due to tnesﬁt'

exothermic propagation reaction are eliminated.

The base conditions for the isothermal’and
constant jacket temperature (base case) are_compared'in
'Table‘j.é. Tne inlet conditions for.both reactors are tne
same. ~Both reactors have a neating zone where.the hot, A
constant ‘temperature jacket fluid heats the reactants.

The major difference in the reactor structures is at the o
beginning of the reaction zone. In the base case reactor

the Jacket temperatures over the entire length of the ‘ '&
reactor is constant In the isothermal reactor “the Jacket.
temperature is manlpulated in the reactlon and cooling

@
zones to control the reactor temperatyre in tnese zones at e

Ev A5O K. The temperature and conversion profiles for tne
1sothermal reactor are shown in Flgure 3.11.
In- the constant temperature reactlon zone the
jacket temperature is manmipulated to control the reactor
temperatu;e. From the energy balance in the reactor model

the jacket temperature is: N
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' *H Ry D
Ty =1 o———F— (3.1)
4 U
Where
D is the reacor diameter, m

. . B
“H is the heat of polymerization, cal/mol

RD is the rate of propagation, mol/(l.s)
T is the reactor temperature, K
T i< t¥We jacket temperature, K
is =-e overall heat transfer coefficient, “
) o o
. (ca! 7 .s5.C)

At the beginning of the feaction zone the jacket
temperature decreases from 433 to 368 K. Sincelthe
initiator is decomposing and propagation is occurring the
Jacket temperature must be less thétvthe reactor fluid
temperature -in order to remove the exothermic.héat aof

polymérization.' In Figure 3.11 as time increases the

3

Fl

jacket tempe:aturg approaches the isothermal tem ture.

The polymerization rate is high at .the beginning of the
reaction zone and slows down as the initiator is
consumed. Hence, the jacket tempefature approaches the

reactor temperature because the rate of reaction

decreases.



5Y

-Comparing the isotﬁefmal and constant jacket
temperature4meactore, the reaction zone in the isothermel
reactor’ié‘ﬁonger because the:reactor temperature is
controlled at 450 K. This results in an increase in
molecular weights, polydispersityvand cpnversion,_due to
the lower polymerization temperature and longer reaetion
time. This is similar to operating the/constant jacket

temperatuge reactor at lower ‘jacket tefiperatures.

The main choices of contro}Y variables in the

isothermal reactor are the cons&@g reactor temperature in

the reaction zone (isothermal temperature), !nlet

imitiator concentration and initial reactor temperature.

The effects of isothermal temperature cn the polymer
product are similar to’those of the jacket temperature.
The effeets of'initiafor concentration ana initial'
temperature are similar ip both types of reactors. Theee

three centrol variables-will now be investigateo for the

-isothermal reactor. - o

£
rd et

The effect of chanées in the ésothermal
tempe;ature on the polymer product are@listed in.Table 3.%
and shown in Ffig ;é 3.12. The isothermal temperature is
varieg from 430 to 500 K. In all these studies the effect
of the heatina zone was eliminateo by injecting the

monomer and initiator into the reactor at ‘the desired

.
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isothermal temperature. As the isothermal témperature
increases the molecular weights and ceonversion all
decrease. This is the same trend as was observed for
increasing jacket temperature in the constant Jacket
temperature reactor. Two operating problems are
encountered overAthis range of isothermal temperatures.
kgth low lsothermal temﬁeratures, less than 440 K, the
initiator does not completely decompose during the reactor
residence t;me. Also, for isothermal operation aﬁove

470 K the jacket fluiag must be less than 273 K to absorb

large quantities of heat in the reaction zone.

The eftects of variation of tre inlet initiator
concentration in the isothermal reactor are given in Table
3.8 and shown in Fiqure 3.13. AAs\fﬁ the constant jacket

; P
temperature reactor, increases in the initiator
concentration‘cause decreases in molecular weights and
‘increéses in conversion. Unlike the base type reactor,
the polydispersity of the prQOuCt polymer is constant for
all inlet initiator concentrations. In the isothermal
reactor the reactor temperature is c@nstant at 450 K in
the reaction zone. Thereforeg‘the propagation; transfer
and termination rate constants will all be constant. The
;mount of initiator that can be injected into the

isothermal reactcr is governed by the operating limits Gr

the cooling jacket. At cohcentrations greater than 2.6 x
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L mol/1 the jacket temperature muact be maintained
i /.
4 A . ) (&
below 273 K in mfderﬂﬁo control the isothermal reaction
. ¥ ‘- . .
zone temperature at 450 K,

The eftect of imlet”reactor temperature is
investiagated by varying the temperature trom 263 to a%d K,
while keeping the reaction zone temperature constant at
45C K. These results are listed in Table *.9 and shcwn in
Figgre'3.la; In these stucles the beating zone length is
defirea as the fraction of the reactor lenath required to
heat the reactants to the 450 K. As in thejconstant
Jacket temperature reactor, gt iritial temperatures less
than 41C K, chamées in temperature have very little effect
an the polymer?product. As trhe initial temperature is ®
increased above aio K the molecular weights, conversion
ard pelycispersity cecrease slightly with increasing irlet
temperature ago decreasing heating zone length. This
effect was observed anc explaihéc for the ccrstant jacxet
terperature rgactor."

g¥,
Cverall; the isothermal reaction zcre reactor

.
behaves siq}larly to trwp<:o§g!ént jacket temperature

Teactor. In both reactors increases in the reactor

& |

_’A
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%
‘tgmperatﬁre, and~manipulation’of the jaéket or inlet‘v o
téh;evaturé all éause decreases in the product‘moleéular
w;ights‘énd conversion.. Increases in the inlet initiatpr
concentration in both types of'réactors cause deéreases in ¢

the mo}ggular.weights an%ﬁg@creases @n thefbonversion.
'The‘ﬁﬁvantageuof an is thermal Qpefation in tﬁe reactionl
zone is the inCrease‘ihvcbntrol over the product polymer
Dropertiés. The disadvantage of thfg type'ofdoperation ié
the operatibnal'limitation in jacket-temperature
zamanibulations. To corrtrol the reaction zone temefapure Dyw
- Jacket temperature manipUlétioﬁ‘many streams of céolant at
different temperatures would have to be qifcuiated around .
.the ;eacto; and each coolant zone must be carefully
‘cdntrolled;?i{hus, témpeféture cbnt?ol ot an iIsothermal
reécpbr'Ls mbrendifficuit to idpfement. "%lsd, the
isothenmal.féaCinO.zéhe Oésign is not a practical deéggn

for an industrial react®r.

a

"3.6 ‘Model Featurés Observed .in-the Simulations”

';1Ih}the_base.case model simulations, it was

&

assumed that the overall heat. transfef coefficient is

constant, the ratical steady state hypothesis is invalia,

: 4 \
,and-branching is.an important reaction in. tre mechanism,

2

68
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"The effects of these features were observea in the

-

simulations.

-

‘

In the constant jacket temperature reactcr higher
. oA ’

reactor temperatures, either by higher jacket temperatures
or higher inlet monomer temperatures, cecreased the

molecular weights and conversion. Thi% effect~was also
Observed in the isothermal'reagtor Y From-this 1t can be

)

concluded that the reactor tempéréture is a primary

@ A

varlable wh;?@‘af ects the polymer molecular welghts

BT
g

In the derjvation.of the material balance

% ! .o

eouaﬁion'for Livé %ﬁgétals in the reactor,,it,wa§ not
assumed that théffafé of change of fadicai congentration
is zero or signifiténfiy less than the rates of change for
other species. Thus,thg stéaoy stafe hydothesis has not
Ceen made fer the radical concentratlon In the, base case
51mulatlon the zeroPh moment of the free rao;raj ,
COncentratlpn, G(1l,t), changes from 5,9 x 107 8‘tovl.0 X

1074 in the heating and_reaction;zones. Usind. a

modified model with the aséumptioh that the steaay zfate
hypothesis ;s valid, the cbnyersion and molecular Qeight
profiles are the same aS‘initgﬁ;base case simulation.: R T
However, with hiqq initiator concentrations the steady

sfate hypothesis is no longer valid because the radical

-moments .change répidly in the reaction zoné.» With an



R

inlet initiator concentration:of 1.94 x 10°° mal/l, the -

ZRroth moment of the radical concentration changeé from

1.3 x 107° to 3.5 x 1078 in 0.3 s. Using the §§eady
"X

\

,s%ate hypothesis a numerical solutlon for this case

caq;ot be obtained because the steady state asSumptipn
provideé an” incorrect valué forvthe zeroth radical

moment . Slnce this work is based on 51mulatlons it is
lmportant to be able to 1nvestlgate wide rariges of control

variable conditions. For this reason tﬁE\steady state.

.hypothesis was assumed not to be generally applicable.

. . . Poat
) BRI

‘ne transfer to polymer, or branching,;réactioh‘
is a feature of this mbdel. Low density polyethylene
produced in higﬁ'bressure tubﬁlar reaftors is
characterized- by ltS hlgh degree of long chaln bgﬂnchlng;
One indication of the degree of long chain branchlng is

g
the polydlspep51ty. Slmulation examples with high
polydispersity, greater than 5, include: - the base-type
sileétion with a jacket temperature of 423 K; the
base-type simulation with initiétor concentrations less’

%

than 4.85 x 107+ mol/l; and isothermal simulation with

‘an isothermal reaction temperature of 430 K. Under these

conditions this reactor model predicts polyethylehe'

properties which are ‘typical of high pressure tubular

reactors.



4, SENSITIVITY ANALYSIS

4.1 Mathematical Sensitivity Coefficients

Using statistical sensitivtty analysis the effect
of changes in the mpdel inputs on the modeltoutputs can be
calculated. For the base’case reactor model the
sensitivity of all.reactor Qutputs with respect to jacket
temperature and‘inlet initiator concentration are

investigated. . ; : ﬁﬁ@

The sen51t1v1ty coefflclent for the parameter,

p and the output tw

j)

L

Hgead T Gy

The normalized.sensitivity coefficient is gefineg as:

) . . .‘ p.. ‘. - - . . .' .
lj = s le * _y_% i . B ﬁ;(a‘2) .‘

Slnce the tubular polyethylene reactor'moﬂel cpn51sts of a
/bet of nonllnear dlfferentlal equations the sen51t1v1ty
coefficients_cannot be written explicity. The method of
.‘sensitrQity‘analysis_presepted by Atherton et.alf£l975)
and Beck. and Arnold (1977) yields a system pf_diﬁfenentiai
equations, the sensitivity equations. The_Variation:pf

4
B
.

~ #
: 71 SRR : - -
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the sensitivity coeffitcients with respect to the reactof
coordinate, time, is obtaiped by pumericatly integrating

the sensitivity equatioos.\\{he‘sensitivity eouationsufor;

the base case model are presen\eg\in Appendix B. Beck ano L
Arnold (1977) also .recommend a finite difference method

for obtaining numerlcal Sen31ttv1ty equatlons This”

method was used to check the sensitivity equation

calculations and good agreement was achieved in all cases.

v

4.1.1 Jacket Temperature Sensitivities , ' » -

LY

S .

i

The effects of pertfrbatlons in the J

:temperature a&e shown. in Flgures 4.1 to 4 3
S ¥l -
4.1 the notmallzed sen>1t1v1tf§5 of monomef

conver51on and dlmensrvnless t perature, T/
“.g\‘ :

plotted Inltlator conVer51on ano monomer conver51\o arE‘ S

d e’rf

O!

Very 59051trve to perturbatlons in Jacket temperature 1n

8.

the- hot reaotlon zone. The reactor temperature is much N

less Senslﬁlve to, perturbatlons in® Jaoket temperature,'due

to the use of dlmen31%iless temperature

..\\’», .
v
¢

Flgure 4.2 shows the sen51t1v1t1es of the .

molecular weights to changes in Jacket temperature,,'r
Increases in jacket temperature decrease the molecular
welghts 0verall In the reactlon zone p051t1ve

perturoatlons in. the»Jacket temperature 1ncrease thev

molecular weights. i S R 4

gy
1

N i Tai ? o T

N . B _— _ : :
o : . ¢ . G R
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\

In Figufe 4.3 the sensitivities of the radical
and polymer moments are shown. Fositive pefturbations‘in
Jacket temperature decrease all of the radical moments and
the second polymer moment overall and have little effect
on the zeroth polymer moment. In the heating zone ali of
the moments have poéitive sensitivity coefficients. As in
tne conversion gnd molecular weight sensitivities, the

signs of the sensitivities change irr the reaction zone.

4.1.2 Inlet Initiator Concéntration Sensitivities

The sensitivitieé of the model predictions with
resﬁeét to the inlet initiator concentration are shown iﬁ
Figures 4.4 to @.6. In Figure 4.4 the onversion and
_temperature sensitivities are plotted. In the heating and
reactlon zones p051t1ve perturbations in the initiator
concentration increase the initiator and monomer
conversions. At the reactor outlet the initiator
conversion sensitivity is zero, and that of the monomer
conversion is Q.3. Throughout the entire reactor the

temperatufe sensitivity 1is approximately zero.

[
wi

The molecular wplqht sensitivities, shown in -
Flgure 4.5, are generally small negative values. As in

the jacket temperature case, the molecular weight

sensitivities increase in the reaction zone and decrease

o

Eagl
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- polyme;”mgment>are slight decreases. In the'concéntratiohw .
R ; & . . ’ _ S

..T‘.\ . | S | - . . . .
» : , : . .

in the cooling zone. The molecular weight éensiﬁivities

with respect to inlep initiator ﬁgicentpation'are\muéh

r L

usmaller rn_wdéﬁitudehfﬁam those wikh resgqct to jacket
teﬁgerathe. |

\ N

nw
~ N N

A . . N

! S - ’ l . . - A
~The sensitivities of, the raéic§l and polyher

3 o
!

momenbs with.respect to inlet initiator‘congentratioh;
" N \\_ A { ' . cL
.shown in Figure 4.6, are similar to the corresponding . . .

A ‘ 4

sJackete temhéréture sEnsitivities; ng final effects on
. .

L o . N ‘\

. the zeroth and first radical moments ‘and the-&econd

b

;lseDsitivities;»however, the overall effect on the 2ero§ﬁ

C e

polymer moqeht is a‘slight\}ncreaseg- : ‘g - 1\&
_ | o 5" ,
. < . , .

In all cases the sensitivities with respect to

-

‘ \ﬁnlet initiator concentration, are much smaller in

L

magnitude than those with respect to jacket temperature.

Larger'pércentage changeé can be‘impIeménted ininlet”
.iﬁitiétor.céncentratioh manioulation thart in jaéket

temhératuré méhipulaéion. Thereforé; depénding on tﬁe

mégnitude of the peﬁtu:bationé, both-jackét temperature
and inlet initiator cbncentration are po£ential controif

~variables for the constant jacket temperature reactor.

Mathematical sensitivities of an iéqthermal‘

‘reactor were also studied. The seﬁsitivity coefficients



- of the isothermal reactor were similar to those of the
constant jacket temperature reactor.

«t

4.2 Numerical Sensitivities
)

[}

In this section the effect of changes in model
parameters on the final\pgedictions of the model butputs

are calculated. The numerféal sensitivity of a model

i

output is defined aé“the\pgrcehtage chgkge in a.mddei

output from its value at a reference cpndition, due tg'a
_ percentage change in a model parameter frbm'%ts
- T . A
///Ebrrespondihg reference value. The mumerii7l sensitivity
a Lo

. "gpoefficents are comparable to the final vi}ues of the

mathematical sensitivity coefficients only when the same
initial cohditions are used in the Teact r models. The
numerical sensitivity method calculates/ the final effect

of a parameter manipulation on an outplt by solvihg the

nonlinear model of the qeactof for two. sets of parameters,
N *

and calculating the percentage chandes in the final

predictions. The mathematicai method solves a set of

- linearized sensitivity equations aloﬁg the entire lengtH
A} ' . “ ' J

of the reactor .to find the effe8{,07 perturbations in the

‘model parameters. SR /

/
.

v

81



4.2.1 Jacket Temperature Sensitivities : “'f. mﬁ#‘

S N
14

" The jacket temperature sensitiviti€s are listed -~
"~ S _ -

in Table 4.1. Senéigiyitiés/at three reference jacket

. . » !
. temperatures, 403, 433 and 493 K, are presented. The

1argest changes in all dUtputs, dde to,a one perceht4
chaﬁge in jacket temperatt =2, occur ét>£he lqw.‘
temperature, 403 K. At LnLi/jacket:témd&zature the
reaction rates are slow and the initiator goes'hot
completely decomposé. ‘This Ls,noﬁ a desirable mode of

N .
-operation because the overall conversion is low. A change

in jacket témperapure significantly chénges the reactor
. < _ . o /
temperature. and molecular wedghts. -

Over the range of jacket temperatures présented
_ - ‘ ) , ' : A K
in Table 4.1 the'MN sensitivities are oppgsite 1in

direction to the jacket temperature cHéngé. The M,

polydiépersipy and éonve;sion sensitﬁvities,'howeyer, alil
increase at low temperatdres aﬁd décréase at high
temperafures‘due.to iacreaées,ih jécket-temberature.
Referring to ?igure 3.&,“this‘result.is expected becaUse
MN is'é continbously decreésimg functﬁon with\respect to
inéreasing jacket tereratUre, whergas MW’
pqudispersity and conve}sion‘all have maxima near 420 K.
» : )

From a control point of. view;jthe jacket temperature is a

useful manipulated variable for the constant’jacket
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temperature reactor in the range of 420 to 470 K.. In this*

-~

region an increase in jacket temperature will decrease the

molecular weights; polydispersity and conversion.

N .

The numerical sensitivities for the 433 K case,

I

agree well with the final result of the mathematical \ _

sensitivities with respect,to jacket temperatufe

’

manipulations, shown in Figures 4.1 and 4.2. The"”

2

numerical s®nsitivities are more accurate than the

mathematical sensitivities because they are derived from

the nonlinear model of the reactor. The magnitudes of the

Y

numerical sensitivities are different for positive and

. | . ) ‘
negative perturbationé, reflecting the nonlinearity of the
system. . The mathematical method, however, provides

linearized, average sensitivities valid in the region of

the ‘referenc'e conditions. . e T Ty
: . : ¥ } N
| /
4 o
) . ‘ ...4
4.2.72. Inlet ‘Initiator Concentration-§ensitivities

-
_ A _ ‘7
\ S

The inlet initiator concentration sensqgivities
for the constant jacket témpgrature reactor are listed in

Table 4.2. The three reference conditions are 2.43 X,

4

107%, 9.7 x 107% and 9.7 x 1077 mol/1.° For .All

, v i
cases the molecular weight sensitivities are negative for
a'pagitive perturbation in inlet initiator concentration,

whereas the corresponding conversion sensitivities are all
AnYen S :

34
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.positive. Tﬁese,trends.wére also observed in tHej
‘correspondinag-mathematical sensitivities shown'in Fiqures
4.4 and 4.6. These sensifivipies_follow ﬁh%‘trends -
reported in fiqure 3.7; as the inlet inityator
'concentration increases the_proﬁuct‘molecular weights

decrease and conversion increases. The initiator

conversion decreases for a decrease in inlet initiator
4

!

concentratien at the lowest concentration, 2.43 x 10
mol/l. In this system there is not sufficient initiator
to cause a rapig increase in reactor temperature and,

hence, complete initiator decompositon.

v

"4.% Choice of Control Variables Based on

Sensitivity Analysis -

The main reason for investigating the effects cf
chharges 1n input parameters on the model butputs is to

cetermine suitahle control variables for this reactor

v

system.

‘The results of the mathematical sensitivities for

the base case reactor indicate that manipulation of the

jac temperature causes significant changes in the

overall convefsioq and molecwlar welights. The numerical - ——
sensitivity'resuﬂts support ‘those of the mathematical

sensitivities. In general, increases in the jacket



temperature decrease the molecular weights and conversion

»

g

final product. However, depending on the choice of

. model and operating parameters,,the §ensitivity

ceocefficient can change sign and magnditude.

fhé second choice of Qontrol variahle for both .
the constant-jacket'temgefature reactor 1is the inlet
initiator concentratién. I:Creases in.in{tiator? ,
conéentratioh caused decreéses in the moiecular wéights
ancd increases in the monomer cbnversion, AlthOUdh the
magnitudes of/fhése sensitivity coefficients, both in the
mathematical and numerical ceri@aitions, are less than
those cof the jatket temperatures;‘the available.range for

manifulations, greater than 100C% of the base case

concentrétion,-justify its use as a contral variable.

L2

404 cepsitivity of Model Cutputs withsiespect

tee Rate Constants

The numericél sénsitivitiés of the model outputs
with respect to rate constants are célculateo to fing the
effect of uncertalnties 1in the rate.constanf parameters on
the model odiputsl The definition of these sensitivitiés
is similar fo those for the model'parameters“in the

previous section.

| N




K e
The rate constant sensitivities investigated are
with respect to 10 percent changes in frequency fdactors
activation energies, Wherever possible. These
sensitiyities are listed in Table 4.3. The sensitivity

4

coefficiepts with respect to the activation energies for

decompositben, E and transfer to pelymer, E were

a’ fp

calculated for ane ana five percent changes, respectively.

The parameter which.most significantly affects
the model outputs.is the activation energyofor transfer to
polymer. For a five percent increase in EfD the weigﬁt
average molecular weight incréaséé by 589%, with'very
little effect on the other variablés. The magnitude of
this sensitivity is very iarge and emphasizes the need for
an accurate estimate of kfp'; In Chaptgr 2 and Chen
et.al.'s paper the uncer%ainty in kfp was addressed.

t

The activation energy for initiator decomposition
sianificantly affects. most of the model predictions. For
a one percent increase in Eqr My incyeaigs Dyab 6%, PD
by 44%, My and X,  both Ey 9% . These resplﬁs agree

qualitatively with those of Goldstein and Amundson {1965).

All other activation energies, except that for
termination by aisproportionation, significantly affect

the model outputs. The frequency factors, except that for

sor

3

!

3
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ktd’ also affect the model outputq,’pur nat as stronnly
as their Cﬁrrespondinq activation energic. Ihiﬁ is
expected due to the exponential dependence of the rate
constants on the activation energies.  From tﬁis study it

can be concluded that accurate estimates of the kinetic

parameters are necessary for reliable model predictions.



S OPTIMIZATION STUDIES

“,1 Definitinn of the Optimization Problem .

Thee reactor mode ] cesceribed. in Chapter 2 i< a

3

multi-input multi-nutfput mmuel./ [t vanm be written

concisely asy

~

;

= f(y,t,u) . . («.1)

a
ot

whepe = v is a vectnr nf state varianles X
t is tne reactor coordinate, time

tu is a vector nf crontrnl variables

Tne ~“tate variables are monomer conveérsion, Kaps
1
- )
initiatnr conversion, X1 molecular weiants), My and
MW, and reactor temperature, T. The control variables

are iarket znpe terrceratures and locatinns, aned imitiater -
. A b

|

concentrations, types anc injection -point locations. This
modpl:f% nonlinesr In the state anc contrnl Qi:iaoles.

. Tne only state variable of copcern aiong the
reactor conrdirate is éhe reactor temoe%aﬁure. Inis
variable must be centrolled w&thin its nperating limits,
ar minimum and ﬁaximum constr3ints, along -he entire

length nof the reactor to avoio ethylen% decomposition.

{



Iheluther stale Vdridbléﬁ, molecular weights and
conversion, are meaningtul gt the reactor c<it only.
Hnwvvvr; the tinal values ot the molecular weights and
conversions are intluenced hy the value« ot the atate

variables at all points alor o the reactor co-ordinate.

An - ideal ootimization‘or this system would try to
maximicz« the moncmer conversion subject to the temperature
cﬁnstraiﬁts‘thruuqhout the reactor and the constraints on
final molecular weights. The contr@l varlables are simply
the inputs to the’reactor. The optimization problem in
this work can be formulatea as a static optimization witnh

the tollowing objective tunction:

+
M Z M 2 X L
Jo=ap (Mol ) v as (I 1) az (M -1 (5.2)
MNG Mw( XMd
,
where M, is the final number average molecular
. welight
A‘ ’ . - ’
-MNd ls the desirea value ot MN :
My l1s the final weight average molecular
weight \
M i i ai.
Wd . S the desireag vaiude of Mw
X\ is the final monomer ccnversion
X1a 1s, the dgesirad value ot X
, @y, a,and a; are weignting factors

();?
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Thé de#ired values of thé molecu;ar weights and conversion
are p#edetefmined by the designer; or by"tHe_quality
SQecifigations for a certain type'of polymer. The state
variébigs éfé normalized in the cé§£ funétiodf Théif“
relétive_impartance is éetermined Dy the.weighting factors
) : _ .

a e

a, and a

1’ 3"
. The matheﬁaticalmte;hnidue uééQ‘%Q solve the
optimizatioh prdblem.isntﬁe IMSL subroutine ZXSSQ.» The
umethbd.gmbloyed py this féut;ne”minimizés the sum of the
squares oanbresidpal funétion, which is'equivélent to
minimiziné‘the cost function, J.

.
N .

In some optimization problems numerical
censtraints must be placéd on.the control variables. " For
an actual reactor operating limits an the'jaéket _ -

temperature and initiator concentration exist. These: Y

"operating limits are translated into numerical constraints

by the use of Boxﬂé'transformation0(1966):

gi = g + (hi~"91) sin2 yi 1= 1,...,N (5{35>‘
where g, " is the lower limit on xi S ' g

hi ‘ 1s tﬁe uppef limit on xi 

x5 is the control‘variable

‘y  is the tfansfofméd cahtrol variable

N is the ,number of constrained variables



4
.

\

Use of the transfbrmedkcontrol variéble, y;» ensures
that the conprol variable, *i’ does not exceed its

operating limits throughout the optimization procgdures.

A

Constraints may be imposed onn both the jacket

¢

temperature and initiator concentration.

. . ' /
5.2 Jacket

Temgprature'as:the'Céntrol variable

The object of this optimiZzation problem using the
jacket temperature as the contro} variable T%vtp~find a.
fangelof polymer.product'gualities that can be produced in
a base'type reagtor by manipulating the jacket
temperéture. The reactor configuration isva btase type
model. Tﬁé initiai values for all the control variables
“re those of tﬁe case case simulatioﬁ, Table 3fl. The
iny.control vépiéble which can be changed by thé
optimization calculations 1s the jacket tempera&u;e. The
results for several optimizations are‘presentéd in |

v

Table 5.1.

The simplest type of optimization problem
in&olveslone,control‘VarIaDle, TJ,'and one desired

property, either number average moleculdr weight, weight
average molecular weight or conversion.. These simple
optimizations are listed .as the first four entries iQ

Table 5.1. The results show that using the jacket

94 .



95

s

B [ T _ I _ | _ _
| | | _ il _ _ | 08 | KX
oo _ _ | SN b | 000009 | MW
00T | 26°¢ | 9Ty | OLET6S | DLGZ:T || »=0TXL'6 | i1 8°gw. | 000007 | - N
. |- o O R H ~ ! . |
o | _ o H _ b 09 | W
| . | |- | | | |- | 00000S | MW,
0oT | 2s°s | 69°¢ | 0e696% | 004521 || u-0Tx¢'6 | sc6 | 8°Lyv | 000001 | Mo
_ N I _ I _ _ o |
~ R _ _ [ | | | g Wk
_ | . [ L . _ | . | ooovovr | My
0ot - | 7I°G | €£°¢ | 0Ovwg8¢ |- 0L0STT |1 5-0TXL"6 [ €46 | 27297 | 000001 T Nw
_ | oo | I o _ _ |
| | | A I _ _ - 06 |
: [ . _ g - - : _ _ | oocosy | MA
oot | 0s's | L9°¢ | 0Oslzsy | cwmmwﬁ Il y-0Tx¢°6 | <& | weyy | 0000ZT | Nw
‘ | ‘ _ | _ N | _ _ _
_ _ _ _ H _ _ | nooooy | . M
oot | SZ's | gvtg 1 0¢6zaw | OvsLTIT || p=0Tx2°6 | si4¢€ | wtisv | 0000ZT | NwW
| - _ _ [ _ I | o
_ | _ | H . | | oocosy | Mw
oor | 65°S | LLTS | 099TLY | 0€2G2T || 5-0Txt'6 | €4€ | g°gyy | 000021 | MNw
: _ _ _ _ [ _ _ _ o
$-09 | 10°¢ 1 65 % | 0gL6w8 | 090s8T || w-0TxL"6 | €16 | 0707 | 06 | "X
i _ _ |- _ b o _ | - ‘
00T | 09w " 1 96'Z | OLgwOg | 066Z0T || p-0TXL"6 | ¢Le | L°86v | 00000¢ |  Md
7 [ _ o L -l _ [ _
00T L _Ayty !} 68°2 | 069882 | 08666 | _K\\Suoaxh.o | dig | 0°¢£T1s | 00000T | Ny
o | | _ a _ _ | _
00T | S£°s | es7€ | 0gTeey | OSL6TT |1 9-0TX¢"6 | L8 | Z°g¢Sy 1 0000CT | MW
. ] = | | | [ 1 | [ _
% R %- | | _ H T/Tow A M | s913iadoid
IX _ W1 ad | Ma L NW 0y | %1 | L | paITsag
mﬂmmﬂum>‘HQuu£Du se mu:umpmaEuh wwxumn S31iNsay UoTieZIWTIdg T°S 3TQEL
\ . /ﬂ. ° )
\ -~ -



96

temberature as fhe control variable high number average
moleculawaeight polymers @ith polydispersities of three
to five and conversions of apprbximately five pefbeﬁfiare
attainable using a fixed amount of initiétor (9.7 I:>‘<’lFG-Zl
mol/l) at the regctor entrance. 'By specifying only one
polymer property in the objective function, however, tI'ge
is very liftle control over the other properties.,‘jhe
kinetics of the system determine the other pfoperty
values. Oﬁly certain fanges Qf éach property can be

attaineolby manipulating only the jacket temperature.

Neither a number average molecular weicht of less than

100,000 nor a weight average molecular weight of less than = -

275,0C0 nor wwenomer cdnyersion of greéter than 5.6% can be

/

achieved.

*

The optimization‘oroblem with monomervccnversion
as the cesired propef%§ 1s the only one for which the
finél initiator corversion is less ;han 100%. The type
and corcentration cf initiator determine the monomer
écnversiON, hence manipulaticn of the jacket temperature

has little effect on monomer conversion.

~Tr achieve better control over the product
pél/mer\qgalities at least two firal properties should be
specified in the objective function. Results fof such

optimizaticns are listed in }éﬁﬁ§>5.l“
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Tﬁe specification of MOré than one polymer
Property while ménipulating only one chtrol variable
expeedé the degrees of freedom of the éystem. Therefore,
either the desired broperties must be apbroximately equal
to fhose;aptained by specifying only one property, or

weightinq‘fébtors must be included in the cost function,

equation 5.2,

, The'fburth}té sixth entfies in Table 5.1 all have
a MNisimilarfﬁo that of the first entry, 120,G600. In
these results the weight average molecular‘Weights rahge;
from 404,800 to 474,1C0; polydispersities from 3.44 to
3.78; aﬁd monomer cOnversipns from 5.3 to 4.6 perceat.‘

The control variable, T ranges from 445.8 to 457.4 K,

j’

-

which is a very narrow range. Over this twelve degree
range Qf jacket temperafure the number average molecular
wgight, specified in all cases, is approximately 120,CGO
and'all-othef prpperties vary 10% from the single
specified property, MN, case. Therefore, the designer

“Pas very little freedom when using only one control

variable to control more than one property.

The last three entries in Table 5.1 further
illustrate this point. -In all three caées MN is

specified as lO0,0db with M, and XM‘specified at

W

~increasing values. As the desited My and hence



\ | | n . 9¢3

polydispersity, increases, the final MN deviates more
7

significantly from its desired values. Thus, asnigher

{

penalty is paid with respect to the M, specification

N

~when using only one cqpt:ol variable, jacket temperature,

toc meet three proper¥$>specifications./‘
)

I

-

5.2 Inletilnitiatdr Concenfration as the Control Variahle
y 1he objective of this optimization study‘is to
findythe rahge of polymer procuct qualitieé that can te
produced in a tase type reactgr by manipﬁlating the inlet
initiator concentration. The initial values of all
variables are those of the bése case simulétioh, Tablq

3.1. The optimization results are presented in Table 5.:.

In the simple optimizations, with only one final
property specified, a broad range of molecular welights and

hich conversions are obtained. These simple optimizations
« -~

| .
are fthe first five entries in Table 5.2  The number i

average molecular weights range from 49,000 tc 104,000 and

AL

'G@

‘weight average molecular weights from 163,000 to 416,

The /minimum M, and M are much lower than those

N
obtjained using the jacket temperatdre as the control = 7
vatiable. The conversions attained using initiator

cdncentration as the controi variable are between 6.7 and

.5%, which 1s higher than those of the jacket temgerature
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optimizations. Both the lower molecular weights and
higher monomer conversions are attributable to the

increased 1nitlator concentration in the system. -

'The-bptimizatibn problem with monomer conversion
as the éesired property is easiefito solve using inlet
iﬁitiator‘conceﬁtration as the contrtol variable than Jsing
Jjacket temperature. Frem the simulation studies in
.Chapter 3 it is known that monomer conversion is directly
related to the inlet imitiatcr concentration. Howéver,
the solution of the monomer.convefsion optimization
reauires more iteraticns tﬁan that.of the moleculér weight
obtimizétions. Since problémé were encountered in monOmei.
conversion optimizétion using either jacket temperaturg;or
irlet inmitiator concentration as the contrel variable this
type of optimization is not recommenced.

As in the jackét temperaturevoptimizations, the
inlet initiator pdncentratiom optimization'probiem is
solved with two'and.three specified final proberties.
These results are'the lést thiee‘ehtries in Table 5.2. In
thelfirst two df these entriés the number average and-
weight average moiecular welights are sbecifieo in tre
optimization problem. The desired humber average

molecular weights are each the same as in an optimization

with only number average molecular weight specified. The
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solutions of ‘the two-property specification optimization
problem deviate more Significéntly from the desireu values
thah the sinqle—ﬁropérty op'imization results. The reason
for this is the.reduceo f'lex/ibility.'in'final property
values when specifying two properties and manipulating
only one var@able. In the case with desired molecular
weights of S0,0CKQ(MN) ana 200,000 (Mw) weighting

factors are required in the cost function in order to fing

the solution.

The last entry in Table 5.2 specified all three
final properties Qflthe polymer. The molecular weight
reéult is within 7.4% éf the desired value and the
conversion result within 29%. Again, by specifying more
than one property and manqulating only one Contfol
variable tne results deviate significantly from :the

desired values.

5.4 Combination of Jacket Temperature and Inlet

Initiator Concentration as the Control Variables .

To increase the rarije cf the number average
ana wéight average molecular weights attainable by
optimization both jacket temperature and inlet initiator
cdncentration are cefined as control variables. These

control variables are easy to manipulate, either alone or
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- o

in combination, im ‘an industrial reactor. The use of two
control variables increases the degrees of freedom in the
system, therefore, it can be e;pecteo that MN and Mw
can be controlled simultaneaously. Rgéults for
optimizations with several different molecular weight
combinations are given in Table 5.3.

The advantage of“optimizing both the jacket
temperature and ihitiator'conéentration over the jacket

N
40,000 andg Mw of 200,000, and higher conversions, 12.8%,

temperature alone is that lower molecular weights, M of

are achieved. The main advantage over the initiator
concentration ;lgne s that higher polydispersities, 5.0,
can be attained. Also, with two manipulatedg variables the
two-prope:ity optimization results are within ten percent

of the cesired values without any penalties or weighting

factors.

The numerical solution of optimization problems
with two control variables take longer than that cf
probleﬁs with only 6Pe control variable. To procuce the
same desired polymer, the optimization with two control
variables recuires an average of ﬁwiqe1as many iterations

. 1
as the single variable optimization. .
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.5 Multiple Jacket Temperature /Zones as the

Control Variables

When using multiple jacket temperature zones as
control variables, either the jacket temperatures of
specitied zones or the lengths of the zones can be

manipulated in the optimization problem. 1In this work the

-
magnitude of the jacket temperatures anu the lengths of

the zones are treated as separate control variables.

5.5.1 Zone Temperatures

To study the Effect of the oifferent/jacket
temperature zones, the Jjacket is diviveud into two sones of
constant temperature. The firsﬁ zone extendcs from the
reactor entrance to one-quarter ot the total reactor
length; the secona from this Boint to the enc of the
reacter. The results for the two-zone optimization are
listed as the first four entries in Table 5.4. For low
numper average molecular wéights a low jacket temperature
in the fir§§ zone and a hiah temperature in the secona
zone 1is required. For nigher polyaispersities with
coastant number average molecular weight tne jacket
temperature in the first zone should be lower. In all

these cases tne conversion is law, approximately 5%, aue
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to the small amount of initiator, 9.7 x lu~ " mol/t,

injecterd at the rTeactor entrance.

Far a three-zone reaction, *he reactor 15 iivided
I“te beating, reacrion and coclinng zones, startinag at the
reactor entrance, 6.3 5 and 16.8 s, respectively.  These
Jacket temperature zones correspand to the reactor zone
subdivisions for the base case reactor. The results for
this type of optimizaticn are listed as the last three
entries in Table S... To procduce a polymer witth a low
rumber averace mélpcular welart the firﬁr‘:mne should have
a low jacket temperature, and the other zones high Jjacket
temperatures. In this reactor very litt]grrpacfinn ceccurs
in the first Zzcre and palymerizatinn Ccocurs quickly 10 tr»
seconc zope, Trhe frirc zeope has e effect on the product
colymer qualities. To prcouce a polymer witn nigrer
polydispertity anc constant number average molecclar
welght the jacket temperature in tﬁe first zone snoula te
lower arc those in the seccnc zone shcoula be the sare,

Again, the temperature of the third jacket zore has very

little effect on tre olecular weicnts,

5.5.2 Zcne Lengths

The lenath cf the jacket temperature zones, with

pre-specified zone temperatures, has feen investicatec.

[0
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Since the cooling zone has very little effect on the -
polymer propéfties*the objéétive of this optimization is
t@ findkfhé best pbsition.qf fhe second Jjacket zoné. The
simpleét soluinn of. this problem uses the method of -
interyal halving‘to search for the starting point of the

ey

second zone. The temperatures of both zones ares
“specified. For the'fegults listed in Table 5.5 the
" heating zone temperature is 433 K, the,sdﬁéftehpefature as
’thé heating zone in the bése-case simulation. The 'second
 2gn§ temperature is éither 373 or 503;K.‘ As shown above,ﬂ
thexuge,of.a higher temperatﬁreﬁin fhe secdnd jacket zone'

yields a‘product with a lower number average molecular

v ' o : . - Y

C weight. o , - o N

/ 4  - To qécrease.the number»avefﬁge moLecular wéight
of thé product pqi}mer“the‘begi%nihg of thé hotter seconc
éone is vaed’toyards the‘reéctbr‘entrancé. Thus, very
little reaction éccurs in the sHort, lower{temﬁeféture

r heéting zOﬁe and polyme:iggtién occurs répioly in the hot

- 'réattion‘ione. To‘émc&pase the‘pdlydisgersity'the
beginning of'Fhe ho% second zone‘is moyed towaEOS the
reacgpr exit. Here, in the longer, lower temperature

> b%ating]zone&the podymgrfzation reactions occur slowly,

creating high‘MwupfooUéfs.'
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7

The use of'multiple jacket 2bnes provides more
flexibiiity in the control of molecular weights of the

product than the base type reactor_with a single jacket

temperature. However, for more userul results, Eﬁé.jacket

 temperature in each zone should be relatea to the reactor

_zgneé. A 'more complicated jacket configuration and

s

ad

A

foptimizatioﬁ problem would determine the best temperature
and length of each jacket zone.

«

5.6 Multiple Initiator Injection Points

as the Control Variablés

\\\\ \ \\

Using multiple initiator iﬁjection Daihts as the \
control variables either the initiator concéntrations at j
the specified injection points or the locations of the
injection points can be fhe control variables in the
optimization problem. \Two thﬁmization problems are
studied séparately. In the first the initiator
concentrations are determinéd at the reactor inlet ana one:
injection point. In the second the location of the

injection point is determined.

5.6.1 Initiator Concentration

JIn'the first case the location of the injection

point is at the midpoint of the reactor, t = 15 s. . The



initiator which is injected at the reactor entrance is
completely consumkd by the time it reaches this injection
point. An injection of initiator at this point will cause
and increase in MN,“M and conversion. The

W

optimization program finds the initiator concentrations at
4 : N
the reactor inlet, CIO and the injection point, CIl’

required for producing a desired*polymer. Results for

several cases are presentec in Table 5.6.

These resulfs show an effect similar to that
observed:for the inlet initiator concentration in Chapter
3:‘ to decrease tne number average mclecular weight and
ingrease the monomer conversion, the total amount of
inz-iator injected into the system must Dé higher. To
increase the polycispersity whilewmaintaining-a constant
value for MN’ the initiator concentration at the reactor
entrahcé,degreases and that at the injection point
increases. . The polydispersities obtainea ir this réactor
" confinuratiorn are much highér tha% thecse of all other

reactors. The additional injection of initiator is the

key to increasinqg the po.ycispersity of the product.

In Tablé 5.7 and Figure 5.1 similar reactor
cdnfiguratiﬁns with one and two initiator injection points
are compared. In botn reactors 2.0 X lU'vaql/l of

nitiator is injectec at the reactor entrance. In the

~
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second reacfor more initiator, 3.09 x lO'3 mol/1l, is
injected at the midpoint of the reactor. The number
éverage molecular Qeight of the second case fs lower than
that of the first due to the higher overall initiator
concentration. The polydispersity, weight aQerage -
molecular weight apd conversion are all higher because

more initiator is injected into the reactor past the

reaction zone, ‘resultinag in temperature variations.

5.6.2 Injection Point Location

The optimal location ot the inmitiator injection
point is ;nvestigated using an interval halving methoc.
The initiator concentration at the reactor entrance is
pre-specified. In thé‘cases studiedg the concentration at
the injection point is 10% of the inlet initiator
concentration. .The results for several cases are
presented in Table 5.8. |

4

The first three cases, all with initiator
concentrations of .97 x 10~° ang .97 x 1074 mol/l,
show‘that to‘increase the num6§£*éVerage molecular weight,
the second injection point must be located near the location
of the temperature péak in the base case reactor. As thfs
peak moves away from the entrance the molecular weights éf

%hé products .increase. This shift in the temperature
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peak, or the location of the second injection point, also
decreases the overall conversion, as in the base case

simulations.,

Injectina larger total amounts of initiator intn
the reactor results in decreases in both MN and MW’
and an increase in the overall conversion. This behaviour

has already been observed in the multiple injection
%

\

optimizations and the base case simulations. <
The disadvantages of using the interval halving
method to find the best injection point location are that
the startira interval must be within 3 seconds cof the
ootimal location, anc that the numrrical scluticn can
esclily sear~h In the wrono cirection, especially when a
multi-cbjective cost function is used. The interval
halvina metrea 1s an adequate teckhnicue for finging the
iniection point location only if the desired concentration

anc approxlmate location are known a pricri.

The first type of optimization, finuing the
Iritiator concentrations for known injection points, is
most useful In an,indusfrial appreciation where tne
initiater injection pcints on a reactor are fixecd. The
second type of optimization, determining the location of
the injecticn point, 1s useful in the design of the

reactor.

[RES



5.7 Multiple Initiator lypes as the Control Variables

An alternativp‘to providing several injection of
ane initiator along the length of the reactor is to mix
several dif‘erent ihitiatof types together and inject this
mixture at the reactor inlet. Industrially, it is easier
to mix several initiators together and inject them at the
beginning of the reactor than it is to provide a second
injection point when none exists. The designer would
ideally choose a few initiators that have unique, distinct

temperature reqgions in which they are most reactive.

The objective of the optimization pfoblem is to
find the hest concentrations of each type of initlator to
De ihjected at the reactor entrance. For this problem the

base initiator, benzoyl peroxide, is mixed with t-butyl

peroxlde. ng gecomposition rates aof these initiators are:
’ -23
benzoyl peroxide Kadl = 6.30 x 1013 exp (_2§%99 )
_ . _ " 14 . =351C0

t-butyl peroxlde\ kgqp = .26 x 10 exp (——§7——)
(Hamielec and Friis, 1972)
The rate constants are shown over the typical reactor
temperature range in Figure 5.Z2. The second initiator,

t-butyl peroxide, becomes reactive at approximately

450 K. This temperature is slightly lower than the peak
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reactor temperature 1in the base case simu{ution.
Therefore, the second initiator should start to decompose
after the first initiator is completely consumed. This
second reactlion zone will change the product qguality andv

conversiaon.

The results for several different products are
presented in Table 5.9. TJo produce_high molecular weight
products small amounts Pf both ‘-initiators are required.
of 750,000 the benzoyl

peroxlide concentration is less than 1.2 x 16'3 and

For the cases with a desired Mw

t-butyl peroxide concentration less than 1.5 x 10
mol/l. In these ggses the second initiator 1is not
campletely consumed at the reactor exit. QCue to-the low
peak temﬁerature in the first reaction zone, the second
initiatoL‘cannot react to its "ull extent. To produce
lower My crcducts at constant MW’ and increase the
polydispersity, more.of both initiators must be added to

the reactor. This 1s also consistent with the results of

the base case simulations.

In Figure 5.3 and Table 5.10 tre two initiator
system‘is compared with a base type reactor under similar
conditi ns. Frombthé figure it can be seen that at the
point where the first initiator becomes completely

consured the second initiator maintains the reaction.
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Thus, a higher temperature peak is reached and the monomer
conversion increaSes..'The increased activ}my leads to an

inérease in MN’ M, and polydispersity. Thdis effect 1is

W
similar to that cf a second injection of theAsame

initiator at the end of the reaction zone, as presented in
Figure 5.1 The above results indicate that‘the use of K
several types. of initiators cén improve thevconvefsionMof h

a givén reactor, and significantly alters the properties

ofithe polymer product.

The use of different initiators in the.
optimization program causes many numericai prdblems. The
. .range Of,ggncentrations for the secong initiator has to be
consénained between Q.and 40% of the base initiétof
concentration. Abqve'ao% he Peaétor temperature exceeds

the upper safety limit of efhylene pélymerization.

-

5.8 Significance of Cptimization Results

The results of the cotimization studies can be
used to determine-the'app}opriate cohtroi strategies for.
thfs reactor. The polymer engineer studying polyethylene
reacters would DeAinteres£ed'in the results of the
multiple initiator injection studigs'an the multiple

initiator type studies. The polymer engineer woula

determine the amounts and types of each initiator injected
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at as many points as, desirable ‘along the reactor length,
: ' ¥

and the effects of these variables on the polymer
product. The results of the optimization studies will be
incorporated into the bverall reactor control scheme

13

discussed in Chapter 6. , . ) 1



6. REACTOR CONTROL TO IMPROVE CONVERSION

i

6.1 Overall Contrcl Objective

Themﬁain control‘objective of this study is to
imhrove the cverall conversion of ﬁbnomer to polymer pér
pass in the reactor. The secondary control objective 1is
to increase the degree of branching in the polymer
product, ;nqgcated by the polydispersity. Typicélly, low
density‘polyethylene has a polydispersity between 3 and
20.1 (Romanini, 1982) To increase both caonversion and
polydispersity in a single pass thfough the reactcr, mocre
“initiator shéuld ~e added, either via multiple injections
of ore inifiator typé or via multiple types of initiators
ihjected>at‘the reactor inlet. Owing to the lack of data
on commercial initiators, the first alternative was

studied in detail.

In the opfimizatich sthies of Chapter 5 oniy one
extra initiator injection point, beycnd the iﬁjectioh
point at ﬁhe reactcr entrance, was studied. In practice,
a reacfor could have more than one injection point. A

constant initiator injection rate simulation was carried

out for the tubular polyethylene reactor. The results of
this simulation are presented in Figure 6.1. The constant
initiator injection tegins at t = 3 s. At each 0.3 s,
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9.7 x 10—7'mol/l of initiator is injected into the
reactor, for a total of Z6 injections. In Fiqgure 6.1 it
is shown that the mé%o%ef conversionlincreases linearly
with the rumber of injections of initiator. The number
averaae mglecular weight is approximately constant and the
weight average molecular weight, and hence polyagispersity,
increase eXDonentiallyu Sirnce this simulation study hés
shown that many injectibns of small conceﬁtrations of
initiator inmcrease both the conversion and polydispersity

of the prcauct, the conversion improvement schemes shoulca

incorporate come features of this scheme.

5.2 Conversjon Improvement Schemes

The proposed cverall conversion improvement

Scheme 1s based on tnree preliminary 5chemes,~0escribed in
Tatle €.1. These are referreu to as the constant
temperature reaction zone, ccnstant jacket ftemperature and
hian ﬁemberaturq injection';éactors. Dln(each schemée, a
large amount of‘;nitiator is injected at the reactor inlet
and several smaller amthts of initiatcer are'inj8cteo in .
the reaction zone. Thésg reactors aiffer maiﬁly in tne

criteria for crhoosing the lccation cof the injection peints.,
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The results of the three schemes are presented 1in
Table 6.2. All schemes produce similar polymers, with
MN of 100,000 and Mw of approximately 1,000,000, under
slightly different conditions. The monomer conversions
range from 10.2 to 10.4 %. The constant jacket
temperature scheme has the fastegt‘increases in molecular
weights and conversion becausé the reaction temperature
decreases betweeH injection points. The rate of increése‘
of moiecplarvdgights and conversion 1s slower in the high
temperature injection and the constant temperature
reaction zone reactors because the injebtions occur at

subsequently righer temperatures, where incremental

molecular ‘'weight effects are less.

The proposed cverall conversion improvement '
~consists of a constant jacket temperature reactor with
multiple initiator injections after the heating zone. It
is comparable to a base type reactor with mgltiple
injections,. The unique feature of this reactcr is the
fixed ihjection interval, chosen by the desigrer. Fixed
i5jection‘intervals enable an easier construction, by not
having to provide as many. injection points as requirea for
varied injection peoint locations. This also reduces the
complexity of the control system required to synchronize
the initiator ‘imjecticons.- Provision is also made in this

reactor model for multiple jacket temperiture zones. As

[
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vy
shown 1In the optimization studies it may be desirable to
divide the jacket into heating, reaction and cooling zanes
of different temperatures or multiple hot reaction and

’

cool quench zones,

The molecular weight and conversion profiles fdr
this scheme are presented Figure 6.2. This scheme

v
produces a polymer with an M of 96,800, Mw of

N
97,000 and 13.6% conversion. Seven injections of 1.5 «x
lO‘_5 mol/1l of iInitiator are injected with a spacing of
1.2 s, starting at 4.2 s. The maximum reaction
temperature reached in this reactor is 493 K, after the
first initiator injefticn point. The hot Injection zones

provide large reaction rates witheout violating any

temperature constraints.

To verify that thre proposed scheme for iritiator
injection does meet the objectives, this scheme was
compared with a similar conrstant jack2t temperature
reactcr with only one injéction af Ipltliator at the =
reactor entrance. ‘he results are rresentec in Tatle £€.3
and Figure 6.2, In totn reactors trhe same total amount of
initiater is inferteag. wcwever,.in tne tase type reactor
all cf the initiater iIs injecte: st tre inlet, whereas in

tre corversion imprcvement reactar a large amount is

injected at the 1inlet, followed ty smaller amounts at tne
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»

1hjectloh p01nts The‘overall ihCreaee in conversion for
the proposed scheme 15 from 6.8 to 13 6 % and in
_polydlqper51tv from 2.4 to lO 3 Therefore this proposed
~reaction. lﬂjecthﬂ scheme has truly fulfllled its

objectives of ihcreasingjcohversion and polydispersity.
‘ Ian

2

-

The effect of 1h1t1ator lﬂjECthﬂ concentratLOh
on oroduct quality 1is presehted in Table 6.&. As the
lﬂjECthﬂ concentration increases .the humher’of,ihjectiOhs
requirec to produce the‘desired.produor decreases. The

rate of increase of M, and X,, increases with

W M

épihcreasihg_concehtratiOh;'howeVer, the rate of increase of

.MN does not follow a clear trend.
. The effect of injection SpaCiDQ,Qﬂ product
ooality is presented in Table 6.5. Increaskng the

injection soacrho increases the rate of increase of hw,
My aod’conversioh per ihjecton. Also, fewer'ihjections

arefreouired to oroduce the Ceﬁireg product..

¥

In the simulation and optimization stuaies it was
4- . ) -
shown that the Jjacket temperature affects conversion and
molecular weights. The effects of.jackef temperature on

" molecular weight are oresehqed in Table 6.6. In thig

reactor the best jacket temderature is determined Dy the

. | . ’
maximum reactor temperature constraint, and the molecular

3
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weight and conversion development. in the high
temperature region, above AQO K, in which the injected
initiator decomposes completely between injections, higher
jacket temperaturés lead to smaller increases in molecular
weights and conversion. bThis'effect, per injection, 1s
similar to the overall temperaturé effect in the base case
reactdr in Chapter 3. . For the initiatdr concenfratiOns
listed in Table 6.6 thé jagket temperature must be b;IE;\
470 K to prdvidé sufficient cooling to maintain the

reactor temperature below 510 K and prevent runaway

reactions.

Thié conversion impfovement reaétor is desicned
with ﬁrovision for multiple jacket temperature zones.
with the freedom to prBVide as many Jjacket temderature'
zones as desired a designer might consider alternating
Feating and Cooling’zones at each initiator injection
point. A low temperature cooling zone begins at the point
where the reactor temperature réaches its maximum for the
previous initiator ingagfion. This wili~quickly stop the
polymerization reactions. At the next initiator injection
point the jacket temperature is raised to énable initiatdr
decomposition. These heating aad cooling zores are
repeated for each injection point. A simulationAwith such

heating and cooling zones is compared with a constant

temperature zone Treactor in Table 6.7. The increase in
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conversion for the multiple zone reactor is less than two
percent over that of the constant jacket temperature
reactor. Logistically, control of the multiple heating
“and cooling zones and co-ordination of these Zones with
the initiator injectibn points 1is a difficult task. For
such a small increase in conversion the use of muifiple

heating and cooling zones is not worthwhile.

6.3 Recommendations for Reactor Control

to Improve Conversion

The proposed scheme, a constaht jacket
femperature reactor with multiple initiator injections at
fixéd locations, meets the objectiveé of incfeaéing
conversion and polydisperity. Compared to a. similar base
typé reactor, this scheme doubles,the converéion and
increases the polydispersity fiQe—fold. leng such é
) scheme‘to improve conversion should increase the profit

margin of polyethylene production by reducing the

cperating cost per unit produced.

Other modifications to this scheme might enhance.
- its profitability and should "also be inve§£igated. These
includé variatle injection tbncentrations and the use of

multiple initiator types, in addition to the variables

investigated in section 6.2.



The concentration of initiator at each injection
point need not be fixed.ﬁ In most multiple injection point
simulations the molecuiar weights increase when additional
initiator is injected; 'However, in Chapter 5, one case

was reported in which M, decreased and MW increased

N
when a large concentration of initi@tor was injected.
Theréfore, by varying thevamount/é} initiator injected at
each injection point it may be possible to get opposing
trendéx{n molecular weight developments. For the mosf
efficienﬁ\hse of initiator and maximum conversion an
optimization,strategy should be devéloped to determine the
initiator conééntrations at each injection point. This
type of optimizatibn is bésically~am extension of the
muliiple initiator optimization sthdied in Chapter 5. It
would be most useful to a planf engineer who must

determire the initiator concentrations required for making

a specific product.

The use of multiple initiators is a common method
" of conversion improvement in industrial.reactors. As
shown in Chapter 5, multip.e initiafors, if selected
properly, also increase the conversion and polydisperity
of the pol/mer product. The use of multiple initiators in
the conversion improvement reactor could help to iwcrease
the monomer conversion even further. ?or'an industrial
application multiple initiator types should be

investigated. r
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7. RELATIONSHIPS BETWEEN TEMPERATURE

PROFILES AND MOLECULAR WEIGHTS

The obiective of findiﬁg a numerical relatiaonship
between the malecular yeights and the temperature profile
is to aid'in final molecuiar welight prediction. In a high
pressure tubular polymerization reactor it is difficult to
determine the polvmer'moleculaf weights anline. REactpr
temperatures, however, can be measured or calculated
online. By estabhlishing a numerical relationship between
the molecular weights ana the temperature profile it is

hoped trat meclecular weights, or trendé“in molecular-

.welghts, can pe predicted cnline.

7.1 Cefinition of Moments of a Temperature Profile’

For each reactér simulation tre reactor
temperafure can be recorded at each polnt along'the
reactor cocrdinate, giving a temperature prcfile. As
-shown inyFigures 3.5 and 3.8, tre tempefature profile has
a characteristic peak ii7icatirq the pcint at which
polymerization occurs at the maximum rate. The magnitude
and location of this peak is a furcticon of initiator
‘concentration and jacket temperature, as well as other

reactor variables.
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A statistical method of quantifying the location

and magnitudefuf the temperature peak is to calculate the

"moments of the temperature protile.

The first and second

moments, or the average and standard deviation, of the

temperature prdﬁile are calculated tor the constant jacket

gemperature reactor as follows:

average

standard
deviation

where:

TsD

is

is

is

is
is
is

is

1

the

the

‘the

the
the
the

the

ﬁf _
(T * tx = Tg * tg) (7.1)
K =nj :
N
Nnf i .
(Tk > tk = Tg * te)2  (7.2)
K = niy - '
N(N=1)

beginning point

=0,

number of point

n - N,

f

reactor tempera

reactor tempera

of the reaction zone,

al
dt

[@n)

reaction zone

al o
at

[

s in the reaction zcne,

+ 1
1

ture at point K

ture at the endpoint

reactor coordinate at point K

reactor coordinate at the enapoint



a

This calculation region, Ny to Nes is shown
schematirally for the base case temperature profile in

Figure 7.1

The molecular weight and temperéture prof.les for
the base case reactor simulation are shown in Figure 7.2.
At the bteginnihg of the rFaction”zone the molecular
weights are decreasing while the reactor temperature
increases. Near 10 s the molecular weights reach their
minima. Here, the initlatcr decomposition rate is
sufficiently fast enouah ﬁo initiate the polymerization

reactions and the molecular weights begin to increase.

The overall relation%bip tetween thé temperature
anc mclecular weiaht crofiles is not a simple ore. But,
fcr the conmstant jacket temperature reéctcr, the reactor
temperature is related to the raﬁe of polymerization in
the reacticn zone. Therefore, the femperature prcfile is
an indication of the molecUlar weight cevelopment. Sirce
tre poly&erization rate affects the temperature Drcfilg,
the magnituce and btreadth of the temperature peak shculc

give an inagicatien of the proocuct molecular weights.
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7.2 Effect of acket Temperature on Temperature Moments

In Chapter 3 1t was shoecwn that increases in tte
jacket temperature caused decreases in the molecular
wejqhts (Fiqure 3.4). Fiaqure 2.5 shows that at higrer
jacket temperatures the reactor témnwrature reak increases

ana moves towards the reactor entrarns

From the prececing definition of the temperature
moménts, one weould alsc expect the temperature moments to
Cecrease with increasing Jjacket temperature. The effect
of jacket temperature cn the temperature moments 1s
cresertec in Table 7.i and trigqure 7.3%. In gereral, the
temperature profile averaae and stancarc ceviaticn

decreace with increasing Jacket temperature.

The temperature moments pregict the rolecular

*,
’

weight trends correctly in tne typical cperatinag
;

temperature ranges of the constant jacket temperature

reactor.. The temperature moments are valia "or jacket

v
temperatures ranging from 420 to 470 K.

)

) ™
7.3 Effect of Inlet Initiator Concentration on Mcments

e

e

In the simulaticn studies 1in Chapter 3 it was

shown that for most cases, increases in the inlet
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1nrt1ator concentration caused decreases 1n the product
molecular weights. These results age shown in
Figure 3.7.‘ Beoause an increase in the initiator

-concentratfgn leads to an‘increase in the polymerization
rate, *the temperature oroffles“of'the reactor fluid ‘in the
constant Jacket temperature reactor and the jacket fluid

“w

;vlqy&he 1sothermal reactor should change ‘with changes in
uz@ L

oggmtlator concentratlon Figure 3. '8 shows that with
higher lnrtlator concentratlons the temperature peak is

larger in magnitude and.located closerito the reactor
inlet. _ | QS§

The shift in temperature profiles due to
increased initiator concentrations should'be:observed‘as a
change in magnitude of

Y

The moment resultS'ﬁ“

e température profile moments.

””\S constant jacket temperature

reacor are presentedpin Table 7.2 and Figure 7.4.

\

In the constant Jacket temperature reactor the

expected results are conflrmed. Withb lncreases in the
: i

v -

inlet initiator’concentretion So*h'the aveTrage and

standard dev1at10n ofﬁthe téﬁperature profile decrease

.11

The average decreases sharply at low corcentrations,

3

107 mol/l, similar to the M trend. The standard .

W
deviation, or measure of the width of the profile,
decreases slightly over the entire range of

a
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concentrations. This trend is similar to that of the

My- Therefore, in this reactor the temperature profile

average is indicative of changes in molecular weights,

especilally chahges in MW‘

7.4 Implications of Temperature Profile Moments

The temperature profile moments deséribed in thi$
chapter are useful tools in predicting changes in
molecular weights under éertain conditions. Changes in
the average and standard deviation of the reactor
temperature profile are indicative of cﬁanges in the
polymer moiecular weights due to jacket temperature or
initiator concentration changes in the constant jacket
_temperafure reactor. The primary use of these mohents is
to predict molecular weight changes online. Using |
temperature measurements at as many locations és possible
along the réactor length, the simple moment calculations
cah_belperformed by a mini-computer orlby hand. By

observing the trends in the temperature profile average,

G

an operator or controller can predict changes in molecular

~weights and can initiate corrective action, if recessary.
Hence, the moment calculations can be used for supervisory

control of the polymer molecular weight.



8. CONCLUSIONS

‘The steaogy state model of a tubular polyethylene
reactor presented in this study predicts changes in
outputs due to changeé in initiator concentration, jacket
temperature or inle: “eed temperature.‘ As the initiator
conceﬁtration increase . the produét molecular weights
decrease and convers: .~rreases. With increases in
inlet or jacket temper .. - s the molecular weights | .
increase and conversion Gecreases. From the studies
presented in this work and reported in the literature, the
most useful control varjiables are initiator concentration
.and type, and reactor temperature. |

L4

A simple feedback control scheme would adjust the

jacket temperature or initiator concentration in order to
’ - o

. &

change the product gyality. More complex control 5“
would adjust the jacket tempérétures in predetermined
zones of the reactor or multiple initiator
concentrations. In an industrial reactor the heat
'capécities of tne reactor and jacket fluids and the heat
transfer characteristics of the reactor wall may change
during the reactor operation. A control scheme which
adjusﬁs the jacket temperature to control the :eactor
products must incorporate these'changeS»in heat transfer

prdpefties during operation. The more complex reactor
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control schemgs;would adjust both initiator concentration

and jacket temperature siﬁhltanéously‘to control the
product quality. Befofe implementing such control schemes
on an-industrial‘feactor the combined effects of changes
in these control variables should be investigated. Areas
of operation in which thése changes best control the

" product cuality should be determined.

The mathematical and analytical sensitivity
studies provided better understandi#@'of the effects of
initiator concentration and~jacket;femperature on the
model outputs. The sensitivity-sfudies of the model with
respect to the rate constants pointed out a need for more
accurate kinetic gata, especially for the transfer to
polymer reaction. The rate constants reportea in the
literature should be verifiéd for the conditions used in
simulation,'and the model should be validateo with either
an experimental or an industrial reactor.

The optimization studies determined the operating
cféfaditions for prodn’ng a desired poly';ner, Multiple
initiator injection points, initiator types and jacket
temperature zones increased the complexity of the
optimization protlem and the range of product‘qualities
that could be produced. The conversion‘impfovement
jrschemes used multiple initiator injections to incfease the

~“conversion and polydispersity of the polymer product.

1



The temperature profile moments Qere Qsed to
develop a relationship between molecular weights and
temperature profiles. The temperature profile moment
g;ves an indication of the direction of change of the
;roduct molecular weights, reflecting changes in jacket
temperature and inlet initiator comcentraticn. A simple
steady state contrbl scheme can incorporate these
temperature moments. The temperature moments can be

calculated online using severai thermocouple outputs from

the reactor. The trends in temperature moments with real

time can bte analyzed and.corrective action implemented, if

necessafy. The computing effort that would be required
fog the temperature moment calculations is negligible in
ccmparison to the model-based cortrol schemes. The

temperature moment cortrol scheme can easily be adcea to

the control software of any reactor unit.

In Cohclusion, this work was a preliminary study
of a tubular polyethylene reactor model. The model
developed is useful in predicting the effects of changes
in operating conditions and kinetic parameters on the
product holymer guality. The results of this study
indicate that polyethylene reactor modelling and control

i1s an area which could benefit from more research.
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Appendix A

Derivation of Kinetic Equations

The mechanism of free radical polymerization of ethylene

is described by the following elementary reactions:.

(i) initiator decomposition

g

] —— 2 R— 2 f R*
0 0

(ii) chain initiation

(i11) propagation

F
* M * :r x
TR w=l,x)
{iv) transfer to polymer
Kep .
R* + P ——— p + R* xz1,=)
X X ST
) e,
v)  termination by combination
tC .
* 4+ R* —2=y P ell,x"
R Ry 7 Py | x,yell,
{vi) termination by disproportionation . o
, ktd
R* + Rx —= P + P ’ x,ye[l,=)
X v X y :

160



. 161

where: . ' .

| represents the initiator'hdlgcpqes~‘
R : the initiator radiﬁa]s u" 'xfix; o
R¥: the activated initiatOﬁ_cgdicdls

M: monomer molecules R

f: initiator efficiency i

i
R¥: 1ive radicat of chain lengt x & =y .
. o % | o . *
' P i dead polymer of chain length %u, ; |
i N
Jy Loy o o ‘

Ky initiator decomposwt1on rate eonstant ¢ R . .

b ete L
KI' cha1n initiation rate ”O”QEQQE‘% T L

féﬁrﬁ“%* ; ;
kP: prOpagat1on rate constant'ﬂ ! %

the;

Initiator

The rate of initiator di§apoearahce°i%

dlll .,y

at d“ <

where :
(1] is the initiator concentration
t 'is the reactor coordinate N

k, is the initiator decomposition rate

d



the chain initiator rate is:
20

8
va[&%j '
SE = 2 F k[T -k ) (A.2)

where:

f is the initiator efficiencv factor

[t the quasi-steady state approximation is assumed to be valid for

radicals of chain length zero then:

d{R*]
0 . \
—H—t—\ = 0 ,\A.‘v)
i
and
; 2 f kd[I] - kI[M][RSJ (A.4)
Monomer

Monomer is consumed in the propagation and initiation in

reactions and generated in the termination by disproportionation

reaction:
ngi : - S *] * i mr *1 =% nw
qoF M IR R Bk e T e )
x=1 - x=1

9, K/ i -
where: Vm, ..

[M] is the monomer concentration

# ~ kp is the propagation rate constant

ktd is the termination by disproporfionation
rate constant « -
[R*] is the concentration of live radicals of chain
* length x



' ' , © 1A3

, Radicals are classified in two categories: those with

chain length one and:those with .chain length greater than;ohe.

Different mass balances are derived for each radical type.

radicals of chain length one

dER?j =2 f k [1]' k. [MI[R*] - k. [R j‘t“ [R*]
dt N d P‘ 1 ¢ 1 y=1 J
- ko ([R*] 27 yIP ] - P, I™[R*]) “ (A.6)
A YLy 1,5 M

- where:

’k is the. sum o"fhe termination rate constants

(ktc ¥ ktd)

kfp is ‘the transfer to bo1ymer rate’cdnstant

“+

. [P ] is the concentratwon of dead po]ymer chains of"
1ength X ‘ ,

rad1ca1s of chain 1ength greater than one = = .

SR e -
& kp[MI[RY_ 1] - k [M][R*] -k [BY ]y;][R;]
| - ke ([R*T 27 y[P. 1 - x[P 1 =¥[p*]) - (A
el O ST 7
| ; X':'[2’°C) .
@ . | .‘. f. ) |
Po]xmer Mo]eéules S ” B

Polymer mo1ecu1es are d1v1ded into two classes those
of cha1n 1ength one and greater than one. Mass ba1ances for these

~two c]asses of po]ymer mo?ecu1es are given below

»r
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polymer of chain length one

die ] ' : N ‘ '
_\'_, 1_._ = «® 1 { - o - Crpx
g *eelR] SR ¢ kU TRY) SR, T - (7] ST (A9)

polymer of chain length greater than one

‘
s .
- ) -

¢ [P] | | |
—r— = 7 ke DTUREIRED ¢k [Re) £RAD
t 2 “tc y=1 \y x-y td-"x y:1 y
L - T . v ) v.:'\L
* kep (831 77 ylP ] - EPX]QE][R;]) o (4.9)
° ‘ A g , XE[Z,OO) y

The use o¥ radi l-aﬁd‘ﬁolymer moments simplifies the

%

mass balance equations. In this model the moments are defined

as: ' ;
Ty el | @
Radicﬁaéﬂ”Mo‘ments )_ - - L
zeroth moment : G(1,t) = =7 [R;]. ' R (A.TO)
, x=1 - O ’
#{rst moment G’ (']’v,t)"= o x[R*] (A1)
. 4 x:] ’

second moment G'(1 ;t) = Zr"'x(x-U[R;]

. x=1 \:
| ) =2 '
/ | = T (x[R*T - x[R%]) (A.12)
x= ‘
pe o B o
) s . y ‘;;L -
. Dk oa kY %

..a:@



A

Polymer Moments

o

zeroth ‘moment H(,t) = ¢ ([R¥D + [P D) : o (A13)
. < x=1 "
. - L } I vm Gf;%‘, . . . _" | - l
first moment H'(1,t) = £ X( RX] + (P 1) (A.14) -
A x=,| ‘ " CooX
second moment HU(1,t) = £° x(x - 1)([R;1}¥ e 1) (A.15)
g x=1 . ' g '

Material balances for the moments of the molecular weights
» are obtained by differentiating equations (A.10) to (A.15). The
material balances for the radical anc.bb1ymér'mo1ecu1es are

substituted into the differential equations. The following express-

ions for the radical and polymer moments are obtained:

UL o2 £ [1] -k, 6(1,1) G(1,t)l' (A.76)
LTl =2 111+ kDM 6L -k 6'(1,8) 6(1,8)
ke SOOI e ) - 61,1
CSLOLL,E) KL - 67,8 6 (L0, (A
Sﬁlﬁ%Lil T 2 kM 60,8 - p 6°(1.%) 6(1,t) |
- gy L (1L O (H(1,8)) - 6(1,0))

- GOLE)(HY (h,t) - 6™ (1,8) + 2 4H°(1,t) - 6"(1,1)3]  (A.18)

N

dHOLY) ., o 10 20
dt 2 f kd[I]‘- 2'ktC’G (1,t) | . (A19)
. . Lo ' "
o dH' (1.t f ;
. SLoth 2 £ k(1T + k(M) 6(1,1) A.20)

165



166

" (1,t) _ S | T i
—id-t—% 2k, IM) 67 (11) + Ky 6100 6 (L) (a2)

whexe G"' (1,t) is the third radical moment

H" (1,t) is the third polymer moment.

According to Lee and Marano:

H'(T,t) - 6'(1,t) = K'(1,t) 7 S (A22)
HYCF s 6"(1,1) = H'(1,1)
(“Mgg, (1,t) = H"( v (A.23)
}Qﬁk ” ‘ -
H‘all(],t) _ GIII (],t) 5 Hm'(-l’t) (A24/\
, Thus, the first andé%;@bnd‘radica]vmoments'ére:
‘ ’ '”F?'a“..r _u .
e lht =2 F i 1T+ kM 610, - Kk, 6'(1,0), 6(1,1)
. P t
- kg[8 (1, t) HU(1,8) - GO (R 1,t) % ' (1,8))]
. . < .. 7
(&.25)
n . . L ) Q’
96(LEN - gk M) 6 (1,t) - K, L) 6l
“ ’ p 't .
< k(6T H1L) - B, (T, E) + 2 B 1))
. | s
(A.26)

¥
f

In Lee and Marano's model the mQSi halance for the:second
moment of the radical concentration (A.26) is uséd only for the
derivation of the second moment of the po1ymér concentrationm  It
is not explicitly required.for the‘molecu1ar weight determinatién.
Therefore;'the rate expression for the second radical moment is not

included in this model.



The mohomer balance equation (A.5) is simplified by the use

of the radical moments and the long chain approximation to beqpme:
[ &

n,"Q'
vl ' . . vy
R dlM .
: | —%;l = - kMl 6(T,t) (A.27)

The overall disappearance rate of monomer is equal to the

formation rate of radicals and polymers of all sizes, ie é%-H'(l,t).

-d[M] _ . dH'(G,t

dt ‘ dt h : (A.28)

1

In summary, the overall kinetic model consists of the
?b11ow1ng rate equations:

Initiator

d IW - ~ ‘
Tt kd[I] ‘ (A1)
E Mohomef | - , &
dlM = r VRS .
at kpnM]‘G(])t) (%27\
o .
Radical Moments SN T
BOE) = 5 £ (1] -k, BUTLt) B(1E) AL16)
t °d t.
46’ (1,t) _ . o
e 2 f de1]‘+ kp[M] G(1,t) - k, 6°(7,t) GOI,t)

- Kepl6 (1,8) H(1L8) = 61,60 (K" (1,8) + H'(1,0))]

(h.25)



Polymer Moments

re 001,1) G(1,1) ©(A.19)

L) - gk [1] - J

dt

6'(1,t) G'(1,t) (A.21)

e

dH (1,t) _ o, . "
n 2 kﬁ)[M] G'(1,t) + Kie

koY



\ Appendix B
Derivation of Sensitivity Equations

The reactor model deve1oped I chapter 2 can be represented -

by the following equationy

(=%
A

flypt) (8.1)

Q
oy

the constant Jacké% temperature\feactor
N (J\q ’ N Vg
5vectors a* e I

<

1t
—~
>
5
oy’
b

:In this appendix the seeps requﬁred to ca1cu1ate fhe sens***thv
coeffjejente for the putputs with respec to the parameters will be
derived. ‘

The sens1t1v1ty coeF¢1c1ent for the parame*er pJ and tﬁixif
output‘yi 1s defined as the fwrst partial derwvatmye of Y with.: ",

i

respect toApj:



The sensftivity matrix is a matrix of these coefficients

i Sy
o) = —_— = _—

i P 59

[

The information provided by the model is used to determine

O
t O

Since the model is a set of d1fferent1a]lequatwons the sens1t1v1ty
coeff1c1ents cannot be ca]culated analytically from equation (B.6).
U51ng the sens1t1v1ty analysis method (Atherton et al (1975), Beck
and Arnold (1977)), a differential equation for the sensitivity
i mq;rix may be derived.

Thé‘first step in the derivation of. the seﬁsitfvity matrix
is: to interchange the order of dwfferentwatwon 1n»the express1on

be]ow and Subst1tute equation (B.1) to ob*a in: ,

rd

ody

LI T (8.7
dt ,Q p at 3_» ~ ‘Z T L )

~ Since y 1s a function of p ' l

d, y) o Yy o if

at'ip’s = T 3.3,

B Yy - < D .

o2 R y
a

The matrix of derivatives is defined by equatior (B.6). By

introducing the-sensitivitx,coefficient i‘j as defined in equationu

(8;5), equation (B.8) may be'rewquten in the folTowing form:

cdo . T, AT, S =1, ,7 :
MR Y E e E (8.9)

170



171

To determine the initial conditions for equation (B.8), note that:

3 yi(O) | -
—1— =§,.. if p, is an initial conditions .o (B0
¢ pJ RN J ’ '
: j g

(18 p2 = CIO) ““ ’
2 y;(0) . .
—5— * 0 i§“pj is not an initial condition

J SRS

[N

The initial conditions are summarized as: {fﬁ_
. , : (,»
, /ﬂ%gﬂf
(0 if pj»is not an ini%%h1 condition
3. (0) %G v (8.11)
: . if p. is an inttial condition
ij j 2o o .

Equations (8!9) and (B.11) give‘a set of differential equatioqf whose
solution determines the numerical value of the sensitivity m:?i?i'

as a function df tihe. The number of quations is the produ;t,of e
the number of state variab]es and the"numberbéf parameters

(ie 7x2 = 14). ﬁgch sensiiivity equatibn (B.9) is lihear in the

:14'5 and nas variable coefficients which are determined by tne
J . . N

& . ) .
state y. Lo " g . .

~

The equétion (B.1) describing the polymerization nas been

derived in Appendix A. It is:

(‘jy] (] . ' : -
rr kp\ - y1)y3 ) .
dy2 ] ‘ , A
~ ‘ ‘
. Yy _— 2
L RIS N YR o
| it s » b
;;95,;&3'}.3; 5 ) \’n@’ . B
I&% .



=5 = 2 f kg Gl = yp) + k) Co( - yydyg

3

k¥3¥q - kfp Cmo¥1Yq - y3(¥6 * CmoyT)

ot JPSPIP RV S R
dat d 10 2/ T 7 %3
dyg 2

= 2Ky O (1 =y dyy + keoyy

av; ) “OH Lo Wy LI ijll>
dt ¢ Cp T, dt :‘Cp D 7 T,

Application of the sensitivity equations (B.9) and (B.11) to the
model (B.12) yields the following set of differential equations for

the sensitivity coefficients:

Y

jacket.temperature, TJ (j=1)

E..il:-k S | RV
Taz p Y3 711 T Rt Ty
AL D B es

d e, K
2] .. _ d .
g T e kgt all - vy 7y, 7
d o3 :
R I VR A A )
8K 5k ’
¢ 2%k
%. + (2 fCI "63;',' .Y3 :Ty‘;) 7



d o, o
at /Y3 Cmo(kfp B kp) =Y Cpo kfp 2B
- 2 F kg Cpp 0y + (K G- Kpy, = epde *
kg Keplno¥y) Py * KoY e
Sk 5Kk 5K
[ _d P T
MRS O sl LS i
Y7 7 7
5kfo‘
- (Cro¥1yg = Y3lyg *+ ¥1C00) =y ] oAk
R
gt 2 F kg g 9y - Ky iy
: £k ik
d 12 te
+,(2 f CI Y5 R :v7”¢77
d g |
Lz .- D a o] . Y s
at . 2k CnoYe wy T2k CoF 2k vy,
' ik K
_p 2 tc.
+ (2 Cmy4 ; + _y'4 . --
d :7] _ 1 ;H kD (c , o
r 1 k4
at E N m’3 117 m 73]
) (LH Cmy3 TkD L4 g .. iJiJ
TO 3‘)’7 71 'TO
5]
Sr1rnven. ¢ _
61(0)=0; 51 (0)=0

where all variables are defined in Appendix A.

k ) ¢

Y180 31

(B.14)
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»

inlet initfator concentration, CIO(j'=2)

e %
i E I P AR AR C T I AN E R T
d ¢ Sk Kk .
22 _ o ke Lk
I Py S LR P ol Bl o LR Y
7. 10
- - 2T kg Cpp ¥ - 2 kg oy
sk sk
d 2 5% ,
+ (ZfCIE-)’:;-S'}/—?—) @72+2fkd(] —y2)
‘A‘,}“?
Y42 ) )
7 = Y300 ke KD T Yalnoken | 01
=2 Fkglrg vpp t R E - kg kY v ke i Cog) s,
- (kg e LogYy) S0 T RepYs Yen
{ :kd iR k
+ 12 FC, — *+ C . -y — -
: -y7 rrryv »y7 g4 Yy - ':,}1.’.
o Ya T 5 T VG )] 5y7} 7R ALV U CH R Ty
. [
e
3t d ‘10 T2 T KedYs a2
sk 3k
d 1 2%, L, )
NGRS S R i A Yo
d ¢6‘2
T R VAL N R PO s
Sk 3k
: _p 2 tcy .
(2 Ly 5, Y4 %y, S



t

AH ka ¢

mo*p’3 412 3

T

d o0
dt on

-

l AH €k

0 0

ﬁHCmy3'ékp 4\
- ( 5y, "0 %72

»

. (0)=0; o

52! (0)=0

Ps

72

Bolo,

These sgnSitivity equations provide the sensitivity of the

model states with respect to»the\mode1 inputs. It is also des"-able

~
~

to calculate the sensitivities of tﬁé‘mo1ecu1ar weights with respect
to the model inputs.
The molecular weights are calculated from the mode]

states as folliows:
{

| CM == .7
N .YS .. ‘,
] N M ‘
CoH, T8
& = "— E"lu
ﬂ% , Mw Lmoy1

Using the quotient rule of differentiation the sensitfvity coéﬁffcients

3

£ Y .
ror MN and Mw are:

: A ) Ey;
5M Y535, TN T \
. qu CZH4 mo Yg |

Sy 2y
6 1

; M Y1 15 " Y 3
ﬁMw _ C:HA 1 ?EJ 6 Vpl

) C 2



[

{

At each point along the reactor coordinate.

4

The sensitivity coefficients for all model states are ‘«;9‘5
L

+ Thus, the molecular&weigﬁt sensitivitjes can be calculated analytically

‘ Ca]cu}ated by #ntegrating equations (B.13) and (B.15) numerically along

. . . i
with the reactor model. The molecular weight sensitivities are

.calculated analytically.

In order to show the relative influence of the parameters

used in place of the true sensitivity coefficient.

sensitivity coefficient is defined as:

IR AR T

*

on the output variables, a normalized sensitivity coefficient was

The normalized

The normalized sensitivity coefficients for the constant jacket

temperature reactor are plotted in Figures 4.1 to 4.6.
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- : Appendix C - o

: . Computer Program

P . :
7 . v
. v

FPrUARAM "0 CAL CULATE TEMPERATURE. RCONVERSTON AND MOMENT
PROFILES FOR HIGH PRESSURE TUBULAR Pi REACTOR

" BASED ON MOhEL.n? LEE AND MARAND  CHIEN R?FF CONSTANTS'
N 4 .

BENZOYL PEROAIDE..PNITIATOR
WRITTEN Fy PEGGY HOWLEY NOV 130, 1983

.
- -

i N
NTEGER NIND.NW.IER K . L .
EAL Y(7) CT2d) W(7.10), <. TOL . ~END
XTERNAL FCN't , '
OMMQON /81"TO,TPMP,QFST,TJ.CIO,CMO

OMMON B2/ CP.HR. U, RHOF . D.P

¢

DATA FOR IMSL SUBROUTINE DéERK
W= 7 . . -0,

=7 ‘ b
oL = .0610
RITE (5,1) 10U
ORMAT (tx. RUNGE KUTTA SOLUTTION WITH TOL = . F5 Jime -
(1)=3 00 . .
12)=1 OF-5 ~ : . .

(3h=1 DE-20 ™~ ]

7S 1=4.9 : g

=0 00 ST .

ONT INUE -
EAD(4, 10) cp . ’ o
EAD (4.10) HR : T
EAD (a:10) u . : . . {
EAS (d.10) RHOF | I
FAD (3.10) REST oy .
EaD—1 10 D 4w . .
EAD (4 10} .p < . N
EAD (4 100 10 - ' \
RITE (5 11) ‘ . - ~
RITE {'5.12) ’ .
RITE (5.13) CP HR.U.RHOF .REST.D.P. 10 .

ORMAT( 10X MODEL DATA" ) . )
ORMATISY ., CP B%, HR' 9% 11" 8x RHOF LG LREST 7D
TN ) - ;
CRMAT (1x 8F 10 D, /)

EAD (3.2n) T4 .

EAD (3.2¢) C10 - .

EAD (3.,20) MO

RITE (5,21)

FITE (5.22) T4

RITE (5.23) CI0.CMD

ORMAT (15x ,E10 1)

ORMAT(10x " INITIAL DATA' ./} .
DPMAT(S!_‘JACKET TEMPERATURE = F7 1)
OFMATISX " CI0" = " E10.5,° €MD = . E10 ./}
DEPENDENT VARIAELES .

Y1) = MONOMER CONVERSION ACMQ-CMY oM -
Y(2) = INITIATOR CONVERSINON (CI0-cI)/cln
13) = G, 2Z)

yO3) = 50,7
(AS) =-H(1, 2)
LG~ H (1,7)

A7) = DIMENSINNILESS REACIQOR TFMPEQA*UQF

x

INITLAL COMDITIQNS
= 0,000

vy




Do O

»
(L = O 00D
<12) = 0 ~Co
Y3 = 0 000
vid) = O 000 ~
((5) = O noO
YI6) = O 000 ‘
Yyi7)y = 1+ 000
SUMT =0 O
SUMT2-00 O PR
T™MAY =0 O )
TMI1-TQ
DT =560 O
DT2= 1000 0O
ZR=1 O
cZF=1.0
PRINT OUT INITIAL CONDITIONS
WNgD . O
WW-0 0 . ’
WEND = x .
wRITE (5.50) « .
WRITE (5.5 ) vEND.TO. (1) =1.0) WN. WW. (5],
5
JNTEGRATE WITH RESPECT TO r;Mt ALONG REACTOR
xF=4 00
JO=1 -
KO =1 d
MAL=100 ‘ T
STEP=1 O, FLOAT( . JMAY )
KMAY =10
IKMAX =FLLOAT{ KMA « } ¢
ZMAX =FLOAT( JMA X KMAY )
2JsFLOAT (0 1) .
0C. 110 J=Jg. MAx
EJ=Z2d+1 O
ZK=FLOAT(KO 1)
DO 10D K -KO, KMAY . ) L/
IK=7K+1 03 ) /
ZEND = 1 (7201 OOI*ZWMAX+ M)/ 7MA - o
VEND=1 O/ ZMA /
=0 00 . ‘ L
C{201=0 OD : /
ING=2

D00

100

50

50

. - o
CALL DVERKIN.FOCNT X, v . 2END JOU /IND.C HNW . w.1FR)
WN-28 C*OMO*Y(11,'v(5)
WW=28 0716} /(CMO*Y (1))

CHECK FOR ERROR MES3AGFS

IF (IND.LT O OR.IER GT O} GO TO Y50

CONT I NUE 3

WRITE (5.60) ZENOD,TEMP (v (1), 1-1.0) WN.WW, (%),
FORMAT (2« x G T° 7T¢ "xM' 8x, «1° 8« 3

& “MN 8%, Mw )

FORMAT (1« 56 J.F7 2.8E40 . 3)
[F(J.GT 1160 10 104
TM2=TM1 ;
TM1=TEMP .
GO TO .110

|
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- g

@}

O D

o
/
a0

104

105

COivy TNUE

IF (ZEMD GT 2F) GO 10 t1m f

I[FITEMP LE
TMA X 5T EMP
ZTMAX=ZEND
CONT INUE

DTDX=(TM2- 1 C*IM1+2 OTEMP) /(2 O*STEP )

TMAY | a0

CHANGE -DTDxX-D T

TM2-TM1
TM1 TEMP
IFEZR LT 8
IF(DT?t LE

y B 7R=ZEMD

106

110
111

CONTINUE

) G010
N1 2y AND

10

{r
(¢

105

E.DTDX) AND (CHAMLE GE N 1))

IF((DTDY LT O 0) AND (CHARGE GE O 0) AND 1.0 3F 0 99)) 7 =7FMND

0T2=0T1
DT1-DINx

IFUZEND LT-78) RO 0 11

SUMT=TEMP -

JENITREST

5

N
LIMT

SUMT2=( TEMPYZEND*REST)® 2 + 5UMID

CONTINUE
CONT INUE

CPD-WW/WN
WRITE (5 1.10) wm\yw.ﬁo

115
146

147
148
149

150

160
170
180
190

FORMAT (1,

Z-(720-2R) "
TAV=SUMT 7
TVAR=(Z"SU
SDT=SORTIT
WRITE (5 1
WRITE (5,1

FORMATL 7«

FORMAT( 1)+
WRITELS, 11
WRITE(D 11
WRITE(S, I

FORMAT( 10",

FORMAT{ R,
FORMAT ( 8+
STOP

CONT INUE

MA =
ton Ot

[SIRED)

’ i
S, MW - EID
-

- B

MT2 SUMT D) 202 1 D)

VAR
15)

d6) IMAx ZTMAX  TAV 5DT
P2 LOUCATION 2

AR TEM
Fe o0 P
b

8) .

) IR.ZF,

START: .6
Fa 2.5 F

J

2.1

>
Iy

r. F
4.

12,5101

REACTION /JOMNE )

ND .S, LEMNGTH
Sy FS ) ‘

]
»

s

o, ro - PR

AVG fEMp D

)

‘FRRORS HAVE OCCURRED 1N RUNNING  DVERK

WRITE (5. 1
IF (IND LT
IF {1ER GT
IF (IER EN

FORMAT (1,
FORMAT (1x
FORMAT (1« .

FORMAT ( t,
WRITE(S 60
5T0P
END

50)

N WRITE
) WRITE
131) WR]

i -

cron)

) ZENDLTEMP (v (1) -1 ) W,

[ER =~ |

5,
(5,
TE |

.14
)
EN

170 IND
180) 1FR

S,190) CH20) (1)

FRROR DIAGNOSTICS )

2.9, ce29y -

.

SURROUTINF FONIUIN . ¢ {PRIME )

SUBRQUITINE TO "A'CULATE TEMPERATURF .

MOMENTS

ACCORDING

10

LEE AND MARAMO

JED %)
ww

CONVERSTON AND
MODEL

- Ef
.'\,“n"ér'
i g
g
} 3&&
e §-
S b
> ,
ﬂ'v
PR |
]
) {
aTEnE o
o
-
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SO0 00000NDD0OdOONNNG O

*

INIEGER N
REAL Y{73 .,/ PRIMELT) X TEMP CI0,CMO
COMMON B/ TO,TEMP REST,Ty,CI0,CMO
COMMON B2/ CP_ HR U, RHOF.O.P

b4

SYSTEM. PARAME TERS .
CMO = INLET MONOMER tONCENTRATION‘ MOt F

CIO = INLET INITIATOR SONCENTRATION P MOLE,
10_= INLET REACTOR TEMPFRATURE K

CP = HEAT CAPACITY CAL/MOLE K

0O ~ DIAMETEFR M ’

EPLELILETC, < . ACTIVATION ENERGY ,/ R K

FKPN FKIQO, FREQUENCY FACTOR FOR RATE CONSTANTA | MOLE SFC

TP FKT, RATE CONSTANT AT GIVEN TEMPFRATURE |, MOLF SFC
F = /INITIATOR, EFFICIENCY : '

U = MEAT TRANSFER COEFFICIENT CAL /M) SEC* K

HR = HEAT OF REACTION CAL ‘MOLE

REST = RESIDENCFE TIME OF REACTOR  SEC )

RHOF =, FLUID DENSTITY  MOLE, L B BRI

TJ = COC ING JACKET TEMPFRATURE K
: . o

RPATE CONSTANT DATA : J

F 0 50 ,

FKDO - 6 380137 b

ED ~29700 O. 1 387

FKPO = 2 .95£7 ; %
“EP <(B200.2-0 555°p) /1 387

FKTCO = 1 6BaEn

FT2 = 24002071 387

FKTDN= 2. 72E11

ETD .= 20000 . 1 ag;

FKFPO = 9 (05

EFP =~ 900G 0 1 g7

REACTION RATES

TEMP=10*+(7) ’ S
FKP=FKPOEYP{ EP.TEMD)
FRO=FKD® Ex0( £0/TEMP )
FKTC-FKTCO'E«P| ETC ' TEMP) : .
FRTD=FTDAFP(-FIN/TEMP) .o ' .
FRT=FKTC+FKTN

FKFP=FKFPO E«P(-EFP/TEMP)

DIFFERENT IAL EGUATINNG
OMEGA=2 7 "B FRD*CID-(t O Y{2)]
YPRIME(T)=FKP (1 N (1)) Y({7) REST
(PRIME(2)4D “vFuPs (1 n ((2)})*REST
YPRIME(T) - (OMERA FRT v {31 v(3)) *REST
YPRIME( A} =(OMEGA+FKPCMO (1 O-¢(1))*¢(3)
B FKT v (310 (d)-FKFP(CMO (1) Y (a) - v () ((G)ev (1) MY ) )
£ ‘REST
YPRIME(S)=(OMFGA-Q SrFKTN (1 3) ey (73) ) *REST
FPRIME(E) - 12 2oFKPPCMD (1 0 (1) 1o (d)eFKTC v ()7 0.4)) "RFAI
(PRIME(7)=-HR*+PRIMF (1) (MO, (RHOF P T0)
A4 o~u-u{3r;jnn0F-cv-n~1mmm Vel Ty Tty
RETURN N :

END Y

ey
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