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Abstract

In the current thesis study it is intended to Biigate the potential effect of the inert condegsin
agent (ICA) ofn-hexane used in condensed mode operation on thbeilggl of ethylene in produced
polyethylene (PE) and consequently the quality aag of gas phase ethylene polymerization on
supported catalyst under reactive conditions. Thtke first time for such a study. Performing & of
designed polymerization reaction experiments usin{pb-scale stirred-bed gas phase reactor, it is
observed that the instantaneous rate of ethylehgngoization increases in the presencendfexane,
thus supporting the initial speculation of the effef n-hexane on the enhancement of the ethylene
solubility in polymer known as “cosolubility” phen®non. In order to have a better picture and
understanding, the averaged instantaneous ratelyhprization in presence ofhexane is normalized
with the one without any-hexane. Consequently, this helps to see that whéeeffect ofn-hexane
increases proportionally to its partial pressuretlie gas phase composition, this effect is more
pronounced at the initial steps during the coufgeotymerization.

In the current thesis study for the first time, 8enchez-Lacombe EOS as one of the most widelyeabpl
thermodynamic models in polymer industry is adaped developed in order to study not only the
solubility but also concentration of ethylene inlyethylene in the absence and presence of an inert
condensing agent in order to quantify the speadlatesorption phenomenon under the reactive
polymerization condition. By incorporating this thdynamic model to describe the solubility of
ethylene in polymer into a single particle modédeliPolymer Flow Model (PFM) to estimate the
concentration and temperature gradient throughowigg polymer particle, it is ultimately attemptex
predict the effect of change in the process opegatondition by addition ofi-hexane as the ICA to the
gas phase composition.

Finally in the current thesis study, it is demoatgd how the thermal effect associated with the bka
sorption of ICAs can have a positive effect in ternf avoiding particle over-heating under certain
circumstances like its temporary exposition todb#uidized regions inside a fluidized bed rea¢EBR)

as a possible undesirable operating conditionhiierty/pe of reactor set-ups.
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Chapter 1

Introduction



1. Inroduction

The polymerization of ethylene on supported cataly gas phase fluidized bed reactors (FBRS)
continues to be the predominant process for pramhuctf linear low density polyethylene (LLDPE) and
also represents a considerable portion of the liedtehigh density polyethylene (HDPE) plants
worldwide. However, due to the highly exothermiduna of the polymerization, the rate of polymer
production in these reactors can be severely laritg the rate at which the heat of the polymerirati
can be removed. One means of increasing the d¢ppaci heat removal, and thus obtaining higher
production rates, is to use what is commonly refitto as condensed mode cooling. In condensed mode
operation, in addition to containing ethylene, aggn, hydrogen and eventually a comonomer, the gas
phase feed stream of the FBR also contains an ¢éoedensing agent (ICA) such s®-pentane on-
hexane. In this configuration, the feed streamasiglly liqguefied in an external heat exchanger by
cooling it below the dew point of the heavier comgiats and the liquefied portion of the feed stréam
injected into the reactor in the form of small dedp. The droplets of liquid then heat up and vieain
the reactor. In this manner the latent heat obriaption is used to absorb a significant portidrihe
heat of reaction in the bottom part of the readteereby making it possible to polymerize at higtetes
than would be possible with a completely dry fetedasn.

While it is clear that evaporation of condensabtenponents will ultimately help to control the
temperature in the zones where these componentsjected, the evaporation process will be reldgive
fast and it is unlikely that these components ranimithe liquid state much more than few seconds.
Chapter 3, it will be shown that the lifetime ofre@asonably sized droplet would be on the order of a
second in the reactor environment. This meansthi@atCAs are present in the vapor phase for a much
longer time than they are in the liquid phase. sThiuis interesting to ask whether or not theegance

has any additional influence on the polymerization.

In order to answer this question, one needs tdkthbout how the reaction proceeds on the supported
catalysts used in this type of reaction: the céitakites are deposited inside the pores of a hightous
solid, typically made of MgGlin the case of Ziegler-Natta catalysts or silicet metallocene or
chromium-based catalysts. The particles are iejerntto the reactor, where ethylene rapidly polymesr

in the pores. The stress created by this initidymerization causes the initial structure of thpmort to
fragment and the particle is transformed into a/pelr particle where the semi-crystalline polyethge
forms the continuous phase with the fragments efstipport dispersed therein. The reaction contigiuou

as monomer diffuses into the pores of the partmbebs in the polymer layer covering the activessit



and then diffuses once more toward the active centnere it reacts. The continuous formation of
polymer causes the particle to expand as the oeaptioceeds. As the polymer layer covering thivact
sites is essentially made of amorphous materiad, rdite of reaction will be determined by the
concentration of monomer in the amorphous phasieeofemi-crystalline PE.

This profound importance of the sorption procesendguthe gas phase polymerization has motivated
many experimental studies in order to measure ahéoiity of the different species present in thesg
phase composition by implementing different experital methods in the course of last few decades.
However, most of these measurements were condfatéide sorption of a single solute like ethylene i

a polymer like polyethylene as a binary system,levtds mentioned earlier, the feed stream of
polyethylene FBR is a mixture of different compotsemaving different functionalities during the
process. This implies that, for instance, the sttulof reactant ethylene in produced polyethylénghe
reactor condition might actually differ from thelwas obtained from the binary sorption measuremats
single ethylene solute in polyethylene. In face firesence of a heavier component in the gas phase
composition is believed to enhance the solubilifylighter component of ethylene monomer in the
polymer phase, which is referred to as “cosolufjigffect. A non-negligible cosolubility effect wénlin

turn result in higher rate of polymerization thaméighe higher availability of ethylene at the aetsites
even if the cosolvent did not directly impact thehbavior of the active sites. Thus the physical

cosolubility phenomenon is obviously different fraine well-known comonomer effect.

In Chapter 4, the effect ofhexane as one of the most commonly used inerteswidg agents (ICA) on
the solubility and more importantly concentratiohethylene in amorphous phase of polyethylene is
explored using the equilibrium solubility data fitve binary systems of ethylene-PE antexane-PE,
and the ternary system of ethyleméexane-PE which are measured by implementing prestecay
technique. The Sanchez-Lacombe EOS is one of thet widely applied and popular thermodynamic
models in simulation of polymerization processes tlu its excellent predictive capabilities and also
relative mathematical simplicity compared to thieeotclasses of thermodynamic models for the systems
including a polymer component. As a result, in Ghaag, for the first time to the best of our knodge,

the application of Sanchez-Lacombe EOS is exteridmd the binary system of ethylene-PE to the
ternary system of ethylemehexane-PE, in order to describe the change inerdration of ethylene in
the amorphous phase of polyethylene in the absanck presence of-hexane in the gas phase
composition, respectively. Consequently, the ptadic performance of Sanchez-Lacombe EOS in
describing the solubility of ethylene amdhexane in the ternary system of ethyledeexane-PE is

evaluated against the solubility set of data oletdiexperimentally. Finally, a method is proposetawee



the best fitting of Sanchez-Lacombe EOS predicfmnthe ethylene and-hexane solubility to the
experimental data simultaneously which would evelhflead to a more accurate estimation of ethylene

concentration in the amorphous phase of PE.

Regarding the related literature survey on sorpttudies of mixture of solutes in polymer and
cosolubility phenomenon, it can be deduced thatatheof the academics studies available in open
literature in this field aimed at quantifying thesolubility effect during the sorption process ofuses in
the polymer powder under non-reactive condition anthe equilibrium state. As a result, Chapter 5
investigates the potential effect of the inert cmging agent oh-hexane used in condensed mode
operation on the solubility of ethylene in produgedlyethylene and consequently the quality and o&te
gas phase ethylene polymerization on supportedysatander reactive conditions, for the first tirme
this field. Performing the set of designed polymation reaction experiments using a lab-scaleestirr
bed gas phase reactor, it is observed that thenitasteous rate of ethylene polymerization increastd®
presence offi-hexane, thus supporting the initial speculatiothefeffect oh-hexane on the enhancement

of the ethylene solubility in polymer.

While the experimental studies in the lab-scalectaga provide extremely valuable insight and
understanding about the expected kinetic and tHebmlaavior of the studied catalytic system in the
commercial scale fluidized bed reactors, howeves reliable experimental studies of gas phase aibyl
polymerization process with different gas phase musitions which induce different operating condito
are found to be very time consuming. As a reseiindpcapable to predict how the quality and ratgasf
phase ethylene polymerization would evolve upondsipg a change in the process operating condition,
here by addition of an ICA to the gas phase contiposiappears to be of profound importance and

interest from practical point of view during theeoation of a FBR.

In order to achieve this level of predictive cafiapiat the first step, one needs to be able grdke the
solubility behavior of ethylene in PE in the preserof the additional solute component of ICA by
implementing the related experimental solubility tadaunder equilibrium condition into the
thermodynamic model like Sanchez-Lacombe EOS wisidhund to be capable to properly capture the
speculated cosolubility phenomenon in the ChaptdBytincorporating this thermodynamic model to
describe the solubility of ethylene in polymer irdosingle particle model like Polymer Flow Model
(PFM) to estimate the concentration and temperajtadient through a growing polymer particle, it is
ultimately possible to theoretically predict thdeef of change in the process operating conditign b

addition of an ICA to the gas phase composition.



It is found that at the later steps of polymerizatiin which the growing polymer particle has resathts
thermal stability and the solubility of solutestime polymer phase are closer to the equilibriundiam,

the prediction of the approach developed in theeritrstudy matches with the experimental rates of
polymerization in an excellent manner of almostfgurfit. This remarkably good predictive capalilit
originates from the reasonable estimation of theallcconcentration of reactant ethylene and local
temperature inside the particle by the PFM modatethé case of local concentration, in combinatidtn w
the adapted simplified diffusivity model, it demtnases the outstanding predictive capability of the
Sanchez-Lacombe model which has been developeditted to the experimentally obtained set of
solubility data in the ternary system of ethylanbexane-PE in order to describe the effech-bexane

on the concentration of ethylene in the amorphdwsse of polyethylene. However, the general modeling
approach at its current development state appeansntierestimate the rate of gas phase ethylene
polymerization in the presence nfhexane at initial steps during the course of pagmation. This
discrepancy between the model prediction and exparially obtained rates of polymerization on the
effect ofn-hexane is an indicator of some phenomena thatareaptured appropriately in the developed
model. These phenomena may include (but are ntetinto) the evolution of morphology and porosity
of catalyst/polymer particle during the polymerimatreaction, and the quality and exact mechanism o
processes of reactant sorption and diffusion in abeence and presence of ICA during the initial
moments of polymerization in which the catalystypoér particle rapidly evolves in terms of its size,

structure, and thermal behavior.

Finally in Chapter 6, it is intended to demonstratev the thermal effect associated with the heat of
sorption of ICAs can have a positive effect in terof avoiding particle over-heating under certain
circumstances like its temporary exposition to thefluidized regions inside a FBR as a possible
undesirable operating condition for this type @&ater set-ups. Simulated thermal behavior of thidgha
during transition period of its temporary expositio the defluidized region demonstrated that #te of
increase in the particle temperature is lower & pghesence af-hexane; as the particle starts to heat up
due to the accumulation of polymerization energyt pf this energy is consumed in order to pastiall
desorb the condensahliehexane solubilized in the particle leading to lowate of particle temperature
rise. As a result, it is concluded that the prolitgbdf the particle temperature to reach its fussio
temperature and consequently the probability ofrdseiltant polymer agglomerate formation due to the

local defluidization inside the FBR becomes lowethe presence of condensafbibexane.



Chapter 2

Background
and
Literature Review



2. Literature review

2.1. Introduction to polyolefins

2.1.1. General aspects

Polyolefins include different types of polymers,wewer, in terms of production volume the most
important are polyethylene (PE) and polypropyle®®)( and the variants of these two classes of
polymers by addition of comonomers like 1-buteneldrexene. Polyethylene, the focus of the current
thesis, is generally classified in three differéamilies: high density polyethylene (HDPE), lindaw
density polyethylene (LLDPE), and low density pohygene (LDPE). Figure 2.1 demonstrates the global
consumption of polyolefins in 2009 and the sharearth type of polyolefins in the global consumption

worldwide.

LDPE
16%%

PP
A%
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1%
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7%
Tetal 113 Hillion Tons

Figure 2.1. Global polyolefin consumption in 2004!

Despite the enormous market for polyolefins, thebgl consumption of this class of polymers is

expected to grow over the next decade as presenkédure 2.2
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Figure 2.2.Polyolefins consumption growth (1995-2023)!
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Polyolefins continue to hold a major portion of tmarket share of the commaodity plastics worldwide.
For instance, the market demand for LLDPE alonexjsected to grow by 6.2 percent per year over the
period to 201%" This is in fact mainly due to their low productimosts and tremendous range of
achievable properties which can find a variety pblecations in different sectors. Innovative meabsi
with desirable properties for specific applicatiaras be synthesized through state of the art tagaf

the microstructure of the polymer chains. New, nftagible processes are continuously being develope
in order to produce polymers with specific propstito meet the requirements of different end-use
products. In addition, due to the ever increasiegand for PE, there is a real economic drivingddoc
increase the productivity and space-time yieldxisteng processes in order to expand productione(®i
the high exothermicity of ethylene polymerizatioFactions, heat removal is one of the main upper
limitations on permissible production rates, so tise of techniques such condensed mode cooling is

becoming more and more important.

2.1.2. Processes for production of polyolefins

Polyolefins are produced with different well-estelbbd processes in industry. Free radical
polymerization (FRP) at high pressures is only usegoroduce LDPE as propylene decomposes before it
can react under the necessary conditions. In th prRcess, the polymerization reaction is carrigdro

the pressure range of 1200-3500 bars and temperednge of 150-350 °®. The high pressure free
radical polymerization of ethylene is out of theope of the current study and will not be discussed

further here.

In addition, olefins can be polymerized catalyticat lower temperature and pressures using tiansit
metals. In this case, the catalytic polymerizatiblefins is carried out in three main types afqasses
depending on the phase of the continuous mediurhich the reaction takes place: solution, slurng a

gas phasg:*

In the solution process, the polymerization reactsocarried out at temperatures on the order 6f250
°C. This is in order to keep the polymer produaedalution, and, along with pressures on the ooder

40-60 bars, to maintain high specific reactionsate

In a slurry process, the solid catalyst and growiotymer particles are dispersed in a continuowseh
composed of a hydrocarbon diluent suchisasbutane or heavier alkanes. In the case of PPuptiath

the continuous phase can also be liquid propylemeomer.

Finally, in the gas phase polymerization procdss,datalyst and polymer particles are dispersedrand
continuous motion inside the reactor by an agitatoa fluidizing gas flow depending on the reactor
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configuration?! In the case of PE, only fluidized bed reactoes @sed commercially, because of heat

transfer limitations imposed by stirred bed reagtor

All of these three types of processes for catalgttymerization of olefins offer a range of advaygs
and limitations. The most appropriate reactor gurition to be used in or as a part of the protess
produce the final polymeric product will be detemsid by many factors including (but are not limitefl
economic constraints, process limitations (e.g.t Heansfer), the production capacity of process,
equipment and operating costs of process, theadkkvel of flexibility of process in producing fdifent
grades of polymer depending on the changes in #kehdemand, and finally the target properties of

final polymeric material designed for the specificd-use product.

The focus of the current study is the gas phasgmmization of ethylene on supported catalyst iegid
fluidized bed reactor (FBR). After a brief intradlion to the types of catalyst used in these reactoe
will discuss them in greater detail.

2.1.3. Catalysts for polymerization of olefins

There are three major types of catalytic systenistwlire used for the polymerization of olefins: glé-

Natta, metal oxides (commonly called Phillips cggtd), and metallocene catalysts.

Ziegler-Natta catalysts generally consist of agitton metal salt of groups IV-VIII and a metal gllof
group I-Ill which acts as the co-catalyst. The mostnmonly used transition metals are titanium and
vanadium? Upon exposition of the transition metal to thecatalyst, the polymerization active sites are
created in a two-step process involving alkylatéom reduction of the transition metal centers. [gieg
Natta catalysts have evolved significantly sinceirtfirst commercial use over sixty years ago: fingt
generation of Ziegler catalysts had a very low pititity of about 2 kg polymer/gr catalyst, today fts
fifth generation, the productivity as high as 1@Pgdolymer/gr catalyst is achieved thanks to coratirsu
improvements in catalyst chemistry and control loé ®volution of particle morphology during the
reaction’’

Phillips catalysts are composed of chromium oxide) or vanadium oxide (VQ which is generally
impregnated on a silica suppBttThe Phillips catalysts are activated in-situ biy&tne during the
polymerization, and unlike Ziegler-Natta catalytsre is no need for a co-catalyst. However, tiisitiu
activation step causes a certain induction timénduihe polymerization. While the exact mechanism b
which the active polymerization sites are beingegated still remains unknown, it appears that tieéain
that forms the active sites for polymerization eaist in different oxidation states.



Metallocene catalysts are basically organometatimpounds which have one or two cyclopentadienyl
rings or substituted cyclopentadienyl rings bouadatcentral transition metal atdhfl For most of
metallocene catalysts, an activator like methylé#haxane (MAO) is required, although with the recent
progress now it is also possible to use metallocataysts without MACP!

Both Ziegler-Natta and metallocene catalysts aesl iisdustrially in either supported (heterogeneaus)
non-supported (homogenous as soluble in reactiadiumg form, while the Phillips catalyst only exists
in the supported form. The two most commonly usedenials for catalyst supports are magnesium
dichloride (MgC}) and silica (Si@).

The presence of more than one type of active Bitb®terogeneous Ziegler-Natta and Phillips catslys
results in a wide molecular weight distribution (ND)Vand chemical composition distribution (CCD) of
produced polymer with a polydispersity index betwekl0 for Ziegler-Natta catalyst and 15-30 for
Phillips catalysts. On contrary, homogeneous Zrellatta catalysts generally based on vanadium can
make polymer with uniform microstructure. Finalthe metallocene catalyst in both homogeneous and
heterogeneous form can produce polymers with ptiggethat are considerably more uniform in

comparison with those made with Phillips or heter@pus Ziegler-Natta catalysts.

In the current thesis study, the conventional Zefjlatta catalyst of TiGlsupported on MgGlwith
triethylaluminium (TEA) as co-catalyst will be used the catalytic system in the related experinienta

investigations during the gas phase ethylene paiyat@on.

2.2. Gas phase ethylene polymerization on supported cdyast in fluidized bed reactors
2.2.1. Process overview

The polymerization of ethylene on supported catalya gas phase fluidized bed reactors (FBRS)
continues to be the predominant process for proamtudf linear low density polyethylene (LLDPE), and
also represents a considerable portion of the liedtéhigh density polyethylene (HDPE) capacity
worldwide. Figure 2.3 shows a schema of a typicaitiouous FBR for polymerization of ethylene on
supported catalyst, and of the different levelsahplexity that need to be considered. One injedesed
gas below the distributor plate which is specidigigned to appropriately distribute the gas inrdaetor
zone. The gas rises through the bed, which is&jlgid0-15 m in height, in a more or less plug-floke
manner. As it rises, it fluidizes and mixes thadsphrticles in the bed. The particle, or powdeagshis a
mixture of freshly injected catalysts or prepolymptus the growing polymer particles. It circulaiteshe

bed with a CSTR-like residence time distributioleTop of the reactor is wider than the main reacti
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zone. This is to cause the velocity to drop andtended to help prevent any fine particles froavieg

the reactor.

Disengagment Zone

Reaction Zone

Reactor Level

Particle-Cloud

Sub-Particle

Particle

Level Polymerization

Active Sites

Figure 2.3. FBR and definition of different lengthscales corresponding to the different phenomena tie reactor.

The full modelling of this process is very compésxmany different phenomena are occurring at @iffer

length scales: (a) it is at the reactor scale (oacale) that one needs to be able to describestiwor

hydrodynamics in order to comprehend the phenomelzed to the quality of mixing and the bed

stability; (b) at the intermediate scale (mesoecale find phenomena related to the particle intévas

and intra-particle transport phenomena; (c) finallyis at the micro-scale that one needs to be &bl

accurately describe the phenomena related to titiGo of monomer(s) and other species from gas

phase into polymer phase, their diffusion through generated polymer phase to reach the activg site

and ultimately the chemistry and kinetics of polyiration at the active sites which have been cdeate

and immobilized on the surface of the catalyst supmaterial. Obviously heat transfer in the cafsthis

highly exothermic reaction occurs in the oppositedafion.

The focus of the current thesis is on the eluaiatf the effect of changes in certain process itiong

in a fluidized bed reactor that are associated withdensed mode cooling.

In other words, we will

concentrate on the effect of changing the gas pheasgosition on the quality and rate of ethylene

polymerization on supported catalysts. Consequemtly will be looking at how the polymerization

proceeds in the particles, and thus at the phenamsated to the micro-scale at the particle ard su

particle level as illustrated in Figure 2.3.
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2.2.2. Single particle growth during gas phase ethylene pymerization on supported catalysts

As has already been mentioned, the polymerizati@thylene in the process of interest takes platieea
“active sites” which have been chemically created @mmobilized on interior pore surfaces of an
inorganic support. Upon introduction of the actoatalyst particle into the reactor, ethylene mdiesu
start to diffuse from the continuous, or bulk pha$e¢he reactor, through the pores of the particiél
they reach the active sites where the polymerinatiaction takes place. As the polymerization pedse
polymer starts to accumulate in the pores of thelygst particle, leading to the build-up of stréssally.
When this stress exceeds certain level, the indathlyst particle undergoes a process referred as
“fragmentation”. During the fragmentation procedbe initial porous structure of the catalyst
disintegrates into smaller fragments. However, fgheticle keeps its integrity thanks to the entadgle
network of produced polymers. The schematic 3Dpecesentation of the initial catalyst particle exmn
during the course of the polymerization reactiothwhe characteristic diameter at each step isigedv

in Figure 2.4.

. Catalyst Support

D Polymer
Fragmentation Particle Morphology
Process Development -

T
;}'
~f L
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Initial Catalyst Growing Polymer Final Polymer Particle

Particle Particle

Figure 2.4. Schematic representation of a single pgicle evolution
during the course of ethylene polymerization on theupported catalyst.

By completion of the fragmentation step, the actites located on the fragments of initial catalyst
support are completely surrounded by semi-crys®lpolymer. As a result, the monomer species must
diffuse through the macropores of the particle thersorbed from the gas phase into the polymerephas

Once the monomer species are sorbed, they mussdifhrough the polymer phase to reach the surface
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of the catalyst fragment where the polymerizatiakes place. Since the polymerization reaction is
exothermic, the heat produced at the active sieesled to be transferred the other way; through the
polymer layer and structure of particles to thdiplr surface; and from the surface, through thenidary
layer to the bulk phase, as presented in Figure 2.5

B monomer

B polymerization heat

Figure 2.5. Conceptual representation of ethylene amomer sorption and diffusion in produced polymer ad
evacuation of released polymerization heat by conggon mechanism from
a single polymer particle during gas phase ethylenpolymerization on supported catalyst.

This will result in the concentration and temperatgradient through the growing particle as degicte
schematically in Figure 2.6.

| remperature Profile | | concentration Profile | Catalyst Fragment
/_ Crystalline Polymer Amorphous Polymer

. N
-[_| Boundary Layer I_]- I Bulk Conditionl

(a) (b)

Figure 2.6. The schematic representation of (a) ceantration and temperature gradient at the particlelevel and
(b) catalyst fragment encapsulated by the producedmorphous and crystalline polymer at the sub-partite level.
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2.2.3. Single particle modeling for the polymerization ofolefins on supported catalysts

In the last three decades, an enormous amountfoft éfas been directed towards modeling and

understanding the physical and chemical phenomérichvake place simultaneously during the process
of olefin polymerization on the supported catalg@jstems at the single particle lelflt is out of scope

of main subject of current thesis study to expltire different single particle modeling approaches

developed and designed to capture and describdisg@yysical and/or chemical phenomena during the

course of heterogeneous olefin polymerization. Hmrea brief overview on the different classes of

single particle models is presented hereundepaiticular we will discuss the capabilities anditations

of the Polymer Flow Model, the single particle mioddich has been adapted for the purposes of the

current thesis.

In short, the single particle models proposed anlbped during the course of last three decadebea
classified into two major categories: particle nfwlogy models and particle performance models. The
main goal of morphology modé&d® is to be able to describe the evolution of paetitorphology during
the course of polymerization beginning with thegfreentation step, and to be able to predict the
morphology of final polymer particle under specifimcess condition utilizing specific type of cata
system. Performance mod&fé® are primarily aimed at simulating a specific ps&vhich takes place

in a single polymer particle with a well-defined mpbology. This process can be monomer diffusioa in
growing particle during the polymerization, monomaegassing from the polymer particle after
polymerization, or simply the sorption of monomesrfi gas phase into the polymer particle under the

non-reactive condition. Model outputs can be p@simation rates, molecular weight distributiong, et

The Polymer Flow Model (PFM) and Multi Grain Modé8WIGM) can be considered as the most
commonly considered particle performance modelghtnPFM modéf® the single growing polymer
particle is treated as a pseudo-homogeneous cantitlirough which the polymerization active sites ar
dispersed homogeneously. By assuming diffusionrotietl polymerization reaction within the particle,
the model is able to predict the concentration igratdof reactant monomer and temperature gradient
inside the growing particle at each moment durimg ¢ourse of polymerization. The MGM mdifél
takes into account the heterogeneous nature ofiggoparticle by assuming two levels of heat andgmas
transfer. The growing catalyst/polymer particle ledl macro-particle is assumed to be formed by
agglomeration of micro-particles. Each micro-pédeticonsists of a fragment of the original catalyst
particle with all active sites on its external swd, surrounded by dead and living polymer chains.
Monomer diffuses through the pores of the macrdighas, adsorbs on the layer of polymer surrounding
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the catalyst fragment in the micro-particles anfiudes through this layer to the active sites oa th
surface of the fragments, where polymerization &adly takes place. PFM and MGM models are

schematically presented in Figure 2.7.

Monomer diffusion

O Catalyst fragment

1 Polymer

Figure 2.7. Schematic representation of PFM and MGMnodels.

PFM model is adapted in the current study in ortterinvestigate the effect of local monomer
concentration and temperature at the active sisgeised inside the growing particle on the qualiig

rate of gas phase ethylene polymerization upon #imgoa change in the process operating condition by
varying the gas phase composition. This is dueh&orajor capabilities of PFM model as explained
before and considering its relative simplicity cargd to the other single particle models availabkhe
particle performance category. As a result, regartihe context of current thesis study, the use robre
complex single particle model is not justified. Tpaymer flow model (PFM) and the assumptions made
explicitly or implicitly during its development andpplication will be provided in details in the

corresponding section.

2.3. Condensed mode operation of gas phase ethylene pubrization on supported
catalyst in FBRs

2.3.1. Introduction to condensed mode operation

The process of gas phase ethylene polymerizatiosupported catalyst inside FBRs offers a range of
advantages including lower operational cost andenflexibility in terms of producing different polyen
grades compared to the other conventional procebssgever, because of the exothermic nature of the

polymerization reaction, the rate of the polymevdarction in these reactor set-ups is limited byrtte
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at which the heat of the polymerization can be nezdo Increasing the polymer production rate, withou
the capability to remove the associated heat releamild result in a dramatic increase in the reacto

temperature and consequently the polymer fusiagipageration, and finally the reactor shut ddfth.

It is possible to increase the rate of heat remdnah particles with the convection mechanism by
increasing the gas superficial velocity. Howevkere is a limit for the increase of gas flow rageduse
of higher possibility of the entrainment of catalgsmd polymer particles out of bed at higher gasvfl

rates?®

One can also increase the heat capacity of thplgese by changing its composition, which would lead
higher capacity of gas phase in order to evacusepblymerization heat from the growing particles
inside the bed. Certain commercial processes lfeflené® use propane instead of td achieve this.
Obviously economic factors limit the degree to whige can do this in a real FBR.

One can also use what is referred to as condenedd operatioff>*? In the condensed mode operation
of ethylene polymerization in FBRs, the gas phasel fstream of the reactor contains not only etleylen
nitrogen, hydrogen and eventually a comonomer kgt an inert condensing agent (ICA) suchiszs
pentane on-hexane. In this configuration, as demonstrate@msetiically in Figure 2.8, the feed stream is
partially liguefied in an external heat exchanggr dooling it below the dew point of the heavier
components (inert and comonomers in the react®§.vaporization of the liquid phase inside the t@ac
allows one to increase the amount of heat whichbearemoved from the reaction environment thanks to
the associated latent heat of vaporization, pragidhe possibility to achieve higher space yieldtfe
same reactor set-up and consequently higher prioductte than is possible in “dry mode”. While st i
clear that evaporation of condensable componerntailiimately help to control the temperature ireth
zones where these components exist in liquid famee they are vaporized these heavy components are
still present in the gas phase of the reactor,camdcontinue to exert other influences in the feactone

of the FBR.

In order to be able to produce the condensateearhtat exchanger by cooling, the dew point of the
recycle gas must be increased. There are diffevaps proposed in patents; like increasing the press

or decreasing the percentage of non-condensablparmmts in the stream, but the most importantly and
widely used is to increase the percentage of cawalda components in the recycle gas stream. The

preferred inert condensable components are satu€aind G2
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Figure 2.8. Process overview of gas phase ethylgg@ymerization on supported catalyst inside FBR.

2.3.2. Different configurations of condensed mode operatio

There are different methods for introducing the egated liquid phase to the FBR which has been
described in a range of patelits? Despite all the differences in the proposed andctwed
configurations in the related condensed mode pafengas phase ethylene polymerization in FBRofall
these condensed mode configurations are designédiereloped in a manner to meet the following
requirements for the operation of the processith@)liquid phase should be vaporized quickly in the
fluidized bed, (b) the liquid accumulation shoulel frevented because of the possibility of prodaatib
polymer agglomerates, (c) liquid should be intraztlito the bed in a manner to have the minimum effec
in the fluidization behavior and stable operatiéhe bed, and (d) the properties of the polymedpct
must be consistent during the condensed mode operé the following section, we will briefly taka
closer look on the some of the important condemsede patents which we believe to be the most
commonly practiced ones in the industry.

In the Union Carbide Paterlts®*?the two phase stream obtained from cooling thgctecgas in the
heat exchanger is directly fed to the bottom of rés&ctor as illustrated in Figure 2.9. In this dasia
flow deflector is associated with entry conduitpgmvide upward and outward fluid flow path. This
assures that the liquid and gas phases are wedleh@ird the continuous suspension of entrainedligui
the gas stream. It is recommended in these patieaitshe weight fraction of condensed liquid not to

exceed 20% wt of the recycle stream.
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Figure 2.9. Reactor configuration for the condensechode operation of gas phase ethylene polymerization FBR
in Union Carbide patents, adapted from Referenc&™

Exxon patent§*” applied on the preceding reactor configurationerapt to determine the stable
operating conditions of the fluidized bed reackmr instance, it is recommended that the moleifracif
isopentane as the inert condensing agent (ICA) inrdwycle gas stream should not exceed 15%
otherwise it will lead to instability in the fluigation or even defluidization of the bed. Theseeipist
provide information about operational aspects efdbndensed mode operation of polyethylene reactors
from gas phase composition to superficial gas viloghich will be used in upcoming theoretical
discussions in the next chapter.

A BP Paterlt® provides another possible configuration for thedemsed mode where the liquid phase is
separated from the gas phase after the heat exahamgl is injected into the bed as schematically
depicted in Figure 2.10. The injection device candm atomizer nozzle or liquid only nozzle. The
atomizer nozzle is capable of producing smalleplts. The injection means can be arranged toyetr
substantially into the bed either vertically or izontally. In order to have the fast vaporizatidnis

important to achieve good dispersion and penetratidiquid in the bed in this configuration.
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Figure 2.10. Pilot reactor configuration for the cmdensed mode operation of gzas phase ethylene polymzation in FBR
in BP patent, adapted from Referencé?®

There are also other patents available in thisl frdhich mainly differ in the technique of separatand
introduction of the liquid phase to the bed. Theepaof Baself” introduces an innovative method of
using the space below the distributor plate to esexw a “liquid-cyclone”. The liquid separated isrth
transported with an external pipe to the top ofrieector thanks to higher pressure at the bottothef
reactor without any need to additional pump. Intheopatent by Union Carbid®! the liquid phase is
separated and injected directly into the periphexgion around the fluidized bed or onto the waflshe
expanded section of the reactor to form a liquid flowing down the wall of the reactor. This methis

claimed to have less effect on the fluidizationdebr of the bed.

After looking at some of the important industriat@nts, the related systematic studies that antablea
in the academic literature about condensed modetipe of gas phase polyolefin reactors or injettd
a condensate into a FBR in general will be revieimgtie following section. This will eventually lpelis
to analyze the current understanding in the acadlétarature about the different phenomena assedtiat

with the condensed mode operation of gas phasethglgne reactors.

2.3.3. Theoretical studies in the literature about condersd mode operation

Despite the industrial attractiveness and numepmtents available in the field of condensed mode
operation of polyolefin reactors, very few scholalticles have been found in the open literatuinéckv
addresses this subject for PE processes. We hexefdle turned to experiences with other processes

begin our analysis.

The group of Brien¥” studied the possibility of agglomeration in theidized bed of Fluid Catalytic
Cracking (FCC) catalyst particles due to the presesf large droplets of different liquids by coungli
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modeling and experimental analysis. Their modelpgintlaims that there will be the possibility of
agglomeration if “the liquid droplet per mass ofrtides is larger than the amount of liquid which
vaporizes because of instantaneous heat condufttom particle to liquid plus particle pore filling
liquid”. Yang et af*? had a similar target of analyzing the bed stabéitd compared the relative order of
magnitude of the force related to interfacial tendbetween particles because of presence of ligid
drag force imposed to these particles becauseuwfiZhtion. In order to have a stable fluidizatidime

drag force should be larger than sticky interfafdate to avoid the possibility of agglomeration.

Mirzaei et alf*® and Utikar et af® independently provided a reactor scale model édyqiefin fluidized
bed reactor taking into account an “immediate” vaadion of introduced liquid into the bed durirttet
condensed mode operation. Both of the models canhsidered as an extension to the original mofdel o
McAuley et al’® These models all consider the reactor bed to Institoted from a bubble and an
emulsion phase. The only modification in Referelfe& was to introduce additional terms in energy

balance of each phase because of condensate \a&jmoriz

The research group of McAuley studied the heataxgér unit of the condensed mode process in aserie
of papers®”*) Their analysis provides some interesting recommgmas from a process point of view.

For example, it has been found that in order tindpe the rate of heat removal, the makeup ethylene
should be added after the heat exchanger unit \élenakeup hexene as a condensable agent should be

added before the heat exchanger.

Hutchinson et df! performed a modeling analysis in order to inveséghe effect of condensed mode
operation on the prevention of particle heat-upngya quasi-steady state assumption in which thé dfe
polymerization is removed by convection and evagimmatheir simulation indicates that the condensed
mode cooling has little effect on small particldsieth are more prone to overheating.

The presented overview of the related academidestfdr the condensed mode operation of gas phase
polyolefin FBRs, reveals that the most of theselisgiare intended to analyze the phenomena reiated
macro-scale of the process including: the effegbresence of condensate on the stable operatitire of
FBR, the influence of vaporization of condensatecontrolling the overall temperature of the FBR
having higher productivity, and finally, the optiation study of the heat exchanger unit of the ggedn
which the partial condensation of reactor feedasiréakes place.

On the other hand, in the appropriate operationosidensed mode polyethylene FBRs, the introduced
liquefied portion of the feed stream is expecteddporize fast in order to have minimum effect ba t

stable fluidization of the reactBr:*® Consequently, the inert condensable componentbeipresent in
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the vapor phase for a much longer time than theyirathe liquid phase, in the reaction zone of & FB
Thus, in order to develop a sound understandingitathe condensed mode operation, we need to ask
whether or not the presence of inert condensingtagéCA) such asso-pentane on-hexane in the gas
phase composition has any additional influencehenquality of polymerization. In order to answeisth
guestion, one needs to think about how the reagtioneeds on the supported catalysts used inyjés t

of reaction at the single particle level. As preedrin the previous section, the active sites kxdtain the
fragments of initial catalyst support are surrouhtlg the produced semi-crystalline polymer. Sirw t
polymer layer immediately covering the active sitesssentially made of amorphous matétththe rate

of reaction will be primarily determined by the centration of monomer in the amorphous phase of the
semi-crystalline PE. The profound importance ofoion process during the gas phase polymerization
has inspired many experimental and modeling stuidigkis field in the course of last few decades in

order to measure and describe the solubility dédifnt species present in the gas phase compaosition

In the next section, we present a review of thesssive improvements in measurement and modeling of
the process of sorption of a gaseous solute inhargoic material by time, while exploring the curte
understanding about the potential effect of thesgmee of an additional solute likehexane as ICA on
the solubility of ethylene in the produced semistajline polyethylene.

2.4. Sorption process: from experimental measurements tmodeling analyses

2.4.1. Experimental methods for sorption measurements

There are different experimental technidtfé&” that can be used to measure the solubility ofseqas
solute in a polymer: (a) gravimetric techniqueswihich the weight of polymer sample is directly
measured during the sorption process. In gravimetethods, the sorption of a single solute or of a
mixture of solutes is carried out by exposing awedghed polymer sample to the gas phase in a well-
controlled manner and continuously monitoring isigiat until the sorption equilibrium is achievet) (
pressure-decay techniques in which the amount efstiiute species sorbed into polymer phase is
obtained from continuous measurement of pressuredse in a vessel with constant volume containing
the polymer sample and the known amount of gaseoluge; (c) flow measurement methods such as
inverse gas chromatography, in which the gas ddhubi a polymer is interpreted from the measurame
of partitioning of the penetrant between the mobies phase and the stationary polymer one; and (d)
oscillating techniques in which the increase in snak polymer sample due to the sorption of solute

species is interpreted from the resonance chaistiterof a vibrating supporEach of these experimental
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methods possesses a number of advantages anditinstaFurther details about methods of solubility
measurement are not presented here; however, erasting review about these methods with the recent
advances in this field in order to acquire morecize measurement of solubility of solutes by coupli
two different techniques like the pressure-decathot with the oscillating one is provided in deddit
Referencé'®

In the following sections we will review experimahtstudies on sorption measurement for a binary
system of a gaseous solute and a polymer in gererakever focus will be essentially on ethylene and

polyethylene in particular.

2.4.2. Sorption studies of a single solute in polymer

To the best of our knowledge, Rogers & hlvere the first to study (in 1959) the sorption lifteen
common organic vapors in three different polyethglsamples with different density and crystallirsity
temperatures between 0-25 by means of a quartz helix microbalance. In gtigly, it was confirmed
that the crystalline phase of the polyethylenehgsically impenetrable to the solute moleculesotimer
studies by this group®* it was observed that, at low pressures, the dijubif a given solute in the
polymer phase follows Henry's law. However, asphessure of the solute increases, a higher amdunt o
solute is solubilized in the polymer phase resgliim considerable plasticization of polymer chaifis.
this point, the solubility of the solute startsitmrease exponentially with respect to its pressume
deviates significantly from the prediction of Helsrjlaw. For systems of several penetrants and
polyethylene in which the solubility does not obi¢gnry’s law, Rogers et & proposed a correlation
for dependency of solubility of solute to its contation to beS = Syexp (oc), whereS, is the solubility
coefficient from intercept at=0 andes is a constant characterizing the concentratioredégncy of the

solubility.

Similarly, Michaels and BixIé¥' confirmed that there is no solubility in the cafhe phase of
polyethylene, even for small molecules like Heliufhey attempted to describe the temperature
dependency of the solubility constant over the eaofy10-50°C with an Arrhenius type of correlation.
They also provided a predictive correlation foriraation of solubility constant of different gasessbd

on the Lennard-Jones potential energy as the dlaitmrameters of the gases at the time.

Li and Lond*® studied the solubility of different gases of nifem, methane, and ethylene at the pressures
up to 100 bars, well above their critical pressuvigth a quartz spring balance. In their study ethgl

solubility was reported to increase exponentialihvincreasing pressure, while solubility of nitesgand
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methane increased asymptotically toward a saturatdue. They also suggested that the deviatiam fro

the Henry's law becomes considerable at pressgteehthan the critical pressure of the solute gas.

Stern et al*”! studied the sorption data reported by severalaresegroups implementing different
experimental techniques. By analyzing these daty tliscovered two common trends in all of them:
first, in the limit of Henry's law the solubilityfesolute increases with its critical temperaturd aacond,

the pressure at which the deviation from Henryls lzecomes considerable decreases as the critical
temperature of solute increases. Based on the zathlyata, they proposed the following correlation f
the temperature dependency of solubility of gaseke limit of Henry's law:

logS, = —5.64 + 1.14(T,/T)? (2.1)

in which T and T, are the solubility measurement temperature artitaritemperature of the solute,
respectively. The solubility of the solute in thenit of Henry's law is represented b§g[=]moles

sorbed/(gr amorphous polymer.atm)

In addition, they also proposed a useful corretafior the estimation of the pressure of the sohtte
which the deviation of solubility of solute fromethprediction of Henry's law becomes appreciable
(defined as 5% of deviationy,:

log(P,/P,) = 3.025 — 3.5(T./T) (2.2)

in which P, is the critical pressure of solute.

Kulkarni and Ste® studied the diffusivity and solubility of GO CH,, CHs, and GHg in the
polyethylene. At temperatures between 5-35 °C aedsures up to 40 bars, the solubility of all a&f th
penetrants obeyed the Henry's law. Castro & astudied the solubility oh-butane,n-pentane,n-
hexane, andh-heptane vapors in polyethylene with an electrotiaa The temperature range in their
study was from -15 to 4%, at pressures up to of 0.95 relative to the uapoessure of the hydrocarbon
at that temperature. The results were analyzedhptieg to establish a unique expression to pretiet
solubility of these hydrocarbon vapors in spitetltd remarkable deviation of the experimental result

from the Henry's law.

In another comprehensive analysis, Hutchinson &f! ahvestigated the accuracy of the correlation
proposed by Stern et 4! by analysing the sorption data available in therditure reported from different
research groups and found these data consistdnpredictive correlation of Stern.
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The effect of the copolymer composition on the bitity of ethylene, propylene, and 1-butene haverbe
investigated by Yoon et &! using quartz spring balance. The Henry’'s constast found to be almost
independent of the copolymer composition for ethgland propylene while that of 1-butene showed a
slight dependency on copolymer composition. Asctiretinuation of their first work, Yoon et &f! found

a strong dependency of the solubility of 1-hexend &-octene on the composition of the random
ethyleneg-olefin copolymers. Jin et & measured the solubility of 1-hexene in LLDPE watljuartz
spring balance at 50, 60, and 70 °C and pressprés @4 bars. Their sorption data was fitted welhe
prediction of Flory-Huggins theory with a constanteraction parametey. The measured solubility

values for 1-hexene by Jin et&l.were consistent with the values reported in thiéezavork of Yoon et
al®?

Moore et al*! measured the solubility of ethylene at temperatbetween 30-9TC and the pressures up
to 35 bars in polyethylene and confirmed that iysHenry's law in the range of studied pressuck an
temperature. The Henry's coefficient was found éardase by increasing the temperature and polymer
crystallinity. Regarding that the solubility coeffint was expressed in terms of mass of soluteedqubr
mass of amorphous phase polyethylene, the decieadlse solubility by increasing the crystallinityass
ascribed to the crystallites effect which limite thhaximum of swelling and sorption for the amorghou
phase. Kiparissides et & studied the sorption of ethylene in polyethylemenples at 80C and at
elevated pressures up to 60 atm. Their measureaisatshowed a decrease in the solubility with

increasing temperature, as expected.

While the wide range of the available solubilityalacquired from the different experimental techeig
provides a reliable base for evaluating and corsatijuimplementing these data in the analyseselat
to the intrinsic activity of a catalytic system arghctor productivity, one must bear in mind these
measurements were conducted for sorption of aesisgute like ethylene in a polymer like polyetimgde
as a binary system. However, as mentioned eattlierfeed stream of polyethylene fluidized bed t@ac
contains not only ethylene but algalefins like 1-butene or 1-hexene as comonomdurated alkanes
like iso-pentane om-hexane as inert condensing agent (ICA), hydrogerara agent to control the
molecular weight distribution of the produced pogmand finally nitrogen as an inert. This implibatt

for instance, the solubility of ethylene in proddgeolyethylene in the reactor condition might attjua
differ from the values obtained from the binary mimn measurements of single ethylene solute in

polyethylene, depending on the composition of gezlfstream to the reactor.

In fact, it is extremely important to dispose ofudgility measurements for a gas phase composed of a
mixture of different solute components. The soltpineasurements of a gas phase as mixture ofesolut
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in polymer would provide a valuable insight and erstianding on how the solubility of a single gaseou
solute in polymer is expected to evolve by intrddgca second solute component to the gas phase
composition. In the next section, we will look lag trelated sorption studies of a gas phase astammicf
solutes in polymer in this field. This will eventlydead us to the main subject of the current ihetudy

as exploring the potential effect of the preserfdaert condensing agents likehexane in the gas phase
composition on the solubility and as a result dyadind rate of gas phase ethylene polymerization on

supported catalyst during the condensed mode apeait FBR.

2.4.3. Sorption studies of mixture of solutes in polymer

According to the experimental sorption studies oftare of solutes in polymer, the presence of avleza
component in the gas phase composition is beli¢weshhance the solubility of lighter component of
ethylene monomer in the polymer phase. This isgréathe solubility of one species due to theqes

4651845763 his could be quite important since if there

of another is referred to as the “cosolubility”esft
is a cosolubility effect, for instance afhexane on ethylene, one could expect to see ahiglte of
polymerization in condensed mode than in dry mode t the higher availability of ethylene at the
active sites. This physical “cosolubility” phenoneanis obviously different from the well-known
comonomer effect in which the rate of ethylene pwyization is boosted due to the modificationshia t

chemical nature of catalyst active sites in preseicomonomer molecul&§!

To the best of our knowledge, the first experimestady which partially addressed the cosolubility
phenomenon was reported in 1968 by Robeson andh8fhin this study, the permeation of mixtures of
ethane and butane through a polyethylene film wasstigated using a permeation cell apparatus. The
permeability of both ethane and butane in semitalyise PE in the temperature range of 20-80 °C and
the mixture vapour pressure equal to the atmosplpeessure was found to increase by increasing the
butane concentration in the gas phase mixture. Mexry¢he solubility of ethane was found to riseycat

a lower temperature range of 20-3D as a result of the plasticizing effect of butamhis could be
attributed to the fact that at lower temperature rilatural mobility of the polymer chains are muessl
and as a result the plasticizing effect of moraulsiel component (butane) produces more pronounced
effect at lower temperatures. This is in additioritte fact that higher amount of butane is solzbdiin

polymer at lower temperatures.

Li and Lond*® measured the total solubility of methane-ethylemethane-nitrogen, and ethylene-
nitrogen mixtures in PE. In all of the experimentg overall solubility of gas phase mixture meadur
was found to be higher than the solubility expedtgdndividual sorption measurement of each single
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component and considering their partial pressurethim gas phase mixture. They explained this
phenomenon by the plasticizing effect of more selutbmponent which raises the solubility of less

soluble component in PE and consequently raisemtakgas phase solubility.

Yoon et al®™ reported a similar trend in the gas phase mixairethylene-propylene. They also found
that keeping constant total pressure and increapagial pressure of more soluble component
(propylene), the cosolubility effect becomes morenpunced. On contrary, they found that keeping
partial pressure of more soluble component consdat raising the partial pressure of less soluble
component of ethylene did not affect the differebetnveen the solubility of gas phase mixture amrd th
one predicted from the sorption measurements afithehl gases. They concluded that this observation
indicates that the solubility of propylene in PEhat affected by the partial pressure of ethylenthé gas

phase mixture.

McKennd® experimentally measured the cosolubility phenomeimthe gas phase as a mixture of
ethylene and 1-butene being solubilized in polylethy. Based on the experimental results, it was
concluded that the presence of 1-butene did nettathe solubility behavior of ethylene in PE, this

was attributed to the very low partial pressurd-tiutene used in this set of experiments.

Moore and Wanke reported some preliminary cosan@todies using an electro microbalance apparatus
as an attempt to explore the counter effects ofletle and 1-hexene on the solubility of each other
polyethylend® In these experiments, the admission of olefinstte measurement chamber was
performed sequentially rather than simultaneouslg tb the technical limitations as highlighted by
authors; first 1-hexene is introduced to the mesament chamber in which the polymer sample is placed
After reaching the equilibrium condition, this @llbwed by introduction of ethylene. It is observbat

by admission of ethylene, first the sample weigbtrdased very rapidly, which was attributed to the
partial desorption of the 1-hexene from the sanfildsequently, the measured weight started todeere
by resorption of 1-hexene. This increase in weighsample continued even after 70 hours when the
measurement was stopped without reaching the bguith condition. While this set of experiments shed
some light on the effect of complex interactionsaleen olefin molecules on their solubility behaviior
polymer phase, it could not totally succeed to wagthe cosolubility phenomenon due to inability to

reach the equilibrium condition for the ternaryteys of study.

In order to explore the cosolubility phenomenon,vilo et af* similarly performed sorption
measurements by the gravimetric technique of sigspermagnetic balance with the gas phase as a
mixture of ethylene and the heavier component bffene. In their study, it was reported that the
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solubility of gas phase as the mixture of soluteponents was less than the summation of the inatvid
independent measured solubility of ethylene andexehe at the same condition. Using modeling
analysis, this observation was explained by clagnivat the decrease in the solubility of 1-hexene td
the presence of ethylene (anti-solvent effect bflene) is larger than the increase in ethylenelslity

in presence of 1-hexene (cosorption effect of lehe).

Finally, Yao et al*” investigated the effect of presenceiszFpentane ana-hexane as two major inert
condensing agents (ICA) in the gas phase composiio the solubility of ethylene in polyethylene
powder by using a pressure decay method. An enhsrdein ethylene solubility in polyethylene was

observed in the presence of both ICA$sofpentane and-hexane in their study.

Regarding the related literature survey on sorpttudies of mixture of solutes in polymer and
cosolubility phenomenon, it can be deduced thattmbgshe academic studies available in the open
literature in this field aimed at quantifying thesolubility effect during the sorption process ofuses in

the polymer powder under non-reactive conditiornd ianthe equilibrium state. However, in the current
thesis we wish to investigate the potential eftdan inert condensing agent on the solubility tbf/ene

under reactive conditions. Thus we will be obligeduse this equilibrium data for certain modeling
studies, however in order to be more realisticaitieabout a series of designed experiments wigh th
associated results in order to capture the spetllabsolubility phenomenon under the reactive

conditions will be provided in the related Chagier

The experimental studies in lab-scale reactors tsddvestigate the effect of changes in the preces
operating conditions, for instance here by varyithg gas phase composition during ethylene
polymerization on a supported catalyst, provideesrely valuable insight and understanding about the
expected kinetic and thermal behavior of the stlidiatalytic system in the commercial scale fluidize

bed reactors while experiencing similar imposechgea in the operating condition of the process.

Nevertheless, reliable experimental studies of gase ethylene polymerization process with differen
gas phase compositions which induce different dipgraonditions are very time consuming. As a rgsul
we would like to be capable of predicting how thmlity and rate of gas phase ethylene polymerimatio

would evolve upon imposing a change in the proopssating condition using a process model.

In order to achieve this level of predictive cafihione needs first to be able to describe trsotdility
behavior by using an appropriate thermodynamic rneddch is capable to properly capture the
equilibrium phenomenon. Then, incorporating thisrthodynamic model in a single particle model like
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the PFM to estimate the concentration and temperajuadient through a growing polymer particle
should allow us to predict the effect of changéhim process operating condition by addition of @A to

the gas phase composition.

In the next section, we will have a brief overviefithe major thermodynamic models that are apphed
the polymer industry in general and in the polyiolefector in particular. The thermodynamic model
which is adapted in the current thesis study ireptd quantify the solubility behavior of ethyleme
polyethylene in presence of the studied inert casihg agent is highlighted while the details abibet
development and application of this thermodynamaxeh is provided in Appendix A and Chapter 4,

respectively.

2.4.4. Thermodynamic models to describe the sorption equidrium

In the solubility studies for sorption of a singlelute in polymer, it was demonstrated that thetsitily
of heavy components, especially at higher pressdesgates significantly from the prediction of Hg's
law. In addition, Henry's law is incapable of déktrg the solubility of a gas phase as a mixture of
components in polymer. It is therefore necessaryse a more advanced thermodynamic model for a

more precise description of the sorption process.

Generally, the advanced thermodynamic models &atitng the phase equilibria of the solution can be
classified into two major categories: (a) activigefficient relations; and (b) equations of st&ter the
systems of solvent-polymer, equations of state (E& preferred over the activity coefficient matiél
because the EOS can capture and describe the dempendf phase volume on pressure, which is of
profound importance in estimating the solubilityssiute and swelling degree of the polymer phase du
to the sorption. As a result, the activity coeffiti models are not presented here, however arestiteg

review about this category of the thermodynamic ef®is provided in Referenég.

In this section, an overview of the equations eitestf(EOS) applied in the polymer industry will be
presented. There are two major classes of thernamdignequations of state which have been subject to
substantial improvements over the course of lasetldecades, and currently have found a wide rahge
application fields in the polymer industry due kit excellent predictive capabilities: (a) peratibn
theory models with the PC-SAFT model as its mosemé and widely applied version; and (b) lattice
models with Sanchez-Lacombe EOS as its most wilghjied versiort "’
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2.4.4.1.Perturbation theory models and PC-SAFT EOS

In the perturbation theory, the main assumptioth& the residual part of the Helmholtz energy of a
system, A as its difference from an ideal gas can be egprbsas the summation of different

contributions, whereas the main contribution isered by the Helmholtz energy of a chosen reference
system,A™. Contributions to the Helmholtz energy that aré covered by the reference system are

considered as perturbation terra&"
A= Aid + ATeS = Aid +Aref +Apert (2.3)

For the small molecules, an appropriate refereystem is the hard sphere system. In a hard sphere
system, the molecules are assumed to be spheee$iy@fd diameter, which do not have any attractive
interactions. The hard-sphere system covers thalsigp interactions among the molecules that are
considered to mainly contribute to the thermodymamroperties. However, the thermodynamic
properties of real molecules can deviate from thference system due to attractive interactions
(dispersion), formation of hydrogen bonds (assamidt or non-spherical shape of molecules. These
contributions are generally accepted to be indepeindf each other and therefore are accountedyfor b
different perturbation terms. Depending on the tygethe considered perturbation term and the
expression used to describe, different thermodynamodels have been developed based on the
perturbation theor{® "

Statistical Associating Fluid Theory (SAFT) was aofethe first models derived from the idea of the
perturbation theorfi®"* A widely applied model of this family of modelstise Perturbed Chain SAFT
(PC-SAFT) model which was particularly developedirmprove the modeling of systems including
polymeric component&*™! The different versions of SAFT family have beemlat widely in the
polymer industry in order to describe the phenometeated to the phase equilibria. In particulartbia
polyolefin sector, it has been implemented to stildyphase diagrams in polymer-solvent systemshwhic
play an important role during the stable operatibsolution and slurry polymerization proces$&&” In
addition to describe the solubility of single sekiin polymer, the PC-SAFT model has been speltjfica

extended to study the sorption behavior of gasehasa mixture of ethylene and 1-hexene in LLISBE.

The detailed description of the models based opéntirbation theory including the different deyd
versions of SAFT family can be found in Refereff¢&d and will not be elucidated further here.
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2.4.4.2 Lattice models and Sanchez-Lacombe EOS

In the lattice models, it is assumed that the moésc have one or more segments and the partition
function of the system can be calculated by cogntite number of possible configurations when these
segments are arranged in hypothetical cells, whiegemble the crystal lattice of a solid. The
thermodynamic properties can then be obtained mgusrmalism of statistical mechanics. The lattice
can be considered to be compressible or incomjtesdihe incompressible lattices are generally used
model liquids at low pressures while the comprésdifiitices result in the equations of state based
lattice model like the lattice fluid theory of Sdmez and Lacomb&®% The Sanchez-Lacombe EOS is
similar and can be considered as the continuatibriFlory-Huggins theory. The most important
improvement is that Sanchez-Lacombe theory intredimmles into the hypothetical lattice to accoont f
the variation in compressibility and consequengpsity!®>5°!

The Sanchez-Lacombe model has been applied indlyelgfin industry in order to describe the phase
diagrams of polymer-solvent systéffi§® and also the solubility of different single sokitén
polymer!#2941% More recently, Bashir et 8" extended the Sanchez-Lacombe EOS to describe the
solubility of a gas phase as a mixture of two sledmponents in the polyolefins. According to their
analysis, it was found that the Sanchez-Lacombe HEOS$apable of predicting the cosolubility

phenomenon for the different systems which have bealyzed.

In the current thesis study, and for the first titihee Sanchez-Lacombe EOS is adapted and developed
study not only the solubility but also concentratiof ethylene in polyethylene in the absence and
presence of an inert condensing agent in ordeusmtify the speculated cosorption phenomenon under
the reactive polymerization condition. This is nefjag the wide range of application of this
thermodynamic model in order to describe the sbtybif different solutes of interest in polyole§in
which is originated from its excellent predictivapability and also relative simplicity comparedthe
other class of equations of state (EOS), e.g. PETSAhe further details about the development and

application of this thermodynamic model are prodide Appendix A and Chapter 4, respectively.

2.5. Conclusion

In the current chapter, it was intended to provadeintroduction to the polyolefins as the categofry
polymers with the largest market share among ottmnmodity plastics worldwide. The different
commonly used catalytic systems and establishezkpses in industry for polymerization of olefinyda

been briefly reviewed, while the gas phase ethylpalymerization on supported catalyst has been
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elucidated in more detail as the focus of currdmgsis study. The different phenomena occurring
simultaneously at different length scales durirgdhs phase ethylene polymerization in FBRs haga be
highlighted. The quality of a single catalyst padigrowth from the time of its exposure to thectie

environment until its withdrawal from the react@ a fully grown polymer particle was explained in
details. This was followed by an overview on thedeling approaches developed in this field like PFM
and MGM models in order to capture the physical/@ndhemical phenomena occurring at the single

particle level as the main interest of currentithetudy.

The process of gas phase ethylene polymerizatiosupported catalysts in FBRs offers a range of
advantages. However, because of the exothermicenafuthe polymerization reaction, the rate of the
polymer production in these reactor set-ups istéithby the rate at which the heat of the polyména
can be removed. On the other hand, due to theieearasing demand for polyethylenes, there is b rea
economic driving force to increase the productigibd space time yield in the existing processesder

to expand the production. The condensed mode apertd its most important configurations have been
introduced in this chapter as a commonly practioggthod in industry in order to achieve higher
productivity of gas phase ethylene polymerizationeiisting FBR set-ups. In the condensed mode
operation of FBRs, an inert condensing agent(d) agiso-pentane on-hexane is added to the gas phase
composition. As a result, the feed stream coulgpétially liquefied in an external heat exchangegr b
cooling it below the dew point of the gas phasetun&x By vaporization of the liquid phase inside th
reactor higher amount of heat can be removed ftwnréaction environment thanks to the associated

latent heat of vaporization, providing the posgiptio achieve higher space yield for the sametoeaset-
up.

The presented review of the related academic sudiethe condensed mode operation of gas phase
polyolefin reactors revealed that most of thesdistuwere intended to analyze the phenomena refated
macro-scale of the process including the effedhefpresence of condensate on the stable opewtion
FBR, the influence of vaporization of condensatecontrolling the overall temperature of FBR, and so
on. While it is clear that the evaporation of camgble components will ultimately help to contiuod t
temperature in the zones where these componerstsieXiquid form, once they are vaporized thesatin
condensing agents are still present in the gasepbiathe reactor. Therefore, in order to develgpand
understanding about the condensed mode procéssiiportant to ask whether or not their preseras h
any additional influence. In order to able to answes question, one needs to think about how the
polymerization reaction proceeds on supported ystialat the single particle scale (and not the aacr

scale) in this process. As presented in detailthi;m chapter, during the gas phase polymerization o
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ethylene on supported catalyst and by completichefragmentation process during the early stabes,
active sites located on the fragments of the inta&talyst support are completely surrounded by the
produced semi-crystalline polymer. Since the polyhager immediately covering the active sites is
essentially made of amorphous material, the quality rate of polymerization reaction will be prifhar
determined by the solubility or in more accuratentethe concentration of monomer in the amorphous
phase of the semi-crystalline polyethylene. Acangdop the experimental sorption studies as predente
the current chapter, the presence of a heavier conemt is believed to enhance the solubility of the
lighter component of ethylene monomer in the polymwaich is referred to as “cosolubility” effect.
Regarding the related literature survey on sorpttudies of mixture of solutes in polymer and
cosolubility phenomenon, it is deduced that moghefpublished academic studies in this field aimed
qguantifying the cosolubility effect during the sbgm process of solutes in the polymer powder under
non-reactive conditions and in the equilibriumetdiowever, in the current thesis we wish to ingesé

the potential effect of an inert condensing agenthe solubility of ethylene under reactive corafis.
Thus we will be obliged to use this equilibriumaldbr certain modeling studies, however in ordebbeo
more realistic, details about a series of desigegueriments with the associated results in order to
capture the speculated cosolubility phenomenon ruttde reactive conditions will be provided in the
related Chapter 5.

The experimental studies in lab-scale reactors tsddvestigate the effect of changes in the preces
operating conditions, for instance here by varyithg gas phase composition during ethylene
polymerization on a supported catalyst, provideesrely valuable insight and understanding about the
expected kinetic and thermal behavior of the stlidigtalytic system in the commercial scale fluidize
bed reactors while experiencing similar imposedngesa in the operating condition of the process.
Nevertheless, reliable experimental studies of gase ethylene polymerization process with differen
gas phase compositions which induce different dipgraonditions are very time consuming. As a rgsul
we would like to be capable of predicting how thmlify and rate of gas phase ethylene polymerimatio
would evolve upon imposing a change in the proopssating condition using a process model.

In order to achieve this level of predictive cafihione needs first to be able to describe trsotdility

behavior by using an appropriate thermodynamic imneddch is capable to properly capture the
equilibrium phenomenon. The Sanchez-Lacombe ECG&Rlapted for this purpose in the current study.
Then, incorporating this thermodynamic model inirmle particle model like the PFM to estimate the

concentration and temperature gradient througtoaigg polymer particle should allow us to predhue t
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effect of change in the process operating conditipraddition of an ICA to the gas phase composition

during the condensed mode operation.

After defining the framework of the current thestady by reviewing the current understanding about

condensed mode operation of gas phase ethylenmenhation on supported catalysts in FBRs and the

related phenomena, we will start our study by aziafythe process of evaporation of liquefied poriad

feed stream inside the FBR in the next chapter.
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3. Liquid evaporation in condensed mode operation ofas phase ethylene
polymerization on supported catalyst

3.1. Introduction

Introduction of liquid phase to the reactor aftartial condensation of recycle gas is being pradtic
through different techniques in different pateritscdssed in Chapter 2. As a result, the reactoratipg

in condensed mode can be considered as a three phistem of gas phase, liquid phase, and solid
particles coexisting simultaneously. Analysis oferation of liquid droplets in a system with thgsel

of complexity is a demanding task which has notnbaadressed so far for the polyolefin fluidized bed
reactors to the best of our knowledge. The purmdghis section is an effort to acquire a more rclea
insight about this process and to address sonedtihdamental issues involved.

Fortunately, the vaporization of liquid dropletshiat environment is not limited to the condensedieno
operation of polyolefin reactors; a liquid feedsfgayed into a hot fluidized catalyst in a FluictaDgic
Cracking (FCC) riser reactor, where vaporization tbfs liquid feed is a key step determining
performance of the FCC process. “Gasification” iglid droplets is also an important part during
combustion of hydrocarbons. Thanks to these wédlbdished technologies of FCC and fuel combustion,
there are extensive studies on liquid droplet vizption in the literaturé? It is out of scope of the main
discussion of the current study to review all thedated researches performed on liquid droplet
vaporization in the FCC process and combustionalitee; however, the common aspects of liquid
droplet vaporization in the condensed mode operaifgolyethylene reactors and FCC and combustion
process is investigated here and described pheraoggrelly. The models developed for liquid droplet
vaporization will be briefly reviewed. The most wlg accepted model appears to be well-adaptecketo th
conditions encountered in condensed mode operafigas phase polyethylene reactors. This will &ssis
us to explore the effects of some of the influegcand determining parameters during the droplet
vaporization and to ultimately be able to estimthie time scale required for complete vaporizatibn o
liquid droplets introduced to the reactor duringe thontinuous operation of gas phase ethylene

polymerization on supported catalyst in an FBR.

3.2. Phenomenological description of the process

While operating in condensed mode, the condensedpthe recycled gas is introduced to the bedhwit
different techniques. Here, we focus on the twpdrtant techniques: the first method practiced miod
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Carbide patent, in which the liquid droplets arspanded in the gas phase stream and introducée to t
reactor from the distributor plate at the bottonitaf reactor and second BP patent, in which thedits

injected into the fluidizing bed above the disttdrplate through nozzles.

Different scenarios for the liquid droplets intragd to a “hot” environment of fluidizing particlesn be
found in the literature. If the droplet is smalloeigh there is a chance that it vaporizes “homogggibu
before making any contact with the solid partidlegdizing in the bed. Otherwise, liquid-solid caat
will be inevitable and we find “heterogeneous” ewagtion. If the particles are much hotter than the
liquid phase, an “elastic collision” between liqubplet and solid particles is probable. In thase; the
solid particle and liquid droplet are pushed awaynf each other once they collide because of loighl h
vapour pressure generated from immediate vapaizati part of liquid droplet which contacts withtho
solid surface. This phenomenon is known as thed&®dirost effect”. The Leidenfrost temperature s th
temperature of the solid surface at which wettihghe solid surface is prevented by insulating wapo
generated by continuous vaporization of the liqirdplet. This parameter is not well understoodbyet
in context of our analysis we can use the simpleetation to estimate [ft in order to assess the

possibility of existence of such an effect in comskl mode operation of polyethylene reactors:

Tieia = Tsar + 150 °C) ( 3.1)

where T eiq and Ts,; are the Leidenfrost temperature and the saturaéimmperature of the liquid phase,
expressed in °C. Here, the Leidenfrost temperatsr@nly a function of system pressure which

determines saturation temperature of the liquidspha

According to the data of patents, the gas phaseanskquently the entrained liquid phase suspeimded
it are introduced to the bed at a temperature qiragmately 50°C. At the partial pressure of
condensable components in the recycle gas equdl5tand 2.3 bars for 1-butene aist-pentane,
respectively and assuming negligible pressure tirdpe heat exchanger it is possible to estimategts
phase dew point. This dew point can be treatech &stmation of the liquid saturation temperaturéhie
reactor pressure. Note that, equation ( 3.1 )ripfiwe materials, but considering it as dew poirtiubble
point for mixture of components does not make &dhce in our final conclusion. It is in addititm
difficulty to estimate the bubble point of the lidyphase because of lack of direct knowledge abisut

composition.

The dew point of gas phase of composition menticaiealve is estimated witk-value method to be
equal to 77C. The details of the method could be found iremerficd® The same order of magnitude
(50-70°C) for dew point of recycle gas having differentposition (-hexane instead a$o-pentane, for
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instance) is reported in literature and patentsaAssult, it can be concluded that the Leidenfeff&ct
does not exist during liquid-solid contact in thendensed mode operation of polyethylene reactors
simply because the surface temperature of soliticfes are far lower than the Leidenfrost tempemratu
for this system (200-22).

Dismissing the possibility of elastic collision teten liquid droplets and solid particles, the most
probable scenario is that if solid particles calligdith droplets, the droplets will be in the forfediquid

in contact with a solid particle, as schematicdynonstrated in Figure 3.1. The liquid phase inaxin
with one particle may be distributed on two or motieer particles before complete vaporization &y th
collide with each other during fluidization. Pafttbe liquid on one particle may also be separé#ieah

the particle because of shear force of gas flowltiag in another suspending droplet. This liquidmet
may collide again another particle before completporization. Large droplets or “lumps” of liquid
which will take longer time to evaporate may indwdeo agglomeration of particles and disturb the
fluidization of the bed. This is one of the reastmat the conventional condensed mode operation is

limited by the mole fraction of condensables that be used in the gas phase composition.

Figure 3.1. Schematic representation of vaporizatioprocess for liquefied portion of the recycle feedtream upon
introduction into the gas phase polyethylene FBR ding the condensed mode operation.

In terms of temperature evolution, it is beli¢¥ethat when a cold “isolated” droplet is introdudeda
hot environment, the temperature of the droplet fivét rise quickly because of heat transferreahfr
surrounding hot gas phase to the droplet. The oftéeemperature rise will then decrease as the
temperature of droplet and consequently the rat@pbrization increases. Finally, the droplet wélach
a steady state temperature in which the heat reasf by convection of hot gas phase is consumed fo
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vaporization of the droplet. This temperature i®Wn as the wet-bulb temperature. However, for the
droplet evaporation in the presence of solid pladithis steady state temperature may differ from t

wet-bulb temperature because of heat transferced frarticles to droplet as they collide.

3.3.  Modeling droplet vaporization in presence of soligarticles

It is generally accepted that the evaporation efliuid droplets injected into the reactor acceuot a
large portion of heat removal in the condensed mdtierefore, we need to understand where/how this
takes place inside the reactor. Obviously, paramelike droplet size, size distribution, heat of
vaporization and properties of solid particle phéie solid flux inside bed, size distribution,aheat
capacity) as well as eventual contact between thesephases will control the overall vaporization
process of the liquid droplet in the presence wififzing solid particles. The quality of contactieen
droplets and particles also depends on the fldidizepattern of the bed and the method by which the
droplets are introduced. Despite extensive experiaieand modeling studies in FCC and combustion
literature, to the best of our knowledge, theradssingle modeling approach which captures efféetlo
the parameters influencing the droplet vaporizationthe fluidized bed with a phenomenological

description.

There are interesting reviews such as RefefBnme homogenous vaporization of liquid droplets. (i.e
without presence of solid particles). TtfeLaw is the simplest modeling approach for vaporizatn
liquid droplets in a hot, stagnant environmentcdh be shown that the droplet diametkrunder this
circumstance reduces by the following correlation

d? = d3 — Kt (3.2)

whered, is the initial droplet diameter andlis a constant as discussed by lwaw has also provided
an interesting discussion about how the shearsstrsrted by the gas flow on the surface of droplet
induces recirculation motion within droplet whichhances transport rates and consequently vaparizati
rate.

Nayak et al¥! proposed an innovative model for evaporation dfaplet in the presence of solid particles
which includes the effect of many of the parametdiszussed above. However, it is based on the
assumption that heat is transferred from a pantecke droplet during their contact, before they@ushed
back because of generation of “specific volumeVaour. According to our discussion about possibili

of presence of such an effect (Leidenfrost effeiti, applicability of this model for condensed mode

operation of polyethylene reactors is dismissed.
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Buchanalf has analyzed the vaporization of droplets in tresgnce of fluidizing particles to estimate
the order of magnitude of time needed for drophgtorization of different sizes. First the relatiime
scale for droplet heat up and vaporization is caeghén case of homogenous vaporization of the étopl
(i.e. without presence of solid particles). For ieterogeneous vaporization, two limiting casesHzeen
considered: (a) fast heat transfer during “stickgllision between droplet and particles; (b) etasti
collisions between droplet and particles. As disedspreviously, the elastic collision is not expdcto
occur in the condensed mode operation of ethylestgmerization. However, the vaporization time
obtained in the case of elastic collision will Epresentative of upper limit of the vaporizatiomei of
droplet in presence of solid particles, while vagetion time assuming fast heat transfer betweepldts
and particles will be representative of lower limitit. Here, the analysis of Buchanan is adaptedHe
condensed mode operation of polyethylene reacidws.predictive capabilities as well as limitatiomda

drawbacks of this model will be discussed in martaill after model description and simulation result

3.3.1. Homogenous droplet heat up and vaporization

In this method the lifetime of the cold dropletroduced to a hot environment is split to two ovepiag
periods. First, the droplet heats up rapidly witlsmaall fraction of it being evaporated. In the s&to
period, the droplet vaporizes at constant temperaiie. the wet-bulb temperature in our caseslt i
assumed that droplet composition is pis@pentane and gas phase is of composition givermwbatB0
°C and 20 bars:

Table 3-1. The gas phase composition in whiclso-pentane droplet heats up and evaporates.

Component mole fraction
ethylene 0.5
hydrogen 0.1
nitrogen 0.25
iso-pentane 0.15

The properties of gas phase at°80and 20 bars and liquid phase at 80 °C are giverable 3-1l. The

methods of estimation of these properties are gdealin detail in Appendix D.
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Table 3-1I. Properties of gas phase of compositiomentioned above at 80C and 20 bars
and liquid iso-pentane and polymer patrticles at 80 °C.

Density

Liquid P 553.4 kg/m
Gas Py 21.8 kg/nd
Particle Ppol 900 kg/n
Heat capacity

Liquid (o 2593.5 J/kg.K
Gas Gg 1734.7 J/kg.K
Particle Gpo 2000 J/kg.K
Kinematic viscosity of gas v 6.2 x 10 mé/sec
Thermal conductivity of gas ck 3.1x10¢° J/im.sec.K
Latent heat of AHy 292 kJlkg
vaporization of liquid AH,/ 21076.6 kJ/kmol
Diffusivity of iso-pentane Dics 5 x 10’ m¥/sec

in the gas phase

Vapor pressure ago-pentane Puap 4.6 bar

It is essential to have a reasonable estimateeofelative velocity of liquid droplet and surroumgligas
phase (as the gas-liquid slip velocity) during ¢barse of heating up and evaporation in our calicuia.
The gas-liquid slip velocity for the injection degs are reported ranging from 7-30 m/sec in the
literature® By considering the fact that liquid droplets ameaduced to a slow moving environment of
fluidizing particles where superficial gas velodsyin the order of 1 m/sec, the gas-liquid slifoegy of
Usip=10 m/sec has been used through our analysis in¢hios, as a compromise. We could not find an
indication about gas-liquid slip velocity in caskimtroduction of liquid droplets entrained in tigas
phase in the literature nor patents. In order widathe possible confusion, it worth emphasizingt time
droplet during its evaporation is most probablexperience different relative velocities with respt®

gas phase. It will first be of relatively high sliglocity (30 m/sec typical for injection devicesid much
higher in case of Union Carbide Patent in which dheplets are entrained and suspended in gas phase
and introduced to bed through the holes. Considetir difference in “volumetric” size of two gasdan
liquid phases which pass through the holes, tragivel gas-liquid (slip) velocity is expected to foeich
higher during its passage through the holes). Hewev is logical to assume that droplets losingirth
momentum because of introduction to relatively @efigsidized bed environment will finally have
relative gas-liquid (slip) velocity equal to supeidl gas velocity in the bed of 1 m/sec. As a lesuwe

use an averaged value of 10 m/sec during the caodiisg vaporization as a reasonable (but not ader
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approximation. We will test the sensitivity of tbalculations to the values of, for the estimation of the

heterogeneous vaporization time.

The droplet size distribution depends on the tyjp@jection devices with average size being repbtte
be between 50-4000m*® On the other hand, in the case of introductiofiopfid as entrained droplets
in the gas phase, the holes of the distributopfdiameter of about one centimeter and maximurpléto
size of diameter 5000m seems a reasonable approximation. As a resulhmalysis will cover droplet
size distribution of 50-5000m.

3.3.1.1.Wet-Bulb temperature

In order to calculate the time scale for heat up\aporization of droplet in the second step, édsential
to estimate the temperature of the droplet durivggvaporization. In our analysis, it is estimatsdte
wet-bulb temperature. The wet-bulb temperature raieg to its definition is the steady state tempae
reached by a liquid droplet evaporating into anatumated gas mixture. At this temperature the oéte
heat transfer from the gas phase to the liquid bgllequal to the rate of heat removal from drobiet

evaporation:

h(Tg - Tw) = km(Ceq - Cb) AH,' (3.3)

whereT, andT,, are gas phase and wet-bulb temperature, resplgcBegandCyare concentration a$o-
pentane in gas phase in equilibrium with ligisd-pentane and concentrationisb-pentane in bulk gas

phase, respectivelZ.,can be obtained fromso-pentane vapour pressure by:

I8 vap

C., =
eq RgT ( 3.4 )

ky, mass transfer coefficient ftgo-pentane, andi, heat transfer coefficient, are obtained from Raaz-
Marshall correlations:

kmd
Sh=—7—=2+06Re'/?Sc'/? (3.5)
hd
Nu = =2+ 0.6 Re'/2 pri/3 (3.6)
cg '

In equation ( 3.5 ), for estimation of mass transfeefficient ofiso-pentanek;, the dimensionless
Sherwood numberSH is correlated to the dimensionless Reynolds nuniRe and dimensionless
Schmidt numberg9, in whichd is the diameter of the droplet abdis the diffusivity ofiso-pentane in

the gas phase. Similarly, for estimation of heandfer coefficient,h, in equation ( 3.6 ), the
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dimensionless Nusselt numbeXy) is correlated to the dimensionless Reynolds nuniRe and the
dimensionless Prandtl numbéer}, in whichd is the diameter of the droplet akgly is the thermal

conductivity of the gas phase.

Considering gas phase temperature of 80 °C, thébulbttemperature as the temperature of the droplet

during vaporization step is estimated to be 61 °C.

3.3.1.2.Droplet heat up

It can be shown that the governing equation duttiegheat up period of an isolated droplet is given

dT
TE = Tg =T ( 3.7 )
where
7 = (picp,d)/6h (3.8)

In this approach, a uniform temperature insidedifoplet is assumed because of internal mixing efféc
exerted shear stress applied by gas flow on tHfacauiof the droplet. The heat transfer coefficiantan

be estimated from conventional Ranz-Marshall catieh for heat transfer, equation ( 3.6 ).

The solution to equation ( 3.7 ) is:

(3.9)

Ty andT, are gas and initial droplet temperature, respeltiv

For the droplet heat up step, the time needednitali droplet temperature of S to reach wet-bulb

temperature of 61°C is calculated. The resultsanmemarized in Table 3-III.

Table 3-IIl. Estimation of time scale foriso-pentane droplets of
slip liquid-gas velocityug;;=10 m/sec to heat-up and vaporize homogeneously.

Droplet size fm) 50 100 300 1000 3000 5000
Heat-up time (sec) 50x%0 15x10° 7.8x10° 49x10 26x10 55x10
Vaporization time (sec) 1.3x3%0 39x1¢¢ 2.1x10 1.4 7.1 15.4

(*) heat up time from 50 to 61°C as the wet-biglimperature
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3.3.1.3.Droplet vaporization

It is found empirically that the heat transfer dméEnt from gas phase to a droplet decreases whene
is a substantial vaporization from droplet. The gl explanation for this phenomenon is that “the
vapors leaving the droplet tend to deflect thesustounding gases away from the dropf@t”.

As a result, in order to estimate the vaporizatiore, the heat transfer coefficient for vaporizohgplet

as an effective heat transfer coefficient mustaleutated as proposed by Renksizblffut:

*

>
QU

Nu

Nu* = key =m (3.10)

whereNu is the conventional Nusselt number obtained froamARMarshall correlatio)’ andNu' are
the effective heat transfer coefficient and Nusseihber for droplet in the presence of vaporizatiois

constant equal to 0.7 aBds given by:

T,—T
pg( ) [1 ] (3.11)
Cog Is heat capacity of gas phagdi, is the heat of vaporization of quui%ﬁ is the ratio of heat
C
transferred to the droplet by radiation to conmwattivhich can be assumed to be equal to zero in

operational conditions of condensed mode polyetigyleactors.

Assuming that all the heat transferred to the dijsl consumed for evaporation of the liquid frdme t

droplet, it is possible to write the governing diprafor evaporation as:

av
AHypy— = —h"A(Ty = T) (3.12)

whereV andA are droplet volume and surface ar€ds the evaporation temperature of droplet which is
estimated as wet-bulb temperature, as describegrebef Substitutingy and A in terms of droplet

diameter, it is possible to rewrite equation ( 3.53:

d(d) —2h*(T,—T)
dt B Aval

(3.13)

Analytical solution for the equation ( 3.13 ) rasuh following correlation for vaporization time:

AH vP1
vap = T AT, —T)

o+

(a5 a-w-3a-vp+3a-v)-mcol) (3.14)
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whereA’ andB’ are clustered functions defined as:

I kcrg
- C 0.7
[1 + %} (3.15)
v
u 0.5
" 1/3 (%
B =06 Pr (21/) (3.16)

andvg=1+B'r o>°in whichr, is the initial droplet radius.

The time needed for droplets of size between 5@500 to vaporize homogeneously at slip gas-liquid
velocity of usip=10 m/sec are given in Table 3-Ill. By comparing timee scale for droplet heat up and
vaporization, it can be concluded that the heatimp is negligible compared to vaporization step.aA
result, in our discussion about heterogeneous ergp@lporization in the presence of solid particles
will focus on the vaporization step assuming thraptét reaches steady state temperature of vapioriza

instantaneously.

3.3.2. Heterogeneous droplet vaporization

In order to estimate the time scale for the vajtion of droplets in the presence of particles, lBmaff’
considered two limit cases of heat transfer betvareplets and particles. In the first limit, all thle heat
possible from particles is transferred to droptetantaneously. The formulation for this limit riégsun

the following correlation for estimation of drophkaporization time:

d(d) _ _uppol(l - E)Cp,pol(Tpol - T)
dt 2p,AH,

(3.17)

wheree is the bed porosity and we use the value of bedsity at minimum fluidization of 0.5 as an
estimation. It is assumed that particl@s,f in bed are at the same temperature of the gasefhg and

cooled down immediately to the droplet vaporizatimmperature as they are collided. The first
assumption is not valid especially for the smativacpolymer particles. However, the correction tiois

will only result in even shorter time scales forpwdzation of droplets in this extreme limit.
Consequently, it is decided to keep this assumptiespite its obvious imperfections. Similar to
homogeneous vaporization, the vaporization temperabf the droplet is estimated as wet-bulb

temperature. The results for this lower limit opeaization time are given in the following Table.
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Table 3-1V. Estimation of time scale foriso-pentane droplets to vaporize heterogeneously.

Slip liquid-gas velocity;,=10 m/sec

Droplet size i{m) 50 100 300 1000 3000 5000

Lower limit of
vaporization time (sec) 9.5x10 1.9x10 5.7 x 1¢* 1.9 x 10° 5.7 x 10° 9.5 x 10°

Higher limit of
vaporization time (sec) 2.4x10 6.8x10° 3.6 x 107 2.2x 10 1.1 2.4

Slip liquid-gas velocitys;;=1 m/sec

Droplet size i{m) 50 100 300 1000 3000 5000

Lower limit of
vaporization time (sec) 95x10 1.9x10° 5.7 x 10° 1.9 x 10° 5.7 x 107 9.5 x 10

Higher limit of
vaporization time (sec) 9.7x30 2.8x10° 1.5 x 10" 9.5 x 10" 5.0 10.8

In the second limiting case, the collisions betwdmplet and particles are assumed to be eladtis. i$

intended to represent lower limit of heat trandéfem particles to the droplets. Considering theepbsd

trend®*® of decrease in heat transfer coefficient to immersbjects by dilution of fluidized bed,
Buchanan proposed a correction for heat transfefficeent for homogeneously vaporizing droplet
(equation ( 3.14 )). In this correction the gassehdensityp, in Re number is replaced by gas-solid
density,ppai(1-€). While not yet being validated, this correctioridend to be consistent with the observed
trend€¥ in the literature.

Taking this correction into account will result similar equation for estimation of droplet vapotiaa
time as equation ( 3.14 ), except that the clysdeameter oB’ (equation ( 3.16 )) will be replaced BY

as:

/2

. Ppor(1— )\

5 =B,( pol ) (3.18)
Pg

This vaporization time is intended to be repregemtaf higher limit of droplet vaporization tima the

presence of solid particles. The results are peavid Table 3-1V.

Considering the uncertainties about the estimatibrgas-liquid slip velocity, the sensitivity of the
calculated heterogeneous vaporization time (in boths) for theus;, equal to 1 in addition to 10 m/sec

has been calculated and provided in Table 3-I\t¢énparison purpose.
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It should be noted that considering the unceriséntelated to the heat transfer coefficients, edion of
slip velocity and actual droplet sizes in bed (exussed before because of interactions betweaid lig
droplets and solid particles), these time scalesishbe treated as a qualitative estimation. Thig@ach
also does not take into account the local hydroohos of the bed, the heat capacity of solid phase,

possibility of distribution of liquid between pattiégs and droplet surface deformation.

However, assuming the real vaporization time tobkéveen two limits of the heat transfer in the
heterogeneous vaporization, it seems logical telcoe that for a droplet of as large as 5069 it takes
in the order of a second to be vaporized compleisgumingi ;=10 m/secand few seconds in case of

Usip=1 m/sec

This conclusion is in agreement with the pateragtlabout necessity of “immediate” vaporizatiorths
droplets in the order to avoid the agglomeratiod annsequently disturbing the fluidization of bed.
However, the droplets of order of several millinestappear to be too large and the droplets inrither o

of few hundred microns are more in favour of “imnage’ vaporization.

In other words, considering the lowest possible @tilocity of 1 m/sec equal to gas superficial eijoin
the bed (obviously lower than the average sliplgpgd velocity experienced by the droplets durthg
vaporization course) for the largest possible drppl takes few seconds for complete vaporizafidris

in turn implies that only the lower portion at thettom of the FBR of 15 meters height becomes egbos
to the introduced liquid. As a result, the latesahof liquid evaporation enhances the rate of teabval
from the particles fluidizing only in this fracticof the bed. Consequently, it can be concluded ttiet
vaporization of liquid droplets during the condahsaode operation will have only local effect on
cooling the particles inside the fluidized bed teaéor gas phase ethylene polymerization on supgor

catalyst.
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4.  Thermodynamics of sorption equilibrium

In the bibliography chapter, we briefly discusskd tondensed mode operation of gas phase ethylene
polymerization reactors and the fact that it allmme to achieve higher polymer production yieldtfoe
same reactor set-up than in dry mode. In the cawtemnmode, in addition to containing ethylene,
nitrogen, hydrogen and eventually a comonomer (witian also be condensable), the gas phase feed
stream of the FBR also contains an inert conderegagt (ICA) such aiso-pentane on-hexane. In the
most common configurations for condensed mode tiparahe feed stream is partially liquefied in an
external heat exchanger by cooling it below the gemt of the heavier components and the liquefied
portion of the feed stream is injected into thecteain the form of small droplets. The dropletdiguid

then heat up and vaporize in the reactor. Inrtfdsner the latent heat of vaporization is usedtoi a
significant portion of the heat of reaction in tgttom part of the reactor, thereby making it polssto
polymerize at higher rates than would be possilifle acompletely dry feed stream.

While it is clear that evaporation of condensabtenponents will ultimately help to control the
temperature in the zones where these componentijated, it was shown in Chapter 3 that the
evaporation process will be relatively fast sgitnlikely that these components remain in thedigtate
much more than few seconds. In the previous chagteshowed that the lifetime of a reasonablydize
droplet ofiso-pentane as ICA would be on the order of a seconrttié reactor environment, whereas it
can take on the order of 15 to 30 seconds or nwrthé gas phase to leave the reactor. This ntbans
the ICAs are present in the vapor phase of FBRaforuch longer time than they are in the liquid ghas
Thus, in order to develop a sound understandingitathe condensed mode operation, we need to ask
whether or not the presence of ICAs in the gas el any additional influence on the quality of

polymerization.

In order to answer this question, one needs tdkthbout how the reaction proceeds on the supported
catalysts used in this type of reaction. At tlek 0f oversimplifying the situation, the catalysites are
deposited inside the pores of a highly porous solldhe particles are injected into the reactor, he
ethylene rapidly polymerizes in the pores. Thesstrcreated in the confined space of the porekiby t
initial polymerization causes the initial structufethe support to fragment and the particle isgfarmed

into a polymer particle where the semi-crystallpmyethylene forms the continuous phase with the
fragments of the support dispersed therein. €hetion continues as monomer diffuses into thespofe
the particle, sorbs in the polymer layer covering active sites, and then diffuses once more toterd
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active centers where it reacts. The continuousdtion of polymer causes the particle to expanthas
reaction proceeds. As the polymer layer that imatety covers the active sites is essentially mafde
amorphous material, the rate of reaction will béedained by the concentration of monomer in the
amorphous phase of the semi-crystalline PE anddtee at which the monomer diffuses through the
polymer. As a result, one needs to be able totifydhe solubility of ethylene in the amorphousagk

of the polymer with an appropriate thermodynamiaeion order to be able to develop a comprehensive

understanding about the effect of process condit@mmproduct quality and rate of polymerization.

As discussed in the bibliography chapter, the ingrare of the sorption process during the gas phase
polymerization has motivated many experimental isgidhat focus on measuring the solubility of the
different species present in the gas phase congrosiiowever, as discussed in Chapter 2 most afethe
measurements were conducted for the sorption oihglessolute like ethylene in a polymer like
polyethylene in the form of a binary system. Oa thher hand, the feed stream to a real process wil
contain more than one component (upwards of 5iem®t uncommon), and as discussed in the Chapter
2, the presence of a heavier component in the lgasepcomposition is believed to enhance the salubil

of lighter component of ethylene monomer in theypar phase. This is referred to as the “cosoliybili
effect. A non-negligible cosolubility effect would turn result in higher rate of polymerization rilka to

the higher availability of ethylene at the activitges even if the heavier solvent was in principle

chemically inert.

In the current chapter, the effect mhexane as the inert condensing agent (ICA) onsthebility and
more importantly concentration of ethylene in anmaes phase of polyethylene is explored using the
equilibrium solubility data for the binary systero$ ethylene-PE and-hexane-PE, and the ternary
system of ethylene-hexane-PE which are measured by implementing prestecay technique in the

group of Yang in a series of papér3.

As underlined in Chapter 2, the Sanchez-Lacombe H®OSne of the most commonly used
thermodynamic models in the simulation of polymatian processes due to its excellent predictive
capabilities, and also to its relative mathematisahplicity compared to the other classes of
thermodynamic models for the systems including mpelly component. In the current chapter, the
application of Sanchez-Lacombe EOS is extended ffmrbinary system of ethylene-PE to the ternary
system of ethylenae-hexane-PE, in order to describe the change inemdration of ethylene in the
amorphous phase of polyethylene in the absencem=seénce ofi-hexane in the gas phase compaosition,
respectively. The predictive performance of Samdtecombe EOS in describing the solubility of
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ethylene andh-hexane in the ternary system of ethyleAgexane-PE is evaluated against the solubility
data obtained experimentally. Finally, a methogrigposed to have the best fitting of Sanchez-Ldem
EOS prediction for the ethylene anéhexane solubility to the experimental data simétausly which
would eventually lead to a more accurate estimatiogthylene concentration in the amorphous phése o
PE.

4.1. Sanchez-Lacombe equation of state
The Sanchez-Lacombe (SL) EOS is
_ 1
pE+P+ T[ln(l—ﬁ)+(1—;>ﬁ]=0 (4.1)

whereT, P,V, andp are the reduced temperature, pressure, volumegdamsity respectively which are

defined as follows

T=T/T*, T =¢&"/Ry (4.2)
P =P/P*, P*=¢"/v* (4.3)
p=p/p =1/V=V"/V, V*=N(rv") andp® = MW/(rv") (4.4)

¢ is the mer-mer interaction energy,, is the closed packed molar volume of a ¥ is molecular
weight, N is number of molecules,is the number of sites (mers) a molecule occupigke lattice, and
R, is the universal gas constant. The parametgr§ andr are used to defin€, P', andp” which are the

characteristic temperature, pressure, and closkedanass density.

With a mixture of components, it is necessary tiindecombining rules for estimation O nix, Upmix, and
rmix to be able to use the equation of state to cakeules properties of mixture. THean der Waals”

mixing rule is chosen and applied in our study.

For characteristic closed-packed molar volume tihar” of the mixturev,,;,, the so calledvan der

Waals” mixing rule is defined as

Vmix=2i 2j Pid;vi; (45)
with

v + U5
vy =220 (1) (4.6)
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wheren; corrects the deviation from the arithmetic mean suigscripts andj are the components in the
solution. The closed-packed volume fraction of itiecomponent at the limit of zero temperature or

incompressible statey; is defined as

(p] J> (4.7)

wherew; is the mass fraction of the compongint the mixture.

The mixing rule for the characteristic interactemergy for the mixture is defined as
mlx " ix ZZ](I) (I)] (48)
with

= (eiig; — kij) (4.9)

whereg; andeg; are the characteristic mer-mer interaction ensrépe components andj, andk; is a
mixture parameter that accounts for specific binatgractions between componentndj. Finally, the
mixing rule for the number of sites (mers) occugigch molecule of the mixtureyy, is given by

L _V4

Tmix 7 T']

(4.10)

wherer; is the number of sites occupied by molegutethe lattice.

In most of the applications used for Sanchez-La@mbdel, the only binary interaction parameter used
for fitting the mixture experimental data to modek; while n; assumed to be equal to zero. It will be the
same for all of our related calculations and @assumeah;=0 while k; will be the experimentally adjusted

parameter describing the interaction of two comptse

For calculation of sorption equilibrium for polymsolvent system, the expression for chemical ptent
of component in each phase of the mixture is also required giwefollowing equation in SL EOS

,ul-=RgT[lnq)i+(1—%)]+ (4.11)

i {—P_ [vi (Z) djviieh — &* Xy byoiy) + 8*] + % [(1 —p)n(1—-p) +%lnﬁ] + % (2% byoj; - U*)}
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A brief overview about the procedure in order tawdethe solubility and other properties of inteérigem
Sanchez-Lacombe EOS is provided hereunder for ttlke binary and ternary systems. The detailed
calculation steps for the calculation of the sditiband other properties of interest, for the bbthary
system of solute-polymer, and ternary system afite@)-solute@)-polymer, are provided in Appendix
A. For the sake of brevity, the reader is direcgffierred to this Appendix for detailed explanations

In order to derive the solubility of a single s@lim polymer in binary system of solute-polymero tmon-
linear equations must be solved simultaneously. fireeequation is the Sanchez-Lacombe EOS for the

polymer phase, equation ( 4.1 ), and the secotitigefinition of thermodynamic equilibrium conditi

i.e. that the chemical potential of each compoieiggual in all phases at the equilibrium staafe(’l(z
ufas). The simultaneous solution of these two non-lirespuations allows us to obtain the two unknowns
of these equations, i.e. the closed-packed voluamidn of solute in the polymer phage’®, and the
reduced density of polymer phage’°l. The solubility of solute in polymer phase, théeex of swelling

of the polymer phase, and the solute concentratigrolymer phase are consequently derived fya?fl

andp POl

Similarly, in the ternary system of solutg&olute@)-polymer, three non-linear equations are requiced
be solved simultaneously; the Sanchez-Lacombe E®3he polymer phase, and the equilibrium
condition for two solute componentg?® = 9% andub® = u*. The simultaneous solution of these
three non-linear equations, allows us to obtainctbeed-packed volume fractions of solutgdnd solute
(2) in the polymer phase;"* and¢,"® and the reduced density of polymer phgs@®!. Once again, the
solubility of solutes in polymer phase, the exteftswelling of the polymer phase, and the solute

concentration in polymer phase is consequentlywddrirom¢,"®, ¢,°°, andp P°L.

4.2. Application of Sanchez-Lacombe EOS to binary systesn

In an initial step, we will identify the binary ertaction parameters & of the Sanchez-Lacombe EOS
required to describe the solubility of gaseousteofipecies of interest in the current study (itkylene
and n-hexane) inbinary systems of solute-polymer. The characteristic patars used for the pure

components in the current study are provided inerd4.
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Table 4-1. The characteristic parameters of Sanchekacombe model for pure components.

Component T (K) P’ (bar) p (kg/nT) Reference
Ethylene 283 3395 680 3]
n-Hexane 476 2979.1 775 [4]

LLDPE 653 4360 903 3]

The related sorption equilibrium data are extradtedh the solubility measurements made using the
pressure decay method presented by the group of¥an the pressure decay method, the pressure
decrease of solute(s) in a constant volume vessghining the gas and polymer sample is continyousl

measured during the sorption process. The dethilginciples and operational aspects to acquire the

solubility data using pressure decay method caoured elsewhef8 and are not presented here.

The measurement temperature and solute pressudangfs data are in the range of typical gas phase
ethylene polymerization in fluidized bed reactaneTmeasurement temperatures are in the range @0 60-
°C, with ethylene pressures up to 20 bars mshéxane pressures up to around 1 bar. The polgstayl
sample used in the measurements with commercidegname of DGM1820 is assumed to be LLDPE
since its density was 920 kgfrand crystallinity on the order of 49%.The same polymer grade of
DGM1820 is used as the polyethylene sample in gs®lability measurements in the ternary system of

ethylenen-hexane, and PE.

The software of Plot Digitizer was used to extthet related solubility data from the associatedrig in
which the solubility of species in polymer are reed versus their pressure in the gas phase cfispe
temperatures in the pap&rin order to evaluate and minimize the possibleegatiion of errors due to
extraction of the data from the figures, the praredf extracting the data was repeated twice.rfiban
absolute percentage of difference between two cotise readings of solubility points from the figsr

SR{—SR,

i.e. x 100 in which R; andR; represents first and second reading of solubildjues for a

Rq
specific point in the figure was calculated to b&6% and 0.17% for ethylene anehexane solubility
data in polyethylene, respectively. This in turdigates that the errors generated at the stepticfation
of solubility data from figures are negligible amskures the reliability of acquired set of data.

Once the solubility data were extracted, the Santlacombe model was fitted to the data set by
adjusting the binary interaction parametgt, This is done for solubility values at each terapene by
minimizing the following objective functiorQ.F.) through adjustment of interaction parametek;of
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0.F. = 1 i (Scalci _Sexpi>2
TN Sexp,; (4.12)

i=1

in which S, and S, are the solubility values calculated from binagnéhez-Lacombe model and
experimental solubility values extracted, respetyivN is the number of solubility data points at each
temperature.

Figure 4.1 demonstrates the ethylene solubilitg &mction of its pressure at different temperatufiéne
solubility values are expressed in terms of gramsalute per gram of amorphous polymer while

assuming the crystalline phase of polymer to beeimefrable to the solute specfes.

As expected, SL model can predict and describaetingerature and pressure dependency of ethylene in

LLDPE very well. The average of absolute deviatp@ncentage of model prediction from experimental

data i.e |>calc"Sexp

x 100 is calculated to be 0.59%, 0.65%, 0.66%, and 0.46%®, 70, 80, and 90 °C,

exp
respectively. However, the ethylene-LLDPE binartgiaction parameter calculated to provide the fitest
of model prediction to experimental data is tempeedependent. As provided in Figure 4.1, ke
value to give the best fitting is calculated tokk;;a= —0.004,—-0.014,—0.022,and — 0.032 at 60, 70,

80, and 90 °C, respectively.

0.025 —
60T

e 70C
+ 80T
0.020 +  90C
—— SL model

0.015

0.010

Solubility (gr / gr am. pol.)

0.005

0.000 T T T T T T T T T 1

Pressure (bar)

Figure 4.1. Ethylene solubility in LLDPE with the lid lines representing the SL model prediction wit binary interaction
parameter of k;; = —0.004,—-0.014, —0.022,and — 0.032 at 60, 70, 80, and 90 °C, respectively.
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The solubility ofn-hexane as a function of pressure at different tgatpres is provided in Figure 4.2.
Following the same procedure described for fitting SL model to the experimental data, the SL model

prediction is provided as the solid lines in thpufie.

As can be seen from the figure, the quality ofrfiftthe SL model prediction to experimental dataas

as good as for ethylene. The general pattern ithallmeasurement temperatures is that the SL model
overestimates the solubility afhexane at lower pressures while underestimatiagstiubility values at
higher pressures. The average of absolute deviagtocentage of model prediction from experimental

Scalc_sexp

data, i.e.

x 100 is calculated to be 16.6%, 29.0%, 23.9%, and 3% %9, 80, 85, and 90 °C,

exp

respectively. Then-hexane-LLDPE binary interaction parameter cal@dato provide the best fit of
model prediction to experimental data is also tewoee-dependent. As provided in Figure 4.2, khe
value to give the best fitting is calculated todpe= 0.010, 0.020, 0.028, and 0.038 at 70, 80, 85, and
90 °C, respectively.

0.12 5
70C

e 80C
0.10 1 s+ 85C

* 90T
—— SL model

0.08 +

0.06 1

0.04 1

Solubility (gr / gr am. pol.)

0.02 +

0.00 —
0.0 0.2 0.4 0.6 08 1.0

Pressure (bar)

Figure 4.2.n-Hexane solubility in LLDPE with the solid lines representing the SL model prediction with binary
interaction parameter of k;; = 0.010, 0.020, 0.028,and 0.038 at 70, 80, 85, and 90 °C, respectively.

While the errors in prediction af-hexane solubility in LLDPE by Sanchez-Lacombe nhadanot be
considered to be negligible, the adjusted binamsraction parameters calculated to give the bstdiof
SL model to the experimental data at each temperatill be used in the upcoming sections in orader t
analyze the sorption behavior of the solutes irypelr in the ternary system of ethylemé&exane-
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LLDPE. This is due to the fact that this is theyoalailable data set which we could find in the rope
literature for solubility of ethylene in a constatecific grade of PE in the absence and presenae o

ICA like n-hexane in corresponding binary and ternary systezspectively.

4.3. Application of Sanchez-Lacombe EOS to ternary systes

In this section, the predictive capability of Sagzthacombe EOS in order to describe the sorption
behavior of solutes (ethylene ane¢hexane) in polymer in the ternary system of ethelehexane-PE

will be explored.

Despite extensive experimental and modeling studiesthe solubility of different species and
corresponding polymer swelling due to the sorptitie, impact of the cosolubility effect on the rafe
polymerization of ethylene has not been addreseethé open literature, either in modeling or in
experimental studies.

Since the rate of ethylene polymerization is comsd” to be of first order with respect to the ethylene
concentration at the active sites, the “local” mft@olymerization inside the particle can be egpesl as:

RzlJ%Cl'. = kpC*[M]fzonilorph.pol. (4.13)

in which, k,, is the propagation rate constant &hids the local concentration of the active sitestium

specific catalyst fragment. More importanl!M]f{’,,i'orph,pol_, is the local concentration of ethylene in the

amorphous phase of polymer surrounding the catliygtnent, while the crystalline phase of polymeer i
considered to be impenetrable to the solute spasishown schematically in Figure 4.3.

This in turn implies that in order to have a maelistic description of phenomena related to thiptam

in the ternary system, one must be able to preditbnly the ethylene mass sorbed to the polymer bu
also the increase in the volume of the polymer ghpaslymer swelling) in the presence of the heavier
component of-hexane. This would provide a more accurate estmaif the change in the ethylene
concentration in amorphous polymer surrounding #Huotive sites and consequently the rate of
polymerization.
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Figure 4.3. Schematic representation of ethylene-pethylene binary system (1) and ethylene-hexane-polyethylene
ternary system (2) at the size scale corresponding (a) particle level, (b) catalyst fragment surroumded by produced
semi-crystalline polyethylene at sub-particle leveland (c) polymer chains being initiated from actie sites immobilized on
the surface of catalyst fragment.

Fitting the Sanchez-Lacombe EOS to a ternary systambe challenging, especially in the face ofci la
of extensive data for the system of interest. &fuee, before fitting the model to the data thathese
found, we will perform a study in order to identifghich parameters are the most important in terfs o
model sensitivity, and that require careful estiorafand conversely which parameters can be trezted

being of secondary importance).

Following the parametric study, we will examine tedictive capability of Sanchez-Lacombe EOS
using a set of experimentally obtained solubiligtadof ethylene and-hexane in the ternary system of

ethylenen-hexane-PE provided by group of Y&flg.

4.4. Parametric study of Sanchez-Lacombe EOS

In the following parametric studies, the primaryjeative is to explore the performance of Sanchez-
Lacombe model in describing the ternary systemshvhre generated by addition of the third component

65



of a solutej to the “known” binary system of solutg-polymer. In the ternary systems discussed below,
component 1) and @) represent the solute molecules of ethylene mh@xane, respectively, while

componentJ) refers to the LLDPE polymer.

In simple words, let us consider the “known” etm@e LDPE binary system in which the solubility of
ethylene in LLDPE at specific equilibrium temperatand pressure is determined experimentally and
described by Sanchez-Lacombe model through adjnstaidinary interaction parameter kag. It is our
intention here to explore how Sanchez-Lacombe E@Sligts the evolution of ethylene solubility,
polymer swelling, and concentration of ethylenainorphous polymer upon additionrehexane in the

created ternary system of ethyleméexane-LLDPE.

This analysis will be performed first on the effe€nh-hexane on the ethylene solubility, having ethylene
LLDPE as the “known” system and then followed byitir analysis on the effect of ethylene on the
hexane solubility, having-hexane-LLDPE as the “known” system.

Before moving on to these set of parametric stydiesnust be emphasized that in these series of
“idealistic” simulations, we will neglect the effeef polymer crystalline phaS&% on model predictions

of the solubility of solutes in amorphous phase, ¢ktent of swelling of amorphous polymer phase and
consequently the ethylene concentration in the phwars polymer phase. In fact, the crystalline plsase
observed to play a more pronounced role at higresspire of the solut€d! This is due to the fact that at
the higher pressures, the crystalline phases digsgaén the polymer start to act as physical cnokslithat
limit the swelling of amorphous polymer phase. Aseault, neglecting the effect of crystalline phase
would lead to over-prediction of solubility at higihessure limits of solutes. However, under the
conditions typical of most gas phase polymerizatigactions, the model retains its validity. Thisnpo
will be elucidated further in the related section.

4.4.1. Effect of n-hexane on ethylene-LLDPE as the “known” system

In this section, first a parametric study is perfed in the typical conditions for the gas phaseglette
polymerization. This is followed by a series of graetric studies investigating the effect of partial
pressure of ethylene, gas-polymer equilibrium tenaipee, and more importantly the effectrafiexane-

LLDPE binary interaction parameter kg, on the trends predicted by Sanchez-Lacombe model.

In the all of the following modeling analysis oktlernary systems, and as appears to have beeridone
the other ternary modeling studies available iardituré™ the ethylenerhexane binary interaction
parameter ok, is assumed to be equal to zero. This indicatestti® ethylene+-hexane mixture is
expected to behave as an ideal mixture. The walifitthis assumption has been demonstrated in an
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experimental vapor-liquid equilibrium study of assym of ethylene and 4-methyl-1-pentene, so it

appears that for the ethylenerexane binary system considered here this assmmigtreasonab/fé?

The ethylene-LLDPE interaction parameter lgf was determined by fitting the SL model to the
experimental data in the previous section. Thisprovide us with the ethylene solubility in ambgus

binary

ponetherne,(SLam) , expressed ir}%, extent of volume change of amorphous polymer,

lit (am.pol+sol.1)

binary i
a1+ Ssw,,) , expressed i lit (am.pol)

, and concentration of ethylene in amorphous potyme

mol sol.1

binary . . “ ”
(Cl,am) , expressed 'ﬂm in the absence ofFhexane as the “base” case.
Without any a priori knowledge abomthexane solubility in PE and as a resuliexane-LLDPE binary

interaction parameter df;, it is assumed to be equal to zero, while theceftd k3 on the trends

predicted by model will be explored through paraioettudy.

4.4.1.1 Parametric study at the typical condition for ghage ethylene polymerization on supported
catalyst

Here, the effect oh-hexane on the ethylene solubility, amorphous pelymwelling, and ethylene
concentration is investigated upon addition to glistem containing 10 bars of ethylene in equilitoriu
with LLDPE at 80 °C (typical conditions for the g@hase ethylene polymerization on supported

catalyst).

In order to understand the sensitivity of the predins of ethylene solubility and the other projgert

mentioned above to the presence-tiexane, the following normalized functions arerd below.

Normalized solubility S'g7™" -

ternary ( grsol. 1 )ternary
gnorm. _ (Sl,am) _q\gr am. pol ( 414 )
Lam = binary ' binary .
(Syam) gr sol.1
gr am.pol

ternary.

in which (51,am) is the ethylene solubility in the ternary systemetifiylenen-hexane-LLDPE

binary.

while (S1,am) is the ethylene solubility in the “known” binarystgm of ethylene-LLDPE.

Normalized volumely ™orm. -
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ternary (lit (am.pol + sol. 1 + sol. 2))temary
yorm. _ (1+ SWisam) =] lit (am.pol) (4.15)
(1 + SWppp,)binary (lit (am.pol + sol. 1)>bmary '
lit (am.pol)

ternary

in which (1 + Sle_am) represents the volume change of the amorphous mgss#ymer due to
sorption of ethylene and-hexane solutes in the ternary system of ethytehexane-LLDPE, while
(1 + SW,,,)P™*¥represents the volume change of the amorphous migsalymer due to sorption of

ethylene in the “known” binary system of ethyleneBIPE.

Normalized concentration of ethylene in amorphduesg of polymerG1'ol ™ :

. mol sol. 1 ternary

ernar;

norm. _ (Cram) 7 _ (lit (am.pol + sol. 1+ sol. 2)) 416

e (¢ am)binary B ( mol sol. 1 )bi"ary (4.16)
' lit (am.pol + sol. 1)

ternary.

in which (Cl_am) is the concentration of ethylene in amorphous pludgaolymer in the ternary

binary

system of ethylena-hexane-LLDPE, whiIe(Cl_am) is the concentration of ethylene in amorphous

phase of polymer in the “known” binary system dfyé¢ne-LLDPE.

Normalized pressure ofhexane ™™™ :

Pnorm. —

(4.17)

vap

in whichP is n-hexane pressure and,,, is the vapor pressure of tirehexane in the equilibrium
temperature at which the ternary system is beindiesti. The vapor pressures ehexane at different

temperatures of interest in the current study anensarized in Table 4-II.

Table 4-11. The vapor pressure ofn-hexane in the temperature range of interest.

Temperature (°C) 70 80 90

Vapor Pressure (bar) 1.05 1.42 1.89

Figure 4.4 demonstrates the effect of the normalaatial pressure af-hexane in the ternary system of
ethylenen-hexane-LLDPE, on the normalized solubility of déme in the amorphous phase of polymer

(referred to as “normalized solubility” from now )onthe normalized volume of the amorphous polymer
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phase (referred to as “normalized volume” from rany, and the normalized concentration of ethylene i

the amorphous phase of polymer (referred to astiabzed concentration” from now on).

In this set of simulations, the ethylendrexane interaction parameter is assumed té&;be= 0.0, as
previously explained. The ethylene-LLDPE interactfarameterk,;s, found by fitting SL model to the
ethylene solubility data at 80 °C kg; = —0.022, and for now we will assumg,; = 0.0 without

considering any a priori experimental knowledgetdtsolubility of n-hexane.

—— Normalized Solubility
----- Normalized Volume

59 - Normalized Concentration

Normalized Function (dimensionless)

T T T T T T T 1
0.00 0.25 0.50 0.75 1.00
Normalized Pressure (dimensionless)

Figure 4.4. A priori simulation on effect ofn-hexane on the ethylene solubility, swelling of amphous phase of LLDPE,
and ethylene concentration in the amorphous phasd bLDPE at typical polymerization condition of 80 °C temperature
and 10 bars of ethylene partial pressure.

As can be seen from this figure, under these ciomdithe normalized solubility, normalized voluraed
normalized concentration start to increase as atifum of normalized partial pressure whexane. In
other words, according to the SL model, a highetigdgpressure oh-hexane in the ternary system of
ethylenen-hexane-LLDPE is expected to result in higher sditybof ethylene in amorphous
polyethylene, higher swelling of polymer's amorphgohase, and eventually higher concentration of

ethylene in the amorphous phase of polyethylene.

The important aspect of the trend predicted by Band acombe model which needs to be emphasized
here is that at each specific normalized pressheegextent of increase in the normalized solubiity
ethylene is higher than the extent of the incréasiee normalized volume due to the sorptiom-tfexane
which results in a prediction of the increase ie thormalized concentration, and as a result an
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enhancement of the concentration of ethylene imtherphous phase of polyethylene in the presence of

n-hexane. However, since the normalized concentrai®o proportional to the ratio of normalized

. . snporm. . . . .
solubility to normalized volume({'9,;*a 57— ), the extent of increase in the normalized cotreéion

ynorm.

is much lower than the extent of increase in threnadized solubility due to presencershexane.

4.4.1.2 Parametric study of effect of partial pressuretbflene

In this section, the effect of partial pressureetiiylene at 80 °C on the magnitude of the predicted
enhancement trend by Sanchez-Lacombe EOS in ethglelnbility, amorphous polyethylene swelling,
and ethylene concentration in amorphous polyetleylan the ternary system of ethylendiexane-
LLDPE is presented. As described in the previoustia® the defined normalized functions of
normalized solubility, normalized volume, and nolized concentration are used as the “measure of
enhancement” in ethylene solubility, volume of aptmus polymer, and concentration of ethylene in
amorphous polymer in the ternary system of ethylehexane-LLDPE, respectively. In these set of
simulations, the partial pressure of ethylene isedabetween the possible operational range of B5to
bars. As in the previous set of simulations, ttie/lenen-hexane interaction parameter is assumed to
bek;, = 0.0. The ethylene-LLDPE interaction parametegs, which is determined by fitting SL model to
the ethylene solubility data at 80 °C is usedkas = —0.022 while assumingk,; = 0.0 without

considering any a priori experimental knowledgetdtsolubility of n-hexane.

binary

In addition, the solubility of ethylene in amorph;quolyethylene(slram) , the extent of change in

volume of amorphous polyethylene due to sorptiant+ SW,,,)?"%Y and the concentration of ethylene

PIMATY at each pressure of ethylene at 80 °C which ardigted

in the amorphous phase of AE; 4m)
by Sanchez-Lacombe model for the “known” binaryteysof ethylene-LLDPE having the corresponding
binary interaction parameter are summarized ing 4#lll.

Table 4-1II. Predicted solubility of ethylene, volume change of amorphous polymer, and concentratiorf ethylene in the

amorphous phase of polyethylene by SL model at 8€°and different ethylene pressures
for the “known” ethylene-LLDPE system with k; = -0.022.

Ethylene Pressure 5 10 15 bar
gr sol.1 \Pmary
binary (—)
(51,am) 0.0046 0.0092 0.0138 gr am.pol

binary

lit (am.pol + sol. 1)
(1 + SW,,,,)binary 1.0076 1.0153 1.0230 ( lit (am.pol) )
mol sol. 1
(lit (am.pol + sol. 1)

binary
binary

(Coam) 0.1343 0.2671 0.3982
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Figure 4.5, Figure 4.6, and Figure 4.7 demonstt&epredicted effect of partial pressure of ethglen
normalized solubility, normalized volume, and nolimed concentration as a function of normalized
pressure ofi-hexane at 80 °C, respectively. An interestinggratpredicted by Sanchez-Lacombe model
is revealed by comparing these three graphs. lofdhese figures, the partial pressure of ethyldoes

not have any effect on the predicted magnitudenafeiase in normalized solubility, normalized volyme
and normalized concentration due to presence-léxane, in the lower limit of normalized partial
pressure ofi-hexane up to abo®*°™™ = (.5. This in turn implies that in the lower limit obrmalized
partial pressure ai-hexane, the “level of enhancement” in ethylenalsitity in the amorphous polymer,
volume of amorphous phase, and concentration gfeath in amorphous polyethylene due to presence of

n-hexane is independent of the partial pressur¢éhgfene.

As explained above, some caution must be takentémgreting these simulation results for a nornealiz
function as a measure to represent the level dfigdndhere, enhancement) of a specific function evhil
moving from binary to ternary system. Accordingetpuations ( 4.14 ) to (4.16 ), in order to caltithe
absolute values of ethylene solubility, change ofogohous phase’s volume, and concentration of
ethylene in amorphous phase in the ternary systénetlyylenen-hexane-LLDPE, the calculated
normalized functions are needed to be multipliedhgycorresponding values obtained experimentaly f

“known” binary system of ethylene-LLDPE, summarized able 4-I111.

694 |——P =5 bars
ethylene
—_ --v--P =10 bars
(7)) ethylene
ﬁ 54 [P =15 bars
= ethylene
Ke]
[2]
§ 4
£
k=2
2
= 34
Qo
]
o
n
g 2
N p
g 1 .__"_(._«-—'-”"ﬁ=
E |
s 19
b
0 T T T T T T T 1
0.00 0.25 0.50 0.75 1.00

Normalized Pressure of n-hexane (dimensionless)

Figure 4.5. The prediction of Sanchez-Lacombe modeh the effect of partial pressure of ethylene orhe normalized
solubility presented as a function of normalized pessure on-hexane at 80 °C. The lines on the graph are to gié the eye.
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Normalized Volume (dimensionless)
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0.0 T : . T . T T !
0.00 0.25 0.50 0.75 1.00
Normalized Pressure of n-hexane (dimensionless)

Figure 4.6. The prediction of Sanchez-Lacombe modeh the effect of partial pressure of ethylene orhe normalized
volume presented as a function of normalized presseiof n-hexane at 80 °C. The lines on the graph are to glé the eye.

259 |—=—P =5 bars
ethylene

--ve- Pemwe"e =10 bars

e P =15 bars

2.0 ethylene

0.5+

Normalized Concentration (dimensionless)

0.0 . " . ; . ; .
0.00 0.25 0.50 0.75 1.00

Normalized Pressure of n-hexane (dimensionless)

Figure 4.7. The prediction of Sanchez-Lacombe modeh the effect of partial pressure of ethylene orhe normalized
concentration presented as a function of normalizegressure ofn-hexane at 80 °C. The lines on the graph are to gie the
eye.

However, at the higher limit of normalized pressafe-hexane (abov@™°™- = (.5), the normalized
solubility and normalized volume predicted at epaltial pressure of ethylene start to diverge somf

the other. The maximum divergence of predicted madimed solubility at higher ethylene pressures ®f 1
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and 15 bars with respect to the predicted norndzdubility at 5 bars ethylene is calculated tabeut
26% while the maximum divergence of predicted ndizad volume at higher ethylene pressures of 10
and 15 bars with respect to the predicted norndlz#ume at 5 bars ethylene is calculated to beitabo
17%.

By comparing Figure 4.5 and Figure 4.6, one cancedhat the pattern of divergence of predicted
normalized solubility and normalized volume at eliéfint partial pressures of ethylene are similais It
because the change in the volume of the amorphuases directly related to the mass of solutelsesbr
into it. For this reason, and since the normalizedcentration is proportional to the ratio of nolized

norm.
1,am

ynorm.

solubility to normalized volume (7'g}"« ), it can be seen in Figure 4.7 that the magnitoide

increase in dimensionless concentration as a fumcti dimensionless pressurershexane still remains
approximately independent of partial pressure bflete in higher limit of normalized pressure rof
hexane. The maximum divergence of predicted nozedhiconcentration at higher ethylene pressures of
10 and 15 bars with respect to the predicted ndzethlconcentration at 5 bars ethylene is calcultied
be about 7%, which can be considered to be nelgigib

Similar trends are predicted by Sanchez-Lacombeehtod the effect of partial pressure of ethyleme o
normalized solubility, normalized volume, and nolimed concentration at 70 and 90 °C and are not
presented here for the purpose of brevity.

This set of parametric study on the effect of pargiressure of ethylene on the predicted level of
enhancement in ethylene solubility, change in vauof amorphous phase and most importantly
concentration of ethylene in amorphous polymer ligis the potential attractiveness of this catggir
equations of state from a practical point of vid&wt us consider a gas phase fluidized bed reaotor f
ethylene polymerization at specific temperatur@i@glly 80 °C) with specific catalytic system. Hagi

an appropriate set of equilibrium data for soltpiln binary and ternary system of interest, Sanche
Lacombe model can predict the level of enhancerremioncentration of ethylene in the amorphous
polyethylene surrounding the immobilized activesi{demonstrated in Figure 4.3) and consequergly th
enhancement in the reactor productivity upon inictibn of n-hexane (or other ICA) to the reaction
environment independent of the partial pressuretioflene at which the reactor is operating. Thasncl

of course is valid if we can neglect the potenéffect of n-hexane on the morphology of particle,
crystallinity degree of produced polyethylene amdhiort the mass transfer resistance through aiggow
particle. These points will be elucidated furtheupcoming discussions in the next chapter, whiveais
intended here to provide a hint about the impoeaacd necessity of current set of parametric study
simulations in a larger context.
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4.4.1.3.Parametric study of effect of equilibrium temperatu

In this section, the effect of equilibrium temperaton the magnitude of predicted enhancement tognd
Sanchez-Lacombe EOS in ethylene solubility, amanph@olyethylene swelling, and ethylene
concentration in amorphous polyethylene in the agrnsystem of ethylene-hexane-LLDPE is
presented. In this set of simulations, the pagti@ssure of ethylene is 10 bars while the equilitri
temperature of gas-polymer system is varied betvwketo 90 °C, in a temperature range close to the
typical operating condition of the gas phase etigleolymerization on supported catalyst. Similar to
previous parametric studies presented, ethylehexane mixture is assumed to behave ideally i.e.
ki, = 0.0 and no a priori knowledge abouthexane solubility in polyethylene is considered by
assumindet,5; = 0.0. However, the ethylene-LLDPE interaction parameter, which has been
determined by fitting the SL model to the experitaérdata in binary system, is used to ke; =
—0.014,—-0.022, and — 0.032 at each equilibrium temperature of 70, 80, and®0espectively.

binary

In addition, the solubility of ethylene in amorph;quolyethylene(slram) , the extent of change in

volume of amorphous polyethylene due to sorpt{ant SW,,,)?4™Y, and the concentration of ethylene

am)binary

in the amorphous phase of P(E€,1_ , at each equilibrium temperature which are predidty
Sanchez-Lacombe model for the “known” binary systefmethylene-LLDPE in which pressure of
ethylene is 10 bars are summarized in Table 4-Nrgathe corresponding binary interaction paranseter
at each temperature.

Table 4-1V. Predicted solubility of ethylene, volune change of amorphous polymer, and concentration @thylene in the

amorphous phase of polyethylene by SL model at 1@ts of ethylene and different equilibrium temperatues of 70, 80, 90
°C for the “known” ethylene-LLDPE system with k; =-0.014, -0.022, -0.032espectively.

Temperature 70 80 90 °C
gr sol.1 binary
binary (—)
(Sl,am) 0.0097 0.0092 0.0090 gr am.pol .
lit (am.pol + sol. 1) binary
a+ SWam)bi"ary 1.0159 1.0153 1.0151 ( lit (am.pol) )
. ( mol sol. 1 binary
binary
(Cl,am) 0.282 0.2671 0.2591 lit (am.pol + sol. 1)

Figure 4.8, Figure 4.9, and Figure 4.10 demonstita¢epredicted effect of gas-polymer equilibrium
temperature on the normalized solubility, normalizelume, and normalized concentration as a functio
of normalized pressure ofhexane, respectively, with partial pressure ofletie equal to 10 bars in the

ternary system of ethylenehexane-LLDPE.
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Figure 4.8. The prediction of Sanchez-Lacombe modeh the effect of gas-polymer equilibrium temperatee on the
normalized solubility presented as a function of nenalized pressure ofn-hexane with partial pressure of ethylene equal
to 10 bars in the ternary system of ethylene-hexane-LLDPE. The lines on the graph are to guidthe eye.

Normalized Volume (dimensionless)

0.5+

0.0 . " . ; . ; .
0.00 0.25 0.50 0.75 1.00

Normalized Pressure of n-hexane (dimensionless)

Figure 4.9. The prediction of Sanchez-Lacombe modeh the effect of gas-polymer equilibrium temperatee on the
normalized volume presented as a function of norméed pressure ofn-hexane with partial pressure of ethylene equal to
10 bars in the ternary system of ethylene-hexane-LLDPE. The lines on the graph are to guidthe eye.
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Figure 4.10. The prediction of Sanchez-Lacombe motlen the effect of gas-polymer equilibrium temperatre on the
normalized concentration presented as a function aformalized pressure ofn-hexane with partial pressure of ethylene
equal to 10 bars in the ternary system of ethylene-hexane-LLDPE. The lines on the graph are to guidthe eye.

These last three Figures suggest that the temperatwhich the gas-polymer system is in equilitoriu
does not affect the magnitude of enhancement imalired solubility, normalized volume, and
normalized concentration as a function of normalipeessure ofi-hexane upon addition of this third
component ofh-hexane to the “known” binary system in the lowienil of normalized pressure oF
hexane up to abouP™™ = 0.5. However, at higher limit of normalized pressure mehexane
(aboveP™™™ = 0.5), the Sanchez-Lacombe model predicts that the ituagn of enhancement in
normalized solubility, normalized volume, and nolimed concentration would decrease by increasing

the temperature at which the gas-polymer systamasguilibrium.

Similar trends are predicted with Sanchez-Lacombeéehfor the effect of equilibrium temperature for
the ternary system of ethylenehexane-LLDPE with partial pressure of ethyleneadqa 5 and 15 bars
and are not presented here for the brevity purpose.

4.4.1.4 Parametric study of effect afhexane-LLDPE binary interaction parametes,

In this section, the effect af-hexane-LLDPE binary interaction parametky; on the normalized
solubility of ethylene in amorphous PE, normalizeiume of amorphous phase of PE, and normalized
concentration of ethylene in the amorphous polyetigy will be explored in the ternary system of
ethylenen-hexane-LLDPE. This set of simulations is perfornaédhe equilibrium temperature of 80 °C

with 10 bars of ethylene partial pressure. Similar previous simulations, the ethylendiexane
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interaction parameter is assunmeg-0.0, while the ethylene-LLDPE interaction parametetagied from
fitting SL model to the experimental data at 80iSQsedk;3=-0.022

While the binary interaction parametgy, between a solute)(and a polymerjj component in a binary
or ternary system is generally perceived and usdti@adjustable parameter in order to fit the Banc
Lacombe model prediction to the experimental sdityldata in a binary or ternary system (and itl i
the same in our upcoming discussions), howevevpitld be useful here to briefly take a closer look

the conceptual meaning of this parameter in théestiof Sanchez-Lacombe EOS.

According to its definitionk;, represents the deviation of cross mer-mer interaenergy of component
(i) and {), &, from the geometric mean of mer-mer interactioergn of componenti), &;, and

componentjj While positive interaction parametds, implies thate;; is lower than the geometric

&
mean ofe;; ande;;. Due to this weaker interaction energy with gesibinary interaction parameter, the
predicted solubility of solutel)(in polymer [) will be lower than the case where the binaryrexdéon
parameter is equal to zero i.e. the system follgwtlne SL model ideally. On the other hand, negative
interaction parameter implies thg} is higher than geometric mean &f ande;; and because of this
stronger interaction energy with negative binangraction parameter, the predicted solubility dfiso

(i) in polymer |) will be higher than the case where the binargranttion parameter is equal to zero.

It is intended in this section to explore the effeftn-hexane-LLDPE binary interaction parametes, as

a measure determining the solubility ofhexane in the amorphous PE on the enhancemerd tren
predicted for ethylene solubility in amorphous RBJume of amorphous PE, and concentration of
ethylene in amorphous PE in the ternary systemthloflenen-hexane-LLDPE. The magnitude of the
range in which the-hexane-LLDPE binary interaction parameteg, is altered in these simulations is in
the order of maximum magnitude required for fittthg SL model to the experimental solubility data o
n-hexane in LLDPE in the previous section. As alteiie kys is altered between -0.04 and +0.04. Figure
4.11, Figure 4.12, and Figure 4.13 demonstratptbdicted effect ofi-hexane-LLDPE binary interaction
parameterk,s, on the normalized solubility of ethylene, norreai volume of amorphous phase, and
normalized concentration of ethylene in amorphogpResented as a function of normalized pressure of
n-hexane in the ternary system of ethyleAgexane-LLDPE, respectively.
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Figure 4.11. The prediction of Sanchez-Lacombe moben the effect ofn-hexane-LLDPE binary interaction parameter,
k23, on the normalized solubility of ethylene presentkas a function of normalized pressure ofi-hexane for the ternary
system of ethylenaix-hexane-LLDPE at equilibrium temperature of 80 °C having 10 bars of partial pressure of ethylene.
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Figure 4.12. The prediction of Sanchez-Lacombe moben the effect ofn-hexane-LLDPE binary interaction parameter,
k23, on the normalized volume of amorphous phase presid as a function of normalized pressure afi-hexane for the
ternary system of ethylenen-hexane-LLDPE at equilibrium temperature of 80 °C having 10 bars of pressure of ethylene.
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Figure 4.13. The prediction of Sanchez-Lacombe motlen the effect ofn-hexane-LLDPE binary interaction parameter,
k»3, on the normalized concentration of ethylene presg¢ed as a function of normalized pressure afi-hexane for the
ternary system of ethylenea-hexane-LLDPE at equilibrium temperature of 80 °C having 10 bars of pressure of ethylene.

Regarding these figures and according to the SadAcheombe model predictions, as théexane-
LLDPE binary interaction parametek,;, decreases (i.e. as “assumed” solubility mhexane in
amorphous phase of LLDPE increases) in the tersygatem of ethylene-hexane-LLDPE, the solubility
of ethylene in amorphous phase, volume of amorphuhese, and ethylene concentration in the

amorphous phase also increase.

In all of these three figures and at the binargriattion parametdss=-0.04, we see an unexpected drop
in normalized solubility, normalized volume , andrmalized concentration when increasing the
normalized partial pressure ofhexane from 0.75 to 1. We do not have any expiamafor this

unexpected predicted trend by model.

The important aspect of this set of simulationthiet while regarding Figure 4.11 and Figure 4.12, t

normalized solubility and normalized volume are ywesensitive to then-hexane-LLDPE binary

interaction parametek,s, the normalized concentration of ethylene showshmess sensitivity to this

parameter. This is due to the fact that the nomadlconcentration of ethylene is proportional t ritio
gnorm.

1,am

of normalized solubility of ethylene to normalizealume C1'g7™"a —or).

ynorm.

In short, this series of simulations help us tothe¢ in the ternary system of ethylemé&exane-LLDPE,

the solubility of ethylene in LLDPE is sensitive tioe n-hexane-LLDPE binary interaction parameter
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while the ethylene concentration shows less seitgitto k,3 compared to ethylene solubility. The
importance of this finding will be highlighted agaand emphasized later in the section related é¢o th
fitting the Sanchez-Lacombe model to the experialesolubility data of ethylene angthexane in
LLDPE for the ternary system of ethylendiexane-LLDPE.

The same trends are predicted for ethyleiexane-LLDPE ternary system at equilibrium tempeea
of 80 °C having ethylene partial pressure of 5 Ahdars. In addition, another series of simulatiares
performed for this ternary system at equilibriutmperature of 70 and 90 °C with 10 bars of ethylene
partial pressure which also lead to similar trefnidse aforementioned series of simulation analyses a

not presented here for the brevity purpose.

4.4.2. Effect of ethylene onn-hexane-LLDPE as the “known” system

In this section, first, the effect of addition dhglene ton-hexane-LLDPE as the “known” binary system
is explored through a parametric study of Sanchemmbe model at the equilibrium temperature of 80
°C as the typical temperature for the gas phasgesth polymerization reactors. Then, this is foibol

by series of parametric studies on the effect aildgium temperature, and also ethylene-LLDPE bjna

interaction parameter &fs, on the trends predicted by Sanchez-Lacombe model.

Similar to the previous set of simulations, theylthen-hexane binary interaction parameterkef is
assumed to be equal to zero. Thkeexane-LLDPE binary interaction parametekgfhas been already

determined through fitting the SL model to the eipental data in the previous section. This will

, . b bi . .
provide us withn-hexane solubility in amorphous ponetherﬁSz_am) mary, expressed |9% in

absence of ethylene as the “base” case. Withoutgorjori knowledge about ethylene solubility in PE
and as a result ethylene-LLDPE binary interactianameter okgs, it is assumed to be equal to zero,

while the effect ok;; on the trends predicted by model will be expldiedugh parametric study.

4.4.2.1 Parametric study at the typical conditions fordghas phase ethylene polymerization on supported
catalyst

Here, the effect of addition of up to 20 bars dfytgne to the “known’h-hexane-LLDPE system with
three different normalized partial pressurendfexaneP™™™ = 0.25,0.50, and 0.75 is explored at 80

°C as the typical condition for the gas phase etig/lpolymerization on supported catalyst.

In order to develop a better picture and as a resulerstanding of the predicted effect of ethylenghe
solubility of n-hexane in LLDPE while transiting fromhexane-LLDPE binary system to ethyleme-

hexane-LLDPE ternary system, the following nornedifunction is defined below.
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Normalized solubility oh-hexaneS3gi7 :

ternary
ternary (_gr sol. 2 )
norm. _ (SZ,(lm) _q\gram. pol 418
Zam binary '™ binary ( . )
(Sz.am) gr sol.2
gr am.pol

ternary .

in which (Sz_am) is then-hexane solubility in the ternary system of ethglarhexane-LLDPE

binary.

while (52,am) is then-hexane solubility in the “known” binary systemrehexane-LLDPE.

In this set of simulation, as mentioned earliehyketnen-hexane binary interaction parameter, and
ethylene-LLDPE binary interaction parametes is assumed to be equal to zero while tHeexane-
LLDPE binary interaction parameter obtained frottifg SL model tan-hexane solubility data at 80 °C
is used a%,; = 0.020.

Table 4-V summarizes the predicted solubilityneiexane in LLDPE for the binary systemrshexane-

LLDPE at 80 °C using SL model with binary interactiparameter df,; = 0.020.

Table 4-V. The predicted solubility ofn-hexane in LLDPE for the binary system ofn-hexane-LLDPE at 80 °C using SL

model with binary interaction parameter of k3 =0.020.

pnrorm. 0.25 0.5 0.75 dimensionless
gr sol.2 \Pmary
binary <—>
(S2,am) 0.0281 0.0657 0.1214  \gr am.pol

Figure 4.14 demonstrates the predicted effect dftiad of ethylene on the solubility of-hexane by
Sanchez-Lacombe EOS. The general trend is thatatlugility of n-hexane starts to increase with partial
pressure of ethylene (as unexpected co-solvenegtedf ethylene) until it reaches a maxima in sibityb

of n-hexane. After this point, the solubility afhexane decreases by increasing the partial peesgur
ethylene (anti-solvent effect of ethylene). Theeraff initial increase and subsequent decrease in
normalized solubility oin-hexane as a function of ethylene partial presslightly increases with the

normalized partial pressure whexane in the ternary system.
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Figure 4.14. The predicted effect of addition of étylene on the solubility ofn-hexane by Sanchez-Lacombe EOS.
The lines on the graph are to guide the eye.

This set of predictions are obviously in contradictwith the experimental findings of Novak et'd for

the ternary system of ethylene-hexene-LLDPE andmuaf Yandf for the ternary system of ethylene-
hexane-LLDPE. The aforementioned experimental itmyasons have reported an anti-solvent effect of
ethylene on the solubility of heavier solute comgrtnindependent of partial pressure of ethylengnén
ternary system. This in turn highlights the nedgsfir adjusting the binary interaction parametefs
Sanchez-Lacombe EOS in order to be able to dedtribsolubility set of data acquired experimentaily
the ternary system. We will explore this point lire tupcoming section where the predictive capability
SL model is evaluated against experimental solylidliata in the ternary system.

4.4.2.2 Parametric study of effect of equilibrium temperatu

In this section, the effect of equilibrium temperaton the trends predicted by Sanchez-Lacombe Imode
on the influence of partial pressure of ethylenetton solubility ofn-hexane in LLDPE in the ternary
system of ethylenae-hexane-LLDPE is explored.

In this set of simulations, the equilibrium temgara is varied between 70 to 90 °C, in a rangeectos
the operational condition of gas phase ethylengnpetization reactors. The normalized partial pressu
of n-hexane at each equilibrium temperature is assuméé equal to 0.5 in the studied ternary system.
Similar to the previous section, ethyleméexane binary interaction parametas,and ethylene-LLDPE

binary interaction parametek;; is assumed to be equal to zero while thkexane-LLDPE binary
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interaction parameter which has been obtained thipdi SL model to the experimental data is used as

k,3 = 0.010,0.020, and 0.038 at each equilibrium temperature of 70, 80, and®0espectively.

Table 4-VI summarizes the predicted solubilityndiexane in LLDPE for the binary systemmshexane-
LLDPE with n-hexane normalized pressure of 0.5 at 70, 80, abd°® using SL model with
corresponding binary interaction parameter at ¢aciperature.

Table 4-VI. The predicted solubility of n-hexane in LLDPE for the binary system ofn-hexane-LLDPE with n-hexane

normalized pressure of 0.5 at 70, 80, and 90 °C ugi Sanchez-Lacombe model with binary interaction pameter k,; =
0.010, 0.020, and 0.038, respectively.

Temperature 70 80 90 °C

binary

_ gr sol.2
binary (—)
(Sz.am) 0.0815 0.0657 0.0394 \gr am.pol

Figure 4.15 demonstrates the effect of equilibrtemperature on the trend predicted by SL modehen t
influence of partial pressure of ethylene on thelsitity of n-hexane in LLDPE in the ternary system of

ethylenen-hexane-LLDPE.

2.0 5

0.5+

0.0

T T T T T T 1
0 5 10 15 20

Ethylene Pressure (bar)

Normalized Solubility of n-hexane (dimensionless)

Figure 4.15. The predicted effect of equilibrium tenperature on the influence of partial pressure of thylene on the
solubility of n-hexane in LLDPE in the ternary system of ethylene+hexane-LLDPE.
The lines on the graph are to guide the eye.
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It can be seen that as the temperature in whickethary system is in equilibrium increases, thHeatfof
ethylene on the solubility af-hexane is attenuated. However, the trend for #peddency of-hexane
solubility to the partial pressure of ethylene remadahe same; the solubility athexane starts to increase
with partial pressure of ethylene until it reaclesiaxima in solubility oh-hexane. After this point the
solubility of n-hexane decreases by increasing the partial peessurethylene. Similar trends are
predicted for the effect of equilibrium temperattoethe ternary system of ethylendiexane-LLDPE in
which the normalized partial pressuremhexane is equal to 0.25 and 0.75. The associatadts of

these simulations are not presented here for #éétpmpurpose.

4.4.2.3.Parametric study of effect of ethylene-LLDPE binargraction parametek;;

In this section, the predicted effect of ethylenddPE binary interaction parametds; on the solubility

of n-hexane in LLDPE presented as a function of papiaksure of ethylene in the ternary system of
ethylenen-hexane-LLDPE is explored. This set of simulatiomgh SL model is performed at the
equilibrium temperature of 80 °C with normalizedtjzd pressure ofi-hexane equal to 0.5 in the ternary
system. Similar to the previous set of simulatidhs, ethylengx+hexane binary interaction parametas,

is assumed to be equal to zero. Theexane-LLDPE binary interaction parameteg, which has been
determined by fitting the SL model to the experitaédata at 80 °C is used lag; = 0.020.
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Figure 4.16. The predicted effect of ethylene-LLDPIbinary interaction parameter, ki3, on the normalized solubility ofn-
hexane in LLDPE presented as a function of partiapressure of ethylene in the ternary system of ethghen-hexane-
LLDPE. The lines on the graph are to guide the eye.
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The magnitude of the range in which ethylene-LLOfaAry interaction parametde, is altered in these

simulations is in the order of maximum magnitudguieed for fitting the SL model to the experimental
solubility data of ethylene in LLDPE in the prevéosection. As a result, ties is altered between -0.04
and +0.04.

Figure 4.16demonstrates the predicted effect of ethylene-LLDPEry interaction parametes;s, on the
normalized solubility oh-hexane in LLDPE presented as a function of paptiebsure of ethylene in the
ternary system of ethylemehexane-LLDPE. As one can see from this figurethesethylene-LLDPE
binary interaction parametek;s, decreases or alternatively, as the “assumedbgitjuof ethylene in
LLDPE increases in the ternary system of ethyledexane-LLDPE, the normalized solubility of

hexane in LLDPE also increases.

However, the magnitude of the effect of changirg ethylene-LLDPE binary interaction parametegs,

on the normalized solubility ofi-hexane is very small and can be considered almegligible in
comparison with the predicted effect nfhexane-LLDPE binary interaction parametks; on the
normalized solubility of ethylene provided in Figug.11 in the previous section. As a result, inrtbgt
section, where the predictive capability of Sanebazombe EOS is evaluated against experimental
solubility data of ethylene anathexane in the ternary system of ethyledeexane-LLDPE, the binary
interaction ofn-hexane-LLDPEk,s, is used as the adjustable parameter in ordetairothe best fitting

of Sanchez-Lacombe model prediction to the experiaiesolubility values of both ethylene amel
hexane which will lead to best estimation of ethgle€oncentration in the amorphous phase of PE using
SL model. This is because as shown in our paracr&tndy, in the ternary system of ethylanbexane-
LLDPE, while the ethylene solubility is very sengit to the n-hexane-LLDPE binary interaction
parameterk,s, however, then-hexane solubility shows much less (almost nedigilsensitivity to the
ethylene-LLDPE binary interaction parametier, This point will be elucidated and clarified fuethin

the upcoming related section.

Similar trends for the effect of ethylene-LLDPE dnip interaction parametekg;s;, on the normalized

solubility of n-hexane in the ternary system of ethyledeexane-LLDPE at different equilibrium
temperature of 70 and 90 °C and with different redired partial pressure ofhexane equal to 0.25 and
0.75 are predicted with Sanchez-Lacombe EOS andatngresented here for the sake of brevity.
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4.5. Performance of Sanchez-Lacombe EOS in the ternarystem

In this section, first, the performance of the S$mzcLacombe EOS in describing the solubility of
ethylene andn-hexane in the ternary system of ethyledeexane-LLDPE is evaluated against the
solubility set of data obtained experimentally gsthe pressure decay metH8drhis is followed by the
discussion of a method to fit the SL EOS for thendey system of ethylenghexane-PE to the
experimental solubility data through adjustmentndfexane-LLDPE binary interaction parametes,
The optimized fitting of the SL model to the expeental data of both ethylene amthexane solubility in
LLDPE simultaneously is of profound importance, iawill lead to a more accurate estimation of
ethylene concentration in the amorphous phase @fRE. As highlighted earlier, the concentration of
ethylene in the amorphous phase of polyethylen¢ {m® solubility) controls the rate of gas phase
ethylene polymerization on the supported catalysing the available set of equilibrium solubilitate

for ethylene and-hexane in LLDPE in ternary system, the performaoic&anchez-Lacombe EOS in
prediction of enhancement in the ethylene concgatran the amorphous phase of polyethylene in
presence ofn-hexane, and as a result the rate of polymerizatiidh be evaluated under reactive
conditions (in Chapter 5). This is the first tisech a thermodynamic model has been tested inveact
conditions in the open literature.

4.5.1. Evaluation of predictive capability of Sanchez-Lacmbe EOS against experimental
solubility data in the ternary system

The binary interaction parameters of ethylene-LLDRE andn-hexane-LLDPEk,;, were determined in
the previous section by fitting the SL EOS for lbinaystems of solute-polymer to the experimentsh da
at different equilibrium temperatures. In this satt we will extend the model to a ternary systeviie
will first test the quality of model predictions limplementing the obtained binary interaction pagten
of ki3 and ky3 into Sanchez-Lacombe model for ternary systemsadfite()-solute@)-polymer, and
comparing the results to the experimental solyhilédta of ethylene amithexane in the ternary system of
ethylenen-hexane-LLDPE (still assuming tha&t,, = 0.0).

The procedure for evaluating the predictive cajighif Sanchez-Lacombe EOS in the ternary system is

illustrated schematically in Figure 4.17.
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Binary Sorption Measurement Binary Sorption Measurement
\. J N\ ¢ /
4 N 4 N
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By Fitting the Binary SL Model By Fitting the Binary SL Model
to the Acquired Data to the Acquired Data
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Implementing

k;; and ky, Solute(1), Solute(2) and Polymer(3)
to the Ternary SL Model Ternary Sorption Measurement
to Predict the Cosolubility Effect

v

Comparison of
the Ternary SL Model Prediction
vs.
the Ternary Sorption Measurement

Figure 4.17. The schematic representation of the pcedure for evaluation of predictive capability ofSanchez-Lacombe
model in describing the solubility of the solutesn ternary system.

The sorption equilibrium data for ethylene amtiexane in the ternary system of ethyledeexane-
LLDPE is extracted from the paper by group of Ydrig which the related sorption measurements are

performed using the pressure-decay method.

The solubility measurements were performed at teopelibrium temperature of 70, 80, and 90 °C in a
range close to the operational temperature of desse ethylene polymerization reactors. At each
equilibrium temperature, four series of solubilityeasurements were performed for total gas phase
pressures (as a mixture of ethylene aritexane with different compositions) of 5, 10, 46d 20 bars.
The maximum partial pressure whexane in the gas phase composition is about &.9nball of these
sets of experiments. The polyethylene sample usétkisolubility measurements of ternary systethas
same as the one used previously in the binary mgsteith the commercial grade name of DGM1820.
This is assumed to be LLDPE according to its dgrgif20 kg/ni and crystallinity of 49%.

The software of Plot Digitizer is used in orderetdract the related solubility data from the assted
figures in which the solubility of species in polgmare presented versus their partial pressuieeigas
phase at specific temperatures in the p&per.order to evaluate and minimize the possibleegation of
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errors due to extraction of the data from the fgurthe procedure of extracting the data is reddate
the two times. The mean absolute percentage @rdiite between two consecutive readings of salubili

points from the figures i,eI_S_R;‘SRz
R

1

X 100 in which R; and R, represents first and second reading of

solubility values for a specific point in the figuis calculated to be 0.08% and 0.49% for ethyaron-
hexane solubility data in polyethylene, respectivéhis in turn indicates that the errors generatethe
step of extraction of solubility data from the fige are negligible and assures the reliabilityazfuired
set of data.

Figure 4.18, Figure 4.19, and Figure 4.20 demotestilae predictive capability of ternary Sanchez-
Lacombe model in order to describe the solubilityethylene andh-hexane in LLDPE in the ternary
system of ethylena-hexane-LLDPE at three measurement equilibrium tratpres of 70, 80, and 90
°C, respectively. As previously mentioned, in teenary Sanchez-Lacombe model, the ethylene-LLDPE
binary interaction parametds,;s, and then-hexane-LLDPE binary interaction parameteg, are obtained

by fitting the binary Sanchez-Lacombe model to élxperimental solubility data in the corresponding
binary system of solute-polymer at each measurepwgritibrium temperature, whila, is assumed to be
equal to zero.

A short explanation about the observed solubilgidvior of ethylene as a function of its partiagaure
in the mixture might be useful here. Since the Bmnpmeasurements are performed at a constantupesss
of gas phase at each equilibrium temperature,eapdhtial pressure of ethylene in the mixture deses,
the partial pressure ofhexane was increased in order to keep the presfigas phase constant. The
higher partial pressure ofhexane, in turn, results in a greater enhancewfegthylene solubility in the
polymer (see the parametric study above). As dtrege can see that as the partial pressure otesthy
in the gas phase mixture decreases, its solubility.DPE remains more or less the same or evehtlig

increases.

88



Ptot = 5 bars P, = 5 bars
0.25- 0.024+
Experiment
0.0221 SL model
= 0.204 = 0.0204
o o
Qo 2 0.018-
g 0.5 £ o.016]
E” E” 0.014
B 0.104 B 0.0124
2 2 0010
S 0.5 S 0.008]
¥ ¥
7] 0 0.006
L] [ ] []
0.00 T T T T g 0.004 T T T T 1
0 20 40 60 80 100 400 420 440 460 480 500
Partial Pressure of n-hexane (KPa) Partial Pressure of ethylene (KPa)
P, = 10 bars Piot = 10 bars
0.25- 0.0244
Experiment
00221 L model
= 0.204 = 0.020
o o
Qo 2 0.0184
g 015 £ o016]
E” E” 0.0144
5 0.104 B 0012
2 2 o.010 L] = .o
S 0.5 S 0.008-
¥ ©
7] A 0.006-
0.00 T r - r ) 0.004 T T T T "
0 20 40 60 80 100 900 920 240 960 980 1000
Partial Pressure of n-hexane (KPa) Partial Pressure of ethylene (KPa)
Ptot = 15 bars Ptot = 15 bars
0.254 0.0244
0.0224
= 0.204 — 0.020
[=] o
s 2 0.018
& o014 £ o.016]
E’ \5’ 0.0144
5 0.10 5 0012
2 2 o.010-
S 0.5 S 0.008
o o
%) A 0.006-
0.00 ; . v v . 0.004 v T T T )
0 20 40 60 80 100 1400 1420 1440 1460 1480 1500
Partial Pressure of n-hexane (KPa) Partial Pressure of ethylene (KPa)
Ptot = 20 bars P, = 20 bars
0.25- 0.024+
0.022 \
Z o201 = 0.0204 - LI
Q- 2 0.018-
g 015 £ o.016]
E” E” 0.014
B 0.104 - B 0.0124
2 2 0010
2 - 3 Experiment
0.054 0.008
% [] % SL model
7] 0 0.006
L]
0.00 T T T v g 0.004 T T T T J
0 20 40 60 80 100 1900 1920 1940 1960 1980 2000

Partial Pressure of n-hexane (KPa)

Partial Pressure of ethylene (KPa)

Figure 4.18. The solubility ofn-hexane and ethylene in LLDPE in the ternary systenof ethylenen-hexane-LLDPE at 70
°C with P, = 5, 10, 15, and 20ars and its comparison with the prediction of theernary Sanchez-Lacombe model with
the corresponding binary interaction parameters ofk;, = 0.0Q k13 = -0.014 k,3 = 0.010at 70 °C.
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Figure 4.19. The solubility ofn-hexane and ethylene in LLDPE in the ternary systemof ethylenen-hexane-LLDPE at 80
°C with P =5, 10, 15, and 20ars and its comparison with the prediction of theernary Sanchez-Lacombe model with
the corresponding binary interaction parameters ofk,, = 0.0Q ky3 = -0.022 k,3 = 0.020at 80 °C.
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Figure 4.20. The solubility ofn-hexane and ethylene in LLDPE in the ternary systenof ethylenen-hexane-LLDPE at 90
°C with P, = 5, 10, 15, and 20ars and its comparison with the prediction of theernary Sanchez-Lacombe model with
the corresponding binary interaction parameters ofk;, = 0.0Q k3 = -0.032 k,3 = 0.038at 90 °C.
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As can be seen from Figure 4.18 to Figure 4.20,piegliction of ternary Sanchez-Lacombe model
overestimates the solubility of both ethylene amtlexane in comparison with the experimentally
obtained solubility data in the ternary systemtof/enen-hexane-LLDPE (except for ethylene solubility
at 90 °C andP; = 5 bars). However, as the temperature at whichybtem is in equilibrium increases,

the quality of the model predictions increaseshioth ethylene and-hexane compared to experimental

data.

4.5.2. Fitting the prediction of Sanchez-Lacombe EQOS to th solubility of ethylene andn-hexane
in the ternary system of ethylenai-hexane-LLDPE

As was demonstrated above, model predictions arg sensitive to then-hexane-LLDPE binary
interaction parametekys, but not at all to the value of the ethylene-LLDPBiBary interaction parameter,
kiz. We therefore propose to ukg as an adjustable parameter in order to fit theiptien of the ternary
Sanchez-Lacombe model to the experimentally obtiagwdubility of ethylene and-hexane in LLDPE,

while keepingk,;; constant at the value estimated for the binariesys

It is important to note once again that having ecueate estimation of solubility of both ethylemeda-
hexane in the ternary system of ethyleAgexane-LLDPE is crucial in order to have an adeura
estimation of ethylene concentration in the amoygshphase of polyethylene. This is because while the
solubility of ethylene provide us with the mass jamber of moles) of ethylene sorbed in the amaspho
phase of polyethylene, it is the solubility ofhexane that controls the extent of swelling and

consequently the volume of amorphous phase.

Similar to fitting the binary SL model to the exjpeental data, it has been attempted to fit theaign$L
model to the experimentally obtained solubilityadaf both ethylene and-hexane. This was done at
each equilibrium temperature by minimizing the daling objective function@.F.) for solubility values
of ethylene andh-hexane, through adjustment mhexane-LLDPE binary interaction parameteg, as

previously explained.

0.F. = li Scalci _Sexpl- 2
NG Sem, (4.19)

in which S5 and S, are the solubility values calculated from tern&gnchez-Lacombe model and
experimental solubility values extracted, respetiivN is the number of solubility data points at each
temperature.

92



However, the objective functions defined for etmgeandn-hexane are not minimized at the same value
for binary interaction parameter kfs. As a result, another criterion is required todedéined in order to
determine the binary interaction parametekgfat each measurement equilibrium temperature which
leads to an “optimized” estimation of both ethylemein-hexane solubility and consequently the ethylene
concentration in the amorphous phase of PE byetimaity SL model.

This “optimized” simultaneous fitting of the tergaBL model to the experimentally obtained solupilit
values of ethylene and-hexane is achieved by adjusting théhexane-LLDPE binary interaction
parameterk,s in a manner that it minimizes the objective fimt(O.F.) for n-hexane as defined in
equation ( 4.19 ), while keeping the maximum eiroestimation of ethylene solubility for all of the

Scalci_sexpi

solubility points at each equilibrium temperatuedow 15%, in other word&/ax X 100 <

exp;

15%.

In order to meet the criterion defined to have ‘thgtimized” fitting of the ternary SL model to the
experimental data and as a result, more accuréiteati®n of ethylene concentration in the amorphous
phase of PE, the-hexane-LLDPE binary interaction parametes, is needed to be adjusted from 0.010
to 0.034 at 70 °C, from 0.020 to 0.030 at 80 °@ fsam 0.038 to 0.046 at 90 °C. According to thétdre
predictive capability of ternary Sanchez-Lacombedeiat higher equilibrium temperatures which has
been observed in the previous section, it is nepri@ing to find that the magnitude of required
adjustment in ther-hexane-LLDPE binary interaction parametky; in order to meet the defined

criterion decreases by increasing the equilibriemgerature.

Figure 4.21, Figure 4.22, and Figure 4.23 demotsstitee “optimized” fitting of the ternary Sanchez-
Lacombe model to the experimentally obtained stitybialues of ethylene and-hexane in the ternary

system of ethylene-hexane-LLDPE at 70, 80, and 90 °C, respectivethwhe corresponding adjusted
n-hexane-LLDPE binary interaction parametegg, at each measurement equilibrium temperature.

The average of absolute deviation percentage ofetimary SL model prediction from experimental data

. Scalc—Sex
ie. [==—=2

%X 100 is calculated to be 6.5%, 4.4%, and 3.2% for etigyland 30.5%, 8.5%, and 15.6%

exp
for n-hexane at each measurement equilibrium temperafut@, 80, and 90 °C, respectively. This in turn
indicates that except for lowest measurement dajititn temperature of 70 °C in which the predictain
ternary SL model fon-hexane deviates considerably from the experimesafiales, the proposed method
for “optimized” simultaneous fitting of the ternaBL model to the experimentally obtained solubility
values of both ethylene amdhexane provides an acceptable estimation for 8ijubf both solutes in

polymer at equilibrium temperatures of 80 and 90 A highlighted earlier, the ternary Sanchez-
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Lacombe model implementing the adjusted binaryraugon parameter ok»; to provide optimized
fitting of model to the available equilibrium sollity data of ethylene and-hexane in LLDPE in the
ternary system of ethylenehexane-LLDPE will be used in order to estimate é¢ffect ofn-hexane on
the magnitude of enhancement of ethylene concénirat the amorphous phase of polymer surrounding
the catalyst active sites and consequently the ohiethylene polymerization. This will be eventyall
compared with the observed effect mhexane on the rate of gas phase ethylene polyatieriz on

supported catalyst performed with stirred-bed dessp reactor, in the next chapter.
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Figure 4.21. The solubility ofn-hexane and ethylene in LLDPE in the ternary systenof ethylenen-hexane-LLDPE at 70
°C with P =5, 10, 15, and 20ars and its comparison with the prediction of theernary Sanchez-Lacombe model with
the corresponding binary interaction parameters ofk;, = 0.0Q k13 = -0.014 and adjustedk,; = 0.034at 70 °C.
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Figure 4.22. The solubility ofn-hexane and ethylene in LLDPE in the ternary systenof ethylenen-hexane-LLDPE at 80
°C with P, = 5, 10, 15, and 20ars and its comparison with the prediction of theernary Sanchez-Lacombe model with
the corresponding binary interaction parameters ofk;, = 0.0Q k3 = -0.022 and adjustedky,; = 0.030at 80 °C.
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Figure 4.23. The solubility ofn-hexane and ethylene in LLDPE in the ternary systenof ethylenen-hexane-LLDPE at 90
°C with P =5, 10, 15, and 20ars and its comparison with the prediction of theernary Sanchez-Lacombe model with
the corresponding binary interaction parameters ofk;, = 0.0Q k33 = -0.032 and adjustedk,; = 0.046at 90 °C.



4.6. Conclusion

The Sanchez-Lacombe EOS, one of the most commadyg thermodynamic models in the polymer
field, was used to predict the solubility of etmde ofn-hexane and of mixtures of the two in LLDPE.

In an initial step, we looked at the capability $dnchez-Lacombe EOS to describe the solubility of
gaseous ethylene amchexane in polyethylene in binary solute-polymestegns through adjustment of
the binary interaction parameter of model, It is found that while the binary SL model cardglict and
describe the temperature and pressure dependeetyyténe in PE in an excellent manner, the qualfity
best fitting of the binary SL model prediction teetavailable set of experimental solubility datanof
hexane was less satisfactory.

Moving on to the ternary system and using a sqtashmetric studies, it is found that the ternary SL
model predicts that the solubility of ethylene i&,Prolume of amorphous phase of PE, and more
importantly the concentration of ethylene in theogohous phase of PE increase by increasing thiapart
pressure ofn-hexane in the created ternary system of ethytehexane-PE. However, since the
concentration of ethylene in the amorphous phagmlyimer is proportional to the ratio of solubiliby
ethylene to volume of amorphous phase of PE, thenef predicted enhancement in the ethylene

concentration is much lower than the one for etg/lsolubility.

In addition, parametric studies revealed that atingrto the predictions of ternary Sanchez-Lacombe
model and in the lower limit of normalized partkessure ofi-hexane up to abo@*°™™ = (.5 , the
“level of enhancement” predicted for ethylene siiybin the amorphous polyethylene, volume of
amorphous phase, and concentration of ethylenagraimorphous polyethylene due to presence- of
hexane is independent of partial pressure of etleyénd also the temperature at which the ternatgsy

is in equilibrium.

More importantly, the parametric study also showleat in the ternary system of ethylemétexane-
LLDPE, while the ethylene solubility is very sengit to the n-hexane-LLDPE binary interaction
parameterks,s, the n-hexane solubility shows much less (almost nedigiksensitivity to the ethylene-
LLDPE binary interaction parametd¢s. As a result, the binary interaction mhexane-LLDPEk»s, can

be used as the adjustable parameter in order tnothte best fitting of the ternary Sanchez-Lacombe
model prediction to the experimental solubility wed of both ethylene ansthexane in the ternary
system of ethylena-hexane-PE which will lead to the most accuratenedion of ethylene concentration
in the amorphous phase of PE using SL model.
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Following the set of parametric studies, the priddiccapability of the ternary Sanchez-Lacombe EHDS
describing the solubility of solutes in the ternaystem from their available solubility data in the
corresponding binary system was evaluated. It viimsvs that the prediction of the ternary Sanchez-
Lacombe model overestimates the solubility of bethylene andh-hexane in comparison with the
experimentally obtained solubility data in the sasnsystem of ethylene-hexane-LLDPE if the binary
interaction parameters obtained from binary soitybdata were used directly in the ternary model. A
method was therefore proposed to have betterdithinthe Sanchez-Lacombe EOS to the experimental
data through adjustment of thehexane-LLDPE binary interaction parametgs, A comparison of the
predicted and measured solubilities revealed thatproposed method allows us to obtain reasonable

values.

The results from this chapter show that the optuaiifitting of the SL model to the experimental data
both ethylene and-hexane solubility in LLDPE simultaneously can bgremely important, as it will
lead to a more accurate estimation of ethylene emnation in the amorphous phase of LLDPE using SL
EOS. As highlighted earlier, the concentration thiylene in the amorphous phase of polyethylene (not
the solubility) controls the rate of gas phase lethg polymerization on the supported catalyst. ¢ ¢ie
available set of equilibrium solubility data foihgtene andh-hexane in LLDPE in ternary system, the
performance of Sanchez-Lacombe EQOS in predicti@nbfincement in the ethylene concentration in the
amorphous phase of polyethylene in presenaelaxane and as a result the rate of polymerizatitin

be eventually evaluated under reactive conditiam, the first time in this field, against the set of
heterogeneous ethylene polymerization experimgetsormed using stirred-bed gas phase reactor which

will be presented in the following chapter.
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Chapter 5

Modeling effect ofn-hexane as ICA on
the gas phase ethylene polymerization

on supported catalyst

Part of this chapter is published as:

Namkajorn, M.; Alizadeh, A.; Somsook, E.; McKeniiaF. L. Condensed-Mode Cooling for Ethylene
Polymerization: The Influence of Inert CondensingeAt on the Polymerization Rate.
Macromol. Chem. Phy&014,215(9), 873-878.
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5. Modeling effect ofn-hexane as ICA on the gas phase ethylene

polymerization on supported catalyst

In the previous chapter, we looked at the thermadyns of sorption in binary systems (ethylene-P& an
n-hexane-PE) and ternary systems (ethyletexane-PE) of interest representative of the cosek
mode of operation of gas phase ethylene polymégizst at equilibrium and under non-reactive
conditions. In addition, the Sanchez-Lacombe EOS uged in order to describe experimental solubility
data from the literature in binary and ternary eys through adjustment of the binary interaction
parameters between componenjsa(d {), kj. It was found that the model parameters obtainedis
manner allowed us to predict the solubility valirethe available set of experimental data. Furtioee,

it was found that the ternary Sanchez-Lacombe modeld also be used to predict the increase in the
concentration of ethylene in the amorphous phadeEoés a function of the partial pressure-tiexane

in the gas phase composition.

In the current chapter we will present an experitaestudy to quantify the effect of presencendfexane

in the gas phase composition during the gas phhgtere polymerization on the supported catalyee T
experimental study will then be followed by a costpnsive modeling analysis, in order to enhance our
understanding and ultimately being able to predlt experimentally observed trends for the

polymerization rate in presencermehexane.

5.1. Experimental section

5.1.1. Materials

Ethylene with a minimum purity of 99.5% was obtaifeom Air Liquide (Paris, France) and was passed
over purifying columns of zeolite and active carlimfiore use. Argon with a minimum purity of 99.5%
(used to keep the reaction environment free of erygnd other impurities) was obtained from Air
Liguide and used as received. TriethylaluminiumEA) co-catalyst was obtained from Witco
(Germany). An in-house Zeigler-Natta catalyst (Fi€upported on MgG) was used as the catalytic
system for the series of gas phase polymerizafiorte current study. This catalyst was synthesized
using a procedure developed in our laboratoriespamdished elsewhef8.NaCl with a range of particle
size between 250 and 500 um was obtained from lau§rance) and used as seedbed to disperse the
catalyst particles. The salt was dried under vactauntimes, each time for 4 hours at Abefore use

in order to eliminate all traces of water.
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5.1.2. Experimental set-up and procedure

The experimental set-up used in this study is destnated schematically iRigure 5.1 It consisted of a
2.5 litre spherical stirred-bed gas phase reactatdud by circulating water in a jacket covering the
external surface of the reactor. A pressure regulaintrolled the pressure of ethylene in the wathe
gas phase reactor was conditioned at 80 °C foeastt|1 hour by 5 cycles of vacuum and consequent
introduction of argon to the reactor. This wasdad by introduction of cn? of 1M solution of TEA in
heptane into the reactor for scavenging all theaieimg traces of water while also acting as the co-
catalyst. The catalyst was introduced into the togawith a catalyst injection cartridge having amer
volume of 100 crh The cartridge was filled with the catalyst dildtéen the dried NaCl, and was
pressurized with 10 bars of hydrogen as an ageobntrol the molecular weight of produced polymer
chains and optionally chosen to push all the cst@&lglt mixture into the reaction environmeiiinally,

the reaction was started by feeding the ethylemetgdhe reactor while maintaining its pressur¢hat
desired level of 7 or 12 bars during the polymeii@areaction for 2 hours at the reaction tempeeati

80 °C. It must be mentioned that in all of the padyization reactions, in addition to ethylene, 1 &
argon as the inert and less than 0.4 bar of hydrdgstimated from relative volume of reactor and
catalyst injection cartridge) were present in thaction environment. In order to stop the reacttha,

reactor was degassed from ethylene while beingedodbwn by circulation of cold water in the extérna
jacket.

@ [1] Ethylene Reservoir Bottle
i [2] Ethylene Purification Columns

E Experimental Ethylene Ballast

EI Pressure Measurement

@ Wireless Pressure Data Transmitter

E Manual Pressure Regulator

El Pressure Measurement
Gas Phase Reactor
El Catalyst Injection Ballast
Hydrogen Bottle
@ E Data Processor
— ?cl): = L | [12] wireless Pressure Data Receiver
IEI IE Reactor Agitation Controller

Heated Water Bath

Figure 5.1. Schematic representation of the experiemtal set-up used to study gas phase ethylene polgrization on
supported catalyst.

In order to study the effect ofhexane as ICA, after conditioning the reactostfiat room temperature

of 25 °C, a specific amount of liquidthexane was injected to bed. Then the reactor taahpe was
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raised to 80 °C assuring aithexane inside the reactor was vaporized. This fatfewed by catalyst

injection and ethylene introduction, respectively.

5.1.3. Experimental results

Figure 5.2 demonstrates the effect of presenaetefxane in the gas phase composition having partial
pressure of 0.0 bar (B, 0.3 bar (B,), 0.6 bar (B;), and 0.8 bar (R) on the instantaneous rate of
ethylene polymerization at 80 °C using supportedlgst with partial pressure of ethylene in thectea
environment, equal to (a)7 and (b)12 bars. Eachnpelization reaction with 0.0, 0.3, 0.6, and 0.8 difa
n-hexane partial pressure was repeated at leagt tinmes. These levels nfhexane were chosen based
on the range of quantities typically used in corsgehmode operation. As can be seen in this fighee,
instantaneous rate of ethylene polymerization mees in the presence mhexane, thus supporting the

initial speculation of the effect sfhexane on the enhancement of the ethylene sdijuinilpolymer.

~
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,,,,, R 1 p2
v s004 N e R
| R 1\ p3
20004 o 1 I *******
L c-R N p4
.\ p4 — 2500 \,
\, < X
1500 8 2000 AN
S
] 4
1000 o 150
=
& 1000
500
500
o T T T T o T T T T

Time (minute) Time (minute)

Figure 5.2 Instantaneous rate of ethylene polymerization at 80C in presence of 0.0, 0.3, 0.6, and 0.8 bar ofrgal
pressure ofn-hexane in the reaction environment correspondingat R,1, Ry, Rys, and Ry, with partial pressure of ethylene
in the reactor environment, equal to (a)7 and (b)1bars.

In order to have a better picture and understandimgaveraged instantaneous rate of polymerization
the presence af-hexane is normalized with the one without arlyexane and presented in Figure 5.3.
Consequently, this helps us to see that while ffeeteof n-hexane increases proportionally to its partial

pressure in the gas phase composition, this éfaubre pronounced at the initial steps duringcherse
of polymerization.
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Figure 5.3. The averaged instantaneous rate of paherization in presence oh-hexane normalized with the one without
any n-hexane with partial pressure of ethylene in the ractor, equal to (a)7 and (b)12 bars.

In addition, by comparing Figure 5.3 (a) and (b) floe effect of partial pressure of ethylene on the
observed “enhancement” of the instantaneous rattlgfiene polymerization on supported catalyst in
presence ofn-hexane, it can be concluded that while the magdsitof the acceleration of the
instantaneous rate of polymerization in presengehwxane is almost the same during the initial stéps
polymerization with both of the partial pressurégthylene equal to 7 and 12 bars, this influenteafly
due to cosolubility effect ofi-hexane) appears to fade out more rapidly as aitmof time during the
polymerization with 7 bars of ethylene partial g@® in comparison with the polymerization by 12sba
of reactant ethylene.

We have clearly shown here that the cosolubilifgafof the heavier ICAnthexane) on the solubility,
concentration, and consequently the rate of polizaton of lighter reactant ethylene can be quite
significant. To the best of our knowledge thisthe first time this effect has been quantified unde
reactive conditions in an academic study.

In the following section, we will present a morengmehensive description of the experimentally
observed trends of the effect whexane on the instantaneous rate of ethylene molyation. This is
achieved by providing a phenomenological descniptibthe imposed change to the operational conditio
of the gas phase ethylene polymerization processupported catalyst due to additionrehexane as
ICA to the gas phase composition. Finally, theatdlity of the developed phenomenological modeling
approach to describe and predict the effect of Bedochange on the process condition of the
polymerization reaction by addition ofhexane will be evaluated against the effech-texane on the
instantaneous rate of ethylene polymerization whia$ been observed experimentally under the reactiv

conditions.
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5.2.  Polymer Flow Model (PFM)

Generally speaking, the local rate of ethylene ipelsization inside a growing particle (Figure 5.4) i
considered to be of first order with respect toltdwml ethylene concentration in the amorphous @luds

polyethylene surrounding the active sites immobdinn the fragments of initial catalyst particle.

amorph.pol.

Ryt = kpC" [M]ain (5.1)

I Temperature Profilel I Concentration Profile I |Catalyst Fragment |

/_ | Crystalline Polymer | |Amorphous Polymer

[ - - [ -
I Bulk Conditionl -E_I Boundary Layer I_T I Bulk Conditionl

Figure 5.4. Schematic presentation of concept ofdal monomer concentration and local temperature irgle a growing
polymer patrticle.

While the local concentration of ethylene is prityadetermined by the equilibrium of sorption of
monomer solutes from the gas phase to the polymase it also depends on the effective (or overall)
diffusivity of ethylene through the polymer partichs a measure indicating the rate of monomer guppl
for the polymerization reaction at the active sifHse effective monomer diffusivity through the fuce
would in turn depend on morphology of the polymartigle. For instance, this effective diffusivity i
expected to be much larger in a porous polymerigbartvith large cracks compared to a non-porous
compact polymer particle.

In addition to the local concentration of reactatt the active sites, the instantaneous rate of
polymerization obviously will also depend on theesitistry and kinetic behavior of catalytic system

being used. While the kinetic behavior of the cdtalsystem is primarily designed and established
during the preparation step of the catalyst, thviac of the polymerization active sites immobid on

the catalyst fragments will depend on the localperature through the particle. For instance, for a
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conventional catalyst system of Ziegler-Natta, ethihe propagation rate constaky, increases as a

function of temperature, the concentration of actitesC’, would decrease.

As a result, in order to be able to predict theafbf change in the process condition (here, aaddf n-
hexane as ICA to the gas phase composition) oguhkty and rate of gas phase ethylene polymednati
utilizing a specific type of supported catalystteys, not only it is necessary to be able to desctfile
change in the solubility behaviour of ethylene fe fpolymer, but it is also necessary to consider th
change in the effective diffusivity of ethylenedhgh the growing particle and also local tempegagir

the polymerization active sites dispersed insiégrticle.

In simple terms, the effect of changing the proagmyating condition from conditiod)to condition R)

on the instantaneous local rate of gas phase ethyelymerization using a specific type of suppbrte
catalyst system, without affecting the chemicaluratand functionality of polymerization active site
during this applied transition in the process ctiadican be described by

(Rpai), _ f(S2, D2, T4)
(Rpoi),  f(S1,Dy,T{%)

(5.2)

in which (R, and(Ry5%7), are the instantaneous local rate of ethylene peiigation in the process

operating condition?) and (), respectively, whil&S D, and T°* representing the solubility of ethylene
in polyethylene, the effective diffusivity of etleyle through the growing polymer particle, and tieal
temperature of the active site in the correspondjmgrating condition of the process, respectively.

f is a function which correlates the local rate thfykene polymerization at each instant during tberse

of polymerization reaction to the solubility of gkine, the effective diffusivity of ethylene, arttlocal
temperature at the polymerization active sitegtiergas phase ethylene polymerization procesgingli

a specific type of heterogeneous catalytic systém.in turn highlights the importance of adapting a
single particle model in this study in order todi#e to define such a functiof) (vhich could properly
reflect the effect of parameters dependent on theggs condition i.€5 D, andT on the instantaneous

rate of gas phase ethylene polymerization in a gr@wolymer particle in a fluidized bed reactor.

In Chapter 2, a brief overview of different claseéssingle particle models developed for processges
polyolefin's production using heterogeneous catalyas presented. In the current study, the Polymer
Flow Model (PFM) has been adapted and used to $ertbe aforementioned purpose. While relatively

simplistic, the polymer flow model framework is thasiest to adapt for single particle models is thi
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field and will be presented in detail in the follog section. For further discussions about thelalbksd
single particle models developed in this field witheir associated functionalities, advantages, and
limitations, the reader is referred to the bibleygny chapter and other references available in the

literature.

In order to be able to provide a better descniptid Polymer Flow Model (PFM) and the
assumptions made implicitly during its developméntjould be helpful to take a brief closer look e
evolution of a real catalyst/polymer particle dgriits residence time inside the reactor, i.e. from
introduction of fresh catalyst (or prepolymer) teetreaction environment to its withdrawal from the
reactor as a fully grown particle, as provided iigufe 5.5. As discussed earlier, in this type of
polymerization, the catalytic sites are depositeside the pores of a highly porous mineral solide T
particles are injected into the reactor, whereletig/rapidly polymerizes in the pores. The stoeeated
by this initial polymerisation causes the initiagtusture of the support to fragment and the pautisl
transformed into a polymer particle where the serystalline polyethylene forms the continuous phase
with the fragments of the support dispersed thereirhe reaction continuous as monomer diffuses int
the pores of the particle, sorbs in the polymeeldapvering the active sites, and then diffusesanore
toward the active centres where it reacts. Thdimoous formation of polymer causes the particle to
expand as the reaction proceeds. Without intendirg into further detail, it can be seen thatgality, a
growing polymer particle at each moment after stnpolymerization reaction can be considered to be
constituted of at least three distinguished phaeatalyst fragments, produced polymer, and pdrks.
polymer phase, in turn, is composed of amorphodscaystalline phases.

In the PFM model, the process of fragmentatiomitfal catalyst particle is considered to take pland
be completed immediately after its exposure to mha&ction environment. In addition, the growing
polymer particle at each instant during the cowfspolymerization is assumed to constitute a sghéri

pseudo-homogeneous medium, through which the poiyat®n active sites are dispersed uniformly.
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Real Particle Evolution

Polymer Flow Model I

Figure 5.5. Comparative schematic representation ahorphological evolution of a real catalyst/polymerparticle during
gas phase ethylene polymerization on supported cédyat with the one assumed by PFM.

In order to describe the polymer particle growthimty gas phase ethylene polymerization in preseiice
n-hexane as an ICA by PFM model, the two sets ofsrbatance equations for reactant ethylenerand
hexane need to be solved simultaneously alongavithnergy balance equation for the growing polymer
particle. The balances with the corresponding bagnend initial conditions in the spherical cooats

are provided below:

5.2.1. Mass and energy balance equations

5.2.1.1.Mass balance equation for ethylene as the reactant

oM 10 [M
(Mlovs _ <Dwmz [a]wl>‘Rv
n

a  rFon (5.3)
Boundary conditions
Mlop1 = [Mlopeqa @ 1 =R, (54)
—6[1;’1j”'1 =0 @ n=0 (5.5)
Initial condition
[Mlpp1 =0 @ t=0 and 0<1r, <R (5.6)
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where[M],, ; is overall ethylene concentration through theiplagt[M],, 4.1 is the overall equilibrium
concentration of ethylene in the partidlg,, ; is the overall ethylene diffusivity through thetpee, and

R, is the volumetric rate of ethylene monomer condionp

In all of the balance equationsrepresents the timer; is radial position in the pseudo-homogeneous
polymer particle and; is the radius of the pseudo-homogeneous polymeicigaat each time step
during its growth.

[M]oy.eq.1 is calculated by the following equation

[M]ov.eq.l = [M]eq.l(l —€) (5.7)
[M].q1 is the equilibrium concentration of ethylene ire thotal volume of polymer phase being
constituted of amorphous and crystalline phasagey |, .4 1 is the overall equilibrium concentration

of ethylene in whole pseudo-homogenous particlsidaning its porositye.

By considering the first boundary condition, theiseance to mass transfer through the boundary t#ye
the growing polymer particle is implicitly assumidbe negligible. This is found to be valid for algt
systems having low to medium activity (as is theecan our study) with particles being fluidized in
circumstances close to the ideal mixing in typfagtiized bed or stirred bed reactéfs.

The volumetric rate of ethylene polymerizati®y, is calculated by

1—
Ry, = Ry <(¢—36)> (5.8)

in which, e, is the particle porosity anpl is the overall growth factor defined as

_ R

¢= Teat (5.9)

with R, representing the equivalent radius of “polymerydnparticle at each time step without

considering the existing particle porosity,; is the radius of initial catalyst particle.
R0 is the local rate of ethylene polymerization & surface of catalyst fragment

Rpol = kpC*[M]ov.l (5.10)
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with k,, representing the propagation constant at the lpagicle temperature and* being the local

concentration of polymerization active sites.

The temperature dependency of the propagation aanss described here by Arrhenius-type of
correlation

_i(l_ 1 )

— R,\T T

ky =kprepe 9 ref (5.11)
in which kpref is the propagation constant at the reference teahpe,T,.¢. E, is the activation energy

for propagation an@,, is the universal gas constafitrepresents the local temperature of active site in

the polymer particle.

The deactivation of catalyst active sites durirggeburse of polymerization is considered in the ehbg
C*=Cie kat 4+ C; (5.12)
where(C; and(; are the constants determining the concentraticmctifes sites at the beginning of the
reaction and asymptotic value of the concentratibthe polymerization sites which remain active by

time, respectivelyk, is the deactivation constant which determinesr#ite of deactivation of catalyst

active sites and its temperature dependency idalscribed by Arrhenius-type of correlation

_@(1_ 1 )
kg = kgrepe R\ Tref (5.13)

in whichkg,..r is the deactivation constant at the reference ¢éeatpreT..r. E is the activation energy

for the catalyst deactivation.

k,, C1, C3, andk, are the characteristic parameters determiningntniesic activity and evolution of the

kinetic behavior of active sites by time for specifatalyst system being studied.

5.2.1.2.Mass balance equation fthexane as the inert condensing agent (ICA)

0Mlopz 1 a< za[M]wz)

=——|[D —_— -ovz

ot rpon\ ¥ T gy (5.14)
Boundary conditions

[M]ov.2 = [M]ov.eq.z @ n=~R (5.15)
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OMlowz _
01’1

0 @ n=0 (5.16)
Initial condition

[M]ypo =0 @ t=0 and 0<nr <R (5.17)

where [M],,, is overall ICA concentration through the partic#f],, ... is the overall equilibrium

concentration of ICA in the particle, afy,, , is the overall ICA diffusivity through the partil

[M]ov.eq.2 is calculated by the following equation

[M]ov.eq.z = [M]EQ-Z(l —€) (5.18)

[M]eq2 is the equilibrium concentration of the ICA in thetal volume of polymer phase being
constituted of amorphous and crystalline phasb#eWwV |, ¢4 - is the overall equilibrium concentration

of the ICA in whole pseudo-homogenous particle mering its porositye.

5.2.1.3.Energy balance equation
oT 10 oT —AHy 0
2 po
= - - — L | - 5.19
ot Fov 2 on (n (67’)) + (pm,Cp_pol> v ( )

Boundary conditions

—k 6_T|R:h(T|R_Tb) @ n =R

“Por, : (5.20)
aT B
a—n—O @ n=0 (5.21)
Initial condition
T=T, @ t=0 and 0<n <R (5.22)

whereT, a,y,, AHpol, Pov, aNd Cp o representing the temperature, overall thermausivity of the
particle, enthalpy of ethylene polymerization, @leparticle density, and heat capacity of polynmethe
energy balance equation, whitg,,, h, andT}, representing thermal conductivity of polymer, heansfer

coefficient, and reactor bulk temperature in thermary and initial conditions.
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The overall thermal diffusivity of the particlegéven by

k
Aoy = =
povcp,pol ( 5.23 )

and the overall particle density can be calcul&teoh

Pov = Ppor(1 —€)
ov— Fpol (5.24)

with p,,,; representing the polymer phase density.

The heat transfer coefficienh, for the spherical polymer particle is calculateg Ranz-Marshall

correlation given as

Nu =2 + 0.6Rel/2prl/3

(5.25)
in which
N hd,
u=
keg (5.26)
Re = _pgudp
1 (5.27)
keg (5.28)
with
d, = 2R
P (5.29)

In these correlationdyu is Nusselt numbeRe is Reynolds number, arit is Prandtl numbetk, 4, pg,
u, C, 4 represents thermal conductivity, density, visgosihd heat capacity of gas phase and finaliy

the superficial gas-particle velocity.

At this point it should be noted that the effecheft of sorption of heavy ICA component is notuded
in the energy balance equation presented herbeldppendix C, the energy balance equation inctudin
the heat of sorption of ICA is developed and presstnThe simulation results of PFM model for the

growing particle under appropriate fluidization lwitleal mixing reveal that the effect of heat afpdimn
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during the normal condition of the polymerizatiorogess is negligible and can be safely neglected.
However, we will nevertheless take a closer looktlom potential effect of heat of sorption of heavy
components like ICAs on the thermal behavior of santive growing particle during its temporary
exposition to the defluidized regions inside theRABith poor heat transfer in Chapter 6.

5.2.2. Numerical solution method for balance equations ifPFM

In order to be able to calculate the local coneginin of solutes and the local temperature inshae t
growing particle at each moment during the coufgmotymerization, the set of mass and energy baanc
equations provided in the previous section mustdbeed simultaneously. This in turn imposes a bl
of dynamic mass and heat transfer in the sphecoaidinate with moving boundary condition which

needs to be solved by applying an appropriate nealenethod.

The Nonstandard Finite Difference scheme (NSFRpjdied in the current study in order to solvedbe
of partial differential equations (PDE) obtainednfr mass and energy balances to calculate the @wolut
of solutes’ concentration and temperature as atifamaf time and radial position inside a growing
particle.

The concept of dynamic consistency constitutes diwe underlying principle of this methodology.
Letting a differential equation and/or its solusohave property, the discretized form of equation is
considered as dynamically consistent with the pabdifferential equation, if it and/or its soluti® also
have property?. For many systems in engineering science, therdigpe variables represent physical
variables that cannot take negative values. Fompla they may be concentration or absolute
temperature. For such systems the property referred to “positivity”. As a result, in the/mamically
consistent schemes with positivity condition, tlemmegative initial and/or boundary data will evoint
nonnegative solutions at later times.

The main issue regarding the numerical solution differential equations is the possibility of
encountering numerical instabilities. Generallyadeg, numerical instabilities are indicative ofudimns
to the discrete equations that do not corresporhyosolution of the corresponding differential atipn.
One possible reason for this to occur is to haeefithite difference scheme that does not satisfpeso
physical principal e.g. positivity on the solutioosPDEs. In simple words, if the solutions of PBESs
are restricted to have nonnegative values, nunieinssabilities would exist if the finite differemec

method allows negative values as its solution mmegative initial and/or boundary condition.
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As a result, the main purpose of Nonstandard Fibitderence (NSFD) method is to construct a
“dynamically consistent” scheme in order to avaidts numerical instabilities. In this method, theité
difference scheme for the studied model must bsified” in a manner that it meets the requirement t
be dynamically consistent to avoid the instabifitpblems. This in turn implies that each differahti
equation has to be treated as a unique mathematicgture and as a result, must be discretizea in
unigue manner in this method. For instance, ifigsraealing with a system model in which the po#itiv
condition is valid for the dependent variable (iregative value for this variable is physically
meaningless), the finite difference scheme shoalddsigned in a way that preserves this condition.

A comprehensive presentation of this method is igexi in Appendix B, where the applicability of
Nonstandard Finite Difference scheme (NSFD) isrede for solving reaction-diffusion type of problem
in spherical coordinates as the main interest isf gloject and the interested readers are refeordkis

appendix for further discussions about this methmio

In summary, by implementing the Nonstandard Fibiterence method (NSFD), the partial differential
equations obtained from mass and energy balances doowing particle can be solved numerically at
each time step during the course of polymerizafidnis methodology leads to explicit solution scheme
for concentration and temperature by applying tbeityity preserving condition while providing a
functional relationship between the time-step semed space-step sizes which ensures the schenge to b

numerically stable.

5.2.3. Computational steps of PFM

The details of computational steps of Polymer FMadel (PFM) in order to describe the growth of
polymer particle during the course of polymerizatare provided in Appendix C. An overview of these
computational steps is provided in the followingt&mn hereunder, while referring to Appendix C floe

detailed related discussions about each of thasguational steps.

In the notation used here, the superscript refetsme step while subscript refers to the numbethef

grid to which the physical property belongs to. Fmtance,’l"ij represents the temperatureithf grid at
thejth time step.

5.2.3.1.Grid generation

At the beginning of each time step,including the beginning of the reaction taD, the particle is

discretized intdN radial shells having the same thickness as prdvid€&igure 5.6.
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Figure 5.6. The discretization of normalized partite radius into N shells.

The radius of the particle is normalized at eantetstep, by dividing the particle radius at thatetistep,

R{, to itself. In other words

Rj
— l_l

'y=—7=
R}

(5.30)
This is followed by calculation of radial positi@md volume of each grid in the normalized partiBlg.
assuming homogeneous distribution of polymerizatiotive sites through the growing polymer particle
and, consequently in the normalized particle aheaoment, the volume of catalyst dispersed in each
grid is calculated accordingly.

5.2.3.2.Grid growth

In order to calculate the solute concentration tmiperature in each gridat each time stejp the two
mass balance equations and the energy balanceayaat transformed into their dimensionless forms
and then discretized according to the NonstandeniteDifference scheme (NSFD). This in turn le&ols
explicit expressions to calculate the concentratibeolutes and temperature of each gridt each time
stepj.
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After calculation of ethylene concentration and penature at each grid ofinside the normalized
polymer particle at the time st¢drom their values at the previous time sjeh it is now possible to
calculate the mass of polymer producedtagrid, the total mass of polymer produced inpheticle and
as a result the instantaneous rate of ethylenemmoiyation during théh time interval. In this manner,
the radius of particle at the endjti time step or beginning ¢f1th time step can be calculated while
capturing the particle growth.

5.2.3.3.Grid update and normalization
After calculation of the particle radius at the eidime steq, le“, the particle radius is normalized
similar to the equation (5.30) as

Ritt
N le+1 (5.31)

The normalized particle is discretized afterwardth the same method as previously explained.

In order to calculate the dimensionless conceptnadind temperature gradients in the normalizedgteart
during the next time step ¢f1, and consequently to be able to estimate theritestaous polymerization
rate and the mass and volume of the polymer pratidoeing the next time interval, the dimensionless

mass and energy balance equations are updateddiacty.

After calculation of dimensionless concentration é&mperature at each giiéind time step gft1, the
mass and volume of polymer produced during the timé interval and consequently the new particle
radius is calculated as explained for the previous step of.

The computational loop for grid normalization, gthwand update is schematically demonstrated in

Figure 5.7.
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Figure 5.7. The schematic representation of computianal loop for grid normalization, growth, and update.

The computational loop is repeated until the tiegches the residence time of the catalyst paitidiee
polymerization reaction environment, from the tifeits exposure to the reactor until the time &f it

withdrawal from the reactor in the form of a fuffyown polymer particle.

The standard procedure to determine the appropriatéoer of gridsN, required in order to provide the
most accurate estimation of concentration and teatypee gradients through the assumed spherical
particle is as follows: in a series of simulatiottee humber of grids are needed to be increasel whi
calculating the concentration and temperature gragiinside the particle. The number of gridsNpfn
which the values of the calculated concentratich @mperature gradients differ negligibly compated
the values obtained by simulation wik1 grids, is chosen for the series of simulationscdBse of lack

of access to higher computational power than nof@|l the maximum number of grids that could be
applied in our study was limited by the relateduiegd computational time as one simulation per day
with number of gridsN=5. The required computational time for the developégbrithm increased
exponentially with the number of grids. As a resthile obtained concentration and temperature greglie
with these series of simulations must be regardeghaapproximation of real gradients. This issuelm
obviously solved by utilizing a more powerful contaional system which would allow implementing a

higher number of grids with lower associated corafionhal time.
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5.2.4. Parameters of PFM: Estimation methods with associatd assumptions

In this section, the methodologies used to estirttadeparameters of Polymer Flow Model have been
introduced and described. In addition, the assumgptiwhich have been made explicitly or implicitly
during the estimation of these model parametere leen elucidated while the accuracy and potential

effect of these assumptions in the performance=d Phodel being discussed.

5.2.4.1.Solubility

In the previous chapter, the Sanchez-Lacombe EGSdeweloped to describe the solubility of gaseous
solutes in the polymer for binary systems of sehdé/mer and ternary systems of soldjefolute@)-
polymer. The predictions of the Sanchez-Lacombe ehade fitted to the available experimentally
obtained solubility data of ethylene in the amomghphase of LLDPE in the binary system of ethylene-
LLDPE and solubility of ethylene andhexane in the amorphous phase of LLDPE in theatgraystem

of ethylenen-hexane-LLDPE, by adjusting the binary interactiamametersk() of model.

By utilizing the fitted Sanchez-Lacombe modelsithen possible to estimate concentration of etieyle
the amorphous phase of polyethylene in the absanck presence of-hexane in the gas phase
composition in the corresponding binary and terrsystems, respectively, while the crystalline phafse

polyethylene is considered to be impenetrable écstilute species.

In order to be able to apply the experimentallyagi®d solubility data and the Sanchez-Lacombe model
developed for binary and ternary systems and fiibedescribe these set of available solubility ddta

following set of assumptions and considerationsnaexrled to be taken into account:

* It has already been demonstrated phenomenologicaily clarified that the local rate of
polymerization inside a particle is determined lpnaentration of reactant ethylene in the
amorphous phase of semi-crystalline polyethylerreosading the active sites immobilized on
the fragments of initial catalyst. However, the PFddnsiders the particle as a pseudo-
homogeneous medium and as a result, at the fept &tis needed to transform the equilibrium
concentration of ethylene in the amorphous phagslyimer into the equilibrium concentration
of ethylene in entire polymer phase including thgstalline phase of polyethylene. The
calculation steps in order to transform the eqriiiim concentration of ethylene in the amorphous
phase into the equilibrium concentration of ethglén the total polymer volume including its

crystalline phase in the binary and ternary systdimg,, ;, are provided in the details in the

Appendix A and skipped here for the sake of brevity
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At the next step and in order to calculate the aequilibrium concentration of ethylene in the
pseudo-homogeneous partidl#f],, ... , Which in reality it is constituted of polymer gde and
pore phase (and negligible catalyst fragments digge within) with a porosity ok, the
equilibrium concentration of ethylene in polymeraph is transformed into overall equilibrium
concentration of ethylene in the pseudo-homogenpartt&le including its porosity according to
the previously given equation of ( 5.7).

All the discussion made here in order to be ablestomate the overall equilibrium concentration
of ethylene in the pseudo-homogenous polymer partissumed in the Polymer Flow Model is

also valid for the other solute nfhexane as the inert condensing agent.

The crystallinity of the produced HDPE polymer et in all of the reaction conditions
simulated is assumed to be constant, with the wdtigbed crystallinity equal tg = %60. In
other words, it is assumed that the effect of tlesence of-hexane in the gas phase composition
on the crystallinity of produced HDPE is not sigraht and can be considered to be negligible
for the purpose of this modeling study.

In addition to the fact that the value chosen far weight-base crystallinity of HDPE is in the
range of typical degree of crystallinity for thedustrial HDPE grade of polyethylenes, it also
represents the measured value for the crystallofityDPE polymer particles with DSC analysis
that have been obtained from the gas phase ethylelyenerizations presented above, in the

absence of ang-hexane as the base case of our modeling analysis.

As discussed earlier in Chapter 4, according topfwvided crystallinity and density for the
polymer sample on which the binary and ternary tsmmpmeasurements were performed by the
group of Yand>* it was assumed that the polyethylene sample is REDConsequently, the
experimentally obtained solubility of solutes dfiyene andh-hexane in the amorphous phase of
polyethylene in the corresponding binary and ternsystems were described by Sanchez-
Lacombe EOS utilizing the characteristic SL modetameters T, P, andp’) for LLDPE
resulting in the acquired set of binary interactmarameters in order to have the best fitting of
model prediction to the available experimental data

As a result, in all of the PFM simulations implertieg the Sanchez-Lacombe model in order to
describe the thermodynamics of sorption in the riyirkend ternary systems, it was assumed that
the amorphous phase of HDPE polymer particles wobthiin our set of polymerization
experiments would exhibit thermodynamic behaviat tis the same as that of the amorphous
phase of LLDPE for which the model parameters Hsaen estimated. In other words, the effect
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of presence short chain branches due to the iosasficomonomer into the backbone of polymer
chains is assumed to have a negligible effect erstubility behavior of studied solutes in the
amorphous phase of LLDPE (as the polymer for whiod experimental solubility data is
available) compared to HDPE with no short chaimbh&s along its backbone structure (as the

polymer being produced in our polymerization expenmts).

« The effect of polymer crystalline ph&s&on the solubility of solutes in the amorphous ehése
extent of swelling of the amorphous phase, and emuently the ethylene concentration in the
amorphous polymer phase is neglected. In factctystalline phase is observed to play a more
pronounced role at higher pressure of the solutaa bne finds in a typical FBR gas phase
process? It is due to the fact that at the higher pressutes crystalline phases dispersed in the
polymer would start to act as physical crosslirtiat fimit the swelling of amorphous polymer
phase and consequently the amount of sorbed salutés However, under the conditions

considered here the model retains its validity.

* In the solubility analysis, the role of other compats present in the reaction environment i.e.
argon and hydrogen are neglected. This is dueeio lttw partial pressure and very low order of

magnitude of solubility in polyethylene comparedethylene.

Following the procedure explained above, the olvealilibrium concentration of reactant ethylene an
inert n-hexane in the pseudo-homogeneous particle of PFideimis estimated by Sanchez-Lacombe
EOS in the binary system of ethylene-PE and teragsyem of ethylena-hexane-PE at the equilibrium
temperature of 80 °C (as the polymerization reactiemperature) with the corresponding binary
interaction parameters of model in order to provitte best fitting of model prediction to the
experimentally obtained solubility data in the inand ternary systems at this temperature, asgedv

in the previous chapter.

5.2.4.2 Diffusivity

Estimation of the overall (or effective) diffusiyitoefficient that could describe the process &figion
of reactant ethylene through pseudo-homogeneouticlpanssumed by PFM model is of crucial
importance in predicting the significance of masssfer resistance through a growing polymer during

the course of its polymerization.

In reality, the diffusion of ethylene takes plaancurrently through two different mechanisms in the

growing polyethylene particle; in the first mechamj ethylene diffuses through the macro-pores of
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polymer particle. This diffusion in the gas phaseatmues through the network of available porethn
structure of the particle depending on its morpbyplat each instant during the course of polymeonat

In the second mechanism, the ethylene has alresaty $orbed from the gas phase into the polymeephas
and its diffusion takes place through the amorphghase of polyethylene until it reaches the adites
immobilized on the surface of initial catalyst fragnts where the polymerization reaction finallyetsk
place. Knudsen diffusion, which takes place in vemall pores on the order of tens of nanometers or
less, is neglected in the current study. It is eiguek to make only a minor contribution to the ollera
diffusivity of pseudo-homogeneous particle aftétiah steps during the course of polymerization #&yd
completion of fragmentation step which is assunoetdke place instantaneously in PFM model.

By considering a random distribution of pore phaséhe structure of polymer particle, and despise i
obvious discrepancy with the morphology of mosttaf real polymer particles obtained experimentally
from different industrial processes, Kanellopoutvsl. suggest&d the following correlation in order to
estimate the overall diffusivity of ethylen®,, ;, through the pseudo-homogeneous particle assugned b
PFM model:

€
Dyyq = (T_2> Dl,g + (1 - 6)(1 + 36)D1,pol

7 (5.32)

in which D; ;, and D, are the diffusivity of ethylene in the bulk gasapd and polymer phase,
respectively.e, the porosity, andy, the tortuosity factor represent the morphologiaspects of the

particle in this proposed model.

It must be mentioned that the first term on thétrigand side of equation ( 5.32 ) accounts forletigy
diffusion in the gas phase through pore phase efptrticle while second term represents the etbylen
diffusion through the polymer phase, as previoesiyiained.

Since the diffusivity of ethylene in the bulk ofsgphase is about 3-4 orders of magnitude higheritha
diffusivity through the semi-crystalline polyethgke, according to equation ( 5.32 ) and as expected
logically, one needs to have a reasonable estimafithe porosity and morphological aspects of pay
particle and their evolution as a function of tlagation time in order to be able to have a precise
prediction about the overall diffusivity of any prants, and consequently of the significance odsma

transfer resistance through the polymer patrticle.

The porosity of HDPE powder obtained from the degas phase ethylene polymerization experiments in

the absence and presencendiexane was examined using the nitrogen adsorgtosimetry. The
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results of this set of analysis reveal that the BOy®lymer particles produced both in the absenck an
presence ofi-hexane have negligible porosity of less than 1%.

In order to validate the compact morphology of HRPE patrticles having negligible porosity, a set of
polymer particles were cut and SEM analysis wasopaed on the obtained cross-section area of the
polymer particles as provided in Figure 5.8.

Figure 5.8. The morphology of cross-section area 6fDPE particles produced
in the presence of (a) 0.0, (b) 0.3, and (c) 0.6rtf partial pressure of n-hexane.

As can be seen from this figure, the HDPE polynaatigles obtained in the absence and presenoe of
hexane demonstrate a very compact structure wighigitlde porosity, either as cracks on the surfate
the particle or as a network of pore phase diskiththrough the volume of the particle (at the ehthe
experiments). While only individual particles al®®n in these images, it has been verified that e
representative of the different powders.

As a result, the porosity of the polymer particlasvassumed to be zeto= 0, as the characteristic of the
catalyst system and the operating condition ofg@sse process in which the polymer particle is dein
produced. Note that this simplification might ledan underestimation of the diffusivity of ethyéen
during the early stages of the polymerization befitie porosity is lost. This is turn might produce
underestimation of the rate of polymerization. Néweless, if we invoke the hypothesis of negligible
porosity, the overall diffusivity of ethylene inglpseudo-homogeneous particle presented in equation
5.32) is simplified to

Doy1 = Dl,pol
(5.33)
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Ideally we would have a description of the evolntiof the porosity, but time and experimental
constraints on withdrawing samples from the reaatake this difficult. Nevertheless, in the larger
context of our modeling analysis using this simgdifion will still allow us to describe the effeot the
addition ofn-hexane as an ICA to the gas phase compositioratenaf polymerization. As a result, it
does not impose any kind of restrictions for theligption of the general modeling approach proposed
and developed here in order to explore the effdctcltange in the operating condition of the

polymerization process.
Diffusion through semi-crystalline polyethylene

The diffusion through semi-crystalline polymersaisvery complex process which depends on many
factors including the crystallinity of polymer, sbility of penetrant, mass fraction of absorbedgbemt,
temperature, and as a result the extent of plaation of polymer chains and swelling of polymeagé.

An interesting review article targeting this subjecwritten by Hedenqvist and Ged#end interested
readers are referred to this reference for compisthe related discussions.

As mentioned earlier, the diffusion of solutes @ms-crystalline polymer takes place through its
amorphous phase while the crystalline phase isnetpable to almost all of the solutes. The preseifice
the crystalline phase dispersed throughout the-sgystalline polymer would in turn lead to a reddice
level of diffusivity of penetrants compared to fadly amorphous polymer for at least two reasonsstfF

it is due to the necessity for the penetrant madéscto bypass the crystallites through the amorphou
phase which would result in the lengthening thefudife pathway and second, it is because of
considerable constraints imposed by the crystafilmese on the segmental mobility of the polymeirsha
and consequently the mobility of the penetrant ks in the amorphous phase of the semi-crystallin

polymer.

Most of the diffusion models developed to descthe mass transfer have been developed first foy ful
amorphous polymers. These models have been appibsgquently to the semi-crystalline polymers with
considering some correction factors. The same appris adapted in the current analysis in order to
estimate the diffusivity of ethylene in the semyatalline polyethylene and the effectmehexane on it.
First, the diffusivity of ethylene in the fully pmeable medium being composed of (a) amorphous
polyethylene in the binary system of ethylene-ptilykene, and (b) amorphous polyethylene pids
hexane acting as local solvent in the ternary systeethylenen-hexane-polyethylene is calculated. The
values obtained for diffusivity of ethylene in ttfally permeable” medium is subsequently corredied

order to reflect the semi-crystalline nature of HDRSs discussed above.
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In the current study, the diffusivity of ethylededugh the semi-crystalline polyethylene is estadaby

the correlation suggested by Michaels and BiXler:

D a,"
D1,pol — 1,am.[1;ol v ( 5.34)

in which Dy ,,o; andDy gm o1 represent the diffusivity of ethylene in the semystalline polymer and the
diffusivity of ethylene in the amorphous phase ofymer, respectivelya, is the volume fraction of
amorphous phase in the polymer; this parametealsulated by the previously given assumption of
weight-based crystallinity gf = %60 for the HDPE produced polymers. Please see Apgpehdor the
details of related calculationg.is the chain immobilization factor for the penatrmolecules of ethylene
and finally n is a constant which for the HDPE polymer, Michaatsl Bixler suggested the use of
n = 1.5 in the equation ( 5.34).

Michaels and Bixler relate the diffusivity of eteyle in the amorphous phas@, ;m, 0, and the
immobilization factor,3, to a parameter termed the reduced molecular dénoé penetrantd) which

can be calculated from the true molecular diamefteenetrantd) by the following equation:
d=0o—.[¢/2 (5.35)

in which ¢ is the free volume per unit —GHalong the polymer chain axis, Wh{l@/z representing the

mean unoccupied space between two polymer chaimesgtg. A value of 0.9 A is recommended for

J¢/2 in the referencE! The values for are taken from Transport Phenomena by Bird Ef'al.

The parameter of reduced diameter is used in tiraason of the parameters of interest as follows:

107D25
In (%) =3.66 — 1.32d (5.36)
In(B) = 0.079d2 a, <08 (5.37)

In equation ( 5.36 )ngm_pol represents the diffusivity of ethylene in the aptmus polyethylene at 25

°C having the units of (cffsec) whilec andd having the unit of A. The effect of the temperaton
diffusivity through the amorphous polyethylene xpreessed through an Arrhenius type of correlation

Dl,am.pol = Df,am.polexp(_ED/RgT) ( 5.38 )

with
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Ep =26+22d (5.39)
in whichE, has the unit of (kcal/mol).

The diffusivity of ethylene in the binary system ethylene-PE is estimated with the correlation of
Michaels and Bixler, as presented. While it is fhtimat this correlation provides a reasonable esérof
diffusivity in semi-crystalline polymer as a furmii of penetrant size, polymer crystallinity, and
temperature, it is not capable of predicting theagmwement in the diffusivity of ethylene resultiingm

polymer swelling or mixture effects in the ternaggtem of ethylene-hexane-PE.

In the case of ethylene polymerization in the pneseofn-hexane and regarding higher solubilityraf
hexane with respect to ethylene (more than tworsrdemagnitude), ethylene must diffuse through the
amorphous polymer “phase” of polyethylene whichbisically constituted of two “component”s: the
component of amorphous polymer chains and the coemoof n-hexane solute acting also as local

solvent.

While the diffusion of both of the solutes of remtt ethylene and inem-hexane takes place
simultaneously during the continuous productiopalmer in the particle, however, after initial gteof
polymerization, the polymer particle becomes s#¢gravithn-hexane due to its inert nature with respect
to polymerization reaction. The accuracy of thisuasption is validated with the PFM model. As a lesu
one can assume that ethylene is diffusing througiedium which is constituted of amorphous PE chains

swollen and in equilibrium with-hexane in the ternary system of ethylereexane-PE.

Since the ethylene diffusivity in the liquidhexane as a solvent is found to be one order gihihale
higher than its diffusion in the amorphous poly&thg, it is entirely reasonable to expect thatoifuer of
magnitude for ethylene diffusivity in the amorphquyethylene swollen bg-hexane to be in the range
between its diffusivity through the medium composédiquid n-hexane and the medium composed of
amorphous polyethylene chains, as schematicallyodstrated in Figure 5.9. The diffusivity of ethyéen
in this case will depend on the relative portioreath of the aforementioned components in conisigtut
the fully permeable medium of solvent-swollen anhaes polymer.
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Diffusivity of Reactant through
Liquid Solvent

D1 -~ 10-8 m7s

Diffusivitv of Reactant through
Amorphous Polymer

D, <10 mys

Diffusivity of Reactant through
Solvent-Swollen Amorphous polymer

D, < D,<D,

Figure 5.9. Phenomenological description of expea@liffusivity of ethylene
through amorphous phase of polyethylene swollen hy-hexane.

Regarding the complex nature of concurrent diffagienomenon of different solutes through semi-
crystalline polymer and in the absence of a rediagbkeoretical approach to accurately describehd, t
simplified correlation suggestet for diffusion of componentlj in the mixture of componentd)( (2),

and @) is adapted here as follows:

For X;small:

1
D =
1l,am.pol X, + X5 (5.40)

D1z * Di3

in which componentl), (2), and B) represent ethylene;hexane, and amorphous phase of polyethylene,
respectivelyX; is the mole fraction of componeinin the mixture.

Dy ampor is the diffusivity of ethylene in amorphous phasgolyethylene swollen bg-hexaneD;, is
the diffusivity of ethylene through liquid-hexane, and finallyp, 5 is the diffusion of ethylene through
amorphous polyethylene chains in the absence-lefxane. The condition of smaf; holds true for
application this correlation to our system regagdow solubility of ethylene.

X; in the equation ( 5.40 ) is estimated by the Sendtacombe EOS, as the mole fraction of mers of
componentij occupying total mers (sites) of the model latiitelosed-packed state for the amorphous
phase of polyethylene at each equilibrium conditibhe details of related calculations are provided
Appendix A.D;; as the ethylene diffusivity in the amorphous ptilyene in the absence ofhexane is

calculated by the previously given equations o869 and ( 5.38 ) and in the same manner.
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D,, as the diffusivity of ethylene in the liquicthexane as solvent is estimated by the Wilke-Chang
method?

_ 74X 1078 (pMW,)'/2T

= 5.41
12 MZV1O'6 ( )

in which MW, is the molecular weight of solveRt(gr/mol), T is the temperature (K}, is the viscosity
of solvent2 (cP), and/; is the molar of soluté at its normal boiling temperature (¥mol). ¢ represents
a dimensionless association factor for soh&mithich is equal to 1 for the unassociated solvékésn-

hexane. This correlation provides the diffusivifyethylene im-hexane, D, ,, in the unit of (crfisec).

After calculation ofD; 4., 10 It is implemented in equation ( 5.34 ) in ordeestimate the diffusivity of

ethylene in the semi-crystalline polyethylene damlbyn-hexane in the ternary system of ethylene-
hexane-polyethylene. The diffusivity of-hexane through the semi-crystalline HDPE in thenaey
system of ethylene-hexane-PE is estimated by the Michaels and Bxlerethod as described through
the equations ( 5.34 ) to ( 5.39 ), while assuntiveg the concurrent diffusion of ethylene has rgblé

effect on the diffusivity ofi-hexane through the polymer.

5.2.4.3.Catalytic system

Characteristic size of initial catalyst particles

Figure 5.10demonstrates a SEM image of initial powder of Zedlatta catalyst supported on MgCl
As expected, the catalyst particles show a sizgilnlision ranging from less than 10 um up to mdrant
100 pm.
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Figure 5.10. SEM image of powder of Ziegler-Nattaatalyst supported on MgC).

In order to obtain an accurate distribution of bataparticle size and as a result to have a mozeige
estimation about the characteristic size of therogeneous catalyst particles used in the protess,
powder needs to be characterized with an advaraeidlp size analyzer device. In the lack of patisib
to have access to such an analyzer and regardirgjfferent SEM images of the catalyst powder the
one presented in Figure 5.10, the characteristitisaof 35 um is considered as the approximatefeize
the average catalyst particle representing thdysatpowder being used in the gas phase polyméizat
of ethylene.

While exploring the effect of different initial ayst particle sizes on the significance of mass lzeat
transfer through the growing catalyst/polymer pméetiand consequently local and overall rate of
polymerization would provide additional useful inftation about thermal and activity behavior of the
catalytic system in general, however this is ousabpe of the current study. Here it is intended t
investigate the effect of change in the procesglition (here, by addition af-hexane to the gas phase
composition) on the quality and rate of gas phakglene polymerization utilizing a specific catdlys
system with known kinetic and geometric charadiessAs a result, a reasonable approximation ef th
average diameter of catalyst particles as the ctaistic size representing the catalyst powdendpei

used in the polymerization reaction is sufficiamt the aforementioned purpose in current analysis.
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Kinetic parameters

The kinetic parameters &f,,.¢, kqrer, C1, and C; are obtained by fitting the PFM model to the
experimentally obtained instantaneous rate of pelymation as a function of time in the base cases o
ethylene polymerization in the absencendfexane with partial pressure of ethylene equal tind 12
bars, respectively. These parameters are considerded characteristic kinetic parameters of thalytic
system being used and as a result will remain &ngesin the following simulated reactions in order t
explore the effect af-hexane on the instantaneous rate of polymerizaBoth of the activation energies
of E, andE,; are assumed to be equal to 10 (kcal/mol) as thHealypalues reported in the literature for
these parametef®.

5.2.4.4.Polymer particle

As discussed earlier, the polymer particle is agslito have no porosity. The density of semi-criisgl
polyethylene is calculated by Sanchez-Lacombe E@®iovided in Appendix A) and is found to change
slightly by the partial pressure nfhexane in the gas phase composition. The theramauztivity, k.,

and heat capacity of semi-crystalline polyethylehs,,;, is assumed to be constant while considering

the effect of solubilized-hexane on these parameters to be negligible.

5.2.4.5.Gas phase

The gas phase is assumed to be composed of ethgtegane, and argon while neglecting the presence
of hydrogen due to its negligible partial pressaoenpared to other components and total operating
pressure. The methods used to estimate the ga® pimeperties of interest (i.e. viscosity, thermal
conductivity, heat capacity, and density) as a tioncof gas phase composition are provided in tetai
Appendix D. An overview about the estimation methad gas phase properties is provided in this

section, hereunder.
Viscosity of gas phase

The viscosity of each component present in the giasse composition is first calculated at its low
pressure limit by an estimation method using theniaed-Jones parametéf®.The effect of pressure is
then applied by the Reichenberg meflfddh order to estimate the viscosity of each compore the
pressure corresponding to its partial pressureérréactor. The gas phase viscosity as a mixtupeimef
components is finally calculated by the semi-eroplircorrelation suggested by Wilk8.
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Thermal conductivity of gas phase

First, the Roy and Thodos estimation techniGués employed in order to estimate the thermal
conductivity of each component at its low presdimé. The thermal conductivity of each component a
the pressure corresponding to its partial presisutiee reactor is then calculated by the Stiel @hddos
method? The thermal conductivity of gas phase as a mixairpure components is calculated by an
analogous method proposed by WifKe.

Heat capacity of gas phase

The heat capacity of each component is first catedl by a correlation which is only a function of
temperatur&? The heat capacity of gas phase as a mixture ofpooemts is then calculated by

considering the mole fraction of each componerggmein the gas phase composition.
Density of gas phase

Regarding that ethylene and argon constitute thjernpartion of the gas phase composition, the dgnsi

of gas phase is estimated by safely assumingoéhbave as the ideal gas.
Relative velocity of gas-particle

The spherical stirred-bed reactor, in which the gasase ethylene polymerization reactions were
performed, was operated with an agitation speetl glavides the same order of magnitude for the
relative velocity of gas-particles as the one fur fluidized bed reactors. As a result, the retatpas-
particle velocity is assumed to lhe= 1 (m/sec), which is in the typical range for relative gastjude

velocities in the industrial FBRs.

5.2.4.6.Summary of parameters of PFM model

All of the parameters described above and usddkifPEM model in order to predict the effect of dmn
in the operating condition of gas phase ethylerngnperization process on supported catalyst by audit
of n-hexane as an inert condensing agent (ICA) are suined in Table 5-I.
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Table 5-1. Summary of parameters of PFM model.

Process independent parame

kp,ref

Dc)v.l
Ppol
[M] eq.l
[M] eq.2
u
Keg
Cp,g

Py

unit

kp,ref

Dov.l
Ppol
[M] eq.1
[M] eq.2
u
Keg
Cp,g

353.15 K € 0.0 dimensionless
313.15 K Kep 0.20 Jim.sec.K
1.74 x 10" me/sec Cp pol 2000 J/kg.K
0.52 mol site/mcat AHpoi 107.6 x 10° J/mol
0.41 mol site/mcat -AHsorp 2 29.12 x 10° Jimol
1.0x10* 1/sec Peat 2300 kg/n
4.2 x 10 J/mol Feat 35x10° m
4.2 x 10 J/mol u 1.0 m/sec
Process dependent parameters during polymerizdyon bars ethyler
180 n? tot/mol site.sec
7 bar Ethylene 7 bar Ethylene 7 bar Ethylene unit
7 bar Ethylene 1 bar Argon 1 bar Argon 1 bar Argon
1 bar Argon 0.3 bar n-Hexane 0.6 bar n-Hexane 0.8 bar n-Hexane
1.45 x 10% 1.53 x 10% 1.59 x 10% 1.63 x 10%° m?sec
920.4 915.7 910.2 905.7 kgim
84.26 90.17 97.41 103.49 moffimol
0.00 125.16 269.27 386.49 mof/pol
1.29x10° 1.25x10° 1.21 x 10° 1.19x 10° kg/m.sec
259 x 10?2 253 %107 2.48x 107 2.45x 107 Jim.sec.K
1553.4 1589.1 1618.4 1635.2 J/kg.K
8.0 8.9 9.8 10.4 kg/fn
Process dependent parameters during polymerizdtyohi2 bars ethylel
150 n? tot/mol site.sec
12 bar Ethylene 12 bar Ethylene 12 bar Ethylene unit
12 bar Ethylene 1 bar Argon 1 bar Argon 1 bar Argon
1 bar Argon 0.3 bar n-Hexane 0.6 bar n-Hexane 0.8 bar n-Hexane
1.45 x 10% 1.56 x 10% 1.62 x 10% 1.67 x 10%° m%sec
919.1 914.5 908.9 904.1 kgim
144.17 153.73 165.78 176.22 mol/pol
0.00 119.19 263.56 384.84 mof/pol
1.25x10° 1.23x10° 1.21x10° 1.19 x 10° kg/m.sec
2.66 x 102 2.62 x 10?2 2.58 x 102 2.56 x 102 Jim.sec.K
1631.6 1649.8 1665.9 1675.5 J/kg.K
12.8 13.7 14.6 15.2 kgfn

Py
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5.2.5. PFM simulation results and discussion

In this section, the predictive capability of theolyner Flow Model developed based on the
phenomenological description of the associated ipalyeffects due to addition of-hexane to the gas
phase composition is evaluated against the expetahimstantaneous rates of ethylene polymerization

the absence and presencertfexane, presented in the experimental section.

As mentioned earlier, the kinetic parameters ofdingported catalytic system i, ¢, kqref, €1, and

C; are fitted to the instantaneous rate of polyménmafor the base cases of gas phase ethylene
polymerization with 7 and 12 bars of ethylene ia #bsence afi-hexane in the gas phase composition.

These kinetic parameters, provided in Table 54 eonsidered as the characteristic of the catalytic
system being used in the polymerization reactiam$ @onsequently remain constant during the PFM

simulations in order to predict the effect of thegence of-hexane on the instantaneous rate of ethylene

polymerization.

To the best of our knowledge, there are currentlypapers in the open literature where one stutliies t
effect of change in the process conditions of tfiie on rate of polymerization. Thus, the qualityte
performance of this modeling analysis in predicting effect of process condition can be regardeghas
indicator of the reliability of this methodology Wdrdemonstrating the potential capability of therent
general approach in order to be adapted and imgraveerve as a process simulator for the gas phase
ethylene polymerization reactors, in the absencoli a commercial software in this field.

Figure 5.11 and Figure 5.12 demonstrate the piedicf PFM model for the effect of presencenef
hexane in the gas phase composition on the insieots rate of gas phase ethylene polymerizatidm wit
7 and 12 bars of ethylene partial pressure, respéctR,;, Ry, Ry, and R, represent the instantaneous
rate of ethylene polymerization in presence 0.8, 0.6, and 0.8 bar of partial pressura-dfexane in the

gas phase composition.
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Figure 5.11. Evaluation of predictive capability ofPFM model for the effect of presence af-hexane in the gas phase
composition on the instantaneous rate of gas phasthylene polymerization with 7 bars of ethylene pdral pressure.
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Figure 5.12. Evaluation of predictive capability ofPFM model for the effect of presence aif-hexane in the gas phase
composition on the instantaneous rate of gas phasthylene polymerization with 12 bars of ethylene pdial pressure.
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As can be seen from both of these figures, theigiied of PFM model is in better agreement with the
experimental rates of polymerization at a lowertiphpressure ofi-hexane in the gas phase. As the
partial pressure oh-hexane increases, the prediction of PFM model ergerimental rates of
polymerization start to converge later during tlodymerization, and the model underpredicts thectffe
of n-hexane during the early phase of the reaction. é¥ew one could notice that at later steps of
polymerization, in which the growing polymer paldichas reached to its thermal stability and the
solubility of solutes in the polymer phase are eta® the equilibrium condition, the prediction RFM

model matches with the experimental rates of pohaaton in an excellent manner of almost perféct f

On the other hand, the model underestimates thenada$ boost in the rate of polymerization during th
initial steps of polymerization. The reason for sthiliscrepancy between model prediction and
experimental observation can be attributed to theesof assumptions made during the development of
PFM model, but most importantly to the assumptioaden about the porosity of polymer particle.
Regarding the morphology of obtained HDPE partieled the porosimetry analysis performed on them,
the porosity of growing catalyst/polymer partickeassumed to be zero during the whole time perfod o
polymerization reaction. Since during the polymatian reaction, the initial porous catalyst paeicl
undergoes through the fragmentation process anfintdemorphology of polymer particle is establighe
by time during the course of polymerization, theumsption of zero porosity of particle does not séem
appropriately reflect the reality of the polymetipa process. In a more porous catalyst/polymetigiar
during the initial steps of polymerization, lessncentration gradient of ethylene would be expected
resulting in higher rate of polymerization due twthb higher local concentration of reactant and lloca
temperature through the growing particle. Thistuim, can explain the higher boost observed dutieg
initial steps of polymerization in the experimemadults compared to the prediction of PFM model.

As a result, in order to be able to have a morerate prediction about the effect of operating o

of the polymerization process, one not only needset able to describe the morphology of the obthine
polymer particles but also requires to have a malde estimation about the evolution of morpholagg
porosity of the growing catalyst/polymer particleridg the course of polymerization. The exact
determination of evolution of the catalyst/polyrparticle morphology by time as the characteristithe
catalyst system and the process of polymerizationk®e quite challenging and would require advanced
characterization techniques such as video-micrgsapd micro-tomography. However, one could
estimate the porosity evolution of the catalystypwr particle during the course of polymerizatioithw
ethylene only (as the base case), by stoppingdéaetion at certain time intervals during the cowfe
polymerization and analyzing the porosity of acgdipolymer powder.
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Figure 5.13 (a) and (b), demonstrate the signifieanf predicted mass transfer resistance through th
growing polymer particle assumed by PFM model amal @ffect ofn-hexane as the ICA with partial

pressure of 0.6 bar on it during polymerizationhwitand 12 bars of ethylene, respectively.

7bar CH, |00bar CH,j |06 bar CH| 12ber G, 0.0bar CH,|[0.6 bar CH

—1min |——1min ——1min |——1min

(b 100+

104

(a) 100+

g

1

[
l

o
s
|
o
s
1

o014

Ethylene Concentration (mol/m®)
Ethylene Concentration (mol/m®)

. . T . . . . T . .
0.00 025 050 075 1.00 0.00 025 050 075 1,00
r (dimensionless) r (dimensionless)

Figure 5.13. The predicted concentration gradienthitrough the growing polymer particle and the effecbf n-hexane as the
ICA on it during polymerization with (a)7 and (b)12 bars of ethylene, respectively.

The concentration gradient of reactant ethylen@rasided at 1, 10, and 100 minutes from beginnifig o
the polymerization reaction. As expected, consiggthe polymer particle as a fully compact medium
without any porosity has resulted in a significamiss transfer resistance through the particle.h&s t
polymerization reaction proceeds, the active sliesomes dispersed and diluted in the produced
polyethylene and consequently the volumetric rdtethylene consumption in the particle decreases.
This, in turn, results in the predicted attenuatiiorthe significance of the concentration gradiehthe
reactant through the growing particle by time, asndnstrated in Figure 5.13. However, this figure
allows us to visualize the concept of local ethglencentration inside the growing polymer particle
during the course of polymerization and demonsirdtew the presence afhexane results in the
enhancement of local ethylene concentration duediaced increase in both solubility and diffusivity

ethylene in the polymer patrticle.

As explained in the section 5.2.3, in the stangaatedure, the minimum number of grids required for
numerical solution of the mass and energy balagoat®ns in order to obtain accurate concentratith
temperature gradients is determined by increasiegnumber of grids in solution; once the numerical
solution becomes independent of the number of grisd, the corresponding number of grids can be
considered as the minimum required number of gfittavever, in the case of access to the limited
computational power, the number of grids used ie trrent study iN=5, and as a result the
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concentration and the temperature gradients pestidiy PFM model must be considered as
approximation of real gradients. Figure 5.14 dertrates the effect of number of grids on the cakeda
concentration gradient through the particle aftemidute from start of the polymerization reactioithawz
bars of ethylene. As it can be seen from this igamore significant concentration gradients arelipted

by increasing the number of grids. However, congigethat the concentration gradients are provided
a logarithmic scale, one can notice that by inéngathe grid numbers the difference between caledla
concentration gradients decreases and as expéeediinerical solution is converging to a value Wwhic

is independent of grid numbers, as explained ptsio
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Figure 5.14. The effect of number of grids on theatculated concentration gradient through the partide after 1 minute

from start of the polymerization reaction with 7 bars of ethylene.

Because of the significant predicted resistandbaéaeactant transfer in the compact polymer darttbe
concentration of ethylene in radial positions iesithe particle closer to the center is much lower
compared to the surface. Consequently, the lotalalapolymerization and associated heat generdadion
negligible in the center of particle compared te tharticle surface. As a result, while the heat of
polymerization is being removed from the partiaeface by surrounding gas phase with the convective
mechanism, however, simultaneously almost no tebting generated in radial positions close to the
center of particle. This has resulted in predicttbmo temperature gradient with PFM model throthgh
polymer particle under all the simulated circumstnfor the mass transfer presented in Figure 5.13.
With the local particle temperature in all radialsfions being equal to 80.5 °C (slightly highearitthe
reactor bulk temperature) in all simulations, tekated figure of local temperature inside the phatis

skipped here for brevity and also lack of its neitgs
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5.3. Conclusion

In conclusion, we can evaluate the performancé®fdeveloped general approach in order to be able t
predict the effect of change in the process camdithere by addition af-hexane as the ICA, on the
quality and rate of gas phase ethylene polymedrain supported catalyst. In fact, as has beenstisd
earlier, the local instantaneous rate of ethylesligrperization using a specific supported catalgtistem,
would depend on the local monomer concentration laodl temperature at the active sites inside the
growing particle. The local monomer concentratidnttee active sites, as a measure of monomer
availability for the polymerization reaction, would turn depend on its solubility in the polymeragk
and diffusivity through the particle. In the curtenethodology, the PFM model is utilized to actttzes
platform in order to estimate the local concentratdf monomer and local temperature at the acttes s
at each instant during the course of polymerizafidns eventually has enabled us to predict thecefhf
change in the process condition by additiom-tblexane on the local and consequently the oveatdl of
gas phase ethylene polymerization using a supposgtdytic system with known kinetic behavior ireth

absence of-hexane.

By comparing the PFM model prediction with the expental results on the effect nofhexane on the
instantaneous rate of gas phase ethylene polyrtierizét can be concluded that the current approach
provides an excellent predictive capability on éfiect ofn-hexane on the instantaneous rate of ethylene
polymerization during the later steps of polymetitma This is when the solubility of solutes can be
considered to be very close to the equilibrium diord and the growing catalyst/polymer particle has
reached its thermal stability. This remarkably ggoddictive capability originates from the reasdaab
estimation of the local concentration of reactami $éocal temperature inside the particle by the PFM
model. In the case of local concentration, in carabon with the adapted simplified diffusivity madi
demonstrates the outstanding predictive capabiftythe Sanchez-Lacombe model which has been
developed and fitted to the experimentally obtaised of solubility data in the ternary system of
ethylenen-hexane-PE in order to describe the effean-bexane on the concentration of ethylene in the

amorphous phase of polyethylene.

Direct application of solubility data obtained expeentally under equilibrium condition for the biya
system of ethylene-PE and the ternary system oflethn-hexane-PE by implementing into the
Sanchez-Lacombe EOS in order to describe the obdeenhancement in the rate of ethylene
polymerization in the presence ofhexane under the reactive conditions during whiod polymer
particle is closer to the equilibrium state (bathtérms of solubility and thermally) is a novel eqgch.
This methodology is proposed, developed and apgliedessfully in the current study for the firghei

in this field while demonstrating the universal gmtial of this approach to be extended for desoripbf
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different process operational conditions, for inst for predicting the effect of other commonleds
ICAs on the polymerization rate. An overview of thygstematic development of the phenomenological
approach which is designed in order to be ableadipt the effect of change in the process conditip
addition of ICA ofn-hexane on the rate of gas phase ethylene polyatienizon supported catalyst is
provided orderly in Figure 5.15 with the correspiogdexperimental and modeling steps. However, this
general modeling approach at its current developistate appears to underestimate the rate of geseph
ethylene polymerization in presencergfiexane at initial steps during the course of pelymation. This
discrepancy between the model prediction and exarially obtained rates of polymerization on the
effect ofn-hexane is an indicator of some phenomena that@reaptured appropriately in the developed
model. These phenomena may include (but are ndelihto) the evolution of morphology of the paricl
during the polymerization, and the quality and éxaechanism of processes of reactant sorption and
diffusion in the absence and presence of ICA duttrginitial moments of polymerization in which the
catalyst/polymer particle rapidly evolves in terafsts size, structure, and thermal behavior. Timisurn,
implies the necessity for the improvement of curistate of the general modeling approach propased i
order to have a more precise prediction of thecefé¢ change in process condition by including aeno
accurate description of the evolution of the p&tioorphology and also quality of reactant diffusand

sorption in the catalyst/polymer particle by timeidg the course of polymerization.

N7 7 3\ (o \
Experimental Applying Determination and De;::::;:v:_t;f:mnlvtl’:ﬁl to Prediction of the
Measurement of Thermodynamic Model of Description of Concentration and Effect of Change in
S lubilit f Sanchez-Lacombe to Intrinsic Kinetic Behavior of Tem';r:mfslt:zltd;u?rzde at
olupility o A Process Condition b
Sol y Describe Solubility of Catalytic System Being Used Polymerization with y
olutes in ! Addition of ICA on
Pol d Solutes in Polymer in for Ethylene Polymerization Havi Sca‘a“g': SY_“T“"“ . 4
aving Same emical Nature an
olymer unaer Corresponding in Absence of Intrinsic Activity Rate of Gas Phase
EqU“lbﬂum i Inert Condensing Agent i i i Ethylene Polymerization
Binary and Ternary g Agentin Incorporating the Models to Describe Yy y!
iti . Reactant Solubilityand Diffusivity i
Condition Systems Gas Phase Composition ea;::enc: :n:gr::enc'e :fs:é':\y n on Supported Catalyst
— SLEOS Rpol Rpol
E A = Y [ 3
S T S T .
% o 1 T % 1 o =
n A 2 (] T
-]
a -
a . 3
© A a T, T, 2
oA g 1
a
Pressure Pressure Time Time
AR\ ZERN. ’i i\ i

Figure 5.15. An overview of the phenomenological gpoach designed to predict the effect of change the process
condition by addition of ICA on the rate of gas phae ethylene polymerization.
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Chapter 6

The influence of the heat of sorption

Part of this chapter is published as:

Alizadeh, A.; McKenna, T. F. L. Condensed Mode @upfor Ethylene Polymerization: The Influence
of the Heat of SorptiorMacromolecular Reaction Engineeri2§14,8 (5), 419-433.

142



6. The influence of the heat of sorption

6.1. Inroduction

In the present chapter, it is intended to demotestnaw the thermal effect associated with the
heat of sorption of ICAs can have a positive effederms of avoiding particle over-heating undertain
circumstances like its temporary exposition to thefluidized regions inside a FBR as a possible
undesirable operating condition for this type afater set-up. The Sanchez-Lacombe model will leel us
to describe the temperature dependency of the iibludf heavy condensable solute in the polyethge
at different pressures using a reliable set oftloglynamic data. Subsequently, this will be incluatedn
energy balance for a simplified representation pblgmerizing particle in order to investigate theact

of absorbed ICA on the evolution of particle tengpere in a FBR.

6.2. Model development

6.2.1. Heat of sorption

The sorption process of a condensable solute inlyangr can be considered as a combination of two
thermodynamic steps (1) condensation of the solute vapour to theidigstate occurs. This is the
opposite of the liquid vaporization process; (2 thissolution of the liquefied solute in the polyme
which involves enthalpy of mixing for a polymer-std system. As a result, one can estimate thedfieat
sorption of a condensable solute in a polymer amzation of enthalpy of condensation of the soluté a
the enthalpy of solute-polymer mixing. For the epstof condensable alkanes or alkenes and the
polyolefins, the heat of mixing is smaller and ngible compared to the heat of condensation.
Consequently, the heat release associated withi@orpf condensable solute of a longer hydrocarbon

molecule in a polyolefin is approximately equathe heat of condensation.

Different experimental techniques are availablenasure the associated interaction heat for argslve
polymer system, including recently developed saapniansitiometry and titration calorimetfy! The

sorption heat can also be indirectly interpretednfthe inverse gas chromatography method, andéefian
al have reported the sorption heat for a wide rangsonfmon solvent-polymer systems implementing

this method. While the transitiometry and titraticalorimetric method are promising methods, no data
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relevant to the current study are available, soséitees of the heat of sorption reported hereireviieose

obtained using the inverse gas chromatography rdétho
6.2.2. Solubility data

Experimental studies in this field have shown tet solubility of alkanes os-olefins in polyolefins
decreases as the temperature increases. In othids vas the temperature of a particle circulatm@ i
reactor increases, the solute becomes more vaatilestarts to desorb. The phenomenon of masddrans
of solute out off/into the polymer phase by increg&lecreasing the temperature at which the system i

equilibrium is referred to as desorption/resorpti@spectively in this chapter.

In order to investigate the relative importancearfption heat of condensable components on thendier
behavior of growing polymer particles;hexane is chosen as the inert condensing agetwdoreasons:
(2) it has a higher solubility than shorter chdikeaes; and (2) it has a higher enthalpy of sorpper
mole compared to the lighter condensable comporsents as 1-butene orpentane. Thus, if there is a
potential impact of the desorption/resorption pescen particle temperature it will be most demaidér

with n-hexane.

In the Chapter 4, it was demonstrated that the lgzmtacombe EOS does provide a mediocre prediction
for the set of solubility data far-hexane as ICA presented by group of Y&AgHowever, it was shown
that the prediction of SL model about the effectnefiexane on the ethylene concentration in the
amorphous phase of polymer is much less senshiame ¢thylene solubility and polymer swelling to the
“assumed” solubility oh-hexane or in other words tlmehexane-PE binary interaction parameter. This
resulted in satisfactory predictions of enhancenmerhe rate of gas phase ethylene polymerization o

supported catalyst in presencendiexane, presented in Chapter 5.

It should be mentioned here that the role of comynoseda-olefin comonomers such as 1-butene and 1-
hexene have been extensively studied given thgdoitance in the production of linear low density
polyethylene (LLDPE). Thus, more reliable solulildata reported in the literature farolefins in
polyethylene is much more easily found than ibisdaturated alkanes of the same leHgtiMeanwhile,

it is reasonable to suppose thatexane and 1-hexene have a similar nature ofactien with segments
of non-polar polyethylene chains. They are bothstituted of linear hydrocarbon molecules of the sam
number of carbons with almost the same degree ofpadarity. This in turn implies that regarding the
similar size, shape, and polarity of these sollitds, possible to safely approximate the solupitf n-
hexane with available and more reliable set of datesolubility of 1-hexene for the purposes ofsthi
analysis. An experimental evidence to support &rrthe validity of this assumption can be foundhe
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earlier sorption studies of Michaels et'l.jn which the solubility constant of Henry’s lawrfsorption

of propane in polyethylene is reported to be alomliy 10% higher than the one for propene at 254¢.

a result, regarding the mediocre fitting of SL miottethe available solubility data ofhexane, in the
current modeling analysis the solubility ofhexane in LLDPE and its temperature dependency is
approximated with the more reliable set of datalfdrexene in the literatufe” While this assumption
will slightly underestimate the-hexane solubility in polyethylene (similar to thase of propane and
propene), this induced error is neglected in theeoi modeling study in order to investigate “thesler

of magnitude” of the effect related to the sorptieeat of ICA ofn-hexane on the thermal behavior of

growing particles.

The Sanchez-Lacombe model is applied here in dal@fescribe the temperature dependency of the
solubility of 1-hexene in linear low density polggtene at different pressures. The characteristideh
parameters for each component of the system, tikem referenc€ are provided in Table 6-I. This
parameter set was established using experimentaladailable in the literatufe for the solubility of

different olefinic solutes in polyolefins througtjastment of the binary interaction parameter.

Table 6-1. Sanchez-Lacombe characteristic parametsrfor pure components”’

Componer T (K) P (bar) p (kg/m)
Ethylene 28:¢ 339t 68C
1-hexenu 45(C 3252 814

LLDPE 653 436( 90:&

Figure 6.1 illustrates the temperature dependefdytexene solubility in LLDPE as predicted by the
Sanchez-Lacombe model. The variation of solubiityh temperature is provided for two different
pressures of 1-hexene (0.5 and 1 bar), and up ®°C3(we will not simulate situations above this
temperature as this is the approximate melting &atpre for PE). It is important to note here thahe
extension of the Sanchez-Lacombe model for prexsticti 1-hexene solubility at the higher pressuré of
bar, the potential effect of the crystalline phasethe extent of polymer swelling and consequetthitty

solubility has been neglected.
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Figure 6.1. Temperature dependency of solubility of-hexene in LLDPE.

For the needs of our simplified particle model @eped below) a rapid correlation of solubility @s
function of temperature will suffice. The methddleast squares was used to fit the SL curves thigh

following type of function:

Syam = Ae” BT (6.1)

in which S, ;nis the solubility of 1-hexene in the amorphous phathe LLDPE polymer and is the
temperature at which the gas-polymer system isqinlierium. A and B are the pressure-dependent
constants and are provided in Table 6-1 with tber@sponding®values for quality of the fitting. This
correlation will be used in order to describe theperature dependency of the solubility of heexane

in the following section in the development of anebalance model for simulating thermal behavior of
active particles under different physical circumses.

Table 6-II. Fitted model parameters and correspondig r>-values for describing
temperature dependency of 1-hexene solubility inlLDPE at different pressures.

Pressure(bar) A(gr/ gr am. pol) B(1/K) T
0.t 134: 0.02¢ 0.981¢
1 2826.: 0.02¢ 0.985:
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6.2.3. Energy balance model for a single polymer particle

The energy balance around a reacting polymer pardan be written:

dT, . d[M]

ppoleole,pol <d_1201) = kpC [M]lvcat (_AHpol) + Vpol(_AHsorp,Z) Tz - hApol(Tpol - Tb) ( 6.2 )
The left side of the equation represents the rhémergy accumulation in the polymer particle. Téwens
on the right hand side are (in order): the raterargy generation due to polymerization; the réteeat
release associated with the sorption of the corad#@somponent in the polymer particle; and the cét

heat removal from the particle to the surroundiag ghase by convection.

Since we are focusing on the relative importanceesit of sorption of the condensable componenhen t
thermal behavior of polymer particles, the follogisimplifying assumptions are considered through th
development of the current model:

e The polymer particle is treated as a spherical pamous object.

» Mass and heat transfer resistances through thielpate neglected.

» The particle size is assumed to be constant dtinegimulated transition periods (on the order of
several seconds).

» The effect of cosolubility phenomenon on the rdtpalymerization is neglected and as a result
its associated thermal effect is not included mehergy balance of the particle system.

» The ethylene solubility in the amorphous phaseldPE for 10 bars of ethylene pressure and at
80 °C is estimated using Sanchez-Lacombe EOS.drettergy balance, the term related to the
ethylene sorption heat is neglected due to its taedubility and lower sorption heat per mole
compared to the heavier condensable componenimiftaty simulations (not shown here for the
sake of brevity) revealed that the effect of thatlad sorption of ethylene on the thermal behavior
of the particle is negligible and can be dismissedddition, in the term for heat generation due
to ethylene polymerization, the temperature depetyg®f ethylene solubility is also neglected
since it will not affect the model validity in exping the influence of sorption heat whexane

on the thermal behavior of the polymer particles.

The temperature dependency of the propagation angt described here by an Arrhenius-type of

correlation

_ﬁ( 1 1 )
kp = kprepe Ro\Tpot Tres (6.3)
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in whichk, fis the propagation constant at the reference teahyer T E, is the activation energy for

propagation an@y is the universal gas constant.

The solubility values of the solutes in the amorgh@olymer (gr/gr am. pol) were obtained using the
Sanchez-Lacombe EC8\d are translated to an average concentration tbeeentire polymer particle

volume (mol/ i pol) by the following expressions:

_ 1000(1 - X)ppol

M 1 MWl Sl,am ( 6.4)
1000(1 — x)ppor
[M], = MW, S2,am (6.5)

wherey is the weight-based crystallinity of the polymairticle.

Equation ( 6.1 ) can be substituted into equati6rb() in order to describe the temperature dependef

concentration of condensable component-b&xane in the polymer particle:

_ 1000(1 — X)ppor Ae—BTpol

2 MW, (6.6)
And consequently
1000(1 — AB dT,
d[M]z - _ ( X)ppol e_BTpol pol ( 6.7)
dt MW, dt

It is important to underline the significance oé thssumption implicitly made when we use equati®n (

) to describe the temperature dependency ofithexane concentration in the polymer particle, dred
way this will influence the simulation results. da# that equation ( 6.1 ) is obtained from fittitige
available reliable set of equilibrium solubility tda However, this correlation is being applied higre
order to describe the solubility of the condensahlghe particle which undergoes through thermal
transition in non-equilibrium conditions. As a rksit is implicitly assumed that the solubility of
hexane in the polymer particle immediately readhesequilibrium value corresponding to the particle
temperature during each step of this thermal tti@msi In other words, the desorption/resorptiorthaf
condensable component is assumed to take placepflyoly increasing/decreasing the particle
temperature while the dynamic of the associatednhkinduced mass transfer through the particle is
being neglected. Hence, while the magnitude ofeffect of sorption heat on the thermal behavioua of
growing particle can be considered to be reliablslow transitions in which the particle is closerits

equilibrium state, caution must be taken in intetipg the simulated thermal behaviour under fast
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transitions. Considering this point, the time sdalolved in our simulations is in the order of el

seconds to fractions of a minute while intendingtoid extremely fast impulsive transitions.

By substituting equation ( 6.3 ) and ( 6.7 ) in &ipn ( 6.2 ), the energy balance of the partigitesn
can be rewritten in the following form

dT,,, 7Y (. _ dT,,,
() < e R T) o () 1) (69)

in which gy, B, B3, andg, are clustered function defined as

B1 = PpoiVpoiCppot (6.9)

B2 = kp,refC*[M]lvcat(_AHpol) (6.10)
1000Vy01(—AHorp2)AB(1 = X)ppo

3 = Mw, (6.11)

Ba = hAye (6.12)

Finally, in order to be able to numerically sohgation ( 6.8 ) to obtain the temperature evolutibthe

particle under different transition circumstandes rewritten as

_E_a(L_L)
dTpor _ Bae Ro\Twot Tret) — By (Tpor = Tp) (6.13)
dt By + Bze BTrol

A fourth-order Runge-Kutta method is applied hererider to solve the equation ( 6.13).

A plethora of correlations for gas-solid mass aedthiransfer coefficients can be found in the ditere.
Based on the earlier studies of Floyd ét’alve have chosen to use the Ranz-Marshall corraldtioa

single sphere in a fluid medium:

Nu = 2 + 0.6Re'/?Pr1/3 (6.14)
where
o 1l
u =
Keg (6.15)
udy,
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1Cpg
pr =——" (6.17)

keg
The gas phase properties with the other physigadtiks, and thermal parameters used in this mogleli

study are summarized in Table 6-I11.

Table 6-11l. The physical properties and model paraneters
used in describing thermal behavior of single polyer particle.

Polymer propertie

Ppol 90C kg/m3
Co.pol 200c J/kg.K
% 0.4 dimensionles

Catalyst and kinetiparametel

Ko ref 2510  m¥mol sit.se
Thret 33C K

E. 42 kJ/mo

c 54 mol sit/n’cai
r cat 15-35x1(° m

Peat 280( kg/m®

Gas phase propert

Pr 0.76: dimensionles
v 1.22x1(° mé/sec
Keg 2.69x1(? Jim.s.k
To 353.1¢ K
MW, 28.0¢ gr/mol
MW, 86.1¢ gr/mol
Enthalpy
-AHpol 107.¢ kdJ/mo
-AHsorp,2 29.1: kJ/mo
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6.3. Simulation results and discussion

6.3.1. Thermal behaviour of the particle by its exposure @ the defluidized region inside FBR

In the normal operation of the fluidized bed reestgarticles are suspended by the fluid and are
continuously in motion relative to the other pdesc However, under certain undesirable circumstanc
localized non-uniform distribution of the gas candbserved in a part of the bed (due e.g. to cliagne

or dead spots), the flow may become insufficierftuwlize the particles, resulting in local defligdtion.

In this case, defluidization is defined here asstta¢us of particles having substantially no motielative

to the other neighboring particles. Regardlegh®fexact cause, a defluidized particle evolving irone
with low particle-gas velocity will undergo heat-gmce the energy generated from the polymerization
cannot be removed appropriately by convectiorhdf particles overheat and melt, this will leaddcel
formation of polymer agglomerates, and an in exgrease would result in the bed collapse and reactor

shut-down.

Here we will simulate the thermal behavior of agtigrowing particle which becomes exposed to the
defluidized region in the bed. At= 0, it is assumed the heat of polymerization is cardisly removed

from the particle by convection so its temperatarat steady state, i.é(%) = 0. Applying the steady-

state condition to the equation ( 6.13 ), the plrttemperature at the initial condition is obtairgy
solving the resultant non-linear equation Tgy.

The exposure of the particle to the defluidizedaeds taken into account in the model by definary
arbitrary function, provided in equation ( 6.180y, the relative gas-particle velocity in which thelocity

fluctuates by time.

u=1-—sin(t/2) (6.18)

Under these conditions, the relative gas-polyméocity cycles from 1m/sto O in about 3 seconds
indicating the time period in which the particlecbmes exposed to the defluidized region. In the Bex
seconds, the relative velocity rises back from @ te/'swhich implies the particle leaving the defluidized

region and being in the region of having approprfatidization regime.
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Figure 6.2. Simulated thermal behaviour of active plymer particle of the sizer,=500 um

during its temporary exposition to the defluidizedregion inside the FBR.

Figure 6.2 demonstrates the simulated thermal behanf active particle of the size,=500 pm
originated from initial catalyst size of;=35 umduring the defined transition period of 6 secoidss
can be considered as the size of a fully grownigarin the FBR in typical industrial gas phase
processes. The kinetic parameters of polymerigatised in this modeling study correspond to the
productivity of 16 (kg PE/gr cat.h) which is alsothe typical range for the productivity of induatrgas
phase FBRs (see Table 6-111).

As can be seen in this Figure, the particle starteat-up by its exposure to the defluidized regloe to
the accumulation of the released polymerizatiorrggnel he temperature rise continues until the plarti
starts to leave the defluidized region and the b&pblymerization starts to be removed from theiple

by convection mechanism due to the relative movemgtie particle with respect to its surroundirasg
phase. The rate of increase in the particle tenyneriés lower in the presence hexane; as the particle
starts to heat up due to the accumulation of potizatton energy, part of this energy is consumed in
order to partially desorb-hexane solubilized in the particle leading to lowage of particle temperature
rise. At higher pressure of the condensable, theuammof solute solubilized in the polymer partitde
higher. As demonstrated in Figure 6.1, this in timplies that higher amount of condensable can be
desorbed from the particle at higher pressure brseasing the equilibrium temperature of the systam.

a result, the effect associated with the desorptfooondensable solute on the thermal behaviohef t
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particle is stronger at higher pressure simply tdugigher amount of solute available in the paetid be

desorbed.

Simulated thermal behavior of the particle duringnsition period of its temporary exposition to the
defluidized region demonstrates that in the absafaghexane, the particle temperature reaches the
approximate fusion temperature of the polyethyl€r80 °C) due to its higher rate of heat-up, whde f
instance in the presence of 1 barndfiexane and under the same transition, the patiéctgerature
remains at least 18C below the polymer fusion temperature. As a resultan be concluded that the
probability of the particle temperature to reachfitsion temperature and consequently the prolbabiii

the resultant polymer agglomerate formation duehto local defluidization inside the FBR becomes

lower in the presence of inert condensing agentteéxane.

In this set of illustrative simulations, it was énded to demonstrate how the lower fluctuationhim t
particle temperature resulting from partial desorpbf n-hexane as ICA would reduce the probability of
particle melting and local agglomerate formatiore do local defluidization inside the FBR. In the
following part, we will take a closer look on th&luence of different parameters like particle stmme
scale for transition cycle and rate of polymeri@atbn the induced effect sfFhexane on the thermal

behavior of the growing particles.

However, before moving on to these parametric etudid for the clarification purpose, it must beedo
here that the size of initial catalyst particlepdissed in the polymer particle is different and gnan
most of upcoming parametric studies than the oesgmted in the demonstrative simulation of Figure
6.2. There were two main reasons which obligedouméke the choice of going with smaller initial
catalyst particle size and consequently lower ofteeat generation in the polymer particle in teges of
parametric studies below: (1) non-convergence dfitism in order to estimate the initial particle

dTpol

temperature from the resultant non-linear equabpimposing the steady state condition, (eF) =

0 to equation ( 6.13 ), for large catalyst partidles=35 um for instance) dispersed in small polymer
particles (,=150 pm for instance); and (2) rapid rise of particle parature during the transition period
which would lead to unrealistically large values fioe particle temperature in the case of largalygsit
particles dispersed in the polymer particles. Assalt, while having smaller initial catalyst pakti size

in the following section will decrease the rate hafat generation inside the growing particles and
consequently attenuate the temperature fluctuatidhe particles during the transition period, huere

it will allow us to systematically analysis the lirdnce of aforementioned parameters on the induced
effect of n-hexane on the thermal behavior of the growingiglag and to be able to track the related

predicted trends during the transition period.
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6.3.1.1.Size of polymer particle

In this part, the thermal behavior of a polymertipte originating from initial catalyst size of,=15 um
upon its temporary exposition to the defluidizedioe during different steps of polymerization caurs
which correspond to different polymer particle sizéll be investigated. Three particle sizgg ¢f 150,
300, and 500 um have been considered in this studyder to represent the polymer particle during
initial steps of polymerization, average polymertioke size, and fully grown particle size, respeslly.
Similar to the previous example, the activity o tbatalyst corresponds to 16 (kg PE/ gr cat.h)thad
transition cycle takes place during 6 seconds.

The simulation results provided in Figure 6.3, edthat, as expected, the heat of (de)sorptionspiay
stronger role in keeping the temperature lowetHersmallest polymer particles. The differencevieen
maximum temperature reached by the particle witmsliexane and in presence otbar of n-hexane

during the transition is about 1.3, 0.3, and 0.1f6Cthe particle sizerf) of 150, 300, and 500 pm,
respectively.
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Figure 6.3. Simulated thermal behaviour of polymeparticle during its temporary exposition to the defuidized region
with size ofr, equal to (a) 150, (b) 300, and (c) 500 pm.

This is due to the fact that during the initialpsteof polymerization, the concentration of polyrmation
active site per volume of the particle and as altdbe volumetric rate of heat generation inside t
particle is higher. As a result, the smaller pégticare more sensitive to degradation in the hraaster
conditions in the bed, meaning the probability aftigcle overheating is higher under these circuntsa

for the smaller particles. Regarding higher therswisitivity of the smaller particles, these sirtiales
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predict that the partial desorption of condensableexane solved in polymer phase surrounding the
active sites have more pronounced effect on thgeaemture fluctuation of the smaller particles dgrin

insufficient heat removal inside the FBR.

This strongest potential effect of heat of sorptidn-hexane as ICA in decreasing the rate of overhgatin
for smaller polymer particles upon insufficient heemoval inside the FBR during the initial stegs o
polymerization is of industrially profound importan As mentioned earlier, these small active degic

are more vulnerable to overheating which resuliatymer melting, creating fouling and local polymer

agglomerates inside the reactor.

6.3.1.2.Activity of polymerization process

In order to explore the effect of heat of sorptidm-hexane on the thermal behavior of polymer pasicle
having different activities, a series of compamtsimulations for polymer particle size E500 pm
originated from initial catalyst particle size of;=35 um are performed for three polymerization
activities corresponding to production of 16, 8dan(kg PE/ gr cat.h) and are provided in Figure 6.
These simulation results show that, as one wouft&tx the heat of sorption has a more pronounced
effect on the thermal behavior of polymer partitlaving higher activity; the difference between
maximum temperature reached by the particle witheliéxane and in presence of 1 bamdiexane
during the transition cycle of 6 seconds as deedrltefore is about 11.0, 1.2, and 0.5 °C for thizviac

of 16, 8, and 4 (kg PE/ gr cat.h), respectively.
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Figure 6.4. Simulated thermal behavior of particlesize ofr,=500 umwith activity corresponding to
production of (a) 16, (b) 8, and (c) 4 (kg PE/ grat.h).

This predicted trend can be explained by the taat the rate of energy accumulation inside therpely
particle with higher activity is faster during tesmporary exposition to the defluidized region é@dhwith
insufficient capability for heat removal. This iorh implies that the temperature of the more active
particle rises faster while desorbing larger amafntondensabl@-hexane solubilized in itself. This

leads to a more pronounced effect of heat of smrdr more active particle.
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6.3.1.3.Time scale for temporary exposition of the partidehe defluidized region

The thermal behavior of the particle size'@f500 pmoriginating from initial catalyst size af,=30 pm
during three different times scales of 3, 6, ands&@onds for cycle of its temporary expositionte t
defluidized region in bed are provided in Figurg. 6.
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Figure 6.5. Simulated thermal behavior of the pariile size of ;=500 umduring
three different time scales of (a) 3, (b) 6, andd2 seconds.

The heat of sorption has a more pronounced effedorger time scales of being exposed to the
defluidized region and insufficient heat removak difference between maximum temperature reached
by the particle withouh-hexane and in the presence dbdr of n-hexane is about 3.4, 1.7, and 1.0 °C
during the transition cycle times of 12, 6, anc8ads, respectively.

Insufficient heat removal from the growing partidering longer period of time would result in a tég

rise in particle temperature, causing moigexane to desorb.

6.3.2. Thermal behaviour of the particle by its exposure d different temperature of surrounding
bulk gas phase

A common practice in industry in order to keep thactor temperature at desirable operation comglitio
is to cool the reactor feed stream in an extereal kexchanger prior to its introduction to the b&sl.a
result, the heat of polymerization is removed fritra reactor in the form of sensible heat of fluiakg
gas phase stream which leaves the reaction envinonfrom top of the reactor. Introduction of colder
feed stream to the reactor will induce a tempeeagnadient through the height of the fluidized bed
reactor. Using the thermocouples in different lmoat on the internal wall of the reactor, it is fauthat
the gas phase temperature reaches to the deseeatiopal bulk temperature of the reactor in léssitl

meter above the distributor plate, resulting intéraperature profile as demonstrated in Figure 6.6.
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Figure 6.6. The temperature profile within a typicd fluidized bed reactor of the gas phase ethyleneofymerization.*?

Consequently, a single growing particle which igdizing inside the reactor will spend a certaimtjon

of its total residence time in the colder regiothat bottom of the reactor. The exposure of thégharto
the region with lower bulk temperature of surroungdgas phase will in turn affect its instantane@te
of polymerization, quality of crystallization of@tgenerated polymer chains and in short the cemsigt
of the final polymer product. In fact, the velocipyofile of the individual polymer particles in the
fluidized bed reactor has been measured by a posimission tracking technigté. In agreement with
the related theoretical CFD studies, the resulth@efe measurements demonstrate that there isessén
circulation loop of solid particles inside the remavith an upstream flow in the center and a ddweasn
flow at the periphery of the reactor, as schembyiakepicted in Figure 6.7. This circulation loog i
generally considered as a single loop with a catioh velocity which is proportional to the fluiditton

velocity.

Figure 6.7. Schematic representation of the circutéon loop of polymer particles fluidizing inside the FBR.
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Considering a single polymer particle fluidizing iafh is in continuous movement in the reactor and
inside the aforementioned circulation loop, thekbyhs phase temperature experienced by this marticl

during its circulation can be considered to berasiged in Figure 6.8.
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Figure 6.8.The bulk gas phase temperature experiead by a single particle during its circulation insde the reactor.

Obviously, the frequency at which the particle wilieet the bottom of the reactor and the colder
surrounding bulk gas phase will depend on the ktmn velocity and consequently the reactor
fluidization velocity. While advanced CFD studiasdaexperimental analysis will be required for the
accurate estimation of the time scale needed &pegific particle to complete a single circulationp
inside the reactor, however, in the current modekmalysis and in order to explore the effect of
condensable component on the thermal behaviompofyamer particle during its exposure to the diffdre
bulk temperature of surrounding gas phase, the Sowe required for the particle to do a single
circulation inside the reactor is considered toitehe order of 20 seconds. The bed height of a
commercial scale fluidized bed reactor can be erotider of 12 m, and the gas superficial velociside

the reactor can be considered to be on the ordemofsec. It should take approximately 10 secdords
the particle to go up through the centre at congeanperature, and 10 seconds for its peripheisiatd.
The time during which the particle becomes expdsdtie cold region at the bottom of the reactorlzan
estimated to be on the order of 2 seconds (seead-i§®8). While attempting to provide a relatively
realistic picture, it must be noted that the asgionpabout the rate of particle circulation insithe
reactor will not affect the validity of current meldn exploring the significance of the effect ofgtion
heat of condensable component on the particle @doshavior as exposed to the different surrounding
bulk temperatures. In addition, it is worth mentianthat the partial pressure whexane in these series
of simulations is considered to be 0.5 bar. Thig isrder to avoid the possibility of partial comdation
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of n-hexane at the higher pressure of 1 bar (as ther otfoice) at the bottom of the reactor havinglloca

temperature close to 50 °C.
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Figure 6.9. Simulated thermal behaviour of the polgner particle of the sizer,=500 pmduring its circulation inside FBR.

Figure 6.9 demonstrates the simulated thermal beha¥ the polymer particle of the sizg=500 pm
during its circulation inside the bed. As can bersia this figure, for the same extent of fluctaatin the
surrounding bulk temperature, the magnitude of emapre fluctuation is smaller in the presence.bf 0
bar of condensable-hexane. By exposure of the particle to the colteironment, higher amount of
hexane can be sorbed into the polymer. Consequéehtyheat released due to the sorption ofrthe
hexane will reduce the rate at which particle terapege decreases (very slightly) when it is expased
colder surrounding environment. Similarly, as thartiple becomes surrounded by hotter bulk
temperature, it starts to desorb part of condeesabkexane which results in lower rate of increase in
particle temperature. However, as can be seengur€i6.9, this effect does not appear to be siganifi
and for the imposed fluctuation of 30 °C for thdkbtemperature, the particle temperature fluctuates
around 21.9 °C without anyhexane while in presence of 0.5 bamdiexane it fluctuates around 20.4
°C.

In order to explore the effect of other parametkke size of polymer particle, polymerization aty,
and the time scale in which the particle becom@®sed to the colder region at the bottom of theteeh
on the significance of effect of heat of sorptiarparametric study is performed and summarizedler
6-1V.
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Table 6-1V. Summary of parametric study on the effet of heat of sorption ofn-hexane on the thermal behavior of
particles during its temporary exposition to the ctder region inside the FBR.

Effect of Particle Size

Fcat 15 pum
Activity 16 kg PE/ gr cat.
Time scal 2 secon
Temperaturt Temperature Difference in fluctuation o
ro (UM) fluctuation with no  fluctuation with 0.5  particle temperature due to
n-hexane (°C) barn-hexane (°C) presence of-hexane (°C)
15C 29.81 29.3¢ 0.4:
30C 24.7¢ 23.52 1.2¢
50C 19.0¢ 17.71 1.37
Effect of Activity
I cat 35 pm
lo 50C pm
Time scal 2 secon
Activity Temperature Temperature Difference in fluctuation of
(kg PE/ gr fluctuation with no  fluctuation with 0.5  particle temperature due to
cat.h) n-hexane (°C) barn-hexane (°C) presence offi-hexane (°C)
16 21.8¢ 20.41 1.4¢
20.12 18.6¢ 1.4
4 19.47 18.07 1.4
Effect of Time Scalt
lcat 3C pum
o 50C pm
Activity 16 kg PE/ gr cat.
Time scal Temperature Temperature Difference in fluctuation o

fluctuation with no

fluctuation with 0.5

particle temperature due to

(second) n-hexane (°C) barn-hexane (°C)  presence ofi-hexane (°C)
20.5] 19.0¢ 1.4
4 25.9¢ 24.6¢ 1.31
29.5¢ 28.67 0.91

163



As can be seen in this Table, the difference betviieetuation of particle temperature withouhexane
and in the presence ofhexane under the aforementioned transition ineeasth the size of the particle.
This can be explained by the solubilization of &rgamount ofn-hexane in larger particle upon its
exposure to the colder region. In addition, theeaffof heat of sorption on the fluctuation of paeti
temperature under the defined transition increabgktly by its activity. Finally, with longer timecale
of being exposed to the colder region, the partehaperature fluctuation becomes closer to the gego

fluctuation in the bulk temperature while the effetheat of sorption decreasing.

Based on these results, it is reasonable to coadhat sorption heat af-hexane has a minor effect in
fluctuation of the particle temperature during disculation inside FBR, which is induced from the

fluctuation in the bulk gas phase temperature.

6.4. Conclusion

In the current study, the effect of the heat ofpion of n-hexane on the thermal behavior of growing
polymer particles under different physical circuamstes has been investigatedHexane is an inert
condensing agent that is present in the gas phasgdondensed mode operation of gas phase ethylen
polymerization. Simulated thermal behavior of thertigle during transition period of its temporary
exposition to the defluidized region demonstrateat the rate of increase in the particle tempegaisir
lower in the presence afi-hexane; as the particle starts to heat up duehéo accumulation of
polymerization energy, part of this energy is caned in order to partially desorb the condensable
hexane solubilized in the particle leading to lowate of particle temperature rise. As a resulisit
concluded that the probability of the particle temgiure to reach its fusion temperature and cormselyu
the probability of the resultant polymer agglomerftrmation due to the local defluidization insithe
FBR becomes lower in the presence of condensabbxane. In addition, using a parametric analysis,
is demonstrated that the effect of heat of sorpiecomes more pronounced for polymer particles with
higher activity during the initial steps of polyneation. On the other hand, it is observed thathibat of
sorption ofn-hexane has at most a minor effect on fluctuatibthe particle temperature during its
circulation inside FBR which has been induced fritva fluctuation in the surrounding bulk gas phase

temperature.
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7. Significant contributions and perspectives

7.1. Major contributions

In the current thesis study, it was intended tegtigate the potential effect of the inert condegsigent

of n-hexane used in condensed mode operation on thkiligl of ethylene in produced polyethylene and
consequently the quality and rate of gas phaseleztbypolymerization on supported catalyst under
reactive conditions, for the first time in thislfiePerforming the set of designed polymerizatieaction
experiments using a lab-scale stirred-bed gas pteasxtor, it is observed that the instantaneoues oht
ethylene polymerization increases in the presemaehgxane, thus supporting the initial speculation of
the effect ofn-hexane on the enhancement of the ethylene sdjuinilpolymer. In order to have a better
picture and understanding, the averaged instantanete of polymerization in presencerefiexane is
normalized with the one without amyhexane. Consequently, this helped to demonstnattevihile the
effect ofn-hexane increases proportionally to its partiakpuee in the gas phase composition, this effect
is more pronounced at the initial steps duringciwrse of polymerization. In addition, by comparihg
effect of partial pressure of ethylene on the olesgf'enhancement” of the instantaneous rate ofletley
polymerization on supported catalyst in presenaetéxane, it is concluded that while the magnitufie o
promotion in the instantaneous rate of polymeraratn presence af-hexane is almost the same during
the initial steps of polymerization with both ofetipartial pressures of ethylene used equal to 712nd
bars. However, this enhancement in rate of polyraédn due to cosolubility effect ofhexane appears
to fade out more rapidly by time during the polyimation with 7 bars of ethylene partial pressure in

comparison with the polymerization by 12 bars afctant ethylene.

The experimental studies in the lab-scale readmrimvestigate the effect of changes in the process
operating conditions for instance here by varyihg gas phase composition during the ethylene
polymerization on supported catalyst provide ex@rgnvaluable insight and understanding about the
expected kinetic and thermal behavior of the stlidiatalytic system in the commercial scale fluidize
bed reactors while experiencing similar imposedngesa in the operating condition of the process.
However, the reliable experimental studies of gaasp ethylene polymerization process with different
gas phase compositions which induce different dpgraonditions are found to be very time consuming
As a result, being capable to predict how the ggalnd rate of gas phase ethylene polymerizationldvo
evolve upon imposing a change in the process apgrebndition, here by addition of an ICA to thesga
phase composition, appears to be of profound irapod and interest from practical point of view dgri

the operation of a FBR.
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In order to achieve this level of predictive cafiapiat the first step, one needs to be able srdke the
solubility behavior of ethylene in PE in the preserof the additional solute component of ICA by
implementing the related experimental solubilittadander equilibrium condition into an appropriate
thermodynamic model which is capable to properigtuge the speculated cosolubility phenomenon. In
the current thesis study for the first time, the@e®z-Lacombe EOS as one of the most widely applied
thermodynamic models in polymer industry is adaped developed in order to study not only the
solubility but also concentration of ethylene inlyethylene in the absence and presence of an inert
condensing agent in order to quantify the specdlatesorption phenomenon under the reactive
polymerization condition. By incorporating this thedynamic model to describe the solubility of
ethylene in polymer into a single particle modé&eliPFM model to estimate the concentration and
temperature gradient through a growing polymerigartit is ultimately attempted to predict theest of
change in the process operating condition by amdiof n-hexane as the ICA to the gas phase

composition.

Direct application of solubility data obtained expeentally under equilibrium condition for the biya
system of ethylene-PE and the ternary system oflethn-hexane-PE by implementing into the
Sanchez-Lacombe EOS in order to describe the obdeenhancement in the rate of ethylene
polymerization in the presence ofhexane under the reactive conditions is a noverageh. This
methodology is proposed, developed and appliedesséally in the current study for the first timetiis
field while demonstrating the universal potentidltbis approach to be extended for description of
different process operational conditions, for ins& for predicting the effect of other commonleds
ICAs on the polymerization rate. It is found thattee later steps of polymerization, in which thewgng
polymer particle has reached to its thermal stgldind the solubility of solutes in the polymer phare
closer to the equilibrium condition, the predictiointhe approach developed in the current studyinest
with the experimental rates of polymerization in arcellent manner of almost perfect fit. This
remarkably good predictive capability is in factgomated from the reasonable estimation of thelloca
concentration of reactant ethylene and local teatpeg inside the particle by the PFM model. Indhse

of local concentration, in combination with the ptdal simplified diffusivity model, it demonstratéwe
outstanding predictive capability of the Sanchezdmbe model which has been developed and fitted to
the experimentally obtained set of solubility datdahe ternary system of ethylenéhexane-PE in order

to describe the effect ofi-hexane on the concentration of ethylene in the rphmus phase of
polyethylene. However, the general modeling apgroat its current development state appears to
underestimate the rate of gas phase ethylene pdhatien in presence of-hexane at initial steps during

the course of polymerization. This discrepancy leetvthe model prediction and experimentally obthaine
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rates of polymerization on the effect nfhexane is an indicator of some phenomena whichnate
captured appropriately in the developed model. &lpfenomena may include (but are not limited te) th
evolution of morphology and porosity of catalystipoer particle during the polymerization reactiand
the quality and exact mechanism of processes aftamwtsorption and diffusion in the absence and
presence of ICA during the initial moments of polnmation in which the catalyst/polymer particle

rapidly evolves in terms of its size, structureg émermal behavior.

Finally in the current thesis study, it is demoatgd how the thermal effect associated with the bka
sorption of ICAs can have a positive effect in ternf avoiding particle over-heating under certain
circumstances like its temporary exposition to thefluidized regions inside a FBR as a possible
undesirable operating condition for this type cfater set-ups. Simulated thermal behavior of thiégha
during transition period of its temporary expositio the defluidized region demonstrated that #te of
increase in the particle temperature is lower & pghesence af-hexane; as the particle starts to heat up
due to the accumulation of polymerization energyt pf this energy is consumed in order to pastiall
desorb the condensahiehexane solubilized in the particle leading to lowate of particle temperature
rise. As a result, it is concluded that the prolitgbdf the particle temperature to reach its fussio
temperature and consequently the probability ofrésailtant polymer agglomerate formation due to the
local defluidization inside the FBR becomes lowethe presence of condensafbibexane.

7.2. Perspectives and future works

The observed enhancement in the rate of gas phhgkeree polymerization on supported catalyst in
presence of gaseous condensable component-h@ixane which is considered to be inert to the
polymerization active sites is of profound impodearin acquiring a more comprehensive understanding
of the “comonomer” effect ofa-olefins, in this case 1-hexene. Further polymeidra reaction
experiments can be designed in order to enhancpavaeption of the comonomer effect and the regativ
importance of physical effects (i.e. increase ilsitity and diffusivity of ethylene in presence loéavier
1-hexene comonomer) and chemical effects (i.e. fications in the chemical nature of polymerization
active sites) in boosting the rate of ethylene pagization. This will be achieved by comparing the
magnitude of enhancement in the rate of ethylemgnmrization in presence ofhexane and 1-hexene,

respectively.

In addition, the effect of other inert condensiggts applied in industry (likeo-pentane) on the rate of
polymerization and properties of produced polyngar be explored in order to provide a better insayht

the practical aspects related to the condensed puatation of gas phase ethylene polymerization.
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From modeling perspective, the level of complexifyphysical and chemical phenomena which occur
simultaneously during the ethylene polymerizationsoipported catalyst has already been highlighted.
However, the general modeling approach which ielbged for the first time in the current thesisdgtu
can be considered as the first step in moving tdvemulator software for polyolefin processes in
general and gas phase polyethylene process irydartiwvith real practical functionalities. Suchtsaire

can be applied in order to predict the change atgss operating conditions on the quality and ohte
polymerization and consequently the thermal behasfogrowing polymer particles and the overall
reactor. In order to reach to such a predictiveabdy for the simulator software, the general relib

approach developed here needs to be improved im@jor aspects:

(a) physical aspects:

1. Since after the initial moments during the polyraation, the active sites are surrounded by
the produced polymer, as a result an accurate igéeor of solubility of all the species
present in the reactor in the polymer is requifBds can be achieved by implementing an
appropriate thermodynamic model to describe thebdlidly of the gas phase as a mixture of
two or more solute components which has been fitigtie corresponding solubility data in
the equilibrium condition.

2. A more precise description of the evolution of nfmipgy and porosity of catalyst/polymer
particle would be needed, especially during théahsteps of the polymerization in which
the catalyst/polymer particle rapidly evolves innte of its size, structure, and thermal

behavior.

(b) chemical aspects:
A more accurate and comprehensive understandintheofeffect of different active species
present in the reactor environment on the intrikgietic behavior at the active sites of catalytic
system being used would also be of great importamogrder to enhance the quality of the

predicted trend upon imposing a change in procesditon.
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A. Sanchez-Lacombe EOS

In this Appendix, using Sanchez-Lacombe equationswite, the details of mathematical
formulation to derive the interested propertiesaterd to the sorption phenomenon is presented. The
formulations for both of the binary and ternaryteyss are provided.

Here, first we briefly describe the Sanchez-Lacombeation of state and its parameters. After, the

details of the calculations for binary and ternsygtems are provided to derive the propertiestefést.

A.1. Description of Sanchez-Lacombe model
The Sanchez-Lacombe (SL) EOS is
- 1
PP+ T |-+ (1-2)5] =0 (A1)

whereT, P,V, andp are the reduced temperature, pressure, volumedamsity respectively which are

defined as follows

T=T/T", T =¢"/Ry (A2)
P =P/P*, P* =¢&*/v* (A.3)
p=p/p =1V =V*/V, V*=N(v*) andp* = MW /(rv*) (A4)

where¢™ is the mer-mer interaction energy;, is the closed packed molar volume of a niMYV is
molecular weightN is number of molecules,is the number of sites (mers) a molecule occupidbe
lattice, andRy is the universal gas constant. The parameters andr are used to defin&, P, andp”

which are the characteristic temperature, presameclose-packed mass density.

With a mixture of components, it is necessary tiingecombining rules for estimation Ofix, Uiz, @nd
rmix to be able to use the equation of state to cakeule properties of mixture. THean der Waals”

mixing rule is chosen and applied in our study.

For characteristic closed-packed molar volume tihar” of the mixture,,;,, the so calledvan der

Waals” mixing rule is defined as
Vmix=2i 2 Pidvi; (A5)

with
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U + v}
v, =~ (1-ny) (A6)

wheren; corrects the deviation from the arithmetic mean suigscripts andj are the components in the
solution. The closed-packed volume fraction of itecomponent at the limit of zero temperature or

incompressible statey; is defined as

(p] J> (AT)

wherew; is the mass fraction of the compongirt the mixture.

The mixing rule for the characteristic interactemergy for the mixture is defined as
mlx v ZZ]d) d)] (A8)
with

(Eu j]) 1- ij) (A.9)

whereg; andg; are the characteristic mer-mer interaction ensrfpe components andj, andk; is a
mixture parameter that accounts for specific binatgractions between componentndj. Finally, the
mixing rule for the number of sites (mers) occugigch molecule of the mixture,,, is given by

L _Vh

Tmix 7 Tj

(A.10)

wherer; is the number of sites occupied by molegutethe lattice.

In most of the applications used for Sanchez-La@mbdel, the only binary interaction parameter used
for fitting the mixture experimental data to modek; while n; assumed to be equal to zero. It will be the
same for all of our related calculations and @assumeah;=0 while k; will be the experimentally adjusted
parameter describing the interaction of two comptse

For calculation of sorption equilibrium for polymseolvent system, the expression for chemical pikent

of component in each phase of the mixture is also required gsefollowing equation in SL EOS

Hi = RyT [In ¢y + (1 —%)] + (A11)
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r{=p|= (% dpvije — & By dyoiy) + & | + % |- pima-p) + rE Inp| + 222 byj - v}

To avoid the possible confusion, it is useful hieregive an explanation about the usage of the terms
“component” and “phase”. Let's consider a gas “@iashich is in contact and equilibrium with a
polymer “phase”. It is possible for each of the dphs” to be constituted of different “components”.

the simple case of a binary mixture of volatileuseland polymer “components”, we will have two psas

in equilibrium; gas “phase” which is constitutedasfly volatile solute component and polymer “phase”

which is constituted of both polymer and soluter\gmnents”.

In the notation used here, the superscript referthé phase of property while subscript refershio t
component which the property belongs to. For examnP°, refers to the chemical potential ih

componentn the polymephase

The other point which needs clarification is tHa sorption of solute species is assumed to takeepl
only in the amorphous phase of the polymer, whitedrystalline phase is assumed to be impenettable

the solute species.

A.2. Binary systems

In the binary system described below, the substnipfers to the solute component and subscript
2 refers to the polymer component. The first objecis to calculate the extent of sorption of specif
solute in equilibrium with the polymer at specitiemperature and pressurg, P). The solute and
polymer characteristic parameters @re, P*, p*1 andT*,, P*,, andp*, , respectively. The interaction
parameter oky, is taken from the available literature in whiclisiexperimentally determined. The rest of
the properties of interest are consequently detexdifrom the extent of sorption, as described meteu

At first step the reduced density of the gas phadé;, is calculated. It is assumed that no
polymer exists in the gas phase. As a result,ébdaaed density of gas phase will be equal to theaexd

density of “pure” volatile component existing iretgas phase or in other wopdé* = p,9%°.

The reduced density of gas phase is found by spl¥ia equation ( A.12 ), which can easily be ol&din
by rewriting equation ( 4.1).

_ (9% P Iy -
plgaszl—exp (—%—:—(1——);01‘9“ (A12)
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Next, the chemical potential of compondnin the gas phase is determined. The chemical pater a
pure component in a phase can be easily calculatedequation ( 4.11 ) to be equal to:

=~ gas

e RT ] _ P Pu;
Hiqas =n {—Plga551 + P_;;as_ (1= p19%)In(1 — p19%°) + = lnplgas] + p—lgaS} (A13)

The closed-packed volume fraction of solute inphlymer phase$,"”, and the reduced density
of polymer phasej P°!, are consequently obtained by simultaneous soluifothe two following non-
linear equations. First equation is the Sanchenirde EOS for the polymer phase ( 4.1 ), and the

second equation is obtained from the thermodyngpniaciple that the chemical potential of each

components are equal in all phases at the equilibstate. In other wordg?®" = 9.

In order to write the Sanchez-Lacombe EOS for pelyphase, being constituted of two components, it i

necessary to apply the mixing rules, as descrileéaré.

For characteristic closed-packed molar volume ‘mher” of the polymer phase as a mixture of solutd a

polymer molecules, it is possible derive equatiol.(4 ), consideringp?® + ¢?°' =1 and by

expanding the equation ( 4.5)

Ui = apl? + B (A14)

in whicha andg are defined as

a =vi—U; (A.14.1)
B =v; (A14.2°

Similarly it is possible to derive equation ( A.L%or interaction energy of mixture “mer”s, stagifrom
equation (4.8).

2
x pol _A(pfOl +B¢fm +C

Emi A.15
mix a(pfol + ﬁ ( )
in which A, B, andC are clustered functions defined as

A = gjv] + &v; — e15(v] +v3) (A.15.1)

B = g{,(v] +v3) — 28505 (A.15.2°

C = &v, (A.15.3
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Finally using equation ( 4.10 ) and considering tha>r 4, it is possible to derive the equation ( A.16 )

for number of sites (mers) occupied by a molecéita® mixture

1 fol
pol = 7 (A-16 )

Tmix

By combining equations ( A.14 ), ( A.15), and (18.) with (4.2 ) and ( 4.3 ), and substitutingnthiato
equation ( 4.1 ), the Sanchez-Lacombe EOS for peiyphase as a mixture of polymer and solute
molecules are obtained, as equation ( A.17 ). T unknown parameters in this equation are reduced

density of polymer phageP°!, and closed-packed volume fraction of solute mdesin the polymer

phaseg;”"
pol 2
pPoL? 4 p (g7 + )
A(pfol + B¢pol
pol ‘B pol (A.17)
+R,T [ln(l — pPoY) + (1 - )ppol] =0
pol pol T
APl +Bop; +C 1

Similarly by combining ( A.14 ), (A.15), and (%6 ) with ( 4.2 ) and ( 4.3 ) and substituting thieno
equation ( 4.11), the chemical potential of congand in the polymer phase is obtained which is equal
to its chemical potential in the gas phase. Assaltéhe second equation of ( A.18 ) is obtainedliich

p P°l and¢,"* are only unknowns.
R,T[ingP%" + 1 — ¢?°'| + (A.18)
ol pol pol pol
_pol|__2 1P N\ [AdY°T +B¢T 11¢pPO! " APT” +BYY
rl{ p [aqbi"”w ((M N <—a¢i’°’+ﬁ (M9 £ N") )+ —a¢f°’+ﬁ +

S0 S (0 )~ ) o

in which,

M' = vie —vye (A.18.1)
N’ =U;28I2 (A182‘
M" =v{ —vj, (A.18.3°
N = v, (A18.4°
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By simultaneous solution of equations ( A.17 ) 4id18 ), the reduced polymer phase dengity!, and
closed-packed volume fraction of solute molecuteshie polymer phase;,” are obtained. All of the
properties of interest related to the sorption pieenon are calculated consequently fi@#f! andg,™

as explained below.

A.2.1. Solubility in polymer

According to equation ( 4.7 ), the mass fractiorsalute in the amorphous polymer phase is calallate

from
pol
"1
B (1 - f[’l) B grsol.1
@ram = (p}v;) N f"l 7 gr (sol.1 + am.pol) (A19)
pivi/)  \1 - ¢P%

The solubility of the solute species in the amorghpolymer phase can be calculated from

W1am grsol. 1

S = =
LA T — Wy gm - gr am.pol (A.20)

The extent of solubility in the total polymer (inding amorphous and crystalline phases) can be

calculated from

gr sol.1
gr (am.pol+crys.pol) ( A21 )

Sitot = St,am(1 = X)[=]
in which, y, is the weight-based crystallinity of the polynpairticle.

A.2.2. Swelling of polymer

In order to estimate the extent of swelling of apmmus polymer phase because of sorption of solute
species, firstly, the initial density of the amoopk polymer at the same temperature and pressure is
needed to be calculated. This is done by solvingigon ( A.22 ) for reduced density of pure amorsho

polymer similar to the equation ( A.12).

p;=1—exp (—:—:—p2> (A.22)
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where,p,, is the reduced amorphous polymer density. Acogrtlh its definition, the amorphous polymer

density will be equal tp,p5.

On the other hand, in order to estimate the densitliye polymer phase at equilibrium sorption (irtthg
solute and polymer components), the charactedsinsity of the polymer phase is defined as

. 1

p= (wl,am> + (1 - wl,am) (A.23 )
p1 p3

and consequently the density of the amorphous peryhase will be equal o' 5 P,

The extent of swelling of polymer amorphous phasen de obtained by simple mathematical

manipulations to be equal to

_ p3p2(1 + S1.4m) _

SWam = 27570l 1 (A.24)
p2p2(1+ 5y lit (am.pol + s0l. 1)
2 2(*_ - an) [=]— (A24.1)
ppP lit (am.pol)

The extent of total polymer swelling consideringswubility in the crystalline phase can be caltadao

be equal to

n 1- X)(l + Sl,am)

AXVc

SW,,, = prp P _q (A.25)
tot v N (1 *__)()
© pap2
v+ 1 _){)(1 + Sl,am)
XVe p*p pol _ it (am.pol + crys.pol +s0l.1)
Yo + 1-x B lit (am. pol + crys.pol) (A.25.1)
c F——

P2P2
in which, v, is the specific volume of fully crystalline polgmphase. For fully crystalline polyethylene

v, = 0.001 m3/kg.

A.2.3. Concentration of solute species in the polymer phas

The concentration of solute species in the amorplpbiase of polymer can be easily calculated from

C _ Wiam p*p p"lr: mol sol.1
Lam MW, Uit (ampot+sol.1)

(A.26)
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in which, MW, is molecular weight of solute speciebaving unite ofyr/mol.

In order to estimate the concentration of spedigs the whole polymer including amorphous and

crystalline phase, first the volume-based crystiliof polymer is calculated

_ XV, =] lit crys.pol
Xv = i (1 *—_)() it (crys. pol + am.pol) (A.27)
P2p2

And the concentration of componéehin total polymer phase can be estimated by

1+ SWam) mol sol. 1
C =C ~— 97 (1- =
1tot Lam (1w, ) (1-x)l=]

lit (am.pol + crys.pol + sol. 1) (A.28)

A.2.4. The density change in the polymer particle due tdie sorption

According to the equation ( A.21 ), the ratio ofsmaf polymer particles after and before sorpt®n i

given by
m;gf;};ﬁgr 145, =] gr (sol.+am.pol + crys.pol)
Mnon-swollen Ltot gr (am.pol + crys.pol) (A.29)
polymer

and according to the equation ( A.25 ), the ratbrMeen volumes of swollen and non-swollen polymer

particles will be given by

%
,S,‘o”{’ylf,f;‘r lit (sol. +am.pol + crys.pol)

=1+ SWioe[=]

lit (am.pol + crys.pol) (A.30)

Vnon—swollen
polymer

The change in the density of polymer particlesl(idimg amorphous and crystalline phases) due to the

sorption is
Mswollen Mswollen
_polymer ___polymer
Pswollen V swollen Mnon-swollen
_ polymer _ polymer _ _ polymer
Pchange = Pron—swollen 1= Mpon-swollen 1= Vswollen 1 (A‘?’l)
polymer polymer polymer
Vnon-swollen Vnon-swollen
polymer polymer

By substituting equation ( A.29 ) and ( A.30) imfguation ( A.31), the change in the density dfmer

particles (including amorphous and crystalline gisaslue to the sorption will be given by
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_ 14810
Pchange = 1+ SWtot (A32)

A.3. Ternary systems

In the ternary system described below, the suliséripnd 2 refers to the solute molecules;
componentl is the lighter one in the gas phase. Subs&imfers to the polymer component. Here, the
primary objective is to calculate the extent ofubdity of solute components in the polymer phase,
knowing the partial pressure of solute componeRisR,) and total pressure & = P,+P, at specific
temperature T). All of the other properties of interest are cddéted from the extent of solubility for

solute components afterwards.

The characteristic parameters of the solute@)(areT*1, P*1, p*1 andT*,, P*,, p*», respectivelyand for
polymer componentd), the characteristic parameters a@rg, P*3, p*3. The pair interaction parameters of
kiz, kis, @andkys are taken from the available literature, in whiichy are determined experimentally.

At first step, it is necessary to calculate thensical potential of solute$ and2 in the gas phase. These

values will later be used in the equilibrium coratit in which the chemical potential of each of the

components are equal in all phases. In other waptf§, = 1P°" andud® = %"

Knowing the partial pressure of compondnaind 2 in the gas phase at the specific temperature, the
reduced density of each component in the gas peasdculated by solving equation ( A.33 ) and 84A.
), respectively.

_ (P_lgas)z Py ( 1y _

gas — 1 _ L A 1__) gas
P1 4y < T, T, " P (A.33)
_ (ﬁzgas)z P, ( 1y _

gas — 1 _ e J 2 1__) gas (A.34)
pz eXp < _T2 —TZ TZ pz

The density of componefitand?2 in the gas phase will be equal to

=~ gas

p19% = pips (A35)
p3® = p3p29%° (A.36)

At given volume of the gas phase mixture, the niesdion of component and2 in the gas phase is

given by
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gas

I = 1
1 gas gas
py  tp;
gas
wI% = P2
2 gas | gas

(A37)

(A.38)

As a result, according to the equation ( 4.7 ),dlosed packed volume fraction of components ingidee

phase can be found by

(p19%/p?™ + p3™)
P11
(plgas/piqas+pégas) (p gas/pgas_l_ égas)
P11 P2V

gas _
b1 =

Assuming no polymer molecules in the gas ph@§¥&, = 1 — 5.

The reduced gas phase dengitd/*, is calculated by solving equation ( A.40)

— _p—gas2 ~ pygas (1o 1 as
P - exp Tgas  Tgas rgas P

mix

in which

gas +B
A¢gas2 + B¢gas
1
(apt™ + )
A¢gas + B¢gas

1 gas (1_ gas)
rgas = + -

T9% = R,T

p9as = p

mix r )

(A.39)

(A.40)

(A.40.1)

(A.40.2)

(A.40.3)

The clustered function af, 8, A, B, andC are defined according to the equations ( A.14d) (/.15 ).

After calculation of closed-packed volume fractimincomponents in the gas phagé{and $5™*) and

the reduced gas phase density“f), it is possible to calculate chemical potentiatomponentd and2

in the gas phase from equations ( A.41) and ( A.4@spectively.

T
HgaS—RT[l ¢gas+1_ 1 ]

as
rd mix
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gas * & gas * gas_ « %
*gas ix ((¢ +¢2 U12£12) —&* mlx((;b ¢ V12 )+£ gasmix] +\

(
+7”1{ R,T ~gas }
\ 7

[(1 — pgaS) ln(l — pgaS) + P lnﬁgas] Saas [2(¢gaS x4 ¢gaSU12) _ U*gasmix] J

"2
uy =R T[ln¢gas 1w ] (A42)

mix

_ﬁgas[ *gas ix (((‘bgasviz €12 + ¢2 g *85 *gasmlx(d)gas ! + ¢gaSU; )+ S*gasmix] +
+ rZ pgas

[ oG = o) 42— (28 + 9870) v ] |

in whichv*9%° .. ande*9% .. are defined as
v = adp! + B (A.43)
2
gas ~ A¢gas + B¢gas
mix — gas + ﬁ (A'44)

The clustered function af, 8, A, B, andC are defined according to the equations ( A.14d)(a4.15 ).

Similar to binary system described before, it isassary to define the characteristic parametershéor
polymer phase as the mixture of solute?) and polymer3) components. By expanding equation ( 4.5)
and consideringp?®" + ¢pF% + $?°' = 1, the characteristic closed-packed molar volumenoér” of

polymer phase mixture can be written as

Unnix 01¢p01 + 0'2¢501 + 03 (A.45)
in which,

0L =V] — V3 (A.45.1)
0, = Uy — U3 (A.45.2)
03 = U3 (A.45.3)

Similarly, for the characteristic mer-mer interactienergy of polymer phase mixture, it is posstble
obtain equation ( A.46 ) by expanding equatior8()4.

+ pol _ 1¢pOl + Azd’ml + AP dE% + By + Booh + ¢y

mix pol pol
[} ¢1 + (4] ¢2 + 03

(A.46)

in which,
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Ay = (V1 + €303 — 2€13013 (A46.1)

Ay = €307 + £33 — 2853053 (A.46.2)
Ay = 2(e15V1; — €13V13 — €33V33 + €303) (A.46.3)
By = 2¢13v13 — 2€303 (A.46.4)
B, = 2&33v33 — 2€303 (A.46.5)
C, = &3v3 (A.46.6)

Finally the number of sites (mers) occupied inldigce by a molecule of polymer phase mixture \wal

given by equation ( A.47 ) assuming>r 1, I».

1 fOl gol
= +
Dol (A.47)
Toix n &)

The Sanchez-Lacombe EOS for polymer phase is @utdiy substituting equations ( A.45 ), ( A.46 ),
and (A.47) into the equation ( 4.1) as giverejyation ( A.48)

! l 2
(O’ld)fo + 0'2(1)50 + 0-3)

_ 2
prot + P 7 > (A.48)
l l l l l l '
A1¢fo +A2¢§m +A12¢fo 50 +B1¢fo +Bz¢§o + C;
pol pol pol pol
+RgT . g1¢1 toa¢; +03 [ln(l — ﬁpol) + (1 Y1 2_) p—pol] =0
A1¢f01 +A2¢501 +A12¢f01 §Ol+81¢f01+32¢§01+(31 T T

in which, reduced polymer phase densi8?!, and closed packed volume fractions of solute corepts

in the polymer phasey”*'and$?°" are the only unknowns.

The other two equations needed are provided byhérenodynamic rule for the equilibrium condition as

mentioned earlier; i.eu?® = pP°" andud® = 2. These equations are obtained by substituting

equations ( A.45), (A.46), and ( A.47) into atjon ( 4.11).

For component, the equilibrium condition is given by

pol pol
pol 1 2
R,T [ln¢)1 +1-n < " + T)] (A.49)
_spol|___ 2 pol pol _
+ rl { p o_1¢;1r)ol+o_2¢§ol+o_3 ((G1¢1 + GZ¢2 + 63)

12 12 1, pol 1 1
A1¢f0 +Az¢>§° +A12¢f0 5’0 +31¢f0 +Bz¢§° +Cq (g ¢pol +g ¢pol +g ) +
01¢f01+0'2¢50[+0'3 11 2%¥2 3
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RyT

+ ﬁpol

2 2
pol pol pol ,pol pol pol
A1py " +Ax, T +A1¢7 P, +Bi1¢y +Brp,  +Cy
pol pol
019, +ox¢, +o3

(1~ 5P In(1 - po0) + %‘”znpwt] +

%[Z(gld)fm + 9295 + g3) = (0197 + 0,0 + 0'3)]} -1/ =0

in whichG,, G,, G5, g1, g, andgs are clustered functions given by

Gy = V1€ — V13€q3 (A.49.1)
Gy = V12612 — U13€13 (A.49.2)
G3 = Vy3€13 (A.49.3)
g1 =V1 — V13 (A.49.4)
g2 = V12 — V13 (A.49.5)
g3 = V13 (A.49.6)

and for componerg, the equilibrium condition is given by

pol pol
l
R,T [lnqb;’" +1-1, ( 7{1 + j—2>] (A50)

2
ol ol
01¢f +0'2¢720 +03

+ T2 {_p_IJOl

((Hld;f"’ + Hy¢p? + H3) —

12 ;ool2 pol , pol pol pol
A1¢f0 +Ay¢p;  +A12¢; 5 +Bip] +Brp,  +Cq pol pol
( (hi P + Ryl + h3) | +

ol ol
O'l(l)f +O'2¢§ +03

2 2
pol pol pol ,pol pol pol
Agpy " +Ax, T +Ao¢7 P, +Biy +Byp,  +Cy
pol pol
o019, +oy¢, +o3

5pol
+ % [(1 - ﬁpol) ]n(l - ﬁPOl) + %lnﬁp‘)l] +

i [2(h 077" + ha¢l + hs) = (007" + 0,08 + 03)]} ~ " =0

in whichH;, H,, Hs, hy, h,, andh; are clustered functions given by

Hy = viy815 — V33833 (A.50.1)
Hy = v36; — V33833 (A.50.2)
Hz = v33833 (A.50.3)
hy = v1; — U3 (A.50.4)
hy =v; —v33 (A.50.5)
hs = vl (A.50.6)
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By simultaneous solution of three non-linear equretiof ( A.48 ), ( A.49 ), and ( A.50 ), the unkmow

parameters of reduced polymer phase depdity,and the closed-packed volume fractions of solute

components in the polymer phag°’and $?°' are calculated. All of the properties of interese

consequently calculated from these parametergssided hereunder.

A.3.1. Solubility in polymer

According to equation ( 4.7 ), the mass fractiosafitel and2 in the amorphous phase of the polymer

can be calculated from

_ 1 =] gr sol.1
@sam = o33\ (@7 Pl (1 — ¢pP% — P ~“gr (sol.1+ sol.2 + am.pol) (A51)
1 + (ﬁ) ol ( * *) ol '
p1v1/ \¢p? p1Vy v
_|(p2v2 ;’01 =] grsol.2
@2am = piv; f"l Praml= gr (sol.1+ sol.2 + am.pol) (A.52)
And consequently
_q =] gr am.pol
“3.am = @1am = D2.aml= gr (sol. 1+ sol.2 + am.pol) (A.53)
The solubility of the species can simply be calmday
g _ Wigm ., grsol.l
Lam = W3am B gr am.pol (A54)
g _ Waam ., grsol.2
2O s am - gr am.pol (A55)
g _ Wigm + Waam ., gr (sol.1+sol.2)
12,am — a)3,am - gr am. pOl ( A.56 )
gr (sol.1 + s0l.2)
S12,0t = S12,am(1 — X)[=] (A57)

gr (am.pol + crys.pol)

In addition, the mole fraction of mers of compan@nhoccupying total mers (sites) of the model lattice

closed-packed state can be calculated as

V] v; mole total mers

xlpOl _ ﬁ/z ((l)fjl) (] mole mer (i) (AS58)
J
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A.3.2. Swelling of polymer

In order to estimate the extent of swelling of apmmus polymer phase because of sorption of solute
species, firstly, the initial density of the amaoopk polymer at the same temperature and pressecetoe
be calculated. This is done by solving equation594) for reduced density of pure amorphous polymer

similar to the equation ( A.22).

p3 =1—ex —E—E—_
P3 p T, T, P3 (A59)

where,ps, is the reduced amorphous polymer density. Acogrtlh its definition, the amorphous polymer

density will be equal tp5p5.

On the other hand, in order to estimate the densitlye polymer phase at equilibrium sorption (irttthg

solute (, 2) and polymer3) components), the characteristic density of thgrper phase is defined as

1
= <w1,2m> + (a)z,gm) + <w3,gm> (A.60)
P1 P2 P3

and consequently the density of the amorphous peryhase will be equal o' 5 P,

The extent of swelling of amorphous polymer phase @ the sorption of solute componeris2) can
be obtained by simple mathematical manipulatiorsetequal to

_ 505 (1 + S am + Sz.am) _

SWizam = o POl 1 (A.61)
p;m(1 +Siam t Sz,am) = lit (am.pol + sol. 1 + sol.2)
p*p pot B lit (am.pol) (A61.1)

The extent of total polymer swelling consideringswubility in the crystalline phase can be caltadao

be equal to
Xve + (= 20(1+ Syam + Sa.am)
¢ * > pol
SWiztor = il -1 (A.62)
' Xve + a-x
© 7 p3ps
v+ (1 B X)(l + S‘1,am + Sz,am)
XVe p*p pol = lit (am.pol + crys.pol + sol.1 + sol. 2)
V. + -0 B lit (am.pol + crys.pol) (A62.1)
© pap3
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in which, v, is the specific volume of fully crystalline polgmphase. For fully crystalline polyethylene

v, = 0.001 m3/kg.

A.3.3. Concentration of solute species in the polymer phas
The concentration of soluté&)(in the amorphous polymer phase can be easilyledér from

w p*p pol mol sol.1
C — 1,am r=
Lam MWy t ]lit (am.pol+sol.1+so0l.2) ( A.63 )

in which, MW, is molecular weight of solute spectebaving unite ofyr/mol.

In order to estimate the concentration of spedigs the whole polymer including amorphous and

crystalline phase, first the volume-based crystiéyliof polymer is calculated

_ XV = lit crys.pol
Xy = i (1 *—_)() it (crys. pol + am.pol) (A.64)
P3pP3

And the concentration of componéehin total polymer phase can be estimated by

1+ SWizam) mol sol. 1
L T o 12am) (1 - x)[=]
(1 + SWlZ,tot)

C =C
Ltot = “Lam lit(am.pol + crys.pol + sol.1 + sol.2) (A65)

A.3.4. The density change in the polymer particle due tdie sorption

According to the equation ( A.57 ), the ratio ofsmaf polymer particles after and before sorpt®on i

given by
Mswollen
polymer  _ 4 . ¢ =] gr (sol.1+ sol.2 + am.pol + crys.pol)
Mnon-swollen 12tot gr (am.pol + crys.pol) (A.66)
polymer

and according to the equation ( A.62 ), the ratoreen volumes of swollen and non-swollen polymer

particles will be given by

szo llen

lit (sol.1 + sol.2 + am.pol + crys.pol
polymer = 1+ SWipsoc[=] ( 4 ys.pol)

lit (am.pol + crys.pol) (A.67)

Vnon—swollen
polymer

The change in the density of polymer particlesl(idimng amorphous and crystalline phases) due to the

sorption is, as previously given in equation ( A)68
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Mgswollen Mswollen

__polymer __ polymer
Pswollen Vswollen Mpon-swollen
_ polymer _ polymer _ _ polymer _
pchange - Pron—swollen 1= Mpon—swollen 1= V swollen 1 (A68)
polymer polymer polymer
Vnon-swollen Vnon-swollen
polymer polymer

By substituting equation ( A.66 ) and ( A.67 ) imtguation ( A.68 ), the change in the density dfmer
particles (including amorphous and crystalline gisaslue to the sorption will be given by

1+S12t0t 1

Pchange = 1+5W1a.tot (A.69)
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Appendix B

Nonstandard Finite Difference Scheme
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B. Nonstandard finite difference (NSFD) method

Nonstandard finite difference (NSFD) method for themerical integration of the differential
equations, developed by Mickefid currently has found a growing applicability in ttiéferent fields of
science and applied scierielt is our intention in the current appendix, fiystto provide a basic
introduction to this method and subsequently temctits applicability to a reaction-diffusion typé
problem in spherical coordinates as the final fofrRolymer Flow Model (PFM).

B.1. NSFD method description

The concept of “dynamic consistency” constituteg ttore underlying principle of this

methodology. Dynamic consistency is defined ao¥edl consider the differential equation
dx
PrRAGED) (B.1)

whereA is the representative of parameters definingstiséem modeled by equation ( B.1 ), whiland
t are dependent and independent variables, reselgctNow, let a finite difference scheme for eqoat{
B.1) be

Xp1 = F(xp, ty, b, 1) (B.2)
in whichh is step-size for independent variable hes At.

Letting the differential equation and/or its satuis have propertl, the discrete model, equation ( B.2 ),

is considered as dynamically consistent with eguatiB.1 ), if it and/or its solutions also has ety P.

For many systems in engineering science, the deyméndriables represent physical variables that@an
take negative values for example they may be cdrat@n or absolute temperature. For such systbms t
propertyP is referred to “positivity”. As a result, in theymamically consistent schemes with positivity
condition, the nonnegative initial and/or bounddata will evolve into nonnegative solutions at fate
times.

The main issue regarding the numerical solutiondifferential equations is the possibility to
encounter to the “numerical instabilities”. Numatinstabilities, in general, are indicative ofgans to
the discrete equations which do not corresponchyosalution of the corresponding differential edomat
One possible mechanism for this to occur is to hheefinite difference scheme that does not satisfy

some physical principal e.g. positivity on the s$iolus of PDEs. In simple words, if the solutiorigtee
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PDEs are restricted to have nonnegative valuesntheerical instabilities would exist if the finite
difference method allows negative values as itsutgwi for nonnegative initial and/or boundary

condition.

As a result, the main purpose of Nonstandard Fibitderence (NSFD) method is to construct a
“dynamically consistent” scheme in order to avaidts numerical instabilities. In this method, theité
difference scheme for the studied model must beigted” in a manner that it meets the requirement t
be dynamically consistent to avoid the instabifitpblems. This in turn implies that each differahti
equation has to be treated as a unique mathematicgture and as a result, must be discretizea in
unique manner in this method. For instant, if ameealing with a system model in which the pogitivi
condition is valid for the dependent variable (ireegative value for this variable is physically
meaningless), the finite difference scheme shoeldlésigned in a way that preserves this condition.
Mickens*® also has provided further basic rules for appedgriconstruction of nonstandard finite
difference schemes which are skipped here for tbeitly reason. For a more comprehensive presentatio
of this method, interested readers are referredfemences [1-3]. Further clarification of this med will

be achieved here as its applicability is extended sblving reaction-diffusion type of problem in

spherical coordinates as the main interest oftogect.

B.2. Application of NSFD scheme to PFM

In order to dynamically calculate concentrationdigat through a growing particle by PFM
model, one must be able to solve the final forrmaks balance in the spherical coordinates as wovid

in equation ( B.3):

oM 9°M = 20M
T=D(5E+2%) kM (B.3)

with initial and boundary conditions

T=0: M=0 0<r<i1 (B.4)
am

r=0: FZO =0 (B.5)

r=1: M=1 =0 (B.6)
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in whichM, r, andz correspond to dimensionless concentration, radiug time respectively. In equation
( B.3),D is a dimensionless constant proportional to thiuslvity of the species through the particle

while k is also a dimensionless constant proportiondtéaéte constant for monomer consumption.

A similar equation is obtained for energy balanterder to estimate the temperature gradient thr@ug
growing particle. However, the steps taken to qoicstthe nonstandard finite difference scheme fmly
the mass balance equation are presented hereefdtybpurpose while similar principles are alsortggi

applied for energy balance equation.

The discretization of the normalized particle te thrids of equal thicknesdy, at each step of the
dimensionless timer, is represented in Figure B.1. The discrete fofonghe first-order time and space
derivative, and second-order space derivative areng respectively, by the usual forward Euler and

central difference representations:

oM Mt —m)
I

—_— - B.7

at At ( )

oM Mij+1_Mij

; - Ar ( 8.8 )

*m Mij+1_2Mij+Mij—1

oz (ar)? (B.9)

Ml.j represents the dimensionless concentration at grid dimensionless time stgp

As a result the discrete form of the equation3 Bcan be written as:

j+1 J J J J J J

M; =M _ (M, —2M; +Mi—1+EMi+1_Mi _ it B.10

At (Ar)? T Ar L (B.10)
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N: Number
of Grids r1 r2 f3 rN -2 rN-1 N

Figure B.1. discretization of the normalized parttle at each time step.

It worth mentioning that the componeén¥ in the equation ( B.3 ) is discretized Idb!ij“in equation (
B.10 ). This is referred to “non-local” discretiiat, which plays essential role to obtain dynanhcal

consistent schemes and is frequently used in NSethad.

Rewriting equation ( B.10 ) will result in

Ml —2m +m 2ml - M/ -
— — kAtM!
(Ar)? T Ar T (B.11)

1 _
M —Ml.—DAT<

and rearranging the equation ( B.11 ) will lead to

Mj+1(1 + kAT = I, ( DAt N 2DAT> j ( DAt ) Y, (1 2DAt 2DAT>
i T) =M, (Ar)? " TAr i-1\(ar)? i (A2 TAr (B.12)
and finally
i (DAt | 2DAt i ( DAt i 2DAt  2DArt
j j (1~ _crat
Mt = i+1 ((Ar)z + riAr ) My ((Ar)2> + M (1 (Ar)2  rAr ) (B.13)
LT (1 + kA7)
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At this point, the positivity condition can be ajepl to the scheme in order to meet the requirenment

have a dynamically consistent system i.e. the ngsine initial and/or boundary data to evolve into

nonnegative solutions at later times or in otherdle-j =0= Ml.j+1 = 0.

It is clear from equation ( B.13) that all of teyron the right hand side of the equation have rgatne

2DAT 2DAT
(Ar)? rilr

value expect for(l — ) which may accept negative value. As a result ideprto have

dynamically consistent scheme, the positivity cbadimust be applied to this term

2DAt 2DAt >0
(Ar)?  rAr (B.14)

which can be rewritten as

1 1
2DAT (W +r,-_Ar) <1 (B.15)
and it can be finally rearranged in the form of
1

T 1
2D (W+W> (B.16)

At <

However, it is possible to simplify the equatioB.(6 ) further. As the grid radius, decreases the value

of right hand side of inequality, mﬁ also decreases. As a result, the value of Hght side
(Ar)2+riAr

of inequality will reach its minimum value at thagplied” grid with minimum radius. According to the
j

Figure B.1, this corresponds to the grid 2, aggtfiet 1 is subject to the boundary conditior(%{f) =0
1

or in other WordsM{ = M{. For grid 2, as depicted in Figure BA,= Ar, and consequently the

functional inequality for the space and time steqos be simplified to

(Ar)?

AT <
Y="2D

(B.17)

Now, it is possible to summarize what has beemiobtl in the current appendix. First, the
nonstandard finite difference method for equatidd.g ) given by equation ( B.13 ) is a dynamically
consistent or positivity preserving scheme, if gguation of ( B.17 ) holds true. Second, a funetion
inequality is found between the space and time-sitegs employing NSFD method, which ensures the
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scheme to be numerically stable and finally, therall developed scheme is explicit. This point ban

easily seen by observing thﬂf+1appears only on the left side of equation ( B.13).
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Appendix C

Polymer Flow Model

Numerical Solution for Dynamic Mass and Heat
Transfer Problem in Spherical Coordinate with
Moving Boundary Condition
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C.  Numerical solution to Polymer Flow Model (PFM)

In this appendix, it is intended to provide theailstof calculation steps which have been taken in
order to be able to numerically solve the PolymiemFModel. It is important to note that the Polymer
Flow Model itself has not been explained in thipeqdix. However, where necessary the important
assumptions or considerations associated to tiferelitt aspects of the model have been highlighied f
the purpose of clarity which would also facilitdfialowing the steps related to the development of

numerical solution through the appendix.

In the notation used in this appendix, the supgiscefers to time step while subscript refers tie t

number of the grid to which the physical propenyongs to. For instanc@t" represents the temperature

of ith grid at thgth time step.

In addition, the list of symbols used in this apgigrwith their brief definitions and units are pided at
the end of the appendix.

C.1. Grid generation

In the PFM model, the growing polymer particleajgproximated with a pseudo-homogeneous
spherical particle in which it is assumed thatghl/merization active sites are dispersed homogesigo

At each time step during the numerical solutior, dimensionless normalized radius of the particlés
defined by dividing the particle radius at thateisteple, to itself. In other words

R/
=—L_1

'y =—"=
R/

(C.1)

The normalized particle radius is discretized iNtoadial shells having the same thicknesdxfexcept

for the first and\th grid, as shown in Figure C.1. The thicknessirst indNth grid is considered to be

%. Regarding Figure C.1, it can be written

A A
r:<7r>+(N_2)(Ar)+<7r> (C.2)
and consequently

r=(N—1)(Ar) (C3)

197



and as a result, the- can be calculated from

r
N-1 (C4)

Ar =

N: Number r r. . 'r
of Grids 1 2 '3 N_er_er

Figure C.1. The discretization of normalized partide radius into N shells.

The radial position of each shell is given by

rp = (i —1)(ar)

(C5)
The dimensionless volume of each grid is calculaied
for 1* grid
4 (Ar?
" :§”<7) (C.6)

from grid 2 to grid numbeN-1

(ri + (%))3 - (Ti B (%))3] (C.7)

and forNth grid

4
Vi :§T[
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4 L (1 (Ar>>3
vy=cm|l—|1—-|—=
N3 2 (C.8)
Finally, the total dimensionless volume of the syaa particle will be equal to

3 (C.9)

By assuming homogeneous distribution of the polyradion active sites immobilized on the surface of
the initial catalyst fragments through the growpalymer particle and as a result the normalizetigdey

the volume of catalyst dispersed in each grid @odbculated from

Vcati = (%) Veat (C.10)

in whichV,,; is the volume of initial fresh catalyst particiculated from

(C.11)

with r,.,; being the radius of initial catalyst particle.

C.2. Mass balance for reactant ethylene and development its numerical solution

C.2.1. Mass balance equation

The mass balance for the reactant of ethylenecifPffM model is given by

O[Mlppy _ 1 0 2 9[M]ov4
T a3y T 2 vt ——.—— | — Ry

a  rPon ar, (C.12)
with first boundary condition
[M]ov.l = [M]ov.eq.l @ n=R (C.13)

while assuming no external mass transfer resistdmoagh the boundary layer of the particle.

second boundary condition is given by

0[M]ova

o, 0 @n=0 (C.14)
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and initial condition is provided by

[Mlpp1 =0 @ t=0 and 0<1r <R (C.15)

where[M],, , is overall ethylene concentration through theip@t{M],, .4 1 is the overall equilibrium
concentration of ethylene in the partidlg,, ; is the overall ethylene diffusivity through therize, and

R, is the volumetric rate of ethylene monomer congionp

The volumetric rate of ethylene polymerizati®y, is calculated by

Ry, = Ry (%;36)> (C.16)

in which, e, is the particle porosity anpl is the overall growth factor defined as

Ry

Teat (C.17)

with R, representing the equivalent radius of “polymerydnparticle at each time step without

considering the existing particle porosity.

R0 is the rate of polymerization at the catalystiptatsurface given by

Rpol = kpC*[M]ov.l (C.18)

with k, representing the propagation constant at the Ipagicle temperature and” being the local

concentration of polymerization active sites.

The temperature dependency of propagation conistdescribed here by Arrhenius-type of correlation

)
kp = kprese "N TS (C.19)

in whichk, ,..r is the propagation constant at the reference teatype,T,..r. E, is the activation energy
for propagation an@, is the universal gas constafitrepresents the local temperature of active site in

the polymer particle.
The deactivation of catalyst active sites durirgy¢burse of polymerization is considered in the ehbg
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C*=Cie kat 4+ (3 (C.20)
which can be rewritten as

C* = Cje kat
(C.21)

in which Cj is a clustered function defined as
Co = Ci + Cye’at (C.22)
where(C; is the concentration of active sites at the timezas the catalyst particle being exposed to the

reaction environment ankl; is the deactivation constant. The temperature ey of deactivation

constant is also described by Arrhenius-type ofetation

_@(1_ L)
kg = kgrepe Bo\T Trer (C.23)

in whichk, ,..r is the deactivation constant at the reference égatpre T, r. E, is the activation energy
for the catalyst deactivation.

By substituting equation ( C.23 ) in equation (IC)2the concentration of active sites at each e

will be given by

C*=Cle (C.24)
By substituting equations ( 5.11 ) and ( C.24 ¢ iqjuation ( 5.10 R,,,; will be given by
_E_d(z_;)
i g o)
Rpol = (kp,refe Rg\T" Tres >| CSe /l[M]ov.l (C.25)

and as a result the volumetric rate of ethylengrpetization,R,, is calculated by substituting equation (
C.25) into equation ( 5.8 ) to be
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(C.26)

_E_d<1_ 1 )

_&(1_ 1 ) —<kd,ref€ RG\T Tref >t (1-e
R, = <kp,refe Rg\T Tref >\C$€ / [M]oyll (T)
Finally, the mass balance for reactant ethylenevigeal in equation ( 5.3 ) can be rewritten by
substitutingR,, with equation ( C.26)

M]opps 10 20[M]op
- = D lrl -
ot le aTl ov. 07‘1

C.2.2. Dimensionless form of mass balance equation

In order to transform the mass balance equatiof ©f27 ) to a dimensionless form, the following

dimensionless parameters are defined:

(a) dimensionless ethylene concentration in thgmet particle

M. = [M]ov.l C28
L7 Mlpeqs (C.28)
in which

[M]op.eq1 = [M]eq1(1—€) (C.29)

[M]q.1 is the equilibrium concentration of ethylene ie tolymer phase, whilgM],, ¢, 1 is the overall

equilibrium concentration of ethylene in whole pdedhnomogenous particle considering its porogity,

(b) dimensionless time

t
tchar ( C.30 )

)
I
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in whicht is the dimensionless time,s the time (in seconds), ang,,, is the constant representing the

process characteristic time (in seconds).

(c) dimensionless radial position

n

r =—
R, (C.31)

in which r is the dimensionless radial position inside themaized pseudo-homogeneous polymer
particle,r; is radial position in the pseudo-homogeneous petyparticle (in meter) ang, is the radius

of the pseudo-homogeneous polymer particle at tsmehstep during its growth (in meter).

(d) dimensionless temperature

T_T
T, (C.32)

in which T,. is the dimensionless temperatuFeis the temperature (in K), arffig is the bulk temperature
(in K).

(e) dimensionless reference temperature

T
Tr,ref = ;Zf ( C.33 )

in whichT,.,..r is the dimensionless reference temperatljig, is the reference temperature (in K) , and

T, is the bulk temperature (in K).

By substituting th¢M],,, , t, r;, T, andT,.., with their dimensionless forms in the mass balapeation

of ( C.27), the dimensionless form of mass balapetion is obtained:

)
— g'b\'7T ‘rref
oM, 2M, 20M, e T A '
e =D, arz ; o — ke Bg r Irref/e M1 (C34)
in which D, is the dimensionless diffusivity of ethylene definas
_ Dov.ltchar
1= pH2
R; (C.35)

andk is the dimensionless rate coefficient for ethylpol/merization defined as
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. (1-9e
k = kp,refCO tehar | =3 —

@3 (C.36)

C.2.3. Discretization

The dimensionless mass balance equation of ( C.B4djscretized applying the nonstandard finite

difference scheme (NSFD) as described in the pusvippendix.

The discrete form of the first-order dimensionldsse derivate is provided by the forward Euler
representation, while the discrete forms of thestfirder and second-order dimensionless space

derivatives are given by forward Euler and cerdifirence representations, respectively.

1 _ g J i _ j j i _m
My; My; —pJ <M1i+1 2My; +M1i—1>+ (2><M1i+1 M1i>

AT ! (Ar)? Ti (Ar)
_E_¢<L_ ) > (C.37)
RgT i T
- (kd,ref tcha‘r)e g'b Tr{ rref )
_Eg (1 1
_ k] e RgTb<T-r{ Tr,r6f>e / M1j+1
L l
in whichD{ at each time step is given by
Dj — Dov.lfcizlar
(R]) (C.38)
andkij at each time step is provided by
; ; (1-9¢)
J *
ki - kp,refcogtchar ( (¢j)3 ( C.39 )
in which
/ _&<L_;)\
RgTp rj Tr,ref .
IK(kd,ref tchar)e i )IT} (C.40)
Col = Ci + Ce

and
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¢J’ = R_p]
Tcat (C.41)

By rearrangement of equation ( C.37 ), the dimare&s concentration of ethylene in the next tine@ st

j+1

of j+1 for each grid of, M;; ™", can be explicitly calculated from

(C.42)
.t DAt  (2D]A7] .t D] A7l .t 2D/AT\  (2D]AD
wa | \@n?) T \m@ny ) | T e anz) T @)~ \ e
|

Eq <1 1 ) ((kd.reftchar)eg_< i r,ref)) J

—RgTb ;{_Tr,ref e

1 _
MyJ*t =

1+ kl.jA‘rj e
For the grid=N, the boundary condition stated in equation ( 5Mll)be applied as
Mt =1 (C.43)
while for gridi=1, the boundary condition provided in equation ()avll be applied
M, = my (C.44)

By applying the positivity condition to equatioi©(42 ) and in order to have numerically stable tsmh,

the following mathematical inequality must be valid described in detail in the previous appendix

_(2p{ad)\  (2p]Ad .
(Ar)2 r;(Ar) | — (C.45)

This will result in determination of maximum dimésrdess time step in order to have numericallylstab

solution as

4p] (C.46)
By substituting equation ( C.38) ngi into ( C.46), we will have

(Rj)z(Ar)Z

ATl <
4D ov.1 tchar

(C.47)
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or it can be rewritten as

sl (R @

max1 4Doy.1tchar (C.48)

As can be seen from ( C.47 ), the maximum dimetesssntime step to have stable numerical solution
increases proportionally to the size of the pasti€lonsequently, as the polymer particle growstduke
accumulation of the produced polymer, the dimeregmtime step allowed having stable solution also
increases, resulting in faster calculation of tHel polymerization time period while demandingsles

computational time.

C.3. Mass balance for inert condensing agent (ICA) andelrelopment of its numerical
solution

C.3.1. Mass balance equation

The mass balance for inert condensing agent (IE4hen by

a[M]ov.Z _ 10 2 a[M]ov.Z
T a3y T 2 Dov.zrl a—
N

at  rPon (C.49)
with first boundary condition
[M]ov.z = [M]ov.eq.z @ n=FR (C.50)

while assuming no external mass transfer resistdmoagh the boundary layer of the particle.
second boundary condition is given by

a [M] ov.2

ar, 0 @n=0 (C.51)

and initial condition is provided by

M]pp2 =0 @ t=0 and 0<1r, <R, (C.52)

where[M],, , is overall ICA concentration through the parti¢i],, ., » is the overall equilibrium

concentration of ICA in the particle, afyg,, , is the overall ICA diffusivity through the particl
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C.3.2. Dimensionless form of mass balance equation

In order to transform the mass balance equatiof ®fl4 ) to a dimensionless form, the following
dimensionless parameter is defined in additioméodnes defined in the previous section:

(f) dimensionless ICA concentration in the polymarticle

e Mlovs
=2

[M]oveq.2 (C.53)
in which

[M]ov.eq.z = [M]EQ-Z(l —€) (C54)

[M]¢q.2 is the equilibrium concentration of ICA in the poler phase, whil¢M],, ., is the overall

equilibrium concentration of ICA in whole pseudosmmgenous particle considering its porosity,

By substituting thgM],, ,, t, andr; with their dimensionless forms in the mass balagmeation of (

5.14), the dimensionless form of mass balancetixjuis obtained:

oM, (62M2 26M2>
—=D, + -

ot or? r or (C.55)
in which D, is the dimensionless diffusivity of ICA in the poler particle, defined as
D2 — Dov.z gchar
R; (C.56)

C.3.3. Discretization

The dimensionless mass balance equation of ( C.B5djscretized applying the nonstandard finite
difference scheme (NSFD) as described in the pusvéppendix.

The discrete form of the first-order dimensionldsse derivate is provided by the forward Euler
representation, while the discrete forms of thestfirder and second-order dimensionless space

derivatives are given by forward Euler and cerdifirence representations, respectively.
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- . . . . . .
Mal™ — My _ DJ My y = 2Ma] + My, N (E) Mal, — Mz} (C57)
AT 2 (Ar)? 7 (Ar) '

in which
Dj _ Dov.z tchar

B (R}’ (C.58)

By rearrangement of equation ( C.57 ), the dimenegs concentration of ICA in the next time step of

j+1
i

j*+1 for each grid of, M,/™~, can be explicitly calculated from

(C.59)

: [ (Diad\  (2D)Ad . (D)ad : 2DJAd\  (2D]AT
M = 2 2 vt (2225 f il 1= 2 _ 2
21 2it1 ((Ar)z \Tan ) | T e\ a2z ) T M anz |\ Tan

For the grid=N, the boundary condition stated in equation ( 5.4l be applied as

Mz{;rl =1 (C.60)
while for gridi=1, the boundary condition provided in equation 5. Will be applied
M, = Myt (C.61)

By applying the positivity condition to equatioi©(59 ) and in order to have numerically stable tsmh,

the following mathematical inequality must be valid described in detail in the previous appendix

. 2D]ad\  (2D]Ad .
(Ar)2 r;(Ar) | — (C.62)

This will result in determination of maximum dimémsess time step in order to have numericallylstab

solution as

4D (C.63)

By substituting equation ( C.58 ) fDé into ( C.63), we will have
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i\ 2
AT < —(Rl]) (ar)”
B 4'Dov.ztchar ( c.64 )

or it can be rewritten as
£ 2
ad - (Ri) @r)?
max,2 4‘Dov.Z tchar ( C.65 )

C.4. Energy balance and development of its numerical sation

C.4.1. Energy balance equation

The energy balance for a thin shell of pseudo-h@mnegus polymer particle at each instant during the

polymerization process, demonstrated in Figure, €gh be written as

oT o (0T oo (0T
pmJVle,polE = (_kc,p(4nrl )(a_r) |rl> - <_kc,p(4n(rl + drl) ) (a_rl> |rl+drl>

i) (C.66)
+ (_AHpol)RvVl + (_AHsorp,Z)a([M]ov.ZVl)
in whichp,,, is the overall particle density given by
Pov = Ppor(1 —€)
ov.— ot (C.67)
andV; is the volume of the pseudo-homogeneous polynadt isicluding its porosity
Voot
v, =2
l (1-¢) (C.68)
with V,,,; being the volume of the polymer inside the shell.
Regarding Figure C.%; can also be written as
V, = 4nrfdn
(C.69)
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In equation ( C.66 )y, 50 is the heat capacity of polymer partickg,, is the thermal conductivity of
polymer particle AH,,, is enthalpy of ethylene polymerization, aaH;,.,, representing enthalpy of

sorption of ICA from gas phase into polymer phase.

Figure C.2. The energy balance for a shell of pseaehomogeneous polymer patrticle.

Rearrangement of equation ( C.66 ) results in

aT 10/, <6T> N ( —AHy,) )R N (—AHsorpz) 10 M1,V

— = —— T —_ _— —_

at v rlz aTl : arl povcp,pol v povCp,pol Vl at ov27l ( C.70 )
a,y IS the overall thermal diffusivity of the partidiefined as

k
Aoy = =P
povCp,pol ( C.71 )

with first boundary condition

aT

_kc,p a_rl

|Rl:h(T|Rl_Tb) @ n=R (C.72)

second boundary condition is given by
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aT

and initial condition is provided by
T=T, @ t=0 and 0<1 <R, (C.74)
C.4.2. Dimensionless form of energy balance equation

By substituting thelM],y, 1, [M]oy2, t, 11, T, and T, with their dimensionless forms in the energy

balance equation of ( 5.19 ), the dimensionles® foff energy balance equation is obtained:

(C.75)
_RE_(’}‘<TL_T ; )
- g'b\'T ‘rref
o _ 19 ( zaTT> PP o o) et W =L nw)
—_— = —_— g r Irre -
ot “rzor\" or pe € ! VVla 27
which can also be written as
(C.76)
)
— g'b\'T ‘rref
T, 62Tr N 20T, N _RE—(”II"I,(TL_TLf) (karef tchar)e ‘rM . (6M2>
—_— = _ g r Irre __“
o = “\arz trar )t e ¢ RRANE
M\ 0V,
(7))
Vl ot
in which, « is the dimensionless thermal diffusivity of thetjmde defined as
— Aovlehar
R (C.77)
B is a clustered function defined as
ﬁ _ (_AHpol)kp,refCS [M]ov.eq.ltchar(l - E)
povCp,polde)3 ( C.78 )
and finally the clustered function pfis provided by
_ (_AHsorp,Z)[M]ov.eq.Z
povcp,polTb ( C.79 )
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C.4.3. Discretization

The dimensionless energy balance equation of ( ¢.i86discretized applying the nonstandard finite
difference scheme (NSFD) as described in the pusvéppendix.

The discrete form of the first-order dimensionldsse derivate is provided by the forward Euler
representation, while the discrete forms of thestfirder and second-order dimensionless space

derivatives are given by forward Euler and cerdifirence representations, respectively.

(C.80)
Trlj+1 — TT{ — o) TT{+1 — ZTT{ + TT{—l + (E) TT{+1 — TT{
At (ar)? T (Ar)
_i<L_;>
RgT i T
- (kd,reftchar)e o Tr{ e o)
_RE(TI' (LJ_T ; ) \ / sz+1 - sz
J g'b\T,] 'rref j i i
thie ¢ Mli+y( AT )
o (M) (M Vi
Vll! AtJ
in which
a]' _ Qoptchar
= —j >
(&) (C.81)
and
ﬁj _ (_AHpol)kp,refCS{[M]ov.eq.ltchar(l - 6)
' povCp,polTb (¢1)3 ( C.82 )

By rearrangement of equation ( C.80 ), the dimensgs temperature in the next time steg+df for

each grid of, Tr{“, can be explicitly calculated from

(C.83)
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np—— al At/ N 20! ATJ ey al At crilq 200077\ (2a) AT
re i (Ar)? r;(Ar) ri-i\(ar)2) T (ar)? r;(Ar)
_E_d<;_ 1 >
RgT i T
- (kd,ref tchar)e e Tr{ rref o)
)\

/ My] +y (Mt = My])

__Eg (L_ 1
i . TRyTp\7J T
+platie NPy rre

J
VMZ.l'

+
v
li

W =)

By applying the positivity condition to equatioi©(83 ) and in order to have numerically stable tsmh,

the following mathematical inequality must be vabd described in detail in the previous appendix

L <2ajAtj> _ <2ajAtj> =0
(Ar)? ri(ar) ) (C.84)

This will result in determination of maximum dimésrdess time step in order to have numericallylstab

solution as

- (Ar)?
ATl < .
4l (C.85)

By substituting equation ( C.81) fa¥ into ( C.85 ), we will have

(R)) (ar)?

AU <
4aovtchar ( C.86 )

or it can be rewritten as

i\ 2
ATj = —(Rl]) (Ar)z
max,3 4aovtchar ( c.87 )

For the grid=1, the boundary condition stated in equation ( 5.24ll be applied as

TJ* =1 (C.88)

and for gridi=N, the boundary condition stated in equation ( §.28n be written in dimensionless form

as

kep dT,
Rl dr

| &, = A(T | g, — 1) (C.89)
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which can be discretized as

j*1 _ 7 j
kep Try Trnoa _ hj(T j+1 _ 1)
= i~

(R))  (ar) (C.90)
and consequenth}?,{;,+1 can be calculated from
kep j
Tr{V+1 — l
1 +< kep ) (C.o1)
R hJ Ar

The heat transfer coefficienh, for the spherical polymer particle is calculated Ranz-Marshall

correlation given as

Nu =2 + 0.6Rel/2pr1/3

(C.92)
in which
hd
Nu=—2
keg (C.93)
d
Re = Pa"%
U (C.94)
C
pr = Fopg
keg (C.95)
with
d, = 2R
P (C.96)

In these correlationdyu is Nusselt numbeRe is Reynolds number, aritt is Prandtl number, 4, pg,
u, C, 4 represents thermal conductivity, density, visgosihd heat capacity of gas phase and finaliy

the superficial gas-particle velocity.

As a result, one can calculate the heat transfefficiznt by

k
h= (2;5) (2 + 0.6Re/2pr1/3) (C.97)
l
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or at each time step by

, ke \1/2
W = (2;3) (2 +0.6(Re’) Pr1/3)

! (C.98)

in which

Rel = pgu(Zle)
M (C.99)

C.5. Polymer generation and particle growth

Obviously, the two mass balance equations of ()&B8d ( 5.14 ) and the energy balance equation of (
C.66 ) are simultaneously being solved using thmerical method described in the previous sections.
Consequently, the dimensionless time incrementaah gime stepAt/, must satisfy the positivity
condition for all the three sets of equations, riden to have an overall numerically stable solusoheme

. As a result, thar! at each time step will be given by

AT = Minimum (AT, 1, AT 5, AT) 0 5) (C.100)

After calculation of ethylene concentration and penature at each grid ofinside the normalized
polymer particle at time stgpl from their values at previous time stigit is possible to calculate the
mass of polymer producediét grid during the dimensionless time step\of by

(C.101)

mpoli

_E_d<L_ 1
RgT, j T
9'b\ 1. J Trref ;
- (kd,ref tchar)e Ti ©J
RgTo\1,J Trref

1A

E, < 11 )
*Jj+1 i i
= kp.ref e CO{+ e / [1\/[]017.eq.11\/[1{+1 MW, Vcati tenarAT)

and as a result the total polymer mass produceddglthie dimensionless time interval &f! is provided
by

N
j+1 j+1
m = Myor’
pol.tot Zi_l POt (C.102)
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while the instantaneous rate of polymerizationiveiy by

j+1
(Rins j+1 m;ml.tot (3600>
pot Vcat Pcat tcharATj 1000 ( C.103 )

having the unit of (gr pol/gr cat.hr).

The volume of total polymer produced during the elisionless time interval @ft’ will be simply given
by

j+1
j+1 mpol.tot

v ==
pol.tot (ppol % 1000) ( C.104 )

regarding the units used and provided at the emgbpéndix.

The total volume of polymer produced by the engttofime step or in other words by completion of the
dimensionless time interval aft’ can be calculated from

j+1 j j+1
Vp]ol = Vp]ol + vz]Jol.tot ( C.105 )

and similarly the total volume of the particle imding its porosity by the end @th time step, can be
calculated from

j+1
U]

j+1 j pol.tot
Vi = Voo + 1 = g5 (C.106)
s 1
The volume of each grldi/,l{ , consequently can be calculated by
j Vi o j+1
it = () v (C.107)

As a result, the equivalent radius of “polymer-dnparticle without considering the existing particl
porosity at the end ¢th time step will be given by

3 1/3
j+1 j+1
R, = <<—4n) Vool > (C.108)

and consequently

" Teat (C.109)
Similarly, the particle radius at the endjibf time step
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j+1 [ 3\, j+1 Y
R =\\75) Voot (C.110)

C.6. Normalization of particle and update of dimensionles balance equations

After calculation of the particle radius at the esfdime step, R{“, the normalized particle radius is

obtained similar to the equation ( 5.30) as

j+1

A C.111)
v = le+1 - (C.
the normalized particle is discretized afterwardth whe same method explained through equation® ( C
Yto (C.5).

In order to calculate the dimensionless concewpimaind temperature gradients in the normalizedgbart
during the next time step ¢f1, and consequently to be able to estimate theritestaous polymerization
rate and the mass and volume of the polymer pratidceing the next dimensionless time interval of

AT*, the dimensionless mass and energy balance ensiaéed to be updated.

Having the patrticle radiu:le“, and overall growth factogy/*1, at the end of time st¢pr beginning of

time steg+1:

1. The dimensionless mass balance equation for etag@®(C.37 ) is updated by

Dj+1 _ Doy.1tcnar
1 = 142
(R/™) (C.112)
and
j+1 «j+1 1-e)
kl] = kp_refCO{ tchar (W) ( C.113 )
with
_Baf 1 1
| (Kares tenar)e RoTo\r, [T Trres ] | jaa (C.114)
Clt =ci+ Cz*e\ )
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2. The dimensionless mass balance equation for ICAC0%7 ) is updated by

D ov.2 tchar

j+1
Dy " = N
(R (C.115)

3. The dimensionless energy balance equation of ( Ci8Qpdated by

ocj“ _ Qovptchar
T (pit12
(R/™) (C.116)

and

j+1 (_AHPOl)kP.TefCS{+1[M]ov.eq.ltchar(l —€)
' povCp,polTb (¢j+1)3 ( C.117 )

And for its boundary condition at the particle sid, the Reynolds number and heat transfer caaffici
are updated by

j+1
P (C.118)

and

. k .
v (?) (2+06(Re*1)"/pr1/2)

1 (C.119)

4. The maximum dimensionless time intervals obtaimethfimposing the positivity condition to each

of the updated balance equations are recalculasgctively by

j+112
AL = (R{™") (ar)?
max,1 4‘Dov.1tchar ( C.120 )
i 2
g R @y
max,2 4Dov.2 tehar ( C.121 )
| (R (ar)?
JN R S (C.122)
max3 4aovtchar
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and similar to the previous time step
AT*! = Minimum (A‘rmax iy AT#Z&IZ,ATQ;;_E;) (C.123)

After calculation of dimensionless concentration &mperature at each giiind time step gft1, the

mass and volume of polymer produced during the tinberval of A7i*! and consequently the new

particle radius is calculated as explained forprevious time step gf

The computational loop for grid normalization, gthwand update is schematically demonstrated in
Figure C.3.

Grid Growth

/\ Y

Grid
Normalization Grid Update

Figure C.3. The schematic representation of comput®nal loop for grid normalization, growth, and update.

The computational loop is repeated until the dirmmess timeg/, reaches the dimensionless time for

the polymerization reaction,,.:, defined as

treac t

Treact -

(C.124)

tchar

in which, t,.qc+ 1S the residence time of the catalyst particléhizn polymerization reaction environment,
from the time of its exposure to the reactor utid time of its withdrawal from the reactor in floem of

a fully grown polymer particle.
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List of symbols

C concentration of polymerization active sites, (isité/n° cat

Co concentration of polymerization active sites attinero, (mol site/? cat
Cog heat capacity of gas phase, (J/k

Co pol heat capacity of polymer, (J/kg.

D, dimensionlesdiffusivity of ethylene, (dimensionle:

D, dimensionless diffusivity of ICA, (dimensionle

Dov.1 overall diffusivity of ethylene through the polymearticle, (n’/sec

Dov2 overall diffusivity of ICA through the polymer patte, (m*/sec

d, diameter of polymer particle, (i

E. activation energy for propagation, (J/n

Eq activation energy for catalyst deactivation, (J/)

h heat transfer coefficient, (J°.sec.K)

k dimensionless rate coefficient for ethylene polyization, (dimensionles:
Keg thermal conductivity of gas phase, (J/m.se

Kep thermal conductivity of polymer, (J/m.sec

Ky deactivation constant, (1/s

K ret deactivation constant at reference temperaturse¢

Ko propagation constant, * tot/mol site.sec

Ko.ref propagation constant at reference tempera(m® tot/mol site.sec

M, dimensionless ethylene concentration in the polypaeticle, (dimensionles
M, dimensionless ICA concentration in the polymeripka;t (dimensionles
[M] eq1 equilibrium concentration of ethylene in the polyrpbase, (mol/r* pol)
[M] eq2 equilibrium concentration of ICA in the polymer siea (mol/n® pol)

[M] ova overall concentration of ethylene in the polymertipke, (mol/n” tot)

[M] ov.2 overall concenation of ICA in the polymer particle, (mol? tot)

Ml oveqz  OVerall equilibrium concentration of ethylene inaid particle considering its porosity (mo® tot)

Ml oveqz  OVerall equilibrium concentration of ICA in wholaricle considering itporosity (mol/n® tot)

MW, molecular weight of ethylene, (gr/m
Mpol mass of polymer produced, (

N numberof grids, (dimensionles

Nu Nusselt number, (dimensionle
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ins
Rpol

lcat
i

T
Ty
T
Tres
Trret
t
tohar

treact

u
Veat
Vcat i
Vpol
VtOl

%

Prandtl number, (dimensionle

Reynolds number, (dimensionle

universal gas constant, (J/mol

particle radius, (n

equivalent radius of “polym-only” particle without considering porosity, (i
rate of polymerization at the catalyst particleface, (mol/n cat.sec
instantaneous rate polymerization, (gr pol/gr cat.t

volumetric rate of ethylene polymerization insidewing polymer particle, (mol/® tot.sec
dimensionless radial position, (dimensionl

radius of initial catalyst particle, (i

radial position inside the spherical polymer paeti¢m)
temperature, (K

bulk temperature, (

dimensionless temperature, (dimension

reference temperature, (

dimensionless reference temperature, (dimensig

time, (sec

characteristic time, (se

polymerization reaction time, (se

gasparticle superficial velocity, (m/se

total catalyst volume, (%)

volume of catalyst dispersed in grid i,

volume of polymer, ()

total particle volume including its porosity, %)

dimensionless volume of grid i, (dimensionl

Greek letters

Oov

AHpql

dimensionless thermal diffusivity of the partigqldimensionles:
overall thermal diffusivity of the particle, #/sec
dimensionless clustered function, (dimension
dimensionless clustered function, (dimension

enthalpy of ethylene polymerization, (J/m
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AHsorp,z

Peat
Pg

Pov
Ppol

Treact

enthalpy of sorption of ICA in the polymer phasEmnol
porosity of polymer particl (dimensionles:

gas phase viscosity, (kg/m.s

catalyst density, (kg/°)

gas phase density, (k¢°)

overall particle density, (kg/%)

polymer density, (kg/®)

dimensionless time, (dimensionle
dimensionlespolymerization reaction time, (dimensionle

overall growth factor, (dimensionles
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Physical and Transport Properties

Calculation Methods
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D. Physical and Transport Properties

In this appendix, the methods which have been usentder to estimate the physical and transport
properties in different chapters of the thesispowvided. The details of these methods are availebthe

reference handbooks cited in this appendix.

D.1. Calculation of gas phase viscosity

Calculation of viscosity of pure components at fressure

First, the viscosity of the pure components of gfas phase in low pressure is calculated in terms of

Lennard-Jones parameters

Uo = 2.6693 x 1075

20, (D1)

where if T[=]K ando[=]A, then theu[=]g/cm.s. The dimensionless quantiy, is a slowly varying
function of the dimensionless temperatufés, of order of magnitude of unity. This equatioraisiseful
formula for computing viscosity of nonpolar gasetow pressure (and density) from tabulated vahfes

the intermolecular force parameterande/x.™"
Calculation of viscosity of pure components at teaconditions

The viscosity of each of components at reactorspres is obtained by Reichenberg metfidtbm low

pressure viscosity values obtained previously.

In the Reichenberg method the ratio of the visgasitthe pure component at higher pressure tais |
pressure valueuu,) is obtained with following correlation
u A Pr3/2

—=1+
Ho ¢ BP.+ (1+CPP)1

(D.2)

whereP; is reduced pressure for each componanB, C, andD are different functions of,, reduced
temperature of the component, and finall1l for nonpolar materials. The error with this methied

found to be in the order of few percent and thaitieof this method can be found in elsewHere
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Estimation of the gas phase viscosity as a mixfipure components

After calculating the viscosity of each pure comgmnat the reactor pressure and temperature, the
viscosity of the gas phase of the reactor as aumixbdf these components are estimated by the semi-
empirical correlation suggested by WifkeThis method has been found to have an averagatitevof
2% from experimental measurements. The semi-emapfiocmula of Wilke is as follows

N

Xala

2 Srxsbes (D.3)

Hmix =

where the dimensionless quantitydgf; is defined as

1 M, -1/2 " 1/2 My 1/472
¢aﬁ=\/—§<1+M—B> [1+<ﬁ> <M_a) ] (D.4)

N is the number of components in the mixtueis the mole fraction of componemty, is the viscosity

of pure component at the system temperature and pressureMgrig the molecular weight of species

D.2. Calculation of gas phase density and kinematic vissity

Mixture of gas is assumed as an ideal gas andghlkensity is estimated by

PMgy
Pmix = RyT ( D'5)

where Ry is the universal gas constant aktl, is the average molecular weight of the mixture of

components in the gas phase.

N
Mav=2xaMa (D.6)
a=1

Kinematic viscosity of the gas phase is obtainediligling the viscosity by the density of the fluid

_ Hmix

Vmix = ( D.7 )

Pmix
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D.3. Calculation of thermal conductivity of gas phase

Calculation of thermal conductivity of pure compotseat low pressure

Thermal conductivity of argon at low pressure iggtated directly with the empirical correlatiBrin the
format ofko= A + BT + CT + DT?,

For the rest of components, Roy and Th&H@stimation technique was employed. In this method

reduced thermal conductivity is defined as

ker = keol (D.8)

in whichI"is the reduced, inverse thermal conductivity amal loe expressed as

TM3 1/6
r=210<c4> (D.9)
Fe
wherelT=] (W/(m.K))*, T{=]K , M[=]g/mol, andPJ=]bar .
Reduced thermal conductivity on the other handlisutated from
ker = (keDer + (keD)ine (D.10)
in which
(kD) = 8.757[exp(0.0464T,.) — exp(—0.2412T,.)] (D.11)
(kcr)int = Cf(Tr) ( D12)

Relations foff(T,) for different type of materials i.e. saturated toghrbons, olefins, etare given in Ref.

[2]. The constan€ is specific for each component and it is estiméted group contribution method.

By calculating the reduced thermal conductiviky, from equation ( D.10 ) and inverse thermal
conductivity,I", from equation ( D.9 ), the thermal conductivifieach component at low pressukg, is

obtained from equation ( D.8).
Calculation of thermal conductivity of pure compotseat reactor conditions

Stiel and Thodd® stablished excess thermal conductivity correlatimnconsider the effect of pressure in

the calculation of thermal conductivity of each @mment as follows
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(ke — keo)TZ2 = 1.22 x 10~ 2[exp(0.535p,) — 1]  for p,. < 0.5 (D.13)

wherek; andk are the thermal conductivity of the componentighipressure and low pressures in the
unit of W/(m.K) Z. is the critical compressibility of the componentia;, is the reduced density=p/p..
Parameter is defined in the equation ( D.9).

Estimation of the thermal conductivity of gas phase mixture of pure components

The thermal conductivity of gas phase as a mixtfrpure components is estimated by an analogous

method” to that previously provided for viscosity:

N
xakaa
Kemie = ) i (D.14)

where coefficientg,z are identical to those appearing in the viscosityagion ( D.4 ).

D.4. Calculation of specific heat capacity and thermal difusivity of gas phase

The heat capacity of each componend/imol.K)is provided in Properties of Gases and Liq@fidgith

simple correlation in the format of
Cpa =Ag + ByT + C,T* + D,T? (D.15)
whereA,, B,, C,, andD,, are constants specific for each of components,

The heat capacity of gas phase as a mixture ofgumponents id/(mol.K)are calculated by

N

a=1
Finally, the unit of heat capacity of the gas phasehanged frond/(mol.K) to J/(kg.K) by following
correlation
C Cp’mix(]/mol.K)

P.mix(]/kg_z()= M kg

av(m)

(D.17)

Mayis the average molecular weight of the mixturertediin equation ( D.6 ).
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Thermal diffusivity for gas phases, is calculated according to its definition

i = kc,mix
" DmixCpmix (D.18)
D.5. Calculation of diffusivity in gas phase mixture
Calculation of diffusivity of component A in thadaiy mixture of A and B
The diffusivity of component A in binary mixture Afand B is estimated By
D,p = 0.0018583 T3<1+ 1) ! D.19
4z ' M, Mpg po_jBQD,AB (D.19)

In the equation above, the units d@gg=]cm?s, oag[=]A, T[=]K, andp[=]atm. The dimensionless
qguantity of Qp ag is a function of the dimensionless temperatifka.s. The parameterg,g andeas are

defined as:

1
Opp = E(UA + op) (D.20)
€AB = +/ €a€B (D.21)

Calculation of diffusivity of component A in gaspé mixture

The diffusivity of component A in the gas phaseaamixture of different components is calculated by

following correlation?”!

D _1-x
Amix = S0 X (D.22)
=B Dy

whereD,; are the binary diffusivities of component A and gamenti, X, andx are mole fraction of

component A and componernin the gas phase.

D.6. Estimation of liquid density

It is estimated by the Hankison-Brobst-Thomson rémgie!?

5 _ o )

7=V [1 - o] (D.23)

v
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1 2 4
VO =14+a0-T)3+b(1-T)3+c(1-T)+d(1-T,)3 025<T, <095 (D.24)

Vi = [e + fT, + gT2 + hT3]/(T, — 1.00001)  0.25 < T, < 1.0 (D.25)

Where a,b,c,d,e,f,g, and h are const&hi¢. is a characteristic volume of a pure componenegsly
within 1 to 4 percent of the critical volume amekk is the acentric factor. The liquid density is otéa

_ 1
asp; = 75

D.7. Estimation of heat of vaporization

Pitzer acentric factor correlation is used for fhispose. An analytical representation of this elation is

given by
HV 0.354 0.456
RT = 708(1 =) +10950(1 — 7,) (D.26)

D.8. Estimation of heat capacity of liquid

The Rowlinson modification to the correspondingestamethods has been used for estimation of heat

capacity of liquid?

Cp — C2
PL_P — 145+ 0.45(1 — T,)* + 0.250[17.11 + 25.2(1 — T,) /3T + 1.742(1 — T,) Y] (D.27)

whereC, is the liquid heat capacity for a pure component@,’ is the heat capacity for this component

at gas phase at constant pressure as described.befo

D.9. Estimation of vapour pressure

The vapour pressure of the components were estingténe correlation given in Refererite.
In (P,,/P.) = (1 —x)"*(Ax + Bx™® + Cx*® + Dx®) (D.28)

whereA,B,CandD are constants specific for each componentasdiefined ag = 1 — T,
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