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Abstract 

The Sanchez-Lacombe Equation of State (SL EoS) is used to model the solubility of different 

industrial alkane penetrants in polyethylene to explain the importance of considering different 

diluents for different processes, and the impact that this choice can have on operating 

conditions, especially for the production of linear low density polyethylene (LLDPE). 

Extension of this approach to ternary (ethylene/penetrant/LLDPE) systems shows the effect 

of composition of penetrant/ethylene mixtures on the solubility of such mixtures in LLDPE 

and swelling of the polymer phase at conditions of industrial relevance. This analysis reveals 

that using a constant polymer density instead of that predicted by the SL EoS can result in 

erroneous calculations of the particle size distribution developments in an olefin 

polymerization reactor. 
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1. Introduction 

Polyolefins are the most widely used plastics today due to their low production cost and 

wide range of applications (e.g., packaging and other disposables, building and construction, 

agriculture, appliances, transportation, electrics and electronics, furniture, communication, 

automotive, etc.). It is well acknowledged that the degree of technological and scientific 

sophistication in relation to the catalytic polyolefin manufacturing has no equal among other 

synthetic polymer production processes. Presently, the total polyolefins world-production 

exceeds 130 million tons per year covering around 45% of the total plastic production (about 

1.5 times the steel consumption in volume).
[1]

 

Polyethylene (including high-density polyethylene (HDPE), low-density polyethylene 

(LDPE) and linear low-density polyethylene (LLDPE)) and polypropylene (PP) cover 60 % 

and 40 % of the total polyolefins production, respectively. In the coming years, the annual POs 

world market growth is estimated to 4-6% 
[1].

 

The diversity of available polyolefin grades has been the result of advances in both the 

development of novel catalytic systems (e.g., Ziegler-Natta (Z-N), metallocenes, etc.) and the 

use of new reactor configurations (e.g., multi-stage reactors) and operating conditions. 

Current polyolefin manufacturing processes take advantage of high-yield catalysts and 

cascade-reactor technologies to produce polyolefins with desired molecular (e.g., bimodal 

molecular weight distribution, BMWD, copolymer composition distribution, CCD, etc.) and 

morphological properties (i.e., particle size distribution, PSD) at a low production cost. The 

various catalytic polyolefin processes can be broadly classified into solution, slurry-phase and 

gas-phase processes. Note that almost 70 % of the total polyolefins production is carried out 

in gas- and slurry-phase catalytic olefin polymerization processes.
[1]

 Each process has its 
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advantages depending on the producer, their product goals and intellectual property 

considerations. 

  

Gas-phase catalytic olefin polymerization is a highly attractive process since the 

polymerization is carried out in the absence of a liquid inventory. The vast majority of the 

LLPDE polymer grades is produced in gas phase processes, and more specifically in bubbling 

fluidized bed reactors (FBR)
[2]

 mainly due to their heat transfer capabilities (i.e., sufficient 

removal of the heat produced due to exothermic polymerization reaction).
[2]

   

In terms of developing an understanding how LLDPE is produced, considerable work has 

been carried out on modelling and simulation of gas phase industrial polymerization reactors.  

It is beyond the scope of this article to discuss the numerous articles dedicated to that topic 

over the past decades 
[3,4,5,6]

. However, it has to be pointed out that despite the economic 

importance of LLDPE processes as well as the vast number of investigations related to gas 

phase reactors operation under condensed mode 
[7,8,9,10]

, none of the modelling studies have 

directly incorporated the thermodynamic interactions between the penetrants and polymers in 

the system.   Certain efforts were made to use equations of state to model individual penetrant 

solubilities in polyethylene (i.e. binary systems),
[11,12,13,14]

 and then treated individual 

solubilities as being independent and additives. 

Consequently, one of the main points to emerge from the literature on thermodynamics or 

experimental investigation of ethylene polymerization over the last 15 years is that adding 

alkanes (and even -olefin comonomers) can have a significant impact on the 

thermodynamics of the polymerization systems, which in turn can impact the polymer 

structure and the operational stability of the reactor.  For instance, it has been known that the 

presence of alkanes or alkenes can enhance the solubility of ethylene in LLDPE, while the 

presence of ethylene decreases the solubility of the heavier components in the polymer phase
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[15,16]
. It has been shown experimentally that adding alkanes in an olefin polymerization 

system has a pronounced effect on polymerization rate, catalyst mileage and polymer 

properties.
 [17,18,19]

  

In all the above-mentioned modelling efforts for catalytic olefin (co)-polymerizations, precise 

estimation of reaction kinetics is among the most important steps towards the accurate 

modelling and simulation of the reactor operation. The concentrations of the molecular 

species in the different phases present in the polymerization reactors,  but also the physical 

properties of the swollen polymer phase can be estimated by employing different equations of 

state (EoS) or activity coefficient models (ACM).
[2,12,20,21]

  One of the more important 

physical properties in an olefin polymerization reactor is the density of the continuous phase 

mixture, which influences the selection of the  gas phase fluidization conditions, the heat 

transfer capabilities, the solids content (and thus the space-time yield) inside the reactor as 

well as  the product withdrawal rate.
[12,22,23]

 It has to be mentioned that most of the modelling 

studies presented so far in the literature, assume a constant value of the polymer density. 

Ignoring the multi-component feature of the reacting species (i.e., penetrants), results in 

ignoring the penetrants co-solubility effects that are strongly related to the changes of the free 

volume of the polymer as well as of the swelling of the polymer. In reality, the polymer 

particles inside a polymerization reactor are swollen due to the sorption of the penetrants 

(reactive or not!). Thus, the polymer density cannot be precisely estimated by considering a 

single constant value 
[24,25]

 or by using a simplified temperature dependent polymer density 

function.
 [26]

 

The present work deals with the application of a thermodynamic model based on statistical 

mechanics; i.e., the Sanchez-Lacombe Equation of State (SL EoS)
[27]

, to precisely estimate 

the densities of LLDPE under different conditions of swelling. The thermodynamic model is 

employed to estimate the solubilities of different penetrants in polyethylene as well as the 
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degree of polymer swelling over a wide range of operating conditions. More specifically, the 

SL EoS is fitted using the available experimental solubility data of propane/polyethylene, iso-

butane/polyethylene and n-hexane/polyethylene binary systems over a wide range of 

temperatures and pressures. Based on these data, the swelling of the polymer phase caused by 

the dissolution of solvents is calculated by the fitted SL EoS. It should be pointed out that the 

binary interaction parameters used in the ternary mixture solubility estimation were obtained 

by fitting the SL EoS to the available experimental data of penetrant/polyethylene and 

ethylene/polyethylene binary systems. Subsequently, a comparison between the polymer 

phase density calculated by considering a constant polymer density and the one predicted by 

the SL EoS (which takes into account the swelling of polymer matrix) is presented with 

respect to particle size distribution in a gas phase reactor. The findings of the present work 

can be used to assess the application of different penetrants and process conditions in 

industrial polyolefin production processes and it finally demonstrates that the thermodynamic 

properties (i.e., solubility and polymer swelling) of mixtures can affect the physical and the 

morphological properties (i.e., particle size distribution (PSD)) of the system at conditions of 

industrial importance. 

It is important to mention that for penetrant/polymer mixtures, polymer crystallinity has a 

strong influence on different physical and thermodynamic properties of the mixture, and the 

SL EoS assumes the polymer phase as totally amorphous. It has been shown by various 

authors
23-26

 that properly fitted binary interaction parameters enable the SL EoS to estimate 

various thermodynamic properties of mixtures involving semi-crystalline polymers with an 

acceptable error (i.e., usually the error between experimental and fitted SL EoS values is less 

than 10%). Therefore, in this work the binary interaction parameters of the SL EoS were 

tuned to account for the effect of polymer crystallinity on penetrant (i.e., penetrant and 

ethylene) sorption in the polymer, at different temperatures and pressures. 
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Modelling Part: 

1. The Sanchez-Lacombe Equation of State 

Phase behavior and other thermo-physical properties of the mixtures containing one or more 

macromolecular components are different from non-polymeric fluids/mixtures. For the 

precise description of thermodynamic properties of such mixtures involving molecules of 

arbitrary size, Sanchez and Lacombe
[27]

 developed the lattice-fluid model, namely Sanchez-

Lacombe Equation of State (SL EoS). In the generalized form, for a pure component the SL 

EoS can be written as:
[20,21,27,28] 

 
(1) 

 

Where   ,       and r are the reduced pressure, reduced temperature, reduced density and the 

number of lattice sites occupied by the i
th

 pure component, respectively. The relationship 

between the absolute and reduced properties of the i
th

 component can be written as: 
[27,28] 

 
(2) 
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*
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* 

is the closed packed mer volume, εi*
 
is the 

interaction energy per mer, ri is the segment number, 
*

iT  is the characteristic temperature and 

*

i  is the characteristic density of i
th 

component. Further details about the derivation, fitting 

of the model equations to solubility data and obtaining the penetrant mass fraction in the 

mixture from SL EoS can be found in references [29,30]. The swollen polymer-phase density, 
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ρ, in case of binary and multi-component systems can be obtained by the following 

relationship: 
[20,21,27,28,31]

 

 

(3) 

 

where, ‘n’ is the number of components in the mixture, mi is the mass fraction of i
th

 

component in the mixture obtained by solving SL EoS, 
*

i is characteristic density of the i
th

 

component and    is the reduced mixture density obtained by solving the SL EoS. Using this 

mixture density, swelling of the polymer can be calculated by: 

 

(4) 

 

Where, xp is the polymer mass fraction in the mixture and PV
.

is the specific volume of pure 

polymer (m
3
/kg).

[32,33]
 It should be noted that in case of binary systems subscripts 1 denotes 

the penetrant and subscript 2 denotes the polymer, whereas, subscripts 1, 2 and 3 (or P) are 

used for penetrant, ethylene and polymer in the ternary systems, respectively in this work. 

Table 1 shows the SL EoS characteristic parameters used for different penetrants, ethylene 

and polyethylene types used in this work. 
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Table 1. Pure component characteristic parameters of SL EoS used in this work. 

Component T
*
 (K) P

*
 (bar) ρ

*
 (kg/m

3
) Reference 

Ethylene 283 3395 680 [34] 

Propane 371 3140 690 [21] 

i-Butane 398 2880 720 [21] 

n-Hexane 476 2980 775 [21] 

HDPE 650 4250 905 [34] 

LLDPE-1-hexene 653 4360 903 [34] 

  

 

Results and Discussion 

1- Binary system: 

1.1- Solubility of Penetrants in Polyethylene 

The experimental solubility data of various penetrants in polyethylene, which are commonly 

used in the industrial polyolefins production processes, at different conditions are shown in 

Table 2.  

Table 2. Penetrant/PE binary systems considered in this work. 

Penetrant/PE 
Temperature range 

(°C) 

Polymer crystallinity 

(%wt) 
Reference 

Propane/HDPE 149 - 260 - [35] 

Propane/LLDPE 70 56 [36] 

i-C4/HDPE 66 - 94 76 [37] 

i-C4/LLDPE 66 - 94 69 [37] 

n-C6/LLDPE 70 - 90 72 [38] 
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Figures 1 to 4 depict the comparison of solubility values for various penetrants (i.e., propane, 

iso-butane, n-hexane) in polyethylene obtained by the fitted SL EoS with the available 

experimental data. It can be seen that the SL EoS values are in very good agreement with the 

corresponding experimental data over a wide range of operating conditions. It should be 

pointed out that a single binary interaction parameter (kij) is used to fit the SL EoS model 

with the experimental data. It is important to point out that the value of kij was almost 

independent of temperature for all the studied systems except propane/HDPE at elevated 

temperatures (i.e., above 140 
o
C) where it shows a linear decrease with respect to 

temperature. Different kij values for the different systems (e.g.,i-C4/HDPE and i-C4/LLDPE 

shown in Figure 2 & 3, respectively) at the same temperature can be attributed to differences 

in polyolefin properties e.g., polymer crystallinity in particular, and to the differences in 

characteristic parameters of SL EoS (see Table 1). 
[30]

 Based on Figures 1-4 it is apparent 

that the solubility of each penetrant in polyethylene decreases with the increase in 

temperature and increases with increasing pressure and carbon number of alkane.  
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Figure 1. Solubility of propane in LLDPE at different temperatures. Experimental data at 

70°C was obtained from ref. 36 whereas ref. 35 was used for high temperature experimental 

data. 

 

 
Figure 2. Solubility of iso-butane in HDPE at different temperatures. Experimental data was 

obtained from ref. 37.  
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Figure 3. Solubility of iso-butane in LLDPE at different temperatures. Experimental data was 

obtained from ref. 37. 

 
Figure 4. Solubility of n-hexane in LLDPE at different temperatures. Experimental data was 

obtained from ref. 38. 

 

1.2. Swelling of Polyethylene by Different Penetrants 

Due to the uptake of penetrant mass by the amorphous polymer phase, the volume of the 

polymer increases during polymerization. In the present study, the degree of polymer 
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swelling due to the dissolution of the penetrant molecules in the polymer phase was 

calculated by using the Equation 4. Figures 5 to 7 illustrate the comparison of LLDPE 

swelling caused by propane, iso-butane and n-hexane in the temperature range of 70 to 90ºC. 

It can be seen that heavier alkanes cause higher swelling of polyethylene as compared to 

lower alkanes at a given temperature and pressure due to their higher affinity towards 

polyethylene matrix. For example, at 70°C, 8% of LLDPE swelling is caused by 0.4 bar of n-

hexane, 5.0 bar of iso-butane and 10.5 bar of propane, respectively (see Figure 5).  

 
Figure 5. Degree of LLDPE swelling caused by the sorption of various penetrants at 70°C. 
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Figure 6. Degree of LLDPE swelling caused by the sorption of various penetrants at 80°C. 

 
Figure 7. Degree of LLDPE swelling caused by the sorption of various penetrants at 90°C. 
 

 

2. Ternary Systems:  
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While binary systems are relatively easy to evaluate experimentally, the reaction medium of a 

typical production process consists of a number of components (e.g., monomer, comonomer, 

penetrant, chain transfer agents, etc.), thus, forming a multicomponent system.  One of the 

main challenges in this sense is the lack of experimental data for relevant multicomponent 

systems.  Limited ternary data (2 penetrants + LLDPE) is available, but for 4 or more 

components no experimental data is found in the open literature.  The current article is 

limited to a treatment of ternary systems, but it should be evident that the extension of the 

same concepts to 4 or more components will have similar repercussions.   

The use of SL EoS  to estimate the multi-component mixture solubility (component 

1/component 2/polymer 3) from the correspoding binary mixtures (component 1/polymer or 

component 2/polymer) is well described elsewhere.
[29]

  According to the proposed 

methodology the binary experimental solubility data of ethylene/polyethylene and 

penetrant/polyethylene at 70°C and 90°C were first fitted with the SL EoS to obtain the 

respective binary interaction parameters (kij). Those fitted kij values were then used to 

estimate the multi-component solubility of ethylene/penetrant mixtures in polyethylene at 

various temperatures. Subsequently, the degree of polymer swelling caused by the sorption of 

the multicomponent mixture of penetrants and  the polymer phase density can be calculated 

for each of the studied systems (i.e., propane/ethylene/PE, iso-butane/ethylene/PE, n-

hexane/ethylene/PE), with the later being useful in correct estimation of PSD of growing 

polyolefin particles inside the reactor. The estimation of such properties/parameters is of 

paramount importance for the operation of the industrial scale polyolefin production 

processes since they are strongly related to the operability (e.g.,  productivity, production 

split between the polymerization reactors, pressure developments, product removal valves 

sequence, etc.) as well as to the performance (e.g.,  hydrodynamic stability, mixing paterns, 

etc.) of the reactors.  
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2.1. SL EoS Cosolubility Estimations for Ternary systems  

The estimation of a multi-component mixtures solubility (i.e., ternary system consisting of 

penetrant(1)/ethylene(2)/polyethylene(3)) using the SL EoS model requires the use of two 

binary interaction parameters (i.e., k13 and  k23). It should be mentioned that the values of k13 

used for each penetrant/PE system were obtained from the corresponding binary systems 

discussed in the previous sections, while the values of k23 were obtained by fitting the SL EoS 

with the available experimental binary ethylene/PE solubility data. 

Figures 8-12 illustrate the binary and multi-component solubilities of the studied systems at 

different conditions. It is apparent that the multi-component solubility of the 

penetrant/ethylene system in the polymer is between the binary solubilities of ethylene and 

penetrant, respectively at each studied temperature and feed composition. It should be pointed 

out that by increasing the ethylene feed content, the multi-component mixture solubility 

curves shift towards the binary ethylene/polymer mixture solubility curve at all temperatures 

and pressures.  In addition, it is worth mentioning that the penetrant acts as a co-solvent for 

the low molecular weight penetrant (i.e., ethylene), while ethylene behaves as an anti-solvent 

for the high molecular weight component (i.e., penetrant) of the multi-component penetrants’ 

mixture. The anti-solvent and co-solvent effects of each penetrant involved in the ternary 

system are best understood in terms of mass fraction of each component dissolved in the 

polymer phase as estimated by the SL EoS but for the sake of brevity, those figures are not 

shown here. However, similar data has been published in reference [
39

]. In this context, it was 

found that, among the studied systems, the strongest anti-solvent effect was shown in the 

multi-component system involving n-hexane. As an example, by increasing the ethylene feed 

concentration from 0 mol% to 15 mol%, at 0.6 bar and 70 °C the concentration of n-hexane 

in the polymer phase (expressed in grams per cubic centimeter of amorphous LLDPE) is 
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reduced by approximately 73%, see Figure 11. It was also concluded that the anti-solvent 

effect of ethylene on the solubility of all the studied penetrants increased with increase in 

temperature.  

 
Figure 8. Solubility of propane, ethylene and their mixtures in LLDPE at 70 °C.

[36] 

 

 
Figure 9. Solubility of iso-butane, ethylene and their mixtures in LLDPE at 74 °C. 

[16] 
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Figure 10. Solubility of iso-butane, ethylene and their mixtures in LLDPE at 93 °C. 

[16]
 

   

  
Figure 11. Solubility of n-hexane and n-hexane/ethylene mixtures in LLDPE at 70 °C. 

[38]
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Figure 12. Solubility of n-hexane and n-hexane/ethylene mixtures in LLDPE at 90 °C. 

[38]
 

 

2.2. SL EoS Swelling Predictions for Ternary systems 

The degree of LLDPE swelling during the sorption of various penetrant/ethylene mixtures 

was calculated by using SL EoS and the results are presented in Figures 13-17. Note that the 

swelling curves exhibit a similar dependence on pressure and temperature as the solubility 

isotherms of the corresponding multi-component mixtures. It can be seen that the degree of 

swelling of LLDPE due to a binary mixture sorption (i.e., penetrant/ethylene) is less than that 

caused by the sorption of a pure penetrant and higher than pure ethylene at each temperature 

and pressure. Moreover, increasing the ethylene feed content decreases the degree of polymer 

swelling. In particular, for ethylene feed composition equal to 1 5mol%, 5 % polymer 

swelling is caused by propane/ethylene mixture at 70
o
C and 10 bar pressure, while for the 

composition and conditions in n-hexane/ethylene mixture the same degree of polymer 

swelling is caused at a substantially lower pressure of ~0.9 bar (c.f. Figures 13 and 16). It 

should also be noted that in case of propane/ethylene mixtures, swelling of LLDPE becomes 

significant (i.e., >5%) at pressures above 15 bar for all feed compositions, whereas, in case of 
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iso-butane or n-hexane significant swelling (i.e., >5%) can occur below 10 bar depending on 

the temperature. 

Chmelar et al.,
[36]

 showed that decrease in softening point of LLDPE can occur due to the  

high degree of polymer swelling caused by the sorption of higher α-olefins (i.e., 1-butene and 

1-hexene) at 70 °C. Such a decrease in softening point of LLDPE can cause significant 

particle agglomeration as well as sheeting and chunking phenomena which have a dramatic 

effect on the operability and performance of the polymerization reactors.
[36]

 Based on the 

results presented above, it can be concluded that that propane causes the lowest LLDPE 

softening (lowest degree of polymer swelling), while n-hexane causes the highest softening 

of LLDPE (highest degree of polymer swelling) in the temperature range of industrial 

relevance.  

 
Figure 13. Degree of swelling of LLDPE during sorption of propane/ethylene mixture at 70 

°C.  
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Figure 14. Degree of swelling of LLDPE during sorption of iso-butane/ethylene mixture at 74 

°C. 
 

 
Figure 15. Degree of swelling of LLDPE during sorption of iso-butane/ethylene mixture at 93 

°C.  
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Figure 16. Degree of swelling of LLDPE during sorption of n-hexane/ethylene mixture at 7 

0°C. 
 

 
Figure 17. Degree of swelling of LLDPE during sorption of n-hexane/ethylene mixture at 90 

°C.  
 

In the open literature as well as in the everyday industrial practice, the density of pure or 

unswollen polymer is often used for estimating the density of the solid-penetrants mixture  

inside the reactor at the operating conditions.
[26]

  Since the polymer particles are swollen due 
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to the sorption of different penetrants, a more realistic approach is needed towards the 

calculation of the particle density to better design, plan and operate the process more 

efficiently.  

The developed SL EoS thermodynamic model was employed for calculating the swollen 

polymer phase densities.  Figure 18 shows the effect of penetrant/ethylene mixture (10 mol% 

ethylene concentration) on the swollen polymer phase density at 70 °C and different 

pressures. As it can be seen, the swollen polymer phase densities for all systems exhibit a 

decrease with increasing pressure and they are substantially below the value that is 

commonly used for the pure LLDPE density (i.e., 915 Kg/m
3
). It is apparent that the higher 

the carbon number of alkane penetrant, the higher the degree of polymer swelling at a given 

temperature and pressure. It should also be highlighted that the swollen polymer phase 

density has a considerable dependence on the type of penetrant used, the composition and the 

molecular species of the multi-component system as well as the operating conditions.  

 
Figure 18. Swollen polymer phase density for various multi-component mixtures having feed 

composition of 90 mol% penetrant and 10 mol% ethylene at 70°C. Binary interaction 

parameters (i.e., k13 and k23) were the same with those mentioned in Figures 8-12. 
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4. Particle Size Distribution in Olefin Polymerization Reactors 

Particle size distribution (PSD) is a key morphological property in catalytic olefin 

polymerization processes since it determines to a large extent the mixing phenomena in the 

polymerization reactors. It is also considered as one of the most important variables that 

affect both the reactor operability and the end-use properties of the final product.  

To calculate the dynamic evolution of PSD in a polymerization reactor, a population balance 

model needs to be solved taking into account the growth rate of the polymer particles. Let us 

assume that the operation of an LLDPE reactor can be approximated by a perfectly mixed, 

continuous flow reactor. Catalyst particles (fresh or pre-polymerized) are fed into the 

bubbling gas-solid  fluidized bed reactor (FBR)  at a constant rate cF  (Kg/s), while the mass 

of the solids in the FBR can vary with time, )(tW (Kg). At steady-state, the mass of solids in 

the FBR is kept constant by controlling the product withdrawal rate, pF  (Kg/s). Assuming 

that particle attrition and elutriation were negligible as well as particles are spherical and of 

constant density, the following dynamic particle population balance equation, accounting for 

both particle growth and particle agglomeration can be derived: 
[40,41]

 

  

      
        tDnFDnF
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



            (5) 

 

where  D,tn p  and  Dnc , expressed in (#/kg/m), denote the corresponding number density 

functions of particles in the reactor and in the feed stream. The term   dDD,tnp  denotes the 
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number of particles in the size range  dDDD,   per mass of polymer.  According to 

Kanellopoulos et al. 
[42]

 the particle growth rate,  DGp , can be expressed in terms of the 

overall particle polymerization rate as follows: 

 

   22 DRDG ppp           (6) 

 

It has to be pointed out that out of simplification, the overall particle polymerization rate, Rp, 

was assumed to be constant and to attain the same value for each discrete class of particles 

(see Table 3). One can easily show that at steady-state, the polymer mass withdrawal rate will 

be given by the following equation: 
[40]

 

    














max

min
6

3D

D

p

ppcp

πDρ
dD,tnDGWFF                                                                           (7) 

 

Note that the second term on the right-hand side of the equation 7 above accounts for the total 

polymer production rate in the reactor. From that equation, one can calculate the product 

withdrawal rate, pF , provided that the polymer weight, W , the particle growth rate,   DGp

, and the number density function,  D,tn p , are known. Alternatively, the calculation of the 

polymer weight, W , for given values of pF , cF  and  D,tn p  can be made. In addition, one 

can define in terms of  tDn p , , the probability density function  dDtDPp , , which represents 

the mass fraction of particles in the size range  dDDD,  : 

   dDtDn
D

dDtDP p

p

p ,
6

,

3
                                                                                      (8)
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As a result,  tDPp ,  will satisfy the following normalization condition: 

  1,

min




D

p dDtDP                                                                                                              (9)

  

The dynamic population balance equation described above (equation 5) was solved 

numerically using an accurate and efficient discretization method.
[43]

 It should be pointed out 

that the agglomeration and breakage terms (i.e.,  tDB ,  and  tDD ,  terms in equation 5 

were considered to be negligible. 

The population balance model described above was further employed to simulate the effect of 

polymer phase swelling (i.e., differences in polymer phase density) on the final (i.e., steady 

state) particle size distribution of two different Ziegler-Natta catalysts (see Table 3). The 

reactor operating conditions, the materials feed rates as well as the catalyst characteristics are 

reported in Table 3. 

Table 3. Nominal operating conditions of the LLDPE reactor. 
 

 

Reactor operating conditions Values 

Reactor volume, VR (m
3
) 250 

Pressure, PR (bar) 20 

Temperature (
o
C) 85 

Solids concentration, Ss (%wt) 40 

Ethylene concentration, Ceth (mol/l) 0.25 

1-Butene concentration, Cbut (mol/l) 0.10 

Propane concentration, Cprop  (mol/l) 0.33 

Ethylene conversion (%) 99.5 

Particle polymerization rate, Rp (kg/s) 2.5 

Catalyst feed rate, Fc (kg/h) 2 

Catalyst mean size, dc (μm) 25 and 35 

Catalyst span ((d90-d10)/d50) 1.2 

Polymer density (no swelling), ρp 

(kg/m
3
) 

915 

Mean residence time, τ (h) 2.5 
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Figures 19 and 20 illustrate the PSDs of the polymer particles for two catalyst systems 

having the same relative standard deviation value of their PSD (i.e., span equals to 1.2) but 

different mean size (i.e., 25 μm and 35 μm, respectively). Solid lines represent the PSDs in 

the case of constant polymer density (i.e., 915 kg/m
3
), while dash lines represent the 

corresponding PSDs when polymer phase swelling was taken into account (i.e., calculated via 

the Sanchez-Lacombe Eos) resulting in lower polymer phase density values (i.e., <850 

kg/m
3
). In the same figures the initial catalyst size distributions as well as the final polymer 

size distributions are also depicted. According to the results of Figures 19 and 20, polymer 

swelling has an important effect on the polymer PSDs. As it can be seen the mean particle 

size of the particles considering the swelling effect is ~15% larger compared to the 

corresponding mean size of the polymer particles for which a constant polymer density value 

was assumed (no swelling effect).  

 
Figure 19. Effect of polymer phase swelling on PSD produced by a mean catalyst size of 25 

μm and span=1.2. CSD refers to catalyst size distribution. 
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Figure 20. Effect of polymer phase swelling on PSD produced by a mean catalyst size of 35 

μm and span=1.2. CSD refers to catalyst size distribution. 

 

 

It should be also pointed out that PSD developments in gas phase reactor (GPR) dramatically 

affect the selected fluidization conditions and the hydrodynamic behavior of the gas-solids 

mixture. Therefore, precise calculation of polymer PSD in FBRs can substantially contribute 

in achieving stabilized reactor operation.     

Conclusion 

The type of the penetrants used in a gas phase olefin polymerization processes has a 

significant effect on the reactor performance and operability.  In the present study, the 

Sanchez-Lacombe Equation of State (SL EoS) was employed to investigate the effect of 

different penetrants used in industrial polyolefin production technologies on polymer phase 

density and degree of polymer swelling. It was demonstrated that higher alkanes like n-

hexane exhibits very high solubility in the polymer phase which can cause polymer softening 
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and, consequently, can lead to reactor fouling. On the other hand, propane causes the lowest 

polymer swelling among the studied penetrants.  

It was also shown that the solubility of all the studied ethylene/penetrant mixtures is lower 

than the solubility of pure penetrant and higher than that of pure ethylene in LLDPE. 

However, by increasing the ethylene concentration in the feed the overall mixture solubility 

decreases and tends to move towards the corresponding binary ethylene/LLDPE system at the 

studied operating conditions. A similar trend was observed for the polymer phase swelling 

caused by the penetrant/ethylene mass uptake over a wide range of temperatures and 

pressures. 

Finally, the effect of polymer swelling on the particle size distribution developments in an 

industrial scale FBR was assessed. It was found that the PSD of the swollen growing polymer 

particles inside the reactor can be up to 15 % different compared to the calculated one where 

polymer swelling due to penetrants sorption in the polymer phase was assumed to be 

negligible.  
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