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a b s t r a c t 

This research presents an advanced multi-scale computational fluid dynamics (CFD) model based on the 

‘multi-phase particle-in-cell coupled with the population balance equation (MP-PIC-PBE)’ method to pre- 

dict the stationary continuous stirred tank reactor for methyl methacrylate suspension polymerization. 

The developed CFD model can realistically simulate the flow patterns of the free-flowing particles and the 

continuous carrier phase based on the Euler-Lagrangian frame and can track the change in particle size 

based on PBE. In particular, the model can predict the polymer properties by free-radical polymerization 

in a parcel through the method of moment equations. To validate the suggested CFD model, the simu- 

lation results are compared with the reported experimental data in the literature. Various case-studies 

are then conducted to investigate the effect of different blade angles (pitched blade angles of 30 ̊, 45 ̊, 

and 60 ̊) of the impeller on the mixing, the particle size change, particulate flow pattern, and polymer 

properties. The simulation results demonstrate the phenomena that the low-density particles rise in the 

larger density solvent by buoyancy and that the higher the blade angle, the smaller the resulting particles 

due to a higher rate of breakage. It is also found that the particulate flow is well mixed with a 45 ̊ blade 

angle. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Suspension polymerization is a process of producing free- 

owing polymer particles using two immiscible liquid phases. The 

rocess first creates a suspension of monomer droplets within a 

ontinuous liquid phase – typically water – after which polymer- 

zation occurs in the droplets to form solid polymer beads. This 

pproach makes it easy to remove the heat of reaction generated 

n the droplets and is suitable for large-scale industrial polymer- 

zers because there is limited increase in viscosity ( Hungenberg & 

ulkow, 2018 ). This situation is in contrast to bulk polymeriza- 

ion in which the viscosity increases by several orders of magni- 

ude during the polymerization, causing operational problems at a 

arge scale. The polymer beads resulting from suspension polymer- 

zation are nearly perfect spheres and are easy to transport, store, 

nd feed to polymer extrusion processes to make products in the 

orm of fibers, films, textiles, etc. ( Dowding & Vincent, 20 0 0 ). 
∗ Corresponding author. 
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The size distribution of the free-flowing droplets has a direct 

ffect on the size distribution of the resulting polymer particles, 

hich also directly affects the polymer’s molecular weight distri- 

ution and thus quality of the polymer products. The size of parti- 

les is determined by the turbulence resistance and the dynamic 

quilibrium of the coalescence by surface tension and adhesion 

orce ( Ramkrishna, 20 0 0 ). Therefore, if the fluid dynamics which 

hapes the particle size distribution (PSD), both initially and as the 

olymerization progresses, can be controlled, it would be possible 

o control the properties of the polymer product beyond what is 

urrently achievable by the control of temperature and feed com- 

ositions. However, there is still a lack of understandings on the 

elationship between the size of dispersed particles and the fluid 

ynamics (E. H. Hukkanen, 2004 ). Studies in the past have not 

een able to accurately predict particle size and molecular weight 

istribution simultaneously since they could not interpret the pre- 

ise flow pattern inside the reactor ( Barkanyi & Nemeth, 2015 ; 

arkanyi et al., 2013 ; Okullo et al., 2017 ). Although the combina- 

ion of computational fluid dynamics (CFD) and population bal- 

nce equations (PBE) is the state of the art ( Xie & Luo, 2017 ),

here are limitations such as the expensive computational cost 

nd the incorrect particle motion ( Rigopoulos, 2010 ). As such, the 
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Fig. 1. Schematic diagram of the MP-PIC-PBE for suspension polymerization 
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evelopment of mathematical models and numerical methods to 

ccurately predict the fluid dynamics and particle size and molec- 

lar weight distributions in suspension polymerization systems is 

till in progress. 

To this end, this research is intended to advance the state of the 

rt by developing a multiscale mathematical model and simulator 

hat can predict both the PSD and the average molecular weight 

imultaneously, taking the detailed fluid dynamics rigorously into 

ccount. The model, developed using the recently proposed mul- 

iphase particle-in-cell coupled with population balance equation 

MP-PIC-PBE) method ( Kim et al., 2020 ), graphically simulates the 

uspended multiphase flow based on the Euler-Lagrangian frame 

hich presents not only the lift and drag forces between the par- 

icle phase and the continuous solvent phase but also the inter- 

articles collision and damping effects. In addition, the micro-scale 

article changes are predicted through the implementation of the 

roplet growth by polymerization and droplet breakage by tur- 

ulence energy dissipation. The additional polymerization model- 

ng computes the various polymer properties of individual droplets 

uch as the average molecular weight, and the polydispersity index 

PD). 

A continuous stirred-tank reactor of poly methyl methacry- 

ate (PMMA) suspension polymerization, previously studied in 

 Roudsari et al., 2013 ), is simulated for validation and a case study.

he simulations are validated with research results in the literature 

E. H. Hukkanen, 2004 ; E. J. Hukkanen & Braatz, 2005a , 2005 b; E.

. Hukkanen et al., 2007 ), and the interaction between turbulence 

nergy dissipation rate and particle breakage ( Hsia, 1981 ) is clearly 

lucidated in the case study. In particular, the effect of different 

lade angles of the impeller on particle size changes is investi- 

ated. 

. MP-PIC-PBE for suspension polymerization 

The MP-PIC method is widely used to analyze oil and gas par- 

iculate processes such as a fluidized bed, and a hydrocyclone sep- 

rator ( Razmi et al., 2019 ; Thapa et al., 2016 ). These examples have

emonstrated the ability of the MP-PIC method to predict the flow 

atterns of multi-phase fluids when a liquid or gas carrier phase 

nd the particulate phase are mixed. However, a limitation of the 

P-PIC method is that it is difficult to predict changes in particle 

ize due to reactions and external forces. The MP-PIC-PBE method 

ave been developed to efficiently and accurately predict the par- 

icle size change by tracking the particle size distribution inside a 

arcel ( Kim et al., 2020 ). 

In this study, the MP-PIC-PBE method is modified to address 

he suspension polymerization phenomena as shown in Figure 1 . 

he newly built model is able to predict the particulate multi- 

hase fluid dynamics based on the MP-PIC method ( Snider, 2001 ; 

nider et al., 1997 ), and reflect the change of particle size in parcels

ith respect to the fluid flow based on the PBE. A parcel refers to 

 collection of particles having a same flow pattern, and it is as- 
2 
umed that the particles inside a parcel can increase or decrease 

n size due to chemical changes and particle-to-particle interac- 

ions. In suspension polymerization, changes in particle size are 

ccounted for by a set of phenomena including breakage, coales- 

ence, and growth. The turbulent energy of flow causes breakage, 

he inter-particle collision affects coalescence, and the polymeriza- 

ion results in particle growth. 

.1. Continuous fluid phase 

The mass, momentum, and energy governing equations for the 

ontinuous phase, with the assumption of incompressible flow, are 

xpressed by 

Mass equation

∂ θ f 

∂t 
+ ∇ ·

(
θ f u f 

)
= 0 (1) 

Momentum equation 

∂ 
(
θ f u f 

)
∂t 

+ ∇ ·
(
θ f u f u f 

)
+ 

1 

ρ f 

∇ · τ = − 1 

ρ f 

∇P + θ f g −
F 

ρ f 

(2) 

Energy equation 

∂ 
(
θ f h f 

)
∂t 

+ ∇ ·
(
θ f u f h f 

)
+ 

∂ 
(
θ f K f 

)
∂t 

+ ∇ ·
(
θ f u f K f 

)
− θ f 

ρ f 

∂P 

∂t 

= 

1 

ρ f 

∇ · θ f 

[
k e f f ∇T + 

(
τ e f f · u f 

)]
+ θ f g · u f (3) 

here θ f is the fluid volume fraction, ρ f is the fluid density, u f 
s the fluid velocity, τ is the shear stress by viscous and turbulent 

ow, P is the system pressure, g is the gravitational acceleration, F 

s the interphase momentum transfer which includes the viscous 

rag between particles as well as between the particulate phase 

nd the fluid phase, h f is the fluid enthalpy, K f = | u f | 2 / 2 is the ki-

etic energy, k e f f is the fluid thermal conductivity, T is the system 

emperature, and τ e f f · u f is the mechanical source. 

.2. Particulate phase 

The particulate phase equations from applying MP-PIC are given 

y ( Snider, 2001 ) 

Particle distribution function 

∂ f 

∂t 
+ ∇ · ( f v p ) + ∇ v p · ( f A ) = 0 (4) 

Particle acceleration 

∂ v p 
∂t 

= A = F D + F L − 1 

ρp 
∇P + g − 1 

θp ρp 
∇ τp (5) 

Particle drag force 

 D = C d 

3 

8 

ρ f 

ρp 

∣∣u f − v p 
∣∣

r p 

(
u f − v p 

)
(6) 
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here 

 d = 

24 

Re 
θ f 

−2 . 65 
(
1 + 0 . 5R e 0 . 687 

)
; i f Re < 10 0 0 

 d = 0 . 44 θ−2 . 65 
f 

; i f Re ≥ 10 0 0 

e = 

2 ρ f 

∣∣u f − v p 
∣∣r p 

μ f 

Particle shear lift force 

 L = 6 . 46 ρ f ν
1 
2 r p 

(
u f − v p 

)∣∣∣∣d u f 

dy 

∣∣∣∣
2 

sign 

(
d u f 

dy 

)
(7) 

Isotropic interparticle stress 

p = 

P s θp 
β

max { θcp − θp , ε ( 1 − θp ) } (8) 

Particle volume fraction 

p = 

∫ ∫ 
f 

m 

ρp 
d md v (9) 

Liquid volume fraction 

f + θp = 1 (10) 

Interphase momentum transfer function 

 = 

∫ ∫ 
f m 

[
F D + F L − 1 

ρp 
∇P 

]
d m d v (11) 

here f is the particle distribution function in the Euler grid, v p is 
he discrete particle velocity, A is the discrete particle acceleration, 

 D is the particle drag function, ρp is the particle density which 

s a mixture density of polymer and monomer in a parcel, F L is 

he particle shear lift function, C d is the drag coefficient, r p is the 

article mean radius, τp is the interparticle stress, P s is a constant 

n units of pressure, θp and θcp are the particle volume fraction 

nd its maximum, β is a constant whose value is recommended 

etween 2 and 5, ε is a small number on the order of 10 −7, and m

s the total mass of the particles in a parcel ( Snider et al., 1997 ). 

.3. Population balance equations in a parcel 

During suspension polymerization in a CSTR, the particles col- 

ide with each other to merge or split, and also grow by polymer- 

zation. By such phenomena, the distribution of population in a 

arcel is changed through growth, birth, and death of particles as 

escribed in Eqs. (12)–(14) : 

∂ N j 

∂t 
= −

∑ 

j 

∂ 
[
G ( x, T ) N j 

]
∂ r j 

+ B 

(
N j , T 

)
− D 

(
N j , T 

)
(12) 

 

(
N j , T 

)
= 

∞ 

∫ 
j 

β
(
N j , r 

)
b ( r ) υ( r ) N j dr + 

1 

2 

j 

∫ 
0 

c 

[ 
N 

( j 3 −r 3 ) 
1 / 3 , r 

] 
N 

( j 3 −r 3 ) 
1 / 3 N j dr (13) 

 

(
N j , T 

)
= b 

(
N j 

)
N j + N j 

∞ 

∫ 
0 

c 
(
N j , r 

)
N r dr (14) 

here N j is the particle number density within a parcel, G ( x, T ) is 

he growth rate, r j is the particle’s internal coordinate, B ( N j , T ) is 

he birth rate of particles, D ( N j , T ) is the death rate of particles, r

s the dimension of particle distribution, β( N j , r ) is the size dis- 

ribution of daughter particles formed from breakage of a droplet, 

(r) is the breakage frequency, υ(r) is the number of dispersed 

uid entities formed from breakage of a particle, and c( N j , r ) is 
3 
he collision frequency. The total mass of a parcel and the average 

article size can be calculated by 

 w, j = 

πρp 

6 

∫ r p 3 N j dr (15) 

 = V cell 

∑ 

j 

N w, j (16) 

 p = 

D 32 

2 

here 

 32 = 

∑ 

j N w, j r 
3 
j ∑ 

j N w, j r 
2 
j 

(17) 

nd N w, j is the average particle mass per cell volume which is cal- 

ulated assuming the particles are perfect spheres sized accord- 

ng to the particle size distribution, V cell is the volume of the cell 

here the particle is positioned, and D 32 is the volume mean di- 

meter of particles in a parcel. 

. PMMA suspension polymerization 

Polymethyl methacrylate (PMMA) is an acrylic polymer derived 

rom acrylic acid and is produced in suspension, solution, and bulk 

olymerization systems ( Ghosh et al., 1998 ; Kalfas & Ray, 1993 ; 

alfas et al., 1993 ; Zhang & Ray, 1997 ). In general, these systems 

se anionic polymerization with radical initiation. In this study, 

uspension polymerization with benzoyl peroxide (BPO) as the ini- 

iator and water as the solvent is modeled ( Lin & Wang, 1981 ). 

.1. Free radical polymerization kinetics 

The radical polymerization mechanism and kinetics of bulk 

olymerization used in this study are taken from a previous re- 

earch done by Hukkanen and coworkers (E. J. Hukkanen et al., 

007 ). Bulk polymerization with an organic peroxide initiator has 

he reaction mechanism: 

 2 

k d → 2 I · r d = 2 f i k d [ I 2 ] initiator decomposition 

 · + M 

k i → P 1 r i = k i [ M ] [ I·] initiation 

 n + M 

k p → P n +1 r p = k p [ M ] [ P n ] propagation 

 n + P m 

k tc → D n + m 

r tc = k tc [ P m 

] [ P n ] termination by combination

here k d , k i , k p , and k tc are the rate constant parameters, f i is 

he initiator efficiency parameter, I 2 and I· are the initiator and ini- 

iator radical molecule, M is the monomer, P is the live polymer, D 

s the dead polymer, and m and n represent the chain length. 

By assuming a dispersed particle is a well-mixed batch reactor, 

ulk polymerization is represented to occur inside each particle. 

he molar balances in a batch reactor are expressed by 

Initiator decomposition

1 

V 

∂ ( [ I 2 ] V ) 

∂t 
= −k d [ I 2 ] (18) 

Radical concentration

1 

V 

∂ ( [ I·] V ) 

∂t 
= −k i [ I·] [ M ] + 2 f i k d [ I 2 ] (19) 

Monomer concentration

1 

V 

∂ ( [ M ] V ) 

∂t 
= −k i [ I·] [ M ] − k p [ M ] 

∞ ∑ 

j=1 

[
P j 

]
(20) 
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Live polymer chains 

1 

V 

∂ ( [ P 1 ] V ) 

∂t 
= k i [ I·] [ M ] − k p [ M ] [ P 1 ] − k tc [ P 1 ] 

∞ ∑ 

j=1 

[
P j 

]
(21) 

Live polymer chains 

1 

V 

∂ ( [ P m 

] V ) 

∂t 
= k p [ M ] ( [ P m −1 ] − [ P m 

] ) 

−k tc [ P m 

] 

∞ ∑ 

j=1 

[
P j 

]
f or m = 2 , · · · , n (22) 

Dead polymer chains 

1 

V 

∂ ( [ D m 

] V ) 

∂t 
= 

1 

2 

k tc 

m −1 ∑ 

j=1 

[
P j 

][
P m − j 

]
f or m = 2 , · · · , n (23) 

here V is the volume of particle which initially consists of pure 

onomer. 

While the polymerization is in progress, the volume of a parti- 

le changes as 

 = V 0 

(
1 + ε poly x 

)
(24) 

 poly = 

ρpoly − ρm 

ρpoly 

(25) 

here V 0 is the initial volume of a particle, ε poly is the volume 

ontraction factor, x is the monomer conversion ratio, ρpoly is the 

olymer density, and ρm 

is the monomer density. 

If the lifetime of an initiator radical molecule is extremely short 

 << 1 second), the reaction rates of decomposition and initiation 

an be assumed to be equal as follows: 

 i [ I·] [ M ] = 2 f i k d [ I 2 ] (26) 

With the quasi-steady-state assumption for the concentration of 

nitiator, the governing equation for the initiator radical molecule 

s 

1 

V 

∂ ( [ I 2 ] V ) 

∂t 
= 0 (27) 

The gel effect is one of auto-acceleration phenomena due to 

he monomer fraction decreasing during free radical polymeriza- 

ion. This phenomenon limits the monomer diffusion and acceler- 

tes the initiation or propagation reaction ( Crowley & Choi, 1998 ). 

he gel effect is modeled as a function of monomer and polymer 

atio ( O’Neil et al., 1998 ), termination rate constant k tc , and propa- 

ation rate constant k p defined as 

 tc = k 0 tc g t (28) 

 p = k 0 p g p (29) 

The gel effect parameters for the termination and propagation 

re represented by 

 t = 

{
0 . 10575 e 17 . 15 V f −0 . 01715 ( T −273 . 15 ) V f > V f,cr 

0 . 23 × 10 

−5 e 75 V f V f ≤ V f,cr 

(30) 

 p = 

{
1 V f > V f,cr 

0 . 71 × 10 

−4 e 71 . 53 V f V f ≤ V f,cr 

(31) 

here V f is the free volume and V f,cr is the critical free volume. 

These are defined by 

 f = φm 

V f,m 

+ φpoly V f,poly 

here 

 f,m 

= 0 . 025 + 0 . 001 ( T − 167 ) , 
 f,poly = 0 . 025 + 0 . 0 0 048 ( T − 387 ) 

(32) 
4 
 f,cr = 0 . 1856 − 2 . 965 × 10 

−4 ( T − 273 . 15 ) (33) 

here φm 

and φpoly are the volume fractions of monomer and 

olymer, and V f,m 

and V f,poly are the free volumes of monomer and 

olymer. 

Regarding the polymerization kinetics and physical properties 

sed in this study, various constant parameters and functions are 

sed, which are summarized in Table 1 . 

.2. Moment equations for free radical polymerization 

The method of moments is useful to estimate features of dis- 

ributed information. In particular, polymer properties with molec- 

lar chains of various lengths can be calculated based on average 

alues of the distribution. The polymer moments are defined by 

Live polymer moments 

i = 

∞ ∑ 

j=1 

j i 
[
P j 

]
(34) 

Dead polymer moments 

i = 

∞ ∑ 

j=2 

j i 
[
D j 

]
(35) 

here λi is the i th moment of live polymer, and μi is the i th mo- 

ent of dead polymer. Note that 

∞ 

 

j=1 

∂ 

∂t 

(
j i 
[
P j 

])
= 

∂ λi 

∂t 
for i = 0 , 1 , 2 (36) 

∞ 

 

j=2 

∂ 

∂t 

(
j i 
[
D j 

])
= 

∂ μi 

∂t 
for i = 0 , 1 , 2 (37) 

By adopting the moment expressions, the infinite dimensional 

alance equation can be reduced to a finite set of molar balance 

quations carrying partial information as below: The mass balance 

quations as introduced in Eqs. (18)–(23) are redefined as 

Initiator decomposition

∂ [ I 2 ] 

∂t 
= −

(
k d + 

ε poly 

1 + ε poly x 

∂x 

∂t 

)
[ I 2 ] (38) 

Monomer conversion 

∂x 

∂t 
= 

2 f k d [ I 2 ] 
(
1 + ε poly x 

)
[ M 0 ] 

+ k p ( 1 − x ) λ0 (39) 

0 th moment for live polymer 

∂ λ0 

∂t 
= 2 f k d [ I 2 ] − k tc λ

2 
0 −

ε poly λ0 

1 + ε poly x 

∂x 

∂t 
(40) 

1 st moment for live polymer 

∂ λ1 

∂t 
= 2 f k d [ I 2 ] + k p [ M ] λ0 − k tc λ0 λ1 −

ε poly λ1 

1 + ε poly x 

∂x 

∂t 
(41) 

2 nd moment for live polymer 

∂ λ2 

∂t 
= 2 f k d [ I 2 ] + k p [ M ] ( 2 λ1 + λ0 ) − k tc λ0 λ2 −

ε poly λ2 

1 + ε poly x 

∂x 

∂t 

(42) 

0 th moment for dead polymer 

∂ μ0 

∂t 
= 

1 

2 

k tc λ
2 
0 −

ε poly μ0 

1 + ε poly x 

∂x 

∂t 
(43) 

1 st moment for dead polymer 

∂ μ1 

∂t 
= k tc λ0 λ1 −

ε poly μ1 

1 + ε poly x 

∂x 

∂t 
(44) 
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Table 1 

Kinetic parameters and physical constants for PMMA radical polymerization 

Parameter Value Units Reference 

f i 1 . 0 – (E. H. Hukkanen, 2004 ) 

k d 1 . 7 × 10 14 exp ( −3 . 0 × 10 4 /RT ) L mol −1 s −1 ( Kalfas et al., 1993 ) 

k 0 tc 9 . 8 × 10 7 exp ( −701 /RT ) L mol −1 s −1 (E. H. Hukkanen, 2004 ) 

k 0 p 4 . 92 × 10 5 exp ( −4353 /RT ) L mol −1 s −1 (E. H. Hukkanen, 2004 ) 

ρm 968 . 0 − 1 . 15( T − 273 . 15 ) g L −1 ( Hoppe & Renken, 1998 ) 

ρpoly 1212 . 0 − 0 . 845( T − 273 . 15 ) g L −1 ( Hoppe & Renken, 1998 ) 

M w, m 100 . 12 g mol −1 –

M w, I 232 . 12 g mol −1 –

R 1 . 987 cal mol −1 K −1 –

fi

[

n

w

M

M

P

3

s

G

w

m

s

t

H

B

D

β

b

υ

w

e

N

s

r

Table 2 

Empirical constants in the breakage rate functions 

Proposed by k b a b 

Hukkanen (E. H. Hukkanen, 2004 ) 0.13425 0.1728 

Hsia ( Hsia, 1981 ) 0.01031 0.06354 

Table 3 

Operating conditions for the case study. 

Variable Value Unit 

Inlet volume flowrate 5.5431e-7 m 

3 /s 

Inlet mass fraction of particles 0.1 –

Inlet mass fraction of water 0.9 –

Initial concentration of monomer in particle 799.03 mol/m 

3 

Initial concentration of initiator in particles 3.303 mol/m 

3 

Initial mean diameter of particles in a parcel 80, 180 μm 

Temperature 323.15, 363.15 K 

RPM (down pumping) 350 rpm 

a

m

i

r

a

i

ε

t

t

N

d

d

s

t

p

T

4

4

u

c

b

s

o

X

t

H

2 nd moment for dead polymer 

∂ μ2 

∂t 
= k tc 

(
λ0 λ2 + λ2 

1 

)
− ε poly μ2 

1 + ε poly x 

∂x 

∂t 
(45) 

The monomer concentration is calculated with ε poly and x de- 

ned in Eqs. (25) and (39) : 

 

M ] = 

[ M 0 ] ( 1 − x ) 

1 + ε poly x 
(46) 

Using the moments calculated from Eqs. (40) ~ (45), the 

umber-averaged molecular weight M̄ n , mass-averaged molecular 

eight M̄ m 

, and polydispersity index P D can be calculated as 

¯
 n = M w 

λ1 + μ1 

λ0 + μ0 

(47) 

¯
 m 

= M w 

λ2 + μ2 

λ1 + μ1 

(48) 

 D = 

M̄ m 

M̄ n 

(49) 

.3. Kernels for PMMA particles 

The particle growth rate by free radical polymerization is de- 

cribed by 

 ( x, T ) = ε poly 

L 0 
3 

dx 

dt 
(50) 

here L 0 is the initial diameter of a particle, dx 
dt 

means the 

onomer conversion change with time as represented in Eq. (39) . 

The kernel kinetics can be dominated by breakage in a 

mall mixer with no coalescence observed. The kernel parame- 

ers of breakage-dominated PBEs have been reported as (E. H. 

ukkanen, 2004 ) 

 

(
N j , T 

)
= 

∞ 

∫ 
j 

β
(
N j , r 

)
b ( r ) υ( r ) N j dr (51) 

 

(
N j , T 

)
= b 

(
N j 

)
N j (52) 

(
N j , r 

)
≡ β( L, r ) = 

2 . 4 

r 3 
exp 

[ 

−4 . 5 

(
2 L 3 − r 3 

)2 

r 3 

] 

(53) 

 ( r ) = 

k b 

( 1 + θp ) L 2 / 3 
exp 

[
−a b σ ( 1 + θp ) 

2 

ρp L 5 / 3 ε2 / 3 

]
(54) 

( r ) = 2 . 0 (55) 

here k b is the breakage frequency parameter, a b is the breakage 

fficiency parameter associated with surface tension, σ ( = 0.013 

 / m ) is the surface tension at the monomer/polymer-water- 

urfactant interface, and ε is the turbulence energy dissipation 

ate. 
5 
For liquid-liquid dispersion, the breakage of liquid particles is 

ffected by the turbulence energy dissipation. According to Kol- 

ogorov’s theory, the isotropic turbulence energy dissipation rate 

n a stirred reactor is determined by the design parameters of the 

eactor such as the reactor volume, the diameter of the impeller, 

nd the revolutions per minute (RPM) as ( Coulaloglou & Tavlar- 

des, 1977 ) 

= 

ω 

3 D 

3 
I 

V t 
(56) 

However, this ε cannot express the spatial characteristics in 

he stirred tank reactor, since the Eq. (56) represents the averaged 

urbulence energy in the system. Therefore, the Reynolds average 

avier-Stokes (RANS) modeling method which reflects the pressure 

rop is a good choice, in representing the local turbulence energy 

ue to the flow. In the case-study, the Eq. (56) and empirical con- 

tants of (E. H. Hukkanen, 2004 ) are applied with the PBE only for 

he purpose of validating the model. The RANS model and the em- 

irical parameters of ( Hsia, 1981 ) are used for a reactor analysis. 

able 2 lists the constant values for the breakage rate. 

. Process description 

.1. Reactor design and operating conditions 

Fig. 2 represents the design and structure of the stationary CSTR 

sed in the verification simulation. The CSTR is a round bottom 

ylindrical tank with a volume of 0.001 m 

3 and the 45 ̊ pitched 

laded down-pumping impeller with a diameter of 0.05 m. Roud- 

ari et al. ( Roudsari et al., 2013 ) designed this reactor to carry 

ut various polymerization case studies ( Roudsari et al., 2015 ; 

ie & Luo, 2017 ). The operating conditions were set to maintain 

he residence time of 1800 seconds using the data from (E. H. 

ukkanen, 2004 ) as shown in Table 3 . Particularly, the temperature 
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Fig. 2. Design of the CSTR. 

Fig. 3. Impeller designs of different blade angles. 

Fig. 4. Comparison of the CFD and well-mixed batch reactor simulations: a) Monomer conversion, b) Molecular weight of the polymer, c) Mean diameter of particles, d) 

Mass-weighted-average PSD at 1800 seconds 

6 



S.H. Kim, J.H. Lee and R.D. Braatz Computers and Chemical Engineering 152 (2021) 107391 

Fig. 5. Solvent volume fraction with different blade angles: a) 30 ̊ at 600 seconds, 

b) 30 ̊at 1200 seconds, c) 30 ̊at 1800 seconds, d) 45 ̊at 600 seconds, f) 45 ̊at 1200 

seconds, g) 45 ̊ at 1800 seconds, h) 60 ̊ at 600 seconds, i) 60 ̊ at 1200 seconds, and 

j) 60 ̊ at 1800 seconds. 

Fig. 6. Velocity of continuous phase at 1800 seconds: a) 30 ̊, b) 45 ̊, and c) 60 ̊
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b

Fig. 7. Iso-surface of continuous phase of volume fraction 0.9 with time: a) 600 

seconds, b) 1200 seconds, and c) 1800 seconds 

Fig. 8. Density of materials in the reactor over time 
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s assumed to be controlled at a constant value. In the verification 

imulation, a stable polymer polymerization process is simulated 

t a temperature of 323.15 K, and in the case study, extreme poly- 

erization is simulated at a temperature of 363.15 K. The initial 

article size distribution is described by 

 j = 

1 

σs 

√ 

2 π
exp 

[ 
− 1 

2 σs 
2 

(
D j − D 0 

)2 
] 

(57) 

here D j is the particle diameter ( μm ), D 0 is the initial mean di- 

meter of particles and σs 
2 is the variance of 10 0 0. 

Through the case study, the relationship between the blade an- 

le of the impeller and particle breakage is analyzed with the ben- 

fit of CFD simulation, which can incorporate 3D turbulence mod- 

ls such as the RANS model and can predict particle size changes 

ased on the PBE. The case study compares the simulation results 
7 
or a large angle of 60 ° and a smaller angle of 30 ° based on an

ngle 45 ˚ of the blade as shown in Fig. 3 . The simulations predict

ime transient behavior for a period of 1800 seconds. 

.2. CFD model implementation 

Regarding the numerical solution method, details of the MP- 

IC-PBE algorithm can be found in Kim et al. Kim et al., 2020 ).

he CFD model is developed on OpenFOAM 7.0. The technical de- 

ails about the software and a tutorial can be found online ( https:// 

ithub.com/KAIST-LENSE/mppicPbePolyFoam ). In addition, various 

FD techniques were added to the MP-PIC-PBE method in simulat- 

ng a highly nonlinear suspension polymerization reactor. The ro- 

ating motion of the impeller is set up using the multiple reference 

rame (MRF) method, which is an advanced version of the mov- 

ng reference frame method. The MRF method divides the compu- 

ational domain into stationary and moving domains and applies 

otating motion to the moving domain. Appropriate acceleration 

erms are added to the fluid equations for the moving domain 

 Luo et al., 1994 ). Turbulent energy modeling is applied to the 

ST k-omega model, which is a hybrid method that combines the 

ilcox k-omega model and the k-epsilon model ( Menter, 1994 ) . 

his method uses a blend function to activate the k-omega model 

t the wall and the k-epsilon model in the flow domain. The k- 

mega model is suited for computing flows in viscous sub-layers, 

nd the k-epsilon model is ideal for predicting regions far from the 

all. The energy equation is dropped by assuming that the tem- 

erature inside the tank is constant. Drag force and lift force are 

mplemented between the particle phase and the carrier phase as 

escribed in Eqs (6) and (7) . The computational domains are drawn 

n full 3D, and the mesh comprises around 250,0 0 0 cells in total. 

ll CFD simulations have been performed on 22 cores of Intel (R) 

PU of E5-2699 v4. The simulation time has been about 7 days for 

 physical time duration of 1800 seconds using the time step size 

f 0.001 to 0.05 seconds and keeping the Courant-Friedrichs-Lewy 

ondition of 0.5. 

https://github.com/KAIST-LENSE/mppicPbePolyFoam
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Fig. 9. Polymer properties in the tank over time: a) Average monomer conversion, b) Number and weight averaged molecular weight. 

Fig. 10. Mean diameter of parcels at 1800 seconds: a) 30 °, b) 45 °, and c) 60 °. 
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. Result analysis 

.1. Validation of MP-PIC-PBE for suspension polymerization 

Since the inside of the parcel is assumed to be perfectly mixed, 

t exhibits the identical reaction kinetics as a well-mixed batch re- 

ctor with a constant temperature, although it has complex move- 

ents in a reactor. Therefore, the CFD simulation with the per- 

pective of the oldest parcel inside the reactor was compared to 

he simulation of a well-mixed batch reactor to verify the nu- 

erical accuracy of the MP-PIC-PBE method for polymerization. 

he mathematical model for the batch reactor was referred from 

ukkanen (E. H. Hukkanen, 2004 ), where the model and parame- 

ers for the polymerization and PBE kernels were validated through 

omparison of the results from experiment and simulation (E. H. 

ukkanen, 2004 ). As shown in Fig. 4 , the results of the MP-PIC-PBE 

imulation show identical behavior to the results of the reference. 

t 1800 seconds, the monomer conversion to polymer is 0.04249 

n the CFD simulation and 0.04250 in the well-mixed batch reactor 

imulation. The number average molecular weight and mass aver- 

ge molecular weight are 329,051 and 658,084 in the CFD simula- 

ion, compared to 329,046 and 658,069 g/mol in the batch reactor 

imulation. The mean diameter of particles reduces to 95.95 in the 

FD and 98.92 μm in the batch reactor simulation. 

.2. Analysis of blade angle effects 

The mixing efficiency is analyzed for different blade angles. 

MA is a monomer that has a lower density than the solvent of 

ater. Thus, as shown in Fig. 5 , the injected particles, which are a

ixture of monomer (MMA) and initiator (BPO), accumulate over 

 period of time near the reactor top by lift force. Even though 

he density difference leads to distinct solute and solvent regions 

n all the cases, the low blade angle intensifies the down pumping 

nd mixing effect between the particles and water. Fig. 6 repre- 

ents why a lower the blade angle leads to a more efficient pump- 

ng effect ( Tsui et al., 2006 ). For the low blade angle of 30 °, the

irection of the down flow of the solvent gets closer to the floor. 
8 
herefore, the strong drag force between the particles and the sol- 

ent causes the particles to move from top to bottom of the re- 

ctor and induces good mixing. In addition, the upward flow near 

he walls may also affect the mixing effect, and Fig. 6 a) indicates 

hat the drag force for the upward direction is decreased with the 

ow blade angle. However, the lift force (buoyancy) continuously 

ransfers the particles to the top of the reactor. In the PMMA sus- 

ension polymerization, since the down-pumping is more impor- 

ant than the up-pumping, the moderately low blade angle turns 

ut to be more efficient for mixing overall. 

Fig. 7 indicates the iso-surface of water volume fraction 0.9 re- 

arding Fig. 5 h)-j). Fig. 7 a) and b) represent that the particle layer

ncreases over time, but Fig. 7 c) shows that the layer does not in-

rease. According to this result, it can be explained that the mixing 

f the system has entered a plateau after about 1200 seconds. 

Fig. 8 explains how the mixing of the system is rapidly stabi- 

ized. The density of particles in the reactor increases over time by 

olymerization. As a result, the average density of particles exceeds 

hat of water at about 1160 seconds. From the moment the density 

s reversed, the effect of lift disappears. As the particle density in- 

reases, the downward flow due to the gravity increases and the 

ixing rate of the system increases rapidly. 

Under the assumption of well-mixed, the resulting polymer 

roperties are nearly the same for all the different blade angles 

ecause the injected particles accumulate at the top of the reactor 

or 1800 seconds. As shown in Fig. 9 , the monomer conversion at 

800 seconds is calculated as 0.380 at 30 °, 0.383 at 45 °, and 0.384

t 60 °, showing very little difference. Though the difference in con- 

ersion is small, we observe that the lower the angle, the greater 

he influence of the down pumping flow, causing the particles to 

e ejected to the bottom of the reactor, thus reducing the overall 

esidence time of the particles. The polydispersity index at 1800 

econds is predicted to be about 2.045 at all angles. 

Regarding particle breakage, the higher blade angle breaks 

own the particles into smaller particles, as shown in Fig. 10 . The 

inimum mean diameter of parcels is calculated as 155.3 at 30 °, 
46.2 at 45 °, and 118.1 μm at 60 °. The average mean diameter of 

articles is predicted as 181.7 at 30 °, 175.9 at 45 °, and 164.5 μm

t 60 °. At a same RPM, the difference in the turbulence dissipa- 

ion rate is the main reason why a higher blade angle breaks the 

articles into smaller size. Fig. 11 shows that the high blade an- 

le increases the turbulence dissipation rate around the impeller, 

nd widens the range of generating and dissipating turbulence en- 

rgy in the reactor (see Fig. 12 ). As a result, the maximum value of

he turbulence energy dissipation rate is observed as 0.709 at 30 °, 
.945 at 45 °, and 1.414 m 

2 /s 3 at 60 °. 
In Figs. 7 and 8 , the correlation between the change in parti- 

le density due to polymer growth and the mixing effect in the 

ank was explained. In addition, Fig. 13 demonstrates the effect 

f the particle density change on the particle size. The impeller, 

hich had initially been stopped, started to rotate to induce par- 
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Fig. 11. Turbulence energy dissipation rate profiles at 1800 seconds: a) 20 °, b) 45 °, 
and c) 60 °. 

Fig. 12. Isosurface of continuous phase of turbulence dissipation rate 0.1 m 

2 /s 3 at 

1800 seconds: a) 20 °, b) 45 °, and c) 60 °. 

Fig. 13. Average mean diameter of parcels in the tank over time. 
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icle breakage. And then, at about 150 seconds, the flow pattern 

s stabilized and the breakage rate becomes soft. Particularly, after 

bout 1160 seconds, a decrease in the average size of the parti- 

les is observed for about 100 seconds. With the average particle 

ize reduction, the minimum particle size is also decreased, which 

eans that rapid mixing due to the particle density change affects 

he turbulence energy in the reactor. Finally, after about 1260 sec- 

nds, the particle size remains constant and the system is stabi- 

ized. 

. Conclusion 

This study is the first to analyze the transport phenomena 

ccurring in suspension polymerization using the MP-PIC-PBE 

ethod. In particular, the particle flow predicted by the Lagrangian 

rame clearly shows the suspension flow patterns induced by drag 

nd lift forces. Moreover, the case study confirms the interaction 

etween the blade angle of the impeller and the particle size of 

esin in the CSTR. 

According to the simulation results, a low blade angle induces 

he down pumping of the particles, thus increasing the mixing ef- 

ciency. On the other hand, the high blade angle widens and in- 

ensifies the region and rate of turbulence dissipation in the reac- 

or, breaking down the particles to smaller sizes. Therefore, in the 
9 
ase of suspension polymerization with the monomer of a lower 

ensity than the continuous phase, an appropriately chosen blade 

ngle can increase the mixing effect. On the other hand, if stake- 

olders want to get smaller particles, replacing the impeller with 

ne with a high blade angle will be a good strategy. However, this 

hange can worsen the mixing effect and increased the variance of 

article size distribution at the same time. 

The simulation results suggest that the solute density exceeds 

he solvent density due to polymer growth, resulting in a rollover 

henomenon between the two phases. And this roll-over phe- 

omenon speeds up the mixing in the tank and accelerates the 

ystem stabilization. However, the case study was simulated in a 

mall reactor measuring 0.001 m 

3 in volume. It’s difficult to say 

ow the rollover will affect commercial size systems. In particu- 

ar, the analyzed system has been assumed to be isothermal and 

oes not reflect the temperature change due to the rollover phe- 

omenon. This dynamic change in the flow can significantly affect 

he system temperature in a large-size system, despite the pres- 

nce of temperature control through a jacket. Therefore, our next 

tep is to study the control of commercial-scale processes with the 

elp of the CFD model. For this, the CFD model will be updated to 

epresent the heat transfer phenomenon inside the reactor with an 

uter cooling jacket. 
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