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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
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1. Introduction

Suspension polymerization is a process of producing free-
flowing polymer particles using two immiscible liquid phases. The
process first creates a suspension of monomer droplets within a
continuous liquid phase - typically water - after which polymer-
ization occurs in the droplets to form solid polymer beads. This
approach makes it easy to remove the heat of reaction generated
in the droplets and is suitable for large-scale industrial polymer-
izers because there is limited increase in viscosity (Hungenberg &
Waulkow, 2018). This situation is in contrast to bulk polymeriza-
tion in which the viscosity increases by several orders of magni-
tude during the polymerization, causing operational problems at a
large scale. The polymer beads resulting from suspension polymer-
ization are nearly perfect spheres and are easy to transport, store,
and feed to polymer extrusion processes to make products in the
form of fibers, films, textiles, etc. (Dowding & Vincent, 2000).
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The size distribution of the free-flowing droplets has a direct
effect on the size distribution of the resulting polymer particles,
which also directly affects the polymer’s molecular weight distri-
bution and thus quality of the polymer products. The size of parti-
cles is determined by the turbulence resistance and the dynamic
equilibrium of the coalescence by surface tension and adhesion
force (Ramkrishna, 2000). Therefore, if the fluid dynamics which
shapes the particle size distribution (PSD), both initially and as the
polymerization progresses, can be controlled, it would be possible
to control the properties of the polymer product beyond what is
currently achievable by the control of temperature and feed com-
positions. However, there is still a lack of understandings on the
relationship between the size of dispersed particles and the fluid
dynamics (E. H. Hukkanen, 2004). Studies in the past have not
been able to accurately predict particle size and molecular weight
distribution simultaneously since they could not interpret the pre-
cise flow pattern inside the reactor (Barkanyi & Nemeth, 2015;
Barkanyi et al., 2013; Okullo et al., 2017). Although the combina-
tion of computational fluid dynamics (CFD) and population bal-
ance equations (PBE) is the state of the art (Xie & Luo, 2017),
there are limitations such as the expensive computational cost
and 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

development of mathematical models and numerical methods to
accurately predict the fluid dynamics and particle size and molec-
ular weight distributions in suspension polymerization systems is
still in progress.

To this end, this research is intended to advance the state of the
art by developing a multiscale mathematical model and simulator
that can predict both the PSD and the average molecular weight
simultaneously, taking the detailed fluid dynamics rigorously into
account. The model, developed using the recently proposed mul-
tiphase particle-in-cell coupled with population balance equation
(MP-PIC-PBE) method (Kim et al., 2020), graphically simulates the
suspended multiphase flow based on the Euler-Lagrangian frame
which presents not only the lift and drag forces between the par-
ticle phase and the continuous solvent phase but also the inter-
particles collision and damping effects. In addition, the micro-scale
particle changes are predicted through the implementation of the
droplet growth by polymerization and droplet breakage by tur-
bulence energy dissipation. The additional polymerization model-
ing computes the various polymer properties of individual droplets
such as the average molecular weight, and the polydispersity index
(PD).

A continuous stirred-tank reactor of poly methyl methacry-
late (PMMA) suspension polymerization, previously studied in
(Roudsari et al., 2013), is simulated for validation and a case study.
The simulations are validated with research results in the literature
(E. H. Hukkanen, 2004; E. J. Hukkanen & Braatz, 2005a, 2005b; E.
J. Hukkanen et al., 2007), and the interaction between turbulence
energy dissipation rate and particle breakage (Hsia, 1981) is clearly
elucidated in the case study. In particular, the effect of different
blade angles of the impeller on particle size changes is investi-
gated.

2. MP-PIC-PBE for suspension polymerization

The MP-PIC method is widely used to analyze oil and gas par-
ticulate processes such as a fluidized bed, and a hydrocyclone sep-
arator (Razmi et al., 2019; Thapa et al., 2016). These examples have
demonstrated the ability of the MP-PIC method to predict the flow
patterns of multi-phase fluids when a liquid or gas carrier phase
and the particulate phase are mixed. However, a limitation of the
MP-PIC method is that it is difficult to predict changes in particle
size due to reactions and external forces. The MP-PIC-PBE method
have been developed to efficiently and accurately predict the par-
ticle size change by tracking the particle size distribution inside a
parcel (Kim et al., 2020).

In this study, the MP-PIC-PBE method is modified to address
the suspension polymerization phenomena as shown in Figure 1.
The newly built model is able to predict the particulate multi-
phase fluid dynamics based on the MP-PIC method (Snider, 2001;
Snider et al., 1997), and reflect the change of particle size in parcels
with respect to the fluid flow based on the PBE. A parcel refers to
a collection of particles having a same flow pattern, and it is as-

sumed that the particles inside a parcel can increase or decrease
in size due to chemical changes and particle-to-particle interac-
tions. In suspension polymerization, changes in particle size are
accounted for by a set of phenomena including breakage, coales-
cence, and growth. The turbulent energy of flow causes breakage,
the inter-particle collision affects coalescence, and the polymeriza-
tion results in particle growth.

2.1. Continuous fluid phase

The mass, momentum, and energy governing equations for the
continuous phase, with the assumption of incompressible flow, are
expressed by

Mass equation

36,

Momentum equation
B(Ofuf) 1 1 F
T+V~(erfo)+Ffv-T=—;fVP+9fg—Ff (2)
Energy equation
9(0shs 0 (05K 0¢ OP
% +V. (Qfllfhf) + % +V. (QfoKf) — pij;g
1 _
:p—fV~9f[l<effVT+(?eff‘uf)]+0fg~uf (3)

where Gf is the fluid volume fraction, P is the fluid density, us
is the fluid velocity, t is the shear stress by viscous and turbulent
flow, P is the system pressure, g is the gravitational acceleration, F
is the interphase momentum transfer which includes the viscous
drag between particles as well as between the particulate phase
and the fluid phase, hy is the fluid enthalpy, K; = |uf|2/2 is the ki-
netic energy, ks is the fluid thermal conductivity, T is the system

temperature, and T, 75 - Uy is the mechanical source.
2.2. Particulate phase

The particulate phase equations from applying MP-PIC are given
by (Snider, 2001)
Particle distribution function

of

8t+v (frp) +Vy, - (JA) =0 (4)
Particle acceleration
avp 1 1

Particle drag force

3 pf (Uf—V
Fp = C 8 p£|rpp|(uf—vp) (6)
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where

24 _ .
Co= by #%(1+0.5Re®%7); if Re < 1000

Cy=0.44 9]:265; if Re > 1000

_ 2pf|uf—vp|rp
Ks

Particle shear lift force

Re

2
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Isotropic interparticle stress

T, = RO,
P max {0 — 0p, e(1-6,)}

Particle volume fraction

6, = // fpﬂpdmdu 9)

Liquid volume fraction
Qf + Qp =1 (10)

Interphase momentum transfer function

F://fm[FD—i—FL—plpVP}dm dv (11)

where f is the particle distribution function in the Euler grid, vp is
the discrete particle velocity, A is the discrete particle acceleration,
Fp is the particle drag function, p, is the particle density which
is a mixture density of polymer and monomer in a parcel, Ff is
the particle shear lift function, C; is the drag coefficient, rp is the
particle mean radius, 7 is the interparticle stress, P is a constant
in units of pressure, 6, and 6., are the particle volume fraction
and its maximum, B is a constant whose value is recommended
between 2 and 5, ¢ is a small number on the order of 10-7 and m
is the total mass of the particles in a parcel (Snider et al., 1997).

2.3. Population balance equations in a parcel

During suspension polymerization in a CSTR, the particles col-
lide with each other to merge or split, and also grow by polymer-
ization. By such phenomena, the distribution of population in a
parcel is changed through growth, birth, and death of particles as
described in Eqgs. (12)-(14):

N; 3[G(x. T)N;]

W__Z 8Tj
J

+B(N;, T) = D(N;, T) (12)

00 11
B(N;. T) = {ﬁ(Nj,r)b(r)v(r)Nj dr+ EgC[N(jLﬁ)”’ r]

N(j3—r3)l/3Nj dr (13)

D(N;, T) = b(N))N; + N ofc(z\fj, r)N; dr (14)

where N; is the particle number density within a parcel, G(x, T) is
the growth rate, r; is the particle’s internal coordinate, B(N;, T) is
the birth rate of particles, D(N;, T) is the death rate of particles, r
is the dimension of particle distribution, 8(N;, r) is the size dis-
tribution of daughter particles formed from breakage of a droplet,
b(r) is the breakage frequency, v(r) is the number of dispersed
fluid entities formed from breakage of a particle, and c(N;, r) is
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the collision frequency. The total mass of a parcel and the average
particle size can be calculated by

T
Ny j = % SrNdr (15)
m= Vcell ZNW,j (16)
J
D3,
"=
where
Ny, i3
D3 = LW]JZ (17)
Zj vajrj

and N, ; is the average particle mass per cell volume which is cal-
culated assuming the particles are perfect spheres sized accord-
ing to the particle size distribution, V., is the volume of the cell
where the particle is positioned, and D3, is the volume mean di-
ameter of particles in a parcel.

3. PMMA suspension polymerization

Polymethyl methacrylate (PMMA) is an acrylic polymer derived
from acrylic acid and is produced in suspension, solution, and bulk
polymerization systems (Ghosh et al., 1998; Kalfas & Ray, 1993;
Kalfas et al., 1993; Zhang & Ray, 1997). In general, these systems
use anionic polymerization with radical initiation. In this study,
suspension polymerization with benzoyl peroxide (BPO) as the ini-
tiator and water as the solvent is modeled (Lin & Wang, 1981).

3.1. Free radical polymerization kinetics

The radical polymerization mechanism and kinetics of bulk
polymerization used in this study are taken from a previous re-
search done by Hukkanen and coworkers (E. ]J. Hukkanen et al.,
2007). Bulk polymerization with an organic peroxide initiator has
the reaction mechanism:

I L] 2I- rq = 2fikq[I2] initiator decomposition
I.+M& P r—k[M][I] initiation

k
Ph+M-3P,  r,=k,[M][P,] propagation

le
Pyi4Pn=Dpim  Tec = Kee[Pn][Pr]

where kg, ki, kp, and ke are the rate constant parameters, f; is
the initiator efficiency parameter, I, and I- are the initiator and ini-
tiator radical molecule, M is the monomer, P is the live polymer, D
is the dead polymer, and m and n represent the chain length.

By assuming a dispersed particle is a well-mixed batch reactor,
bulk polymerization is represented to occur inside each particle.
The molar balances in a batch reactor are expressed by

Initiator decomposition

termination by combination

19(RL]V)

v~ = kalk] (18)
Radical concentration

10(I |V

7 2D gy + 25k in) (19)
Monomer concentration

1 d([M]V >
5 ZEYD g gim) — oyl > [7] (20)
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Live polymer chains

19(mAVv)

Vo ot = ki L][M] — kp[M][P] = kec[P] Y [P)] (21)

j=1

Live polymer chains

e ()
—Kkec[Pm] i [P] form=2,..-.n (22)
=1

Dead polymer chains

19(Dmv) 1, &
Voot = ke JX_; [P][Pn-j] form=2. .. n (23)
where V is the volume of particle which initially consists of pure
monomer.

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

V = Vo(l + Epolyx) (24)
Spoly _ lopoly — Pm (25)
ppoly

where Vp is the initial volume of a particle, &)y, is the volume
contraction factor, x is the monomer conversion ratio, ppq, is the
polymer density, and pn, is the monomer density.

If the lifetime of an initiator radical molecule is extremely short
(<< 1 second), the reaction rates of decomposition and initiation
can be assumed to be equal as follows:

kill-I[M] = 2 fikq[I] (26)

With the quasi-steady-state assumption for the concentration of
initiator, the governing equation for the initiator radical molecule
is
19([L]V)
vV ot

The gel effect is one of auto-acceleration phenomena due to
the monomer fraction decreasing during free radical polymeriza-
tion. This phenomenon limits the monomer diffusion and acceler-
ates the initiation or propagation reaction (Crowley & Choi, 1998).
The gel effect is modeled as a function of monomer and polymer
ratio (O'Neil et al., 1998), termination rate constant k., and propa-
gation rate constant kj defined as

kee = K gt (28)

=0 (27)

kp = kogp (29)

The gel effect parameters for the termination and propagation
are represented by

O,]05756‘17'15Vf_0‘01715(T_273'15) Vf > Vf o
t = 0.23 -5,75V, ) (30)
. x 1077e’>Ys Vf =< Vf,cr
1 V>V
— f foer
&= {0.71 x 10747159 Vp < Vi, (3D

where V; is the free volume and Vy , is the critical free volume.
These are defined by

Vi = dmVim + Gpoiy Vs, poly

where

Vm = 0.025 +0.001(T — 167),

Vf poly = 0.025 + 0.00048(T — 387) (32)
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Vi = 0.1856 — 2.965 x 10~4(T - 273.15) (33)

where ¢m and ¢,,, are the volume fractions of monomer and
polymer, and Vy , and Vy ,y, are the free volumes of monomer and
polymer.

Regarding the polymerization kinetics and physical properties
used in this study, various constant parameters and functions are
used, which are summarized in Table 1.

3.2. Moment equations for free radical polymerization

The method of moments is useful to estimate features of dis-
tributed information. In particular, polymer properties with molec-
ular chains of various lengths can be calculated based on average
values of the distribution. The polymer moments are defined by

Live polymer moments

=Y i[P] (34)
j=1
Dead polymer moments
wi=Y_ D] (35)
j=2

where }; is the i" moment of live polymer, and p; is the ith mo-
ment of dead polymer. Note that

> ; Moo

Z%(]'[Pj]):% fori=0, 1, 2 (36)
j=1

> 9 . a,bL, .

Z&(] [Dj]) = e fori=0, 1, 2 (37)
j=2

By adopting the moment expressions, the infinite dimensional
balance equation can be reduced to a finite set of molar balance
equations carrying partial information as below: The mass balance
equations as introduced in Egs. (18)-(23) are redefined as

Initiator decomposition

o] _ Epoly  0X
at _<kd T T ey 00 (1] (38)

Monomer conversion
0x _ kacl[IZ](l + 8polyx)

= Vo] +kp(1=X)Ao (39)
0th moment for live polymer

a)\.o _ P gpoly)"O 0x

W = szd[IZ] — ktc)‘-o — Twyxﬁ (40)
15' moment for live polymer

8)\1 gpoly)‘l ox

ot 2fkq[l] + kp[M]Ao — kecAoAs — Wﬁ (41)
274 moment for live polymer

8)‘-2 8poly)‘2 0x

W = 2fkd[12] + kp[M](Z)\q + )\.0) — ktc)"O)\z — W&

(42)

0th moment for dead polymer

o _ 1 2 € poly M0 ox

Tt~ 2NN T T, xat (43)
15t moment for dead polymer

£
Ot _ fchghy — o1 OX (44)

at 1+ &poyx Ot
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Table 1
Kinetic parameters and physical constants for PMMA radical polymerization
Parameter  Value Units Reference
fi 1.0 - (E. H. Hukkanen, 2004)
kq 1.7 x 10Mexp(—3.0 x 10°/RT) L mol-! s-! (Kalfas et al., 1993)
Ko, 9.8 x 107exp(—701/RT) L mol-! s-! (E. H. Hukkanen, 2004)
k9 4.92 x 10°exp(—4353/RT) L mol-! s! (E. H. Hukkanen, 2004)
Pm 968.0 — 1.15(T — 273.15) gLt (Hoppe & Renken, 1998)
Lpoly 1212.0 — 0.845(T — 273.15) gL! Hoppe & Renken, 1998)
My, m 100.12 g mol-! -
My, | 232.12 g mol! -
R 1.987 cal mol-' K1 -
2" moment for dead polymer Table 2
Empirical constants in the breakage rate functions
Opts k ()\, Ay + )\,2) Epaytha_OX (45) Proposed by k a
=< =k _ _poyrme T4
at A T T d ”
. . . Hukkanen (E. H. Hukkanen, 2004)  0.13425 0.1728
The monomer concentration is calculated with e,,, and x de- Hsia (Hsia, 1981) 0.01031  0.06354
fined in Eqgs. (25) and (39):
w1 = [Mo](1 —%) 46 Table 3
[M] = 1+ popX (46) Operating conditions for the case study.
poty
Using the moments calculated from Egs. (40) ~ (45), the Variable Value Unit
number-averaged molecular weight My, mass-averaged molecular Inlet volume flowrate 5.5431e-7 m3/s
weight Mp,, and polydispersity index PD can be calculated as Inlet mass fraction of particles 0.1 -
Inlet mass fraction of water 0.9 -
v A+ U Initial concentration of monomer in particle 799.03 mol/m3
M, = Mwik iy (47) Initial concentration of initiator in particles 3.303 mol/m?
0 0 Initial mean diameter of particles in a parcel 80, 180 um
_ Ao+ Temperature 323.15,363.15 K
My, = Mwﬁ (48) RPM (down pumping) 350 rpm
1 1
PD = i (49) For liquid-liquid dispersion, the breakage of liquid particles is
n

3.3. Kernels for PMMA particles

The particle growth rate by free radical polymerization is de-
scribed by
LO dx
gpolyga
where Ly is the initial diameter of a particle, % means the
monomer conversion change with time as represented in Eq. (39).
The kernel kinetics can be dominated by breakage in a
small mixer with no coalescence observed. The kernel parame-
ters of breakage-dominated PBEs have been reported as (E. H.
Hukkanen, 2004)

G, T) = (50)

B(N;. T) = J B(N;. r)b(r)u(r)N; dr 51)
J

P T) =B (52)

213 - 13)°

B(N;.1) = B(L.1) = 21%346)([3 _4_5% (53)
k a 140 2

b = 1+ GI;)LZB exp[— 225/362;)3) i| (54)

v(r)=20 (55)

where k;, is the breakage frequency parameter, a, is the breakage
efficiency parameter associated with surface tension, o (=0.013
N/m) is the surface tension at the monomer/polymer-water-
surfactant interface, and € is the turbulence energy dissipation
rate.

affected by the turbulence energy dissipation. According to Kol-
mogorov’s theory, the isotropic turbulence energy dissipation rate
in a stirred reactor is determined by the design parameters of the
reactor such as the reactor volume, the diameter of the impeller,
and the revolutions per minute (RPM) as (Coulaloglou & Tavlar-
ides, 1977)
3D}
€ = v (56)
However, this € cannot express the spatial characteristics in
the stirred tank reactor, since the Eq. (56) represents the averaged
turbulence energy in the system. Therefore, the Reynolds average
Navier-Stokes (RANS) modeling method which reflects the pressure
drop is a good choice, in representing the local turbulence energy
due to the flow. In the case-study, the Eq. (56) and empirical con-
stants of (E. H. Hukkanen, 2004) are applied with the PBE only for
the purpose of validating the model. The RANS model and the em-
pirical parameters of (Hsia, 1981) are used for a reactor analysis.
Table 2 lists the constant values for the breakage rate.

4. Process description
4.1. Reactor design and operating conditions

Fig. 2 represents the design and structure of the stationary CSTR
used in the verification simulation. The CSTR is a round bottom
cylindrical tank with a volume of 0.001 m? and the 45° pitched
bladed down-pumping impeller with a diameter of 0.05 m. Roud-
sari et al. (Roudsari et al, 2013) designed this reactor to carry
out various polymerization case studies (Roudsari et al., 2015;
Xie & Luo, 2017). The operating conditions were set to maintain
the residence time of 1800 seconds using the data from (E. H.
Hukkanen, 2004) as shown in Table 3. Particularly, the temperature
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Fig. 2. Design of the CSTR.
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b) 45°

Fig. 3. Impeller designs of different blade angles.
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is assumed to be controlled at a constant value. In the verification
simulation, a stable polymer polymerization process is simulated
at a temperature of 323.15 K, and in the case study, extreme poly-
merization is simulated at a temperature of 363.15 K. The initial
particle size distribution is described by

1 1 2
Nj= ﬁexp[—m(m —Dy) ] (57)

where D; is the particle diameter (im), Dy is the initial mean di-
ameter of particles and o2 is the variance of 1000.

Through the case study, the relationship between the blade an-
gle of the impeller and particle breakage is analyzed with the ben-
efit of CFD simulation, which can incorporate 3D turbulence mod-
els such as the RANS model and can predict particle size changes
based on the PBE. The case study compares the simulation results
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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
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Fig. 8. Density of materials in the reactor over time

for a large angle of 60° and a smaller angle of 30° based on an
angle 45 ° of the blade as shown in Fig. 3. The simulations predict
time transient behavior for a period of 1800 seconds.

4.2. CFD model implementation

Regarding the numerical solution method, details of the MP-
PIC-PBE algorithm can be found in Kim et al. Kim et al., 2020).
The CFD model is developed on OpenFOAM 7.0. The technical de-
tails about the software and a tutorial can be found online (https://
github.com/KAIST-LENSE/mppicPbePolyFoam). In addition, various
CFD techniques were added to the MP-PIC-PBE method in simulat-
ing a highly nonlinear suspension polymerization reactor. The ro-
tating motion of the impeller is set up using the multiple reference
frame (MRF) method, which is an advanced version of the mov-
ing reference frame method. The MRF method divides the compu-
tational domain into stationary and moving domains and applies
rotating motion to the moving domain. Appropriate acceleration
terms are added to the fluid equations for the moving domain
(Luo et al., 1994). Turbulent energy modeling is applied to the
SST k-omega model, which is a hybrid method that combines the
Wilcox k-omega model and the k-epsilon model (Menter, 1994).
This method uses a blend function to activate the k-omega model
at the wall and the k-epsilon model in the flow domain. The k-
omega model is suited for computing flows in viscous sub-layers,
and the k-epsilon model is ideal for predicting regions far from the
wall. The energy equation is dropped by assuming that the tem-
perature inside the tank is constant. Drag force and lift force are
implemented between the particle phase and the carrier phase as
described in Eqs (6) and (7). The computational domains are drawn
in full 3D, and the mesh comprises around 250,000 cells in total.
All CFD simulations have been performed on 22 cores of Intel (R)
CPU of E5-2699 v4. The simulation time has been about 7 days for
a physical time duration of 1800 seconds using the time step size
of 0.001 to 0.05 seconds and keeping the Courant-Friedrichs-Lewy
condition of 0.5.
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5. Result analysis
5.1. Validation of MP-PIC-PBE for suspension polymerization

Since the inside of the parcel is assumed to be perfectly mixed,
it exhibits the identical reaction kinetics as a well-mixed batch re-
actor with a constant temperature, although it has complex move-
ments in a reactor. Therefore, the CFD simulation with the per-
spective of the oldest parcel inside the reactor was compared to
the simulation of a well-mixed batch reactor to verify the nu-
merical accuracy of the MP-PIC-PBE method for polymerization.
The mathematical model for the batch reactor was referred from
Hukkanen (E. H. Hukkanen, 2004), where the model and parame-
ters for the polymerization and PBE kernels were validated through
comparison of the results from experiment and simulation (E. H.
Hukkanen, 2004). As shown in Fig. 4, the results of the MP-PIC-PBE
simulation show identical behavior to the results of the reference.
At 1800 seconds, the monomer conversion to polymer is 0.04249
in the CFD simulation and 0.04250 in the well-mixed batch reactor
simulation. The number average molecular weight and mass aver-
age molecular weight are 329,051 and 658,084 in the CFD simula-
tion, compared to 329,046 and 658,069 g/mol in the batch reactor
simulation. The mean diameter of particles reduces to 95.95 in the
CFD and 98.92 um in the batch reactor simulation.

5.2. Analysis of blade angle effects

The mixing efficiency is analyzed for different blade angles.
MMA is a monomer that has a lower density than the solvent of
water. Thus, as shown in Fig. 5, the injected particles, which are a
mixture of monomer (MMA) and initiator (BPO), accumulate over
a period of time near the reactor top by lift force. Even though
the density difference leads to distinct solute and solvent regions
in all the cases, the low blade angle intensifies the down pumping
and mixing effect between the particles and water. Fig. 6 repre-
sents why a lower the blade angle leads to a more efficient pump-
ing effect (Tsui et al., 2006). For the low blade angle of 30°, the
direction of the down flow of the solvent gets closer to the floor.

Therefore, the strong drag force between the particles and the sol-
vent causes the particles to move from top to bottom of the re-
actor and induces good mixing. In addition, the upward flow near
the walls may also affect the mixing effect, and Fig. 6 a) indicates
that the drag force for the upward direction is decreased with the
low blade angle. However, the lift force (buoyancy) continuously
transfers the particles to the top of the reactor. In the PMMA sus-
pension polymerization, since the down-pumping is more impor-
tant than the up-pumping, the moderately low blade angle turns
out to be more efficient for mixing overall.

Fig. 7 indicates the iso-surface of water volume fraction 0.9 re-
garding Fig. 5 h)-j). Fig. 7 a) and b) represent that the particle layer
increases over time, but Fig. 7 c¢) shows that the layer does not in-
crease. According to this result, it can be explained that the mixing
of the system has entered a plateau after about 1200 seconds.

Fig. 8 explains how the mixing of the system is rapidly stabi-
lized. The density of particles in the reactor increases over time by
polymerization. As a result, the average density of particles exceeds
that of water at about 1160 seconds. From the moment the density
is reversed, the effect of lift disappears. As the particle density in-
creases, the downward flow due to the gravity increases and the
mixing rate of the system increases rapidly.

Under the assumption of well-mixed, the resulting polymer
properties are nearly the same for all the different blade angles
because the injected particles accumulate at the top of the reactor
for 1800 seconds. As shown in Fig. 9, the monomer conversion at
1800 seconds is calculated as 0.380 at 30°, 0.383 at 45°, and 0.384
at 60°, showing very little difference. Though the difference in con-
version is small, we observe that the lower the angle, the greater
the influence of the down pumping flow, causing the particles to
be ejected to the bottom of the reactor, thus reducing the overall
residence time of the particles. The polydispersity index at 1800
seconds is predicted to be about 2.045 at all angles.

Regarding particle breakage, the higher blade angle breaks
down the particles into smaller particles, as shown in Fig. 10. The
minimum mean diameter of parcels is calculated as 155.3 at 30°,
146.2 at 45°, and 118.1 um at 60°. The average mean diameter of
particles is predicted as 181.7 at 30°, 175.9 at 45°, and 164.5 um
at 60°. At a same RPM, the difference in the turbulence dissipa-
tion rate is the main reason why a higher blade angle breaks the
particles into smaller size. Fig. 11 shows that the high blade an-
gle increases the turbulence dissipation rate around the impeller,
and widens the range of generating and dissipating turbulence en-
ergy in the reactor (see Fig. 12). As a result, the maximum value of
the turbulence energy dissipation rate is observed as 0.709 at 30°,
0.945 at 45°, and 1.414 m?/s3 at 60°.

In Figs. 7 and 8, the correlation between the change in parti-
cle density due to polymer growth and the mixing effect in the
tank was explained. In addition, Fig. 13 demonstrates the effect
of the particle density change on the particle size. The impeller,
which had initially been stopped, started to rotate to induce par-
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Fig. 13. Average mean diameter of parcels in the tank over time.

ticle breakage. And then, at about 150 seconds, the flow pattern
is stabilized and the breakage rate becomes soft. Particularly, after
about 1160 seconds, a decrease in the average size of the parti-
cles is observed for about 100 seconds. With the average particle
size reduction, the minimum particle size is also decreased, which
means that rapid mixing due to the particle density change affects
the turbulence energy in the reactor. Finally, after about 1260 sec-
onds, the particle size remains constant and the system is stabi-
lized.

6. Conclusion

This study is the first to analyze the transport phenomena
occurring in suspension polymerization using the MP-PIC-PBE
method. In particular, the particle flow predicted by the Lagrangian
frame clearly shows the suspension flow patterns induced by drag
and lift forces. Moreover, the case study confirms the interaction
between the blade angle of the impeller and the particle size of
resin in the CSTR.

According to the simulation results, a low blade angle induces
the down pumping of the particles, thus increasing the mixing ef-
ficiency. On the other hand, the high blade angle widens and in-
tensifies the region and rate of turbulence dissipation in the reac-
tor, breaking down the particles to smaller sizes. Therefore, in the
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case of suspension polymerization with the monomer of a lower
density than the continuous phase, an appropriately chosen blade
angle can increase the mixing effect. On the other hand, if stake-
holders want to get smaller particles, replacing the impeller with
one with a high blade angle will be a good strategy. However, this
change can worsen the mixing effect and increased the variance of
particle size distribution at the same time.

The simulation results suggest that the solute density exceeds
the solvent density due to polymer growth, resulting in a rollover
phenomenon between the two phases. And this roll-over phe-
nomenon speeds up the mixing in the tank and accelerates the
system stabilization. However, the case study was simulated in a
small reactor measuring 0.001 m3 in volume. It’s difficult to say
how the rollover will affect commercial size systems. In particu-
lar, the analyzed system has been assumed to be isothermal and
does not reflect the temperature change due to the rollover phe-
nomenon. This dynamic change in the flow can significantly affect
the system temperature in a large-size system, despite the pres-
ence of temperature control through a jacket. Therefore, our next
step is to study the control of commercial-scale processes with the
help of the CFD model. For this, the CFD model will be updated to
represent the heat transfer phenomenon inside the reactor with an
outer cooling jacket.
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