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Summary: A hybrid multi-zonal/computational fluid dynamics (CFD) framework is

currently being developed to aid in the scale-up of high solid content latex

production and processing. Poly3D, a commercial laminar CFD code tailored to

modelling the mixing of non-Newtonian fluids, has been coupled to a population

balance model via a customized interface. CFD is used to generate flow fields inside a

series of reactors; this information is then transferred to a multi-zone population

balance model to assess the impact of non-homogenous mixing on the evolution of

the latex particle size distribution (PSD) when concentrated latex suspension is

altered via the addition of a coagulant. The rheological properties of high solid

content latexes are sensitive to changes in the PSD, so the flow field is periodically

updated if significant changes in the rheological properties of the latex are detected

in any of the zones. The details of the models comprising the framework are

presented and the utility of the framework is demonstrated.
Keywords: computational fluid dynamics; high solid content latexes; kinetics (polym.);

particle size distribution; polymer latexes
Introduction

Most commercial polymer latex formula-

tions contain between 40 to 55 vol% solids,

the remainder being water and dissolved

species. In order to reduce manufacturing

costs and improve product quality, there is

ongoing commercial interest in developing

high solid content latexes that contain as

much as 75 vol% solids. However such a

formulation typically requires a well-

defined particle size distribution (PSD) to

maintain colloidal stability and provide an

acceptable product viscosity.[1] The produc-

tion of high solid content latexes is of

ongoing academic interest, but the com-

mercialization of such processes is further

complicated by the fact that mixing is non-
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homogeneous in all but the smallest lab-

scale reactors. The ability to anticipate and

adapt to important changes in key process

time and length scales can significantly

reduce the costs of commercialization by

reducing the amount of trial-and-error pilot

plant experimentation required.

Computational fluid dynamics (CFD)

provides a means of studying the important

flow and mixing dynamics inside a wide

range of vessel geometries and sizes, but

incorporating a full kinetic model for PSD

into the CFD simulation is, to our knowl-

edge, impractical, even when one has access

to high performance computing power.

Fortunately, the kinetic model can be

solved on a much coarser mesh without

loss of detail.[2] One simple way to couple

the CFD simulation and kinetic model

together is to use them in a sequential

manner by using the CFD hydrodynamics

to generate a coarse mesh consisting of

multiple zones, with each zone behaving as

a well-mixed unit; therefore, a single PSD is

solved in each zone. When operating in or
, Weinheim wileyonlinelibrary.com
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near the transitional regime, as is the case in

many latex reactors, the hydrodynamics

may evolve significantly during the process

as the viscosity of the latex changes; this

necessitates the use of two-way coupling

between CFD simulation and population

balance models.

Elgebrandt et al.[3] adapted the general

hybrid multizonal/CFD framework devel-

oped by Bezzo et al.[2,4] to emulsion

polymerization, but they focused on the

production of relatively dilute latexes while

operating in the turbulent regime. This

work focuses instead on laying the founda-

tion for the development of a hybrid

multizonal/CFD framework to capture

the dynamics of the final production stages

of high solid content (HSC) latexes. The

highly non-Newtonian behaviour of the

latexes in the laminar and low transition

regimes is of particular interest. As this

work is preliminary, the kinetic model has

been restricted to controlled coagulation, a
Figure 1.

(left) three dimensional structure of the vessel includin

geometry showing the dimensions of the key design p
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process that is employed in the production

of polymer materials for a wide range of

applications.[5]
Overview of the Simulation
Framework

The simulation framework consists of three

components: the multizonal population

balance model, the CFD model and a set

of interface routines to handle the genera-

tion of zones and the transmission of data

between models. The mixing system that

was modeled to demonstrate the frame-

work was a tank with a four-bladed 458
pitched blade turbine and two round

baffles. The reactor geometry is illustrated

in Figure 1, along with key vessel and

impeller dimensions.

An unstructured CFD mesh was gener-

ated in three dimensions using the Gambit

(Ansys), a commercial pre-processor. The
g the main features; (right) schematic of the reactor

arameters.
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mesh was sufficiently refined in regions with

large velocity gradients in order to provide

sufficient resolution of the flow field (i.e. the

mesh was refined until the computed power

consumption converged). The presence of

baffles in the tank will result in flow that is

periodic in nature, although this effect is

much stronger in the turbulent regime. A

preliminary set of simulations was run to

contrast the non-stationary flow fields

generated with the fictitious domain

method to the stationary flow field gener-

ated by imposing a rotational condition on

the impeller surface. It was found that the

periodic components of the non-stationary

solution were minimal such that the

stationary solution nearly matched the

non-stationary solution; therefore, in order

to minimize computation times, the sta-

tionary CFD model was used.

All CFD simulations were run using

Poly3D (Rheosoft Inc.), a commercial 3D

finite element method (FEM) code. The

flow field was determined by solving the

momentum and continuity equations with a

standard 3D Galerkin FEM with the

following boundary conditions:
� c
Co
onstant angular velocity along the

impeller surface
� n
o slip condition at the baffles and along

the vessel wall
� n
o normal velocity at the fluid surface

which is assumed to be flat

The velocity and pressure fields were

approximated usingMINI finite elements, a

type of element that has been shown to

produce accurate flow fields at lower

computational costs relative to other ele-

ment types.[6] Post-Processing visualization

was carried out using Paraview (Kitware),

while key information (e.g. inter-zonal flow

rates, corresponding zone number for each

CFD element) was extracted from results

files using a series of customized Fortran

programs. The non-Newtonian rheology

was modeled with the Carreau-Yasuda

model which has been shown to correctly

capture the shearing behaviour of concen-

trated latexes. Each of the four relevant
pyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
parameters of the Carreau-Yasuda model

(zero shear viscosity, infinite shear viscosity

and the characteristic frequencies of shear

thinning and thickening) are all functions of

the latex solids volume fraction and the

maximum packing fraction of the latex

according to the general form of the

Kreiger-Dougherty equation, leading to

potentially a high degree of nonlinear

coupling between the flow field and PSD.

The details of the model, including the

mechanistic model developed to calculate

themaximum packing fraction as a function

of the PSD shape are available in a previous

publication[7] from our group.

It was assumed that the main cause of

non-homogeneity within the tank is poor

flow in the vertical tank (i.e. from the

impeller region to the top and bottom of

the tank). As this is a preliminary study of

the framework, the zoning algorithm

employed is somewhat primitive. The net-

work-of-zones is generated by dividing the

vessel into sections along its vertical axis,

such that the net rate flow rate between any

two neighbouring zones is zero (i.e. flow

in¼ flow out). However the rate at which

material is exchanged between zones is not

zero; the rate of flow exchanged (i.e. flow in

OR flow out) can be computed by project-

ing the normal components of the velocity

field onto the interface. A distribution of

axial flow exchange as a function of axial

location is generated by calculating the rate

of rate of flow exchange across 100 equally-

spaced planes. This axial flow distribution,

FL (z), and its maximum value FL,max are

used to determine the appropriate spacing

for the cut-off boundary values. Since the

vessel is divided into an equal number of

zones above and below the well-mixed

impeller region, the number of cut-off

boundary values required (ncutoff) can be

computed as follows:

ncutoff ¼
nzones
2

�1 (1)

where nzones is the total number of zones to

be generated. The cut-off boundary value

for the central region was set to (log10[FL/

FL,max]¼ – 0.75) while the value for the
, Weinheim www.ms-journal.de



Figure 2.

(a) Rate of flow exchanged in the vertical direction along the height of a 1 L vessel, as determined from a

preliminary CFD flow field (using the initial conditions described in the next section). The rate of exchange was

rendered dimensionless using the maximum rate of flow exchange which is located in the vicinity of the

impeller. (b) The tank was divided into five zones, using four horizontal cut-off boundaries (two above the region

of maximum flow exchange and two below). This zoning procedure required two cut-off values of the

dimensionless rate of flow exchange (log[FL(z)/FL,max] -0.75,-2.0). Note that the bottom-most zone was very thin

to the other four zones and hence it is not shown in this diagram.
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outermost boundaries was set at (log10[FL/

FL,max]¼ -2.0). The remaining cut-off values

are generated at equally-spaced ratios

between the two limiting values. For

nzones¼ 5, no additional cut-off boundary

values are generated. The resulting parti-

tioning is illustrated in Figure 2.
dNi;zðtÞ
dt

¼
Xi�1�j

j;k

ðVi�1<ðVjþVkÞ�ViÞ

ð1� 1

2
dj;kÞbðVj þ Vk;ViÞbjk;zNj;zðtÞNk;zðtÞ

þ
Xi�1�j

j;k

ðVi<ðVjþVkÞ�Viþ1Þ

ð1� 1

2
dj;kÞaðVj þ Vk;ViÞbjk;zNj;zðtÞNk;zðtÞ

�Ni;zðtÞ
XM

j¼1

bij;zNj;zðtÞ þ
X

y;y 6¼z

Ni;yðV; tÞ�Ni;zðV; tÞ
� �

Qz;y

(2)
The current kinetic model is restricted to

controlled coagulation, which eliminates

the particle nucleation and particle growth

(via polymerization) terms from the

population balance equation (PBE). The
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
multizonal model is comprised of a series

of interconnected zones, each zone being

modeled using one set of population

balance equations. Following the fixed

pivot technique developed by Ramkrishna

et al.,[8] the discretized PBE is written as

follows:
where Ni;zðtÞ is the number concentration

of particles in with a pivot volume of Vi in

zone z, Ni;zðtÞ is the number of concentra-

tion of particles with pivot volume Vi in the

neighbouring zone y, bjk;zis the coagulation
, Weinheim www.ms-journal.de
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rate coefficient between particles of

volumes Vi and Vj, and Qz;y is the rate of

flow exchanged between zones z and y. The

population balance pivot points are not

spaced in a constant interval; when a

coagulation event produces a particle with

a volume that falls between the pivot point

values of Vi�1 and Vi or Vi and Viþ1,

aðVj þ Vk;ViÞ and bðVj þ Vk;ViÞ are com-

puted to determine what fraction of

particles are assigned to the pivot point

Vi. Refer to Ramkrishna et al.[8] for a more

detailed explanation of the numerical

algorithm utilized. The population balance

model was coded in Fortran and the

solution for the resulting system of ordinary

differential equations was computed with

DLSODE, a general purpose explicit

numerical scheme available for free down-

load on the Netlib.[9]

Due to the small size of the particles, it is

assumed that the dominant mechanism of

coagulation is Brownian motion (periki-

netic aggregation). A standard DLVO-

based approach was used, in which it is

postulated that the coagulation rate coeffi-

cient is dependent on the stability of

the particle, indicated by the total particle

potential energy of interaction. While there

are limitations to the DLVO theory and

the standard DLVO coagulation kernel, it

is currently the only non-empirical model

particle coagulation available.[10] The
Figure 3.

Schematic diagram of the framework, outlining the path

components.
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details of the coagulation kernel have been

published elsewhere;[11,12] the most signifi-

cant modification made to the standard

coagulation kernel was the modification of

the Debye parameter to account for a

reduction in the thickness of the double

layer at high solids concentrations.[13]

The manner in which all the elements

communicate with each other is schemati-

cally depicted in Figure 3. The computa-

tional framework proceeds in the following

steps:
1) A
(s) o

, We
t the start of the simulation, the con-

tents of the vessel are assumed to be

uniform. The initial flow field is calcu-

lated using viscosity model parameters

that are calculated from the initial

PSD.
2) T
he initial flow field is used to compute

the axial location of the zoning

partitions and the rate of exchange flow

between zones.
3) T
he multizonal coagulation model is

initialized.
4) T
he coagulation model proceeds until a

large enough change in any of the

viscosity model parameters in any of

the zones is detected (thus signifying a

strong possibility that the flow field has

changed). The viscosity parameters used

in the CFD model are re-computed

using the Kreiger-Dougherty equation.
f communication between the various framework
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5) T
Figu

Fina

of z

Cop
he flow field is updated via CFD simu-

lation utilizing the updated viscosity

parameters.
6) S
teps 4 and 5 are repeated until the

specified simulation end-time is reached.

Preliminary Results

To test the framework, a series of simula-

tions were performed in which a concen-

trated polystyrene latex is coagulated via

the continuous addition of a salt (an

indifferent electrolyte). The initial latex

has a mean diameter of 150 nm, a particle

dispersity index of 1.10 (PDI, defined as the

weight-averaged diameter divided by the

number-averaged diameter) and a solids

volume fraction of 0.59. The salt is fed into

the vessel in the impeller region to max-

imize its dispersal throughout the vessel.

The conditions were selected in order to

ensure that the amount of coagulation

would be insignificant if vessel was perfectly

mixed, but very noticeable if the local

concentration of coagulant exceeds a cri-

tical value (i.e. the narrow concentration

band over which the rate of coagulation

goes from negligible to very fast) in any of
re 4.

l PSD (obtained after adding 1.4mol/L of electrolyte o

ones used in the population balance model. Simula

yright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
the zones. Three geometrically-similar

reactor volumes were examined: 1L, 10L

and 100L. The impeller rotational speed

was adjusted to ensure a constant power-

input-per-unit volume (P/V), as this is a

popular heuristic when the objective is to

ensure preservation of mixing quality. This

approach entails that for an increase in

volume by a factor of 10, the impeller

rotational speed is reduced by a factor of 0.6

and the tankReynolds number will increase

by a factor of approximately 2.75. Based on

the initial PSD, the approximate initial

range of Reynolds numbers is 15 to 110 (the

approximate cut-off between laminar and

transition flow is a tank Reynolds number

of 100).

In order to determine the number of

subdivisions required to obtain a solution

that is independent of the number of zones

specified, a series of simulations were run

(with the vessel size set to 1 L) in which the

number of zones was varied from 5 to 11 in

odd increments, as shown in Figure 4. It can

be seen that the solution became grid-

independent at nine zones under the

current zoning scheme. The study was

repeated at the 10 L and 100 L size scales,

to ensure the number of zones required to
ver a period of 215 seconds) as a function of the number

tions were carried out at the 1L scale.

, Weinheim www.ms-journal.de



Macromol. Symp. 2011, 302, 133–141 139
achieve grid-independence remained con-

stant independent of reactor scale. For a

nine-zone system complete simulation

times ranged from approximately 45min-

utes to 90minutes depending on the

amount of fluid convection that had to be

accounted for in the CFD simulations, and

the frequency with which the flow field

required updating (note that the criteria for

updating the flow field were adjusted to

ensure the final PSDs were convergent).

The change in the flow field with reactor

scale can be assessed by examining the flow

profile along the height of the vessel. The

resulting axial flow distribution profiles

are shown in Figure 5. It can be seen that

the shape of the axial flow exchange profile

evolves with reactor scale, indicating the

introduction of inertial forces as the vessel

is scaled-up. The presence of a large

segregated region at the top of the vessel

(z/zmax> 0.8) in all three cases indicates that

mixing is poor in the upper portion of the

vessel, regardless of the size of the reactor.

The key performance indicator within

each zone of the vessel is the zonal mixing

time (um,z), which is defined as:

um;z �
VzP

z;y6¼i

Qz;y
(3)
Figure 5.

Distribution of axial flow exchanged along the axial dire

results are normalized to vessel height and the maxim
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where Vz is the volume of zone z. Deep in

the laminar regime where the flow field is

independent of the tank Reynolds number,

the zonal mixing will scale inversely by a

factor of (1/D) where D is the vessel

diameter. This is because the rate of flow

exchanged at the zonal interfaces is propor-

tional to the surface area of the interface,

while zone volume scales directly with

reactor volume. This is not the case when

the flow field changes with vessel scale-up.

In Figure 6, the simulation conditions

noted above were used to compare the final

PSD obtained within a perfectly mixed

reactor volume with the PSDs obtained in

non-homogeneous and 1L and 10L vessels.

The distribution obtained for a perfectly

mixed system is included to show that poor

mixing can have a drastic impact on the

final PSD obtained during a coagulation

process. The final PSDs obtained for the 1 L

and 10 L vessel suggest that the process

scales well between 1 L and 10 L reactors.

The reduced surface area available for flow

exchange between zones at 10 L may be

offset by the increasing influence of fluid

convection.

The original intent was to run a set of

simulations at three vessel scales; however

convergence was an issue at the 100 L scale
ction of the vessel at three tank volumes. Note that

um rate of axial flow exchange.

, Weinheim www.ms-journal.de



Figure 6.

Comparing the PSDs obtained at t¼ 215s in three vessels. The ‘‘perfectly mixed’’ vessel represents a reactor

where conditions can be adjusted to ensure that the timescale of mixing is must faster than the time scale of

particle coagulation.
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when the flow field required updating. The

coagulation of particles leads to a formation

of a secondary population of larger parti-

cles. Considering a constant solids volume

fraction, once the proportion of larger

particles reaches a fraction of roughly

20%, the overall viscosity of the latex will

begin to drop. When the initial PSD is

specified near the maximum particle pack-

ing fraction, a broadening of the PSD can

reduce latex viscosity by a factor of 102 (in

fact, broadening the PSD is one technique

employed to reduce the viscosity high solid

content latexes). At the 100 L scale, this
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
pushes operation further into the transition

regime and possibly into the fully-turbulent

regime (Re approaches 1000 – 10,000) and

the CFD software was no longer capable of

providing a solution. Limiting the study to

reactor volumes less than 100 L is not an

option as the ultimate intention is to

develop a framework for scale-up that

can predict performance at full commercial

scale where tank volumes are often in the

order of 10m3 or larger. The next logical

steps toward improving the framework are

to expand the kinetic model to a full

emulsion polymerization model and to
, Weinheim www.ms-journal.de
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integrate a second CFD code that is capable

of predicting flow under turbulent condi-

tions as was attempted previously by

Elgebrandt et al.[3]
Conclusion

The hybrid multizonal/CFD computational

framework outlined herein has the poten-

tial to become a strong predictive tool when

assessing the feasibility of scaling up

complex polymer latex processes, particu-

larly those concerning the production of

high solid content products. This prelimin-

ary set of simulations demonstrates that the

framework can provide preliminary infor-

mation regarding the quality of mixing

inside a reactor and assess the impact of

poor mixing on the quality of the final

product. This preliminary information can

guide the direction of pilot plant experi-

mentation, reducing the time and cost

commitments required to commercialize

high solid content latexes. While the

current framework is limited in scope to

investigating particle coagulation in vessels

operating in the laminar regime of mixing,

further development of the framework is

currently underway. The automatic zoning

algorithm will be improved in an attempt to

better-characterize the size and shape of

the segregated regions in the vessel. Given

the presence of turbulence in commercial

vessels (and the onset of turbulence in
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
vessels as small as 100 L in previous

simulations), testing the framework in the

turbulent regime via the integration of a

turbulent CFD code is a priority, as is the

incorporation of a complete emulsion

polymerization model.
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