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Onset of gel formation upon mixing between colloidal dispersions and coagulant solutions in turbulent jets was studied
using a combination of computational fluid dynamics (CFD) and population balance equation (PBE). To describe the
interaction between turbulence fluctuations and particle aggregation, a micromixing model based on presumed probabil-
ity density function was implemented inside the CFD code. Furthermore, effect of the solid phase on the fluid flow was
modeled through an effective viscosity of the mixture evaluated from PBE. The results are presented in the parameter
space of the primary particle diameter and the solid volume fraction where strong interplay between mixing and aggre-
gation mechanisms controls the gelation phenomena and consequently also the fluid dynamics. Simulation results are in
good agreement with observations from gelation experiments of concentrated nanoparticle suspensions injected into

coagulant solutions. © 2013 American Institute of Chemical Engineers AIChE J, 59: 4567-4581, 2013
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Introduction

Processing of colloidal dispersions is an important step in
production of particulate materials in numerous industrial
applications, for example, polymer processing, pigment manu-
facturing, waste water treatment and so forth. Because the
typical sizes of primary colloidal particles are on the order of
hundreds of nanometers, classical separation processes such
as filtration or sedimentation for removal of solid particles
from the carrier liquid are not straightforward and challenging
to implement. A convenient alternative is to induce particle
aggregation, resulting in size enlargement, where aggregates
with size of hundreds of microns can be obtained and can be
easily separated from the liquid phase by filtration.

Commonly, colloidal particles are stabilized by ionic and/
or nonionic (steric) surfactants adsorbed on their surface.’
While in the case of steric surfactants, colloidal stability is
not reduced by adding electrolyte coagulants, in the case of
ionic surfactants addition of salts to increase ionic strength
reduces repulsive forces so that particles can be brought into
close proximity, enabling van der Waals attraction forces to
overcome repulsion, and therefore leading to particle aggre-
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gation. There are several mechanisms which can cause parti-
cle collision, such as Brownian motion, mean velocity
gradients, or turbulent fluctuations. To study these mecha-
nisms, very low solid volume fractions of primary particles
are commonly used.””’ Under such conditions, complete
mixing of stable particle dispersions with coagulant solutions
is typically much faster than the time scale of aggregation.
In contrast, industrial applications deal with rather high parti-
cle concentrations, commonly greater than 10 wt%, resulting
in characteristic aggregation times being comparable or even
shorter than that of mixing.® In fact, as was shown by Vac-
caro et al.® important aspects which significantly influence
the morphology of the final product include the way in
which the two streams are mixed and the concentration of
the primary particles. As pointed out by these authors to
quantitatively describe process of gelation would require
coupling population balance model with computational fluid
dynamics (CFD) and suitable micromixing model. Further-
more, viscosity increase due to aggregation should be
included to introduce the effect of produced clusters on the
fluid flow. Even though the effect of mixing on fast proc-
esses, such as combustion or nanoparticle precipitation, was
studied in the literature,”'? relevant theoretical concepts
have not been previously applied to study the process of
aggregation of concentrated colloidal dispersions.

Therefore, the aim of this work is to develop such a model
and consequently to investigate, from the computational
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point of view, the interaction between mixing and aggrega-
tion by means of a combination of population balance equa-
tion (PBE) and CFD.'* To study effects of mixing on the
aggregation process, simulations were carried out in a con-
centric tubular geometry allowing application of steady state
assumptions. The PBE was solved by the quadrature method
of moments (QMOM) and was implemented in a commercial
CFD code ANSYS FLUENT vl12. Since aggregation can be
very fast, a micromixing model to describe the interaction
between particle aggregation and turbulent fluctuations (aver-
aged out by applying Reynolds-Average Navier-Stokes)
based on a presumed probability density function (PDF)
method was solved simultaneously with PBE inside the CFD
code. The internal morphology of the produced aggregates
was incorporated in the model using a fractal scaling
approach and results were obtained for different values of
the fractal dimension, that is, dy equal to 1.8 and 2.2 charac-
terizing fully and partially destabilized conditions. Because
our goal is to describe the early stage of the mixing between
two streams containing particles and coagulant, simulations
were restricted to pure aggregation neglecting breakage. This
is justified for systems where aggregates do not become
large enough to be subject to hydrodynamic breakage'>™'’
within the range of conditions investigated. As the aggre-
gates grow their effect on the surrounding fluid starts to be
important and this was taken into account by introducing an
effective viscosity of the solid—liquid mixture evaluated from
the local value of the occupied volume fraction. Properties
of the distribution of aggregates were studied in terms of the
mean radius of gyration and the occupied volume fraction.

Model Description
Population balance equation

The evolution of the particle-size distribution (PSD) due
to the aggregation of monodisperse primary particles in
space can be described by the PBE

on(w;x,t) 0 . _ 0 on(w; x, 1)
— + 8_x, (uiyn(w; x, )] ox, (D, Ox,
1 <
— 4 A _ / . /. /
+ 2jK (=o', " )n(w—o';x, t)n(w';x, t)dw )
0

o0
—n(w;x, t) JKA(a)7 o n(a'; x, t)do
0

where n(w;x,t) is the Reynolds-averaged PSD, o is the
dimensionless mass of an aggregate (expressed in term of the
number of primary particles), x is the spatial coordinate vector,
t is physical time, (u;) is the Reynolds-averaged fluid velocity
in the i-th spatial direction, D is the turbulent diffusivity, and
K4(w, ') is the aggregation kernel of two aggregates with
masses @ and «'. It is worth noting that last mentioned
strongly depends on the local shear rate (see below). Particle
turbulent diffusivity was assumed to be identical to that of the
fluid and using standard modeling assumption, results in

2
D= C, .k
Sce

(@)

where k is the turbulent kinetic energy, ¢ is the turbulent dis-
sipation rate, Sc; is turbulent Schmidt number (usually
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assumed to be equal to 0.7) and C, is a parameter equal to
0.09. It is clear that to solve the PBM reported in Eq. 1, a
detailed knowledge of the flow field to evaluate turbulent
properties described in Eq. 2 and aggregation kernel
KA(w—a', ') is needed. For this reason, the PBE needs to
be coupled with mass and momentum balance equations
with appropriate closure for the velocity fluctuations.

Micromixing model

The PBE Eq. 1 was derived under the hypothesis that the
time-scale of mixing due to turbulence fluctuations is well
separated from the characteristic time-scale of aggregation.
This hypothesis does not hold anymore under very high solid
volume fractions. In fact, under these operating conditions
aggregation of colloidal particles is very fast, and local fluc-
tuations can heavily affect the overall aggregation rate.

The process under investigation involves mixing of two
inlet streams: the stable colloidal dispersion and the coagu-
lant solution. When modeling mixing processes it is useful
to define a nonreacting scalar, namely the mixture fraction
&(x,1), that quantifies the amount of fluid coming from one
inlet (e.g., inlet 1) with respect to the other one (e.g., inlet
2)."® For example, when two streams with volumetric flow
rates equal to Q; and O, are mixed, the complete mixing
condition is verified when the mixture fraction is equal to
the following quantity (assuming no volume change upon
mixing)

0
01+0»

Because in a turbulent system, all quantities (including the
mixture fraction) are subjected to fluctuations, the concept of
Reynolds averaging is introduced and the Reynolds-averaged
mixture fraction is usually denoted by (&). Therefore under
turbulent conditions, the system is perfectly macromixed
when the local value of the Reynolds-averaged mixture frac-
tion is equal to the volume-averaged one (&)=¢.

This condition, however, does not specify the state of the
fluid at the microscale level. The fluid is said to be micro-
mixed when the mixture fraction variance, denoted as (5' )
is equal to zero and therefore the local values of the mixture
fraction are equal to its Reynolds-averaged value &=(&).

In order to describe turbulent fluctuations and their inter-
action with the PBE, the PDF approach was used. With this
approach, turbulence fluctuations are described in terms of a
PDF whose functional form is assumed a priori. In this
work, the PDF is assumed to be constituted by a summation
of N delta functions and each delta function can be thought
of as an environment. If the mixture fraction is the only sca-
lar involved, the PDF becomes as follows'®

é= 3

N,
f(Wix,0) = an(x, 1)=&, (x,1)] )

where p,(x,t) is the probability of mode n or the volume
fraction of environment n, &,(x, ) is the value of the mixture
fraction corresponding to mode n or the local value of the
mixture fraction in environment n, \ is the composition vec-
tor characterizing the final mixture, and N, is the total num-
ber of modes/environments.

From Eq. 4, the averaged value of the mixture fraction is
given by
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N,
(=D _puts )
n=1
Whereas, the mixture fraction variance is defined as
2 N,
(€M)= = () (6)
n=1

In this work, the presumed PDF method is applied by
using three modes (N.=3) corresponding to three environ-
ments. Similar to the experimental setup of Vaccaro et al.,®
it is assumed that the stream of a dispersion of stable pri-
mary particles enters the reactor through mode/environment
2, whereas the stream of coagulant solution is fed through
the other one (i.e., mode/environment 1). Therefore, coagula-
tion does not occur in the two feeding modes/environments,
and in fact the mixture fraction in these modes/environments
(i.e., & and &) stay constant and equal to the inlet values,
while aggregation occurs only in mode/environment 3 that is
formed when modes/environments 1 and 2 are micromixed.
Details concerning this method, known as finite-mode PDF
model, can be found in literature.'®

In the final form of the model, the transport equations for
probabilities/volume fractions of modes/environments 1 and
2 are solved

le_%_fz¢<uﬁpll_'£z'<l) QBA)

8[ axi ax,' ' axi
2 0&30¢ @
o - 2 30¢3
==yp1(1=p1)+D: 1—25,(1-5) (p3 Ox; 8x1>
op, 0 B 0 op>
v atrig (30)
2 0&3 0¢ ©
o - 2 30¢3
=—p2(1=p2)+D; 1-2&3(1-&) <p3 Ox; 3Xi>

whereas the probability/volume fraction of mode/environ-
ment 3 is calculated through the following algebraic
equation

p3=l—pi—p> )

The mixture fraction values in modes/environments 1 and
2 are not calculated as they are constant and equal to their
initial values, whereas the mixture fraction value in mode/
environment 3 is given by the following equation

i) o ] 9 9(p3&3)
%4-8—)(’.[(%)(173@3)]_3_% <Dt 3)(;'3 )

2(&1t6) (p 853%)
S 3)

=+yp1(1=p1) & +ypa(1—p2)é,—Dy

1-2&5(1-¢&; 3 0x; Ox;
(10)
where 7 is now calculated as follows
72
(& o

&
=C,>
! ¢k[pl(l—pl)(l_<é>3)2+p2(1_p2)<§>§}

The constant Cy is usually assumed to be equal to 2 for
fully developed turbulent flows. However, in order to
account for the not completely developed shape of the scalar
turbulence spectrum, Cy can be calculated as a function of
the local Reynolds number Re ;=k//¢v resulting in the fol-
lowing expression
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with A;=0.055, A;=2.23, Re,=5.6 (see Supporting Informa-
tion Figure S1). The micromixing model is then coupled
with the PBE, whose solution is discussed in the following
paragraph.

Population balance model

As reported by Ramkrishna,® the PBE can be solved by
using several approaches. Because the aim of this work is to
numerically investigate aggregation under nonhomogeneous
flow conditions, the PBE was solved inside the CFD code.
Among the many available, the most convenient method to
approach this problem is to make use of the method of
moments.>'?* This method simply consists of solving the
transport equations for the moments of the PSD instead of
the original PBE.*> Consequently, the moment of order & of
the PSD is defined as

+o0
wh(x, )= J n(w; x, Hw*dw (13)
0

As it has been reported before this equation must be
solved in the CFD code and coupled with the micromixing
model. Due to small size of primary particles as well as ini-
tial aggregates resulting in their Stokes number below one
the fluid flow was modeled on a basis of a pseudohomogene-
ous dispersion. Under these conditions, the moments of the
PSD will also be subjected to turbulent fluctuations, and
therefore, they must be included as variables of the joint-
composition PDF. As for the mixture fraction also moments
will be defined in each mode/environment, and for example,
with zf(x, ) we denote the moment of the PSD of order & in
mode/environment 7.

Once the moment transform is applied to the original
PBE, a closure problem is generated, in fact, some transport
equations cannot be written explicitly in terms of the
moments themselves. In order to overcome this problem, a
quadrature approximation24 is used, where any integral
involving the PSD is expressed in terms of the weights and
abscissas of the quadrature approximation. For example, the
k-th moment in mode/environment n can be written in terms
of a quadrature approximation of order N as follows

N
y’,‘l(x, 1)~ Z w,-wnwf.‘_n (14)
i=1

where w;, are the weights and w;, are the abscissas of the
quadrature approximation in mode/environment n. As it is
possible to show, the nodes of the quadrature approximation
of order N are the zeros of the polynomial of the same order
orthogonal to the PSD, and they can be calculated by know-
ing the first 2N moments of the PSD. The product-difference
(PD) algori‘[hm25 is used here to evaluate the weights and
abscissas of the quadrature approximation from the moments
based on the calculation of the eigenvalues and eigenvectors
of a small tridiagonal matrix of rank N. The number of
nodes in QMOM used in this simulation was equal to 3.
Finally, after applying the quadrature approximation (Eq.
14) and after implementing the micromixing model with
three modes/environments (N,=3), the transport equation for
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the moment of order k& in mode/environment 3 (Eq. 10)
becomes

A (parss 9 ’ Aot
(at ) +87x,~ (i (p313)] oy (Dt (8)(" %)>

_ _ o 2(&1+&) 93 0¢3 K1
= ””(‘bvlk’ 1) D‘1—253(1—53) <p3axi ax,->(¢‘f’ >

1 N N )
+p3 {5 ZZ [(wl;a +awjs) — ok, —wf3} K (33, U)j,3)wi,3wj,3}
(15)

where the correction, that is, second term on the right hand
side, is calculated through the mixture fraction. It is worth
noting that transport equations for moments in modes/envi-
ronments 1 and 2 are not solved as their values are constant
and equal to those of the inlet, that is, u{=0 and p5=¢v}".

Aggregation kernel

Because the objective of this work is to investigate parti-
cle gelation of concentrated colloidal suspensions under het-
erogeneous flow conditions, only aggregation will be
considered here. Aggregation is driven by several mecha-
nisms, such as Brownian motions and fluid velocity gra-
dients, including mean velocity gradients in laminar flows,
velocity fluctuations in turbulent flows, or velocity gradients
created by differential settling during sedimentation. Typi-
cally under turbulent conditions, the contribution of sedimen-
tation can be neglected, and assuming fully destabilized
colloidal particles, the aggregation rate constant can be
expressed as the sum of two contributions, one due to

Brownian motion and another one due to turbulent
fluctuations®®
A ! /\ _ prBrownian Shear
K (w w,w )_Kw—w’,w’ +Kw—w’,w’ (16)

Brownian aggregation is driven by collisions of particles
due to their Brownian motion and becomes particularly
important for submicron particles, where the corresponding
rate constant is given by27

Brownian 4n
Kw*w’,w' = W (Dwfw’ +Dw’) (Rcﬁu)fw’ +Rcﬁw’> (17)
where W is the Fuchs stability ratio which depends on the
interaction forces between colliding aggregates, D, and
D,y are their diffusion coefficients that depend on their size
(see below), while R. .y and R. ., are their collision radii.

Shear aggregation is driven by collision of particles due to
spatial fluid velocity gradients and the corresponding rate
constant can be expressed as follows?’

KShear

w—o' o

3
:aAG(Rc,(uf(u’ +Rc,w’> (18)

where o4 is the aggregation rate prefactor which dependents
on particle interactions and the surrounding flow field and here
it is chosen to be equal to 1.3, G is the shear rate (see Eq.
19). Based on the work of Saffman and Turner,28 under turbu-
lent conditions, the shear rate can be calculated as follows

G(x)=4/- 19)

v

where v is the kinematic viscosity.
Aforementioned, aggregation rate constants for Brownian
motion and shear aggregation (Eqgs. 17, 18) are valid only
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for fully destabilized conditions, that is, when there is no
electrostatic repulsion between aggregating objects, also
known as diffusion limited cluster—cluster aggregation
(DLCA) regime. Conversely, when partial destabilization of
aggregating particles is considered, also known as reaction
limited aggregation cluster—cluster aggregation regime, the
rate of aggregation decreases exponentially with the energy
barrier between aggregating objects resulting in much longer
aggregation times. Because the process of mixing between
stable colloidal dispersion and coagulant solution considered
here is rather fast, typically being completed within a frac-
tion of a second, in what follows we consider that aggrega-
tion occurs only in the DLCA regime once particles become
mixed with a coagulant. In order to account for the extent of
mixing on the real aggregation rate constant, and therefore,
to reduce the rate of aggregation immediately after latex
entering the domain, aggregation rate constant is calculated
as a product of the rate constant corresponding to the DLCA
regime (Eqs. 17, 18) and the probability of environment 3
calculated by micromixing model discussed earlier (Eq. 9).

Structure of aggregates

Equation 1 is a balance written in terms of the PSD
n(w;x, 1) that is expressed in terms of the dimensionless
mass of the colliding clusters. Conversely, the aggregation
kernel K4(w—a', ') is a function of collision radii of two
aggregating clusters, so appropriate relationships are required
to relate mass and size of the clusters. In the case of colloi-
dal systems, it is well known that aggregates constituted by
a large number of primary particles, form randomly shaped
clusters that can be described by a fractal scaling relation-
ship between the dimensionless mass o and its radius of

gyration Rg,(,,29
Ry )™
w=kg( gJ) (20)

where Rj, is the radius of the primary particles, &, is a scal-
ing prefactor of the order of unity, and d; is the fractal
dimension. As was shown by Lattuada et al.***' a similar
relationship is also valid for the collision radius R.. and
assuming scaling prefactor equal to unity, the following rela-
tionship is obtained:

Reo=Rpo'/® 1)

In turn the diffusion coefficient D,,, introduced in Eq. 17,
can be calculated through the Stokes-Einstein equation,
resulting in

kBTiw—l/d,-

Dm: pa
677.'1’] RP

(22)

where kg is the Boltzmann’s constant, T is the absolute tem-
perature, 7 is the dynamic viscosity of the fluid.

As it has been previously proposed,’*? the scaling prefac-
tor in the definition of the collision radius can be considered
effectively equal to unity, as it can be conveniently included
in the kernel prefactors W and o4, which anyway need to be
extracted from fitting experimental data.

Effective viscosity of dispersion

As it was mentioned above, there is a direct coupling
between fluid flow and aggregation process. In fact, the
aggregation kernel is related to the turbulent energy
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dissipation rate. Conversely, as the aggregates grow and
occupy more and more space, they start interacting with the
surrounding fluid by changing the local apparent viscosity.
Based on the work of Krieger and Dougherty34 and Que-
mada,*® the apparent viscosity of a solid-liquid dispersion
can be described in terms of the effective volume fraction,
according to the following equation

_ ¢eff)q
= 1— 23
n no< b (23)

where 1), is the dynamic viscosity of the pure liquid without
solid particles, ¢, is the maximum packing volume fraction,
¢ 1s the effective volume fraction of the particles in the
mixture, and ¢ is a scaling exponent. It is clear that the
choice of the parameters in the Eq. 23 is system dependent.

As described in the literature,”® in the case of monodis-
perse particles, the volume fraction is defined by the mass
and density of the primary particles; whereas in the case of
the fractal aggregates, the situation is more complicated.
First of all, aggregate geometry does not follow standard
Euclidean scaling (o R?), but its characteristic size
increases faster than its mass so aggregates contain increas-
ingly significant portion of voids occupied by the liquid.
Second, because the aggregation leads to broadening of the
cluster mass distribution (CMD), the population of aggre-
gates cannot be approximated as monodisperse and instead
the information about the whole distribution has to be incor-
porated. Therefore, to include these important features of
fractal aggregates, the effective volume fraction ¢ in Eq.
23 will be approximated by the volume fraction occupied by
aggregates defined as

4
Doce = J n(w;x,1)V,do= §R:’J n(w;x, )0 %do  (24)

w (&}

As it was shown by Sandkiihler et 2;11.,37’38 the occupied

volume fraction can be efficiently used to determine the con-
dition when aggregating clusters interconnect and form a
network in the whole available volume and therefore can
strongly affect the flow and turbulence fields in the
coagulator.

Another important parameter appearing in the Eq. 23 is
the value of the maximum packing fraction ¢,, when viscos-
ity diverges to infinity. This value can be found in the litera-
ture only for the dispersions of equally sized spheres
assuming certain geometrical arrangement of the closed
packing. The maximum packing fraction ranges from 0.524
to 0.74 for simple cubic and hexagonal -close-packed
arrangement, respectively, which is in good agreement with
results of Sandkiihler et al.>’*® where gel formation under
static conditions was observed when ¢, reaches value
around 0.5. Because all mentioned values are of a similar
magnitude and because arrangement of the particles in the
aggregate is close to random packing in what follows we
will use the value of ¢, equal to 0.63 found by McGeary39
from settling experiment. Moreover, this value is equal to
the average of the interval mentioned earlier.

Last parameter in Eq. 23 which controls the increase of
viscosity is the exponent ¢ whose value according to several
theoretical and experimental studies varies in the range from
1.3 to 2.0.%%*2 On one side, for dilute conditions viscosity
needs to follow the Einstein’s limit ** where the relative vis-
cosity of the Newtonian fluid is described by #1,=1+[n]¢
with [] equal to °/, for hard spheres. As was proposed by
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Krieger and Dougherty,*® to fulfill the low concentration

limit as well as to describe the increase of viscosity with
increasing solid concentration the exponent ¢ should be
equal to g@ ¢,,- Conversely, the value of ¢ derived by other
authors®>~%4? (4=2) does not explicitly satisfy the low con-
centration limit, but as was pointed out by Quemada®®, in
the case of real aggregates, at low concentration the depend-
ency of the relative viscosity on the volume fraction could
be replaced by another functional form which satisfy the
Einstein’s limit. Here, in order to fulfill the low concentra-
tion limit as well as describe the increase of viscosity with
increasing solid concentration, we chose the exponent ¢ to
be equal to [y]¢,,. Using ¢, equal to 0.63 and [r] equal to
3/, leads to the value of the exponent ¢ equal to 1.575 which
is also close to the average value of the interval mentioned
earlier. In Supporting Information Figure S2, we show for
comparison the relative dynamic viscosity as a function of
reduced volume fraction for various values of exponent g.
Since for both ¢, and ¢, there is a range of values possible,
in what follows we will discuss influence of these values on
the obtained results.

As was shown by Soos et al.,** when only aggregation is
active, there are two possible scenarios which will lead to
divergence of viscosity. On one side, when aggregation is
controlled by Brownian mechanism, the divergence of vis-
cosity is caused by volume filling with interconnection of
fractal aggregates®>** and can be detected by calculating the
value of occupied volume fraction using Eq. 24. On the
other side, when aggregation is dominated by shear mecha-
nism, the divergence of viscosity is caused by the rapid
broadening of the CMD indicated by the runaway of the
higher-order moments. This scenario can be detected by the
evaluation of high order moment of the CMD, such as mean
radius of gyration discussed later. To investigate which of
these two mechanisms will be dominant in what follows a
complete PBE and CFD model including the coupling of vis-
cosity will be used.

Comparison with Experimentally Measurable
Quantities

In order to validate model predictions one has to choose
suitable quantities which can be compared with data meas-
ured experimentally. For example, the population of aggre-
gates can be characterized by using static light scattering.
This kind of measurement is particularly relevant because it
contains information about the entire population of aggre-
gates. In addition, sound models for optical properties of fine
particles and fractal aggregates are available.’”** Use of
these models allows the calculation of certain average quan-
tities of the population of aggregates, such as the mean
radius of gyration R, defined in dimensionless form as

(R2)1V?2 J n(w; x, t)w2(1+1/d) day
g - (&)

(pg)= R (25)
r J n(w;x,t)w>*dw

(&)

Numerical Details

The effect of mixing on the aggregation and gelation phe-
nomena was studied here using a tubular reactor geometry
(see drawing in Figure 1) which is similar to that used by
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Stable
colloidal
dispersion

Figure 1. Drawing of the tubular jet geometry.

Coagulant
—

Due to axial symmetry all simulation were performed as
2-D assuming the striped area.

Baldyga and Orciuch*® and Piton et al.*’ for precipitation of
barium sulfate. It is constituted of an outer tube with inner
diameter DI, equal to 15 mm and a concentrically located
thin capillary of inner diameter Di‘lpillary equal to 1 mm with
capillary wall thickness equal to 0.25 mm. The length of the
computational domain was equal to 10 times D = (=150
mm). Since the geometry is axially symmetric, the computa-
tional domain can be represented as two-dimensional. In
addition, we assumed that the flow in both streams is turbu-
lent and fully developed before they enter the reactor. There-
fore, the computational domain covers only the area where
mixing occurs as illustrated by shaded area in Figure 1. The
computational grid contains 60 grid points in the radial
direction, where 20 grid points covers the capillary, 10 grid
points were used to mesh the capillary wall, and 30 grid
points were used for the rest of the geometry (only !/ of the
tube diameter was used in the simulations), and 300 grid
points in axial direction. Depending on the relative velocity
of both streams, the produced jet can be either expanding or
converging. In the case of expanding jet, the velocity of the
colloidal dispersion in the capillary was equal to 10 (or 2 m/
s), corresponding to Re capiitary = 10, 000(or 2000) while coag-
ulant solution is fed through the outer tube with a velocity
equal to 0.5 m/s corresponding to Re . =7500. In the case
of the converging jet, the velocity of the colloidal dispersion
in the capillary was equal to 2 m/s while velocity of the
stream containing coagulant was set to 4 m/s, corresponding
to the Re ype =30,000. Assuming expanding jet, the dilution
ratio between the colloidal dispersion and coagulant solution
is approximately equal to 12 or 56, for 10 or 2 m/s, respec-
tively. Conversely, in the case of converging jet, the dilution
ratio is equal to 450. Since we assume that the flow of both
fluids is fully developed, the velocity (axial and radial com-
ponent) as well as the turbulent kinetic energy and turbulent
energy dissipation rate were precalculated and used as
boundary conditions at the inlet of the simulation describing
mixing and aggregation.

The turbulence was described using the two-layer k—e
model*® in order to calculate all required quantities used in
the PBE Egs. 7-10, 15. The micromixing model (Egs. 7-10)
and the transport equation for the moments in environment 3
(Eq. 15) were incorporated in the CFD code ANSYS FLU-
ENT (v12) via user-defined subroutines.*>>® The PBE in the
environment 3 was solved using the QMOMs similar to our
previous work.'* Since the environments 1 and 2 do not
contain mixed components (stable dispersions of colloidal
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particles and coagulant solution) the value of p; was equal
to unity in the stream of colloidal dispersion and equal to
zero in the stream of coagulant solution, and vice versa for
P2, equal to zero in the stream of colloidal dispersion and
equal to unity in the stream of coagulant solution. The
boundary conditions for the moments were defined through
the values of the kth moments in the inlet stream y; which
in turn can be easily calculated from the diameter and num-
ber density of the primary particles in the colloidal disper-
sion. The fluxes equal to zero for all simulated scalars were
used as outlet boundary conditions during the simulations.
Since the aggregation process can lead to significant increase
of viscosity and therefore to reduction of the degree of tur-
bulence, in order to account for such situation the depend-
ency of the parameter Cy in the Eq. 11 on the local
Reynolds number Re; (Eq. 12) was incorporated in our
simulation.

Results and Discussion
Turbulent jet fluid dynamics and mixing

In Figures 2a—f, we show results of the simulation for col-
loidal solution inlet stream velocity equal to 2 m/s and coag-
ulant solution stream with an average velocity of 0.5 m/s. As
can be seen from the mean velocity profile as well as from
the probability in environment 1, p;, (see Figures 2a, b) the
effect of higher inlet velocity of the colloidal dispersion
stream compared to coagulant solution stream is visible only
at the colloidal dispersion stream entrance and diminishes
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Figure 2. Profile of the mean velocity calculated for

colloidal dispersion stream introduced
through capillary with velocity of 2 m/s and
velocity of the coagulant solution equal to
0.5 m/s (a), together with profile of probabil-
ity in environment 1,2 and 3 (b-d),mean mix-
ture fraction (&) (e) and mixture fraction
variance (&?) (f) inside the computational
domain.
In the presented simulation aggregation of 80 nm pri-
mary particles with solid volume fraction in the feed
equal to 0.01 was used assuming combination of Brown-
ian and shear aggregation mechanism including micro-
mixing model. The d; was equal to 1.8. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3. Contour plot of normalized mean radius of gyration (a), occupied volume fraction (b) and dynamic viscos-
ity of the mixture (c) inside the computational domain calculated for size of primary particles equal to 80
nm and solid volume fraction in the feed equal to 0.01 using combination of Brownian and shear aggre-

gation mechanism with micromixing model.

The d; for presented simulation was equal to 1.8. Radial profile of (pg) (d) and ¢, (e) evaluated at various axial distances from
the colloidal dispersion inlet, (short dash lined) 0 mm, (dash-double dot line) 6 mm, (dash-dot line) 15 mm, (dot line) 30 mm, (dash
line) 60 mm and (solid line) 150 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

rapidly. In the case of probability in environment 2, p,, high-
est values closed to one, that is, nonpremixed coagulant solu-
tions, are located at its entrance to the computational domain
and reduce gradually due to mixing (see Figure 2c). The
mixing between these two streams occurs at the macroscale
and microscale. To characterize macromixing, the value of
the local Reynolds-averaged mixture fraction, (£), evaluated
from Eq. 5 was used. As can be seen from Figure 2e, com-
plete macromixing between both streams is achieved by the
end of the computational domain, where (&) reaches its
steady state value (equal to 0.0175 %= 0.0008). Complete
macromixing is also supported by the same value of the
volume-averaged mixture fraction, E, equal to 0.0175 as
evaluated from Eq. 3. The fact that the fluid is mixed at the
macroscopic level does not imply that it is mixed also at the
microscale, namely some local fluctuations around the
Reynolds-averaged values, characterized by the probability/
volume fraction of environment 3, can still be present. As
can be seen from Figure 2d, even though macromixing is
complete at the end of the computational domain values of
p3 slightly lower than one indicates that colloidal dispersion
and coagulant solution streams are not perfectly micromixed.

Aggregation in turbulent jet

Since an aggregation process considered here is taking
place together with mixing the real aggregation rate is eval-
uated as a product of the aggregation rate corresponding to
fully destabilized conditions Egs. 17 and 18, taking into con-
sideration the local hydrodynamic characteristics, concentra-
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tion and size of the particles/aggregates in the computational
cell, and the value of p3 taking into account amount of col-
loidal dispersion being completely mixed with coagulant and
therefore promoting aggregation. As a result, the real aggre-
gation rate becomes equal or lower compared to the maxi-
mum aggregation rate calculated for completely destabilized
particles (Egs. 17, 18). Consequently, when the concentration
of colloidal particles is low enough, aggregation is slow and
mixing of both colloidal dispersion and coagulant solution
streams will be finished before any substantial aggregate
growth occurs. From this point on, the aggregation process
will be controlled by the local hydrodynamic conditions, that
is, Brownian motion or shear rate, and not by micromixing
anymore. Conversely, when the concentration of colloidal
particles in the inlet stream is high enough, even though not
perfectly mixed and therefore not fully destabilized by coag-
ulant, aggregation proceeds quickly even before mixing is
completed. It is worth noting that in extreme cases of very
high solid volume fractions such fast aggregation can result
in gelation in localized areas.”’ Since in the present model,
we assume combined aggregation mechanisms driven by
Brownian motion and shear, in the case of high colloidal
particle concentrations, significant competition between both
aggregation mechanisms is expected.

To demonstrate this phenomenon, the micromixing effects
on the aggregation process are reported in Figures 3a—c. This
figure contains the contour plots of the mean normalized
radius of gyration, occupied volume fraction and effective
viscosity of the mixture calculated in the case of primary
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particle diameter of 80 nm and solid volume fraction of
0.01. In these simulations, combination of Brownian and
shear aggregation mechanism was considered. The value of
dr used in the simulations was equal to 1.8 and was kept
constant over the simulation. For completeness, the radial
distribution of the mean normalized radius of gyration and
occupied volume fraction plotted at various axial locations
from the colloidal dispersion inlet are presented in Figures
3d, e. Under the investigated conditions, aggregation is
rather slow and aggregates growth monotonically from the
colloidal dispersion injection until the point when they leave
the computational domain reaching size approximately 12
times that of primary particles as indicated by (p,) in Figure
3a. In contrast to the observed monotonic increase of (p,),
the occupied volume fraction has highest values at the col-
loidal dispersion injection and decreases due to colloidal dis-
persion stream dilution (see Figure 3b). As a result, also the
dynamic viscosity reaches its maximum at the point of col-
loidal dispersion injection and slowly decreases due to dilu-
tion of colloidal dispersion stream by coagulant solution (see
Figure 3c). As shown in Figure 3d after complete mixing of
both streams aggregation occurs over the whole cross-section
of the channel. At this point, due to significant difference of
the shear rate over the tube radius, with highest values near
the wall and lowest in the tube center equal to 500 1/s and
100 1/s, respectively, aggregation rate near the wall becomes
much higher compared to that at the tube axis, resulting in
visible variation of the aggregate sizes along the tube radius
(see Figure 3d). It is worth noting that since this study is
focused on the evaluation of the onset of gelation, the break-
age mechanism was not considered (we note that only aggre-
gates above certain size become subject to hydrodynamic
breakage'>”'). Under these operating conditions, that is,
used hydrodynamic conditions and selected primary particle
size, a solid volume fraction equal to 0.01 is the highest pos-
sible (within the considered computational domain). By fur-
ther increasing the solid volume fraction, some higher-order
moments, namely the ones appearing in the definition of
(pg> diverge, which for this particular case occurs at the
tube wall as a result of the shear aggregation mechanism
before any appreciable increase of viscosity can be observed.
According to Soos et al.,* this represents one of the two
possible scenario which will lead to divergence of viscosity
due to a rapid broadening of the CMD indicated in earlier
mentioned case by the runaway of the higher-order
moments.

Since the observed runaway occurs at the outlet of the
computational domain due to divergence of (pg>, its surface-
averaged value over the tube outlet cross-section together
with the normalized dynamic viscosity is plotted versus the
colloidal dispersion inlet solid volume fraction and is pre-
sented in Figure 4. As it can be seen, both plotted variables
monotonically increase with increasing the colloidal disper-
sion solid volume fraction. Even though, the general trend
for both evaluated parameters is the same, (p,) reaches val-
ues which are much higher compared to that of relative vis-
cosity. It is worth noting that due to such small increase of
viscosity, a negligible effect of the aggregation process on
the flow field was observed.

Since for small primary particle sizes, the relative impor-
tance of Brownian motion with respect to shear mechanism
is very significant,>*’ its stand-alone effect was further
investigated. An example of such simulation calculated for
primary particle diameter of 80 nm with solid volume frac-
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Figure 4. Evolution of mean normalized radius of gyra-
tion (a) and relative dynamic viscosity (b) at
the domain outlet as a function of inlet colloi-
dal dispersion solid volume fraction using
combination of Brownian and shear aggrega-
tion mechanism.

Obtained data were calculated using size of primary
particles of 80 nm with velocity of the colloidal disper-

sion and coagulant solution streams equal to 2 and 0.5
m/s, respectively.

tion of colloidal dispersion equal to 0.3 is presented in Fig-
ures 5a—e. In comparison to the previous results, when the
combination of both Brownian motion and shear aggregation
was considered, it was found that even though aggregates
grow to comparable sizes as in Figure 3 (with <pg> around
17) now this occurs at a location much closer to colloidal
dispersion injection point. In fact, if for the data presented in
Figure 3, the maximum of occupied volume fraction was
located at the latex inlet, for the case presented in Figure 5
the occupied volume fraction (and consequent also the
dynamic viscosity) reaches its maximum at approximately 2
to 3 tube diameters from the colloidal dispersion injection
point. It is worth noting that for the cases when no coupling
of PBE with hydrodynamic is considered values of ¢,
between 0.5 to one are commonly considered as conditions
for local gelation.37’38’44 Since our case such coupling was
considered conditions of viscosity divergence would corre-
sponds to the point where ¢, =¢,,=0.63. Therefore, pre-
sented result corresponds to the case very close to the
gelation. It can be seen that under such conditions, there is a
dramatic increase of the occupied volume fraction, and
therefore also viscosity, while size of formed aggregates
increases only slightly. It is worth noting that as mentioned
in the model description presented earlier, an increase of vis-
cosity is fed back into the CFD code, affecting the local
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Figure 5. Profile of normalized mean radius of gyration, occupied volume fraction and dynamic viscosity of the
mixture inside the computational domain calculated for size of primary particles equal to 80 nm and
solid volume fraction in the feed equal to 0.3 using Brownian aggregation mechanism with micromixing

model.

The d; for presented simulation was equal to 1.8. Radial profile of (pg) (d) and ¢, (e) evaluated at various axial distances from
the colloidal dispersion inlet, (short dash lined) 0 mm, (dash-double dot line) 6 mm, (dash-dot line) 15 mm, (dot line) 30 mm,
(dash line) 60 mm and (solid line) 150 mm. Local Reynolds number contour plot indicating zone where increase of viscosity
reduces level of turbulence (f). Velocity of the colloidal dispersion and coagulant solution streams were equal to 2 and 0.5 m/s,
respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

flow field. In fact, for this particular case, a decrease of the
level of turbulence, as characterized by the local Reynolds
number, Re |, was detected in correspondence to the zone of
maximum viscosity (see Figures 5c, f).

To present and discuss the effect of inlet colloidal particle
concentration on the aggregation process, the profiles of (p,)
and relative viscosity evaluated at the end of the computa-
tional domain plotted as a function of the initial colloidal
dispersion solid volume fraction are shown in Figures 6a, b.
Furthermore, as the maximum in ¢, presented in Figure 5b
was observed earlier than the domain outlet in Figures 6c, d
are also summarized the values of (p,) and of relative vis-
cosity evaluated at the point of ¢, maxima. It can be seen
that both (p,) and the normalized viscosity increase with
Ormie- When comparing the both these values calculated at
the outlet from the computational domain (Figures 6a, b)
with those evaluated when both Brownian and shear aggre-
gation mechanisms were active (see Figures 4a, b) one can
see that while the reached (p,) values are for both cases
rather comparable, even though a sort of plateau is observed
in Figure 6a, values for viscosity are substantially higher
when Brownian motion is acting alone. This difference is
even more pronounced when comparing viscosities of the
fluid evaluated near the point of ¢,.. maxima. This indicates
that in the case when aggregation is driven by Brownian
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motion alone the point when viscosity diverges is reached
first which is phenomenon similar to that occurring under
static conditions when dramatic increase of viscosity with
finite size of formed aggregates was documented around the
gel point.*”¥* When considering profile of (pg) the plateau
observed at high inlet solid volume fractions corresponds to
the reduced action of the aggregation mechanism (i.e.,
Brownian motion) with the increase of an aggregate sizes.
In particular, for primary particles with diameter of about 80
nm, the reached maxima correspond to aggregates of size
around 1 micron, at which Brownian motion becomes nearly
negligible and aggregates do not further grow at a signifi-
cant rate, resulting in almost constant (p,) for ¢y, ranging
from 0.15 to 0.3 (see Figure 6a). In the case of observed
profile of (p,) evaluated at the point of ¢, maxima pre-
sented in Figure 6¢ observed maxima followed by slow
decay is related to the shorter distance of ¢,.. maxima from
the latex feed, and therefore effectively shorter time of the
aggregation. Since only Brownian aggregation mechanism
was considered if shear aggregation would be present, it
would take over resulting in much larger aggregate sizes.
However, as discussed earlier before this happens gelation
will occur due to viscosity divergence caused by volume
filling with interconnection of fractal aggregates. >34
Therefore, these two mentioned situations represent the two
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Figure 6. Evolution of mean normalized radius of gyration (a, c) and relative dynamic viscosity (b, d) as a function
of inlet colloidal dispersion solid volume fraction using Brownian aggregation mechanism only.

Left column was evaluated at the end of the computational domain while right column was calculated at the point where @occ
reaches its maximum. Obtained data were calculated using diameter of primary particles of 80 nm with velocity of the colloidal
dispersion and coagulant solution streams equal to 2 and 0.5 m/s, respectively.

limits on how gelation due to mixing and simultaneous
aggregation could occur. Obviously, this would have strong
implication on the final size, shape and internal structure of
formed aggregates.

Combining now this information with the evolution of
viscosity as a function of solid volume fraction presented in
Supporting Information Figure S2, we can conclude that for
the high value of the ¢y, by increasing the value of the
parameter ¢ in Eq. 23, from 1.575 used in the simulations to
2.0, will lead to the increase of mixture viscosity approxi-
mately two times compared to the presented results. Con-
versely, reducing the value of parameter g to 1.3 will lead
to the reduction of the mixture viscosity again approxi-
mately two times with respect to the presented results. In
the case of lower value of the ¢, no significant differ-
ence in viscosity will be observed for any value of the
parameter ¢ from the aforementioned interval, due to rela-
tively small aggregates growth. Another parameter in the
functional form of viscosity Eq. 23, is the maximum pack-
ing volume fraction ¢,. As it was mentioned earlier, other
values covering the range from 0.5 to 0.74 are possible. It is
obvious that reduction of the value ¢,, will lead to the shift
of the point when viscosity diverges to the smaller values of
G approximately by 20%. On the contrary, when we
increase the value of the ¢, we shift the point of viscosity
divergence approximately about the same value towards
larger values of ¢y -
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Gelation regimes in process parameter space

When considering results presented so far parameters
which would affect the process of aggregation are the size of
primary particles, their solid volume fraction in the inlet
stream and d; of the formed aggregates. The summary of
simulations performed by varying all these parameters are
presented in Figures 7a—c in the form of process parameter
space using two different dy equal to 1.8 and 2.2, respec-
tively. For a more general picture results for three different
flow conditions are included, that is, expanding jet using
velocities of colloidal dispersion stream equal to 2 and 10
m/s and coagulant solution stream with velocity of 0.5 m/s
(see Figures 7a, b), and converging jets using velocity of
colloidal dispersion stream equal to 2 m/s and coagulant
solution stream with velocity equal to 4 m/s (see Figure 7c¢).
It is worth noting that all points presented in the Figures 7a—
¢ corresponds to the converged simulation. Two borderlines
were identified. The first one corresponds to the situation
where the runaway of (pg> was observed before detecting
the gelation due to combined action of Brownian and shear
aggregation mechanisms. The second boundary corresponds
to the situation where gelation due to viscosity divergence
with Brownian motion acting alone was observed. As a
result of these simulations, the process parameter space is
split into three distinct regions. In the first region (denoted I.
in Figure 7), corresponding to rather large primary particles
combined with low solid volume fraction in the inlet stream,
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Figure 7. Process parameter space of particle diameter as a function of inlet solid volume fraction for aggregation
under turbulent conditions calculated in tubular jet geometry for d; equal to 1.8 (square) and 2.2 (circle)

and three different flow configurations.

(a) average velocity of colloidal dispersion and coagulant solution streams equal to 2 and 0.5 m/s, respectively, (b) average velocity
of colloidal dispersion and coagulant solution streams equal to 10 and 0.5 m/s, respectively, (c) average velocity of colloidal disper-
sion and coagulant solution streams equal to 2 and 4 m/s, respectively. Open symbols corresponds to simulation performed with
combination of Brownian and shear aggregation mechanism while solid symbols represent simulations with only Brownian
aggregation mechanism active. Triangles represent the conditions used during an aggregation experiment in the stirred tank.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

neither divergence of viscosity nor runaway of (p,) was
observed before complete macromixing of the two streams.
The second region (denoted II. in Figure 7) corresponds to
the moderate primary particle size combined with intermedi-
ate solid volume fraction, where runaway of (p,) is occur-
ring before volume filling, that is, viscosity divergence, due
to combined action of Brownian and shear aggregation
mechanisms. This occurs before complete macromixing
between the two streams. The third region (denoted III. in
Figure 7) corresponds to very small primary particles com-
bined with very high solid volume fraction. For such condi-
tions gelation can be achieved by the Brownian motion
acting alone, even before the shear aggregation mechanism
can become active.

When comparing the position of the borderlines calculated
for di equal to 1.8 and 2.2, it seems that they are shifted
toward lower solid volume fraction or higher primary par-
ticles when d; is decreased. Such shift is related to the fact
that having lower d; results in the formation of larger, even
though sparse aggregates so volume filling or runaway of
(pg) is reached earlier. Furthermore, when considering the
boundary between region I and II, in the region of small par-
ticles, it follows a power law which is a function of the used
dr. Conversely, above certain primary particle size no
dependency on the primary particle size can be observed,
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even though still being function of d;. The same power law
dependency between the demarcation line of regions I and II
with that observed for regions II and III, indicates that both
of them are controlled by the same mechanism, which in
this particular case is due to Brownian motion acting alone.
By detailed analysis of the gelation time for the case of pure
Brownian mechanism (as shown by Bremer et al.’ and Sef-
cik et al.>®), it was found that this depends on both primary
particle size as well as solid volume fraction in the inlet
stream according to

d3
Brownian p
ly x 7(1)3/(37‘1” (26)

inlet

When assuming that characteristic time for gelation would
be constant according to this equation, data plotted in Fig-
ures 7a—c should scale with a power equal to (3—d;)~". In
fact, as can be seen all data below approximately 80 nm fol-
low closely this scaling, which supports the assumption
about comparable gelation time. This clearly indicates that
despite turbulent conditions, a critical size of primary par-
ticles below which the effect of Brownian motion is the con-
trolling mechanism exists. In contrast, above certain size
values aggregation is controlled by shear aggregation. In
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such cases, the characteristic time of gelation is only a func-
tion of applied shear rate and solid volume fraction but does
not depend on the primary particle size; a trend clearly evi-
denced by the data reported in Figures 7a—c.

When velocity of the colloidal dispersion stream is
increased to 10 m/s (see Figure 7b) both boundaries between
region I and II for both d; values are shifted toward lower
values of the solid volume fraction. The reason for such
behavior is the lower dilution ratio between colloidal disper-
sion and coagulant solution, resulting in large concentrations
of primary particles in the final mixture, and therefore, faster
aggregation.

The last scenario which we would like to address is the
case of a tubular reactor with converging jet, where the col-
loidal dispersion stream velocity is smaller than that contain-
ing the coagulant. An example of the space evolution of
probability in environment 1-3, mixture fraction mean and
variance, (p,), Po.. and dynamic viscosity is presented in
Supporting Information Figure S3a—e and S4a—c. Since the
flow rate of the stream containing primary particles is signifi-
cantly smaller than that of coagulant (dilution ration 450),
the effect of micromixing is almost negligible. Conversely,
as the velocity of the colloidal dispersion stream is smaller
than coagulant solution stream, there will be very small
radial dispersion of particles/aggregates resulting in faster
aggregation rate, and therefore, also large aggregate sizes in
the tube center (see evolution of (p,) and ¢, in Supporting
Information Figures S4a,b, and S5). As a consequence, the
boundary between region I and II does not represent the
limit of complete macromixing over the whole tube diame-
ter. Instead they represent the limiting case before runaway
occurrence, however, for these particular conditions due to
low radial mixing of colloidal dispersion stream along the
reactor axis. Due to higher concentration of particles which
are not well mixed in radial direction the vertical boundary
between region I and II, corresponding to shear aggregation
mechanism controlling the process, is shifted toward small
values of ¢, With respect to the expanding jet condition.
In contrast, for the case when Brownian aggregation mecha-
nism acing alone the boundary between region II and III do
not move with respect to expanding jet conditions. Since in
both aforementioned conditions, the zone where viscosity
divergence occurs is located in the center of the flow near
the colloidal dispersion injection point very similar results
were obtained.

Since the breakage was not considered in this work, let us
now discuss its significance to the presented results. As
explained earlier, the region III presented in Figure 7 corre-
sponds to the situation where gelation due to viscosity diver-
gence was observed. This means that under these conditions,
the occupied volume fraction calculated from PBE increases
substantially reaching values comparable to ¢,. As can be
seen from Eq. 23, ¢,, represents the solid volume fraction
where the viscosity of the particle dispersion diverges which
is in agreement with the presented results. In contrast size of
formed aggregates is at this point very small approximately
1 micron. As it was shown in our previous works using com-
parable values of the shear rate,>">175! this size is substan-
tially lower than the limit when breakage becomes
significant, hence omitting breakage would not affect the
presented results. In the case of region II, where runaway of
(pg> was observed, aggregates could grow large enough to
be affected by the breakage. However, due to their fast
growth (runaway) increase of the size controlled by the shear
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aggregation kernel (Eq. 18) would be so fast that the proper
modeling combined with proper description of the hydrody-
namic becomes very challenging. Since the main goal of this
work was to describe the early stage of the aggregation pro-
cess in combination with the mixing such modeling is out of
the scope of this work. Last is the region I where mixing is
so fast that size of aggregates increases only little compared
to the primary particles size so the effect of breakage would
not affect the presented results. To model the whole process
an approach presented previously by Marchisio et al 1454
could be used. In this case, the final size of formed aggre-
gates would be controlled by the dynamic equilibrium
between aggregation and breakage which is a function of the
distribution of the shear rate in the applied vessel.

Interpretation of aggregation experiment in stirred tank

The data obtained from the aforementioned simulations
were in what follows used to interpret aggregation experi-
ments performed in the stirred tank when latex with various
solid volume fractions was fed into the salt solution pre-
sented in the vessel. A setup used by Vaccaro et al.® was
used to performed these aggregation experiments. It is based
on a stirred tank equipped with two Rushton impellers filled
with 6 L of a coagulant (AI(NOs)3) solution. To ensure fast
mixing stable dispersion of polystyrene nanoparticles with
diameter of 80 nm was injected through a capillary with
diameter of 1.5 mm whose outlet was located at the point of
maximal radial jet generated by the bottom impeller. It is
worth noting that to ensure complete destabilization of pri-
mary particles the salt concentration was approximately 20
times higher than the critical coagulation concentration. To
keep experimental conditions qualitatively comparable to the
conditions used in the simulations impeller stirring speed
was set to 100 rpm, resulting in a coagulant solution stream
velocity of 0.47 m/s, while the colloidal dispersion injection
flow rate was set to 160 mL/min resulting in a linear veloc-
ity in the capillary equal to 1.5 m/s. Used conditions in
terms of colloidal dispersion solid volume fraction and pri-
mary particle diameter are plotted as triangles in Figure 7a.
Corresponding pictures of the mixing process together with
SEM images of formed aggregates are presented in Figures
8a—c. As can be seen from Figure 8al, when colloidal dis-
persion with solid volume fraction equal to 1 X 1077 was
injected in the reactor slow aggregation allows complete
mixing of coagulant with primary particles corresponding to
the region I from Figure 7a. As a result homogeneously
mixed particles aggregate with rate dependent on the local
values of the shear rate present in the stirred tank. When
their size becomes large enough they become broken by the
hydrodynamic stress exposed on them by fluid flow leading
to formation of aggregates with round shape having very
compact structure (Figure 8a2).

A different situation was observed when the solid volume
fraction was increased to 1 X 10~ 2. For this concentration,
the aggregation process was already fast enough compared
to mixing and formation of large aggregates approximately 5
to 10 cm from the injection point was observed (see Figure
8bl). When considering the process parameter space dis-
cussed earlier (see Figure 7a), this conditions corresponds to
the region II where runaway of aggregate size was detected.
Effect of micromixing on the shape of formed aggregates
was further supported by SEM pictures where more irregular
aggregates were observed (see Figure 8b2).
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Figure 8. Comparison of various feeding conditions using stirred tank with volume of 6 L, Dimpenier €qual to 9 cm

and impeller rotation speed of 100 rpm.

Latex solution containing 80-nm polystyrene particles was injected through 1.5 mm capillary into the concentrated solution of
coagulant (AI(NOj3);). Left column represents pictures of the mixing behavior closed to latex injection point, Right column corre-
sponds to the SEM pictures of formed final aggregates. (al, a2) corresponds to @i =1 X 1073, (b1, b2) Pintet =1 X 1072, (cl,
€2) Piniee =1 X 107, [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The last condition investigated experimentally corresponds
to the particle solid volume fraction equal to 1 X 10", For
such high particle concentration, clearly visible pieces of gel
were formed at the point of colloidal dispersion injection
(see Figure 8cl). In fact, when considering the process
parameter space presented in Figure 7, this point would be
very close to the boundary between region II and III where
local gelation is due to Brownian aggregation mechanism
acting alone. Strong effect of micromixing on the structure
of formed aggregates is clearly visible also on SEM picture
presented in Figure 8c2. Under these conditions, formed
aggregates have sheet like shape with large ratio of diameter
to thickness. This can be explained by the local gelation of
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primary particles occurring on the length scale of several pri-
mary particles, corresponding to the diffusion path of a coagu-
lant. Due to the increase of local viscosity, the formed gel
keeps its longitudinal integrity resulting in sheet-like structures.

Conclusions

In this work, effect of mixing on the process of aggrega-
tion and gelation was studied numerically by using a combi-
nation of CFD and population balance models. The effect of
mixing on aggregation was modeled by a presumed PDF
method. Since formed aggregates could change the surround-
ing flow, an effective viscosity of the mixture evaluated
from PBE was used to modify the fluid viscosity to calculate
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the flow field. The obtained results are summarized in the
form of parameter space of the solid volume fraction and the
primary particle diameter and three distinct regions were
identified. In the first region, covering large primary particle
size with low solid volume fraction, due to slow aggregation
micromixing does not play any significant role. In the second
region, corresponding to moderate particle size and moderate
solid volume fraction, local gelation could occur due to shear
aggregation characterized by the runaway of higher-order
moments of the PSD before viscosity divergence. In the last
region, the available space is filled as a result of viscosity
increase before higher-order moments of the calculated PSD
runs away. Under such conditions, the aggregation of small
primary particles with high solid volume fraction is con-
trolled solely by Brownian motion. Obtained results are in
good agreement with experimental data obtained from gela-
tion experiment of concentrated nanoparticle suspensions
into coagulant solution.
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Notation
A; = parameter of the micromixing model used to evaluate Cy,—

C, = parameter of the k—¢ model, —
Cy = parameter of the micromixing model, -

dy = fractal dimension, —
d, = primary particle diameter, m
D; = diffusion coefficient of the i-th aggregate, m*/s
D= turbulent diffusivity, m*/s
capillary = 10T diameter of the capillary, m
n o

be = inner diameter of the tube, m
G = shear rate, 1/s

k = turbulent kinetic energy, m%/s*
kg = Boltzmann constant, J/K
k, = prefactor of the fractal scaling, —
K‘E = aggregation kernel, m*/s
KPBrownian — Brownian aggregation kernel, m?/s
KShear — ghear aggregation kernel, m®/s
n = number concentration of aggregates with mass w
N = number of nodes of the quadrature approximation, —
N, = total number of modes/environments, —
Pn = probability of the mode »n or the volume fraction of environ-
ment n, —
R; = radius of the i-th aggregate, m

R, = primary particle radius, m

Recapilary = Reynolds number in the latex feeding capillary, —
Re; = local Reynolds number (=k/+/ev), —
Rewbe = Reynolds number in the tube, —
= scaling exponent in the apparent viscosity equation, —

Q; = flow rate in the stream 7, rr13/s
Sc¢, = turbulent Schmidt number

T = absolute temperature, K
(u;) = i-th component of the Reynolds-averaged fluid velocity, m/s
w;,, = i-th weight of the quadratic approximation in mode/environ-

ment n, —
W = Fuchs stability ratio, —
X = spatial coordinate vector

= i-th spatial coordinate, m
time, s
t, = gelation time, s

Greek letters
as = efficiency in the shear aggregation kernel, —
&= turbulent energy dissipation rate, m%/s’

¢, = maximum packing volume fraction, —
o = occupied volume fraction, —
7 = micromixing parameter
n = dynamic viscosity, Pa.s
1o = dynamic viscosity of a pure liquid, Pa.s
1* = k-th moment of the PSD, —
uk = k-th moment of the quadratic approximation in mode/environ-
ment n, —
v = kinetic liquid viscosity, mz/s
(p,) = dimensionless radius of gyration, —
o = dimensionless mass of an aggregate, —
w;, = i-th abscissa of the quadratic approximation in mode/environ-
ment n, —
¢, = mixture fraction corresponding to mode n
¢ = mixture fraction mean, —
£) = volume-averaged mixture fraction, —
(6’2) = mixture fraction variance, —
Y = is the composition vector
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