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A B S T R A C T

Background: Effect of hydrodynamic heterogeneity on particle dispersion in a Taylor-Couette flow (TC) reac-
tor with variable configurations of inner cylinder has been investigated using CFD modelling.
Methods: Particle dispersion was tracked based on the Eulerian-Lagrangian approach, where the reactant
solution phase was solved in the Eulerian reference frame, while the particle dispersion was calculated by
tracking a large number of particles with consideration of the hydrodynamic forces acting on particles and
adopting actual particle properties measured from the particle synthesis experiments.
Significant Findings: The simulation reveals that particle dispersion is significantly enhanced by increasing the
inner cylinder rotational speed, characterized by particle distribution for both circular inner cylinder Taylor-
Couette flow reactor (CTC) and lobed cross-section inner cylinder Taylor-Couette flow reactor (LTC). Particle
trajectories or dispersion are influenced by the turbulent Taylor vortices. Particle radial dispersion affects the
particle classification by presenting different particle axial velocities in radial direction, while particle axial
dispersion can be seen as an indicator for global mixing occurring in the TC reactor, which is enhanced at
high rotational speed, especially in the LTC. The calculated dispersion coefficient is found to be similar to the
shape of particle size distribution found in the experiments.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

The synthesis of fine particles depends on the dispersion of pri-
mary particles. This can be achieved through the interaction between
fluid flow and particles, where turbulent shear acts to aggregate pri-
mary particles forming larger clusters or causes breakage of already
formed agglomerates. During this procedure, particle properties are
changed, being strongly dependent on the applied shear rate. In the
literature, various studies exist addressing the effect of the shear
intensity on particle size and shapes using different reactors [1�3]. In
these studies, the resulting particle populations are analysed by con-
sidering the volume average shear rate, hG i ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih e i =np

, obtained
from the power input, which usually serves as the characteristic
quantity of the flow field. However, in reality for a given reactor,
shear rate often exhibits a distinct distribution, which has a
significant impact on the particle dispersion [4,5]. As both aggrega-
tion and breakage of particles in the dispersion are strongly depen-
dent on the shear rate, the effect of the heterogeneity of the local
shear rate on particle dispersion needs to be considered.

The generation of Taylor vortices is the most distinct feature in the
Taylor-Couette flow (TC) reactor. Such vortices often occur in pairs in
the gap area and vary due to the sensitivity to many influence factors,
such as the reactant fluid property, inner cylinder geometry and rota-
tional speed. Previous studies, for example, Snyder [6]; Lathrop et al.
[7] and Ehrl et al. [8] among others have summarized a series of insta-
bilities driven by the centrifugal force when the Reynolds number or
Taylor number exceeds a critical value to yield Taylor vortices. The
heterogeneity in the TC reactor will experience the flow pattern
change from Taylor vortex flow, wavy Taylor vortex flow, modulated
wavy Taylor vortex flow, turbulent Taylor vortex flow to fully devel-
oped Taylor flow. Experimentally, Vaezi et al. [9] have measured the
intensity of turbulent velocity fluctuation in a TC reactor by means of
Laser-Doppler velocimetry (LDV) and Wang et al. [10] and Tokgoz et
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Nomenclature

CD drag coefficient
dp particle size, m
dp size constant
D gap width, m
dij deformation tensor
Dz diffusion coefficient, m2/s
FP-L external force, kg/(m2¢s2)
g gravity, m/s2

k turbulent kinetic energy, m2/s2

L reactor length, m
_mp mass flow rate of particles, kg/s
n size spread parameter
N total number of particles
p pressure, Pa
ri radius of the inner cylinder, m
ro radius of the lobed outer cylinder, m
Re Reynolds number
Rep particle Reynolds number
Sth Stokes number
uL instantaneous velocity, m/s
u0
L velocity fluctuation, m/s

uL Reynolds-average velocity, m/s
uP particle velocity, m/s
Yd accumulated mass fraction of particle
zi axial position of the ith particle

Greek letters
e turbulent energy dissipation rate, m2/s3

n kinematic viscosity of the fluid, m2/s
rL liquid density, kg/m3

rp particle density, kg/m3

tL stress tensor, kg/(m¢s2)
tp particle relaxation time, s
tf characteristic time of flow, s
vi angular velocity, rad/s
V rotational speed of the inner cylinder, rpm
m molecular viscosity, kg/(m¢s)
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al. [11] have adopted the particle image velocimetry (PIV) to measure
the velocity field data. Numerically, CFD modelling has been widely
adopted to obtain the important information of the fluid flow in the
TC reactor, especially for the turbulence which has a dominant effect
on the particle dispersion. Such numerical simulations can be found,
for example, by using the Reynolds stress model [12,13], and by
employing the large eddy simulation (LES) [14]. For numerical
modelling of the particle dispersion in the TC reactor, Chouippe et al.
[15] have investigated the dispersion behaviour of bubbles in turbu-
lent Taylor-Couette flow, revealing the phenomenon of the preferen-
tial accumulation of bubbles. Wang et al. [16] used k-emodel coupled
with PIV validation and the quadrature method of moments
(QMOM), to predict the mean particle size of latex spheres under the
effect of local fluid shear in turbulent Taylor-Couette flow. Dutta and
Ray [17] utilized the Taylor-Couette flow to realise water purification.
As the Taylor-Couette flow has a feature of narrow shear rate distri-
bution, the application of such flow can facilitate particle classifica-
tion to acquire uniform particle size so that the particle rheological
behaviour and other properties can be changed accordingly. Also,
when the density difference between the particles and the fluid is
small, shear-induced particle migration under the influence of Taylor
vortices will be beneficial to the classification of particle size [18].
This is strongly associated with the dispersion of particles in the TC
reactor. Ohmura et al. [19] have successfully realized the classification
of particles with various sizes using the TC reactor, validated by both
numerical simulation and the actual experiments. They have
observed that large particles, which are located near the edges of Tay-
lor vortex, tend to be transported downward or upward due to the
effect of outward and inward impinging jet flows formed in the
regions between the Taylor vortices, while small particles are mainly
remained in the core of vortices.

Taylor-Couette turbulent flow has been recognised as an effective
way for the synthesis of various particles due to its shear controllable
feature. Jung et al. [20] prepared calcium carbonate (CaCO3) particles
using a TC reactor. The synthesised CaCO3 agglomerates present vari-
ous sizes and morphologies when changing the operating conditions
such as reactant flow rate, concentration and angular velocity of
inner cylinder. They also compared the particles synthesized using
the TC reactor with those using a stirred tank. Interestingly, they
reported that the adoption of TC reactor may be appropriate to obtain
particles of smaller size with a uniform shape due to rather homoge-
nous mixing conditions available in such reactor. Nguyen et al.
[21,22] employed a TC crystallizer, working in a continuous mode
with multiple feeding mode to obtain guanosine 5-monophosphate
(GMP) crystals. They observed that the phase transformation of GMP
in the TC crystallizer is about ten times faster than that in the conven-
tional stirred tank crystallizer. They have attributed this phenomenon
to the optimal control of the mass transfer rate and mean residence
time in the TC crystallizer. In the fabrication of lithium-ion batteries,
the TC crystallizer can be seen as an effective device to synthesize
precursors of cathode materials for lithium-ion batteries, such as Ni1/
3Co1/3Mn1/3(OH)2 [23], and Ni0.9Co0.05Mn0.05(OH)2 according to a
series of studies by Kim et al. [3,24], and the most promising core-
shell structure [25]. The synthesized secondary particles were found
to exhibit good properties in terms of tap density, particle size, and
morphology. It is deduced that under the effect of Taylor vortices, the
exposure of agglomerates to local turbulence induced shear will be
beneficial to spherical particle growth and formation of the dense
structure. It should be noted that these studies are mainly focused on
the experimental preparation of particles, while the interaction of
turbulence and particles is not fully investigated. In order to explain
the results of particle properties, they generally used the empirical
correlations between the particle size and flow shear generated by
Taylor vortices. So far, limited work has been conducted in relation to
how the hydrodynamics, especially the turbulent flow field, in a TC
reactor influences the particle formation and dispersion. Nemri et al.
[26] used Kalliroscope AQ-1000 flakes to observe flow pattern in the
TC reactor, and the flake trajectory was used to observe the inter-vor-
tex mixing, but their simulation was carried out with single phase
flow, and these particles were neutral particles without true attrib-
utes. We cautiously point out that it is the local hydrodynamics that
provides the environment for particle nuclei to interact with the tur-
bulent eddies, consequently bringing out the particle formation and
growth. These mentioned studies lack the interpretation of the inter-
action mechanism between the local turbulent flow and the formed
particle dispersion.

In the present study, we investigate the barium sulfate particle
dispersion in the TC reactor with variable configurations of inner cyl-
inder, taking into account the momentum exchange between carrier
fluid and particles. The properties of these particles are set similar to
those obtained from our previous experimental results, including
particle density, particle size, and its distribution [27]. The parame-
ters that influence the particle dispersion will be assessed, including
the rotational speed (or characterized by the Reynolds number) and
the configuration of the inner cylinder, where circular and lobed
cross-sectional profiles are concerned. The flow field information is
firstly obtained by CFD modelling, and then the tracking of particle
trajectory will be realized by using Eulerian-Lagrangian method (dis-
crete phase model) with two-way coupling. This paper will be organ-
ised as follows. Section 2 will present the theoretical background and
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modelling details for evaluating fine particle dispersion in the TC
reactor system, while Section 3 will present the results and discus-
sion on the particle dispersion behaviour and the likely implication
for the synthesis of fine particles using the TC reactor. Finally, Sec-
tion 4 will summarise the conclusions derived from the study.
2. Mathematical modelling

The hydrodynamics in the TC reactor can be described by the
existing two-phase flow model, which consists of a continuous liquid
phase (i.e., the reactant solution), and a certain amount of suspended
particles, usually measured by the volume fraction. As the volume
fraction of the dispersed particles in the experiments is smaller than
10%, the adoption of Eulerian-Lagrangian approach is deemed appro-
priate for the description of particle dispersion. Also, the use of
Lagrangian framework allows for the rigorous tracking of the move-
ment of individual particles so that the dispersion can be well defined
based on the statistics of the particle trajectories, and forces acting on
particles can be identified separately by considering particle motion
characteristics [28]. In the meantime, the particle size distribution,
which is important in determining particle characteristics, can be
implemented into the numerical simulation, yielding a better predic-
tion for particle dispersion [29,30].

2.1. Governing equations
2.1.1. Liquid phase
As the effect of hydrodynamic heterogeneity on particle disper-

sion in the TC reactor is studied, the appropriate description of the
interaction between continuous phase and discrete phase is crucial
and two-way coupling has to be considered. Thus, the conservation
equations for continuous phase are given by

Continuity equation:

r ¢ aLrLuLð Þ ¼ 0 ð1Þ
Momentum conservation equation:

@

@t
aLrLuLð Þ þ r ¢ aLrLuLuLð Þ ¼ �r pþ r ¢ aLtLð Þ þ aLrLg þ FP�L ð2Þ

where aL is the liquid phase volume fraction and aL = 1 � aP, uL is the
Reynolds-average velocity, rLis the liquid density, p is the static pres-
sure, tL is the stress tensor, rLg is the gravitational force, and FP � L is
the forces acting on the liquid phase due to the particles, which arises
from the interaction with the dispersed particles.

In order to determine the flow pattern in the TC reactor, a Rey-
nolds number has been defined, expressed as

Re ¼ virid
n

ð3Þ

where vi and ri are the angular velocity and the radius of the inner
cylinder, respectively. For the LTC, ri will be replaced by the equiva-
lent or hydraulic radius of the inner cylinder. d is the gap size, and n
is the kinematic viscosity of fluid. The minimum rotational speed is
300 rpm, corresponding to the Reynolds number of 12324. Based on
the classification of flow pattern in the TC reactor [7], all operating
conditions are under turbulent flow. Thus, it would be safe to employ
the RNG k-e turbulence model in the simulation as the flow in the TC
reactor has the feature of swirling [31]. However, the entrained par-
ticles by Taylor vortices will have the impact on the reactant liquid
turbulent kinetic energy and distribution of turbulent energy dissipa-
tion rate. Such effect has been considered by adding the source terms
into the RNG k-e model. When the volume fraction of the dispersed
particles is very small, turbulence modulation by dispersed phase is
weak. In such case, the RNG k-e equations can be simplified and their
original forms without including source terms are adopted.
k equation:

@

@t
rkð Þ þ r ¢ rkuLð Þ ¼ r ¢ meff

sk
r k

� �
þ Gk � re ð4Þ

e equation:

@

@t
reð Þ þ r ¢ reuLð Þ ¼ r ¢ meff

se
r e

� �
þ C1e

e
k
Gk � C2er

e2
k
� Re ð5Þ

where k is the turbulent kinetic energy, e is the turbulent energy dis-
sipation rate, meff is the effective viscosity, sk and se are turbulent
Prandtl numbers, Gk is the generation of turbulent kinetic energy, C1e
and C2e are model constants, and Re is the extra strain rate [32]. The
definition of these terms or functions can be referred to Liu et al. [27].
Additionally, as all operating conditions are in turbulent flow, in
order to distinguish turbulent degree related to particle synthesis in
the present work, turbulent energy dissipation rate is provided in
Figure S1 of the supplementary material based on our preliminary
work.

2.1.2. Dispersed phase
The dispersed particle tracking is conducted in a Lagrangian refer-

ence frame, where individual particle trajectories can be tracked by
solving the particle equation of motion. The particles are divided into
several particle size bins according to the experimentally obtained
particle size distribution. The positions of particles can be obtained
from the following equation:

dxp
dt

¼ up ð6Þ

The velocity of particles up can be obtained by solving the force
balance equation:

dup

dt
¼ FD uL � up

� �þ FL uL � up
� �þ g rp � rL

� �
rp

ð7Þ

where rp is the density of particles. As the density of barium sulfate
particles (4500 kg/m3) is much larger than that of the reactant liquid
(about 998.2 kg/m3), the drag force will be dominant and the added
mass force can be ignored. The lift force is still considered as particles
are subjected to strong shear induced by the Taylor vortices and
embedded turbulent eddies in the TC reactor. The drag force factor FD
can be estimated using Equation (8):

FD ¼ 18m
rpd2p

CDRep
24

ð8Þ

wherem is the liquid viscosity, CD is the drag coefficient, dp is the par-
ticle diameter, and Rep is the Reynolds number based on the particle
diameter, given by

Rep ¼
rdp

				up � uL

				
m

ð9Þ

It is assumed that barium sulfate particles can be treated as
smooth spherical particles. Then, the drag coefficient, CD can be esti-
mated using the following expression,

CD ¼ a1 þ a2
Rep

þ a3
Re2p

ð10Þ

where a1, a2, and a3 are constants, depending on the value of Rep.
Details can refer Morsi and Alexander [33]. With respect to the lift
force factor, the Saffman’s lift force model is adopted, given by

FL ¼
2Kn1=2rdij

rpdp dlkdklð Þ1=4
ð11Þ

where K is a constant, equal to 2.594, and dij is the deformation ten-
sor. Equation (7) is the ordinary differential equation for description
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of movement of individual particles and can be solved by integration
over discrete time steps, yielding the predicted particle trajectories. It
should be noted that the time step taken in the integration should be
smaller than the typical turbulence integral time scale for turbulent
eddies in the TC reactor. Therefore, during the calculation, the rule of
thumb used for modelling the continuous phase is that the time step
used for transient simulation is at least 10 times greater than that for
the dispersed particle tracking. In order to capture the effect of turbu-
lence on the particle dispersion, stochastic tracking model is
employed. Because this model takes the instantaneous turbulent
velocity fluctuation, u0

L at the location of the particle, the instanta-
neous velocity for the continuous phase at particle position is given
by

uL ¼ uL þu0
L ð12Þ

Since the turbulent kinetic energy at particle position in the flow can
be obtained, the root mean square value of each fluctuating compo-
nent u0

L can be approximated byffiffiffiffiffiffiffi
u02
Lu

r
¼ b1

ffiffiffi
k

p
;

ffiffiffiffiffiffiffi
u02
Lr

r
�

ffiffiffiffiffiffiffi
u02
Lz

r
¼ b2

ffiffiffi
k

p
ð13Þ

where b1 and b2 are the constants that can be used to account for the
non-isotropic distribution of the shear turbulence in the TC [9,34,35].
It is found that the values of b1 and b2 are about 1.2 and 0.8, respec-
tively.
2.1.3. Momentum source term
Momentum is exchanged during the interaction of continuous

phase and discrete phase. The momentum source term arises from
the forces exerting on individual particles. As it has been indicated
above, drag force, and lift force are dominant forces for the currently
investigation system, therefore, the momentum exchange can be
expressed by the following equation,

FP�L ¼
X 18m

rpd2p

CDRep
24

uL � up
� �þ 2Kn1=2rdij

rpdp dlkdklð Þ1=4
uL � up
� �" #

_mpDt

ð14Þ
where _mp is the mass loading of particles. The mass loading has been
assumed to be uniform and equal to the inlet mass flow rate.
2.2. Particle size distribution

In our previous study [27], particles were continuously taken from
the reactor after one time of the average residence time tres, where
tres ¼ V

Q (V: the volume of the reactor; Q: the volumetric feeding rate).
Particle size distribution was then measured by using Malvern Mas-
tersizer, and the average size (D50) was adopted to characterize the
average particle size. These experimental data of particle size distri-
butions at different Reynolds numbers are directly used in the parti-
cle inlet. During the calculation, the particle size distribution is
assumed to follow the Rosin-Rammler distribution, where the mass
fraction of those particles, whose diameter is greater than dp is given
by

Yd ¼ e� dp=dpð Þn ð15Þ
where Yd is the accumulated mass fraction for particles with the
diameter greater than dp, dp is the size constant, and n is the size
spread parameter. Once the particle size is classified into several dis-
crete diameter groups, the mass fraction of each group can be
obtained accordingly. In order to determine the values of parameter
n, and dp, Equation (15) can be converted to a linear format by taking
the logarithm operation for both sides of the equation, yielding

ln �lnYdð Þ ¼ nlndp � nlndp ð16Þ
Based on the fitted straight line, the value of n can be obtained
from the slope while the value of dp can be obtained from the inter-
cept.

2.3. Initial and Boundary conditions

For the continuous phase, the inlet and outlet boundary condi-
tions were set as the velocity inlet and pressure outlet, respectively.
Hydraulic diameter of the inlet was specified while the turbulent
intensity was set at 5%, assuming the feeding to be smooth. No-slip
boundary conditions were imposed to all the inner cylinder and outer
cylinder surfaces and the standard wall functions were applied to the
meshes close to the inner and outer cylinder surfaces. As the present
work mainly focuses on the investigation of the effect of rotational
speed, the minimum solution feeding rate (i.e., 10 mL/min) used in
our previous experiment [27] was chosen, corresponding to an axial
velocity component of 1.22 £ 10�4 m/s caused by feeding. Figure S2
in the supplementary material shows the preliminary result of axial
velocity, whose magnitude is much larger than the feeding velocity.
Therefore, such small solution feeding rate almost have little distur-
bance to the flow.

For the discrete phase, particle parcels were injected from the
inlet surface, where the total flow rate for all particles was set based
on the actual experimental results [27]. The number of particles in
one parcel can be estimated by NP ¼ _ms

Dtp
mp

. The collision between
the particles and the surfaces of the cylinder is assumed to be elas-
tic, which can be specified as the reflect type of boundary condition.
The escape boundary condition was assigned for the particle inlet
and outlet to eliminate those unphysical particle trajectories. This
means particles encountering the boundaries will not be accounted
in the simulation and their trajectory calculations will be termi-
nated.

2.4. Physical TC reactor model

The configuration of the TC reactor is depicted in Figure 1 (a),
and its dimensions are listed in Table 1. Based on the previous
study of the preparation of barium sulfate particles [27], it has
been demonstrated that a modified geometry of inner cylinder
from the traditional circular one (CTC) to a lobed one (LTC) can
effectively intensify the local turbulence, beneficial to the particle
aggregation. The supporting evidence can be seen from Figure S3
in the supplementary material, where particle size and the charac-
terization of local turbulence by energy dissipation rate are pro-
vided with similar variation trend for both reactors. Therefore, the
present simulations focus on the particle behaviour in the LTC at
different rotational speeds. For comparison purpose, the simula-
tion on particle dispersion at a high rotational speed of 1000 rpm
in the CTC is also conducted. Additionally, in order to ensure the
consistency of particle behaviour in the CTC, Figure S4 in the sup-
plementary material provides the results operated at 300 rpm for
reference. The computational domain is shown in Figure 2. Proce-
dures of the preparation of barium sulfate particles can be found in
the study of Liu et al. [27].

2.5. Numerical simulation

The commercial CFD software, Fluent 18.0, was employed to sim-
ulate the particle dispersion in the TC reactor. The flow and hydrody-
namic heterogeneity were described by solving the Reynolds-
Average Navier-Stokes equations coupled with RNG k-e model.
Meanwhile, the particles were tracked using equation of motion as
defined by Equation (7). Computational mesh was created by ANSYS
ICEM with a total cell number more than 1,100,000. According to the
dimensions of the TC reactor as listed in Table 1, a mesh setup with
147 £ 480 £ 16 (circumferential £ axial £ radial) was adopted in the



Figure 1. (a) Configuration of the TC reactor; and (b) Inner cylinder geometry for the: (i) CTC; and (ⅱ) LTC.
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numerical simulation, as illustrated in Figure 2 (a). For the inner fluid
zone containing lobed inner cylinder, the mesh was additionally
refined, shown in Figure 2 (b). Mesh independence check in terms of
wall shear stress has been carried out to ensure the accuracy of CFD
results, shown in Figure S5 in the supplementary material. Further
refinement to the mesh of 147 £ 480 £ 25 has negligible impact on
the simulation results, which indicates that the mesh size of
147 £ 480 £ 16 is fine enough to ensure numerical accuracy. The
simulation details can be found in Liu et al. [27]. The pressure-velocity
coupling was realized by SIMPLEC algorithm while PRESTO! Scheme
was used for the pressure calculation. The second-order upwind
scheme was adopted for the calculation of momentum, and the same
for the calculation of turbulent kinetic energy and turbulent energy
dissipation. From the trial simulation, the time step size for continu-
ous liquid phase was set at 10�3 s as the Taylor vortices can be still
well captured from the simulation. The particles were tracked using a
time step of 10�5 s to ensure the particle time step size is smaller
than the integration time step. The convergence criteria for all
parameters were set 10�5 in relative scaling. Additionally, in order to
ensure the CFD simulation to be able to capture major hydrodynamic
features, turbulence model validation has been conducted in advance
by the comparison with Haut et al.’s [36] experimental data, shown
in Figure S6. Details are provided in the supplementary material.
Table 1
Dimensions and operating conditions of the TC reactor.

Dimension CTC LTC

Reactor length, L (mm) 300.00 300.00
Inner cylinder radius, ri (mm) 40.00 40.19
Outer cylinder radius, ro (mm) 50.00 50.00
Gap size, d (mm)

Rotational speed,V (rpm)
Reynolds number

10.00
1000
41680

9.81
300, 600, 800, 1000
12324, 24649, 32866, 41082
3. Results and discussion

3.1. Characterisation of particle entrainment by Taylor vortices

Under the condition of a certain Reynolds number, Taylor vortices
are generated in the TC reactor, where the two adjacent vortices are
counter-rotating, embedded various scales of turbulent eddies from
large to Kolmogorov dissipation scale. Also, the inward and outward
impinging jet flows between the two vortices are created [37].
Figure 3 shows the distribution of particles in the gap of the LTC at
different rotational speeds of the inner cylinder. Colour bar denotes
particle velocity magnitude. Firstly, it can be seen clearly from the
figure that with increase of the rotational speed, particles are
entrained and dispersed with enhanced particle velocity. Because the
axial transport of the Taylor vortices (can be confirmed by the axial
Figure 2. Mesh setup for computational domain: (a) global mesh view; and (b) mesh
refinement for inner fluid zone.



Figure 3. Particle distribution in the LTC: (a) 300 rpm; (b) 600 rpm; (c) 800 rpm; (d)
1000 rpm, and the CTC: (e) 1000 rpm.
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velocity in Figure S2 of the supplementary material) will bring out
the enhanced dispersion of particles across the vortices while inter-
acting with the embedded turbulent eddies. Although the density of
barium sulfate is greater than the reactant liquid, the particle size is
extremely small with the order of 10�7 m. This results in particles to
be easily suspended throughout the entire reactor as can be observed
from Figure 3, especially when the LTC is working at a high rotational
speed. For the given residence time, the simulation results show that
the particles have not yet dispersed to across the reactor length at a
rotational speed of 300 rpm while a large number of particles have
been entrained to the top of the reactor at the rotational speed
exceeding 800 rpm. This clearly indicates that the turbulence shear
enhanced by increasing the inner cylinder of the LTC has a significant
impact on particle dispersion. Secondly, it can be also observed from
Figures 3 (c) and (d) that the particles with high velocity tend to dis-
tribute in the large gap regions in the LTC when working at high rota-
tional speed. This is very likely to attribute to the fact that the
impinging jet flows formed between the two deformed Taylor vorti-
ces strongly entrain the particles towards these regions. Also, the
flow in circumferential direction experiences an expansion following
by a contraction due to the gradually decrease gap for the LTC.
Figure 3 (e) displays the particle distribution in the CTC for compari-
son, which shows the dispersion of particles in the CTC is more even
than that in the LTC for operating the same rotational speed. Obvi-
ously, due to the axisymmetric feature of the CTC and the uniformly
distributed radial circumferential velocity gradient, the external
forces exerted on the particles ensure that particles are dispersed rel-
atively uniform in the circumferential direction. In contrast, the radial
circumferential velocity gradient in the LTC will experience the peri-
odic change due to the deformed Taylor-vortices, thus causing the
particles to disperse towards the large gap regions.

3.2. Particle trajectory

In order to observe the interaction of particles with Taylor vortex,
particles are tracked at a specified time interval. Figure 4 illustrates
the predicted particle trajectory for the inner cylinder operating at
1000 rpm in the CTC and LTC, respectively. Here two representative
trajectory paths are randomly selected for each reactor, and the col-
our bar denotes fluid velocity magnitude. It should be mentioned
here that the trajectories shown in the CTC and LTC could be not
selected with the same particle size, and the hydrodynamic condi-
tions are different in both reactors. Firstly, it can be seen from the
streamlines created along the vertical cutting plane that the velocity
magnitude is enhanced in the large gap region for the LTC in compari-
son to the CTC, consistent with the argument of Soos et al. [38] that
the heterogeneity in the TC reactor can be improved by varying the
configuration of the inner cylinder. The main advantage of the LTC is
that Taylor-Couette flow feature is still remained but the low velocity
regions are reduced. Secondly, it can be seen from the fluid stream-
line in the vertical cutting plane that particles injected from the inlet
are entrained by Taylor vortices, and will have strongly interaction
with the embedded eddies. As a result, particles are subsequently dis-
persed to follow a helical movement behaviour. The local amplified
images with the arrow line clearly indicate the direction of particle
entrainment.

It can be seen from Figure 5 that the high total pressure appears in
the regions between two adjacent vortices, especially in large gap
region in the LTC. This is in agreement with the particle distribution
shown in Figure 3, where particles with high velocity are likely to
appear in the large gap region. However, it is contradicted with the
expectation that the particles do not significantly accumulate in those
low pressure regions, especially the small gap region in the LTC. This
is likely caused by the change of dominating force in the gap of the
TC reactor. In Qiao et al.’s [39] study, they observed that light particles
are easy to be trapped on the wall of the inner cylinder. Along the
radial direction, the pressure force exerted on the particles is 6 times
greater than the centrifugal force at low Reynolds numbers, which
favourably drives the particles migrating towards the inner cylinder
surface. With the increase in Reynolds number, the drag force
exerted on the particles increases, which enhances the capability of
the vortices to entrap the particles. While for heavy particles, their
study found that they are trapped in the regions around the inner cyl-
inder. This phenomenon can be interpreted by discussing the trap-
ping of particles by Taylor vortices, which is characterized by Stokes
number:

Sth ¼ tp
tf

ð17Þ

where tp is the particle relaxation time, and tf is the characteristic
time of the local flow of Kolmogorov scale turbulent eddies. tp and tf
can be estimated by the following equations

tp ¼ rpd
2
p

18m
ð18Þ

tf ¼
ffiffiffi
n
e

r
ð19Þ

As suggested by Crowe et al. [40], if St < 1.0, particles will closely fol-
low the fluid flow. In the present study, this indicates that the par-
ticles are entrapped by turbulent eddies, which are embedded in the
Taylor vortices, and then strongly interact with those eddies. On the
contrary, if Sth > 1.0, particles are dominated by their inertia, and
they cannot respond immediately to the change of turbulent eddies.
Figure 6 shows the Stokes number at different rotational speeds by
using the average particle size obtained from the experimental
results under the respective condition [27]. It can be seen clearly that
at all the range of rotational speeds, the Stokes number, Sth, has the
order of 10�4, indicating the entrapment of particles by the turbulent
eddies, being consistent with the observation of the particle trajecto-
ries as shown in Figure 4.

3.3. Particle dispersion in radial direction

As can be seen from the aforementioned results, particle trajecto-
ries are influenced by Taylor vortices in the TC reactor. In order to
observe the particle dispersion in radial direction, a horizontal



Figure 4. Particle trajectory at 1000 rpm in the: (a) CTC; (b) local enlargement of the CTC; (c) LTC; and (d) local enlargement of the LTC.

Figure 5. Total pressure distribution at 1000 rpm in the: (a) CTC; and (b) LTC.

Figure 6. Stokes number at different Reynolds numbers.

Figure 7. Particle distribution in terms of axial velocity in horizontal cutting plane of the L
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cutting plane was created, as displayed in Figure 7. Colour bar
denotes the axial velocity magnitude of the particles. It can be seen
from the figure that with increase of the rotational speed, the down-
ward and upward axial velocity of the vortices increase. Secondly,
the particles with low slip velocity tend to distribute near the core of
vortices while those with high slip velocity distribute near the wall of
either inner cylinder or outer cylinder. It seems that there exists a
separation strap of the particles inside and outside the vortices. The
TC: (a) 300 rpm; (b) 600 rpm; (c) 800 rpm; (d) 1000 rpm, and the CTC: (e) 1000 rpm.



Figure 8. Axial velocity along radial position at: (a) 300 rpm; (b) 600 rpm; (c) 800 rpm; and (d) 1000 rpm.

8 L. Liu et al. / Journal of the Taiwan Institute of Chemical Engineers 131 (2022) 104141
change of particle axial velocity component in radial direction is
shown in Figure 8, which is quantitatively consistent with the results
as shown in Figure 7. One can argue that when the particles are
entrapped in the core of the vortices, they are mainly affected by the
vortices and the embedded turbulent eddies. Thus, the dispersion
will mainly occur in the vortices. It is interesting to note here that in
Figure 8, when comparing the vector marked by green line (i.e., the
axial velocity in small gap) with the one marked by blue line (i.e.,
Figure 9. Particle axial dispersed position with the vertical dash lines denoting
axial velocity in large gap), high axial velocity is found to occur at the
region with small gap near the inner cylinder. However, the results
shown in Figure 3 suggest that particle velocity magnitude is rela-
tively high in the region with the large gap. This may be the conse-
quence of the circumferential flow passing the narrowest gap
between the rotating inner cylinder and the outer cylinder, generat-
ing local circulation eddies which may generate a high pressure zone
and thus high particle velocity, as shown in Figure 5. Subsequently,
the minimum time required for particles to reach the outlet in each case.
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the drag force increases as the result of the increase in slip velocity
between the particle and local reactant liquid. These results have the
implication that the LTC can be effective for particle classification.
Actually, in the study of Kim et al. [18], they investigated particle
movement with a constant density of 1760 kg/m3 in a TC reactor, and
they have found that large particles with the size up to 0.7 mm sink
to the bottom through bypass flow while small particles (at least 0.05
mm) stay trapped in the core. In the study of Ohmura et al.’s [19],
they observed that large particles concentrate near the edges of vor-
tex. However, for particle classification, not only particle size but also
particle density plus local particle concentration should be taken into
account. These joint factors should be further studied with the load-
ing capacity of Taylor vortices by introducing the Stokes loading fac-
tor.

3.4. Particle dispersion in axial direction

Figure 9 shows the scattered particle axial positions varying with
time. At the rotational speed of 300 rpm, the time required to reach
Figure 10. (a) Diffusion coefficient distribution and particle size distribution; and (
the farthest axial position measured from the bottom of the LTC is
greater than 38 s, while when increasing the rotational speed, less
time is needed for the particles to disperse to the same distance. It
can be seen from the figure that the time reduces to 21 s in the LTC at
the rotational speed at 1000 rpm while the time is only 18 s in the
CTC. Such longer particle travelling time in the LTC indicates that the
deformed Taylor vortices may have a longer and stronger impact on
the particle dispersion than those in the CTC. The deformed Taylor
vortices due to the inner cylinder change can be characterized by the
energy dissipation rate shown in Figure S1 of the supplementary
material. This result can also be found in Gu et al.’s [41] study. They
found that fractal impellers can produce jet flows, breaking up the
trailing vortices into smaller ones, then turbulence can be enhanced.
However, it is interesting to note that the particle dispersion fluctua-
tion in the LTC is more apparent than that in the CTC, indicating that
particle dispersion is locally stochastic, and turbulent eddies fails to
interact well with those particles.

In order to quantitatively estimate particle dispersion in the axial
direction, an “effective particle diffusion coefficient” is used as
b) Diffusion coefficient and particle size (D50) at different Reynolds numbers.
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suggested by Rudman [42]. It should be pointed out that this coeffi-
cient can also indicate the global mixing performance. In the experi-
ment of Liu et al. [27], the TC reactor was aligned vertically, and the
particles were entrained in the axial direction by the Taylor vortices
formed in the reactor. Thus, the axial diffusion is appropriate to char-
acterize global mixing. In order to ensure for a reliable estimation of
the particle axial dispersion, a large number of particles should be
tracked. In this study, more than 1,000 particles (parcels) were
injected in the computational domain, whose trajectories were
tracked based on the modelling as described in Section 2. The particle
axial dispersion is thus calculated using Equation (20), given by

Dz ¼ limt! 1
1
N

X�
zi tð Þ � zi 0ð Þ

�2

2t
ð20Þ

where Dz is the diffusion coefficient, N is the total number of particles
tracked, zi(0) is the initial position of particles, and zi(t) is the axial
position of the ith particle at time step t.

Figure 10 (a) shows the axial diffusion coefficient as the function
of time. Also, the particle size distribution at each condition, collected
based on the actual experimental data at the time after reaching the
average residence time, is displayed for reference. As particles are
entrained away from their initial position, Dz increases first, follow-
ing by a dropping down, and then level off with time. By observing
the results of particle size distribution, it can be seen that the uniform
particle size with a relatively narrow size distribution is achieved in
the LTC at high rotational speed. However, in the CTC, particles size
shows a rather broad size distribution, implying that the more time is
needed for all particles to reach the same level, corresponding to the
greater fluctuation of dispersion coefficient.

Some previous studies have investigated the relationship between
the axial dispersion and the Reynolds number. Moore and Cooney
[43] suggested that for the wavy vortex flow, Dz is proportional to
Figure 11. Shear strain rate along axial position at: (a) 30
Re1.05. Rudman [42] found that for the modulated wavy vortex flow,
Dz is proportional to Re, while Tam and Swinney [44] indicated that
for turbulent flow in the Taylor-Couette system, Dz is proportional to
Reb, where b is mainly dependent on the radius ratio. It can be seen
that Dz will change non-monotonically with Re for different flow pat-
terns in the TC reactor. For our study, the relationship between Dz
and Re is illustrated in Figure 10 (b), which is consistent with those
aforementioned studies, where the diffusion coefficient increases
with the increase of Reynolds number but the value of the coefficient
for the CTC is smaller than that in the LTC. It should be noted that the
average particle size (D50) obtained shows an opposite trend with
the respect to the diffusion coefficient. As Dz can serve as an indicator
of global mixing, the good mixing condition is achieved at high rota-
tional speed, especially in the LTC. Thus, the use of the LTC can
improve the particle synthesis process, as indicated by the greater Dz
and being consistent with the previous study of Nemri et al. [45].
They indicated the existence of two types of mixing in the TC reactor,
inter-vortex mixing and intra-vortex mixing. Inter-vortex mixing
depends on the local turbulence and vortices such as the local
impinging jet flows while intra-vortex mixing is dominated by the
embedded turbulent eddies. An effective dispersion behaviour will
create a good mixing condition for chemical reaction, intensifying
particle dispersion process.

It should be noted that particle size not only depends on the syn-
thesis reaction condition but also the formed particles are influenced
by shear force exerted on particle surface. Figure 11 shows the distri-
bution of the shear strain rate along the middle vertical line in the
gap, and this line is across the centres of all the Taylor vortices in the
TC reactor. The blue line represents the large gap region, and the
green line denotes the small gap region in the LTC. The maximum
shear strain rate appears at the inward and outward impinging jet
regions. Also, vortex induced shear increases with increase in the
rotational speed. Although the shear strain rate in the CTC is
0 rpm; (b) 600 rpm; (c) 800 rpm; and (d) 1000 rpm.
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distributed more evenly than that in the LTC, the volume-average
shear strain rate in the CTC is much smaller than that in the LTC. This
indicates that the alteration of the cross-sectional profile of inner cyl-
inder can effectively enhance the turbulence eddy induced shear.
Due to the periodic variation of gap size in the LTC, turbulence inten-
sification can be obtained, resulting in the generation of more turbu-
lent eddies. Consequently, such turbulent shear acts on particles,
curbing the particle growth so as to control the particle size.

4. Conclusions

Effect of hydrodynamic heterogeneity on particle dispersion in a
Taylor-Couette flow (TC) reactor with variable configurations of inner
cylinder has been investigated using CFD modelling. Tracking of par-
ticle motion was based on the Eulerian-Lagrangian approach, where
the reactant solution phase was solved in the Eulerian reference
frame, while the particle dispersion was calculated by tracking a large
number of barium sulfate particle with consideration of the interfa-
cial forces acting on particles and adopting the actual particle proper-
ties measured from particle synthesis experiments. The main
observations and results are summarized as follows:

(1) The simulation reveals that particle dispersion is significantly
enhanced by increasing the inner cylinder rotational speed, char-
acterized by particle distribution for given the same particle resi-
dence time. Particles with high velocity magnitude tend to
distribute in the large gap regions in the LTC, likely being attrib-
uted to the entrainment of particles by the impinging jet flows
towards these regions, and the gradually decrease gap for the LTC,
where the flow in circumferential experiences an expansion fol-
lowing by a contraction. The calculated particle trajectories in
both the LTC and CLC exhibit helical movements, entrapped by
Taylor vortices when judging the Stokes number.

(2) Particle dispersion in radial direction affects particle classification
by presenting different particle axial velocities. It indicates that
there exists a separation strap of the particles inside and outside
the vortices. Such axial velocity distribution may be due to the cir-
cumferential flow, generating local circulation eddies.

(3) Particle dispersion in axial direction, which can be seen as an indi-
cator of the global mixing occurring in the TC reactor, has also
been investigated. The axial dispersion coefficient Dzwas numeri-
cally calculated from Lagrangian tracking simulation, revealing a
significant impact of the local turbulent impinging jet flows
around the Taylor vortices on the mixing. The greater Dz, an indi-
cator of a good mixing condition is achieved at high rotational
speed, especially in the LTC. The distribution of the calculated Dz
is found to be similar to the shape of particle size distribution
based on the experimental results [27]. Besides narrow distribu-
tion, particle size is also relatively small in the LTC. Such uniform
and small particle size is related to turbulent eddy shear, as shear
force acting on particle surface can control particle to grow iso-
tropically and to present more regular morphology.
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