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Hydrodynamics of a pilot-scale in-line high shear mixer (HSM) with double rows of ultrafine rotor and stator teeth,
including the velocity profiles and power consumptions, were measured using laser Doppler anemometry and a torque
transducer, respectively. Computational fluid dynamics simulations were conducted using the standard k-¢ turbulence
model with first- and second-order accuracy and large eddy simulation (LES) with the standard Smagorinsky-Lilly sub-
grid scale model. Predictive capabilities of the different turbulence models and discretization schemes were assessed
based on the experimental data. It is found that the current LES can predict accurately the flow patterns for the strongly
rotating and locally anisotropic turbulent flows in the complex in-line HSM. The results obtained are fundamental to
explore potential applications of the in-line teethed HSMs to intensify chemical reaction processes. © 2013 American
Institute of Chemical Engineers AIChE J, 60: 1143—-1155, 2014
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Introduction

High shear mixers (HSMs), with the characteristics of
high rotor tip speeds, high shear rates, and highly localized
energy dissipation rates near the mixing head, have been
widely utilized in the emulsification, suspension, and grind-
ing processes in food, cosmetic, and chemical industries,'
and have great potential to intensify chemical reactions with
fast inherent reaction rates but relatively slow mass trans-
fer.”10 Compared with batch HSMs, in-line teethed HSMs
have the advantages of continuous operation, short residence
time, and relatively high throughput. Practically, teethed
HSMs with narrow rotor and stator slots are recommended
by both engineers and equipment suppliers for fine disper-
sions and fast reactive mixing. The in-line HSMs with multi-
ple rows of rotor and stator teeth are believed productive to
overcome the defect of fluid bypassing in the single-row
teethed units.""'""'* Patented chemical productions using in-
line HSMs have been increasingly reported recently, among
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which the units with multiple rows of fine teeth are
favored.'>™" However, flow pattern analysis of the practical
in-line HSMs has been so far rarely reported, although it is
fundamental to process design, optimization, and scale-up.

Advanced noninvasive experimental techniques including
laser Doppler anemometry (LDA) and particle image
velocimetry have been used to study the flow characteristics
in batch HSMs with typical configurations of a single rotor
blade surrounded by a single screen.’'>* While for in-line
HSMs, the experimental flow measurements require
specially manufactured volute with transparent front and/or
circumference for laser beam access. To the best of our
knowledge, Calabrese et al.'' provided only one literature on
the LDA measurements in a simplified prototype of a com-
mercial IKA Works, Inc. in-line HSM containing a single
row of coarse teeth (i.e., only 12 rotor teeth and 14 stator
teeth).

Computational fluid dynamics (CFD) tools are becoming
powerful and popular to conduct reactor design and diagno-
sis, as they are less restricted by the operating conditions,
less time-consuming, and less costly. It is well-known that
the accuracy of the CFD prediction depends greatly on the
adopted turbulence models, the grid density, the near-wall
treatment, and the discretization schemes. So far, the
reported numerical simulations of the single-phase flow in
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Figure 1. Computational domain in CFD and geometric details of the in-line HSM.

(a) Cutaway view of the computational domain consisting of a stationary part and a rotational part connected by predefined inter-
faces; enlarged views of (b) the rotor head and (c) the stator head; arcs AB and CD indicate the locations for LDA measurements;
(d) front view of the mixer showing the LDA sampling positions for reference; (e) approximation of the stator teeth in the CFD
model setup. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

both batch and in-line HSMs adopted the standard k-¢ turbu-
lence model.''*""*2?* The accuracy of such CFD simulations
still needs to be improved, owing to the inherent weakness
of the standard k-¢ turbulence model, for example, its unsat-
isfactory performance in the near-wall region, insensitivity to
streamline curvature, and rotation as well as an unrealistic
assumption of isotropic turbulence.”>?® The large eddy
simulation (LES), which has been successfully utilized to
simulate complex flows in the stirred vessels,”’ ™ turboma-
chineries,** " and cyclones,”®™*! is a promising route to dis-
close more accurately the flow characteristics in the practical
in-line HSMs. '

In this article, hydrodynamics of a pilot-scale in-line HSM
with double rows of ultrafine rotor and stator teeth, including
the velocity profiles and power consumptions, were first
measured using LDA and a torque transducer, respectively.
Then, the single-phase flow fields were estimated through

1144 DOI 10.1002/aic

Published on behalf of the AIChE

CFD simulations using the standard k-¢ modeling and LES.
Predictive capabilities of the different turbulence models and
discretization schemes were assessed based on the experi-
mental data. It is found that the current LES can predict
accurately the flow characteristics for the strongly rotating
and locally anisotropic turbulent flows in the complex in-line
HSM. The results obtained here are fundamental to explore
potential applications of the in-line teethed HSMs to inten-
sify chemical reaction processes.

Experimental Procedure
In-line HSM configuration

The experimental in-line HSM is a custom-built pilot-scale
unit (FLUKO®, FDX1/60), of which the front and circumfer-
ence of the volute as well as the stator were made from

March 2014 Vol. 60, No. 3 AIChE Journal



http://wileyonlinelibrary.com

Plexiglas. The transparent front volute was used for laser
beam access in LDA measurements. The rotor consisted of
two rows of 52 teeth (axially straight; with outer diameters
of the inner and outer teeth rows of 47 and 59.5 mm) with
1-mm slots, whereas the stator had two rows of 30 teeth
(15° backward inclined; with outer diameters of the inner
and outer teeth rows of 53.5 and 66 mm) with 2-mm slots.
The shear gap width (i.e., the annular space between the
assembled rotor and stator) is 0.5 mm; and the tip-to-base
clearance (i.e., the axial space from the rotor tip to the stator
base, or that from the stator tip to the rotor base) is 1 mm.
The inner diameter of the mixing chamber is 90 mm. Geo-
metric details of the rotor and stator are shown in Figures
1b, c.

LDA measurements

The working fluid of pure water was fed to the in-line
HSM by a centrifugal pump; therefore, the flow rate and
rotational speed of the mixer were controlled separately. The
inlet and outlet pressures of the mixer were almost equal to
1 atm monitored by the pressure gauges. The test tempera-
ture of water was controlled and monitored in the storage
tank. In each run, the centrifugal pump and the mixer were
turned on and operated under predefined conditions; while
LDA acquisitions were activated only after the temperature
in the tank became stable. In the LDA measurements, the
rotational speed of the mixer varied from 1000 to 1600 rpm;
whereas the volumetric flow rate ranged from 500 to 1000
L/h.

A two-component LDA system (Dantec Dynamics A/S)
operated in back scattered mode was used to measure the
radial and tangential velocities. The power of the laser trans-
mitter (5 W Ar-ion system, Spectra Physics Laser) was kept
at about 1 W in the measurements. The green and blue
beams with the respective wavelengths of 514.5 and 488 nm
were used. The focal length of the front lens was 310 mm.
The beam spacing was 37 mm for the green and blue beams.
The laser probe was mounted on a three-dimensional (3-D)
computer-controlled traverse with minimum displacement of
0.01 mm in each direction.

The measurements were performed along two 30° arcs at
different axial positions near the outer stator teeth (see arcs
AB and CD in Figures lc, d). Arc AB was near the half
height of the stator teeth (corresponding to z=6 mm in
CFD), whereas arc CD was in the vicinity of the stator teeth
base (corresponding to z=3 mm in CFD). Each arc was
meshed into 31 sampling positions with an interval of 1°. A
large number of noncoincidence samples (10,000-40,000)
were collected for each run and no data filtering was further
applied. The velocity components at each position were pre-
sented as the ensemble average of instantaneous ones.

Measurement of power

Power consumption of the in-line HSM was measured by
the torque method,‘u_44 which was believed more accurate
than the electric*® or calorimetric method.***” An AKC-215
transducer (China Academy of Aerospace Aerodynamics)
was mounted on the drive shaft, from which the shaft torque
and rotor speed of the mixer were recorded by a data-
logging system at a frequency of 1 Hz. In the power con-
sumption measurements, the rotor speeds were varied from
500 to 3500 rpm, while the flow rates were ranged from 500
to 2000 L/hr. The shaft bearing losses were measured and

AIChE Journal March 2014 Vol. 60, No. 3

Published on behalf of the AIChE

subtracted to obtain the net power consumption. The bearing
losses were measured at zero flow rate by rotating the shaft
at different rotor speeds without the rotor attached. The
underlying assumption is that the power consumption by
drag on the shaft is negligibly small comparing to the bear-
ing loss.

CFD Simulations

Turbulence modeling

The standard k-& model*® is derived from the Reynolds-

averaging of the underlying Navier—Stokes equations. The
Boussinesq hypothesis is used to model the unknown Reyn-
olds stresses by computing them as the product of the mean
deformation rate and an isotropic turbulent viscosity. Two
additional transport equations for the turbulence kinetic
energy k and the turbulence dissipation rate ¢ are solved, and
the turbulent viscosity is calculated as a function of £ and e.
The standard k-¢ model is essentially a high Reynolds num-
ber turbulence model assuming isotropic turbulence and
spectral equilibrium.zs’%’33 The standard k-¢ turbulence
model is a popular Reynolds-Averaged Navier—Stokes model
due to its robustness, economy, and reasonable accuracy for
a range of turbulent flows.?°

The governing equations for LES are obtained by filtering
time-dependent Navier—Stokes equations. The filtering pro-
cess effectively filters out eddies whose scales are smaller
than the filter width or grid spacing used in the computa-
tions. The filtered equations, thus govern the dynamics of
the large eddies; while the subgrid scale (SGS) stresses
resulting from the filtering operation is modeled using an
SGS model. The standard Smagorinsky—Lilly model, which
is essentially an eddy-viscosity SGS model, relates the SGS
stresses to the filtered variables through the adoption of the
Boussinesq hypothesis. The underlying assumption is the
local equilibrium between the transferred energy through the
grid-filter scale and the dissipation of kinetic energy at small
SGSs. Despite its simplicity and limitations, the standard
Smagorinsky-Lilly model has the advantage of numerical
robustness and stability.28

Mesh generation

As shown in Figure la, the 3-D computational domain
consisted of two compartments (i.e., a stationary part and a
rotational part) connected by the predefined interfaces. There
were eight pairs of interfaces, four circumferential, and four
transverse. An approximation of the stator teeth was made,
as illustrated in Figure le, to facilitate model setup with bet-
ter mesh quality. The clamp nut holding the rotor head was
accounted for as it was relatively large and clearly influ-
enced the flow field.

Unstructured tetrahedral elements were used for meshing.
Good quality mesh with fine resolution was obtained using
Gambit mesh generator. The computational domain of 3.49
X 107* m® was meshed into 1,941,911 cells, with over 50%
cells located in the rotor-stator region. For both the standard
k-¢ modeling and LES, the inlet and outlet of the mixer were
set as velocity inlet and pressure outlet boundaries. The inlet
velocity was determined by the volumetric flow rate and the
inner diameter of the inlet tube. The turbulence inlet condi-
tions were specified by the turbulent intensity and the
hydraulic diameter. The turbulent intensities, estimated by
I1=0.16 (Rep) /8, were 5.3 and 4.8% for the flow rates of
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Figure 2. Effect of the time step size and elapsed calculation time on (a) the dimensionless mean radial velocity
and (b) dimensionless turbulent dissipation rate at z=6 mm, r =34 mm predicted by LES for the case of

N =1000 rpm and Q = 1000 L/h.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

500 and 1000 L/h, respectively. The hydraulic diameter
was set as the inner diameter of the inlet tube. In the case
of LES, the spectral synthesizer method was chosen to
model the fluctuating velocity at the velocity inlet bound-
ary. No slip wall boundaries were applied to all the walls.
Based on the calculated velocity gradients from the tran-
sient standard k-¢ modeling with first-order accuracy and
sliding mesh method, grid adaption to the original mesh
was conducted. The locally refined grid contained
3,590,167 cells, with over 70% cells in the rotor-stator
region. The cell volumes ranged from 5.158 X 10" to
6.476 X 10719 m?. Comparisons of the results from the
standard k-¢ model using both grid densities did not show
significant differences, in term of the mean velocity profiles
and the flow patterns. In the standard k-¢ modeling of the
three operating conditions, the global average y+ values
are 0.67-1.05. Near the rotor-stator region where most of
the mixing takes place, the average y+ values are 1.13—
1.76. In the LES, the average y+ values are 0.60-0.89 in
the whole computational domain and 1.04-1.51 near the
rotor-stator region. In the case of LES, the length scales
were resolved between 98 and 686 um, which are of the
typical order of the Taylor microscale of 80-320 pm and
higher than the Kolmogorov’s length scale of 10-21 um
(both estimated based on the average turbulent dissipation
rates) in our study. This grid resolution can give realistic
LES predictions.33 In this article, all the CFD simulations
were performed using the same refined computational
mesh.

Solution methodology

CFD simulations were performed using commercial soft-
ware Fluent. For the standard k-¢ modeling with first-order
accuracy, the first-order implicit unsteady formulation, as
well as the first-order upwind scheme for momentum, turbu-
lent kinetic energy, and turbulent dissipation rate was used.
Whereas for the standard k-¢ modeling with second-order
accuracy, the second-order implicit unsteady formulation, as
well as the second-order upwind scheme for momentum,
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turbulent kinetic energy, and turbulent dissipation rate was
adopted. Enhanced wall treatment, which was reported to be
able to describe flow in the viscous sublayer, buffer region,
and fully turbulent outer region of the boundary
layer,"**?*2% was applied for both first- and second-order
standard k-¢ modeling. In the case of LES using the standard
Smagorinsky-Lilly subgrid-scale model, the second-order
implicit unsteady formulation and the bounded central differ-
encing scheme for momentum was utilized. All the discre-
tized equations were solved in a segregated manner with the
semi-implicit method for pressure-linked equations algo-
rithm. Standard model constants were used for all turbulence
modeling.

In each case the problem was first solved using the first-
order standard k-¢ modeling, which was started with steady
approximation using multiple reference frame technique in
order to establish well developed time-averaged flow struc-
ture in the mixer. Then, the simulation was continued with
the transient sliding mesh method to obtain a time-accurate
solution for the rotor-stator interaction.”® The converged
results were used as the initial values for the second-order
standard k-¢ modeling and LES. In all simulations, the time
period of a whole revolution 7r was divided into 600 time
steps, corresponding to a time step size of 77/600 and a reso-
lution of 0.6° per time step. Taking the LES case of
N=1000 rpm and Q = 1000 L/h as an example, Figure 2
shows that further refinement of the time step size (i.e., to
Tr/1200) gave little improvement to the results but increased
significantly the time steps needed for a whole revolution.
The results from the standard k-¢ simulations utilizing the
current time step size of 7r/600 (ie., 1 X 10°* s when
N =1000 rpm) and a larger one of 5 X 107* s are presented
in Figure 3. There is little difference between the mean
velocity profiles at z=3 mm; whereas at z=6 mm, little
improvement can be observed by using a larger time step.
When utilizing the current time step size of 77/600, the
global maximum Courant numbers are 3.4—4.7 for the stand-
ard k-¢ modeling. The Courant number is a dimensionless
number that compares the time step in a calculation to the
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characteristic time of transit of a fluid element across a con-
trol volume (i.e., u - At/Ax). For a stable, efficient calcula-
tion, the Courant number should not exceed a value of 20—
40 in most sensitive transient regions of the domain.*® For
both the standard k-¢ modelings and LES, utilizing large
time step sizes (i.e., 0.001 s or larger) caused convergence
difficulty and numerical instability. In all the CFD simula-
tions, calculations were considered as converged when all
the scaled absolute residuals decreased below 1 X 10, The
mass balance and the torque on the rotor were monitored to
indicate convergence. The collection of transient data for
time statistic analysis was started after the solution was fully
converged, which took about 6-7 revolutions for the first-
order standard k-¢ modeling started with the initial result
from the “coarse” computational mesh, and another 5-8 rev-
olutions after switched to the second-order standard k-& mod-
eling and LES. Only one revolution of data was collected as
repeat revolutions only produced repeat data.”> Figure 2 also
shows that the LES predicted results (under N = 1000 rpm
and Q = 1000 L/h) demonstrate little differences between the
data from the current and next revolution. In this study, all
CFD simulations were performed using eight 2.26 GHz par-
allel processors with a total 12-GB memory. Typical calcula-
tion time per time step was about 160, 172, and 142 s for
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the first-, second-order standard k-& modeling and LES,
respectively.

Data Postprocessing

The measured and predicted velocity profiles were both
angularly averaged, and expressed in a cylindrical coordinate
system. The tangential and radial velocity components were
normalized with the tip speeds based on the outer swept
diameter of the rotor (i.e., 59.5 mm). This rotor outer swept
diameter was also used for the calculations of the Reynolds
numbers and flow numbers in this article.

The experimental and simulated power consumptions of
the mixer were calculated as the product of the torque
on the rotor and the angular velocity,”>?%* as shown in
Eq. 1

PﬂuidZZTENT (1)

where Pgyiq is the net power delivered to fluid (W), N is the
rotational speed (s '), T is the predicted torque in CFD sim-
ulations, or the net torque with bearing loss subtracted in the
experiments (N m).

In LES, the turbulent dissipation rate ¢ was estimated as
the contributions from both the resolved and SGS. By
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assuming local equilibrium between the production and dissi-
pation at and below SGS level, the energy dissipation rate at
SGS was coupled to the deformation rate.*>*’ Then, the final

expression for the turbulent dissipation rate was expressed as
Eq.227:28:50

stm:am+85gs=v|S|2+(CSA)2\S|3 )

where ¢ is the turbulent dissipation rate (mz/s3), y is the
kinematics viscosity (m?/s), IS denotes the shear rate at
the resolved scale (s !), A is the filter length (m), Cg is
the Smagorinsky constant, adopting the default value of
0.1 which is typical in LES of shear-driven turbulent
flows.

The LES predicted power consumptions can also be esti-
mated by the integration of ¢ over the mixer volume®* (see

Eq. 3)
Piia= JJJ pedV 3)
v

where Pg,iq is the power consumption (W), p is the fluid
density (kg/m3), ¢ is the turbulent dissipation rate (m?/s?),
and V represents the whole computational domain.
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Results and Discussion
Mean velocity profiles

Figure 4-6 show the experimental and simulated velocity
profiles at different axial positions in the jet flow region
under different operating conditions. Generally, all the meas-
ured velocity components show a spatial periodicity of about
12°, consistent with the distribution of stator teeth. The jet
velocities (i.e., radial components) reach the maximum in
front of stator teeth slots, and decrease to the minimum in
front of stator teeth walls. On the contrary, the tangential
velocities reach the maximum in front of stator teeth walls,
and decrease to the minimum in front of stator teeth slots.
The measured and predicted maximum values of the mean
radial velocities <V7r>p,,/Vyip are almost proportional to the
flow rate under the constant rotor speed except for few LDA
data points (Figure 4 vs. Figure 5), due to the constant open
area of all outer stator slots. Conversely, the experimental
and simulated <V7r>,.4/Viip are almost in inverse proportion
to the rotor speed under the constant flow rate despite few
anomalous LDA data points (Figure 5 vs. Figure 6), suggest-
ing that the absolute jet velocities are independent of the
rotor speed.

March 2014 Vol. 60, No. 3 AIChE Journal
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Predictive capability assessment

Compared with the LDA data, both the standard k-¢ mod-
eling and LES can predict the radial velocities with similar
angular distributions and obvious periodicities. However, the
first- and second-order standard k-¢ modelings underestimate
<Vr>max/Viip with the errors even higher than 100%;
whereas the LES predicted <Vr>p../Viip values are much
closer to the experimental results. As for the tangential com-
ponents, the predictions from the first- and second-order
standard k-¢ modelings show less obvious periodicities as
compared with LDA data. LES performs obviously better in
terms of both the angular distributions and the maximum/
minimum values. It is worth noting that LES can predict
clockwise and counter clockwise tangential velocities of the
approximate magnitude, which agree well with the LDA
data. However, the predicted tangential velocities from the
standard k-¢ modeling are predominantly consistent with the
rotational direction. In other words, LES is superior to cap-
ture the secondary flow characteristics in the jet flow region
near the outer stator head. Using the same refined computa-
tional grid in our study, the first- and second-order standard
k-¢ modelings predict similar tangential velocity profiles;
while for the radial velocities, an improvement in the predic-

AIChE Journal March 2014 Vol. 60, No. 3

Published on behalf of the AIChE

tion accuracy is achieved by the second-order standard k-¢
modeling. The predictive performance of the standard k-¢
model is generally better at z=3 mm than that at z =6 mm.
Due to the inlet effect (i.e., proximity to the inlet tube) and
the possible fluid bypassing through the slots, the jet veloc-
ities at z =3 mm are nearly 1.5-1.7 times higher than those
at z=6 mm (see Figures 4-6). As the standard k-¢ turbu-
lence model is essentially a high Reynolds number model
assuming fully turbulent flow,?® this underperformance at
z=6 mm is probably due to the reduced turbulence and a
deviation from the fully turbulent flow condition.

Among the different LES quality measures proposed in lit-
erature,51 the one based on the viscosity ratio is utilized for
the LES quality assessment in this article (see Eq. 4)

LESIQ,= ﬂ @)

140,05 (52)
where LESIQ, is the index of LES quality (—), v and v, are
the kinematics and turbulent viscosities (m?%/s). It is reported
that a LESIQ, value greater than 80% is a good LES, and
that over 95% approaches to a DNS. For the three operating
conditions investigated in this article, the average LESIQ,
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

values are 93.0-93.7% in the whole computational domain
and 92.1-93.1% near the rotor-stator region. The LESIQ,
values above 80% indicate good performance of our LES.

Anisotropic analysis

To evaluate the level of local isotropy of turbulence inside
the in-line HSM, the absolute differences between the differ-
ent root mean square velocities were calculated based on the
LES results and normalized by the rotor tip speed,zg’sz’53
that is, [’ —v'|/Vyp and [w —V'[/Vy,. The turbulence is con-
sidered as isotropic when these values approximate zero.
Figures 7a, b shows the contours of |u' —v'|/Vyp and [w —Vv|
/Vip on the plane of z=3 mm for the case of N = 1000
rpm, Q =1000 L/h. Enlarged view is used to show the
details near the rotor-stator region and jet flow region. The
corresponding results from z =6 mm are not presented here
for briefness but are alternatively provided as Supporting
Information Figures S1 and S2. From Figure 7a, high values
of |u —V'|/Vy, can be observed in the jet flow region near
the outer stator, with a maximum of 0.162. The distribution
of [’ =v'|/Vyp is hardly influenced by the relative rotor posi-
tion despite the little difference inside the inner rotor teeth
slots. While high values of [w' —Vv'|/Vy;, exist inside the rotor
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teeth slots and the shear gaps (also near the clamp nut,
results not shown here), with a maximum of 0.857 (see Fig-
ure 7b). The locally high values of | —V'|/Vy, and |w' —V'|/
Viip indicate the deviation from isotropic turbulence. There-
fore, the standard k-& model, based on the assumption of
local isotropic turbulence, cannot provide accurate prediction
for the flow in these regions.

LES predicted flow pattern

Taking the representative case of N =1000 rpm and
Q0 =1000 L/h as an example, the LES predicted two-
dimensional (2-D) velocity vectors at the upper right quad-
rant (including the LDA measured positions at z=3 mm)
are shown in Figure 8. As the flow is nearly stagnant away
from the rotor-stator region and somewhat similar from one
slot to the next, enlarged view is used to show the details
around several rotor and stator teeth slots. The velocity vec-
tors from z =6 mm are provided as Supporting Information
Figure S3. The flow pattern is rather complex as observed
from Figure 8, including the jet, recirculation, and fluid re-
entrainment, similar to those reported in both batch and in-
line HSMs.''%2*3* The fluid entering a stator slot (either
inner or outer) impinges on the leading edge of the
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Figure 7. (a) Evolution of the LES predicted contours of |u'—v/|/Vtip on the plane of z=3 mm for the case of
N =1000 rom and Q =1000 L/h: (a4) t; (ap) t + 5At; (az) t + 10At; (as) t + 15AL.

T S

Enlarged Vi/eW /is used to show the details near the rotor-stator region and jet flow region. (b) Evolution of the LES predicted con-
tours of (w —v |/Vj;, on the plane of z=3 mm for the case of N=1000 rpm and Q = 1000 L/h: (by) t; (by) ¢+ 5At; (b3) ¢+ 10At;
(bg) t+ 15A¢t. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

downstream stator tooth and emanating as a jet. The jet from
the stator slot is always generated near the leading edge,
while a circulation takes place near the trailing edge. The jet
velocity generally shows symmetry from one stator slot to
the next (as also indicated in Figures 4-6), due to the same
open areas of all stator slots and the approximate flow rate
through them as reported in literature.'' Despite the periodic-
ity of these overall characteristics, the flow field is influ-
enced by the relative rotor position. The jet velocity
increases as the rotor tooth approaches the leading edge of
downstream stator tooth, reaches maximum when the rotor
tooth begins to block the stator slot, and decreases as the
rotor tooth moves away from the leading edge. Tangential
velocities in the jet flow region near the outer stator are
found periodically clockwise and counter clockwise along
the tangential positions, consistent with the velocity profiles
from Figures 4 to 6. This indicates that secondary flow char-
acteristics are better captured by LES as compared with the
standard k-¢ modelings.

Figure 9 displays the LES predicted contours of the
dimensionless turbulent dissipation rate ¢/N°>D* on the plane
of z=3 mm for the case of N=1000 rpm, Q = 1000 L/h.
Enlarged view is used to show the details near the rotor-
stator region and jet flow region. The corresponding results
from z =6 mm are provided as Supporting Information Fig-
ure S4. The logarithmic scale is used due to the large differ-
ence in magnitude. The large velocity gradients resulted
from the fluid impingement and redirection as the rotor
rotates rapidly lead to the high deformation rate and further
high energy dissipation rate required for process intensifica-
tion. That is why large values of &/N°D? are observed near
the rotor-stator region and jet flow region, with a maximum
of about 3000. The distribution of &/N’D? in the jet flow
region is not so symmetrical from near one stator slot to the
next. Although the geometric effect may exist (e.g., different
proximity to exit), a major impact comes from the relative
rotor position. The dissipation rate is highest in the nearest
downstream stator slot relative to the rotor tooth and a little
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lower in the stator slots far away, as the fluid impingement
and stagnation on the leading edge of the downstream stator
teeth provides a major energy dissipation.''**** Within the
stator teeth slots, ¢/N°D? is relatively small in magnitude at
the positions where recirculation occurs.

The inhomogeneous nature of the turbulence level inside
an in-line HSM should be taken into well consideration in
the process design, optimization, and scale-up. When the
single-pass operation mode is utilized (rather than the semi-
batch mode where the in-line HSM functions in the recircu-
lation loop downstream of a holding tank), the
inhomogeneous turbulence together with the short residence
time can result in bimodal particle-size distribution in disper-
sion processes and/or undesirable byproducts in competing
reaction processes. This influence on the final product may
not be so significant when the materials are easy to disperse
(or mix) and noncoalescing, but can be pronounced
otherwise.

Power consumption

Power consumption, which is important for the perform-
ance assessment and motor selection of an in-line HSM, was
measured by the torque method under a range of rotational
speeds and volumetric flow rates. As LES gives better pre-
diction of the flow pattern than the standard k-¢ modeling, it
was further used for the power consumption estimation under
each operating condition.

The experimental and LES predicted power consumptions
by the torque method are presented in Figure 10, indicating
an increase with the rotor speed and flow rate. Power law
fits between the power consumption and the rotor speed for
both the simulated and measured results give indexes near 2,
consistent with those from Sparks.** The LES predicted
power consumptions by the torque method show good agree-
ment with the experimental data, with an overall average
error of 20.4%. Under the flow rates above 500 L/h, the
average error between the measured and simulated power
consumptions is only 14.9%, although there is a deviation
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Figure 8. Evolution of the LES predicted 2-D velocity vectors on the plane of z=3 mm colored by the dimension-
less velocity magnitudes for the case of N=1000 rpm and Q =1000 L/h: (a) t; (b) t + 5At; (c) t + 10At; (d)
t + 15At.

Arc CD indicate the locations of the LDA measured positions. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

under higher rotor speeds when operated at the lowest flow
rate of 500 L/h.

Kowalski*® proposed that the net power delivered to fluid
by an in-line HSM consisted of: (1) the power required to
rotate the rotor against the liquid (tank term) and (2) the power
requirements from the flow of fluid (flow term). The “tank
term” is analogous to the power consumption in a stirred ves-
sel, whereas the “flow term” accounts for the pumping action
of the in-line mixer. This power consumption model has been
validated by the experimentations,**4346:47-53

The flow is considered as turbulent for the Reynolds numbers
ranging from 2.8 X 10* to 2 X 107 in this article. Data regres-
sions were then conducted using Kowalski’s power consump-
tion model*? (as shown in Eq. 5), in order to obtain model
constants for the power requirement estimations for given fluid
properties, rotor dimensions, and operation parameters

POZPOZ(l)'Flel (5)
where Po is the power number defined as Py a/pN°D’, FI is

the flow number defined as Q/ND?, Po,q is the turbulent
power number at zero flow rate, and k; is a model constant.
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Correlating the experimental power data with Eq. 5 gives
Po,4 =0.147 and k; = 14.490, with a R? value of 0.9100.
Conversely, data regression using the LES results from the
torque method yields Po, = 0.139 and k; = 14.029, with a
R? value of 0.9969. Therefore, the method based on the LES
predicted torque can accurately estimate the power consump-
tion of the ultrafine teethed in-line HSM.

The turbulent power number at zero flow rate Po,q of
0.139-0.147 for the ultrafine teethed in-line HSM is very
close to 0.145 for the Silverson 150/250 MS in-line mixer
fitted with dual fine screens. Whereas the k; value of
14.029-14.490 is much higher than 8.79 for the dual fine Sil-
verson,* indicating a more significant dependence of the
power consumption on the processing flow rate for the ultra-
fine teethed unit. Under the fully turbulent regime with the
same flow number, the ultrafine teethed HSM draws over
60% higher power than the dual fine Silverson.

The accuracy of the LES predicted ¢ is assessed by estab-
lishing energy balance, that is, by comparing the volume
integration of & with the experimental power consumption®
(see Eq. 3). The LES predicted power consumptions by the
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Figure 9. Evolution of the LES predicted contours of
dimensionless turbulent dissipation rate
¢/N®D? on the plane of z=3 mm for the case
of N=1000 rom and Q=1000 L/h: (a) t; (b)
t + 5At; (c) t + 10At; (d) t + 15AL.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

integral ¢ method generally agree well with the experimental
data at lower flow rates of Q <1000 L/h, with an average
error of 23.6%. This indicates the good prediction accuracy
of ¢ in our LES within these operating conditions. It should
be also noted that, the discrepancy becomes larger for
0 > 1500 L/h, especially when N >3000 rpm. This is prob-
ably caused by the universal Smagorinsky—-Lilly SGS model
constant used in all the simulations (i.e., C;=0.1). Other
SGS models, such as the dynamic Smagorinsky—Lilly or
dynamic kinetic energy SGS models, do not have such short-
comings and are worth testing in future investigations.

Conclusions

Single-phase flow fields and power consumptions were
measured in a pilot-scale in-line HSM with double rows of
ultrafine rotor-stator teeth. CFD simulations were conducted
using the standard k-¢ turbulence model with first- and
second-order accuracy, and LES with the standard Smagorin-
sky-Lilly SGS model. Predictive capabilities of the different
turbulence models and discretization schemes were assessed
based on the experimental data. Both the measured and pre-
dicted velocities demonstrate a spatial periodicity of 12° in
the jet flow region of the mixer, consistent with the distribu-
tion of the stator teeth. The maximum of the dimensionless
mean radial velocities are almost proportional to the volu-
metric flow rates, and are almost in inverse proportion to the
rotational speeds. The power consumption of the dual rows
ultrafine teethed HSM shows more significant dependence on
the flow rate than the dual fine Silverson unit of the similar
scale. In the high Reynolds number turbulent regime with
the same flow number, the ultrafine teethed HSM draws over
60% higher power than the dual rows Silverson with fine
screen. Estimated power consumptions of the mixer based on
the LES predicted torque agree well with the experimental
data. LES can predict accurately the flow patterns for the
strongly rotating and locally anisotropic turbulent flows in
the complex in-line HSM. Other SGS models are worth
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Figure 10. Comparison between the experimental and
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torque method under different rotor speeds
and volumetric flow rates.

[Color figure can be viewed in the online issue, which
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being assessed in future in order to obtain good LES accu-
racy for a wide range of operating conditions. The inhomo-
geneous nature of the turbulence level inside an in-line HSM
should be taken into well consideration in the process
design, optimization and scale-up.
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Notation

Cs = Smagorinsky constant

D = outer swept diameter of the rotor, m
k = turbulent kinetic energy, m%/s*
ky = power consumption model constant
LESIQ, = index of LES qualit
N = rotational speed, s
Pauia = net power input delivered to fluid, W
Po,, = turbulent power number at zero flow rate
= volumetric flow rate, m>/s
r = radial coordinate, m
/S| = shear rate at the resolved scale, s~
T = torque, N m
Tr = period of revolution, s
u = fluid velocity, m/s
u' = velocity fluctuation in the x direction, m/s
V = volume, m?
<Vr> = ensemble-averaged radial velocity, m/s
<Vt> = ensemble-averaged tangential velocity, m/s
Viip = rotor tip speed (based on the outer swept rotor diameter),
m/s
v/ = velocity fluctuation in the y direction, m/s
w’ = velocity fluctuation in the z direction, m/s

8]

axial coordinate, m
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Greek letters

A = filter width, m
At = time step size, s
Ax = length interval, m
¢ = turbulent dissipation rate, mz/s3
p = fluid viscosity, Pa s
v = kinematics viscosity, mz/s
v¢ = turbulent viscosity, m?/s
0 = angular coordinate, °
p = fluid density, kg/m*

Subscripts

max = maximum values
res = resolved scale
sgs = subgrid scale
tot = total

Dimensional groups

Fi=-2; = flow number

ND?

Po= 7;/“;55 = power number

Re= # = Reynolds number
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