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KEYWORDS Abstract In this study, pitched-blade, contra-rotating impeller, baffle-free tank with opposing
Contra-rotating impellers; inward flow is optimized using various designs of mixers derived from the Taguchi method. Mixing
Taguchi method; efficiency and torque are used to find the optimal design for the different specific gravities of solid
Perfect mixing; particles employing in both experiments and CFD simulations. The analysis of signal-to-noise ratio
Lattice Boltzmann method; shows that the impeller clearance and diameter are significant factors on the fluid flow and thus the
Design optimization mixing efficiency. In this study, 27 cases were studied to determine and report the optimal design

parameters. A combination of CFD simulation with a strong design of experiment illustrates the
ability to characterize and optimize the design parameters that affect mixing efficiency, showing
promise as design guideline for the contra-rotating impeller. The best compromise between high
mixing efficiency and low torque for pilot scale was found in the following configuration: a
300 mm diameter tank with liquid filled to a height of 300 mm; four pitched-blades rotating at
100 RPM with an impeller diameter of 150 mm; and a 125 mm impeller-impeller and impeller-

bottom clearance.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Slurries of agitated, suspended solid particles have been used
to enhance the rate of mass transfer between solid particles

* Corresponding author at: Department of Chemical Engineering, and the liquid phase [1]. Contra-rotating impellers mix the con-
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Nomenclature
E%‘—n) acceleration of the particle due to the drag force t discrete times
agx,,  external acceleration force (e.g. gravity) At constant time step
aExi, external acceleration affecting only disperse phase T tank diameter
b control level of Taguchi method T, torque
¢ control factor of Taguchi method Eg particle velocity
C impeller-bottom clearance V fluid velocity
CoV coefficient of variation X lattice node
cv distance between the upper impeller and the top of P density
liquid surface v image of vertical plane
D impeller diameter u molecular viscosity of the fluid
e particle discrete set of velocities Q collision operator
eff mixing efficiency Re Reynolds number
et actual particle fraction on deviation in the horizontal plane
Sideal ideal particle fraction oy deviation in the vertical plane
S particle distribution function in direction j Sk deviation from ideal mixing
h image of horizontal plane
H liquid height Abbreviations
La number of experimental runs 3D 3-Dimensional
m probability distribution function of the particle CFD Computational Fluid Dynamics
distribution function DEM  Discrete Element Method
7 unit normal vector at the control volume surface DOE  Design of Experiment
n rotation speed DPM  Discrete Phase Model
Np number of blades LBM Lattice Boltzmann Method
Nidear total number of particles were fed into the liquid MRF  Multiple Reference Frame

Np power number
Nrugueri minimum number of experiments
power required by the impeller

— .
T radius vector of propeller
S impeller-impeller clearance
S/N signal-to-noise ratio

LES Large Eddy Simulation
RPM Round Per Minute

SD Standard Deviation
SM Sliding Mesh

highly turbulent flow to lift them up and suspend them in the
liquid phase [3]. Moreover, contra-rotating impellers also pro-
vide high static pressure, produce high pumping rates, and
enhance performance in solid-liquid mixing. This type of mix-
ing reactor has been invented to improve mixing proficiency in
food processing, agriculture, and pharmaceutical industries
[2,3]. In contra-rotating impellers, the rotation of impellers in
opposite directions consists of two impellers arranged one
above the other on nested, contra-rotating axles. The two axles
are connected to a differential gearbox, which transfers power
from the motor. In our previous publication [3], the contra-
rotating impeller with different flow configurations (i.e.,
inward, outward, both up, and both down) were compared
the mixing efficiency (how uniformly distributed the solid par-
ticles are) with a co-rotating impeller, both with and without
baffles. The results show that the contra-rotating, baffle free
impeller with inward opposing flow which gave optimal mixing
performance at the lowest required torque. The computational
fluid dynamics (CFD) model was used to predict the solid-lig-
uid mixing in the mixing tank with different impeller types and
flow patterns, as mentioned previously. All model configura-
tions have been validated and show good agreement with the
experimental data. In this study, the same type of mixing tank
is employed to study the design parameters and to optimize

mixing and design guidelines for pitched-blade contra-
rotating impellers with an inward flow configuration.

Several researchers have studied the effect of changing the
design parameters in order to understand the variation of mix-
ing time, uniformity, torque, and flow pattern in multiple
impeller, single shaft (non-contra-rotating), baffled mixers
[4-11]. These included the study of the rotation speed, impeller
diameter, tank geometry, impeller clearance from the bottom,
and the distance between the two impellers. The results of these
studies revealed that the rotation speed and impeller diameter
have the most impact on mixing uniformity (i.e., mixing effi-
ciency in this work). The optimization of contra-rotating
impeller, with feature inward flow pattern, is made here for
the first time. The mixing efficiency, defined as how uniformly
distributed the solid particles are within the tank, is used with
the torque requirement to find the optimal design for this
impeller.

Mechanisms of solid particle mixing and the mixing reactor
design are complicated due to the influence of many variables
such as relative density differences, particle size, rotation
speed, impeller geometry, and tank geometry. These must be
optimized. The Design of Experiments (DOE) is an approach
used in engineering parametric studies to develop the expected
product and engineering processes faster. A DOE can reduce
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production costs and development time, while improving
quality and reliability [12—15]. One of the common methods
for DOE in engineering is the Taguchi method [16,17]. Several
researchers [18-20] have applied the Taguchi method for
reactor design optimization. However, no study to date has
used it to optimize the design of an impeller type mixer. In this
work, the Taguchi method was employed for the DOE. The
goal of this study is to optimize a baffle-free, low torque
mixer/reactor with contra-rotating impellers in an inward
opposing flow configuration.

CFD is a numerical simulation/analysis technique that is
used to analyze and solve engineering problems that involve
fluid flows [21-23]. There were several studies on mixing reac-
tor design using CFD with Lattice Boltzmann Method (LBM)
[3,24,25], which can simulate mixing in liquid—liquid, solid-lig-
uid, and gas-liquid systems. These include the study of solid
particle or bubble flow dynamics in mixing tanks. Some
researchers have used CFD with Discrete Element Method
(DEM) and flow visualization techniques (electrical resistance
tomography, ERT) to explore solid-liquid mixing operations
[26,27], which can quantify the influence of each interaction
force (i.e. lift forces, pressure gradient, and virtual mass) on
simulation results. However, the relative impact of the control
factors and control levels that affect mixing efficiency and tor-
que is unknown. The present DOE study of parameters with
CFD simulations and confirmatory experiments are able to
explain the relationship between design parameters and con-
trol levels that affect the mixing efficiency and torque. With
this study we present for the first time the optimized configura-
tion of the pitched-blade contra inward-rotating impellers and
have provided the design guidelines for their implementation
in mixing devices.

In this work, the outcomes of DOE technique following
CFD-LBM simulation is used to perform the design optimiza-
tion of contra-rotating impeller with the inward flow pattern.
The using of design of experiments can reduce the number of
running full factorial analysis from 2,187 to 27 runs. The
twenty-seven CFD simulation cases with different design
parameters that studied are from the L27 orthogonal array.
The three-dimensional (3D) CFD-LBM is used to predict the
solid particles motion in the liquid phase by using the Discrete
Phase Model (DPM). The tank image is used to calculate the
mixing efficiency, where the image is analyzed to confirm the
uniformity of the particle distribution. The analysis method
is developed from the intensity of segregation method and
coefficient of variation (CoV). The statistical approach, signal
to noise (S/N) ratio, which indicates the robustness of design
parameters is used with torque data for making a design opti-
mization. The DOE allowed for the reduction of experimental
and simulation runs and lead to the optimized configuration.

2. Taguchi design of experiment

The Design of Experiments (DOE) is a methodology for the
design of any task to describe the relationship between input
design variables or factors (i.e., rotation speed and tank geom-
etry) affecting a process and the output variables (i.e., mixing
efficiency and torque). DOE is proposed to find the possible
schemes with the number of design variables and different
variable levels for reducing the number of CFD simulations
or experiments.

2.1. Taguchi robust design for mixing optimization

The Taguchi design was developed by Genichi Taguchi [16,17].

This method is used in optimizing the process of experimenta-
tion and reduces the number of experimental runs by using
orthogonal arrays. An orthogonal array consists of a set of
fractional factorial designs based on a design matrix, which
means that the experiment design parameters or control fac-
tors are balanced so that factor levels are weighted equally
[16,17,28]. Taguchi schemes are classified as a function of the
number of experimental runs (La), the number of levels of each
control factor (), and the number of variables or control fac-
tor (c), resulting in the orthogonal arrays notation La(h).
Taguchi array or orthogonal array, for each level of the
parameter, all levels (b) of each of the other parameters (c-1)
are tested at least once.

For the mixing system, the key process related to high mix-
ing efficiency and low torque is the appropriate design param-
eters. The dimensions of the mixer and impellers in this study
are shown in Fig. la and b. The design parameters of tank and
impeller geometry are the control factors those affect mixing
efficiency and torque the most. The particular design parame-
ters are: (1) Impeller rotation speed, RPM, (2) Impeller diam-
eter, D, (3) Impeller-impeller clearance, S, (4) Impeller-bottom
clearance, C, (5) Tank diameter, 7, (6) Liquid height, H, and
(7) Number of blades, N. These design parameters are chosen
as the controlled inputs for the DOE in order to investigate
their influence on mixing efficiency and torque [3,29-36]. Note
that the liquid height (H) is considered as a controllable design
parameter, representing the full capacity of the tank; that is,
the effect of liquid level on the mixing efficiency and torque
of the system is being investigated.

In general, of the Taguchi DOE, the full factorial analysis is
used to manipulate the design of the experiment with a small
number of control factors and control levels. For the present
study, seven control factors (¢ = 7) were used. For seven con-
trol factors, the appropriate number of control levels are two
and three [16]. So, three levels of each control (b = 3) were
used to increase the accuracy of design of experiments. The
design parameters and control level of each factor are shown
in Table 1. The extrema were based on the operating limits
of the pilot-scale mixer. The design of experiments using the
Taguchi orthogonal array is more efficient compared to many
other statistical designs. The minimum number of experiments
that are required to conduct the DOE can be calculated based
on the degrees of freedom by the following equation:

NTagm.'hi: 1+Zb1_1 (1)
—1

i=

where Nrugueni 1s the minimum number of experiments. In this
study, for seven control factors with three control levels, the
minimum number of experiments required, based on Eq. (1),
is 15. Hence, the number of experiments for this study should
be greater than 18 or L18(3”). In this work, an L27(3”) orthog-
onal array was used to perform the DOE. The full factorial
analysis in this study is (37) 2,187 runs, and after applying
the orthogonal array, the number of the runs is reduced to
27. The L27(37) orthogonal array with control factors and con-
trol levels is shown in Table 2.
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Tank diameter, T .
Liquid-upper impeller
clearance, CV -\‘\ / P
o . angle, o
Liquid height, H * .
Impeller-impeller
clearance, §
¥ Impeller-bottom
- - § clearance, C
B femmmm- >
Impeller diameter, D
(a) (b)
Fig. 1 (a) Dimensions of mixer and impellers in this study, (b) The flow configurations used in this study, and (c) Experimental

apparatus used to evaluate torque and capture experimental data for optimization case (Case L4).

Table 1 Seven control parameters and three study levels.

Control Factors Level I  Level 2  Level 3
Rotation Speed (RPM) 100 200 300
Impeller diameter (mm) 90 150 200
Impeller-impeller clearance (mm) 100 125 150
Impeller-bottom clearance (mm) 100 125 150
Tank diameter (mm) 300 350 400
Liquid height (mm) 300 350 400
Number of blade (n) 4 6 8

2.2. Experimental setup and procedure for model confirmation of
the design optimization

The experimental setup for model validation is shown in
Fig. lc. This experiment will be only used to confirm the design
optimization derived by the DOE in this work. It was

constructed from two tanks, a cylindrical tank with a round
bottom and an outer rectangular tank to eliminate distortion,
similar to the previous publication [3]. The cylindrical tank is
0.30 m in diameter and 0.35 m in height. The rectangular tank
is 0.40 m in diameter and 0.40 m in height. Both tanks were
filled with water to the same height to eliminate the image dis-
tortion. Two of 45° pitched-blade turbine impellers were
installed in the center of the tank on the different shaft (i.e.,
two rotating axles) with the adjustable dimension. Both impel-
lers are arranged one above the other on nested, contra-
rotating axles. These two axles are connected to a differential
gearbox [2], which transfers power from the motor. The impel-
ler was stirred by a Caframo BDC 3030 rotator motor with
speed controls and a torque sensor. The residual torque or
the background torque was measured without water in the ves-
sel. This setup had a residual torque of 0.0058 N.m, which can
be considered as negligible.

Particles of higher and lower density than water were used;
the higher specific gravity was 1.050 and had a diameter of
2.05 mm and the lower specific gravity particle of 0.866 had
a diameter of 2.45 mm. A total of 500 particles were used
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Table 2 L27 orthogonal array with control factors and control levels for this study.
Trial Rotation speed  Impeller Impellers Impeller-bottom Tank diameter Liquid height Blade
number  (RPM) diameter (mm) clearance (mm) clearance (mm) (mm) (mm) Number (n)
L1 100 90 100 100 300 300 4
L2 100 90 100 100 350 350 6
L3 100 90 100 100 400 400 8
L4 100 150 125 125 300 300 4
L5 100 150 125 125 350 350 6
L6 100 150 125 125 400 400 8
L7 100 200 150 150 300 300 4
L8 100 200 150 150 350 350 6
L9 100 200 150 150 400 400 8
L10 200 90 125 150 300 350 8
L11 200 90 125 150 350 400 4
L12 200 90 125 150 400 300 6
L13 200 150 150 100 300 350 8
L14 200 150 150 100 350 400 4
L15 200 150 150 100 400 300 6
L16 200 200 100 125 300 350 8
L17 200 200 100 125 350 400 4
L18 200 200 100 125 400 300 6
L19 300 90 150 125 300 400 6
L20 300 90 150 125 350 300 8
L21 300 90 150 125 400 350 4
L22 300 150 100 150 300 400 6
L23 300 150 100 150 350 300 8
L24 300 150 100 150 400 350 4
L25 300 200 125 100 300 400 6
L26 300 200 125 100 350 300 8
L27 300 200 125 100 400 350 4

for each experiment and simulation. This is the suitable num-
ber of particles to prevent particle obstruction and reduce the
error from the image analysis [3]. The particle’s movement in
the tank was captured by two Nikon D3200 cameras to obtain
two side-plane images every 0.50 s from 0 to 60 s. Upon com-
pletion of the experiment, the captured photographs of the
tank were analyzed to obtain the mixing efficiency.

3. Numerical method

3.1. Lattice Boltzmann method (LBM )

The Lattice Boltzmann Method (LBM) is a numerical simula-
tion technique capable of solving complex fluid flow problems
including multiphase flow and free surface models with com-
plex geometries and moving parts, such as occur over an
impeller. LBM has many advantages over conventional CFD
(i.e. Navier-Stokes equation) for modeling moving geometries
such as rotating impeller. This method uses a lattice element
instead of the traditional meshing process, which does not
require the use the of computational approaches such as Mul-
tiple Reference Frame (MRF) or Sliding Mesh (SM) to model
moving parts in the mixing system. The LBM simulation relies
on a generated lattice element, which is organized in an Octree
structure, and uses a Large Eddy Simulation (LES) turbulence
model, which can reduce meshing operation and computa-
tional times. The particle-based approach can easily handle

fluid domain meshing of a moving surface boundary. This
method uses the concept of streaming and colliding particles,
which incorporates the physics of microscopic and mesoscopic
processes such that the macroscopic, averaged properties obey
the applicable macroscopic equations [37-42]. The transport
equation of this method is shown below.

f,-(§ e+ At> _f,.(;, ,)

:Qi<f1<;:f)7~-7 (f;n<},t>>, j=1....,m

where f; is the particle distribution function in direction j, X is

)

the lattice node, ?j is the particle discrete set of velocities, ¢ is
the discrete times, At is the constant time step, Q; is the colli-
sion operator, and m is the probability distribution function
of the particle distribution function. The Boltzmann transport
equation describes the statistical distribution of particles in the
space, time, and velocity in the form of a particle distribution
function. The LBM makes use of the statistical distribution
function with real variables, conserving mass, momentum,
and energy [39]. So, the continuum Boltzmann transport equa-
tion, macroscopic variables, such as velocity u, and density p
can be determined as the moments of the lattice particle distri-
bution function, as shown in below:

b

p=>_1

i=1

3)
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b
pu=7y fe; ()

The macroscopic fluid pressure (P), that represents the
equation of state, can be calculated from the following
equation:

P=pc’ (5)

The Taylor series with the multiscale Chapman-Enskog
expansion provides the relation between the macroscopic kine-
matic viscosity and the relaxation parameter:

n=(e-3) ©

where 7 is the macroscopic kinematic viscosity, ¢, is the speed
of sound, 7 is the relaxation parameter, and t > % is a required
stability condition. Note that the recommend relaxation
parameter should stay within the range of 0.5 to 1.5
(r = 0.5 in this study). There are two different collision oper-
ators for LBM, single and multiple relaxation time (SRT and
MRT). In this model, the MRT is used as a collision operator
and can be approximated by the following:

O = M, S (1" — ) (7)

where the collision matrix (§l~j) is a diagonal relaxation matrix,
w” is the equilibrium value of the moment p,, and M is a
matrix that transforms the particle distribution function to
the macroscopic moment. More details concerning the LBM
and transport equation for this method were discussed in Sup-
plemental material and previous publications [3,24,43].

In order to simulate the particle movement through the
tank, LBM can be coupled with the Discrete Element Method
(DEM) or Discrete Phase Model (DPM). This work used the
DPM because this method is appropriate for hard-sphere col-
lisions (i.e. solid—solid particles collisions) with no particle
overlap [44]. The DPM is advantageous because it requires less
computation time and data storage space than the DEM [41].
The DPM method solves the transport equation for the contin-
uous phase and calculates the transport of a discrete phase
consisting of spherical particles (i.e., droplets, dust, bubbles,
etc.) dispersed in the continuous phase. The following is the
equation of motion:

— = =dp,, + dpa, T Apx, ®)

where ﬁp is the particle velocity, ED(H)) is the acceleration of the
particle due to the drag force exerted by the fluid phase (f) on
the particle disperse phase (p), EEX,,.F is the external accelera-

tion affecting both phase (f; p), (e.g. gravity), and ng,p is the
external acceleration affecting only disperse phase (p).

3.2. Computational model

Three-dimensional, time-dependent simulations of mixing and
agitation system with a free surface model were run for 27
cases with different designs, as shown in Table 2. The mixer
geometry involves a tank and a contra-rotating impeller. The
mixing models were distinguished by rotation speeds of 100,
200, and 300 RPM. The mixing tank has a round bottom with

a cylindrical shape with different sizes depending on the
arrangement of the orthogonal array. Two impellers have four,
six, and eight pitched-blades turbine (PBT) at 45 degrees (4, 6,
and 8 PBTs) with different diameters and mounting on the
same shaft. The contra-rotating systems have two impellers
rotating in opposite directions. The Euler angle with the mov-
ing wall bounce-back boundary condition was used on the
impeller part. It allows the impellers rotate around its own axis
and each direction. The moving wall assumption is used to
apply the bounce-back rule for the non-equilibrium part of
the particle distribution function normal (f;) to the boundary.
A no-slip condition was defined at all surfaces of the tank, and
the free-surface boundary was imposed in the function of lig-
uid height. The rotation speed (n) is related to the Reynolds
number (Re) and the Euler angle. A rotation system Reynolds
number [45] can be defined as follow:

_ pnD?
u

where Reg is the Reynolds number for rotation system, D is the
impeller diameter, 7, is the rotation speeds (RPS), and p is the
molecular viscosity of the fluid. The Reynolds number
employed in this study is in the range of 100,000 to 200,000,
which is in the turbulent region. The dimensionless power
number (Np) relating the resistance force to the inertial force
is one of the most widely used design specifications in mixing
operation. The power number for a stirred tank is defined as:

P
o3 D?

Re

©)

» (10)
where P is the power required by the impeller, which is calcu-
lated from measurements of the torque and impeller speed:

P =2mnT, (11)

where 7, is the torque (N.m). The torque is defined as the mea-
sure of force required to produce rotational motion. In gen-
eral, torque is calculated by multiplying the force by the
distance from the pivot point to the point where the force is
applied. In this numerical simulation, the torque calculation
is based on an angular momentum balance on the control vol-
ume surrounding the impeller [46,47]. This method uses the
velocity profiles around the impeller to calculate the force,
which is used to calculate torque, as shown in the following
equation:

T, = / p(T/’W)(?xT/’)dA (12)

Control surface

where 7 is the fluid velocity (m/s), 7 is the unit normal vector
at the control volume surface, and 7 is the radius vector of
propeller (m). The blade tips speed of impeller is calculated
from the following equation:

T,, = nDn (13)

where T), is the Blade Speed (tip speed), measures how far a
point on the outer most edge of the disperser blade travels at
a given amount of time.

For the 3D model used in this work, a commercial LBM
solver, XFlow 2019x (Build 106.00) [48], was chosen to per-
form the calculation. This solver uses 3 spatial dimensions
and 27 discrete velocities (i.e. D3Q27). The grid independent
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study of CFD simulation was tested for sensitivity [3]. Lattice
sizes of 0.5, 1, 2, and 3 mm were chosen to perform the grid
independence study. The mixing efficiency, average liquid
velocity, liquid-liquid concentration profiles, and torque are
used to perform the grid independence study. The results show
that the study variables have an error of about +3% that are
in an acceptable range. Therefore, in this study, the lattice ele-
ment size was set at 2 mm, giving a total number of about 2 to
8 million elements, depending on the size and resolution of the
computed geometry. The time step was calculated considering
the initial maximum velocity (i.e., 1 m/s) and pressure gradient
in the domain. So, the time step was set at 0.00012 s with a 60-
second analysis time. The data frequency was set at 50 Hz for
taking a simulation results every 0.02 s.

As mention previous, DPM was used to simulate the parti-
cles dispersion through the fluid in the tank. In this study, the
solid particles of lower and higher density than water were
used. The solid particles have the following properties: spher-
ical shape, specific gravity of 0.866 or 1.050 g.cm™>, particle
diameter of 2.45 mm or 2.05 mm, respectively, and total num-
ber of 500. The feeding point is located on the bottom of the
tank for high specific gravity particles and on the top of the lig-
uid surface for low specific gravity particles. The system starts
feeding the particles when the simulation starts.

3.3. Model validation and grid independent study

The model validation of this CFD simulation has been con-
ducted with the experimental data, which is already published
as shown in Ref. [3]. In the previous work, the prediction of
velocity distribution, power input of agitators (stirring torque),
and mixing efficiency have been validated with the experimen-
tal data. There were twenty-four cases of comparison between
computational model and experiment. The solid particle prop-
erties were also the same as in this work. From the overall val-
idation, the simulation results showed good agreement with
the experimental data. In this work, the model validation
was conducted for Cases L1 and L4 to confirm the accuracy
of simulation. The grid or lattice voxel independence study
was also performed. This method was used to confirm that
the solution is independent of the mesh resolution [49-51].
The lattice size of 0.5, 1.0, 2.0, 3.0, and 4.0 mm were compared
to ensure that the lattice voxel size did not affect the model
predictions including mixing efficiency and torque. These
CFD simulations were calculated in Case L4 with the rota-
tional speed of 100 rpm and analyzed at the same time step.
The result of grid independent study is reported in Table 3.
The predictions show that there is slight change in the mixing

Table 3 Grid independence study information.

efficiency, average blade tips velocity, velocity profiles, pres-
sure drop across the tank, power number, and stirred torque
present inside each simulation, especially at the lattice size
<2.00 mm. So, a lattice size of 2.0 mm was determined to
be acceptable and used in this work.

4. Image analysis

A transparent mixing tank with low volume fraction has the
advantage of being able to track individual particles subject
to the complexities of buoyancy. The image analysis method
employed was developed from a statistical technique with the
degree of deviation and is discussed in Supplemental material
and a previous publication [3]. This method is an extension
of the image analysis method developed from the coefficient
of variation (CoV) and scale of segregation method [1,26,27].
Validation of this method has been completed by comparing
to data from CFD simulation results and experimental data.
The standard deviation (SD) between the experimentally mea-
sured data and CFD simulation data is in the range between
0.026 and 0.090. The mixing efficiency (eff) presented in this
work is an indicator that justify the uniformity of particles dis-
persion in the mixing tank, which is calculated based on the
dispersed area of particles. The deviation from ideal mixing
(sx) 1s calculated individually for each horizontal (/) and verti-
cal (v) region as the square root of the sum of square differ-
ences between the ideal particle fraction (fj,,) and actual
particle fraction (f;,.,) as shown below:

act

Sk = Z (f;‘dt)al _f;l('l)27 k=hv (]4)

This calculated actual particle fraction from those images
accounts for the area of solid particles per the area of fluid.
The worst case (s;) is taken when all of the particles are in
the smallest region, thus maximizing the deviation from ideal.
The degree of deviation (J;) is calculated as one minus half the
ratio of s, and s; shown in the below equation:

2
5 =1 —0.5(%) k= h,v

k

(15)

The range of Eq. (15) will be between 0.5 (poor mixing) and
1 (near-perfect mixing). The flow and particles movement
inside the reactor of both specific gravities reaches steady state
after 30 s. Therefore, the steady state mixing efficiency was cal-
culated using the average data of the mixing efficiency after
30 s. The mixing efficiency is defined in Eq. (16) as the fraction
of particles visible and the average product of the degree of

Lattice size (mm) Average tips velocity (m/s) Torque (N.m)

Power number Pressure drop (Pa) Mixing efficiency (%)

4.00 0.93 0.028
3.00 0.81 0.025
2.00 0.62 0.023
1.00 0.59 0.022
0.50 0.61 0.022

0.83 4,381 80
0.74 3,592 81
0.69 2,878 85
0.68 2,735 83
0.68 2,936 85
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deviation in the horizontal plane (J,) and vertical plane (J,)
direction over the two planes. A quadratic function was chosen
to keep a low gradient for slight deviations, making the com-
bined penalty non-linear.

N, Vis
N, ideal

eff: 0y - Op (]6)
where N, is the number of particles visibly drawn into the lig-
uid, and N, is the total number of particles were fed into the
liquid. (Other variables such as torque, uniformity, shear
stress, or velocity profiles can be investigated independently
but are here subsumed in the mixing efficiency.) The maximum
solid volume fraction in this work that can be detected by this
image analysis is 0.115.

The advantage of using this method is that it can be per-
formed for a number of planes, a variety of tank divisions that
need not be uniform, and on experimental and computational
systems alike. Limitations of this technique are when a large
number of particles diminishes transparency of the system,
or when a significant amount of gas bubbles visually imitates
the particles.

5. Result and discussion

5.1. Torque and power number

Fig. 4a and b report CFD predictions of torque with mixing
efficiency and power number for both types of particle for
all 27 mixer configurations. The results show that the impeller
diameter has a strong effect on the torque at the same rotation
speed. Impellers with long blades would provide more thrust
but require more torque to stir the system. The number of
blades has a large impact on the torque at the largest impeller
diameter but has little effect on the smaller impeller diameter.
In the pilot scale, the impeller diameter shows the most impact
on power number. There is slight change of torque in this work
(i.e., range between 0.05 and 0.6 Nm). From Eq. (10), it shows
that the impeller diameter has the most significant effect on
power number. The small impeller diameter has a higher
power number than that of the large impeller. Note that the
power number was calculated at the fixed rotation speed for
each case followed by the design from Table 2. The addition
of the extra blades causes increased drag force, which requires
more torque at the same rotation speed. Since lower rotation
speed is better, the RPM drop and the fluid velocity will tend
to drop with it. Therefore, when increasing from 4 to more
blades, the impeller diameter should reduce an inch or more
in order to maintain similarity of torque.

Higher torque occurs with vortex formation in the contra-
rotating impeller, whereas in the co-rotating impeller without
baffles tank [3], vortex formation decreases torque. This is
because the vortex that occurs in the contra-rotating impellers
represent extremely turbulent flow in the mixing tank. It is
noted that the torque required for each system does not have
a direct relation to mixing efficiency. The optimized design
should have the highest mixing efficiency at the lowest torque
and power number. Cases L4 and L5, and L9 have the mixing
efficiency more than 80% for both types of particle and Case
L4 gives the lowest torque and power number from those three
cases. Therefore, L4 is deemed the optimal design and it was
chosen to perform confirmatory experiments.

5.2. Confirmatory experiments

The confirmatory runs for LBM-CFD regarding the investiga-
tion of mixing with contra-rotating impeller were discussed in
previous work [3]. In the present work, this method of explora-
tory will be used to confirm the results of the DOE optimiza-
tion. Case L4 is selected for confirmation because it has a good
mixing efficiency, low torque, uniform particle dispersion, and
operates at low RPM that is experimentally easy to reproduce.
Based on this configuration, the optimal mixer unit was exper-
imented, and the mixing efficiency calculated. Case L4 repre-
sents the optimal mixing tank, which is operated at 100
RPM. This tank has a diameter of 300 mm with the liquid level
of 300 mm. The impeller has a diameter of 150 mm with 4
blades and both impellers clearances (C, S) are 125 mm.
Fig. 5 shows the transient simulation and experimental mixing
efficiency of Case L4 for the two specific gravity particles. The
experimental set up is the same as the CFD simulation of Case
L4, as mentioned previously. The particle movement in the
tank was captured by two cameras to obtain two side plane
images; these images were processed to quantify the mixing
efficiency for comparison to the CFD simulation results.

Fig. 5a presents the mixing efficiency comparisons at lower
specific gravity (SG 0.866) of Case L4 from times of 1 to 40 s.
The predicted mixing efficiency is somewhat higher than the
experiment data. The experimental observation presents mix-
ing efficiency of 70%. The CFD simulation shows solid parti-
cles dispersed over more than 80% of the liquid domain. It was
seen that experimentally tweaking the rotation speed to 110
RPM, brings the CFD simulation and the experimental mixing
efficiencies into virtual agreement. The comparison of simu-
lated and experimental mixing efficiency is shown in Fig. 5b
for the high specific gravity particles. Visual observation shows
that the particles begin to move up from the bottom of the
tank then scatter throughout. The results show that the mixing
efficiency from experiment is higher than the prediction during
an initial transient from 0 to 8 s. Thereafter the mixing effi-
ciency of the CFD simulation is higher than the experimental
data, from times of 10 to 30 s. After 30 s, mixing efficiency
from both the simulation and experiment are similar, with
an error of about 6%. With this configuration, there is no vor-
tex observed on both CFD simulation and experimental data.

5.3. Flow characteristics in the mixing tank

Figs. 2 and 3 present the solid particle dispersion and mixing
efficiencies in the different mixers tested for Cases L1 to L27.
The 2D pictures were captured in the front of the stirred tank
at 40 s with 500 particles of low and high specific gravity,
respectively. Each stirred tank has a different design geometry,
which depends on the parameters that are defined by the L27
orthogonal array shown in Table 2. There is an order of the
importance of design parameters influencing the mixing effi-
ciency; rotational velocity is the first [3,24], then impeller diam-
eter (D), and then impeller-impeller clearance (S). Therefore,
the cases studied are divided into three main groups according
to the rotational speeds of 100, 200, and 300 RPM. The sub-
groups are divided into impeller diameters of 90, 150, and
200 mm. The steady state mixing efficiency of each case was
calculated from the average of mixing efficiency after 30 s.
Mixing trends can be seen qualitatively by visual observation,
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and operating conditions at 40 s at low specific gravities.

and these are confirmed by quantitative assessment of mixing
efficiency which is the basis for design optimization.

5.3.1. Effect of mixer dimension at low rotation speed (Cases L1
to L9)

Figs. 6 and 7 present the transient CFD simulation mixing effi-
ciencies of Cases L1 to L9 at lower and higher specific gravity,
respectively. In these cases, the rotation speed was set at
100 rpm and the ratio of the liquid height to the tank diameter
(H|T)is 1. Cases L1 to L3 have the same impeller diameter (D)
of 90 mm with the same clearance of both impellers (S, C) of
100 mm. These cases have different blade numbers of 4, 6, and
8 with liquid height (H) the same as tank diameters (7) of 300,
350 and 400 mm, respectively, as shown in Figs. 2a-c and 3a-c.
At a lower specific gravity, the CFD simulation shows that
there is no mixing occurring in the reactor (Fig. 6a); all parti-
cles were floating at the liquid surface for these cases. To con-
firm these results, an experiment was performed with the same
setup as Case 1. The experimental results agree with the CFD
simulation data, where no particles migrated down from the
top of liquid surface and there is no particle movement inside
the tank as seen in the CFD results in Fig. 2a. A lack of flow in
the top liquid region is caused by the low rotational speed and
the low ratio of the impeller to the tank diameter (D/T < 0.4).
Another reason for poor mixing in cases L2 and L3 is the
impeller level or impeller-bottom clearance (C), which is
installed too low. For a higher specific gravity, the results also
show poor mixing efficiencies in these cases, as seen in Fig. 7a.
To confirm these CFD simulation results, an experiment was

(w)L23
Eff=3 %

SRS

(x) L24
Eff=40%

(y) L25
Eff=3%

(z) L26
Eff=2%

(o) L27
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CFD simulation of solid particles dispersions inside the stirred tank and mixing efficiencies compared in different mixer designs

performed again with the same set up as Case L1 but at higher
specific gravity. The experimental data showed no mixing
occurred in Case 1. CFD simulations do show, however, that
cases L2 and L3 have some particle dispersion in the lower
region of the liquid domain with the mixing efficiencies of
2% and 34%, as seen in Fig. 3b and c. Case L3 has more mix-
ing efficiency than Case L1 and L2. This is because the impeller
8 blades, which can generate more flow in this area even
though it is installed too low.

Figs. 2d-f and 3d-f present solid particle movement and
mixing efficiency for Cases L4 to L6. The mixing efficiency
for both specific gravities of these cases are reported in
Figs. 6b and 7b. These cases have an impeller diameter (D) lar-
ger than the previous cases, 150 vs. 90 mm. Tank diameters,
liquid height, and blade numbers were the same order as pre-
vious cases. The clearance of impeller-bottom (C) and
impeller-impeller (S) were increased for 25 mm. The results
reveal that the mixing efficiency is significantly increased after
enlarging the impellers size, which results in improved flow,
more turbulence, and favorable mass transport inside the tank.
Visual observation confirms no vortex formation in these
cases. The particle distribution in the mixer reaches steady
state and is uniform after 12 s for both specific gravities. The
mixing efficiency profiles show a steady trend for all cases,
which is a representation of uniform particle distribution
inside the tank. The mixing efficiency of these cases at lower
specific gravity are 81%, 85%, and 80%, respectively. At the
higher specific gravity, the mixing efficiency of these cases
are 87%, 87%, and 78%, respectively. According to these
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Fig. 3 CFD simulation of solid particles dispersions inside the stirred tank and mixing efficiencies compared in different mixer designs

and operating conditions at 40 s at high specific gravities.

results, the suitable ratio between impeller to the tank diameter
(D/T) should be in the range of 0.4 — 0.5 and the ratio of liquid
height to the tank diameter (H/T) should be 1. What is inter-
esting about Case L6 is it has a low D/T ratio of 0.38 in the
largest tank (400 mm x 400 mm). Case L6 operates at 100
RPM with 8 blades. The result shows good mixing efficiency
and uniform particles dispersion for both particle types in this
study. This is because of more blades that can generate more
axial flow and provide good mass transport, but this case needs
more power to operate the system, as the torque increases in by
35%—50%. Thus, the optimal design for this group is Case 4,
which has good mixing efficiency, operates at low RPM, and
has lower torque.

Cases L7 to L9 have increased impeller diameter (D) of
200 mm and increases of both clearances (S, C) to 150 mm,
as shown in Figs. 2g-i and 3g-i. Tank diameter and blade num-
bers are in the same order with the previous cases. The mixing
efficiency of light and heavy particle studies are presented in
Figs. 6¢c and 7c. Visual observation of Case L7 shows that most
of the water and some of the particles splashed out of the tank
and mixing is poor for both particle types, 28% for lower
specific gravity and 42% for higher specific gravity. This is
because of too-large impeller diameter and too-high impeller
installation in the small tank. Experiments were performed
to confirm the CFD results and find the rotational speed limit
(to prevent spillage) for the largest impeller. Water and particle
spillage were observed at 100 rpm and became severe at 150
RPM.

Case L8 shows better mixing efficiency than Case L7 in the
larger tank, which has a mixing efficiency of 60% for lower
specific gravity and 72% for higher specific gravity. The results
show acceptable particle dispersion without water spillage for
both particle sizes. At lower specific gravity, the particles
moved down from the top of liquid surface and then separate
into two layers on the top and the bottom of the tank, as
shown in Fig. 2h. This may be the large spacing between two
impellers (S), which results in lack of flow around the middle
area of the tank. However, the higher specific gravity case
shows uniform particle dispersion, which is the effect of the
gravity force affecting the particles. Case L9 is the largest vol-
ume and the highest liquid level in this study, as shown in
Figs. 2i and 3i. CFD simulations present uniform particles dis-
persion and provide adequate mixing efficiency of 81% for
lower specific gravity and 85% for higher specific gravity.
The mixing becomes steady in 10 s, which is the fastest case
of all, due to the high turbulent flow generated from 8 blades.
However, the result shows that this case has the highest torque
in this group (Cases L1 to L9), for operation at 100 RPM.

The summary of mixing efficiency of the 100 RPM runs is
shown in Figs. 6d and 7d. Again, these tanks have a ratio of
liquid height to the tank diameter (H/T) of 1. Cases L4, L5,
and L9 illustrate uniform particle dispersion and provide mix-
ing efficiencies greater than 80%. The rotational speed and the
ratio of impeller diameter to the tank diameter (D/T) have the
most influence on the mixing efficiency. The next important
design parameter is the ratio of D/T. The recommend D/T of
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Power number for twenty-seven reactor designs.

these selected cases is about 0.45-0.50. If the mixer operates at
higher rotational speed than 100 RPM, the ratio of D/T should
be lower than 0.45. In these cases, low mixing efficiency occurs
if the D/T ratio is lower than 0.40. The worst cases of this
group are L1 to L3 which operate at low RPM and low ratio
of D/T (D/T < 0.30), and gave virtually no particle dispersion
or mixing.

5.3.2. Effect of mixer dimension at medium rotation speed
(Cases LI10 to L18)

The next cases, L10 to L18, investigated an increased rotating
speed of 200 RPM. Figs. 2j-r and 3j-r present particle disper-
sion with the mixing efficiency of these cases. These mixers
have a variety of geometries. The overall mixing efficiency with
time is reported in Figs. 8 and 9. Figs. 2j-1 and 3j-1 present the
mixing of Case L10 to L12 with mixing efficiency of 67%,
63%, and 48% for lower specific gravity, and 68%, 72%,
and 51% for higher specific gravity. These cases have the

L12
L13
L14
L15
L16
L17
L18
L19
L20
L21
L22
L23
L24
L25
L26
L27

(a) CFD simulation of torque (N.m) with mixing efficiency (%) for twenty-seven reactor designs, and (b) CFD simulation of

smallest impeller diameter with different numbers of blades
8, 4, and 6, respectively. These designs have impeller-impeller
clearance (S) of 125 mm and the impeller-bottom clearance
of 150 mm. The D/T ratio of these cases are 0.30, 0.26, and
0.23, respectively. In the previous cases L1 to L3 at 100
RPM there was no mixing. However, at a rotational speed
of 200 RPM, mixing efficiency increases to more than 50%.
This shows that the rotational speed plays a major role in
the mixer design. Another reason for improving the mixing
efficiency is more optimal clearances for the impellers (S, C).
The appropriate installation level of both impellers should be
in the middle of the liquid level. For example, cases L10 and
L11 have both impellers installed around the middle of liquid
level with the ratio of impeller bottom clearance to the liquid
height (C/T) about 0.4. Both cases have a noticeably better
mixing ratio than cases L12, which has the impeller level set
to high. Although these cases have better mixing efficiencies,
the overall mixing efficiency is still low. This is due to the
low D/T ratio, which is lower than 0.40. The results also show
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that the mixing efficiency at the higher specific gravity slowly The mixing efficiency becomes steady after 30 s, which is rep-
increases after 20 s, as shown in Fig. 9a. This is because the resentative of fully developed turbulence throughout the tank.
high impeller-bottom clearance (C) and high liquid level (H) Cases L13 to L15 have the same tank geometry as cases L10

effect the flow development around the bottom of the tank. to L12, as shown in Figs. 2m-o and 3m-o. These cases have the
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same number of blades but a larger impeller diameter than pre-
vious cases. The impeller-bottom clearance (C) is 100 mm from
the bottom of the tank, which is too low for cases L13 and L14
that have high liquid level. The clearance between two impel-
lers of these cases are 150 mm. The mixing efficiency profiles
of both specific gravities are shown in Figs. 8b and 9b. The
mixing efficiency at lower specific gravity for these cases are
9%, 37%, and 58%, respectively. The mixing efficiency at
higher specific gravity for these cases are 22%, 35%, and
50%, respectively. If the upper impellers are installed too
low and high rotational speed is used, as seen in cases L13
and L14, a vortex forms at the liquid surface, and this creates
bulk flow inside the tank. Since these cases have larger impel-
lers, L13 and L14 provided lower mixing efficiency than cases
L10 and L11 for both specific gravities. The vortex and bulk
flow inside the tank cause efficiency to slightly decrease with
time, as shown in Figs. 8b and 9b. This indicates that vortex
formation is the main problem in the mixer designs. Case
L15 shows mixing efficiency of more than 50% for both speci-
fic gravities in a short wide tank, but the relative mixing effi-
ciency is not high. This case has high clearance between two
impellers (S), which causes a lack of flow around the middle
of the tank. The low ratio of D/T will lead to a lack of flow
around the wall and cause a lower particles distribution on
that area.

Figs. 2p-r and 3p-r present Cases L16 to L18. These have
the largest impellers and the lowest impeller-impeller clearance
(C) for this study. The tank geometry and number of blades
are the same order as the previous cases. The mixing efficiency
profiles at lower specific gravity of these cases are shown in
Fig. 6¢ with a mixing efficiency of 2%, 21%, and 11%, respec-
tively. The mixing efficiency profiles at higher specific gravity
are reported in Fig. 9c with a mixing efficiency of 8%, 37%,
and 14%, respectively. Case L16 shows low mixing efficiency
for both specific gravities. The results from the experiment
and CFD simulation show huge vortex formation and uncon-
trolled mixing inside the tank, as shown in Figs. 2p and 3p.
According to the experiment, the rotating speed of this impel-
ler size in the small tank has a limit of 125 RPM. This case has
8 blades and operates at 200 RPM, which is over the limit for
the experiment. Visual observation shows that most of the par-
ticles and liquid water inside the mixer are spilled, which
results in a low mixing efficiency. Case L17 is the medium tank
diameter with the highest liquid level. The low installation level
of the impeller can prevent water spillage, but it will lack the
flow around the top of the tank area and cause vortex forma-
tion. This case shows smaller vortex size than Case L16
because it has fewer blades, which results in lower flow and
velocity inside the tank. The result is that the particles are sep-
arated into two layers, located at the top and bottom of the
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Fig. 8 CFD simulation of mixing efficiencies at lower specific gravity at rotation speeds of 200 rpm for the Cases L10 to L18, (a) Cases
L10 to L12, (b) Cases L13 to L15, (c) Cases L16 to L18, and (d) Mixing efficiencies compared for the Cases L10 to L18.

tank, after the mixing becomes steady, as shown in Figs. 2q
and 3q. This is because the high clearance from the top of lig-
uid surface to the upper impeller (CV). Case L18 similarly pre-
sents low mixing efficiency in the short wide tank. This case
has the largest impellers with 6 blades. Visual inspection shows
extremely turbulent flow without vortex formation. However,
the mixing efficiency is too low because it is the shortest tank
and at high rotating speed, which causes spillage and loss of
some particles, as shown in Figs. 2r and 3r.

The summary of mixing efficiencies for Cases L10 to L18 at
lower and higher specific gravities are shown in Figs. 8d and
9d, respectively. Cases L10, L11, and L15 present the best mix-
ing efficiency, more than 50%, at 200 RPM. In these cases, the
rotational speed significantly improves the mixing efficiency,
especially when comparing cases L10 to L12 with cases L1 to
L3, which have the smallest impellers in this study. In general,
if the tank geometry cannot be changed, the easiest way to
improve mixing efficiency is increasing the rotational speed.
However, increasing rotational speed is not always good for
improving mixing efficiency, because it has a limit. For exam-
ple, in cases L16 to L18, these cases have the largest impellers
that should provide good mixing, but the results show low
mixing efficiency due to water spillage. This is because large

impellers will generate extremely high flow at high rotational
speed.

5.3.3. Effect of mixer dimension at high rotation speed (Cases
L19 to L27)

Fig. 2s-o and 3s-o present the CFD simulation with particle
dispersion and mixing efficiency of Cases L19 to L.27. The mix-
ing efficiency profiles of lower and higher specific gravities are
shown in Figs. 10 and 11, respectively. These cases have a rota-
tional speed of 300 RPM. Figs. 10a and 11a give mixing effi-
ciency profiles of cases L19 to L21, which have the smallest
impeller diameter. These cases have a mixing efficiency of
75%, 58%, and 60% at low specific gravity and 76%, 52%,
and 68% at higher specific gravity. The overall results show
that these cases have uniform particle dispersion inside the
tank with a steady mixing efficiency profile. Case L19 has 6
blades and a tall narrow tank with high impeller-impeller clear-
ance (S). This case yields good mixing efficiency, about 75%,
for both specific gravities, which is the highest mixing effi-
ciency in the 300 RPM set. Although there is a high distance
between the upper impeller and the top of liquid surface
(CV), there is no vortex formation at high rotational speed,
as shown in Fig. 2s and 3s. Case L20 has 8 blades and is a
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L10 to L12, (b) Cases L13 to L15, (c) Cases L16 to L18, and (d) Mixing efficiencies compared for the Cases L10 to L18.

short, medium width tank. Visual inspection reveals a small
vortex on the top of liquid surface because the impeller is
installed too high (low CV distance), as shown in Fig. 2t and
3t. This case has low mixing efficiency and low particle disper-
sion in the top of the liquid, which is in the vortex zone. Case
L21 has 4 blades and is a large tank with a mixing efficiency of
about 60% for both specific gravities. This case has low mixing
efficiency because the D/T ratio seems to be low, even if the
impeller is installed at a reasonable clearance. Again, this
shows that the D/T ratio is an important parameter in the
mixer design.

Cases L22 to L24 have an impeller diameter (D) of 150 mm,
low impeller-impeller clearance (S = 100 mm), and an
impeller-bottom clearance (C) of 125 mm, as shown in Figs. 2-
v-x and 3v-x. These cases also operate at 300 RPM with the
mixing efficiency of 35%, 3%, and 40%, respectively, at lower
specific gravity and 39%, 4%, and 48%, respectively, at higher
specific gravity. The mixing efficiency profiles of these cases at
lower and higher specific gravities are shown in Figs. 10b and
11b, respectively. The overall results of these cases demon-
strate that the mixer has the highest mixing efficiency at
around 5 s and drops significantly approaching steady state.
This is because a vortex forms after 10 s, and the resulting bulk
flow causes poor mixing thereafter. Case L22 has mixing effi-
ciency of about 35% for both specific gravities. This case has

the same tank size as Case L19, but Case L22 has larger impel-
ler diameter, which might be thought to give higher mixing
efficiency. However, Case L22 has lower mixing efficiency than
Case L19 because low impeller clearances (S and C) and vortex
formation. Case 1.23 shows extremely turbulent flow in a short
medium-wide tank, as seen in Figs. 2w and 3w. This case
shows a maximum in mixing efficiency at 45% which then
diminishes toward the steady state value of 4%, once again
due to the vortex formation in the tank. Case L24 has 4 blades
in the large tank with a mixing efficiency of about 40% for
both of specific gravities. The result shows a modest vortex
on the top of liquid surface. From these results, the deleterious
effects of vortex formation are clearly seen. The next cases are
the largest impeller with the highest rotation speed for which
vortexes should be even more problematic.

The mixer cases L25 to L27 are shown in Figs. 2y-o and 3y-
o. These cases have the largest impellers and operate at 300
RPM. The mixing profiles of lower and higher specific gravities
are shown in Figs. 10c and 11c, respectively. The mixing effi-
ciency for all cases rises rapidly, then slowly decreases, and
reach steady state values lower than 10%. All of these cases
present a deep vortex formation on the liquid surface that
adversely affects the mixer performance. The mixing efficiency
of these cases cannot be precisely evaluated due of the deep
vortex, extremely turbulent flow, and air bubbles inside the
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tank, which interfere with image processing. Experimentally,
the air bubbles can be eliminated by ensure that the upper
impeller is sufficiently far below the water surface.

The overall mixing efficiency of cases L19 to L27 are shown
in Figs. 10d and 11d. Cases L19 to L21 give the best mixing
efficiency in the 300 RPM group. The results show that the
small impeller has more uniform particle dispersion than larger
impeller at high rotation speed. Nevertheless, larger impellers
can reduce blend time at the same tank size. This is because
larger impellers will provide more turbulence and a higher
pumping rate. However, there are several disadvantages of
the large size. These disadvantages include high rotation speed,
a high D/T ratio, and a high CV distance, all of which cause
vortex formation, liquid/particles splashing, and air bubbles.

5.4. Signal-to-noise ratio

In any DOE methods (e.g., Taguchi method), the signal-to-
noise (S/N) ratio is the indicator used to identify control fac-
tors and measure how response varies relative to the target
value. There are three basics S/N ratio: “smaller is better,”
“larger is better,” and “normal is better,” that can be chosen
for the purpose of design. For examples, “smaller is better”
is used to minimize the response and the occurrences of some

undesirable product characteristics, and “larger is better” is
used to maximize the response. The main goal of using the
DOE in this work is to maximize the mixing efficiency with
low torque. Therefore, “larger is better” is the S/N ratio that
was selected to identify the control factors and define the opti-
mize design of the mixing tank. The “larger is better” S/N
ratio is defined as:

n

S/N = —1010g<2#) (17)

where Y is the response from the system or the mixing effi-
ciency in this study, and » is the number of observations on
the particular product. In order to identify the required torque
to achieve the degree of mixing suspension, the “smaller is bet-
ter” is used to investigate the control factors that result in low
required torque in the system. The ““smaller is better” S/N ratio
is defined as:

¥
S/N = —lOlog(z ) (18)
n

TheS/ N ratios with “lower is better” is used to capture the
required torque to achieve the degree of mixing in the system,
as shown in Fig. 12a. The result shows that the most significant
control factors are the impeller-impeller diameter (D) and rota-
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tion speed (RPM). Interestingly, the impeller-bottom clearance
(0), liquid height (H), and tank diameter (7)) show little impact
on the required torque in the mixing system. Fig. 12b summa-
rizes the mean of signal-to-noise ratios used in this study.
These charts plot theS/N ratios versus the levels of each con-
trol factor. The S/N ratios include all of the response Y (mix-
ing efficiency) for both specific gravities. From these charts, the
most influential control factors are the rotation speed, blade
diameter, impeller-impeller clearance (S) and impeller-bottom
clearance (C). These show that the clearance between both
impellers of contra-rotating impellers needs to be carefully
adjusted. The result shows that the liquid height (H) and tank
diameter (7)) have less impact on the mixing efficiency. How-
ever, the system will have low mixing efficiency if the improper
impellers are installed. The above results also suggest that
appropriate clearance of impellers can prevent vortex forma-
tion and water spillage.

5.5. Design guidelines for pitched-blade contra-rotating impellers
with inward opposing flow

In a laboratory or pilot scale tank, the first parameter to adjust
is the impeller rotation speed, which can change the pumping
capacity, blend time, mass transfer, and shear rates. Uniform

particles dispersion is required for solid-catalyzed reaction
and suspension polymerization, where improper design may
lead to poor mixing efficiency. From the results in Fig. 4a,
our criteria is that if the mixing efficiency is more than 60%
and the torque is lower than 0.1 N.m, the design will be opti-
mized. The result shows that Cases L4, L5, L6, L8, L10, L11,
L19, and L21 have fallen under that optimized criteria. Fur-
ther, case L4 provides the highest mixing efficiency with the
lowest torque. Therefore, Case L4 will be the best deign from
this study. Based on the S/N ratio analysis from Fig. 12 and
considering design parameters to achieve high mixing effi-
ciency with low torque, the suggested range of design parame-
ters are shown in Table 4. The recommended pilot scale mixer
design for solid-liquid mixing with inward flow contra-
rotating, baffle-free impeller is shown in the following lists:

e A cylindrical tank with a round bottom, induces flow pat-
terns responsible for lifting solid up from the bottom and
eliminates the dead zone in bottom corners of a cylindrical
tank with a flat bottom.

e The aspect ratio of the contra-mixed tank is optimized with
a ratio of liquid height to tank diameter (H/T) in the range
of 1 < H/T < 1.35.

e The ratio of the impeller to tank diameter (D/T) should be
in the range of 0.35 < D/T < 0.50.
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(b)

Mean of signal to noise (S/N) ratio with “Larger is better” for optimal mixing efficiency.

(a) Mean of signal to noise (S/N) ratio with “Smaller is better” for optimal torque require to achieve mixing efficiency and (b)
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Table 4 Suggestion range of design parameters to achieve high mixing efficiency with low torque.
Rotation speed Impeller diameter  Impellers clearance Impeller-bottom Tank diameter  Liquid height  Blade
(RPM) (mm) (mm) clearance (mm) (mm) (mm) Number (n)
100 90 100 125 low impact low impact 4
to to to to to
200 150 150 150 6

e The ratio of the liquid coverage above upper impeller to the
liquid height (CV/H) should be in the range of 0.20 < CV/
H < 0.30 to prevent vortex formation at high rotation
speed.

e Baffles are not required for solids suspension operations for
particles that are heavier or lighter than the liquid.

The design guidelines for pitched-blade contra-rotating,
baffle-free impeller with the inward opposing flow was found
in the following configuration: £ ~ 1, 2 ~ 0.38, £ ~ 0.36, 2
~ 1.10, £ = 0.37, and < ~ 0.25.

6. Conclusion

Design of experiment (Taguchi method) yields an outstanding
outcome by optimizing the process design parameters and
reducing the number of experiments through orthogonal
arrays. The S/N ratios can identify the impact of design
parameters on the mixing efficiency and provide the optimum
design of mixer configuration. CFD simulation in parallel with
DOE can optimize processes and increase the quality of prod-
ucts such as the efficiency of a mixing tank. Because conven-
tional experimental design techniques, such as a full factorial
DOE, tend to have drawbacks and limitations, this DOE
approach shows promise as an attractive optimiztion tool for
engineers and scientists.

Mixing design optimization in a pitched-blade contra-
rotating, baffle-free impeller with inward flow can be depend-
ably demonstrated via CFD simulation combined with design
of experiments, image analysis, and S/N ratios. The design-of-
experiments method provides fast-design guidelines and an
optimum mixer design while the S/N ratios can identify the
impact of design parameters on the mixing efficiency. CFD
simulation can yield fundamental understanding and can be
used to better understand solid-liquid mixing characteristics.
In this study, the most influential control factors that affect
the mixing efficiency are the impeller-impeller clearance (S)
and impeller-bottom clearance (C). The effect of torque on
mixing efficiency must also be considered to find the optimal
design of the mixing tank. Based on the overall results, the
optimal design for both specific gravities is Case L4, which
has high mixing efficiency at low torque. Further study of
scale-up factors (i.e., dimensionless ratio of design parameters)
as well as the other flow configurations in contra-rotating
impellers such as outward, down- down, and up-up are likely
to be fruitful.
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