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ABSTRACT— The flow behavior of liquid-solid particles in mixing tanks using a modified Rushton impeller, called
a Rushton V-cut impeller, was studied. Both the Rushton and Rushton V-cut impellers were compared at a 300 rpm
stirring speed and a 10 % wt solid concentration. Hydrodynamic behaviors, such as solid volume fraction, velocity,
pressure, and shear stress, in both the Rushton and Rushton V-cut impellers were investigated. Computational fluid
dynamics (CFD) software able to understanding of hydrodynamics of stirring liquids which contain solid particles.
CFD programme was to predict the mixing flow of the highly viscous system. Therefore, the present work was carried
out using CFD software with the Eulerian-Eulerian approach with a turbulent k-& model. The simulation of mixing
tanks was consisted of moving and stationary zones by using moving references frame method or MFR. The results
were observed that Rushton V-cut can dramatically reduce pressure up to 20% and the shear stress up to 64.38%
while keeping the liquid-solid mixing at a considerable degree. Therefore, this design can reduce the power
consumption.
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1. INTRODUCTION

In industrial process engineering, i.e. pharmaceuticals and cosmetics (Blais and Bertrand, 2017), mixing is a unit
operation whereby a heterogeneous physical system is manipulated to make it more homogeneous. Typical examples of
mixing processes in the industry include concrete mixing, where sand, small stones or gravel, and water are mixed to a
homogeneous self-hardening mass, and used in the construction industry. The other classical mixing process is mulling
foundry molding sand, where sand, clay, fine coal dust and water are mixed. Mixing tanks are required to fulfill several
needs, including miscible liquid blending, suspending solid particles in a liquid phase, and the dispersion of gas or
immiscible liquids in a liquid phase. They are also used in many multi-phase systems such as in catalytic reactions,
leaching, and polymerization. These processes are costly and time-consuming, therefore computational fluid dynamics
(CFD) is a powerful technique for analysis and design.

Commercial CFD software can aid in the understanding of the hydrodynamic behavior of stirring liquids which
contain solid particles, such as in drug coating [1], or gas-solid flow, such as in fluid catalytic cracking (FCC) and
combustion processes [2, 3, 4]. This software can also predict the mixing flow of highly viscous systems, such as
fermentation processes [5]. The Eulerian model approach for multiphase flow, or the two-fluid model, is normally used
for predicting the dynamic behavior of the fluid-particle system [6]. The turbulence model, with the k-¢ model, is one of
the most common for simulating flow characteristics and mixing properties for turbulent flow conditions [7, 8]. Impeller
type is significant to mixing behavior because the right flow pattern is critical to achieving the desired result. The blades
or impellers are an important factor to design for solid-liquid mixing [9, 10]. The force is required to induce a moving
blade and then through solid particles mixed with liquid. Moreover, the design of the impeller also affects the mixing
characteristics of the stirring tank. For example, a coaxial mixer consists of an outer anchor and an inner Rushton turbine.
It is suitable for high viscosity or pseudo-plastic mixing, and its large double-blade impeller can achieve a better
micromixing performance [11]. Many studies have used CFD to predict the behavior of liquid-solid systems. Several
studies have been published investigating the hydrodynamics of mixing flow inside stirring tanks using a Rushton
impeller [12, 13]. Most of these reports focused on commercial four and six blades Rushton impellers, while very little
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has been reported on Rushton blades with V-cuts. The major objective of this work is to use simulations to calculate the
effect of stirring liquids containing solid particles, with a Rushton impeller or a Rushton V-cut impeller.

2. MATERIALS AND METHODS

Calculations were carried out using the ANSYS FLUENT 12.1 software on the WATA cluster (The high-performance
computer system at the faculty of engineering at Kasetsart University: IBM xSeries and Blade series HS-22, CPU Intel
Quad-Core Xeon E5540, 2.53 GHz, RAM 8 GB).

2.1 Simulated mixing tank geometry

This work considers the pattern of fluid flow in a 3D oval or elliptical bottom cylinder tank as shown in Figure 1. The
flow of the solid-liquid mixture is calculated and analyzed during the simulation. The geometry of the riser section used
in the present simulation is shown in Figure 2. The simulated mixing tank is 24 cm high and 24 cm in diameter, with four
baffles and two different types of impellers (Rushton and Rushton V-cut). The 3D geometry of the mixing tank with
meshing is generated by a general meshing technique. The overview of the grid system, and the configuration of the
mixing tank, used in this work is shown in Figure 3. This method provides a better resolution of the velocity field near
the wall.
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Figure 1: Geometry of the reactor simulated in this work
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Figure 2: Geometry of (a) and (b) Rushton design, (¢) and (d) Rushton V-cut blade design

Figure 3: Schematic drawing of 3D mixing tank with triangular elements used in the geometry meshing: (a) Rushton and
(b) Rushton V-cut

There are two parts of the geometry, the inner region and the outer region. The inner region is a cylindrical shape that
contains the blade inside. In the simulation, this part is rotated, affecting the outer region. The outer region is the tank
that contains the inner region. The advantage of splitting the mixing tank into two designated regions is that it becomes
easy to select the boundaries in the meshing method. This meshing method is used moving references frame or MRF
[14].

2.2 Modeling the solid-liquid in the mixing tank
The mathematical model used by the simulation is based on a liquid-solid multiphase flow model. The homogeneous

model in Eulerian—Eulerian multiphase flow, as applied to the two-phase liquid-solid flow, is used in this work. This
means that the laws of conservation of mass and momentum are satisfied by each phase individually [15]. Standard
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equations for single-phase flow (mass and momentum conservation equations) were used in the simulation. Considering
the magnitude of the pressure drop across the grid, compressible fluid equations are necessary. Under usual operating
conditions, the flow is found to be turbulent due to the Reynold number equals to 2.03 x 10°. In addition, solid-liquid
mixing is most focused on agitation speed required to suspend the particles in the turbulent regime [16]. Turbulent

stresses are modeled using the K —& model. The dependent variables are solved for each phase separately.

The Eulerian multiphase model allows for the modeling of multiple separate, yet interacting, phases. The phases can
be liquid, gas, or solid, in nearly any combination. A Eulerian treatment is used for each phase, which is in contrast to the
Eulerian-Lagrangian treatment that is used for the discrete phase model. With the Eulerian multiphase model, the number
of secondary phases is limited only by memory requirements and convergence behavior. Any number of secondary
phases can be modeled, provided that sufficient memory is available. For complex multiphase flows, however, the
solution is limited by convergence behavior. The Eulerian multiphase model does not distinguish between fluid-fluid and
fluid-solid (granular) multiphase flows. A granular flow is simply one that involves at least one phase that has been
designated as a granular phase.

2.3 Volume fraction equation

The description of multiphase flow as interpenetrating continua incorporates the concept of phasic volume fractions,
denoted here by a4 Volume fractions represent the space occupied by each phase, and the laws of conservation of mass
and momentum are satisfied by each phase individually. The derivation of the conservation equations can be done by
ensemble averaging the local instantaneous balance for each of the phases. In the simulation, a solid value in volume
fraction is shown, so it must find a relation between the mass of solid and solid volume fraction.

The volume of phase g, Vq, is defined by:

V, = j y @,V 1)
where:
n
a, =1 )
q=1
The effective density of phase q is:
Pq = Py @)

2.4 Conservation Equation

The general conservation equations from which the equations solved by ANSYS FLUENT are derived and presented
in this section, followed by the solved equations.

The continuity of mass for phase q is:
2 8= (&, % )+S
a(aqpq)+V0(aqpq q)—zl:( o —,)+S, (4)
p=.

where z}))q is the velocity of phase q and r&pq characterizes the mass transfer from the p" to g™ phase, and

rﬁﬁp characterizes the mass transfer from phase g to phase p, and it is able to specify these mechanisms separately.

By default, the source term Sg on the right-hand side of Equation (4) is zero, but it can specify a constant or user-defined
mass source for each phase.

The conservation of momentum for phase q yields:
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0 p =
a(aqpql)pq)+V0(aqpquq)=—aqu+V0rq +aqpq8+

vm,q

n ®)
Z(ngq + n&bquq - r&ipgqp) + (ng + r_Qlift,q + rf-) )
p=1
where z:'q is the q™" phase stress-strain tensor:
_ 2
rq=aqu(vgq+v8;)+aq(/1q—§yq)wﬁ (6)

Here y4 and /Iq are the shear and bulk viscosity of phase g, I}—'Jq is an external body force, Ij—'Jlmyq is a lift force, l}—'j,myq isa

virtual mass force, Igpq is an interaction force between phases, and p is the pressure shared by all phases.

b)pq is the interphase velocity, defined as following. If r&pq > 0 (i.e., phase p mass is being transferred to phase q),
L}))pq:gq; if r&pq< 0 (i.e., phase g mass is being transferred to phase p), b’pq: l’))q. Likewise, if rﬁap> 0 then Ugp =
Uy, if rﬂap < 0 then Ugp = Uy Equation 5 must be closed with appropriate expressions for the interphase force I-}ijq.

This force depends on the friction, pressure, cohesion, and other effects, and is subject to the conditions that I-}ijq:
- ﬂfqp and — ﬁqq: 0.

ANSYS FLUENT uses a simple interaction term of the following form:

angpqzzn:qu(Upp_qu) (7

where Ky (= Kgp) is the interphase momentum exchange coefficient

The continuity equation is considered in the conservation of mass. The volume fraction of each phase is calculated from a
continuity equation:

pi(g(aqpq)+v°(aqpng)=Zn:(r&bq — ) ®)

where Prq is the phase reference density, or the volume averaged density of the g™ phase in the solution domain.

2.5 Fluid-Solid Momentum Equations

The system uses a multi-fluid granular model to describe the flow behavior of a fluid-solid mixture. The solid-phase
stresses are derived by making an analogy between the random particle motion arising from particle-particle collisions
and the thermal motion of molecules in a gas, taking into account the inelasticity of the granular phase. As is the case for
a gas, the intensity of the particle velocity fluctuation determines the stresses, viscosity, and pressure of the solid phase.
The kinetic energy associated with the particle velocity fluctuations is represented by a “pseudo-thermal” or granular
temperature which is proportional to the mean square of the random motion of particles.

The conservation of momentum:
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%(asps&) +Ve (aspsgsgs) =—a,Vp+Ver + asp35+
9)

vm,s)

Zn:(Kls(gl _gs)"‘r&sgs _rﬁ‘élgsl)"'('gs + r_glift,s +F

where ps is the s solids pressure, Kis = K is the momentum exchange coefficient between fluid or solid phase | and solid
phase s, N is the total number of phases.

2.5.1  Fluid-Solid Exchange Coefficient

The fluid-solid exchange coefficient Ky is the value to show interphase relation between fluid and solid in a
system, it can be written in the following general form:

i
Ky = LePs (10)

Ts

where f is defined differently for the different exchange-coefficient models (as described below), and 7, the “particulate
relaxation time”, is defined as

2

PsSs

T.=— 11
TV (11)

where d; is the diameter of particles of phase s.

All definitions of f include a drag function (Cp) that is based on the relative Reynolds number (Re;). It is this drag
function that differs among the exchange-coefficient models.

2.5.2  Gidaspow Drag Model

For very dense gas-solid or liquid-solid flows, the Gidaspow correlation is recommended as following:

K OCSOC|/O(|:I|1‘))S _8|| alfz.es

| :% C, a, >08 (12a)

S
S

24

where Cp = [1+0.15(c, Re,) "]

| S

K, =150L“2')"'+1.75

P& |Bs ~ 0| ] <08 (12b)
a,d; d

S
2.5.3  Solid Pressure Forces

Additional solids pressure and solids stress terms are introduced into the solid phase momentum equations to account
for forces due to solid collisions:

0
a(ozS PU.)+Ve(a,(PU,®U,))=-a,VP, —VP, +Ve(a.r,)+S,, + M, (13)
where Pf is the fluid phase pressure.
P is the solids pressure due to inter-particle collisions.
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T is stress tensor due to inter-particle collisions.

Sy describes momentum sources due to external body forces and user defined momentum sources acting
on the solid phase.
M describes interfacial forces acting on the solid phase due to interactions with other phases (e.g. drag).

254  The K=& model

The present work K —& model is employed to carried out in the turbulent flow into CFD model for solid-liquid
phases [17] because the fluid, water, is less viscosity leading to the behavior of fluid as stratified flow. Thus K — &
model is appropriated in this study. K is the turbulence kinetic energy and defined as the variance of the fluctuations in
velocity. & is the turbulence eddy dissipation; the rate at which the velocity fluctuations dissipate.

The k — & model introduces two new variables into the system of equations. The continuity equation is then:
0,
Ep+Vo(pU)=0 (14)

and the momentum equation becomes:

OV '0 (U ©U) =V o (1 VU) = VP +V o (4, VU) +B .

where B is the sum of body forces, i is the effective viscosity accounting for turbulence, and p’ is the modified
pressure given by

p'=p+2 oK 19
3
The k —& model, like the zero equation model, is based on the eddy viscosity concept, so that
Mg = -+ 14 a7
where g, is the turbulence viscosity.

The K —& model assumes that the turbulence viscosity is linked to the turbulence kinetic energy and dissipation via the
relation

k2
M=%ﬂ; (18)

where C , i constant.

The values of K and & come directly from the differential transport equations for the turbulence kinetic energy and
turbulence dissipation rate:

Oy

Q%?2+Vo(puk):V{(ﬂ+1i}Vk}+Pw—p8 (19)
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d(pe)

+Ve(pUs)=Ve (,u+&jvg +E(C81Pk—C€2p8) (20)
o

&

where C,,C,,, 0, and o, are constants. P, is the turbulence production due to viscous and buoyancy forces,
which is modeled using:

P. = ,VU e (VU +VUT)—§v-U(3ytv-u + k) + P, (21)

For incompressible flow, V eU is small and the second term on the right side of Equation (22) does not contribute

significantly to the production. For compressible flow, V eU is only large in regions with high velocity divergence,
such as at shocks.

The term 34 in Equation (22) is based on the “frozen stress” assumption. This prevents the values of K and ¢
becoming too large through shocks, a situation that becomes progressively worse as the mesh is refined at shocks. The
expert parameter compressible turbulence production factor can be used to set the value of the factor in front of 4 , the
default value is 3, as shown.

If the full buoyancy model is being used, the buoyancy production term P, is modeled as:

Hy
P,=—LgeV
kb Prtg Y (22)

If the Boussinesq buoyancy model is being used, it is:

Po = g—; PPy e VT (23)

t
2.55  Meshing and simulation for solid-liquid in mixing tank

The problem is divided into many grids and the calculation of fluid phenomena is carried out it in each grid. This
process is referred to as “meshing”. The Tri-angular element is selected for the geometry meshing. Meshing is an
important step for selecting boundary conditions. The meshing is adjusted to provide a high resolution and generated
using an infrastructure grid, as shown in Figure 3. Over 250,000 elements were used in each mixing tank to calculate the
fluid phenomena. The grids are refined only near the impeller because this work is considered especially for
hydrodynamics near the Rushton. Therefore the refine meshing are the wall is not necessary [18].

The differential equations in the mathematical model have solved on a unit volume basis. Thus, the conservations
need to yield overall possible finite volumes covering the whole problem spaces. This method called finite volume
technique. The differential equation expresses the conservation over infinitesimal control volumes.

The mixing tank is assumed to be symmetric, thus only one-quarter of the reactor is simulated. Calculations using
both constant a solid volume fraction and varying the solid load have been performed. All the models use the following
assumptions: the mixing tank is symmetric and the liquid-solid mixing is the same in every quarter, there are no reactions
occurring in the mixing tank, the mixing tank walls are adiabatic, there is a non-slip condition for all rigid walls, the
temperature in the tank is constant, and the mass is constant both before and after the mixing.

3. RESULTS AND DISCUSSION

Wisarut (2011) was carried out the solid-liquid mixture experiment in mixing vessel 10 L with blade Rushton at a
solid concentration of 1%wt. The liquid and solid phases are water and aluminum oxide (Al,O3), respectively. Stirring
speed is 300 rpm and mixed it until the mixture is well-mixed. The sampling 10 mL of a mixture will take out at 11
points as following Figure. 4. Comparing the results of solid concentration between experiment and simulation were
obtained that the solid concentration of simulation result was almost the same to experimental data as shown in Figure 5.
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Moreover, Figure. 6 showing the contour mixing between experiment and simulation at time 0 to 8 s with the same
condition. The mixing of both methods is closed results. Therefore, the blade Rushton can be selected for as a case study

with blade Rushton V-cut.
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Figure 4: Collecting the position of the sampling
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Figure 5: Simulation versus experimental data at 1%wt solid concentration and 300 rpm of stirring speed in Rushton
blade
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Figure 6: Comparing between experiment and simulation of mixing phenomena of water and Aluminum phases at time 0
to8s

The calculation results for the solid volume fraction, solid velocity profile, pressure profile and shear stress profile are
shown in Figures. 7, 8, 9 and 10, respectively. A comparison of the solid volume fraction distribution of the Rushton and
Rushton V-cut geometries at 300 rpm are shown in Figure 7. These results show that the distribution of the solid volume
fraction was almost the same using both the Rushton and Rushton V-cut geometries. For both geometries, a high solid
volume fraction was observed at the bottom of the tank and the distribution of solid volume fractions decreased slightly
nearer to the container wall. These results show that the solid particles were mixed well and are close to experimental
solid fraction results.
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Figure 4: Simulated solid volume fraction: Rushton versus Rushton V-cut
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@ (b)
Figure 8: Simulated solid velocity profile (m/s): (a) Rushton, (b) Rushton V-cut

Figure 8 shows the results of the calculated solid velocity contours for the Rushton and Ruston V-cut geometries at
300 rpm. These results show that in both geometries, the velocity contours were almost the same. Low and high
velocities were observed near the wall and blade regions, respectively.

The comparison of pressure contours in a mixing tank for the Rushton and Rushton V-cut geometries at 300 rpm are
shown in Figure 9. High pressure was observed at the blades and baffles for both geometries. However, the pressure of
378.9 Pa at the Rushton V-cut blade was less than that for the Rushton blade of 473.7 Pa due to the cut in the blade at the
high-pressure region. This has the effect of reducing the pressure in the tank. The benefit of pressure decreasing can be
reduced the power consumption. The blades are cut in the region in which high pressure and high shear stress occur.
Figure 10 shows that shear stress at blades is reduced from 0.235 Pa to 0.03789 Pa when the shape is changed from the
Rushton to the Rushton V-cut blade.

I —

0.080 (m)

0.02

@) (b)
Figure 9: Pressure profile (Pascal) in simulation: (a) Rushton, (b) Rushton V-cut
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Figure 10: Shear stress (Pascal) in simulation: (a) Rushton, (b) Rushton V-cut

4. CONCLUSIONS

The blades designed for this system are a development on the Rushton blades. The Rushton V-cut blades are made by
cutting a standard Rushton blade in the area that generates high pressure, or at the middle of the blades. This type of
blade is called Rushton V-cut. Hydrodynamic simulations of solid dispersion were done in the mixing tank using ANSY'S
and the k-¢ turbulent model. For both geometries, a low solid volume fraction was observed near the wall of the tank and
a high solid volume fraction was observed near the bottom of the tank. These results show that the solid was mixed well,
and are close to experimental results. The velocity contours of both geometries were almost the same. Low and high
velocities were observed near the wall and blade regions, respectively. The simulated pressure profiles and shear stress
profiles of the Rushton V-cut impeller were compared. The Rushton V-cut impeller can mix as well as the Rushton
impeller. Moreover, at the Rushton V-cut blade, the pressure of 378.9 Pa was less than the Rushton blade of 473.7 Pa due
to the cut in the blade at the high-pressure region with percent different of 20.01%. This has the effect of reducing the
pressure in the tank. The blades are cut in the region in which high pressure and high shear stress occur. At blades, shear
stress is reduced from 0.235 Pa to 378.9 Pa when the shape is changed from the Rushton to the Rushton V-cut blade. The
percent difference is 64.38% The benefit of pressure and shear stress decreasing can be reduced the power consumption.
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