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Towards Multiphase Modeling of
Inhomogeneities in Mixers

Samia Shaikh *and Robert Prosser '

Abstract—This paper is preliminary study to model
flow within a multiphase mixer. This was achieved

2 Experimental and Numerical Studies

by primarily modeling a single liquid, which was val-
idated by a grid independence and experimental PIV
tests. A VOF model was simulated using the same
agitator and vessel. Two modes of motion were found
and the presence of local inhomogeneities through sta-

2.1 Experimental Method

In order to understand flow inhomogeneities, method
must be adopted that allows the velocity mapping of the
mixture non-intrusively. For a dense and opaque mix-

tistical analysis. Further work is required to model
the mixture using Eulerian Multiphase Modeling.
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1 Introduction

Mixing occurs widely throughout different industries,
such as chemical[l], pharmaceuticals[2] and food[3]. It
can occur in just one phase or in many phases. Liquid
mixing is a reasonably well understood and researched
area; solid mixing on the other hand is not very well
understood[4]. One of the main problems encountered
with solid mixing is that of mixture homogeneity. The
problem examined in this paper is based on an industrial
mixing problem. The mixture is composed of many differ-

ture this can be done be either using non-intrusively us-
ing electrical impedance tomography (EIT), electrical re-
sistance tomography (ERT) or gamma ray tracking[4].
Based on the assumption that on a macro scale the lig-
uid mixture will follow the same path as the solid mix-
ture, a liquid system can used in order to map the flow
field of the mixer. This can be done by using a particle
image velocimetry system, which is a non-intrusive mea-
surement method[5]. After obtaining experimental data
from the simple liquid case, the next step is to study the
actual solid mixture. As mentioned earlier this can be
done either using EIT, ERT or gamma ray tracking.

The first step towards understanding solid mixing was to
model the agitator in a simple liquid case. This was done
for two reasons; to validate the numerical calculations
and to identify any problem areas in the mixer, such as
dead spots.

ent constituents; particulates, flakes, fibres and some vis-
cous liquids. The industrial partners current mixer con-
figuration yields inhomogeneities in the mixture, which
in turn is causing some wastage in the end product. The
work presented in this paper is working towards an im-
proved understanding of solid mixing, and to reduce mix-
ture inhomogeneity in an industrial mixer.

Section 2 will examine the experimental method used to
map out the mixer flow pattern and the numerical model
used to model the flow. Section 3 will discuss the conclu-
sions from the numerical and experimental tests. Section
4 discusses the ongoing work.
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Figure 1: PIV system (courtesy of La Vision)

PIV(figure 1) units were supplied by La Vision and TSI.
The PIV supplied was a 2 dimensional unit, which con-
sisted of a class 4 Nd-Yag pulsed laser, a ccd camera
and a data acquistion system. The mixer tank and the
outer holding tank were made of perspex and the agita-
tor was made of aluminium. The model tank was based
on the original mixer configuration; flow conditions and
mixer geometry were determined by dynamic and kine-
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matic similarity calculations. Two blade configurations
were used (figure 2); a simple blade and complex blade

2.2 Numerical Model

system. The complex blade system is mainly of interest
to us in this study.

2.2.1 Case A-Single Liquid Case

If the solid is assumed to be Newtonian and behaves like
a fluid upon agitation, then by using a liquid system the
mixer flow can be mapped out. Although the liquid flow
will not take into consideration the particulate behaviour
and solid mixing behaviour such as segregation[3], it will

Figure 2: (a)Simple blade (b)Complex blade configura-
tion
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Figure 3: Experimental setup

The mixer tank was placed inside the holding tank, and
the holding tank was then filled with glycerol in order to
counter refraction effects (figure 3). The working liquid
used in the mixer consisted of water. The liquid was
initially seeded with fluorescene particles and agitated
with the mixer blade. The flow was illuminated twice by
the laser pulses and the light scattered by the particles
was recorded on a series of frames. The distance travelled
by the particles was determined by evaluating the images,
which was in turn used to determine the velocity field of
the mixture. Once all the data was obtained by the PIV
system, it was analysed by the post processing software
supplied by TSI and La Vision.
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be representative of any dead spots within the mixer
and serve as a precursor to simulations of full multiphase
flows.
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the mixer flow fi lionid case
was modeled using STAR—CD version 3 22 The model
was a laminar flow, this was based on calculation for
Reynolds number[3](equation 1) for the original mixer
and was scaled using dynamic similarity.
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The flow is then divided into three regimes[3][4](table 1),
where;

Region Regime
Re <« 100 Laminar

100 < Re < 10000 | Transitional
Re > 10000 Turbulent

Table 1: Flow regimes

The flow was modeled as a steady state case with a single
rotating frame of reference. A single liquid, namely wa-
ter, was used as the working fluid, rotating at a velocity
of 30 rpm. A third of the geometry has been modeled us-
ing cyclic boundary conditions, based on the assumption
that it is a periodic flow. The initial grid consisted of ap-
proximately 500,000 cells. As the flow was incompressible
the following equations were solved:

Continuity
auj
— =0 2
o 2)
Momentum
ou; ou; 1 8p
— ; =vA 3
ot T dx; ' pox; S rauiE s ®)

Where s; is a user-defined source term. In the case of
this model, s; is the source term due to rotational forces,
where;

(4)

si = f (uk, Wk, k)
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A SIMPLE upwind scheme was used to solve the conser-
vation equations and the convergence criterion was set
at 1 x 1075, The data obtained from the single liquid
case was validated via a grid independence study with a
second grid that consisted of 1.2 million cells. The exper-
imental PIV data was also used to validate the numerical
data. Other parameters such as mixer fill and blade lo-
cation were also investigated.
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Figure 4: (a)Complex blade mesh (b) Complex mesh in-
ternal view

2.2.2 Case B-VOF Case

Once realizable results were obtained from case A, the
new blade geometries were simulated with a binary mix-
ture. The single liquid simulations allowed the flow to
be mapped within the mixer, identifying any dead spots.
The binary mixture will allow us to determine the mixing

Conservation of Momentum

0
ot (ak pruk) + V. (ak prug ux) — V. (g k) (6)

=—arVp+arprg+ M

Conservation of Energy

0
a (ak Pk ek) + V. (Ozk Pk Uk ek) - V. (ak Ak VTk) = Q
(7)

Where aj, is the volume fraction of phase k, pi is the
phase density and uy is the phase velocity. N is the total
number of phases, my; and rhy; are the mass transfer
rates to and from the phase. 74 is the laminar shear
stress, p is the pressure, M is the sum of inter facial forces,
e is the phase enthalpy, \; is the thermal conductivity
and @ is the inter facial heat transfer.

Again a SIMPLE upwind scheme. The solutions con-
verged with residuals of approximately 1 x 107°. The
VOF model solves the conservation equations[6] for each
phase.

As both phases are within the same flow domain, they
will share a common pressure field. However, other prop-
erties such as density, thermal conductivity, velocity and
temperature must be defined. The interaction between
the phases is taken into account by the additional inter-
phase transfer term M in equation 6.

capabilities of the blade configuration allowing us to see
more clearly the true potential of the agitator. For the
binary mixture, water and glycerol were used. Although
both the liquids have roughly the same density, glycerol
is 1000 times more viscous than water. Water and glyc-
erol were used as glycerol is a miscible liquid and would
readily mix with water. By keeping viscosity as the only
variable, we were able to identify the dead spots and the
different modes of rotation.

Having established grid independence, the coarse grid
(500,000 cells) was used as it would converge quicker than
the finer grid. In order to take account of the interaction
between the water and glycerol, a volume of fluid (VOF)
model was introduced|[6].

Continuity

a N
e (ke pr) + V. (ak pr ug) = Z (mgi — i) (5)

i=1
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2.3 Results

2.3.1 Single Liquid Results and Validation

The numerical results from case A showed that most of
the mixing occurs in the blade region and that there was
very little mixing above and below the blade region. From
figure 5 we can see that there are very low velocities above
the blade. In the region next to the shaft the flow is
moving downwards and in the near wall region on the
periphery of the mixing vessel the flow is moving up-
wards. Indicating some kind of toroidal shape. We can
also see the bands of velocity from figure 5, this indicates
that there are concentric cylinders of fluid rotating about
the shaft where no mixing is taking place between these
‘shear’layers.

From figure 6, we can see that there is mixing within
the blade region and virtually no mixing above the blade
region. This is due to the solid body rotation of the bulk
flow above the blade region.

Figure 5 and figure 6 show a good qualitative agreement,
as both sets of data indicate the presence of mixing within
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Where x is the sample concentration of the mixture, =
is the mean concentration and N is the number of sam-
ples. The variance was firstly calculated for the whole
mixing vessel. In an ideal binary mixture, the value of
the variance should be zero[3][4] and thus for a fully seg-
regated mixture the variance will be 0.25. As the level of
mixedness increases the value of the variance decreases.
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Figure 5: U component plot-numerical data
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Figure 7: Overall mixedness
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Figure 6: U component plot-experimental data

the blade region and no mixing above the blade region.
Both plots also show the velocity present in the near wall
region.

2.3.2 VOF Results

As the simulation took a long time to converge, data
points were taken at regular intervals to determine the
level of mixedness in the flow. Figure 7 shows that
the level of mixedness approached zero asymptotically.
The simulation was then stopped at 8 seconds simulation
time, as the value of mixedness had remained the same
for approximately 3 seconds, the VOF case took approx-
imately 4 months to converge. In order to determine the
mixture quality from the VOF calculation, we calculated
the variance for the cells, defined as;
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Figure 8: Zone mixedness

In order to determine where this inhomogeneity was lo-
cated, the mixer was divided into four zones; below the
blade (zone 1), the blade section (zone 2), bulk section
immediately above the blade (zone 3) and the upper bulk
section (zone 4). The variance was calculated for each of
the zones (figure 8). Initially, it may seem that all the
different zones have the same kind of mixedness, and the
inhomogeneity problem may be a global one. However,
on close examination, one can see that the highest vari-
ance is below the blade (zone 1). This is due to a dead
spot under the hub. As the blade is rotating, it will en-
train fluid from all directions, except from under the hub
as there is no movement of the fluid.

The results from the VOF calculation show that there
are two modes of rotation for the fluid; one mode is the
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rotation about the x-axis and the second mode is rotating 4 Work in Progress

around the periphery, creating a toroidal shape. This

can be seen from figures 9(a)-9(d). This toroidal shape 4.1 Eulerian Two Phase Modeling
corresponds to the flow from the single fluid experiments.
From the simulation we can also see an oscillatory motion
of the fluid along the shaft. The time of the oscillation is
related to the position of the upper blade.

The next stage towards understanding solid mixing is to
model the solid particles. Initially there are three options,
Lagrangian Multiphase modeling (LMM), Eulerian Mul-
tiphase modeling (EMM) or Eulerian-Lagrangian Model-

71N ing (ELM). Unfortunately, Lagrangian multiphase mod-
sz eling and Eulerian-Lagrangian modeling would both need
e significant amounts of computing power and storage, as
o T the constitutive equations would be solved for each par-

1.000

ticle. This will form the basis of the next stage of com-
putation.

The Eulerian multiphase model[7][6] can be used to model
two more phases in a single flow domain, where the phase
‘ /J_,x can be solid, liquid or gas. Examples of multiphase flows
- are; atomisation, dispersed flows and fluidised beds.

i -STAR 3.
1-MAR-07 Pro-STAR3Z

SC 1-VOF ) - . . . . . .
e 100 | R vidual inter-penetrating continua, unlike the Lagrangian
LOCAL MX= 1.000 TIME = 2.00005

LOCAL MN= 0.0000 LOCAL MX= 1.

AL e model (where there is one phase is treated as a con-

tinua and the dispersed phase is treated as individual
particles). Like the free surface flow, conservation equa-
tions for mass, energy and momentum are solved for each
phase.
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