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Abstract

Prediction of flow and mixing of powders is a difficult challenge that has not been solved yet. Different numerical
methods have been used to find the solution to the mathematical models proposed, but there are no experiments to
compare and validate the results. The method with the best approximation is the discrete element method (DEM).
However, this method requires a high computational power. In this article, it was made a comparison between the
experimental results obtained when mixing two powders in an oscillatory low shear mixing device, and the 3D simulation
of the same equipment using liquids with the help of a commercial software of computational fluids dynamics, CFD.
Experiments at different wall velocities and wall displacements were run. Results reveal that the mixing in solids and
liquids present lots of similarities when working at low velocity. This velocity lets solids to stay in frictional regime and
liquids in the laminar regime. A zone of no mixing at the bottom of the mixing cavity is presented in liquids which is
similar to the triangular pattern of no mixing found in solids. The height of the no mixing zone depends on the time of
mixing, and the displacement and velocity of the walls. Under laminar regime conditions, the Navier Stokes equations

can be applied to the powders because the velocity profiles obtained are similar.
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1. Introduction

In the last two decades, the exponential growth of
technology and the increase in computer performance for the
resolution of complex simulations that are close to reality
have allowed industries to create more profitable processes
with high quality in the final product. An example is the
powder mixing process, which is a very important step in the
pharmaceutical and food industries, where uniform mixing
and low wvariability must be guaranteed [1, 2]. Many
companies use empirical or heuristic approaches to estimate
critical variables of their processes based on the analysis of
the product at the end of the production lines. However,
these industries aim to optimize these bottlenecks using
more reliable procedures [3]. There are two ways in which
powder mixing can be optimized. One is the use of sensors
inside the mixers, such as special cameras that use near
infrared or NIR spectroscopy [3-5] to detect the final point
of the mixture. The other is trying to predict the behavior of
powder flow using simulation with discrete element methods
(DEM) [6-8] or continuous mechanics [9-11] to determine
the necessary conditions that lead to the best mixing in the
shortest time. When performing simulations with continuous
media, many authors use constitutive equations based on the
way they link the stress tensor and the rate of deformation.
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However, there is a great difference between the mixing of
liquids and powders. The transport properties and the
transfer of momentum in liquids are isotropic, and in
powders, they are not isotropic [12-14].

In this research, it was done a series of mixing
simulations of two liquids with similar physical properties,
such as density and viscosity. Then, these simulations were
compared to an experimental work where two non-cohesive
powders were mixed easily with the application of shear
stress [15, 16]. It was done with the purpose of comparing
the same process in two different states of matter and see the
advantages and disadvantages of each one. It was analyzed
the differences and similarities of the velocity profiles and
the mass fractions. The comparison lets to know whether the
equation of continuity can be used in granular materials to
predict mixing of powders or not.

2. Methodology

2.1. Geometry and system properties

The geometry of the system used in this computational work
is shown in Fig. 1. It consists of a cuboid, where the length
(L) is 22.86 cm, the thickness (W) is 2.79 cm and a height
(H) is 5.08 cm.

This mixer works by the movement of two rough
movable parallel walls. The movable walls are located, one
in the ZX plane at Y=0cm and the other at Y=2.79cm. These
walls move using the following periodic function:
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The initial separation of the liquids in the mixing process
is shown in Fig. 2.
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Fig. 1. (a) Diagram of the mixing system, (b) dimensions of the mixer
cavity

Fig. 2. Initial separation of the liquids before mixing

Regarding the properties of the two liquids, these are
similar to the experiments with the mixing of powders, so it
was used two Newtonian liquids with a density of 1400
Kg/m3, viscosity of 1000 cP and binary diffusivity of 10°®
m’/s [17]. It was used red and blue color to differentiate
between the two liquids.

2.2. Mathematical modeling

To perform the simulation in an unsteady state and make an
approximation to reality, it was used the momentum
transport  equation with the continuity equation
corresponding to the system, see equations 2 to 7 [18].

2.2.1. Continuity equation

In this system, it was used the equation of continuity, Eq. 2.

a .

L+ V(D) = Sp )
Where V (p¥) is the density divergence of matter flow

per unit volume, and S,,, is the mass added to the continuous

phase from a second external dispersed phase, which is zero

for this case. Eq. 2, is applicable only for one fluid,

therefore, this equation must be modified so that it can be

used for a number of components (NC), see Eq. 3.

9 - =
o5 YD)+ V(pvY) = —V]; +R; + S 3)

where Y; is the mass fraction of component i, —V]: is the
divergence of the diffusion flux of component i, R; is the
rate of formation of component i, and S; is the addition of
component i from another external dispersed phase.

The last two terms of Eq. 3 are equal to zero, therefore:
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The term D;,,, corresponds to the diffusivity of
component i in the mixture:

1-Y;
ZNC

(&)

Di,m (5)

j=1,j%i

The term on the right of Eq. 4 that corresponds to the
thermal diffusion (Soret effect) is zero for our isothermal
system. It is important to note that Eq. 4 refers to the balance
of components and Eq. 2 to the global balance of matter for
the control volume.

2.2.2. Momentum balance

In the simulations it was used the equation of motion, see

Eq. 6:

%(p?}’) +V(pTV) = VP + Vi+ pg+F (6)
Where V (pv¥) is the divergence of the momentum

generated by the convective motion per unit volume, VP is

the pressure applied to the system, pg is the force of

gravity, F is the external force applied to the control volume
element and Vt is the divergence of the momentum
generated by viscous effects or shear stresses per unit
volume, see Eq. 7:

Vi=p |5+ V) - 2vl| )
Where “I” is the unitary tensor, and the last term on the

right represents the dilatational viscosity of the fluid, which
is negligible for Newtonian liquids.

2.2.3. Simulation

For the simulation, a commercial computational fluid
mechanics software was used with a mesh-shaped with
cubes of side 0.2325 cm generating 29601 nodes for the
system, as shown in Fig. 3. The method for solving the
differential equations was the finite volume method PISO
(Pressure Implicit with Splitting of Operators) [19], where
the iteration time step was 0.01s. This time was a result of
the simulation because the software performs the necessary
number of iterations until all the convergence criteria are
met, e.g., the sum of the absolute residuals is less than the
specified tolerances (usually values between 107 to 10'6).

Mesh of the mixer

Fig. 3.
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Fig. 1 was drawn in AutoCAD and imported to the CFD
software. Each part of the mixer shown in Fig. 1 was
imported separately so that the boundary conditions were
given considering each part. The operating conditions of the
system are (A) amplitude of displacement of the walls of
11.43cm, 22.86 cm and 34.29 cm, and wall velocities 13
cm/s, 16 cm/s, and 66 cm/s. The duration of each oscillation
(round trip) is shown in Tab. 1. The given friction at the top
(contact air/liquid) was zero.

Table 1. Wall oscillation times

Amplitude, cm Wall velocity, cm/s
13 16 66
11,43 1,76 1,43 0,35
22,86 3,52 2,86 0,69
34,29 5,28 4,29 1,04

The simulations were run at a temperature of 25°C and
pressure of 101.32 kPa. For boundary conditions, two
parallel walls move with the periodic function shown in Eq.

wWW=4.6657 A=1143cm vwW =466 s

A=2286cm

1. The three other surfaces are motionless walls, and the top
of the cuboid is open and in contact with the air.

3. Results

Fig. 4 and 5 are a sample of the velocity profiles with the use
of the ratio wall velocity to the thickness of the mixer v/W.
The planes of reference are plane XY at z =2.54cm (Fig. 4)
and plane ZY at x=11.43cm (Fig. 5). In Fig. 5 and 6 the red
color is the maximum velocity value (given by the variable
v/W), and the blue color correspond to the minimum 0 cm/s.
For the value v/W=4.66 s at any of the three amplitudes,
the red color represents 13 cm/s, while for v/W=23.66 s the
color on the wall represents 66 cm/s.

It can be seen that all the liquid velocity profiles have the
same pattern regardless of the amplitude or the wall velocity.
The profiles that look different are due to the change in the
direction of the oscillating walls.

wW=4.66s57 A4=34.29cm
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Fig. 4. Liquid velocity profiles - plane XY @ z = 2.54 cm at different amplitudes
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Fig. 5. Liquid velocity profiles - plane YZ at x = 11.43 cm for different wall amplitudes

All the profiles present a tendency of zero velocity in the
center. It happens because of the high viscosity of the liquids
and the low velocity of the walls, indicating that the system
is in a laminar regime. Fig. 6 and 7 shows the variation of
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the Reynolds number which is in the range (1.979 -
0.003563). It is an evidence that the system is in the laminar
regime.
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Fig. 6. Reynolds number - plane XY at z = 2.54cm, v/W = 23.66 s,
A=34.29cm, t=4s

7. Reynolds number -plane XY at z=2.54cm, v/W=4.66 s,

Fig.
A=11.43cm, t = 30s

Comparing the simulations with the experimental part of
mixing solids, it can be seen that the frictional regime in
solids is the equivalent to the laminar regime in liquids.
Although the average size of a solid is controlled at the time
of mixing, these microscopically will never have the same
shape and will not be organized in any specific pattern when
the particles agglomerate in a container. By applying shear
stress, the powders not only move in the direction where the
shear is given as liquids do but also, they can move in all
directions. Due to this phenomenon, the transport properties
of the powder change with the time and distance causing the
mixture in a shorter time interval.

Although liquid mixing is somewhat different to solid
mixing, they have some similarities in their velocity profiles.
Fig. 8 shows the solid mixing profile in the plane YZ. It can
be seen a triangle in the center of the plane indicating the
zone of no mixing which grows from the top to bottom [15,
16]. It happens because of the non-isotropy condition of the
powders which allows changes in the bulk density from the
wall to the center of the cavity, making possible the mixing
in this area forming a triangle shape. In liquids, this situation
does not happen because they have the same density.
However, they have an importantparameter, the diffusion,
which makes the liquid to mix completely despite the zero
velocity in the center of the cavity.

,. G RS 5%

o %,Aj o

Fig. 8. Solid mixing profile in the vertical layer at t = 60s, using the
oscillating powder mixer a) v/W=4.66s", A=22.86cm, b) v/W=4.66s",
A=34.29cm.

In the process of liquid mixing as presented in Fig. 9a
and 9b, the mixture is given from top to bottom similar to
the solid mixing. The red color symbolizes a mass fraction
value of 1 for component 1, and the blue color symbolizes a
mass fraction value of 0 for component 1. Green color
indicates total mixing. The mixing profiles in the planes XY
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and YZ are similar for both liquids and solids, which means
that the equations used to predict the velocity profile in
liquids can be used to predict solids as well. Some
parameters have to be adjusted to have a good precision.
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Fig. 9. Liquid mixing profile a) Plane XY at z = 2.54cm,
v/IW=4.65s", A=11.43cm b) Plane YZ at x= 11.43cm, v/W
=4.655s",A=11.43 cm.

It can be taken the height of the zone of no mixing in
plane YZ (Fig. 8 and 9b) with the specific time to predict
mixing time in liquids and solids. Then, a data regression
must be done, height vs. time. The corresponding data is
shown in Fig. 10a and 10b. The lower the height, the higher
the mixing. It can be adjusted the data to an equation of the
form H=C,’ + C;t + Cy, where  is the time in seconds.
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Fig. 10. Height of the no mixing zone for liquids vs. time, a) v/W=4.66
s'b) v/IW=23.66 5"

Fig. 10 a and b follows the same pattern. However, the
total mixing time is lower for high velocities than for low
velocities. A height of 2 cm is achieved in 5s when working
with (v/W=13.66 s™) and 50s for (v/W=4.66 s) at any wall
amplitude. However, it can be seen in the same Fig. that the
higher the amplitude, the lower the height.

4. Conclusions

The comparative study of mixing two different liquids using
3D simulation in a CFD software with an experimental part
of mixing two solids in an oscillating shear mixer was done.

The comparison of the mixing process shares many
similarities such as the mixing pattern which happens from
the top to the bottom of the mixer.

The velocity profile obtained at the top of the mixer that
causes the best and fastest mixing happens due to the non-
friction given by the air.

Under the same conditions of wall velocity, it was
obtained a laminar regime in liquids, and the frictional
regime in powders. In liquids, the high value of the viscosity
and the low working wall velocity causes a low mixing
which is improved with the help of the diffusion until
reaching a homogeneous mixture. On the other hand, the
non-isotropy of the powders makes them behave chaotically
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when applying small shear forces with the movable walls
producing an increase in the porosity of the granular material
causing a better powder distribution resulting in a high
mixing. The absence of a diffusion mechanism is
counteracted with the dispersion of particles due to the
increment in the bulk porosity. A zone of no mixing is
obtained in liquid and solids, which decreases as the time go
on. Under laminar regime conditions, the Navier Stokes
equations can be applied to the powders because the velocity
profiles obtained are similar.
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