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Abstract: Numerical investigations were conducted on the mixing efficiency of resonant acoustic
mixing (RAM) technology using a high-viscosity mixture under vertically forced vibrations. The
density distribution was analyzed for a mixture of high-melting explosive (HMX) and trinitrotoluene
(TNT). The effects of mixing time, amplitude, frequency, fill level, and mixing vessel geometry were
evaluated to determine their influence on the blend homogeneity and the efficiency of the mixing
process. The results showed that amplitude and frequency both have significant influences on the
mixing efficiency of the RAM process. With higher values of amplitude and frequency, the mixing
efficiency was very good, and uniform mixing was achieved in a much shorter time. At the same time,
it was seen that geometric changes did not affect the mixing process; in contrast, varying the fill level
did have a significant effect. This approach could potentially be used for pharmaceutical blending,
cosmetics, and explosive applications, where only small quantities of active particle ingredients
(APIs) can change the behavior of the mixture.

Keywords: resonant acoustic mixing; high-viscosity mixture; parametric analysis; computational
fluid dynamics; mixing time; frequency; amplitude

1. Introduction

The modern process of mixing goes back to the 1950s, with significant contributions
from Gray and Uhl (1966) and Nagata (1975). Over the past 30 years, many engineering
principles have been developed, and mixing equipment for specific desired processes and
objectives has been designed [1]. Nowadays, the characteristics of powdered products
are becoming more and more complex. In some products, a mixture of up to 20 powder
ingredients is necessary [2]. For example, in the pharmaceutical industry, around 80% of
all finished products are solid dosage forms made from powder blends; however, despite
active research, mixing is still not a well-understood process [3,4]. An inefficient mixing
process takes more time to combine the ingredients, which increases the cost, resulting
in a high price of the final product [5]. Therefore, new tools that can improve mixing
performance have received significant interest, especially for processes that involve highly
potent and cohesive ingredients [6]. Resonant acoustic mixing (RAM) has been shown
to reduce processing times and cost and has limited environmental impact. It is a non-
contact, forced vibrational mixing process which applies high-intensity acoustic waves to
achieve highly efficient particle collisions [7]. RAM is a widely used technique for mixing
in a vertically vibrated mixing vessel on a shaker platform. It has already shown great
potential in the concrete [8], pharmaceutical [9], and food [10] industries. RAM is based
on the principle of a vertical forced vibrational system that creates micro-mixing zones
throughout the entire mixing vessel. Instead of mixing blades, the apparatus consists of a
spring-mounted platform to which a mixing vessel is affixed [11]. This approach is totally
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different from conventional techniques, where mixing takes place at the tip of impeller
blades, at discrete locations of baffles, or as co-mingling products induced by tumbling
materials. In RAM mixing, there are no shearing interactions with the material, and hence,
it can be said that RAM achieves uniform energy distribution [12-14].

Zhan et al. [15] investigated the mixing performance of vertically forced vibrations
with two high-viscosity fluids and analyzed the dynamics and flow characteristics of ini-
tially stratified fluids and the main effects of the vibration parameters on the blending
process. They also applied a validated CFD model to study the mixing characteristics of
two miscible fluids in a horizontally vibrated, closed container [16] and analyzed the flow
characteristics and interfacial dynamics of the initially stratified fluids, as well as the effects
of the vibrational parameters and gravity on mixing efficiency. Cheng, Wangjian et al. [17]
prepared a 90% solid polymer-bonded explosive (PBX) using RAM and studied the evolu-
tion of the applied materials with different mixing vessels, accelerations, and times. The
application of vibrations to fluid systems with density gradients is receiving increased
attention from the research community. The dynamic behavior of the surfaces of liquid
and gas phases have been broadly studied theoretically as well as experimentally [18,19].
The hydrodynamic mechanism underlying the disintegration and drop formation on the
free surface in a vertically vibrated container has also been investigated [20,21]. RAM
technology is suitable for use with many types of materials, such as solid-solid, solid—
liquid, liquid-liquid, and liquid-gas systems [22]. This technique can be utilized to mix
low-viscosity, high-viscosity, and non-Newtonian systems. This new approach provides
faster, more uniform mixing throughout the vessel than conventional mixing systems.
Efficiently achieving the processing objectives is important to successfully manufacture a
product. When working with highly viscous fluids, effective mixing performance cannot
be achieved by simply applying deformation to the free surface [15]. However, when the
intensity of vibrations increases, the free surface and the interface disintegrate, greatly
enhancing the mixing efficiency and accelerating fluid mixing. The costs of manufacturing
may be increased significantly if the mixing scale-up fails to produce the required product
yield, quality, or physical attributes, and more importantly, the release of new products
may be delayed or even canceled in view of the cost and time required to correct the
problems in the mixing process [1]. Hashimoto and Sudo [23] studied the dynamic behav-
iors of two liquids with different densities and free surfaces in a container under vertical
vibrations and analyzed the stabilities of the surface and the interface between the two
liquids. These findings provide fundamental theories and methods for characterizing fluid
mixing in vertically vibrated containers. The mixing performance of RAM technology with
ultra-high-performance concrete (UHPC) was investigated by Aileen Vandenberg et al. [8].
Parameters such as specific mixing energy were optimized, workability spread flow tests
were performed, and acceleration curve profiles were created, allowing the authors to
compare the performance of RAM with that of a tabletop paddle mixer in terms of the
compressive and flexural strength properties as well as the effects of the mixing process
on workability and flow. The main focus of their research was to mix UHPC using a
recently developed mixing technique called resonant acoustic mixing. This approach is
based on the vertical reciprocating movement of a spring, which creates short-amplitude,
high-frequency (up to 60 Hz) acoustic pressure waves that induce micro-mixing zones and
bulk movements [24-26] in the materials to be mixed. The Discrete Element Method (DEM)
is a popular simulation technique in a study on particle flow behavior under vibration
conditions [27]. In an experimental study, a Lab-RAM approach was used to mix several
pharmaceutical blends [2] of active pharmaceutical ingredients (APIs) with different co-
hesive properties, concentrations, and particle sizes. The authors sought to determine the
effects of different mixing parameters, such as fill level, acceleration, and blending time,
on the homogeneity of the blend by estimating the relative standard deviation (RSD) of
low concentrations of APIs and lubricant blends. Pahl and Wittreck [28] suggested a 3D
vibration mixing technique and established its suitability for mixing of solids and liquids.
Yang [29] investigated the mixing and segregation of a binary granular mixture under
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vertical vibration at a frequency of 15 Hz. Katayama et al. [30] performed a numerical
simulation to study two-component powder mixing by vertical vibration. The results from
the experiments indicated that improved mixing performance was achieved by the reso-
nant acoustic mixer with longer blending times and with higher accelerations. Opposite to
other types of mixers, such as tumbling mixers or shear mixers, mixing performance was
found to be independent of fill level. The process was further examined for pharmaceutical
blends and tablets [31] to determine changes and their effect on the bulk properties of
the products; and the authors found that, overall, the bulk properties were significantly
affected by acceleration, blending time, and total energy input. These measured properties
were correlated to the resonant acoustic mixing parameters.

Contrary to traditional mixing equipment, such as batch style mixers, kettles, tumblers,
and extruders, which mainly relies on stirring to achieve the purpose of mixing and has
been thoroughly studied widely, mixing through resonant acoustic technique is yet to be
explored widely. The previous studies have mainly focused on low-viscosity mixtures
rather than the high-viscosity ones, which have different mixing mechanisms. The major
problems and their effects on the mixing process, such as the frictional collision between
the mixing element and the mixing vessel and excessive mixing pressure; the making of
agglomeration which leads to the need for longer time for loading and unloading; and
the production of hazardous wastes, which impose serious risk to the health and safety of
workers, have been rarely investigated. Data on the dynamic behaviors of a material in a
mixing vessel vibrated vertically are also insufficient, and the effects of different parametric
factors need to be clarified. Therefore, additional studies should focus on the mechanism of
vibration mixing through RAM mechanism to promote its application for high-viscosity
mixtures. This study was performed to explore numerically the mechanism of resonant
acoustic mixing (RAM) technology for high-viscosity materials, and to analyze the effects
of different parametric factors because it is very difficult mix high-viscosity materials in
traditional mixers homogeneously and efficiently.

2. Materials and Mixing Methods
2.1. Properties of Materials

Commercially available high-melting explosive (HMX) and trinitrotoluene (TNT)
were used as the mixing ingredients in all mixtures. HMX when mixed with TNT, which
is referred to as “octols”, is used in melt-cast-able explosives [32]. Similarly, TNT is a
chemical compound used as a reagent in chemical synthesis, but it is best known as an
explosive material with convenient handling properties. TNT have the fastest dissolution
rate followed by HMX and then RDX (Royal Demolition Explosive) [33]. The properties
used in Fluent for the HMX (referred to as the solid material) and TNT (referred to as the
liquid material) in this work were taken from [34,35], which are shown in Table 1.

Table 1. Physical and mechanical properties of the mixing materials.

Material Property HMX TNT
Density 1960 kg/m3 1650 kg/m?
Viscosity 7.5 kg/m-sec 7.5 kg/m-sec
Phase change temperature 441 °K 350 °K
Thermal conductivity 0.51 W-m1K~! 0.26 W-m 1K1
Detonation velocity 9100 m/sec 6900 m/sec
Melting point 549 to 559 °K 353.50 °K

2.2. Mix Compositions

The density distribution of the mixture of HMX and TNT with a particle diameter of
100 nanometer (nm) for up to 120 s vibration was simulated. The volume fraction of the
HMX was set to 19%, whereas the volume fraction of TNT was set to be 81% in all mixtures.
Density difference was considered as the standard for uniform mixing. A density difference
less than or equal to 0.5 kg/m3 was considered as uniform mixing.
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2.3. The RAM Setup

The working principles of RAM are explained in more detail in [36,37]. The RAM
system consists of three elements: a mass system, a spring assembly, and a loaded mixing
vessel as shown in Figure 1. A motor is responsible for fixing the mixing media to a
reciprocating agitation movement controlled by the spring assembly [10]. Resonance occurs
in the system when the spring’s stored forces and the mass’s inertial forces become equal
to each other. That resonance translates to the mixing media with a short amplitude and a
high frequency as a longitudinal acoustic wave. Acceleration is generated by the vertical
motion of the RAM. This vertical, sinusoidal motion operates at a frequency between 58
and 62 Hz and at a peak displacement of up to 0.55 inch (approx. 14 mm) when operated
at 100 g, while some investigations have shown that RAM does not use direct acoustic
excitation to affect mixing [38]. Rather, it functions more similarly to a shaker table, where
the mixing vessel vibrates vertically at a frequency near 60 Hz with a vertical displacement
that may exceed an amplitude of about 1 inch [5,39].

T F Input Force
0

(Intensity)

Inertial

Forces Mass ix

Damping Force
Stored %k tj C  (Mixing)
Forces

SIS ﬁ
Figure 1. Schematic diagram of the RAM System (Simple Mass-Spring-Damper System).

This low-frequency vibration with displacement creates a physical mixing. This
condition of the system is proven over a range of frequencies that permits a balance
between the kinetic energy of the springs and potential energy of the oscillating plates of
the resonator platform (Figure 2). When the system operates at resonance, virtually all the
energy from the system motors is applied directly to the materials being mixed, resulting
in a highly energy-efficient system [40].

Closed Vessel

Filled Area

f Bulk Flow/
Mixing Zones
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Multiple Micro Mixing Zones
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Figure 2. RAM mixing mechanism and mix material motion schematic.
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The governing equation, which shows the overall behavior of this vibrational system,
consists of the inputs to the system (such as externally applied forces through the motor
to give excitation to the system), and outputs (such as forces which are stored by the
system in the shape inertia and stiffness). For a simple vibrational system having the
mass-spring-damper model, the equation of motion is described in [36] as follows:

mi(t) + cx(t) + kx(t) = Fy sin(wft> 1)

which is a second-order differential equation in which the left-hand side represents the
“system forces” in terms of inertial forces “m” (vessel’s mass), mixing forces “c” (damping
coefficient), and stored forces “k” (spring constant), and the right-hand side of the equation

represents the “input forces” Fy and sin (w ft) , where F is the amplitude of the excitation,

and sin (w ft> is the harmonic function where w is the excitation frequency in radians
per second.

Equation (1) represents forced-damped mechanical vibration system, where at reso-
nance, the inertial forces cancel out the stored forces. The response of the system has two
directions, in the X direction and in the Y direction. For the displacement in both directions,
the response of the system is shown in the following equations:

x(t) = Fycos (wft) )

y(t) = Fysin (wft) (3)

Solving Equations (2) and (3), respectively, the response will be converted to the
velocity of the system and we obtain Equations (4) and (5), respectively.

x(t) = —Fywsin (wft) 4)

y(t) = Fycos (wft) (5)

Similarly, for acceleration, we obtain Equation (6):
#(t) = —Aw?Acos (wft) ®)

where “A” denotes the peak amplitude to the driving force with respect to the starting
center point, which is directly related to the driving force but inversely related to the
damping coefficient. Equation (4) shows that the acceleration is linearly related to the
amplitude. Therefore, if the mechanical system is in resonance which means wy ~ wy, the
percentage mixing intensity directly relates to the acceleration of the material.

2.4. Numerical Simulations

As the focus of this study was on the physical understanding of mixing, a 3D cylin-
drical flow field area model having a diameter of 150 mm and 200 mm in height was
established. Figure 3 illustrates the computational fluid domain and its meshing.
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Mesh Perameters

Mesh Type: Structured Hexahedrel
Elements: 18,630

Nodes: 19,840

Max. Skewness: 0.4392

Max. Aspect Ratio: 58.21

Min. Element quality: 0.0144

Min. Orthogonal quality: 0.6279

w,ag—g—ﬁA
0

1T

i

Figure 3. Three-dimensional computational geometry with hexahedral mesh.

According to the model of the mixing vessel, the three-dimensional structured flow
field area with 18,630 hexahedral cells and 54,729 quadrilateral interior faces was established
and gravity was considered. The moving mesh model was used to simulate the problem
that the shape of the flow field changes over time due to boundary motion. With the local
reconstruction of the mesh regeneration method, the mesh update process is automatically
generated by Fluent according to the boundary changes in each iteration step.

The flow was assumed to be laminar, incompressible, and isothermal, and the mixing
was assumed to involve no chemical reactions. In this study, a mixture model with two
Eulerian phases, slip velocity, and implicit body force was used to describe the process.
The mixture model was chosen to track and locate the free surface between two phases.
This model was employed by Keller et al. [41] in their study on the interface breakup and
by Bale et al. [42] in their study on the stability of the free surface in a vibrated column.
The walls of the vessel were defined as rigid-body with an implicit body force and slip
velocity condition. Simplec was selected for the solution method algorithm because it
shows optimized response among the other solver setup algorithms in Fluent. The interface
modeling was set to sharp/dispersed and the number of Eulerian phases was set to 2 as
there were two phases that interacted with each other. The region was created according to
the specified fill level (30%, 60%, and 90%) for mixing, and then the materials (HMX and
TNT) were assigned to the mixing regions.

When writing a profile, discrete points were used to specify the sinusoidal motion of
the boundary. MATLAB was used to compile discrete points that satisfy the sinusoidal mo-
tion, control the time interval to 0.001 s, frequency to 20~60 Hz, amplitude to 0.001~0.005 m
(1 mm to 5 mm), and total time to 60 to 120 s, and the discrete points were imported into
the “prof” file in Fluent. After debugging, a discrete point with a time interval of 0.001 s
was generated, which can simulate a sinusoidal motion curve, as shown in Figure 4.

According to the results of the numerical simulation, the above method was proven to
be feasible. From the simulations, plots at different time points at the centerline of geometry
(known as centroids) were obtained from the geometric model, which makes a vertical
straight line across the center of the mixing vessel.
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Figure 4. Sinusoidal motion curve produced by MATLAB.

The impact of the number of elements on a problem’s solution is a key issue when
applying the finite element approach. The high degree of resolution and accuracy offered
by a large number of elements must be balanced against the higher computational expense
required to run a larger simulation [43]. The user must assess the required degree of resolu-
tion and balance it with the processing resources at hand. Therefore, a mesh independence
test and grid convergence study was performed to confirm whether the solution was grid
independent. The criterion of the vertical velocities along the vertical centerline (at the
Y-coordinate) and the pressure along the walls of the mixing vessel at 0.2 s were drawn that
were subjected to the vibration with the increasing number of grids. Five mesh sizes were
investigated, as shown in Figure 5. The minimum element quality of the meshes was 0.030,
0.021, 0.014, 0.011, and 0.008, respectively.

18- —s— Mesh 1| —=— Mesh 1
—+— Mesh 2| £ —a— Mesh 2
_ —+— Mesh 3| = 100000 - —+—Mesh 3
1.6 1 —r—Mesh 4| = —v— Mesh 4
4 Mesh 5| = Mesh &
-§1.4- 2 50000+
o =
8 2
= o * o f
21.24 8 0l ¥
S 1.0 " ||
+] @ -50000 | Yol
:E L u_ LK} 'I' 1 f L
£08- | g P 8 4
v g -100000 - a B
0.6 T T T L-4 T T T T T
010 0.15 0.20 0.00 0.05 0.10 0.15 020
Y-Coordinate (m) Time (sec)

Figure 5. Mesh independence test for different meshes.

As a result, the whole computational domain was composed of approximately 13,662,
16,146, 18,630, 23,725, and 27,972 hexahedral cells, respectively. Maximum skewness and
maximum aspect ratio are the critical quality parameters of the mesh to achieve convergence
of solution [44]. The results for the vertical velocity and the pressure along the walls were
almost similar for all five meshes with very minor changes in the mesh parameters; however,
fast convergence rate was obtained on mesh 3. The numerical convergence can significantly
slow down the CFD analysis’s time frame depending on the size of the computational
mesh [45]. Thus, reasonable accuracy could be reached with mesh 3. Therefore, mesh 3
was chosen for the process simulations. To compare the results of all modules, simulations
were performed until the flow field reached an equilibrium state. Equilibrium state was
defined as the condition where the density difference reached 0.5 kg/m? in a given time.
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3. Results and Discussions
3.1. Mechanism of Vertically Vibrated RAM Process

At the time t = 0 s, where the mixture was at rest, the vibration was initiated. After
the vibration started in the vessel, different flow regimes were observed depending on the
vibration intensity. The fluid mixing curves are displayed separately in Figure 6. The time
needed to achieve full mixing is dependent on the vibrational parameters (frequency and
amplitude). Thus, it is important to determine the effects of vibrational parameters in the
RAM mixing. Therefore, simulations were performed with different values of amplitude
(I mm, 3 mm, and 5 mm) as well frequency (20 Hz, 40 Hz, and 60 Hz). Other simulations
were obtained by varying the dimensions of the vessel (size of height and diameter) and
the effects of vessel geometry were analyzed. The effects of fill level of 30%, 60%, and
90% were also analyzed. The density variations were obtained at different time steps
throughout the mixing process and the density difference was considered as standard for
mixing homogeneity.

—=— f= 60 Hz, A=1 mm
—e— =40 Hz, A=3 mm

—A—f= 20 Hz, A=5 mm
’NE 0.8 4 o o
>
< / A
5 061 ¢ y - -
S -
w
© 04
£
=
(]
> 024
o
£
X
= 00- ;
Rapid mixing; Gradual+stable mixing
B
T T T T T T T
0 10 20 30 40 50 60
Time (Sec)

Figure 6. Plot of fractional mixing volume as a function of time.

3.2. Effects of Different Parameters on the Mixing Process

The mixture can be mixed in a vertically vibrated mixing vessel while controlling the
vibration amplitude and frequency. Different mixing processes can be observed depending
on the vibration parameters. The effect of the vibration parameters on the mixing process
was further investigated by varying its amplitude, frequency, and different sizes for the
mixing vessel. The degree of mixing was determined by the density difference of the
mixture after the mixing process was completed.

Taking the mixing process at an amplitude of 1 mm and frequency of 20 Hz for 120 s as
an instance, the mixing procedure is presented in Figure 7. The density variation contours
and curves are captured at different time steps. The simulation results are discussed
thoroughly from the initial state (at time = 0 s), where there was no vibration, to the final
state (at time = 120 s), where the mixing process was completed for 120 s.

The contours were obtained from the initial state of mixing, where the vibration was
not started yet, to the final state till the completion of the process. After the vibration had
started, the materials just started to mix, and the results are obtained through the plots of
density curves obtained at every five-second interval, as shown in Figure 8.
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Figure 7. Plots of density contours from initial mass fraction distribution configuration (t = 0s) to
end time of the mixing process (t = 120 s).
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Figure 8. Mixture density curves at every 5 s interval from the start (at t = 0 s) to end time of the
mixing process (t = 120 s).
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The density was found to change with time as initially the density of the HMX was
1960 kg/ m?> and 1650 kg/ m? for TNT before vibration, as shown in Figure 9. After 120 s of
mixing, the density of the HMX and TNT changed to 1720.42 kg/m? and 1716.17 kg/m?,
respectively, therefore the density difference was 4.25 kg/m?, which is a larger value
compared to the standard set for uniform mixing.

2000 - —=— HMX Density
—=— TNT Density
1950

Desity Variations (Kg/im?)
I I > » @
[=3 (3] o (3 (=3
o o o o o
1 1 1 1 1

1650

T T
0 20 40 60 80 100 120
Time (sec)

Figure 9. Final density cloud after 120 s.

The results show that the mixing efficiency is independent of time, as it is totally
dependent on amplitude and frequency. It can be seen that only longer mixing times

cannot improve the mixing uniformity, but amplitude and frequency can improve mixing
uniformity significantly.

3.2.1. Effect of Amplitude on the Mixing Process

The mixing process was simulated for different values of amplitudes and its efficiency
was analyzed for 1 mm, 3 mm, and 5 mm, whereas time and frequency were set as fixed
(i.e., 40 Hz and 60 s, respectively), to see how the amplitude affected the mixing uniformity.
The plots of density variation over different values of amplitude are shown in Figure 10a—c.

2000 Amplitude =1 mm Amplitude = 3 mm

HMX Densit
1950 4 |—e— TNT Density

B

HMX Density|
THNT Density

;

2
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2
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Density Variation (kg/m°)
g

Density Variation (kg/m?)
3 g

3
g
g 2

o
8
&

:

50 80

Time (sec) (b) Time (sec)

Amplitude = 5§ mm
2000

HMX Density|
1950+ TNT Density
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@
&
S
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i E

E

@
&
s

0 10 20 30 40 50 60

(c) Time (sec)

Figure 10. Plots of density variation from (a—c) over different values of amplitude.
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For the simulation of 1 mm amplitude, the density difference was 152.79 kg/m? after
60 s, therefore, with these parameters, the mixing efficiency was totally undesirable. Simi-
larly, for the 3 mm amplitude, the density difference after 60 s was 0.40 kg/m?>. Therefore,
uniform mixture was achieved after 56 s. When the amplitude was 5 mm, the results
showed that the density difference after 60 s was 0.11 kg/ m?3, which suits the standards set
for uniform mixing, and a uniform mixture could be achieved after 38 s.

The results were compared with each other which showed that lager amplitudes
enhanced mixing efficiency. When the value of amplitude was 5 mm, the time required for
uniform mixing was 38 s; when the amplitude was 3 mm, the time required was 56 s; and
when amplitude was 1 mm, the time required was 98 s. The bigger the amplitude’s value,
the better the mixing efficiency. The comparison is displayed in Figure 11.

—a— Amplitude = 1 mm
350 - —— Amplitude = 3 mm
—a— Amplitude = 5 mm

300 +

250 +

[

o

o
1

Density Difference (kg/m®)
8 3

5.
o
1

o
1

Time (sec)
Figure 11. Mixing efficiency comparison based on amplitude.

3.2.2. Effects of Frequency on the Mixing Process

Mixing efficiency was analyzed for different values of frequency from 20 Hz, 40 Hz, to
60 Hz whereas the other parameters, such as amplitude and mixing time, were set as fixed
(i.e.,, 3mm and 60 s) for all three modules. The results were evaluated to see how frequency
affected the mixing process. The plots of density variations over different frequency are
shown in Figure 12a—c.

Taking the frequency to be 20 Hz, the density difference was 0.94 kg/m? after 60 s,
which is near the standards set for uniform mixing, but slightly needs some more time
to mix uniformly. In addition, when simulating at 40 Hz, the density difference was
0.40 kg/ m?3, so the mixture could mix uniformly after 56 s. For the simulation of the
mixture at 60 Hz, the results showed that the density difference was 0.39 kg/m?3 after 60 s,
therefore the mixture mixed uniformly after 54 s.

The mixing process efficiency was analyzed for different values of frequency and
the results were compared with each other (Figure 13). It is figured that the higher the
vibration frequency, the shorter the time required to mix the materials uniformly. The other
parameters were same (i.e., 3 mm and 60 s), but when the frequency was 20 Hz, the time
needed was about 80-90 s; when the frequency was 40 Hz, the time needed was 56 s; and
when the frequency was 60 Hz, the time needed was 54 s.
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Figure 12. Plots of Density Variation from (a—c) over different values of frequency.

—a— Frequency = 20 Hz
—s— Frequency = 40 Hz
—a— Frequency = 60 Hz

350 -

300

] nN
=] o
=] o
1 1

Density Difference (kg/m?)
o

100 -
50 -
0 —- a -
0 10 20 30 40 50 60
Time (sec)

Figure 13. Mixing efficiency comparison based on frequency.

3.2.3. Effects of Fill Level on the Mixing Process

The mixing process was evaluated at different fill levels, including 30%, 60%, and
90%, to see its effect on the mixing uniformity and to check for the optimal fill level for the

mixing process in the RAM, as shown in Figure 14a—c.
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Figure 14. Plots of density difference at (a) fill level of 30%, (b) fill level of 60%, and (c) fill level of
90%.

The results showed that, parallel to amplitude and frequency, fill level also affects the
mixing process significantly as shown in Figure 15. When the fill level was 30 percent, the
density difference was 0.33569 kg/m3 after 60 s. Similarly, when the vessel was filled up to
60%, the difference was 0.25476 kg/ m?, and when the material was filled up to 90%, the
density difference after 60 s was 0.09277 kg/m3.
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Figure 15. Plot of mixing efficiency comparison over different fill levels.

The results were compared on the basis of density difference; therefore, according to
the standard set for uniform mixing, among these three fill levels (i.e., 30%, 60%, and 90%),
the best fill level for the mixing was that of 90%.

3.2.4. Effects of Vessel Geometry on the Mixing Process

By varying the size of vessel height and diameter, mixing was simulated for five
different vessels of various dimensions, as shown in Figure 16a—e. The vessel with diameter
(D) of 150 mm and height (H) of 200 mm was set to be the control geometry. The first two
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vessels had the dimensions of 170 x 200 mm and 130 x 200 mm, and the last two vessels
had the dimensions of 150 x 220 mm and 150 x 180 mm, respectively.
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Figure 16. Plots of density variations from (a—e) over different vessel geometries.

The results in the table show that geometric changes do not affect significantly. Only
the change in the height of the vessel makes a slight change, but it is not that much to take
into consideration. Additionally, the change in diameter affects the process negatively as
the density difference is above the mixing standards set for uniform mixing.

3.3. The Overall Comparison

The mixing of high-viscosity mixtures was accomplished by resonant acoustic mixing
(RAM) technology and evaluated through different simulations in Fluent. After that, the
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simulations were put together for comparison to check for the optimal mixing process.
Figure 17 shows the overall comparison of mixing efficiency of RAM.
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Figure 17. Overall comparison of mixing efficiency of RAM.

The results were compared with each other, and from the combined results, the graph
shows that the best efficiency among all simulations is that of 5 mm and 60 Hz, in which
the mixture is mixed uniformly just after 24 s. Following that, the second best is for 5 mm
and 40 Hz, in which the time required for the material in the vessel to reach uniform is
38 s. The third best efficiency is for 3 mm and 60 Hz at 60 s, where the mixture is mixed
uniformly after 54 s. Therefore, the optimal boundary conditions for the mixing process are
set to have 5 mm in amplitude, 60 Hz in frequency, a fill level of 90%, and a vessel with a
diameter () of 150 mm and a height (H) of 200 mm.

4. Conclusions

The presented work in this paper offers a qualitative study of resonant acoustic mixing
technology for the mixing of high-viscosity mixtures. This makes it an attractive mixing
technique as it reduces the cost of wear and tear of the mixing device. Furthermore, it
is a non-contact mixing process, which could be beneficial in cases where the interaction
of the mixing tool and the mixing medium is an important parameter to consider. The
main observation from the results described here is that better mixing performance in the
resonant acoustic mixer is achieved when the mixing process runs at higher amplitude
and frequency. The resonant acoustic mixing (RAM) technology allows to obtain a better
quality of the final mixtures in a reduced amount of time.

Starting from the theory of multiphase flow, this paper takes a RAM system as the
research object and tries to start from numerical simulation. The conclusions that can be
drawn are as follows:

(1) This study established a finite element model of the resonance acoustic mixing system
in ANSYS workbench, performed modal analysis, and compared it with the operating
frequency. The results show that the designed structure’s natural frequency is lower
than the operating frequency, so that resonance or damage is avoided.

(2) The dynamic mesh parameters were defined, the initial conditions of the simulation
were set, and the materials were filled according to the specified ratio.

(3) According to the shape of the inner cavity of the mixing vessel, the corresponding
three-dimensional (3D) flow field model was established in the Fluent. Through
simulation calculation, the mixing efficiency of the mixing vessel was analyzed.

(4) Using the control volume method, the influence of vibrational frequency and ampli-
tude on the mixing efficiency of the RAM was analyzed.

(5) The results show that amplitude and frequency both have greater influence in the
mixing efficiency of the RAM, because, in the simulations with larger values of
amplitude and smaller values of frequency, and vice versa, the mixing uniformity
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is not good enough. However, when the amplitude and frequency both have the
largest given values, such as in the simulations of 5 mm, 60 Hz, and 60 s; 5 mm, 40 Hz,
and 60 s; 3 mm, 60 Hz, and 60 s; and 3 mm, 40 Hz, and 60 s, the mixing efficiency is
very good.

(6) Mixing performance was found to be independent of time. The longer mixing time
did not affect the mixing process significantly as it was mainly dependent on the
amplitude as well as on frequency. In addition, in between amplitude and frequency,
the efficiency was more dependent on amplitude when it was compared with higher
values of frequency.

(7) These simulations can be used for understanding the mixing of highly viscous materi-
als by using resonant acoustic mixing technology’s approach. This approach could
potentially be used for pharmaceutical blending as well as for explosive applications.

5. Recommendations for the Future Work

Since the conclusions of this paper are based only on the results of numerical simula-
tions, and actual experiments are not performed, therefore further experimental research is
needed to support the conclusions obtained through simulation in this paper, and the com-
position proportion of the mixed materials needs to be further expanded and subsequent
work can be followed.

In the future, the authors plan to add a comparison of experimental results with
simulation ones, and add some other parameters and examine their effects on the mixing
performance of the RAM.
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