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Abstract: The mixing transport courses of three-phase particle flows exist in some industrial applica-
tions, such as metallurgy material extraction, lithium electric slurry dispersion, and material mixing
in the high-end chemical industry. Its mixing transport mechanism is a fluid—structure coupling
dynamic issues with intensive shear and nonlinear characteristics, making the real-time prediction of
the flow field face challenges. To address the above problem, a bidirectional fluid-structure coupling
three-phase particle flow dynamic model is built based on the coupled computational fluid dynamics
and discrete element model (CFD-DEM) to explore the mixing transport mechanism. An interphase
coupling solution method is utilized to solve the interaction effects of the fluid and particle. Research
results illustrate that the proposed method modeling can well reveal the mixing transport mechanism
of the three-phase particle flows. Due to the additive effects of stirring speed, stirring blade size, and
stirring blade structure, the flow field near the blade has a high-velocity gradient change, while the
flow field away from the stirring blade has no significant change. When the particle material settles
and accumulates to a certain extent, the particle movement is blocked, and the stirring speed of the
particle material near the blade is reduced. The mixing effect of the particle material will be reduced
near the wall. It can provide a valuable reference for particle flow transport and pattern identification
and support technical support for lithium electric homogenate mixing, chemical extraction, and
pharmacy process regulation.

Keywords: three-phase particle flow; mixing transport; CFD-DEM coupling; lithium electric
homogenate mixing

1. Introduction

With the rapid development of modern industry, material mixing is an essential part
of industrial production, which is often used to disperse two or more different substances
in the industrial scene so that the material phase distribution is more uniform [1-3]. The
mixing process involves the chemical and physical changes of mixed materials, among
which the most common application scene is mixing. Take the production of lithium
batteries standard in the new energy industry; in the positive and negative slurry, the
dispersion and uniformity of granular active substances directly affect the movement
of lithium ions between the two poles of the battery. In lithium-ion battery production,
the slurry mixing and dispersion effect of bipolar sheet material is critical. The quality
of slurry dispersion directly affects the production quality of lithium batteries and their
performance [4-7]. Therefore, it has significant scientific research value and engineering
application prospects to study the mixed transport process of gas-liquid-solid three-phase
flow and analyze the material transport and flow pattern evolution process.

In practical engineering mixing systems, gas and liquid are usually regarded as
continuous phases, while solid is regarded as dispersed phases. By selecting appropriate

Processes 2023, 11, 1619. https:/ /doi.org/10.3390/pr11061619

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11061619
https://doi.org/10.3390/pr11061619
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr11061619
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11061619?type=check_update&version=2

Processes 2023, 11, 1619

20f17

mixing execution components and physical space of flow channels, the goal of providing
better interphase contact, mass transfer, and high turbulence ability can be achieved to
accelerate mixing speed and realize uniform dispersion and complete mixing between
different phases. In the physical space of the mixed runner, the impeller of the actuator
transmits the generated energy to the nearby fluid through rotation, generating a violent
three-dimensional flow, thus promoting the multiphase flow in the mixed space so that the
materials can be dispersed and mixed better [8-10]. The flow mode of the flow field affects
the quality of the product. However, the geometric scale of physical space is often many
orders of magnitude higher than that of particles. The unpredictability of circulating flow
makes the mixing process face great difficulties.

Related scholars have conducted a series of studies to solve the above problems. Xu
studied the influence of the eddy current on the dispersion of mixed particles and found
that the composite choke component could effectively control the eddy current and improve
the uniformity of particle distribution [11]. Bao discussed the effect of impeller diameter
on gas dispersion in mixed space and found that gas holdup simulation at lower gas
velocities was consistent with experimental results [12]. Gu analyzed the hydrodynamic
characteristics of the solid-liquid suspension process and found that the uniformity of the
system increased with the increase in impeller speed [13]. Blais established a semi-analytical
model to study the mixing dynamics of viscous suspensions and obtained the flow pattern
and particle distribution [14]. Kou performed a numerical simulation study on the mixing
characteristics of multiphase flow in an autoclave and found that the solid-liquid mixing is
mainly affected by the axial flow [15]. At present, the research on multiphase flow mainly
focuses on the liquid-solid phase and gas-liquid phase. The research on the mixing process
of gas, liquid, and solid three-phase flow is limited. There is a lack of research and report
on the mixed transport process of the flow field of complex executive components.

This paper proposes a CFD-DEM coupled modeling and solution method to study
the gas-liquid-solid three-phase flow mixing process with complex executive components,
and the dynamic evolution process of the three-phase flow field and the law of particle flow
pattern are analyzed. The related research work provides a theoretical reference for the
research of the multiphase mixing process. Additionally, it has essential technical value for
chemical engineering, biopharmaceutical engineering, lithium electrosurgery dispersion,
and other critical industrial fields.

2. Mathematical Model and Solution Method
2.1. Flow Field Control Equations

For the CFD method, the continuous fluid domain is discretized into grid cells [16,17].
In each grid cell, fluid velocity, pressure, and density are locally averaged quantities. The
continuity and locally averaged Navier—Stokes equations for each grid cell are assumed
as follows:

0

57 (0) +V - (apug) =0, ©)
0
Py (pug) + V(pusug) = —aVp +aV(uVus) + apg + S, ()

where « is the porosity (void fraction), g is the gravitational acceleration, p is the averaged
fluid density, p is the fluid pressure in the grid cell, u is the average velocity of a fluid grid
cell, u is the averaged viscosity, and S is the interaction force.

The flow field can form the complete turbulence state under the initial velocity. The
turbulence model should be considered in fluid control equations. As a classical turbulence
model, the realizable k-¢ model has been used in some industrial fields with its reliable
robustness [18,19]. Moreover, it has a better computation performance on the flow fields
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with intensive streamlined curvature, vortex, and rotation. Thus, the realizable k-¢ model is
adopted to describe the turbulent motion of gas-liquid—solid mixing flows as follows:

d(pk)  d(pkug) 9 yt B
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where E represents the modulus of time-averaged strain rate tensor, Gy is the turbulent
kinetic energy caused by the average velocity gradient, oy and o, are the Prandtl number
of turbulent kinetic energy k and dissipation rate ¢, respectively, ¢ is the turbulent viscosity
coefficient, and v is the kinematic viscosity.

In the realizable k- model, the turbulent viscosity coefficient i is the critical parameter
for turbulence computation and can be described as follows:

k2
= pCp— ®)

1
Ao+ AUrk/e’

where C,, is regarded as a variable, and Ay and Ag are the characteristic constants, which
are expressed as follows:

Cu= (6)

Ap = 4.04 -
As = V/6cos o

According to Equations (5)—(7), it can be found that C,, is a key variable of . It can be
regarded as a function containing the parameters of rotation velocity, time-averaged strain,
turbulent intensity, and angular velocity. Given the above features, the realizable k-¢ model
has the advantage of simulating the flow field of jet, boundary layer fluid, and rotation
shear flow [20-22].

2.2. Discrete Element Method

DEM is a numerical analysis method for computing the structure and movement
laws of non-continuous granular materials and analyzing the contact force and motion of
discrete particles [23,24]. In this method, the motion of particles is modeled as a discrete
phase, described by Newton’s laws of motion, on an individual scale. Therefore, the motion
equations of a discrete particle in multiphase flow are expressed as follows:

du;
mi:%:Fa+Fc+G/ (8)
dw;
I; dtZZTi, )

where F. and G are the collision contact force and gravity of the particle, m; and u; are the
mass and velocity of particle i, and I;, w;, and T; are the rotary inertia, angular velocity,
and torque of particle i, respectively. The formation of gas-liquid—solid mixing flow is an
unsteady process, the forces of fluids acting on the particles are variable constantly, and the
flow field has larger pressure and velocity gradient variation, so the forces acting on the
particles mainly consider four aspects of drag force, pressure gradient force, Saffman lift
force, and Magnus force. Consequently, the interaction force F, between fluid and particle
is described as follows:

F, =F4+F, +Fs + Fn, (10)
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where Fy, Fp, Fs, and F, represent drag force, pressure gradient force, Saffman lift force,
and Magnus force, respectively. The drag force is a typical interphase force that plays a
significant role in the forces acting on a particle. For the particle flow on the vortex center,
there are high particle volume fractions. Therefore, the following drag force equation,
which considers the effect of void fraction, is adopted [25-27]:

1 _
Pd = ngpnd}%(uf—up)‘uf—up’a (X+1), (11)
where u;, and dj, are the velocity and diameter of the particle, respectively. Cq is the particle-

fluid drag coefficient, which depends on the Reynolds number of the particle Rep, and is
calculated via the following equation:

2
4.8
Cqa = <0.63 + Reo'5> . (12)
P
The particle Reynolds number is determined via
apdp (us — u
Rep = pp|;1°| (13)

For the a~X in Equation (11), it denotes a corrective function to account for the effect of
other particles on the drag force of the particle, wherein x is expressed as follows [28-31]:

X =37 — 0.65exp [— (15— log Rep)z/z] (14)

In addition, owing to the higher variations of velocity and pressure of the mixing flow
field, the other three aspect forces of pressure gradient force, Saffman lift force, and Magnus
force acting on the particles should be considered and can be calculated as follows:

1 sdp

2 duf
Fs = 1.615d3 \/opi (ug — up) | (16)
7T

where 6(R) is a remainder, its order of magnitude is much smaller than other items. R is the
remainder expansion point. Moreover, the selected particle has smaller volume and larger
density features, and buoyant force and gravity need to be considered.

To acquire the contact effects for particle-particle and particle-wall, the soft sphere
model is adopted to calculate the collision force. Particles i and j select springs and dampers
to quantize the collision process. The collision force can be decomposed into a normal
collision force and a tangential collision force and can be expressed as follows:

F, = (—kna% — nGyn)n, (18)

Fi = —ki — 77th, (19)

where Gt is the relative slip velocity in the contact point; Gy is the relative velocity between
particle i and j; n is the unit vector from the sphere center of particle i to j; k and #,, are the
normal elastic coefficient and normal damping coefficient of particle i, respectively; k; and
1t are the tangential elastic coefficient and tangential damping coefficient.
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2.3. An Interphase Coupling Solution Method for Fluid and Particle

In the coupled CFD-DEM scheme, the data interactions are conducted by calculating
the interaction force (Fa) and porosity (). In a grid cell, the sum of porosity («) and
the volume fraction (xp) equals one. Porosity can be obtained by calculating the volume
fraction («p). Firstly, the particles in a grid cell are surrounded by a bounding box, and
then we count the sample points in the bounding box. If the sample points are located in
the particle and grid cell, they will be saved, so the volume fraction of the particle in a grid
cell can be obtained via "

C

N’DC/ (20)

where 7, is the sum of sample points in the particles and grid cell, and N is the sum of the
sample points in a bounding box.

ocpzl—zx:

3. Model Implementation and Boundary Conditions
3.1. Physical and Numerical Models

Gas-liquid-solid multiphase flow is a typical flow state in physical space. In this case,
the object of this article is a container with a baffle in a finite physical space (Figure 1).
Because the three-dimensional structure near the blade is complex, the fine structure will
not change the dynamic evolution law of the whole flow field in the engineering calculation.
Therefore, according to the structure diagram of the mixing tank, the screws and nuts near
the impeller and the tank structure are simplified. The physical model consists of a bottom
air inlet, a baffle, and a double-layer impeller. The mixing actuator rotates under the initial
driving conditions to mix the gas, liquid, and solid three-phase flows in the physical region.
The gas is air, and the liquid is the mixture medium, including the cobaltous sulfate, caustic
soda liquid, and ammonium hydroxide.

Figure 1. Structure diagram of the mixing tank. (a) Overall structure diagram. (b) Local structure
diagram of upper blade. (c) Local structure diagram of the lower blade.

Due to the enormous size of the mixing tank, and the tiny size of the rotating blade
and the whole inflating shaft, there is a large order of magnitude difference between the
two, which is quite tricky for fine meshing. To solve the problem, the structure near the
blade is extracted for fine mesh division because the blade surface of this part of the blade
has a specific arc, and the structure is relatively complex. Therefore, the grid is divided into
unstructured grids, with more than 1 million grids in blade parts, and the grid quality is
guaranteed to be above 0.4. For the whole stirred tank, unstructured grids are used for
division, whose mesh size is much larger than that near the blades, to improve the speed of
numerical calculation. The overall grid division diagram is shown in Figure 2.
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Figure 2. Mesh division of the mixing vessel. (a) Overall grid diagram. (b) Impeller local
encryption diagram.

3.2. Boundary Conditions and Initial Conditions

In this model, the top of the mixing vessel is set as the pressure inlet boundary
condition, the bottom of the center of the container is the inflatable tube, the velocity
inlet boundary condition is adopted, and the container wall is the non-slip wall boundary
condition. In the EDEM program, the soft sphere contact model is used to determine
the phase plane and elasticity of the particles. The collision contact model based on the
damping coefficient calculates the contact process between particles and the wall surface.
The inlet and outlet boundary conditions agree with the numerical model of the flow field.
The initial mixing actuator drives the gas mixing process. The flow resistance component
makes the turbulent field more disordered and nonlinear. The diameter of the stirred tank
is 12,500 mm, the height is 14,000 mm, the solid particle density is 3.6 T/ m3, the solid
particle is a mixture medium, the pulp feeding capacity is 990 m?/h, the top intake gas is
1000 N-m3/h, and the impeller stirring speed is 26.3 rpm. The thoroughly turbulent state
can be achieved under a stable state.

In CFD-DEM calculation, hybrid simulation is an unsteady fluid process. It must
deal with transitional flows with complex interphase changes [32-34]. Using the Multiple
Reference Frames (MRF) method, the impeller rotation model can save a lot of computer
resources, and the accuracy can meet the requirements of most scenes [35-37]. The pres-
sure interleaved option (PRESTO) method was used for discrete interpolation to prevent
significant pressure fluctuation and high swirls in the flow field [38,39]. The convergence
solution can be obtained quickly via coupling the pressure and velocity with a coupling
scheme [40-42]. The discrete turbulent kinetic energy and dissipation rate scheme is ob-
tained using a second-order upwind scheme. A 5% Rayleigh step in the EDEM module is
used to calculate the particle motion [43-45]. To ensure the stability of the calculation, the
step size of the CFD calculation should be an integer value between 20 and 100 times.

4. Numerical Results and Discussion
4.1. Gas-Liquid—Solid Three-Phase Flow Mixing Process

Based on the above model, the gas-liquid—solid three-phase flow mixing process
was studied, and the flow field velocity and pressure changes during blade rotation were
obtained, as shown in Figures 3 and 4. As seen from the figures, with the rotation process of
the impeller, a high-speed region is formed near the blade and a low-speed region between
the blades. This indicates that in the whole stirring process, the material mixing degree near
the blade is much better than that of the outflow field due to the high flow velocity near
the impeller. At the same time, due to the influence of stirring speed, size of the stirring
blade, and structure of the stirring blade, the flow field near the blade has a high-velocity
gradient change, while the flow field away from the stirring blade has no significant change.
Therefore, there is a low stirring speed area near the wall, which may lead to the deposition
of particles.
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Figure 3. Velocity distribution of the upper impeller. (a) t =0s. (b) t =1.60s. (c) t =3.20s. (d) t =4.80 s.
(e)t=6.40s. (f)t=8.00s.
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Figure 4. Velocity distribution of the lower impeller. (a) f=0s. (b) t =1.60s. (¢) t =3.20s. (d) t =4.80 s.
(e)t=6.40s. (f) t =8.00s.

(d)

By comparing the upper blade with the lower blade, it can be seen that the structure
of the lower blade is more than three lower baffles than that of the upper blade. The size of
the lower blade is more significant than that of the upper blade, so the velocity gradient
change of the flow field is more prominent. Due to the larger size of the blade, the flow field
around the blade has a larger range of high-speed zone, and the outer end of the blade has a
stronger flow field disturbance ability, reflecting the better mixing effect of particle materials
on the side. Therefore, in the study of material mixing, it is of great significance to consider
increasing the blade size appropriately to provide greater disturbance velocity for the flow
field, which is of great significance in improving the material mixing transport process.



Processes 2023, 11, 1619

8of 17

To visually observe the characteristics of the flow field interacting with impeller
rotation under inflation conditions, the velocity profile and static pressure profile of the
whole flow field are given, as shown in Figure 5. Due to the large inflation velocity, the
impeller rotation has little change in the flow field disturbance. The maximum velocity
is set at 12 m/s to visually observe the flow field velocity and static pressure under the
combined action of the two. As seen from the figure, when charging at the bottom of
the central pipe, the flow field in the central area has the maximum velocity with the
rotation of the lower impeller, and its value is 12.0 m/s. With the evolution of the flow
field and the effect of impeller rotation, the velocity disturbance in the bottom center area
increases. Under aeration, the flow velocity at the bottom diffuses around and forms a
local upward flow trend near the wall surface. In the material conveying pipeline, by the
negative pressure of the discharge port, the speed inside the pipeline is also enormous so
that the particle physics near the pipe mouth can be quickly sucked away:.

I (m/s)
12.0

a
(a) (b)

..lm= I

() (@) O

Figure 5. Velocity profile of the fluid domain. (a) t =0s. (b) t =1.60s. (c) t =3.20s. (d) t =4.80s.
(e)t=6.40s. (f)t=8.00s.

According to the flow field analysis results, the static pressure distribution profile of
the impeller is obtained. The total pressure of the flow field is controlled by static and
dynamic pressure. In the stirred flow field, due to the rotation of the stirred blade, the
static pressure of the flow field has a significant pressure gradient change, as shown in
Figures 6 and 7. The plus and the minus sign represents the direction of the static pressure
gradient. Under the influence of impeller rotation, the static pressure of the flow field also
has a low-pressure region and a high-pressure region. There is a high-pressure region in the
direction before blade rotation (counterclockwise rotation) and a low-pressure region after
blade rotation. Outside the blade, the pressure gradient has no noticeable change, which
reflects that the rotation of the blade mainly affects the change of the flow field around the
blade. In Figure 7, the pressure variation range of the lower impeller is more prominent,
indicating that the larger impeller size provides more excellent velocity disturbance to
the flow field, resulting in the formation of more obvious annular characteristics of the
pressure in the flow field. The above process can provide a greater driving force for particle
suspension in the flow field and avoid particle material deposition at the bottom.
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(d) )

Figure 6. Static pressure distribution of the upper impeller. (a) t =0s. (b) t =1.60s. (c) f = 3.20 s.
(d)+=4.80s. (e) t=6.40s. (f) t =8.00s.

(d) )

Figure 7. Static pressure distribution of the lower impeller. (a) t=0s. (b) t =1.60s. (c) t =3.20s.
(d)t=4.80s.(e)t=6.40s. (f)t=8.00s.
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Figure 8 shows the static pressure profile of the fluid. As seen from the figure, at the
initial moment, the pressure of the aerated pipe is relatively small, and with aeration, the
pressure increases continuously. However, the pressure of the flow field has no noticeable
change, showing a more uniform stratification. The pressure value is relatively large at the
bottom of the mixing space, and at the upper part, the pressure of the flow field is slight.
It indicates that the impeller disturbance effect of the upper part is small. Therefore, to
improve the mixing process of materials in the mixing space, it is of great significance to
choose the scale and structure of the bottom impeller reasonably.
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Figure 8. Static pressure profile of the fluid domain. (a) t =0s. (b) t =1.60s. (c) t =3.20s. (d) t =4.80 s.
(e)t=6.40s. (f) t=8.00s.
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4.2. Bearing Power Calculation

Calculation of output shaft power is a common problem in industrial production. In
this paper, the torque changes of the upper and lower impeller at different times in the
moving process are obtained, respectively. The pressure load distribution of the impeller is
shown in Figure 9. Due to the influence of many factors, such as fluid inertia force, particle
settlement, and bottom-blowing effect in the stirring process, the impeller shows excellent
changes in pressure load. Although there is no positive correlation between pressure load
and torque, the coupling effects of many factors also lead to the fluctuation of impeller
torque in the early stirring stage. The torque of the impeller is mainly affected by two
aspects, one is the pressure load, and the other is the viscous force of the fluid boundary
layer. The torque brought by each factor is shown in Table 1.

'\ l | l 1.20x10°

/ﬂ - 1.17x10°

TN Ry N ‘

(a) (b) (© 1.10x10°

' 1.03x10*

’ / 9.20x10"
l“\’ R N

8.50x10"

(e) (f)

Figure 9. Pressure load distribution of upper and lower impeller. (a) t =1s. (b)t=4s. (c)t=8s.
(d)t=1s. (e)t=4s. (f) t =8 s. Subfigure (a—c) represents the upper impeller, and subfigure (d—f)
represents the lower impeller.
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Table 1. Changes of impeller torque at rated speed.
. Pressure Loading Vlscou§ Force Total Moment
Impeller Time Action
(N-m) (N-m)
(N-m)
1s 12,653.136 79.339 12,732.475
2s 9424.393 85.636 9510.029
3s 8755.418 84.049 8839.467
4s 8447.325 83.166 8530.491
Upper 5s 8241.532 84.754 8326.287
6s 7947.013 88.372 8035.385
7s 7729.401 92.781 7822.182
8s 7658.066 96.378 7754.444
1s 12,998.457 251.779 13,250.237
2s 9069.175 261.869 9331.044
3s 13,124.848 262.515 13,387.363
Lower 4s 16,885.797 220.347 17,106.144
5s 16,595.645 217.653 16,813.298
6s 15,205.691 229.587 15,435.278
7s 13,960.441 242.001 14,202.442
8s 13,170.671 259.899 13,430.572

In this example, the torque the pressure load brings is the central part, and the pro-
portion of the viscous force is about 1-2%. From the point of view of time, the pressure
load torque of the upper impeller continues to decline, mainly due to the initial agitation.
The impeller needs to overcome the fluid inertia force to do work. With the progress of
agitation, the impeller rotation area velocity increases, and the need to overcome the inertia
force decreases, so the pressure load torque decreases. On the other hand, affected by
particle settlement, fluid density distribution is uneven, which also leads to the torque
required by the upper impeller becoming smaller and the torque required by the lower
impeller becoming larger. The effect of viscous force on the lower impeller changes little.
The pressure load presents a trend of increasing first and then slowly decreasing, which
may be because the scale of particle settlement effect in the early stage of agitation is larger
than the scale of fluid inertia force reduction. In DEM simulation, the particles suspended
in the flow field are also deposited to the lower half of the region at about 4 s. After that,
under the influence of blade rotation and bottom blowing effect, the particle deposition
effect was weakened. At the same time, the fluid inertia force was still reduced. Therefore,
the torque of the lower impeller gradually decreased after 4 s.

The power calculation of the upper and lower impellers is shown in Figure 10. Ac-
cording to the internal situation of the flow field, taking the rotating shaft as the center, the
power changes over time are calculated using statistics of the torque of the upper impeller
and the lower impeller, respectively, as shown in the figure. The power value of the upper
impeller varies in the range of 21~35 kW, among which the higher power of 1 s should be
related to the amount of material around at this time and is greatly affected by the initial
conditions and disturbance.

Then, the amount of material settlement, the amount of material around the impeller,
decreases, and the power consumption decreases. In the actual project, if the material and
the viscosity change cover the impeller, its power consumption is between 42~50 kW. The
power consumption of the lower impeller with the material settlement sees an upward
trend, affected by the bottom blowing and material settlement, power between 35~48 kW.
As seen from the figure, the power peak of the upper impeller is 35 kW after a working
period, stable to about 20~25 kW, and the peak power of the lower impeller is about
48 kW and about 35~45 kW after stability. When the two are added together, the peak
power of the impeller is about 80 kW, and the stable power is 55~70 kW. The power may
fluctuate to some extent, taking into account the changes in the viscosity of the medium
and the additional resistance the actual motor drive overcomes. By referring to the relevant
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literature, it can be known from experience that given a power coefficient of 1.4~1.5 to
ensure the increase in viscosity to overcome the power consumption caused by additional
resistance, the peak starting power of the motor is 112~120 kW, and the power of the motor
after the stable operation is 83~105 kW.

50

—— Upper impeller
45 Lower impeller

40
35
30

Power / kW

25
20
15

10 . 1 . 1 L 1 L
0 2 4 6 8

Time /s

Figure 10. Power change curve of the upper and lower impellers.

4.3. Evolution Law of Particle Flows

Figure 11 shows the dynamic evolution process of granular material corresponding to
the flow field, including material feed, material extraction, rotation of the rotating shaft,
and mixing under the standard conditions of a low blow. In Figure 11, particles from the
top feed port enter the mixing space. The feeding volume is 990 m3/h, and the bottom
impeller-covered volume is about 483 m3 (h =4 m). According to the results of the first 8 s
of the value, blowing air at the bottom is more prominent, resulting in the apparent floating
of particles at the bottom. For the specified initial region, many particles will be suspended
after 3 s~4 s, and the number of particles remaining in the initial region is significantly
reduced, as shown in Figure 12a. According to the rotation period of the impeller of 2 s,
the whole flow field is basically in a relatively stable state in about two cycles. That is, the
flow field is stable after 4 s. In Figure 12a, from 4 s to 6 s, the particles in the initial region
are reduced from 8000 to 3200, which is more than 3/5. Meanwhile, in this 2 s period, the
number of particles leaving the region is the largest, as shown in Figure 12b. Therefore, it
can be considered that under the condition of a stable flow field, the stagnation time of
particles in the bottom region is about 2 s. They will be suspended and discharged under
the disturbance of the flow field and bottom blowing. In the feeding process, the rotating
flow field affected by the upper impeller will suck part of the material into the upper flow
field. At the same time, the flow field disturbed by the lower impeller will also suspend
many materials, and the material at the bottom will be suspended for 2 s.

Figure 13 shows the dynamic evolution process of granular material in the coupling
process and gives the time profile of velocity change and velocity vector. Through ob-
servation, it can be seen that at an early stage of the mixing process, the material mainly
suffers from the action of gravity and appears in the settling motion. In the process of blade
rotation, the velocity of granular material near the blade changes obviously, and its velocity
gradient changes significantly, which is consistent with the velocity variation near the blade
in the flow field. In addition, when the particle material settles and accumulates to a certain
extent, the particle movement is blocked, and the stirring speed of the particle material
near the blade is reduced. At this point, the effect of mixing will be significantly reduced
near the wall; near the particle material, it is also challenging to stir more fully. We can
see the inflation situation and the bottom material agitation. At the same time, under the
suction of negative pressure, the material will also be pumped away by the discharge pipe.
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Figure 11. The evolution process of particle material velocity.
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Figure 12. Particle number variation curves. (a) Changes in the number of particles in the initial
region. (b) The number of particles leaving the initial region per second.
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Figure 13. Partial profile of material velocity vector. The subfigure (a,b) represents the partial profile

near the filled hole of ¢t = 3.50 s and 4.00 s. The subfigure (c,d) represents the partial profile near the
discharge hole of t = 3.50 s and 4.00 s.

5. Conclusions

Three-phase particle flow mixing transport course is essential for improving lithium

battery dispersion and chemical material extraction. This paper proposes a CFD-DEM
coupling-based three-phase particle flow modeling approach to study the mixing transport
mechanism. The related research work has been completed, and the following conclusions
have been obtained:

@

@)

®G)

A three-phase particle flow dynamic model is built based on the coupled CFD-DEM
method. An interphase coupling solution method is utilized to solve the interaction
effects of the fluid and particle. The particle flow mixing transfer mechanism is
revealed via the evolution laws of relevant physical characteristics (such as velocity,
pressure, particle vector, etc.);

The flow field near the blade has a high-velocity gradient change due to the influence
of stirring speed, the stirring blade’s size, and structure. A low stirring speed area
near the wall occurs and may lead to the deposition of particles. The effect of impeller
rotation, the velocity disturbance in the bottom center area, increases. Under aeration,
the flow velocity at the bottom diffuses around and forms a local upward flow trend
near the wall surface. The speed inside the pipeline is also enormous, so the particle
physics near the pipe mouth can quickly be sucked away;

As the particle material settles and accumulates to a certain extent, the particle move-
ment is blocked, and the stirring speed of the particle material near the blade is
reduced. The flow field disturbed by the lower impeller will also suspend many mate-
rials, and the material at the bottom will be suspended for 2 s. The mixing effect of
the particle material will be reduced near the wall. It can provide a valuable reference



Processes 2023, 11, 1619 15 0f 17

for particle flow transport and pattern identification and support technical support
for homogenate mixing, chemical extraction, and pharmacy process regulation.

The mixing transport process of three-phase particle flows is a complex turbulent
mechanic matter, but it might be controlled by air inflation. Subsequent studies will explore
facets of the lattice Boltzmann method (LBM-DEM) coupled solution and fractal dimensions
for multiphase flows and expand its application in chemical, medical, food, and other fields.
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