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Abstract: Submersible mixers are widely used in the sewage treatment process in various fields, such
as agriculture and industry. They are mainly responsible for pushing flow and mixing activated
sludge particles in a pool. Based on the CFD-DEM coupling method under the Euler-Lagrange
framework, the solid-liquid two-phase flow of a submersible mixer was simulated in this paper,
and the motion characteristics and distribution laws of particles in the pool were studied in axial,
horizontal, and lateral directions, respectively. An evaluation method of distribution uniformity was
proposed to analyze the velocity distribution of the flow field, the velocity distribution of particles,
and the mixing uniformity of particles. The results show that the movement process of activated
sludge particles in the pool can be roughly divided into three stages: the horizontal development
stage, absorption—injection stage, and reflux-mixing stage, in which the reflux-mixing stage is the
main stage for the uniform distribution of particles in the whole flow field. Particle accumulation
occurs mainly in the dead zones of the flow field. Distribution of particles in the axial direction has
the most homogeneous extent. Vortices can be generated near pool walls, causing accumulation of
particles. This method can be a good guide for engineering practice.

Keywords: submersible mixer; CFD-DEM; two-phase; distribution uniformity method

1. Introduction

With the growing economy in China and the increasing discharge of sewage, sewage
treatment has become an extremely significant issue. The activated sludge method is
currently one of the major technologies for treating sewage, and it is a biological treatment
method of the push-flow type. This technology mixes wastewater with activated sludge
and aeration to break down the organic pollutants in the wastewater. The process requires
the activated sludge to be in suspension in a pool [1].

The primary function of a submersible mixer is to keep the flow of wastewater inside
the pool and to prevent the sedimentation of the activated sludge, which is widely used
in various wastewater treatment scenarios. The impeller of the submersible mixer rotates
under the drive of the motor to stir liquid and to generate rotating jets, which uses the
shear layer along the surface of jets to mix and applies a large volume flow pattern to
achieve the stirring and pushing transport of fluid. Research on the submersible mixer and
its flow field characteristics is of great significance [2]. Xu et al. compared the flow field
distribution in the pool under two cases of a submersible mixer installation depth of 3 m
and 5.72 m, using numerical simulation. It was found that the installation position close to
the bottom of the pool can form a high-speed flow area on the bottom surface of the pool,
which contributes to stop the deposition of solid particles [3]. Xu et al. found that the blade
gap has a certain influence on the mixing effect of submersible mixers by comparing the
velocity flow field under different blade gaps, and the effective mixing ratio first increases
and then decreases with the increase of the blade gap [4]. Ren et al. studied the flow field
under the three models of blade placement angles of —4°, 0°, and 4° and found that the
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effective mixing area increased with the increasing blade placement angle, and the mixing
effect was better [5].

At present, domestic scholars and those from abroad have conducted numerous
studies on the jet characteristics of a submersible mixer in clear water and in the flow field
inside a pool, while relatively fewer studies have been carried out on the two-phase flow of
sludge-wastewater.

There are two major approaches to the study of solid-liquid two-phase flow: Euler—
Euler model and Euler-Lagrange model. The Euler-Euler model treats solid and liquid
phases as a continuous medium that mixes with each other, and puts both solid and liquid
phases into a Euler coordinate system for solution [6]. Currently, the mixture model is
the most popular model, which treats sludge and wastewater as a mixed continuous
medium. Jin et al. compared the flow field of clear water flow and the flow field of a
sewage-sludge two-phase mixed flow based on the mixture model and found that the
sedimentation was obvious at the bottom of the pool and underneath the mixer [7]. Tian
et al. studied the three-dimensional two-phase flow field of a submersible mixer using
the mixture model. It was found that the number of particles in dead zones at the bottom
of the pool was significantly higher than the number of particles in dead zones of other
locations [8]. The above studies have greatly contributed to the research on the solid-liquid
two-phase flow of submersible mixers. However, the phenomena of particle rotation,
collision, aggregation, and bonding cannot be truly reflected; the collision and wear of
particles on the impeller cannot be reliably simulated; and the influence of parameters, such
as the shape and size of particles on their motion, cannot be accurately studied. To more
accurately analyze the motion of particles in solid-liquid two-phase flows, the numerical
simulation method based on coupled CFD-DEM is now widely applied. The DEM model is
implemented within Lagrange architecture, and it was created by Cundall [9]. The model
uses the Lagrange phase model to define particles and introduces interparticle forces in the
equations of motion, which enables a more accurate analysis of the motion of particles in
solid-liquid two-phase flows. The model uses the Lagrange phase model to define particles
and introduces inter-particle forces in the equation of motion, which can trace the complex
motion of particle clusters and visualize the motion of solid-phase particles, enabling more
accurate studies of fluid-particle interaction laws. Li et al. simulated the solid-liquid two-
phase flow field in the pump by CFD-DEM method and analyzed the motion characteristics
of particles under different working conditions [10]. Zhou et al. studied the effect of
particle size distribution on the pressure drop and flow field of pipeline transportation by
CFD-DEM coupling method [11]. Xia et al. studied the motion of particles and abrasion
phenomena in mixed-flow pumps based on the coupled CFD-DEM method with different
particle shapes and particle concentrations [12]. Zhao et al. investigated the effects of
rotational speed, paddle diameter, blade inclination, and other factors on the mixing effect
of multiphase flow in a mixing system using the coupled CFD-DEM method [13].

This paper investigated the distribution and movement laws of activated sludge
particles in the pool under the action of a submersible mixer based on the coupled CFD-
DEM numerical simulation method. The influence of sewage on particle motion and the
interaction between particle and particle and between particle and wall were considered,
and the distribution laws of particles in axial, horizontal, and vertical directions were
systematically analyzed.

2. Calculation Model
2.1. Physical Model

Submersible mixer models are usually simplified in numerical simulations, using
impellers instead. The calculation model of this paper is a submersible mixer for a sewage
station. The impeller diameter is 315 mm; the hub diameter is 105 mm; and the impeller
rotational speed is 1600 rpm. The water pool model is a small pool of this sewage station.
The size of the poolis L x W x H=5m x 3 m X 2 m. The submersible mixer is installed
parallel to the bottom of the pool, and the arrangement is shown in Figure 1.
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Figure 1. Arrangement of submersible mixer.
2.2. Mathematical Model
2.2.1. Continuous Phase Mathematical Model
The controlling equation for fluid is as follows:
a —_
&(D‘fpf) +V. (ocfpfvf) =0 1
J 2
5 (ocfpfvf) +V. (Défpfvﬂ)f> = —tXpr + }lftXfV vt apprg + F 2)

where p/ is the density of fluid, af is the volume fraction of fluid, vy is the velocity vector of
fluid, p is the pressure, jis is the dynamic viscosity of fluid, g is the acceleration of gravity,
and F is the external volume force.

The turbulence model used in this paper is the standard k — £ model, which uses the
turbulent kinetic energy k equation and the turbulent dissipation rate € equation to close
time-averaged equations.

2.2.2. DEM Mathematical Model

The discrete phase is solved using Newton’s second law and the law of conservation
of angular momentum with the following equations [14]:

dvp
dwy
Iy = My + M @)

where m,, is the particle mass, v, is the instantaneous particle velocity, F; is the combined
force of forces acting on particle surface, and F; is the combined force of volume forces, M,
is the drag torque, and M, is the contact torque.

Fs:Fdrug+Fp+va &)

F, = Pg+PLR+FL5 + F. (6)

Fjraq is the drag force of the continuous relative discrete phase, and drag coefficient Cy
uses the Schilier—-Naumann [15] correction model; they are defined as follows:

deg = %Cdppr‘Uf—Up‘(Uf—Up) (7)
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where Re) is the particle Reynolds number, D, is the particle diameter, and iy is the
dynamic viscosity.
F, is the pressure gradient force, defined as follows:

Fp = =V Vpstatic (10)
where V), is the particle volume and V py;,;c is the gradient of the static pressure in continu-
ous phase.

Fym is the virtual mass force, defined as follows:
Do dv,
Fym = Cvmppr(Dt - di’) (11)

where Cyy, is the virtual mass fraction, and, in this paper, Cyy, is 0.5 and D/Dt is the
material derivative.
F, is the gravitational force of the particle, defined as follows:

Fg =mpg (12)

F g is the particle rotational lift force, which is the lift from counterflow to downflow
due to the difference in pressure between the two sides caused by the particle rotation [16],
defined as follows:
‘ QO (U f— Up)

19l

where () is the angular velocity of the particle relative to the fluid and C;y is the rotational
lift coefficient, defined as follows:

Fr="P"

R = ? (13)

DIZJCLR’Uf — Up

P

Fp s is the particle shear lift force, defined as follows:

7T
Frs =Cis P

3 D; (vf — vp)w (15)

where w is the rotation of fluid velocity, C; s is the shear lift coefficient, given by Saffman [17],

defined as follows:
41126

—5 (16)
Reg'5

Crs =

F. is the contact force, which indicates the interaction between particles and between
particles and walls. In this paper, the Hertz-Mindlin no-slip contact model is chosen,
defined as follows [12]:

Fo = Fop + Fot (17)

where F.,;, and F; are normal and tangential contact forces, respectively, defined as follows:

Y
For = 15— R (18)

‘1/12

For = 12(Gu/ Ryt )/} 19)
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where Y is the equivalent modulus of elasticity, u is the Poisson’s ratio, R is the equivalent
contact radius, 1, is the normal displacement, u; is the tangential displacement, and G, is
the equivalent shear modulus.

3. Numerical Calculation
3.1. Meshing

Due to the large amount of computation based on CFD-DEM coupling, it is necessary
to minimize the number of meshes and improve mesh quality. In this paper, the commercial
software STARCCM+ is chosen for the automatic mesh generation. Hexahedral meshes
are generated in the pool computational region, and the bottom and walls of the pool
are encrypted using prismatic layer meshes. The interface between pool and impeller is
encrypted with surface meshes. Polyhedral meshes are generated in the impeller compu-
tational region. For the numerical calculation of mixer flow field, polyhedral mesh can
effectively improve the convergence speed and ensure the computational accuracy [18,19].
Figure 2 shows the meshing of the pool and impeller. The mesh quality of the pool is above
0.95 and that of the impeller is above 0.2.

Figure 2. Meshing of impeller and pool.

Five sets of mesh models are established, which are 320,438, 621,211, 1,542,649,
2,186,086 and 4,030,726. The hydraulic thrust and torque are the external characteris-
tic parameters of the submersible mixer impeller, and the mesh independence validation
can be performed by comparing the deviation of the hydraulic thrust and torque from the
actual model with different mesh quantities. The simulation result of mesh independence
verification is as Table 1. It can be seen from Table 1 that after the mesh number reaches
1542649, the numerically simulated torque and water thrust tend to stabilize and deviate
less from the actual model. Considering the computational accuracy and computational
resources, the third set of mesh was chosen as the object of simulation in this paper.

Table 1. Mesh independence verification.

Serial Number Mesh Number Torque [N-m] Hydraulic Thrust [N] Torque Deviation [%] Hydraulic Thrust Deviation [%]
1 320,438 99.8 2056.6 8.26 9.88
2 621,211 105.3 2209.3 3.21 3.19
3 1,542,649 108.3 2279.5 0.46 0.11
4 2,186,086 108.6 2280.4 0.18 0.07
5 4,030,726 108.9 2283.2 0.09 0.05

3.2. Boundary Conditions and Initial Conditions

To increase the convergence rate of the flow field in a single time step, the free surface
of the pool is set by the rigid-lid assumption. To prevent particles from escaping from the
free surface, it is set to phase impermeable.

The continuous phase is solved by the MRF method, the blade is set to rotational
domain, and the intersection of impeller and pool is set to interface. The rest of the walls
are set to no-slip wall, and the wall specification is smooth. Considering the interaction
between walls and particles, walls are specified as DEM mode.
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3.3. Other Settings

The standard x — e turbulence model is selected for the turbulence model, and the
wall treatment is high y+ wall treatment with y+ > 30, and the convergence residual of
continuity is set to 1074.

The MLSS concentration is 1500 mg/L, the diameter of particles is 6 mm, and the
number of particles is roughly 396,500. An injector is set near the water surface, and
particles are injected vertically downward with a jet flow rate of 99,125 particles/s and
a jet time of 4 s. The initial velocity of particles is set to 0.25 m/s. Particles are activated
sludge particles with a density of 1004 kg/m?3, Poisson’s ratio of 0.45, and Young’s modulus
of 0.21 Mpa.

The Hertz-Mindlin no-slip contact model is chosen for the interphase interaction
between particles and between particles and walls. DEM time step is set to 0.000497 s; the
continuous phase time step is set to 0.00497 s. The second-order implicit unsteady solver is
used to solve the problem, and the total solution time is 34.1 s.

4. Result and Discussion
4.1. Distribution of Pool Flow Field
4.1.1. Distribution of Velocity and Turbulent Kinetic Energy Distribution

In the solid-liquid mixing flow field of submersible agitation, the movement of parti-
cles is strongly affected by the flow field as the density of activated sludge is similar to that
of sewage, and the turbulent kinetic energy and velocity of the flow field can characterize
the mixing capacity of the flow field to a certain extent, which is the key factor affecting the
distribution of activated sludge inside the pool.

The maximum value of turbulent energy inside the pool is 8.06 J/kg, located near the
tip of the impeller, and the minimum value of turbulent energy is 0.0021 J /kg, located at the
junction of the walls of the pool. As shown in Figure 3, with the approach of the plane to
the Y = —1.3 plane, the core area of velocity and turbulent kinetic energy gradually moves
forward along the Z-axis. In submerged mixing flow field, the turbulent kinetic energy
is relatively large where the velocity is large. However, a part of the downstream area of
the pool exists where the velocity is large and the turbulent kinetic energy is low. This is
attributed to the fact that after the jet hits the wall, part of the jet flows back along the wall
of the pool, and the turbulence intensity of the fluid in this part is weak, similar to the state
of laminar flow. However, overall, the turbulent kinetic energy is greatly affected by the
flow velocity, so the following mainly analyzes the velocity flow field.

Velocity: Magnitude (m/s)
Velocity: Magnitude (m/s)

itude (ms)

Velocity: Mags

o FRRRRRRECS e genee o8 er e R > ol Skl
04 -02 0 02 04 06 08 1 12 14 16 15 2 22 24 26 25 3 32 34 36 385 4 42 44 04 02 0 02 04 06 08 1 12 14 16 24 26 28 3 32 34 36 38 4 42 44
z-axis z-axis

(c) (d)

Figure 3. The velocity and turbulent kinetic energy bubble plots of four axial planes along Z-axis
direction: (a) Y = 0 plane; (b) Y = —0.3 plane; (c) Y = —1 plane; (d) Y = —1.3 plane.
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Figures 4 and 5 are a velocity streamline diagram of the full flow field and the velocity
contour of different axial sections. The development process and trajectories of the flow
field in the stirred flow field can be seen from diagrams. It can be seen that after being
sucked in by the submersible mixer, the fluid is ejected in the form of a rotating jet. After the
jet impacts the wall, it disperses into multiple streams of water and returns to the impeller
of the mixer, and it can be seen that the radius of radial disturbance gradually increases
and the velocity intensity gradually decreases with the development of the jet.

Velocity: Magnitude (m/s)

2.51

0.0153

Figure 4. Velocity streamline diagram of full flow field.

IO

Figure 5. Velocity contour of multiple axial sections.

Velocity: Magnitude (m/s)

4.1.2. Uniformity of Velocity Distribution

For the velocity distribution of the flow field, Zhang et al. proposed to evaluate the
mixing effect of the submersible mixer by using the effective mixing domain method, i.e.,
the hydraulic performance of the submersible mixer is judged by calculating the effective
mixing (>0.1 m/s) volume of the water body pushing the flow mixing [20]. The effective
mixing volume of the flow field in this paper was 28.46 m?, accounting for 94.8% of the
total volume.

The effective mixing domain method can well evaluate the mixing performance of
the submersible mixer but is unable to evaluate the velocity distribution of the flow field
inside the pool. For solid-liquid two-phase flow, the velocity distribution in the flow field
is extremely crucial to ensure the homogeneous distribution of activated sludge in the
pool. In this paper, we proposed a method for evaluating the velocity distribution of the
submersible mixing flow field based on the evaluation method of Herman for the velocity
distribution in the cross-section, i.e., the velocity uniformity method [21]. This method
divides the flow field into several regions, statistics the average velocity within each region,
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and compares its variability with the average velocity of the full flow field. The equation is
as follows. o

L|ve —o|Ve

c

= 1 —_—_—
Yo 20| Ve
Cc

(20)

where U, is the average velocity of the regional flow field, U is the average velocity of the
full flow field, and V is the volume of the region. Theoretically, this result is more accurate
with more zones. The value of Y, is larger, indicating that the velocity distribution of the
flow field is more uniform, and the maximum value is 1.

The average velocity of the flow field in this paper is 0.497 m/s, which meets the
requirements of the submersible mixer for a flow field velocity greater than 0.3 m/s. The
velocity uniformity is 0.713, and the velocity distribution uniformity of the flow field
is good.

4.1.3. Distribution of Dead Zone Distribution

Pool fluid velocity of less than 0.05 m/s region is called the dead zone. As shown in
Figure 6 for the distribution of the dead zone inside the pool flow field, mainly distribution
in the upstream region of the pool and the intersection of the wall region, as well as the
region underneath the submersible mixer. It can also be seen from the velocity contour and
vector diagram of Y = 0 plane (Figure 7) that this area is the flow-around area of the water
flow cycle in the pool, and the flow mixing is mainly carried out by the adsorption effect of
the jet flow. The dead zone volume is 0.377 m3, accounting for 1.2% of the total volume.

Velocity: Magnitude (mis)
2.93

B . 3\
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Figure 6. The distribution of the dead zone.
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Figure 7. The velocity contour and vector diagram of Y = 0 plane.
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4.2. Motion Analysis of Particles

As Figure 8 shows the trajectory of particles, it can be found that the trajectory of
particles is very similar to the streamline diagram of the flow field, and most particles will
be sucked into the impeller and subsequently moved in the pool in the state of jet. The
motion process and distribution characteristics of particles are analyzed in detail below.

Track: Time (s)

341
S S R N

2.6 455477 oo s V)
N NN T \
1 ¢'. \ \\ ""/ )

17 | [ )\\ / \ > 2 i /,,
‘ ‘I“ \ / > —— Y 774
N e %
| \ \ - === /

852 \\ \\ \ === —— =

L \

Figure 8. Particle trajectory diagram.

4.2.1. Motion Process of Particles

The movement of particles inside the pool is divided into approximately three stages:
horizontal development stage, absorption-injection stage, and reflux-mixing stage. Particles
begin to enter at 0 s and reach a stable number at 4 s. Due to the small density of particles
and the weak velocity and turbulence intensity of the flow field near the water surface, as
well as the influence of the pressure gradient force in the vertical direction, particles mainly
accumulate in large quantities near the water surface during this time period. The particles
downstream move in the horizontal direction under the drag force of the continuous phase
of reflux and gather in the upstream of the pool; this stage is called horizontal development
stage, as shown in Figure 9. At this time, the overall velocity of particles is low, and some
high-speed particles exist in the middle and downstream regions.

Panlde Veloaly' Magnltude (mls)

” Panide Vekxlly Magnllude (mis)

- Solution Time 3.95115 (s) ‘e m

Time Step 100 Pamcle Velocl(y Magmtude (mls) Time Step 400

Solution Time 0.497 (s) Solution Time 1.988 (s)

Time Step 795 Particle Velocity: Magnitude (mis) Time Step 1200

Solution Time 5.964 (s)

Figure 9. Horizontal development stage.

At approximately 8 s, particles gather in large quantities in the region above the
submersible mixer. The suction of the submersible mixer blades to the flow field and the
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reflux drive particles together to the suction surface of the submersible mixer. The inhaled
particles gain a large amount of energy and velocity and are subsequently ejected from the
working surface in a jet state, with particles reaching a maximum velocity of 10.1 m/s. This
stage is called the absorption-injection stage, as shown in Figure 10.

o T oty M T Time Step 1620 o Tore Velodtz Megnivede (mh) Time Step 2025
R Solution Time 8.0514 (s) . Solution Time 10.0643 (s)

o Partile Velocity: Magnitude () Time Step 2415 o PRGSO Jagnit ms) | Time Step 2820
[

. Solution Time 12.0026 (5) . Solution Time 14.0154 ()

N Pank;e?;modt% :‘ﬂni“;d;s(l"li) , Time slep 3225 o Pjﬂicéezllﬂoﬁfyo: :Mgnillsd’es(mh) 5 Time s‘ep 3615
R Solution Time 16.0283 (s) R Solution Time 17.9666 (s)

Figure 10. Absorption-injection stage.

After 20 s, almost all particles are ejected from the impeller and reach the downstream
of the pool at a higher speed. A large number of particles near the wall will flow back in all
directions under the action of continuous phase reflux, making the mixing of particles in
the flow field gradually uniform. Part of the refluxed particles will enter the impeller of the
submersible mixer again and move in the form of a jet. A part of the refluxed particles will
make a secondary reflux after reaching the upstream wall. The particles of the secondary
reflux have a large kinetic energy. The inertial force makes some particles overcome the
suction effect of the submersible mixer blades no longer into the mixer but along the wall of
the pool for movement. The secondary refluxed flow can drive particles deposited beneath
the submersible mixer and prevent them from being deposited at the bottom of the pool,
eventually forming two vortices near the wall. This stage is called the reflux-mixing stage;
it is an essential stage to achieve uniform mixing in the submersible mixing flow field, as
shown in Figure 11.

According to Formula (20), the velocity uniformity of particles is defined as follows:

);’UP - 7]

where vy, is the velocity of each particle, T is the average velocity of all particles, and 7, is
the number of particles.
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The average value of particle velocity in this paper is 0.47 m/s, and the velocity
uniformity of particles is 0.715. It is similar to the velocity homogeneity of the flow field.

y_ ety N Time step 4830 e e el Time step 5235

B Solution Time 24.0051 (s) R Solution Time 26.018 (5)

R Panic{!.ex\’leloci%.:Jlagniu.:’t.iies(mls) , Time Step 5640 . Panic;_eg/eloci%;ﬁagnimuq%(mls) , Time Step 6045
. Solution Time 28.0308 (s) . Solution Time 30.0437 (s)

Figure 11. Reflux-mixing stage.

Figure 12 shows the distribution area of particles with a velocity less than 0.05 m/s.
Comparing with the dead zone location of the flow field, it can be seen that the location of
the low velocity particles is approximately the same as the dead zone distribution of the
flow field.

Figure 12. Distribution area of low velocity particles.

4.2.2. Axial Distribution of Particles

In order to study the distribution law of particles along the axial direction, the pool is
divided into 10 regions uniformly in the axial direction, and the regions are named al~al0,
as shown in Figure 13.

Figure 14 shows the distribution and velocity of particles in each region. It can be seen
from the diagram that the particle distribution position and velocity are approximately
symmetrical, forming a high-speed particle area around the impeller axis. With the develop-
ment of jet, particles gradually move radially away from centrifugal force under the action
of inertial force. A certain quantity of particles accumulate in the region downstream of the
pool near the wall (a10). As Figure 15 shows the thermal map of particle distribution in this
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region, due to the low velocity of the flow field and turbulent kinetic energy, a suspended
accumulation of particles is formed at the junction of the pool wall and the water surface.

T | T | T | T | T
1 I 1 I | I | 1 1
1 I 1 I 1 I | I |
1 I 1 I 1 I | 1 |
al 1 a2 1 a3 1 a4 1 a5 1 a6 | a7 1 a8 1 a9 1 all
1 I 1 I | I | 1 |
1 1 | 1 | | | 1 |
@ I 1 I 1 I 1 I [
‘x a . 4 - 3 ; o 5
| I 1 I 1 I | I |
Y z . . . . . . .
\ \ | | | \ | \ |
-15 -12 -09 -0.6 -03 0 0.3 0.6 09 1:2 15

Figure 13. Regions of the flow field divided along the axial direction.
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B )| e -
t Velocity: Magnitude (m/s)
¥ i 0 025 03 075
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a9 al0

W particie [0, 27) (Frequency)

0.8

X-axis

0.6

0.4
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Figure 15. Thermal map of particles distribution in a10.
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Statistics of the number of particles in different axial regions are shown in Figure 16. It
can be found that the distribution of particles along the axial direction is relatively uniform,
without a large number of aggregates in a certain region. According to Equation (20), the

uniformity of particle distribution is defined as follows:
Elnc - ﬁl
- 1_-<
Yy = 1 2[[C (22)

where 7, is the number of particles in the region, 7 is the average number of all regions,
and C is the number of equalized regions.
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Figure 16. Number of particles in al~al0.
The uniformity of the axial distribution of particles is calculated to be 0.91.
4.2.3. Horizontal Distribution of Particles

Divide the pool evenly into 10 regions along the direction parallel to the water surface,
as shown in Figure 17. Name these areas as b1~b10.

Figure 17. Regions of flow field divided along horizontal direction.

As Figure 18 shows the number of particles in each region, combined with the dis-
tribution and velocity of particles in each region as Figure 19, it can be found that the
number of particles in regions b1~b9 is relatively evenly distributed. Aggregation zones of



Energies 2022, 15, 6096

14 of 20

particles appear in the center and downstream of the water surface in area bl. The number
of particles in area b10 increases significantly and two vortices are formed at the bottom of
the pool. In order to further analyze the distribution of particles at the bottom of the pool, a
region of 5 mm from the bottom of the pool is taken for analysis, as shown in Figure 20.
Figure 21 shows the thermal map of particle distribution in this region. Combined with the
jet characteristics of the submersible mixer, it can be found that due to the scouring effect of
the high-speed jet, there are very few particles in dotted line area in Figure 20. The scoured
particles eventually form vortices on both sides of the high-speed jet area and gather in
large quantities. This is because the scouring of the bottom of the pool by submersible
mixer jets can reduce only the number of particles in the scoured area, and the velocity
of the scouring has no vertical upward component, resulting in more serious aggregation
of particles in other areas of the bottom of the pool. Therefore, the installation position
of submersible mixer from the pool bottom should be further studied. In addition, the
direction of the axial rotation of the jet leads to a significantly higher number of particles in
the upper vortex position than in the lower vortex.

___2 Particle Number
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80,000

60,000

Particle Number

40,0004
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Figure 18. Number of particles in b1~b10.
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Figure 19. Location and velocity distribution of particles in b1~b10.
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Figure 21. Thermal map of particles distribution in the region of 5 mm from the bottom of pool.
The uniformity of the horizontal distribution of particles is calculated to be 0.81.

4.2.4. Lateral Distribution of Particles

Divide the pool evenly into 10 regions along the lateral direction, as shown in Figure 22.
Observe the number of particles inside each region and its distribution.
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Gl "2 “G8 vl v @ “@® 0 ef © @0 €9 - Elo
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| | 1 IC@ | | | |
T LS e e
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‘X . . . . . . . . .
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Figure 22. Regions of flow field divided along the lateral direction.
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It can be seen from the axial distribution of particles that the particles on the left and
right sides of the impeller axis plane as the symmetry plane have similar distribution laws.
Therefore, we mainly observe the particle distribution in the region of c1~c5, as shown
in Figure 23.

i ] {
i
S
%
cl c2
v ‘ g
» t b
| {
| §
c3 c4
/z’ \\)
\\ B

Velocity: Magnitude (mls)
o 0.25 05 0.75

c5
Figure 23. Location and velocity distribution of particles in c1~c5.

From the central region (c5), it can be found that particles move along the jet direction
of the flow field and form a larger vortex in the downstream region near the wall with the
first return of the flow field, as shown by the dotted line in Figure 23. The cross-sectional
size of this vortex gradually decreases as the region approaches the wall, and the number
of particles in the core region of the vortex is nearly zero.

As shown in Figure 24, the region near the left and right walls (c1, c10) has the
maximum number of particles. The upstream position of these two regions, both form a
vortex of a larger scale, as shown in Figure 25. The vortexes rotate in the same direction and
are roughly symmetrical in position. The velocity is lower in the core region of the vortex,
and the kinetic energy of the particles is lower. The particles gather near this region, which
is a dense gathering region of particles in the whole pool. This phenomenon is caused by
secondary reflux of particles. This phenomenon can drive the particle movement in the
lower part of the submersible mixer and avoid the sedimentation and accumulation of
particles in this position. Although the velocity of the particles in the vortex region is low,
they still have a certain angular velocity, as shown in Figure 26.

The number of particles within each region is counted, as shown in Figure 25. It
can be found that the number of particles near the wall (c1, c10) is higher, the number of
particles in the left wall region (cl) is significantly more than the rest of regions. According
to the statistics of the number of particles in these ten regions, the uniformity of lateral
distribution of particles is calculated as 0.86.
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Figure 24. Number of particles in c1~c10.
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Figure 25. Location and velocity distribution of particles in c1 and c10.
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Figure 26. Location and angular velocity distribution of particles in c1.

0

Table 2 shows the distribution uniformity of particles in three directions. It can be seen
that the distribution uniformity of particles in the axial direction is the best; the distribution
uniformity of particles in the horizontal direction is the worst. Comprehensive analysis can
find that vortices are significant factors causing the non-uniform distribution of particles.
The uniformity of particle distribution of the whole pool is 0.86, and the distribution of
particles is relatively uniform.
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Table 2. Summary and comparison of distribution uniformity.

Uniformity Axial Horizontal Lateral Pool

Y, 091 0.81 0.86 0.86

4.2.5. Collision of Particles

The collision of particles inside the pool is mainly divided into particle—particle colli-
sions and particle-wall collisions. Figure 27 shows the location of particle—particle collisions
and particle-wall collisions inside the pool at 36 s.

Figure 27. Collision of particles: (a) Particle—particle collisions; (b) Particle-wall collisions.

The number of collisions between particles and walls at this moment is 22,926, and the
number of collisions between particles and particles is 27,737. The aggregation of particles
inside the pool mainly occurs in the vicinity of the vortex and walls inside the pool, and the
areas with the highest number of particles in both horizontal and lateral directions are the
b10 region and the cl region. Comparing the distribution of particles in these two regions
with the location of particle collisions, as shown in Figures 28 and 29. The number of
particle collisions in these two regions is 42,535, accounting for 84% of the total number of
particle collisions. It indicates that the collision of particles mainly occurs in the aggregation
zones of particles.

Figure 29. Location and collision of particles in c1: (a) Location of particles; (b) Collision of particles.
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5. Conclusions

In this paper, the solid-liquid two-phase flow field of the submersible mixer is studied
for the first time by using the coupled CFD-DEM method, and the motion characteristics
and distribution law of particles inside the pool were analyzed from the scale of particles.
In addition, the evaluation method of particle position and velocity distribution uniformity
inside the pool is also proposed, which can better guide the engineering application. The
following conclusions can be derived:

(1) The movement process of activated sludge particles in the tank can be roughly divided
into three stages: horizontal development stage, absorption-injection stage, and reflux-
mixing stage;

(2) Particle accumulation occurs mainly in the dead zone of the flow field. There are
two forms of particle aggregation: one is in the form of vortex, particles still have
certain angular velocity; the other aggregation mainly occurs in the dead zone position
of the pool wall junction, where the velocity and angular velocity of particles are
relatively low;

(3) The uniformity of particle distribution of the whole pool is relatively well, with the
highest uniformity of distribution in the axial direction and the worst uniformity in
the horizontal direction. The vortex generated near the bottom and walls of the pool
is an essential factor leading to the aggregation of particles;

(4) The collision of particles in the pool takes place mainly in the regions of particle aggre-
gation, accounting for approximately 84% of the total number of particle collisions.

(5) The coupled CFD-DEM-based method can simulate and study the solid-liquid two-
phase flow of submersible mixers very well, and it can comprehensively analyze
the motion and distribution of particles inside the pool. Based on this method, the
optimization design of the solid-liquid two-phase flow field of the submersible mixer
can be carried out more reasonably to achieve the effect of improving efficiency and
saving energy.
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