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Abstract: The sedimentation characteristics of quartz particles affect their separation and settling
dehydration processes. Particle morphology determines the sedimentation equilibrium velocity. In
this paper, the sedimentation of a single quartz particle is characterized by employing experimental
and CFD-DEM approaches. SEM served to examine quartz particles measuring 30-500 um, and they
exhibited flaky-blocky morphologies with an average long—middle axis ratio of 1.6. Consistent with
the SEM-detected morphological features of the quartz particles, suggested here is a simpler drag
coefficient model, followed by verification of the model with experimental data. The results show
that the velocity of a quartz particle in the non-settling direction had a fluctuation of £0.2 mm/s.
The fluctuation reached 0.4 mm/s at varying settlement release angles. The order in which the
particles reached sedimentation equilibrium velocity during the settlement process was double-
cone, single-cone, and square when the initial velocity was greater than sedimentation equilibrium
velocity. Furthermore, the long—middle axis ratio of quartz particles diminished as their equilibrium
sedimentation velocities rose. Given that the quartz particles ranged from 30 to 50 pm in size, the
long-middle axis ratio wielded no discernible effect on the sedimentation equilibrium velocity.

Keywords: fine quartz; particle morphology; CFD-DEM,; sedimentation velocity

1. Introduction

Large amounts of mine wastewater are being generated throughout the world, from
industries such as metal mines, marble mines, coal mines, etc. [1-3]. In order to reduce the
pollution of tailings discharge and enhance the quality of clarified water, the treatment of
mine wastewater has become more and more important. Of all the usual mine wastewater
treatments, the method known as physical sedimentation clarification is the most effective
and least polluting [4]. Kynch [5] originally posited the sedimentation theory, and since then,
research on fine mineral particles has made steady progress. Among the forces acting on
particles, drag force is one of the most important ones guiding particles’ sedimentation [6].
However, most drag formulas are derived from empirical correlations [7,8]. Quartz is the
Earth’s crust’s second most abundant element (27.7% by mass) [9-11]. It often coexists with
other minerals in the form of gangue minerals. Mine effluent has a comparatively high
concentration of fine quartz [12-14]. Consequently, more research on, firstly, the resistance
model and, secondly, the properties of fine quartz sedimentation is required to efficiently
treat mine wastewater.

Several researchers have analyzed the sedimentation features of mineral particles.
Lu et al. [15] provided a non-contact continuous measurement method using visible light
to acquire real-time sample images automatically during the sedimentation process. They
produced a particle sedimentation dynamic equation. Rosa et al. [16] numerically examined
how the non-dimensional parameters affected the sedimentation velocity of small heavy
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particles that were not interacting. Shahi and Kuru [17] proposed an empirical model that
could predict sedimentation velocity after precisely measuring the sedimentation velocity
of sand particles in water and employing Particle Image Shadowgraph (PIS) technology.
However, as was already noted, such investigations turned the particles into spherical
shapes when, in reality, most mineral particles lack sphericity [18].

In recent years, in order to improve the accuracy of research on the sedimentation
velocity of mineral particles, more and more attention has been paid to non-spherical
particles [19], focusing on the impact of particle morphology [20,21] on particle motions.
Sun et al. [22] implemented the triaxial method to describe the equivalent diameter of
rock debris and investigated the drag coefficient and sedimentation velocity of a single
non-spherical particle in Newtonian fluids. Ma and Zhao [23] explored the fluidization of
disk-like particles by combining the Computational Fluid Dynamics and Discrete Element
Method (CFD-DEM) with the Holzer/Sommerfeld drag force model. Molaei et al. [24]
researched the effect of particle shape on the mixing of binary mixtures of ellipsoids and
spheres using this strategy, and they noted that drag force plays a central role in determining
particle motion that appears in particle-fluid flow systems. From the perspective of particle
morphology, different shapes of particles (i.e., spherical and non-spherical) influence
solid particle behaviors [25]. Consequently, the particle morphology’s influence on the
sedimentation velocity is significant and needs to be explained in detail.

With the rapid advances in computer technologies and numerical algorithms, many
discrete- or continuum-based numerical methods have been proposed to simulate lig-
uids [26]. Among these methods, CFD-DEM has proven to be highly reliable in simulating
liquid / gas—solid two-phase flows [27-31]. Specifically, the CFD-DEM approach solves par-
ticle motion using Newton’s laws of motion and, at the same time, solves the fluid phase by
local averaged Navier-Stokes equations. The momentum exchange between them is deter-
mined via the local averaged drag correlations. Wang et al. [32] demonstrated the excellent
accuracy, good stability, and high efficiency of their proposed CFD-DEM approach, and they
applied it to study gas—solid hydrodynamics in fluidized beds. Sun et al. [33] integrated
into the CFD-DEM approach the diffusion-based coarse-graining method, demonstrating
that it could be effective in simulating fluid—-solid systems. Such abundant applications
proved the reasonability and feasibility of the CFD-DEM approach.

At present, published research is still limited on the setting characteristics of fine
quartz particles when utilizing CFD-DEM based on particle morphology. One of the main
reasons for this is that fine quartz particles with morphological diversity have no suitable
drag models. So far, the drag coefficient force models have been proposed mainly for
regular or irregular non-spherical particles. However, most of these force models are
empirical formulas, and they are not applicable to the special conditions of fine quartz
particle sedimentation. In fact, many researchers [34—42] have modified and verified the
validity of the drag coefficient force model and applied it to different characteristics of
non-spherical particles.

With this in mind, in this work, we first analyzed the morphology of quartz particles
using SEM, summarized the relationship between long-middle axis ratio and particle
size, and statistically analyzed the proportion of regular non-spherical particles. On this
basis, combined with the Di Felice and Chien drag model, the drag model regarding fine
quartz particles was modified, and five particles were randomly selected by means of
simulation and experiment to confirm the effectiveness of the newly modified drag model.
Then, the effects of release angle and surrounding topography on sedimentation velocity
were simulated by employing the newly modified drag coefficient force model. Finally,
according to the long-middle axis ratio range obtained via SEM analysis, the sedimentation
equilibrium velocity of quartz particles with different long-middle axis ratios was predicted
by means of simulation.
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2. Materials and Methods
2.1. Morphological Analysis of Samples

The quartz sample was obtained from Fengyang Dongsheng Quartz Sand Co. Ltd.,
China. The purity of the sample met the experimental requirements (Supplementary
Material Table S1 and Figure S1). Quartz samples were randomly selected, and each particle
size fell within the range 250-500 um, 125-250 um, 75-125 um, 45-75 um, or 3045 pm.
The samples of each particle size were constantly divided until the particles numbered
approximately 500. Each sample was put on a glass slide which was slightly shaken so
that each particle’s largest single layer was in fact parallel to the horizontal plane. For
morphological analysis, a JSM-6610LV scanning electron microscope (acceleration voltage
20 kV, high vacuum mode) was used, and one SEM image is depicted in Figure 1. Image]J
software was used to analyze the sample long—middle axis ratio (A) and morphological
classification [43].

Figure 1. SEM image of a quartz sample.

In this research, the upper limit of the particle size was maintained at 500 pm [44—46].
Other exploratory research has concluded that when the quartz particle size is 500 pm,
the sedimentation equilibrium velocity of the particle in steady-state water is 82.17 mm/s.
The Stokes formula asserts that sedimentation equilibrium velocity decreases when the
particle size also decreases. When the quartz particle size falls to 30 um, the sedimentation
equilibrium velocity of the particle is lower than 1 mm/s. The main goal of this research
is to create a theoretical basis for classifying particle group sedimentation by studying
the behavior of single-particle sedimentation. When the particle size is less than 30 um,
the sedimentation equilibrium velocity is too minute, and there is an order of magnitude
difference in the particle sedimentation equilibrium speed between 30 pm and 500 pum.
Therefore, the particle size range was set to 30-500 pm.

Usually, mining wastewater is treated by natural sedimentation, and the flow field
environment is in a low-Reynolds-number laminar flow state. For this reason, the present
study focuses on the sedimentation process of particles with their own peripheral mor-
phologies, release angles, and long-middle axis ratios in static water. In order to establish
the particle model more accurately, the morphologies of the quartz particles were analyzed,
including long-middle axis ratio analysis and morphological classification analysis of these
particles. Here, the sizes of the long axis, the middle axis, and the short axis correspond,
respectively, to the length, width, and height of the particle.
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2.1.1. Long-Middle Axis Ratio Analysis

In each particle size range, 100 effective particles were chosen randomly from the SEM
pictures for statistical analysis, and the results are illustrated in Figure 2. The average long—
middle axis ratios of 250-500 um, 125-250 um, 75-125 pm, 45-75 pm, and 30-45 um quartz
particles were, respectively, 1.6260, 1.6102, 1.5951, 1.5890, and 1.6486. The average ratio of
the long-middle axes did not change much with a decline in particle size. If it is assumed
that a single significant digit is retained after the decimal point, then the long-middle axis
average ratio of the particles in all of the five particle size ranges is 1.6.
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Figure 2. Statistical analysis of the quartz particles’ long-middle axis ratios.

The test sample of each particle size range was continuously and uniformly shrunk to
500 particles. The number of images taken by SEM was more than one and contained all
500 particle morphologies. The statistical analysis of 100 particle morphologies accounted
for 20% of the SEM images, so the samples are representative. Based on what is reported
in the statistical analysis chart, the ratio of the long-middle axes of 30-500 um quartz
particles was between 1 and 3, which proves that the quartz particles were, in fact, block-
shaped particles.

2.1.2. Morphological Classification Analysis

According to the analysis of pictures taken by SEM, it emerged that the quartz particles
exhibited a flaky shape with a certain regularity. The length of the short axis was about
half that of the middle axis, so in this study we simplified the model in the description
of A,. Among the many morphologies that quartz particles have, single-cone, square,
and double-cone particles account for a relatively high proportion. As Figure 3 shows,
the quartz particles were morphologically classified into different particle size ranges as
follows: 250-500 um, 125-250 um, 75-125 um, 45-75 um, and 30-45 um. Meanwhile, the
percentages of unclassified particles according to the morphology were 8.9286, 8.6539,
8.9431, 7.1795, and 8.7719, respectively. Single-cone, square, and double-cone particles
each accounted for more than 20% in each particle size range, and the morphological
quantity from large to small was single-cone, square, and double-cone. The peripheral
morphologies of single-cone, square, and double-cone particles are shown in Figure S2,
while the remaining particles were of unclassified peripheral morphology.
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Figure 3. Statistical analysis of the quartz particles” morphology type.

Based on the above analysis, in the case of ignoring the surface roughness, flaky—
blocky quartz particles accounted for a relatively high proportion of the quartz particle
group, and the morphology has a certain representativeness. The morphology type and
long-middle axis ratio of the quartz particles provides a reliable basis for ensuring that the
subsequent numerical simulations are accurate.

2.2. Test Platform and Test Process

The transparent acrylic cube sedimentation barrel in the test device was 50 x 10 x 300 mm?
(length x width x height). For measuring the particle sedimentation process, an area of
50 x 10 x 10 mm3 (length x width x height) was chosen, as depicted by the light blue
line in Figure 4. When the test commenced, the particle was released at the top of the
sedimentation barrel, and the high-speed camera started recording. The complete particle
motion in the measuring area was recorded, and this was completed with an i-SPEED
3 type high-speed video camera (Olympus UK Ltd., United Kingdom). It was armed with
a 47.62 pixels/mm resolution and could achieve 4000 frames per second. Furthermore,
i-SPEED suit software was used for analysis of the particle sedimentation velocity [47].

According to the formula for sedimentation equilibrium velocity, the particle reaches
its equilibrium state once the settlement distance of 250 mm is reached. During the high-
speed camera’s recording of the 10 mm particle sedimentation process, 20 trajectory points
were chosen, and their immediate sedimentation velocity was subjected to analysis. The
average value of instantaneous velocity is known as the particle sedimentation equilibrium
velocity. Test errors were minimized as much as possible by conducting every measurement
three times. Deionized water (Milli-Q water) with a resistance capacity of 18.25 M()/cm
was used, and all measurements were undertaken at 20 °C and pH 7.0 [48].
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Figure 4. HD sedimentation photography system.

3. Mathematical Model

Each individual particle’s motion was directly tracked by employing the discrete
element method, while the local averaged continuity and momentum equations of the
continuum solved the issue of fluid flow [49]. The particle-fluid interaction force mainly
incorporates drag force F,, viscous force, and pressure gradient force, which is explained
by the fluid shear stress tensor and other non-dominant forces such as Magnus force and
Basset force, and virtual mass force [50].

3.1. Governing Equations for Particle Phase

Utilizing Newton’s laws of motion, the motion of an individual particle p with mass
my, and moment of inertia I, is calculated in a Lagrangian frame [51] as follows:

dUp

dw
IPTtP =Tp ()

where v, and wy, are, respectively, the transitional and angular velocity of the individual
particle p, F,, denotes the particle-wall contact, T}, is the torque arising from the contact
force, and g represents gravitational force acceleration.

3.2. Governing Equations for Fluid Phase

The CFD solver is based on the Eulerian approach whereby each computational cell is
calculated. The fluid phase is governed by the locally averaged Navier-Stokes equation for
an incompressible fluid, with equations governing continuity and momentum as written
below [52]:

%(afpf) —i—V(ocfpfvf) =0 3)

d(agpvp) !
—LLE 4V - (agpposvp) = g VP - v, e VTt @
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where a; represents the liquid volume fraction, pr denotes fluid density, vy is the averaged
fluid velocity, VP stands for the pressure gradient, AV is a fluid cell of volume, and 1y is
the viscous stress tensor, which is documented as follows [53]:

=iy [(wf) + (Vz;f)_l} + <A - §y> (Vo) 5)

3.3. Interaction Force between Fluid and Particle

The fluid-particle interaction force acting on particle is Fyy), is written as:
pr,;? =-V,VP+ VPVTf + leFd 6)

where V), is the particle volume, and Fj is drag force in the direction of the relative velocity
between the fluid and particle. Referring to the drag of a particle in a particle system, Di
Felice’s (1994) proposed drag coefficient force model [54] was implemented:

Fiy = Faou; 7"V )
where Fy is the fluid drag force acting on a particle when no other particles are evident.
This is written as:
mdy,
4
where Cp represents the fluid drag coefficient, dp is the equivalent diameter of the particle,
and vy and vp are, respectively, the fluid velocity and particle velocity. Based on the
Chien [55] drag coefficient force model as a reference, this paper proposes a new modified
drag coefficient force model, as shown below:

1
Fao = 5p5Cp “]zf‘vf_vp‘(vf_vp) ®)

Cp + 67.289¢ 02039 9)

o R(fp,a

where the quartz particle sphericity, @, is actually the ratio between the surface areas of
the equivalent sphere Ay, and particle Ay. These are given as follows [56]:

Asph
= . 1
‘Pq AP ( 0)
2
Agpn = 70+ (d,) 11)
2m2 + 1252 + m2s2
Ay = 4n\/ 3 (12)

where I, m, s, respectively, are the long axis, the middle axis, and the short axis of the
particle. According to the particle morphology analysis, in this study, we assume s = %m.
Therefore, Formula (12) is simplified to Formula (13):

2 2
Ay = 2L (13)

The simplified drag coefficient force model can be obtained by two-dimensional
image display technology. Compared with the drag model, which needs to test the three-
dimensional size of particles, the new model has more advantages. The accuracy of the
simplified model is verified in the following sections.



Processes 2022, 10, 1981

8 of 14

In the drag coefficient equation, Rep , is the Reynolds number of the particle for the
drag force, which is written as follows [57]:

pfdpﬂcf”()f — Z)p’

14
iy (14)

REP,,X =

where ¢ stands for the fluid’s dynamic viscosity, and the value of v in Equation (8) is
stated as:

(15)

2
15-1 R
v =3.7—-0.65exp [— ( 0g19Rep,q) ]

2

3.4. Simulation Details

SolidWorks 15.0 was used to establish the test model of the three-dimensional model of
the settling device, i.e., 50 x 50 x 150 mm>. Meanwhile, ANSYS Mesh 18.0 was employed
to construct the mesh with a regular hexahedron grid. This is because the maximum
equivalent diameter of the fine mineral particles was 500 pm. In order to ensure the
number of particles with statistical significance in a cell grid, the minimum volume of
the grid should be more than triple the particles’ maximum volume, and the element size
can be divided by the length. So, the minimum element size was set to 1 mm after the
independence verification. The element size, in turn, was increased to reduce the mesh
density. When the element size was 5 mm, the number of elements was relatively small,
i.e., 3872. Therefore, only four element sizes—1, 2, 2.5, and 5 mm—were made for the grid.
The second-order central difference scheme was used in this research for the convection
term and diffusion term, while the Crank-Nicolson second-order scheme was deployed for
the time term. A phase-coupled simple algorithm was employed to solve particle motion
by displaying integrity. The simulated fluid was made viscous and incompressible, and the
wall was in what is known as the no-slip condition. The magnitude of the shear modulus
was to the 6th power. All simulation parameters were implemented in Fluent 18.0 and
EDEM 2018.

4. Results and Discussion
4.1. Validation of the Drag Coefficient Model

Several forces guide the free sedimentation of particles in water, for instance, buoyancy,
drag, gravity, and so on. Drag force is a key factor for momentum transfer in the solid
and liquid phases; furthermore, its accuracy directly affects the accuracy of numerical
simulation results. This paper proposes a new modified drag coefficient force model based
on particle morphology, and we establish its accuracy through experiments and numerical
simulations (modified and unmodified drag coefficient force models).

As Figure 5 shows, five quartz particles with different long-middle axis ratios were
randomly selected from each particle size range for a free sedimentation experiment. Their
lengths (/) were 168 um, 68 um, 777 um, 56 um, and 712 um; their widths () were 135 pum,
52 pm, 473 um, 32 um, and 339 um; and their long-middle axis ratios (A) were 1.25, 1.31,
1.64, 1.74, and 2.10. A simplified particle model for numerical simulation was constructed
based on the morphology of the quartz particles selected in the experiment. Note that the
simplified particle model is shown in Figure S2. Then, the process of free sedimentation of a
single particle was simulated. In the experiment and simulation, the terminal velocity was
selected for comparative analysis with the particle reaching the sedimentation equilibrium
state. The experimental data are represented by Exp., Sim-1 represents the simulation
results for the modified drag coefficient model (as shown in the mathematical model), and
Sim-2 represents the simulation results of the unmodified Chien drag coefficient model.
The instantaneous velocity of the five quartz particles is depicted in Figures S3-57.

In comparison to the simulation results of the uncorrected drag coefficient model, the
sedimentation equilibrium velocity obtained when utilizing the modified drag coefficient
model agrees more with the actual measured sedimentation equilibrium velocity. The
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modified drag coefficient model can predict the sedimentation velocity of quartz particles
relatively accurately, and the relative error can be controlled within 5%. As particle size
shrinks, the drag coefficient model’s effect on sedimentation equilibrium velocity decreases,
and the relative error is also diminished.

100

I o
1] Sim-1 A=1.64
[ sim-2 ]
80
2
E A=2.10
5 60 —]
S
o
°
>
(5]
& 40
o]
>
<
20 A=1.25
| aA=174 A=13 ._H
0 T 1 T T T T T T
=56 =68 =168 1=712 =777
m=32 m=52 m=135 m=339 m=473

Quartz particle size, um

Figure 5. Comparison of experimental data and numerical simulation of sedimentation equilibrium
velocities of different long—middle axis ratios.

The length of the short axis was adjusted so that it was half of the main axis due to the
reduced model. Quartz particles” actual short-axis lengths can range from larger than half
of the middle axis to less than half of the middle axis. As a result, the findings produced
by the updated drag coefficient model cannot exactly correspond to the data that were
actually measured. However, the simulation outcomes using the modified drag coefficient
model are more accurate than the simulation results employing the original drag force
model when compared to the sedimentation equilibrium velocity data recorded in actual
experiments. Additionally, the fact that there is not a significant difference between the
settlement equilibrium velocity calculated using the changed drag coefficient model and
the actual measured settlement equilibrium speed indicates the importance of the revised
drag coefficient model.

4.2. Particle Release Angle

In mine wastewater, most quartz particles exist as non-spherical phenomena. During
the sedimentation of the quartz particle group, the included angle between each particle
coordinate system and the global coordinate system may change with time. Differences
may occur in the sedimentation equilibrium velocity of a single non-spherical particle
with various angles. Herein, the Y-axis direction (the direction of particle gravity sedi-
mentation) was randomly selected as a reference, and the effect of different quartz particle
release angles on the sedimentation process was predicted by using the simplified drag
coefficient model.

Suppose that the local coordinate system of the particle is defined as Oxyz, the global
coordinate system is defined as 0XYZ, and both coordinate systems have the same origin
of 0. Using the direction cosine matrix (DCM), the angle between the y direction of the
particle and the Y direction in the global coordinate system was set to 0°, 30°, 45°, 60°, and
90°, respectively (Figure 6). The angle between the x direction of the particle and the X
direction in the global coordinate system was kept consistent, while the angle between
the z direction of the particle and the Z direction in the global coordinate system changed
when particles changed in the y direction.
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Figure 6. Three-dimensional velocity variation diagram of particles at different release angles.

It can be seen from the Y-axis direction of the global coordinate system that the initial
release velocity of a particle exerts no influence on the sedimentation equilibrium velocity
value of particles. However, the differentiation between the initial velocity and sedimen-
tation equilibrium velocity directly affects the time required to reach the sedimentation
equilibrium velocity during a particle’s settlement process.

In the settling process of a large-sized particle, the effect of angle on sedimentation
velocity is less significant when compared to particle mass and volume. Referring to the
analysis of particle velocity in the X-axis direction, the velocity value of a particle fluctuates
relatively little between 0° and 45°, by £0.2 mm/s. Furthermore, when the release angle is
45°~90°, the fluctuation increases as the angle also increases, and the value range is about
+0.4 mm/s. In the Z-axis direction, when the release angle is 45°~60°, the fluctuation
amplitude of the particle velocity value nearly doubles.

4.3. Peripheral Appearance

We can see from the Y-axis direction in the global coordinate system that when the
initial velocity of particles is greater than the sedimentation equilibrium velocity, the order
of particles from the initial velocity to the sedimentation equilibrium velocity is double
cone, single cone, and square. Judging by the X-axis and Z-axis directions, the fluctuation
value of particle velocity is within +0.2 mm/s, which is consistent with the release angle of
0° shown in Figure 7.
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Figure 7. Three-dimensional velocity variation diagram of particles with different peripheral mor-
phologies.

The particles impact the local water layer during the sedimentation process, and when
they break away from the local water layer, wake flow is formed behind the particles. When
the particle moves downward instantaneously, the tail of the original resting position will
form a vacuum region, and this vacuum region will instantly have an inflow of external
water. However, the vacuum is under negative pressure. The front impingement surface
of the particle is smaller, and the resistance is subsequently less. The smaller the particle
tail surface, the smaller the vacuum negative-pressure area. Therefore, considering only
the difference in the particles” surrounding morphology, the order that the particles reveal
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in reaching the sedimentation equilibrium velocity is as follows: double cone, single cone,
and square cone.

4.4. Long—Middle Axis Ratio

According to the analysis results of SEM photographs, the maximum ratio of the
length of the long axis to the length of the middle axis of quartz particles was 2.6, and the
minimum ratio was 1.0. Different particle models were established (shown in Figure 8). It
was assumed that the value of the short axis of the particle is half the value of the middle
axis of the particle, the value of the middle axis of the particle is fixed, and the value of
the particle’s long axis is altered. The effects of different particle models on the particle’s
sedimentation equilibrium velocity were studied.
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Figure 8. The relationship diagram of different long-middle axis ratios and particle sedimentation

equilibrium velocity.

When the particle size is constant, the long-middle axis ratio causes a decrease in the
particle sedimentation equilibrium velocity. The effect of particle long—middle axis ratio
on sedimentation equilibrium velocity diminishes as the particle size also decreases. In
order to further understand the relationship between the long-middle axis ratio and the
sedimentation velocity, the instantaneous velocity of particles was studied, as shown in
Figures S8-512. In the scenario where the particle size is small or the long-middle axis ratio
is close to 1, the particle can quickly reach a sedimentation equilibrium state. When the long-
middle axis ratio increases, the spherical coefficient increases, the drag coefficient increases,
and the drag also increases. Therefore, the effective gravity of the particles in the vertical
direction decreases, resulting in a drop in the particle’s sedimentation equilibrium velocity.
The association between the sedimentation equilibrium velocity and the long-middle axis
ratio is consistent with the derived formula. When D < 50 um, particle long-middle axis
ratio has almost no effect on sedimentation equilibrium velocity.

5. Conclusions

A combination of experiments and CFD-DEM was performed in order to study the
morphological characteristics of quartz particles and the factors of single-particle quartz’s
sedimentation velocity in mine wastewater. The following conclusions can be made:

(1) The quartz particles were flakey-blocky in character, and the long-middle axis ratio of
30-500 pm quartz particles was 1.6. Moreover, from large to small in proportion, the
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quartz particles’ morphological classifications were single-cone, square, and double-
cone, each of which accounted for more than 20%.

(2) According to the SEM analysis results, it was assumed that the short-axis length is half
of the middle-axis length, and a simplified drag force model of single quartz particles
was proposed. As verified by comparative analysis of experiments and simulations,
the new drag force model based on particle morphology is suitable for numerical
studies of single-quartz-particle sedimentation in mine wastewater.

(3) In30-500 um quartz particles, the quartz particle velocity in the non-settling direc-
tion fluctuated by £0.2 mm/s, and the maximum fluctuation value increased to
£0.4 mm/s under the influence of different release angles. When the initial velocity
is greater than the sedimentation equilibrium velocity, the order in which the parti-
cles reach the sedimentation equilibrium velocity during the settlement process is
double-cone, single-cone, and square.

(4) With increasing quartz particles” long-middle axis ratio, the sedimentation equilib-
rium velocity wanes, and the time required for the particle to reach the sedimentation
equilibrium state increases. When the quartz particle size reaches 30-50 um, the
long—-middle axis ratio has little effect on the sedimentation equilibrium velocity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10101981/s1, Figure S1. XRD analysis of quartz; Figure S2.
Schematic diagram of particle peripheral morphology definition and simplified model; Figure S3.
The instantaneous velocities of particles changes when the length is 56 um and the width is 32 um;
Figure S4. The instantaneous velocities of particles changes when the length is 68 pm and the width
is 52 um; Figure S5. The instantaneous velocities of particles changes when the length is 168 pm and
the width is 135 um; Figure S6. The instantaneous velocities of particles changes when the length is
712 pm and the width is 339 um; Figure S7. The instantaneous velocities of particles changes when
the length is 777 pm and the width is 473 pum; Figure S8. Instantaneous velocities of particles with
different long-middle axis ratios in an effective particle size of about 30 pm; Figure S9. Instantaneous
velocities of particles with different long-middle axis ratios in an effective particle size of about 60 pm;
Figure S10. Instantaneous velocities of particles with different long-middle axis ratios in an effective
particle size of about 125 um; Figure S11. Instantaneous velocities of particles with different long-
middle axis ratios in an effective particle size of about 250 pum; Figure S12. Instantaneous velocities of
particles with different long-middle axis ratios in an effective particle size of about 500 um. Table S1:
XRF analysis of quartz.
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