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Dust suppression through water-based media is an important technical means, which is of great significance to industrial process
safety and environmental protection. In order to improve the utilization rate of droplets, the dynamic spreading process of
droplets impacting the coal surface was studied by the coupled level-set and volume-of-fluid methods (CLSVOF) method. The
spread area was calculated by the binary method to characterize the wetting effect. Dimensionless spread area per unit volume
(DSAPUV) was proposed to represent the utilization of droplets. The results show that the droplet spreading fracture process
can be divided into three stages: initial deformation period, spreading fracture period, and stable period. When the particle size
was not being changed, the area of dimensionless spread does not increase consistently with velocities, but there exists an
optimal critical velocity of impingement, which is 17 m/s for the maximum dimensionless spread area reached by droplets with
a diameter of 30 ym and 19m/s for the maximum dimensionless spread area reached by droplets with a diameter of 50 ym.
Droplet size is directly proportional to the dimensionless spread area. The maximum dimensionless spread areas of the
droplets were all reached during spreading, and the time required increased gradually with increasing particle sizes. It was
found that the effect of droplet size on the utilization of droplets was obvious when their size ranged from 10 ym to 50 ym,

and their velocity ranged from 15m/s to 20 m/s.

1. Introduction

Coal dust threatens the safety production and environmen-
tal protection of mines. It can burn and explode, and cause
extremely serious accidents and losses [1-5]. On the other
hand, coal dust negatively impacts the air quality in the
mining area and causes severe health hazards. The adverse
effects of exposure to coal dust during operation on miners’
health have been recognized as a paramount issue. During
the last 2 decades, lung diseases among coal miners have
resurged in several countries [6-11]. In addition, coal dust
particles will also strengthen the wear of equipment and
reduce its reliability and accuracy. Therefore, the suppres-
sion and prevention of coal dust are very important.

Whether in open-pit coal mines or underground coal
mines, spraying water-based materials is an important
means of dust suppression and control [12-15]. This
technology is of great significance to safety production and
environmental protection. After the droplet impacts the coal
surface, it can spread, retract, and break up, which has obvi-
ous dynamic characteristics. However, the existing studies of
coal wetting mainly observe the static wetting characteristics
or slow wetting characteristics of droplets on the coal
surface. Based on this, the wettability of droplets on the
coal surface is evaluated. The commonly used evaluation
methods mainly include the sessile drop method, the sed-
imentation method, the capillary rise method, the infiltra-
tion method, and so on.
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The sessile drop method is the most widely used method,
which forms three-phase contact by slowly dropping a
droplet on the tablet [16-18]. A contact angle less than 90°
means high wettability, while a contact angle greater than
90° corresponds to low wettability. Cheng et al., Zhou
et al, and Li et al. analyzed and optimized the coal wetting
agent with the contact angle as the evaluation index and
achieved a good dust control effect [19-21]. Chen et al.
further optimized and improved the sessile drop method
and proposed the volume-length (VL) method to measure
the contact angle. The VL method ignores the influence of
infiltration or evaporation on the measurement and can
measure the initial contact angle and the maximum contact
angle [22]. Cheng et al. found that the contact angle of coal
dust increases with the increase of its infrared transmittance.
When the transmittance exceeds 30%, the contact angle is
large and stable [23]. Gui et al. studied the influencing fac-
tors of coal dust wettability through experiments and found
that the contact angle is not the decisive factor for evaluating
surfactants [24]. The sedimentation method indirectly char-
acterizes the wettability by measuring the time required for
all quantitative dust to settle into the test solution or by mea-
suring the mass fraction of dust particles immersed in water
from the thin dust layer sprinkled on the solution surface
within a certain time. The sedimentation experiment is
affected by the particle size distribution and the uniformity
of powder spraying. Therefore, it is necessary to repeat three
to five times to improve accuracy [25, 26]. The capillary rise
test is a method to evaluate the wettability by using the
capillary rise of liquid in the test tube containing dust parti-
cles [27-29]. In this method, the evaluation index is the time
required for solution penetration per unit height or the pen-
etration height per unit time. The permeation rate of the
solution to the powder bed was measured by the permeation
experiment [30].

It can be observed that the research on the wettability of
water-based materials to coal is mainly static and slow wet-
ting, while the research on dynamic wetting is less. There
are obvious limitations in using these methods to evaluate
the wettability of droplets in the process of impacting the
coal surface. In engineering practice, the behavior of droplets
impacting the coal surface widely exists in the dust control
process. The dynamic behavior of droplets is extremely com-
plex. There are obvious dynamic processes such as spread-
ing, retraction, and rebounding. The time scale of droplets
gradually spreading and penetration on the coal surface is
much greater than the impact contact time between droplets
and coal, that is, the time before the droplet rebounding,
splashing, or breaking on the coal surface. Considering the
relevant dynamic factors, this impacting method can better
reflect the actual wetting characteristics and application
effects.

In this paper, the numerical simulation method, coupled
level-set and volume-of-fluid methods (CLSVOF) is used to
study the wetting phenomenon of droplets after impacting
the coal surface under different conditions, and its dynamic
spreading behavior is analyzed. A new evaluating indicator
“dimensionless spread area per unit volume (DSAPUV)”
was proposed to represent the utilization of droplets. This
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study is helpful to understand the dynamic wetting process
when droplets impact on the coal surface and optimizing
the utilization rate of dust suppression droplets on the coal
surface.

2. Simulation Method and Verification

2.1. Simulation Method. The morphology of the microdro-
plet is tracked by CLSVOF method, which was proposed
by Sussman et al. [31, 32]. The method combines the good
conservation of the volume-of-fluid (VOF) method with
the advantages of the level-set (LS) method to deal with
the local sharp corners of the interface. The coupling of both
LS and VOF methods ensures mass conservation, the ability
to capture the free surface, and to correctly compute the
surface tension force.

In the VOF method, the phase interface is captured by
calculating the volume fraction in each element [33-35].
Different fluid components share a set of momentum equa-
tions. The volume fraction of each fluid component is
recorded in each calculation cell. The transient Navier-
Stokes equations are solved using a finite-difference formu-
lation on a fixed grid. According to the conservation of mass,
the continuity equation is shown in

aahq
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+V-Vay, =0, (1)

where ¢ is the time, V is the velocity vector, and ay4 is the
volume fraction of liquid phase. a;; =0 means that the gas
phase is in the grid, 4;, =1 means that the grid is full of
liquid phase, and 0 < a;,, <1 means that the interface is in
the grid.

The momentum equation is shown in
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where ¢ is the time, V is the velocity vector, p is the pressure,
p is the density, y is the dynamic viscosity, g is the acceler-

ation of gravity, and F is the volume force.
The interface position and time evolution equation are
defined by LS method, as shown in

202 w0, )

where v is the velocity of the flow field.

Equation (3) is the convective transport equation of
function ¢, which is rewritten into the following form as
shown in Equation (4) in order to transform to the discrete
solution easily:

% +u(Veg) =0, (4)
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where ¢ is defined as the distance function to the interface
between the liquid and gas, and Q is the material region in
the level-set method. So, the interface is a zero-level set,
and ¢(x, t) is expressed as I' = {x € Q|¢(x,t) =0} in a two-
phase system. There are three conditions as shown in

+d],

$(x )= 0, ()
~ld],

where d is the distance from x to the interface. ¢ = 0 means x
at the interface of the two phases, ¢ > 0 means x in the liquid
phase, and ¢ <0 means x in the gas phase. All the possible
distance from the specified point to the interface has been
minimized in order to initialize the ¢ function. The normal
vector and curvature of the interface required to calculate
surface tension can be estimated in Equation (6) and
Equation (7), respectively.
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The numerical instability resulting from the ratio of the
large density and large viscosity near the interface has been
avoided by the Heaviside function which is introduced to
smooth the density and viscosity at the interface. The
Heaviside function is shown in

0, (/)<—U.),
H(g) = ;[H%%(ﬂf)] Hsw. O
1, ¢>w,

where w = 1.5h (h is the grid size). The density and viscosity
are shown in Equation (9) and Equation (10), respectively.

P(#) =Py + (Pr =Py ) H(#), (9)

He) =g+ (m —#g)H(¢)- (10)

The idea of piecewise linear geometric reconstruction is
used to reconstruct the interface, and line segments are
used to replace the interface in a single grid. The difference
is that the normal vector of the interface is calculated by the
level set function. The VOF method is used to solve the
volume fraction in the grid and reconstruct the interface in
the grid.

Pressure-velocity coupling is achieved by the PISO algo-
rithm. Discretization of the momentum flux term is achieved
by a second-order upwind scheme, while for the time discre-
tization, a first-order implicit approach is followed for the
momentum equation. The quick algorithm is used to solve

3
TaBLE 1: Numerical simulation parameter settings.
Serial number Parameters Value
1 Gas pressure 101325 pa
2 Droplet density 998.2kgm™
3 Droplet viscosity 1.003 x 1073 pa-s
4 Droplet surface tension 0.072N-m*
5 Air density 1.225kgm™
6 Air viscosity 1.7894 x 107° pa-s
7 Coal surface contact angle 60°
8 Coal surface roughness height 24.3nm
9 Coal surface 0.5

roughness constant

the level set equation. The volume fraction equation is solved
in an explicit manner at the beginning of each time step,
using the velocity values derived during the previous time
step as input.

2.2. Parameter Setting. When using water sprays, one of the
primary considerations is the droplet size. For dust suppres-
sion, the size of water droplets should be within an appropri-
ate range. Previous studies have shown that in dust removal
practice, droplets with particle sizes in the range of
10 yum~150 yum have been proven to be the most effective
[36]. In view of this, and considering the dust suppression
efficiency and spray cost, 10 ym, 30 ym, and 50 ym were
selected for the droplet size in this study.

The simulated ambient pressure is the ideal standard
atmospheric pressure, and the influence of external distur-
bance airflow on the impact process is not considered. Rele-
vant parameter settings are shown in Table 1.

In this paper, the dimensionless spread area (DSA), S* is
used to characterize the spreading and wetting of droplets on
the coal surface. §* is calculated as shown in

S
St =—, 11
. ()

where S is the spread area of droplets on the coal surface; S,
is the initial surface area of the droplet.

When droplets with different particle sizes hit the coal
surface, the comparison of the spread area cannot explain
the utilization rate of droplets. However, the dimensionless
spread area per unit volume (DSAPUV) characterizes the
wetting effect and reflects the utilization rate of droplets,
which is helpful for more accurate cost control. Therefore,
the dimensionless spread area per unit volume (DSAPUV)
is proposed and its calculation is shown in

S*
=—, 12
. (12

where A is DSAPUV and V is the droplet volume.

2.3. Experimental Verifications. To verify the rationality of
the model and the reliability of the simulation method, a
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FIGURE 1: Experimental and simulation results of the droplet impact on coal surface.
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FIGURE 2: Variation trend of dimensionless spread area with time in the experiment and simulation.

high-speed camera (VEO340s) is used to experimentally
study the dynamic spreading process of droplets impacting
the coal surface. During the experiment, the droplets were
driven out of a needle by a peristaltic pump. When the
needle flow is 1 ml/min, the drop diameter is 2mm. The
droplets vertically impact the coal surface in the form of free
fall. By modifying the distance between the needle and the
coal surface, the impact velocity can be adjusted. The veloc-
ity of droplets impacting the coal surface is 1 m/s. Figure 1
shows the deformation process of droplets after impacting
the coal surface obtained by the experiment and numerical
simulation. It can be found that the two are basically the
same.

The change of the dimensionless spread area with time
obtained by the experiment and simulation is presented in
Figure 2. The simulation results are in good agreement with
the experiments. The small error is caused by the simulation
method and model meshing, which do not affect the analysis

of the deformation process of droplets impacting the coal
surface. Therefore, this simulation method can be used in
this research work.

3. Results and Discussion

3.1. Influence of Impact Velocity on Spreading Effect.
Figure 3(a) shows the change of dimensionless spread area
(DSA) with dimensionless time during the impact of a drop-
let (D, =10um) on the coal surface at different speeds. It
can be found that when V= 15m/s, the maximum DSA is
4.33. With the increase in speed, the maximum DSA gradu-
ally increases. When V;=20m/s, the maximum DSA of
droplets reaches 5.78. This is because the larger the initial
velocity is, the more kinetic energy the droplet has, and the
more prone it is to spread [37, 38]. However, when the speed
increases gradually, the dimensionless time required to reach
the maximum DSA first increases and then decreases. This is
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FiGure 3: Dimensionless spread area of droplets at different velocities over time.

because the higher the velocity is, the more kinetic energy
the droplet has, and the longer the dimensionless time
required for the kinetic energy to be fully dissipated in the
spreading process. However, when the velocity further
increases, the droplets split, and each subdroplet spreads at
the same time, so the kinetic energy dissipation is acceler-
ated and the dimensionless time required to reach the
maximum DSA is reduced.

As can be seen from Figure 3(b), when the droplet
diameter is 30 ym and V|, is between 15m/s and 17 m/s,
the maximum DSA increases from 9.86 to 11.06; when V,
is between 17 m/s and 20 m/s, the maximum DSA is reduced
from 11.06 to 10.50. So, when V=17 m/s, the maximum
DSA is the largest. The DSA first increases with the increase
in speed. After it reaches the critical maximum, it decreases
with the increase in velocity. By analyzing the simulation
data, it can also be found that when V|, is between 15m/s
and 20 m/s, the maximum DSA is reached in the spreading
process. Because the kinetic energy in the early stage is
mainly consumed in the spreading process, after reaching
the maximum spread area, the retraction oscillation con-
tinues in the subsequent spreading period [39]. The
remaining kinetic energy is continuously dissipated, so it is
impossible to reach a larger spread area.

As can be seen from Figure 3(c), when the droplet diam-
eter is 50 ym and V, is between 15m/s and 19 m/s, the max-
imum DSA increases from 10.59 to 12.09; V,, is between
19m/s and 20 m/s, the maximum DSA is reduced to 10.52.
So, when V;=19m/s, the maximum DSA is the largest.

The DSA first increases with the increase in velocity. After
it reaches a critical maximum, it decreases with the increase
in velocity. The spreading and oscillation process of 50 ym
droplets is more significant than that of 30 ym droplets. This
is because the droplet with a diameter of 50 ym has a larger
mass, more initial kinetic energy, and high dispersion frac-
ture occurs earlier. Each separated subdroplet continues to
oscillate and spread under the synergistic action of residual
kinetic energy, surface energy, and viscous dissipation [40].
When the kinetic energy of subdroplets is exhausted, sub-
droplets begin to retract under the effect of surface tension,
and the more subdroplets, the smaller DSA. The maximum
DSA is significantly higher than that of 30 um droplets,
and the spreading dimensionless time is relatively large.

To sum up, when the droplet size is 10 ym, the maxi-
mum DSA is reached when the impact speed is 20 m/s; when
the droplet size is the 30 ym, the maximum DSA is reached
when the impact speed is 17 m/s; when the droplet size is
50 ym, the maximum DSA is reached when the impact speed
is 19 m/s. It can be seen that in the practice of dust suppres-
sion, the droplet size and its impact speed should be opti-
mized and matched to achieve the best wetting effect.

3.2. Influence of Droplet Size on Spreading Effect. In order to
turther study the spreading behavior of droplets on the coal
surface, droplets with diameters of 10 ym, 30 ym, and 50 ym
were simulated and analyzed at the same speed. Figure 4
shows the evolution of the DSA over time when droplets
with different sizes impact the coal surface at the impact
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FIGURE 4: Dimensionless spread area of droplets with different particle sizes over time.

velocities of 15m/s, 17 m/s, and 20 m/s, respectively. It can
be found that at the same velocity, the time required to reach
the maximum DSA and the spread area increases as the
droplet diameter increases. This is because at the same
speed, the larger the droplet size is, the greater the total
kinetic energy is, and the more difficult it is for the droplet
surface tension and viscous force to restrain the inertia-
dominated spreading behavior after colliding with the coal
surface.

As shown in Figure 5, droplets with a diameter of 10 yum
first diffuse and spread into a disk shape after impact. Due to
the larger velocity at the outer edge of the droplet and the
smaller velocity at the center, the droplet breaks from the
center to form a liquid ring. In this process, part of the
kinetic energy is converted into deformation potential
energy and friction dissipation. When the spreading speed
of the outer edge of the liquid ring decreases to 0, the liquid
ring begins to retract and finally converge into droplets
under the action of viscous force and surface tension.
With the gradual increase of droplet impact velocity, the
fracture trend becomes stronger. When the impact velocity
is 20 m/s, the droplet breaks into multiple liquid rings and
eventually forms multiple subdroplets.

When the droplet diameter is 30 ym, the spreading and
fracture phenomena become more and more obvious, as
shown in Figure 6. After the droplet impacts the coal surface,
it quickly breaks into multiple liquid rings. Then, liquid
rings split into multiple subdroplets. This is due to the
droplet volume being larger, surface tension cannot pull

the droplet back greatly after hitting the coal surface. The
subdroplets retract under the action of surface tension.
Finally, the subdroplets are arranged in a ring shape. The
larger the initial velocity of droplets, the more liquid rings
are formed by fragmentation, and the more subdroplets are
in a steady state. Shape changes of droplets with a diameter
of 50 ym impacting the coal surface are similar to that of
droplets with a diameter of 30 um, due to the larger mass,
more overall kinetic energy, and more subdroplets produced
by crushing.

3.3. Droplet Utilization Analyses. Figure 7 shows the change
of dimensionless spread area per unit volume (DSAPUV)
with time under different conditions. It can be seen that
the DSAPUV of droplets with a diameter of 50 ym is the
largest. In addition, at the same speed, when the spreading
tends to be stable, the increase in particle size can lead to
an obvious increase in droplet utilization. However, the
improvement of droplet utilization is relatively limited by
the small increase in speed. This is because the kinetic
energy of the droplet is directly proportional to the third
power of the droplet size and the second power of the
velocity. The larger the droplet size is, the more obvious
the increase of initial kinetic energy is. Finally, the droplet
can achieve a better wetting effect and higher droplet uti-
lization rate. When the particle size is the same and the
velocity increases only slightly, the increase of overall
kinetic energy is small, so the improvement of utilization
is not obvious.
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FIGURE 6: Spreading process of droplets with diameter of 30 ym.

According to the changing trend of the droplet utiliza-
tion during impact, the spreading process can be divided
into three periods: initial deformation period, oscillatory
diffusion period, and stable period. During the initial defor-
mation period, the droplets spread and deform rapidly from
spherical to disk. At the same time, the DSAPUV also
increased rapidly, and the droplet utilization rate increased
significantly. In the period of oscillatory diffusion, the edge
velocity of the liquid ring decreases gradually due to friction

dissipation, and the liquid ring expands horizontally with
internal contraction. This will lead to a decrease in DSAPUV
and a decrease in droplet utilization. When the liquid ring
retracts to a certain extent, the difference between the
surface tension and the internal and external velocity of
the liquid ring is not enough to make the liquid ring con-
tinue to retract. In the middle and late stages of oscillatory
diffusion, the liquid ring breaks into subdroplets. Inertia
force and residual kinetic energy make subdroplets spread
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FIGURE 7: Variation of dimensionless spread area of different droplets with time.

again. Currently, the DSAPUV increases significantly and
the droplet utilization rate has increased. When entering
the stable period, the internal kinetic energy of the droplet
is almost completely dissipated, and the spreading range
tends to be stable. Currently, the fluctuation of DSAPUV is
small, and the droplet utilization rate tends to be stable.

4. Conclusions

In this paper, the wetting behavior of droplets with differ-
ent diameters impacting the coal surface at speeds of
15m/s~20m/s is studied. The following conclusions are
drawn:

(1) The greater the droplet velocity, the more likely it is
to fracture after spreading. Moreover, the number of
liquid rings and subdroplets formed by the droplet
fracture is also more. When the particle size and
velocity are small, the liquid ring fracture will not
occur in the spreading process and will eventually
retract and converge into a droplet

(2) The larger the droplet size is, the longer it takes to
reach the maximum dimensionless spread area after
impact, and the larger the spread area is. DSAPUV
can be used to compare droplet utilization under
different particle sizes. When the droplet velocity is
in the range of 15m/s~20m/s and the particle size
is in the range of 10um~50um, the particle size

has a more significant effect on the droplet utiliza-
tion than the velocity

(3) The spreading process can be divided into three
periods: the initial deformation period, oscillatory
diffusion period, and stable period. During the initial
deformation period, the droplet utilization rate
increased significantly. In the period of oscillating
diffusion, the droplet utilization decreases first and
then increases again. In the stable period, the droplet
utilization rate tends to be stable in the equilibrium
state
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