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Abstract The wetting behavior of droplets on the surfaces of
hydrophobic coal slices is measured with a CCD camera and
simulated with the volume of fluid (VOF) numerical method.
Experimental results reveal that the contact angle changes
exponatially with time and the wettability decreases with the
increasing rough microstructures of coal slice surfaces. There
is a good agreement between numerical simulations and ex-
perimental results. Meanwhile, it is found that droplet with a
smaller volume can enhance the hydrophilic. The dust-fall
theory of fine droplets is useful to improve the wettability of
dust and enlarge the contact ratio between dust and droplets,
which can help to design wet-type dust-fall equipment and
provide new way for the control of respiratory dust.
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1 Introduction

Coal, as a main energy source, is widely used in China recent-
ly. Meantime, it is a challenge to deal with considerable
amounts of dust results from the exploitation of coal re-
sources. Apparently, dust not only does harm to the health of
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coal workers but also pollutes our environment. So how to
control the dust becomes a major concern [1, 2]. At present,
water for its dust wetting properties is often used to be a major
means to reduce dust. The wetting behavior between droplet
and dust determines the dust control efficiency, especially for
hydrophobic surface of almost all kinds of coal, which is more
difficult to be wetted [3-5].

Wetting is a process of droplet spreading on solid surface. It
is reflected by the contact angle (), which is used to distin-
guish hydrophilic and hydrophobic surfaces: hydrophilic (A<
90°), hydrophobic (90°<6<150°), or super-hydrophobic (0>
150°) [6]. Yang is the first person who defined the concept of
contact angle between water and solid surface

: (1)

cosh) — YsvTVsL
TLv

where vy, Ysv and ygp are separately the specific energies
performed liquid—vapor, solid—vapor, and solid—liquid inter-
faces. A theoretical model that can characterize the wetting
behavior proposed by Wenzel (1936) with the increasing sol-
id-liquid contact area is shown in Fig. 1a. The apparent con-
tact angle (Ay) is expressed by [7]

cosfy = rcosb, (2)

where r is the roughness of solid surface, i.e., the ratio between
the actual surface area and geometric projection. Another
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Fig. 1 Sketches of wetting models. a Wenzel wetting model; b Cassie—
Baxter wetting model; ¢ Marmur wetting model
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model was given by Cassie and Baxter (1944) to characterize
the trapping of air between a droplet and a rough surface, as
illustrated in Fig. 1b. The apparent contact angle (fcp) is
expressed by [8]

cosfcp = fcost + f—1, (3)

where f'is the area fraction of the solid-liquid interface. In
combining Egs. (2) and (3), it is clear that the microstructure
of solid surface has a great influence on their wetting behavior.
Sometimes a hydrophobic feature is shown on a hydrophilic
solid surface through adjusting the microstructures. Consider-
ing a droplet partially wets the surface and partially sits on air
pockets, the model has been introduced by Marmur (2003)
(Fig. 1c). The apparent Marmur contact angle is given by [9]

cosby = ryfcos + f—1, (4)

where 7;is the roughness of the portion that the solid touches
the liquid. When /=1 and /=, Eq. (4) turns into Eq. (2).

Both the interface energies and surface morphologies influ-
ence the wetting behavior of droplet on the solid surface. In
our work, we investigated the wetting behaviors of coal slices
which are made of stacks of dust by experiments and numer-
ical simulations. The results obtained help us understand dust
wetting, and several methods are advised to improve the effi-
ciency of dust control [10, 11]. Our studies for the dust wetting
are also useful to remove or clean dust and design machines
that reduce dust more effectively.

2 Wetting Test

To ensure the coal samples representative, it was collected in
accordance with the national standards (GB475-83) strictly.
The different dust sizes with Ds,=208, 152, 84, and 36 um,
respectively, (Dsq is the volume median diameter of dust dis-
tribution) can be obtained by using the jet mill (QLF-120)
granularity to process the samples, and the coal dust granular-
ity can be controlled by a particle size analyzer (CIS-100). The
coal slice made by applying the compression molding ma-
chine (JLO-DJCX) to force the dust under 20 MPa is the
cylinder specimens with a length of 13 mm and thickness of
1 mm (Fig. 3a).

The FTA 200 system (First Ten Angstroms, USA) (Fig. 2)
was used to capture the droplet spreading process and to

H
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Fig. 2 Sketches of wetting experiment
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record images every 0.1 s under the conditions of room tem-
perature of 20+2° and relative humidity of 55+3 %. The CCD
camera in the FTA 200 system has a maximum speed of 30
frames per second. The experimental process (Fig. 3b) and the
typical images of a spreading droplet (Fig. 3c) were shown,
and the contact angle was measured from the droplet profile
using the FTA 200 software. Each experiment was repeated 10
to 20 times on each coal slice, and the experiment was repeat-
ed three to five times, and the data obtained were regarded
acceptable. For all the rough surfaces, the apparent contact
angle was scatted in a range. So we used an average value
as the apparent contact angle in the curve-fitting process
subsequently.

The wetting results of different coal slices were obtained, as
seen in Fig. 4. We could get a great agreement that the contact
angle changed exponationally with time, which is consistent
with the conclusion mentioned in Ref. [12]. The apparent
contact angles were measured to be 81°, 102°, 123°, and
136° in turn for the different coal slices (208, 152, 84, and
36 wm), which suggest that these coal slices are hydrophobic
and the wettability decreases with the reducing of Dsq. The
surface of tiny dust has a rougher microstructure which results
in poor wettability. The experiment about the influence of
surface microstructure on wettability was carried out, and
the result obtained is consistent with Ref. [13]. Just as
Egs. (2)~(4) have shown, the wetting behavior of a surface
with microstructures under wettability alteration cannot be
achieved by the Wenzel and Cassie-Baxter wetting model,
but it can be done by the Marmur model.

3 Numerical Simulation

To better understand the effect of microstructure on wettabil-
ity, a series of numerical simulations was carried out. We
consider a two-phase flow approach with a free surface
employing volume of fluid (VOF) multiphase model with
droplet as the liquid phase and surrounding air as the gas
phase. The model is a three-dimensional model which com-
bines a fixed mesh discretization and N-S equations with a
piecewise linear volume tracking algorithm to trace the free
surface. The droplet is assumed to be an incompressible, vis-
cous fluid. The governing equation can be expressed as [14]

6u,~

and the Reynolds time-averaged N—S equation is shown as

Ou; n Ou; n ou 1 op n otu;
—tu—tv—=——= :
ot 7 ox; oy p Ox; &i

: (6)

Ox, iX;j

where u;, i=1, and 2 are the velocity components along the
coordinate axes x;; ¢ is time; p, p, and v are separately the
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Fig. 3 Samples with
experimental and wetting process:
a a coal slice surface with the Dsq
84 um; b the experimental
process; ¢ the apparent contact
angle with 6 102+1°

(a)

liquid density, pressure, and kinematic viscosity; g is the grav-
ity acceleration.

The flow field is computed under unsteady condition
without considering the heat transfer and solidification.
The liquid droplet is formed by patching the liquid volume
fraction with a specified diameter at a low height from the
solid surface. The solid surface is considered as the close
arrangement of a lot of spheres with equal volume, as
shown in Fig. 5.

4 Result Analysis and Dust-Fall Theory of Fine
Droplets

A droplet was dropped on the solid surface without verti-
cal speed, and the value of apparent contact angle was
obtained through simulation, as shown in Table 1. Com-
pared with the experiment, we found that the value of
apparent contact angle by simulation is relatively low. This
may be related to the microstructure of the coal surface.
We also calculated the apparent contact angles by the
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Fig. 4 Change of contact angle by experiment
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Wenze, Cassie—Baxter, and Marmur wetting models and
obtained the values of 6 as 68°,138°, and 126°, respec-
tively. From Table 1, it is clear that the results by our
research agree well with the Marmur wetting model.

The dust is produced from the rock extruded by the
cutting tooth; its surface structure changes a large with
the effective porosity, specific surface area, and surface free
energy increasing [15]. These features are to strengthen the
ability of dust particles adsorbing air particles and make its
surface form a layer of gas film. The roughness of dust
surface enlarges the gas volume trapped in the pore of dust
surface and increases the amount of gas film [16]. In fact,
the contact process of dust and droplet can be seen as the
replacement of the gas film on dust surface by liquid. So it
is the gas film that delayed the wetting process and hin-
dered the droplet spreading on dust surface, which can lead
to dust hydrophobicity. From the theory of gas film, we can
explain that the thinner the dust, the more difficult its sur-
face wets, and that is why the respirable dust is more
difficult to be wetted.

In the actual condition of wet-type dustfall, the droplets
sprayed from nozzles fell in the space where coal dust floats
in the air, contacts with, and sticks on the surface of coal dust.
The droplets wrapped by coal dust particles will interact with
each other by the attraction through the liquid interface among
them, leading to the assembly and aggravation of coal dust.

Fig. 5 Simulation wetting model
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Table 1  The apparent contact angles under different solid surface Table 2 The apparent contact angle of different »

Dso/pum 36 84 152 208 r 0.01 0.02 0.05 0.1 0.2 0.5
Experiment 6/° 81 102 122 136 0r° 63 69 81 92 98 110
Simulation 6/° 80 96 114 125

Eventually, when the gravity of this droplet is larger than the
flotage, it can fall free, and the assembly of small droplets
accelerates the speed [17]. As a matter of fact, the whole
surface of droplet is wrapped around by dust particles, and
these particles prevent the liquid from contacting with others.
So the total surface of droplet becomes a focus to consider
further; the research of this not only can enhance the dust-fall
efficiency but also save the water.

Based on the above simulation, we carried out a set of
numerical simulations about droplets with different volume.
The total volume is defined as ¥}, and the fine droplet is set
as different volume ratio » (0.01, 0.02, 0.05, 0.1, 0.2, and 0.5
Vo, respectively). Each simulation process keeps the total
volume of the droplet the same ¥} in order to compare with
each other. The wetting process can be divided into three
phases generally, as shown in Fig. 6. Firstly, the fine drop-
lets contact with solid surface partly and wet, then others
impact on them and the impinging force enhance the wetting
of droplet; the fine droplets integrate at last and the apparent
contact angle is <90°. Table 2 gives the corresponding con-
tact angle of different volumes of fine droplet under the
condition of Dsy 152 um, which shows that the fine droplet
can improve wettability obviously and the contact angle re-
duces linearly with the decrease of droplet volume.

From the above analysis, it is found that the total surface area
of droplet becomes larger with the increase of . When a water
drop with a volume of Vis split into lots of droplets and made
each droplet equal volume, the total surface area would be

S, = V/36n7V'?, in which n is the number of all droplets. There-
fore, if a water drop is divided into # droplets, the total surface
area of a water drop will increase the amount of </z [17]. Thus,
to reduce the coal dust more efficiently, a larger surface area
should be made by separating a water drop into more smaller
droplets, which is consistent with the previous simulation.

The dust-fall theory of fine droplet indicates that the
effective surface is the contact area between droplet and

QO
ostseste sbsiside sboseeve
(a) (b) (c)

Fig. 6 Simulation results under the fine droplet: a the fine droplets
contact with solid surface partly; b the fine droplets impact on solid
surface entirely; ¢ the final state

dust, and the thinner the droplet is, the more the ratio
of effective surface is. The experiment and simulation
results agree very well. The collision probability be-
tween droplet and dust can enhance with the increase
of droplet surface. The secondary dust impacting on the
droplet surface may improve the wetting of prior dust;
thus, it is assumed that collision frequency contributes
significantly to the adhesion between droplets and dust.
So the collision probability becomes larger due to the
fine spray of droplet. Especially for respiratory dust, the
tiny droplet can process multi-field to ensure good con-
tact between dust and droplets by considering the eco-
nomical use of water. Thus, from the theoretical point
of view, the idea of getting fine droplets should be paid
more attention in the design of wet-type dust-fall equip-
ment. However, the obtainment of too tiny droplet may
increase the burden of the atomizing equipment, for a
droplet is too small to fall free due to the gravity, even
after integrating with dust. Thus, it is significant to seek
for a reasonable scale of droplets according to what we
face in the control of dust pollution.

5 Summary

In summary, the wetting properties of droplets on the
coal slices formed by different D5y, have been measured
with a CCD camera. Experimental results show that
these coal slice surfaces are hydrophobic and the wetta-
bility decreases with the reducing Ds, and the contact
angle changes exponatially with time. We simulated the
wetting process of droplet on different coal slices by
using VOF numerical method. For the same droplet,
the complex microstructure of solid surface can improve
the hydrophobic, which is in agreement with the exper-
imental results; for the same solid surface, the tiny vol-
ume of droplet can enhance the hydrophilic.

Both experimental and simulation results indicate that
the effective contact surface between droplet and dust
contributes to the total dust-fall, that is, the fine droplet
can not only enlarge the ratio of effective surface but
also change the wettability of dust. The dust-fall theory
of fine droplet can also help us to design wet-type dust-
fall equipment and provide new ideas for the manage-
ment of respiratory dust.

@ Springer
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