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Respirable coal mine dust (RCMD) inhalation is identified as the main cause of the resurgence of coal worker’s
pneumoconiosis (CWP) since the mid-1990s. At present, the predominant dust control technology is the water
spray system. However, in practice, the capture efficiency of RCMD by this technology is relatively low. To
understand the capturing mechanism and develop improvement strategies, this research is focused on the surface
chemistry study of RCMD and its impact on a water surface using a dynamic model. Proximate analysis,
chemical, and mineral composition of a run-of-mine (ROM) coal sample from Appalachian region were analyzed
using a proximate analyzer, Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and X-ray Diffraction
(XRD), respectively. Contact angles were measured by capillary rise test using the Washburn equation. Based on
the dynamic model, the effects of particle size, density, contact angle, and surface tension on the critical sinking
were investigated. It was pointed out in this work that reducing surface tension, in turn, decreases contact angle,
which has been neglected in the literature. Regime maps for different minerals were created and showed that
organic matter has the highest critical velocity due to its low density and high contact angle. Reducing water
surface tension to the critical solid surface tension of coal around 30 mN/m could maximize the attachment
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efficiency. Scaling laws, constructed by force balance, led to the criteria of critical sinking: Ue, ~

ie., Weg ~ %. A semi-empirical formula for critical velocity was obtained by fitting the simulation data,
2
U, = 1.09, /6(&5?15)9) p%. Attachment efficiency was defined and formulated as P, = [% = V‘%"r, establishing

relationships between attachment efficiency and the physicochemical properties of RCMD and water droplets.

(Shekarian et al., 2021). Long-term overexposure to RCMD can cause
coal worker’s pneumoconiosis (CWP), also known as black lung (Shek-
arian et al., 2023). To further improve mine safety and health, the
permissible exposure limit for RCMD enacted by the Mine Safety and
Health Administration (MSHA) in the US was lowered from 2 mg/m3 in

1. Introduction

The study of the interaction between solids and liquid-gas interfaces
has many applications, such as water entry of projectiles (Aristoff and

Bush, 2009; Truscott et al., 2014), locomotion of water walkers (Bush
and Hu, 2006; Vella and Metcalfe, 2007) and bionic water strider robots
(Yang et al., 2016), coal and mineral froth flotation (Nguyen, 2002),
below-cloud scavenging (McDonald, 1963; Pemberton, 1960), and wet
scrubbing (Wang et al., 2015). In addition, it is also relevant to dust
suppression by water sprays as understanding the interaction between
dust particles and droplets is very important in improving the dust
capture efficiency (Zhou and Qin, 2021).

Respirable coal mine dust (RCMD) is generally referred to as coal
dust particles with an aerodynamic diameter of less than 10 pm
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1972 (Federal Coal Mine Health and Safety Act of 1969) to 1.5 mg/m3 in
2016 (79 Federal Register 24814) (NIOSH, 2021; Xu et al., 2018).
However, meeting the established criteria using the current dust sup-
pression technologies (e.g., water spray systems) is challenging (Zhou
and Qin, 2021).

The capturing process of RCMD particles by water spray droplets can
be considered as two steps: collision and attachment. The collision be-
tween RCMD particles and water droplets can occur under different
mechanisms, such as inertia, interception, Brownian motion, and elec-
trostatic attraction (Li et al., 2021). After the collision, RCMD particles
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Nomenclature
Cc geometric factor of packed powders, m®
d particle diameter, m

Q
a
o

particle diameter below which 50 % of particles are
reported, m

force, N

gravitational acceleration, m/s?

distance to the horizontal surface, m

distance of TPC line to the horizontal surface, m
coefficient for critical velocity

unit vector of y axis

mass of liquid in packed powders, kg

particle mass, kg

unit surface normal vector

pressure, Pa

circumference of the TPC line, m

particle radius, m

distance of the particle centroid to the horizontal surface,
m

MR UT AIRIMIIDSR T

particle velocity, m/s
particle acceleration, m/s?
time, s

particle velocity, m/s
critical particle velocity, m/s

co W

Q
ja)

Dimensionless numbers

Bo Bond number

Ca Capillary number

D density ratio

Re Reynolds number

We Weber number

We., critical Weber number

Greek letters

B TPC angle, degree

y surface tension, N/m

6 contact angle, degree
u viscosity of liquid, Pa-s
i liquid density, kg/m>

¢ angle between surface tension and the horizontal axis,
degree

@ velocity potential around a sphere, m?/s

Pp particle density, kg/m>

Subscript

0 initial

a air

am additional mass

b buoyancy

cr critical

fd form drag

g gravity

1 liquid

lv liquid-vapor

p particle

P pressure

s surface

sl solid-liquid

sV solid-vapor

t total

Accent

derivative with respect to time
second derivative with respect to time

vector
Abbreviations
CWP coal worker’s pneumoconiosis
ICP-MS Inductively Coupled Plasma Mass Spectrometry
LTA low temperature ashing
MSHA  Mine Safety and Health Administration
NIOSH National Institute for Occupational Safety and Health
ODE ordinary differential equation
ROM run-of-mine
RCMD  respirable coal mine dust
TPC three-phase-contact

WPF Whole Pattern Fitting
XRD X-ray Diffraction

may immerse into the droplets, stay on the interface, or rebound to the
air (Lee and Kim, 2008). Capture efficiency is the product of collision
efficiency and attachment efficiency. The collision efficiency due to
various mechanisms has been extensively investigated in aerosol science
(Wang et al., 2010), while the attachment efficiency has been assumed
to be unity (Davenport and Peters, 1978). However, the attachment
efficiency depends on the surface chemistry of RCMD particles and
water droplets. Hydrophobic particles, for example, may rebound from
the surface of water droplets, resulting in an attachment efficiency of
less than 1. Besides, the evaporation of droplets may cause the particles
on the surface to be pushed away and become airborne again (Ladino
et al., 2011). Therefore, sinking is the most appealing attachment sce-
nario among the three modes (Mohal, 1988).

In practice, the water droplet size is usually much greater than that of
RCMD particles (Colinet et al., 2010). The attachment of an RCMD
particle to a water droplet can be, therefore, treated as the impact of an
RCMD particle on a water surface (Wang et al., 2015). Only a few
experimental studies (Ji et al., 2017; Wang et al., 2017; Xie et al., 2022)
have been conducted on the impact of a micron-size particle on a liquid
surface due to the challenges of monitoring and manipulating such a
particle. Lee and Kim (2008) developed a dynamic model based on a
potential flow theory and the Young-Laplace equation, and created a

regime map of sinking, bouncing, and oscillating regions. The different
regions were divided by the boundaries of critical velocities in the form
of WeBo*? ~ D2, where We is the Weber number We = p,U2d/y, Bo is
the Bond number Bo = p;gR?/y, and D is the density ratio D = PplPr
When a particle is entering the liquid surface against surface tension, the
critical velocity of  the particle to immerse is

Uer = (1 —cosb)/37,,/(2Rp,) (Kaptay, 2001; Vreeling et al., 2000), i.e.,

We = 3(1 — cosﬁ)2 /D. When surface tension, fluid force, and other
forces are considered, more complicated criteria for the critical sinking
of micron-size particles have been reported (Ji et al., 2019; Kaptay,
2001).

It is known that the surface chemistry of RCMD and water droplets
would affect the capture efficiency (Li et al., 2021; Xu et al., 2018; Zhou
and Qin, 2021). Nevertheless, the intricate interplay among particle
size, density, contact angle, and surface tension and their collective
impact on capture efficiency remain incompletely elucidated, though
the effects of those properties on particle critical velocities have been
investigated. For example, it should be noted that changing surface
tension will also influence contact angle according to Young’s equation,
cos = (y5, — 7s)/7w- Varying surface tension while keeping the contact
angle constant as in the previous literature would underestimate the
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effect of surface tension on the critical velocity.

This study explores the characteristics and surface chemistry of
RCMD, including chemical and mineral composition and contact angle,
and their effect on RCMD capturing efficiency. Based on a dynamic
model, the effects of particle size, density, contact angle, and surface
tension on the critical velocity were investigated. Regime maps for
different minerals in RCMD were compared, and strategies for
improving the capture efficiency of RCMD were developed accordingly.
Finally, a semi-empirical critical velocity as a function of particle and
liquid properties was developed and recommended to be used to
determine the attachment efficiency.

2. Material and methods
2.1. Characteristics and surface chemistry of RCMD

A run-of-mine (ROM) coal sample was collected from an under-
ground room and pillar operation, mining a thin sub-bituminous coal
seam in the Appalachian region. To generate fresh RCMD for analysis,
the sample was first crushed by jaw and roll crushers, and then ground
by a Holmes pulverizer with a 60 mesh size sieve. The size analysis of the
ground sample was performed using a Mastersizer with isopropanol as
the dispersant. The suspension of coal particles was sonicated for 10 min
before measurement. The ultrasound inside Mastersizer was in the pre-
measurement mode and turned on for 10 s before size measurement. The
measurement duration was 10 s, and the sample was measured 5 times.
The particle size of the sample ground by Holmes pulverizer reached ds,
of 13.9 ym (see Fig. S1 in Supplemental Information). The ground
product from the pulverizer was then comprehensively characterized
and the characteristics were incorporated into the dynamic model.

2.1.1. Proximate analysis

Standard method ASTM D5142 was conducted on a proximate
analyzer for the automated measurement of ash yield, fixed carbon,
moisture, and volatile matter. The moisture content was determined at
106 °C. The volatile matter was measured at 950 °C in an oxygen-free
environment, followed by measuring the ash content (20.75 %) at
950 °C in an oxygen environment. The fixed carbon content (59.86 %)
was measured indirectly, calculated by difference in terms of moisture,
volatile matter, and ash. Table 1 shows the result of the proximate
analysis of the ROM coal.

2.1.2. Chemical composition

The ash obtained from the proximate analysis was used to determine
major elemental content through Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) analysis. A 0.2 g ash sample was digested by
aqua regia (1 HNOs : 3 HC]) and concentrated hydrofluoric acid (HF),
according to the ASTM D6357 method. The digested sample was diluted
by the factors of 1 K and 20 K before ICP-MS analysis. Table 2 shows the
inorganic chemical composition as oxide forms on a whole-coal basis.
The total content of the inorganic elements is 18.42 %, which is close to
the ash content of 20.75 % in the proximate analysis in Table 1.

2.1.3. Mineral composition

The mineral composition of the ROM coal sample was obtained by X-
ray Diffraction (XRD) over a 2Theta range of 5° to 70° with Cu K, ra-
diation. Organic matter in the coal forms a broad bump at 2Theta of
around 25° in XRD patterns. To reduce or remove the adverse effects of
organic matter in the phase identification and quantification process,

Table 1
Proximate analysis of the ROM coal.

Component Moisture Volatile matter Fixed carbon Ash Total

Content 1.21 18.19 59.86 20.75
(%)

100.01
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the ground sample was subjected to low-temperature ashing (LTA) in a
plasma asher before the XRD scan. After about 19 h, 42.91 % of the
initial sample was ashed. The XRD patterns of both the ROM and ashed
coal samples are displayed in Fig. 1.

In Fig. 1, the peaks of mineral phases of the ashed ROM coal are
intensified since some of the amorphous matter was removed during the
ashing process. To quantify the mineral phases, the internal standard
method was used, i.e., adding a certain amount of an internal standard
to test samples. Zincite (ZnO) at 10 % by weight was added to both non-
ashed and ashed ground samples, which were scanned on a rotating
sample holder to obtain the XRD patterns. The quantification process
was performed on Jade 8.6 by Whole Pattern Fitting (WPF). The mineral
matter mainly contained kaolinite, quartz, pyrite, and muscovite. The
quantification result of the coal sample is presented in Table 3.

2.1.4. Contact angle

The capillary rise/liquid penetration method was employed to
determine the contact angle of the ground sample. Four alkanes, that is,
hexane, heptane, octane, and decane, were chosen as the reference
liquids. For each liquid, the testing was repeated three times. The
following procedure for the capillary rise test was performed. The bot-
tom end of a glass tube (inner and outer diameters of 4 and 6 mm,
respectively, thickness of 1 mm, height of around 8 cm) was sealed with
cellulose filter paper using silicon glue. The sample (0.4000 + 0.0010 g)
was inserted into the glass tube and tapped 100 times to pack at a height
of 13 inches. The bottom end of the glass tube was immersed into the
alkane, and the weight loss, due to the liquid capillary rise, was recorded
by a camera. The weight recording started when the reading of the
balance became stable and started to decrease continuously. The
Washburn equation (Eq. (1)) was used to measure the contact angle
(Alghunaim et al., 2016; Washburn, 1921),

Cp? 0
m? — ply:l,cos .

@

where m denotes the mass of the liquid in the packed sample with a
geometric factor of C, p; signifies the density of the liquid, y;, represents
the surface tension of the liquid, € stands for the contact angle, and u
pertains to the viscosity of the liquid.

According to the Washburn equation, the square of weight loss (m?)
vs time (t) is linear. The weight loss due to liquid evaporation was
considered and deducted in the calculation. The slope of the plot of m? vs
t was calculated from the tests, and thus, the geometric factor was
calculated from reference liquids, assuming that the reference liquids
completely wet the sample (6 = 0). After obtaining the geometric factor,
the contact angle of water on the sample was calculated from the
Washburn equation. The calculated contact angles of water on coal by
different reference liquids were 87°+4° at the 95 % confidence level.

2.2. Dynamic model

Given that the ratio of water spray droplet size to RCMD particle size
is significantly greater than 1, the collision between the particle and
droplet can be treated as the impact of the particle on a horizontal water
surface, as illustrated in Fig. 2.

The motion of the particle is governed by Newton’s second law (Eq.

(2)),

d’s
== F, 2)
where M, the mass of the particle, is calculated by Eq. (3), S represents
the distance from the particle centroid to the horizontal surface, t stands
for time, F; denotes the total forces acting on the particle, and R and p,
correspond to the radius and density of the particle, respectively.
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Table 2
Inorganic chemical composition of the ROM coal.
Component NaO MgO Al,O3 Si0, K20 TiOy Fe,03 CuO ZnO Total
Content (%) 0.51 0.18 5.96 3.02 0.77 0.30 7.11 0.19 0.37 18.42
. F, = (y;,P)sing = 27zRsing)sin 6)
B ROM A-Kaolinite s (ylv ) ¢ }/lv( ﬁ) ¢
A B-Que}rtz Here, P is the circumference of the three-phase-contact (TPC) line, y;,
‘ ROM ashed  C-Pyrite ) represents the surface tension of water, ¢ is the angle between surface
A D-Muscovite tension and the horizontal axis, and f is the TPC angle.
D | AA ‘ Based on the geometry in Fig. 2,
- I DBy | C
o o AN C c c C 0—¢+p=180° @)
= - AAID AS B
g B | A A CBCA c B where 0 is the contact angle. Therefore, surface tension in Eq. (6) can be
o) A written as
k= A
D AA F; = — 2zRy,singsin(6 + f) ®
D BA C
D W c C Based on the relative velocity between RCMD and water droplets, the
| k DA AC C ¢ Reynolds number falls within the order of 10-100. Therefore, the flow
k\.w/ W’\ CBCAC B around an RCMD particle impacting on a water surface is assumed to be
C T potential flow. The extended unsteady Bernoulli equation could be used
5 10 15 20 25 30 35 40 45 50 55 60 65 70 to derive the pressure force of a particle impacting on a water surface

2Theta (°)

Fig. 1. XRD patterns of the ROM coal and the ashed ROM coal.

Table 3

Mineral composition of the ROM coal.
Component Kaolinite Quartz Pyrite Muscovite Amorphous
Content (%) 13.33 2.22 2.56 3.78 78.22

Fig. 2. Schematic diagram of the impact of a hydrophilic particle on a
water surface.

4
M= §7zR3pp 3

F; consists of gravity F, surface tension force Fs, and pressure force Fp,
including buoyancy Fy,, form drag Fgg, and added mass force Fyp.

F; = Fy + Fs + Fy + Ftq + Fam (€))

Gravity Fy is given by Eq. (5), where g represents the acceleration due to
gravity:

4
Fg=Mg= — §;rR3pPg (5)

For surface tension force, only its vertical component affects the sinking
of the particle, and is calculated as:

(Fig. 2), as follows (Lee and Kim, 2008; Maranzoni, 2020):

0
L Vol eh = P ©

The velocity potential ¢ around a sphere, expressed in spherical coor-
dinate (r,y, ®) is given by:

_ SR3cosy

or2 (10)

In the context of the sphere’s acceleration or deceleration, r and y are
functions of time, and the relationships are (Paterson, 1983):

{ rF= Scpsy/

11
ry = —Ssiny an

Atr=Randy =p,p =pq. —pgH, and h = H, substituting Egs. (10) and
(11) into Eq. (9) gives (see Egs. (S1)-(S3) in Supplemental Information):

.2 2
.. . H 1
F(t):BSCOSﬂ752COSZﬁ+S*Sin2ﬁ (Pa”Pié ﬁ | ﬂ +gH
2 2 02
R 9.2 5. 542
725cosﬂ+ 85 cos ﬂ+85
12)
Thus, Eq. (9) becomes:
dp p 9.2
EJF +7|V [ +gh77$cosﬂ+—f§5' cos /3+ S 13)
On the surface of the sphere,
- (Rcosy p 9.2 5.2 9.2
S( 3 )+p 8S cos 1//+88 +gh= Scosﬁ+ 88 cos®f+ S
a4
Solving the above Eq. (14) for p yields:
P(R,w) =p. — pigh +/§ S(cosp — cosy) + %S'z (cos®y — cos?p) (15)

Therefore, the vertical component of the pressure force acting on the
sphere is calculated by:
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Fp= / (p—pa)( — i e k)dS = /(p —Ppa)cosydS = ngplg(BScoszﬂ —2Rcos’f— 3S+2R) — gR3p1§ (cos®p — 3cosp+ 2) +%R2pl$25in4ﬁ (16)

In Eq. (16), the first term of the expression represents buoyancy, the
second term corresponds to the added mass force, and the third term
accounts for the form drag:

Fy = ngplg(3Scos2ﬂ — 2Rcos’f — 35 + 2R) 17)

on 95 ints (18)

9 2 . ds
Fja = —_R%pS sin*f = —ERZME 'E

16

2

b2 d*s
Fon = — 6R3pl (cos®B — 3cosp+2) i

19
For Eq. (17), the generalized Archimedes’ principle (Keller, 1998;
Mansfield et al., 1997) states that the buoyancy equals the weight of the
volume of water, which includes the volume of the spherical cap and
vertical cylinder (Liu et al., 2009) in Fig. 2, displaced by the sphere
particle. Regarding Eq. (19), the added mass of a sphere is equal to one-
half of the liquid mass displaced by the submerged sphere (Brennen,
1982; Limacher et al., 2018; Pantaleone and Messer, 2011).
Substituting Egs. (5), (8), (17), (18), and (19) into Eq. (2) yields:

d’s 4
Mz= - §ﬂR3ppg — 27Ry,singsin(0 + f) + ngplg(BScosz/:’ — 2Rcos®p
-38
9 _, dS|dS| . n d’s
+2R) — ERZpla T sin®p — 6R3p1 (cos®p — 3cosp+2) =
(20)

In the above Eq. (20), there are two unknowns, S and f. According to the
geometry in Fig. 2, the following relationship is established between S
and f:

S = H+Rcosp 21)

where H can be derived from the Young-Laplace equation and expressed
as (James, 1974; Lo, 1983; Nguyen, 2002)

4
H = Rsingsin(6 + I —0.57721
sinfsin(6+4) ( n(\/% (sing — singcos(f + 6) ) ) )

22)
Eq. (22) can be simplified to (Wang et al., 2015):
H = Rsingsin(0 + f) (ln (%) —0.57721 > (23)
Substituting Eq. (23) into Eq. (21) results in:
H = Rsingsin(0 + f) (ln (%) —0.57721 > + Rcosf 24)

Therefore, the system of two equations with two unknowns, S and f, as
given in Egs. (20) and (24), can be succinctly expressed as:

d*s d*s ds
MF_F[ <F7E151ﬂ> (25)
S =Z(p) + Rcosp

This system encompasses a nonlinear 2nd-order ordinary differential
equation (ODE). The numerical solution of Eq. (25) was performed using
the Python function solve_ivp in SciPy library. The initial conditions at

16

time t = 0 were set as S(0) =R, U(0) = —Uy, and $(0) = 0. For a given
particle size, varying the initial particle velocity when numerically
solving Eq. (25) results in different particle trajectories S. The particle’s
impact modes can be categorizes based on the value of S as follows: i)
S < —r, sink; ii) —r < S <r, oscillate; iii) S > r, rebound. Repeating this
process for different particle sizes can generate a regime map depicting
particle velocity versus particle size. This map illustrates distinct regions
corresponding to sinking, oscillating, and rebounding impact modes.
Similar regime maps can be developed by varying other character-
istics of particles, such as particle density, surface tension, and contact
angle. By systematically adjusting these parameters and obtaining the
critical velocities, comprehensive regime maps could be created to
provide insights into how different factors influence the sinking, oscil-
lating, and rebounding behaviors of particles. This approach allows for a
thorough understanding of the system’s dynamics and provides insights
into predicting the particle’s impact modes under various conditions.

2.2.1. Validation

The validation of the dynamic model proved challenging due to the
complexities of observing the impact of a single RCMD particle on a
water surface using high-speed video cameras. Consequently, existing
experimental data from the literature were employed for validation
purposes. Table 4 outlines the properties of particles used in the vali-
dation process. The density and surface tension of water are 1000 kg/m>
and 72.8 mN/m, respectively. The comparison of the experimental data
with the simulation results, particularly in various impact modes, is
shown in Fig. 3. Fig. 4 illustrates the critical velocity distinguishing
sinking and oscillating regions. The comparison demonstrates the
capability of the dynamic model to accurately predict the particle tra-
jectory upon impact on a water surface and effectively determine the
critical velocity delimiting sinking and oscillating regions.

2.2.2. Simulation

The dynamic model was employed to investigate the effects of par-
ticle size, density, contact angle, and liquid surface tension on the crit-
ical sinking velocity of RCMD impacting on a water surface. Particles
smaller than 1 pm were excluded from this study due to variations in
capturing mechanisms, such as Brownian diffusion, which are not
considered in the dynamic model (Park et al., 2005). The contact angle
between RCMD and water/air interface was determined as 87° using the
capillary rise method in Section 2.1.4. The RCMD characterization in
Section 2.1 revealed the presence of minerals, such as kaolinite, quartz,
pyrite, and muscovite, in RCMD particles. Carbonate minerals (mainly
calcite) has been also reported in RCMD, sourcing from coal or rock
dusting (Colinet and Listak, 2012; Johann-Essex et al., 2017). Therefore,

Table 4
Parameters of particles used for validation.
Impactmode  Particle Particle Initial contact Reference
diameter density velocity angle (°)
(pm) (kg/m?) (m/s)
Sinking 150 1180 2.65 115 (Jietal,
2017)
Rebounding 1920 1320 0.89 154 (Lee and
Kim, 2008)
Oscillating 154 1180 2.21 115 (Jietal,
2017)
Sinking/ 50-200 1180 Uy 126 (Wang
Oscillating et al.,

2017)
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Fig. 3. Comparison of experimental data and simulation results depicting displacement in different impact modes: (a) sinking, (b) rebounding, and (c) oscillating.
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Fig. 4. Comparison of experimental data (Wang et al., 2017) with simulation
results of critical velocity.

the critical sinking of those minerals was also investigated in this work,
with properties listed in Table 5. The contact angles of those minerals
were sourced from the literature.

2.3. Relationship between surface tension and contact angle

The effect of surface tension on the critical velocity is intricate since
decreasing surface tension also reduces contact angle. Young’s equation
describes the relationship between contact angle and surface tension as
follows:

cosO = Ysv — Vsl

14

(26)

However, the lack of y,, and yy data inhibits the calculation of the
contact angle from Eq. (26). To address this limitation, an equation of
state was developed by Neumann et al. (1974), which facilitates the
calculation of solid surface tension y,, from a pair of liquid surface
tension and the corresponding contact angle. The equations governing
this calculation are as follows:

(0.015y,, — 2)\ /747 + 7

cosf = 27)
Tw (0015\/ Yo¥sy — 1)
2

a 1- 0'015\/71v7.w

Using the data provided in Table 5 for water surface tension and contact
angle, along with Eq. (27), we can calculate the surface tensions of coal
and minerals as presented in Table 6, presumed to be constant. By
substituting the calculated solid surface tension y,, into Eq. (28) or cross-
referencing the conversion tables for liquid surface tensions to contact
angles (Neumann et al., 1980), the relationship between liquid surface
tension and contact angle can be established. The relevant data for coal
is presented in Table 7.

3. Results and discussion
3.1. Regime maps for RCMD
3.1.1. Effect of particle size and density

The regime map of particle velocity versus particle size is illustrated
in Fig. 5a, showing the distinct regions of sinking and oscillating. The



S. Han et al.

Table 5
Properties of particles and liquid used in simulation.

Chemical Engineering Science 300 (2024) 120588

Particle
diameter (pm)

Particle density Initial velocity
(kg/m®) (m/s)

Liquid density
(kg/m®)

Particle

Contact Reference

angle (°)

Liquid surface
tension (mN/m)

Coal 1-10 1000
Kaolinite

Quartz

1300 Uy
2600
2650

Pyrite 5000

Muscovite 2850

Calcite 2710

72.8 87 Current work

20 (Shang et al., 2010; Xi et al., 2020)

26 (Deng et al., 2018; Janczuk and Zdziennicka,
1994; Luo et al., 2015; Xie et al., 2021)

60 (Cheng et al., 2020; Raichur et al., 2000; Xu
et al., 2020)

10 (Jiang et al., 2019; Xue et al., 2018; Zhang et al.,
2022)

45 (Huang et al., 2023; Jiao et al., 2023; Rahimi
et al., 2017; Wu et al., 1996)

Table 6
Calculated solid surface tensions of different minerals.

Mineral Coal Kaolinite  Quartz  Pyrite = Muscovite  Calcite

Solid surface 31.07 68.88 66.35 47.51 71.91 56.31

tension
Ysv (mMN/m)

Table 7
Relationship between liquid surface tension and contact angle of coal.

Liquid surface tension (mN/m) 72.8 60 50 40 32

Contact angle (°) 87 71 58 41 14

parameters of the coal particle and liquid used in the simulation are
listed in Table 5. In Fig. 5a, in the region above the delineated line, the
particle will sink into the water, while in the region below the line, the
particle will oscillate and float on the interface. The velocity that sep-
arates the two regions is called critical velocity, U,. Notably, as the
particle diameter decreases, the critical velocity increases significantly,
which implies that it is more difficult for smaller particles to sink into
water. Therefore, the critical velocity can serve as an indicator for
attachment efficiency, with higher critical velocity corresponding to
lower attachment efficiency, and vice versa.

The regime map of particle velocity versus particle density (Fig. 5b)
shows that the critical velocity decreases as the particle density in-
creases. In other words, high-density particles sink into water more
efficiently. Conversely, low-density particles have lower attachment
efficiency as they require higher critical velocity. In Table 5, we can see
that coal has a very small density, while other minerals have higher
densities. Table 1 and Table 3 show that about 80 % of coal is organic
matter and the remaining 20 % is other minerals. This means that
organic matter is the most difficult material to capture from the
perspective of density.

3.1.2. Effect of contact angle

The effect of contact angle on the critical velocity is presented in
Fig. 6. Contact angle is an indicator of wettability, with a higher contact
angle indicating lower wettability and vice versa. This is consistent with
the relationship between contact angle and critical velocity presented in
Fig. 6. As the contact angle decreases, the particle becomes more hy-
drophilic and wettable, and the critical velocity decreases. In contrast,
an increase in contact angle signifies a more hydrophobic particle,
leading to the increase in critical velocity. Notably, when the contact
angle is greater than 100° (Fig. 6), the particle could bounce back from
the interface. Therefore, to improve the capture efficiency, minimizing
the contact angle is crucial, indicating a more hydrophilic particle. As
highlighted in Table 5, coal has the largest contact angle among the
components, suggesting that organic matter presents the greatest chal-
lenge for capture due to its hydrophobic nature.

(a) 25
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Fig. 5. Effects of (a) particle size and (b) density (d = 10 um) on the crit-
ical velocity.

3.1.3. Effect of surface tension

The effect of surface tension on the critical velocity is displayed in
Fig. 7. Additionally, this figure includes the calculated critical velocity
while altering the surface tension but maintaining the contact angle
constant, providing a basis for comparison. It is evident that these two
critical lines diverge as the surface tension decreases. This clearly in-
dicates that the significance of the contact angle impact on the critical
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Fig. 6. Effect of contact angle on the critical velocity (d = 10 pm).
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Fig. 7. Effect of surface tension on the critical velocity (d = 10 um).

velocity and attachment efficiency. Table 7 shows that there is a
decrease in contact angle as the surface tension decreases. The combined
effect of the reduced surface tension and the resulting decrease in con-
tact angle synergistically leads to a significant reduction in critical ve-
locity. Therefore, reducing liquid surface tension emerges as a pivotal
and effective method to enhance capture efficiency.

3.1.4. Regime maps for different minerals of RCMD

The regime maps for different minerals in coal, identified by XRD
analysis (Fig. 1), are plotted in Fig. 8. A notable observation is that the
critical velocities of different minerals are much smaller than that of
coal. When establishing a hierarchy based on critical velocities, the
order of capture difficulty is as follows: coal > pyrite ~ calcite > quartz
~ kaolinite > muscovite. Therefore, the parameters of the water spray
system should be designed with an emphasis on the capture of organic
matter instead of mineral matter in coal mine applications.

The calculated solid surface tensions for different dust components,
with coal having the lowest value, are listed in Table 6. According to Eq.
(26), when the surface tension of the liquid is reduced to the solid sur-
face tension, i.e., y;, = 7,,, the contact angle becomes 0, resulting in
complete wetting of the solid by the liquid. Given that the surface ten-
sions of water and coal are 72.8 and 31.07 mN/m, respectively, reducing
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Fig. 8. Regime maps for different minerals and coal at different liquid surface
tensions (dashed lines).

the surface tension in the water spray system to around 30 mN/m could
achieve the maximum attachment efficiency. This critical surface ten-
sion is consistent with the values reported in the literature (Kilau, 1990;
Parekh and Aplan, 1978; Wang, 1991). The regime maps for coal at
different liquid surface tensions (Fig. 8) highlight a significant reduction
in critical velocities of coal when the surface tension is lowered to 32
mN/m. This confirms that reducing surface tension is an effective
method for enhancing attachment efficiency.

3.2. Scaling laws for critical velocity

Fig. 8 exhibits a similarity in critical velocity regardless of various
properties of the particle. Scaling laws constructed by the force balance
are employed to derive the critical velocity as a function of particle size,
density, contact angle, and surface tension. The force analysis of RCMD
impacting a water surface at its critical velocity is presented in Fig. 9 and
Fig. 10. The results revealed that gravity and buoyancy are negligible
forces, while the surface tension and drag force are the predominant
forces. This observation is further supported by the dimensionless
numbers in this study: Bond number Bo < 105, Reynolds number Re in

le—6
1.0 Fp
— FS
| — Fu
038 le=12 Inset
— — F
~ 0.6 51 ¢
Z — F
w
04—
0.4 1
0.2 0 2 4
le—6
0.0 ‘i‘\k
0 1 2 3 4 5
t(s) le—6

Fig. 9. Force analysis of RCMD (d = 10 pm) at the critical sinking velocity
Up = 5.8m/s.



S. Han et al.

0.0 0.5 1.0 15 2.0 2.5
t(s) le—6

Fig. 10. Force analysis of RCMD (d = 10 um) at the sinking velocity Uy =
7m/s.

the range of 20-70, Weber number We < 7, and Capillary number
Ca < 0.25. Therefore, Eq. (20) can be simplified as:

d’s s 97 _, dS|dS| . . 7 _, 3
Mz ~ —27Ry,,singsin(0 + f) — ER P [gpsin"A — R pi(cos®p
d*s
-3 2)—
cosp + ) iz
(29)
The added mass force reaches maximum of %Re'plfi%s when cosfp = —1.

Because of the non-linearity of velocity in the expression of form drag
and the dominance of surface tension, the effect of drag force is reflected
through a subsequent correction parameter. Eq. (29) can be further
simplified as:
2 2

(g Rp, + ?”RB/JI) % ~ —nRy,,(cosd — cos(60 + 2a) ) (30)
The surface tension force has a maximum value of 7Ry, (1 —cosf) (Chen
et al., 2018). Therefore, the acceleration is in the following scale:

@ N 1.5y;,(1 — cos6) 31
de? pR?2(2D+ 1)

When the contact angle is less than 90°, at low Weber numbers, it is
assumed that the depth of pinch-off is in the magnitude of d (Aristoff and
Bush, 2009; Chen et al., 2019; Duez et al., 2007; Truscott et al., 2014),
that is, |AS.-| ~ d. Therefore, the time scale of critical sinking is:

1 1
. |ASc| 8(2D +1) \2 (pR*\2
i S 3(1 — cosh) T

Therefore, the critical velocity is obtained in the following scale,

1 1
. (6(1 —cosd) \2/y, \2
oo~ Sy ) (i ¢
that is,
12(1 — cosb)
Wea ~ —ap+1) 33)

The simulation data in this work are plotted together in Fig. 11 ac-
cording to the proportional relationship of Eq. (32). The linear line
obtained from regression analysis fits well with the data, which proves
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Fig. 11. Critical velocity as a function of particle size, density, contact angle,
and surface tension.

the applicability of Eq. (32). Using the slope of the fitted line to include
the effect of drag force results in the critical velocity as follows:

1
6(1 —cost) \2( 1, \2
v~k ) () G
where k = 1.09. Equation (34) suggests that (i) RCMD particles of
smaller size, lower density, and larger contact angle need higher critical
velocity to sink into water droplets, and (ii) reducing the water surface
tension can decrease the critical velocity, enhancing the attachment
efficiency and the total capture efficiency. This explains the mechanism
behind the practice of adding surfactants to the water spray system to

improve the capture efficiency, as surfactants can reduce the surface
tension of water droplets and increase the attachment efficiency.

3.3. Attachment efficiency
The attachment efficiency can be defined as the ratio of the surface
area submerged in the water to the surface area of the particle, that is,

_ 27R(R — Rcosf)) 1 — cosp
‘“ 47R2 2

(35)

For the contact angle less than 90°, we assume that there is no cavity and
H (in Fig. 2) is close to 0. Therefore, the attachment efficiency can be
written as:

_|as| U pdU;  (2D+1)  We

P, ~ =0 _ -0
“TIASy| U2y, 12k2(1 —cosf)  We,

(36)

In Eq. (36), the attachment efficiency increases with the particle size and
density but decreases with the surface tension and contact angle. The
maximum attachment efficiency can be achieved when the particle ve-
locity is greater than the critical sinking velocity. Therefore, for a given
particle, the attachment efficiency can be improved by reducing the

Table 8
Comparison of attachment efficiency for RCMD (U, = 5m/s) at different liquid
surface tensions.

Particle size (um) 1 2 4 6 8 10
Attachment Ty = 9 18 36 55 73 92
efficiency (%) 72.8mN/m
Yy = 100 100 100 100 100 100
32mN/m
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critical velocity via adjusting the water surface tension and contact
angle. For example, the attachment efficiency for RCMD is maximized
by reducing the water surface tension from 72.8 to 32 mN/m, as shown
in Table 8. At the water surface tension of 72.8 mN/m, as the particle
size decreases from 10 to 1 um, the attachment efficiency drops from 92
% to only 9 %. When the surface tension is reduced to 32 mN/m, the
attachment efficiencies for all the particles larger than 1 um reach the
maximum of 100 %.

In practice, surfactants are commonly added to water spray systems
to improve the capture efficiency of RCMD. The attachment efficiency
formula (Eq. (36)) quantitatively reveals how surfactants enhance cap-
ture efficiency by reducing surface tension and contact angle. To
maximize attachment efficiency, the surface tension of liquid should be
reduced to lower than the solid surface tension, which is approximately
30 mN/m for RCMD.

4. Conclusions

In this study, the relationship between the physicochemical proper-
ties of RCMD and attachment to water droplets was investigated. A
dynamic model was employed to study the critical sinking of RCMD
impacting a water droplet, represented by water surface as the droplet to
particle size ratio is significantly higher than 1. Parametric studies
revealed that the critical velocity increases with decreasing particle size
and density and increasing contact angle, while it decreases as liquid
surface tension is reduced. A lower critical velocity indicates RCMD
particles more readily sink into water, resulting in higher attachment
and capture efficiencies. Therefore, reducing liquid surface tension
emerges as an essential and effective method for enhancing capture ef-
ficiency. Furthermore, this work highlighted that reducing surface ten-
sion also decreases contact angle as governed by Young’s equation,
which has been neglected in previous literature.

The regime maps for different minerals calculated by the dynamic
model revealed that organic matter requires the highest critical velocity
due to its low density and high contact angle. Reducing liquid surface
tension to the coal critical solid surface tension of approximately 30 mN/
m can achieve the maximum attachment efficiency.

Force analysis showed that gravity and buoyancy are negligible
forces when RCMD particles impact a water surface, while surface ten-
sion and drag force serve as the major acting forces. Scaling laws derived
from the force balance led to the formulation of the scale of critical

12(1—cos6)

ETIRIR A semi-

1 1
— E i .

velocity as U, ~ (%) (/%) , i.e., Wee ~

empirical formula for critical velocity was developed by fitting the

1 1
2 2
simulation data, that is, U, = k<%) (/%) , where k = 1.09.

This critical velocity formula was further incorporated into the attach-
ment efficiency equation, which was defined and expressed as

P — U2 pdUR  (2D41) _ Wep
a = U2 T Ty, 12k3(1-cosd) — Wes'

attachment efficiency with the physicochemical properties of RCMD and
water droplets, providing a valuable framework for devising strategies
to improve RCMD capture efficiency in coal mines.

This formula effectively links
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Figure S1 Particle size distribution of respirable coal mine dust
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