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Abstract

Nano-to-micron-sized coal dust can cause coal workers’ pneumoconiosis (CWP), and cutting and drilling are the main
coal dust-generating processes. Based on a self-developed simulated coal cutting and drilling dust generation system, the
effects of cutting parameters (tooth tip cone angle, impact angle, roller rotary speed, cutting speed) and drilling parameters
(drill bit diameter, drilling speed) on the mass concentration distribution, number concentration distribution and fractal
dimension of 10 nm—10 um coal dust were investigated. Results show that the mass concentration of 10 nm—10 um coal
dust generated by cutting/drilling peak at 5.7—7.2 um, while the number concentrations during cutting and drilling respec-
tively peak at 60—90 nm and 20—30 nm. During both cutting and drilling processes, the generated coal dust particles in
10—300 nm account for >90% of the total 10 nm—10 pm coal particles, while PM2.5 in PM10 is generally below 18%.
It is also found that smaller tooth tip cone angle, larger impact angle, lower roller rotary speed, smaller drill bit diameter,
or lower drilling speed can reduce the generation of 10 nm—10 pm coal dust with a fractal dimension of 0.94—1.92. This
study reveals the distribution characteristics of nano- to micron-sized coal dust particles under different cutting and drilling
parameters, and the research results can serve as reference for adjusting cutting and drilling parameters to lower down the
10 nm—10 um coal dust generation and thus prevent the CWP.

Keywords Coal cutting and drilling - Coal dust - Nano-to-micron-sized particle - Mass concentration - Number
concentration - Fractal dimension

1 Introduction

Coal dust is the inevitable by-product of coal mining activi-
ties and is the main occupational hazard in coal mines.
Long-term exposure to high concentrations of coal dust can
induce CWP and seriously threaten the lives and health of
54 Liang Wang coal miners (Li et al. 2011; Mo et al. 2014; Moreno et al.

wangliang@cumt.edu.cn 2019; Peng et al. 2019; Xie et al. 2022). For example: in
China, by the end of 2021, a total of 1.026 million cases of
occupational diseases were reported, including 0.916 mil-
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measures are taken, the total coal dust concentration during
coal shearer cutting and coal seam drilling can reach 8000
and 2000 mg/m’, respectively (Chen et al. 2019; Zhai et al.
2020; Wu et al. 2022; Zhu et al. 2022), and it is summa-
rized that the coal dust generated by cutting and drilling pro-
cesses respectively accounts for 46% and 12% of the total
dust generated in underground coal mines (Zhou et al. 2018;
Zhang et al. 2021a, b, ¢; Wu et al. 2022). In addition, it is
summarized that the concentrations of respirable dust gen-
erated by cutting and drilling are 167.9—-250.2 mg/m? (Liu
2019; Zhou et al. 2018; Zhou 2020) and 33.6—61.2 mg/m3
(Jiang et al. 2018; Lv 2012; Sastry 2015), respectively, far
exceeding the respirable dust concentrations during many
other dust generation processes (Chen 2008; Roy et al.
2011; Bao et al. 2019; Pang 2021), indicating that coal cut-
ting and drilling are also the major sources of respirable coal
dust in coal mines. To reduce the large amount of coal dust
generated by cutting and drilling, scholars have proposed
many engineering prevention and control measures, such
as adjusting cutting/drilling parameters and applying coal
seam water injection to reduce dust production, exerting
high-pressure water spray to capture and remove floating
dust, and improving local ventilation to dilute and exhaust
dust, etc. (Kim et al. 2017; Xie et al. 2017; Hua et al. 2020;
Zhou et al. 2020a, b; Li et al. 2021; Zhang et al. 2021a, b,
c, 2022; Nie et al. 2022; Wang et al. 2022). Among them,
water-based dust reduction and removal techniques (coal
seam water injection, high-pressure water spray, water cur-
tain, etc.) are the current main adopted dust control mea-
sures in coal mines (Wang et al. 2019a, b; Wei et al. 2020;
Zhou et al. 2020a, b). However, due to the hydrophobicity
of coal dust, even when these measures are taken, the coal
dust concentration during coal cutting and drilling still far
exceeds the related permissible exposure limits (Shi et al.
2019; Wang et al. 2019a, b; Kornev et al. 2021). Therefore,
reducing coal dust generation at the source by adjusting cut-
ting and drilling parameters seems to be a potentially prom-
ising measure to lower the coal mine dust concentration and
thus prevent the CWP.

At present, there are considerable studies on optimizing
cutting/drilling parameters aiming to improve cutting/drill-
ing efficiency and reduce machine energy consumption (Liu
et al. 2015; Wang et al. 2018; Wang and Su 2019; Fu et
al. 2021). In contrast, only a few studies have investigated
the effects of cutting/drilling parameters on coal dust gen-
eration from the perspective of dust control. Among those
studies on cutting/drilling generated coal dust, there are
relatively more investigations using numerical simulations
and field measurements but fewer studies through physi-
cal simulations under controlled laboratory conditions(Xie
et al. 2023). Furthermore, while these studies have shown
that cutting/drilling parameters (such as roller rotary speed,
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cutting speed, drilling speed, etc.) hold significant effects
on generated dust concentration, the target/measured coal
dust is mostly total dust and/or respirable dust. However,
recent studies have already proved that at the same mass
concentration, nano-to-micron-sized coal dust particles are
more likely to cause pneumoconiosis due to their smaller
size, longer residence time in the air, and higher deposition
in the human respiratory system. Moreover, it was found
that the deposition rates in the alveolar of 10 nm, 100 nm,
I pm and 10 pm coal particles were about 40%, 15%, 9%
and 1%, respectively, indicating that the smaller the particle
size, the higher the deposition rate in the alveolar region
(Liu and Liu 2020; Maynard and Kuempel 2005; Shekarian
etal. 2021; Yu et al. 2009) Moreover, the latest studies have
further revealed that for nanoscale particles, compared with
the mass concentration, their number concentration is more
closely related to human respiratory diseases (Maynard
and Kuempel 2005; Oberdorster et al. 2005; Nho 2020),
the study found that with the increase of dust particle size,
the possibility of dust entering the lungs becomes smaller.
Almost all of the small particles (less than 10 nm) and more
than 75% of the large particles (10pm) are inhalable, with
about 20% of the small particles and almost all of the large
particles deposited in the head area. Nearly 42% of small
particles and about 2% of large particles were deposited in
the alveolar area. (Hinds 1999; Ohsaki et al. 2019; Sturm,
2019; Khac et al. 2020; Shekarian et al. 2021). Given the
above, there is an urgent need to study both the mass and
number of concentrations distribution of nano-to-micron-
sized coal dust particles under different cutting/drilling
parameters to find suitable parameters to reduce the genera-
tion of the coal dust, which is the main threat to the respira-
tory health of coal miners.

Since particles are usually irregular and have a complex
size distribution, the fractal theory is used to study highly
non-uniform and complexly varying systems (Mandelbrot
1982; Xie 1992; Ai et al. 1999; Yu et al. 2004). More and
more scholars have begun to apply the fractal dimension to
quantitatively characterize the complexity of the distribu-
tion of coal particles generated under various destruction
conditions (Cui et al. 2006; Li et al. 2012a, b; Chu et al.
2017; Qiao 2017; Xu et al. 2021). However, the literature
review shows that there is still a research gap in the fractal
dimension of 10 nm—10 um coal dust particles generated in
the coal cutting/drilling processes.

To address the above research gaps, based on the simi-
larity criterion and under the controlled laboratory experi-
mental condition, this study self-developed a simulated coal
cutting and drilling dust generation system and selected
tooth tip cone angle, impact angle, roller rotary speed, and
cutting speed as cutting variables, and drill bit diameter
and drilling speed as drilling variables. The effects of these
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Table 1 Combination of experi- Cutting parameters With tooth tip With impact angle With roller rotary With cut-
mental conditions for different cone angle as the  as the variable speed ting speed
simulated coal cutting parameters variable as the variable as the
variable
Tooth tip cone angle (°) 87 87 87 87
100
110
Impact angle (°) 90 90 90 90
75
60
45
Rotary speed 40 40 40 40
(r/min) 70
100
130
Cutting speed (mm/min) 100 100 100 50
100
150
200
250

parameters/variables on the mass concentration distribution,
number concentration distribution, and fractal dimension of
10 nm—10 um coal dust particles generated during cutting/
drilling were investigated. The research results can serve as
a reference for the scientific selection of cutting and drill-
ing parameters to reduce the generation of nano-to-micron-
sized coal dust particles and thus prevent the occurrence of
CWP.

2 Methods
2.1 Coal sample preparation

In this study, lump coal from the fully mechanized coal face
of 3, coal seam in Qianyingzi underground coal mine in
the Huaibei mining area, Anhui, China, was selected as the
experimental coal sample, and the coal sample was gas coal
with a protodyakonov coefficient of 0.75. The lump coal was
collected, sealed and transported to the laboratory in accor-
dance with the China National Standard Method of Taking
Coal Seam Coal Samples (China Coal Industry Association
2008). Before the experiment, the lump coal was cut and
ground into 60 cm X 40 cm X 20 cm rectangular coal blocks.

2.2 Cutting and drilling parameters

2.2.1 Cutting parameters

Based on the similarity theory, the experimental shearer
drum was mechanized with a 1600 mm X 1000 mm drum

as the prototype and a similarity ratio of 1/10. The diameter
of the drum is 160 mm, the cutting depth is 100 mm, the

Table 2 Combination of experimental conditions for different simu-
lated coal drilling parameters

Drilling parameters With drilling speed With drill
as the variable diameter
as the
variable
Drilling speed (r/min) 100 100
150
200
300
Drill diameter (mm) 28 28
32
42

number of blades is 2, and the lift angle of the spiral blades
is 25°. Pick-shaped cutters with tooth tip cone angles of 87°,
100°, and 110° were manufactured and installed with impact
angles of 45°, 60°, 75°, and 90° (see Table 1). The picks are
sequentially arranged, and the cutters are evenly installed
in the circumferential direction with a cutting line spacing
of 10 mm. During the coal-cutting process, the roller rotary
speeds were set to 40, 70, 100, and 130 r/min, and the cut-
ting speeds were set to 50, 100, 150, 200, and 250 mm/min
(see Table 1).

2.2.2 Drilling parameters

During coal mining, gas extraction and coal seam water
injection require the implementation of a large number of
coal seam boreholes, and the coal drill bit is the most com-
monly used drill bit in the process of coal seam drilling (Lu
et al. 2011). In this study, diamond composite sheet coal
drill bits with diameters of 28, 32, and 42 mm were selected
as drilling tools, and the drilling speeds were set to 100, 150,
200, and 300 r/min, respectively (see Table 2).

@ Springer
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2.3 Simulated coal cutting and drilling dust
generation system

Figure 1 shows the simulated coal cutting and drilling dust
generation system, consisting of the experimental chamber,
the ventilation unit, the simulated cutting/drilling dust gen-
eration unit, the automatic cutting/drilling unit, and the coal
dust concentration measurement unit. As presented in Fig. 1,
the top and bottom panels of the experimental chamber are
used to fix the rectangular coal block prepared in Sect. 2.1;
the rear sidewall is airtight, and the front sidewall has holes
for the cutting/drilling equipment to probe into, and the
left and right sides are built of high-efficiency particulate
air (HEPA) filters. The ventilation system consists of a fan
and a uniform airflow hood, with the hood connected to the
HEPA filter on one side of the chamber, together with the
fan to provide a stable, clean airflow in the chamber and
to simulate the ventilation of an underground coal mine to
remove the continuously generated coal dust during coal
cutting and drilling in a timely manner and prevent dust
accumulation in the chamber. According to the wind speed
requirement for coal mining working faces in the 2022 ver-
sion of China’s Coal Mine Safety Regulation (State Admin-
istration of work safety, 2022), the fan was adjusted to form
a 0.3 m/s airflow inside the chamber. The simulated cutting/
drilling dust generation unit consists of the motor guide rail,
adjustable motor bracket, variable-frequency motor, and
cutting/drilling equipment. Based on programmable logic
controller (PLC) technology, the automated cutting/drilling
operation unit can realize control of the operating param-
eters of the simulated cutting/drilling dust generation unit,

such as the movement of the cutting/drilling equipment in
three degrees of freedom by automatically jointly adjusting
the motor guide rail and the adjustable motor bracket, and
the control of the cutting/drilling and rotation speeds by the
automated adjustment of the variable-frequency motor. The
coal dust concentration measurement unit uses a Scanning
Mobility Particle Sizer (SMPS, Model 3910, TSI Inc, Shor-
eview, MN, USA) and Optical Particle Sizer (OPS, Model
3330, TSI Inc, Shoreview, MN, USA) to work jointly to
measure the mass and number of concentrations distribu-
tion of 10 nm—10 pum coal dust particles generated under
different cutting and drilling parameters. This particle size
range covers nano-to-micron-sized coal dust that has the
most significant impact on the air pollution in underground
coal mines and poses the biggest threat to the respiratory
health of coal miners.

2.4 Experimental scheme

Before each experiment, the whole chamber and all related
experimental equipment/devices were thoroughly cleaned
to avoid any deposited dust interfering with the measure-
ment of the newly generated coal dust. During the experi-
ment, the automated cutting/drilling operation unit was used
to control the coal cutting/drilling at pre-set parameters. The
coal dust concentration was continuously measured with the
monitoring probes arranged on the side of the drum/drill
(see Fig. 1). In the pre-experiment, it was found that the coal
dust concentration in the chamber stabilized after 2 min of
coal cutting/drilling. Therefore, the time to start recording
the coal dust concentration was set after 2 min of cutting/

Experimental chamber

HEPA filters

[ HEPA filters

Uniform airflow hood

Coal dust concentration

measurement unit |

Fig. 1 Simulated coal cutting and drilling dust generation system
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drilling, and the monitoring time duration was 3 min. The
cutting/drilling parameters were set by the control variable
method during the experiment.

2.5 Data process

The data measured by SMPS and OPS was fitted with the
built-in function of TSI-MIM2 to obtain the mass and num-
ber concentration distribution of 10 nm—10 um coal dust
particles. The PM2.5 and PM10 coal dust mass concen-
trations and the mass fraction of PM2.5 in PM10 (PM2.5/
PM10) were estimated. Finally, the cumulative mass and
number distributions of 10 nm—10 pm coal dust particles
were obtained from the mass and number concentration
distributions, and after the verification of the statistical
self-similarity of the coal dust distributions, the cumulative
mass and number distributions of coal dust were respec-
tively fitted with the following fractal distribution Egs. (1)
and (2) (Wang et al. 2020). Then the mass fractal dimension
(D)) and number fractal dimension (Dy) were respectively
obtained by taking the double logarithm of Egs. (1) and (2).

M (< d) = ad*Pu (1)

N (> d)=1-N (< d) = Ny(d/dmax) ™™ )
where d is the coal particle size, nm. d,,, is the maximum
coal particle size, nm. a and N, are the fitting coefficients for
the cumulative mass and number distribution of coal dust,
respectively.

3 Results

3.1 Mass and number concentration distribution
of 10 nm - 10 um coal dust particles under different
cutting parameters

3.1.1 Mass concentration distribution of 10 nm-10 um
coal dust particles

Figure 2 shows the mass concentration distribution of
10 nm—10 um coal dust particles under different cutting
parameters. It can be seen that the mass concentrations of
nano-to-micron-sized coal dust generated at different tooth
tip cone angles, impact angles, roller rotary speeds, and cut-
ting speeds all exhibit a bimodal distribution of “one small
peak+one large peak”, with the small and large peaks
occurring at 110—160 nm and 5.7—7.2 pum, respectively.
The mass concentrations of coal dust in particle size ranges
of 10—50 nm are nearly zero but in the particle size ranges
of 60—100 nm and 2—5 pm increase rapidly with increasing

particle size and reach a peak. Overall, the 10 nm—10 pm
coal dust mass concentration and its small and large peaks
generated in the coal cutting process increase with the
increase of tooth tip cone angle and roller rotary speed, but
decrease with the impact angle, while are not significantly
affected by the cutting speed. In addition, from the compari-
son of the peak values marked in Fig. 2, it is found that the
large peaks at the micron size (551—2065 pug/m®, the large
peaks at different levels of the same cutting parameters can
be nearly 4 times different) is 50— 120 times that of the small
peaks at the nano size (10.1—17.5 pg/m>, the peak difference
is within 1 time at different cutting parameters). Further sta-
tistics revealed that the cumulative mass concentrations of
coal dust in the particle size ranges of 10 nm—1 pm and
1 um-10 pm are 0.216-0.331 and 2.879—7.380 mg/m’,
respectively. That is, the mass of micron-sized coal dust
generated by cutting was about 13—23 times that of nano-
to submicron-sized coal dust.

Figure 3 shows the PM2.5 and PM10 coal dust concen-
trations and the mass percentage of PM2.5 in PM10 (PM2.5/
PM10) under different cutting parameters. As presented,
the PM2.5 and PM10 coal dust concentrations generated
during coal cutting are 0.51—1.06 and 3.04—7.71 mg/m’,
respectively, and the PM2.5/PM10 is within 10.6%—17.8%.
In particular, as the tooth tip cone angle was raised from
87° to 110°, PM2.5 and PM10 increased by 43% and 92%,
respectively, whereas PM2.5/PM10 reduced from 17.4% to
12.3%. When the impact angle was increased from 45° to
90°, PM2.5 and PM10 decreased by 34% and 60%, respec-
tively, meantime the PM2.5/PM10 increased from 10.6 to
17.7%. When the roller rotary speed was increased from 40
r/min to 130 r/min, PM2.5 and PM10 increased by 103%
and 147%, respectively, while PM2.5/PM10 reduced from
17.7% to 14.1%. However, with the increasing cutting
speed, no significant change was found in PM2.5, PM10,
or PM2.5/PM10.

3.1.2 Number concentration distribution of 10 nm-10 um
coal dust particles

Figure 4 presents the number concentration distribution of
10 nm—10 um coal dust particles under different cutting
parameters. As can be seen, the number concentrations of
nano- to micron-sized coal dust generated by coal cutting
show a unimodal distribution with the peak value appearing
at the particle size of 60—90 nm, and the peak concentra-
tions are in the range of 14,636—22,049 cm™>. The differ-
ences among different peak values at different levels of the
same cutting parameters are within 43% or 6500 cm™>. In
the particle size range of 10 nm—10 pm, the number con-
centrations of coal dust increased with the increase of tooth
tip cone angle and roller rotary speed, while decreased with

@ Springer
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Fig.2 Mass concentration distribution of 10 nm—10 pm coal dust particles under different cutting parameters a Tooth tip cone angle b The impact

angle ¢ Roller rotary speed d Cutting speed

the impact angle and did not change significantly with the
cutting speed. Further statistics show that the number of
coal dust particles in the particle size range of 10—300 nm
alone accounts for 90% of the total number of coal dust par-
ticles in size range of 10 nm—10 pm.

The reasons for the above characteristics of mass and
number concentration distribution of coal dust particles
generated under different cutting parameters can be attrib-
uted to the following aspects: (1) Tooth tip cone angle. Stud-
ies by Roepke and Voltz (1983) and Evans and Ivor (1984)
confirmed that the larger the tooth tip cone angle, the larger
the area of the compacted coal block at the tooth tip, and the
higher the cutting force exerted by the cutting tooth on the
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coal, resulting in more coal dust particles generated during
the cutting process and correspondingly an increase in the
mass and number concentrations of coal dust. Moreover, the
larger the tooth tip cone angle, the blunter the tooth. Thus,
the tooth’s ability to cut coal is weakened, leading to the
reduction of PM2.5/PM10. (2) The impact angle. Bilgin et
al. (2006) and Park et al. (2018) reported that the increas-
ing impact angle would reduce the contact area between
the cutting tooth and the coal body as well as the cutting
force exerted by the tooth on the coal body, thus reducing
the mass and number concentrations of coal dust generated
during coal cutting. (3) Roller rotary speed.Li et al. 2012a,
b; Bakhtavar and Shahriar (2013) also found that with the
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Fig. 3 PM2.5 and PM10 coal dust concentrations and the mass percentage of PM2.5 in PM10 (PM2.5/PM10) under different cutting parameters

increase of roller rotary speed, the concentration of respira-
ble coal dust increased. Through the observation and analy-
sis of the cutting process, this study attributes the increase
in the mass and number concentrations of 10 nm—10 pm

coal dust with the roller rotary speed to two aspects: (1) As
the increase of roller rotary speed, more cutting teeth are
involved in the coal-chopping operations within unit time,
which increases the generated coal dust. (2) As the roller
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Fig. 4 Number concentration distribution of 10 nm—10 um coal dust particles under different cutting parameters: a Tooth tip cone angle b The

impact angle ¢ Roller rotary speed d Cutting speed

rotary speed increases, partially broken coal pieces can-
not be promptly discharged from the cutting teeth, which
increases collisions between the coal pieces and the cutting
teeth and between the coal pieces themselves, thus generat-
ing more coal dust particles. The joint action of the above
two aspects can lead to a significant increase in the mass and
number of concentrations of coal dust. (4) Cutting speed.
The dust generation by coal cutting occurs in the mechani-
cal process of crack propagation and breaking of coal under
force, while the crack propagation speed is much higher than
the cutting speed, thus the cutting speed has little effect on
the dust generation during coal cutting. Through horizontal
cutting tests on rock, Rostamsowlat (2018) also verified that
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the cutting speed has little effect on the contact stress and
friction coefficient.

3.2 Mass and number concentration distribution
of 10 nm - 10 pm coal dust particles under different
drilling parameters

3.2.1 Mass concentration distribution of 10 nm-10 um
coal dust particles

Figure 5 shows the mass concentration distribution of
10 nm—10 pm coal dust particles under different drilling
parameters. It can be seen that the coal dust mass concentra-
tions under different drill bit diameters and drilling speeds
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present a bimodal distribution of “one small peak+ one
large peak”, with the small and large peaks occurring at
110—160 nm and 7.1-7.2 um, respectively. The coal dust
concentrations were close to zero in the particle size range
of 10—70 nm, and increased rapidly to the peak with par-
ticle size in the ranges of 90— 150 and 200 nm—7 pm. More-
over, with the increase of drill bit diameter and/or drilling
speed, this increasing rate and peak values increased signifi-
cantly. From the peak values marked in Fig. 5, it is found
that the large peak concentrations at the micron particle size
(5859—13,611 pg/m®, the peak values at different levels of
the same drilling parameter can vary by more than 2 times)
are 300—700 times higher than the small peak concentrations
at the nanoparticle size (15.7—-20.3 pg/m>, the peak values

at different drilling parameters vary within 5 ug/m®). Fur-
ther statistics revealed that the cumulative mass concentra-
tions of coal dust in the particle size ranges of 10 nm—1 pum
and 1 pm—10 pm are 0.24—0.33 and 22.96—58.50 mg/m”,
respectively, i.e., the mass of micron coal dust generated by
drilling is around 90— 180 times that of nano- to submicron
coal dust.

Figure 6 shows the PM2.5 and PM 10 coal dust concentra-
tions and PM2.5/PM10 under different drilling parameters.
As presented, the PM2.5 and PM 10 coal dust concentrations
generated by drilling are 1.41—22.70 and 22.7—48.8 mg/m’>,
respectively, and the PM2.5/PM10 is 4.65%—6.21%. Spe-
cifically, when the drill bit diameter was increased from
28 to 42 mm, the PM2.5 and PM10 generation increased
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by 109% and 110%, respectively, while the PM2.5/PM10
reduced from 6.19% to 4.65%. When the drilling speed
was increased from 100 r/min to 300 r/min, the PM2.5 and
PM10 coal dust concentrations increased by 47% and 78%,
respectively, while the PM2.5/PM10 reduced from 6.21%
to 5.14%.

3.2.2 Number concentration distribution of 10 nm-10 pm
coal dust particles

Figure 7 shows the number concentration distribution of
10 nm—10 pm coal dust particles under different drilling
parameters. It is found that the coal dust number concentra-
tions at different drill bit diameters and drilling speeds show
a bimodal distribution of “one big peak +one small peak”,
with the peaks occurring at 20—30 nm and 110—120 nm,
respectively. In the particle size range of 10 nm—10 pm,
the number concentration increases significantly with the
increase of drill bit diameter and/or drilling speed. Unlike
the coal-cutting process (see Sect. 3.1.2), the coal dust par-
ticles generated by drilling are mainly concentrated in the
particle size ranges of 10—40 nm and 70—300 nm, account-
ing for 63% and 25% of the 10 nm—10 pum total coal par-
ticles, respectively.

The main reasons why both mass and number concen-
trations of nano- to micron-sized coal dust increased with
increasing drill bit diameter and drilling speed were: (1)
The increase in drilling speed increases the amount of bro-
ken coal by the drill bit and the number of coal-block colli-
sions per unit time, increasing the amount of dust generated
within unit time and a corresponding increase in coal dust
concentration (Tang et al. 2019). Jiang et al. (2018) also
reported that increasing the drilling rate would increase
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respirable coal dust concentration. (2) With the increase of
the drill bit diameter, the contact area between the drill bit
and the coal body increases, thus the amount of coal broken
by the drill bit per unit time increases, which creates more
coal dust around the borehole.

3.3 Fractal dimension of 10 nm-10 pm coal dust
particles generated under different cutting and
drilling parameters

Figure 8 presents the mass fractal dimension (D,,) and num-
ber fractal dimension (Dy) of 10 nm—10 pm coal dust par-
ticles under different cutting and drilling parameters, and
the correlation coefficients R> (generally >0.95) presented
in Fig. 8 confirms that the cumulative mass and number dis-
tributions of coal dust fit the Egs. (1) and (2) well. As can be
seen, the Dy, under different cutting and drilling parameters
are 1.55-1.86 and 1.05—-1.22, respectively, and the Dy
decreases with the increase of tooth tip cone angle, roller
rotary speed, cutting speed, drill diameter, and/or drilling
speed, while it tends to increase with impact angle. The Dy
under different cutting and drilling parameters are 1.23—1.92
and 0.94—1.33, respectively. In addition, it is found that the
Dy decreases with increasing tooth tip cone angle, roller
rotary speed, drill diameter and/or drilling speed, and it first
decreases significantly, then slowly increases with increas-
ing impact angle but fluctuates up and down with increasing
cutting speed.

The data above demonstrate that the Dy, and Dy of
10 nm—10 pm coal dust particles generated by coal seam
cutting are much higher than those generated by coal drill-
ing. In contrast, the Dy, and Dy for coal particles generated
by either cutting or drilling are not statistically different.
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Fig. 7 Number concentration distribution of 10 nm—10 pm coal dust particles under different drilling parameters a Drilling speed b Drill bit

diameter

@ Springer



Characterization of 10 nm—10 pum coal dust particles generated by simulated different cutting and drilling... Page 110of 15 89

1.80 2.0
RX(D,,): 0.963 ~ 0.969 RY(D,,): 0.962 ~0.972
a 1.751 RX(D,): 0.976 ~ 0.978 18 RX(Dy): 0.976 ~ 0.981
E .
2 1.70
p 1.6
£ 7
= 1.65-
E
= 1.60- 1.41
= =~ Mass Fractal Dimension(D,,)
| =@~ Number Fractal Dimension(D,)
1.55 D | |,
87 100 110 45 60 75 90
Tooth tip cone angle (°) Impact angle (°)
1.9 2.0
R¥D,,): 0.951 ~ 0.981 R*(D,,): 0.975 ~ 0.980
a R(D,): 0.979 ~ 0.986 Lo\ R*(D,): 0.979 ~ 0.986
= 1.8 '
=
=
%}
£
a 1.74
=
S
]
&
1.61
40 70 100 130 50 100 150 200
Rotary speed (r/min) Cutting speed (mm/min)
14 1.3
R*(D,,): 0.963 ~ 0.966 R*(D,,): 0.966 ~ 0.970
1.3 R¥(D,): 0.950 ~ 0.968 - R*(Dy): 0.953 ~0.968
: .
2
£ 1.2
D
£ 1.1-
[
= 1.11
S
£ 1.0
=
1.0
r r r T 0.9 T T r
100 150 200 300 28 32 42
Drilling speed (r/min) Drill diameter (mm)

Fig. 8 Fractal dimension of 10 nm—10 pum coal dust particles under different cutting and drilling parameters

@ Springer



89 Page 12 of 15

J. Zhu et al.

Table 3 Fractal dimension of coal particles generated under different
destruction conditions

Coal matrix ~ Destruction  dsy (um)  Mass fractal Reference
conditions dimension
Coal particle ~ Shearer 11.15 2.50 Liet
crushing al.(2012)
Coal particle cutting 20 1.67 Qiao
(2017)
Coal soot Combustion  46.92 2.20 Chu et al.
(2017)
Coal particle ~ Water jet 123.75 2.80 Cui et
crushing al.(2006)
Coal block Crushing 2030 2.63 Xu et
al.(2021)
Coal particle ~ cutting 3280 2.66 Qiao
(2017)

Notes: ds, denotes the particle size when the cumulative particle size
distribution percentage of dust reaches 50%

The above findings indicate that the distribution of nano-
to-micron-sized coal dust particles in the cutting process is
more complex than that of the drilling process, while the
D, and Dy are consistent in quantifying the complexity of
the distribution of 10 nm—10 pum coal dust particles. When
the shearer cuts the coal, the coal body contacting the cutter
teeth is first crushed into fine chips and then flaked off from
the coal wall under the joint action of shear force, squeezing
force and impact force, and this process is called crushing.
After two to three times of crushing, larger coal block is
cut off (Liu 2012; Sui 2022). The particle size of coal dust
generated during crushing is small, while the particle size
of coal dust generated during cutting is large, resulting in a
large difference in the particle size of coal dust and a more
complex distribution of coal dust. During coal drilling, the
drill bit exerts compression force and shear force on the
coal, with the compression continuously pushing the tip of
the bit into the coal, while the shear uses the tip and edge of
the bit to scrape off the coal (Li et al. 2016; Lu et al. 2010).
Since the coal dust particles generated by drilling are usu-
ally difficult to be timely discharged from the borehole, the
coal dust particles that are not discharged in time are fully
broken by the drill bit inside the borehole, so the coal dust
particles generated by drilling are in smaller size, and there-
fore the coal dust distribution is relatively uniform.

In addition, the mass fractal dimensions of nano-to-
micron-sized (10 nm—10 um) coal dust particles gener-
ated by coal seam cutting and drilling obtained in this study
(0.94—1.92) are generally smaller than those of micron-
to millimeter-sized (11.15 pm-3.28 mm) coal particles
reported in previous studies (1.67—-2.80, see Table 3), indi-
cating that compared to the micron-to-millimeter coal par-
ticles (> 10 pm) produced by other destruction methods (see
Table 3), the 10 nm—10 um coal dust particles generated by
cutting and drilling are more uniformly distributed.

@ Springer

4 Conclusions

(1) In the coal-cutting process, the mass concentration
of coal dust presented a bimodal distribution of “one
small peak+one large peak”, with peaks appearing at
110—160 nm and 5.7—7.2 um, respectively, where the large
peak is 50—120 times the small peak. By contrast, the coal
particle number concentration showed a unimodal distribu-
tion with the peak at 60—90 nm, and the number of coal
particles in the size range of 10—300 nm accounted for 90%
of the total number of 10 nm to 10 um coal particles.

(2) In the coal drilling process, the mass concentra-
tion of coal dust shows a bimodal distribution of “one
small peak +one large peak”, with the peaks occurring at
110—160 nm and 7.1—7.2 pum respectively, where the large
peak is 300—700 times of the small peak. By contrast, the
coal particles number concentration shows a bimodal distri-
bution of “one large peak + one small peak”, with the peaks
appearing at 20—30 nm and 110—120 nm, respectively. The
number of coal particles in size ranges of 10—40 nm and
70—300 nm respectively accounts for 63% and 25% of the
total number of 10 nm—10 pm coal particles.

(3) The generated nano- to micron-sized coal dust par-
ticles increases with the increase of tooth tip cone angle,
roller rotary speed, drill bit diameter, and/or drilling speed,
and decrease with the increase of impact angle, while are
not significantly affected by cutting speed.

(4) The mass percentage of PM2.5 in PM10 (PM2.5/
PM10) decreases from 17.4%, 17.8%, 6.19% and 6.21%—
12.3%, 14.1%, 4.65% and 5.14% with the increase of tooth
tip cone angle, roller rotary speed, drilling speed and drill
bit diameter, respectively, and increases from 10.6% to 17.7
with the increase of impact angle, while are not significantly
affected by cutting speed.

(5) The mass fractal dimensions of 10 nm—10 pm coal
dust particles generated by cutting and drilling processes
are 1.55—1.89 and 1.05-1.22, respectively, and the cor-
responding number fractal dimensions are 1.23—1.92 and
0.94—1.33, indicating that the distribution of nano- to
micron-sized coal dust particles produced by cutting is more
complex than that of drilling. Moreover, compared to the
micron-to-millimeter coal particles (> 10 pm) generated by
other crushing methods, the 10 nm—10 pum coal dust par-
ticles generated by cutting and drilling are more uniformly
distributed.
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