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Abstract: An experimental study on the flow rate and atomization characteristics of a new gas-liquid
two-phase flow nozzle was carried out to use high-concentration respirable dust in the workplace
of high-efficiency sedimentation coal production based on the gas-liquid two-phase flow nozzle
technology. The simulation roadway of dust fall in large coal mines was constructed, and the
respirable rock dust produced by fully mechanized mining surfaces was chosen as the research object.
The effects of humidity on the capture effect of respirable rock dust were analyzed in the experimental
study. The results demonstrated that: (1) the distribution range of the particle size of fogdrops
declines with the reduction in fogdrops Dsg, Dj3 ] and D4 3;, which are produced by gas-liquid
two-phase flow nozzles. (2) The initial ambient humidity in the simulated roadway was 64.8% RH.
After the gas-liquid two-phase flow spray was started, the ambient humidity was elevated by 23.2
to 23.5% RH within 840s and tended to be stable and no longer grew after reaching 88.0-88.3% RH.
The initial growth rate of the ambient humidity in the simulated roadway was high, and then was
gradually slowed down. (3) Humidity is an important factor influencing the collection of respirable
dust. The humidity at 10.0 m leeward of the dust-producing point was increased by 19.6% RH,
and the sedimentation rate of respirable dust was increased by 6.73%; the two growth rates were
13.1% RH and 9.90% at 20.0 m; 16.4% RH and 15.42% at 30.0 m; 18.4% RH and 11.20% at 40.0 m. In
practical applications of the gas-liquid two-phase flow nozzle in coal mining activities, attention shall
be paid to not only the influences of its atomization characteristics on the capture effect of respirable
dust but also the influences of the flow rate of the nozzle on the humidity of the working surface.
Appropriate gas and water supply pressures shall be chosen according to the space and respirable
dust concentration on the working surface to realize a better dust removal effect.

Keywords: gas-liquid two-phase flow nozzle; respirable dust; condensed capture; ambient humidity

1. Introduction

Recently, dust pollution of the fully mechanized mining surface in underground
coal mines has become increasingly prominent with the continuous improvement of the
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mechanization level and gradual growth of mining intensity [1-4]. These dusts, especially
respirable dusts, threaten the physical health of workers and production safety in coal
mining activities [5-7]. According to the 2020 revised edition of the Coal Mine Safety
Regulations of the People’s Republic of China, underground operating locations, such as
the conveyor transfer point, must be installed with a spray device or duct collector, and
the spray dust sedimentation or dust removal by dust collector is needed. Gas-liquid two-
phase flow spray is a new type of spray mode taking compressed air and pressured water as
double powers [8-10]. In comparison to the conventional high-pressure spraying mode, this
spray mode has various advantages, such as a good atomization effect, low requirements for
atmospheric pressure and hydraulic pressure and small water consumption. The gas-liquid
two-phase flow nozzle has a good effect in the capture of dust, especially to respirable
dust [10-14].

The current research on the mechanism of gas-liquid two-phase flow spraying dust
reduction in coal fields mainly focuses on inertial collision dust trapping and diffused
trapping. Inertial collision is generally used to trap dust with a particle size greater than
0.5 pm. Under the effect of inertia, dust particles and water drop particles stick together
after mutual collision and settle rapidly due to gravity, thereby achieving dust reduction.
It is generally accepted by scholars that the relative velocity of respirable dust particles
to liquid droplets, density and diameter of dust particles and diameter of liquid droplets
are the primary factors influencing the dust collection efficiency of gas-liquid two-phase
flow spray [15-18]. The effect of inertial collision is weakened for dust particles with a
small mass and a diameter of less than 0.5 um. Therefore, diffused trapping becomes an
important method of dust trapping. Related studies have been carried out on this basis, and
it has been found that the ambient humidity in the roadway is the main factor influencing
the respirable dust collection efficiency of gas-liquid two-phase flow spray. When the water
content in the air is nearly saturated, the dust particles in the air will become condensation
nuclei, and a layer of liquid film will be formed on the surface. The dust particles have been
moistened by water before contact with water drops; hence, the diameter of the particles
is enlarged, and the dust trapping effect is improved. In order to quantitatively study
the effect of ambient humidity on the dust sedimentation of gas-liquid two-phase flow
spray, the analysis and discussion were implemented on an experimental basis, expecting
to guide the practical application of gas-liquid two-phase flow spray in the field of dust
sedimentation of coal mines.

2. Design of Experimental System
2.1. Nozzle Atomization Performance Test System

For the purpose of testing the atomization characteristics of the new gas-liquid two-
phase flow atomization nozzle, running water was used as the liquid phase medium, and
the air was used as the gas phase medium. The schematic diagram of the experimental
system is shown in Figure 1. It is mainly composed of a water supply device, air supply
device, test device, injection device and other parts.

The water supply system and the air supply system, respectively, provided clean and
pressurized water and compressed air to the injection system during the experiment. The
water and compressed air entered the nozzle from the water inlet end and the air inlet
end, respectively, and were mixed in the mixing chamber of the nozzle. Under the effect
of compressed air, the water was injected from the spraying nozzle through atomization.
After the atomization was stable, the atomization characteristics of the atomization area
were tested and recorded with the test system. Besides, the data, including the pressure,
atomization volume of steam, and air consumption, were recorded.

2.2. Large Dust Reduction Experimental Tunnel System

By reading the related literature, it has been found that the area of the roadway section
involved in most laboratory simulations of dust sedimentation is 1.8-2.5% of the actual
roadway sectional area. The simulation test of dust sedimentation in a small-scale simulated
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7. return air inlet

6. dust sampler

roadway has natural deficiencies; for example, the flow field distribution in a small-scale
simulated roadway is greatly different from that in an actual excavation roadway, and
the natural sedimentation rates of dust, especially respirable dust, in the two roadways
are also different. Besides, the spray droplets present different diffusion trends in the
two [19,20]. An experimental system of gas—liquid two-phase spray dust sedimentation,
which could simulate the ventilation, dust production, etc., in the excavation roadway of
coal mine, was designed by adhering to the concepts of improving the experimental safety
and stability and enhancing the scientificity of the experimental data and the principle of
high compliance with the actual excavation roadway (Figures 2 and 3).

Figure 1. Nozzle atomization performance test system. 1—water source; 2—water pressure stabi-
lization control valve; 3—liquid glass rotameter; 4—liquid pressure gauge; 5—experimental nozzle;
6—laser transmitter of laser particle sizer; 7—laser receiver of laser particle sizer; 8—gas pressure
gauge; 9—gas glass rotameter; 10—gas pressure reducing and stabilizing valve; 11—gas cylinder;
12—data processing computer.

2. electric powder gun

8. anemometer 4. cloud and mist dust system
5. hygrometer

INANY
s I te B
C CB i o .
S R 1. air inlet
. 1 ]
10. Om 10. Om 10. Om 10. Om 5. Om T 5. 0m 1

3. centrla control board

Figure 2. Dust removal experimental system of gas-liquid two-phase flow nozzle.

This dust sedimentation experimental system was mainly composed of an air sup-
ply/exhaust module, dust-producing module, gas-liquid two-phase flow spray module,
data acquisition module and central control console. The air supply/exhaust module
included a permanent magnetic variable-frequency screw air compressor, centrifugal fan,
etc. The dust-producing module contained an electric powder sprayer, respirable dust
producer, etc. The gas-liquid two-phase flow spray module included a storage water tank,
high pressure water pump, gas-liquid two-phase flow nozzle, pipeline, pressure gauge,
etc. The data acquisition module included a dust sampler, anemometer, thermometer,
hygrometer, data acquisition device, etc. All the above modules were connected to the
central control console. The experimenter could control the start/stop of all the devices and
regulate the wind velocity in the simulated roadway and gas and water supply pressures
via the central control console. The cross-sectional area and length of the main part of the
simulated roadway were 2.0 x 2.0 m and 50.0 m, respectively, and both the air inlet and
air outlet were located at the two ends of the main body of the simulated roadway. The
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floor of the simulated roadway was paved using 304 stainless steel, a reflux tank was set
to prevent the sewage accumulation and double-layer armored glass was used at both
sides of the simulated roadway, which made it convenient for the experimenter to observe
the migration status of the dust and spray in the roadway while ensuring safety. The
dust producer was located at the air inlet of the simulated roadway, and the gas-liquid
two-phase flow nozzle was the new-type low-energy-consumption and high-throughput
nozzle co-designed and manufactured by Key Laboratory of Shock Wave Physics and
Detonation Physics of China Academy of Engineering Physics and Xiangtan University.

Figure 3. Dust removal of simulation roadways of gas-liquid two-phase flow nozzle.

3. Experimental Schemes

Experiments were designed to explore the influence of humidity on the dust sedimen-
tation laws of gas-liquid two-phase flow spray, as seen in Table 1.

Table 1. Experimental scheme.

Experiment No. Experimental Content Experimental Parameter

To study the influences of gas and water
supply pressures on the water
consumption of gas-liquid two-phase

To determine the water
1 consumption of gas-liquid

two-phase flow nozzle

flow nozzle, and provide data support
for experiment 3

To determine the atomization
performance of gas-liquid
two-phase flow spray, including

To determine the gas and water supply
pressures used in the dust sedimentation
experiment and provide data support

Dsg, Di32, Dpa g, ete. for experiment 4

To explore the influence of gas-liquid

two-phase flow spray on the ambient

humidity in the roadway and provide
data support for experiment 4

To determine the change of
3 ambient humidity in the
simulated roadway

To simulate the influence of change in
ambient humidity in the simulated
roadway on the dust sedimentation of
gas-liquid two-phase flow spray

To determine the respirable dust
4 concentration in the
simulated roadway

The experimental group 1 is an experiment on flow characteristics of the gas-liquid
two-phase flow nozzle to discuss the relationship between flow rate and water supply
pressure. The water consumptions and gas consumptions of the nozzle under 6 gas supply
pressures (0.15 MPa, 0.18 MPa, 0.20 MPa, 0.25 MPa, 0.27 MPa and 0.29 MPa) when the
water supply pressure is 0.2 MPa were tested by an electromagnetic flowmeter and air
mass flowmeter.
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The experimental group 2 is an experiment on atomization characteristics of gas-liquid
two-phase flow nozzle, which involved atomization parameters of D5, Dso, D75, Dgg, Dy3 2
and Dy 3. The water supply pressure of the nozzle was kept constant at 0.20MPa and the
gas supply pressure was adjusted to 0.15 MPa, 0.18 MPa, 0.20 MPa, 0.25 MPa, 0.27 MPa
and 0.29 MPa. The section center at 30.0 cm in front of the mouth of gas-liquid two-phase
flow nozzle was chosen as the sampling point of fogdrop performance parameters. The
atomization characteristics of the nozzle under different working conditions were tested by
the OMEC DP-02 spray size analyzer.

The experimental group 3 discusses influences of gas-liquid two-phase flow nozzle
on variations of air humidity in the simulation roadway. Hygrometers were set at 10.0 m,
20.0 m, 30.0 m and 40.0 m away from the dust source in the simulation roadway. The
height between the hygrometers and the floor of the simulation roadway was 1.5m and
the distance to the side wall was 1.0 m. Turn on the gas-liquid two-phase flow nozzle
system and the water pressure was set at 0.20 MPa and the gas pressure was set 0.29 MPa.
The wind speed in the roadway was adjusted to 0.5 m/s and changes in air humidity at
different positions in the roadway were measured.

The experimental group 4 tests dust removal effect of gas-liquid two-phase flow
nozzle under different humidity values. The dust removal effect of the gas-liquid two-phase
flow nozzle in different periods when the gas and water supply pressures are 0.29 Mpa and
0.20 Mpa was measured. In the experiment, inert rock powder with D5y = 1.57 um (major
ingredient is SiO,) was used as the sample. The independent-made electronic powder gun
was used to spray dusts. The initial concentration of dust in air in the roadway was kept
at 44.67 mg/m?3 by adjusting the input gas pressure of the electronic powder gun. A total
of four dust concentration samplers were installed at 10.0 m, 20.0 m, 30.0 m and 40.0 m
from the dust source in the simulation roadway to collect respirable dust samples in the
roadway. The sampling time was 1min and the sampling flow rate was 20 L/min. Variable
frequency regulation was applied to the fan and wind speed in the measurement section of
the simulation roadway was stabilized at 0.5 m/s.

4. Experimental Results and Analysis
4.1. Flow Rate Analysis of the Gas—Liquid Two-Phase Flow Nozzle

The gas-liquid two-phase atomizing nozzle was used in the experiment (Figure 4).
Water flows that entered the nozzle were atomized into small-sized water mist in a solid
cone. The size of the atomized particle and flow rate of the nozzle were controlled by
regulating the gas pressure and water pressure.

Figure 4. Gas-liquid two-phase atomizing nozzle.

The internal structure of the nozzle is shown in Figure 5. The working principle of the
gas-liquid two-phase atomization nozzle is that the water and air entered the atomization
nozzle from the water-inlet quick connector and gas-inlet quick connector. Water entered
the large chamber through the flow channel, and the large channel was provided with
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a throttle lever to limit the flow and control the speed of the water, increase the relative
speed between the water and gas, maximize the atomization effect of the gas to the water
in unit area, and achieve a good atomization effect of the two-phase flow nozzle under low
air pressure. At the same time, air entered the small chamber from the flow channel. In
the small chamber, the air hole was provided with a deviation angle. There was a certain
angular deflection in axial and horizontal directions to form a rotational flow channel.
Then, the eddy airflow effect was produced to increase the flow rate of gas. The airflow
moved clockwise at a high speed along the gas flow channel to enter the mixing chamber
and directly impact liquid from the water hole in the gas-liquid mixing chamber. With
mutual impact, squeezing, shearing, and other effects between the gas and the liquid, water
was crushed to slight fogdrops. In addition, the mixing chamber was equal to a resonance
chamber. High-speed gas functioned in the mixing chamber back and forth to produce
ultrasonic resonance. With the pulling effect of ultrasonic waves, water was further refined
to complete initial atomization. At last, the convergence of gas-liquid two-phase flow was
accelerated through the swelling site of the fog outlet. The liquid drops were refined after
further absorbing the kinetic energy of the gas. Therefore, secondary atomization was
formed at the fog outlet.

Water

Water

Water-inlet quick Small chamber

Mixing
chamber

Spray
Large chamber

Built-in throttle lever
Gas

Gas-inlet quick connector
Figure 5. The working principle of the gas-liquid two-phase atomization nozzle.

When the water supply pressure of the nozzle is kept constant and the gas supply
pressure increases, the gas consumption of the nozzle increases continuously with the
increase in the gas supply pressure. Meanwhile, the gas-liquid two-phase flows in the
atomizing chamber increase as the gas supply pressure increases and resistance at the end
of the water inlet increases, while the water consumption of the nozzle decreases. The
flow rate of the gas-liquid two-phase flow nozzle when the water supply pressure was
fixed at 0.20 MPa and the gas supply pressure was different was tested. The relation curve
between flow rate of the nozzle and gas supply pressure is shown in Figure 6. Clearly,
when the water supply pressure was kept at 0.20 MPa, the gas consumption of the gas—
liquid two-phase flow nozzle increased as the gas supply pressure increased and the water
consumption decreased continuously.

For this gasliquid two-phase atomizing nozzle, the relation fitting equation between
flow rate and gas supply pressure when the water supply pressure is 0.20 MPa is:

Quir = 0.01778 exp(pair/0.06331) + 1.73567 1)

Qp = 118.45648 exp(— pair/0.06717) + 5.17082 @)

where Q,;, is the gas consumption, Q; is the water consumption, and p,;, is the air sup-
ply pressure.

The fitting curve correlation coefficients of flow rate of the nozzle were all higher than
0.99, proving the high correlation between the flow rate and gas supply pressure. It can
be seen from the fitting curve that, when the water supply pressure is 0.20 MPa, the gas
consumption increases exponentially as the gas supply pressure increases. According to the
fitting curve between water consumption and gas supply pressure, the water consumption
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of the gas-liquid two-phase flow nozzle attenuates exponentially with the increase in gas
supply pressure when the water supply pressure is 0.20 MPa.

<
=23.5F = Measured data
—— Fitting curve
S3.0f
R y=0.01778exp(x/0.06331)+1.73567
§2. 5E R*=0.99072
17}
500
$2.0
§ L5 1 I 1 L
0.15 0.20 0.25 0. 30
—~ Gas supply pressure (MPa)
=
=20
= = Measured data
5 —— Fitting curve
215+
2 1=118.45648exp(—x/0.06717)+5.17082
z R>=0.99862
S10F
o
~
é 5 1 1 1 1
= 0.15 0.20 0.25 0. 30

Gas supply pressure (MPa)

Figure 6. Effects of gas supply pressure on gas consumption and water consumption of the nozzle.

4.2. Atomization Characteristics of the Gas—Liquid Two-Phase Flow Nozzle

The size distributions of the mist particles that are produced by the gas-liquid two-
phase flow nozzle when the water supply pressure is 0.20 MPa and the gas supply pressure
is 0.15 MPa, 0.18 MPa, 0.20 MPa, 0.25 MPa, 0.27 MPa and 0.29 MPa are shown in Figure 7.
Obviously, all the parameters that describe the mist particle size, including Dys, Dsg, Dys,
Dgo, Dy32) and Dyy 3, decrease with the increase in the gas supply pressure from 0.15 MPa
to 0.29 MP when the water supply pressure is 0.20 MPa.

S
S

)
3
S

)
=1
S

o
S

=)
S

o
S

Atomization characteristic parameters(um)

o

0.15 0.20 0.25 0.30
Water supply pressure (MPa)

Figure 7. Atomization characteristic parameters of the gas-liquid two-phase flow nozzle.

Figure 8a—f shows the integral distribution and cumulative distribution of the particle
size of the fogdrop through water atomization by the gas-liquid two-phase flow nozzle
under different air pressure conditions (0.15 Mpa, 0.18 MPa, 0.20 MPa, 0.25 MPa, 0.27 MPa,
0.29 MPa). The differential distribution histogram of fogdrop particles in Figure 8 shows
that, when the water supply pressure remained constant at 0.20 MPa with the increase in
the air supply pressure, the peak for the differential distribution of the fogdrop particles
gradually moved to the right, that is, the direction of reduced fogdrop particle size. When
the air pressure was between 0.15 MPa and 0.25 MPa, the distribution range of the fogdrop
particle size was wide. When the air pressure was 0.27 MPa, the particle size of the fogdrop
produced by the nozzle was distributed between 7.11 pm and 86.43 pym. When the air
pressure was 0.29 MPa, the fogdrop particle size distribution range was only between
5.95 um and 14.52 pm.
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Figure 8. Size distribution of fogdrop particles under different gas supply pressures.

4.3. Variations of Humidity in the Simulation Roadway

An experiment on the effects of the gas-liquid two-phase flow nozzle on the humidity
in the simulation roadway was carried out. The water pressure and gas pressure of the
gas-liquid two-phase flow nozzle were set at 0.20 MPa and 0.29 MPa, and the wind speed
of the roadway was regulated as 0.5 m/s. Variations in the air humidity at four measuring
points, which are 10.0 m (point 1), 20.0 m (point 2), 30.0 m (point 3) and 40.0 m (point 4)
away from the dust source in the simulation roadway, are shown in Figure 9.
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Figure 9. Variations in humidity at different measuring points in the simulation roadway.

It can be seen from Figure 9 that the overall variation trends of humidity at four
measuring points in the simulation roadway are the same, and the air humidity at four
measuring points increases as time goes on. Under the same initial humidity of 64.8% RH
at different points, the ambient humidity values at the measuring points one, two, three
and four were increased by 18.5% RH, 18.8% RH, 19.5% RH and 18.0% RH, respectively,
at 260 s in comparison with the initial humidity, and by 23.2% RH, 23.3% RH, 23.5% RH
and 23.3% RH, respectively, at 840 s. This is because the gas-liquid two-phase flow nozzle
system in the simulation roadway has been in the working state all the time. Fogdrop
particles evaporate continuously after they enter into the roadway through the nozzle, so
the air humidity of the roadway increases continuously. The growth rate of the air humidity
at the measuring points is relatively high in the beginning, but it decreases gradually and
finally tends to be stable. With the continuous evaporation of fogdrops, the temperature in
the roadway decreases gradually, and the difference between the practical vapor pressure
in the roadway and saturated vapor pressure declines gradually. According to the Dalton
law, the evaporation rate of fogdrops decreases. In other words, the growth rate of the
air humidity decreases gradually and the air humidity in the roadway is constant. Air
humidity values at four measuring points begin to change at different times. After the
nozzle system is turned on, air and fogdrop particles with a high humidity enter into the
simulation roadway through the nozzle. The air humidity at measuring point one increases
accordingly. The air humidity at measuring points two, three and four begins to increase
at 20 s, 40 s and 60 s after the turning on of the nozzle system. This is because measuring
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points two, three and four are at the downwind side of measuring point one and they
are 10.0 m, 20.0 m and 30.0 m away from measuring point one. The airflow rate in the
simulated tunnel is 0.5 m/s. Hence, the time for the arrival of air that has a high content of
fogdrops at adjacent measuring points is 20 s.

4.4. Respirable Dust Capture Effect of the Gas—Liquid Two-Phase Flow Nozzle

Previous studies have quantitatively analyzed the factors affecting the efficiency of
inertial collision. The relationship between the coefficient of inertia and the collision
characteristics is defined as follows.

N Kppl)dp

In Equation (3), K is the collision probability coefficient, pp is the density of the dust
particles, v is the relative velocity of the dust particles and water droplets, dp is the diameter
of the dust particles, y is the aerodynamic viscosity coefficient and D is the diameter of the
water droplets.

The larger the inertia coefficient, the higher the collision probability of the dust and
water droplets. Equation (3) shows that the coefficient of inertia is proportional to the
relative velocity and diameter of the dust particles and is inversely proportional to the
diameter of the droplets.

In the simulation roadway, respirable dust in the air was sampled by the dust sampler,
thus enabling to calculate the respirable dust capture efficiency of the gas-liquid two-phase
flow nozzle. We switched on the electric dusting machine and the fan to keep the total
mass of respirable dust entering the tunnel, the angle and speed of dust injection and the
wind speed in the tunnel within the unit time unchanged. After 15 min, the concentration
of airborne respirable dust in the tunnel stopped increasing and was stable at 44.67 mg/m3,
which was recorded as Cy.

After enabling the atomization function, the calculation formula for the average
concentration C; of respirable dust at the sampling point is as follows:

. 1000(1711 — mo)

C1 o

(4)

where

mop—mmass of filter membrane before sampling (mg);
mi—mass of filter membrane after sampling (mg);
Q—sampling flow rate (L/min);

t—sampling time, (min).

The sedimentation rate of respirable dust at the sampling point is recorded as #, then

n= SIS BT (5)
Co

In the dust sampling process, the humidity in the simulation roadway changes contin-
uously. Hence, the sampling period of the dust sampler (60 s) was chosen as the length of
an interval, and the mean humidity at different measuring points in 60 s was calculated.
The interval between every two intervals is 20 s. The 0-60 s range was recorded as interval
one, and 20-80 s was recorded as interval two. The rest can be done in the same way. Hence,
the air humidity variations at different measuring points can be shown in Figure 10.

It can be seen from Figure 10 that the mean humidity of the four measuring points
increases continuously as time goes on. The growth rate of the mean humidity is relatively
high in the beginning, but it decreases gradually. The mean humidity values at measuring
point one in six intervals of 0-60 s, 20-80 s, 60-120 s, 120-180 s, 340400 s and 780-840 s are
68.4% RH, 71.1% RH, 75.8% RH, 80.7% RH, 84.9% RH and 88.0% RH, respectively. These
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six intervals were chosen as the respirable dust sampling time at measuring point one.
The mean humidity values at measuring point two in six intervals of 20-80 s, 40-120 s,
80-140 s, 140-200 s, 340-400 s and 780-840 s are 70.5% RH, 74.1% RH, 78.9% RH, 82.1% RH,
85.0% RH and 88.1% RH, respectively. These six intervals were used as the sampling time
of respirable dust at measuring point two. The mean humidity values at measuring point
three in six intervals of 40-100 s, 60-120 s, 80-140 s, 120-180 s, 240-300 s and 780-840 s are
71.7% RH, 74.9% RH, 77.8% RH, 81.6% RH, 84.7% RH and 88.3% RH, respectively. These
six intervals were used as the sampling time of respirable dust at measuring point three.
The mean humidity values at measuring point three in six intervals of 60-120 s, 100-160 s,
140-200 s, 200260 s, 360420 s and 780-840 s are 69.6% RH, 75.1% RH, 79.0% RH, 82.1% RH,
84.7% RH and 88.0% RH, respectively. These six intervals were used as the sampling time
of respirable dust at measuring point four.
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Figure 10. Variations in air humidity and respirable dust sedimentation rate in the simulation roadway.

The fan and electronic powder gun in the simulation roadway are turned on. After
the airflow in the roadway becomes stable, the gas-liquid two-phase flow nozzle is turned
on and begins to timing. Six samples were collected at four measuring points, respectively.
The sampling times were set as mentioned above. After repeated multiple samplings, the
sedimentation rates of respirable dust at different measuring points are shown in dotted
lines in Figure 10. It can be seen from curve variations in Figure 10 that:

(1) When the respirable dust concentrations at dust production points in the roadway are
the same and the wind speeds are the same, the gas pressure and water pressure of
the gas-liquid two-phase flow nozzle system were kept constant. As the air humidity
in the simulation roadway changes, the respirable dust concentration in the air at
the same measuring point may change. In other words, the respirable dust capture
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efficiency of gas-liquid two-phase flow nozzle changes. It is proved that air humidity
influences the respirable dust capture efficiency of the gas-liquid two-phase flow
nozzle significantly when it is used to produce water mist (D5p = 9.00 pm) in a roadway.
The sedimentation rates of respirable dust at four measuring points are positively
related with air humidity. When the air humidity in the simulation roadway increases,
the respirable dust concentration decreases and the sedimentation rate of respirable
dust increases.

(2)  When the mean air humidity at measuring point one is 68.4% RH, the sedimentation
rate of respirable dust in this time interval is 45.33%. When the mean air humidity
is 88.0% RH, the sedimentation rate of respirable dust in this time interval is 52.06%.
From the beginning working of the gas-liquid two-phase flow system to the sim-
ulation roadway, air humidity tends to be stable. The air humidity at measuring
point one is increased by 19.6% RH and the sedimentation rate of respirable dust is
increased by 6.73%. At measuring point one, humidity variations influence the dust
capture efficiency slightly. At measuring point one, humidity changes influence the
dust capture efficiency slightly. This is because the relative kinematic velocity between
the respirable dust particles and fogdrop particles in the air is relatively large and
collision capture is the main reason for dust sedimentation. The sedimentation of dust
is mainly achieved by mutual collisions among fogdrop particles, dust-containing
fogdrop particles and respirable dust, thus forming large particles. Hence, dust sedi-
ments on the bottom of the simulation roadway or adheres onto the inner wall of the
simulation roadway.

When the mean air humidity at measuring point two is 70.5% RH, the sedimentation
rate of respirable dust in this time interval is 65.10%. When the mean air humidity is
88.1% RH, the sedimentation rate of respirable dust in this time interval is 75.00%. The
air humidity at measuring point two is increased by 13.1% RH and the sedimentation rate
of respirable dust is increased 9.90%. At measuring point two, the influences of humidity
changes on respirable dust capture efficiency are relieved to some extent. This is because
vapor in air uses dust particles as the cohesion nucleus and dust-containing fogdrop
particles are formed with a diameter far higher than the size of respirable dust particles.
Hence, the possibility of forming greater particles through the collision between these
respirable dust particles and fogdrop particles is increased and the effects of condensed
capture on respirable dust sedimentation are improved to some extent.

When the mean air humidity at measuring point three is 71.7% RH, the sedimentation
rate of respirable dust in this time interval is 78.32%. When the mean air humidity is
88.1% RH, the sedimentation rate of respirable dust in this time interval is 93.74%. The
air humidity at measuring point three is increased by 16.4% RH and the sedimentation
rate of respirable dust increases by 15.42%. At measuring point three, the influences of
humidity changes on respirable dust capture efficiency are intensified significantly. Since
the relative speed between dust particles and fogdrop particles is small, the probability for
direct collision among fogdrop particles, dust-containing fogdrop particles and respirable
dust decreases. The collision capture and cohesion capture become the major capture
modes of respirable dust.

When the mean air humidity at measuring point four is 69.6% RH, the sedimentation
rate of respirable dust in this time interval is 86.10%. When the mean air humidity is
88.0% RH, the sedimentation rate of respirable dust in this time interval is 97.30%. The
air humidity at measuring point four is increased by 18.4% RH and the sedimentation
rate of respirable dust increases by 11.20%. At measuring point four, the influences of
humidity changes on respirable dust capture efficiency are relieved to some extent. Since
the respirable dust concentration in the air in the simulation roadway is very low, the
respirable dust concentration in the air of the simulation roadway is low according to
characteristics of dust capture, thus making the dust more difficult to sediment under the
effect of water mist.
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5. Conclusions

(1) For the new gas-liquid two-phase flow nozzle in the experiment, the gas consumption
of the nozzle increases exponentially when the gas supply pressure increases at the
water supply pressure of 0.20 MPa. Moreover, the water consumption of the nozzle
decreases exponentially with the increase in the gas supply pressure.

(2) The water supply pressure of the gas-liquid two-phase flow nozzle is kept constant.
D5, Dsg, D75 and Dy all decrease gradually with the increase in the gas supply
pressure. When the gas pressure is 0.15-0.25 MPa, the size distribution range of the
fogdrop particles is wide. When the gas pressure is 0.27 MPa, the size distribution of
the fogdrop particles that are produced by the nozzle is 7.11-86.43 um. When the gas
pressure is 0.29 MPa, the size distribution range is only 5.95-14.52 um.

(3) After the gas-liquid two-phase flow spray was started in the simulated roadway, the
humidity values at four measuring points (10.0 m, 20.0 m, 30.0 m and 40.0 m) away
from the dust source were increased with time. Under the same initial humidity of
64.8% RH, the ambient humidity values at the measuring points one, two, three and
four were increased by 18.5% RH, 18.8% RH, 19.5% RH and 18.0% RH, respectively, at
260 s in comparison with the initial humidity, and by 23.2% RH, 23.3% RH, 23.5% RH
and 23.3% RH, respectively, at 840s. The growth rate of ambient humidity was fast
within the first 260 s. Afterwards, it gradually slowed down and finally tended to
be stable.

(4) Itverifies the important role of humidity in respirable dust capture in the dust removal
process of the gas-liquid two-phase flow nozzle. The higher the humidity is, the
better the respirable dust capture efficiency of the nozzle will be. When the gas-liquid
two-phase flow nozzle produces water mist (D59 = 9.00 um), the humidity at the
dust production point that is 10.0 m away from the downwind side is increased by
19.6% RH and the sedimentation rate of respirable dust increases by 6.73%. At 20.0 m
away from the dust production point, the humidity is increased by 13.1% RH and the
sedimentation rate of respirable dust increases by 9.90%. At 30.0 m away from the
dust production point, the humidity is increased by 16.4% RH and the sedimentation
rate of respirable dust increases by 15.42%. At 40.0 m away from the dust production
point, the humidity is increased by 18.4% RH and the sedimentation rate of respirable
dust increases by 11.20%.

In coal production activities, the gas-liquid two-phase flow nozzle was used to capture
respirable dust. However, consideration has to be given not only to the effects of the
spraying particle size on the capture of respirable dust but also the influences of the
spraying quantity on the air humidity of the roadway. The dust removal effect can be
improved by choosing appropriate gas and water pressure according to the cross-section
size in practical roadways.

Author Contributions: Conceptualization, X.F. and L.Y.; methodology, B.]. and B.R.; validation,
B.R., WT. and Y.L.; investigation, X.F. and W.T.; resources, Y.L. and X.L.; data curation, X.F. and
W.T.; writing—original draft preparation, X.F. and L.Y.; writing—review and editing, X.F. and B.J.;
supervision, X.L.; project administration, B.]. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was financially supported by the University Synergy Innovation Program
of Anhui Province (No. GXXT-2020-059), the National Natural Science Foundation of China (Nos.
52074012, 51874009), and the Young Elite Scientists Sponsorship Program by China Association for
Science and Technology (No. 2018QNRC001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2022, 15, 565 14 of 14

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Chakraborty, M.; Vaidyanathan, A.; Desikan, S. Experiments on atomization and spray characteristics of an effervescent strut
injector. Phys. Fluids 2021, 33, 017103. [CrossRef]

2. Patil, V.C,; Acharya, P,; Ro, PI. Experimental investigation of water spray injection in liquid piston for near-isothermal compression.
Appl. Energy 2020, 259, 114182. [CrossRef]

3. Liang, H.; Zhou, Q.; Erkan, N.; Suzuki, S. Improvement of aerosol spray scavenging efficiency with water mist. J. Aerosol Sci.
2020, 105, 105967. [CrossRef]

4. Liu, Z.; Nie, W.; Peng, H.; Yang, S.; Chen, D.; Liu, Q. The effects of the spraying pressure and nozzle orifice diameter on the
atomizing rules and dust suppression performances of an external spraying system in a fully-mechanized excavation face. Powder
Technol. 2019, 350, 62-80. [CrossRef]

5. Du, T; Nie, W.; Chen, D.; Xiu, Z.; Guo, L. Cfd modeling of coal dust migration in an 8.8-meter-high fully mechanized mining face.
Energy 2020, 212, 118616. [CrossRef]

6. Shi, G.Q.; Han, C,; Wang, YM.; Wang, H.T. Experimental study on synergistic wetting of a coal dust with dust suppressant
compounded with noncationic surfactants and its mechanism analysis. Powder Technol. 2019, 356, 1077-1086. [CrossRef]

7. Wang, H.; Du, Y;; Wei, X; He, X. An experimental comparison of the spray performance of typical water-based dust reduction
media. Powder Technol. 2019, 345, 580-588. [CrossRef]

8. Mccoy, ].E; Schroeder, W.E.; Rajan, S.R.; Ruggieri, S.K.; Kissell, EN. New laboratory measurement method for water spray dust
control effectiveness. AIHAJ 2010, 46, 735-740. [CrossRef]

9. Pwab, C; Kz, A; Rla, C. Influence of air supply pressure on atomization characteristics and dust-suppression efficiency of
internal-mixing air-assisted atomizing nozzle. Powder Technol. 2019, 355, 393-407.

10. Liu, R.; Ji, D.; Zhou, G.; Liu, Z.; Ramakrishna, S. Electrospun nanofibers for personal protection in mines. Chem. Eng. J. 2020,
404, 126558. [CrossRef]

11. Xu, C.; Nie, W,; Yang, S.; Peng, H.; Liu, Q. Numerical simulation of the multi-index orthogonal experiments on the spray
dust-settling devices. Powder Technol. 2020, 371, 217-230. [CrossRef]

12. Xu, C; Nie, W,; Liu, Z.; Peng, H.; Yang, S.; Liu, Q. Multi-factor numerical simulation study on spray dust suppression device in
coal mining process. Energy 2019, 182, 544-558. [CrossRef]

13. Sarver, E.; Keles, C.; Rezaee, M. Beyond conventional metrics: Comprehensive characterization of respirable coal mine dust. Int. J.
Coal Geol. 2019, 207, 84-95.

14. Zhang, R; Liu, S.; Zheng, S. Characterization of nano-to-micron sized respirable coal dust: Particle surface alteration and the
health impact. J. Hazard. Mater. 2021, 413, 125447. [CrossRef]

15. Hoeflinger, W.; Laminger, T. Pm 2.5 or respirable dust measurement and their use for assessment of dust separators. J. Taiwan Inst.
Chem. Eng. 2019, 94, 53-61. [CrossRef]

16. Li, X.;; Hu, H,; Di, X,; Wang, D.; Jiang, S. Analysis of the spatial distribution of collectors in dust scrubber based on image
processing. J. Air Waste Manag. Assoc. 2019, 69, 764-777. [CrossRef] [PubMed]

17.  Park, J.H.; Son, Y.S.; Kim, K.-H. A review of traditional and advanced technologies for the removal of particulate matter in subway
systems. Indoor Air 2019, 29, 177-191. [CrossRef] [PubMed]

18.  Zhou, Q.; Qin, B. Coal dust suppression based on water mediums: A review of technologies and influencing factors. Fuel 2021,
302, 121196. [CrossRef]

19. Yao, X.A.; Wca, B.; Hya, B.; Yw, A. Study on spray dust removal law for cleaner production at fully mechanized mining face with
large mining height. Powder Technol. 2021, 389, 48-62.

20. Fang, X.; Yuan, L, Jiang, B.; Zhu, W.; Li, P. Effect of water fog particle size on dust fall efficiency of mechanized excavation face in

coal mines. J. Clean. Prod. 2020, 254, 120146. [CrossRef]


http://doi.org/10.1063/5.0033600
http://doi.org/10.1016/j.apenergy.2019.114182
http://doi.org/10.1016/j.jaerosci.2020.105697
http://doi.org/10.1016/j.powtec.2019.03.029
http://doi.org/10.1016/j.energy.2020.118616
http://doi.org/10.1016/j.powtec.2019.09.040
http://doi.org/10.1016/j.powtec.2019.01.032
http://doi.org/10.1080/15298668591395652
http://doi.org/10.1016/j.cej.2020.126558
http://doi.org/10.1016/j.powtec.2020.05.047
http://doi.org/10.1016/j.energy.2019.05.201
http://doi.org/10.1016/j.jhazmat.2021.125447
http://doi.org/10.1016/j.jtice.2017.07.035
http://doi.org/10.1080/10962247.2019.1586012
http://www.ncbi.nlm.nih.gov/pubmed/30794110
http://doi.org/10.1111/ina.12532
http://www.ncbi.nlm.nih.gov/pubmed/30586211
http://doi.org/10.1016/j.fuel.2021.121196
http://doi.org/10.1016/j.jclepro.2020.120146

	Introduction 
	Design of Experimental System 
	Nozzle Atomization Performance Test System 
	Large Dust Reduction Experimental Tunnel System 

	Experimental Schemes 
	Experimental Results and Analysis 
	Flow Rate Analysis of the Gas–Liquid Two-Phase Flow Nozzle 
	Atomization Characteristics of the Gas–Liquid Two-Phase Flow Nozzle 
	Variations of Humidity in the Simulation Roadway 
	Respirable Dust Capture Effect of the Gas–Liquid Two-Phase Flow Nozzle 

	Conclusions 
	References

