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Abstract Pressure nozzle is commonly used in the dust-reduction techniques by spraying of underground coal mines.
Based on the internal structure, the pressure nozzle can be divided into the following types: spiral channel nozzle,
tangential flow-guided nozzle and X-swirl nozzle. In order to provide better guidance on the selection of nozzles for the
coal mine dust-reduction systems by spraying, we designed comparing experiments to study the atomization characteristics
and dust-reduction performance of four commonly used nozzles in the coal mine underground with different internal
structures. From the experimental results on the atomization characteristics, both the tangential flow-guided nozzle and the
X-swirl nozzle have high flow coefficients. The atomization angle is the largest in the spiral non-porous nozzle, and
smallest in both the X-swirl nozzle and the spiral porous nozzle. The spraying range and the droplet velocity are inversely
proportional to the atomization angle. When the water pressure is low, the atomization performance of the spiral non-
porous nozzle is the best among the four types of nozzles. The atomization performance of the X-swirl nozzle is superior to
other types when the water pressure is high. Under the high water pressure, the particle size of the atomized droplets is
smallest in the X-swirl nozzle. Through the experiments on the dust-reduction performance of the four types of nozzles and
the comprehensive analysis, the X-swirl nozzle is recommended for the coal mine application site with low water pressure
in the dust-reduction system, while at the sites with high water pressure, the spiral non-porous nozzle is recommended,
which has the lowest water consumption and obvious economic advantages.
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1 Introduction

A large amount of dust is generated in the coal mine pro-
duction fields such as mining, tunneling, transport, etc.
(Wang et al. 2019; Luo et al. 2017). The health condition
and life safety of the coal mine workers, who work in the
DX Pengfei Wang environments with high-concentration dust for a long time,
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nozzle can be divided into different categories, i.e., pres-
sure nozzle, rotary nozzle, pneumatic nozzle and ultrasonic
nozzle. Among all the types of nozzles, the pressure
atomizing nozzle is widely used in the dust reduction by
spraying due to its simple structure and strong adaptability
(Wang et al. 2018b, 2020).

The dust-reduction performance of the pressure nozzle
is closely related to the atomization effect and the particle
size of the droplets is an important indicator to evaluate the
atomization effect of the nozzle. Some researchers studied
the maximum entropy model and proposed a new method
to predict the size distribution of droplets using the maxi-
mum entropy model (Sellens 1989; Li and Tankin 1992;
Dumouchel 2009). Wang and Lefebvre (1987) and Couto
et al. (1997) established a theoretical equation to calculate
the SMD of pressure swirl nozzle based on the hypothesis
on the fracture thickness of the liquid film. In addition,
based the finite volume VOF method, there have been a
large amount of studies on the internal flow field and
atomization characteristics of pressure nozzles using
numerical simulations (Fan et al. 2018; Zhao and He 2017;
Chen and Ge 2013). Cheng et al. (2010) and Zhou et al.
(2012) studied the atomization characteristics of the tan-
gential flow-guide nozzle pressure nozzle by experiment,
which was commonly used in coal mines, and obtained the
relationship between the particle size of atomized droplets
and the water pressure. Yi et al. (2018) measured the
atomization angle of the X-swirl pressure nozzle, and
obtained the formula for calculating the atomization angle
of the nozzle by fitting. Nie et al. (2017) compared the
atomization characteristics of two common pressure noz-
zles, spiral channel type and X-swirl type, and found that
the spiral channel type pressure nozzle has a large
atomization angle, but the range is short. At the same time,
because the internal structure of the nozzle has an impor-
tant influence on the atomization characteristics, Seoksu
et al. (2008, 2009) studied the inclination angle and flow
angle of the swirl nozzle, and concluded that when the
inclination angle is large, an air core is formed and during
the flow atomization, backflow vortex occurs. Harshad
et al. (2020) selected three solid-cone nozzles with X-type
swirl-insert and orifice diameters of 1.65, 1.90, and
2.45 mm to study the discharge coefficient, spray cone
angle and mass flux density in the spray, and the size
distribution of droplets, and finally fit the distribution for-
mula of the same kind of nozzle spray characteristics.

Based on the studies on the atomization characteristics,
some researchers have worked on the theoretical analysis
on the dust-reduction by spray from pressure nozzles. Ma
and Kou (2005, 2006) established a mathematical dust-
reduction model by high-pressure spray and obtained a
theoretical calculation equation of classification efficiency
using the fluid mechanics and aerosol theories. Cheng et al.
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(2011) analyzed the dust-reduction mechanism by high-
pressure spray, investigated the effect of water pressure on
the dust-reduction efficiency by spraying, and proposed the
calculation equation of minimum particle size in the dust
collection by the atomized droplet. Based on the momen-
tum and mass conservation equations of droplets and dust,
Tawatchi and Wiwut (201 1)established a prediction model
for the dust inertia-interception efficiency in the dust
reduction by spraying water droplets in open space. In
addition, the authors verified the accuracy of the model by
experimental results. Yu et al. (2018) established a math-
ematical model of gas—liquid-solid three-phase coupling
and verified the validity of the mathematical model. The
mathematical model has been applied to predict the dust-
reduction efficiency of the pressure nozzle in the fully
mechanized mining face and obtained accurate prediction
in the application.

The pressure nozzles commonly used in coal mine
production sites for dust reduction by spraying can be
roughly classified into different categories according to
internal structure, including spiral channel nozzle, tan-
gential flow-guide nozzle, X-swirl nozzle. The spiral
channel nozzle can be further divided into two types, i.e.,
spiral porous nozzle and spiral non-porous nozzle. The
spraying flow of the above nozzles has solid conical
shapes. Due to the differences in the internal structure of
the nozzles, the atomization characteristics and dust-re-
duction performance of the above nozzles are different. In
addition, the applicable conditions of different types of
nozzle are also different. In the coal mine application site,
the design of the dust-reduction scheme and the selection
of the nozzle should be dependent on the actual application
conditions, including the water consumption requirement
of nozzles and the water pressure in the pipe network. By
comprehensive considerations on these conditions, an
economical and rational dust-reduction scheme can be
obtained. Most of the existing studies on the pressure
nozzles focused on the analysis of single-structure nozzles.
However, there are only few studies to compare the
atomization characteristics and the dust-reduction perfor-
mance of several common types of pressure nozzles. As a
result, the design of dust reduction system and the selection
of spray nozzles in coal mine applications have challenges.
In this study, a custom-developed dust-reduction test
platform was used to systematically compare the
atomization characteristics and dust-reduction performance
of the above-mentioned four different types of nozzles. The
results in this study can provide reference for the design of
dust-reduction scheme by spraying and the selection of
nozzles in coal mine applications.
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2 Experimental system and scheme
2.1 Selection of nozzles

According to the previous on-site investigation, four pres-
sure nozzles which are commonly used in coal mine fields
were analyzed in this study, i.e., the tangential flow-guide
nozzle, the X-swirl nozzle, the spiral porous nozzle, and
the spiral non-porous nozzle. Among them, the tangential
flow nozzle has three internal vertical channels at the
center of the nozzle. The interior of the X-swirl nozzle is an
X-shaped water flow channel. The inside of the spiral
porous nozzle is composed of a spiral channel around and a
vertical channel in the middle, while the spiral non-porous
nozzle has no intermediate channel. In coal mine produc-
tion sites, the water used for dust-reduction generally
contains impurities. In order to reduce clogging, the outlet
diameter of nozzles cannot be too small. At the same time,
for ensuring the atomization effect, the outlet diameter of
nozzles should not be too large. Based on the compre-
hensive consideration, the outlet diameter of 1.2 mm is
suitable for the nozzles in coal mine production sites
(Wang et al. 2015). Therefore, the four different pressure
nozzles selected in the experiment all had the outlet
diameters 1.2 mm. The pressure nozzles selected in the
experiment are shown in Fig. 1.

2.2 Experiment system
An experimental system for dust reduction by spraying is
shown in Fig. 2. The system can simulate the processes

such as dust generation, spraying, ventilation, etc. in coal
mine production sites. The experimental system contained

(a)

Nozzle side view

(c)

Nozzle top view

roadway model, high-pressure water pump, water tank,
control cabinet, aerosol generator, Malvern droplet size
analyzer, particle image velocimetry (PIV) and related
pipelines, valves, and measuring instruments. The roadway
model consisted of an inlet section, a measurement section,
a spraying section, an axial flow fan and an outlet sec-
tion. In order to facilitate the data acquisition of the Mal-
vern droplet size analyzer and PIV system, the main
section of the roadway model is made of transparent
plexiglass with a thickness of 1 cm.

2.3 Measuring instrument
and scheme of atomization characteristic

The atomization characteristics of nozzles include flow
rate, atomization angle, range, droplet size, and droplet
velocity. The water flow rate and water pressure of nozzles
were measured using an electromagnetic flowmeter (YY-
LEDISK4C) and a digital pressure gauge (DX-
801XB00150), respectively. A high-performance digital
camera was used to capture the spraying field, and then
Image-Pro Plus 6.0 post-processing software was used to
calculate the atomization angle and the range. The Malvern
droplet size analyzer was used to measure the particle size
of the droplets in this experiment. However, the Malvern
droplet size analyzer is unable to measure the droplet
velocity of the flow field. In this experiment, the PIV
system produced by LaVision, Germany was used to
measure the droplet velocity. Figure 3 shows the equip-
ment used in the atomization characteristics experiment for
nozzles.

The Malvern droplet particle size analyzer is based on
the line-measurement principle. The particle size

(b)

(d)

Fig. 1 Nozzles in the experiment. a Tangential flow-guide; b X-swirl; ¢ Spiral porous; and d Spiral non-porous
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Fig. 3 Measuring instruments for nozzle atomization characteristics analysis. a Malvern droplet size analyzer; b PIV; ¢ YY-LED15K4C

electromagnetic flowmeter; and d DX-801XB digital pressure meter

distribution of the droplets along the laser beam line was
measured. The area which was 50 cm in front of the nozzle
exit was selected for the data acquisition of particle size. At
the same time, the water pressure of the nozzle in this
experiment was set to 1.0-8.0 MPa based on the actual
conditions of the industrial application. The PIV system
captured the flow field in the area of 30-80 cm in front of
the nozzle and the capturing range was 50 cm x 50 cm. In
this PIV experiment, the exposure interval dr was set to
300 ps, and the power of light source A and B were set to
50% and 45% of the maximum power respectively. In each
PIV test, 20 groups of double frame photos were obtained
from CCD cameras, and then the flow field of the twenty
groups of double frame photos was analyzed to produce a
velocity profile. The high water pressure can cause
excessive concentration of the droplets in the downstream
flow field, which affects the tracing capability of particles
and reduces the measurement accuracy. Therefore, in the
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PIV experiment, only three lower water pressures were
used for analysis, i.e., 1.0, 2.0, and 3.0 MPa, respectively.

2.4 Measuring instrument and scheme of dust-
reduction performance of nozzles

In the experiments of dust-reduction performance, the
German AG420 aerosol generator was used to generate
dust and the compressed air provided by the air compressor
was used as the transmission power for the dust. The dust
was sent into the roadway from the entrance to simulate the
production of dust in the industrial fields. Two explosion-
proof dust samplers (FCC-25) were arranged in the mea-
surement section in the model roadway, i.e., one before the
spraying section and one after the spraying sections. The
dust in the two areas, i.e., before and after spraying was
sampled under different working conditions. The dust in
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the two measuring points was sampled at the same time. At
each measuring point, three continuous measurements were
collected to obtain the average value for each working
condition. The filter membranes of dust before and after
sampling were weighed by an electronic analytical balance,
and total dust mass concentration ¢, and the total dust
reduction efficiency 5, were calculated. The LS13320 laser
particle size analyzer was used to analyze the particle size
of the collected dust samples. The proportions of respirable
dust before and after spraying were obtained. Then mass
concentration of respirable dust ¢, and dust reduction
efficiency of respirable dust 1, were obtained by combining
the proportion of respirable dust with the total dust mass
concentration ¢, (Wang et al. 2020). The equipment used
for measuring the dust-reduction performance of the nozzle
is shown in Fig. 4.

The dust-reduction efficiency by spraying using the four
nozzles at three water pressures: 2.0, 4.0 and 6.0 MPa, was
measured. The dust in the experiment was a coal powder
with the particle size of less than 106 um, which was
selected by more than 150 standard industrial fields. The
dust generation by AG420 aerosol generator was set to be
15 g/min and the delivery pressure was set to be 0.2 MPa.
The sampling duration of the FCC-25 dust sampler was set
to 2 min and the sampling flow rate was set to be 15 L/min.
Through the frequency modulation of the axial flow fan,
the air flow velocity in the model roadway was stabilized at
1.0 m/s.

3 Experimental results and analysis
on atomization characteristics of nozzles

3.1 Flow rate of nozzle

Based on the relevant data, the following relationship
between the flow rate of pressure nozzles and the water
pressure was obtained (Wang et al. 2018b).

T 2p 3
Q0 =-Cyd* [==x 10 1
41 0 (1)

where Q is the flow rate of the nozzle in the unit of m’/s, C,
is the flow coefficient, d is the outlet diameter of the nozzle
in the unit of mm, p is the water pressure in the unit of
MPa, p is the liquid density in the unit of kg/m>. In Eq. (1),
d=12mm and p = 1000 kg/m’. The flow rates of the
four types of nozzles were measured under different water
pressures. In addition, the fitting analysis on the measured
data was conducted using SPSS software based on the
above equation. The flow coefficients of the four types of
nozzles are shown in Table 1.

According to the analysis of the data in Table 1, the flow
rates of the four types of nozzles all gradually increase as
the water pressure increases. At the same time, the flow
coefficient of the two types of spiral channel nozzles is
small, while the flow coefficients of the tangential flow-
guide nozzle and the X-swirl nozzle are similar. For the
spiral channel nozzle, the effective flow-through area

Fig. 4 Measuring instrument for dust reduction performance. a Aerosol generator, AG420; b Explosion-proof dust sampler, FCC-25; and

¢ Laser particle size analyzer, LS13320
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Table 1 Relationship between flow rates of four nozzle and water pressure

Type Q (L/min) Cq

1 MPa 2 MPa 3 MPa 4 MPa 5 MPa 6 MPa 7 MPa 8 MPa

Tangential flow-guide 2.33 3.50 3.83 4.50 5.33 6.00 6.17 6.83 0.611
X-switl nozzle 2.33 2.83 3.67 4.17 5.50 5.83 6.33 6.83 0.604
Spiral porous 2.50 3.17 3.83 4.17 5.17 5.33 5.67 6.17 0.564
Spiral non-porous 1.83 2.33 2.83 3.17 3.83 4.17 4.33 4.83 0.432

inside the nozzle is small and the internal resistance of the
nozzle is large, thus the flow rate is small at the same water
pressure and outlet diameter. The spiral porous nozzle has
a flow passage in the middle, which greatly reduces the
flow resistance, resulting in a larger flow coefficient than
that of the spiral non-porous nozzle. Since the internal
flow-through areas of the tangential flow-guide nozzle and
the X-swirl type are relatively large, the internal resistance
is relatively small and results in a larger flow coefficient
than that of the spiral channel nozzle. The dust reduction
efficiency by spraying is closely related to the water
amount. The nozzle with large flow coefficient can increase
the atomized water amount per unit volume under the same
water pressure, which is beneficial to improve the dust-
reduction efficiency.

3.2 Atomization angle and range

The atomization angle and range are two important
parameters of atomization characteristics, which determine
the effective effect area of the spraying flow field of the
nozzle. The larger the atomization angle is, the wider the
coverage area by the atomized flow is. The wider coverage
area can reduce the number of installed nozzle and the
larger range of nozzles can achieve long-distance dust-re-
duction. Figure 5 shows the atomization angle and range of
four types of nozzles under different water pressures.
Figure 5a shows the measured data of the atomization
angle. From Fig. 5a, it can be seen that with the increase of
the water pressure, the atomization angle o of the four
types of nozzles first increases and then decreases. Figure 6
is a photograph of the spraying field under the corre-
sponding working conditions, which shows the same trend
of atomization angle with the change of water pressure.
When the water pressure increases, the flow rate increases
accordingly, resulting in the increases of both the swirling
force inside the nozzle and the radial velocity of the outlet
jet from the nozzle. As a result, the atomization angle
increases as the water pressure increases. When the water
pressure is higher than 6.0 MPa, there is a negative pres-
sure in the center of the rotary droplet flow at the nozzle
outlet. The higher the water pressure is, the more obvious
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the negative pressure effect is observed. The negative
pressure effect causes the droplet flow to shrink toward the
center, resulting in a smaller atomization angle.

From Figs. 5a and 6, it can be seen that the spiral non-
porous nozzle has the largest atomization angle under the
same water pressure and the smallest variation with the
increase of the water pressure. The atomization angle of the
spiral non-porous nozzle is always maintained at around
56°. For the spiral non-porous nozzle, the spiral channel
design improves the flow intensity at the outlet. In addition,
since there are no holes in the center of the spiral non-
porous nozzle, the water flow is completely swirled along
the spiral passage of the inner wall and then ejected from
the nozzle outlet. The water flows swirled along the spiral
passage has a large centrifugal force, which results in a
large radial velocity at the nozzle outlet and a large
atomization angle. For the tangential flow-guide nozzle, the
spraying flow is introduced into the nozzle along the tan-
gential direction, which also has a high swirling intensity,
resulting in a relatively high atomization angle. For the
X-swirl nozzle, the X-shaped design of the inner core in the
nozzle is not as beneficial to the swirling strength as the
designs in the tangential flow-guide nozzle and the spiral
non-porous nozzle. Thus the atomization angle of the
X-swirl nozzle is relatively small. The atomization angle of
the spiral porous nozzle is relatively small because the flow
was not swirled before being injected from the nozzle.

Figure 5b shows the atomization range of the four types
of nozzles under different water pressures. It can be seen
that as the water pressure increases, the spraying range
increases. For pressure nozzles, as the water pressure
increases, the flow rate increases, resulting in the increase
of spraying range. Among the four types of nozzles, the
X-swirl type and the tangential flow-guided type have
relatively large range under the same water pressure. From
the experimental results on the flow characteristics, the
difference in the flow coefficients of the four types of
nozzles was not significant, which indicated that the flow
rate of the four types of nozzles was close under the same
water pressure. When the flow rate is close, the range of the
nozzle is inversely proportional to the atomization angle.
Thus the nozzle with a larger atomization angle has a
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Fig. 5 Atomization angles and ranges of four nozzle. a Atomization angle; and b Range

relatively smaller range. X-swirl and tangential flow-gui-
ded nozzles have a smaller atomization angle and thus a
relatively large range, while the other two types of nozzles
have a smaller spray angle and a smaller range.

From the above analysis, the atomization angle and
range of different types of nozzles vary due to the differ-
ences in the internal structural. Therefore, in the design of
dust-reduction scheme by spraying in the engineering sites,
the nozzle should be selected based on the performance. In
the industrial sites where dust distribution is extensive and
large-area dust reduction is required, such as the spray for
hydraulic support in the fully-mechanized working face,
spiral non-porous nozzles and tangential flow nozzles with
large atomization angles can be selected. The flow cover-
age of the above two types of nozzles is large, which can
save the number of installed nozzle. In the working envi-
ronments that require long-distance dust reduction, such as
the coal mine with dust reduction for shearers and road-
header, spiral-type or X-swirl nozzles should be selected.
Both types of nozzles have a long range and can achieve
long-distance dust reduction.

3.3 Particle size of droplets

Figure 7 shows the variation of the droplet size of four
types of nozzles with the water pressure. In Fig. 7, D,
Dsp, and Dgq are characteristic particle diameters, respec-
tively denoting that the particle volume of the particles less
than it accounts for 10%, 50% and 90% of the total volume
of the total particles.

Figure 7 indicates that as the water pressure increases,
the characteristic parameters of the droplet size of the four
types of nozzles all decrease. In addition, the change of the
particle size in the low water pressure zone is more sig-
nificant. As the water pressure increases, the Weber num-
ber of the pressure nozzle increases. As a result, the growth
rate of the disturbing wave on the water jet surface
increases, resulting in a smaller particle size of break-up
and atomization. Figure 8 shows the droplet size distribu-
tion of the X-swirl nozzle under different water pressures.
In Fig. 8, the solid red line represents the cumulative per-
centage of the droplet size, and the blue column represents
the frequency of droplet volume. From the cumulative
volume fraction curve in Fig. 8, the characteristic particle
diameters Dgogy, Dsg, and Djq all exhibit the same trends as
in Fig. 7. From the frequency histogram of the droplet
volume in Fig. 8, when the water pressure is increased, the
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Fig. 6 Photo of spray field under different working conditions. a Tangential flow-guide; b X-swirl; ¢ Spiral porous; and d Spiral non-porous

peak frequency of the droplet volume is continuously
shifted toward the left, i.e., toward the direction in which
the droplet size decreases.

A comparative analysis on the curves in Fig. 7 reveals
that the particle size exhibits different trend with the
change of water pressure for four types of nozzles. Among
the four types of nozzles, the spiral non-porous nozzle has
the smallest variation of particle size. For instance, as the
water pressure increases from 1.0 to 8.0 MPa, D5, of the
spiral non-porous nozzle is reduced from 112 to 85 pm
with a reduction ratio of less than 25%, while D5y of the
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other three types of nozzles are reduced by about or above
50%. When the water pressure is low (p < 3 MPa), the
spiral non-porous nozzle has the best atomization perfor-
mance. In the high pressure zone, the X-swirl nozzle has
advantages in the atomization performance, i.e., the
smallest droplet size can be obtained from the X-swirl
nozzle under the same water pressure. In general, the
atomization performance of the tangential flow-guided
nozzle is better than that of the spiral porous nozzle. Under
the same water pressure, the Ds, from the tangential flow-
guided nozzle is smaller than that from the spiral porous
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Fig. 7 Droplet size of the four types of nozzles under different water
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nozzle. The difference in atomization performance of the
above four types of nozzles is caused by the different
internal structure. The unique design of the swirling core in
the X-swirl nozzle provides a better atomization perfor-
mance, especially when the water pressure is high.

3.4 Velocity of droplets

The droplet velocity is an important indicator of the
atomization performance of the nozzle. Under the same
size, a higher relative velocity between dust and droplet is
conducive to the deposition of dust, especially for res-
pirable dust. The data of flow field measured by the PIV
system was imported into Tecplot 360EX software and
analyzed to obtain the vector diagram of the droplet
velocity of the four types of nozzles under three water
pressures, as shown in Fig. 9.

From the vector diagram of droplet velocity in Fig. 9,
the droplet velocity in the downstream of the nozzle is
continuously attenuated along the axial direction. The liq-
uid is atomized to form droplets inside and outside the
nozzle, and the droplet moves along the nozzle axis at a
relatively high initial velocity. Due to the air resistance, the
droplet velocity is continuously attenuated along the nozzle
axis. Based on the comparison of the droplet velocities
under different water pressures, the droplet velocity con-
tinuously increases as the water supply pressure increases.
As the water supply pressure increases, the water flow rate
of the nozzle increases continuously, thus the exiting
velocity of the droplets from the nozzle is increased.

It is also shown in Fig. 9 that when the water pressure is
the same, there is a large difference in the droplet velocity
among the four types of nozzles. The smallest droplet
velocity is observed in the spiral non-porous nozzle. From
the experimental results of the flow characteristics, the
spiral non-porous nozzle has a minimum flow coefficient
and the smallest water flow rate under the same water
pressure, resulting in the smallest exiting velocity. At the
same time, the spiral non-porous nozzle has the largest
atomization angle, and the droplet flow is dispersed after
being emitted from the nozzle outlet. In addition, the speed
is attenuated sharply due to the large air resistance of a
single droplet. Moreover, under low water pressure, the
atomization performance of the nozzle is superior and the
average particle size of the droplets is small, thus the
penetration ability of the small droplets is poor and the
velocity decays sharply in the downstream of the nozzle.
For the above reasons, the downstream speed of the spiral
non-porous nozzle is significantly lower than that of the
other three types of nozzles. The flow coefficients and
outlet droplet velocity of other three types of nozzles are
similar under the same water pressure. However, the spiral
porous nozzle has the smallest atomization angle and the
droplet flow is concentrated under low water pressure,
resulting in a slow decay of the droplet velocity in the
downstream and a high droplet velocity. The X-swirl
nozzle has a higher atomization angle thus a higher droplet
velocity than the tangential flow-guided nozzle.
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From the above analysis, under the similar flow coeffi-
cient, the atomization angle is the main factor affecting the
droplet velocity in the downstream of the nozzle. Among
the four types of nozzles, the spiral non-porous nozzle has
the smallest flow coefficient and the largest atomization
angle, thus having the smallest downstream droplet
velocity. The droplet velocity of the other three types of
nozzles is in the following order: spiral porous nozzle > X-
swirl nozzle > tangential flow-guide nozzle.

4 Experimental results and analysis on dust-
reduction performance of nozzles

4.1 Mass concentration and particle size
distribution of dust

Table 2 shows the mass concentration of dust in the mea-
surement section before and after spraying of four types of
nozzles under different water pressures. From Table 2, the
amount of dust generated by the aerosol generator in the
experiment is basically stable and the mass concentration
of dust in the measurement section before spraying is
similar. It can also be seen from Table 2 that the mass
concentration of dust in the measurement section after
spraying is significantly lower than that before spraying,
which proves that the spraying has a certain dust-reduction
effect.

Figure 10 shows the distribution of particle size in the
measurement section before spraying. From Fig. 10, since
the specifications of the dust used in the experiment are the
same, the particle size composition of the dust before

Table 2 Mass concentration of dust in the measurement section of
four types of nozzles with different water pressures

p MPa) Nozzle  Type Cme (mg/m?)
number
Before After
spraying  spraying
2.0 1 Tangential flow-guide  337.43 77.34
2 X-swirl nozzle 347.56 58.81
3 Spiral porous 354.50 80.61
4 Spiral non-porous 360.51 69.97
4.0 1 Tangential flow-guide  324.46 53.31
2 X-swirl nozzle 342.94 45.78
3 Spiral porous 291.30 57.27
4 Spiral non-porous 326.56 59.86
6.0 1 Tangential flow-guide  331.27 41.81
2 X-swirl nozzle 324.62 39.05
3 Spiral porous 373.10 46.08
4 Spiral non-porous 351.54 47.53

spraying is basically the same under different working
conditions and the pattern of the particle size distribution is
similar. From the cumulative volume curve in Fig. 10, it
can also be seen that the proportion of respirable dust in the
coal powder used in the experiment is about 20%.

Figure 11 shows the distribution of dust particle size in
the measurement section after spraying. Although the
particle size distribution of the dust before spraying is
similar under different working conditions, there is a sig-
nificant difference in the particle size distribution of the
dust after spraying, which is mainly caused by the differ-
ence in the dust-reduction efficiency of the spraying under
each working condition. For the same nozzle, the particle
size distribution of the dust varies under different water
supply pressures. In general, as the water pressure increa-
ses, the dips of the volume frequency in the size distribu-
tion curve after spraying moves toward the left, i.e., toward
the direction in which the particle diameter decreases. The
position of the dips represents the particle diameter with
high classification efficiency. As the water pressure
increases, the droplet size decreases while the classification
efficiency of the small dust particle increases correspond-
ingly, causing the dips of the volume frequency to move
toward the left. It can also be seen from Fig. 11 that under
the same water pressure, the particle size distribution of the
dust after spraying is different for the four different noz-
zles. The difference in the particle size distribution is
mainly caused by the difference in the dust-reduction
performance of the four types of nozzles.

4.2 Dust-reduction efficiency by spraying

According to the dust mass concentration in the measure-
ment section before and after spraying in Table 2, the dust-
reduction efficiency by spraying can be calculated under
each working condition. The calculated dust-reduction
efficiency by spraying is the dust-reduction efficiency for
the total dust. At the same time, the proportion of respirable
dust in the measurement section before and after spraying
under various working conditions can be obtained from the
measurement results of the particle size distribution.
Combing the proportion of respirable dust with the dust-
reduction efficiency for the total dust, the dust-reduction
efficiency for the respirable dust can also be obtained. The
dust-reduction efficiency for both total dust and respirable
dust of the four types of nozzles under different water
pressures can be obtained, as shown in Fig. 12.
Comparing the data of dust-reduction efficiency by
spraying in Fig. 12, it is found that the dust-reduction
efficiency of the same nozzle increases with the increase of
the water pressure; however, when the water pressure
reaches 4.0 MPa, there is no significant change of the dust-
reduction efficiency with the increase of the water pressure.
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Fig. 10 Particle size distribution of dust before spraying. a Tangential flow-guide; b X-swirl; ¢ Spiral porous; and d Spiral non-porous
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Fig. 11 Particle size distribution of dust after spraying. a Tangential flow-guide; b X-swirl; ¢ Spiral porous; and d Spiral non-porous
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Fig. 12 Dust reduction efficiency of four spray nozzles. a Total dust;
and b Respirable dust

In addition, as the water pressure increases, the dust-re-
duction efficiency for the respirable dust is more obviously
changed than that for the total dust. With the increase of
water pressure, the water flow rate of the nozzle is con-
tinuously increased and the volume concentration of the
droplets in the roadway is increased, thus the possibility of
droplet-dust collision and suppression is improved. Mean-
while, the increase in water pressure can increase the
droplet velocity and reduce the droplet size, which are
beneficial for the dust-reduction efficiency, especially for
respiratory dust. When the water pressure increases to a
certain value, the corresponding volume concentration of
the droplets in the roadway is large enough while the
particle size of the droplets is reduced slightly. As a result,
the dust-reduction efficiency for both the total dust and the
respirable dust does not have much increase as the water
pressure changes.

Also shown in Fig. 12, when the water pressure is low
(p = 2.0 MPa), the X-swirl nozzle has the highest dust-
reduction efficiency for both the total dust and the res-
pirable dust due to the large flow coefficient, which is only

slightly lower than that of the spiral porous nozzle. At the
same time, under the water pressure of 2.0 MPa, the
X-swirl nozzle has a smaller droplet size and a higher
droplet velocity. Under the impacts of the above factors,
the X-swirl nozzle has the highest dust-reduction efficiency
for both the total dust and the respirable dust among the
four types of nozzles. Although the spiral porous nozzle
has the highest flow coefficient, the droplet size is signifi-
cantly larger than that of the other three under the water
pressure of 2.0 MPa, resulting in low dust-reduction effi-
ciency, especially a much lower dust-efficiency for the
respirable dust than the other three types of nozzles.
Although the spiral non-porous nozzle has the smallest
particle size, the flow rate and droplet velocity are not
superior. As a result, the dust-reduction efficiency of the
spiral non-porous nozzle is in the second place. Therefore,
in the coal mine application site, if the water pressure of the
pipe network for dust reduction is limited, the spiral porous
nozzle should be avoided to be selected due to the
unguaranteed dust-reduction efficiency and a large amount
of water consumption. In the view of dust-reduction effi-
ciency, the X-swirl nozzle is preferred because high dust-
reduction efficiency for both the total dust and the res-
pirable dust can be obtained under the same water pressure.

From Fig. 12, it can also be seen that with the increase
of water pressure, the dust-reduction efficiency of the four
types of nozzles is getting more and more similar. For
example, when p = 6.0 MPa, the difference in the dust-
reduction efficiency of the four types of nozzles is less than
2% for the total dust and less than 4% for the respirable
dust. When the water pressure is increased to a certain
value, the volume concentration of the droplets in the
roadway is sufficiently large for all the four types of noz-
zles, resulting in very similar dust-reduction efficiency for
the total dust. At the same time, there are some differences
in the dust-reduction efficiency for the respirable dust due
to the difference in droplet size and droplet velocity.
Comparing the two types of spiral channel nozzles, the
dust-reduction efficiency of the non-porous type is higher
than that of the porous type when the water pressure is low.
Although the porous nozzle has advantageous flow rate, the
droplet size of the porous nozzle is much larger than that of
non-porous nozzle at the low water pressure, resulting in
lower dust-reduction efficiency than non-porous type,
especially for the respirable dust. With the increase of
water pressure, the droplet size of both types of nozzles is
relatively similar. Meanwhile, the porous nozzle has higher
water flow rate and droplet velocity than the non-porous
nozzle. As a result, when the water pressure reaches
6.0 MPa, the dust-reduction efficiency of the porous nozzle
is slightly higher than that of the non-porous nozzle. In
order to evaluate the dust-reduction performance and eco-
nomic benefits of the four types of nozzles under high
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Fig. 13 Dust reduction efficiency and water flow rate of the four
types of nozzles

water pressure, the dust reduction efficiency and water flow
rate of the four types of nozzles at the water pressure of
6.0 MPa are plotted and shown in Fig. 13.

From Fig. 13, when the water pressure is 6.0 MPa, the
dust-reduction efficiency for both total dust and respirable
dust is similar for all the four types of nozzles. However,
there is a significant difference in the water flow rates of
these four types of nozzles. Among them, the spiral non-
porous nozzle has the smallest flow rate of 4.17 L/min, and
water flow rates of the other three types of nozzles are
higher than 5.0 L/min. From the above analysis, it can be
found that when the water pressure is high, there is no
significant difference in dust-reduction efficiency among
the four types of nozzles, but the spiral non-porous nozzles
consume much less water than the other three types of
nozzles thus has obvious economic advantage. Therefore,
based on comprehensive considerations, a spiral non-por-
ous nozzle is recommended when the water pressure is
high. Of course, as previously analyzed, the atomization
angle and range of the four types of nozzles are different.
Therefore, the selection of nozzles should be based on the
on-site working conditions and multiple factors such as
range and atomization angle should be taken into account
to design the most reasonable spraying scheme for dust
reduction.

5 Conclusions

In this study, four types of commonly used nozzles in coal
mine underground with different internal structures were
selected, and the atomization characteristics of the four
types of nozzles were investigated and compared using
Malvern droplet size analyzer, PIV system and flow mea-
surement instrument. On this basis, the dust-reduction
performance of four types of nozzles under different water

@ Springer

pressures was studied using the custom-developed dust-
reduction experimental platform by spraying. The follow-
ing conclusions can be obtained:

(1)  Among the four types of nozzles, both types of spiral
channel nozzles have relatively small flow coeffi-
cient. In addition, the flow coefficient of the spiral
non-porous type is the smallest among all four types
of nozzles. The flow coefficients of the tangential
flow-guided nozzle and the X-swirl nozzle are higher
and similar to each other.

(2) The atomization angles of all the four types of
nozzles first increased and then decreased with the
increase of water pressure. Under the same water
pressure, the atomization angle of the spiral non-
porous nozzle is the largest, and the change of the
atomization angle is not obvious with the increase of
the water pressure. The X-swirl nozzle and the spiral
porous nozzle have smaller atomization angles. The
range of the nozzle is inversely proportional to the
atomization angle, thus the nozzle with a larger
atomization angle has a relatively smaller range.

(3) When the water pressure is low (p < 3 MPa), the
atomization performance of the spiral non-porous
nozzle is the best among the four types of nozzles.
However, in the high water pressure zone, the
change in the droplet size of the spiral non-porous
nozzle is not obvious with the increase of the water
pressure and the droplet size is significantly higher
than that of the other three types of nozzles. The
X-swirl nozzle shows advantages in the atomization
performance under the high water pressure. Under
the same water pressure, the smallest droplet size can
be obtained in the X-swirl nozzle.

(4)  When the nozzle has a small atomization angle, the
droplet flow is concentrated and the attenuation of
the droplet velocity is relatively, resulting in a high
droplet velocity in the downstream of the nozzle.
Among the four types of nozzles, the spiral non-
porous nozzle has the smallest flow coefficient and
the largest atomization angle, thus the downstream
droplet velocity of the spiral non-porous nozzle is
smallest. The droplet velocity of the other three
types of nozzles is in the following order: spiral
porous nozzle > X-swirl nozzle > tangential flow-
guide nozzle.

(5) With the increase of water pressure, the dust-
reduction efficiency of the four types of nozzles for
both total dust and respirable dust are getting similar.
When the water pressure reaches 6 MPa, there is no
significant difference in the dust-reduction efficiency
among the four types of nozzles, but there is a
significant difference in the water flow rates among
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them. Based on the comprehensive consideration. In
the coal mine application site, it is recommended to
use the spiral non-porous nozzle under high water
pressure. If the water pressure for dust reduction is
low, the X-swirl nozzle is recommended based on
the consideration of the dust-reduction efficiency.
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