
Introduction

High dust hazard produced in coal mining process 
not only can threaten miners’ health and influence 
working efficiency, especially the respiratory dust, but 
also cause dust explosion [1-4]. By 2016, 27992 cases 
of occupational pneumoconiosis from 31789 cases of 
occupational disease have been reported and 95.49% 
of which are from coal miners [5]. Therefore, for 

ensuring the normal working and the health of workers, 
an effective dust reduction technology is in urgent 
need. Among all the dust reduction technologies, e.g., 
ventilation, dust remover, spray dust fall, foam dust 
removal, individual protection, of which the spray 
dust fall method is the most extensively applied for its 
advantages of economy, simplicity and practicability [6-
9]. The principle of aerodynamics shows that the cloud-
fog particles can catch the respirable dust of similar 
particle size more effectively [10-12]. Some works 
have revealed the importance of spray characteristics 
to the typical water-based dust reduction by studying 
the influences from different spray media [13-14].  
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For improving the efficiency of dust fall, spray 
distribution in tunnel by nozzles layout is crucial for 
spray dust fall exploring.

To study the spray distribution, a detection 
system of spray particle size and concentration   has 
been investigated. About the detection of water-fog 
particle size [15-19], the Laser Particle Sizer based 
on laser scattering technology by using logarithmic 
distribution method for data analysis and processing 
is widely used in laboratories [20, 21]. Due to the laser 
distance and penetration limitation, with the practical 
consideration, the Laser Particle Sizer is not suitable 
for the experimental tunnel. In the present work, the 
invention with detection method and its devices has 
been designed for simultaneously characterizing the 
size and concentration of water fog for multi-points 
in large space. This method is based on oil pool 
sampling and a new set of particle collector. Firstly, 
each value of water-fog particle size and concentration 
in experiments is obtained. The characteristics of water 
fog in the monitoring area are analyzed secondly. Here 
the particle size analysis result of the detection point 
10 m from the spray zone, under the wind speed of 1.0 
m/s, is compared with the particle size result of a single 
two-phase atomizing nozzle detected by the Laser 
Particle Sizer, which verified the validity of the method. 
Before applying this method into experiments, the 
spray flow field is simulated and analyzed by numerical 
simulation software, according to that a preliminary 
understanding of the flow mode in the experimental 
tunnel can provide a good reference for the arrangement 
of experimental sampling devices. With the condition 
that the pressure air flow is input into the spray flow 
field and their interaction, the flow velocity changing 
discipline can guide the analysis of the pressure air 

flow field, the movement of water-fog particles and the 
space parameters. And the discrete phase is added into 
the model to simulate the migration and distribution of 
water-fog particles under varied conditions of pressure 
air. The post-treatment result graphs are obtained 
to guide and analyze the experimental phenomenon 
combined with the experimental results. The spray 
spreading disciplines in simulated tunnel has been 
revealed, and the precision-improving points of this 
method are also analyzed.

Methods and Experiments 

Detection System 

Particulate Collector

The particulate collector mainly contains the 
collector head and the support as shown in Fig. 1. 
The height of sampling piece has been adjusted to the 
respiratory zone for experiments. The collector uses the 
negative pressure fan to generate negative pressure in 
the collector head, and the air flow around the air inlet 
of the collector head is sucked in. The fine particles 
in the air flow are intercepted by the sampling piece 
placed on the center of the sampling plate, and the 
sealing medium in the sampling piece will seal the fine 
particles timely.

Particle Size Analysis Method

In the process of particle detection, the 
metallographic microscope images the sample piece 
with fine particles online firstly. The micro particle 

Fig. 1. Particle collector.
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sizes in the image are measured by software, and the 
particles information are counted secondly. Thirdly the 
particle size and concentration analysis method is used 
for calculation. Furthermore, the values of observation 
times for each water-fog particle sample are obtained by 
the ratio of the concave pool area of the sampling piece 
to the image area.

After metallographic microscope imaging, the 
image area is expressed by:

'' 2=659.65 494.11 325939.66s mµ× ≈        (1)

The amount of samples to be tested is given by the 
following expression:
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where s̀  represents the concave pool area of the sample 
piece, as shown in Fig. 1. sʺ represents the image area 
from metallographic microscope.

The area of the sample cell is 169 mm2 through 
calculation, so the actual value n of each sample 
piece by software is counted as 519. The water-fog 
particles are evenly distributed in the sampling film, 
so the particle size value of each experimental point is 
approximately the median diameter D50, which means 
the number of particles is smaller than this diameter 
account for 50% of all particles. The D50 is calculated 
from the measured data in images that are detected  
3 times per sample piece at lowest. 

Particle Concentration Analysis Method

The wind speed v at the air inlet of the particle 
collector in Fig. 1 is measured by a wind speed detector. 
So the movement height h of the airflow within the 
sampling time t can be obtained. The effective suction 
cross-sectional area s of the collection head is shown in 
Fig. 1. The total volume in time t of the airflow passing 
through the collector head is the product of h and s.  
The ratio of the air flow volume with water-fog particles 
flowing through the concave pool to the total air flow 
volume entering the collector head, is equal to the ratio 
of the concave pool area of the sampling piece to the 
cross-sectional area of the collector head. 519 times  
of the average value of the three waterfog volumes 
from 3 effective images, which is the total volume V of 
water fog flowing through the concave pool. The ratio 
of the mass of water-fog particles flowing through the 
concave pool to the volume of airflow flowing through 
the concave pool, which is the mass concentration of 
waterfog particles in the space where the collection 
point is located.

Mass concentration of water-fog particles is 
expressed by:

6
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                      (3)

where m represents the mass of water-fog particles 
flowing through the concave pool of sampling piece; V '  
is the volume of air flow with water-fog particles flowing 
through the concave pool of the sampling piece.

Volume of water-fog particles flowing through the 
concave pool of sampling piece is given by:

' '' 1 2 3( )( / )
3

V V VV s s + += ×
                (4)

where V1, V2, V3 represent the volume of water-fog 
particles in an observation image in the concave pool of 
the sampling plate.

The volume of water-fog particles in an observation 
image is expressed by:
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              (5)

where r1, r2, r3 et al. represent the radius of water-
fog particles in the observed image, and η1, η2, η3 et 
al. represent the amount of corresponding water-fog 
particle size.

Volume of air flow with water-fog particles flowing 
through the concave pool of sampling piece is expressed 
by:

'

100 100
sV h s= × ×
×

、

                    (6)

where s̀  represents the area of concave pool.

Distribution Simulation of Cloud-Fog Particles 
Size and Concentration

Ahead of the spray detection in experimental 
tunnel, the numerical simulation calculations have been 
done in fluid exploring with CFD software-ANSYS 
Fluent [22-26]. Here a series of flow simulation by 
DPM model have been calculated in different speed 
values. Discrete particle model calculates the particle 
phase as discrete phase [27]. DPM takes full account 
of the interaction between gas and particle phases 
and assumes no diffusion of particle phase in orbit. 
The governing equations of DPM include continuity 
equation, momentum equation and energy equation of 
gas phase and particle phase as shown in Table 1. For 
incompressible Newtonian fluid, the continuous phase 
conforms to the conservation of mass and momentum, 
and the N-S equation during calculation. To the 
model solution equation, the Euler-Lagrange model is 
used when particle phase is added. The gas phase is 
represented by continuous Euler coordinate system [28]. 
The particle phase is represented by discrete Lagrange 

...)
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coordinate system. In the calculation of two-phase  
flow field, the particle phase as the velocity vector can 
ensure the randomness of particle movement. According 
to the experimental tunnel structure and flow field 

conditions, the model has been modeled in the pre-
processing software. After iterative calculation, particle 
movement information are observed in post-processing 
analysis. 

Fig. 2. Experimental system layout.

Table 1. Governing equations of DPM.
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where QK is the heat removed from the fluid by the K term particles due to convective heat transfer; JpK is the  component force of the 
K - term particle diffusion flow;  FgpK is the resultant force of the particle on the fluid phase; subscript g represents gas phase; subscript 
p represents particle phase; K represents K particle phase.
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pressure is 0.1 MPa ~ 0.3 MPa. And the water supply 
flow rate is 2 kg/h ~ 5 kg/h. 10 rows of nozzles are set 
in spraying system, and 8 nozzles each series in row.

 
Results and Discussion

Experimental Verification

After sampling at 10 m from the spray zone at 1.0 m/s 
wind speed, the particle sizes are measured by 
metallographic microscope and software. The 3 regions 
are randomly selected within the observation range 
of the concave pool of the sampling piece, and the 
measurement results are shown in Fig. 3.

The data arrangement of water-fog particles in Fig. 3 
is shown in Table 2. The average water-fog particle size 
in the sampling point area is 7.06 μm, corresponding to 
the median diameter D50 value of particle count, and 
the particle size distribution is shown in Fig. 4.

Through the measurement, the wind speed v of the 
particle collector is 2.453 m/s, and the collection time 
t is 3 min. The statistics of particle size data in Fig. 3 
are shown in Table 3, and the number of corresponding 
particle sizes is shown in Table 4.

The volume V ' is calculated as 0.007 m3. 
The corresponding volumes of water-fog particles in  
3 detection areas of the sampling image are calculated 
as 3526.96 μm3, 4635.30 μm3, 3722.99 μm3. The volume 

Experimental Working Process and System 
Composition

The water pressure and air pressure has been 
adjusted well firstly in the experimental tunnel.  
The two-phase nozzles spraying system have been 
checked secondly. After that, 9 detection points are set 
in the experimental tunnel. The no. 1 detection point 
is at the end of the spray area. The no. 2 detection 
point is at 5 m distance from the no. 1 detection point,  
and the distance between each collection point is 5 m. 
The sealed medium has been instilled into the concave 
pool of each particle collector already. The experimental 
temperature and humidity also have been recorded. 
After 3 min spraying, the distribution of the water-fog 
particles in the experimental tunnel is basically stable. 
The particle collector obtains the surrounding water 
particles. After 2 min, the particle collector is closed 
firstly, and secondly the two-phase flow spray system 
is closed. Thirdly, the sampling pieces are removed 
for detection. According to the calculation method 
of particle size and concentration, the data of each 
sampling point are obtained and analyzed.

The experimental system group includes four parts, 
i.e., spraying, particle acquisition, particle detection and 
data analysis, as shown in Fig. 2. The spray particle size 
is 10.0 µm in average, and the pressure of supplying 
gas is 0.1 MPa ~ 0.3 MPa, with the flow rate of the gas 
supply is 30.0 L/min ~ 40.0 L/min. The water supply 

Fig. 3. Detecting images of three random regions in the concave pool of sampling piece.
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V of water fog flowing through the concave pool of 
sampling piece is calculated as 2056148.6×10–18 m3.
Furthermore, the mass concentration of water-fog 
particles in the cross section of the spatial area where 
the collection point is located can be obtained as 
2.94×10–4 g/m3.

Detection Comparison with Laser Particle 
Size Analyzer

The result of laser particle size analyzer for single 
nozzle spray are shown in Table 5 and Fig. 5. In the 
table, the corresponding data of D50 is 8.78 μm.  
The particle size distribution curve is in good 
agreement with the detection results. The particle size 
distribution curve shifts about 1.0 μm. With the intense 
particles collision in multi-nozzles spraying area, the 
water droplet size is slightly increased mostly due to 
agglomeration effect. The water fog less than 10.0 μm 
is accessible to be drifted away, and the particle 
size of water fog will be decreased gradually due to 
evaporation, as well as the collection process. So the 
collection result at 10 m distance position from the 
spraying area was influenced.

Numerical Simulation Analysis of Particles 
Distribution 

From the numerical calculation results, the airflow 
and the spray flow impact with each other on the front 
of the spray area. The location of the severe impact is 
related to the wind speed. The greater the wind speed, 
the more the position of the air interaction gradually 
moving back. The results from DPM calculation are 
pictured by particle tracking colored with particle size 

Table 2. The radius and diameter of water-fog particles in the 
detecting images. 

Fig. 4. Particle size distribution.

Region 1 Region 2 Region 3

R [μm] D [μm] R [μm] D [μm] R [μm] D [μm]

2.998 5.996 2.100 4.200 2.184 4.368

2.998 5.996 2.998 5.996 2.184 4.368

2.998 5.996 2.998 5.996 3.118 6.236

2.998 5.996 2.998 5.996 3.878 7.756

2.998 5.996 2.998 5.996 3.948 7.896

2.998 5.996 2.998 5.996 4.304 8.608

2.998 5.996 3.531 7.062 4.304 8.608

2.998 5.996 3.531 7.062 4.304 8.608

2.998 5.996 3.531 7.062 4.414 8.828

2.998 5.996 3.531 7.062 4.788 9.576

3.118 6.236 3.684 7.368 5.210 10.420

3.118 6.236 3.830 7.660 5.210 10.420

3.118 6.236 4.063 8.126 — —

3.452 6.904 4.063 8.126 — —

3.452 6.904 4.063 8.126 — —

3.531 7.062 4.446 8.892 — —

3.531 7.062 4.446 8.892 — —

4.304 8.608 4.446 8.892 — —

4.304 8.608 5.995 11.990 — —

4.304 8.608 — — — —

4.612 9.224 — — — —
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and particle tracking colored with particle concentration 
in Fig. 6.

We can see that the particle size increases in the 
middle-rear part of the spray zone, and the particle size of 
the front and rear segments is small in speed of 0.5 m/s. 
And the distribution area of particle concentration is 
focused on the upper area in the latter part. In speed 
of 1.0 m/s, the particle size is below 8.0 μm at the 
front part and increases slightly in the middle region. 
The particle size in the area between 30 m and 40 m 
increases gradually. Due to the increase of pressurized 
wind speed, the water-fog particles diffuse to the 
whole experimental tunnel rapidly. The concentration 
distribution of water-fog particles is uniform between 
15 m and 40 m. The distribution gap between 40 m 
and 45 m is less uniform than the distribution in front-
middle section. In speed of 1.5 m/s, the flow speed has 

a great impact on the water-fog particles sprayed in the 
vertical direction. The water-fog particles are atomized 
completely due to the enhancement of external 
disturbance. Therefore, the length of the area with 
small particle size in the front section is lengthened, 
which delays the area with increased particle size in 
the middle section. The amount of water-fog particles 
is decreased, and the particle size distribution is less 
uniform than that at 1.0 m/s. So the phenomenon that 
water-fog particles cannot be collected may occur in 
the middle-rear section. In speed of 2.0 m/s, the water-
fog particle size increases between 30 m and 40 m, and 
begins to decrease between 40 m and 50 m. The grain 
size distribution in the front region is similar to that in 
the spray zone at 1.5 m/s. At the distance from 20 m to 
30 m to the air inlet surface, and from 35 m to 40 m, the 
particle distribution is high. The amount of particles in 
the middle section is small, whilst the amount of water 
droplets that can diffuse to the rear area is smaller.

Field Experimental Analysis of Water-Fog Diffusion 
under Different Wind Speeds

From the particle diffusion in the experiments, the 
water fog is concentrated in the area below the nozzle. 
With the increase of spray amount, the water fog 
spreads to the surrounding area. After 2 min, the area 
below 1 m diffuses around and extends to 1~2 m along 
the ground. And 2 min later, the water fog below 1 m 
gradually accumulated upward and spread over 1 m. 

As shown in Fig. 7, under the low wind speed of 
0.5 m/s, the water-fog diffusion is stable for 5 min, 
and the visible distance is about 1 m. Due to the high 
concentration of water fog, water-fog particles can be 

Table 3. Water-fog particles radius.

Table 4. Number of water-fog particles.

Table 5. Particle size distribution of laser particle size analyzer.

r1 [μm] r2 [μm] r3 [μm] r4 [μm] r5 [μm] r6 [μm] r7 [μm] r8 [μm]

(a) 3.00 3.12 3.45 3.53 4.30 4.61 — —

(b) 2.10 3.00 3.53 3.68 3.83 4.60 4.45 6.00

(c) 2.18 3.12 3.88 3.95 4.30 4.41 4.79 5.21

n1 [pcs] n2 [pcs] n3 [pcs] n4 [pcs] n5 [pcs] n6 [pcs] n7 [pcs] n8 [pcs]

(a) 10 3 2 2 3 1 — —

(b) 1 5 4 1 1 3 3 1

(c) 2 1 1 1 3 1 1 2

D50 [μm] D10 [μm] D25 [μm] D75 [μm] D90 [μm]

8.78 5.86 7.56 9.69 10.70

Fig. 5. Particle size distribution of laser particle sizer.
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Fig. 6. Particles size and concentration distribution simulation result graphs under different wind speeds.

Fig. 7. Water-fog diffusion situations under different wind speeds.
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collected at point 1 within 2 s. The water-fog diffusion 
time at 1.0 m/s is similar to that at 0.5 m/s, otherwise 
the water-fog concentration decreases slightly, and the 
visible distance is up to 2.0 m. The visual distance  
of 1.5 m/s has reached 10 m, and the water-fog 
concentration is low. The water-fog collection devices 
at 2.0 m/s are clearly visible in experimental tunnel. 
The collection of water-fog particles is more and more 
difficult with wind speed rise, and the collection time  
of water fog needs to be prolonged accordingly.

Detection Experiments Results Analysis

According to the results in Fig. 8, in the condition 
of that the temperature is 24.2ºC, whilst the humidity 
is 50% RH, while the wind speed in the experimental 
tunnel is 0.5 m/s and the spraying time is 2 min, the 
minimum particles diameter of No. 1 detecting point 
that can be clearly observed is 16.0 μm. The particle 
agglomeration is obvious in some areas, as well as  
No. 2, but the particle size of water fog that can 
be clearly observed is 10.0 μm below. The water 
agglomeration emerged in some areas, which has 
lost its statistical utility. The collected water-fog 
particles belonging to the transition zone of particle 
size reduction in the migration process couldn’t be 
collected. In the condition of 24.5ºC, 71% RH and  
1.0 m/s, with the 3 min spraying, water-fog particles are 

small in size but large in quantity at No. 3 and No. 4, 
which has influenced the statistical calculation. No. 5 
and No. 6 belonging to the transition zone of water-fog 
particle size reduction also have no water-fog particles 
collected. From the 10 m to 30 m of spray zone, the 
particle size of water fog decreases gradually, and drops 
to 6.056 μm. The concentration of water fog gradually 
decreases within the range of 15 m from the spray zone, 
and the amount of water fog diffusing to the rear area 
also decreases. In the condition of 19.8ºC, 50% RH and 
1.5 m/s, with spray time 5 min, the values of water-
fog particles size fluctuate from 5 m to 35 m in the 
spray zone, and the average particle size of water fog  
in the final collection area is quite small as low as  
4.368 μm. The spray zone concentration of initial 
location is similar to that of 20 m, whilst the middle 
area of the spray decreases and picks up again. In the 
condition of 24.3ºC, 49% RH and 2.0 m/s, with 3 min 
spraying, the water-fog concentration reaches the peak 
valley position in the 15 m distance from the spray 
area. The trend of water-fog particle size distribution is  
in accordance with its concentration distribution. 

 
Detection Technology Analysis

We can see that the designed particle collector 
can capture water-fog particles well in the space point 
area, with the functions of observing and analyzing  

Fig. 8. Water-fog distribution in different conditions.
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the particle morphology. Furthermore, three conclusions 
can be drawn here for reducing and avoiding errors 
from the process of experiments. 

The amount of layers for water-fog particles in the 
concave pool should be controlled within two layers 
firstly. The water-fog particles are easy to penetrate the 
oil’s outer surface as the small surface tension value. To 
make the sealing medium evenly spread in the sampling 
piece, the material of the sampling piece or its concave 
pool surface can be replaced by transparent and more 
corrosion-resistant material. The circumference of the 
rectangular concave pool can be set an inner fillet, or 
to change the concave pool into a circle directly with 
inner rounded corners all around. The thickness of the 
sealing medium in the concave pool determines the 
sampling effect and detection results, e.g., the tension, 
the density, the viscosity of the sealing medium, 
physical and chemical reaction with the sampling piece 
[29-32]. The water-fog particles should be effectively 
sealed by a kind of sealing medium with small fluidity.  
The impurities in the sealing medium should be 
reduced.

Secondly the short sampling time will increase 
the error of concentration calculation, and the longer 
sampling time will lead to the aggregation of water-
mist particles [33]. These two situations of particle 
collection influence calculation precision. Determining 
the reasonable sampling time through experiments 
is quite essential with consideration of spray particle 
evaporation and agglomeration. For avoiding detection 
and calculation errors lastly, three-dimensional imaging 
equipment or plane imaging multi-directional imaging 
method can be considered.

Conclusions

In this study, we independently explore and 
design a large space ultra-fine water-fog particle size 
and concentration detection technology, and a set of 
experimental system prototype, which can effectively 
obtain the large space multi-point water-fog particle 
size and concentration. 

 By spray flow field numerical simulation, from 
the detection points under different wind speed in the 
water-fog particle size and concentration of testing 
experiments with applying the new detection method, 
the results show that water-fog particle size distribution 
and the distance between the spray area is extended 
in the process of interaction with spray air, with the 
increase of pressure blast velocity. In the experimental 
tunnel, the particle size of water fog is risen in the 
middle section. Water-fog particle fault is appeared in 
the middle and rear section. The overall trend of water-
fog particle size is decreased gradually, and the particle 
concentration is decreased first and then increased.

The generation and diffusion of water fog are quite 
unstable. Obtaining accurate rules through a large 
number of experiments, selecting a good measurement 

method, and improving the detection technology and 
experimental system prototype according to good 
measurement method standards are necessary. Spray 
dust fall is also an unstable and random process. 
Therefore, finding and solving problems through 
experiments and improving the technology and 
experimental system comprehensively are essential.

Nomenclature

s̀  	 mm – concave pool area of the sample piece
sʺ 	 μm – image area from metallographic microscope
ρ 	 kg/m2 – fluid density
v 	 m/s – fluid velocity
P 	 kg/m2 – fluid pressure
t     s – time
S 	 kg/m3∙s – source item
τ 	 N/m – shear force
F 	 N/m3 – body force
cp 	 w∙s/kg∙K – constant pressure specific heat
λ 	 W/m∙K – heat conductivity coefficient
n 	 pcs – number of particles
Qr 	 w∙s/m3 –  radiant heat
JpK 	 N/m3 – component force of the K - term particle 
diffusion flow
FgpK 	N/m3 – resultant force of the particle on the fluid 
phase
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