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Dust control through water injection and pre-wetting effectively reduces dust pollution at opencast 
coal mines by targeting its source. The wetting effect of a single wetting agent is limited for different 
Bedded Igneous Rocks in the Dananhu coal mine in Xinjiang. The study focused on identifying 
suitable surfactants by performing monomer preference experiments. A range of surfactants were 
evaluated to explore their degree of wetting in six distinct rock layers. Key performance indicators 
such as surface tension and wetting time were analyzed, and orthogonal experiments determined the 
optimal concentrations of the water wetting agent: 0.15% OP, 0.10% Fast T, 0.15% LAD-40, and 0.10% 
LAB-35. Comparative performance tests revealed that the developed wetting agent outperformed 
three commercially available wetting agents in terms of wetting efficiency. Using FLUENT, a three-
dimensional flow field model for water injection and pre-wetting was established to evaluate the 
effects of water injection composition and pressure on pre-wetting performance. Experimental 
validation showed strong agreement with simulation results, highlighting the influence of injection 
parameters on wetting efficiency. This study provided a practical solution to address the challenge of 
uneven wetting in stratified raw rock, offering innovative advancements in dust control for surface coal 
mine working faces.
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Dust generation in opencast coal mining is predominantly attributed to activities such as drilling, blasting, 
excavation, loading, transportation, discharge, and material reclamation, with the working face being a major 
source1,2. Drilling and blasting are recognized as the most significant contributors to particulate emissions 
across various size ranges3,4. According to 2023 statistics, China’s energy production and consumption reached 
5.72 billion tonnes of standard coal5,6..

The cumulative geological reserves in Xinjiang and Inner Mongolia constituted 95.56% of the nation’s surface 
coal mine reserves, while their recoverable reserves accounted for 95.41% of the total recoverable reserves7. 
These regions are predominantly water-scarce, and the stripping of rock and soil materials at the working face 
often results in dry conditions that facilitate significant dust production8–10. Manny dust particles generated in 
surface coal mines are less than 10 microns in diameter11,12. Particles of this size are primarily deposited in the 
respiratory tract, while those smaller than 5 microns can penetrate deeper into the lungs, leading to respiratory 
diseases and pulmonary heart conditions13–15. Additionally, dust accelerates the wear and tear of machinery 
components in open-pit mining operations, increasing maintenance costs, and reducing operational efficiency16. 
Dust exposure also negatively impacts worker productivity and health, further exacerbating the challenges of 
dust management in these mining environments17,18.

Dust suppression is currently one of the most effective strategies for reducing dust pollution in surface coal 
mines19–21. Wetting agents, primarily composed of surfactants, significantly reduce surface tension and wetting 
time of solutions, thereby enhancing their dust suppression efficiency. Patrakov et al. have investigated the 
physical and chemical properties of coal, revealing that coal hydrophobicity was strongly associated with its 
carbon-to-oxygen ratio22.S.A. Silvester, Tang et al. utilized numerical simulation tools to model and analyze the 
dispersion dynamics of blasting dust in surface coal mines under wind influence and examined the behavior 
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of dust particles with varying characteristics23,24. Weimin Cheng, Ping Chang, and Lu Zhao et al. explored the 
effects of combining different surfactants, demonstrating that optimal wetting behavior of coal dust varied 
significantly with the mass fractions of compound solutions25–27. Furthermore, the surface tension of solutions 
decreases markedly upon reaching the critical micelle concentration (CMC) of surfactants.Xiazhong Zheng, 
and Deji Jing conducted numerical simulations to study the spatial and temporal distribution of blasting dust 
concentrations28,29. They also examined the diffusion patterns of dust generated during drilling operations 
and the dispersion of dust during truck unloading in open-pit coal mines30,31. This study focuses on the high-
temperature zones of the fire area in the Dannanhu No. 2 open-pit coal mine, Xinjiang. The laminated structure 
of rocks in the fire area, coupled with distinct physicochemical properties across six distinct rock layers, poses 
challenges for pre-wetting with conventional wetting agents. To address these limitations, this paper develops a 
novel water-injection wetting agent designed to improve pre-wetting performance in stratified rock formations. 
The geological conditions of the Xinjiang Dananhu No. 2 open-pit coal mine present unique challenges for dust 
control and water injection strategies32,33. Firstly, spontaneous combustion in local coal seams occurred in the 
mine’s early history, resulting in high-temperature sintering and the formation of a fire zone covering 7.06 km², 
which constitutes one-third of the total stripping area. Additionally, the original rock is dry and hydrophobic, 
making it highly susceptible to dust generation. Secondly, the stratification characteristics of six distinct rock 
layers at the working face are distinct, with significant variations in physicochemical properties between six 
distinct rock layers. This heterogeneity reduces the effectiveness of conventional vertical sprinkling methods at 
the working face, resulting in poor pre-wetting for dust suppression and frequent water bypassing, which leads 
to liquid accumulation near the lower steps34–37.

This study examined the physical and chemical properties of the rock and soil at the Dannanhu No. 2 mine. 
It included chemical group analysis and microscopic morphology. The aim was to investigate variations in 
hydrophilicity across different layers38–41.The wetting effects of four surfactants: anionic, cationic, amphoteric, 
and nonionic on the raw rock of six distinct rock layers were evaluated. This helped identify the primary 
components of the wetting agents. Orthogonal experiments were performed to optimize the formulation of 
water-injection wetting agents. Surface tension and wetting time were used as the main control indices42,43. 
The effectiveness of the water-injection wetting agents was compared to three commercially available agents 
to comprehensively assess their impact on the bedded raw rock’s wetting properties. To further investigate the 
field performance of the selected water-injection wetting agent, numerical simulations using Fluent software 
were combined with experimental validation to model the penetration of water and wetting agents into the six 
distinct rock layers. Based on the results of these simulations and experiments, the optimal injection pressure for 
water-injection and pre-wetting of stratified raw rock was determined. Pressure penetration experiments were 
conducted to verify the accuracy of the numerical simulation. The findings of this research provide valuable 
insights for the development of effective dust control technologies and processes involving water-injection and 
pre-wetting of bedded raw rock in open-pit coal mine operations44.

Materials and experiments
Collection and preparation of raw rock samples
In this study, raw rock samples were collected from the + 475-working face of the second mine within the fire 
zone of Dananhu, Xinjiang. The rock strata were categorized into six distinct rock layers based on color: the 
upper yellow layer, pure red layer, yellow and white layer, middle layer, pure black layer, and lower layer, as 
shown in Fig. 1. Sampling was conducted from each of six distinct rock layers, and the sampling locations were 
indicated in Fig. 2, situated at coordinates 41°50′-42°15′ N latitude and 94°10′-94°37′ E longitude. A portion of 
the collected rock samples was initially crushed using a PE-400 × 600 jaw crusher. Equal amount from each layer 
of six distinct rock layers were combined and subsequently ground using an MQ750 × 1060 drum-type ball mill 
for 8 h. The resulting rock powder was then placed in a vacuum drying oven at 25 °C until a constant weight was 
achieved, at which point it was ready for further analysis. Additionally, larger rock samples were core drilled, 
cut, and polished to prepare cylindrical specimens with a height of 100 mm and a diameter of 50 mm for use in 
the pressure penetration tests45.

Materials and equipment’s
The primary materials utilized in the experimental procedures included various surfactants and chemical 
agents: dodecyldimethylbenzylammonium chloride (1227), cetyltrimethylammonium chloride (1631), 
sodium aliphatic alcohol polyvinyl chloride ether sulfate (AES), sodium dodecyl sulfate (SDS), sodium 
dodecylbenzenesulfonate (LAS-30), sodium dioctyl succinate sulfonate (Fast T), sodium α-alkenylsulfonate 
(AOS), sodium sec-alkylsulfonate (SAS-60), polyethylene glycol 2000 (PEG2000), Tween-80, OP emulsifier, 
cocoamidopropyl betaine (CAB-35), lauryl amphoteric imidazoline (LAD-40), laurylamidopropyl amine oxide 
(LAO-30), lauramidopropyl betaine (LAB-35), and potassium bromide (KBr). Pyroxene samples were obtained 
from the second mine in the Dananhu pyroxene region, Xinjiang.

The experimental equipment included a Fourier transform Infrared Spectrometer (GXIV5.0.1), a Field 
Emission Scanning Electron Microscope (FEI Quanta FEG 250), an Electrothermal Constant-Temperature 
Drying Oven (LDO-101-0), a Tablet Press (HY-12), a Contact Angle Measuring Instrument (SCI3000), an 
Electronic Balance (PTX-FA210), a fully Automated Tensiometer (JK99C), a Jaw Crusher (PE-400 × 600), 
a Drum-Type Ball Mill (MQ750 × 1060), and a Rock Full-Stress Multi-Field Coupled Triaxial Tester (ROCK 
600 − 50).as illustrated in Fig. 3.

Preparation of wetting solution
To prepare the wetting solution, surfactants such as OP emulsifier, Fast T, LAD-40, and LAB-35 A were measured 
according to the optimal ratio and added to a beaker along with 50 mL of water. The mixture was stirred at a 
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Fig. 2.  Sampling locations of raw rock at the Dannanhu No.2 Mine.The map in this image was generated by 
the author using ArcGIS Desktop 10.8 software. You can find information about the software from ​h​t​t​p​:​/​/​w​w​w​
.​e​s​r​i​.​c​o​m​U​R​L​​​​​.​​​​

 

Fig. 1.  The stratified structure of the raw rock.
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speed of 1000 rpm for approximately 5 min. The remaining water was then added, and the solution was stirred 
further to ensure complete dissolution and uniform dispersion of the materials. The resulting wetting solution 
was allowed to stabilize, ensuring that the surfactants were evenly distributed and the solution was ready for 
subsequent performance testing. as illustrated in Fig. 3.

Characterization of raw rock
The physicochemical properties of laminated protolith samples, including chemical functional groups, 
micromorphology, and contact angle, were analyzed to identify the key factors influencing the wettability of 
the rock. Samples were collected from the quarrying and loading areas of the Dannanhu No. 2 mine in Xinjiang 
and categorized into six distinct rock layers based on their coloration. The extracted rock specimens underwent 
initial crushing using a jaw crusher, followed by grinding in a roller ball mill for 8 h. The resultant powdered 
samples were then placed in a vacuum drying oven at 25 °C and dried to a consistent weight. The prepared rock 
samples were kept for further analysis.

Fourier transform infrared (FT-IR) spectroscopy
A Fourier Transform Infrared Spectrometer (FT-IR) model GXIV5.0.1, manufactured by Perkin Elmer, USA, 
with a wave number range of 4000 –400 cm-1 was used for the tests. A blank potassium bromide (KBr) film was 
prepared, and its spectra were recorded to set the baseline for comparison. The rock dust samples were then 
combined with pure KBr and dried at 105 °C for 2 h in an electric thermostatic blast drying oven. Subsequently, 
a small quantity of rock dust was mixed with KBr at a 1:1000 ratio using an onyx mortar for grinding. The 
homogenized mixture was compressed into pellets, which were then analyzed using an FT-IR spectrometer46,47.

Field emission scanning electron microscope (SEM)
SEM was utilized for morphological analysis. The samples were sieved through a 100-mesh screen and 
subsequently dried in an oven at 105 °C for 24 h. Following preparation, the samples were coated with a thin 
layer of gold using ion sputtering under vacuum conditions. The gold-coated samples were then placed in the 
SEM sample chamber for imaging and analysis. SEM images were acquired at a magnification of 5000× to 
examine the surface morphology in detail.

Wetting agent selection
For practical applications, fifteen surfactants were evaluated through experimental analysis. Surface tension and 
wetting time were used as key parameters to assess their performance.

Surface tension measurement
The surface tension of fifteen surfactant solutions was evaluated using the platinum ring method with a JK99C 
automatic tensiometer. Solutions of the surfactants were prepared at varying concentrations of 0.01%, 0.03%, 
0.05%, 0.10%, 0.15%, 0.20%, 0.30%, 0.50%, and 1% by mass. The surface tension values were systematically 
measured and analyzed to identify surfactants with the lowest surface tension for optimal performance.

Fig. 3.  Preparation of water injection wetting agent.
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Penetration time analysis
Six surfactants, including Tween-80, were selected based on the results of the surface tension tests described 
earlier. These surfactants were evaluated for their wetting efficiency on six distinct types of laminated protolithic 
dust. Solutions of the surfactants were prepared at mass concentrations of 0.01%, 0.03%, 0.05%, 0.10%, 0.15%, 
and 0.20%, respectively. The forward penetration test was employed to assess the penetration characteristics of 
the surfactants. For each test, 2.5 g of rock dust was accurately weighed and placed into a glass tube sealed at one 
end with medical tape. The tube was tapped lightly 100 times to ensure uniform packing. A pipette was used to 
add 5 mL of the prepared surfactant solution into the tube, ensuring the solution was introduced within 2 s. The 
time required for the solution to penetrate 1 cm of the rock dust was recorded for analysis.

Orthogonal experiment design
From the various surfactant types, Fast T, OP emulsifier, LAD-40, and LAB-35 were selected as individual 
components for compounding. The critical micelle concentrations (CMCs) of the individual surfactant 0.05%, 
0.10%, and 0.15%, were chosen as the three levels for the orthogonal experiment. These levels were combined 
with the four surfactants as factors, as outlined in Table 1. The experimental design was constructed using an 
orthogonal table with four factors and three levels.

A total of nine compound solutions were formulated, leading to 72 experimental groups. The two primary 
evaluation parameters were surface tension (X) and wetting time (Y). The surface tension of the nine compound 
solutions and their wetting times in six distinct laminated protolithic dust samples were measured and analyzed, 
as mentioned in Table 2.

Wetting agent comparative experiment
The technical feasibility of the self-developed wetting formulations was evaluated by comparing their 
performance with laboratory-tested wetting agents. For the comparative analysis, three types of commercially 
available wetting agents (The main ingredients of the environmentally friendly, polymer-based and conventional 
types are Sodium fatty alcohol ether sulfate, Polyacrylate and Fatty amine polyoxyethylene ether, respectively) 
were selected, along with a self-developed formulation. Pure water was used as the control. Experimental 
conditions, including wetting agent concentration, ambient temperature, and wind speed, were standardized 
across all tests. The surface tension of the four liquid samples, as well as their wetting times on six distinct types 
of laminated protolithic dust, were measured. Each test group included three parallel samples, and the average 
values were calculated for comparison.

Modeling of water injection in raw rock
Numerical simulations of water injection into raw rock were conducted using FLUENT, a computational fluid 
dynamics (CFD) tool within the ANSYS Workbench simulation platform The numerical simulations in this 

Assessment indicators 1 2 3 4 5 6 7 8 9

X 45.053 37.209 36.919 38.736 38.809 35.760 32.465 34.629 38.519

Yupper yellow 28.31 23.28 42.83 109.73 23.86 37.79 16.51 17.85 27.73

Ypure red 58.34 41.39 40.28 112.25 24.07 23.80 26.26 27.18 29.95

Yyellow
and white

25.94 23.93 20.46 16.51 23.71 74.94 18.37 27.17 20.37

Ymiddle 84.86 43.85 45.91 50.47 100.46 38.87 23.54 43.36 75.90

Ypure black 15.61 13.98 20.24 15.53 37.64 19.21 18.24 14.38 17.16

Ylower 17.89 14.50 13.99 41.89 74.19 50.41 16.00 10.89 15.74

Table 2.  Orthogonal experiment data table. Note: The assessment index X is the measured value of surface 
tension, mN/m; Yi is the measured value of penetration time of six rock formations, s.

 

S.No.

Considerations

OP emulsifier (A) Fast T (B) LAD-40 (C) LAB-35 (D)

1 0.05% 0.05% 0.05% 0.05%

2 0.05% 0.10% 0.10% 0.10%

3 0.05% 0.15% 0.15% 0.15%

4 0.10% 0.05% 0.10% 0.15%

5 0.10% 0.10% 0.15% 0.15%

6 0.10% 0.15% 0.05% 0.10%

7 0.15% 0.05% 0.15% 0.10%

8 0.15% 0.10% 0.05% 0.15%

9 0.15% 0.15% 0.10% 0.05%

Table 1.  Table of orthogonal experimental design.
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article were generated using ANSYS 2022 R2 software used by the authors. You can find information about 
the software from ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​a​n​s​y​​s​.​c​​o​m​/​​​z​h​​-​c​n​​/​p​r​o​d​u​​​c​t​s​/​a​​​n​s​y​s​-​​w​o​r​k​b​e​n​c​h URL. This platform can simulate 
a wide range of flow conditions, from incompressible to highly compressible fluids. FLUENT utilizes the finite 
volume method, supported by fully unstructured meshes, along with gradient-based algorithms for grid nodes 
and cells. It offers a variety of advanced turbulence models, enabling accurate simulation of inviscid, laminar, 
turbulent, and seepage flow regimes. For this study, a 3D water injection model was developed based on a mine 
borehole pre-wetting scheme. The borehole was modeled with a diameter of 1 m and a depth of 1 m, while 
the computational domain was defined as a square with a side length of 10 m. The resulting simulation and its 
outcomes were illustrated in Fig. 4.

The 3D model was imported into the Workbench simulation platform with a uniform grid resolution of 
0.05 m. The fluid inlet was defined at the wall and the bottom of the borehole, while the boundary conditions 
encompassed the entire rock calculation domain. For the viscous flow model, the k-epsilon turbulence model 
was selected, specifically the realizable k-epsilon model, along with the scalable wall function (SWF) for wall 
treatment. The viscosity of the computational domain was set based on experimental data obtained in previous 
studies, and the water injection pressure parameters were defined accordingly. The simulation was initialized 
using the standard initialization method, with a total of 5000 iterations selected for the numerical solution under 
the specified conditions.

Validation of raw rock injection pre-wetting experiments
The experiments were conducted using a rock full stress multi-field coupled triaxial tester. A steady-state method 
was employed to determine the permeability of the rock samples. To investigate the permeability characteristics 
of the six distinct layers of flint rock under varying water and water-injected wetting agent pressures, axial and 

Fig. 4.  Model diagram of borehole injection.
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confining pressures were set to 5 MPa. The permeability pressures were varied at 2, 3, 4, and 5 MPa. During the 
experiment, the rock samples, having completed the hot and cold cycles, were placed into the triaxial pressure 
chamber. Axial and confining pressures were applied in a stress-controlled manner, gradually increasing to 7 MPa 
until stability was achieved. Once stabilized, the permeability pressure was applied. Upon stabilization of the 
permeability pressure, permeability changes in the rock samples were monitored and recorded automatically by 
the computer system. Given the slow seepage rate, permeability measurements were taken at 30-minute intervals. 
When no further changes in permeability were observed, the rock sample was considered fully permeated. The 
data were then saved, the pressure was released, and the sample was removed, completing the test.

Experimental results and discussion
Physical and chemical properties of laminar primary rock dusts
FT-IR hydrophilicity analysis of laminated protoliths
The infrared spectra of the six distinct layered rock samples are shown in Fig. 5. From the infrared spectra of the 
six distinct layered rock samples, it can be seen that absorption peaks appeared near 1090 cm-1 and 2353 cm− 1 
for different rock samples. These two absorption peaks are the characteristic peaks of the stretching vibration of 
the C-O group in the alcohol and the characteristic peak of the carboxyl group, respectively, and the presence of 
oxygen-containing functional groups indicates that there is a certain degree of hydrophilicity in six distinct rock 
layers. From the figure, it can also be seen that different rock samples contain different numbers of hydrophobic 
groups, the lower layer, the upper yellow layer, the yellow and white layer and the pure red layer, in addition to 
the unsaturated telescopic vibration of the aromatic ring near 1520 cm− 1, the characteristic peak of the C-H out-
of-plane bending vibration of the aromatic hydrocarbon appeared at 792 cm− 1, indicating that they also have 
aromatic hydrocarbon substances, which are the root cause of the strong hydrophobicity of the rock samples 
in six distinct rock layers. These aromatic hydrocarbon substances are the fundamental cause of the strong 
hydrophobicity of these rock samples48,49.

By analysing the infrared spectra, it is found that the six distinct rock samples mainly have three types 
of groups: aromatic hydrocarbons, aromatic rings and oxygen-containing functional groups. The aromatic 
hydrocarbon substances and aromatic rings contained on the surface of the rock dust are the fundamental causes 
of the hydrophobicity of the rock dust. The oxygen-containing groups on the surface of the rock dust maintain 
a certain degree of hydrophilicity. The difference in the number and type of hydrophobic groups leads to the 
difference in hydrophobicity, which ultimately leads to the difference in hydrophobicity of the whole rock layer.

SEM analysis of six distinct layered Raw rocks
As shown in Fig. 6, SEM image, taken at a magnification of 5000x, revealed significant irregularity in the particle 
size and shape of the original rock surface. The particles appeared predominantly angular with distinct edges. 

Fig. 5.  FT-IR spectra of dust from six distinct laminated protolith layers.
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The surface of the rock dust was observed to be highly rough, which hindered the diffusion of the solution 
across the surface. This roughness contributed to the increased hydrophobicity of the rock dust, making it more 
challenging to wet.

Contact angle analysis of laminated Raw rock
The contact angle measurements, presented in Table 3, indicated that the contact angle values for the six distinct 
layers of rock samples ranged from a maximum of 89.5° to a minimum of 85.38°, with an average value of 
87.78°. All measured angles fell within the range of 80° to 90°, indicating that the rock samples exhibited poor 
wettability.

Wetting agent dust suppression principle
The core of the dust suppression mechanism is to use surface activity to enhance the affinity of the liquid to 
the dust, surfactant molecules containing hydrophilic and hydrophobic groups, the hydrophilic end of the 
hydrophilic end of the water combination, the hydrophobic end of the adsorption on the surface of the dust, 
greatly reducing the surface tension of water, breaking the exclusion of dust and water, so that the hydrophobic 
dust (e.g., coal dust, mining dust) is easy to be wetted. The solution with low surface tension quickly spreads into 
a film on the surface of the dust, penetrates into the interstices of the particles, prompts the dry dust to absorb 
water and agglomerate, increases the particle size and weight, and reduces the possibility of being lifted up by the 
airflow. At the same time, the wetting agent molecules strengthen the adhesion between the liquid film and the 
dust through adsorption to enhance the stability of the agglomeration and to suppress the dust for a long time.

Analysis of wetting agent screening results
Surface tension test results analysis
As illustrated in Fig. 7, the surface tension of solutions prepared with the fifteen surfactants decreased significantly 
with increasing mass fraction. This reduction continued until the critical micelle concentration (CMC) was 
reached, after which it stabilized. For most of the surfactants, the surface tension leveled off within a mass 
fraction range of 0.05–0.20%. Specifically, the surface tension of solutions containing Tween-80, OP emulsifier, 
SDS, Fast T, LAD-40, and LAB-35 was significantly lower than that of pure water (71.82 mN/m). The CMC 

Contact angle/o

Middle layer Lower layer
Yellow and
white layer

Pure black
layer

Pure red
layer

Upper yellow
layer

85.38 89.5 88.42 87.5 99.38 87.48

Table 3.  Contact angle measurements of laminated protoliths.

 

Fig. 6.  SEM (5000X) of rock samples.
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values for these six surfactants were found to be 0.10%, 0.20%, 0.05%, 0.10%, 0.05%, and 0.15%, respectively. 
The ability of these surfactants to reduce the surface tension followed this order: Fast T > OP emulsifier > LAD-
40 > LAB-35 > Tween-80. Based on the CMC results, Fast T and OP emulsifier were identified as the most 
effective surfactants. For the remaining nine surfactants, which exhibited CMC values above 45 mN/m, they 
were unable to effectively lower the surface tension of water, making their solutions unsuitable for achieving the 
desired wetting effect. Therefore, the penetration time measurement experiment was not conducted for these 
surfactants.

Permeation time measurement results analysis
The permeation time of four surfactants: Tween-80, OP emulsifier, Fast T, and LAB-35 initially decreased 
and then increased with varying surfactant mass fraction. In contrast, SDS and LAD-40 showed a pattern of 
increasing, then decreasing, and then increasing again, as shown in Fig. 8. While the penetration rate trend for 
each surfactant remained largely consistent across different rock samples, notable variations in their permeation 
performance were observed. The experimental results indicated that the minimum permeation time occurred 
within a specific range of surfactant mass fractions, corresponding to the maximum penetration rate and optimal 
permeability. Based on these findings, OP emulsifier, Fast T, LAD-40, and LAB-35 were selected as the candidate 

Fig. 7.  Surface tension versus mass concentration of four surfactants.
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surfactants for the orthogonal experiments aimed at formulating the raw rock injection wetting agent for use in 
the working face.

Optimal formulation of water injection wetting agent for laminated protoliths based on 
orthogonal experiments
The results of the orthogonal experiments were presented in Table  4. Let K1 = X1 + X2+X3; K2 = X4 + X5+X6; 
K3 = X7 + X8+X9. For the surface tension measurements, the experimental indices were calculated as follows: For 
factor level A1, the experimental index:

	 k1 = K1/3 = (45.05 + 37.21 + 36.92)/3 = 39.73� (1)

For factor level A2, the index k2 was calculated as:

	 k2 = K2/3 = (38.74 + 38.81 + 35.76)/3 = 37.77� (2)

For factor level A3, the index ​ was calculated as

	 k3 = K3/3 = (32.46 + 34.63 + 38.52)/3 = 35.20� (3)

The orthogonal experimental design ensured that A1, A2, and A3 were conducted under identical conditions, 
allowing direct comparison of k1​, k2​, and k3​. The experimental results demonstrated that the variation in Ai 
had a direct impact on the outcomes, invalidating the assumption that there was no relationship between the 
experimental index and surfactant type. Since the surface tension measurement served as the experimental 
indicator, with smaller ki values indicating better performance, factor level A3 was identified as the optimal level.

Similarly, analysis of the experimental results indicated that B2, C3, and D2 were the superior levels for 
factors B, C, and D, respectively. The extreme difference Rn = max (kn)-min (kn) was calculated to evaluate the 
influence of various factors on the experimental index. Based on the magnitude of R, the order of influence of 
the surfactants was determined as R(D) > R(A) > R(C) > R(B). This ranking suggests that the LAB-35 surfactant 
had the most significant impact, followed by the OP emulsifier, LAD-40, and Fast T. Finally, by comparing the 
ki coefficients and R values, the optimal formulation for the water injection wetting agent in open working faces 
was identified. A lower ki coefficient was consistently associated with better performance, guiding the selection 
of the best parameter combinations for surface tension, contact angle, and wetting time.

Fig. 8.  Wetting time of the six surfactants in different rock samples.
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From the orthogonal experiments using surface tension as the primary control parameter, the optimal 
ratio of wetting agent components was identified as A3B2C3D2. Forward penetration experiments revealed 
that the ideal component ratios for six combinations of laminar nodular protolith dust wetting agents varied, 
specifically: A3B1C1D2, A3B1C2D3, A3B2C2D3, A3B1C2D3, A3B2C3D2, and A3B2C3D2. For component B, surface 
tension measurement data indicated that a quality fraction of 0.10% was most effective for reducing surface 
tension. Wetting time measurements across six rock formations suggested that quality fractions of 0.05% 
and 0.10% achieved better wetting effects. A comprehensive analysis determined that 0.10% was the optimal 
quality fraction of component B, enhancing rock sample wettability and improving laminated original rock 
permeability. Component C, identified as an amphoteric surfactant with superior wetting and penetration 
capabilities, also demonstrated excellent compatibility. The wetting time results across six rock formations 
showed an initial increase, followed by a decrease, and then a subsequent increase, leading to the determination 
of 0.15% as its optimal mass fraction. Similarly, component D, another amphoteric surfactant compatible with 
cationic, anionic, and nonionic surfactants, exhibited good solubility and consistent performance across various 
types of surfactants. Its wetting effectiveness on six distinct rock formations identified 0.10% as the optimal mass 
fraction. Consequently, the orthogonal experiment established the best quality fractions for the self-developed 
wetting agent for water injection in open-cast coal mines as follows: 0.15% for OP, 0.10% for Fast T, 0.15% for 
LAD-40, and 0.10% for LAB-35.

Analysis of comparative experiment results on wetting agents
Based on the data presented in Fig. 9, the wetting times of liquid samples for six distinct types of laminated 
protolithic dusts, ranked from shortest to longest, were as follows: self-developed wetting agent < conventional 
wetting agent < environmentally friendly wetting agent < high-polymer wetting agent < pure water. Similarly, the 
surface tension of the liquid samples, ranked from lowest to highest, was: self-developed wetting agent < high-
polymer wetting agent < conventional wetting agent < pure water. The surface tension of the self-developed 
wetting agent was measured at 32.47 mN/m. The wetting times for the six distinct types of laminated rock dust 
were 23.53 s, 10.01 s, 18.38 s, 14.23 s, 26.21 s, and 16.49 s, respectively. These results demonstrated that the self-
developed wetting agent achieved the most effective water injection and wetting performance for the six distinct 
rock layers.

Master control indicator k1 k2 k3

Polar
deviation R Formulas

Surface
Tension
Measurement

A 39.73 37.77 35.2 13.57

A3B2C3D2

B 38.75 36.88 37.07 5.61

C 38.48 38.15 36.06 7.25

D 40.79 35.14 36.76 16.95

Measured wetting time
of upper
yellow layer
rock samples

A 31.47 57.13 20.70 109.29

A3B1C1D2

B 51.52 21.66 36.12 89.56

C 27.98 53.58 27.73 77.54

D 26.63 25.86 56.80 92.83

Measured wetting time
of pure red bed
rock samples

A 46.67 53.37 27.80 76.73

A3B1C2D3

B 65.62 30.88 31.34 104.21

C 36.44 61.2 30.20 92.98

D 37.45 30.48 59.90 88.26

Measured wetting time
of yellow and white
layer rock samples

A 23.44 38.39 21.97 49.25

A3B1C2D3

B 20.27 24.94 38.59 54.95

C 42.68 20.27 20.85 67.24

D 23.34 39.08 21.38 53.1

Measured wetting time
of middle layer
rock samples

A 58.21 63.27 47.6 47.00

A3B1C2D3

B 52.69 62.56 53.56 26.99

C 55.70 56.74 56.64 2.82

D 87.07 35.42 46.58 154.96

Determination of wetting
time of rock
samples in pure
black layer

A 16.61 24.13 16.59 22.6

A3B2C3D2

B 16.46 22.00 18.87 16.62

C 16.40 15.56 25.37 29.45

D 23.47 17.14 16.72 20.26

Measured wetting time
of lower layer
rock samples

A 15.46 55.50 14.21 123.86

A3B2C3D2

B 25.26 33.19 26.71 23.8

C 26.40 24.04 34.73 32.05

D 35.94 26.97 22.26 41.05

Table 4.  Measurement of surface tension and wetting time of various rock samples across six distinct rock 
layers.
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This superior performance was attributed to the design of the self-developed wetting agent, which effectively 
addressed the hydrophobic characteristics of the six distinct layers of laminated rock. By mitigating the overall 
hydrophobicity of the original rock surface at the working face, the agent minimized hydrophobic resistance and 
achieved optimal wetting and pre-wetting outcomes.

Analysis of simulation results for water injection in raw rock of open-pit coal mines
Comparison of simulation results for water injection and wetting agent effects in rock formations
The numerical infiltration simulation results, illustrated in Fig. 10, showed that during water injection, the water 
flow initially exhibited rapid longitudinal infiltration under the influence of gravity. Simultaneously, horizontal 
infiltration occurred due to capillary pressure, with the infiltration velocity gradually decreasing from the interior 
to the exterior. The observations indicated that the use of a wetting agent in the drilling water significantly 
improved infiltration compared to using water alone. Specifically, the effective penetration range achieved with 
the wetting agent was approximately 2–3 times greater than without it, demonstrating an enhanced permeability 
of the liquid into the rock structure when the water-injection dust-suppressing agent was added. Furthermore, 
temporal analysis of the images revealed that after 12  h of hydrostatic water injection, the boundary of the 
infiltration range had largely stabilized. Prolonging water injection beyond this period did not effectively expand 
the wetted area and would result in resource wastage. Consequently, it was determined that in hydrostatic 
water injection scenarios, an injection duration of approximately 12 h optimal to maximize efficiency without 
unnecessary resource consumption.

Simulation of water injection effects at varying pressures
To investigate the influence of varying water injection pressures on infiltration behavior in a rock mass, 
simulations were conducted using pressures of 2 MPa, 3 MPa, 4 MPa, and 5 MPa. The simulation results, depicted 
in Fig. 11, indicated that as the injection pressure increased, the time required to achieve a stable infiltration zone 
decreased, ranging from 12 h at 2 MPa to 10 h at 3 MPa. However, beyond an injection pressure of 4 MPa, there 
was no significant reduction in the stabilization time, suggesting a plateau effect. Thus, maintaining the injection 
pressure at 4 MPa was identified as the optimal condition for efficient water injection, as further increases in 
pressure do not yield additional benefits in infiltration stabilization.

Fig. 9.  Comparative results among different wetting agents.
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Analysis of raw rock injection pre-wetting validation experiments
Figure 12 illustrated the variation in seepage coefficients for different rock types under increasing water 
injection pressures. At an injection pressure of 2.0 MPa, the seepage coefficients were as follows: middle rock, 
5.79 × 10− 4; lower rock, 5.87 × 10− 4; yellowish-white rock, 6.22 × 10− 4; pure black rock, 6.32 × 10− 4; pure reddish 
rock, 5.87 × 10− 4; and upper yellow rock, 6.42 × 10− 4. As the water injection pressure increased, the permeability 
coefficients of six distinct rock layers exhibited a proportional rise. When the injection pressure was increased 
to 4.0 MPa, the seepage coefficients demonstrate notable increased as follows: middle rock, 8.24 × 10− 4; lower 
rock, 8.32 × 10− 4; yellowish-white rock, 8.55 × 10− 4; pure black rock, 8.65 × 10− 4; pure reddish rock, 7.68 × 10− 4; 
and upper yellow rock, 8.45 × 10− 4. At this pressure, the wetting effect of the raw rock material reached its 
optimal state. Beyond this point, further increased in injection pressure yield only marginal improvements in the 
wetting rate. These experimental findings were consistent with the results obtained through FLUENT numerical 
simulations, validating the accuracy of the simulation outcomes.

Conclusion
The physicochemical analysis of six bedded protoliths from the Dannanhu Mine, Xinjiang, identified aryl rings 
and aromatic hydrocarbons as primary contributors to their hydrophobicity. Variations in these hydrophobic 
groups caused significant differences in hydrophilicity, influencing water bypass during injection and pre-
wetting, with contact angle experiments validating these findings. Monomer preference and orthogonal 
experiments determined the optimal wetting agent composition for stratified nodular raw rock as 0.15% OP 
emulsifier, 0.10% Fast T, 0.15% LAD-40, and 0.10% LAB-35. This formulation improved wettability effectively 
and consistently within a defined range.

Performance comparisons showed that the self-developed wetting agent was superior to other wetting agents 
or pure water in reducing the surface tension and wetting the layered raw rock dust, with its self-developed 
wetting agent having a surface tension of 32.47 mN/m, which minimised the overall raw rock hydrophobicity. 
In addition, it achieves the optimal wetting and pre-wetting effect for dust reduction. These findings support the 
use of pre-wetting techniques for dust control in open-cast coal mines.

Numerical simulations and verification experiments confirmed that wetting agent solutions enhanced pre-
wetting performance over water alone. Increasing injection pressure improved wetting rates, peaking at 4 MPa, 
beyond which further increases had minimal effect. The results provide a theoretical basis for optimizing water 
injection pre-wetting in mining operations.

Fig. 10.  Numerical infiltration simulation.
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Fig. 11.  Infiltration simulation.
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