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Abstract

:

With the continuous development of high-pressure water jet technology, research on the optimization of structural parameters for multi-nozzle configurations, the perforation effect of jet rotational impact rock breaking, and the impact force during rock breaking has received increasing attention. Through the development of a self-designed high-pressure water jet rotational drilling test device, rock breaking experiments were conducted on sandstone of different strengths using jet streams with different inclination angles, various combinations of nozzles, different target distances, and different rotational speeds. The parameters and structure of the multi-nozzle jet drill bit were optimized, and the impact of water jet-rock breaking effects was studied. The rationality of different inclination-angle jet streams in rock breaking was verified using the ALE-FEM coupling method. The changes in the force on the target body and the fragmentation mode during rock breaking with different inclination-angle jet streams were analyzed. The results showed that under the condition of adjustable inclination angles, a smaller inclination angle resulted in greater depth and a smaller diameter of rock breaking, while a larger inclination angle resulted in greater width and a smaller depth of rock breaking. The optimal combination of multi-nozzle jet streams was determined to be 20°, 30°, and 60°, which achieved a balance between rock breaking and borehole expansion performance. The efficiency of multi-nozzle jet rotational rock breaking decreased with increasing target distance, with the optimal range being 2 to 4 mm. The rotational speed of the multi-nozzle jet stream had a significant impact on rock-breaking efficiency. Under the same target distance conditions, as the drilling speed increased, the volume of rock breaking initially increased and then decreased, and the rate of volume attenuation increased with increasing target distance. The forms of rock breaking in multi-nozzle jet streams were not identical. Jet streams with smaller inclination angles mainly caused tensile failure through axial impact, while those with larger inclination angles primarily caused shear failure through radial impact. This study provides valuable guidance for optimizing the structural parameters of multi-nozzle jet drill bits and researching rotational rock breaking.
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1. Introduction


High-pressure water jet technology is one of the main production enhancement technologies for deep coal bed methane exploitation, unconventional natural gas exploitation, and oil drilling [1]. These technologies mainly include hydraulic punching [2], hydraulic slotting [3], hydraulic fracturing [4], and radial drilling [5]. In recent years, with the gradual increase in the depth of energy extraction, such as coalbed methane and oil and gas reservoirs, the reservoir environment with high in situ stress and low permeability has become more and more obvious [6]. Hydraulic punching and hydraulic fracturing have limited impact on coal seam permeability, while hydraulic fracturing involves high fracture pressure and increased risk, with very limited effects on reservoir modification. In recent years, some scholars have proposed the use of high-pressure water jet drill bits to construct multiple branch holes through a guide device in the target layer, thereby increasing gas flow channels, improving coal mine gas drainage efficiency, and reducing gas disasters. This technology has attracted widespread attention from domestic and international scholars due to its advantages in rock breaking and deep drilling capabilities [7,8,9]. Among them, the rock-breaking mechanism and the influence of rotational speed on rock breaking by multi-nozzle jet drill bits have become the main research hotspots for this technology. However, existing research lacks optimization of parameters for multiphase jet streams and the study of rock-breaking mechanisms caused by jet impacts.



Currently, both domestic and foreign scholars have conducted numerous experiments on the theory and efficiency of water jet rock breaking. Cao et al. [10] conducted fragmentation tests on coal, sandstone, and raw coal using jet impacts. They analyzed the fracture mechanism under different jet pressures and quantitatively analyzed the size of the damaged area. Lu et al. [11] used high-speed jet impacts on sandstone to study the failure modes and crack propagation patterns under high-speed water jet impacts. They observed and analyzed the crack extension in sandstone to better understand its failure mechanism. They also quantified the entire process of jet impact on sandstone and the distribution of dynamic pressure using the finite element method, and they studied the fragmentation pattern of water jet impacts on laterally isotropic rocks. Li et al. [12] conducted tests on the impact of multi-nozzle jet streams on target distance and impact pressure, analyzing the rock breaking and perforation effects under different operating conditions. Li et al. [13] analyzed the threshold pressure for multi-nozzle jet rock breaking and suggested that the rules of multi-nozzle jet drilling can be better applied in petroleum drilling. Reinsch et al. [14] analyzed the jet impact cloud by high-speed camera and studied the dynamic phenomenon of jet impact. Ma et al. [15] conducted a study that combined experiments and models to investigate the impact of shockwave propagation and energy absorption on material damage.



The rock breaking efficiency of high-pressure water jets is influenced by various factors such as nozzle structure, flow field characteristics, jet pressure, and the physical properties of coal and rock, which makes the process of jet rock breaking extremely complex [16,17,18,19]. With the development of numerical simulation technology, material crushing and its change process analysis can be better reflected [20]. Numerical simulation methods have provided possibilities for studying the dynamic fragmentation process of rocks and analyzing the changes in their stress during water jet impact [21]. Understanding the impact load and dynamic response characteristics of rocks during high-pressure water jet rock drilling is an important aspect of studying the mechanism of high-pressure water jet rock breaking [22]. To this end, Jiang et al. [23] used the SPH/FEA method to analyze the formation state of jet-fractured rocks and the propagation of rock fractures. Liu et al. [24] simplified continuous jets into smooth particles at different angles using the SPH method to analyze the impact of different jet angles on coal and rock. They obtained variations in rock energy, erosion depth, and width during the fragmentation process. Xue et al. [25,26] employed the Arbitrary Lagrangian–Eulerian Finite Element Method (ALE-FEM) to study the fracturing mechanism of single-nozzle jet impact on coal. They reconstructed the damaged area of jet-impacted coal and obtained the shapes of the perforations at different times. Ni et al. [27] simulated the process of water jet rock breaking using a nonlinear dynamic finite element method. The results showed that the rock fragmentation process first formed a circular fracture zone, which then developed radially and axially, resulting in a conical-shaped crack pit. Ma et al. [28] implemented the Johnson–Holmquist–Beissel (JHB) model within a four-dimensional lattice spring framework, enabling the consideration of material nonlinearity, dynamic variations, and fracture behavior in simulations. They then applied this implementation to the issue of projectiles penetrating materials to study the interactions between projectiles and different materials. The outcomes of this study hold significant importance for comprehending material response behaviors in high-speed collisions and penetration scenarios.



In conclusion, although many scholars have conducted research on the process of jet impact rock breaking and the forms of rock fragmentation based on single-nozzle jets, there are few reports on the analysis of nozzle angle selection and jet impact forces, especially for multi-nozzle jet rotational rock breaking. Additionally, multi-nozzle jets are significantly influenced by jet impact distance, rotational speed, and rock properties during rotational rock breaking. Therefore, the authors conducted experiments using a self-designed test platform to analyze the impact of rock breaking efficiency under different rock target distances, rotational speeds, and rock strengths. The ALE-FEM coupling algorithm will be used to construct a multi-nozzle jet impact rock breaking model to obtain the rock breaking effects of different nozzle angles and analyze the stress state and rotation of the rock breaking process of multi-nozzle jet impact rock breaking. The aim of this study is to optimize the multi-nozzle jet drilling head to improve rock breaking efficiency and provide technical support for the application of radial drilling technology. This study can lay a theoretical foundation for the sustainable development of coal mine safety production and can form a sustainable key technology for future coal mine gas disaster management.




2. Drill Bit Model and Experimental System


2.1. Multi-Nozzle Jet Drilling Bit Model


The main factors influencing the efficiency of high-pressure water jet rock breaking include the structural parameters of the drilling head, hydraulic parameters, and mechanical parameters of the rock formation. Among them, the nozzle parameters of the rock drilling head have the most significant impact on rock breaking. The multi-nozzle water jet drilling head mainly consists of three components: the rotating body, the drill head casing, and the connecting end, with the rotating body being the core component for rock breaking. The key structural parameters of the front-end rotating body include the nozzle diameter, nozzle inclination angle, and number of nozzles. Figure 1 shows the structure of the rock-breaking nozzle’s rotating body. High-pressure water enters from the inlet at the rear of the rotating body and is conveyed through the internal channel to the front-end rock-breaking nozzles. The rock-breaking nozzles are designed with different inclined angles asymmetrically, and as they rotate, they complement each other to break the rock, reduce the blind spot of fragmentation, and improve the efficiency of rock breaking. Among them, the first nozzle and the second nozzle are the main rock-breaking nozzles, and the third nozzle is the auxiliary rock-breaking nozzle. Nozzles less than 45° are defined as primary rock-breaking nozzles, and nozzles larger than 45° are auxiliary rock-breaking nozzles. θ represents the angle between the nozzle and the central axis of the drill head, and S represents the distance from the nozzle outlet to the center of the drill head. Since the nozzle diameter has a significant impact on the hydraulic impact force of the water jet, it is necessary to calculate and analyze the nozzle diameter in this study.



The nozzle diameter can be obtained according to the actual flow rate; assuming Q is an ideal fluid, we can derive the following equation:


  Q =  1 4  π  d 2  ρ     2 P  ρ    ,  



(1)




where Q is the jet flow; d is the nozzle diameter; P is the jet pressure; and ρ is the fluid density.



For a single nozzle, the relationship between the nozzle diameter, jet pressure, and flow rate is obtained from the below formula as follows:


  d =     4 q   π φ     2 P  ρ        .  



(2)







The diameter of the nozzles in a multi-nozzle jet drilling tool can be calculated based on the relationship between the equivalent nozzle diameter and the individual nozzle diameter as follows:


  D =    d 1 2  +  d 2 2  + ⋅ ⋅ ⋅ +  d n 2    ,  



(3)




in the equation, dn represents the diameter of the nth nozzle.



The selection of individual nozzle diameters is determined based on the inner diameter of the high-pressure hose. The inner diameter of the high-pressure hose used in this article is 4 mm, so it can be determined that the diameter of 1.0 mm meets the experimental conditions.




2.2. Experimental System


The experiment utilizes a self-designed and developed high-pressure water jet rotary drilling test system. The system mainly consists of three major components: the power supply system, the control system, and the rock-breaking drilling system. As shown in Figure 2, the power supply system includes a 1 m3 water tank and a high-pressure water pump with a maximum working pressure of 100 MPa and a rated flow rate of 100 L/min. The control system includes a pneumatic pressure-regulating valve, a foot valve, and a rotary control device. The pneumatic pressure regulating valve is connected to the high-pressure water pump, and the foot valve is installed in the middle of the high-pressure hose to ensure safety pressure relief. The rotary control device can adjust the rock-breaking target distance, rotational speed, and drilling speed. The rock-breaking drilling system consists of a test platform, a stepper motor, a servo motor, a high-pressure rotary joint, and a specimen fixture. The stepper motor has a maximum torque of 20 N/m, the servo motor has a maximum speed of 2800 rpm, the high-pressure rotary joint has a maximum speed of 2000 rpm, and the maximum load pressure is 150 MPa. The rock-breaking nozzle is installed at the front end of the rotary component and can be precisely controlled for the rock-breaking target distance and rotational speed through the control device.




2.3. Experimental Materials and Procedures


Experimental research on the characteristics that influence multi-factor rock fracturing and perforation requires extensive experimental work. In order to facilitate the rapid installation and disassembly of rock specimens during the experiment, a clamping-type quick-release specimen fixture has been designed in this study. It is capable of clamping cylindrical specimens with a diameter of Φ100 mm. Sandstone is selected as the main specimen for the multi-parameter experiments due to its excellent homogeneity, which allows for better observation and understanding of the experimental phenomena and patterns after rock fracturing and perforation. As shown in Table 1, the basic physical and mechanical parameters of the three sandstone types used in this chapter are presented. Some rock specimens are illustrated in Figure 3.



This study primarily employed the method of controlling variables to investigate the impact of jet angles, different combinations of jet angles, target distance, rotational speed, and rotational speed on rocks of different strengths. The parameters are listed in Table 2. The nozzle diameter was set at d = 1.0 mm, and the single-nozzle jet pressure was 20 MPa, while the multi-nozzle jet pressure was set at 40 MPa.





3. Results and Discussion


3.1. Influence of the Jet Angle on Rock Breaking


To investigate the influence of jet angles on rock impact and fragmentation performance, experiments were conducted using a single-nozzle jet at different angles. The jet pressure was set at 20 MPa, the standoff distance was 6 mm, and the erosion time was 10 s. Rock fragmentation tests were carried out at jet angles of 0°, 10°, 20°, 30°, 40°, 50°, and 60°, and the impact and fragmentation effects were analyzed, as shown in Figure 4. By observing the rock fragmentation effects at different jet angles in Figure 4, it can be observed that as the angle increases, the inclined grooves formed by the jet impact become larger and the fragmentation craters become more pronounced. At a jet angle of 0°, the jet vertically impacts the rock surface, resulting in regular fracture cavities. At 10° and 20°, noticeable cracks form on the rock surface due to jet impact, but no rock detachment occurs. The fragmentation crater formed by the 20° jet angle is significantly larger than that formed by the 10° angle. At 30° and 40°, although no obvious fracture cracks form, the shape of the fragmentation craters indicates significant expansion in the direction of the jet inclination. Observing the fragmentation craters formed by the 50° and 60° jet angles, it can be seen that they are the largest. This is mainly due to the high radial impact energy generated by the jet, which leads to the formation of splitting cracks inside the rock. As the jet continues to impact with significant energy, the cracks further expand, resulting in the collapse of the upper rock blocks and the formation of larger fragmentation craters. It is well known that the axial velocity of the jet decreases as the jet angle increases, while the radial velocity increases with the jet angle. However, due to the extremely short duration of the high-pressure water jet rock fragmentation process, experimental methods alone are insufficient to fully reveal the rock fragmentation mechanism. Therefore, subsequent analysis will be conducted through numerical simulations to further examine the stress state of rock under the impact of jets at different angles.




3.2. Different Combinations of Multiple-Nozzle Rock-Breaking Effects


In order to further analyze the rock-breaking effect of different combinations of angled jets and obtain the optimal parameters for the multi-nozzle jet drilling tool, rock-breaking experiments were conducted using different combinations of angled nozzles. The experimental parameters for the multi-nozzle drilling tool are shown in Table 3. To visually analyze the shape of the fragmentation cavity and the volume of rock breaking. The jet pressure was set at 40 MPa, the jet standoff distance was 2 mm, the rotational speed was 200 rpm, and the erosion time was 20 s.



Figure 5 shows the morphology of rock fragmentation for different combinations of angled jets in the multi-nozzle configuration. The multi-nozzle jet flow primarily forms a main fragmentation zone and an auxiliary fragmentation zone, where the main fragmentation zone is formed by the first nozzle and the second nozzle and the auxiliary fragmentation zone is formed by the third nozzle. To quantify the changes in the fragmentation cavity, measurements of fragmentation diameter and fragmentation volume were conducted, and the results are shown in Figure 6. As the angle of the third nozzle increases, the diameter of the fragmentation cavity becomes larger. However, it can be clearly observed from Figure 5 that as the diameter increases, the depth of fragmentation decreases. When the angle of nozzle 1 is smaller, the depth of impact fragmentation increases, and the borehole diameter becomes smaller. Similarly, the rock-breaking patterns of the second nozzle are similar to those of the first nozzle. However, the spacing between the first nozzle and the second nozzle and the difference in nozzle angles have a significant impact on the rock-breaking efficiency. For example, in the case of rock #6, the difference in angle between the first nozzle and the second nozzle is 20°, resulting in an excessively large protruding cone and a very small diameter of the fragmentation hole. The volume of rock fragmentation initially decreases, then increases, and eventually stabilizes as the nozzle angle increases. For nozzles with smaller angles, the depth of rock fragmentation is greater. Although the aperture size decreases, the rotating conditions weaken the formation of the central protrusion. On the other hand, larger angles are not conducive to borehole formation. By comparing the fractured boreholes of #8, #9, and #10, it was found that the volume of rock fragmentation and the variation in borehole diameter were relatively small, resulting in regular borehole formation, which is conducive to continuous drilling. Based on the quantitative analysis of this experimental study and subsequent parameter research, the combination of angled jets with angles of 20°, 30°, and 60° was selected as the optimal parameter combination for the multi-nozzle jet drilling tool.




3.3. The Impact of Standoff Distance on Rock Fragmentation


Figure 7 illustrates the rock fragmentation and drilling effects of a multi-nozzle jet under the conditions of 40 MPa pressure, 100 rpm rotational speed, and 20 s erosion time at different rock standoff distances. The experiments indicate that as the standoff distance increases, the diameter of the auxiliary fragmentation zone formed by rock fragmentation becomes larger. The blind zone of fragmentation also increases with an increase in standoff distance, while the diameter of the main fragmentation zone begins to increase when the standoff distance reaches a certain value. The auxiliary fragmentation zone, formed by a 60° jet, creates a fragmentation ring. At a standoff distance of 2 mm, the diameter of the fragmentation ring is 4.9 cm, and it increases to 7.5 cm when the standoff distance reaches 10 mm. The diameter of the blind zone increases from 0.6 cm to 1.4 cm. The main fragmentation zone, at standoff distances of 2 mm to 6 mm, forms craters with a diameter of 2.1 cm. However, when the standoff distance reaches 8 mm, the diameter of the main fragmentation zone becomes 2.4 cm. From the shape of the craters, it can be observed that as the standoff distance increases, the depth of the main fragmentation zone decreases significantly, and the protrusion becomes larger. The depth of the auxiliary fragmentation zone also decreases. Prior research has shown that the impact pressure of the jet gradually decreases with an increase in standoff distance [29,30]. Additionally, as the jet travels a longer distance, it tends to entrain more air, resulting in greater energy loss. Therefore, a larger standoff distance leads to weaker rock fragmentation capabilities. However, within the range of 2 mm to 6 mm standoff distances, the diameter of the main fragmentation zone remains relatively unchanged. This is mainly because the energy of the jet does not experience a sharp decline with an increase in standoff distance within a certain range. When the jet impacts the rock surface and forms a crater, the rebounding jet causes secondary expansion of the borehole, resulting in an increase in the diameter of the main fragmentation zone.




3.4. The Influence of Different Rotational Speeds on Rock Fragmentation Effects


One of the main influences on the rotary rock fragmentation of multi-nozzle jets is the rotational speed of the drill bit. Figure 8 illustrates the impact of different rotational speeds on the rock fragmentation volume of bluestone using multi-nozzle jets. The rock fragmentation conditions include a jet pressure of 40 MPa and an erosion time of 20 s. From the changing trend of the curves in the graph, it can be observed that the rock fragmentation volume decreases with increasing target distance. Under the same target distance conditions, the rock fragmentation volume initially increases and then decreases as the rotational speed increases. Moreover, the rate of decrease in rock fragmentation volume increases with increasing target distance. It can be seen from the curves in the graph that when the rotational speed increases from 800 rpm to 1000 rpm, the rate of decrease in rock fragmentation volume significantly increases. When the target distance is 2 mm and the rotational speed is 200 rpm, the maximum rock fragmentation volume is 4.08 cm3. However, when the rotational speed reaches 1000 rpm, the rock fragmentation volume decreases to 2.67 cm3. Additionally, the rock fragmentation volume at rotational speeds between 200 rpm and 400 rpm is significantly larger than at other rotational speed conditions. At a target distance of 2 mm, the rate of decrease in rock fragmentation volume is 34.6%, which increases to 63.5% when the target distance increases to 10 mm.



Based on the experimental observations, it can be concluded that there is a critical value for the rotational speed of multi-nozzle jets under the same target distance conditions. When the rotational speed is below the critical value, the impact frequency of the jets on the rocks decreases within the same rock fragmentation time, resulting in a lower total energy of jet impact on the rocks and a reduction in rock fragmentation volume. Conversely, when the rotational speed exceeds the critical value, the impact frequency of the multi-nozzle jets on rock fragmentation increases compared to lower rotational speeds. However, due to the increased rotational speed, the impact time of the jet at a specific point becomes shorter, and the jet rotates to the next fracture point before the impact kinetic energy of the jet is fully released. As a result, the accumulated energy within the rocks is insufficient to meet the destruction requirements, leading to a decrease in rock fragmentation efficiency. Furthermore, when the multi-nozzle jets rotate at high speeds, the jet structure deviates due to the increased rotational speed. The higher the rotational speed, the more severe the jet deviation, resulting in increased jet divergence and a decrease in the effective impact kinetic energy of the jet, thus reducing rock fragmentation efficiency.




3.5. The Impact of Rotational Speed on the Fragmentation of Rocks with Different Strengths


According to the findings in Section 3.4, it was discovered that rotational speed has a significant impact on rock fragmentation efficiency. To investigate whether this impact pattern applies to rocks with different strengths, experiments were conducted in this section to compare the rotational fragmentation effects on three different-strength sandstones. Figure 9 shows a comparison of the fragmentation effects on sandstones of three different strengths under the conditions of a 4 mm target distance, 20 s erosion time, a rotational speed of 100 rpm, and a jet pressure of 40 MPa. Upon observation, it was noted that under the same fragmentation conditions, the diameter of the main fragmentation zone was consistent at 2.1 cm for all three sandstones. However, the diameter of the auxiliary fragmentation zone decreased as the strength of the rock increased. The main fragmentation zone of the coarse sandstone exhibited no protrusion, while the fine sandstone had a small protrusion, and the bluestone showed a distinct protrusion in the main fragmentation zone.



As shown in Figure 10, a comparison of the volume of different-strength sandstones under the impact of different rotational speeds is presented. It can be observed that the fragmentation volume of the coarse sandstone and fine sandstone increases with the increase in rotational speed. However, the fragmentation volume of the bluestone initially increases and then decreases as the rotational speed increases. Furthermore, the coarse sandstone exhibits a significant increase, reaching a maximum fragmentation volume of 29.66 cm3. Combining Figure 9 and Figure 10, it can be concluded that the size of the auxiliary fragmentation zone is directly related to the compressive strength of the rock. Lower rock strength corresponds to a smaller threshold for jet fragmentation. When the jet impacts the rock surface, it generates axial and radial impact forces, which determine the width of the fragmentation pit. As the multi-nozzle jet starts to rotate, different rotational speeds cause slight deflection of the jet, resulting in varying degrees of attenuation in the impact kinetic energy. However, the remaining kinetic energy after attenuation is still capable of fragmenting rocks with lower strength. In the case of low-strength rocks, the main fragmentation zone does not form a protrusion, indicating that the radial impact of the jet contributes to the destruction of the central protrusion in low-strength rocks. Therefore, the fragmentation volume of low-strength rocks increases with increasing rotational speed.



Similarly, for hard rocks, greater radial impact kinetic energy is required to break the central protrusion. Therefore, when fragmenting low-strength rocks without atomization of the jet, increasing the rotational speed appropriately can achieve a larger rock fragmentation efficiency. Conversely, when fragmenting hard rocks, it is necessary to reduce the rotational speed appropriately to achieve better fragmentation results.





4. The Analysis of the Forces Acting on Rock during Continuous Jet Impact


During the process of a high-pressure water jet impacting rock, the force state of the water jet impacting the rock determines the main form of rock fragmentation. However, due to the high pressure and fast impact velocity characteristics of the jet during the rock-breaking process, the time of rock fragmentation is extremely short, especially in the case of multi-nozzle continuous jet impact, which makes the process highly complex. In the process of multi-nozzle jet impact on rock, the effect of jet impact at different angles and the subsequent changes in the stress of rock microelements during the rock-breaking process vary. Therefore, it is necessary to conduct an in-depth analysis of the mechanical relationship between multi-nozzle jet impacts. However, currently, there is limited analysis of the forces exerted by jets on rocks during water jet rock-breaking processes, and experimental methods are challenging to observe the mechanical changes during rock fragmentation. Through exploration and research by scholars, it has been found that the LS-DYNA simulation software can be used for impact dynamics analysis [31]. Therefore, based on the ALE-FEM (Arbitrary Lagrangian–Eulerian Finite Element Method) coupling method, this paper simulates and analyzes the process of multi-nozzle jet impact on rock to investigate the mechanical changes that occur during rock fragmentation.



4.1. Model Simplification and Assumptions


In order to study the stress effects of water jet impact on rocks, it is necessary to simplify the geometric model of water jet rock fragmentation, as shown in Figure 11. The process of jet fragmentation involves the interaction between high-pressure water and rocks as it flows out of the nozzle. Therefore, before numerical simulation, it is necessary to determine the relationship between pump pressure and the impact velocity of the nozzle diameter. In practical modeling, the jet fragmentation is simplified as the interaction between a high-pressure water column with a certain velocity and the rock, as shown in Figure 12. The size of the rock is Φ60 mm × 20 mm. The jet nozzle is simplified as a thin-shell rotating body, and the water jet is simplified as a cylindrical body with a certain impact velocity. The jet does not come into direct contact with the rock wall. An air domain is set at the contact location between the jet and the rock. The main contact type is the meshed finite element contact type.



There are multiple factors affecting the process of multi-nozzle continuous jet impact rock fragmentation. In order to facilitate calculations, the following model assumptions are proposed:




	(1)

	
Neglecting the jet divergence phenomenon during the jet ejection process;




	(2)

	
Neglecting the deflection effect of the jet during the rotational process;




	(3)

	
The rock model is assumed to be isotropic.










4.2. Model Parameters and Mesh


This study employs the ALE-FEM (Arbitrary Lagrangian–Eulerian Finite Element Method) coupling algorithm for dynamic simulation of rock fragmentation under continuous water jet impact from multiple nozzles. The water jet is modeled using the NULL material model to avoid the influence of stress and strain generated by the jet during the computation. The rock model adopts the Johnson–Holmquist–Beissel (HJC) constitutive model, which has been extensively studied and proven to be suitable for high-stress and large deformation problems in rock materials. The simulation of multi-nozzle jet impacts is conducted using established governing equations, such as the state equation and yield strength function [32,33]. The numerical simulation material parameters are shown in Table 4. The parameters of water are shown in Table 5.



To ensure that the rock does not experience relative movement during the water jet impact, non-reflective boundary constraints are applied to the rock boundaries. The velocity inlet boundary condition is applied to the jet, and the velocity is decomposed in the X, Y, and Z directions using trigonometric functions to facilitate the calculation of the rotational process. The rotational body is defined as rotating around the Y-axis. After determining the geometric model, the finite element method is used for numerical discretization of the model, as shown in Figure 13. The ALE mesh is used for the air and water domains. Since jet divergence is not considered, the jet nozzle is modeled as a cylindrical body with dimensions of Φ1 mm × 1 mm. The main body of the air model is a cylindrical body with dimensions of Φ4 mm × 15 mm. The rock model is a cylindrical body with dimensions of Φ60 mm × 20 mm, composed of Lagrange elements. The rotational body model consists of a cylindrical shell with dimensions of Φ10 mm × 4 mm and a hemispherical shell with a diameter of Φ10 mm.




4.3. Numerical Simulation Results Analysis


4.3.1. Effect of Jet Inclination Angle


The impact force generated by the high-pressure water spraying process can be decomposed into two directions: parallel surface and vertical surface, and the depth and width of the crushing pit are expressed by the impact of these two parts. In this paper, a numerical model of different inclination jets on rocks is established, and the influence of different inclination jets on rock fragmentation effects is studied. The jet inclination angles are 0°, 10°, 20°, 30°, 40°, 50°, 60°, and 65°, respectively. The jet has a diameter of 1.0 mm, a velocity of 250 m/s, and an erosion time of 250 μs. Figure 14 shows the shape of the crushing pit formed by the rock breaking of the jet at different inclination angles. With the increase in the inclination angle of the jet, the vertical depth of the crushing pit gradually decreases while the axial width gradually increases.



Different inclination angles of the water jet have varying effects on rock fragmentation and perforation, as shown in Figure 15, which presents the numerical simulation results for different jet inclination angles. From the graph, it can be observed that as the jet inclination angle increases, the width of rock fragmentation significantly increases, while the depth of fragmentation gradually decreases. However, the volume of fragmented rock shows a trend of initially increasing, then decreasing, and finally increasing again. Since the experiment is in seconds and the numerical simulation is in milliseconds, the numerical simulation results in the figure are quite different from the experimental results, but because the change trend is basically the same, the rationality of the simulation results can be considered.



When the inclination angle is 0°, the water jet causes the greatest depth of fragmentation, with the smallest width and volume, and the depth exceeding the width. For a 10° inclination angle, the depth and width of fragmentation are roughly equal. However, as the inclination angle increases from 20°, the depth of fragmentation becomes noticeably smaller than the width. When the jet inclination angle reaches 60° and 65°, the trend in width variation is the most pronounced, but the depth of fragmentation is the smallest. The volume of fragmented rock shows a significant increase from 0° to 20°, with the maximum volume occurring at 20°. It then decreases from 20° to 40° and increases again from 40° to 60°, but the increase is not as significant as the initial increase from 0° to 20°. From the change trend, it can be found that the corresponding inflection point of the crushing pit formed by the 20° and 40° jets corresponds to the curve, indicating that the impact crushing effect is gradually enhanced from 0° to 20° and weakens with the increase of the inclination angle.



By analyzing the changes in the flow field of the jet at different inclination angles, it can be concluded that the axial and radial impact forces of the jet vary with the inclination angle. The axial impact force decreases with increasing inclination angle, while the radial impact force increases with increasing inclination angle. Additionally, since the compressive strength of the rock is much higher than its tensile strength, and in the case of inclined impact, rock damage is primarily caused by tensile failure, it can be inferred that as the jet inclination angle increases, the width of fragmentation caused by the jet impact becomes larger while the depth of fragmentation becomes smaller. Therefore, when using a multi-nozzle jet for drilling, it is advisable to employ low inclination angles for rock fragmentation and combine them with high inclination angles for borehole expansion. However, in the numerical simulation, 0° rock breaking volume is the smallest, 20° is the largest, 40° is the smallest, and 20° is the largest in the experiment, indicating that the smaller the inclination angle, although the impact capacity is enhanced, the overall crushing efficiency is lower. The large inclination angle increases the crushing width, resulting in an increase in the volume of broken rock. Through numerical simulation and experimental analysis, the rationality of choosing 20°, 30°, and 60° jet combinations is more clearly determined.




4.3.2. Rotational Rock Breaking Process


In order to further explore the impact rock-breaking characteristics of porous jets, the dynamic pore formation process of multi-nozzle jet impact rock-breaking is analyzed, as shown in Figure 16. Figure 16a–h shows the shape of the hole from the beginning of the hole formation to the complete hole formation of the jet impact rock. From Figure 16a, it can be seen that the jet begins to break the rock and form two crushing pits at 25 us; at this time, it is the 20° or 30° jet that begins to break. As the breaking time increases to 50 us, the 60° jet begins to break the rock, at which time three jets with different inclination angles begin to impact the rock-breaking, and under rotational conditions, different shapes as shown in Figure 16c,d,f are formed at different times, and finally a complete crushing pit is formed at 5000 us.




4.3.3. Analysis of the Forces Acting on Multi-Nozzle Jets


An analysis of the forces acting on rock breaking efficiency is undoubtedly important. However, it is also essential to analyze the forces generated by the jet during the rock-breaking process. By analyzing the stress variation curve during the rock’s deformation and failure processes, the characteristics of rock deformation and failure can be better understood. Based on the previous analysis of rock breaking by different inclined jets, we selected the 20°, 30°, and 60° jets for the force analysis of the multi-nozzle jet impact. As shown in Figure 16, it presents three micro-units, H839305, H834905, and H860105, corresponding to the 20°, 30°, and 60° jets directly below, as shown in Figure 17. The mechanical changes that occur in these micro-units under the impact of the jet are analyzed to determine their main failure modes.



Figure 18 shows the change curve of the force state of the micro-unit under different inclination angles when the multi-nozzle jet impacts and breaks the rock. This curve clearly reflects that the main failure form of the rock under the impact of a high-pressure water jet is tensile failure caused by unloading. As can be seen from Figure 18a–c, when the jet is in contact with the rock surface, due to the impact of the high-speed jet, a certain compressive stress is generated on the rock surface. From the analysis of the force changes of the three micro-units, it is found that the pressure values of the units H839305 and H834905 are the largest, which are 18.16 MPa and 15.25 MPa, respectively, and the corresponding maximum principal stress values are −13.52 MPa and −9.95 MPa, respectively; the effective stress of the H860105 unit. The maximum value is 8.46 MPa, and the maximum value of the maximum principal stress is 2.7 MPa. It can be seen that the smaller the angle of the jet, the greater the impact pressure on the rock, the stronger the impact, and the greater the depth of the rock; when the jet inclination is greater, the pressure on the micro-unit decreases, and the rock is under pressure at this time. It is broken under the combined action of stress and shearing force.



The micro-unit H839305 shown in Figure 18a began to be affected by the impact force of the jet at 11 us. With the extension of the jet time, the internal energy of the rock changes rapidly. When the impact time reaches 74 us, the pressure on the jet is the largest. Until 83 us, the micro-unit is completely destroyed, and the effective stress and shear stress are rapidly reduced. The force of unit H834905 shown in Figure 18b is consistent with the force of unit H834905 in Figure 18a, and the maximum pressure and maximum principal stress are both less than the 20° jet. The jet shear force of the unit H860105 by the jet is 4.45 MPa. Through comparison, it can be found that the maximum principal stress values in Figure 18a,b are both greater than the shear stress, while the shear stress value in Figure 18c is greater than the maximum principal stress value, which also indicates that when 20° and 30° jets impact the rock surface, there is a certain impact effect on the rock below the 60° jet farther away, but the impact strength is limited, so this part of the impact can be ignored.



When the jet hits the rock surface, cracks begin to form due to the impact force, and the compressed rock in the jet contact area can release the compression energy laterally. This process causes the rock to exhibit tensile failure. In addition, when the water jet hits the rock’s surface, it moves in a radial direction. A jet with a small inclination angle has a larger axial impact force, while when the inclination angle is greater than 45°, the radial impact force is larger. This process also produces a certain stretching effect on the rock. The combined effect of these two states results in the failure of the rock surface from the initial cracks outward in the radial direction.






5. Conclusions


This study conducted rock-breaking experiments using a self-designed test platform. The influence of jet inclination angle, different combinations of multi-nozzles, rotational speed, and target distance on rock-breaking efficiency was analyzed. Additionally, stress analysis of rock subjected to multi-nozzle jet impact was performed using the ALE-FEM coupling method. The main conclusions are as follows:



(1) The jet inclination angle has a significant impact on rock fragmentation efficiency. Through the experiments, it was determined that the optimal combination for multi-nozzle jet drilling involves using a small inclination angle for rock breaking and a large inclination angle for auxiliary hole expansion. The optimal jet combination angles obtained from the experiments were 20°, 30°, and 60°, providing further guidance for multi-nozzle jet experiments;



(2) The effects of target distance and rotational speed on rock breaking efficiency were analyzed using controlled variable experiments. It was found that larger target distances result in larger blind spots in rock fragmentation, while smaller target distances lead to smaller-diameter rock breaking holes. Additionally, the experiments revealed an optimal rotational speed range, which not only affects the number of jet impacts on the rock but also influences the jet divergence capability. The optimal rotational speed range determined in this study was 200 rpm to 400 rpm;



(3) Based on the ALE-FEM coupling method, a novel numerical simulation approach for multi-nozzle jet impact on rock breaking was proposed. The experiments validated that the primary failure modes during rock fragmentation are impact failure induced by compressive stress and shear failure induced by shear stress. The study also clarified the interference effects of stress waves during multi-nozzle jet rock breaking. This method provides new insights for the investigation of the mechanism of multi-nozzle jet rotational rock breaking.
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Figure 1. Rotating body structure. 
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Figure 2. High-pressure water jet rotary drilling experimental device. 
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Figure 3. Rock specimens. 
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Figure 4. Rock-breaking effect of jets with different angles. 
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Figure 5. Rock-breaking shapes of different combinations of multi-nozzles. 
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Figure 6. Rock-breaking law of bits with different parameters. 
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Figure 7. Rock-breaking effect with different standoff distances. 
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Figure 8. The influence of rotational speed on the volume of broken rock. 
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Figure 9. Comparison of the crushing of rocks with different strengths. 
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Figure 10. Influence of rotating speed on crushing volume of rock with different strengths. 
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Figure 11. A water jet impacts a rock. 
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Figure 12. Simplified model of jet impact on rock. 
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Figure 13. Grid of the rock-breaking model. 
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Figure 14. Different inclination angles for jet-breaking pit shapes. 
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Figure 15. Rocks break the law of jets at different angles. 
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Figure 16. Dynamic hole-forming process. 
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Figure 17. Distribution of selected reference elements. 
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Figure 18. Force variation curve of a rock micro-unit. 
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Table 1. Physical and mechanical properties of the sandstone samples.
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	Parameters
	Density (g/cm3)
	Tensile Strength (MPa)
	Uniaxial Compressive Strength (MPa)
	Elastic Modulus (GPa)





	Coarse sandstone
	2.14
	4.48
	38.8
	33



	Fine sandstone
	2.27
	8.26
	58.9
	35.5



	Bluestone
	2.42
	12.49
	97
	40.2
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Table 2. Experimental parameters.
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	Types
	Parameters





	Jet angle
	0°, 10°, 20°, 30°, 40°, 50°, 60°



	Jet pressure
	20 MPa, 40 MPa



	Rotational speed
	100 rpm, 200 rpm, 400 rpm, 600 rpm, 800 rpm, 1000 rpm



	Rock-breaking standoff distance
	2 mm, 4 mm, 6 mm, 8 mm, 10 mm
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Table 3. Parameters of the multi-nozzle bit.
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Serial Number

	
Jet Inclination/°

(θ1-θ2-θ3)

	
Eccentric Distance of Nozzle (mm)




	
S1

	
S2

	
S3






	
1#

	
10-25-45

	
0.5

	
3

	
4




	
2#

	
10-30-45

	
0.5

	
3.5

	
4




	
3#

	
20-30-40

	
1

	
3.5

	
3.8




	
4#

	
10-30-50

	
0.5

	
3.5

	
4.2




	
5#

	
15-25-50

	
0.75

	
3

	
4.2




	
6#

	
20-30-50

	
1

	
3.5

	
4.2




	
7#

	
10-30-60

	
0.5

	
3.5

	
4.5




	
8#

	
15-30-60

	
0.75

	
3.5

	
4.5




	
9#

	
15-35-60

	
0.75

	
3.75

	
4.5




	
10#

	
20-30-60

	
1

	
3.5

	
4.5
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Table 4. HJC constitutive model parameters.
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	ρ (g/cm3)
	G (GPa)
	    f C ′     (GPa)
	A
	B
	N
	C
	SFmax
	D1
	D2





	2.14
	13.1
	0.0388
	0.78
	1.6
	0.61
	0.007
	7.0
	0.04
	1



	T (GPa)
	EFmin (GPa)
	K1 (GPa)
	K2 (GPa)
	K3 (GPa)
	    μ  l o c k     
	Plock (GPa)
	    μ  c r u s h     
	Pcrush (GPa)
	E (GPa)



	0.00448
	0.01
	85
	−171.5
	208.5
	0.38
	0.25
	0.0013
	0.017
	33
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Table 5. Parameters of water.






Table 5. Parameters of water.





	Parameter
	C (m/s)
	S1
	S2
	S3
	     γ 0     
	a
	E





	Water
	1050
	2.56
	−1.986
	0.2268
	0.4934
	0.47
	2.895 × 10−6
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Coarse sandstone Fine sandstone: Bluestone.





