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Rock Breaking Mechanism and Process Optimisation of Jet Cutting Basic 
Roof Rock under Submerged jet Condition

The destruction of rock under the condition of a close submerged jet has become a hot topic of 
scientific research and engineering application in the past decade. With the unremitting efforts of a large 
number of experts and scholars around the world, gratifying progress has been made in the research 
of computational fluid dynamics (CFD) on the internal and external flow fields of the jet nozzle, the 
theoretical derivation of rock mechanics on the fracture initiation and propagation criteria of hydraulic 
fracturing, and the numerical simulation of jet erosion mechanism under the coupling of fluid and solid 
fields, however, for the rock mechanics hydraulic fracturing cutting engineering scale of non-oil drilling 
fracturing technology, the research on the fluid-solid coupling boundary conditions of fracturing fluid and 
hard dense rock under the flow state conditions of the submerged field inside and outside the borehole is 
not sufficient. In the calculation of the fluid-solid coupling boundary flow field under the non-submerged 
jet state, the control equation with Reynolds number between 2300-4000 shall be selected, while it belongs 
to the laminar flow state in the stage of hole sealing and pressurised fracturing. Therefore, Von-Mises 
equivalent plastic stress is selected in the mechanical model to calibrate the failure state of the rock-solid 
boundary, and the control equations of laminar flow and turbulent flow are selected to calibrate the fluid 
boundary. The mechanism of different stages of rock breaking by hydraulic fracturing jet can be further 
analysed in detail, and Comsol 6.0 multi-physical field simulation software is selected for verification. 
The research results will help deepen the understanding of rock breaking mechanism by jet and optimise 
the selection of parameters for field construction.
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1.	I ntroduction

Hydraulic fracturing refers to a technology in which material cracks rupture and expand due 
to the pressure of its internal liquid. In 1947, it was first applied in the Hugoton oil and gas field 
vertical well fracturing stimulation project in the southwest of Kansas, the United States [1]. After 
more than 70 years of development and exploration, hydraulic fracturing technology has become 
a major and reliable measure for the purpose of rock material destruction, such as natural gas 
extraction, oil and gas well stimulation and injection [2]. The direction and length of crack initia-
tion, propagation and development, as well as the interaction effect between three-dimensional 
cracks in materials have been studied and put into practice. The origin of high-pressure water 
jet technology is in the mining industry. In the 1930s, a water jet was used to flush coal seams 
in coal mines. In the early 1950s, the former Soviet Union used high-pressure pure water jets 
to drill granite bedrock [3]; Johnson V.E. Jr. [4] of the United States studied the optimisation 
of the relationship between jet nozzle structure, target distance, moving speed, and eroded rock 
material by the end of the 1980s [5]. The cutting efficiency of high-pressure water jet drilling 
was then increased by nearly 49.3%.

Hydraulic fracturing and high-pressure water jet cutting have a wide range of application 
fields, such as the cutting of ship decks, the repair and reconstruction of the basic bearing struc-
ture of ancient buildings with protection value, computer heat dissipation, and the rock cutting 
and destruction of coal mines that are difficult to use explosive blasting [6-7]. Therefore, it has 
always been the focus of attention of experts, scholars and engineers at home and abroad. Be-
cause it involves the interaction relationship between two materials with different properties of 
fluid and solid, the properties and states of the two materials have apparent changes in different 
stages, which makes it difficult for theoretical mechanical calculation and numerical simulation 
experiments to accurately describe the action process [8]. In the past nearly 60 years of research 
history, numerous overseas experts have provided us with a good work foundation and vision [9].

Researchers have applied a variety of research methods to various directions of hydraulic 
fracturing and high-pressure water jet cutting:

Bu Y.H. et al. [10] compared the rock-breaking experiments of the rotary jet and ordinary 
round jet and found that the rotary jet is superior to the ordinary round jet in the minimum 
threshold of rock-breaking pressure, breaking area and drilling forming degree. Raju S.P. [11] 
used an integral equation to describe the time average velocity of the internal and external flow 
field of the ejector at the space-time scale and compared and optimised the nozzle shape. Chigier 
and Chervinsky [12] conducted theoretical research on the external flow field of the jet under 
the turbulent state and established the integral control equation of the turbulent flow field of the 
rotating jet by using the assumption of approximate laminar flow of the boundary layer. By 2015, 
Wang Y.F. [13] further deduced the control equations of the internal and external flow fields of 
the nozzle under submerged jet conditions and compared the rock-breaking effects of submerged 
jet and non-submerged jet under laboratory conditions.

Scholars at home and abroad have conducted a lot of in-depth research on the experimental 
engineering of fluid-solid coupling multi-physical fields in the past three decades, and MIT’s 
Bate [14] successfully developed the experimental calculation method of fluid-solid coupling 
problem in commercial software; Choi [15], etc. used the method of separating variables to solve 
the mixed equation of the fluid-solid coupling problem, adopted the four-step method and ale 
technology, and cited the symmetric pressure equation.
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In this paper, based on the exceptional achievements made by domestic and foreign experts 
and scholars, the submerged jet flow field and the solid mechanical boundary state under the 
engineering scale will be further reproduced through the fluid solid coupling multi-physical field 
finite element analysis, and the rock jet erosion damage parameters applicable to specific condi-
tions will be obtained by comparing the effects of different shape jet nozzles on the turbulent 
fluid in the flow field and on the solid boundary, It provides a simple method for the application 
of rock mechanics in coal mine.

2.	E stablishment of multi physical field simulation model  
and structure of ejector

The internal space between the ejector and the borehole wall under the submerged jet state 
belongs to the slit [16-19]. Even if the internal pressure of the slit is very small when connecting 
the free and open outlet, the conditions for the occurrence of turbulent state may be met. The 
specific discrimination conditions are given by Poiseuille’s law, laminar flow flux formula and 
turbulent steady-state control equation [20]:
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Where, Q represents flow rate, m3/s; ΔP represents the increment of fluid pressure, MPa; η is the 
capacity factor; L is the distance travelled by the fluid, m; r is the aperture, m; q is Boyle’s law 
constant; ω is the motor speed of high-pressure water pump, times/s; S is the distance length of 
the fluid doing work, m.

The above equations (1), (2) and (3) are substituted into the Reynolds number calculation 
formula for calculation, wherein the geometric dimension r of the drilling slit is about 5×10–3 m. 
Dynamic viscosity coefficient of fracturing fluid μ about 1.088×10–6 kPa/s, the calculation 
shows that when the head pressure exceeds 5 MPa in the submerged state, the internal flow 
field of the borehole is divided into turbulence, and when the water injection pressure further 
rises, the packer works by maintaining a constant pressure and then returns to the laminar 
flow state. Therefore, the transient solver should be selected for the distribution solution when 
studying the jet rock breaking-process. The turbulence k-ε [21] ‘s transient control equation  
is as follows:
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Where u2 is the velocity field component, m/s; P is the pressure, MPa; k2 is the turbulent flow 
energy, n·m; ε is the turbulent dissipation rate; ρ is the fluid density, kg·m–3; ∇ is the symbol 
of Nabutchin operator; κ is a direction gradient matrix, μ is the dynamic viscosity coefficient, 
n·s/m3; T is the space tensor matrix

Three experimental models are designed to compare the difference in turbulent flow field 
distribution caused by different nozzle shapes according to the common structural forms of the 
jet in hydraulic fracturing of sandstone, granite and other hard rock layers at the construction 
site, as shown in Fig. 1. According to jet symmetry [22], three jet nozzle structure models are 
established: I. conical straight nozzle model; Ⅱ. V-shaped Swirling Nozzle model; Ⅲ. Conical 
necked nozzle model, as shown in Fig. 1(a)-(c). In order to control the experimental variables, 
the length of the steady laminar flow stage is 5 m, the length of the pressurisation acceleration 
contraction stage is 0.05 m, the length of the internal nozzle of the jet is 0.1 m, the outer diam-
eter of the jet is 0.75 m, and the drilling diameter is 0.8 m; The inlet pressure of the flow field 
is 50 MPa, the inner wall is a non-slip rigid body, and the outlet is an open outlet that is fully 
developed and inhibits backflow.

According to the grid division function of comsol 6.0, by comparing the convergence of 
0.1-0.4 mm scale grids [23], it is determined that the quality of the 0.2 mm grid is high, and the 
fluid-solid coupling boundary is set as the hydrodynamic calculation law based on the laminar 
flow control equation, which is conducive to the stability of the experimental results [24]. The grid 
partitioning method adopts the partitioning principle of iteratively selecting the optimal adaptive 
mechanical equation in version 6.0, and the time step calculation mode is 1e-3s.

In practical engineering applications, the interaction between the high-pressure and high-
speed fluid ejected by the high-pressure jet and the solid mechanical rock material can be divided 
into four stages [25-28]:

Stage I Water injection stage of jet: After the directional drill pipe is taken out, the jet packer 
is drilled into the target position by the fracturing drill pipe, and the high-pressure water pump 
transfers the fracturing fluid to the jet at a certain flow rate and pressure until the drill pipe vibrates, 
and the fracturing fluid returns from the bottom of the drill hole and is discharged from the orifice;

Stage II pressure holding stage of the jet: After the completion of the erosion and rock break-
ing operation, the packer is inflated with water, and the fracturing operation is started. The internal 
flow rate of the packer is basically zero, and the pressure is kept constant within a certain range.

Stage III erosion and rock breaking stage: Before the packer works, the high-pressure wa-
ter pump continues to pressurise, and the flow increases, causing the fracturing fluid to rapidly 
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impact the rock surface, destroying the integrity of the rock by erosion, grinding and shearing to 
achieve the purpose of cutting and inducing fractures.

Stage IV under certain conditions, the variable-frequency motor high-pressure water pump 
will be used to conduct jet cutting and fracturing on the rock that is difficult to damage in the 
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Mesh generation method of  
conical straight nozzle model

Mesh division method of V-shaped 
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Mesh generation of conical 
nozzle model

Fig. 1. Structure and mesh division of high pressure jet nozzle
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form of a pulse jet. In this case, the internal flow field of the drill pipe will always change repeat-
edly in the state of pressure holding and free opening, so the flow field status remains critical 
flow or turbulence.

Fig. 2. Internal flow field state of jet ejector in different stages

Then, the dense and hard medium-grained sandstone, which is typical and common in the 
basic roof rock, is selected to represent the target body of jet rock breaking and erosion, When 
hard conglomerate roof is rarely encountered, the research conclusion of tight sandstone can be 
further analogized to other types of roof conditions. The elastic modulus E is 7.07 GPa, and the 
density ρ 2560 kg/m3, cohesion is 2.5 MPa. The geometric dimension is 5×5 m, drill holes at 
the centre of the top of the test piece at the coordinates of (2.5, 2.5, 5), the hole depth is 1 m, the 
hole diameter is 0.08 m, and the internal depth is 0.075 m.

The uniformly distributed load of 10 MPa loaded on the top is: σV vertical stress; 15 MPa 
horizontal maximum principal stress applied on both sides of Y direction σH. Apply 12 MPa 
horizontal minimum principal stress in X direction σh. As shown in Fig. 3.

3.	 Results and analysis of fluid solid coupling simulation 
experiment

Based on the above experimental scheme and the divided mechanical model grid structure 
[29-31], the hypothetical conditions and calculation probes in the multi-physical field fluid-solid 
coupling experiment are set, so that the convergence of the experimental results can reach within 
1E-05. When the reference temperature K is set to 25℃, and the reference pressure level spf.pref 
as 1atm, the time step CFL as 0.1 s, the turbulence length lT is automatically selected based on 
the geometric length, the turbulence intensity LT is selected as 0.05 medium turbulence intensity, 
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and the normal backflow is suppressed. Based on the above conditions, the turbulence dissipation 
rate can be obtained ε and turbulent kinetic energy k2:
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The fluid velocity and equivalent Von-Mises stress on the fluid-solid coupling boundary 
surface are shown in Fig. 4.

It can be seen from the comparison of the surface velocity field of the fluid-solid coupling 
boundary in Fig. 4a-b-c show that the flow field inside the boreholes of the nozzle jet of the three 
structures has a turbulence calculation singularity [32], which exceeds 1E8 m/s, and it is dif-
ficult to appear on the engineering scale. This is because the turbulence effect causes the air 
movement speed of the inclusion in the fluid to exceed Mach 4, resulting in the calculation step 
length CFL 0.1 is no longer suitable for convergence. However, selecting a smaller time step is 
more disadvantageous to the accuracy of the calculation results. Therefore, when analysing the 
experimental results, the influence of singularity is excluded, and only the middle range of the 
threshold is compared, which is also the case when comparing the equivalent stress.

It can be seen that the average velocity of the flow field of the type II nozzle is the highest. 
According to the results stored by the probe, it should be 0.76E8 m/s. The peak velocity of the 
flow field of the type III nozzle is the highest, but the average value is slightly lower than that of 

        
a) Geometric dimension of specimen	 b) Grid division of specimen	 c) Boundary condition of test piece

 
d) Schematic diagram of load direction and drilling position

Fig. 3. Geometric mesh generation of three-dimensional specimen & boundary load conditions
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the type II nozzle, both of which are better than the type I nozzle. The higher the flow velocity of 
the flow field on the surface of the fluid-solid coupling boundary, the more apparent the erosion 
effect of the internal fluid on the rock surface. Therefore, from the perspective of the effect of 
erosion and rock breaking, a Type II / III nozzle is more suitable. The roof-cutting test for the type 
II nozzle was carried out on the S1201-Ⅱ working face of a mine in Shaanxi. The results show that 
under the conditions of jet pressure 25 MPa, nozzle diameter 1.5 mm, abrasive type yellow sand/
quartz sand, abrasive mass concentration 3.5% and cutting speed 4.4 mm/s, the developed system 
can make slits at the same time in 4 holes of 7000-8000 mm deep within a cycle time (50 min).

Comparing the surface equivalent stress field of d-e-f Von-Mises boreholes in Fig. 4 is 
straightforward. It can be seen that the average value of the surface equivalent stress field of 
type II boreholes is 1.25E8 MPa, which is much larger than the 0.33E8 MPa and 0.52E8 MPa 
of type I and type III boreholes. The magnitude of the surface stress field is mainly reflected in 
the jet mechanism of rock destruction by tension water wedge and dense core splitting. There 
is a stress difference between the high-stress concentration area and the adjacent area. From the 
point of view of equivalent stress, it can be concluded that the jet device with a type II nozzle has 
a better effect on the initiation and propagation of rock cracks than type I / III cracks.

4.	C onclusion

Based on the established multi-physical field fluid-solid coupling mechanical model, com-
bined with the relevant definitions and assumptions in computational fluid mechanics and rock 

   

   

Drilling surface velocity of type I 
nozzle jet

Drilling surface velocity of type Ⅱ 
nozzle jet

Drilling surface velocity of type Ⅲ 
nozzle jet

Von Mises equivalent stress field on 
drilling surface of type I nozzle jet

Von Mises equivalent stress field on 
drilling surface of type II nozzle jet

Von Mises equivalent stress field on 
drilling surface of type III nozzle jet

Fig. 4. Mechanical state of fluid-solid coupling boundary in two field coupling experiment
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mechanics, the mechanical models of the interaction between the internal flow field and rock 
of the three types of structure jets are established. The experimental conditions, the governing 
equations of turbulent computational fluid mechanics and the constitutive equations of rock me-
chanics are set up. According to the results of numerical simulation and theoretical calculation, 
based on the equivalent stress magnitude on the rock surface, the influence weight of nozzle 
shape structure is greater than the influence of drilling flow volume.

The comparison results of the flow velocity and the surface equivalent stress under certain 
conditions under the simulated engineering scale are obtained. According to the analysis of the 
experimental results, some further inferences about the field construction and the structural design 
of the jet can be obtained:

(1)	I n the structural design of the jet generator, the swirler with little influence on the flow 
velocity shall be added as much as possible, and the nozzle structure shall have as 
many inlets with parallel jet directions as possible to improve the erosion effect of the 
turbulence effect in the flow field on the rock surface;

(2)	I n the rock-breaking stage of the jet machine, the sand carrying fracturing fluid can be 
selected to further increase the erosion effect of the high-pressure jet on the rock surface 
and can be used as a proppant for fracture expansion in the fracturing stage;

(3)	 During on-site construction, the effect of increasing the pump pressure to a higher level 
in the high-pressure jet stage is not obvious. Instead, the flow rate and drill pipe diameter 
should be increased to cooperate with the type II nozzle jet to cut the hard and smooth 
surface rock.
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