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ABSTRACT: The influence of nozzle orifice number on the jet dynamics and rock-breaking performance of multi-
orifice abrasive water jets (MOAWJ) is systematically examined for precision drilling in pumped storage power
station construction. A VOF-DPM (Volume of Fluid–Discrete Phase Model) two-way coupling framework is first
employed to characterize the flow-field structure, velocity distribution, and spatial evolution of abrasive particles for
different orifice configurations. The resulting jet characteristics are then used as initial conditions in an SPH-FEM
(Smoothed Particle Hydrodynamics-Finite Element Method) coupling model to simulate the transient rock-breaking
process and elucidate the underlying micromechanical mechanisms. The results show that increasing the number of
orifices reduces inlet throttling and abrasive-particle agglomeration, while improving flow uniformity among the
individual orifices and maintaining better jet collimation. The mean water-phase velocity at the outlet is only weakly
dependent on the orifice count and remains approximately 231 m/s. In contrast, the mean abrasive-phase velocity
initially decreases and then increases with increasing orifice number, reaching a maximum of 205.80 m/s for the
seven-orifice configuration. Increasing the orifice count also broadens the spatial distribution of abrasive particles,
reduces the pronounced asymmetry observed near the side orifices, and promotes a more uniform distribution of
erosive action. The rock-breaking process exhibits four distinct stages, while increasing the number of orifices
enhances inter-orifice stress superposition and water-wedge effects, driving a transition in the dominant failure
mechanism from depth-controlled to area-controlled rock removal. At 300 µs, the seven-orifice configuration produces
a total rock-breaking volume 85.3% greater than that obtained with four orifices.

KEYWORDS:Multi-orifice abrasive water jet; dynamic characteristics; rock-breaking performance; nozzle orifice
count; numerical simulation

1 Introduction

To achieve the global strategic goals of carbon peaking and carbon neutrality, countries worldwide are
accelerating the large-scale integration of new energy sources represented by wind and photovoltaic power
into power grids, which has led to a sharp increase in volatility and uncertainty on both the supply and
demand sides of the power system. PSH (pumped storage hydropower) has become an indispensable pillar
of flexible regulation resources for building a new power system, owing to its comprehensive advantages of
technological maturity, large scale, long lifespan, and low levelized cost of storage [1–3]. The core of PSH
plant construction lies in the excavation and support of large-scale underground cavern complexes, the
safety and efficiency of which are highly dependent on precision drilling technology throughout the entire
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project lifecycle [4,5]. However, plant sites often face challenges posed by hard and highly abrasive rock
formations, such as granite [6]. Traditional mechanical drilling methods suffer from significant drawbacks,
including severe tool wear, low drilling efficiency, and high construction costs [7]. Therefore, there is an
urgent need to develop new, efficient rock-breaking drilling technologies capable of adapting to complex
geological conditions.

AWJ (abrasive water jet) technology, as a non-contact cold processing method, utilizes high-pressure
water to accelerate abrasive particles, forming a high-speed jet that achieves rock breakage through
erosion and crack propagation. It demonstrates unique potential for tackling hard rock and reducing
tool wear [8–10]. Employing it as a pre-breaking or auxiliary rock-breaking process offers a promising
innovative solution for the safe and efficient construction of PSH plants [11]. Various optimized variants
have been developed based on conventional abrasive water jet technology, such as improving jet machining
performance by adding polymer additives [12] and enhancing jet impact efficiency through nozzle structure
optimization [13] and multi-orifice design [14]. Among these variants, MOAWJ, as a significantly improved
configuration of traditional AWJ technology, has emerged as a prominent research focus in this field. For the
multi-orifice jet technology, scholars at home and abroad have carried out a series of research on the nozzle
structure design, rock-breaking performance verification and other aspects. At the nozzle structure design
level, Chi et al. [15] built a systematic design framework of multi-orifice nozzle with double evaluation
indexes of flow coefficient and self-advancing thrust, and proposed that the optimal number of front nozzle
orifices was 6 to 7 and the appropriate inclination range was 12.5◦ to 22.5◦; Bi et al. [16] developed a
new rotary-jet multi-orifice bit suitable for radial horizontal wells, and determined the optimal structural
parameters: the central nozzle is collinear with the tool axis, the deflection angle of the central forward
nozzle is 20◦, and the deflection angle and divergence angle of the outer nozzles are 20◦ and 15◦, respectively;
Ba et al. [17] used RNG k-𝜀 (Renormalization Group k-epsilon turbulence model) to carry out numerical
analysis of the flow field of the gradient jet orifice scheme, and clarified that the 20◦ and 30◦ low angle jet
orifice realized deep hole drilling with high axial flow rate, and the 60◦ high angle jet orifice completed
reaming operation with radial flow rate, completely revealing the mechanism of progressive superposition
borehole formation under the coupling effect of multiple jets; Lu et al. [18] designed a self-propelled
multi-orifice nozzle, taking rock-breaking performance and self-advancing capacity as evaluation indicators,
they optimized the nozzle structure and obtained the optimal parameter combination with an axial angle
of 25◦ and a radial angle of 90◦ for the forward jet orifices; Song et al. [19,20] carried out comparative
simulation of four-orifice and five-orifice configurations for geothermal high-temperature multi-orifice
hot jet nozzle, and proved that the comprehensive performance of five-orifice nozzle was better than four-
orifice from three dimensions of high-temperature fluid heat transfer, bottom hole pressure and cuttings
transportation, providing reference for the design of multi-orifice aperture and circumferential arrangement
under high temperature conditions; In terms of rock breaking mechanism and performance research, Zhu
et al. [21] used ALE (Arbitrary Lagrangian–Eulerian) algorithm to reveal the damage evolution law of
multi-orifice water jet under high confining pressure, and verified its advantages of reaming and drilling
stability; Lu et al. [22] revealed the rock-breaking mechanism of self-rotating orifice water jets through
CT scanning and scanning electron microscope observations: the cyclic impact can effectively weaken
the water cushion effect; rock failure is dominated by brittle tensile fracture, generating transgranular
and intergranular cracks, and presenting a multi-mechanism coupling mode of impact damage, crack
propagation and rock chip spalling; Liu et al. [23] optimized the spray orifice arrangement of self rotating
bit, and the performance of three front sprays outperforms double front sprays: although the two-orifice
configuration boasts the maximum flow coefficient, the three-orifice layout eliminates rock-breaking blind
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zones and delivers superior comprehensive performance; Ge et al. [24] studied and compared two kinds of
multi-orifice configurations without central orifice and with central orifice, the rock breaking efficiency
of the scheme with central jet can be improved by 47.3%, and the boss at the bottom of the hole can be
completely eliminated when the orifice spacing is less than 2.8 mm; Lu et al. [25] analyzed the regulation
laws of nozzle arrangement distance, diameter and axial angle of orifice nozzles on rock-breaking depth
and rock-breaking volume, and pointed out that for a drill bit with a diameter of 12 mm, the optimal nozzle
arrangement distance is 2.1 mm; Chi et al. [26] investigated and verified the borehole-extending capability
of the orifice radial jet technology, and concluded that increasing the pump flow rate can effectively extend
borehole length, while optimizing the nozzle flow distribution can significantly improve drilling operation
performance and borehole quality.

Existing studies have confirmed the technical advantages of MOAWJ in terms of hole-forming efficiency
and contour control, but most of them focus on pure water jet or low-pressure coal and rock conditions.
Under the condition of high-pressure AWJ, the influence of nozzle orifice count on the gas-liquid-solid
three-phase flow field structure, velocity distribution, and dynamic characteristics of abrasive particle
space evolution in the jet has not been systematically elucidated. In addition, there is insufficient research
on the microscopic mechanism of inter-orifice synergistic rock-breaking of MOAWJ and the quantitative
transformation law of rock-breaking mode with the orifice count, which is difficult to directly support the
fine-grained design of the nozzle for precision drilling in hard rock formation of pumped storage.

Therefore, based on the engineering requirements of precision drilling in pumped storage power station,
this study takes four-orifice to seven-orifice MOAWJ as the research object. The VOF-DPM bidirectional
coupling model is used to systematically analyze jet flow field structures and velocity distributions under
different orifice counts, and clarify the spatial distribution characteristics of abrasive particles. We further
couple the SPH-FEM algorithm to conduct granite rock-breaking simulationswith jet dynamic characteristics
as initial boundary conditions, and reveal the micromechanism of orifice count regulating rock-breaking
efficiency and failure modes. The research results can provide theoretical support and design basis for the
application of MOAWJ rock-breaking technology in the precision drilling of pumped storage hard rock
formation.

2 Mathematical Model and Geometric Model

2.1 Governing Equation

The VOF (Volume of Fluid) method is only used to solve the macroscopic free-surface between water
and ambient air, and is not used to characterize the phase interfaces of discrete abrasive particles. The
abrasive volume fraction of the AWJ in this study is merely about 1%, which falls into the dilute-phase
dispersed system. The multi-fluid method based on the Euler-Euler framework is more applicable to dense-
phase particle flow systems. In contrast, the VOF-DPM method adopted in this paper, which is built on the
Euler-Lagrange framework, can accurately track the motion trajectories and momentum transfer processes
of individual particles, and better capture the discrete spatial distribution and anisotropic characteristics
of abrasive particles. This coupling scheme avoids the interface resolution defects that occur when the
VOF method is directly applied to particle-bubble flows. It has been extensively validated and applied in
the numerical simulation of gas-liquid-solid three-phase flow inside abrasive water jet nozzles [27], which
demonstrates the rationality and accuracy of the method selected in this paper.

In this study, the VOF-DPM model is used to describe the gas-liquid-solid three-phase coupling process
in MOAWJ. The VOF is used to capture the free interface of the gas-liquid two-phase, and the DPM (Discrete
Phase Model) is used to track the trajectory of abrasive particles, and the bidirectional coupling between
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the two-phase flow and particles is considered. The RNG k-𝜀 model is selected as the turbulence model. The
PISO algorithm is adopted for pressure-velocity coupling. In terms of spatial discretization, the PRESTO!
scheme is used for pressure solution, and the second-order upwind scheme is employed to solve the
momentum and turbulent terms. The discrete random walk model is activated for DPM. Before injecting
particles in the transient DPM calculation, the flow field reaches convergence via steady-state computation.
Since an excessively small-time step consumes massive computational resources while an overlarge time
step tends to cause numerical divergence, an appropriate time step of 1 × 10−6 s was chosen [27–29].

The VOF-DPM model adopts differential-form governing equations for continuous-phase flow. The
mass conservation, momentum conservation, mixture property relations and volume-fraction transport
equation are given in Eqs. (1)–(8) [30]:

𝜕𝜌𝑚
𝜕𝑡

+
𝜕(𝜌𝑚𝑢𝑖)
𝜕𝑥𝑖

= 0, (1)

where 𝜌m is the density of the mixed fluid, t is time, ui is the average velocity component in direction i, xi
is the spatial coordinate component.
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[−𝜌𝑚𝑢′𝑖𝑢′𝑗] + 𝐹𝑣𝑜𝑙,𝑖, (2)

where uj is the average velocity component in direction j, xi and xj are the spatial coordinate components,
p is the static pressure, 𝜇m is the dynamic viscosity of the mixed fluid, 𝑢′𝑖𝑢′𝑗 is the velocity fluctuation
covariance for Reynolds-stress tensor, Fvol,i is the volume force source term in the i-direction. And Fvol,i
should be expanded explicitly as the sum of three contributions:

𝐹𝑣𝑜𝑙,𝑖 = 𝜌𝑚𝑔𝑖 + 𝐹𝜎,𝑖 + 𝐹𝑝,𝑖 (3)

where 𝜌mgi is the gravitational body force, with gi being the gravitational acceleration component; F𝜎,i is
the surface tension force, modeled using the continuum surface force (CSF) approach:

𝐹𝜎,𝑖 = 𝜎𝜅𝛿𝑠𝑛𝑖 (4)

where 𝜎 is the surface tension coefficient, 𝜅 is the interface curvature, 𝛿s is the Dirac delta function at the
interface, and ni is the unit normal vector component to the interface;

Fp,i is the reaction force from abrasive particles on the fluid (two-way coupling source term), computed
from the discrete phase model (DPM):

𝐹𝑝,𝑖 =
1
Δ𝑉

∑
𝑝
(−𝐹𝐷,𝑝 − 𝐹𝑣𝑚,𝑝 − 𝐹𝑝𝑟𝑒𝑠𝑠,𝑝) (5)

where ΔV is the control-volume size, and FD,p, Fvm,p, Fpress,p are the drag force, virtual mass force, and
pressure-gradient force acting on each particle (their reaction forces are exerted on the fluid). The subscript
p denotes the index of particles contained within the control volume ΔV.

𝜌𝑚 = 𝛼𝑙𝜌𝑙 + (1 − 𝛼𝑙)𝜌𝑔 , (6)

where 𝛼l is the liquid phase volume fraction, 𝜌l is the density of liquid phase, 𝜌g is the density of gas phase.
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𝜇𝑚 = 𝛼𝑙𝜇𝑙 + (1 − 𝛼𝑙)𝜇𝑔 , (7)

where 𝜇l is the dynamic viscosity of liquid phase, 𝜇g is the dynamic viscosity of gas phase.

𝜕𝛼𝑙
𝜕𝑡

+
𝜕(𝛼𝑙𝑢𝑗 )
𝜕𝑥𝑗

= 0, (8)

RNG k-𝜀 is used for the continuous phase. This model can improve the prediction accuracy of vortex
structure and recirculation zone, and its governing equation is shown in Eqs. (9) and (10) [31]:
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where k is the turbulent kinetic energy, 𝜀 is the turbulent dissipation rate, and Gk is the turbulent kinetic
energy generation term, C1𝜀 and C2𝜀 are empirical model constants, 𝛼k and 𝛼𝜀 are the reciprocal of the
effective Prandtl number corresponding to the turbulent kinetic energy k and turbulent dissipation rate 𝜀
transport process, respectively. 𝜇t is the turbulent viscosity, with the model constant C𝜇 = 0.0845:

𝜇𝑡 = 𝜌𝑚𝐶𝜇
𝑘2

𝜀
(11)

The motion equation of abrasive particles is [32]:

𝑑𝑢𝑝
𝑑𝑡

= 𝐹𝐷(𝑢𝑚 − 𝑢𝑝) +
𝑔(𝜌𝑝 − 𝜌𝑚)

𝜌𝑝
+ 𝐹𝑥 , (12)

where FD is the drag coefficient acting on particles per unit mass, up is the particle velocity, um is the
velocity of the mixed fluid, FD(um − up) is the drag force per unit mass of particles, 𝜌p is the particle density,
Fx is the collective term for additional forces, which mainly includes the virtual mass force (also called
added mass force) induced by fluid inertia and the pressure gradient force. Under the high-velocity flow
condition of abrasive water jets, the prominent relative acceleration between abrasive particles and water
flow makes the virtual mass effect non-negligible. In the VOF-DPM two-way coupling calculation, the
virtual mass force has been introduced into the particle momentum equation in the form of additional
mass and acceleration terms, and its reaction on the continuous fluid phase is also considered in the source
term iteration.

In the two-way coupling calculation, the flow field and particle information are exchanged iteratively
in each time step: first, the VOF flow field is solved, then the particle position and force are updated, and the
reaction force of particles on the fluid is fed back to the flow field equation in the form of source term. This
two-way coupling mechanism fully considers the local momentum transfer between the continuous water
phase and discrete abrasive particles: the velocity change of the water phase directly drives the acceleration
and deceleration of particles, while the velocity fluctuation and disturbance of the particle phase will in
turn modify the local velocity profile of the liquid phase, so as to realize the interaction between abrasive
particles and jet flow field [33].
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2.2 Geometric Model and Boundary Conditions

The multi-orifice nozzle consists of multiple single-orifice nozzles, each with a straight inlet section,
a conical contraction section, and a straight outlet section. Refer to Table 1 for the geometric structure
and outlet flow domain dimensions. The real object and model of the multi-orifice nozzle are shown in
Fig. 1. The computational domain is discretized with structured grids, and the central region with dramatic
changes in jet velocity is meshed.

The jet pressure is set at 30 MPa, the wall is no-slip wall, and the abrasive is 80-mesh garnet. The
abrasive mass flow is fine-tuned according to the flow of the MOAWJ with different orifice counts, so
that the corresponding abrasive volume fraction is about 1%. The abrasive mass flow of the MOAWJ with
four-orifice to seven-orifice is 0.227 kg/s, 0.285 kg/s, 0.340 kg/s, 0.396 kg/s, respectively. The abrasive inlet
surface is set as the random starting point. The specific boundary conditions and initial condition parameter
settings are shown in Table 2.

Table 1: Parameters of multi-orifice nozzle.

Parameters of Multi-Orifice Nozzle Value Parameters of Multi-Orifice Nozzle Value

Orifice count 4; 5; 6; 7 The free jet area outside the nozzle length/(mm) 150

The pipe at the front end of the nozzle
length/(mm) 25 Center distance between central nozzles and side

nozzles/(mm) 15

Straight pipe section length at nozzle inlet
end/(mm) 10 The nozzle inlet diameter/(mm) 9

Nozzle contraction section length/(mm) 23 The nozzle outlet diameter/(mm) 3

Straight pipe length at nozzle outlet end/(mm) 11 The free jet area outside the nozzle
diameter/(mm) 60

  
(a) (b) 

Figure 1: Geometric models of multi-orifice nozzles and multi-orifice jets (a) physical object of multi-orifice nozzle;
(b) multi-orifice jet model.

Table 2: Parameters of boundary conditions and initial conditions.

MOAWJ Parameters Value MOAWJ Parameters Value

Nozzle Inlet Pressure/(MPa) 30 Density of water/(kg⋅m−3) 998
Nozzle outlet pressure/(MPa) 0.1 Viscosity of water/(mPa⋅s) 1
Abrasive particle size/(mm) 0.18 Abrasive volume fraction 1%
Abrasive density/(kg⋅m−3) 3500
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2.3 Numerical Model Verification

Fig. 2 shows the results of grid independence verification and method reliability verification. As shown
in Fig. 2a, the five-orifice AWJ simulation with an inlet pressure of 30 MPa was carried out with different
grid numbers. When the grid number reached 6.31 million, the minimum orthogonal quality of the grid was
0.601, the minimum volume was 8.2e−3 mm3, and the nozzle outlet velocity tended to be stable. The grid
number was determined to be the minimum number of computational grids. In addition, Fig. 2b compares
the 5 MPa single orifice AWJ velocity reproduced by the VOF-DPM model with the AWJ velocity under the
same parameters and working conditions in the literature [34], showing good consistency, which proves
that the model parameter setting is reasonable and the simulation accuracy is reliable.

 
(a) (b) 

Figure 2: Grid independence verification and method reliability verification (a) grid independence verification;
(b) comparison of simulated jet velocity with literature results [34].

2.4 Rock Breaking Model and Material Parameters

The crushing process of rock under the action of AWJ is accompanied by complex phenomena such as
hypervelocity collision, large deformation and fracture failure. The traditional FEMmethod has the inherent
defect of mesh distortion when simulating such large deformation problems [35]. In this study, the SPH-FEM
coupling algorithm is introduced for numerical simulation, in which the water and abrasive are modeled by
SPH particles, and the rock target is discretized by FEM elements. The interface coupling between the two is
realized by penalty function. The algorithm has both good calculation accuracy and solution efficiency and
can completely reproduce the whole process of jet impact, rock damage development and fragmentation
expansion [36,37]. The jet phase is described by the NULL material model and Mie-Grüneisen equation of
state, and the parameters of the water and abrasive model are shown in Table 3. The rock model adopts the
granite RHT (Riedel–Hiermaier–Thoma) constitutive model with uniaxial compressive strength of 119 MPa,
which can adapt to the dynamic failure process of granite under high strain rate and large deformation. Its
core parameters are shown in Table 4, and other constitutive parameters are shown in reference [38].

The rock-breaking model of the jet is shown in Fig. 3. The size of the rock model is 80 mm × 80 mm
× 50 mm. The non-reflective boundary, defined using the keyword BOUNDARY_NON_REFLECTING, is
applied on the bottom and four sides to simulate the semi-infinite rock mass, with a target distance of
10 mm. The coupling contact between SPH particles and FEM rock elements is realized via the keyword
CONTACT_ERODING_NODES_TO_SURFACE. The soft contact option (SOFT = 1) is enabled to mitigate
the penetration of SPH particles into the solid elements. The time step scale factor (TSSFAC) is set to 0.67,
and the hourglass coefficient is defined as 0.1. A fixed rigid shell is set outside the jet beam to eliminate the
interference of the reflected jet on the incoming jet and the subsequent jet. The velocity of the MOAWJ and
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the abrasive distribution area obtained from the jet simulation are derived, and the simplified assumptions
that the abrasive and water are given initial values at their respective average velocities and the abrasive is
uniformly and randomly distributed in the abrasive distribution area are made as the initial and boundary
conditions of the jet in the subsequent simulation of MOAWJ rock breaking. SPH particles were generated
by filling the jet domain with an initial spacing of 0.2 mm in the x, y and z directions, yielding a total of
74,220 particles. The FEM rock mesh had a size of 0.4 mm. The total number of FEM elements was 5 × 107.
When the particle spacing was reduced to 0.1 mm and the FEM mesh size was refined to 0.2 mm, the rock
erosion volume at 300 µs, which only had a relative difference of approximately 2% compared with the
result of the original model 4.385 mm3. However, the refined model exhibited a dramatic increase in file size
and computational cost. Therefore, the model with an FEM mesh size of 0.4 mm and SPH particle spacing
of 0.2 mm was selected for subsequent simulations.

Table 3: Model parameters of water and abrasives.

Materials ρ0/(kg⋅m−3) C/(m⋅s−1) S1 S2 S3 a γ0

Water 1000 1480 2.56 −1.99 1.2268 0 0.35
Abrasive 3500 4569 1.49 0 0 0 2.17

Table 4: Constitutive parameters of granite.

Parameters Value Parameters Value Parameters Value

mass density
𝜌0/(kg⋅m−3) 2700 Failure plane

parameter N 0.56 Fracture surface
parameter A 1.6

shear modulus of
elasticity G/(MPa) 24,170 Relative tensile

strength ft
0.1 Porosity Index Np 4

Uniaxial
Compressive

Strength fc/(MPa)
119 relative shear

strength fs
0.38 Initial porosity 𝛼 1.1

  
(a) (b) 

Figure 3: Five-orifice AWJ rock breaking model (a) overall model diagram; (b) top view of five-orifice AWJ.
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3 Results and Discussion

3.1 Flow Field Structure and Velocity Distribution Characteristics of MOAWJ

Regarding the gas phase in the established gas-liquid-solid three-phase VOF-DPM model, it is mainly
confined to the free interface region at the jet periphery and the interaction zone between the jet and
ambient air. The core region of the jet that dominates rock-breaking behavior is dominated by high-velocity
water-abrasive two-phase flow, while the gas phase only participates in the entrainment and diffusion
process of the jet boundary layer, and the evolution of the gas-liquid interface has been fully captured by
the VOF method. Since the rock-breaking effect of the abrasive water jet is mainly driven by the high-speed
impact of the water-abrasive two-phase core jet, the direct contribution of the gas phase to rock-breaking
performance is negligible. For this reason, the subsequent rock-breaking analysis focuses on the dynamic
characteristics of the water-abrasive two-phase jet.

Fig. 4 shows the particle trajectory and water velocity contour of MOAWJ under different nozzle orifice
counts. The maximum velocity of the jet is 244 m/s, showing the macro flow mechanical characteristics
of the whole process of the jet from inlet throttling, contraction section acceleration, outlet velocity peak
to downstream diffusion attenuation. When the orifice count is small, the total flow area of the nozzle is
small, the inlet throttling effect is significant, the turbulent fluctuation is strong, and the abrasive particles
are easy to stay and agglomerate in the inlet area, resulting in high local particle concentration in the
nozzle. With the increase of the orifice count, the uniformity of the inlet flow field is improved, the particle
agglomeration phenomenon is weakened, the particle distribution of each orifice is more uniform, the
acceleration process in the contraction section is more stable, and the convergence of the outlet jet and
the collimation of the particle trajectory are improved. The results show that properly increasing the
orifice count can optimize the internal flow field structure of the nozzle, alleviate the agglomeration and
accumulation of abrasive particles, and improve the overall stability of the jet.

Figure 4: Contours of abrasive particle trajectories and water velocity for nozzles with different orifice counts. The
contours and particle trajectories adopt a blue-to-red gradient color scheme, which respectively represent the velocity
of water flow and abrasive particles increasing from low to high.
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Fig. 5 shows the radial velocity distribution law of the outlet section of the center nozzle and the side
nozzle of four kinds of multi-orifice nozzles: four-orifice, five-orifice, six-orifice and seven-orifice. It can
be seen from Fig. 5a that the radial velocity at the outlet of the central nozzle presents a quasi-flat-top
distribution pattern of overall “high speed and stability in the broad core area and sharp attenuation near
the wall”, with only a subtle local velocity depression occurring exactly at the geometric center inside
this flat-top platform. The velocity in the core area of the jet is relatively stable and maintained at a high
level with strong energy concentration. However, the abrasive is also concentrated in the center of the
jet, resulting in a slight local minimum velocity only at the central point rather than an obvious V-shaped
velocity trough across the whole core area. This feature is most obvious in the central jet of the four-orifice
jet, and the velocity on both sides is high, potentially reflecting that the abrasive of the four-orifice jet
is the most concentrated. The maximum velocity of the four-orifice jet is 241.27 m/s, which is slightly
higher than those of the five-orifice, six-orifice and seven-orifice nozzles, whose maximum velocities are
235.36 m/s, 237.40 m/s and 239.51 m/s, respectively. It can be seen from Fig. 5b that the velocity distribution
of the side nozzle presents certain asymmetric characteristics relative to the central nozzle. The jet velocity
of the boundary layer on the side far away from the central nozzle is lower than that on the side close
to the central nozzle. This phenomenon is gradually not obvious with the increase of the orifice count.
The velocity difference between the two sides is 16.2 m/s for four-orifice, and about 10 m/s for six-orifice
and seven-orifice. This is because the inner boundary near the center of the nozzle array is replenished
by the entrainment and momentum of the jet from adjacent orifices, and the velocity attenuation in the
boundary layer is slower. With the increase of the orifice count, the interaction of the outflow from each
orifice tends to be balanced, and this asymmetric characteristic will gradually weaken. The results show
that the orifice count directly determines the velocity distribution characteristics and spatial uniformity on
the radial line of the outlet section. The abrasive aggregation effect of the center jet is stronger, and the
velocity asymmetry of the side jet is more significant under the low orifice count structure. The high orifice
count structure can effectively balance the flow state of each nozzle orifice and weaken the distribution
distortion of the side nozzle. In practical application, the orifice count can be optimized according to the
requirements of rock breaking energy concentration and working face flatness.

  

(a) Radial velocity distribution at the outlet of the central nozzle (b) Radial velocity distribution at the outlet of side nozzles 

Figure 5: Velocity distribution on the radial line of the nozzle outlet cross-section with different orifice counts (a) the
coordinate origin represents the center points of the outlet circle of the central nozzle; (b) the X = 15 mm represent
the center points of the outlet circle of the side nozzle.

Fig. 6 shows the velocity distribution along the axis of the central jet and the side jet under the working
conditions of the multi-orifice nozzle with different orifice counts, as well as the average velocity variation
law of the water phase and the abrasive phase at the jet outlet section. It can be seen from Fig. 6a that the
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axial velocity along the jet under all working conditions presents typical flow characteristics of low-speed
inflow, rapid acceleration in the contraction section, peak velocity near the outlet and slow attenuation
in the downstream; The peak velocity of the four-orifice jet outlet is the lowest, and the peak velocity
increases significantly when the orifice count increases to 5. The peak velocity of the six-orifice and
seven-orifice conditions tends to be stable. Under the condition of low orifice count, the velocity of the side
jet is significantly lower than that of the central jet due to the wall shear effect. With the increase of the
orifice count, the velocity difference between the two continues to narrow, and the consistency of the flow
from each orifice gradually improves.

It can be seen from Fig. 6b that the average velocity at the outlet of the aqueous phase is slightly
affected by the orifice count, and is generally stable at about 231 m/s; The average velocity of abrasive phase
decreases first and then increases with the increase of the orifice count. The lowest velocity is 199.57 m/s
under the condition of five-orifice, and the peak value is 205.80 m/s at the time of seven orifices. The main
reason for this phenomenon is the increase of the orifice count. On the one hand, it improves the water
flow velocity in the inlet channel, which increases the collision probability between abrasive particles and
the wall during the flow separation process, resulting in the loss of local kinetic energy. On the other hand,
it improves the uniformity of the flow field in the nozzle, makes the force on particles more uniform, and
enhances the continuous traction and acceleration of particles along the direction of high-speed water
flow. The two effects work together, so that the average velocity of abrasive outlet first decreases and then
increases with the increase of the orifice count. Under the same working condition, the average abrasive
velocity of the center jet is slightly higher than that of the side jet, the average velocity of the water phase
has no obvious difference. This is mainly because the volume fraction of abrasive particles is only about
1%, and the difference in the average velocity of abrasives is small. The momentum feedback of particles
to the water phase has a limited effect on the cross-sectional average velocity. The abrasive velocity is
always lower than the water velocity, which reflects the momentum transfer lag characteristics of particle
acceleration. In conclusion, the orifice count will significantly change the exit velocity of abrasive particles,
the seven-orifice structure is more conducive to improving the abrasive acceleration effect, and the water
phase velocity is basically not affected by the number and position of nozzle orifices.

  

(a) Velocity distribution along the jet axis (b) Comparison of average velocities of the water phase and 
the abrasive phase at the outlet section 

Figure 6: Jet velocity distribution characteristics of nozzles with different orifice counts (a) the numerals in the
legend “Number-C(S)” stand for the orifice count, where C(S) refers to central (side) nozzle jets; (b) comparison of
average velocities of the water phase and the abrasive phase at the outlet section.
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3.2 Spatial Distribution and Discrete Evolution Law of Abrasive Particles at the Outlet Section

Fig. 7 shows the spatial distribution characteristics of abrasive particles at the nozzle outlet section
with different orifice counts, including the comparison of two groups of center orifices and side orifices.
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Figure 7: Spatial distribution characteristics of abrasive particles at the outlet section of nozzles with different orifice 
counts. 

Figure 7: Spatial distribution characteristics of abrasive particles at the outlet section of nozzles with different orifice
counts.
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After the numerical calculation reaches the steady state, 1000 steps of continuous sampling are taken at
the nozzle outlet section to count the impact point of abrasive particles. The probability density distribution
of particles is obtained by using two-dimensional kernel density estimation method (the number of X/Y
grid points is 30, and the calculation range is 3 mm × 3 mm, which is consistent with the geometric contour
of the nozzle orifice with a diameter of 3 mm). Using the Origin software, a 95% confidence ellipse is fitted
from the coordinates of all sampled particles. Statistically, this ellipse covers the region containing 95%
of all abrasive impact points. Its major-axis length, minor-axis length, area and ellipticity are adopted to
quantitatively characterize the dispersion range and anisotropy of the spatial distribution of abrasives. In
the figure, the gray solid line circle is the contour of the spray orifice, the red scattered points are the falling
points of single particles, and the darker the color of the green cloud image, the higher the probability
density of particles. The red dotted line is a 95% confidence ellipse, and each sub-icon note corresponds to
the coordinates of the ellipse center, which can reflect the distribution range of 95% particles.

For the center orifice particles, under all working conditions, the abrasive particles are concentrated
in the center area of the nozzle orifice, the high-density core area basically coincides with the geometric
center of the nozzle orifice, and the particles in the four-orifice condition are in an asymmetric triangular
aggregation shape. As the orifice count increases from 4 to 7, the particle distribution profile gradually
transits to a nearly circular shape with good symmetry under the seven-orifice condition, and the anisotropy
of the circumferential distribution is significantly weakened. From the perspective of kernel density charac-
teristics, the particle aggregation is strong under the condition of low orifice count, and the concentration
in the high-density area and the local particle aggregation degree are high; With the increase of the orifice
count, the high-density region diffuses evenly around, the radial dispersion of particles increases, and the
agglomeration effect is obviously weakened. This is because the total flow area of the nozzle increases
with the increase of the orifice count, the throttling effect of the inlet cavity is weakened, the turbulent
distribution of the internal flow field is more uniform, the force symmetry of particles in the channel is
improved, and the radial fluctuation is enhanced after the outflow, which finally shows the expansion of
the distribution range and the improvement of the circumferential uniformity.

The particle distribution at the outlet of the side orifice shows significant anisotropy, and the overall
shape is an ellipse elongated along the horizontal direction. The dispersion degree in the short axis direction
is much lower than that in the long axis direction, which is the result of the joint action of wall constraint
effect and adjacent jet entrainment. Under the condition of four-orifice, the particle height is concentrated in
narrow and long strips, and the transverse tensile characteristics are the most significant; As the orifice count
increased to 7, the particles expanded significantly along the short axis, the ovality decreased continuously,
and the distribution uniformity improved significantly.

Fig. 8 shows the variation of quantitative characteristic parameters extracted based on 95% confidence
ellipse with the orifice count. Fig. 8a reflects the evolution law of the long axis and short axis of the
confidence ellipse. The long axis of the central ellipse increases slightly and gently with the increase of the
orifice count, the short axis increases linearly and continuously, and the difference between the long axis
and short axis decreases continuously, which quantitatively confirms the distribution characteristics of
the central orifice particles in Fig. 7 from irregular shape to near-circular convergence and the anisotropy
continues to weaken. The long axis of the edge ellipse fluctuates from 1.85 mm to 2.03 mm in the whole
process, and the overall change is gentle. The short axis increases significantly with the increase of the
orifice count. The short axis is only 0.54 mm in four-orifice, and rises to 1.24 mm in seven-orifice. The
expansion range of the short axis is much larger than that of the long axis, which is the core reason for the
continuous decline of the ellipticity of the edge ellipse.
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Fig. 8b shows the evolution law of the area of the confidence ellipse. The area of the confidence
ellipse of the central orifice and the side orifice increases monotonously with the orifice count. The area of
the confidence ellipse of the central orifice increases from 1.266 mm2 to 1.816 mm2, and the increase of
the area of the confidence ellipse of the side orifice is significantly higher than that of the central orifice,
from 0.847 mm2 in the case of four-orifice to 1.970 mm2 in the case of seven-orifice, indicating that the
orifice count parameter has a stronger effect on the control of the distribution range of the particles in
the side orifice. Under the same orifice count, the ellipse area of the center orifice under the conditions of
four-orifice, five-orifice and six-orifice is larger than that of the side orifice, and the ellipse area of the side
orifice under the conditions of seven-orifice is larger than that of the center orifice.

  
(a) (b) 

Figure 8: Variation diagram of quantitative characteristic parameters for extracting confidence ellipses of abrasive
distribution at nozzle outlet sections with different orifice counts (a) variations in the major and minor axes of the
confidence ellipse; (b) area of confidence ellipse and kernel density peak.

To sum up, under the condition of the same orifice count, the particle distribution symmetry of the
central orifice is significantly better than that of the side orifice, the shape is more circular, the anisotropy
is weaker, and the particles are evenly distributed around the center of the nozzle orifice; The side orifice
is affected by the superposition of the wall constraint effect and the adjacent orifice flow field, and its
distribution shape is offset and unidirectional elongated, and its uniformity is weaker than that of the
central orifice. With the increase of the orifice count, the increase of the confidence ellipse area of the
side orifice is larger than that of the center orifice, which indicates that the orifice count parameter has
a more significant effect on the control of the dispersion characteristics of the side orifice particles. On
the whole, increasing the orifice count can effectively improve the distribution uniformity of abrasive
particles at the outlet, and expand the effective range of the jet. The improvement effect of the distribution
uniformity of the side orifices is more prominent, which helps to reduce the effect difference between the
orifices of the multi-orifice jet, and improve the flatness of the rock breaking face and the overall energy
utilization efficiency.

A flatter working face is preferred in precision drilling engineering because it reduces the need for
subsequent leveling operations, minimizes stress concentration points that could lead to uncontrolled
crack propagation, and improves the accuracy of contour control for the final borehole shape [4,5]. Ad-
ditionally, a flat fracture surface ensures more uniform load distribution during subsequent support and
excavation processes.
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3.3 Rock Breaking Performance of MOAWJ and Synergistic Mechanism between Orifices

Fig. 9 shows the temporal and spatial evolution characteristics of rock damage at different times in
50–300 µs during the process of five-orifice AWJ impacting granite, including two observation dimensions
of profile and top view, which can systematically reveal the damage development law of rock breaking by
multi-orifice jet and the synergistic mechanism between holes. From the section view, it can be seen that
the overall rock damage is a conical distribution of “wide at the top and narrow at the bottom”, and the
damage degree decreases layer by layer from the impact surface to the deep part of the rock mass. At the
initial stage of impact, only an independent shallow damage zone was formed directly below each jet. With
the increase of impact time, the damage expanded synchronously along the vertical and radial directions.
After 150 µs, the damage superposition occurred in the rock mass between the holes, and a continuous
transverse through fracture zone was formed at 200 µs; At the later stage of impact, the lateral propagation
rate slowed down, and the damage was mainly caused by deep erosion. The bottom of the fracture zone
showed a wave shape corresponding to the jet arrangement.

 

Figure 9: Diagram of rock damage evolution under impact of five-orifice AWJ. Damage (0 ≤ D ≤ 1) denotes the
dimensionless damage degree for the granite RHT constitutive model; the color change of the color scale in the figure
represents the degree of rock damage, ranging from blue (D = 0, undamaged) to red (D = 1, fully damaged).

From the top view, it can be seen that the rock surface damage presents an evolution trend from discrete
to continuous. At 50 µs, there are five independent circular impact damage points, and the proportion
of complete damage is very low; As the impact continues, the radial size of each damage zone continues
to increase, and the holes gradually close to each other. At 250 µs, it completely penetrates to form a
cross-shaped continuous fracture surface; In the later stage, the crushing area increased slowly, the edge
was gradually smoothed, and the overall shape was highly consistent with the arrangement of nozzle
orifices. Based on the present SPH-FEM simulation results, the whole evolution process can be divided into
four stages: initial damage initiation, independent damage propagation, damage breakthrough and fracture,
and stable deep erosion. After the high-pressure jet impinges on the rock mass to produce microcracks, the
water flow penetrates into the cracks to form the water wedge effect, that is, the concentrated tensile stress
at the crack tip continues to expand and extend the cracks. The synergetic effect of stress field superposition
between holes and the water wedge is the core driving force for the premature fracture of the rock mass
between holes.

It can be seen that the rock breaking by five-orifice AWJ has distinct stage and synergy, and the rock
mass between holes can be broken without direct impact under the action of bidirectional shear, which
effectively improves the rock breaking area and energy utilization efficiency; At the later stage of impact,
the rock breaking mode changed from lateral expansion to deep erosion, and the overall rock breaking
efficiency gradually stabilized.
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Fig. 10 shows the rock damage distribution of MOAWJ at 300 µs under four working conditions of
orifice 4, 5, 6 and 7. It can be seen from the figure that the rock breaking area under four working conditions
is in the form of discrete independent impact pits, the damage areas of each hole are separated from each
other, there is no obvious penetration effect between holes, the effective rock breaking area is small and the
regularity of the fracture surface is poor; Under the condition of five-orifice, the damage area is distributed
in a cross shape, and the damage area of the central hole and the peripheral hole is initially connected,
but the penetration between the holes is not sufficient, and the edge fragmentation degree is unevenly
distributed; Under the condition of six-orifice, the damage areas of each hole are further closer, the rock
mass between holes has produced obvious damage superposition, and the continuity and integrity of the
fracture surface are significantly improved; Under the seven-orifice working condition, the damage area of
each hole is fully penetrated, forming a continuous quasi circular fracture surface as a whole, the complete
damage area is evenly distributed, there is no obvious unbroken rock mass between the holes, the effective
rock breaking area reaches the maximum in all working conditions, and the flatness of the fracture surface
is the best.

Figure 10: Rock damage diagram of rock breaking by MOAWJ under different orifice counts (300 µs). Damage
(0 ≤ D ≤ 1) denotes the dimensionless damage degree for the granite RHT constitutive model.

The above rock breaking characteristics are highly consistent with the velocity distribution and
abrasive particle distribution in the jet. Under the condition of low orifice count, the total flow area of the
nozzle is small, the interaction of jets in each hole is weak, and the rock between holes is difficult to be
impacted by the synergistic impact, so the rock breaking is mainly characterized by independent deep pits;
With the increase of the orifice count, the flow uniformity of each jet orifice is improved, the distribution
range of abrasive particles is expanded and the discreteness is enhanced, and the stress field of adjacent
jets and the water wedge effect are fully superimposed, so that the rock between holes is synergistically
broken under the action of two-way shear, and the damage can be generated without direct impact of jets,
which ultimately promotes the transformation of rock breaking mode from “depth dominated” to “area
dominated”. It can be seen that the orifice count can effectively control the rock breaking mode and effect
of MOAWJ, and increasing the orifice count can significantly strengthen the synergistic breaking effect
between holes, expand the effective rock breaking area and improve the flatness of the working face.

The shift from depth-dominated to area-dominated failure mode is essentially governed by the coupling
of jet dynamic uniformity and inter-orifice synergistic effect. At low orifice count, the prominent inlet
throttling effect causes uneven outflow velocity among orifices and highly concentrated radial distribution
of abrasive particles. Most of the jet impact energy is transmitted vertically downward along the axis
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of each single orifice, resulting in independent deep erosion pits with limited lateral expansion, which
corresponds to the depth-dominated breaking pattern. As orifice count increases, the weakened throttling
effect improves the consistency of velocity and energy output across all orifices, and the expanded abrasive
distribution range enlarges the effective impact radius of each jet. This enables more sufficient superposition
of stress fields induced by adjacent jets in the inter-orifice region. Meanwhile, water penetrating into the
initial microcracks further amplifies the tensile stress at crack tips via the water wedge effect, accelerating
crack propagation and coalescence. Under the combined action of bidirectional shear stress and water
wedge splitting, the inter-orifice rock mass can be effectively fractured even without direct high-energy
jet impact. This mechanism continuously expands the lateral coverage of rock damage and ultimately
drives the overall failure mode to transform from vertical deep erosion to lateral continuous fragmentation,
namely the area-dominated pattern.

Existing experimental studies can provide indirect support for the above evolution characteristics. For
instance, Bi et al. [39] verified through rock-breaking experiments that multi-orifice jets can drill large-scale
regular holes, and the flatness of the hole bottom profile improves significantly with the increase of orifice
count, which matches the transition trend from discrete independent impact pits to a continuous smooth
fracture surface observed in the simulation. Targeted laboratory tests will be carried out in subsequent
work to verify and calibrate the numerical simulation conclusions.

Fig. 11 shows the dynamic evolution law of rock breaking area and rock breaking volume of four
kinds of MOAWJ with orifices 4, 5, 6 and 7 in the impact process of 0 to 300 µs. The rock breaking data are
collected by the volume measurement plug-in of LS-Prepost software: the rock breaking volume is directly
obtained by monitoring the volume change of the whole rock model; The broken rock area is indirectly
converted by measuring the total volume change of rock units within 2 mm of the rock surface. It can
be seen from Fig. 11a that the rock breaking area under all working conditions shows a significant stage
growth feature: 0 to 50 µs is the initial damage initiation stage, the jet only causes micro damage to the
rock surface, and the rock breaking area is very small, less than 1 mm2; After 50 µs, with the continuous
erosion of the jet and the penetration of the damage between the holes, the rock breaking area entered a
rapid expansion stage, and the growth rate gradually stabilized. When the impact reaches 300 µs, the total
rock breaking areas of four-orifice, five-orifice, six-orifice and seven-orifice are 484.47 mm2, 652.20 mm2,
787.92 mm2 and 928.40 mm2, respectively, which show a monotonic increasing trend with the increase of
the orifice count; Converted into the average rock breaking area of a single orifice, they are 121.12 mm2,
130.44 mm2, 131.32 mm2 and 132.63 mm2, respectively. The effective range of a single orifice increases
slightly with the increase of the orifice count, reflecting the gain effect of the synergistic crushing between
holes on the action area.

It can be seen from Fig. 11b that the evolution trend of rock breaking volume presents a change law
of “slow start, rapid growth and stable improvement”, which is because the jet kinetic energy is mainly
used to overcome the rock strength and drive the microcrack propagation in the initial stage. At 300 µs,
the total rock breaking volume under four-orifice, five-orifice, six-orifice and seven-orifice conditions is
3215.93 mm3, 4384.81 mm3, 4951.91 mm3 and 5960.22 mm3 respectively, and the total rock breaking volume
under seven-orifice conditions is 85.3% higher than that under four-orifice conditions; The average rock
breaking volume of a single orifice is 803.98 mm3, 876.96 mm3, 825.32 mm3 and 851.46 mm3, respectively.
The vertical erosion capacity of a single orifice under the five-orifice condition is the strongest. After the
orifice count further increases, the average rock breaking volume of a single orifice slightly decreases. The
increase in the total rock breaking volume is mainly due to the superposition contribution of the increase
in the number of jet action points and the collaborative breaking between orifices.
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The difference of the total rock breaking efficiency is due to the dual mechanism: on the one hand,
the increase of the orifice count directly expands the total action area of the jet and improves the overall
crushing scale; On the other hand, the superposition of the stress field of adjacent jets and the action of
water wedge make the rock mass between orifices break synergistically, and damage can occur without
direct impact of jets. Therefore, the average rock breaking index of a single orifice does not decrease with
the increase of the orifice count, but remains stable and slightly improves.

  
(a) (b) 

Figure 11: Curve graph of rock breaking area and volume of MOAWJ under different orifice counts (a) characteristics
of rock breaking area; (b) characteristics of rock breaking volume.

In conclusion, the orifice count is the core parameter to control the rock breaking effect of MOAWJ,
and increasing the orifice count can significantly improve the total rock breaking area and total rock
breaking volume; The overall rock breaking scale and efficiency of the seven-orifice condition are the
best, which is suitable for the large-area flat rock breaking scene. The single orifice erosion ability of the
five-orifice condition is outstanding, which is more suitable for the engineering demand of directional deep
rock breaking.

4 Conclusion

In this paper, based on the precise drilling engineering of pumped storage power station, using the
numerical simulation method of VOF-DPM and SPH-FEM coupling, the influence of four-orifice to seven-
orifice nozzles on the dynamic characteristics and rock-breaking performance of MOAWJ is systematically
studied, and the regulation mechanism of orifice count parameters and the mechanism of collaborative
rock breaking are clarified.

Increasing the orifice count can optimize the flow field and alleviate particle agglomeration; The
average velocity of the water phase exit is basically stable, and the average velocity of the abrasive phase is
the lowest in the five-orifice and the highest in the seven-orifice;

Increasing the orifice count expands the distribution range of particles in the center and side nozzles,
weakens the distribution anisotropy, and improves the circumferential uniformity and symmetry, especially
for the uniformity of particle distribution in the side nozzle;

The rock breaking by MOAWJ can be divided into four stages: initial damage initiation, independent
damage propagation, damage penetration and fracture, and stable depth erosion. The synergistic breaking is
realized by the shear stress between orifices and the water wedge effect, so as to improve the rock breaking
efficiency;

With the increase of the orifice count, the rock breaking has changed from deep erosion to large-area
erosion. The comprehensive rock breaking performance of seven orifices is the best, which is suitable for
large-area construction.
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Nomenclature
The following abbreviations are used in this manuscript:

𝜌 Density
t Time
u Average velocity
𝛼 Volume fraction
U Volume flow
xi and xj Spatial coordinate components
𝜇 Viscosity
F Forces
g Gravitational acceleration
𝜎 Surface tension coefficient
𝜅 Interface curvature
𝛿s Dirac delta function at the interface
ni Unit normal vector component to the interface
𝛥V Control-volume size
k Turbulent kinetic energy
𝜀 Turbulent dissipation rate
Gk Turbulent kinetic energy generation term
C1𝜀 and C2𝜀 Empirical model constants
𝛼k and 𝛼𝜀 Reciprocal of the effective Prandtl number corresponding to the turbulent kinetic energy k

and turbulent dissipation rate 𝜀 transport process, respectively
C𝜇 Model constant
FD Drag coefficient acting on particles per unit mass
ALE Arbitrary Lagrangian-Eulerian
AWJ Abrasive water jet
DPM Discrete Phase Model
MOAWJ Multi-orifice abrasive water jet
PSH Pumped storage hydropower
RHT Riedel-Hiermaier-Thoma
RNG k-𝜀 Renormalization Group k-epsilon turbulence model
SPH-FEM Smoothed particle hydrodynamics-finite element method
VOF Volume of Fluid
VOF-DPM Volume of fluid-discrete phase model
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