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Abstract. Abrasive waterjet technology offers high efficiency in drilling high-strength materials such as rock and concrete, and
is utilized in various fields such as precision machining, geotechnical engineering and mining engineering. Previous studies have
analyzed the jet flow characteristics in air through experimental, analytical, and numerical approaches; however, they were
primarily limited to short standoff distances and single-sized abrasive particles, limiting their application to large-scale
geotechnical and mining engineering sites. To overcome these limitations, this study performed a numerical analysis considering
various standoff distances and abrasive particle sizes. This study observed jet flow characteristics in the axial and radial
directions and evaluated the abrasive velocity and kinetic energy. In addition, the critical energy for rock drilling was derived to
be approximately 0.36 J from the simulation results based on the minimum critical pressure for hard rock excavation. Based on
this value, an effective jet diameter that considers the number of abrasive particles was proposed for various standoff distances
and abrasive particle sizes. The abrasive particle size significantly affected the effective jet diameter when the standoff distance
was greater than 100 mm. This study aims to expand the applicability of abrasive waterjet technology in geotechnical and
mining fields and provide essential guidelines for optimizing an efficient system design and abrasive selection strategy under
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various field conditions.
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1. Introduction

Underground space development is becoming vital for
solving challenges such as space shortages in urban areas
owing to urbanization and infrastructure expansion. The
tunnel boring machine (TBM) method is primarily used for
rock excavation (Gong et al. 2016, Liu et al. 2016). The
TBM method has high stability because it can minimize the
vibration and impact on surrounding underground
structures; however, there are problems such as low
efficiency in hard and heterogeneous rocks and limitations
in application in narrow environments. Recently, attempts
have been made to improve excavation efficiency by
optimizing equipment operation according to ground
conditions by combining machine-learning techniques
(Samadi et al. 2023, Hwang et al. 2024a, Samadi et al.
2024). However, excavating hard rock still causes serious
wear on the disc cutter, which increases maintenance costs
and demands high thrust forces (She et al. 2023, Lee et al.
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2023). Abrasive waterjet (AWJ) technology has attracted
considerable attention for overcoming these limitations. It
operates in a non-contact manner to minimize mechanical
wear and provides high energy density, even with small-
scale equipment; thus, it can be effectively applied even in
narrow underground environments (Lu et al. 2013, Liu et
al. 2017, Zhang et al. 2020, Li et al. 2022). In addition,
AWI technology is a highly efficient method that can cut or
drill various ductile (e.g., stainless steel and titanium alloys)
and brittle (e.g., concrete and hard rock) materials using
high-pressure water and abrasives and is particularly
effective in drilling high-strength materials such as rocks
(Summers 2003, Horszczaruk 2009, Momber 2011).

The drilling width of the rock is a critical indicator for
the practical application of AWJ in rock drilling. For an
effective rock drilling performance, the nozzle of AWJ must
be inserted into the drilled hole before proceeding with
drilling. Therefore, it is necessary to secure the width of the
drilled hole for inserting the AWJ nozzle. The drilling width
of the rock is primarily affected by the jet diameter when
the rock is impacted by the jet. Therefore, the drilling width
should be accurately predicted through an effective
understanding of the jet diameter to reflect the jet dispersion
characteristics. There is limited research on the drilling
width of rocks, though some researchers have
experimentally evaluated the cutting kerf width of rocks
using AWJ (Hashish 1991, Karakurt et al. 2012, Momber
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and Kovacevic 2012, Karakurt ez al. 2014). Kerf width has
been evaluated to be affected by various parameters, such as
water pump pressure, abrasive flow rate, standoff distance,
and abrasive particle size. Previous studies have been
conducted experimentally under conditions with limited
abrasive particle sizes (i.e., 80 and 120 mesh) and short
standoff distances (i.e., less than 10 mm) at the laboratory
scale. Therefore, there is a limitation in considering the jet
dispersion characteristics in air, limiting the accurate
determination of jet diameter. Moreover, it is challenging to
apply these results to actual field environments that require
scale expansion, such as the geotechnical or mining fields.
This is because when the standoff distance is small,
collisions may occur between the waterjet nozzle and the
irregular target rock surface existing in the field; hence, a
relatively long standoff distance (e.g., greater than 100 mm)
is required (Oh and Cho 2016).

Previous researchers have approached the jet flow
characteristics in the air through various ways:
experimentally, analytically, and numerically. Yanaida and
Ohashi (1974) experimentally observed the jet flow
characteristics and developed a mathematical model based
on momentum conservation as an analytical approach. They
classified the jet structure into three zones: core,
transitional, and main, and defined the core and transitional
zones together as the initial zone. However, their model was
developed at a low water pump pressure of up to 50 MPa,
which limits its application to hard rocks. Isobe et al. (1988)
and Hou et al. (2010) experimentally measured jet velocity
using the impact crater counting method and impact force
measurements, respectively. However, these methods
cannot observe the velocities of water and abrasive particles
separately. Therefore, they have limitations in observing the
kinetic energy of abrasive particles, which plays a
substantial role in rock material removal. Zelenadk et al.
(2016) used particle image velocimetry (PIV) technique
combined with laser induced fluorescent (LIF) method to
distinguish and measure abrasive particle velocity
experimentally. However, these methods are limited by the
high cost of the equipment and the potential variability in
accuracy depending on the performance of the equipment.
Liu et al. (2003) and Liu ef al. (2004) numerically observed
the jet flow characteristics using a computational fluid
dynamics (CFD) model. They performed simulations under
steady state, turbulent, and three-phase flow conditions and
observed the jet flow by applying an axisymmetric flow.
However, they input a specific peak velocity (e.g., 600—900
and 950 m/s) as the inlet boundary condition of the jet flow
without considering the abrasive particle size, and the
investigation was conducted at short standoff distances
(e.g., 10 and 50 mm), which limited their application to
rock drilling sites. Wang and Wang (2010) developed an
AWIJ flow model based on the fundamental laws of
conservation as an analytical approach and numerically
analyzed the jet flow. However, their results were limited to
a short range of standoff distances (e.g., 1-10 mm) for
uniformly sized abrasive particles. Thus, their application in
geotechnical or mining fields requires a relatively long
range of standoff distances (e.g., greater than 100 mm).

Previous studies observed jet flow characteristics
through various experimental, analytical, and numerical
approaches and provided critical insights into jet dispersion
and energy transfer mechanisms. Although these studies
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Fig. 1 Schematic of the AWJ drilling system

have contributed considerably to the understanding of the
basic principles of AWJ technology, they have several
limitations when applied to geotechnical and mining fields.
First, previous studies primarily analyzed relatively short
standoff distances, which failed to sufficiently reflect the
larger standoff distance conditions required in the field.
Numerical analysis in prior works typically assumed an
idealized uniform velocity distribution at the focusing tube
nozzle exit, which had limitations in completely capturing
the real-world jet dispersion characteristics. In addition,
assuming a uniform abrasive particle size or restricting the
analysis to a limited range made it challenging to accurately
assess the influence of varying particle sizes on jet flow and
dispersion characteristics in air.

Hence, this study aims to systematically analyze the jet
flow characteristics of AWJ in air using a numerical
approach that incorporates a wider range of standoff
distances and various abrasive particle sizes, thereby
extending the scope of previous studies. Unlike
conventional numerical analyses that assume an idealized
uniform velocity at the focusing tube nozzle exit, this study
applies a realistic velocity distribution obtained from a
validated numerical model, ensuring a more accurate
representation of jet dispersion characteristics. Furthermore,
this study proposes to derive the effective jet diameter
based on key variables (i.e., standoff distance and abrasive
particle size) to more precisely evaluate the applicability of
AW] at the field scale. The findings will provide
fundamental data for AWJ system design and abrasive
selection strategies, as well as insights into optimizing AWJ
performance in geotechnical and mining applications, such
as rock drilling.

2. Theoretical background

In rock drilling using AWIJs, abrasives play a critical
role in material removal, and it is vital to maximize the
kinetic energy of the abrasives to achieve effective
performance (Momber 2004, Nambiath et al. 2007). The
kinetic energy of the abrasive is the primary energy source
of the AWJ method, and the abrasive undergoes several
acceleration and deceleration processes from the waterjet
system into the air until it drills through the rock (Fig. 1).
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First, the high-pressure water generated in the water
pump system passes through a small-diameter orifice and is
converted into high-speed water, gains energy, and moves
into the mixing chamber. The abrasive was mixed with
water in a mixing chamber and transferred to a focusing
tube. In this process, the abrasive receives the momentum
of water and accelerates to gain energy. The water-abrasive
mixture passing through the focusing tube was aligned in a
linear flow, had a terminal velocity, and was jetted into air
in the form of a jet (Momber and Kovacevic 1995, Roth et
al. 2005). The jet sprayed into the air disperses and loses
energy owing to air resistance. Consequently, the range and
energy of the jet at the point of impact on the rock material
directly affect rock drilling.

To define the jet range and energy when the jet first strikes
the rock to remove the rock material, it is necessary to
calculate the total number of abrasive particles (N, ¢) injected
into the AWJ system. This is because the number of abrasive
particles differs at each radial position owing to the dispersion
of the jet and abrasive. Assuming that the abrasive particles are
spherical, the single-particle abrasive mass (m,) is defined by
Eq. (1), and the total number of injected abrasive particles
(Ng,¢) was calculated using Eq. (2).

T 3
mazg'Da *Pa ()
m
Nop=—= @)
a

Here, D, is the abrasive particle diameter, p, is the
abrasive particle density, 111, is the abrasive flow rate, and t is
the exposure time.

The kinetic energy of a single abrasive particle (E,) was
defined using Eq. (1) as

1 2
Ea=§'ma'17a. 3)
where v, is the abrasive particle velocity.

In addition, the abrasive particles in the air are densely
concentrated at the center of the jet, and the number of
particles decreases in the radial direction (Balz and Heiniger
2011). Therefore, assuming that the abrasive particle
distribution for the radial position () follows a Gaussian
distribution, the probability density function of the abrasive
particle distribution (f (1)) is expressed as follows

r2

e 207, 4)

@ 2no
where r is the radial position, and o is the standard deviation.
The standard deviation (o) was set to thrice the standard
deviation of the radial position range so that 99.7% of the
abrasive particles exist in the probability density function of
abrasive particle distribution (f (r)). In addition, to determine
the boundary point, the point at which the abrasive velocity
was less than 1 m/s was set as the radial boundary position
(rp). The standard deviation (o) is defined as follows
Tp

0—3. (5)

From f(r) of Egs. (2) and (4), the number of abrasive

particles at the radial position (N,(r)) can be defined as
follows

No(r) = Ng - f(r) - Ar, (6)

where Ar is the radial position interval.
Moreover, from Egs. (3) and (6), the total abrasive kinetic
energy at the radial position (E, (")) is calculated as follows

Ea,t(r) =Eq " No(7). @)

The critical energy for rock drilling (E,) can be determined
through numerical analysis, utilizing the minimum critical
pressure derived from experiments in previous studies. The
critical jet radius (R.) is defined as the length to the radial
position corresponding to the determined critical energy for
rock drilling (E.) and can be calculated by the following
relationship

Ea,t(Rc) =E;- N(Rc) =E.. (®)

Finally, the effective jet diameter (D) at the moment of
impact during rock drilling is defined as follows

Djet = 2 R. )

3. Numerical method
3.1 Numerical setup

Numerical simulations were performed using ANSYS
Fluent, a CFD software based on the finite-volume method
(Fluent ANSY'S 2023). ANSYS Fluent can analyze multiphase
flows and various types of geometries, such as 2D and 3D.
Therefore, ANSYS Fluent is suitable for modeling and
analyzing AWJs that require complicated analyses involving
fluid and solid phases. In this study, ANSYS Fluent was used
to analyze the behavior of an AWJ in air.

The multiphase flow of an AWJ system is classified into
continuous phases, such as air or water, and discrete phases,
such as abrasive particles. In this simulation, the volume of
fluid model, which is a Eulerian approach typically used in
multiphase analysis, was applied to simulate the continuous
phase (Liu et al. 2004, Zou et al. 2024). A standard k-epsilon
model was applied to consider the turbulent flow and viscosity
of the continuous phase (Launder and Spalding 1983). In
addition, a discrete phase model, which is a Lagrangian
approach, was applied to simulate the solid abrasive particles,
and an analysis was performed (Jafar er al. 2015, Lv ef al.
2018). In addition, the discrete random walk model was
applied to accurately calculate the behavior of abrasive
particles in a turbulent flow in the fluid (Hwang ef al. 2024b).

In this simulation, to observe the movement and velocity of
the abrasive sprayed from the AWJ system in air, the geometry
formed an air zone together with a portion of the tip of the
focusing tube. To consider the 3D behavior of the abrasive in
air, a 2D axisymmetric space was applied based on the central
axis of the jet (Fig. 2). The inlet represents the tip of the
focusing tube of the AWJ system and provides flow just before
the jet is sprayed into the air. Assuming that a jet comprising a
mixture of water and abrasive becomes a fully developed flow
at the tip of the focusing tube, the velocity distribution of the
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Fig. 3 Axial abrasive velocity contour of the numerical
simulation

jet (Vje¢) follows the 1/7th power law (Streeter and We 1998,
Alberdi et al. 2010, Nagaraja and Devadula 2023). The
velocity distribution of the jet (v}, ) is expressed as follows

2\ /7

Viet = Vmax (1 - D_f> , (10)
where v,,,4, is the maximum velocity of the jet generated at the
end of the focusing tube along the central axis, r is the radial
position, and Dy is the diameter of the focusing tube. vy, Was
applied using the resulting value derived from the AWJ 3D
model of Hwang et al. (2024b) in a previous study. The radial

Dy

position (1) follows the range of — S STs %.

Wall applied the restitution coefficient (1) to consider the
collision between the wall of the focusing tube and the abrasive
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Fig. 4 Comparison of abrasive particle velocity for
validating the numerical model

particles (Forder et al. 1998). In this study, the abrasive
particles were modeled as perfectly spherical to simplify
computational modeling and ensure consistency with previous
numerical studies. This assumption allows for a more
systematic analysis of abrasive particle-wall interactions while
reducing computational complexity. The restitution coefficient
(w) is defined as a polynomial for the particle incidence angle
and is expressed as follows

p, = 0.988 — 0.786 + 0.1962 — 0.02463 + 0.0276*,

py=1-0.786 +0.846% — 0.216° + 0.0280* (11
—0.0226°,

where y, is the restitution coefficient for the normal direction,
W is the restitution coefficient for the tangential direction, and
6 is the particle incidence angle.

The outlet was set to an atmospheric pressure of 101.325
kPa to simulate an air zone in which the jet could disperse. The
convergence of the simulation model was achieved when the
residuals for all physical quantities were less than 0.0001.

3.2 Model validation

In this study, the numerical model was validated and
compared with the experimental results obtained by
Thongkaew and Wang (2017). To achieve this, the
simulation conditions were set to match those of the
experimental setup as closely as possible, ensuring a direct
and meaningful comparison. The validation process focuses
on assessing whether the numerical model can accurately
capture the key flow characteristics of the abrasive waterjet,
particularly in terms of abrasive particle velocity.
Thongkaew and Wang (2017) experimentally observed the
abrasive particle velocity in air using PIV and LIF
techniques. Their test used an AWJ system with the
following conditions: orifice diameter of 0.254 mm,
focusing tube diameter of 0.76 mm, focusing tube length of
76.2 mm, water pump pressure of 10 MPa, abrasive flow
rate of 0.3 g/s, abrasive particle size of 0.18 mm, and
abrasive particle density of 4100 kg/m3. They observed the
abrasive particle velocity for a standoff distance of 40 mm
from the end of the focusing tube. Therefore, in this study, a
numerical analysis was performed by modeling the
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Table 1 Simulation cases and details

Parameter [Unit] Value
Water pump pressure [MPa] 320
Water flow rate [ml/s] 50.01
Abrasive flow rate [g/s] 5
Orifice diameter [mm] 0.33
Focusing tube diameter [mm)] 1.02
Focusing tube length [mm] 76.2

Abrasive particle density [kg/m?] 3790

Abrasive particle size [mm] 0.07 0.09 0.18 0.25 0.40

Standoff distance [mm)] 10 10 10 10 10
50 50 50 50 50
100 100 100 100 100
150 150 150 150 150
200 200 200 200 200
250 250 250 250 250

conditions of an AWJ system identical to the experimental
one. The results of the numerical analysis are shown in Fig.
3, and the maximum abrasive particle velocity was
observed at the center axis of the jet for each standoff
distance.

The results of the comparison between the experimental
values from the previous study and the numerical
simulation values from the present study are shown in Fig.
4. Although some discrepancies in velocity values were
observed at low SOD, primarily due to air turbulence
effects and boundary layer effects near the focusing tube
nozzle exit, these variations had a limited impact on the
overall accuracy of the model. At very short standoff
distances, the interaction between the high-speed jet and the
surrounding air induces turbulence, leading to velocity
fluctuations. Additionally, the velocity profile near the
focusing tube nozzle exit is not fully developed, which can
contribute to measurement deviations. Despite these
localized discrepancies, the average error across all cases
was approximately 4.98 %, indicating that the numerical
model effectively captures the overall jet flow
characteristics. Therefore, the proposed numerical approach
is considered sufficiently validated for analyzing the jet
flow behavior under various standoff distance conditions.

3.3 Simulation cases

To observe the effects of the standoff distance and
abrasive particle size on the effective jet diameter and
impact energy when drilling rocks using an AWJ, different
abrasive particle sizes and standoff distances were used in
the numerical simulation. Unlike the wvalidation study,
where parameters were fixed to replicate experimental
conditions, this section explores a broader range of
simulation cases to analyze trends and dependencies that
may not have been covered in the experimental setup. The
objective of this study is to provide a comprehensive
understanding of how jet behavior changes under different
operating conditions, which is critical for optimizing AWJ
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drilling performance in real-world applications. Therefore,
the inlet was defined as the tip of the focusing tube,
requiring input values for simulation in this study. For this
purpose, the Hwang et al. (2024b) model for numerical
analysis of the AWJ system was utilized to determine the
velocity and volume fraction at the tip of the focusing tube
for various abrasive particle sizes. These results were
applied to this simulation. The AWJ system parameters,
simulation cases, and their details are listed in Table 1.

4. Results and discussion

4.1 Critical energy of the abrasive particle for rock
drilling

Previous studies have shown that a minimum critical
pressure is required to excavate hard rock, which is a brittle
material such as granite (Evans et al. 1978, Oh and Cho
2014, Cha et al. 2021). Oh and Cho (2014) applied three
water pump pressures (157, 235, and 314 MPa), three
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Fig. 7 Axial velocity and kinetic energy of the abrasive
article at the center of the jet

corresponding abrasive flow rates (8.59, 9.64, and 10.33
g/s), and three traverse speeds (1.9, 8.4, and 14.1 mm/s) to
conduct rock cutting experiments using an AWJ at a
standoff distance of 10 mm. They observed that a minimum
critical pressure of 70-90 MPa was required for rock
excavation regardless of the traverse speed. In this study, a
numerical analysis was performed by modeling an AWJ
system identical to the experimental conditions of Oh and
Cho (2014) to determine the critical energy for rock
drilling. The geometry and boundary conditions used in the
numerical analysis are summarized in Table 2. To determine
the critical energy conservatively, the water pump pressure
was set to 90 MPa, which is the largest value in the
minimum critical pressure range.

Fig. 5 shows the results of the abrasive velocity at the center
of the jet (v.) with respect to the standoff distance. As the
standoff distance increased, the abrasive velocity decreased
owing to air resistance. In addition, the abrasive velocity
formed at the same pressure of 90 MPa (i.e., the minimum
critical pressure) changed with the abrasive flow rate. This
is because the number of abrasive particles injected
increases with the abrasive flow rate; thus, relatively more
particles share and receive the limited water energy.
Eventually, the number of abrasive particles significantly
influences the determination of the abrasive kinetic energy,
which requires deep consideration. In addition, the number
of abrasive particles is affected by the abrasive flow rate
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Table 2 Simulation cases and details of critical energy
determination

Parameter [Unit] Value

Water pump pressure [MPa] 90

Water flow rate [ml/s] 15.39

Orifice diameter [mm] 0.254

Focusing tube diameter [mm] 0.76

Focusing tube length [mm] 76.2

Abrasive particle density [kg/m?] 3790

Abrasive particle size [mm]| 0.18

Abrasive flow rate [g/s] 8.59 9.50 10.33

Standoff distance [mm] 0-200 0-200 0-200

and the size and density of the abrasive particles; therefore,
a complex understanding of the abrasive characteristics is
essential (Egs. (1) and (2)).

Fig. 6 shows the total kinetic energy of the abrasive
particles (E, ;) according to the standoff distance at a water
pump pressure of 90 MPa. This result was calculated by
comprehensively considering the maximum abrasive
velocity and number of abrasive particles at the central axis
of the jet, as shown in Fig. 5. In Fig. 5, the kinetic energy of
the single abrasive particles generated according to the
abrasive flow rate changes. However, when the number of
abrasive particles is considered together, the energy values
are similar regardless of the abrasive flow rate, as shown in
Fig. 6. These values represent the energy received by the
rock based on the standoff distance. According to Oh and
Cho (2014), the total abrasive kinetic energy when the
standoff distance was 10 mm was the maximum kinetic
energy received by the rock at the central axis of the jet.
Therefore, the critical energy for rock drilling (E,) can be
considered the total abrasive kinetic energy under these
conditions. Consequently, through this numerical analysis,
the critical energy for rock drilling (E.) was derived as
approximately 0.36 J.

4.2 Jet characteristics in the air

4.2.1 Axial characteristics of the jet
The jet characteristics in the air were analyzed by



Effect of standoff distance and abrasive particle size on abrasive waterjet drilling of hard rock: A numerical study 249

500
--=S0OD =10 mm
450 ] S o | SOD =50 mm
OO —— e | e SOD =100 mm
350 4 ——SOD =150 mm
— —SOD =200 mm
300 1 7|~ --soD =250 mm

Abrasive particle velocity, v, [m/s]

250 1}
200 { "3
150 A
100 A
50 -
0 T T T
0 5 10 15 20
Radial position, r [mm]
(a) Abrasive particle velocity
0.0012
—--=-S0OD =10 mm
(=) ooor & SOD =50 mm
uF O s SOD =100 mm
= i ——SO0D =150 mm
% 0.0008 — —SO0D =200 mm
g - = -S0D =250 mm
.2 0.0006
()
c
£
o 0.0004
=2
%]
g
9 0.0002
<
0 '
8 10

Radial position, r [mm]

(b) Kinetic energy of abrasive particles
Fig. 9 Effect of standoff distance on the jet dispersion in
air (abrasive particle size of 0.18 mm)

classifying them into axial and radial directions. The jet
characteristics in the axial direction are shown in Fig. 7. It
was confirmed that the abrasive velocity decreased owing to
air resistance as the standoff distance increased for all
abrasive particle sizes (Fig. 7(a)). In addition, the abrasive
velocity decreased as the abrasive particle size increased
under the same standoff distance. This is because the
analysis was performed under the same water pump
pressure (320 MPa) conditions, and the mass of the abrasive
particle increased with the abrasive particle size; thus, the
cceleration efficiency by water decreased. However,
because the abrasive kinetic energy (E,) considers both the
mass and velocity of the particle, its trend differs from that
of abrasive velocity.

Fig. 7(b) shows the effects of the standoff distance and
abrasive particle size on the abrasive kinetic energy. The
kinetic energy of the abrasives was calculated using Eq. (3).
Similar to the abrasive velocity, the abrasive kinetic energy
decreases as the standoff distance increases. However, in
terms of the abrasive particle size, a relatively larger
abrasive kinetic energy was generated as the size increased.
Therefore, the abrasive kinetic energy is more dependent on
the abrasive particle size than on the abrasive velocity. In
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addition, when drilling rocks using an AWJ, the drilling
depth is expected to increase as the abrasive particle size
increases and the standoff distance decreases.

The results obtained when the abrasive velocity was
normalized to the maximum abrasive velocity at SOD = 0
mm (i.e., the tip of the focusing tube) are shown in Fig. 8.
The trend of the abrasive velocity according to the standoff
distance was similar for all the abrasive particle sizes.
However, the rate of velocity decrease exhibited two
distinct phases depending on the 10 mm threshold.

Within the first 10 mm of standoff distance, the abrasive
velocity decreased significantly by approximately 13%,
indicating a rapid energy dissipation phase as the jet
transitioned from the high-energy potential core zone to the
fully developed jet dispersion zone. This sharp reduction is
attributed to the strong interaction between the jet and the
surrounding air, causing increased turbulence and
momentum loss.

For standoff distances greater than 10 mm, the velocity
decrease became more gradual, suggesting that the primary
energy dissipation had already occurred within the potential
core zone, and further velocity loss was relatively minor.
This behavior highlights that the effective jet energy is best
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utilized within the potential core zone, reinforcing the
importance of striking the jet onto the target material within
this range for optimal performance in terms of drilling
depth.

To clarify this transition, the potential core zone is
identified as the region within SOD < 10 mm, where the jet
retains the highest velocity and impact energy. This
observation provides critical insights into optimizing AWJ
operational parameters, particularly standoff distance
selection, to maximize cutting and drilling efficiency.

4.2.2 Radial characteristics of the jet

The jet dispersion characteristics in air along the radial
direction are shown in Figs. 9 and 10. Fig. 9 shows the
effect of the standoff distance on the jet dispersion when the
abrasive particle size is 0.18 mm. In Fig. 9(a), a radial
position () of zero indicates the central axis of the jet,
where the velocity reaches its maximum value for each
standoff distance. The maximum velocity along the central
axis decreased as the standoff distance increased. This is
because a drag force is applied to the abrasive particles
owing to the air resistance. Additionally, the radial position
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Fig. 12 Effective jet diameter depending on the standoff
distance

with the same abrasive velocity increases with the standoff
distance, indicating greater jet dispersion in air as the
distance between the AWIJ system and the rock material
increases. In terms of the abrasive kinetic energy, Fig. 9(b)
shows that the jet is relatively more dispersed as the
standoff distance increases. Therefore, the drilling width is
expected to increase with the standoff distance when rocks
are drilled using an AWJ.

Fig. 10 shows the effect of abrasive particle size on jet
dispersion at a standoff distance of 100 mm. As can be seen
in Fig. 10(a), the effect of abrasive particle size on abrasive
velocity was minimal. The abrasive velocity at the center
axis where the radial position is zero showed a relatively
different effect depending on the abrasive particle size, but
showed a similar distribution across the radial positions. On
the other hand, the effect of abrasive particle size on
abrasive kinetic energy was significant (Fig. 10(b)). While
the difference in the abrasive velocity was not large,
variations in abrasive kinetic energy arose owing to the
differences in particle mass associated with the abrasive
particle size. When comparing the abrasive kinetic energies
at the same radial position, relatively larger energy was
distributed as the abrasive particle size increased. This can
lead to an increase in the drilling width of the AWIJ.
Therefore, it is predicted that, when rock is drilled using an
AW/, the drilling width increases with the abrasive particle
size. However, accurate prediction of the drilling
performance required additional consideration of the
number of abrasive particles at each radial position.

4.3 Effective jet diameter

4.3.1 Influence of the standoff distance

To define the effective jet diameter (Dj,,), the critical jet
radius (R.) must be determined, and the number of abrasive
particles (N,) and the total abrasive kinetic energy (E, ;)
must first be understood. Fig. 11 shows the effect of
standoff distance on the number and total energy of the
abrasive particles when the abrasive particle size was 0.40
mm. Fig. 11(a) shows the number of abrasive particles
calculated using Eq. (6), which shows different results
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depending on the standoff distance. As the standoff distance
decreases, the number of abrasive particles at the central
axis of the jet increases, and the abrasive particles are
primarily distributed near the central axis. However, as the
standoff distance increased, the absolute number of abrasive

particles at the central axis of the jet decreased, and the
particles were widely distributed radially from the central
axis.

Fig. 11(b) shows the results of the total abrasive kinetic
energy (E, ) calculated using Eq. (7), where the number of
abrasive particles and kinetic energy of the abrasive
particles are comprehensively considered. As this is the
total energy per radial position received by the rock during
drilling, it can be assumed to correspond to the shape of the
hole drilled by the AWJ. As the standoff distance increases,
the drilling depth is expected to decrease, while the drilling
width increases.

Fig. 12 shows the effective jet diameter (Dje;) calculated
using Eq. (9). This was calculated by deriving the critical jet
radius (R.) based on the critical energy for rock drilling
(E.) of 0.36 J determined in Section 4.1, as shown in Fig.
11. The effective jet diameter (Dj,) increased with standoff
distance and then decreased, indicating an optimal standoff
distance. The optimal standoff distance is influenced by
multiple system parameters, including water pump pressure,
and water flow rate, as these factors directly affect the jet’s
kinetic energy and dispersion characteristics. However, in
this study, the water pump pressure and water flow rate
were kept constant across all simulation cases to
systematically analyze the effective jet diameter (Dj.) as a
function of standoff distance.

Under these controlled conditions, the optimal standoff
distance, defined in terms of maximizing the effective jet
diameter, was found to be approximately 150-200 mm,
varying somewhat depending on the abrasive particle size.
In addition, it was determined that the effective jet diameter
(Djet) was significantly affected by the abrasive particle size
as the standoff distance increased. Therefore, to evaluate
and predict the effective jet diameter accurately, a
comprehensive consideration of the standoff distance and
abrasive particle size is necessary.

4.3.2 Influence of the abrasive particle size

Fig. 13 shows the effect of the abrasive particle size on
the number and total energy of the abrasive particles when
the standoff distance was 150 mm. Fig. 13(a) shows the
number of abrasive particles calculated using Eq. (6),
indicating a large difference depending on the abrasive
particle size. Because this numerical analysis was
performed under the condition of inputting the same
abrasive flow rate (i.e., 5 g/s), the number of abrasive
particle inputs increased as the abrasive particle size
decreased. Therefore, the number of abrasive particles at the
central axis of the jet differed significantly, depending on
the abrasive particle size. However, as mentioned in Section
4.2.2, because the abrasive kinetic energy of a single
abrasive particle differs depending on the abrasive particle
size, it is necessary to comprehensively analyze the total
abrasive kinetic energy. Fig. 13(b) shows the results of the
total abrasive kinetic energy (E, ) calculated using Eq. (7),
which can be assumed to be the shape of the drilled hole in
terms of the total energy received by the rock per radial
position. As the abrasive particle size increases, the total
abrasive kinetic energy at the central axis of the jet
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decreases, whereas the effect in the radial direction is
minimal. Therefore, it is predicted that the rock drilling
performance of the AWJ will decrease as the abrasive
particle size increases, whereas the drilling width will
remain constant.

Fig. 14 shows the effective jet diameter (Dje,) calculated
using Eq. (9) and the effect of the abrasive particle size. The
impact of the abrasive particle size on the effective jet
diameter (Dj,;) was found to be insignificant. As the
abrasive particle size increased, the effective jet diameter
(Djet) remained constant. However, the degree of the effect
of the abrasive particle size on the effective jet diameter
(Djet) varied depending on the standoff distance. When the
standoff distance was 150 mm or more, the effective jet
diameter (Dje.) decreased as the abrasive particle size
increased. It was found that the larger the standoff distance,
the greater the effect of the abrasive particle size on the
effective jet diameter, and under conditions where the
standoff distance is large, it is efficient in terms of the
effective jet diameter to use abrasive particles with
relatively small sizes. Therefore, when drilling rocks using
an AWIJ in the field, selecting an appropriate abrasive
particle size according to various standoff distance
environments is crucial to achieving effective drilling
performance.

5. Conclusions

This study analyzed the jet flow characteristics in air by
numerical analysis, considering various standoff distances
and abrasive particle sizes. The jet flow characteristics were
observed in the axial and radial directions and evaluated by
analyzing the abrasive particle velocity and kinetic energy,
respectively. In addition, the critical energy for rock drilling
was derived and an effective jet diameter considering the
number of abrasive particles at each position was proposed.
Based on this, the expected drilling performance of the AWJ
in rock drilling was evaluated. In particular, the possibility
of optimizing the rock drilling efficiency of the AWJ by
appropriately combining the standoff distance and abrasive
particle size is suggested. In addition, this study
demonstrates that the jet flow behavior in air, which is
challenging to observe experimentally, can be quantitatively
predicted using a numerical analysis approach. The study
results are expected to provide fundamental data for system
design and abrasive selection strategies for effectively
applying the AWJ technology to geotechnical and mining
fields. The main findings of this study are as follows.

» Based on the minimum critical pressure of AWJ for hard
rock from a previous study, the critical energy for rock
drilling (E.) was estimated to be approximately 0.36 J
through CFD simulation.

« The abrasive velocity and kinetic energy of the axial jet
decreased as the standoff distance increased, owing to the
energy loss caused by air resistance. As the abrasive particle
size increases, the abrasive velocity decreases, but the
abrasive kinetic energy increases.

» As the standoff distance increased, the abrasive velocity
and kinetic energy of the radial jet flow became more

widely distributed owing to greater loss of straightness from
air resistance. While the abrasive velocity exhibited little
change with increasing abrasive particle size, the abrasive
kinetic energy increased. This suggests that the abrasive
kinetic energy is more dependent on the abrasive particle
mass than on abrasive velocity.

* The effective jet diameter (Dj,,) is affected by the standoff

distance and abrasive particle size, and an optimal
combination exists. As the standoff distance increased, the
effective jet diameter first increased and then decreased. In
particular, when the standoff distance was greater than 100
mm, the abrasive particle size significantly affected the
effective jet diameter. Therefore, to perform efficient rock
drilling, it is necessary to design an appropriate standoff
distance and abrasive particle size according to field
conditions.

The findings of this study provide valuable insights into
optimizing abrasive waterjet (AWJ) drilling performance in
geotechnical and mining applications. The results
demonstrate that the effective jet diameter ( Dje ) is
significantly influenced by standoff distance and abrasive
particle size, highlighting the importance of selecting
appropriate operating conditions. In practical applications,
the identification of an optimal standoff distance of
approximately 150-200 mm provides a useful guideline for
determining nozzle positioning, while the influence of
abrasive particle size suggests that adjusting its selection
based on field conditions can improve drilling efficiency.

Additionally, the study offers a quantitative
understanding of jet energy distribution, which can aid in
optimizing AWJ system parameters to enhance energy
efficiency and reduce abrasive consumption. By carefully
selecting drilling parameters, practitioners can minimize
energy waste while improving operational performance.
These insights are expected to be valuable for engineers
working with AWJ systems, particularly in rock drilling and
material removal. Future research could further refine these
findings by considering variable water pump pressure and
water flow rate conditions to expand the applicability of the
proposed approach.
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