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The existing erosion models of abrasive gas jet tend to neglect the effects of the rebounding abrasive. To address this shortcoming,
abrasive wear tests were conducted on limestone by using an abrasive gas jet containing different types of particles and with
different standoff distances. The results indicate that erosion pits have the shape of an inverted cone and a hemispherical
bottom. An annular platform above the hemispherical bottom connects the bottom with the side of the pit. The primary cause
of the peculiar pit shape is the flow field geometry of the gas jet with its entrained particles. There is an annular region between
the axis and boundary of the abrasive gas jet, and it contains no abrasive. Particles swirling around the axis form a
hemispherical bottom. After rebounding, the abrasive with the highest velocity enlarges the diameters of both the hemispherical
bottom and erosion pit and induces the formation of an annular platform. The surface features of different areas of the erosion
pit are characterized using a scanning electron microscope (SEM). It can be concluded that the failure modes for different
locations are different. The failure is caused by an impact stress wave of the incident abrasive at the bottom. Plastic deformation
is the primary failure mode induced by rebounding particles at the sides of the hemispherical bottom. The plastic deformation
induced by the incident abrasive and fatigue failure induced by the rebounding abrasive are the primary failure modes on the
annular platform. Fatigue failure induced by rebounding particles is the primary mode at the sides of the erosion pits. The rock
failure mechanism that occurs for particles with different hardness is the same, but the rock damaged by the hard abrasive has a
rougher surface.

1. Introduction

Abrasive gas jets are widely used in surface treatment engi-
neering such as in drilling and lacquer and rust removal from
metals and ceramics [1–3]. In recent years, they have been
introduced in unconventional oil and gas production [4–6].
In particular, the abrasive gas jet can assist in drilling coalbed
methane, can avoid problems that often occur in water
jet-assisted drilling such as borehole collapse, and have broad
application prospects [7, 8]. An important theoretical basis
for the application of an abrasive gas jet is the clarification

of its erosive wear mechanism on a rock. The existing
abrasive-impact rock-breaking mechanisms are classified
into two categories. In one type of mechanism, the focus is
primarily on crack propagation on the surface and inside of
the rock induced by the abrasive impacting the rock [9–12].
The concept of this rock failure mechanism is that when
the abrasive impacts a rock, a stress concentration occurs
on its contact surface, which leads to cracks on the rock sur-
face. A part of the load propagates into the rock in the form of
a stress wave and is superimposed on the crack surface of the
rock, thus resulting in shear failure of the rock. The other
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mechanism focuses on erosive wear. Analyzing the erosion
morphology of a rock surface requires an understanding of
the erosion wear mechanism of the abrasive. Intergranular
brittle fracture and plastic flow are the two main mechanisms
of material failure due to abrasive impact. Intergranular frac-
ture is dominant during vertical impacts. However, both
mechanisms play an equally important role in the case of a
small-incident-angle impact [13–15]. Momber compared
and analyzed the erosion wear characteristics of four types
of rocks: porphyric rhyolite, Portuguese granite, Jurassic
limestone, and argillaceous schist. He concluded that the sur-
faces of porphyric rhyolite and Portuguese granite showed
lateral fractures. Lateral fractures, pileup, and lip formation
were exhibited on the surfaces of Jurassic limestone and argil-
laceous schist. Plastic deformation was found to play a major
role in schist erosion. Moreover, the rock-erosion wear for-
mula considering plastic deformation and lateral cracking
was established [16–20]. Regardless of the mechanism used
for analyzing rock failure, it is necessary to first clarify and
define the impact force of the abrasive. Numerous factors
affect the impact force of an abrasive, such as the jet inci-
dence pressure, erodent mass flow, and standoff distance.
These three factors determine the velocity of an abrasive
when it impacts a rock. However, in addition to the abrasive
speed, the erosion wear of a rock is also related to the abrasive
characteristics, such as its size, hardness, and shape. There-
fore, it is difficult to describe the erosion wear mechanism
of a rock using formulas. The existing erosion wear formulas
only consider the primary erosion and neglect the effect of
secondary erosion induced by rebounding particles. An abra-
sive impacts a rock surface and breaks into smaller abrasives,
which rebound under the reacting force. These rebound
abrasives can cut the rock effectively. Brown et al. believed
that the effect of secondary erosion should not be neglected
in high-angle erosion [21].

Deng et al. showed that there is a significant reduction in
the specific erosion rate for high particle concentrations. This
reduction was considered to be a result of the shielding effect
induced by rebounding particles during particle impacts [22].
Macchini et al. also believed that the cause of shielding is the
increased likelihood of interparticulate collisions, i.e., the
high collision probability between incoming and rebounding

particles that reduces the frequency and the severity of parti-
cle impacts on the target surface [23]. The results of the study
of Nguyen et al. also show that the change in erosion rates
with the particle mass flow has been attributed to rebounding
particles interfering with incident particles, resulting in a
lower erosion rate [24]. In addition to the shielding effect,
the collision frequency of particles when moving inside the
system is another critical factor. It is believed that a strong
interaction often happens at a higher impinging angle as well
as at a higher particle mass flow or higher impinging velocity
[25, 26]. A strong particle-particle interaction can cause a
reduction in energy transfer to the surface, which, in turn,
leads to a reduction in the erosion rate. Both the shielding
effect and particle-particle interaction cause energy and
velocity loss in the particle-surface collision [27]. Erosive
gas jet-assisted drilling is mostly perpendicular erosion.
Therefore, the effects of secondary erosion and rebound
abrasive on the velocity of the incident abrasive and rock ero-
sion cannot be ignored.

In this work, to clarify and define the erosion wear mech-
anism of a rock induced by abrasive gas jet, the erosion wear
characteristics of the rock were analyzed by experiments
along with the effect of the abrasive type. The failure charac-
teristic of the rock surface eroded by abrasive gas jet was
examined via a scanning electron microscope (SEM).

2. Erosion Experiment

2.1. Experimental System. A high-pressure experimental
abrasive gas jet system is used for the experiment. It consists
of a high-pressure air compressor, high-pressure gas cylin-
der, digital pressure gauge, pressure control valve, gate valve,
abrasive tank, and operation box. The high-pressure air com-
pressor has a maximum pressure of 40MPa and maximum
air intake of 2m3/min, whereas the high-pressure gas cylin-
der has a maximum allowable pressure of 40MPa. The sys-
tem devices are connected as shown in Figure 1. The nozzle
used is a Laval nozzle, whose structural parameters are dis-
played in Figure 2. Before the experiment, high-pressure
gas is stored in the high-pressure gas cylinder and the out-
let pressure is adjusted with the pressure-regulating valve.
The inlet pressure ranges between 0 and 40MPa, whereas
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Figure 1: Schematic of connections in the high-pressure gas jet erosion system.
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the outlet pressure ranges between 0 and 25MPa. The
pressure-regulating valve, which has an adjustable outlet
pressure accuracy of 0.1MPa, can accurately control the jet
pressure, thereby ensuring a constant jet pressure during
the experiment to meet the experimental requirements. The
high-pressure gate valve is installed below the abrasive tank
to precisely control the mass flow rate of the abrasive. This
gate is suitable for controlling the flow of the solid particles
under high-pressure conditions. Before the experiment, the
gate valve scale for the mass flows of the different abrasive
is determined by calibration.

2.2. Experimental Parameters. Because numerous factors
affect the erosion effect, e.g., the abrasive diameter, abrasive
shape, and abrasive hardness [28–31], the experimental
parameters of the abrasive and gas jet should be determined
along with the engineering characteristics and technological
status of erosive gas jet-assisted drilling. At present, widely
used abrasives include quartz sand, garnet, brown corundum,
and silicon carbide. From the perspective of hardness, brown
corundum (Mohs hardness: 9) and silicon carbide (Mohs
hardness: 9.5) have a better erosion effect than garnet (Mohs
hardness: 8) and quartz sand (Mohs hardness: 7) but they
have a greater negative effect on the service life of the nozzle
[32–34]. An abrasive has an optimal particle size such that as
the particle size increases, the erosion volume and depth first
increase and then decrease [35, 36]. The maximum pressure
of the existing high-pressure air compressor is up to 90MPa,
but its air inflow is low. Assisted drilling requires a high air
inflow to remove the rock fragments well. An effective
approach to achieve a high air inflow is decreasing the pres-
sure of the air compressor. In the research results of Liu
et al. and Wen et al. [7, 37, 38], the critical pressure for lime-
stone breakage by abrasive gas jet was 15MPa, which was set
as the outlet pressure of the air compressor. The optimal
abrasive size and mass flow were 80 meshes and 16 g/s,

respectively, when the gas pressure was 15MPa. In addition
to the jet and abrasive parameters, the standoff distance is
an important factor affecting the erosion of the rock. The
standoff distance essentially governs the impact velocity of
the abrasive and thereby affects rock erosion. An abrasive is
mainly accelerated in the nozzle and potential core of a free
jet. The velocity of an abrasive increases continually in the
potential core of the free jet section of a gas jet until a force,
such as the drag force, virtual mass force, and pressure gradi-
ent force, cannot make the abrasive accelerate further. The
standoff distance determines the acceleration length of the
abrasive. At the optimal standoff distance, the abrasive can
accelerate to the maximum velocity. Typically, if the standoff
distance is optimal, the efficiency of rock breakage is the
highest. However, this is impossible in engineering applica-
tions. The standoff distance depends on the length of the
potential core; however, its length is not greater than the
length of the potential core. In addition, the length of the
potential core increases with the increase in the gas jet pres-
sure. Therefore, it can be understood that the standoff dis-
tance indirectly depends on the gas pressure. The present
research shows that the abrasive velocity reaches the maxi-
mum at a standoff distance of 100mm when the jet pressure
is 15MPa and the mass flow of the abrasive is 16 g/s. How-
ever, it is difficult to maintain the standoff distance optimally
and invariantly during operation. Consequently, the erosion
wear characteristics of the rock need to be analyzed at differ-
ent standoff distances. The experimental parameters are
listed in Table 1.

2.3. Experimental Phenomena. Because many researchers
have performed numerous interesting and relevant studies
on the effect of the abrasive and gas jet parameters on the ero-
sion wear depth and volume, these parameters are not ana-
lyzed in this study. This paper focuses on the failure models
of a rock eroded by abrasive gas jets and the mechanisms of
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Figure 2: Nozzle structure parameters.

Table 1: Experimental parameters.

Pressure (MPa) Abrasive Abrasive mesh
Abrasive mass
flow (g/s)

Standoff
distance (mm)

15 Quartz sand/garnet/brown aluminum oxide/silicon carbide 80 16 100

15 Quartz sand/garnet/brown aluminum oxide/silicon carbide 80 16 120

15 Quartz sand/garnet/brown aluminum oxide/silicon carbide 80 16 150

15 Quartz sand/garnet/brown aluminum oxide/silicon carbide 80 16 200
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the different failure models of the rock. The erosion charac-
teristic of the rock sample reveals the occurrence of an inter-
esting phenomenon in the erosion pits of the selected four
types of abrasive at any standoff distance. Taking as an exam-
ple a rock sample eroded by garnet abrasive to introduce this
phenomenon shows that, generally, the erosion pit has an
irregular conical shape. However, the shape of the bottom
of the erosion pit is completely different from that obtained
with a water jet or other jets. The bottom of the erosion pit
is hemispherical. There is an annular platform above the
hemispherical bottom that connects the bottom and side of
the erosion pit, as shown in Figure 3. Figure 4 presents the
shape of the erosion pit at different standoff distances.

The shape of the erosion pit is basically the same at differ-
ent standoff distances. The upper part of the erosion pit has
an inverted conical shape. An annular platform and a hemi-
spherical bottom are located below the inverted conical
shape. When the standoff distance is short, the diameter of
the mouth of the erosion pit is short and the erosion pit is
deep. With the increase in the standoff distance, the diameter
of the mouth of the erosion pit increases and the depth
decreases.When the standoff distance is 100mm, the diameter
of the mouth is 34.5mm and the erosion depth is 34.34mm.
When the standoff distance is increased to 200mm, the
diameter of the mouth is 55.8mm and the erosion depth is
25.4mm. The width of the annular platform increases with
the standoff distance. The width of the annular platform at
the four standoff distances is 1.36mm, 5.24mm, 8.78mm,
and 10.5mm, respectively. The depth of the hemispherical
bottom is 6mm, 7mm, 8mm, and 6.2mm, respectively, and
the erosion is the deepest at the standoff distance of 150mm.

2.4. Analysis of Experimental Phenomenon. The distinct
shape of the erosion pit of an abrasive gas jet is induced by
the combination of the erosion of an incident abrasive and
its rebound abrasive. If a rebound abrasive does not erode a
rock surface, the shape of the erosion pit will be consistent
with the sectional shape of the gas jet, as shown in
Figure 5(a). After the erosion of a rock, the impact energy
divides the abrasive into smaller pieces, which causes them
to rebound with high velocity. A rebound abrasive continu-
ally erodes the wall of the erosion pit, increasing the pit’s
diameter, as shown in Figure 5(b). Therefore, the shape of
the erosion pit depends on the gas jet shape and rebound
abrasive. To clarify and define the effect of the gas jet and
rebound abrasive on the shape of the erosion pit, the flow
field structure of the gas jet and characteristics of the motion
of the abrasive were numerically simulated in Fluent.

2.4.1. Numerical Simulation Model. The numerical simula-
tion geometric model as designed based on the erosion
parameters, such as the erosion pit parameters and nozzle
parameter, and at a standoff distance of 100mm is depicted
in Figure 6. A structured grid is used for mesh division and
the mesh number is 23160 based on the mesh sensitivity
analysis. The inlet and outlet boundaries are the pressure
inlet and outlet, respectively, and the wall surface is a nonslip
wall. The inlet pressure is the same with the experiment pres-
sure. The boundary condition of the erosion pit is a reflection
wall. The discrete-phase reflection coefficient is used to rep-
resent the change in momentum after particle impact, which
is calculated by a polynomial in terms of impacting angle. All
the inlet temperatures are 300K and outlet pressures are
0.1MPa; the garnet abrasive is 3500 kg/m3 and its diameter
is 180μm. The initial velocity of the abrasive depends on
the gas jet velocity. The gas and solid phases are calculated
based on a continuous-phase model and a discrete-phase
model (DPM), respectively. After the gas phase becomes con-
vergent and stable, the DPM starts to calculate the parame-
ters of the abrasive, such as the velocity and spatial location.

In this study, for the gas phase, the RNG k – ε tur-
bulence model can simulate, among other properties, the
high-Reynolds number flow of the jets. The gas is assumed
to be an ideal gas. The governing equations for the RNG
k – ε turbulence model are [39]
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Figure 3: Schematic of the erosion pit.
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ρ is density; k is turbulent kinetic energy; ε is the dis-
sipation rate of k; t is time; xi are the Cartesian coordi-
nates; ui and uj are velocity components along i and j,
which are subscripts of tensors instead of tensors; μ is
gas viscosity; μt is eddy viscosity; Gk is the generation
term of the turbulent kinetic energy k resulting from the
mean velocity gradient; Gb is the generation term of the
turbulent kinetic energy owing to buoyancy; YM is the
contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate; αk and αε are
the reciprocals of the effective Prandtl numbers for turbu-
lent kinetic energy and dissipation rate, respectively; Prt is
the turbulence Prandtl number; C1ε, C2ε, and C3ε are
empirical constants; gi is the component of gravitational
acceleration in the i direction; φ is the thermal expansion
coefficient; and a is the acoustic velocity, S is the modulus

of the mean rate-of-strain tensor, Cμ and η0 are both con-
stants, and Sk and Sε are user-defined source terms.

The DPM is introduced in the solid-fluid flow to simplify
the simulation of the motion in the particle phase. The DPM
can be used to calculate the trajectories of a portion of the
particles in the discrete phase; nevertheless, a simulation of
the particle motion with a universal application value can
be performed. The motion of the coal particles is defined by
the Lagrangian multiphase flow model. The pressure and
drag forces on the particles are calculated in a Lagrangian
framework. The velocity distribution of the particles can be
evaluated by the force balance on the particle. The governing
equation is as follows [40–42]:

mp

d u p

dt
= F D + F G + F B + F L + F VM + F B + F P, 3
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Figure 4: Features of the erosion pit at various standoff distances.
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Figure 5: Schematic of the erosion pit feature: (a) is a hypothetical erosion pit feature without considering the rebound abrasive and (b) is a
real erosion pit feature considering the reflection abrasive.
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where mp is the particle mass, u p is particle velocity, F D is

drag force vector, F G is gravity force vector, F B is Magus

buoyancy force vector, F L is lift force vector, F VM is virtual

mass force vector, and F P is pressure gradient force vector.

FD =
3μmCD Rep

4d2pρp
u f − u p , 4

where uf is the velocity of the fluid, ρp is the density of
the particle, dp is the diameter of the particle, μm is
dynamic viscosity, CD is the drag coefficient, and Rep is the
relative Reynolds number.

F G + F B =
ρp − ρ

ρp
g · e , 5

where e is a unit vector.

F VM = CVM
ρ

ρp

d
dt

u f − u p , 6

where CVM is the virtual mass coefficient.

F L = CL
ρ

ρp
u f − u p × ∇ × u , 7

where CL is the lift coefficient.

F B =
3
2 d

2
p πρμm

t

t0

d/dτ u f − u p

t − τ
dτ, 8

where τ is the time variable.

F P = −Vp∇P, 9

where Vp is the particle volume.
The solid-phase angular momentum equation is

I
d ω
dt

= T , 10

where I is the moment of inertia, ω is particle angular veloc-

ity, and T is torque.

2.4.2. Analysis of Numerical Simulation Results.When the gas
flows through the nozzle, the static pressure decreases gradu-
ally, which leads to the increasing of gas velocity. Because the
gas velocity is less than the velocity of sound at the entrance
of the nozzle, the gas accelerates in the convergent section of
the nozzle. When the gas flows into the throat section, the gas

accelerates in the first 1mm. Then the acceleration is inap-
parent in the middle section of the throat, because the static
pressure is barely changed and velocity is approximately
equal to sound velocity, as shown in Figures 7(a) and 7(c).
When a gas jet is ejected from a nozzle, the jet pressure
decreases and the velocity increases. The gas jet compresses
the surrounding air to form an expansion wave. When the
static pressure of the gas jet is equal to the boundary pressure,
the expansion wave reflects and superposes to form a com-
pression wave. The expansion and compression waves alter-
nately develop forward to form a free jet section, as shown in
Figures 7(b) and 7(d). The pressure and density of the expan-
sion and compression waves are not uniformly distributed,
which induces the uneven distribution of the abrasive in the
gas jet. The abrasive velocity at the axis of the jet reaches
the maximum value of 290m/s, which is higher than the
velocity at the boundary of the gas jet. However, abrasives
with high velocity are obviously fewer at the boundary. The
primary interesting feature of the flow field structure of the
abrasive gas jets is the presence of an annular region without
an abrasive between the axis and boundary, as shown in
Figure 8(a). When the abrasive gas jets reach the rock surface,
the jet radius Rj is smaller than the radius Rp of the mouth of
the erosion pit. Therefore, this verifies that the rebound abra-
sive mainly results in an increase in the diameter of the ero-
sion pit. As presented in Figure 8(b), the rebound abrasive
collides with the incident abrasive after impacting the rock,
which reduces the velocity of the incident abrasive. In addi-
tion, with the increase in the number of rebound abrasives,
the velocity of the incident abrasive continuously decreases,
as shown in Figure 8(c).

The rebound of an abrasive significantly affects the shape
of the erosion pit and distribution of the abrasive velocity.
Therefore, the effect of the rebound abrasive cannot be
ignored in the analysis of the erosion pit shape. When an
abrasive exactly reaches the rock surface, in the absence of
the effect of the rebound abrasive, the abrasive velocity at
the axis of the jet is high. The abrasive applies an impact force
on the rock surface, which is transmitted into the rock in the
form of stress waves, including longitudinal, transverse, and
Rayleigh waves. The longitudinal and transverse waves prop-
agate in the rock, whereas the Rayleigh wave propagates on
the rock surface. The longitudinal wave propagates within
the solid in a compression-tension manner, which will gener-
ate a radial tensile stress when the wave front rapidly expands
forward [11]. However, the abrasive motion in the transverse
wave is perpendicular to the propagation direction, which
can generate a shear stress and circumferential tensile stress
in the rock [43]. The Rayleigh surface wave, with vertical
and horizontal components, will accordingly induce tensile
and shear stresses. The tensile and shear stresses generated
by the abrasive impact may account for the initiation and
extension of the cracks in the rock. Moreover, the interfer-
ence and reflection of the different waves will result in the
reinforcement of the stress wave, which is conducive to the
generation of cracks [44].

When more abrasives simultaneously impact the rock
surface, the cracks formed by the impact of each abrasive
intersect with each other, which leads to rock damage.
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Because the stress wave propagates in the rock in the form of
spherical waves [45], the initial shape of the erosion pit rock
surface is sphere like. After impacting the rock, the abrasive
begins to rebound because of the reactive force. The abrasive
is vertically incident, and the rebound angle is large. How-
ever, under the obstruction of an incident abrasive, the
rebound abrasive moves along the bottom surface of the ero-
sion pit (Figure 9(a)), secondarily erodes the surface of the
erosion pit, and increases the diameter of the hemispherical
bottom. With the increase in the number of rebound abra-
sives and depth of the erosion pit, the rebound abrasive not
only erodes the side of the hemispherical bottom but also
moves along the side of the erosion pit, eroding it and
increasing its diameter (Figure 9(b)). Because of the presence
of the annular region in the abrasive gas jets without an abra-
sive, the rebound abrasive tends to move toward the annular
region (Figure 9(c)). The rebound abrasive in the annular
region erodes the side of the erosion pit and promotes the
formation of the annular platform, which connects the ero-
sion pits between the bottom and side. Moreover, the volume
and diameter of the erosion pit continuously increase. With
the increase in the rebound abrasive and erosion time, the
former affects the velocity of the incident abrasive more sig-
nificantly. Only a small part of the incident abrasive can
maintain a high velocity, continuously form cracks in the

rock, and increase the diameter of the hemispherical bottom.
The rebound abrasive not only affects the velocity of the inci-
dent abrasive but also leads to the randomized direction of
the abrasive velocity at the bottom of the erosion pit. Only
a part of the high-velocity abrasive can continue to be per-
pendicular to the direction of incidence and erode the ero-
sion pit. This implies that although the rebound abrasive
plays an important role in increasing the volume and diame-
ter of the erosion pit, they have an adverse effect on the
increase in the depth of the erosion pit.

The incident and rebound abrasives jointly affect rock
erosion. The incident abrasive of the jet axis can form a
spherical stress wave, which leads to the formation of a hemi-
spherical bottom at the base of the erosion pit. The rebound
abrasive increases the diameter of the hemispherical bottom
and form an annular platform by combining the effect of
the annular region of the abrasive gas jets. The annular plat-
form connects the hemispherical bottom and side of the ero-
sion pit; however, there is a clear boundary. The rebound
abrasive that moves along the wall of the erosion pit increases
its diameter.

The flow field structure of the abrasive gas jets, and the
characteristics of the abrasive movement are the main rea-
sons for the characteristics of the erosion pit. In the erosion
process, some regions are eroded by the combination of the
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incident and rebound abrasives, whereas other regions are
eroded separately by an incident abrasive or rebound abra-
sive. There is no strict distinction between an incident abra-
sive and a rebound abrasive for abrasive erosion, and some
studies have even neglected the role of the rebound abra-
sive. From the above analysis, it can be seen that rebound
abrasives play an important role in rock erosion. Therefore,
it is necessary to analyze the erosion mechanism of the
rebound abrasive.

3. Rock Erosion Mechanism

3.1. Erosion Mechanism. To clarify and define the erosion
mechanism of the abrasive gas jets, the erosive rock was
scanned by a SEM manufactured by the Field Electron and
Ion Company. The model is FEI quanta 250FEGG, with a
resolution of 2.5 nm and voltage of 10 kV. Considering as
an example the rock eroded by a garnet abrasive, the base
and side of the hemispherical bottom, annular platform,
and erosion pit side were scanned based on the different
erosion regions of the incident and rebound abrasives,
respectively (Figure 10).

The result of the SEM of the limestone eroded by garnet is
displayed in Figure 10. As shown in Figures 11(a)–11(d), the
failure characteristics of the rocks are different in various
parts of the erosion pit. Fractures (denoted as “F”) and lip
formation (denoted as “P”) occur on the surface at the base
of the hemispherical bottom, as shown in Figure 11(a) and
the part marked with “△” in Figure 11(b). The fractures,
which are distributed irregularly, partly connect to a larger
fracture that transmits through the rock surface. The area

of the rock surface without a fracture appears clearly as a
discontinuous lip formation. Thus, the area without the frac-
ture or lip formation of the rock surface is the original sur-
face that is not eroded by the abrasive. In addition, there is
no residual abrasive at the base of the hemispherical bottom.
The results of the SEM and numerical simulation of the
abrasive motion characteristics can reveal the mechanism
of rock erosion by abrasive gas jets. It is known from the
results of the previous section that only a part of the
high-velocity abrasive impacts the rock surface because of
the shield effect of the rebound abrasive. The impact force
of a high-speed abrasive can cause a brittle rupture of the
rock, inducing a fracture on the surface and inside the rock
[46]. The fractures formed by the adjacent abrasive connect
to each other to form through the fracture, which strips one
part of the rock mass from the surface and forms rock frag-
ments. The impact force of a low-velocity abrasive is too
small to cause a brittle fracture but is sufficiently large to
press the abrasive into the rock surface and induce plastic
flow of the rock. This leads to the formation of pits and
flanges, namely, lip formation. When the second abrasive
presses into the pit and surrounding flanges, the plastic flow
will occur again. Such repeated plastic deformation and
work hardening finally cause the rock to gradually harden
and drop off brittlely [20]. The number of fractures is obvi-
ously larger than that of lip formations, and there is no
residual abrasive at the base. It can be identified that the rock
mass is peeled off after the fractures are being transmitted
through the rock. Therefore, the stress wave formed by the
impact force is the main reason for the rock failure at the
base of the hemispherical bottom.

Rj
Rp

2.61e + 02 2.90e + 022.18e + 021.74e + 021.31e + 028.71e + 014.36e + 010.00e + 00

(a) The abrasive just reaches the rock surface

2.89e + 022.60e + 022.17e + 021.73e + 021.30e + 028.67e + 014.33e + 010.00e + 00

(b) The abrasive at the axis begins to rebound after eroding the rock

Erosion pit bottom

2.85e + 022.57e + 022.14e + 021.71e + 021.28e + 028.56e + 014.28e + 010.00e + 00

(c) The complete process of the formation of the erosion pit

Figure 8: Flow field structure and velocity distribution of the abrasive gas jets during erosion of the rock.
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Incident abrasive velocity is decreasing
and velocity reversal is of disordered

High-velocity abrasive at the
base of hemispherical bottom

Rebound abrasives along the side of erosion pit

Rebound abrasives trend
toward the annular region

(c) Rebound abrasives tend to move toward the annular area

Figure 9: Abrasive distribution and motion direction of the abrasive during rock erosion by the abrasive gas jets.
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The failure characteristics of the side of the hemispherical
bottom are obviously different from those at the base (in
Figure 11(b), the triangle mark section is the base of the
hemispherical bottom). From the comparison, it can be
found that the failure of the side of the hemispherical bottom
is mainly characterized by lip formation and there is a resid-
ual abrasive (marked with “○” in Figure 11(b)). The results of
the numerical simulation exhibit that the side of the hemi-
spherical bottom is mainly eroded by the rebound abrasive.
The diameter of the rebound abrasive decreases because of
the breakage of the incident abrasive after impact with the
rock. The velocity of the rebound abrasive decreases because
of the blockage of the incident abrasive. Therefore, the
impact force of the abrasive applied on the side of the hemi-
spherical bottom cannot lead to brittle rupture of the rock; it
instead causes plastic deformation. The angle of embedding
of the residual abrasive shows that the impact angle of the
abrasive is large, similar to the result of Figures 9(b) and
9(c). Therefore, the rebound abrasive only leads to lip forma-
tion on the side of the hemispherical bottom.

Figure 11(c) is the SEM image of the annular platform of
the erosion pit; the area marked with “□” is the boundary
between the annular platform (upper section) and the side
of the hemispherical bottom (lower section). The failure
characteristics of the annular platform are similar to those
of the side of the hemispherical bottom. Lip formation is
the main failure characteristic of the annular platform, i.e.,
the rock of the annular platform fails primarily with the char-
acteristic of plastic deformation. In addition, there are lateral
cracking (denoted as “L”) and residual abrasives but the
residual abrasives are embedded at a shallow depth. Accord-
ing to the results of the numerical simulation, the rebound
abrasive purely and simply erodes the annular platform.
The failure mechanism of the rock is different owing to the
different erosion angles of the rebound abrasive. When the
erosion angle of the abrasive is large, the abrasive can pro-
duce lip formation on the rock surface. When the erosion
angle of the abrasive is small (almost parallel to the rock sur-
face), the abrasive will roll easily on the rock surface and will
not effectively erode the wear rock. However, some abrasive
can erode the rock and form flake-like lateral cracking when
their angle is between those abrasives that can cause lip for-
mation and rolling. When the abrasive moves to the annular

platform, the velocity is lower than that at the hemispherical
bottom. The normal stress of the impact force of the abrasive
is lower than the yield limit of the rock, which cannot cause
plastic deformation of the rock. However, the impact fre-
quency of the abrasive is higher, which is equivalent to apply-
ing cyclic stress on the rock. If a rock only undergoes elastic
deformation, there would be no damage but the rock surface
will be hardened [47]. When the cyclic stress is further
applied, a hardened slip plastic deformation layer and crack
appear on the rock surface and the crack is parallel to the
movement direction of the abrasive. This is consistent with
the delamination theory proposed by Suh et al. [48].

The velocity of the rebound abrasive continuously
decreases with its upward motion. Instead of plastic defor-
mation, flake-like lateral cracks are formed on the rock
surface (as shown in Figure 11(d)). The main failure form
of the side of the erosion pit is fatigue damage caused by
the cyclic stress of the rebound abrasive, which is consistent
with the research results of Momber [19, 20] and Verhoef
[49]. However, they failed to specify whether the erosion
was of the incident or rebound abrasive.

From the above analysis, it can be concluded that the
incident and rebound abrasives jointly erode the rock. How-
ever, they erode different parts separately and their erosion
mechanisms are also different. At the base of the hemi-
spherical bottom, the impact stress wave of the incident
abrasive causes the expansion and connection of the frac-
ture on the rock surface and inside the rock, which leads
to rock failure. At the side of the hemispherical bottom,
plastic deformation is the main failure characteristic and is
induced by the rebound abrasive with a large impact angle.
At the annular platform, in addition to the rock failure
caused by the plastic deformation induced by the incident
abrasive erosion, there is also fatigue failure caused by the
rebound abrasive with a low impact angle. At the side of
the erosion pit, fatigue failure is the main characteristic,
which is induced by the rebound abrasive.

3.2. Influence of Abrasive Hardness on Erosion Failure.
The other eroded rock samples were scanned by the SEM
with the same method, and the scanning results are shown
in Figure 12. Figures 12(a) and 12(b) are the quartz
sand-eroded images of the side and bottom, respectively,
of the erosion pit. Figures 12(c) and 12(d) are brown alumi-
num oxide-eroded images of the side and bottom, respec-
tively, of the erosion pit. Figures 12(e) and 12(f) are the
silicon carbide-eroded images of the side and bottom, respec-
tively, of the erosion pit. By comparing and analyzing the
erosion images of the side and bottom of the erosion pit, it
can be concluded that lateral cracking is the main failure of
the side of the type of erosion pits but the roughness of the
surface is different. The surfaces eroded by brown corundum
and silicon carbide are obviously rougher than those eroded
by quartz sand. The roughness of the rock surface eroded
by silicon carbide is greater than that by brown corundum.
There is an intergranular fracture due to fatigue stress on
the sides of the erosion pits eroded by the brown corundum
and silicon carbide, and the fracture surface is smooth. This
indicates that the erosion wear mechanism of the side of

A

B

C

D

Figure 10: Position of scanning electron microscope. (A) Base of
the hemispherical bottom. (B) The side of the hemispherical
bottom. (C) Annular platform of the erosion pit. (D) The side of
the erosion pit.
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the erosion pit is not related to the abrasive hardness but is
only relevant to the direction of the force of the abrasive.
The wear mechanism of the side of the erosion pit is the
fatigue failure caused by the shear force of the rebound abra-
sive with a low incidence angle. The abrasive with a higher
hardness is more difficult to destroy, and the energy dissipa-
tion on the new surface of the abrasive is small. Therefore, the
energy conversion rate of a harder abrasive is higher. Thus,
when the energy of the incident abrasive is the same, the force
of the harder abrasive on the rock is greater, resulting in a
larger range of elastic deformation of the rock. When fatigue
failure occurs, the diameter of the peeling rock is larger, leav-
ing a rough erosion surface.

The rock failure at the base of the hemispherical bottom
of the three erosion pits is the same as that of the erosion
pit eroded by garnet, and the fracture is the main failure char-
acteristic. In addition, lip formation occurs due to the plastic
deformation on the rock surface. As is the difference in the
side of the erosion pit, the rock surfaces of the base of the
hemispherical bottom eroded by brown corundum and sili-
con carbide have greater roughness. The incident and
rebound abrasives jointly erode the rock of the base of the
hemispherical bottom. In addition, the impact velocity and
impact angle are both large, which leads to the formation of
a fracture on the surface and inside the rock. The hard abra-
sive has a higher rebound velocity. The influence area and
fragment size of the peeling rock are larger. Therefore, the
rock surface is rougher.

From the comparative analysis, it can be concluded that
the abrasive hardness has no effect on the erosion wear mech-
anism of the abrasive but it can affect the roughness of the
rock surface. Therefore, under the same incident condition,
the abrasive with higher hardness has a greater damage range
and erosion depth. This also demonstrates that a hard abra-
sive has a high erosion efficiency.

4. Conclusions

In this work, rebound particles of the abrasive gas jet are ver-
ified to play an important role in the formation of erosion
pits. It induces an irregular inverted cone-shaped erosion
pit, whereas the bottom of the erosion pit is hemispherical.
Besides the rebound particles, the flow field of the gas jet is
another primary factor that leads to the formation of an ero-
sion pit. The annular region without an abrasive between the
axis and boundary of the jet affects the flow direction of
rebound particles, which leads to the formation of an annular
platform lying above the hemispherical bottom and under
the side of the erosion pit. The erosion wear mechanism of
the rock is different in different areas of erosion, because of
the involvement of the rebound particles. At the base of the
hemispherical bottom, the impact stress wave of the incident
abrasive causes rock failure. The rebound abrasive is barely
involved in this area. As more and more rebound particles
participate in rock erosion, the mechanism of rock erosion
is from plastic deformation to fatigue failure. Such as at the

(a) (b)

(c) (d)

Figure 11: SEM images of the eroded limestone section.
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annular platform, the rock failure is caused by plastic
deformation and fatigue failure also occurs; at the side of
the erosion pit, the fatigue failure is the main characteris-
tic. Abrasive hardness has no effect on the erosion wear
mechanism of the rock. However, hard abrasives are more
destructive and can induce a greater erosion depth and
rougher surface.
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