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a b s t r a c t

Unsubmerged cavitating abrasive waterjet (UCAWJ) has been shown to artificially create a submerged
environment that produces shear cavitation, which effectively enhances rock-breaking performance. The
shear cavitation generation and collapse intensity depend on the pressure difference between the in-
termediate high-speed abrasive waterjet and the coaxial low-speed waterjet. However, the effect of the
pressure of the coaxial low-speed waterjet is pending. For this purpose, the effect of low-speed waterjet
pressure on rock-breaking performance at different standoff distances was experimentally investigated,
and the effects of erosion time and ruby nozzle diameter on erosion performance were discussed. Finally,
the micromorphology of the sandstone was observed at different locations. The results show that
increased erosion time and ruby nozzle diameter can significantly improve the rock-breaking perfor-
mance. At different standoff distances, the mass loss increases first and then decreases with the increase
of low-speed waterjet pressure, the maximum mass loss is 10.4 g at a low-speed waterjet pressure of
0.09 MPa. The surface morphology of cavitation erosion was measured using a 3D profiler, the increase in
both erosion depth and surface roughness indicated a significant increase in the intensity of the shear
cavitation collapse. At a low-speed waterjet pressure of 0.18 MPa, the cavitation erosion surface depth
can reach 600 mm with a roughness of 127 mm.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

High-pressure waterjet is considered indispensable for rock-
breaking in underground spaces such as rock-cutting (Ge et al.,
2023; Grosso et al., 2021; Lu et al., 2015), coal bed methane
extraction (Guo et al., 2019), and natural gas exploitation (Zhang
et al., 2020). It is because of the advantages of low cost, high effi-
ciency, dust-free, heat-free and pollution-free to the environment
(Soyama, 2020). Efficient drilling and excellent rock-breaking per-
formance are required in engineering applications. For this pur-
pose, high-performance waterjets with strong destructive power
have been developed based on continuous waterjets, including
cavitation waterjet and abrasive waterjet.

As for the cavitating waterjet, the pressurewaves, instantaneous
high temperatures and micro-jets generated during the collapse of
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cavitation bubbles in the cavitating waterjet enhance the erosion
ability. Watanabe et al. (2016) studied the structure of cavitation
clouds by shadow imaging and accelerated pulse measurements.
The cavitation cloud shows a periodic motion of development,
contraction and separation in the cavitating waterjet. Peng K.W.
et al. (2018) comprehensively evaluated the cavitation erosion po-
tential of cavitating waterjet by measuring the cavitation erosion
area. The results showed that the stagnation zone and the reflux
zone above the impact wall are two key factors affecting the for-
mation and variation of impact distribution patterns. Peng C. et al.
(2018) clarified the relationship between cavitation clouds and
cavitation erosion, the results show that the intensity of cavitation
erosion is determined by cavitation cloud concentration and
collapse intensity. Hutli et al. (2016) found that the cavitation
number has a great influence on the cavitation intensity and the
distribution of cavitation bubbles, the results show that mass loss,
erosion rate and eroded area increase as the cavitation number
decreases.

As for the abrasive waterjet, which formed by introducing
abrasive particles into the waterjet greatly enhances the working
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efficiency and impact ability. Xue et al. (2018) compared the erosion
characteristics of abrasive waterjet and pure waterjet, demon-
strating that abrasive waterjet has a more concentrated erosion
area and a higher cutting efficiency.Wang et al. (2018) established a
mathematical model of rock stress under the impact of abrasive
waterjet, providing a new idea for revealing the microscopic
mechanism of rock-breaking. Liu et al. (2020) used abrasive
waterjet to assist conical picks for rock breaking, in order to reduce
the cuttings resistance. Bruno Arab and Barreto Celestino (2020)
presented a microscopic study of rocks impinged by abrasive
waterjet, and found that the rock disaggregation depends on the
rock type and its microstructure. Cha et al. (2021) utilized steel shot
as an abrasive to evaluate its erosion performance and recovery
characteristics, the results showed that the steel shot cut 40%e50%
deeper than garnet.

Related studies have shown that the addition of cavitation
bubbles to the abrasive waterjet enhances erosion ability by using
the synergistic relationship between the bubbles and the abrasive
particles. For example, Lv et al. (2019) conducted an experimental
study using the interaction of laser-induced cavitation bubbles and
abrasive particles. The results showed that the growth of cavitation
can be induced by the abrasive particles, the rupture of cavitation
bubbles leads to the increase of abrasive acceleration. Pan et al.
(2020a) used a venturi structure to create a cavitation bubble,
which accelerated the impact of abrasive particles on the work-
piece, resulting in a 52% increase in material removal compared
with that without cavitation bubbles.

Based on previous studies, cavitating waterjet is only generated
in a submerged environment, which greatly limits the application.
Soyama et al. (Soyama, 2007; Soyama et al., 2011) first proposed an
artificially submerged cavitating waterjet, which provides a
promising solution to release this limitation. They found that the
low-speed waterjet was one of the key parameters affecting the
erosion ability of cavitating waterjet, the residual stress caused by
erosion is minimized by low-speed waterjet at pressure of
0.05 MPa. Subsequently, Marcon et al. (Marcon et al., 2016, 2018)
consistently increased the pressure of the coaxial low-speed
waterjet and found that the mass loss of the specimen increased
and then decreased. The erosion ability is maximized when the
low-speed waterjet velocity approaches 11 m/s and is independent
of the high-speed waterjet velocity. In addition, it was found that
increasing the diameter of the high-speed waterjet nozzle could
significantly improve erosion ability. Furthermore, environmental
pressure also has a significant effect on the cavitation erosion
ability in the submerged state. Cai et al. (2021) investigated the
effect of ambient pressure on pulsed cavitating waterjet, the results
showed that the ambient pressure changed the Strohal number to
modulate the frequency characteristics of thewaterjet. The standoff
distance at which the optimal erosion ability of the cavitating
waterjet was obtained at different ambient pressures through the
analysis of Pan et al. (2020b), the effective erosion distance became
sharply smaller as the ambient pressure increased. Hutli et al.
(2016) found that the ambient pressure can change the cavitation
number of the waterjet and thus affect its erosion ability.

According to the above discussion, to generate cavitation bub-
bles in an unsubmerged environment and enhance erosion ability
by using their synergistic effect with abrasive particles. A new type
of waterjet called unsubmerged cavitating abrasive waterjet
(UCAWJ) was proposed in this study. However, the application of
UCAWJ for rock-breaking is rare, meanwhile, the effect of low-
speed waterjet on rock-breaking performance is ambiguous.
Hence, in this study, after determining the erosion time and ruby
nozzle diameter, the erosion behavior of sandstone at different low-
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speed waterjet pressures and standoff distances is investigated to
determine the optimal rock-breaking parameters. Finally, the
breaking mechanism of the sandstone is analyzed by combining
high-speed photography and the micro-morphology of the
sandstone.

2. Experimental setup and procedures

2.1. Experimental setup

The schematic diagram and the photograph of the experimental
setup are shown in Fig. 1. The experimental setup was mainly
composed of an abrasive supply system, a jet generator, a nozzle
injecting the UCAWJ, and an erosion test unit. Among them, the
abrasive supply system consisted of an abrasive supply tank, an
agitator, a peristaltic pump, and a flowmeter.

Purewater and the abrasive particles werewell mixed according
to a certain proportion and stored in the supply tank as abrasive
slurry. To prevent abrasive deposition, a high-speed agitator kept
stirring the slurry during the experiment. The slurry was trans-
ported to the nozzle by a peristaltic pump with adjustable
displacement. The jet generator consisted of a water tank, a filter, a
high-pressure pump, a low-pressure pump, a pressure gauge, a
flowmeter, and a control valve. The pressure loss in the pipeline
from the high-pressure pump to the nozzle was ignored, and the
flowmeter was used to obtain the waterjet flow rate. The nozzle
consisted of two concentric parts, the inner and outer part of the
nozzle were for the high-speed abrasive waterjet and the coaxial
low-speed waterjet, respectively. The erosion test unit consisted of
a tank, a drain pipe, and a holder, the specimens were fixed on the
holder to avoid displacement during the experiment.

The composition of the nozzle is shown in Fig. 2. As shown in
Fig. 2(a), the nozzle was mounted on the Z-direction moving axis of
the 3D moving platform to facilitate the adjustment of the standoff
distance in subsequent experiments. The standoff distance is
defined as the distance between the nozzle outlet and the specimen
surface. Fig. 2(b) shows a schematic diagram of the nozzle, the ruby
nozzle which shown in Fig. 2(c) was installed at the uppermost end
of the nozzle as the inlet of the high-speed waterjet. The sudden
change of the nozzle diameter can form a negative pressure area in
the mixing chamber. Quartz sand with sizes between 160 and 220
mesh was used as the abrasive particles, which are sucked into the
mixing chamber and mixed with the high-speed waterjet, then
accelerated out of the bottom of the nozzle. The coaxial low-speed
waterjet was set outside the high-speed abrasive waterjet, the
bottom of the nozzle as shown in Fig. 2(d). The nozzle in this work
was made of stainless steel.

2.2. Materials

As shown in Fig. 3, rectangular shaped sandstone specimens of
100 mm in length, 100 mm in width and 50 mm in height were
prepared, the basic physical properties of the specimens are shown
in Table 1.

2.3. Experiment procedure

By controlling the experimental variables, the effects of low-
speed waterjet pressure, standoff distance, erosion time and the
diameter of the ruby nozzle on rock-breaking performance were
studied. The test variables and their value ranges are shown in
Table 2. Other parameters are provided as follows: the pressure of
high-speed abrasive waterjet is 50 MPa, the impingement angle is
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90�, the abrasive flow rate is 76 mL/min and the abrasive concen-
tration is 3%.

The depth, area and mass loss of the erosion holes are used as
indicators to evaluate rock-breaking performances and can be
directly measured. The area of the erosion hole was calculated with
help of the 3D profiler, erosion depth wasmeasured by depth gauge
and repeated three times. For the mass loss of sandstone, the
sandstone was dried using an oven before and after the erosion to
reduce the effect of the moisture contained in the sandstone on the
measurement results. A scanning electron microscope (SEM) (Zeiss
Sigma, Carl Zeiss AG Co. Ltd., Germany) was used to observe the
surface characteristics, transient pictures of UCAWJ was captured
with a high-speed camera (Phantom VEO710, Vision Research Inc.,
USA).
2640
3. Results and discussion

3.1. Effect of erosion time and ruby nozzle diameter

Fig. 4 shows the schematic diagram of UCAWJ and the appear-
ance of the sandstone after erosion. Abrasive particles are sucked
into the negative pressure area, which is formed by the high-speed
waterjet in the mixing chamber, where the abrasive particles are
mixed with the high-speed waterjet and subsequently accelerated.
Coaxial low-speed waterjet is applied externally to the high-speed
waterjet, shear cavitation is generated in the contact boundary of
the above two types of waterjets. Obvious erosion holes formed on
the sandstone surface after erosion of the UCAWJ. Themiddle of the
erosion area shows a deeper crater, mainly caused by high-speed
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Table 1
Physical and mechanical properties of sandstone samples.

Properties Value

Bulk density, g/cm3 2.32
Uniaxial compressive strength, MPa 37
Tensile strength, MPa 2.4
Modulus of elasticity, GPa 3.44
Longitudinal wave velocity, m/s 2708

Table 2
Test variables and values.

Parameters Values

Erosion time, s 30 75 95 120 165
Ruby nozzle diameter, mm 0.5 0.6 0.7 0.8 1
Low-pressure waterjet, MPa 0.03 0.06 0.09 0.14 0.18
Standoff distance, mm 8 14 20 26

Inner hole

Total
erosion 

area

Low-speed
waterjet inlet

High-speed
waterjet inlet

Abrasive
inlet

Outline of the
eroded area

Fig. 4. Schematic diagram of UCAWJ and erosion appearance.
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abrasive waterjet. The outer ring is formed under the erosion of
shear cavitation, with an uneven outer appearance on the surface.

Predictably, the increase in erosion time and ruby nozzle
diameter can improve the rock-breaking performance, but the
proper of parameters for this study was selected with uncertainty.
Fig. 5 shows the erosion appearance of sandstone with time and
ruby nozzle diameter at high-speed abrasive waterjet pressure of
50 MPa, low-speed waterjet pressure of 0.09 MPa and standoff
distance of 20 mm. As shown in Fig. 5(a), the appearances of the
inner erosion holes are regular and close to circular, at an erosion
time of 30 s, marks of erosion by cavitation bubbles could be
observed on the sandstone surface. As shown in Fig. 5(b), the
appearance of the erosion holes varies significantly at different
diameters of the ruby nozzle. Slight erosion marks are observed
when the ruby nozzle is 0.5 mm, the more obvious cavitation
erosion area is obtained when the ruby nozzle is 0.6 mm. Internal
erosion holes begin to become obvious when the ruby nozzle is
larger than 0.7 mm and are more clearly characterized as the
diameter increases.

As shown in Fig. 6(a), when the diameter of the ruby nozzle is
0.5 mm, the color of the high-speed waterjet is relatively light.
Besides, the cavitation bubbles generated have basically collapsed
at the standoff distance of 20 mm, resulting in weak erosion on the
surface of the sandstone, which is similar to Fig. 5(b). As the ruby
nozzle diameter increases, the high-speed waterjet is observed
more clearly, the length of the resulting cavitation cloud increases.
When the ruby nozzle diameter is 1 mm, the higher flow rate of
high-speed waterjet and low-speed waterjet shear each other,
resulting in more shear cavitation. Moreover, with the increase of
flow rate, the length of the high-speed waterjet attenuation also
increases, and the impact energy reaching the surface of the
sandstone is larger, resulting in sandstone particles being more
easily eroded. This result canwell illustrate the erosionmorphology
of sandstone in Fig. 5(b).

To quantitatively characterize erosion performance over time,
erosion area equivalent diameter, depth and mass loss were
measured. As shown in Fig. 7(a), the equivalent diameter of the
eroded area becomes larger and more sandstone is eroded as time
increases. As shown in Fig. 7(b), erosion depth and mass loss in-
crease significantly with time. The depth of erosion increases
approximately linearly, reaching 4.85 mm at an erosion time of
165 s, with a similar trend in mass loss, reaching 10.13 g. For the
consideration of experimental equipment parameters, an erosion
time of 120 s will be employed in the subsequent experiments.

Similarly, the effect of ruby nozzle diameter was explored. As
shown in Fig. 8, the erosion area total diameter continues to in-
crease within 0.7 mm of the ruby nozzle. While the diameter of the
ruby nozzle is greater than 0.7 mm, the total diameter of the
erosion area changes more gently. The diameter of the inner ring
erosion hole is continuously getting larger, this is due to the in-
crease in the diameter of the ruby nozzle, which enhances the
penetration ability of the waterjet. In this study, the ruby nozzle
diameter is smaller than 0.7 mm, and the momentum of the high-
speed waterjet decreases sharply, it is difficult to cause effective
erosion of the sandstone before reaching the sandstone surface.
While the ruby nozzle is larger than 0.7 mm, the momentum of the
high-speed abrasive waterjet increases, after the exchange of mo-
mentum with the low-speed waterjet it is still able to cause sig-
nificant erosion holes on the sandstone surface. As shown in
Fig. 8(b), both erosion depth and mass loss increase sharply with
increasing the diameter of the ruby nozzle. The results show that
increasing the diameter of the ruby nozzle can significantly
improve the rock-breaking performance. The diameter of the ruby
nozzle chosen for subsequent experiments is 0.8 mm for the
consideration of equipment parameters.
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3.2. Effect of low-speed waterjet pressure

For UCAWJ, the pressure of the low-speed waterjet is identified
as an important parameter affecting the erosion performance. For
this reason, shown in Fig. 9, the erosion hole appearance of the
sandstone surface is demonstrated at standoff distance of 20 mm.
The deeper but slightly smaller diameter of the inner erosion holes
and no obvious cavitation erosion areas are observed on the
sandstone surface at low-speed waterjet pressure of 0.03 MPa.
Obvious cavitation erosion can be observed when the pressure of
the low-speed waterjet gradually increases.

The trends of total diameter, inner erosion hole diameter,
erosion depth and mass loss at different standoff distances under
different low-speed waterjet pressures are shown in Fig. 10. As
shown in Fig. 10(a), the total diameter of the eroded area increases
and then decreases with increasing low-speed waterjet pressure. It
can be observed that the total diameter of the eroded area is
minimum at standoff distance of 8 mm. According to previous
studies in the literature (Zelenak et al., 2022; Zheng et al., 2022), an
increase in the standoff distance and the divergence of the waterjet
leads to an increase in the eroded area. However, the diameter of
the erosion area is generally larger at standoff distance of 20 mm
compared with standoff distance of 26 mm. As shown in Fig. 10(b),
the trend in the diameter of the inner erosion holes is similar to the
total diameter. The erosion depth decreases with increasing low-
speed waterjet pressure at different standoff distances as shown
in Fig. 10(c). The erosion depth at smaller standoff distances is
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significantly superior compared with larger standoff distances.
Meanwhile, the erosion depth decreases with the increase of low-
speed waterjet pressure. Moreover, mass loss is a key indicator of
rock-breaking performance, as shown in Fig. 10(d), the mass loss
increases with the low-speedwaterjet pressure and then decreases.
Reaches a maximum value of 10.4 g at low-speed waterjet pressure
of 0.09 MPa and standoff distance of 20 mm. In addition, the
maximum mass loss is observed when the standoff distance is
20 mm at different low-speed waterjet pressure, the second largest
mass loss is when the standoff distance is 8 mm. This indicates that
there are two extreme values in mass loss, in the subsequent
analysis, the erosion performance of the sandstone at standoff
distance of 20 mm is mainly considered.

In terms of erosion area diameter, an increase in standoff dis-
tance and waterjet beam divergence will result in a larger erosion
area, which can be observed in Fig.10(b). But an increase in standoff
distance may also cause the shear cavitation bubbles to collapse
before they erode the sandstone, resulting in a reduced erosion
area, which can be obtained in Fig. 10(a). For the erosion depth, the
increased standoff distance allows for more dynamic energy ex-
change between the high-speed abrasive waterjet and the low-
speed waterjet, the energy of the high-speed abrasive waterjet
decays severely and the erosion depth decreases. In addition, the
increased pressure of the low-speed waterjet, will further impede
the high-speed abrasive waterjet, making the reduction of the
erosion depth. Furthermore, mass loss dependsmainly on the inner
erosion holes and the outer ring cavitation erosion area. At standoff
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distance of 8 mm, the mass loss is mainly caused by abrasive
waterjet erosion. At standoff distance of 20 mm, the mass loss due
to abrasive waterjet erosion decreases, but the enhanced cavitation
2643
erosion can causemore sandstone to be eroded, which is the reason
for the two mass loss extreme values, and similar trend can be
found in the previous literature (Liu et al., 2019).
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To investigate the effect of low-speed waterjet pressure on
cavitation erosion. As shown in Fig. 11, the areas eroded by the
cavitation bubble on the sandstone surface are shown by the 3D
profiler and the scanned position is boxed in Fig. 9. As mentioned
above, no obvious cavitation areas are observed with relatively
smooth surface profiles and a maximum depth of about 250 mm,
shown in Fig. 11(a). As shown in Fig. 11(b), deeper erosion areas are
obtained on the sandstone surface, with a maximum depth of
around 300 mm. When the pressure is greater than 0.09 MPa, more
obvious erosion pits appear on the sandstone surface, the area
eroded by the collapse of cavitation bubbles increases in size, with a
maximum depth of 500 mm or more.

To quantify and characterize the cavitation eroded areas, the
roughness of the cavitation erosion area is measured with the help
of a 3D profiler. As shown in Fig. 12, the roughness of the area
eroded by cavitation bubbles increases with the increasing pressure
of the low-speed waterjet. The surface roughness is only 22.7 mm at
low-speed waterjet pressure of 0.03 MPa, but increases to 134 mm
when the low-speed waterjet pressure is 0.18 MPa. This indicates
that the cavitation bubble collapse intensity increases with the
increase of low-speed waterjet pressure, which allows more
sandstone particles to be exfoliated.
2644
To further elucidate the reasons for the variation of cavitation
erosion intensity on the sandstone surface, transient pictures of
UCAWJ at different low-speed waterjet pressures were observed.
When the low-speed waterjet pressure is 0.03 MPa, part of the
cavitation bubbles collapse due to air contact before reaching the
sandstone surface. As shown in Fig. 13(a(i)), at moment T0, due to
the suction of the high-speed waterjet, the low-speed waterjet is
displaced radially, resulting in cavitation bubbles in contact with
the air. At moment T0þ2 ms, the energy generated by the collapse
of the cavitation bubble makes the water splash into the air, and a
similar trend was observed in Fig. 13(b). The contact between
cavitation bubbles and air was also obtained at low-speed waterjet
pressures of 0.06 MPa. However, with the increase of the low-speed
waterjet pressure, the squeezing pressure on the cavitation bubble
becomes larger, and it is difficult for the cavitation bubble to move
to the boundary of the waterjet and contact with the air at low-
speed waterjet pressure of 0.09, 0.14 and 0.18 MPa, respectively.
In conclusion, when the low-speed waterjet pressure is small, the
cavitation bubbles easily reach the boundary of the waterjet and
contact with air, the erosion of the sandstone surface by the cavi-
tation bubbles is reduced. At low-speed waterjet pressures greater
than 0.09 MPa, shear cavitation bubbles collapse with increased



(c) Erosion depth (d) Mass loss

(a) Total diameter of the eroded area (b) Diameter of the inner ring

0 0.04 0.08 0.12 0.16 0.20
0

5

10

15

20

25

Eq
ui

va
le

nt
 d

ia
m

et
er

, m
m

Eq
ui

va
le

nt
 d

ia
m

et
er

, m
m

Low-speed waterjet pressure, MPa

8 mm
14 mm
20 mm
26 mm

0 0.04 0.08 0.12 0.16 0.20
0

3

6

9

12

15

Low-speed waterjet pressure, MPa

0 0.04 0.08 0.12 0.16 0.20
0

3

6

9

12

15

18

Er
os

io
n 

de
pt

h,
 m

m

Low-speed waterjet pressure, MPa

0 0.04 0.08 0.12 0.16 0.20
0

3

6

9

12

15

M
as

s 
lo

ss
, g

Low-speed waterjet pressure, MPa

8 mm
14 mm
20 mm
26 mm

8 mm
14 mm
20 mm
26 mm

8 mm
14 mm
20 mm
26 mm

Fig. 10. Rock-breaking performance varies with low-speed waterjet pressure at different standoff distances.

C.-X. Fan, D. Li, Y. Kang et al. Petroleum Science 21 (2024) 2638e2649
intensity, which allows more sandstone to be eroded. However, as
the pressure of the low-speed waterjet increases, the high-speed
waterjet is observed to become lighter in color. This indicates a
decrease in the velocity gradient between the jets, causing a
reduced generation of cavitation bubbles, a phenomenon that has
been described above. Meanwhile, due to the increased restraint of
the low-speed waterjet, the momentum decay of the high-speed
waterjet is allowed to be more rapid, which reduces the erosion
ability of the high-speed waterjet, a phenomenon that corresponds
to Figs. 10 and 11(c).

In addition, based on previous studies (Long et al., 2017; Sarc
et al., 2017), the higher the pressure of the low-speed waterjet,
the corresponding increase in the cavitation number and the
weakening of the cavitation phenomenon. In general, the weaker
the cavitation phenomenon, the less erosion. But in the present
study, a different trend is observed. The possible reason for this is
that although more obvious cavitation bubble occurs, the increased
intensity of cavitation bubble collapse is not confirmed. When a
smaller low-speed waterjet pressure, the cavitation bubble collapse
is weaker due to the lower compression pressure of the external
flow field on the cavitation bubble, which can be found in previous
studies to explain (Peng et al., 2017). With the increase of low-
speed waterjet pressure, the cavitation bubble collapse intensity
increases and causes deeper erosion pits on the sandstone surface,
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which is also well confirmed by Figs. 11 and 12. However, when the
low-speed waterjet pressure is too high, it leads to insufficient
development of cavitation bubbles, which results in weaker
collapse intensity. While in this paper, due to the limitation of
equipment parameters, the optimal low-speed waterjet pressure
has not been sought to make the maximum cavitation intensity.

3.3. Sandstone damage mechanism of UCAWJ

Based on the above mentioned, the erosion area of sandstone
can be divided into two parts, shown in Fig. 14. The first part is the
outer ring, which is mainly caused by erosionwhen shear cavitation
bubbles collapse on the surfaces of sandstone. The second is the
inner hole, which is mainly caused by the erosion of high-speed
abrasive waterjet. Furthermore, the inner ring can also be divided
into two types under different working conditions. The first when
the erosion hole is shallow and the second when it is deep, both of
which have slightly different mechanisms when the sandstone is
damaged by erosion, as will be described in detail later.

In the outer ring of the erosion zone, pressure waves, transient
high temperatures and microjets generated by shear cavitation
collapse resulted in the dislodging of sandstone particles, and sig-
nificant uneven erosion pits were observed in the outer ring. At the
same time, the abrasive particles will also erode the outer ring
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during the external movement, but the erosion effect is much
weaker than the collapse of cavitation bubbles. For the erosion
holes in the inner, when the erosion hole is shallow, a regular and
smooth hole is obtained on the sandstone surface due to the uni-
form distribution of abrasives and the polishing effect of abrasives
(Haj Mohammad Jafar et al., 2015). However, there is a difference
when the erosion hole is deeper, abrasive particles cannot be dis-
charged from the erosion hole in time, and the second bounce of
the abrasive particles will also occur in the space of the erosion
hole. The collapse of cavitation bubble not only erodes the sand-
stone, but also accelerates the abrasive particles. Thus, the kinetic
energy of abrasive particles increases, which intensifies the erosion,
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causing more sandstone particles to be dislodged, which further
enlarges the erosion hole.

Fig. 15 shows SEM images of the three locations of the erosion
holes under the impact of the UCAWJ. The outer ring of the erosion
area is shown in Fig. 15(a), the mineral grains are relatively intact,
but the cement between the mineral grains is destroyed, obvious
micro-pores and micro-cracks are observed. Furthermore, the
surface of mineral particles is broken into tiny rock fragments,
mostly flake rock fragments and wedge-shaped rock fragments
shown in Figs. 15(a-2). Sandstone is a typical polycrystalline ma-
terial, by observing the microscopic morphology of the erosion
surface. As shown in Fig. 15(b), it can be found that sandstone is
fractured along the grain boundary and fracture through the grain,
the fracture through the grain is predominant, and similar patterns
can be found in previous studies (Liu et al., 2021; Zhang et al., 2021).
Under the transient impact of the abrasive particles and the fluid-
water wedge pressure, the tightly cemented connection between
the mineral particles and the matrix in the sandstone is destroyed.
Causes shear or tensile damage along primary cracks within min-
eral particles or at a lower strength, micro-cavity and micro-
fractures can be observed. In addition, the cutting effect of abra-
sive particles is evident, mineral particles are broken into
numerous rock chips, obvious mineral particle fractures are ob-
tained and shown in Figs.15(b-2). The inner wall of the erosion hole
is further eroded by the secondary rebound of the abrasive parti-
cles, but the erosion ability of the abrasive particles is weaker due to
the water buffer. As shown in Figs. 15(c-1), the cement of the
mineral particles is also destroyed, accompanied by smoother
edges and a small number of abrasive cuts on the edges of the
mineral grains. Interestingly, on the surface of the mineral grains,
honeycomb monazite appears and there is no obvious trace of
erosion. This also indicates the weak erosion ability of the sec-
ondary rebound abrasive particles, the high turbulence within the
erosion holes also resulted in the free dislodgement of mineral
particles.
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4. Conclusion

This paper presented an experimental study of the effect of low-
speed waterjet pressure on the rock-breaking performance of
UCAWJ. Measurements of sandstone erosion holes are made to
assess the rock-breaking performance, a combination of high-speed
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photography and three-dimensional profilometry was used to
illustrate the effect of low-speed waterjet pressure on cavitation
intensity. The following conclusions can be drawn from the analysis
of the results.

(1) The appearance of the inner ring erosion holes is regular and
close to circular, the rock-breaking performance increases
nearly linearly with erosion time. When the ruby nozzle is
larger than 0.6 mm, a more obvious cavitation erosion area
can be obtained.

(2) The mass loss of sandstone increases first and then decreases
with the increase of low-speed waterjet pressure, the
maximum mass loss of 10.4 g is obtained at pressure of
0.09 MPa and standoff distance of 20 mm.

(3) By observation and measurement of the cavitation erosion
area, the increase in low-speed waterjet pressure enhances
the cavitation bubble collapse intensity. The maximum
erosion depth of cavitation bubble collapse on the sandstone
surface is 600 mm with a roughness of 127 mm at low-speed
waterjet pressure of 0.18 MPa.

(4) The inner erosion hole is dominated by crystal penetration
fracture, the mineral particles in the inner wall of the erosion
hole are dominated by free detachment, for the cavitation
erosion, the cement between the mineral particles is obvi-
ously destroyed.



Fig. 15. SEM images at (a) the outer ring erosion hole, (b) the bottom and (c) the sidewall of the inner ring erosion hole.
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