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a b s t r a c t

The cavitation cloud impingement of the jet in the rock breaking process was experimentally investi-
gated to reveal the jet erosion mechanism in drilling of petroleum exploitation. Serial erosion tests and
flow visualization were performed, where the cavitation cloud motion in the erosion crater was obtained
with the designed transparent specimen. Various erosion patterns were identified in the whole erosion
process based on the eroded specimen topography. The shallow eroded crater with a shrinking erosion
area is generated by the combination of impinging and scattering cavitation clouds. The increase of ld
promotes the development of cavitation cloud sc but reduces the impingement frequency fd, suggesting
that the jet aggressive ability is enhanced when the balance between sc and fd is reached. The cavitation
cloud motion in the erosion crater was investigated with the transparent specimen. The erosion in the
crater at shorter exposure periods Te is generated by the combination of impingement and restricted
scattering of cavitation clouds. With the continuous development of the erosion damage, the jet's
aggressive ability is diminished due to the erosion expansion on sandstone, where the cavitation clouds
impinge on the target and then collapse and vanish without restricted scattering.
© 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

As a high-efficiency rock breaking method in the ambient
pressure condition, the cavitating jet has great potential in many
underground engineering fields including petroleum exploitation
(Li et al., 2010; Liu et al., 2022; Jiang et al., 2022) and coal mining (Lu
et al., 2017; Ge et al., 2022). The cavitation clouds periodically shed,
flow and impinge on the downstream rock surface, where the
erosion damage in rock breaking is primarily induced by the cu-
mulative highspeed micro-jet impingement of bubble collapse (Liu
et al., 2022).

The aggressive ability of the cavitating jet in rock breaking
significantly influences drilling and mining efficiencies. Plenty of
studies have focused on the erosion behavior features of the cavi-
tating jet. Two peaks of the specimen mass loss with the increasing
standoff distance have been observed by Liu et al. (2020),
Yamaguchi and Shimizu (1987), Momma and Lichtarowicz (1995).
The erosion pattern of the first peak exhibits two isolated ringlike
y Elsevier B.V. on behalf of KeAi Co
erosion regions, which gradually merge into one single erosion ring
at the second peak (Yamauchi et al.,1995; Liu andMa, 2021). A lot of
rock-breaking theories including cavitation fragmentation (Crow,
1973), crack extension crushing (Forman and Secor, 1974) and
tensile-wedge effect (Li and Shen, 2005) have been validated,
whereas the rock-breaking mechanism is still far from being un-
derstood due to the rock inhomogeneity. Recently, Jasper et al.
(2021) experimentally studied the cavitating jet drilling process
in the ambient condition with erosion damage test and flow visu-
alization. They suggested that the cavitation cloud impingement
primarily contributes the erosion damage rather than the water
hammer effect. Experiments on sandstone by Chen et al. (2023)
indicated that the increasing erosion period extends the action
time of the cavitating jet in the main erosion area, resulting in
severer damage. Fan et al. (2023) reported that the irregular shape
of the erosion region is generated by the cavitation bubbles
collapse. Cai et al. (2023) observed similar funnel-like erosion re-
gions of basalt, granite and sandstone under the cavitating jet
impingement.

The flowing motion features of the cavitation cloud directly
decide the erosion result of the jet. The cavitation cloud formation
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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occurs in the shear layer andwhich further develops to a ring shape
throughout the impingement under the effects from stagnation
area and wall jet (Yamaguchi and Shimizu, 1987; Liu and Ma, 2021;
Soyama, 2017). The flow visualization experiment was conducted
by Sato et al. (2009) for the impingement process of the cavitation
cloud, where two kinds of clouds were observed including themain
impinging cloud and the outward spreading scattered cloud.
Soyama et al. (2011) and Kang et al. (2018) used the polyvinylidene
fluoride (PVDF) to achieve the impact pulse of the bubble collapse.
They indicated that the aggressive ability is proportional to the
cavitation impact energy. Peng et al. (2018) classified the cavitation
cloud motion features with proper orthogonal decomposition
(POD) and suggested that the intensities of concentrated bubbles
and collapse events decide the cavitation intensity. Liu and Ma
(2021) explored the erosion mechanism under the inclined jet
impingement, where partial severe erosion damage was generated
by the restricted spreading cavitation clouds. Attention was also
placed on the cavitation erosion mechanism in the microscopic
view. Early study by Tomita and Shima (1986) demonstrated that
the erosion pit induced by the single bubble collapse is essentially
generated by the impact pressure from a liquid microjet. Chahine
and Hsiao (2015) indicated that the impulsive impact on the ma-
terial is damped with the material surface deformation. Chi et al.
(2022) suggested that for the sedimentary rock, such as shale, the
microstructure of rock under the impact from single bubble
collapse experiences a brittle failure process without plastic
deformation. Recently, Wu et al. (2023a) numerically investigated
the single cavitation bubble collapse behaviors near a hydrate
surface, where they found the shock wave has a greater contribu-
tion than the micro-jet in the erosion process. Due to the fragility of
the rock, the erosion valley generated in a very short period is deep
enough to significantly affect the impinging flow. Despite lots of
precious studies have focused on revealing the cavitation jet
breaking mechanism on rock, the cavitation clouds impingement
features and the cloud motion characteristics under the influence
from varying eroded rock surface have not been thoroughly
explored.

In this work, in order to realize the full potential of the cavitating
jet at rock breaking in the underground petroleum exploitation, we
explored the aggressive ability of the jet with serial erosion tests
and flow visualization across a wide range of standoff distance
ratios. In particular, the cavitation cloud impingement motion in
the each erosion development stages was experimentally investi-
gated with flow visualization. We employed a X-ray computerized
tomography (CT) and a high-speed camera to reveal the erosion
damage, cavitation cloud motion and their interactions during the
rock breaking process. The experimental setup of erosion mea-
surement and flow visualization is specified in Section 2, the results
are presented and discussed in Section 3, whereas the conclusions
are given in Section 4.

2. Experimental setup

2.1. Cavitating jet apparatus

The erosion test and flow visualization system are presented in
Fig.1(a). The test section of the vessel was 22 cm in each dimension.
The upstream feeding pressure generated by a plunger pump was
pi ¼ 12.6 MPa. The ambient pressure controlled by the downstream
relief valve was set at pe ¼ 0.6 MPa. The cavitation number sn ¼ (pe
e pv)/(pi � pe) was adjusted to 0.05 for the serial tests, where pv is
the vapor pressure of the water. Three pressure transducers were
installed in the injection pipe, the testing vessel and the ejection
pipe with uncertainties of 0.25%. The water temperature was
28 ± 1 �C. The serial tests were performed at various exposure
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periods Te 2 [15 s, 135 s]. The cavitating jet was produced by the
organ-pipe nozzle presented in Fig. 1(b) (Liu et al., 2020, 2022; Liu
and Ma, 2021). The specific parameters of the nozzle configuration
are listed in Table 1. The specimen Cartesian coordinate system
consists of the symmetrical axis z and the surface outward radial
direction x. The standoff distance ls was defined as the length from
the nozzle bottom to the specimen surface. The dimensionless
standoff distance ratio ld ¼ ls/dn was adopted in this research in the
range of ld 2 [2, 16].

2.2. Erosion measurements

The mechanical properties of the artificial sandstone specimen
are listed in Table 2, which has been widely adopted in related
research (Fan et al., 2023; Kang et al., 2023). According to the test
results, the erosion damage on sandstone was generated in a very
short exposure period Te and the specimen topographical variation
significantly influenced the cavitation flow characteristics in the jet
impingement process. To reveal the cavitation cloud motion char-
acteristics during the initial jet impingement, the additional flat
specimen made of stainless steel was adopted to exclude the in-
fluence from the dramatic topographical variation of eroded
sandstone on the flow. The diameter of the specimen disc was
ds ¼ 40 mm. The exposure periods of the sandstone and the
stainless steel under the cavitation impingement at each standoff
distance ratio were Te ¼ 90 s and 30 s, respectively. In addition, the
erosion development on the sandstone was individually investi-
gated at the increasing Te 2 [0, 135 s].

The mass loss generated by the cavitation erosion damage and
the eroded surface topography were employed as the representa-
tive features of the jet's aggressive ability (Liu et al., 2020;
Yamaguchi and Shimizu, 1987). Each test was conducted four times
to ensure the reliability of the results. The mass loss Dm of the
specimens was measured after air-drying. The erosion boundary of
the sandstone specimen was obtained by the grayscale threshold
calculation according to the specimen photo, whichwas scanned by
an HP ScanJet printer. The spatial geometry of the erosion region in
sandstone specimens was obtained by an X-ray computerized to-
mography (CT), Sanying nanoVoxel-3000 (Liu and Ma, 2021). The
CT slices were achieved at the spatial resolution of 31.07 mm, which
were further combined to rebuild the 3D erosion region with
1600 � 1600 � 1440 pixels.

2.3. Flow visualization

A high-speed camera Phantom VEO 410L with a sampling fre-
quency of 20000 FPS was used to capture the cavitation cloud
flowing motion (Wu et al., 2022). The cavitation clouds were illu-
minated by a high-lumen LED lamp located on the opposite side of
the camera. The camera and the lamp were located at lc ¼ 200 mm
and ll ¼ 140 mm away from the nozzle axis, respectively (Fig. 1(a)).
The flow visualization photographswere processedwith the format
in uint-8, where the photo scale was 256 � 512 pixels and the
limitation of grey-scale was [0, 255]. To ensure the adequate sample
capacity, the exposure period of the flow visualization measure-
ment was 1 s.

To investigate the instantaneous flowing features of the cavi-
tation clouds in the erosion crater, the trinity eroded specimen was
reconstructed by 3D printing based on the rebuilt erosion region
model, as shown in Fig. 2. It was assumed that the target surface
being eroded of sandstone during the flow visualization testing
period have little influence on the cloudmotion features. The top of
the reconstructed specimenwas made of transparent photocurable
resin for flow visualization and the middle was printed by stainless
steel to resist the cavitation cloud impingement. The bottom was



Fig. 1. (a) Erosion test and flow visualization system and (b) nozzle geometry.

Table 1
Nozzle dimensions.

Dimensions, mm D1 D2 dn lo1 lo2 ln lb b, �

Value 24 10 2 70 42 0.7 2.8 20
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printed by high-strength nylon to support the combined specimen.
The cavitation clouds need to be separated from the transparent
photocurable resin samples to observe the morphology of cavita-
tion clouds more clearly using the image processing method, as
illustrated in Fig. 3. First, the background was subtracted from the
original image to get the outline of the cavitation clouds. To facili-
tate the following watershed processing algorithm, the image pixel
inversion operation was carried out. The resulting images need to
be preprocessed to benefit image segmentation, in which gamma
transform was used to enhance the image and Gaussian transform
(Gaussian filtering) was used to remove noise. Finally, the water-
shed algorithm was used to segment the whole cavitation cloud
edge.
Fig. 2. Erosion region reconstruction by 3D printing.
3. Results and discussion

3.1. Mass loss and erosion pattern

To inspect the erosion features of the cavitating jet on the
sandstone, the averaged mass loss Dms with increasing ld is shown
in Fig. 4. Two peaks of Dms were observed at the two optimum
standoff distance ratios ld ¼ l1 ¼ 5 and ld ¼ l2 ¼ 10, where the jet
erosion ability is stronger than other ld (Soyama, 2017). Further, the
second peak of Dms at downstream l2 induced by a severer erosion
damage is higher than the first peak obtained near the nozzle exit l1.
Similar double peaks of specimen mass loss were reported by Chi
et al. (2022) and Ge et al. (2011) in rock breaking, where the
Table 2
Mechanical and physical properties of the artificial sandstone specimen.

Material Erosion strength, MPa Compression strength, MPa

Sandstone 3.49e4.42 65.03e65.68
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cavitation numbers were set in sn 2 [0.0025, 0.06].
The erosion damage generated by the cavitating jet on the

sandstone specimens is shown in Fig. 5 and the erosion topography
at selected standoff distance ratios is shown in Fig. 6. At ld ¼ 2, one
shallow crater was generated on the sandstone, as presented in
Fig. 5(a), labeled as ES. In Fig. 5(b), a deeper erosion crater ES in a U-
shaped cross section (Fig. 6(a)) is observed at l1 ¼ 5, corresponding
to the first peak of mass loss Dms induced by the enhanced
aggressive ability of the jet. The jet's aggressive ability slightly
decreases at ld ¼ 6 and the ES was observed as a larger shallow U-
shaped erosion crater. The bottom cleaning effect is observed in the
Elastic modulus, GPa Poisson's ratio Rock-cohesion, MPa

137.77e138.66 0.19 15.86



Fig. 3. Diagram of image processing.

Fig. 4. Mass loss of the sandstone Dms at a series of standoff distance ratio ld 2 [2, 16].
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range of pattern A, the eroded surface of the damage crater is
smoother the other standoff distance ratios (Wu et al., 2023b).With
the increase of ld, the erosion damage returns to the deep valley
shape at ld ¼ 9. The severest erosion was achieved at l2 ¼ 10, where
the jet achieved the strongest aggressive ability, as presented in
Figs. 5(f) and Fig. 6(c). The jet aggressive ability dramatically shrunk
with longer standoff distances, which resulted in a larger and
shallower ES on the sandstone, as presented in Figs. 5(h) and
Fig. 6(d) at ld ¼ 16.

To get insight into the jet erosion features on the sandstone, the
equivalent erosion radius on sandstone Res and the maximum
erosion depth hemax are summarized in Fig. 7. The equivalent radius
Res is calculated by Res ¼ (Ae/p)0.5, where Ae is the projected area of
erosion damage on the x � y plane. The erosion damage was
divided into three patterns according to Res, hemax and Dms. In
pattern A, ld 2 [2, 5], the equivalent radius Res decreases with
higher hemax. At the beginning of pattern B, ld ¼ 6, Res extends with
the dramatic decrease of hemax, indicating that the erosion ability is
slightly suppressed at ld ¼ 6. With increasing ld 2 [6, 10], hemax
rebounds significantly and reaches the maximum at l2 ¼ 10, but the
erosion radius Res increases in lowamplitudes. In pattern C, ld2 [11,
16], the increasing standoff distance diminishes the aggressive
ability of the cavitating jet, which results in the border and
3538
shallower erosion area with a larger Res.
3.2. Cumulative erosion features

Fig. 8 shows the cumulative erosion rate (CER) ε ¼ Dms/Te of the
erosion on sandstone at the optimum standoff distance ratio
l2 ¼ 10. The serial testing exposure periods were controlled at
Te 2 [15 s, 135 s] with an interval DTe ¼ 5 s. The cumulative erosion
rate of sandstone generated by the cavitating jet can be divided into
three stages, acceleration stage Te 2 [15 s, 35 s], deceleration stage
Te 2 [35 s, 65 s] and terminal stage Te 2 [65 s, 135 s] (Choi et al.,
2012).

In the acceleration stage, the cavitation clouds directly impinges
on the sandstone quasi flat surface and induce erosion damage
immediately. With the developing erosion damage, as show in
Fig. 9(a) at Te ¼ 30 s, the acceleration stage ended once the surface
of eroded region already had a significant variation, where the
varying surface of the erosion crater affects the cavitation cloud
motion (Liu and Ma, 2021). The entrapped two-phase flow on the
erosion valley bottom starts to cushion the impingement and
suppress the bubble collapse, which results in the deceleration
stage. Finally, the erosion process get into the terminal stage. At the
longer erosion exposure period Te shown in Fig. 9(c) at Te ¼ 135 s,
the maximum erosion depth has reached hemax ¼ 19.58 mmwhere
the bulk of bubbles have already collapsed before impinging on the
target, resulting in the lower CER ε. As shown in the cross-section in
Fig. 9(c), the reaming effect is observed, where the erosion crater
shrinks first then extends in the radial direction and finally undergo
a rapid reduction (Wu et al., 2023a).
3.3. Cavitation cloud motion feature

The strength of the cloud formation and collapse is evaluated by
the standard deviation of the cavitation clouds volume fraction s,
which is calculated according to the grey-scale statistics of the flow
photographs (Liu and Ma, 2021; Gavaises, 2008; Mitroglou et al.,
2014). The cavitation cloud motion is illustrated by a series of
instantaneous photographs of the cavitating jet, where Te’ is the
relative exposure period and the interval period Dte is 43.47 ms.
Parts of the x-axis ticks are highlighted for better identification. The
scope of erosion on sandstone ES is presented according to the
equivalent erosion radius Res.

Fig. 10(a) presents the standard distribution of s at ld ¼ 2
(pattern A) in the initial jet impingement process, where the
concentrated s is observed approximatelymatch the erosion region
ES. The dynamic motion of the cavitation cloud is illustrated in
Fig. 10(b)e(i). First, as shown in Fig. 10(b), the cavitation cloud (CC)



Fig. 5. Photographs of the erosion damage induced by the cavitating jet on sandstone. (a) ld ¼ 2, (b) l1 ¼ 5, (c) ld ¼ 6, (d) ld ¼ 8, (e) ld ¼ 9, (f) l2 ¼ 10, (g) ld ¼ 11, (h) ld ¼ 16.

Fig. 6. Normal view and cross section of the sandstone erosion topography, Te ¼ 90 s. (a) l1 ¼ 5, (b) ld ¼ 6, (c) l2 ¼ 10, (d) ld ¼ 16.
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shedding from the nozzle impinges on the target surface due to the
short standoff distance. In Fig. 10(c)e(i), some scattering clouds are
washed away by the wall-jet, which spread outwards along the
target flat surface and collapse at further radial locations. Similar
cavitation cloud motion was observed by Sato et al. (2009) and
Soyama et al. (1995).

As presented in Fig. 11, the geometrical alteration of impinging
target surface in ES was reconstructed by stainless steel with 3D-
printing according to the CT scanning result of the eroded sand-
stone. The distribution of s of the eroded sandstone at ld ¼ 2,
Te ¼ 90 s is shown in Fig. 11(a), where the concentrated s spreads
slightly upwards and disperses right outside the boundary of
erosion crater. Fig. 11(b)e(i) present the corresponding serial
instantaneous photographs during the impingement. As shown in
3539
Fig. 11(d)e(f), the erosion crater was deep enough to redirect the
wall-jet after cloud impingement, where the scattering cavitation
clouds spread along the erosion crater surface. This phenomenon
indicates that at the low standoff distance ratio ld ¼ 2, the erosion
damage on the sandstone is generated by the bubbles collapse in
two subdivided processes, the impingement and the scattering. In
the initial period of erosion, the damage is generated by the cavi-
tation clouds impingement. Further, due to fragility of sandstone,
the erosion crater is generated rapidly and the concave ES restricts
the outward spreading of the scattering CC. Finally, the scattering
clouds collapse during the spreading process which extends the ES,
which in turn dramatically changes thefeatures of the cavitation
cloud motion. The strong outward scattering of the cavitation
clouds resulting in the erosion crater of a higher Res but a lower



Fig. 7. The equivalent outline radius Res and the maximum erosion depth hemax.

Fig. 8. Cumulative erosion rate ε of the erosion on sandstone at l2 ¼ 10, Te 2 [15 s,
135 s].
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hemax, namely the wide and shallow rock breaking features in
damage pattern A (Fig. 5). Furthermore, the strong scattering CC
scours the eroded surface, causing the bottom cleaning effect (Wu
et al., 2023b). The rest of the scattering clouds vanish above the
surface without generating any erosion damage.

Fig. 12 presents the standard deviation of the cavitation clouds s
and the selected instantaneous photographs in the initial jet
impingement process at ld ¼ 5, 6, 8, 10, 16, respectively. As pre-
sented in Fig. 12(a1) at the first optimum standoff distance ratio
l1 ¼ 5, the cavitation clouds achieve a better advancement and
which induces the first peak of mass loss as shown in Fig. 4. It is
noted that in pattern A, the high s region (s > 100) is clearly
separated by the inner high-speed water column, which develops
in a concentric ring-like manner (Liu et al., 2020; Soyama et al.,
1995).

In erosion pattern B at ld ¼ 6, as shown in Fig. 12(b1), the high s

region starts to merge together before impingement, where the
3540
cavitation strength is enhanced comparing to which in pattern A.
Furthermore, s of the radially scattering clouds is advanced in the
initial impingement, which enlarges the erosion and induces the
higher equivalent radius Res. At ld ¼ 8, the high s region merges
together before impinging on the target, as shown in Fig. 12(c1),
where the wall jet at ld ¼ 8 is still strong enough to generate the
scattering clouds (Fig. 12(c2)). At the second optimum standoff
distance l2 ¼ 10, as depicted in Fig. 12(d1), the cavitation clouds
have an essential development before impingement. Due to the
decelerated wall jet induced by the larger ld, the cavitation clouds
are more concentrated and which vanishes after the impingement
without generating the scattering clouds (Fig. 12(d2)). The cavita-
tion clouds concentration before impingement generates the
erosion crater of a higher maximum erosion depth hemax, while the
scattering motion is diminished resulting in the increasing Res in
low amplitudes in damage pattern B (Fig. 7).

Fig. 12(e1)e(e2) shows the distribution of s and the instanta-
neous photographs at ld ¼ 16 in pattern C, which is close to the
effective standoff distance of the jet. The cavitation clouds are fully
developed and most of which collapses before impinges on the
target surface, causing the decreasing hemax in damage pattern C. At
ld ¼ 16, the aggressive ability of the jet is in a low level and which
does not generate the deep erosion crater. The residual cavitation
clouds collapse during the spanwise spattering induces the sus-
tained increase of Res, which results in the larger but shallower
erosion crater in damage pattern C.

The standard deviation of cloud fraction just before impinge-
ment sc and the corresponding dominating frequency of the fluc-
tuating fraction fd are summarized in Fig. 13(a), providing the
influence of the standoff distance on the cavitating jet flow. The
grey-scale pulse was obtained at Dld ¼ 0.4 above the target surface
along the z axis, x/dn¼ 1.5. In the range of ld2 [2, 10], pattern A and
B, the increasing standoff distance induces a higher fluctuation of
the cloud volume fraction sc, suggesting that the larger nozzle-
target space results in the better cavitation cloud development.
At ld ¼ 16, a lower sc is obtained due to the overlong ld. The
observed distinctive reduction of the dominant frequency fd in-
dicates that the impingement frequency is attenuated with the
increasing ld. Furthermore, the impingement strength of the cavi-
tation cloud is obtained by sf ¼ sc � fd, where two peaks of sf are
detected at the two corresponding optimum standoff distance ra-
tios l1 ¼ 5 and l2 ¼ 10 as depicted in Fig. 13(b). It provides an
explanation for the existence of the dual peak mass loss that the
cavitation strength is low at l1 ¼ 5 but the impingement frequency
is high enough to generate the severe erosion. Moreover, at l2 ¼ 10,
the better developed cavitation clouds enhance the erosion ability
of the jet even at a lower impingement frequency.

The modulation of developing eroded surface has a dramatic
effect on the cavitation cloud motion. The cavitation cloud motion
features in the developing sandstone erosion crater of the second
optimum standoff distance ratio l2¼10was investigated at selected
exposure period Te ¼ 30, 90 and 135 s, as show in Figs. 14e16,
respectively. At Te ¼ 30 s, as presented in Fig. 14(d), a lump of
scattering cavitation cloud was observed during the impingement.
The scattering clouds accompanied with the redirected wall jet
spread upwards induced by the curve sidewall of the erosion crater.
However, most of the scattering clouds are restricted and collapse
in the crater due to the high erosion depth, suggesting that the
erosion is induced by the bubbles collapse in both of the impinging
and restricted scattering processes at the acceleration stage of CER ε

(shown in Fig. 8). With the exposure period increasing to Te ¼ 90 s
in the terminal stage, the larger erosion depth reduces the velocity
of the wall jet and enhances the cushion effect at the crater bottom,
which induce the shrinking region of high s (shown in Fig. 15(a)). In
Fig. 15(e)e(g), the restricted scattering cavitation clouds still could



Fig. 9. Erosion development on the sandstone at l2 ¼ 10 with increasing exposure period, (a) Te ¼ 30 s, (b) Te ¼ 75 s, (c) Te ¼ 135 s.

Fig. 10. (a) Standard deviation of the cavitation clouds s at ld ¼ 2 (pattern A) in the initial jet impingement process. (b)e(i) Instantaneous photographs in the process of the
cavitation cloud impingement.
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be observed with lower strength. At Te ¼ 135 s, as shown in Fig. 16,
the erosion was primarily induced by the impinging cavitation
clouds, where the bulk of bubbles have already collapsed before
impinging on the target, which results in the lower CER and the
reaming effect.

4. Conclusions

The cavitation cloud impingement and scattering motion of the
cavitating jet in the sandstone erosion process was experimentally
explored with serial erosion test and flow visualization measure-
ment. Two mass loss peaks generated by the erosion damage on
sandstone are observed at the corresponding optimum standoff
distance ratios. Various erosion patterns are identified based on the
eroded specimen topography. In the lower range of standoff dis-
tance ratio ld 2 [2, 5] in pattern A, the combination of impinging
and scattering cavitation clouds generate the shallow erosion
crater. The increase of ld promotes the development of cavitation
3541
cloud but reduces the frequency of impingement. The jet aggressive
ability is enhanced when the balance between the cavitation cloud
development and the impingement frequency is reached. The
severest damage is observed at l2 ¼ 10, where the erosion is
induced by the concentrated and developed cavitation clouds
impingement. The whole erosion process presents as three stages,
acceleration, deceleration and terminal steady stage according to
the cumulative erosion rate. The instantaneous features of cavita-
tion cloud motion in the erosion crater of different stages were
investigated with the transparent specimen designed according to
the reconstructed results of CT scanning. The erosion in the crater at
shorter exposure periods Te is generated by the combination of
impingement and restricted scattering of cavitation clouds due to
the high gradient eroded sidewall. The jet aggressive ability is
diminished by the erosion depth expansion on sandstone at a
longer Te, where the cavitation clouds impinge on the target and
then collapses and vanishes without restricted scattering. The
cloud impingement and scattering motions directly influence the



Fig. 11. (a) Standard deviation of the cavitation clouds s at ld ¼ 2 (pattern A) for the eroded sandstone, Te ¼ 90 s. (b)e(i) Instantaneous photographs in the process of the cavitation
cloud impingement. The reconstructed erosion region ES is highlighted with dash line.

Fig. 12. (a1) Standard deviation of the cavitation clouds s at l1 ¼ 5 (pattern A) in the initial jet impingement process, (a2) selected instantaneous photographs at l1 ¼ 5. (b1)e(b2) s
and instantaneous photographs at ld ¼ 6, pattern B. (c1)e(c2) s and instantaneous photographs at ld ¼ 8, pattern B. (d1)e(d2) s and instantaneous photographs at l2 ¼ 10, pattern B.
(e1)e(e2) s and instantaneous photographs at ld ¼ 16, pattern C.
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Fig. 13. (a) Standard deviation of the cavitation clouds and the corresponding dominating frequency before impingement. (b) Impingement strength.

Fig. 14. (a) Standard deviation of the cavitation clouds at l1 ¼ 10 for the erosion at Te ¼ 30 s. (b) Original instantaneous photographs. (c)e(i) Instantaneous photographs.
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Fig. 15. (a) Standard deviation of the cavitation clouds at l2 ¼ 10 for the erosion at Te ¼ 90 s. (b) Original instantaneous photographs. (c)e(i) Instantaneous photographs.
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Fig. 16. (a) Standard deviation of the cavitation clouds at l2 ¼ 10 for the erosion at Te ¼ 135 s. (b) Original instantaneous photographs. (c)e(e) Instantaneous photographs.
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erosion development, where the proper standoff distance and the
exposure period are the major factors in maintaining the high
drilling and rock cutting efficiency of the cavitating jet.
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