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ABSTRACT

Radial jet drilling (RJD) is one of the emerging hydrocarbon drilling technologies. And, the swirling
abrasive waterjet (SAW]) is expected to drill larger diameter laterals during R]JD. Here, the performances
and mechanisms of SAW] breaking sandstone were studied by laboratory experiments. Results showed
that the SAW] could drill a smooth (surface roughness was 0.043 mm) & large (diameter was in 52.0
—73.0 mm) circular hole on sandstone. The hole depth/volume increased as the jetting pressure, abrasive
mass concentration and exposure time increased. Conversely, they decreased as the standoff distance
increased. The optimal parameter combination under our experimental conditions was 30 MPa, 0 mm,
12% and 1 min. The SAW] sandstone breaking mechanism were the erosion of cements, the integrally
peeled off and broken of crystal grain. Failure mode of sandstone was mainly the tensile fracture. The key
findings will provide guidance for the application of SAW] in R]D technology.

© 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/

Sandstone breakage
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1. Introduction

As the main energy source in the world, conventional fossil fuels
have a significant impact on various aspects of societal advance-
ment. With the increased demand of oil and gas, it's necessary to
develop the unconventional oil and gas. Shale gas (He et al., 2023),
shale oil (Xu et al., 2022), tight oil (Jia et al., 2012), tight sandstone
gas (Ma et al., 2016) are the vital part of unconventional oil and gas,
and they are extreme hard to be developed with traditional tech-
nology. Fracturing technique makes it possible to realize the com-
mercial exploitation of unconventional oil and gas. Unfortunately,
conventional fracturing technique uses water as fracturing fluid,
which consumes vast quantities of water resources and is difficult
to carry out in water shortage area (Wen et al., 2023; Yang et al.,
2023). Based on this, lots of new fracturing techniques (LN, frac-
turing, SC-CO, fracturing and so on) are put forward and experi-
mentally investigated (Kalam et al, 2021; Mojid et al,, 2021).
Different from traditional hydraulic fracturing method, SC-CO,
fracturing and LN, fracturing are water-free and green fracturing
techniques for unconventional oil and gas development. Further-
more, they have the ability to generate more intricate fracture
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networks than conventional hydraulic fracturing under same con-
ditions. However, the proppant carrying abilities of the SC-CO, and
LN, are poor because the density and viscosity of them are low
(Wen et al,, 2023). The output of unconventional oil and gas res-
ervoirs increases with an increase in the proppant pumped in
(LaFollette et al., 2014; Pankaj et al., 2018). Thus, disadvantages of
poor proppant carrying ability limits stimulation performance of
SC-CO; fracturing and LN, fracturing. Therefore, it's essential to
develop an innovative stimulation treatment for cost-effective and
environmentally friendly exploitation of unconventional oil and
gas.

RJD technology is an innovative oil and gas drilling & develop-
ment method in the 21st century (Kamel, 2017; Li et al., 2021;
Salimzadeh et al., 2019). Copious case studies across the globe have
substantiated that RJD is a practical substitute for customary
stimulation methods (Asgharzadeh et al., 2017; Ashena et al., 2020;
Nagar et al., 2020). RJD usually utilizes the energy produced by high
velocity water/abrasive slurry to drill radial holes from main well-
bore. It can create a well structure with the characteristics of multi
layers and multi laterals in both conventional and unconventional
reservoirs. The diameter of the RJD-drilled holes is up to 50 mm and
lengths up to 100 m (Huang et al., 2018, 2020; Kamel, 2017). Thus, it
can significantly extend past the damaged area of the wellbore and
provide efficient flow channels for oil and gas. Furthermore, the
combination of fracturing technology and RJD technology, which is
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called the radial-borehole fracturing, can three-dimensional frac-
turing the reservoirs and is regarded as an innovative and cost-
effective fracturing technique (Guo et al., 2022; Salimzadeh et al.,
2020; Wang et al., 2023). The current studies about RJD tech-
nique are mainly RJD exploitation method & productivity & frac-
turing (Gong et al., 2016; Li et al., 2020; Yang et al., 2019). It needs to
be emphasized that successful drilling of radial branches is a pre-
requisite for these techniques that based on R]D. The key difference
between traditional drilling technology and RJD technology is the
rock-breaking strategy. The traditional drilling technology utilizes
mechanical energy of a PDC bit (Fig. 1) to break rock (Xiong et al.,
2022), while the RJD technology utilizes hydraulic energy of a jet
nozzle (Fig. 2) to break rock (Li et al., 2020). Therefore, the jet nozzle
holds a significant position in RJD and it's one of the key factors that
determine the success of a RJD operation.

Jet nozzles applied for RJD technology are conical nozzle,
swirling impeller nozzle, straight swirling mixed nozzle, etc. Jet
rock breakage characteristics of different nozzles using different jet
medium on different target rock are listed in Table 1 (Du et al.,
2022; Fu et al, 2021; Hong et al., 2021; Li et al.,, 2022; Li et al,,
2020; Yang et al.,, 2019, 2022). It's obviously that SAW] boasts the
finest rock drilling capability among them. Not only soft coal rock,
but also hard granite can be effectively drilled by SAW]. Diameter of
the SAW]J-drilled hole on coal is about 2.9 times of the conical
abrasive liquid nitrogen jet drilled-hole and 2.0 times of the hole
drilled by conical nozzle using abrasive nitrogen gas slurry. Besides,
the SAW]J can create a regular hole with a 56.3 mm diameter on
hard granite. Although the SAW]J-drilled hole diameter on granite is
only 59.9% of the SAW]-drilled hole diameter on coal, it still
completely satisfied the requirement of RJD technology. The SAW]
have be proven to be a feasible method to drill large diameter holes
within common rocks, such as shale, coal rock, limestone, sand-
stone and granite (Zhou et al., 2023). The study of SAW] was still in
its early stages. Chen et al. (2021) analyzed the characteristics and
evolution of swirling water jet flow field through numerical
simulation. The results indicated that the swirling water jet has the
characteristic of strong diffusivity, which means it has a large
impact area and a short effective impact distance. Ma et al. (2021)
carried out limestone breaking experiments with SAWJ, the find-
ings indicated that the diameter of holes tended to increase as the
standoff distance and abrasive mass concentration increased. Yang

Fig. 1. PDC bite for traditional drilling.
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Fig. 2. Jet nozzle for RJD.

et al. (2022) conducted coal breaking experiments with SAW]J, the
results showed that the hole diameter was 71 mm when jetting at a
distance of 50 mm perpendicular to the bedding plane. Besides, the
hole diameter was 94 mm when jetting at the same distance par-
allel to the bedding plane. They think the stratification cracking
along the weak planes was the most important coal-breaking
mechanism. Li et al. (2022) carried out granite breaking experi-
ments with SAWJ, and they further investigated the practicability of
SAW] drilling in hard rocks. Currently, studies about SAW] are
concentrated on the rock drilling feasibility. Although the effect of
parameters during SAW] drilling is of great practical significance,
literature investigate indicates that there are few studies related to
it.

In this study, the effect of process parameters (such as jetting
pressure, exposure time, etc.) on the SAW] sandstone drilling per-
formances were investigated with laboratory experiments. Diam-
eter, depth and volume of the hole were used for evaluating the
SAW] sandstone breaking performance under different parameter
combinations. Besides, the optimal parameter combination was
revealed under certain conditions. Further, scanning electron mi-
croscopy (SEM) was assisted in analyzing the microstructure of the
hole. Finally, the hole morphology evolution and the rock breakage
mechanisms were discussed. The findings of this study provide a
theoretical foundation for the operation parameter selection during
sandstone radial SAW] drilling.

2. Experimental methods
2.1. Experimental device

The SAW] sandstone breaking experiments were conducted
with the high-pressure abrasive waterjet rock breaking laboratory
system. Work principle of the laboratory system is summarized as
Fig. 3. First, abrasive slurry is obtained from the mixing tank. Then,
a centrifugal pump transports the abrasive slurry to the plunger
pump. It's worth noting that the plunger pump is a kind of frac-
turing pump, and the abrasive slurry is directly pressurized by it.
However, the pump of commercial abrasive waterjet cutting system
can only pressurize the pure water. Finally, the plunger pump
pressurizes the abrasive slurry, and a SAW] is formed as the slurry
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Table 1
Jet nozzles for RJD technology and their rock breaking performance.
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Nozzle type Jet medium Specimen  Hole characteristics Max hole diameter
Direct-rotating mixed-jet Water Sandstone A regular hole with a small central boss at the hole bottom. 21.6 mm (Fu et al., 2021)
Conical jet nozzle Abrasive nitrogen-gas Coal A smooth and regular circular hole. 47.0 mm (Hong et al., 2021)
Straight-swirling mixed jet nozzle Water Sandstone A large diameter hole with a low bottom bulge 19.0 mm (Du et al., 2022)
Conical jet nozzle Abrasive liquid nitrogen Coal A spindle shaped hole 32.0 mm (Yang et al., 2019)
Swirling impeller nozzle Abrasive water slurry Coal A large diameter hole with a low bottom bulge 94.0 mm (Yang et al., 2022)
Swirling impeller nozzle Abrasive water slurry Granite A large diameter hole with a high bottom bulge 56.3 mm (Li et al., 2022)
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Fig. 3. Schematic of the high-pressure abrasive waterjet rock breaking laboratory system (Green arrows illustrate the trajectory of water, yellow arrows illustrate the trajectory of
abrasive, orange arrows illustrate the trajectory of abrasive slurry, red arrows illustrate the trajectory of high-pressure abrasive slurry.

passes through the swirling impeller nozzle. Utmost experimental
condition of the laboratory system is jetting pressure 70 MPa,
standoff distance 300 mm, sample dimension
400 x 400 x 400 mm, abrasive mass concentration 30%. Physical
map of the high-pressure abrasive waterjet rock breaking labora-
tory system is shown in Fig. 4. Detailed description of the laboratory
system can be found in our previous works (Yang et al., 2022; Li
et al,, 2023).

2.2. Materials

2.2.1. Abrasive material

Abrasive material is one of the crucial parts of a SAW] rock
breakage process. In this study, we choose 46 mesh garnet as
abrasive for its good cost performance (Li et al., 2023). Table 2
presents the properties of the used abrasive material in this
research.

4300

2.2.2. Rock specimens

Target rock material is sandstone, which is came from Sichuan,
China. The size of all sandstone specimens is 150 x 150 x 150 mm.
The geo-mechanical properties are shown in Table 3. The sand-
stone's UCS is 96.10 MPa. And according to the ISRM classification
(Barton, 1978), it belongs to strong rock (grades R4, 50 MPa < UCS
<100 MPa). Mineral composition of the sandstone is listed in
Table 4. It's clear that the quartz (36.4%) and dolomite (46.6%) are
the main components of the sandstone.

2.2.3. Swirling impeller nozzle

Swirling impeller nozzle is composed of two parts that are
impeller and shell, respectively. As shown in Fig. 5(a), the impeller
has three blades which twist into a triple helix structure. The tor-
sion angle and thickness of the blades is 360° and 3 mm, respec-
tively. Besides, the diameter and length of the impeller is 18 and
50 mm, respectively. And, the cross-sectional area of the impeller is
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Fig. 4. Physical map of the high-pressure abrasive waterjet rock breaking laboratory system.

Table 2
Basic parameters of garnet abrasive.

Ture density, g/cm® Mohs hardness

Shape factor

Median diameter, mm Price, RMB/kg

0.416 25

3.80 8.0 0.764
Table 3
Sandstone sample's geo-mechanical properties at 25 °C.
Properties Unit Value
Density p g/cm? 2.51
Uniaxial compressive strength UCS MPa 96.10
Tensile strength T MPa 9.10
Elastic modulus E MPa 28.75
Poisson's ratio v — 0.22
Porosity @ % 7.77
Permeability x mD 0.043
Table 4
Mineral composition of sandstone.
Quartz, % K-feldspar, % Calcite, % Dolomite, % Clay, %
36.4 04 134 46.6 3.2

83.07 mm°. Three helical flow channel is produced by the combi-
nation of impeller and shell. The abrasive slurry will swirl when it
flows through the helical flow channel and that makes the SAW]
have a large impact area. As illustrated in Fig. 5(b), the inlet and
outlet diameter of the swirling impeller nozzle are 18 and 5 mm
respectively. The material of the nozzle is high-strength & highly
wear-resistant metal, but its actual life still does not exceed 5 h
under our experimental conditions because of the particle abrasion.

2.3. Experimental design

SAW] sandstone breaking experiments are carried out in an
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underwater environment at a depth of 550 mm with different
operation parameter combinations. Single variable method is
adopted to investigate the rock breaking performance with
different variables. The experimental schemes can be found in
Table 5. The specific experimental operation procedure is detailly
described in our previous works (Yang et al., 2022; Li et al., 2023).

3. Results and analysis
3.1. Rock breaking characteristics

Jet-rock breaking characteristics refers to the hole shape,
diameter, depth and volume. And, it is usually utilized to evaluate
the jet rock breakage ability and RJD feasibility. Morphology of a
typical SWAJ-drilled hole on sandstone is shown in Fig. 6. It's
obviously that the SAW] drilled a large circular hole on sandstone.
However, the SAW] couldn't efficiently erode the rock mass located
on the jet axis. The hole profile is represented through the longi-
tudinal section of the hole. As shown in Fig. 7, the profile exhibits a
W shape. Besides, the hole' wall is smooth and its surface roughness
is 0.043 mm which is only 22.6% of the hole on the granite at the
same condition (Li et al., 2022). The smoother the SAW]-drilled hole
wall, the smaller the pressure loss in the annulus between the hole
and hose (Wang et al., 2016). Further, the smooth hole wall can
reduce the friction force on the jet nozzle assembly. These will be
beneficial for the RJD operation and the extending of the radial
laterals (Li et al., 2015).

The hole diameter, depth and volume on sandstone and granite
at the same experimental condition are shown in Figs. 8, 9 and 10
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Flow channels

Fig. 5. The swirling impeller nozzle is composed of an impeller (a) and a shell (b).

Table 5
Experimental scenarios.

Jetting pressure, MPa Standoff distance, mm

Abrasive mass concentration, % Exposure time, min

10/15/20/25/30 10 10 1
20 0/10/20/30/40/50/60 10 1
20 10 10 1
20 10 4/6/8/10/12 1
20 10 10 1/2/3/4/5

6

15

Fig. 6. SAW]J-drilled hole morphology when the standoff distance, jetting pressure,
abrasive mass concentration and exposure time are 10 mm, 20 MPa, 10% and 2 min,
respectively.

respectively. Specifically, the experiment scenario was the nozzle
outlet diameter, jetting pressure, standoff distance, particle size,
abrasive mass concentration and exposure time which are 5 mm,
25 MPa, 10 mm, 46 mesh, 10% and 1 min, respectively. It can be
found in Fig. 8 that the hole diameter on sandstone and granite are
both greater than 30 mm (the critical diameter of RJD operation),
which indicates that the SAW] is one of the possible radial branches
drilling methods. Further, the diameter of the hole on sandstone is
1.31 times the diameter on granite. This is because the mechanical
strength of granite is greater than sandstone. It can be found in
Fig. 9 that the depth of the hole on sandstone is 1.67 times the
depth on granite, and that means the effective standoff distance of a
SAW] on sandstone will be greater than that on granite. It can be
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3

6 9 12 15

Fig. 7. Longitudinal section of the SAWJ-drilled hole when the standoff distance,
jetting pressure, abrasive mass concentration and exposure time are 10 mm, 20 MPa,
10% and 2 min, respectively.

found in Fig. 10 that the volume of the hole on sandstone is 3.83
times the volume on granite, and that means the SAW] has a better
rock breakage efficiency on sandstone rather than that on granite.
The previous comparisons have revealed that the SAW] is more
suitable for drilling radial laterals in sandstone formation.

3.2. Effect of jetting pressure

Jetting pressure is the pressure drop when the jetting medium
flows through the nozzle. And, it is provided by the pump of the
abrasive waterjet machining system. Diameter, depth and volume
of the hole on sandstone with various jetting pressures
(10—30 MPa) are illustrated in Figs. 11,12 and 13, correspondingly. It
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Fig. 8. SAW]J-drilled hole diameter.
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Fig. 10. SAWJ- drilled hole volume.
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Nozzle outlet diameter: 5 mm Standoff distance: 10 mm
Abrasive: 46# garnet Abrasive mass concentration: 10%
Target: Sandstone specimen Exposure time: 60 s
75 4
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Jetting pressure, MPa

Fig. 11. Hole diameter with jetting pressure.

can be found in Fig. 11 that the hole diameters are in 53.0—72.0 mm
and they are all far greater than 30 mm (the critical hole diameter of
a successful RJD operation). Besides, the diameter of the hole en-
larges as the jetting pressure increases. The hole diameter increases
by 35.8% as the jetting pressure increases from 10 to 30 MPa. It can
be found in Fig. 12 that the depth of the hole increases as the jetting
pressure increases when the jetting pressure ranges from 10 to
25 MPa, but the depth of the hole remains basically unchanged
when the jetting pressure ranges from 25 to 30 MPa. The hole depth
increases by 42.9% and 44.9% as the jetting pressure is raised from
10 to 25 and 30 MPa, respectively. It can be found in Fig. 13 that the
hole volume increases as the jetting pressure increases and it in-
creases by 241.6% as the jetting pressure is raised from 10 to
30 MPa.

The experimental results with various jetting pressures indi-
cated that the rock breaking performance gets better as the jetting
pressure increases. Jet-rock breaking is a process of an energy
conversion between the jet kinetic energy and the rock surface
energy. The effective SAW]J kinetic energy can be regard as the
abrasive particles kinetic energy and it can be written as Eq. (1) (Oh
and Cho, 2016). Further, based on the nozzle pressure drop formula

52

Nozzle outlet diameter: 5 mm Standoff distance: 10 mm
Abrasive: 46# garnet Abrasive mass concentration: 10%
Target: Sandstone specimen Exposure time: 60 s
48 A
43.6
44 1 30 [
£ T :
5 i i
i I
£ 40 A i I
a i |
37.8,
)
[a} | 44.9%
Y . ‘
i i I
36 1 i 42.9%), :
I i i
33.0 : | '
, 25.6% | ! )
32 4 | ' '
i i I I
- 0.6%] : | |
28 T T T T T
10 15 20 25 30

Jetting pressure, MPa

Fig. 12. Hole depth with jetting pressure.
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| i I
60 1 . 19.7% | ! :
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Fig. 13. Hole volumer with jetting pressure.

proposed by Li et al. (2020), the jet velocity can be denoted as Eq.
(2). Substituting Eq. (2) into Eq. (1), the effective jet kinetic energy
can be written as Eq. (3). It's obviously that the effective kinetic
energy is correlated linearly with the jetting pressure. Thus, the
larger the jetting pressure, the larger the effective kinetic energy
and the better the rock breaking performance. It should be
emphasized that the jetting pressure is limited by the equipment
such as the pumps and pipes. As analyzed above, the optimal jetting
pressure is 30 MPa under our experimental conditions.

1
Eeftective = Eabrasive = jmavzt (1)
PC2
V=1{]— P
\\ p (2)
_maPC2 _ _maczt_
Eeffective = 20 t=kP <k] =2, constant (3)

where Eefrective Tepresents the effective jet kinetic energy, Eaprasive

80

Nozzle outlet diameter: 5 mm Jetting pressure: 20 MPa
Abrasive: 46# garnet Abrasive mass concentration: 10%
Target: Sandstone specimen Exposure time: 60 s
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Fig. 14. Hole diameter with standoff distance.
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Nozzle outlet diameter: 5 mm
Abrasive: 46# garnet
Target: Sandstone specimen

Jetting pressure: 20 MPa
Abrasive mass concentration: 10%
Exposure time: 60 s
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Fig. 15. Hole depth with standoff distance.

represents the abrasive kinetic energy, m, represents the abrasive
particle flow rate, t represents the jet exposure time, P represents
the jetting pressure, C represents the nozzle flow coefficient, p
represents the jet medium density.

3.3. Effect of standoff distance

Standoff distance can be controlled with great precision during
laboratory experiments. However, it's hard to control exactly how
long the standoff distance is in a R]D field application because of the
uncertainty pipe assembly length (Li et al., 2020). Figs. 14,15 and 16
illusrate the diameter, depth and volume of the hole with various
standoff distances (0—60 mm) correspondingly. It can be found in
Fig. 14 that all the hole diameters are greater than 30 mm which is
the critical hole diameter of R]D operation. Besides, the diameter of
the hole first increase and then decrease as the standoff distance
increases, and reaching the maximum value when the standoff
distance is 30 mm. The hole diameter increases by 38.7% as the
standoff distance expands from 0 to 30 mm. It can be found in
Fig. 15 that the hole depth decreases as the standoff distance in-
creases. The depth of the hole decreases by 37.3% and 81.2% as the
standoff distance is raised from O to 30 and 60 mm, respectively. It
can be found in Fig. 16 that the volume of the hole also decreases as
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Nozzle outlet diameter: 5 mm Jetting pressure: 20 MPa
Abrasive: 46# garnet Abrasive mass concentration: 10%
Target: Sandstone specimen Exposure time: 60 s
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Fig. 16. Hole volume with standoff distance.
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Fig. 17. Hole orphology with 60 mm standoff distance.
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Fig. 18. Hole diameter with abrasive mass concentration.

the standoff distance increases. The volume of the hole decreases
by 33.6% and 83.6% respectively as the standoff distance is raised
from O to 30 and 60 mm.

Diffusion is one of the important characteristics of a jet and it
has a close relationship with the standoff distance. As the standoff
distance increases, the jet becomes more diffuse (Oh and Cho,
2014). Thus, there is a decrease in the energy density imparted to
the rock free surface as the standoff distance increases. Meanwhile,
the jet diffusion is beneficial for creating a large diameter hole on
target rock. The SAW] diffuses intensely because of the turbulence
pulsation caused by the swirling flow (Chen et al., 2021). Therefore,
the SAW] is characterized of large impact area and short effective
standoff distance. And, it's more suitable for large hole drilling such
as RJD operation. The largest SAW]-drilled hole diameter in our
experiments is 72.8 mm at a standoff distance of 30 mm. Sandstone
breakage morphology with 60 mm standoff distance is illustrated
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in Fig. 17. It's obviously that the impact of the SAW]J is not strong
enough to create a complete hole under the condition of 60 mm
standoff distance. Thus, the SAW]'s effective standoff distance un-
der our experimental conditions is 60 mm. Besides, as analyzed
above, the optimal standoff distance is O in an overall consideration.

3.4. Effect of abrasive mass concentration

Abrasive mass concentration is the ratio of abrasive mass to
water mass in the abrasive slurry. The abrasive mass concentration
has a significant impact on the rock breaking performance (Oh
et al., 2019). The diameter, depth and volume of the hole with
various abrasive mass concentration (4%, 6%, 8%, 10%, 12%) are
illustrated in Figs. 18, 19 and 20. It can be found in Fig. 18 that the
hole diameters are in 58.6—65.0 mm which is satisfied with the
hole diameter requirement of R]D. The range of the hole diameters
under different abrasive mass concentration is 6.4 mm, that means
the degree of dispersion of the hole diameters are small. Therefore,
it can be inferred that the abrasive mass concentration only has a
minimal impact on the diameter of the hole. This may be explained
that the diameter of the hole is influenced by the jet diffusion, but
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the jet diffusion is independent of the abrasive mass concentration.
It can be found in Fig. 19 that the hole depth is positively associated
with the abrasive mass concentration. The hole depth increases by
31.9% with the increase of abrasive mass concentration from 4% to
12%. It can be found in Fig. 20 that there is a positive correlation
between the hole volume and the abrasive mass concentration.
Specifically, the hole volume increases by 57.2% when the abrasive
mass concentration increases from 4% to 12%.

As illustrated in Section 3.2, the higher the jet effective kinetic
energy, the better the sandstone breakage performance. Besides,
Eq. (3) can be rewritten as Eq. (4), because the abrasive mass is the
product of the abrasive mass concentration and the water mass. As
expressed in Eq. (4), it's obviously that the effective kinetic energy
shows a liner correlation of the abrasive mass concentration. Thus,
the higher the abrasive mass concentration, the better the SAW]
rock breaking performance. As analyzed above, the optimal abra-
sive mass concentration is 12% under our experimental conditions.
Meanwhile, the abrasion of abrasive particle on jet nozzle and pipe
assembly is not obviously neglectable (Selwin and Ramachandran,
2016). Usually, the higher the abrasive mass concentration, the
more serious the nozzle and pipe assembly abrasion. Fortunately,
the abrasion of abrasives on nozzle and pipe in our experiments
when the abrasive mass concentration is 12% is acceptable.

PC2t

SmywPC? My

Eeffective = 2 = constant (4)

where S is the abrasive mass concentration, my, is the water mass
per unit time.

3.5. Effect of exposure time

Exposure time is the time that the jet impacts on the target
material. The diameter, depth and volume of the hole with virous
exposure time (1—5 min) are illustrated in Figs. 21, 22 and 23. It can
be found in Fig. 21 that the hole diameters are in 65.0—72.0 mm.
Besides, the diameter of the hole is positively correlated with the
exposure time. And it increases by 10.8% as the exposure time is
raised from 1 to 5 min. It can be found in Fig. 22 that the depth of
the hole increases with an increase in the exposure time. The hole
diameter increases by 93.1% as the exposure time is raised from 1 to
5 min. However, the average penetration speed of the SAW] under
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Exposure time (1—5 min).

different exposure time shows a decrease trend with an increase in
the exposure time. The average penetration speed at the exposure
time of 1 min is 2.59 times of that at the exposure time of 5 min. It
can be found in Fig. 23 that the volume of the hole increases with an
increase in the exposure time and it increases by 192.8% as the
exposure time is raised from 1 to 5 min. But the SAW]'s average
excavation speed decreases with an increase in the exposure time
(Fig. 24). The average excavation speed is 49.5 cm’/min at the
exposure time of 5 min, which is only 58.6 % of the average exca-
vation speed at the exposure time of 1 min.

Impacts of abrasive particles to target rock material is the main
rock removal pattern of an abrasive waterjet. Moreover, the count
of abrasive particle impacts escalates linearly as the exposure time
is extended. Specifically, Eq. (5) shows the effective jet kinetic en-
ergy calculation formula when only the exposure time is changed.
As shown in Eq. (5), the effective kinetic energy increases with an
increase in the exposure time. Thus, a longer exposure time results
in a better SAWJ] rock breakage performance. However, rock
breaking efficiency of SAW] (average penetration speed and
average excavation speed) decreases with an increase in the
exposure time (Fig. 24). This may be caused by the increased impact
number between abrasive particles with exposure time. Because
the collisions between abrasive particles will consume the jet en-
ergy (Oh and Cho, 2014). Since the SAW]-drilled hole diameter with
1 min exposure time is satisfied with the requirement of R]D and
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the average penetration/excavation speed decreases with exposure
time, the optimal exposure time is 1 min under our experimental
conditions.

maPC? 2

2p

ma,PC

2 (5)

Ectfective = = constant)

t= k3S <k3 =

4. Discussions
4.1. Evolution of holes

Jet-drilled hole profiles are the foundation to reveal the evolu-
tion of the hole morphology. The SAW]J-drilled hole profiles are
obtained by binarization method with the help of longitudinal
section image of the SAW]-drilled hole and image processing pro-
gram (MATLAB). The hole profiles under different jetting pressure,
different standoff distance, different abrasive mass concentration
and different exposure time are shown in Fig. 25, respectively.
Generally speaking, the SAW]J-drilled hole profile is “W” shaped,
that indicates the high impact energy density area of a SAW]J is
located in an annular region rather than the axis of the jet. Since the
diameter, depth, and volume of the hole under different parameter
combinations are illustrated and analyzed above, here we will
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Fig. 26. SEM analysis of the surface of hole. (a) Areas of SEM analysis: A-hole edge area, B-hole wall area, C-hole bottom area, D-bulge wall area, E-bulge top area; (b) SEM analysis

samples collected from the SEM observation regions; (c) SEM analysis.
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Fig. 27. Typical micromorphological characteristics of the hole. (a) The abrasive particles impact and the crystal grain is integrally peeled off; (b) The crystal grain is broken into
pieces under the abrasive particles impact and the step pattern; (c) The mist zone-like pattern which is composed of quantities of flaky rock debris.
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Fig. 28. Sandstone breaking process and mechanism of the SAW]J. (a) Flow filed and rock breaking characteristics of the SAWJ; (b) The composition of sandstone includes cements
and crystal grain; (¢) The cements are eroded during the SAW] drilling of sandstone; (d) The integrally peeled off (red crystal grain) and broken (blue crystal grain) of the crystal

grain during the SAW] drilling of sandstone.

discuss the formation and evolution of the conical bulge.

The jet-drilled hole should permit the jet nozzle to enter it for
drilling a long radial branch. However, as for SAW]-drilled hole, the
conical bulge at the hole bottom will stop the nozzle from entering
the hole to some extent. In this paper, the distance between the
target rock jetting surface and the peak of the conical bulge is re-
gard as the hole depth that the nozzle can enter (h,). As shown in
Fig. 25, the jetting pressure and abrasive mass concentration only
have a slight influence on the h,. The range of h, with different
jetting pressure and different abrasive mass concentration are 3.8
and 5.0 mm, respectively (Fig. 25(a) and (c)). The range of h, is
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9.6 mm (Fig. 25(b)) under different standoff distance. Thus, it can be
considered that the standoff distance has a medium influence on
the h,. With the increase in the standoff distance during SAW] rock
breaking, the radial turbulence is significantly enhanced and the
diffusion angle is increased too. Furthermore, the jet impact energy
density of the target rock surface will decrease as the standoff
distance increases, which will change the morphology (diameter,
depth, h,) of the hole to some extent. While the exposure time has a
significant impact on the h, (Fig. 25(d)). The rang of h, under
different exposure time in our experiments is 67.5 mm, which is
17.8, 13.5 and 7.0 times of the h, under different jetting pressure,
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different abrasive mass concentration and different standoff dis-
tance respectively. What's more, the conical bulge almost disap-
pears and the hole profile is nearly “U” shaped when the exposure
time is 5 min (Fig. 25(d)). The abrasive particles will continue erode
the conical bulge by the swirling flow effect of SAW] until it dis-
appears. And, as shown in Fig. 25(d), it can be inferred that the hole
profile will transit from “W” shaped to “U” shaped with the increase
of exposure time.

4.2. Rock breaking mechanism

Micro-morphology of the hole surface is used to reveal the SAW]
sandstone breaking mechanism. Five typical regions are selected to
do SEM (Scanning electron microscope) analysis based on the
characteristics of the hole profile (Fig. 26). Five regions are the edge
area, hole wall area, hole bottom area, bulge wall area and bulge top
area, respectively (Fig. 26(a)). However, the results of SEM obser-
vation indicate that the micro-morphology of the mentioned five
regions align with each other. Typical micro-morphology of the
SAW]-drilled hole surfaces are shown in Fig. 27. Sandstone has the
characteristics of high porosity and weak crystal grain cementation.
Since the mechanical strength of the cements is far less than the
crystal grain, a large number of cements are eroded firstly by the
SAW] and the inter-granular cracks are formed around the crystal
grain (Fig. 27(a)). Then, as depicted in the blue-dashed rectangle in
Fig. 27(a), some crystal grain is integrally peeled off. Besides, as
depicted in the yellow-dashed rectangle in Fig. 27(a), some crystal
grain is broken by the abrasive particles impact and intra-granular
fractures are formed in the crystal grain. Specially, as depicted in
the yellow-dashed rectangle in Fig. 27(b), it's clear that the crystal
graine is broken into pieces under the abrasive particles impact.
Micromorphological characteristics of the hole surface is complex
and varied. It mainly includes step pattern (Fig. 27(b)) and mist
zone-like pattern (Fig. 27(c)). It is worth noting that the patterns are
both tensile fractures. The mist zone-like pattern is composed of
quantities of flaky rock debris (Fig. 27(c)) because of the collision of
high-speed abrasive particles.

The sandstone breaking process and mechanism of the SAW] are
summarized as Fig. 28. High-energy density area of the SAW] is in
an annular region because of the swirling flow effect, which finally
makes the conical bulge one of the most signification characteris-
tics of the hole. Generally speaking, the hole profile is displayed as a
“W” shape (Fig. 28(a)). Further, the hole profile will be transferred
from “W”-shaped to “U”-shaped with the increase of exposure time
based on our experimental results. Erosion mechanism of the SAW]
to the sandstone can be described as follows: (i) The cements of the
sandstone free surface are eroded by the impact of the SAW] (from
Fig. 28(b) to Fig. 28(c)) and part of the crystal grain is exposed for
the lack of cements' support (Fig. 28(c)); (ii) As the cements are
eroded continuously, some crystal grain which completely lose the
support of cements is integrally peeled off (red crystal grain in
Fig. 28(d)). And, some crystal grain is broken into pieces under the
high-speed abrasive particles impact simultaneously (blue crystal
grain in Fig. 28(d)); (iii) Step (i) and (ii) are happening continuously
and alternately during the SAW] drilling of sandstone. And, a hole
will be created eventually under the joint action of step (i) and step
(ii). Besides, the main failure mode of sandstone during SAW]
drilling is tensile failure. Given the sandstone's tensile strength is
only 9.5% of its UCS, the SAW] sandstone breakage efficiency is high.

5. Conclusions
In this paper, effect of key job parameters (jetting pressure,

standoff distance, abrasive mass concentration and exposure time)
on SAW] sandstone breakage performances were experimentally
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studied. Diameter, depth and volume of the hole were employed to
evaluate the SAW] rock breaking performances under different
parameter combinations. Then, the evolution of holes and sand-
stone breaking mechanism were illustrated. The following main
conclusions were drawn:

e The SAW] creates a smooth large regular hole on sandstone. The
hole diameters are in 52.0—73.0 mm. Besides, there exists a
conical bulge at the hole bottom. But it can be eroded by the
follow-up jet and can't stop the feeding of the nozzle assembly.
Thus, the SAW]J is an alternative to drill radial branches in
sandstone formation.

The SAW]J-drilled hole depth/volume increased as the jetting
pressure, abrasive mass concentration and exposure time
increased. Conversely, they decreased as the standoff distance
increased. As for the hole diameter, it is less affected by jet pa-
rameters. The optimal parameter combination under our
experimental conditions was 30 MPa, 0 mm, 12% and 1 min.
Sandstone breaking mechanism of SAW] are the erosion of ce-
ments, the integrally peeled off of crystal grain and the broken of
crystal grain. Damage patterns of the hole surface are mainly
tensile fractures, such as step pattern and mist zone-like
pattern. Given the sandstone's tensile strength is only 9.5% of
its UCS, the SAW] sandstone breakage efficiency is high.
Nozzle structure plays an important role in its rock breaking
performance. Thus, in our future work, we will optimize the
structure of swirling impeller nozzle. And, we will conduct some
oil field test to verify the feasibility of utilizing SAW]J to drill
radial branches from the perspective of industrial applications.
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