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Radial jet drilling (RJD) technology has been proved to be an economical and efficient stimulation technology for oil and gas,
geothermal, hydrate, etc. but conventional RJD technology adopts pure water jet to break rock and form laterals, which has
low rock breaking efficiency and is unable to effectively break hard rock such as shale. Swirling abrasive jet is proposed to
promote the development of RJD. Here, the characteristics of the flow field of the swirling abrasive jet nozzle and the influence
of the key impeller parameters are studied by numerical simulation. The distribution and development of axial velocity,
tangential velocity, and radial velocity of water and abrasive are analyzed. The results show that the swirling abrasive jet has no
constant velocity core, has stronger diffusivity, and can form a larger impact area than the direct jet. Abrasive particles and
water can acquire large tangential and radial velocity which can break rock under the action of shear and tensile stress
efficiently. With the increase of the spinning angle, the axial velocity of the fluid decreases, and the tangential velocity increases
gradually. With the increase of blade thickness, the axial velocity decreases, and the tangential velocity increases. With the
increase of the number of blades, the axial velocity decreases, and the tangential velocity increases. The spinning direction
almost has no effect on the flow field. Therefore, the spinning angle is recommended to be no less than 270°, blade thickness is
2.5mm, and number of blades are 3. The research results provide theoretical guidance for the structural design of swirling
abrasive jet nozzles.

1. Introduction

Radial jet drilling (RJD) technology can drill one or more
horizontal laterals, whose diameter is about 30~50mm and
the maximum length is about 100m, along the radial
direction perpendicular to the main wellbore by hydraulic
jetting. Multiple operations can form a three-dimensional
well pattern structure of “multiple layers in one well and
multiple branches in the same layer” [1–4]. RJD technol-
ogy can increase the contact area with reservoir, establish
high diversion channel, and efficiently exploit complex
oil and gas reservoirs, which has achieved good applica-
tion. Combined with reservoir simulation technologies
such as hydraulic fracturing, full three-dimensional recon-
struction can be realized to achieve the goal of enhanced

oil recovery [5–13]. Recently, with more and more atten-
tion paid to clean energy, RJD technology is considered
as an effective geothermal and hydrate resource develop-
ment technique [14–17].

However, conventional RJD technology adopts pure
water jet to break rock and form laterals. The high-
pressure water jet technology is the key technology of RJD.
Scholars have developed multiorifice nozzle [18, 19], swir-
ling nozzle [20], and straight-swirling integrated nozzle
[21] to achieve efficient rock breaking, but pure water jet
has low rock breaking efficiency and is unable to effectively
break granite, shale, carbonate, and other hard rocks. There-
fore, it is necessary to develop new efficient rock breaking
technology to promote the development and application of
RJD technology.
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Abrasive water jet (AWJ) technology, which is a liquid-
solid two-phase jet formed by adding solid particles (garnet
or quartz sand, etc.) into high-speed flowing water, is used
for a wide range of industrial applications, mainly for cutting
and surface treatment [22]. Due to the impact and cutting
action of abrasive particles, AWJ has much better rock-
breaking performance [23]. AWJ is widely used in petro-
leum engineering, such as casing cutting, perforating, and
hydraulic jet fracturing [24–27]. Huang et al. [28] verified
that the abrasive jet has much higher rock-breaking ability.
Niu et al. [29] optimized the jet parameters and abrasive
parameters in the process of hydraulic jet fracturing through
experimental methods. Under the experimental conditions,
there is an optimal abrasive volume fraction (6%-8%) and
an optimal abrasive particle size range (0.4-0.6mm).

Although abrasive jet has strong rock breaking ability
and high rock breaking efficiency, it has poor diffusivity
and only forms small diameter rock-breaking hole, which
cannot meet the demand of subsequent pipeline entering
the formation. Therefore, Yang et al. [30] proposed swirling
abrasive jet technology, which combined the characteristics
of abrasive jet and swirling jet. A spiral impeller is added
into the classic conical nozzle, so that the fluid and abrasive
can obtain high radial and tangential velocity and then form
a large impact diameter. Compared with the traditional
direct jet, swirling abrasive jet shows complex and unique
flow characteristics. Therefore, here, the flow field character-
istics of swirling abrasive jet are studied by numerical simu-
lation. Influence of impeller parameters on the flow field is
analyzed. The research results can provide guidance for
structural optimization design of swirling abrasive jet nozzle.

2. Structure and Principle of Swirling Abrasive
Jet Nozzle

As shown in Figure 1, the swirling abrasive jet nozzle is
mainly composed of the nozzle body, the impeller, the con-
traction section, the cylindrical outlet, and the diffusion sec-
tion. High pressure water and abrasive are bumped to the
nozzle by high-pressure plunger pump, through and swirl
under the guidance of the impeller, obtain a higher velocity

due to the decrease of the cross-sectional area of the contrac-
tion section, and then are jetted from the cylinder outlet.
Under the protection of the diffusion section, a fully devel-
oped swirling abrasive jet is formed. The fluid acquires
higher axial, tangential, and radial velocities, and the abra-
sive also achieves a higher three-dimensional velocity under
the action of fluid carrying and acceleration. The rock break-
ing efficiency of abrasive jet is much higher than that of pure
water jet [20]; so, the swirling abrasive jet can effectively
break most rocks, even limestone, granite, etc. In addition,
because the swirling abrasive jet has higher tangential and
radial velocity, the fully developed swirling abrasive jet can
form a large diameter hole. The swirling abrasive jet can effi-
ciently break rocks and form large diameter radial branches,
which is very suitable for RJD technology.

3. Numerical Simulation Model

3.1. Physical Model and Control Equation

3.1.1. Physical Model. The physical model of the swirling
abrasive nozzle is shown as Figure 2. The main composi-
tion and basic parameters of the model are as follows:
the nozzle inlet with 18mm diameter, the impeller with
50mm length, the contraction section with 60° angle, the
cylinder outlet with 5mm diameter and 10mm length,
the diffusion section with 120°angle, and the impact exter-
nal flow field which is a cylinder with 40mm height and
60mm diameter.

3.1.2. Governing Equation. The turbulent viscosity model
will directly affect the accuracy of the calculation results.
The standard k-epsilon model is a two-equation model
in the typical RANS vortex viscosity model. This model
is a widely used turbulence model at present. It has a rel-
atively simple calculation format, and better results can be
obtained.
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Figure 1: Structure diagram of swirling abrasive jet nozzle.

Inlet

Impeller

Contraction section

Cylindrical outlet

Diffusion section

External flow field

Figure 2: Physical model of swirling abrasive jet nozzle.
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The governing equation of the standard k-epsilon model
can be expressed in the following general form:
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where ϕ denotes dependent variable, such as u, v, and ω,
Γdenotes the diffusion coefficient, and S denotes the source
term of the equation.

In the standard k-epsilon model, the turbulent kinetic
energy k and the dissipation rate ε are two basic unknowns,
and the corresponding transport equations are as follows:
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where Gk is the generation term of turbulent kinetic
energy k caused by average velocity gradient, Gb is the gen-
eration term of turbulent kinetic energy k caused by buoy-

ancy, YM denotes the contribution of fluctuating expansion
in compressible turbulence, C1ε, C2ε, and C3ε are empirical
constants, σk and σε are the Prandtl numbers corresponding
to the turbulent kinetic energy k and the dissipation rate ε,
and Sk and Sε are the source terms of the equation.

3.2. Boundary Condition. For different nozzles, it is difficult
to ensure the same flow rate and pressure drop at the same
time. Therefore, the same pressure drop conditions are gen-
erally selected for comparative analysis. The nozzle inlet is
set as the pressure inlet. The experimental results show that
under the condition of 30MPa pressure difference, the abra-
sive jet can break most of the rock materials; so, the inlet
pressure is set as 30MPa. The side of the impact external
flow field is arranged as a pressure outlet which is atmo-
spheric pressure.

3.3. Discrete Phase Setting. Fluent software provides three
multiphase flow models: VOF (volume of fluid) model, mix-
ture model, and Euler model. The Euler model can simulate
the multiphase flow of arbitrary composition, and it can also
simulate the multiphase flow of interaction [31]. Therefore,
the Euler model was selected to study the flow field charac-
teristics of the swirling abrasive jet nozzle. The physical
parameters of water can be directly transferred from the Flu-
ent database. The abrasive is set as density 2600 kg/m3, vis-
cosity 0.0001 kg/m-1, and grain spacing 0.0002. Set the
basic phase 1 to water and the phase 2 to abrasive.

3.4. Experimental Project. The impeller is the key component
of the swirling abrasive jet nozzle. As shown in Figure 3, its

(a) (b)

(c) (d)

Figure 3: Diagram of impeller with different rotation angles.

3Geofluids



key parameters mainly include the following: blade thick-
ness, blade number, blade swirling angle, and spinning
direction. The effects of four parameters on the flow field
characteristics of the swirling abrasive jet nozzle are studied.
In the process of radial horizontal well, the nozzle needs to
complete the steering under the steering effect of the deflec-
tor. In order to pass the deflector smoothly, the length of the
nozzle is generally designed to be 30~50mm, and the outer
diameter is generally 20~30mm [21, 32–34]. Therefore, the
length of the impeller designed in this paper is no more than
50mm, and the outer diameter is 18mm. The blade thick-
ness should ensure the strength without occupying too much
space, the number of blades should be convenient for pro-
cessing and occupy less space, and the rotation angle should

be considered to cover a larger range during design so as to
study its influence rules. The research project is shown in
Table 1. Other structural parameters of the swirling abrasive
nozzle remain the same.

4. Flow Field Characteristics of the Swirling
Abrasive Jet Nozzle

The velocity distribution and impact pressure distribution of
the fluid and abrasive particles in the nozzle flow field deter-
mine the rock-breaking effect. Specially, the tangential and
radial velocity distribution of the swirling jet is of great sig-
nificance for improving the rock breaking efficiency and
forming a large area of rock breaking. In addition, the

Table 1: Design of structural parameters of the impeller.

Parameters Length (mm) Diameter (mm) Swirling angle (°) Blade thickness (mm) Blade number Spinning direction

Control group 50 18 360 2.5 3 Clockwise

Swirling angle 50 18 180/270/540 2.5 3 Clockwise

Blade thickness 50 18 360 2/3/3.5/4 3 Clockwise

Blade number 50 18 360 2.5 2/4/5 Clockwise

Swing direction 50 18 360 2.5 3 Counterclockwise
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Figure 4: Cloud picture of velocity of swirling abrasive jet and direct jet.
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Figure 5: Cloud picture of bottom impact velocity of swirling abrasive jet and direct jet.
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Figure 6: Axial velocity distribution of abrasive and water in swirling abrasive jet (a) inlet section, (b) swirling section, (c) contraction
section, (d) cylindrical outlet section, (e) diffusion section, and (f) external flow field section.
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Figure 7: Development law of axial velocity of water.
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rock-breaking ability of abrasive jet is strong, and the veloc-
ity distribution characteristics of abrasive particles need to
be studied. The flow field of the classical conical nozzle with
same equivalent diameter is carried out and compared.

4.1. Flow Field Characteristics of the Swirling Abrasive Jet.
The velocity cloud images and jet impact pressure cloud
images of the swirling abrasive jet and conical jet are shown
in Figures 4 and 5. The flow field structure of swirling abra-
sive jet nozzle is similar to that of the conical jet, but the
swirling abrasive jet has stronger diffusivity; that is, the
impact area is larger. Accordingly, the velocity attenuation
is fast, the impact pressure is low, and there is no potential
core, which is consistent with the research results of Ahmed
et al. [34]. It is well known that abrasive jet has high rock
breaking efficiency. Therefore, the swirling abrasive jet can
effectively break rock and form larger diameter laterals,
which is very suitable for RJD technology.

4.2. Axial Velocity Distribution. The axial velocity deter-
mines the impact ability of the jet, specially the abrasive
needs to obtain sufficient axial velocity to break the rock.
The axial velocity of water and abrasive particles is shown
in Figure 6. The flow field is divided into six sections from
the nozzle inlet: the inlet section (a), the swirling section
(b), the contraction section (c), the cylindrical outlet section
(d), the diffusion section (e), and external flow field (f). Due
to the existence of the impeller, the axial velocity is zero in
the swirling section. In the contraction section, the velocity
of water increases due to the reduction of the cross-
sectional area. The abrasive accelerates under the drag force
and pressure difference of water. In the cylindrical outlet sec-
tion, the velocity of the water is gradually stable, but the
velocity of the abrasive is always increasing. In the diffusion
section, water and abrasive are ejected from the nozzle, the
velocity decreases rapidly due to the loss of the nozzle con-
straint, and there is no potential core. At the section of the
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external flow field, the axial velocity begins to decline, but for
the speed of the abrasive is still lower than the speed of
water, the axial velocity decreasing trend of the abrasive is
slower than that of water. After the action of the nozzle, both
water and abrasive obtain a higher axial velocity.

4.2.1. Development Law of Axial Velocity. The axial velocity
distribution of water and abrasive under different standoff
distance is shown in Figures 7 and 8. The zero of the abscissa
is set as the center of the nozzle, while the ordinate is the
axial velocity. The dimensionless standoff distance (the ratio
of the standoff distance to the diameter of the nozzle outlet)
is set as 0, 2, 4, 6, and 8. The axial velocity of the swirling
abrasive jet obviously has the velocity distribution law of
the normal jet, which means that the central velocity is the
largest and gradually attenuates along both sides. When
the standoff distance is zero, the velocity near the nozzle out-
let is negative, which means that entrainment occurs. With

the increase of the standoff distance, the jet gradually
develops laterally and can form a larger impact area in a cer-
tain range. By comparing the axial velocity development
curve of abrasive and water, it is found that the velocity of
water at the central axis decreases greatly, while the energy
loss of abrasive particles is small due to the existence of the
speed difference. Therefore, the impact strength of the abra-
sive can be ensured.

4.3. Development Law of Tangential and Radial Velocity. As
we all know, the shear and tensile strength of rock are much
lower than its compressive strength, rock is easily broken
under the action of shear and tensile stress. Swirling abrasive
jet has higher tangential and radial velocity which can pro-
duce loads parallel to the surface of the rock, resulting in
shear failure. It is necessary to study the development law
of tangential velocity and radial velocity.
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Figure 11: Development of radial velocity of water.
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4.3.1. Distribution Law of Tangential Velocity of Abrasive
Particles and Water. Figures 9 and 10 show the distribution
of the tangential velocity of water and abrasive particles, the
abscissa is the radial distance, and the ordinate is the tangen-
tial velocity. The dimensionless standoff distance is set as 0,
2, 4, 6, and 8. Water and abrasive particles do acquire large
tangential velocities. The tangential velocity is almost zero
along the axis and presents an M-shaped distribution. The
maximum tangential velocity will appear at a certain radial
radius. At the same time, with the increase of the standoff
distance, the maximum tangential velocity gradually
develops outward, but the peak value decreases. By compar-
ison, it is found that there is little difference between the tan-
gential velocity of abrasive and that of water, which can
improve the efficiency of rock breaking.

4.3.2. Distribution Law of Radial Velocity of Abrasive
Particles and Water. Figures 11 and 12 show the distribution
of the radial velocity of water and abrasive, the abscissa is the

radial radius, and the ordinate is the radial velocity. The
dimensionless standoff distance is set as 0, 2, 4, 6, and 8.
The radial velocity first increases and then decreases along
the radius from the center and shows an symmetrical distri-
bution, which is similar to that of the tangential velocity.
When the standoff distance is small, the radial velocity
appears negative value, which is due to the influence of
entrainment effect. By comparing the radial velocity curve
of abrasive and water, it is found that the radial velocity of
abrasive particles is larger. However, the radial velocity has
a small absolute value and fast attenuation rate. Therefore,
radial velocity has little influence on rock breaking, but great
influence on impact diameter. However, since the impact
diameter can also be obtained from the radial distance where
the axial velocity and tangential velocity close to zero, only
the axial velocity and tangential velocity are used for analysis
in the subsequent analysis.

As mentioned above, water and abrasive in swirling
abrasive jet can obtain higher axial, tangential, and radial
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velocities under the guiding of swirling impeller. In other
word, the swirling jet velocity is three-dimensional, and its
rock breaking manner is mainly of slopping impact, which
make it high rock breaking efficiency [35]. The tangential
velocity presents an M-shaped distribution, and its maxi-
mum value appears on a ring at a certain distance from
the jet center, which explains the phenomenon that rock
fragmentation by swirling jet will form a circular region
[36]. The radial velocity distribution shows the phenomenon
of entrainment, but its absolute value is small and is not con-
sidered in the follow-up study.

5. Influence of Structural Parameters

In order to perform radial drilling well, the nozzle should
simultaneously achieve high efficiency rock breaking and
large diameter hole-forming [37]. According to the above

analysis, the axial velocity and tangential velocity determines
the rock-breaking efficiency. The core part of the swirling
abrasive jet nozzle is the impeller. Therefore, the influence
of various parameters of the impeller on the axial and tan-
gential velocity is mainly analyzed.

5.1. Influence of Swirling Angle of Impeller. When the diam-
eter and length of the impeller are constant, the swirling angle
of the impeller determines the rotation of the fluid. The initial
rotation angle is positioned at 180 degrees, followed by an
increase of 90 degrees. In order to study the influence of a
larger range of angles, the last group is positioned at 540°. To
evaluate the impact effect, the axial and tangential velocities
near the impact plane where the dimensionless standoff dis-
tance is equal to 8 are selected for analysis. As shown in
Figures 13 and 14, with the increase of rotation angle, the axial
velocity distribution becomes smoother, and the peak value

–10

0

10

20

30

40

50

60

70

A
xi

al
 v

el
oc

ity
 (m

/s
)

–30 –20 –10 0 10 20 30
Radial distance (mm)

2 mm
2.5 mm
3 mm

3.5 mm
4 mm

Figure 15: Axial velocity distribution of different blade thickness in h/d = 8.

–1

0

1

2

3

4

5

6

7

Ta
ng

en
tia

l v
el

oc
ity

 (m
/s

)

–30 –20 –10 0 10 20 30
Radial distance (mm)

2 mm
2.5 mm
3 mm

3.5 mm
4 mm

Figure 16: Tangential velocity distribution of different blade thicknesses in h/d = 8.

9Geofluids



-10

0

10

20

30

40

50

60

70

A
xi

al
 v

el
oc

ity
 (m

/s
)

–30 –20 –10 0 10 20 30
Radial distance (mm)

2
3

4
5

Figure 17: Axial velocity distribution of different blade thicknesses in h/d = 8.

–1

0

1

2

3

4

5

6

–40 –30 –20 –10 0 10 20 30 40

Ta
ng

en
tia

l v
el

oc
ity

 (m
/s

)

Radial distance (mm)

2
3

4
5

Figure 18: Tangential velocity distribution of different blade thicknesses in h/d = 8.

–10

0

10

20

30

40

50

A
xi

al
 v

el
oc

ity
 (m

/s
)

–30 –20 –10 0 10 20 30
Radial distance (mm)

Positive
Reverse

Figure 19: Axial velocity distribution of positive and reverse swirling in h/d = 8.

10 Geofluids



decreases, while the peak tangential velocity gradually
increases. It can be seen that with the increase of rotation
angle, abrasive and fluid can obtain more tangential velocity,
which can promote rock failure by shear action. When the
rotation angle is greater than 270°, the influence of the rotation
angle on the axial and tangential velocities decreases. There-
fore, under the condition of this paper, the rotation angle is
recommended to be no less than 270°.

5.2. Influence of Blade Thickness. When the other parameters
of the impeller are constant, the impeller thickness affects the
flow section and then the rotation capacity. The influence of
the blade thickness on the abrasive flow field is carried out.
Figures 15 and 16 show the axial and tangential velocity distri-
butions of abrasive particles when the dimensionless standoff
distance is 8 and the blade thickness is 2mm, 2.5mm, 3mm,
3.5mm, and 4mm. It can be seen from Figure 16 that the tan-
gential velocity of abrasive gradually increases with the
increase of blade thickness, and the peak value of blade thick-
ness 4mm is the highest; so, it is recommended to increase
blade thickness. Correspondingly, as shown in Figure 15, the
axial velocity decreases with the increase of blade thickness.
Although increasing the blade thickness can increase the tan-
gential velocity, the increase is small and will lead to the
increase of flow resistance. Therefore, 2.5mm is recom-
mended under the conditions of this paper.

5.3. Influence of Blade Number. The influence of the number
of blades on the flow field of abrasive is carried out.
Figures 17 and 18 show the axial and tangential velocity dis-
tributions of abrasive particles when the dimensionless
standoff distance is 8 and the number of blades is 2, 3, 4,
and 5. With the increase of the number of blades, the peak
axial velocity decreases slightly while the tangential velocity
increases. Generally, the number of blades has little effect.
Considering axial velocity and tangential velocity, the rec-
ommended number of blades is 3.

5.4. Influence of the Spinning Direction. The influence of the
swirling direction of impeller on the abrasive flow field is

also studied. Figures 19 and 20 show the axial and tangential
velocity distributions of abrasive particles when the dimen-
sionless standoff distance is 8. It can be seen from
Figures 18 and 19 that the axial velocities basically are the
same while tangential velocities are mirrored, which means
their absolute values, the development law, and expansion
range are basically the same. Therefore, the spinning direc-
tion will not affect the flow field of the swirling abrasive jet.

6. Conclusion

Swirling abrasive jet technology can realize large diameter and
efficient rock-breaking and hole-forming, which can greatly
promote the development RJD technology. In order to better
understand its working principle and improve its perfor-
mance, the flow field characteristics and key impeller parame-
ters of swirling abrasive jet nozzles are studied by numerical
simulation, and the main conclusions are as follows:

(1) Compared with the direct jet, the flow field structure
of the swirling abrasive jet is basically the same, but it
has no constant velocity core, and its diffusivity is
stronger, which can form a larger impact area; that
is, the swirling abrasive jet nozzle can form a larger
diameter rock-breaking

(2) Under the action of swirling impeller, abrasive parti-
cles can obtain larger axial and tangential velocities.
The velocity of abrasive particles increases with the
velocity of water, and when it comes out of the nozzle,
the velocity of abrasive particles attenuates slowly. The
tangential velocity shows an “M” distribution along
the radial direction of the nozzle, which has a low cen-
tral velocity and a high surrounding velocity. The
radial velocity shows that there is an entrainment
region. The combination of axial, tangential, and
radial velocities can better break the rock by tensile
shear, form a larger rock-breaking diameter, and
improve the efficiency
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Figure 20: Tangential velocity distribution of positive and reverse swirling in h/d = 8.
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(3) With the increase of the spinning angle, the axial
velocity of the fluid decreases, and the tangential
velocity increases gradually. With the increase of
blade thickness, the axial velocity decreases, and the
tangential velocity increases gradually. With the
increase of the number of blades, the axial velocity
decreases, and the tangential velocity increases grad-
ually. The spinning direction almost has no effect on
the flow field. Therefore, the spinning angle is rec-
ommended to be no less than 270°, blade thickness
is 2.5mm, and number of blades are 3
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