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Abstract
For improving the hole-enlarging capability, roundness and rock-breaking efficiency of the nozzle in radial jet drilling, a new 
structure of self-rotating nozzle was put forward. The flow structure and rock-breaking features of the self-rotating nozzle 
were investigated with sliding mesh model and labortary tests and also compared with the straight and the swirling integrated 
nozzle and multi-orifice nozzle which have been applied in radial jet drilling. The results show that the self-rotating jet is 
energy concentrated, has longer effective distance, better hole-enlarging capability and roundness and impacts larger circular 
area at the bottom of the drilling hole, compared with the other two nozzles. Forward jet flow generated from the nozzle is 
peak shaped, and the jet velocity attenuates slowly at the outer edge. Due to periodic rotary percussion, the pressure fluctuates 
periodically on rock surface, improving shear and tensile failures on the rock matrix and thereby enhancing rock-breaking 
efficiency. The numerical simulation results of the flow structure of the nozzle are consistent with the experiments. This 
study provides an innovative approach for radial jet drilling technology in the petroleum industry.

Keywords  Self-rotating nozzle · Flow field characteristic · Numerical simulation · Rock-breaking

1  Introduction

Radial jet drilling (RJD) is a process of drilling radial hori-
zontal holes of small diameter using high-pressure water 
jets (Dickinson et al. 1992a, b, 1993; Landers 1998). The 
milling bit makes a turn of 90 degrees to create a hole in 
a cased wellbore and subsequently to jet a small hole into 
the formation through the casing exit hole. The diameter of 
these radial holes is approximately 1–2 inches, and lengths 

are up to 300 ft as shown in Fig. 1 (Dickinson et al. 1992a, 
b; Buckman and Doton 2001; Kamel 2016). It can realize 
multiple radial holes drilling in different directions in a res-
ervoir, increase the contact area between reservoir and bore 
hole, enhance well production rate, and has been widely 
applied or tested in low-permeability reservoirs, marginal 
reservoirs, depleted reservoirs, heavy-oil reservoirs, fault 
block reservoirs and coalbed methane (CBM) reservoirs in 
the USA, Canada, China, Egypt, Argentina, India and Rus-
sia, among other countries (Buset et al. 2001; Cirigliano and 
Blacutt 2007; Bruni et al. 2007; Ursegov et al. 2008; Huang 
et al. 2013; Steven and Ahmed 2013; Balch et al. 2016). A 
high-pressure flexible hose is employed to realize the right 
diversion in the casing deflector and convey water-jet energy 
to break the rock (Wang et al. 2016; Kamel 2017; Yang et al. 
2015). The nozzle used in RJD is important since it provides 
pulling force for flexible hose as well as breaks rock in front 
of it to form a horizontal hole. The jet penetrating features 
in different rocks along with various nozzle configurations 
are important to RJD. Engineering practice shows that the 
hole-enlarging capability and rock-breaking efficiency of the 
nozzle have become main problems to be solved (Buckman 
and Doton 2003; Putra et al. 2012). Some nozzles cannot 
drill to objective depths due to irregular outline of hole and 
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excess friction of flexible hose. Hence, as a key component 
in RJD, the performance of the nozzle directly influences 
rock-breaking effect and extending length of RJD. Currently, 
the multi-orifice nozzle (Liao et al. 2011; Li et al. 2015), 
the swirling nozzle and the straight and swirling integrated 
nozzle have been applied in RJD (Liao et al. 2013a, b; Chi 
et al. 2016). The swirling nozzle has larger impacting area 
and better diffusivity, but the velocity attenuates faster. If 
the rock strength or confining pressure is relatively high, the 
rock-breaking efficiency and hole-enlarging capability will 
be limited. The multi-orifice nozzle is jet energy concen-
trated with a better rock-breaking efficiency, but the number 
of orifices distributed in the nozzle limits the hole round-
ness. Straight and swirling integrated nozzle incorporates 

both advantages of the straight and swirling jets, but the 
jet energy utilization is relatively lower as well as the rock-
breaking efficiency. This study designed a new structure of 
self-rotating nozzle and conducted both numerical simula-
tions of flow features and rock-breaking tests to quantify 
adaptabilities in RJD with various nozzle configurations.

2 � Self‑rotating nozzle structure and its 
working principle

As shown in Fig. 2, a self-rotating nozzle consists of a rota-
tor, a rotating shaft, a shell, a rotary clearance seal, and 
forward and backward orifices. Forward and backward ori-
fices are both installed on the rotator, and the forward and 
backward jets are formed as fluids are ejected from these 
forward and backward orifices in the rotator. Since the axis 
of backward orifices has a certain offset from the axis of rota-
tion, backward jets can generate rotating torque accordingly, 
making the rotator to overcome frictional force and driving 
the forward and backward orifices to rotate around the nozzle 
axis. As the rotator keeps rotating, multiple forward jets form 
several concentric ring impact faces on the rock surface and 
further develop to form a complete circular impact area to 
break the rock. This will help to improve the hole roundness 
and rock-breaking efficiency. Simultaneously, by optimizing 
the angle of forward orifices, the hole-enlarging capability 
of the nozzle will be effectively enhanced. The axial reverse 
thrust from backward orifices is larger than that from forward 
orifices, and thus a pulling force is imposed to move the facil-
itate hose along the drilling direction. This makes the nozzle 
capable of pulling the flexible hose, realizing breaking rock 
while rotating and self-propelling. The rotary clearance seal 
allows a small amount of water leakage through the spiral 
groove on the outer-wall of the rotating shaft, and therefore 
the rotational friction of the shaft can be reduced.

The rotational speed of the rotator is calculated from 
the pressure fluctuation caused by periodic impact of the 
jet under rotational conditions, which is measured with the 

Step #3: Washing out the hole (50 mm diameter) by pulling
back the nozzle head

Step #2: Blasting a lateral hole into the formation with high
fluid pressure inside a nozzle head, leading to a high exit
velocity jet

F1: Penetrating force
F2: Accelerating force
T1: Tension on flex hose

F1 F2T1

●

●

Step #1: Milling a hole in the casing with rotating drill bit
(driven by downhole motor)

Penetration/acceleration and
angle are a function of the
force difference where
· F2>F1

· T1 is constant

The jet nozzle is held back by the coil tubing and surface control
thereby maintain constant tension on the flex hose in the lateral
direction.
This tension, with the exit point at the casing allows only straight
line departure from the deflector shoes as long as the tension is
maintained.

Fig. 1   RJD process (Courtesy of RadJet)
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Fig. 2   Schematic diagram of the self-rotating nozzle. a Structure. b Eccentric structure of backward orifices
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device shown in Fig. 3. Figure 4 shows the influence of the 
nozzle pressure drop on the rotational speed of the nozzle 
rotor. The rotational speed of the rotator increases, but the 
increasing rate slows down with an increase in the nozzle 
pressure drop. For instance, the rotational speed of the rotor 
changes from 17.5 to 40.0 revolutions per second (rps) when 
the nozzle pressure drop increases from 10 to 30 MPa.

3 � Numerical model and boundary 
conditions

3.1 � Simulation model

To optimize the numerical simulation, the physical model is 
simplified. Only computational domain within the rotator is 
kept for the self-rotating nozzle, while the effect of fluid flow 
in the rotating axis of the nozzle is not considered. Figure 5 
shows a three-dimensional physical model of the rotator, and 
Fig. 6 shows a physical model of bottom hole for the nozzle.

The outer diameter of the nozzle rotator is 18 mm, with 
a length of 30 mm. The leading end surface of the rotator 

is round, and the main inner flow diameter is 3 mm. There 
are 3 forward orifices and 4 backward orifices on the rota-
tor. The forward orifices have the same diameter of 0.8 mm, 
with the intersection angles α, β, γ of their axes to the nozzle 
axis being 7°, 13° and 20°, respectively. Backward orifices 
also have the same diameter of 1.2 mm, with the same 30° 
intersection angles of their axes to the nozzle axis, and each 

Simulation wellbore Self-rotating nozzle Steel pipe
Flexible hose

Drainage outlet

Pressure measuring point

Fig. 3   A device for measuring the rotational speed of the rotator
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Fig. 4   The relationship between the rotational speed and the nozzle 
pressure drop

Fig. 5   Three-dimensional physical model of the nozzle rotator

Fig. 6   A physical model of the bottom hole for the nozzle
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has an eccentricity of 0.8 mm. The leading end of the nozzle 
is 10 mm away from the bottom of the outer flow field. The 
horizontal cross section of the outer flow field is circular, 
14 mm in radius and 50 mm in height.

3.2 � Mesh of computational domain

ICEM-CFD software was used to build the sliding mesh 
model, and the flow structure of the nozzle under a steady 
rotational state is simulated as shown in Fig. 7, in which 
the computational domain is separated into two sections, 
namely the rotator and the stator, respectively. In the numeri-
cal calculation, a rotating velocity is set up by the rotator to 
simulate the flow field structure of the nozzle when it rotates. 
The unstructured mesh generation method is adopted in the 
computational domain, and the mesh refinement measures 
are taken for the parts where the velocity gradient changes 
sharply to ensure the stability of the computational process 
and the correctness of the computational results. There are 
more than 2.3 million mesh in the whole computational 
domain.

3.3 � Control equations

In numerical simulations, the RNG k–ε turbulence model 
was used to obtain a detailed visual flow field structure of 
the rotating jet. The set of equations of the model is similar 
to that of the standard k–ε model, but with an additional 
R in the transmission equation of ε. Thus, the model can 
more accurately describe swirling and impinging jet flows 
(Chen et al. 2003; Anderson et al. 2009). Buoyancy forces 
are not taken into account for incompressible fluids. The 
control equations in the RNG k–ε model mainly include 
continuity and momentum equations as well as transmis-
sion equations of the turbulent kinetic energy k and the 
dissipation rate ε.

(1)	 Continuity equation

(2)	 Momentum equation

(3)	 Transmission equations

 where � is the fluid density; t is time; p is pressure; ui,  
uj ( i, j = 1, 2, 3 ) represent the velocity; xi, xj repre-
sent coordinate axis; �ij is Kronecker symbol; �0 is the 
fluid viscosity; �t represents the turbulence viscosity, 
�t = �C�k

2∕� ; C�, C1�, C2� are empirical coefficients 
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Fig. 7   3D mesh model of numerical simulation. a Rotator. b Stator



Petroleum Science	

1 3

set to 0.09, 1.42, 1.68, respectively, in the model; 
�k = �� ≈ 1.393 ; � ≡ Sk∕� , � = 0.012.

R is the difference between the RNG k–ε model and the 
standard k–ε model. The existence of R enables the RNG k–ε 
model to simulate flow with high strain and allows the flow 
lines to be more accurately depicted.

Solutions to the discretized equation were reached using 
the tridiagonal matrix algorithm (TDMA), in which the low 
relaxation iteration was done line by line. The coupled and 
iterative solution for continuity and momentum equations 
were worked out using the SIMPLEC algorithm.

3.4 � Parameters and boundary conditions

As the nozzle rotator has a high rotational velocity, the RNG 
k–ε model was adopted, which has a higher accuracy for flow 
fields with high flow curvature and strain rate (Song et al. 
2004, 2017). At the same time, a SIMPLE algorithm was used 
to solve the continuity equations and momentum equations 
with coupling iteration. The rotational speed of the rotator is 
set to 0, 25, 50 and 75 rps to be discussed later and the test 
results are shown in Fig. 4.

Boundary conditions are set as follows:

(1)	 Inlet boundary The inlet velocity depends on inlet con-
ditions in which k and ε are computed from the equa-
tions below:

	 

where Re is the Reynolds number; vin is the inlet veloc-
ity; I is the turbulent intensity; Lin is the length of the 
mixing section at the inlet.

(2)	 Outlet boundary The static pressure for the outlet is set 
to 0.1 MPa.

(3)	 Wall boundary conditions The relative angular veloc-
ity at the rotator wall boundary is set to zero. Non-slip 
boundary condition is applied to other walls.
	 

where U+p is the dimensionless velocity of point p near 
the wall; � is the Karman constant, � = 0.4 ; E is the 

(5)I = 0.16(Re)1∕8
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wall roughness for the hydraulically smooth surface 
E = 9.0 ; yp is the distance computed from point p to 
the wall; � is the kinematic viscosity. To guarantee the 
applicability of the law of logarithmic distribution for 
velocity, the value of y+p is set in the range as:

4 � Results and discussion

4.1 � Distribution and variation trend of the jet 
impact zone

Figure 8 shows flow field distributions of forward jets at the 
bottom of the hole at different durations. It reflects the distri-
bution of forward jet impact area while the rotor is rotating. 
As shown, there is basically no variation of the single jet 
impact area. Three forward jets form almost three circular 
impact areas at the bottom of the hole, and each jet moves 
around the center of the impact circle, forming a complete 
circular impact surface. Compared with the multi-orifice jet 
flow field, the self-rotating nozzle with fewer forward ori-
fices can generate a larger impact area and guarantee hole 
roundness when their equivalent diameters are the same.

Figure 9 shows the simulated pressure fluctuation of a 
certain point at the bottom of the hole. It can be seen that 
when jets rotate, a periodic fluctuation of pressure is formed 
on the rock surface. The rotating jets impact periodically 
on the rock surface, generating shear and tensile failures 
at every point and contributing to a higher rock-breaking 
efficiency (Shen 1998; Bu et al. 2003).

4.2 � Flow characteristics of forward jets

4.2.1 � Axial velocity attenuation

Figure 10 shows the attenuation of the axial velocity of the 
jets from forward orifices. The Y-axis is the normalized axial 
velocity v/vmax (v is the axial velocity of the jet; vmax is the 
maximum axial velocity of the jet), and X-axis is the normal-
ized jetting distance D/d (D is the jetting distance; d is the 
equivalent diameter of forward orifices). A larger jet angle 
of forward orifices forms a larger rotational radius at the bot-
tom of the hole; as a result, the jetting distance decreases. It 
can be seen that when forward jets eject from orifices, the 
axial velocities of jets rapidly attenuate as the normalized 
jetting distance increases, and the velocities reduce to 0 at 
the boundary wall. Furthermore, the axial velocity of the 
20° jet is lower than that of the other two jets, which means 
the larger the jet angle, the more the jet velocity attenuates. 
Near the boundary wall, three jetting velocities gradually 

11.5 ∼ 30 ≤ y+p ≤ 200 ∼ 400
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Fig. 8   Distribution of flow field at the bottom of the hole at different durations. a 0.080 s. b 0.096 s. c 0.112 s. d 0.128 s
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Fig. 9   Pressure fluctuation at the bottom of the hole

1.0

0.8

0.6

0.4

0.2

0
0 0.2

13° orifice
20° orifice

7° orifice

0.4 0.6

Normalized jetting distance D/d

N
or

m
al

iz
ed

 v
el

oc
ity

 v
/v

m
ax

0.8 1.0

Fig. 10   Attenuation of the axial velocity of jets ejected from different 
forward orifices



Petroleum Science	

1 3

become similar. It is concluded that the larger the jet angle 
is, the greater the influence of the wall effect on the jet, and 
the faster the attenuation of the axial velocity is.

4.2.2 � Axial velocity distribution

Figure 11 gives the distribution of the axial velocity of the 
forward jet at different standoff distances. It can be seen 
that the normalized velocity in the whole cross section is 
peak-shaped at different standoff distances. Each peak cor-
responds to a forward orifice, and there is a low velocity 
zone between two peaks. Because of jetting angles of for-
ward orifices, the peaks move away from the impact center 
as the standoff distance increases. Also, increasing stand-
off distances will decrease the axial velocities but gradu-
ally increase the impact area. It can also be inferred with 
an increase in standoff distance, the impact area increases 
and the hole diameter drilled by the jet will be enlarged 
accordingly.

4.3 � Impact of rotational speed of rotor on flow 
characteristics

Figure 12 shows velocity attenuations along forward ori-
fice axes at different rotational speeds. As can be seen, the 
impact of rotation on the attenuation of jet velocities from 
orifices increases with the intersection angles α, β, γ. The 
axial velocity attenuation of jet with 20° intersection angle 
is obviously affected by the rotational speeds set from 0 to 
75 rps. The rock-breaking depth is mainly influenced by 
jet velocity and its erosion duration. Since the orifice with 
20° intersection angle has less acting time on the rock and 
the velocity attenuates faster, it yields shallower breaking 

depth compared with multi-orifice and straight and swirling 
integrated nozzles illustrated in later rock test, and a T-type 
crater is formed at the bottom of the hole.

- 15 - 10 - 5 0 5 10 15
0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
 v

el
oc

ity
 v

/v
m

ax

Radial distance, mm

1 time of standoff
2 times of standoff
3 times of standoff
4 times of standoff

Fig. 11   Distribution of axial velocities at different standoff distances

1.0

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6

Normalized jetting distance D/d

N
or

m
al

iz
ed

 v
el

oc
ity

 v
/v

m
ax

0.8 1.0

25 rps
50 rps
75 rps

0 rps

25 rps
50 rps
75 rps

0 rps
1.0

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6

Normalized jetting distance D/d

N
or

m
al

iz
ed

 v
el

oc
ity

 v
/v

m
ax

0.8 1.0

1.0

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6

Normalized jetting distance D/d

N
or

m
al

iz
ed

 v
el

oc
ity

 v
/v

m
ax

0.8 1.0

25 rps
50 rps
75 rps

0 rps

(a)

(b)

(c)

Fig. 12   Axial velocity attenuation along forward orifice axes. a 7° 
orifice. b 13° orifice. c 20° orifice



	 Petroleum Science

1 3

Figure 13 shows the velocity distribution of forward jets 
at the bottom of the hole at different rotational speeds; from 
the figure, the following inference could be obtained: 

(1)	 The axial velocity of the forward jet at different rotational 
speeds presents a peak distribution at the bottom of the 
hole. The maximum values of the three peaks are basi-
cally the same, and the size of the velocity distribution 
area is basically unchanged. The axial velocity distribu-
tion is basically independent on the rotational speed.

(2)	 Under different rotational speeds, the radial velocity of 
the three forward jets corresponds to the bottom hole 
position with three peaks, and the peak value is basi-
cally the same. There are “peaks” with smaller peaks 
among the three peaks. The analysis shows that the 
distance between the three jets is small, and the dif-
fuse flow produced by the two forward jets is mutually 
contradictory and strengthened, thus forming a radial 
velocity concentrated zone.

(3)	 The tangential velocity of forward jets with different 
intersection angles corresponds to three peaks in the 
figure. The tangential velocity of jet with 20° intersec-
tion angle is the highest, followed by the 13° angle, and 
the lowest is the 7° angle. With an increase in rotational 
speed, the peak of the tangential velocity of forward jet 
increases. From the mechanism of rock fragmentation, 
it can be seen that the high tangential velocity of jet is 
helpful to the tensile and shear failure of rock and to 
reduce the threshold pressure of rock breakage (Shen 
1998).

Through numerical simulation of the flow structure 
of self-rotating jets, flow structure, it is found that forward 
orifices including angles α, β, γ have an important influ-
ence on jet flow characteristics. Four groups of nozzles were 
manufactured with the configurations of forward orifice with 
intersection angles α–β–γ set as 7°–13°–20°, 7°–12°–20°, 
7°–11°–18° and 7°–11°–20°. In order to make the rotor 
rotate smoothly, the centerlines of the forward orifices and 
the rotor are kept in the same planes, whereas the axes of 
two backward orifices offset from the axes of the rotor by 
0.4 mm, and the equivalent diameter of all forward orifices 
is 2 mm.

Figure 14 shows the rock-breaking features with the 
above nozzles under a pressure drop of 30 MPa, a dimen-
sionless standoff distance of 3 times, and an erosion time of 
4 min. It can be seen that the self-rotating nozzles can drill 
round holes with clear outline. Among them, the hole drilled 
by the nozzle with the intersection angle of 7°–13°–20° is 
more rounded and regular as shown in Fig. 14a, while there 
are obvious central holes in the center of the holes by other 
structural configurations as illustrated in Fig. 14b–d.

To evaluate the rock-breaking performance of the self-
rotating nozzle,  comparative rock-breaking tests were 
conducted using the multi-orifice nozzle and the straight 
and swirling integrated nozzle illustrated in Fig. 15 which 
have been widely applied in industry. Figure 16 shows a 
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comparison of rock-breaking characteristics of the three noz-
zles which have the same equivalent diameter forward ori-
fices and backward orifices under the conditions of pressure 
drop of 30 MPa, 3 times of dimensionless standoff distance 
and erosion time of 4 min. It can be seen that the hole gen-
erated by the self-rotating nozzle is round, the hole outline 
is clear, and the borehole diameter is larger. In the contrast, 

the outer edge of the hole drilled by the multi-orifice nozzle 
is plum-shaped and irregular, with a roughly similar depth 
as well as that drilled by the self-rotating nozzle. While the 
hole drilled by the straight and swirling integrated nozzle 
is nearly circular, its roundness and depth is less than that 
drilled by the self-rotating nozzle. Also, the outer edge is 

Fig. 14   Holes drilled using nozzles with various angles of α–β–γ. a 7°–13°–20°. b 7°–12°–20°. c 7°–11°–18°. d 7°–11°–20°

Fig. 15   Schematic diagrams of other two nozzles. a Multi-orifice nozzle. b Straight and swirling integrated nozzle
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unclear, and the hole diameter is larger than that drilled by 
the multi-orifice nozzle, but the crater is shallower. 

Combining numerical simulations and the rock-breaking 
tests, the self-rotating nozzle shows the similar axial veloc-
ity attenuation in comparison with the multi-orifice nozzle, 
and thus it can achieve desirable rock-breaking depth. At 

the same time, because of the rotating impact mode of the 
self-rotating nozzle, a circular impact surface is formed at 
the bottom of the hole, so the impact breakage makes the 
drilling hole more smooth and round which is a benefit for 
reducing friction during hose movement and reaching longer 
radial distance. Furthermore, compared with the straight and 
swirling integrated nozzle, the self-rotating nozzle has an 
better energy concentrated jet flow core, longer effective jet-
ting distance, and faster radial and tangential velocities; thus, 
rock can be effectively eroded, and the hole profile is much 
clearer. Therefore, different types of nozzles generate differ-
ent types of jets and form various impact patterns on a rock. 
The multi-orifice jet is energy concentrated, longer in effec-
tive jetting distance but limited in impact area; the straight 
and swirling integrated jet has three-dimensional velocity, 
more diffusivity, but faster velocity attenuation and shorter 
effective operating range, resulting in a shallow hole in the 
rock. The self-rotating jet is energy concentrated and longer 
in effective jetting range; compared with the other two noz-
zles, it has stronger reaming capability as well as good drill-
ing roundness, which are exactly what RJD requires.

5 � Conclusions

In this paper, a new type of self-rotating nozzle was put 
forward in order to achieve a longer and rounder hole in 
radial jet drilling. From the numerical simulation and the 
rock-breaking test, the nozzle is energy concentrated and 
has a long effective jetting distance like a multi-orifice noz-
zle, whereas its three-dimensional velocities are like the 
straight and swirling integrated nozzle. Therefore, it can 
drill a rounder and larger hole as compared with the other 
two nozzles. Simulation reveals that the forward jet flow 
feature of the self-rotating nozzle has three peak points, 
among which the outer velocity attenuates slower. Com-
pared with the straight and swirling integrated jet, it can 
guarantee more effective central erosion and breakage of 
the outer edge and generate periodic pressure fluctuation 
on the rock surface, which has the characteristic of pulse 
jets and assists to improve rock penetration. The tangential 
velocity of forward jets of the self-rotating nozzle increases 
as the rotational speed goes up, which enhances shear and 
tensile failure and achieves a higher rock-breaking efficiency.

The self-rotating nozzle has a potential application, and 
a number of factors like the nozzle structure and working 
parameters affect the rock-breaking efficiency. Therefore, 
more rock-breaking tests need to be conducted for optimiz-
ing the nozzle design and work parameters.
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