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Abstract

Self-propelled nozzle is a critical component of the radial jet drilling technology. Its backward orifice structure has a crucial
influence on the propulsive force and the drilling performance. To improve the working performance of the nozzle, the
numerical simulation model is built and verified by the experimental results of propulsive force. Then the theoretical model
of the energy efficiency and energy coefficient of the nozzle is built to reveal the influence of the structural parameters on
the jet performance of the nozzle. The results show that the energy efficiency and energy coefficient of the backward orifice
increase first and then decrease with the angle increases. The energy coefficient of forward orifice is almost constant with the
angle increases. With the increase in the number and diameter, energy efficiency and energy coefficient of the forward orifice
gradually decrease, but the backward orifice energy coefficient first increases and then decreases. Finally, it is obtained that
the nozzle has better jet performance when the angle of backward orifice is 30°, the number of backward orifice is 6, and
the value range of diameter is 2-2.2 mm. This study provides a reference for the design of efficiently self-propelled nozzle
for radial jet drilling technology.

Keywords Radial jet drilling technology - Self-propelled nozzle - Propulsive force - Energy efficiency - Cavitation model

List of symbols v,  Forward jet velocity, m/s
F;  Propulsive force, N v,  Backward jet velocity, m/s
f Friction force, N S, Cross-sectional area of the forward orifice, m?
F;  Viscous force, N S,  Cross-sectional area of the backward orifice, m?
F; Diverter resistance force, N L, Length of the high-pressure hose, m
m, Nozzle quality, kg d, Inner diameter of the high-pressure hose, m
a, Accelerated velocity, m/s? P; Inlet pressure, Pa
F, Recoil force generated by the forward jet, N v;  Inlet velocity, m/s
F, Recoil force generated by the backward jets, N C, Energy coefficient of the forward orifice
F,, Impact on the internal and external wall of the noz- C, Energy coefficient of the backward orifice
zle, N u;  Velocity component in the j direction, m/s
F  Axial recoil force, N m*™  Source terms represent the effect of evaporation dur-
S Cross-sectional area of the orifice, m? ing the phase change
g’  Flow of backward orifice, m*/s rm~ Source terms represent the effect of condensation
V' Average velocity, m/s during the phase change
v Axial average velocity of the cross-sectional area of p,  Vapor pressure, Pa
backward orifice, m/s p Mixture pressure, Pa
N, Bubble number density
g Acceleration of gravity, m/s’
Edited by Xiu-Qiu Peng F,  Body force, N
k  Turbulence kinetic energy, m?/s
>4 Bi-Wei Fu u*  Velocity component tangential to the wall, m/s
346296480@qg.com u,  Friction velocity constructed from the wall stress,
' School of Mechanical Engineering, Yangtze University, m/s
Jinzhou 434023, Hubei, China y*  Distance from the wall surface (dimensionless)
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G, Mean velocity gradients
% Velocity vector, m/s

Greek letters

a, Vapor volume fraction

a; Volume fraction of liquid

p,  Vapor density, kg/m?

p, Liquid density, kg/m?

p  Mixture density, kg/m®

u  Mixture dynamic viscosity, Pa s

#,  Liquid dynamic viscosity, Pa s

u,  Vapor dynamic viscosity, Pa s

e Dissipation rate, m?/s?

p,  Line density of the high-pressure hose, kg/m

a  Angle between the axis of the backward orifice and
the nozzle, °

s Friction coefficient

n  Energy efficiency, %

Subscripts
v Vapor
l Liquid
h  Hose

1 Introduction

The exploration study showed that the low-quality oil and
gas resources take a higher proportion than the high-quality
oil and gas resource in the world (Masters 1979). The high-
quality oil and gas resource had already can’t meet the world
demand with it reduces. Meanwhile, the low-quality oil and
gas resource can’t compensate the world demand because its
exploitation efficiency is very low. According to statistics of
single well, the oil and gas production significantly reduce
each year in the natural state, and its peak decrease rate could
reach 60% (Love et al. 2001). How to improve the exploita-
tion efficiency of low-quality oil and gas resource is an urgent
problem now. Radial jet drilling technology using high-pres-
sure jet to break rock in the oil and gas layer is low-cost, high
efficiency and environmentally friendly. It had been proved
that the radial jet drilling technology is an effective method
for exploiting the low-quality oil and gas resource (Sun 2005;
Dickinson et al. 1989; Abdel-Ghany et al. 2011).

As a core component in the radial jet drilling system, the
self-propelled nozzle is a key factor influencing the oil and
gas exploitation efficiency. Previous studies indicate that the
oil and gas exploitation efficiency increases with the increase
in the radial-hole length for a constant radial-hole diameter
(Liu 2012; Chi et al. 2013). Moreover, the radial-hole length
is affected mainly by the jet performance of the nozzle.
Moreover, the jet performance depends on the nozzle struc-
ture. Therefore, it is necessary to research the effects of the
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nozzle structures on the jet performance. Many scholars have
analyzed the influence of the nozzle structure on the jet per-
formance of the nozzle. For example, (Mo and Wang 2015)
revealed that the carrying efficiency and working life of a
nozzle with six backward orifices increase with the numerical
simulation method. Chen et al. (Chen et al. 2015) indicated
that the rock-breaking depth increases with increasing nozzle
diameter with the numerical simulation method. Buset et al.
analyzed the rock-breaking mechanism and the self-propelling
ability of the nozzle. The self-propelled mechanism, propul-
sive force and rock-breaking force of the nozzle were studied
with numerical simulation (Buset et al. 2001; Wang et al.
2013; Chi et al. 2015, 2016; Li et al. 2015; Bi et al. 2016;
Zhou 2017; Bi and He 2018). However, two important factors
were ignored in these analyses: the impact force on the inner
and outer wall of the nozzle induced by the high-pressure
jet, and the cavitation effect when the propulsive force was
calculated. Meanwhile, there are limited studies on the energy
efficiency of the nozzle.

To obtain more reliable results and greater efficiency
nozzle, these factors are considered comprehensively in this
study. This study involves two parts: the calculation model
of the radial-hole length is established; and then the energy
efficiency and the jet performance of the self-propelled
nozzle are studied by CFD. This research is important to
improve the exploitation efficiency of low permeable oil and
gas resources in shallow sea.

2 Theoretical analyses
2.1 Nozzle geometry

The self-propelled nozzle can be divided into two parts: the
forward orifice and the backward orifice, as shown in Fig. 1.
The propulsive force generated by the backward jet can pull
the high-pressure hose forward, and thereby determine the
radial-hole length. The rock-breaking force generated by the
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Fig.1 Self-propelled nozzle structure
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Table 1 Structure parameters of the nozzle

Parameters Value Unit
Diameter of forward orifice, d, 4 mm
Convergence angle of nozzle, 60 °
Number of backward orifice, N 4,5,6,7,8

Angle of backward orifice, & 15, 30, 45, 60, 75 °

Diameter of backward orifice, d, 16,1.8,2,2.2,2.4 mm

frontward jet determines the drilling capacity of the nozzle.
The main structure parameters of the nozzle are shown in
Table 1.

2.2 Mechanical analyses

The jet performance of the self-propelled nozzle mainly
includes the energy efficiency, energy coefficient of orifice,
propulsive force, rock-breaking force and the cavitation.
The energy efficiency is a measure of the ability to convert
the input energy into propulsion energy and rock-breaking
energy. The propulsive force includes the recoil force gener-
ated by the high-pressure jet, the impact on the internal and
external wall of the nozzle produced by the high-pressure jet
and the friction force. It is a driving force that pulls the noz-
zle and high-pressure hose. As the high-pressure hose length
increases, the friction force increases, causing the propulsive
force to decrease. The radial-hole length is at a maximum
when the propulsive force equals zero. Moreover, the rock-
breaking force is usually used to measure the rock-breaking
effect. According to Newton’s third law, the rock-breaking
force equals the recoil force generated by the forward jet.
The cavitation has a significant effect on the discharge coef-
ficient and the flow resistance of the nozzle (He et al. 2013).
As shown in Fig. 2, there are four forces on the self-
propelled nozzle and high-pressure hose in the radial hole:
the propulsive force induced by the high-pressure jet of the
backward orifices, the friction force on the high-pressure
hose generated by the high-pressure hose moving in the
radial hole, the viscous force on the high-pressure hose
due to water flowing in the annulus between the radial hole
and high-pressure hose, and the diverter resistance force
caused by the high-pressure hose moving in the diverter.
The mechanical equilibrium equation is established as:

F,—(f+F;+Fr) =m,a, (1)

where Fj is the propulsive force, N; f1is the friction force, N;
F fis the viscous force, N; F is the diverter resistance force,
N; m,, is the nozzle quality, kg; and a,, is the accelerated
velocity, m/s2. The propulsive force can be expressed as:

Fj=F, —F,+F, (@)
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Fig. 2 Force analysis of the high-pressure hose and the nozzle

where F), is the recoil force generated by the forward jet, N;
F, is the recoil force generated by the backward jets, N; F,
is the impact on the internal and external wall of the nozzle,
N. Because FAt = mv, — mv,, m/ At = pq, according to the
continuity equation and Newton’s third law, the axial recoil
force can be expressed as (Wei et al. 2007):

F = pg'Vv' = pg'vcosa = pSy* cos a 3)

where F is the axial recoil force, N; p is the liquid density,
kg/rn3 : § is the cross-sectional area of the orifice, m%; « is the
angle between the axis of the backward orifice and the noz-
zle, °; and, ¢’ is the flow of backward orifice, m3/s; V' is the
average velocity, m/s; v is the axial average velocity of the
cross-sectional area of backward orifice, m/s. According to
Eq. (3), the sum of the axial recoil force can be expressed as:

F.—-F,= p(Nv%Sz cosa — V%Sl) )

where v, is the forward jet velocity, m/s; v, is the backward
jet velocity, m/s; S| is the cross-sectional area of the forward
orifice, m%; and S, is the cross-sectional area of the backward
orifice, m2. The friction force can be expressed as:

f= u(ph + %pdiﬁhg (5)
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where py, is the line density of the high-pressure hose, kg/m;
dy, is the inner diameter of the high-pressure hose, m; L, is
the length of the high-pressure hose, m; and g is the fric-
tion coefficient. The center axis of the high-pressure hose is
supposed to parallel to the center axis of the radial hole. The
length of the high-pressure hose can be considered equals
the radial-hole length at this point. The expression of the
radial-hole length is determined by substituting Eq. (2), (4)
and (5) into Eq. (1).

_F-F —Fr-ma, pp(NV3S, cosa —viS)) + F, — F; — Fr —m,a,

where 7 is the energy efficiency, %; P; is the inlet pressure,
Pa; d; is the inlet diameter, m; and v; is the inlet velocity,
m/s. To analyze the change law of the energy of the forward
and backward jets, the energy coefficients of the forward and
backward orifices are defined as follows:

Lh —_ . )
uf<ph + ;pdh>g

uf(ph + ﬁpdﬁ>g

2.3 2.3
_ ppdivy _ Npd;v, ©)

! 8P;r?v;’ g 8Py,
(6)

The accelerated velocity equals zero when the radial-hole
length reaches the maximum value. Meanwhile, the viscous
force and the diverter resistance force become fixed values,
denoted A and B, respectively; the maximum radial-hole length
can be expressed as:

0.25mp;(Nvyd; cos a — vid}) + F,,

1 A+B

ﬂf‘(ph + fpd§>g
(N

Equation (7) indicates that the propulsive force is propor-
tional to the maximum length of the radial hole. Thus, the
change rule of the propulsive force is the same as the maxi-
mum length of the radial hole. If the diameter of the forward
orifice is fixed, the structure parameters of the backward orifice
are the main factors affecting the radial-hole length. Therefore,
improving the structure of the backward orifice is the key to
increasing the radial-hole length and finally enhancing the
exploitation efficiency of oil and gas.

The input energy can be transformed to the propulsive
energy, rock-breaking energy and the internal turbulence
kinetic energy in the nozzle. To ensure good rock-breaking
effect and drilling length, the nozzle should follow the prin-
ciple that the rock-breaking energy and propulsive energy are
all large simultaneously. Based on the energy conservation
principle, the larger the forward jet energy, the smaller the
backward jet energy. Owing to the greater influence of the
backward orifice structure on the backward jet energy, improv-
ing the structure of the backward orifice can contribute to the
distribution of the input energy to the forward and backward
orifice properly, and further enhance the jet performance of
the nozzle. The energy efficiency is defined as the ratio of the
sum of the orifice jet energy and the input energy. It can be
expressed as:

max = .
uf(ph + ;pdh>g

2
2Pid,~2"i

3 NpSzv; + pSlv?

N pd%v3 + pdfv%
= 2P;S;v; B

®)
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where C, is the energy coefficient of the forward orifice; and C,
is the energy coefficient of the backward orifice. It is obvious
that the greater the energy coefficient, the larger the jet energy.

3 Numerical model

Only the single-phase is used to calculate the self-propelled
nozzle jet model in the past, which didn’t consider the cou-
pling effect of gas phase. However, the cavitation effect has
an important influence on the results of the numerical simu-
lation. The calculation model is more consistent with the
actual working conditions when the multiphase flow model
is used. The realizable k — € turbulence model combined
with the mixture model is used in the simulation (Xiao
et al. 2007; Su et al. 2009), which has been well validated
by experimental results.

3.1 Governing equations

The realizable k — € turbulence model is used to solve the
Navier—Stokes equations coupling with a mass transfer cavi-
tation model in the numerical simulation. The main features
of the solver are given below.

(1) Physical cavitation model
The cavitation model used in this study is developed
by Schnerr and Sauer (2001). The cavitation process is
governed by the following mass transfer equation:

d(pvav) N 6(pvavuj)

ot ()xj

= it — i (10)

where a, is the vapor volume fraction; p, is the vapor
density, kg/m®. u; is the velocity component in the j
direction, m/s. The source terms szt and r1~ represents
the effect of evaporation and condensation during
the phase change. They are derived from the bubble
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2)

dynamics equation for the generalized Rayleigh—Plesset
equation and defined as:

3 2 max(pv -p, 0)

it =Pl ()2 (11)
! P (xv( aV)R,, 3 o

PP (g 3 [2m 0
m- = P av(l aV)Rb 3 o (12)

where p, is the liquid density, kg/m?; p is the mixture
density, kg/m3; D, 1s vapor pressure, Pa; p is the mixture
pressure, Pa. The bubble radius is related to the vapor
volume fraction. N, is the bubble number density, and
its expression as:

1
e % 31\
>7\1-a,4nN,

This cavitation model has been validated for many
cases, such as cavitation flow around a 2D hydrofoil
and a 3D hydrofoil (Li et al. 2001).

The homogeneous equilibrium model (HEM) is used
to analyze cavitation flow in this paper (Schmidt and
Corradini 2001; He et al. 2013; Salvador et al. 2010;
Tahmasebi et al. 2017). The gas—liquid two-phase fluid
can be considered as a mixing homogeneous and varia-
ble density single-phase fluid in the HEM. The mixture
density and the mixture dynamic viscosity are defined
as follows:

13)

p=ap+ap, (14)

H=ap + a,u, (15)

where «; is the volume fraction of liquid, g is the
mixture dynamic viscosity, Pa-s; y; and p, are liquid
dynamic viscosity and vapor dynamic viscosity, Pa-s.
For a control volume, the value of a; and a, can get
in the range of 0 to 1. And the sum of ; and a, is 1.
There is no cavitation phenomenon when a,; equals to
1. There is completely cavitation phenomenon when
a, equals to 0.

Under the precondition of isothermal homogeneous
flow, the compressibility of liquid and vapor are small
in the cavitation flow and they can be considered as
incompressible fluid. Based on the above assumptions,
the control equations of the two-phase turbulent flow in
the nozzle are as follows:

The continuity equation

dp

\Y =0
at+ (pv)

16)

The momentum equation

a(pv) _
o + V(pv) =-Vp (17
+V[u(Vv+ V)| + pg + F,

The k — € equations

2(pk)+V(pvk)=V<ﬁVk> +G, — pe (18)
ot oy

g(pa) + V(pve) = V(ﬂV5>

t £a£ (19)

+ %(CleGk Cy. pe)
k2

= pCy (20)
G, =n,Vv[Vv+ (VV)'] 1)

The logarithmic law conditions for the wall boundaries

1 YU, 1
u+=ul=—ln< ):zln(y+)+B

S \% (22)
po W) @)
(c )1/2’ ky (23)

where v is the velocity vector, m/s; g is the acceleration
of gravity, m/s2; F is the body force, N; k is the turbu-
lence kinetic energy, m%/s%:e is the dissipation rate, m%
s3; ut is the velocity component tangential to the wall,
m/s; p, is the friction velocity constructed from the wall
stress, m/s; y* is the dimensionless distance from the
wall surface; G, is the mean velocity gradients; B, C ”
C,. and C,, are turbulent model constant, the values
of them are 5.44, 0.09, 1.44 and 1.92. ¢, and o, are the

Prandtl number, the values of them are 1.0 and 1.3.

3.2 Simulation step and mesh

1.

Material properties and boundary step

As shown in Fig. 3, the structure of the self-propelled
nozzle has been made reasonable simplification. The
connection thread of the nozzle is neglected; the annu-
lus between the horizontal hole and high-pressure hose
is extended to eliminate the circumfluence influence.
Finally, the size of calculation model is ensured that the
jet distance is 10 mm, the annulus is extended 20 mm
and the radial-hole diameter is 30 mm. The material
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Nozzle

Intlet

tion terms of the turbulence parameters due to stabil-
ity reasons. Quick scheme is used for the vapor mass
fraction transport equation. The pressure staggering
option (PRESTO) is adopted for the vapor mass frac-

Bottom tion transport equation. The analysis schemes are shown
in Table 4. Fluent CFD software is used in the following
Backward ;
. analysis.
3. Mesh description
The meshing importantly affects the calculation
Fig. 3 Boundary conditions results of turbulence model. Compared with tetrahedral
mesh, the hexahedral grid has less number and higher
computational efficiency. So the hexahedral grid is used
Table 2 Material properties in this calculation model. In the calculation model, the
- scheme 1 of the nozzle is used to analyze the grid inde-
Ttem Parameter Value Unit pendence. Meanwhile, the inlet pressure and the out-
Water Density, p 998 kg/m3 let pressure are 50 MPa and 10 MPa. The calculation
Viscosity, 1.00x1073 Pa/s domain and the mesh details are shown in Fig. 4. There-
Vapor pressure, p, 3540 Pa fore, a mesh independency test is carried out to verify
Vapor Density, p, 1.73x1072 kg/m® the proper mesh by using three different meshes. The
Viscosity, 4, 1.00x107¢ Pa/s properties of the meshes are shown in Table 5. From
Hose Friction coefficient, f 0.2 the results shown in Table 5, it is indicated that the dif-
Linear density, p,, 0.521 kg/m ference between the medium and fine resolution meshes
Inner diameter, d, 0.01 m can be neglected. So the case 2 is used in the following
analysis.
4. Model validation

Table 3 Initial boundary To validate the simulation model, the measurement
— - experiment system of the propulsive force. A schematic
Ttem Classification Value Unit of the experimental facilities and the measurement
Inlet Pressure inlet, P 40,50,60  MPa experiment system are shown in Fig. 5. The calculation
Outlet Pressure outlet, P, 10  MPa model can be validated by comparing the calculation

Wall boundary ~ No-slip surface conditions results with the measured values.

(1) Experimental equipment In this experiment,
properties and boundary conditions are listed in Table 2 Scheme 2 of the nozzle is selected to use in the
and Table 3. test. The internal diameter of the high-pressure

2. Solution methods hose is 10 mm and the bursting pressure is

With regard to discretization, the governing equations 50 MPa. A high-pressure plunger pump is used as

are treated by the following method (Ji et al. 2015). The a power source with a working pressure of 50 MPa
pressure—velocity direct coupling method is used to and a certified capacity of 63 L/min. The pointer
solve the flow in this calculation. The momentum equa- pulling tester with a measuring range of 400 N
tions and turbulent kinetic equations are discretized by and an accuracy of 2 N is used to measure the
a first-order upwind scheme. The first-order upwind propelled force. Clear water is used as the working
scheme is used for the discretization of the convec- fluid.

Table 4 Analysis scheme

Item Number d,, mm a, ° Item Number d,, mm a, ° Item Number d,, mm a,°

1 6 2 15 6 4 2 30 11 6 1.6 30

2 6 2 30 7 5 2 30 12 6 1.8 30

3 6 2 45 8 6 2 30 13 6 2 30

4 6 2 60 9 7 2 30 14 6 2.2 30

5 6 2 75 10 8 2 30 15 6 24 30
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Fig.4 Mesh of nozzle
3)
Table 5 Results of the mesh independence test
Item Mesh resolution Mesh number Propulsive Rock-
force, N breaking
force, N
Case 1 Coarse 120,000 1321 421
Case2 Medium 430,000 1296 453
Case3 Fine 810,000 1302 448

Experimental procedure Firstly, the connected
devices are designed to measure the propelled
force accurately, which include testing platform
with fixed groove of the tension meter, supporting
trolley, and test box. The supporting trolley is con-
nected to the high-pressure hose. The supporting
trolley and the pulling tester are connected by the
screwed joint. Secondly, the output pressure of the
plunger pump is controlled to obtain the propelled
force when the output pressures are 15, 20, 25,
and 30 MPa. Under the different pressures, the
nozzle drives the high-pressure hose and pulls the
tester to measure the propulsive force. The experi-
ment is repeated four times under the same condi-
tions. And the average values of the propulsive
force are reported in this paper.

Result analysis Under the same conditions, the
calculation results and the test results are com-
pared to validate the simulation model. The exper-
imental results are basically consistent with the
simulation results in Fig. 6, and thus the simu-
lation model is proved correct. The experimen-
tal results are slightly lower than the simulation
results because the high-pressure hose and the
connection joint are influenced by the friction.

Supporting
trolley

B
Pressure
gauge

Fig.5 Self-propelled force and rock-breaking force measurement system
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Fig.6 Curve of the propelled force of experiment and simulation as
the inlet pressure increases

4 Results and discussion

4.1 Effect of the angle of backward orifices
on the jet performance

The cavitation cannot be neglected in the jet performance
study of the self-propelled nozzle. In Fig. 7, the black
shadow regions are the cavitation area, and V is the maxi-
mum velocity of the backward jet. The backward jet velocity
first increases and then decreases with increasing angle. In
addition, the cavitation area gradually shifts from under-
wall to upper-wall of the backward flow channel as the angle
increases. Meanwhile, the cavitation area also extends to
the axes of the backward orifice. The results indicate that
the upper wall is impacted seriously by the high-pressure
jet when the angle equals 15°. The impact on the wall of the

backward orifice obviously reduces when the angle increases
to 30°; this is because of the high-pressure water jets along
the axis of the backward orifice. Then, the under-wall is
impacted seriously by the high-pressure jet as the angle
continues to increase. In conclusion, the impact becomes
smaller when the angle equals 30°.

Figure 8 shows that the cavitation position is unaltered.
Moreover, the cavitation area of the backward orifice
increases with increasing inlet pressure, which causes the
discharge coefficient to decrease, but the flow resistance to
increase (Molina et al. 2014). Therefore, more input energy
is converted into rock-breaking energy as the inlet pressure
increases.

The propulsive force and the rock-breaking force are
affected significantly by the angle of the backward orifice.
The dimensionless angle is defined as the ratio of § to a,
and its values are 0.25, 0.50, 0.75, 1.00 and 1.25. Figure 9
shows that the energy efficiency first increases and then
decreases with increasing angle under constant inlet pres-
sure. The reason is that with the increase in the angle, the
flow resistance decreases and the flow of the backward ori-
fice increases. And then the axial jet velocity of the back-
ward orifice increases. However with the angle increases fur-
ther, it can be deduced from Eq. (3) that the axial jet velocity
of the backward orifice rapidly decreases. Meanwhile, the
velocity of the forward jet changes negligibly with increas-
ing angle (Bai 2010; Yang 2012). According to Eq. (8), the
energy efficiency first increases and then decreases as the
angle increases when the other parameters are constant. It is
also shown that the energy efficiency can achieve an optimal
value when the range of the angle is between 0.5 and 0.75.
As the inlet pressure increases, the growth rate of the energy
efficiency decreases because the flow resistance increases. In
conclusion, the self-propelled nozzle has a higher efficiency
when the angle range is between 0.5 and 0.75.

Velocity,
m-s”
258.8
Cavitation
194.1 region
129.4
64.7
O = - . -
a=15° a=30°
V=258.8 m/s V=274.5m/s

ez

V=268.1 m/s

N

Cavitatio
region

a=45°

a=60°
V=263.1 m/s

a=75°
V=257.3 m/s

Fig.7 Cavitation region and velocity vector with different angles when the inlet pressure equals 60 MPa
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Velocity,
m-s

l 197.2

r 147.9

_\ 98.6

- 49.3

0 e
P,=40 MPa
V=197.2 m/s

V=2424m/s

P,=60 MPa
V=274.5m/s

Fig.8 Cavitation area and velocity vector with different inlet pressure when the angle equals 30°
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—<]— Inlet pressure, 50 MPa
—[X— Inlet pressure, 60 MPa

20 T T T
0.25 0.50 0.75 1.00 1.25

Dimensionless angle

Fig. 9 Energy efficiency curves with increasing angle

Based on the previous analysis, the backward axial jet
velocity first increases and then decreases, whereas the for-
ward jet velocity changes negligibly with increasing angle.
Moreover, according to Eq. (9), the energy coefficient of the
backward orifice first increases and then decreases, and the
energy coefficient of the forward orifice increases slowly
when the other parameters are constant. Meanwhile, the
energy coefficient of the forward orifice changes negligibly.
These results are shown in Fig. 10. In addition, the figure
shows that the energy coefficient of the backward orifice is
larger when the angle is in the range of 0.5 to 0.75. Hence,
the input energy can be properly allocated to the forward
and the backward orifice at this time. Based on the previ-
ous analysis, it is determined that the flow resistance of the
backward orifice increases an increase in the inlet pressure.

-¥-C-40MPa —H-— C,-40 MPa 8
131 -A-C4-50MPa  —@— C,-50 MPa
-®-C-60MPa —A— C,-60 MPa
12 . . . 6
0.25 0.50 0.75 1.00 1.25

Dimensionless angle

Fig. 10 Curves of the energy coefficient of the forward and backward
orifices with increasing angle

At this point, the energy coefficient of the forward and back-
ward orifices and the growth rate of the energy coefficient of
the forward orifice gradually increase, but the growth rate
of the energy coefficient of the backward orifice gradually
decreases.

Figure 11 shows that the propulsive force increases first
and then decreases, and the rock-breaking force is nearly
invariable with increasing angle under constant inlet pres-
sure. This is because the backward jet velocity first increases
and then decreases, while the forward jet velocity changes
little at this time. The value of the propulsive force at an
angle of 0.5 is higher than that at an angle of 0.75. This is
due to the axial component of the propulsive force decreas-
ing with increasing angle, and the energy coefficient of the
backward orifice changing negligibly when the angle is in
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Fig. 11 Curves of the propulsive force and rock-breaking force with
increasing angle

the range of 0.5-0.75. Therefore, the propulsive force can
reach a larger value when the angle is 0.5. The figure also
shows that the propulsive force and the rock-breaking force
gradually increase with increasing inlet pressure. In conclu-
sion, the jet performance is better when the angle is 0.5,
which means that the propulsive force, rock-breaking force
and the energy efficiency are all large simultaneously.

4.2 Effect of the number of backward orifices
on the jet performance

As shown in Fig. 12, the backward jet velocity and the
cavitation area decrease as the number of backward orifice
increases. The surface of the backward orifice is impacted
minimally by the high-pressure jet for six orifices. Thus,
the six orifices should be selected to minimize the impact
on the surface of the backward orifice. The figure also indi-
cates that the backward jet velocity gradually decreases with

increasing orifice number. This is because the equivalent
diameter of the nozzle increases at this time, which causes
the backward jet velocity to decrease when the inlet pressure
is constant.

The number of backward orifices has an important influ-
ence on the jet performance, which must be investigated.
According to previous research, the forward and backward
jet velocity decreases with increasing number of orifices.
Through the discussion regarding Eq. (8), it is determined
that the energy efficiency influenced by the velocity reduc-
tion in the forward and backward jets is larger than the
equivalent diameter increment. Because the relationship
between velocity and efficiency is to the third power, and
diameter is to the second power, the efficiency is more sensi-
tive to the velocity. As a consequence of these two factors,
it is shown in Fig. 13 that the energy efficiency decreases
with increasing orifice number under constant inlet pressure.
Moreover, the energy efficiency decreases significantly when
the number exceeds seven because the jet velocity decreases
rapidly at this time. The figure also shows that the energy
efficiency increases, but its growth rate decreases gradually
with increasing inlet pressure. To obtain a high-efficiency
self-propelled nozzle, the number of the backward orifices
must be considered at the design stage of the nozzle.

Figure 14 shows that the energy coefficient of the back-
ward orifice increases first and then decreases, but the
energy coefficient of the forward orifice decreases gradually
as the number of backward orifice increases under constant
inlet pressure. Based on the foregoing analysis, it is known
that the backward jet velocity and the cavitation intensity
decrease simultaneously with increasing number. If the cavi-
tation intensity decreases, the energy coefficient of the back-
ward orifice increases. However, the energy coefficient of the
backward orifice decreases with the decrease of backward jet
velocity. Under the comprehensive function of the two fac-
tors, the effect of reduced cavitation intensity on the energy
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Fig. 12 Cavitation region and velocity vector with different number when the inlet pressure equals 60 MPa
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efficiency of the backward orifice is greater than the effect
of the reduction in the jet velocity of the backward orifice.
And the energy coefficient of the backward orifice increases
first. Then, the energy coefficient of the forward orifice is
stable when the number is five or six. This is because the
energy coefficient affected by the backward jet velocity is in
equilibrium with the cavitation intensity. Then, as the num-
ber increases further, the energy coefficient of the backward
orifice decreases rapidly because the backward jet velocity
reduces quickly. As the forward jet velocity continues to
decrease with the increasing number of the backward ori-
fice, the energy coefficient of the forward orifice decreases
gradually.

Figure 15 shows that the propulsive force increases grad-
ually, but its growth rate decreases with increasing number.
This is because the energy coefficient of the backward ori-
fice increases with increasing number under constant inlet
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Fig. 15 Curves of the propulsive force and rock-breaking force with
increasing orifice number

pressure. Meanwhile, the equivalent diameter of the nozzle
increases so that the backward jet velocity decreases. As the
forward jet velocity decreases with the increasing number,
the rock-breaking force decreases, as shown in the figure.
The rock-breaking force stabilizes when the number equals
five, six, or seven. Thus, it is considered that the propulsive
force and the rock-breaking force are all large simultane-
ously when the number equals six or seven. A greater num-
ber of backward orifices may cause higher cost and low-
quality of processes, and thus, the number should be selected
as 6 to ensure that the nozzle has good jet performance.

4.3 Effect of the diameter of the backward orifice
on the jet performance

As shown in Fig. 16, the cavitation area and the jet velocity
decrease with the increase in diameter under constant inlet
pressure. When the pressure is constant, the increase in the
diameter leads to the increase of the flow cross-sectional
area and the reduction of the jet velocity. Then it will lead
to the reduction in the cavitation region.

The jet performance of the nozzle is significantly affected
by the orifice diameter. The dimensionless diameter is
defined as the ratio of d, to d,, and its values are 0.4, 0.45,
0.50, 0.55 or 0.60. Figure 17 shows that the energy efficiency
decreases with increasing diameter under constant inlet pres-
sure. This is because the velocity decreases with the increase
in the diameter. Meanwhile, the cavitation region decreases
with the increase in the diameter, which leads to the decrease
in the velocity. According to Eq. (8), the energy efficiency
influenced by the velocity reduction in the jet is larger than
the diameter increment. The increase in the inlet pressure
can result in an increase in the energy efficient. According
to Eq. (8), the effect of the increasing velocity on the energy
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utilization is far greater than the effect of increasing inlet
pressure.

As shown in Fig. 18, the energy coefficient of the back-
ward orifice increases first and then decreases rapidly with
the increase in diameter. This is because the backward jet
velocity and the cavitation intensity decrease as the diam-
eter increases. In the initial period, the energy coefficient
of the backward orifice affected by the decrease in cavita-
tion intensity is larger than the decrease in the backward
jet velocity. Thus, the energy coefficient of the backward
orifice increases first. Then, as the diameter increases fur-
ther, the influence relation between the decrease in cavita-
tion intensity and the decrease in the backward jet veloc-
ity is reversed, which causes the energy coefficient of the
backward orifice to decrease rapidly. Therefore, there is an
optimal value for the diameter of the backward orifice to
maximize the energy coefficient of the backward orifice.
The energy coefficient of the forward orifice decreases

@ Springer

Fig. 18 Curves of the energy coefficient of the forward and backward
orifices with increasing diameter

linearly because the forward jet velocity continues to
decrease with increasing the diameter. Moreover, the
energy coefficients of the forward and backward orifices
increase with the increase in the inlet pressure.

When the inlet pressure is constant, the propulsive force
increases gradually, but the rock-breaking force decreases
gradually with an increase in diameter, as shown in Fig. 19.
This is because the energy coefficient of the backward orifice
increases with increasing diameter under constant inlet pres-
sure. However, the forward jet velocity decreases because the
equivalent diameter of the orifice increases. In addition, the
growth rate of the propulsive force decreases significantly
when the diameter exceeds 0.55. The energy coefficient of
the orifice increases with increasing the inlet pressure, which
causes the propulsive force and the rock-breaking force to
increase. On the basis of the calculation results, the diameter
should be selected in the range of 0.5-0.55 mm to ensure
that these two factors are large simultaneously. Therefore,
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the nozzle has good jet performance when the diameter is in
the range of 0.5-0.55.

4.4 Scheme optimum selection

Combination of the above results, the certain optimal
schemes of the structure parameters of backward orifice are
shown in Table 6. The case 1 can be directly used because
the axial propulsive force and the rock-breaking force are
moderate. In case 2, the axial propulsive force is larger, but
the rock-breaking is too smaller to break rock. On the con-
trary, the rock-breaking is larger, but the axial propulsive
force is too smaller to drive the nozzle in the case 3. In case
4, the propulsive force is moderate, but the rock-breaking
force is smaller.

Table 6 optimal schemes

5 Conclusions

There are two main research topics in this paper: building
the calculation models of the energy efficiency and energy
coefficient of the nozzle; and analyzing the effect of the
structure parameters of the backward orifice on the jet per-
formance using the numerical simulation method. The fol-
lowing are concluded:

1. The theoretical models of the energy efficiency and
energy coefficient of the nozzle are built. They respec-
tively reveal the relationship between the structure
parameters and energy efficiency, the relationship
between the structure parameters and energy coeffi-
cient. And the most significant factor that influences the
energy efficiency is the jet velocity of the orifice.

2. The influences of the structure parameters of the back-
ward orifice on the jet performance are obtained. The
angle of the backward orifice has an optimal value to
ensure that the energy efficiency, the propulsive force,
and the rock-breaking force all increase simultaneously.
The energy efficiency decreases with the increase in the
number and diameter of the backward orifices. As the
number and diameter of the backward orifices increase,
the propulsive force increases dramatically, but the
rock-breaking force reduces. There is an optimal angle
to minimize the impact on the surface of the backward
orifice. The impact decreases with increasing number
and the diameter of the backward orifice.

3. The optimal structure parameters of the backward ori-
fices are obtained. The self-propelled nozzle has a good
jet performance when the angle is 30°, the number of the
backward orifices is six and the diameter of backward
orifices is in the range of 2-2.2 mm.

Item P, MPa Number a, ° d,, mm d;, mm B,° Propulsive force, Rock-break-
N ing force, N

1 60 6 30 2 4 60 1805 580

2 60 6 30 2.2 4 60 2064 543

3 60 6 45 2 4 60 1659 595

4 60 6 45 2.2 4 60 1863 532
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