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Underground gas storage (UGS) is a crucial method for mitigating seasonal fluctuations in natural gas consumption. However, in
China, UGS is primarily achieved through the conversion of abandoned gas reservoirs with limited storage capacity. Radial jet
drilling (RJD) is an effective technology for the secondary development of depleted reservoirs. The multiorifice nozzle is a
critical component that can efficiently break rock and create radial holes to increase gas production. In this study, we
investigate the impact of nozzle structure on energy conversion efficiency through numerical simulations and experiments.
Additionally, we design a swirling multiorifice nozzle and verify its effectiveness in field applications. Our findings indicate that
the nozzle pressure drop and vorticity are primarily generated at the acute angle of the orifices. The number of forward orifices
is directly proportional to energy loss, while the discharge coefficient and hydraulic performance initially increase and then
decrease. Swirling multiorifice nozzle have fewer backward orifices, so they have less energy loss and a larger discharge
coefficient. It has achieved better rock-breaking results in field applications. In conclusion, this study provides theoretical
guidance and technical support for the secondary development of gas storage.

1. Introduction

Natural gas plays a crucial role in the modern energy sys-
tems [1]. With the rapid development of the natural gas
industry, the consumption of natural gas has been growing
at a rate of nearly 10% per year, and ensuring a stable supply
has become a major issue affecting living standards of people
[2]. Underground gas storage is an important means of alle-
viating seasonal differences in natural gas consumption [3],
and its profile schematic is shown in Figure 1. Most of the
UGS facilities are concentrated in the United States, the
European Union, and Russia. Their geological formations
are simple, the burial depth is shallow, and the reservoirs
belong to the high-porosity and high-permeability types
[4]. The difficulty of development and construction is rela-
tively small, and supporting technologies suitable for corre-
sponding UGS facilities have been established [5]. At the
end of the 20th century, China began to invest in the UGS
facilities, and now turned into a period of rapid growth. In

the past 20 years, 27 types of UGS facilities have been built,
with a total working capacity of 1:64 × 1010m3 [6, 7]. UGS
facilities in China have the characteristics of deep burial,
fractured structures, strong reservoir heterogeneity, high
pressure, complex injection, and extraction systems [8, 9].

Radial jet drilling (RJD) can penetrate the near-well con-
tamination zone, enhance the single-well control area,
improve the distribution of reservoir pressure, significantly
increase oil and gas recovery and single-well production, and
minimize formation pollution, as illustrated in Figure 2 [10,
11]. It has become an effective method for the secondary
growth of depleted petroleum and gas reservoirs [12–14].
RJD has been applied or tested in several countries, including
the United States, Canada, China, and Russia [15–20].

The multiorifice nozzle is an efficient nozzle used in RJD
applications [21–23], as shown in Figure 2. The forward ori-
fice of the nozzle generates a forward-velocity jet that breaks
the formation to create a radial borehole. The backward ori-
fice produces a backward-velocity jet that creates reverse
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thrust through interaction with the wellbore wall. The com-
bined action of the two opposing jets propels the nozzle
assembly further into the formation. Buset et al. [24] ana-
lyzed the mechanism of rock breaking and the self-
propelled ability of the multiorifice nozzle. Liao et al. [25]
conducted investigations into the impact of hydraulic
parameters and the number of forward orifices on rock-
breaking properties [26]. Meanwhile, Zhongwei et al. [27]
explored the design of a swirling jet multiorifice nozzle for
radial horizontal well technology, which found that a 30°

inclination angle of the borehole was most effective for rock
breaking. However, due to the low discharge coefficient of
multiorifice nozzles, only a small amount of hydraulic
energy is transferred to the fluid, limiting its conversion effi-
ciency [28]. The present study is aimed at investigating how

nozzle structure affects energy conversion efficiency through
numerical simulation and experiments, with a focus on
designing and testing a swirling multiorifice nozzle for field
applications.

2. Equation of the Nozzle Discharge Coefficient

From Bernoulli’s theorem [29], the pressure drop can be cal-
culated by

Δp = 1
2
ρQ2

C2A2 × 10‐6, ð1Þ

where Δp is the pressure drop of the nozzle, MPa. ρ is den-
sity, kg/m3. Q is the flow rate, m3/s. A is the equivalent cross-

Underground
gas storage

Caprock

Injection and production well

Mudstone

Aquifer

Compressor station
& processing station

Effective
sandstone

Fracture

Figure 1: Schematic diagram of underground gas storage.
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Figure 2: Radial jet drilling (RJD) technology [12] and schematic of multiorifice nozzle.
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sectional area, m2. C is the discharge coefficient, dimension-
less. The cross-section area can be expressed by

Ai

A
= d2i
d2

: ð2Þ

Ai is the cross-sectional area of each orifice, m2. di is the
diameter of each orifice, m. d is the equivalent diameter, m.

Based on the relationship between pressure drop and
flow rate for a cone nozzle, it can be inferred that there is a
distinct quadratic association between these two parameters.
Using the equation of continuity, the average velocity (�v, m/s)
of the nozzle can be determined.

�v = Q
A
: ð3Þ

By substituting Equation (2) into Equation (1), and sepa-
rating the pressure section and velocity section, Equation (1)
is found to be

1
2 ρ�v

2 × 10‐6 = C2Δp: ð4Þ

By substituting this expression into the pressure and veloc-
ity sections of the nozzle’s energy equation, it can be observed
that the nozzle discharge coefficient plays a critical role in
determining the energy conversion efficiency of multiorifice
nozzles [1]. Therefore, understanding the discharge coefficient
is crucial for optimizing hydraulic energy utilization. This
coefficient can be calculated as a function of water density,
flow rate, jetting pressure, and equivalent outlet area, as
described in Equation (1).

C =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρQ2/ 2ΔpA2ð Þ
p

1000 : ð5Þ

3. Simulation and Experiment

3.1. Structure of the Nozzle. Figure 3 illustrates a multiorifice
nozzle and its simplified physical model. The nozzle com-
prises a central orifice, n2 forward orifices, and n3 backward
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Figure 3: Structural diagram of the multiorifice nozzle.
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Table 1: Conversion of flow rate and velocity.

Flow rate, L/s 0.772 0.722 0.672 0.622 0.572 0.522

Velocity, m/s 10.892 10.186 9.481 8.775 8.069 7.363
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Figure 5: (a) Schematic diagram of the sandstone-breaking device. (b) Physical diagram of the multiorifice nozzle (6 + 3 + 1).
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Figure 6: (a) Velocity–nozzle pressure drop curves in the simulation. (b) Flow rate-nozzle pressure drop curves in the experiment.
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orifices; hence, it is classified as n3 + n2 + 1 type. The orifices
have diameters of d1, d2, and d3, velocities of v1, v2, and v3,
and flow rates of Q1, Q2, and Q3. The angles between the
center axis of the forward and backward orifices are denoted
as θ2 and θ3. The diameter of the nozzle is d0. The incoming
fluid is characterized by its velocity, flow rate, and pressure,
which are represented by v0, Q0, and P0, respectively. The
diameter of the nozzle inlet is d0. The outlet pressure of
the orifices is denoted as pout.

3.2. Simulation and Experiment Scheme. In this study, the
flow fields of the multiorifice nozzle were numerically simu-
lated using Ansys Fluent [30]. The flow field model of the
6 + 3 + 1 nozzle and its mesh strategy are presented in
Figure 4. The models were discretized using an O-type

scheme with the ICEM code, and the grids were structured
hexahedral cells [31]. Notably, the mesh was refined in the
region of accelerated fluid flow to enhance computational
accuracy. Additionally, the mesh of the hemispherical struc-
ture connected with the forward orifices was also refined.

The inlet of the multiorifice nozzle was set as the
velocity inlet, and the inlet velocity value was calculated
using the corresponding flow rate in Equation (2), as pre-
sented in Table 1. The backward orifices, forward orifices,
and central orifice were set as pressure outlets, with the
value being atmospheric pressure. The wall of the multior-
ifice nozzle was set as the nonslip wall. In this study, the
submerged jet was turbulent in the vapor-liquid two-
phase flow field [32]. Therefore, the numerical simulation
employed the multiphase and turbulence models, with
the governing equations found in reference [33].

The schematic diagram of the sandstone-breaking device
and the physical diagram of the multiorifice nozzle are
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Figure 7: (a) Velocity-nozzle discharge coefficient curves of different nozzles in the simulation. (b) Flow rate-nozzle discharge coefficient
curves of different nozzles in the experiment.
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illustrated in Figure 5. By measuring the inlet velocity and
pressure drop during rock breaking, the discharge coefficient
was calculated based on Equation (4).

3.3. Comparison of Simulation and Experimental. Figure 6
illustrates velocity–nozzle pressure drop curves in the simu-
lation and flow rate-nozzle pressure drop curves in the
experimental results. The results indicate that the numerical
simulation of nozzle pressure drop follows a quadratic rela-
tionship. It is consistent with the experimental findings. The
pressure drop increases with an increase in velocity, and a
decrease in the number of forward orifices leads to a reduc-
tion in the equivalent diameter, resulting in an increase in
the nozzle pressure drop. Consequently, nozzles with fewer
forward orifices have a smaller equivalent diameter and a
lower allowable flow rate. To ensure safety, only the first four
groups of flow rates were considered in both the simulation
and experimental studies.

Figure 7 illustrates velocity–nozzle discharge coefficient
curves in the simulation and flow rate-nozzle discharge coef-
ficient curves in the experimental results. The discharge
coefficient can be calculated using Equation (4) and the pres-

sure drop data from Figure 6. The results indicate that all
discharge coefficients are less than 0.6, and they remain rel-
atively constant with an increase in flow rate. The discharge
coefficient initially increases and then decreases with a
decrease in the number of preholes, with the 6 + 1 + 1 nozzle
having the highest discharge coefficient. These findings dem-
onstrate that modifying the nozzle structure can significantly
enhance hydraulic performance, while flow rate has a mini-
mal impact on hydraulic performance.

Figure 8 illustrates that the numerical simulation of the
discharge coefficient yields higher values than the experi-
mental results at the same flow rate. Moreover, the dis-
crepancy increases with the rise in flow rate and the
reduction in the number of forward orifices. This can be
attributed to the neglect of the cavitation effect and vis-
cous resistance in the numerical model. As the flow rate
increases, the fluid velocity also increases, leading to a
stronger cavitation effect and higher viscous resistance in
the high-velocity fluid. Consequently, the error increases
with the rise in flow rate and the decrease in the number
of forward orifices. Notably, when the flow rate is below
0.672 L/s, the error of the 6 + 1 + 1 nozzle is greater than
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that of the 6 + 1 + 1 + 1 nozzle. This suggests that the cav-
itation effect and viscous resistance of the 6 + 1 + 1 nozzle
are more pronounced at a specific flow rate, and its fluid
velocity is higher. This finding is consistent with the max-
imum discharge coefficient of the 6 + 1 + 1 nozzle observed
in the experimental analysis.

3.4. Optimization of Forward Orifice Number. In general, the
discharge coefficient is expected to increase with the number
of forward orifices. However, this assumption needs to be
validated by numerical simulations and experimental results.
Since the flow rate has a negligible effect on the discharge
coefficient, the relationship between the number of forward
orifices and the discharge coefficient was plotted at a flow
rate of 0.522 L/s. As depicted in Figure 9, the discharge coef-
ficient initially increases and then decreases, reaching its
maximum value when the number of forward orifices is 2.
This trend may be attributed to the increased complexity
of the flow structure when the number of forward orifices
is 3 or 4, leading to greater local energy losses.

3.5. Distribution of Total Pressure and Vorticity. By con-
ducting numerical simulations to calculate the pressure
and vorticity distributions of the flow field in a multiorifice
nozzle, the pressure loss of the flow field can be visually
observed. The relationship between the nozzle discharge
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coefficient/inlet velocity and number of forward orifices can
be explained.

Figure 10 shows the total pressure distribution of differ-
ent nozzles at a flow rate of 0.522 L/s. For the 6 + 3 + 1 noz-
zle, the three outlets of the forward orifices are evenly
distributed around the z-axis, and one of the planes is
selected for analysis. As depicted in Figures 10(a)–10(e),
the total pressure of the jet flow field inside the nozzles
increases as the number of forward orifices decreases, indi-
cating a negative correlation. Figure 10(f) reveals a local neg-
ative pressure in the critical steering part of the backward
and forward orifices, indicating a significant pressure loss
in this region. Since the number of backward orifices is fixed
at 6 in both the experimental and numerical simulation
schemes, it can be inferred that the greater the number of
forward orifices, the higher the local pressure loss. This find-
ing is consistent with the experimental results that the num-
ber of forward orifices affects the discharge coefficient.

Vorticity is a fundamental physical quantity used to
describe the intensity and direction of fluid flow, represent-
ing the rotation of the fluid velocity vector. A higher vortic-
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ity indicates a greater swirl intensity and a more intricate
flow field structure [34].

Figure 11 displays the vorticity distribution of different
nozzles at a flow rate of 0.522 L/s, with one of the planes
selected for analysis in the 6 + 3 + 1 nozzle. As shown in
Figure 11(f), the vorticity in the critical steering part of the
backward and forward orifices becomes more concentrated,
indicating a more complex flow field structure in this region.
However, this phenomenon is not observed in the forward
center nozzle. As depicted in Figures 11(a)–11(e), the vortic-
ity increases as the forward orifices decrease. Since the back-
ward orifices is fixed at 6 in the scheme design, it can be
inferred that a greater number of forward orifices generates
higher vorticity and a more intricate flow field structure
inside the nozzle. This finding is consistent with the experi-
mental results that the number of forward orifices affects the
nozzle discharge coefficient.

4. Numerical Simulation of the Swirling
Multiorifice Nozzle

4.1. Structure of the Swirling Multiorifice Nozzle. Through
numerical simulation and experimental study of a multiori-
fice nozzle, it has been observed that the energy loss is more
significant at the acute angle of the backward orifice. To
address this issue, a swirling multiorifice nozzle has been
designed, as depicted in Figure 12. The backward orifice of
the swirling multiorifice nozzle is set as an oblique orifice
with a count of 2. It aims to achieve the hole forming-
effect of the multiorifice nozzle, reduce energy loss, and
enhance rock-breaking efficiency. To ensure high efficiency
of the swirling multiorifice nozzle and to achieve roundness
and smoothness of the hole, the center orifice is designed to
be eccentric and oblique [26].

4.2. Distribution of Total Pressure and Vorticity. Figure 13
illustrates the total pressure and vorticity distribution of
the swirling multiorifice nozzle at a flow rate of 0.522 L/s.
As the backward orifice of the swirling multiorifice nozzle

is eccentric and not in the same section as the forward ori-
fice, the forward orifice profile and the 3D fluid model inside
the nozzle are selected for analysis. The results in Figure 13
indicate that the sharp-angle steering parts of the three for-
ward orifices of the swirling multiorifice nozzle all produce
significant pressure drops and vorticity. Additionally, the
backward orifices of a swirling multiorifice nozzle have
smaller acute angles. Although the pressure drop and vortic-
ity of a single backward orifice are large, the backward ori-
fices are small. Therefore, further analysis is required to
determine the discharge coefficient and energy conversion
efficiency.

4.3. Optimization of the Swirling Multiorifice Nozzle. To
ensure safe pressure, numerical simulation of the swirling
multiorifice nozzle was conducted only under a small flow
rate. Figure 14 presents the velocity-nozzle pressure drop-
nozzle discharge coefficient curve obtained from numerical
simulation. As the flow rate increases, the nozzle pressure
drop gradually increases, and the pressure value at high flow
rates exceeds the safe pressure limit of 40MPa. The dis-
charge coefficient remains relatively stable, with a slight
increase observed. However, all discharge coefficients are
greater than 0.6, indicating a significant improvement in
hydraulic performance.

5. Field Application of the Swirling
Multiorifice Nozzle

Based on the experimental test results [28], it was verified
through field application that eight well stages were drilled.
The velocity and depth of drilling in the field were controlled
and recorded by an auxiliary traction device, with an initial
drilling speed of 1.8m/h. During the drilling process, the
match between the feeding speed and the pore formation speed
was determined based on the force state of the swirling multior-
ifice nozzle, and the maximum pore formation speed was
obtained. The length and rate of penetration (ROP) of the eight
well laterals were obtained, as shown in Figure 15(a). When
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using unoptimized multiorifice nozzles during drilling in well 1
and well 2, the drill tool encountered strong resistance and
could not penetrate the formation after drilling a short distance.
However, with the optimized swirling multiorifice nozzle, the
average ROP increased from 1.4m/h to 3.6m/h, and the aver-
age lateral length increased from 0.5m to 3.35m. These results
demonstrate that the optimized swirling multiorifice nozzle can
significantly improve the drilling rate and hole length of the
RJD system. The maximum ROP achieved was 3.6m/h, and
the maximum radial lateral length was 5.7m, confirming the
reliability of the developed radial jet drilling (RJD) system.

In the eighth well section, the cliff was successfully pen-
etrated, and an endoscope was used to capture images of the
lateral wellbore’s internal morphology. The results revealed a
smooth, round profile with some local irregularities, as
shown in Figure 15(b). The lateral has an average diameter
of approximately 50mm (1.94 in), which is more than twice
the maximum outer diameter of the nozzle, indicating high
rock-breaking efficiency. During the drilling process, each
jet created rock-breaking pits along a spiral path that over-
lapped with one another, resulting in a regular lateral profile.
The ring-shaped bulge observed along the path is attributed
to fluid erosion.

6. Conclusions

The hydraulic performance of multiorifice nozzles is severely
limited by their energy conversion efficiency, which is deter-
mined by the discharge coefficient. To investigate the influ-
ence of velocity and nozzle structure on the discharge
coefficient, experiments and numerical simulations were
conducted. Based on these findings, a swirling multiorifice
nozzle was designed. The following conclusions were drawn:

(1) The primary energy loss in multiorifice nozzles is
due to the acute angle of the orifices, which decreases
slightly with increasing velocity but increases signif-
icantly with the number of orifices

(2) The energy loss, discharge coefficient, and hydraulic
performance increase initially and then decrease as
the forward orifices increases

(3) Swirling multiorifice nozzle have fewer backward ori-
fices, so they have less energy loss and a larger discharge
coefficient. It has achieved better rock-breaking results
in field applications

Nomenclature

A: Equivalent cross-sectional area, m2

Ai: Cross-sectional area of each orifice, m2

C: Nozzle discharge coefficient, dimensionless
d: Equivalent diameter, m
d0: Diameter of the nozzle inlet, m
di: Diameter of each orifice, m
D: Diameter of the larger pipe, m
g: Gravitational acceleration, m/s2

Li: Length of the orifice, mm
v0: Velocity of the inlet water liquid, m/s

�v: Average velocity of the water liquid, m/s
P0: Pressure of the inlet, MPa
Pout: Outlet pressure, or the submerge pressure, MPa
△p: Pressure drop of the nozzle, MPa
Q0: Flow rate of the nozzle inlet, L/s
ρ: Density of water liquid, kg/m3

θi: Angles between the center axis of the orifices and the
nozzle (i = 2, 3).
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