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Natural gas flooding represents a significant technique for the enhancement of oil
recovery, thereby facilitating the efficient utilization of oil and gas resources. In
the injection and production system, the throttling gas nozzle is a key component
that adjust the injection pressure according to the reservoir’s pressure. However,
current throttling gas nozzles utilize a fixed structure, which presents a challenge
in achieving online control of flow rate and pressure drop. Therefore, a new
adjustable multi-hole throttling device was proposed in this paper, allowing for
the regulation of pressure loss by changing the number of flowing holes. In order
to gain insight into the operational principles and pressure drop characteristics of
this new throttling device, the SST k-w turbulence model and the NIST physical
property model were employed to simulate the supercritical natural gas flow in
the nozzle. The results demonstrate that there is an uneven distribution of
velocity between the channels of the downhole multi-hole throttling device.
The velocity in a single nozzle channel exhibits a trend of initially increasing
rapidly and then decreasing, while the pressure exhibits an initial decrease, which
is then followed by a slight increase. The pressure drops of the nozzle under
different flow rates and flowing hole numbers were acquired, revealing that the
pressure drop of the multi-hole throttling device is inversely proportional to the
number of holes. The adjustment accuracy of pressure drop and flow rate is
higher when the number of holes is between 4 and 6. However, a significant
increase in pressure drop occurs when the number of holes is less than 3,
resulting in poorer regulation accuracy. Furthermore, a pressure drop
prediction model was developed based on the numerical results, which
provides guidance for the application and design of the throttling device. In
this study, a new natural gas flooding throttling device is proposed, offering a new
approach for downhole equipment development. Additionally, this research
provides guidance for the practical application and iterative improvement of
this throttling device in future use.
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1 Introduction

The development of oil and gas exploration has led to an
increased  significance  of = low-permeability = reservoirs.
Consequently, the method of using gas injection for low-
permeability reservoirs is receiving greater attention (Zhang et al.,
2024; Liu et al., 2024; Li et al., 2023; Tang et al., 2022; Bayat et al.,
2016). The most common methods of gas flooding include nitrogen
flooding, oxygen-reduced air flooding, CO, flooding, and natural gas
flooding. The injection of these gases into the oil layer has the
potential to enhance the driving force, which may result in mixed-
phase displacement or improved oil mobility, thereby increasing
production efficiency (Seyyedsar et al., 2015; Kalra and Wu, 2014;
Pei et al., 2006; Yu et al., 2022; Zhang et al., 2023). Compared with
conventional water flooding and gas flooding, natural gas flooding
has the potential to significantly enhance crude oil recovery (Yuan
et al,, 2024). As an associated gas source, natural gas is a promising
means to enhance recovery in low-permeability oil fields due to its
relative abundance.

During the natural gas flooding process, precise control of
injection pressure is essential. Excessive injection pressure may
result in damage to the formation, whereas insufficient injection
pressure may prevent the injected gas from effectively entering the
formation and achieving the goal of enhanced recovery. The
throttling gas nozzle is of critical importance in the regulation of
injection pressure throughout the process. (Zhang et al., 2023; Fu
etal,, 2020). Consequently, an investigation into the pressure drop of
the nozzle can facilitate the optimization of its utilization, thereby
enabling the regulation of injection pressure and volume, enhancing
oilfield extraction efficiency, extending well lifespan, and achieving
sustainable energy utilization.

Some scholars have conducted research on the characteristics of
nozzle pressure drops. Vree et al. (2015) conducted experimental
studies on the flow field characteristics of CO, passing through
nozzles with diameters of 3 mm, 6 mm, and 12 mm. Li et al. (2016)
examined the pressure drop of CO, flowing through nozzles with
diameters ranging from 0.1 mm to 5 mm, as well as the flow
characteristics in the vicinity of the nozzles. Huang and Hu
(2022) studied the influence of varying length-to-diameter ratios
of the nozzle on CO, choked flow. Furthermore, some scholars have
examined the influence of nozzle structural dimensions on the flow
field with regard to temperature distribution (Qiao et al., 2024;
Zhang et al., 2023; Li et al., 2022). Besides these single-hole nozzle
structures, some scholars have also investigated some new nozzle
structures. Huang et al. (2022) proposed an axially movable valve
control nozzle structure, which enables real-time modification of the
flow channel from a single hole to eight holes. Wan et al. (2016)
employed a numerical method to examine a four-stage serial nozzle
structure, elucidating the flow field distribution characteristics
within the nozzle and the impact of varying nozzle parameters
on throttling pressure drop. Wang et al. (2018) reported the flow
field characteristics of CO, flowing through nozzles under varying
stages and diameters, with pressure drops ranging from 5 MPa to
25 MPa. Li (2021) studied the flow field characteristics of
CO,
providing the nozzle’s pressure drop coefficient. Tang et al.

supercritical through a three-stage eccentric nozzle,
(2024) investigated the flow field characteristics of a multi-stage

nozzle controlled by a valve core, identifying the relationship
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FIGURE 1
Geometrical structure of the downhole multi-hole throttling
device with key components labeled.

between pressure drop and opening. Zhang et al. (2022)
proposed a multi-stage pressure-reducing valve and studied the
distribution of velocity and pressure.

Previous scholars have conducted experimental and numerical
studies on the pressure drop characteristics and internal flow field
distribution features. However, most of the nozzle structures are
fixed and unable to be adjusted in real-time based on actual
downhole operational data, injection reservoir pressure, flow rate,
and other parameters, thus failing to meet the practical production
needs of the industry. It is inevitable that the flow rate and the
reservoir pressure requirements will undergo continual change with
the extraction process, thereby necessitating corresponding
adjustments to the pressure drop. Therefore, a new adjustable
multi-hole throttling nozzle structure is proposed in this paper
that and fixed

components to achieve rapid regulation of pressure drop

utilizes the interaction between rotating
characteristics, thereby ensuring the long-term stable operation of
the gas flooding reinjection system. Furthermore, to gain additional
insight into the pressure drop characteristics of the proposed multi-
hole throttling nozzle, this paper employs a numerical method,
referencing actual downhole natural gas parameters, to study the
flow field characteristics of the nozzle and its loss characteristics
under different conditions and opening hole numbers. Additionally,
a correlation was established to predict the pressure drop and to
provide guidance on the practical application and adjustment
strategy of the nozzle.

2 Numerical simulation method
2.1 Geometric model

The geometric model of the adjustable multi-hole throttling
device studied in this paper is shown in Figure 1, with the main
structural components labeled. It mainly consists of a rotating
section, gas nozzle channels, and a fixed part comprising an
annular flow region and a side outlet. In practical applications,
the angle between the rotating section and the fixed gas nozzle
channel can be varied by rotating the front section, thereby enabling
the control of different flow hole numbers and the adjustment of

frontiersin.org


https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2024.1497022

Xing et al.

10.3389/fceng.2024.1497022

TABLE 1 The main structure parameters of the downhole multi-hole throttling device.

Number of nozzles Diameter of nozzle

Inlet diameter

Length of nozzle

6 3 mm 12 mm 56 mm
40
Phase state curve
Supercritical region
boundary
Operating Conditions
30

Pressure (MPa)

Supercritical region

Operating Conditions Zone

Gaseous phase

Liquid
phase
10
0 |
-200 -100 0
Gas-liquid
two phase

FIGURE 2

100 200 300 400

Temperature (°C)

Phase state curve of carbon dioxide and methane mixtures: Including working condition areas.

pressure drop characteristics. The main parameters of the nozzle
structure are presented in Table 1.

2.2 Numerical model

Based on actual gas well conditions, the working fluid employed
in this study was a mixture of gases comprising 10% CO, and 90%
CH,. Figure 2 illustrates the phase diagram of the mixed gases, which
was calculated using the gas physical property model from the
National Institute of Standards and Technology (NIST),
alongside the actual operating conditions of the downhole nozzle.
Compared to other physical property calculation models, the NIST
model is optimized based on a vast amount of experimental data. In
contrast to other models derived from theoretical principles, the
NIST model provides higher accuracy in calculating the properties
of mixtures, making it a widely recognized standard in the field
(Lemmon et al., 2013; Patil et al., 2007; Aute and Radermacher,
2014). It can be observed that within the specified operational
parameters, the phase region of the mixed gas is situated within
the single-phase supercritical region, exhibiting no evidence of two-
phase states. Accordingly, a single-phase numerical framework
was utilized.

Frontiers in Chemical Engineering

Selecting an appropriate turbulence model is crucial for
ensuring the accuracy of the numerical results. The throttling
device features significant variations in flow channel and flow
field characteristics. The SST k-w turbulence model combines
the advantages of the k-¢ turbulence model, which is suitable for
high Reynolds number flows, and the k-w model, which is
effective for low Reynolds number flows near the wall (Jones
and Launder, 1972; Menter, 1993; Menter, 1994). This model is
capable of accurately capturing the local pressure losses from
sudden contractions and expansions in the throttling nozzle, as
well as the frictional resistance within the channels (Zeng et al.,
2023). By comparison, the k-e model requires the introduction of
wall functions when dealing with near-wall regions, which may
lead to a decrease in calculation accuracy. On the other hand, the
RSM model has a higher computational complexity and requires
more computational resources. Therefore, this paper adopts the
SST k-w turbulence model, and its governing equations are
as follows,

%(pk)+%(pkui) = %(Fkg—i> +Gr =Y + Sk (1)

9 9 9 dw
&(pw)+a(Pwui) —aixj<rwaixj>+Gw_Yw +D, + S, (2)
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(a) Overall Mesh

FIGURE 3

(b) Nozzle Region Mesh

Mesh diagram in the fluid domain. (A) overall mesh. (B) nozzle region mesh.

In Equations 1, 2, G represents the production of turbulence
kinetic energy, and G, denotes the production of w; Ty is the
effective diffusion term for turbulence kinetic energy, and T, is
the effective diffusion term for w; Y represents the divergence term
for turbulence kinetic energy, and Y ,, is the divergence term for w; S
represents the source term for turbulence kinetic energy, and S,
denotes the source term for w; and D, is the orthogonal
divergence term.

The boundary of the numerical model includes an inlet and an
outlet. According to actual physical conditions, the inlet is set as a
mass flow inlet, while the outlet is defined as a pressure outlet. The
properties of the mixed fluid are selected using the gas property
calculation model from the National Institute of Standards and
Technology (NIST). All wall surfaces are set as no-slip walls. The
solver employs the COUPLE algorithm to resolve the pressure-
velocity field, utilizing the PRESTO! pressure discretization format
and a higher-order QUICK scheme for the discretization of
momentum and energy.

2.3 Mesh generation

The mesh for the fluid domain of the downhole throttling device
is primarily based on hexahedral cells, with local refinements applied
in regions exhibiting significant changes in the flow field. This
approach ensures the capture of flow field characteristics.
Furthermore, boundary layers are established in all near-wall
regions to account for flow boundary effects, thus ensuring that
y+ < 1 and meeting the requirements for boundary layer grids in the
SST k-w model. A schematic diagram of the established mesh model
is shown in Figure 3.

In order to ascertain a mesh quantity that is both
computationally accurate and economically efficient, a mesh
independence verification was conducted. The same numerical
model and boundary conditions were employed in the calculation
of four distinct models, each exhibiting a varying grid density. It can
be seen from Figure 4 that when the pressure drop has a slight
change of approximately 1% between the cell number of 700,000 and
1,400,000. Consequently, a mesh model with 700,000 cells is selected
for subsequent simulation.
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FIGURE 4
Grid-independent verification.

2.4 Model Validation

Experimental data from reference (Li, 2020) was used to validate
the accuracy of the numerical model. A comparison between the
numerical results and the experimental results from the literature is
presented in Table 2. The discrepancy between the numerical results
and the experimental data is less than 3%, which demonstrates that
the numerical model is capable of accurately simulating the pressure
drop characteristics of the nozzle.

3 Results and discussion
3.1 Flow field characteristics
Analyzing the flow field characteristics of the throttling device is

beneficial for a more comprehensive understanding of its
operational mechanism. A flow characteristic analysis was
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TABLE 2 Comparison between experimental results (Li, 2020)and numerical results.

10.3389/fceng.2024.1497022

Flow rate Temperature Outlet Inlet pressure Inlet pressure Relative
kg/h °C pressure MPa (experimental) MPa (numerical) MPa error %
40.68 345 3.85 4.49 4.60 24
44.83 37.5 14.54 14.58 14.68 07

| Inlet

t Outlet

P Omm cross-section

'

Nozzle

region Inlet

(a) Cross-sectional View

FIGURE 5
Schematic diagram of the throttling device. (A) cross-sectional view (B) top view.
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(b) Top View

(a) No. 1 Nozzle (b) No. 2 Nozzle
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FIGURE 6

Velocity
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(c) No. 3 Nozzle
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(f) No. 6 Nozzle

Streamline diagrams at different nozzles. (A) No. 1 nozzle. (B) No. 2 nozzle. (C) No. 3 nozzle. (D) No. 4 nozzle. (E) No. 5 nozzle. (F) No. 6 nozzle.
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(f) No. 6 Nozzle

Velocity contour diagrams at different nozzles. (A) No. 1 nozzle. (B) No. 2 nozzle. (C) No. 3 nozzle. (D) No. 4 nozzle. (E) No. 5 nozzle. (F) No. 6 nozzle.
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FIGURE 8
Velocity distribution at different nozzles. (A) velocity. (B) axial velocity.

conducted under the working conditions with a flow rate of
30,000 Nm®/d, pressure of 20 MPa, and temperature of 100°C.
Figure 5A depicts a cross-sectional view of the throttling device,
with the inlet situated on the right side and the outlet positioned in
the upper left. A reference section is established at a relative position
of 0 mm on the inlet side, specifically to the right of the nozzle area.
For the purposes of this analysis, the leftward direction is considered
positive and the rightward direction is considered negative.
Figure 5B depicts a top view of the throttling device, wherein the
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(b) Axial Velocity

channels within the nozzle area are sequentially labeled from No.
1 to No. 6, from left to right.

Figure 6 illustrates the streamline distribution within various nozzle
configurations. The fluid flows into the device from the inlet, then turns
upward into the nozzle area. In the lower part of the device, a
recirculation region was observed to be present. The radial velocity
of the fluid entering the nozzle area, caused by the inertial force, results
in a high-speed flow that is predominantly concentrated in the upper
half of the nozzle, forming a sickle-shaped distribution.
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Pressure distribution in axial direction at different nozzles.
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FIGURE 10
Pressure drop at different flow rates.

The velocity distribution within the different nozzle channels is
shown in Figure 7. It can be observed that the fluids exhibit an initial
acceleration prior to entering the nozzle. As the fluid flows into the
nozzle, the abrupt reduction in the cross-sectional area of the flow
passage results in a significant increase in velocity. Subsequently, the
fluids leave the nozzles and enter the wide region, where they
undergo a rapid deceleration. Figure 8A illustrates the velocity
profile within the six nozzle channels. Prior to the 5 mm
position, a discernible reduction in velocity is observed, which
then remains relatively constant beyond that point. The velocity
profile within the six nozzle channels reveals that the No. 1 nozzle
exhibits the highest velocity, while the velocities in channels No. 2 to
No. 5 demonstrate minimal variation, with the lowest velocity
observed in No. 6.

Figure 8B depicts the axial velocity profiles in the six nozzle
channels. Upon initial entry into the nozzle, the axial velocity of the
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fluid exhibits a notable increase, which subsequently declines before
exhibiting a gradual stabilization after reaching the 5 mm position.
In channels 1 to 5, the axial velocity is relatively consistent, whereas
channel 6 exhibits the lowest axial velocity. From Figures 7, 8, it can
be observed that the fluid exhibits both axial and radial velocities.
The formation of a vortex in front of the No. 1 nozzle channel results
in the highest velocity among all the nozzles. Meanwhile, the sixth
channel, situated at the point of fluid acceleration, exhibits the
lowest velocity and axial velocity in comparison to the other nozzle
channels. In the region of contraction within the nozzle, a
considerable radial velocity is observed. After the 5 mm position,
only axial velocity is observed.

Figure 9 illustrates the distribution of static pressure within the
six nozzle channels. Referring to the axial velocity distribution in
Figure 8B, the axial velocity distribution indicates that at the initial
stage of entering the nozzle, the axial velocity of the fluid increases,
while the static pressure decreases, falling below the outlet pressure
(20 MPa). Subsequently, the static pressure of the fluid begins to rise
as a result of the back pressure, reaching a point of stability at
20 MPa. Meanwhile, the axial velocity decreases and stabilizes as the
flow develops, which is similar with the results of Gulsacan (2024)
and Wu (2022).

3.2 Effect of inlet flow rate

Figure 10 depicts the alteration in pressure drop across the
nozzle with fluctuating inlet flow rates when all six holes are fully
opened. It can be observed that as the flow rate increases, the
pressure drop of the throttling device exhibits a parabolic growth
trend. This is principally due to the fact that the total pressure drop
within the throttling device during the flow process is constituted of
both the frictional pressure drop and the local pressure drop. The
frictional and local pressure drops are proportional to the square of
the velocity. Consequently, as the flow rate increases, the pressure
drop gradually increases, resulting in a parabolic growth pattern.

Figure 11 the velocity distribution contour at varying flow rate
conditions. It can be observed that as the flow rate increases, the
velocity distribution trends in the nozzle region exhibit a high degree
of similarity. Prior to reaching the nozzle, the fluid undergoes an
acceleration process, reaching its maximum velocity within the
entire fluid domain upon entering the nozzle area. The increase
in maximum velocity is directly proportional to the increase in flow
rate. The maximum velocity increases from 25 m/s to 240 m/s when
inlet flow rate changes from 10,000 Nm®/d to 100,000 Nm®/d.
Additionally, as the maximum flow velocity increases, the flow
pattern in the outlet region undergoes some changes. When the
flow rate reaches 100,000 Nm®/d, the high velocity at the outlet
causes the fluid to be reflected back after contacting the sloped outlet
wall, and then it flows out along the opposite side of the outlet wall.

3.3 Effect of flowing hole number

The adjustment of the throttling characteristics of the device is
achieved by modifying the number of open holes. Therefore, it is
necessary to investigate the effect of the hole number on its flow field
characteristics. Figure 12 shows the impact of varying flow hole
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The pressure drop at different flowing hole conditions.

numbers under conditions of 20 MPa pressure and 140°C
temperature. It can be observed that, with a constant inlet flow
rate, a reduction in the number of openings results in a gradual
increase in pressure drop, accompanied by an elevated change rate in
pressure drop. Upon adjusting the number of holes from 6 to 5 and
from 5 to 4, the pressure drop exhibited a 1.44-fold and 1.57-fold
increase, respectively. Conversely, when the number of holes is
altered from three to two, and from two to one, the pressure
drop increases by a factor of 2.31 and 4.03, respectively. This
suggests that when the number of openings is reduced from six
to four, the change in pressure drop is relatively minor, thereby
enabling a higher degree of precision in pressure drop adjustment by
the throttling device. Nevertheless, as the number of openings
decreases from three to one, the rate of change in pressure drop
markedly increases, reducing the precision of pressure drop
adjustment.

Furthermore, as the injection rate increases, the range of
pressure drop adjustments also expands. For example, at an
injection rate of 5,000 Nm®/d, the adjustment range is from
0.0107 MPa to 0.3968 MPa, whereas at 30,000 Nm®/d, it
ranges from 0.3826 MPa to 12.7903 MPa, representing a 32-

Frontiers in Chemical Engineering

fold increase in the adjustment range relative to 5,000 Nm?*/d.
Further analysis of the results reveals a proportional relationship
between the pressure drop of the throttling device and the ratio of
flow to the number of holes. For instance, a flow of 10,000 Nm?*/d
with a single opening, 20,000 Nm?/d with two opening holes, and
30,000 Nm?®/d with three openings, respectively, result in
pressure drops of 1.5753 MPa, 1.5611 MPa, and 1.5392 MPa.
This finding lays the groundwork for establishing future
predictive relationships for pressure drops.

The velocity field distribution in the throttling devices with
different numbers of holes is shown in Figure 13, with the right side
indicating the direction of flow. It can be observed that the velocity
increases prior to entering the nozzle area and reaches its peak
within the nozzle. Upon entering the nozzle, the velocity in the lower
half of the nozzle decreases, with the range of velocity reduction
increasing with the increase in axial position increases.

After exiting the nozzle area, the fluid undergoes two turns: first
at the inclined outlet wall and then at the outlet. In the case of a hole
count ranging from 2 to 6, the fluid exits the outlet after undergoing
two deflections. In contrast, the fluid in the one-hole model
undergoes a horizontal deflection when it flows over the
protruding part.

With regard to the magnitude of the velocity, it is observed that
as the number of holes is reduced, the peak velocity within the nozzle
increases gradually. A comparison of the peak velocities when
adjusting from 6 holes to 5 holes and from 5 holes to 4 holes
reveals an increase of 1.18-fold and 1.24-fold, respectively.
Conversely, when the number of holes is reduced from three to
two, or from two to one, the peak velocity increases by 1.45-fold and
1.55-fold, respectively.

This indicates that in models comprising four to six holes, the
throttling device is capable of more precise velocity adjustment,
whereas in models with one to three holes, the accuracy of velocity
adjustment is reduced.

3.4 Prediction correlations of pressure drop

It is important to accurately predict the pressure drop across
the throttling device in downhole conditions in order to ensure
its effective application. A functional correlation was established
between pressure drop, opening channel area, outlet pressure,
and inlet flow rate based on the numerical database. As evidenced
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Velocity contour of nozzle with different number of holes. (A) 6-holes model. (B) 5-holes model. (C) 4-holes model. (D) 3-holes model. (E) 2-holes

model. (F) 1-holes model.

TABLE 3 Table of the relationship between the number of holes and the
flow area.

Number of

openings

Area of opening 7.07 14.14 21.21 28.28 35.35 42.42

nozzles (mm?)

by the preceding analysis, the precision with which the pressure
drop of the throttling device can be adjusted varies considerably
with the number of openings. Consequently, two equations were
formulated for models comprising one to three holes and those
with four to six holes, respectively. The correlations established
are as follows,

Q1A96897

6.75974
W’ 1< hole number <3

AP = 1.98408 (3)
6.95511 Q

026 oD 4 <hole number <6

In Equation 3, AP represents the total pressure drop (MPa); A is
the area of opening nozzles (mm?); P is the outlet pressure of the
nozzle (MPa); and Q is the standard volume flow rate (10* Nm?®/d).
Table 3 shows the relationship between the number of holes and the
opening area of the gas nozzle.

The pressure drops across the throttling device under
different operating conditions were calculated and the results
were compared with the simulation calculations to verify the
accuracy of the prediction correlation. The comparative results
are shown in Figure 14. It can be seen that the predicted results
agree well with the numerical results. Within the range of
pressures from 20 to 30 MPa and flow rates from 5,000 to
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100,000 Nm?®/d, the relative error of more than 95% results
are less than 5%.

4 Conclusion

In order to achieve effective pressure control during natural
gas injection and production, a new adjustable multi-hole
throttling device is proposed in this paper. The supercritical
flow within the device was simulated using the SST k-w
turbulence model and the NIST physical property model.
Furthermore, the flow field and throttling characteristics at
varying inlet flow rates and flowing nozzles were examined
through numerical analysis. Additionally, a correlation was
developed to predict the pressure drop. Based on discussion
above, conclusions are as follows.

(1) An uneven distribution of flow rates among the nozzle
channels of the throttling device was observed. The
velocity in Channel 1 is the highest among the six
channels, while Channel 6 exhibits the lowest velocity.

(2) When the fluid passes through the contraction region before
entering the nozzle, it undergoes expansion and acceleration,
resulting in a reduction in pressure. Subsequently, the
pressure increases gradually, while the velocity decreases
toward stabilization.

(3) The numerical results at different flowing nozzles indicate
that, for a fixed inlet flow rate, the throttling device maintains
high precision in regulating both pressure drop and velocity
when adjusting from 6 to 4 holes. Conversely, precision
decreases significantly when adjusting from 3 to 1 hole.
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(4) Based on the numerical database, correlations to predict
pressure drop were established between opening hole
number, inlet flow rate, and outlet pressure. These
correlations show a good agreement at the operating
pressure range of 20-30 MPa and flow rates from 5,000 to
100,000 Nm*/d.

In the current downhole gas injection methods, the design
of the adjustable gas nozzle allows the device to achieve layered
gas injection within a single well tubing over a wide range
of flow rates and pressures, while also enabling real-time
flow regulation downhole, reducing the need for multiple
fishing operations. In future research, enhancements to the
existing computational models could be pursued to simulate
real-world conditions, such as potential nozzle erosion, dynamic
reservoir pressure variations, and multiphase flow within
the nozzle.
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