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Abstract: The impact of particle addition jets on the flow field in natural gas pipelines was investi-
gated, and the structural information of the flow field at different flow velocities in a symmetric jet
flow was analyzed via numerical simulation. The results of coherent structures in the high-pressure
natural gas pipeline reveal vortex structures of varying sizes both upstream and downstream of the
jet flow. To determine the spatial distribution of the main vortex structures in the flow field, proper
orthogonal decomposition (POD) mode analysis was performed on the unsteady numerical results.
Moreover, the detailed spatial characteristics of the coherent vortex structures represented by each
mode were obtained. The results indicate that the large-scale vortex structures within the pipeline
are balanced and stable, with their energy increasing as the jet flow velocity increases. Additionally,
higher-order modes exhibit significant shedding of small-scale vortex structures downstream of the
jet flow. In this research, coherent structures present in symmetric particle addition jets are provided,
offering theoretical support for future investigations on the distribution of particle image velocimetry
(PIV) flowmeters.

Keywords: jet flow; numerical simulation; POD; natural gas; coherent structure

1. Introduction

Natural gas is an invisible, odorless, and nonrenewable gas mixture, with methane
being the major component, accounting for approximately 95% of its composition [1]. Its
development and utilization have the potential to generate substantial economic benefits.
Natural gas is commonly regarded as a fossil fuel with comparatively low environmental
impact, and its use can contribute to environmental quality to some extent. As global
concerns about environmental issues continue to grow, the significance of natural gas is
anticipated to become increasingly prominent [2–5]. Currently, global natural gas consump-
tion is gradually increasing. The next 15 years are anticipated to witness a continued surge
in China’s demand for natural gas, and it is estimated that natural gas consumption will
reach a peak at approximately 2040, at 6100 × 108 cubic meters [6–8]. As the demand for
natural gas on the market continues to grow, it is necessary for the market to optimize
the natural gas system and transform natural gas pipeline measurement technology. PIV
technology employs the scattering properties of particles in a flow field to track their
positions and measure their displacement at different time intervals, thereby enabling
the determination of flow velocity and other related parameters [9,10]. PIV technology
is playing an increasingly important role in experimental fluid dynamics because of its
noninvasive measurement characteristics. Compared with traditional measurement tech-
niques, PIV does not interfere with the flow field, making it advantageous in many fluid
experiments [11]. Li et al. [12] argue that PIV technology offers benefits such as resistance
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to interference and ease of installation. Additionally, they proposed innovative ideas for its
application in the measurement of flow fields and developed the PIV flowmeter. However,
the distribution of tracer particles in pipeline flow fields is affected by coherent jet vortices,
and this principle is not explained in detail. The distribution of particles will affect the
accuracy of a PIV flowmeter.

The achievements of computational fluid dynamics (CFD) since the 1970s have demon-
strated the powerful vitality of these methods for the study of various fluid phenomena
and industrial and engineering applications [13]. Currently, relatively few CFD analyses
of symmetric jets exist. Atmaca et al. [14] studied the jets emitted by three different slot
nozzles and predicted the free jet velocity at different axial distances. Muhammad et al. [15]
used an LES model to study turbulent kinetic energy. Kinetic energy is calculated at the
inlet and outlet of turbulent flow. Rehman et al. [16] studied the flow characteristics of a
micropolar-Casson fluid, which is doubly stratified and induced by a stretching sheet, their
findings are highly consistent with existing results in the literature for specific scenarios.
Cao et al. [17] used a new computational method to model the flow of nanofluids in a cavity
with a corrugated inner wall with uniform flux. Upadhyay et al. [18] studied the flow and
acoustic characteristics of rectangular and elliptical asymmetric jets and compared them
with the equivalent area of circular jets. Xiao et al. [19] established a single-nozzle model
with different transverse velocities and studied the characteristics of jet flow fields and de-
flection. Cai et al. [20] developed a two-dimensional computational fluid dynamics (CFDs)
model to investigate the flow structure of a liquid nitrogen jet and conducted numerical
simulations to analyze the transient velocity and temperature distribution of the jet. Their
findings clearly demonstrate that the liquid nitrogen jet exhibits distinct regions, including
a velocity boundary and potential core region, which are similar to those observed in water
jets. Bi et al. [21] conducted numerical simulations to investigate the characteristics of
human cough jets in a calm environment, including the temporal evolution of the velocity
distribution, the penetration distance along the jet axis, and the maximum width of the jet.
Their findings demonstrate that employing LES methodology enables accurate prediction
of the temporal development of a human cough jet. Hou et al. [22] investigated the flow
field of an ultrahigh-pressure waterjet (WJ) with high-frequency velocity vibration at the
nozzle inlet using computational fluid dynamics. They successfully obtained the velocity
field inside the nozzle and examined how various vibration parameters, such as amplitude
and frequency, affect the flow field. Their simulation results revealed significant changes in
the flow field, corresponding to different frequencies and amplitudes. Lee et al. [23] investi-
gated the three-dimensional density distribution of twin jets through numerical simulations
and experimental studies. Their findings revealed that the interaction between the twin jets
led to an increase in density within the shear layer located between the nozzles, while both
increasing and decreasing interference trends were observed. Furthermore, they noted
variations in both the initiation point and growth rate of this interaction phenomenon. Hart
et al. [24] performed numerical simulations to investigate the dynamic flow characteristics
of oblique-opening rectangular jets and examined the issue of vortex shedding in a cluster
of three rectangular burner jets. Their findings indicated that the combination of an adverse
pressure gradient, caused by the recess’s diffuser-like shape, and fluid entrainment into the
gaps between the jets led to the occurrence of vortex shedding. Miltner et al. [25] conducted
an extensive examination of the flow characteristics of a turbulent free jet, both through
experimental analysis and computational fluid dynamics (CFDs) simulation, using differ-
ent turbulence models. The findings indicated that numerical simulation proved to be an
effective method for precisely characterizing the investigated flow pattern. Zheng et al. [26]
investigated the interaction of three jets that were aligned in a single plane and converged
towards each other. A particle image velocimetry system was employed to capture the
flow fields, facilitating analysis and characterization of the intricate flow patterns on two
perpendicular planes based on velocity and vorticity distributions.

CFDs simulations can be conducted for a low cost, have short cycles, and high effi-
ciency. Scholars at home and abroad have used this approach to conduct in-depth research
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on the internal flow of pipelines [27,28]. Therefore, in this article, unsteady numerical
simulations on the symmetric jet flow field of high-pressure natural gas and pipelines have
been performed, and the research focuses on investigating the flow properties of natural gas
within symmetric jet flow conditions. Among them, the jet has a significant influence on the
internal flow field of natural gas, which makes the flow field structure more complex, and it
is necessary to reduce the order of the flow field to extract a smooth feature structure from
several datasets. Proper orthogonal decomposition (POD) can be employed to effectively
reduce the dimensionality of intricate high-dimensional systems [29]. Currently, the POD
method is also widely used in the field of computational fluid dynamics. Daichin et al. [30]
utilized the POD method to analyze the motion of the near wake behind an elliptic cylinder
positioned beneath a free surface. The findings indicated that the first four eigenmodes
provide insights into the overall flow structure, with the large-scale structure being related
mainly to the most energetic flow motion. Sakai et al. [31] conducted investigations on the
velocity fields surrounding a circular cylinder by employing the POD and DMD methods.
Both experimentally and numerically, the experimental findings indicated that there was
general consistency between the flow structures observed in the POD and DMD modes
compared to those obtained through numerical simulations. EI-Adawy et al. [32] employed
stereo-PIV to acquire velocity vector fields for in-cylinder flow under various experimen-
tal conditions. They utilized the POD method to analyze synthetic velocity vector fields
with known characteristics and discovered that, in the case of repeatable flow patterns,
only the first mode was adequate for reconstructing the physical properties of the flow.
Zhang et al. [33] utilized the large eddy simulation (LES) method to numerically simulate
a three-dimensional incompressible flow of an annular jet at a Reynolds number of 8500.
The velocity fluctuation vectors were subjected to proper orthogonal decomposition (POD)
analysis to investigate the flow dynamics of the wake flow. The findings indicate that
the asymmetrical mean flow observed near the annular jet is associated with the first two
POD modes, which correspond to a significant displacement in the stagnation point. Jang
et al. [34] investigated the flow properties of a turbulent wake formed behind a sphere in
a subcritical flow regime. Detailed flow information was obtained using particle image
velocimetry measurements and POD modal analysis techniques. Deep et al. [35] investi-
gated the occurrence of vortex shedding in the wake of a circular cylinder and examined
how attaching a splitter plate to the rear stagnation point affects this flow phenomenon.
Wang et al. [36] employed the LES model to conduct numerical simulations on three typical
setups of tornado-like vortices. They also performed POD decomposition on the flow field
and observed that the conditional average reveals more significant coherent structures at
larger scales compared to the conventional ensemble average. Wu et al. [37] conducted
computational fluid dynamics (CFDs) simulations on a horizontal axis wind turbine and
analyzed the data using an extended proper orthogonal decomposition (POD) algorithm.
The quantitative findings suggest that the wake’s tip vortex exhibits a complex spatiotem-
poral morphological configuration in the higher-order extended POD space, while also
confirming the effectiveness and reliability of the obtained radial velocity modes. In addi-
tion, Apacoglu et al. [38] conducted a computational analysis on the flow patterns over a
two-dimensional circular cylinder and its control through air blowing from various slots
positioned on the surface of the cylinder. The POD method was employed to categorize
flow structures based on their frequency content. Additionally, an optimal selection of
sensor locations on the cylinder surface was determined by employing a one-dimensional
POD analysis using surface pressure data obtained from CFD results. Sen et al. [39] con-
ducted a numerical simulation to analyze unsteady two-dimensional laminar fluid flow
around a circular cylinder. They qualitatively investigated how changes in the injected
stream velocity affected the downstream wake region of the cylinder. Additionally, they
utilized proper orthogonal decomposition to identify and quantify dominant modes within
the vorticity field, including their corresponding enstrophy contents.

In this article, CFDs is utilized to numerically simulate a high-pressure natural gas
pipeline in a multiple-pipe symmetrical injection system. The evolution of vortex structures
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under different flow velocities of the jet is analyzed, and the study investigates the impact
of symmetric injection on the internal flow characteristics of natural gas. The unsteady
numerical simulation results are subjected to POD mode analysis, enabling an examination
of the flow patterns associated with each mode. A computational approach is employed
for conducting the simulations.

2. Numerical Simulation Method
2.1. Numerical Model

In this study, Unigraphics NX was used to create a 1:1 model of the natural gas pipeline,
and the outlet of a natural gas pipeline was extended, as shown in Figure 1. The Y+ value
of the tube wall is between 30 and 100. The natural gas test system consists of a natural
gas main pipeline and four tracer particle injection pipelines, the parameters of which
are shown in Table 1. ICEM V14.5 software was used to divide the pipeline model into
hexahedral structural grids, and CFX was used to conduct a numerical simulation of the
flow field inside the pipeline, as shown in Figure 2. The standard k-epsilon model was
used for numerical simulation to simulate the steady-state and transient conditions, and
the fluid material was set as methane gas at 1.5 MPa. The initial condition of the transient
file is a stable steady-state file, and the unsteady-state flow rate is calculated with a step
size of 0.01 s. On this basis, to calculate another 50 steps, the intermediate file was used to
calculate the POD. The direction of gravity is shown in Figure 1. The boundary conditions
were set as the flow inlet and pressure outlet. The inlet flow rate was set to 100 m3/h, and
the bypass pipe inlet velocities were set to 10 m/s, 20 m/s, 30 m/s, 40 m/s, and 50 m/s.
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Table 1. Gas pipeline parameters.

Diameter of Main Pipe
(mm)

Main Length
(mm)

Length of Bypass Pipe
(mm)

Diameter of Bypass
Pipe (mm)

Number of Bypass
Pipes

100 5000 200 6 4

The standard convergence value is 10−6. The computational fluid shall satisfy the
following equation:

Continuity equation:
∂ρ

∂t
+∇(ρ

→
v ) = 0 (1)

In this equation, ρ is the fluid density and
→
v is the average velocity vector of the

mixture.
Momentum equation:

ρ
d
→
v

dt
= ∇→

τij −∇p + ρ
⇀
F (2)
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In this formula,
→
τij is the viscous shear stress and

→
F is the volumetric force.

Energy equation:

ρ
dE
dt

+ p
(
∇→

v
)
=

∂Q
∂t

−∇→
q +

→
Φ (3)

In this equation, Q represents the heat source term and
→
Φ represents the heat dissipa-

tion term.
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2.2. Analysis of the Numerical Result

In this numerical simulation, a grid-independent study was conducted by monitoring
the exit velocity. As depicted in Figure 3a, when the number of grids exceeded 6 × 106,
there was no significant change in velocity with an increasing grid count. Since the actual
flow rate of the natural gas pipeline is 3.62 m/s, the grid corresponding to the blue scheme
was selected for the numerical simulation. This choice ensures an appropriate balance
between computational accuracy and efficiency for the given flow conditions. As depicted
in Figure 3b, the velocity distribution inside the pipeline measured by experiment is in
good agreement with that by numerical simulation.

Figure 4 represents the relative pressure distribution of the jet flow velocity in the
range of 10 to 50 m/s in a bypass pipe. When the jet flow velocity is greater than 20 m/s,
there is no coherent jet structure in the symmetric jet flow. Figure 4b shows that even if
the jet did not collide, the symmetrical pattern of the cross-flow field was disrupted, and
the center of the flow velocity began to deviate from the center axis of the main channel.
When the flow rate of the jet is higher than 30 m/s, the jet collides violently in the inner
center of the pipe, forming a pair of reverse-rotating re-jet vortices upstream. The reason
for this is that the mutual collision of the jets results in the maximum relative pressure
occurring at the center of the collision, and the airflow velocity near the center approaches a
stagnation point. The airflow then spreads out in all directions, forming a vortex structure.
The vortexes appear upstream and downstream of the collision center, with the upstream
vortex being significantly larger than the downstream vortex. This is because the jet and
cross-flow form a larger recirculation zone upstream, and the downstream vortex dissipates
more quickly with the cross-flow velocity field. Moreover, the size of the vortex structure
formed by the jet and cross-flow affects the downstream turbulence level. The upstream
vortex offset also leads to an increase in the downstream turbulence level. Figure 5 shows
the distribution of turbulent kinetic energy inside the pipeline, which increases with an
increasing jet flow velocity, and the affected range gradually expands.
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Figure 6 shows the vortex structures under different flow velocities of the jet in a
two-dimensional plane based on the Q criterion, including the re-jet vortex, trailing lower
vortex, and trailing upper vortex. Figure 7 shows a three-dimensional visualization of the
vortex structure. Figure 6 shows that the vorticity increases with an increasing jet flow
velocity. The upstream re-jet vortex is the most distinct pair of vortex structures in the
flow field. This phenomenon is caused by the mutual collision of jets, which, under the
interference and squeezing of the cross-flow, form a re-jet vortex in the upstream part of
the jets. With an increasing jet flow velocity, the center position of the vortex structure
also migrates upstream. Moreover, even symmetric jet flows can lead to a deviation of
the re-jet vortex structure from the center axis of the pipeline. The trailing lower vortex is
generated by the jet mixing with the lateral main flow and the mainly low-velocity fluids in
the boundary layer near the wall. The trailing upper vortex is generated by the jet wake and
migrates downstream with the lateral main flow. When the jet flow velocity is 30 m/s, the
vortex structure is located downstream of the jet migrates downward with an increasing
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cross-flow. However, with an increasing jet flow, the influence of the downstream vortex
structure gradually weakens, while the influence range of the vortex structure increases.
The upstream re-jet vortex gradually fills the entire flow channel. Notably, the turbulent
kinetic energy and vortex structure exhibit opposite characteristics, because the turbulent
region has a higher flow velocity, while a vortex structure is formed due to the rotation of
the velocity field. In the flow field of the pipeline, symmetric jets collide with each other,
causing the radial velocity of the jets to cancel. There is a strong shear force between the
jets and the cross-flow, leading to an increase in the vorticity of the velocity field.
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Figure 7. The distribution of the 3D vortex at 10 m/s (a), 20 m/s (b), 30 m/s (c), 40 m/s (d), and
50 m/s (e).

3. Proper Orthogonal Decomposition

To better analyze and extract data from the symmetric jet flow field, proper orthog-
onal decomposition is used in this article. The POD method can be used to obtain low-
dimensional characteristics of flow fields from large amounts of high-dimensional flow
data. Considering the distinct flow characteristics of symmetric jet collisions, three pressure
monitoring points are established inside the natural gas pipeline. Fifty snapshots contain-
ing flow field features (one transient file every 0.01 s, totaling 0.5 s), were calculated, and
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extracted, and POD flow field information extraction was performed. Considering the com-
plex structure and magnanimous space nodes, the snapshot POD method is adopted for its
advantages in unsteady flow field analysis. This method is suitable for complex problems,
where the number of spatial points M is much greater than the number of sampling time
points. The mathematical derivation process is introduced below.

It is supposed that there is a set of observation data matrices that vary with time as
follows:

X = [x1 x2 · · ·xn] ∈ Rm×n (4)

where m represents the size of the spatial domain, and can be used to establish the spatial
correlation matrix with ∆t:

Sm×n =
1
n

Xm×nXT
m×n (5)

Sm×n is a real symmetric matrix of order m × n, the eigenvalues of which are greater
than or equal to 0, with the eigenvectors corresponding to different eigenvalues. The
eigenvalues λ and eigenvectors ϕ are solved as follows:

Sϕ = λϕ (6)

The resulting feature vector ϕj is the J-order POD mode, and the corresponding time
coefficient is:

(aj(t))
T = (X(x, t))Tϕj(x) (7)

The r(r > 0) nonzero eigenvalues can be further rewritten as follows:

λj = ϕT
j S(φj) = ϕT

j XXT(φj) =
∣∣∣XT φj

∣∣∣2 (8)

The eigenvalue is the square of the modulus projected by the original function onto
the eigenmode, and its value represents the energy ratio of the mode. The corresponding
energy content of each order mode ratio can be expressed as follows:

ε j =
λj

n
∑

j=1
λj

(9)

3.1. Vortex Distribution Characteristics

In this article, the POD method is used to analyze coherent vortex structures in a jet
flow field. Figure 8 shows the energy proportions of modes of order 1–10 at different jet
flow rates. At flow rates of 50 m/s and 40 m/s, the first- and second-order modes account
for 93.7% and 95.7%, respectively, of the total energy, which is related to the formation of
large vortex structures by jet impact. At a 30 m/s jet flow rate, the first- and second-order
modes account for 99% of the total energy, and the first-mode energy does not account for
more than 85%, as at 50 m/s and 40 m/s, mainly because the symmetrical jets at 30 m/s
interfere with each other to form a re-jet vortex. At a flow rate of 20 m/s, the proportion of
the mode energy reaches 92.7%. Although the jets do not collide, they interfere with the
flow field. At a flow rate of 20 m/s, the energy of each order decreases step by step, and
there is no dominant mode. The low-order POD mode represents the large-scale coherent
vortex structure of the flow field in the pipeline, and the high-order POD mode represents
the small-scale vortex structure of the flow field in the pipeline.

Figure 9a shows the first six orders of the flow velocity at 10 m/s. In Figure 8, the
proportion of first-mode energy does not reach 80% or more, as in other percentages. The
trailing lower and upper vortexes are the main components of the vortex. The first-order
mode mainly manifests as the trailing upper vortex, which exhibits incomplete symmetry.
The trailing lower vortex has relatively weak energy, and its detachment has a significant
impact on the boundary layer in the downstream flow path. The lower vortex of the
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fifth-order mode clearly exhibits regular shedding. Figure 9b shows the first six modes
of the flow velocity at 20 m/s. The jet flow has not yet collided, and the main vortex is
mainly concentrated in the trailing upper vortex, which is highly concentrated at the tail of
the jet flow. Notably, the trailing upper vortex can affect the formation of wall-mounted
vortex structures in the boundary layer at certain positions downstream of the nozzle and
continue to influence subsequent flow fields.
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Figure 8. The energy proportion of modes 1–10 at different jet flow velocities.

Figure 10a shows the first six modes at a jet flow rate of 30 m/s. As shown in the figure,
the jets collide on the central axis of the pipeline at this time, and the first-order modal
diagram shows that an obvious re-jet vortex is formed upstream of the collision center
point. Downstream of the nozzle, trailing upper and lower vortexes also form. Based on
the energy proportion graph, the energy ratio of the re-jet vortex and trailing upper vortex
under the first-order mode reaches 99%. Moreover, many small vortex structures upstream
and downstream can be captured on the higher-order modal diagram. Figure 10b shows
the first six modes at a jet flow rate of 40 m/s. The first- and second-order modes show the
upstream region of the jet hedge center, and the large vortex structure on both sides of the
pipeline central axis is consistent with the re-jet vortex in Figure 4e. The first-order mode
can clearly capture the existence of trailing upper and lower vortexes, and the energy of the
upstream re-jet vortex is concentrated in the jet hedge center. Figure 10c shows the vortex
structure of the first six modes at a jet flow speed of 50 m/s. The vortex structure is analyzed
by the energy distribution and the structural modal diagram shown. With an increasing
jet velocity, the upstream re-jet vortex structure gradually expands, and the downstream
vortex structure becomes more concentrated. In the first six modes, the upstream region of
the jet hedge center and both sides of the pipeline central axis exhibit a large re-jet vortex
structure, which is the main vortex structure upstream. The modes are symmetrical along
the central axis, which represents the main vortex structure in the flow field under these
conditions. Figure 11 shows the time domain plot of the first three POD mode coefficients.
There is a 90-degree phase difference between the first and second modes.
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3.2. The Result of PIV

Figure 12 is a photograph of the joint test between the Key Laboratory of Fluid and
Power Machinery of the Ministry of Education of Xihua University and the Chengdu
Branch of the National Oil and Natural Gas Large Flow Metering Station. Figure 13a shows
the distribution of tracer particles caused by the injection jet, where the tracer particles
are evenly mixed in the pipeline. Figure 13b shows the PIV measurement velocity flow
field, which has a uniform velocity distribution and accurate measurement. Therefore, the
vortex structure caused by the symmetrical jet filling mode is conducive to ensuring the
distribution of tracer particles and improving the snapshot quality of the PIV flowmeter.
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4. Conclusions

The effect of a jet in a pipeline is completely different to that in typical free flow. Gas
flowing through the pipeline is predominantly methane, and the flow environment is
characterized by high pressure. The flow field within the pipeline is constrained, meaning
that both the main flow and the jet streams develop within a limited empty space. As a
result, there exists a coherent structure between the jet and the cross flow, which influences
the dynamics and behavior of the flow within the pipeline. The main conclusions are
as follows:



Processes 2024, 12, 418 14 of 15

1. The jet flow interacts with the crossflow, resulting in the formation of trailing upper
and lower vortices. At lower jet flow rates, the trailing upper and lower vortices are
located above and below the nozzle, respectively.

2. As the velocity of the jet flow increases, the trailing upper vortices begin to inter-
fere with each other and gradually merge, forming a re-jet vortex. This observation
highlights the complex dynamics and interactions between the jet flow and the sur-
rounding crossflow within the pipeline.

3. The POD method is employed to analyze the coherent vortex structure in different
modes. The first and second order modes exhibit relatively high energy, enabling
them to accurately capture the coherent vortex structure of the jet.

4. Higher order modes are useful for observing and studying the growth and shedding
of small-scale vortex structures.

5. The vortex structure formed by symmetrical jet is conducive to PIV flowmeter
measurements.
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