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Abstract: When a PIV flowmeter is used to measure a large flow of natural gas, the flow field
fluctuation and particle distribution have a significant influence on the measurement accuracy and
the particle injection mode plays a key role in the flow field fluctuation and particle distribution.
To improve the measurement accuracy of PIV flowmeters, the method of filling tracer particles
in single pipes, multiple pipes, and L pipes of a natural gas DN100 pipeline under high-pressure
working conditions was compared and analyzed through numerical calculation and testing. The
results show that the disturbance distance of filling particles in L pipes was the shortest, but the
particle distribution area was small, whereas the flow metering error was large. By shortening the
intersection distance between the L tube injection flow field and the main flow field, the problem that
the particles failed to fill the test area was effectively solved, and the peak turbulence intensity at
the intersection of the flow field decreased from 13.4% to 8%. Furthermore, the optimized structure
was used to measure a flow of 100-600 m?/h with different flow rates. The relative error between
the flowmeter and the ultrasonic flowmeter was approximately 2%, and the metering deviation was
significantly improved.

Keywords: tracer particles; PIV; flowmeter; natural gas

1. Introduction

With the rapid development of the world’s industry, the demand for energy in various
countries is continuously increasing. As a high-quality and efficient primary energy
source, natural gas has become the first choice for industrial energy consumption in
various countries [1]. Natural gas is a type of gaseous hydrocarbon produced by microbial
decomposition after long-term accumulation of paleontological remains in the ground.
Therefore, the distribution of natural gas reserves in the world is related to geographical
location [2]. Countries with developed industries but small natural gas reserves need to
trade natural gas with countries with rich natural gas reserves [3]. Today, natural gas trade
plays an important role in international trade, promoting global economic integration.

Fair trade is a key premise of international trade. In the international trade of natural
gas, the accuracy of large flow measurement is particularly important not only for economic
interests, but also to maintain the stable operation of the international trade of natural gas.
At present, ultrasonic flowmeters are widely used in natural gas large flow measurement.
Its measurement principle is to use the different propagation speeds of ultrasonic waves in
different fluid flow velocities. The manufacturing cost has nothing to do with the diameter
of the pipeline, especially in large diameter, large flow measurement, has the advantages
of convenient installation and use. However, there is a high demand for measurements in
noisy environments. If the pipeline scales or the measurement environment has noise, the
measurement accuracy will be severely affected [4]. Therefore, in the international trade of
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natural gas, a new type of flowmeter with high precision and strong resistance to external
interference is urgently needed.

With the development of computers and image processing technology, the particle
image velocimetry (PIV) technique has become an important method to test the microscopic
flow characteristics of flow fields [5,6]. Xiaolong et al. used PIV testing technology to
analyze the internal flow field and pressure pulsation in the bladeless region of a pump
turbine [7], Moneib et al. studied the near-field spray characterization of an overflow
return atomizer using a PIV laser [8], Seon and Jin used PIV technology to study the effect
of buoyancy on mixed convection in vertical channels [9], and Gangfu et al. used PIV
technology to measure the velocity field in the rotating boundary layer [10]. The above
studies were all based on PIV technology, and all achieved good results.

The principle of PIV testing is that the flow field at the transparent pipe is irradiated
at a high frequency by a laser connected to a synchronizer and computer to capture tracer
particles in the flow field, and the velocity information of the flow field is obtained by
taking a series of displacement photos of particles in the flow field with a high frequency
camera [11-13]. In this type of experiment, it is necessary to form a complete set of
equipment placed around the transparent pipes, which can then be measured. This method
possesses the advantages of convenient installation and simple operation because it is
based on tracer particles of the pulsed laser refractive reaction flow field characteristics,
making it less sensitive to outside interference; furthermore, the accuracy of PIV testing
of the flow field has been thoroughly experimentally validated [14-16]. Therefore, the
application of PIV technology in large flow metering of natural gas has the advantages of
convenient installation and use, strong anti-noise ability and long service life.

The addition of tracer particles is a key step in PIV testing. At the intersection of the
particle injection flow field and test flow field, a flow field disturbance will inevitably be
generated, and under the action of shear force, the disturbance will gradually weaken and
disappear along the flow direction. In a PIV flowmeter, the distance from the confluence of
the flow field to the disappearance of the flow field disturbance is called the disturbance
distance. If the PIV flowmeter is installed within the disturbance distance, it will cause
a large metering error, so the disturbance distance must be taken into account in the
application of PIV flow timing. The particle distribution outside the disturbance distance
also affects the accuracy of the PIV flowmeter. Therefore, it is necessary to study the
disturbance distance and particle distribution of PIV flowmeters.

In this paper, a large flow DN100 natural gas pipeline is taken as the research ob-
ject, and the disturbance distance caused by different particle injection modes in the PIV
flowmeter is analyzed through numerical calculation. The injection mode with the smallest
disturbance distance is obtained, and the injection mode is optimized by combining numer-
ical calculation and testing. The measurement results of a PIV flowmeter with an optimized
structure were compared with those of an ultrasonic flowmeter to verify the feasibility of
the PIV flowmeter with an optimized structure. This study provides a theoretical reference
for the development of PIV flowmeters.

2. Materials and Methods

When using a PIV flowmeter, the injection fluid and the fluid in the main pipeline of
natural gas flow in their respective pipelines, resulting in the generation of fluid collision
and disturbance at the intersection. The entire process should follow the mass conservation
and momentum conservation equations [17]:
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where p is the fluid density, 'E; is the viscous shear stress of the fluid, and 1—3> is the volumetric
force on the fluid. Tracer particles are injected into the natural gas pipeline by the particle
injector using differential pressure and are fully mixed with the natural gas. Owing to the
action of gaseous natural gas, the virtual mass force, pressure gradient force, drag force,

and buoyancy force should be taken into account in the movement of tracer particles in the
flow field [18]:
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where m,, is the grain quality, — is the acceleration of a single particle, C; is the drag coef-

ficient, 1 is the fluid velocity, J; is the particle velocity, § is the gravitational acceleration,
and Cyy, is the fictitious quality factor.

At the confluence of the flow fields, the fluid flow state is extremely unstable, and the
turbulence intensity is an important parameter to characterize the microscopic pulsation
characteristics of the flow field. The symbol I is used to represent the intensity of turbulence:
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When exploring the flow characteristics of the flow field in the pipeline, turbulence
intensity is an important standard. When the turbulence intensity is small, the flow field
tends to be stable [19-21].

The above Equations (1)—(7) is integrated through the numerical simulation software
FLUENT, and we use FLUENT to simulate the flow field of natural gas pipeline in this
paper.

The principle of PIV flow measurement is that the laser emitted by a pulsed laser
source is used to form a sheet light source in the measurement area through a sheet light
lens. The tracer particles, which are fully mixed with natural gas, pass through the light
area. The flow characteristics are captured by a CCD camera, the particle velocity vector is
calculated by the built-in PIV algorithm, and the particle velocity is replaced by the flow
field velocity.

In the measurement section of a DN100 natural gas pipeline, the axial change of the
flow field velocity can be ignored because the axial distance is short and there is no flow
stopper inside the pipeline. The radial distribution of the flow velocity is similar to that
of circular straight pipe, which gradually decreases from the axial center along the radial
direction. We take a certain axial section of the measuring section and calculate the flow
rate through the section by method of the ring integral.

The principle of the loop integral is as follows: In the internal PIV algorithm DPIV, the
calculation area (Line A) is automatically divided into equal distances, divided into several
small areas, and defined as the query area. As shown in Figure 1. The average velocity
of the tracer particles in the query area is used to replace the flow velocity of the query
area. We define VY as the speed of query area N, V1 as the speed of query area N + 1,
Ry as the distance from query area N to the center of the pipeline, and Ry as the distance
from query area N + 1 to the center of the pipeline. Query area N is adjacent to query area
N + 1, and Rn;41 > Rn. We define the area of a ring with an inner diameter Ry and an outer
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diameter Rn;1 as Sy. The product of Sy and Vy is the flow rate through the annular region.
The flow through each annular area is the sum of the flow through that section.

Center line

Query area

’

o @
-1 Nn Nn+1

@
N

n

Figure 1. Loop integral diagram.

In order to explore the influence of particle injection modes on the disturbance distance,
in this study, we perform numerical calculation regarding a single pipe injection, multi-pipe
injection, and L pipe injection, and compare the disturbance distance. The model is shown
in Figure 2. The diameter of the main pipe is 100 mm, and the total length of the main pipe
is 5000 mm. The vertical intersection of the flow field causes backflow. In order to prevent
the flow from flowing out of the control body under the action of backflow, ensure the full
development of the main flow field, and increase the stability of the calculation, the filling
pipe is placed 800 mm away from the inlet of the main pipe.

CASEl CASE2 CASE3

Figure 2. Particle injection modes.

In the PIV flowmeter, when the diameter of the filling pipe is too large, the high
pressure resistance of the pipe is affected; when the diameter is too small, the particles are
blocked, resulting in particles that do not mix well with the natural gas fluid. Therefore, in
this study, the diameter of the filling pipe is 6 mm.

After being pressurized by the particle emitter, the tracer particles are transported to
the vertical section of the filling pipe through a hose, then enter the main flow field and
fully mix with the main flow field. If the vertical pipeline length is short, the flow pattern
of the injection flow field cannot be fully developed; if the vertical pipeline length is long, it
wastes processing materials and impairs the connection between the hose and the vertical
pipeline. After the field investigation of the natural gas large flow measuring station, the
optimal vertical length was determined to be 200 mm. The horizontal pipe length (Lx) of
the L-type filling is 80 mm (see Figure 3).
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Figure 3. Schematic diagram of L pipe.

The grid model draws the structural grid using ICEM, and the grid independence test
shows that when the grid number of the three schemes reaches 4,933,259, the speed of the
monitoring points changes only minimally with an increase in the grid number.

The numerical calculation is carried out with fluent 18.2, and the axial direction of the
main pipe is x direction. The inlet is set as a mass inlet, the fluid medium is methane, the
density is the ideal gas density, the operating pressure is 2 MPa, the operating temperature
is 20 °C, the difference between the injection pressure and the main pressure is 0.5 MPa,
the particle model is a droplet model, the particle size is 10 pm, and the mass flow is
1 x 102 kg/s. The particles are affected by the drag force, buoyancy force, pressure
gradient force, and virtual mass force in the flow field. Since there is a large pressure
gradient in the calculation, the realizable K-¢ turbulence model have been used. The wall
has a reflection effect on particles, and the reflection angle is 45°.

3. Results
3.1. Disturbance of Flow Field Caused by Different Filling Methods

Figure 4 shows the cloud diagram of turbulence intensity distribution in the main
pipeline at a flow rate of 100 m®/h and an injection pressure of 2 MPa. When the tur-
bulence intensity decreases to 3%, it has little influence on the measurement results of
the PIV flowmeter, and the disturbance caused by confluence is negligible. Therefore, at
100 m3/h and 2 MPa, the disturbance distance of the three schemes is four times the pipe
diameter. Thus, there is no significant difference between the three schemes in terms of the
downstream disturbance distance when the flow rate is small.

-0.08

0.05

oLl |
Starting | Disturbance vanishing position
™ position |

\ / CASE3

2
N(m)

-0.05

Figure 4. Turbulence intensity caused by different filling modes.
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Figure 5 shows a comparison of the disturbance distances of the three schemes under
the same injection pressure and different flow rates. As shown in Figure 5, the disturbance
distance of each scheme increases with an increase in the flow rate, among which CASE2
has the largest growth rate and CASE3 has the smallest growth rate. In addition, the
disturbance distance of CASE3 tends to be stable after the flow rate of 400 m3/h, and
does not continue to increase with an increase in the flow rate. The main reason for this
phenomenon is that the injection flow fields of CASE1 and CASE?2 intersect vertically with
the mainstream field, resulting in a large disturbance of the mainstream field. In addition,
the injection flow field of CASE2 intersects with the mainstream field in four directions,
so the disturbance distance of CASE2 is large. The filling flow field of CASE3 is in the
same direction as the flow field of the main flow field, and the disturbance caused by the
confluence of the flow fields is small. However, because the filling pipe of CASE3 needs to
extend into the main pipe, it has a blocking effect on the main flow field. Therefore, the
flow field disturbance in CASE3 mainly comes from fluid impinging on the filling pipe,
and this disturbance also increases with an increase in the flow rate in the main flow field;
however, the disturbance disappears quickly. Therefore, after CASE3 reaches 400 m®/h,
the disturbance distance of the flow field no longer increases. Of the three filling modes,
CASE3 has the least impact on the mainstream field. Therefore, in this PIV flowmeter
test, CASE3 is selected as the particle filling mode, and the installation position of the PIV
flowmeter should be greater than eight times the pipe diameter.

B CASE | A
12 b [l CASE 2 12
[ CASE3

Disturbance distance (Pipe diameter times)

100 300 400 600
Flux (m*/h)

Figure 5. Relationship between disturbance distance and flow rate for different schemes.

3.2. Analysis of Measurement Results of PIV Flowmeter with CASE3 Filling Mode

The optimal position of the PIV flowmeter was obtained through numerical calcula-
tion when the CASE3 particle filling mode was applied. Considering that the disturbance
distance would be adversely affected by unstable filling pressure in actual working con-
ditions, the PIV device was installed at a pipe diameter 20 times from the intersection of
the flow field. Figure 6 shows the particle charging device; the tracer particle test uses the
droplets of particle size of 10 um. In the initial stage, the particle injection pressure was set
to 2.1-2.3 MPa. However, compared with the atmospheric pressure, the concentration of
tracer particles captured by the CCD camera was significantly reduced in the high-pressure
natural gas test. According to our analysis, this was caused by the increase in gas pressure
and the speed of gas flow. As the gas velocity increases, the tracer particles can travel longer
distances per unit time, which means that the concentration of the tracer particles becomes
thinner in the fixed volume of the visible pipe. Therefore, to increase the concentration of
tracer particles in the visible pipe, we adjusted the filling pressure to 2.5 MPa. Filling the
device through the resistance to the high-pressure hose connected to the particle filling gas
DN 100 pipeline. The gas flow rate is controlled by the upstream flow-limiting valve; in the
test process, the natural gas flows are 99.81, 196.54, 300.18, 402.11, 501.35 and 598.66 m3/h.
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The corresponding time intervals (At) between two laser pulses of the PIV system are 100,
90, 80, 70 and 60 ps, respectively.

Figure 6. Particle charging device.

Figure 7 contrasts the PIV flowmeter measurement results with the ultrasonic flowme-
ter measurement results. The figure shows that in small flow conditions, the relative errors
of the two kinds of flowmeter measurement results are small, indicating reliable measure-
ment results. However, with an increase in the flow rate, the PIV flowmeter and ultrasonic
flowmeter measurement results are significantly different; in the 600 m3/h case, the rel-
ative error value reached more than 6% (relative error value = (ultrasonic measurement
results—PIV measurement results)/ultrasonic measurement results).

700 T T T T T T 7

—e— Ultrasonic flowmeter
600 p —— PIV flowmeter
—e— Relative error

E=N wn (=)
Relative error (%)

w2

1
2

t

0 1 1 1 1 1 1
1 2 8 4 5] 6

Operating point

Figure 7. Measurement error.

Through the analysis of the particle vector map taken by a CCD camera, it is found
that the tracer particles and main gas are not fully mixed under high flow rates, hence the
particles do not fill the entire pipe. To improve the metering accuracy of PIV flowmeters, it
is necessary to study the particle distribution law.

3.3. Influence of Flow Rate on Particle Distribution

Figure 8 shows the distribution of CASE3 tracer particles at different flow rates under
the pressure difference of 0.5 MPa. As shown in Figure 8, when CASES3 is used to add
tracer particles, the tracer particles are mainly concentrated in the center of the pipeline,
which has a great impact on the measurement results of the PIV flowmeter. Tracer particles
are mainly concentrated in the center of the pipeline, and with an increase in the flow rate,
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the particles tend to be close to the center of the pipeline, so the metering errors of the
PIV flowmeter and ultrasonic flowmeter increase with an increase in the flow rate. At
100 m3/h, the particle distribution area accounts for about 16% of the cross-sectional area of
the pipeline. At 300 m?/h, this value decreases to about 4% of the pipeline cross-sectional
area; at 600 m?/h, this value further decreases to approximately 1% of the cross-sectional
area of the pipeline. As the flow rate of the main pipe increases, the fluid flow pattern
fully develops and the flow field pulsation decreases, so the pulsation of the flow field
itself cannot cause the particles to reach the area near the pipe wall, which explains this
phenomenon. Thus, when tracer particles are injected into the L tube, the distribution
area of particles is inversely proportional to the velocity; thus, reducing the velocity is one
measure by which the distribution area of particles can be effectively increased. However,
under certain conditions, large velocities cannot be avoided, so this method of reducing
the velocity cannot be applied to all fields.

DPM (kg/m?3)

2.4 4.9 7.3 9.8 12 15 17 20 22 (x1019)

&5

Distance in Y direction of pipe axis section (m)

100 m3/h

300 m3/h

Distance in Y direction of pipe axis section (m)

Distance in Y direction of pipe axis section (m)

L L
-0.04 002 o
Distance in Z direction of pipe axis section (m) Distance in Z direction of pipe axis section (m)

' N 1 h 1 L
002 .04 004 0.02 0 0.02 004

600 m3/h

L N 1 L
-0.04 -0.02 0 0.02 0.04

Distance in Z direction of pipe axis section (m)

Figure 8. Particle mass concentration distribution at different flow rates.

3.4. Influence of Pressure Difference on Particle Distribution

Figure 9 shows the tracer particle distribution at 100 m3/h and different pressure
differences. Figure 9 shows that at 0.5 MPa, the particle distribution area accounts for about
16% of the cross-sectional area of the pipeline. At 1.0 MPa, the particle distribution area
accounts for about 21% of the cross-sectional area of the pipe. At 1.5 MPa, the particle
distribution area accounts for about 25% of the pipe cross-sectional area. It can be seen that
an increase in the pressure difference can improve the distribution of particles, because
when the pressure difference is increased, the velocity of the particles at the outlet of
the injection pipe increases, the partial velocity of particles at the outlet along the radial
direction increases, and the particles have more momentum in the radial direction, and
thus they tend to spread to the wall of the pipe.

Figure 10 shows the curve of the main flow field disturbance range caused by CASE3
under different pressure differences. It can be seen from Figure 10 that, with an increase in
the pressure difference, the disturbance intensity at the flow field intersection increases,
but the disturbance range does not change significantly. Therefore, increasing the injection
pressure difference can improve the particle distribution with fewer side effects, but the
pressure resistance of the pipe wall needs to be considered. Hence, increasing the pressure
difference cannot fundamentally solve the phenomenon of small particle distribution area.
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Figure 9. Particle mass concentration distribution at different pressure differences.
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Figure 10. Disturbance range of different pressure difference to main pipeline.

3.5. L-Shaped Injection Tube Optimization

The structure of CASE3 is optimized to account for the distribution area of tracer
particles is small in CASE3. As the distribution area of tracer particles is small because the
radial velocity of the particles is too small, and the horizontal section in CASE3 has the
effect of drainage, its length is the key to affect the radial velocity of particles. Therefore,
shortening the intersection distance between particles and the main flow field (shortening
the horizontal section of CASE3) is the fundamental method to solve the small distribution
area of tracer particles in CASE3 under high pressure conditions. In order to explore the
relationship between the length of the horizontal section of CASE3 and the distribution of
tracer particles, L-shaped tubes with Lx = 80 mm, 50 mm, and 0 mm were calculated, and

the distribution law of tracer particles was obtained as shown in Figure 11.
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Figure 11. Particle mass concentration distribution with different optimized structures at 0.5 MPa.

Figure 11 shows that the horizontal distance of CASE3 plays a decisive role in particle
concentration distribution. When Lx = 50 mm, the particle distribution area increases,
accounting for approximately 36% of the cross-sectional area of the pipeline compared
with the original structure, but the particles still cannot fill the pipe. When the horizontal
section is removed (Lx = 0 mm), the tracer particles can reach the area near the pipe wall
and fill the entire pipe. In order to understand the disturbance of the optimized CASE3
flow field, the axial turbulence intensity distribution of the main flow field is compared.
Figure 12 shows that the axial turbulence intensity distributions with different Lx values
are similar. As the intersection distance between the injection flow field and the main flow
field decreases after shortening the horizontal section, the peak position of the turbulence
intensity is shifted. Moreover, as the surface area of the CASE3 filling pipe into the main
pipe decreases, the flow field disturbance caused by the main flow field impinging on the
wall of the filling pipe decreases, so the peak turbulence intensity decreases from 13.4% to
8%. Therefore, the length of the horizontal pipe is set to 0 mm, which is the optimal value.

e 80 mm
* 50mm
0 mm

Turbulence intensity / %

0.0 0.4 0.8 1.2 1.6 2.0

Axial distance / mm

Figure 12. Disturbance of flow field according to length of horizontal section of L-shaped
injection tube.

In order to verify the accuracy of numerical calculation, the speed on the axis of the
test section is analyzed, as shown in Figure 13, where CV is the numerical calculation result
and EV is the PIV measurement result. It can be seen from the figure that there is a certain
error between the speed value measured by PIV and the test value calculated numerically.
The reason is that the smooth wall is used in the numerical calculation, but there is a loss
along the wall in the actual working condition. If the loss along the way caused by wall
friction is considered in the calculation, the amount of calculation will increase sharply.
Therefore, the pipe wall friction is ignored in the calculation, but the overall trend of the
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calculation results is basically consistent with the measurement results, which can prove
the accuracy of the test.

5.6

— 80mmCV — 50mmCV — 0 mmCV
55k — 80mmEV — 50mmEV — 0 mm EV

\i

W
w
T

Velocity (m)
L
()

\\\

4.9 1 L 1 1 1 1 1
19 20 21 22 23 24 25 26 27

Axial distance (m)

Figure 13. Calculated value is compared with the result value.

3.6. Experimental Verification Test

In order to verify that the optimized CASES3 particle distribution can meet the metering
requirements of PIV flowmeters, in this study, we performed a test on the optimized CASE3,
which was jointly completed by the Chengdu Branch of the National Oil and Gas Large
Flow Metering Station and the Key Laboratory of Fluid and Power Machinery of the
Ministry of Education of Xihua University. The optimized CASE3 is shown in Figure 14.
The horizontal section of CASES3 is eliminated in the optimized structure, and the filling
pipe is extended into the main pipe through radial holes in the flange plate; in addition,
the flange with the filling device is tightly connected to the main pipe with bolts. Figure 15
shows the field test setup. After the device is connected, the double-cavity double-pulse
laser is opened to form a slice light source in the metering section, and the 16-bit cross-
frame PIV camera is used to collect data in the testing section. Table 1 shows the basic
parameters of the PIV devices. Figure 16 shows the comparison between the metering
results of a PIV flowmeter with the optimized structure and that of an ultrasonic flowmeter.
As shown in Figure 15, the PIV flowmeter used with the optimized CASE3 has a maximum
error value of about 2% between the metering results and the ultrasonic flowmeter at
each metering flow rate, and the metering results are good. This result verifies that the
optimized structure is applicable to PIV flowmeters.

Figure 14. Particle filling section.
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Figure 15. Field test setup.

Table 1. Main technical parameters of PIV system.

Main Parameters Technical Indices

Measure the 2D velocity field distribution on a plane

Function to obtain U, V velocity components, vorticity, velocity
gradients, streamlines, etc.
Speed measurement range 0-1000 m/s
Speed measurement accuracy U, V components < 1% of reading
Measured area Flow field area > 900 mm x 1000 mm
Overall operating frequency 15 Hz
Bits 16 bits

| —e— Ultrasonic flowmeter
——PIV flowmeter dz
—e—Relative error

Relative error (%)

o

1 2 3 4 5 6
Operating point

Figure 16. Measurement error.

4. Discussion

In this study, the method of adding tracer particles in a PIV flowmeter was investigated
by combining numerical calculations and experiments. The disturbance distance of the
flow field caused by the confluence of the flow field was compared with that of single pipe
injection, multi-pipe injection, and L pipe injection of tracer particles, and the relationship
between disturbance distance and flow rate was obtained. At a flow rate of 600 m?/h, the
disturbance distance of single pipe filling, multi-pipe filling, and L pipe filling was 10, 12
and 8 times the pipe diameter, respectively. In comparison, the disturbance distance caused
by L pipe filling was the shortest, hence the L pipe filling mode was preferred during
the test.

However, the relative error between the measurement results of the PIV and ultrasonic
flowmeters was larger than 6% when the L tube is filled. By observing the test process and
data, it was found that the non-uniform distribution of particles was the main cause of the
measurement error.
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The relationship between the particle distribution, flow rate, and injection pressure
was studied using numerical calculations. It was found that the flow rate is inversely
proportional to the particle distribution area, and the injection pressure is positively pro-
portional to the particle distribution area.

However, the desired effect was not achieved by improving the working conditions.
To this end, the structure of the L pipe was optimized. By shortening the intersection
distance between the injection flow field and the main flow field, the radial velocity of the
particles at the outlet of the injection pipe was increased such that the particles were fully
mixed with the natural gas in the main flow field, and the measurement requirements of
the PIV flowmeter were met. The optimized structure did not increase the disturbance
distance of the flow field, and the peak turbulence intensity at the intersection of the flow
fields decreased from 13.4% to 8%.

The optimized structure was used to measure the flow rate of 100 m®/h to 600 m3/h
in six different conditions. In each condition, the maximum relative error of the PIV and
ultrasonic flowmeter was about 2%, and the measurement deviation was significantly
improved. However, in the natural gas large flow measurement, the manifold structure
also has a certain influence on the measurement results of the PIV flowmeter. This study
was based on the ideal state of natural gas flow field flow and did not consider the manifold
structure on the measurement results; this will be considered in future work.

5. Conclusions

A natural gas pipeline is the object of this study, and the method of combining
numerical calculations and tests is applied to the PIV flowmeter to compare and analyze
the disturbance distance caused by three different particle injection modes: single pipe,
multiple pipes and L pipe. It is found that the disturbance distance of the downstream flow
field caused by the injection of the L pipe is the smallest, but the particle distribution area is
small, which leads to a large relative error between the measurement results of the L-tube
and those of the ultrasonic flowmeter. By shortening the intersection distance between
the L tube injection flow field and the main flow field, the problem that tracer particles
cannot fill the test area is effectively solved. Comparing the measurement results of the
optimized PIV flowmeter with those of the ultrasonic flowmeter, the measurement relative
error is approximately 2%. The measurement deviation from the ultrasonic flowmeter
is significantly improved, which verifies the feasibility of the optimized structure in the
PIV flowmeter.
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Nomenclature

0 Fluid density

x, Hy, pz  Fluid velocity in x, y, and z directions
[4 Fluid pressure

17-]- Viscous shear stress of the fluid
T:) Volumetric force on the fluid
my Grain quality

% Acceleration of a single particle
U Fluid velocity

— . .

Uup Particle velocity

Py Grain density

¢

g Gravitational acceleration

d; Particle size

7 Fluid viscosity

Com Fictitious quality factor

Cy Drag coefficient

Re Reynolds number

T Relaxation time of the particle
ai,ay,as Particle smoothness constants
W Root mean square of the fluid pulsation velocity
I Turbulence intensity
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