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In high-sulfur natural gas stations, vent pipelines, especially at their elbows,
experience acidic corrosion and erosion, which affects the safety of the
pipelines. On-site wall thickness measurements of pipelines are empirical and
random, failing to provide a comprehensive and accurate reflection of the
corrosion status of the entire vent pipeline. This study used computational fluid
dynamics (CFD) to simulate an actual high-pressure vent pipeline. By analyzing
the flow field distribution, the location of liquid phase accumulation was
determined, and the areas of severe erosion were identified. This information can
provide a basis for selecting reasonable corrosion measurement points on-site.

CFD simulation, liquid phase accumulation, erosion, vent pipeline, high-sulfur natural
gas station

1 Introduction

The vent pipeline is an indispensable component of natural gas stations, with its primary
function being to discharge substances that may jeopardize the normal operation and
maintenance of the pipeline, thereby ensuring the stable and safe operation of the natural
gas station. However, the corrosion issue in vent pipelines, particularly those in high-sulfur
natural gas stations, has become a critical factor affecting their safety and reliability. High-
sulfur natural gas contains a large amount of hydrogen sulfide (H,S), and in the presence
of liquid water, vent pipelines face two main corrosion mechanisms: acidic corrosion and
droplet erosion (Zhao et al., 2016; Xu et al., 2017; Fujisawa et al., 2015). Acidic corrosion
arises from the reaction of hydrogen sulfide with liquid water to produce acidic substances,
leading to chemical corrosion of metal materials; droplet erosion stems from gas flow
carrying droplets that impact the inner surface of the pipeline during venting, causing
surface wear. Both mechanisms result in wall thickness reduction, thereby shortening the
service life and threatening overall safety.

To safeguard the vent pipelines, regular wall thickness measurements are typically
required. When selecting measurement points, on-site personnel often rely on experience to
choose corrosion-prone areas, such as elbows, tees, and reducers, which are more susceptible
to corrosion due to changes in fluid flow direction. However, this empirical method lacks
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systematic theoretical support. Additionally, vent pipelines are
frequently installed at high elevations with small diameters, making
on-site inspections operationally challenging; some buried pipelines
also have detection blind spots. Therefore, on-site measurement
methods have limitations and cannot comprehensively or accurately
assess the corrosion condition of the entire vent pipeline.

To overcome these challenges, researchers in recent years have
developed various methods for predicting internal corrosion,
primarily focusing on identifying locations of liquid water
accumulation and erosion. A literature review indicates that
significant progress has been made in using computational fluid
dynamics (CFD) to predict corrosion in general pipelines, especially
in natural gas transportation pipelines. For example (Hu and Cheng,
2016), employed CFD simulations to analyze the distribution
of water phase volume fraction and wall shear stress in two-
phase fluid flows, thereby identifying water accumulation zones
and determining potential corrosion areas (Chen et al, 2017).
Explored the droplet carrying mechanisms and liquid accumulation
formation in engineering pipeline transportation processes,
verifying a good match between predicted corrosion locations
and actual corrosion points(Fujisawa et al., 2016). Constructed a
numerical method combining Euler/Lagrange CFD models with
erosion models to evaluate the effects of factors such as droplet
velocity, diameter, number density, impact angle, material hardness,
liquid film thickness, and erosion depth on wall thinning rates
(Hong et al., 2021). Investigated erosion patterns in structures like
rectangular pipes and tees, finding that erosion is most intense at
the blind end of blind tee pipes. In addition, Maruschak et al. (2016)
explored visual assessment and classification methods for corrosion
defects to support corrosion prediction and management.

Further research has extended the application of CFD in
predicting erosion-corrosion in pipeline elbows and bends under
multiphase flows. For instance, Darihaki et al. (2021) developed
a CFD method that considers particle sizes near the wall and
evaluates the wall effects on particle motion and elbow erosion,
emphasizing differences in erosion patterns for small particles in
liquid flows under gas and liquid flow conditions. Sedrez et al. (2019)
analyzed erosion in 90° elbows under liquid-dominated liquid-
solid and dispersed-bubble-solid flows through experiments and
CFD simulations, confirming that the maximum erosion locations
predicted by CFD are near the elbow outlet, consistent with
experimental data (Zahedi et al., 2017). Used CFD to simulate
multiphase flows and erosion under annular flow and low liquid
loading conditions, investigating particle impact characteristics
and validating liquid film thickness trends (Dubey et al., 2011).
Coupled discrete element modeling (DEM) with CFD to predict
erosion in pipeline elbows, incorporating particle shapes and
interaction factors to improve accuracy over single-particle models.
Mazumder et al. (2004) proposed a mechanistic model to predict
sand erosion in multiphase flows in elbows downstream of
vertical pipes, considering particle impact velocities and validated
by experimental data. In addition, Shi et al. (2023) integrated
CFD modeling with corrosion sensor optimization to enhance
corrosion monitoring effectiveness. These works fully demonstrate
the effectiveness of CFD in simulating flow dynamics, liquid
distribution, and erosion, applicable to various natural gas pipeline
configurations involving solid particles or multiphase flows.
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Despite these notable advancements, research on corrosion
prediction specifically for vent pipelines in high-sulfur natural
gas stations remains relatively limited. Most existing studies focus
on production or transportation pipelines, with few addressing
the unique characteristics of vent systems, such as high pressure,
intermittent venting conditions, complex geometries (e.g., small-
diameter vents at high elevations), and high H,S concentrations.
In high-sulfur environments, recent works such as (Peng et al.,
2024) simulated corrosion in high-sulfur low-pressure vent pipelines
based on wall liquid phase aggregation and droplet erosion,
analyzing flow fields and liquid deposition to predict corrosion-
prone areas with a 90% accuracy match against field data (Li et al.,
2025). Assessed corrosion in medium-pressure vent pipes at high-
sulfur field stations through numerical analysis of internal wall
liquid phase distribution, verifying the reliability of the prediction
method based on flow dynamics and H,S distribution.

These gaps in the literature—including the lack of dedicated
CFD applications for high-sulfur vent pipelines, insufficient field
data validation, and the absence of quantitative associations between
simulation parameters (such as liquid phase volume fraction) and
corrosion severity—highlight the novelty of this study. Specifically,
this research: (1) applies CFD to high-pressure vent pipelines in
high-sulfur natural gas stations, a configuration rarely explored in
the literature; (2) integrates CFD simulation results with on-site
ultrasonic wall thickness measurements for practical validation; (3)
quantitatively establishes the correlation between simulated liquid
phase volume fraction and measured corrosion severity, providing a
scientific basis for optimizing inspection point selection.

Based on the literature review, the objectives of this study
are: (1) to use CFD to simulate gas-liquid two-phase flow, liquid
accumulation, and droplet erosion in vent pipelines, identifying
corrosion-sensitive areas; (2) to validate simulation results through
on-site wall thickness measurements; (3) to derive quantitative
correlations to improve the selection of corrosion monitoring points,
thereby enhancing the safety and reliability of the station.

2 Numerical simulation
2.1 Basic physical model

2.1.1 Governing equation

The Mixture model (Equations 1-3), which is a simplified
approach within the Eulerian-Eulerian framework (Manninen et al.,
1996), was used in this study. In this model, both phases are treated
as interpenetrating continua, but the slip velocity between phases
is simplified compared with the full Eulerian-Eulerian method,
making it particularly suitable for dilute gas-liquid flows.

9P
W+V-(pmum):0 (1)
l n n
Uy = — Z NPty = Z Crl (2
Pm k=1 k=1
Pm = z XkPr ®)
k=1

where p,,, is the average density of the mixture phase, kg/m?; pj is
the density of the k phase, kg/m?; u,, is the average velocity of the
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FIGURE 1
3D model of the high-pressure vent pipeline.
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mixture phase, m/s; u;, is the velocity of the k phase, m/s; and a; is
the volume fraction of the k phase, %.

2.1.2 Turbulence model

The RNG k-¢ model (Equations 4 - 6) (Wang and Hu, 2012) was
selected in this study because it improves the prediction of swirling
and recirculating flows in curved ducts compared with the standard
k-¢ model, while retaining numerical robustness and moderate
cost. For the present high-Reynolds-number elbow flow, pilot runs
showed stable convergence and physically realistic secondary-flow
(Dean vortex) structures. We also screened the realizable k-¢ (and
SST k-w for a subset); key distributions (velocity magnitude and
liquid holdup) differed within 5%, so RNG k-¢ was adopted for the
full matrix. The relevant equations are as follows:

o _ 0 [(,, B\, g
Plion, axi[<”+ak>ax,. * G pe )
oe 0 V;)Bs] £ &
2z -2 ) 46,68 -Gps 5
pulaxi axi|:<1u+ak axi le kk 2£pk ( )
kZ
ut:pC#? (6)

where k is turbulent kinetic energy, kg-m-s'; & is turbulent
dissipation rate, m?/s*; G, is turbulent kinetic energy generated
by the average velocity gradient, kg-m-s'; g, is turbulent viscosity,
Pa-s; RNG theoretical analysis shows that G,, = 1.42, G,, = 1.68,
Cy =0.0845 (Peng et al., 2020).
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2.1.3 Erosion model

The built-in Fluent liquid-droplet impingement erosion model
(Liu et al.,, 2022) was selected in this study because it explicitly
accounts for droplet diameter, impact angle, and relative velocity,
all of which are dominant factors in droplet erosion under gas-
carrying vent conditions, and it has been widely applied to elbows.
The relevant equations (Equations 7-10) are as follows:

N m,C(d,) f(B)u,")

ER= (7)
n=1 Af
£(6) =2.690 + 1.616* - 8.846° + 7.336" - 1.856° (8)
C(d,)=1.8x107 9)
b(v)=2.6 (10)

where N is the number of colliding particles; m,, is the mass flow rate
of the particles, kg/s; C(dp) is a function of the particle diameter;
b(v) is a function of the relative velocity; Af is the area of the wall
calculation unit, m% and u, is the velocity of the particles relative to
the wall, m/s.

2.2 Numerical model
In this study, CFD numerical simulation was used to analyze

the high-pressure vent pipeline at a natural gas station in Sichuan
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FIGURE 2
Influence of mesh size on calculation results.

Province, China, with a high sulfur content, in order to identify
corrosion-sensitive areas. The three-dimensional model in Figure 1
was constructed directly from the as-built geometry measured on
site. Using the field geometry enables the CFD to reproduce the real
layout and boundary conditions of the high-sulfur vent pipeline, so
that the simulated liquid accumulation and erosion locations are
representative of the plant configuration.

The pipeline had four elbows, namely, Elbow 1, Elbow 2, Elbow 3,
and Elbow 4. Each elbow was marked with three planes: the 0° plane,
the 45° plane, and the 90° plane. According to the flow direction of
the fluid, the fluid first passed through the 0° plane, followed by the
45° plane, and finally the 90° plane. Therefore, the 0° plane included
planes 1, 4, 7, and 11; the 45° plane included planes 2, 5, 8, and
12; and the 90° plane included planes 3, 6, 7, and 13. In addition,
12 measurement points were set on each plane. The total length
of the pipeline was 4,870 mm, with a nominal diameter of 80 mm.
According to on-site measurements, the operating pressure of the
high-pressure vent pipeline was 7 MPa, the operating temperature
was 14 °C, and the densities of the gas and liquid phases were
0.83 kg/m® and 997.295 kg/m?, respectively, with a liquid phase
content of 0.198%.

The CFD simulations were performed using ANSYS Fluent
2022 under steady-state conditions, consistent with the station’s
stable operating regime. The RNG k-¢ turbulence model, detailed
in Section 2.1.2, was used for all cases to capture the turbulent
characteristics of the gas-liquid two-phase flow in the elbows. The
SIMPLE pressure-velocity coupling algorithm was adopted, while
all transport equations (momentum, volume fraction, and energy)
were discretized using the second-order upwind scheme to improve
numerical stability and accuracy. Gradients were computed using
the Green—Gauss cell-based method.
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Convergence was considered achieved when the scaled residuals
of all governing equations dropped below 1 x 107>, and the
monitored outlet mass flow rate remained stable within +0.5%
over 200 iterations. To ensure the reliability of near-wall shear and
liquid film predictions, the mesh near the pipe walls was refined to
maintain a dimensionless wall distance of 30 < y*<100, which is
appropriate for the standard wall function employed by the RNG
k-¢ model. A grid independence test confirmed that further mesh
refinement resulted in less than 2% variation in wall shear stress and
liquid phase volume fraction.

These numerical settings ensured convergence stability, near-
wall resolution adequacy, and reliable reproduction of the liquid
accumulation and erosion-prone regions in the high-sulfur
vent pipeline.

In the numerical model, the flow velocity measured on-site
(15 m/s) was set as the inlet velocity. Since the flow being simulated
was viscous, the wall was chosen as a no-slip wall, meaning both the
tangential and normal velocities at the wall were set to 0. To achieve
more convergent results, the turbulence specification method was
set to intensity and hydraulic diameter, with the turbulence intensity
set to 5% and the hydraulic diameter set to 30 mm. This study aimed
to identify potential high-risk regions of liquid accumulation and
erosion. The maximum liquid volume fraction was used to quantify
the spatial distribution and local concentration of the liquid phase at
the wall, whereas the maximum liquid film thickness characterized
the properties of the two-phase interfacial layer, which regulated
droplet impact frequency and effective impact energy by influencing
film cushioning, re-entrainment, and near-wall shear. To prevent the
model mesh size from affecting the calculation results, the mesh
size was gradually reduced, and the variations in the maximum
liquid volume fraction and the maximum liquid film thickness along
the pipe wall were analyzed to determine a reasonable mesh size.
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The corresponding mesh element counts for the some tested sizes
were approximately 85 x 10% (5 mm), 200 x 10* (4 mm), and 450
x 10% (3 mm). The analysis results showed that when the mesh size
was 3 mm, the maximum liquid volume fraction and the maximum
liquid film thickness no longer changed significantly as the mesh size
decreased, as shown in Figure 2. Therefore, a mesh size of 3 mm was
chosen, with mesh refinement applied to the pipe elbows.

3 Result analysis

The analysis proceeded as follows: first, the velocity field
and secondary-flow structures across the 0°, 45° and 90° planes
(Figure 3) were described; second, liquid accumulation was
quantified using the maximum wall liquid volume fraction and
wall film thickness (Figures 4, 5); third, droplet trajectories and
erosion patterns obtained from the DPM solution were analyzed
(Figures 6-8); finally, the simulated high-risk zones were compared
with the on-site wall-thickness losses (Table 1), and the correlation
summarized in Figure 10 was emphasized.

3.1 Internal flow field of pipeline

3.1.1 Flow fields in different planes

Figure 3 shows the velocity distribution of the fluid at different
planes of the elbow. The fluid first entered Elbow one from
the inlet (Figure 3a), where the flow direction changed and the
maximum velocity shifted toward the outer side of the elbow. The
airflow on the inner side of the elbow flowed in the opposite
direction of the main gas flow, resulting in a backflow phenomenon
(Li et al.,, 2025). When the fluid entered Elbow 2 (Figure 3b), the
backflow phenomenon on the inner side of the elbow became
more pronounced, and the highest velocity continued to shift
toward the outer side of the elbow. The secondary flow intensity
increased, and the backflow region gradually expanded. After the
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fluid entered Elbow 3 (Figure 3c), the backflow phenomenon slightly
weakened at the 0° plane, and the highest velocity shifted toward
the center axis. As the fluid passed through the other two planes
of the Elbow 3, the highest velocity shifted back toward the outer
side of the elbow, and the backflow phenomenon strengthened.
Before entering Elbow 4, the fluid passed through a relatively long
horizontal section, where the secondary flow intensity gradually
decreased and the backflow phenomenon weakened. However,
after entering Elbow 4 (Figure 3d), the backflow phenomenon
reappeared.

Overall, Figure 3 reveals the secondary flow and backflow that
govern droplet migration; the observable velocity core shift and
inner-wall recirculation foreshadow the liquid accumulation trends
discussed in Figures 4, 5.

3.1.2 Liquid distribution in different planes

Figure 4 shows the maximum liquid phase volume fraction at
different planes of the high-pressure vent pipeline. It can be observed
that the maximum liquid phase volume fraction peaked at the
90° plane (i.e., plane 6) of Elbow 2, and fluctuated the most in
the continuous elbow section (i.e., planes 1-6). This was due to
the severe backflow phenomenon at the continuous elbow section,
where the liquid phase accumulated extensively on the outer side
of the elbow under the combined effects of secondary flow and
gravity. Influenced by the secondary flow formed by Elbow 2, the
liquid phase volume fraction at the 0° plane (i.e., plane 7) of Elbow
3 decreased slightly. However, after entering the 45° and 90° planes
(i.e., planes eight and 9) of Elbow 3, turbulence intensified, and
under the effects of centrifugal force and gravity, the liquid phase
re-accumulated, leading to a higher liquid phase volume fraction on
the outer side of the elbow. In the horizontal sections (planes 10, 14),
the fluid flow gradually stabilized, and the liquid phase accumulation
was significantly alleviated compared to the elbow. In these sections,
the liquid phase accumulation was mainly dominated by gravity, so
the liquid phase primarily accumulated at the bottom of the pipeline.

To further clarify the liquid phase accumulation positions at
each plane, the liquid phase distribution diagrams at various planes
were extracted, as depicted in Figure 5. After the fluid entered Elbow
1, the liquid phase accumulated on the outer side of the elbow
under the influence of gravity and centrifugal force, as illustrated in
Figure 5a. Meanwhile, as the elbow angle increased, the maximum
flow velocity shifted towards the outer side of the elbow, which led
to the liquid phase being more likely to accumulate at the top of
the elbow, as shown in Figures 5b,c. After entering Elbow 2, the
fluid flowed downward. Under the effect of secondary flow, the fluid
experienced a greater centrifugal force, causing part of the liquid
phase to accumulate on the outer side of the 0° plane, as illustrated
in Figure 5d. As the elbow angle increased, the backflow zone
expanded. At this point, the direction of centrifugal force changed,
and under the combined influence of gravity and centrifugal force,
the liquid phase moved towards the outer side of the elbow, as
observed in Figures 5e,f. Subsequently, as the fluid passed through
a vertical section and the secondary flow phenomenon weakened,
the liquid phase moved from the outer side of Elbow two along
the wall towards the inner side of Elbow 3. Due to the weakening
of the backflow phenomenon, the maximum flow velocity shifted
towards the center of the pipeline, causing part of the liquid phase
to accumulate on the outer side of Elbow 3, as shown in Figure 5g.
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As the elbow angle increased, the fluid flowed in the opposite
direction, leading to more liquid phase accumulation on the outer
side of Elbow 3, as depicted in Figures 5h,i. By the time the fluid
reached the final elbow, the liquid phase gradually spread from
the outer side of the elbow toward both sides of the inner wall, as
illustrated in Figures 5j-1.
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Overall, consistent with the flow features shown in Figure 3, the
maximum liquid volume fraction and film thickness were enriched
on the outer sides of consecutive elbows, indicating longer near-
wall residence and greater droplet availability. These conditions
intensified droplet impingement, as evidenced by the DPM results
in Figures 6-8.
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Erosion simulation. (a) erosion trajectory. (b) erosion rate distribution.

3.1.3 Elbow erosion analysis

The discrete phase model (DPM) can effectively simulate the
erosion effects of liquid droplets carried by natural gas in pipelines.
In this study, droplets (p = 1000 kg/m?) were injected at the inlet as
a surface injection with a Rosin-Rammler size distribution (mean
diameter d = 50um, spread n = 3.5, bounds 10-150 um), and the
volume concentration was set consistent with the measured liquid
content (0.198%). As shown in Figure 6, the droplets, carried by
the high-speed flowing natural gas, struck the inner wall of Elbow
1. Subsequently, the fluid entered Elbow 2. Under the influence
of gravity and centrifugal force, the trajectories of the droplets
were more concentrated, and some droplets collided, flowing along
the inner wall of the elbow towards the straight pipeline section.
The fluid diffused in a “V” shape in the straight pipeline section.
Afterward, the diffused droplets, flowing with the airflow, struck the
outer side of Elbow 3. Due to the inertia of the fluid, some droplets
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rebounded towards the upper part of the horizontal pipeline section,
forming a more severe erosion area. This was because the diffused
droplets gathered again at Elbow three and gained more energy
under the influence of secondary flow. Compared with the erosion
area at Elbow 1, the erosion area at Elbow three was smaller. This was
because the direction of airflow changed when passing through the
elbow, and some droplets were adsorbed onto the pipeline wall after
impacting the elbow. As a result, the number of droplets impacting
the elbow gradually decreased, leading to reduced erosion. Similarly,
after the fluid entered Elbow four from the horizontal section, some
droplets rebounded from the outer side of the elbow to the upper
part of the next horizontal section.

Overall, the erosion rate gradually decreased from Elbow one to
Elbow 4. As shown in Figures 7, 8, the circumferential distributions
of erosion rate at the 45° and 90° planes provide a quantitative
comparison among the four elbows. The results indicate that the
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Circumferential distribution of erosion rate at 45° plane of each elbow.
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FIGURE 8
Circumferential distribution of erosion rate at 90° plane of each elbow.

outer curvature of each elbow experiences the highest erosion  erosion rate of Elbow one is approximately 70%-300% higher than
intensity, with EIbow one showing the most severe erosion, followed that of Elbow 4. For the 45° plane, erosion was mainly concentrated
by Elbows two and 3, while Elbow four exhibits the lowest rate dueto  in the circumferential ranges of 0°-90° and 270°-360° (Figure 7),
the decay of flow energy downstream. Quantitatively, the maximum  with the maximum erosion rate occurring at the 0° circumferential
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TABLE 1 Wall thickness reduction at each measurement point obtained on-site (unit: mm).

Measurement point

1 0.62 0.61 0.55 0.52 0.38 0.37 0.39 0.54 0.56 0.58 0.62 0.62
2 0.62 0.61 0.55 0.33 0.13 0.32 0.11 0.32 0.54 0.55 0.57 0.68
3 0.65 0.55 0.45 0.30 0.39 0.45 0.41 0.33 0.45 0.57 0.68 0.71
4 0.85 0.83 0.78 0.75 0.65 0.78 0.66 0.73 0.80 0.80 0.84 0.89
5 0.84 0.79 0.64 0.43 0.32 0.23 0.31 0.43 0.56 0.69 0.81 0.93
6 0.96 0.92 0.87 0.88 0.55 0.42 0.52 0.79 0.72 0.80 0.88 1.10
7 0.62 0.52 0.54 0.57 0.61 0.68 0.63 0.6 0.55 0.52 0.63 0.75
8 0.54 0.59 0.65 0.72 0.77 0.82 0.78 0.71 0.67 0.56 0.51 0.49
9 0.60 0.63 0.65 0.79 0.83 0.88 0.83 0.79 0.65 0.60 0.60 0.62
10 0.43 0.42 0.37 0.37 0.36 0.38 0.40 0.41 0.41 0.42 0.43 0.46
11 0.41 0.42 0.47 0.45 0.43 0.45 0.48 0.52 0.54 0.50 0.47 0.40
12 0.56 0.53 0.47 0.41 0.36 0.32 0.39 0.45 0.50 0.53 0.56 0.59
13 0.69 0.65 0.57 0.55 0.54 0.57 0.56 0.54 0.56 0.59 0.70 0.72
14 0.33 0.38 0.42 0.45 0.48 0.48 0.46 0.43 0.45 0.42 0.35 0.33

direction, which was consistent with the observed results. For the 90°
plane, the erosion rate showed two peaks, located at circumferential
angles of 30°-60° and 300°-330°, as shown in Figure 8. This was
attributed to the “V”-shaped diffusion of droplets, which formed two
peaks in the erosion rate. For the three straight pipeline sections,
the vertical straight pipeline middle section and the first horizontal
straight pipeline near the upper area of Elbow three experienced
more severe erosion and should have been given special attention.

3.2 Relationship between liquid phase
volume fraction, erosion rate, and wall
thickness reduction

On-site, a high-precision ultrasonic thickness gauge (resolution
+0.01 mm) was used to measure the wall thickness of the high-
pressure vent pipeline. Each plane had 12 measurement points, with
the locations of the measurement points shown in Figure 1. The
wall thickness reduction at each measurement point obtained on-
site is shown in Table 1. Here, each point was measured 3 times
and averaged. Thickness loss equals nominal baseline minus the
measured value.

For Elbow 1, the liquid phase volume fraction on plane one
first decreased and then increased, as shown in Figure 9a. The wall
thickness reduction followed a similar pattern to the change in liquid
phase volume fraction. The wall thickness reduction at measuring
point 6 was 0.37 mm, while at point 12, it was 0.62 mm. For plane 2,
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the liquid phase volume fraction distribution and the wall thickness
reduction trend were similar to those of plane 1. However, due to the
effect of backflow, a peak appeared at measuring point 6 (Figure 9b),
meaning that the wall thickness reduction at point 6 was greater
than that at points 5 and 7. The largest wall thickness reduction in
this plane occurred at point 12, reaching 0.68 mm. Additionally, the
erosion rate at point 12 in this plane also reached its maximum value.
For plane 3, the backflow phenomenon of the fluid became more
pronounced, with some liquid flowing back between measuring
points 5 and 7 (Figure 9c). Compared to plane 2, the range of the
peak at measuring point 6 in plane three was expanded.

For Elbow 2, on plane 4, there was a small peak in the liquid
phase volume fraction between measuring points 5 and 7, as shown
in Figure 9d. On plane 5, the liquid phase volume fraction first
decreased and then increased, as shown in Figure 9e. The wall
thickness reduction at measuring point 12 was the largest, reaching
0.93 mm. Additionally, the erosion rate at measuring point 12 on
plane five also reached its maximum. The backflow phenomenon
on plane six was the most significant, as shown in Figure 9f. The
backflow area was located on the inner side of the elbow, causing the
liquid phase accumulated on the outer side of the elbow to gradually
move toward the inner side along the circumferential pipeline wall.
However, due to vortices on both sides of the plane, the liquid
phase on the outer side of the elbow flowed back and accumulated
again on the outer side before it could flow toward the inner side.
Therefore, the largest wall thickness reduction on plane six occurred
at measuring point 12, reaching 1.1 mm.
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TABLE 2 Classification of correlation coefficient.

0.8-1.0 Extremely strong correlation
0.6-0.8 Strong correlation
0.4-0.6 Moderate correlation
0.2-0.4 Weak correlation

0.0-0.2 Extremely weak or no correlation

For Elbow 3, on plane 7, the corrosion is mainly concentrated at
points 6 and 12, as shown in Figure 9g. On plane 8, the fluid direction
changed, and backflow occurred on the inner side of the elbow
(Figure 9h), causing the liquid phase to accumulate inside the elbow.
The wall thickness reduction at measuring point 6 was the largest,
reaching 0.82 mm. On plane 9, the backflow area increased, and the
vortices converged toward both sides of the plane, causing the liquid
droplets on the inner side of the elbow to flow to both sides. Similarly,
the largest wall thickness reduction occurred at measuring point 6,
reaching 0.88 mm, as shown in Figure 9i.

For Elbow 4, on plane 11, the flow field of the straight section
affected the distribution of the liquid phase, causing it to accumulate
on the left side at the bottom of the pipeline. As a result, the
liquid phase volume fraction and wall thickness reduction were both
greatest at measuring point 9, with the wall thickness reduction
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reaching 0.54 mm, as shown in Figure 9j. In the straight section,
the flow field had not yet fully stabilized, and the backflow effect at
measuring point 3 also resulted in a larger wall thickness reduction.
On plane 12, the liquid phase volume fraction was the highest at
measuring point 12, and the erosion rate also reached its maximum
in this plane, as shown in Figure 9k. Similarly, after the fluid entered
plane 13, the liquid phase volume fraction and wall thickness
reduction were both greatest at measuring point 12. Additionally,
a small peak appeared at measuring point 6, as shown in Figure 91.
To further evaluate the relationship between the liquid phase
volume fraction and the wall thickness reduction, the correlation
coeflicient (p) was introduced, and its calculation formula is shown
in Equation 11. If p approached 1, it indicated a strong correlation
between the two parameters. If p approached 0, it indicated a weak
correlation between the two parameters, as shown in Table 2.

Y (x-D)(-7)
VY (=27 Y (v-7)

where x and y represent the data sets, and x and y represent the mean

p(X,Y) = (11)

values of the data sets.

Figure 10 shows the relationship between the liquid phase
volume fraction and the wall thickness reduction. For the planes
of the elbows (i.e., planes one to nine, planes 11-13), the
correlation coeflicient between the liquid phase volume fraction
and the wall thickness reduction ranged from 0.81 to 0.87. For
the straight pipelines (planes 10 and 14), it ranged from 0.69
to 0.71. In both cases, the correlation was considered strong.
A linear regression between the simulated liquid phase volume
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fraction and the measured wall thickness reduction was performed,
yielding a determination coefficient (R?) of 0.72, indicating strong
agreement between CFD predictions and field measurements. The
mean absolute percentage error (MAPE) was 8.6%, confirming the
quantitative reliability of the correlation. It is worth emphasizing
that wall thickness reduction results from the combined action
of corrosion and erosion. A higher liquid phase volume fraction
implies longer near-wall residence and greater droplet availability,
thereby increasing both droplet impingement and acid exposure;
accordingly, planes with higher values tend to exhibit larger
thickness losses.

4 Conclusion

This study analyzed the flow fields, liquid phase volume fraction
distribution, and erosion phenomena in the high-pressure vent
pipelines of a high-sulfur natural gas station, combined with on-site
wall thickness measurements to validate the CFD results. The main
conclusions are as follows:

1. Secondary flow phenomena occurred inside the elbows,
causing the liquid phase to accumulate on the outer side
of the elbows due to centrifugal force. Continuous elbows
exhibited more intense secondary flow, making liquid phase
accumulation easier. As the fluid flow distance increased, the
secondary flow intensity decreased.

Under the same flow rate, the four elbows experienced varying
degrees of erosion. The most severe erosion occurred on the
outer side of the elbow, particularly between the 45° and 90°
planes, where the predicted erosion intensity and measured
wall thinning were both the highest. This confirms the
CFD model’s effectiveness in locating potential corrosion hot
spots.

Both liquid phase accumulation and erosion contributed to
wall thickness reduction. The correlation coeflicient between
the simulated liquid phase volume fraction and the measured
thickness reduction exceeded 0.69, demonstrating a strong
positive relationship. This quantitative correlation provides a
scientific basis for selecting corrosion monitoring points and
optimizing inspection intervals in similar high-sulfur vent
pipelines.

Overall, this study established a validated CFD-based approach
for predicting corrosion-prone regions in complex vent pipeline
systems. The findings can be applied to guide corrosion sensor
placement and risk assessment in high-pressure natural gas
facilities. Future work will focus on integrating CFD results
with in-situ corrosion monitoring data for real-time integrity
management.
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