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a b s t r a c t

During the production period of shale gas, proppant particles and rock debris are produced together,
which will seriously erode the elbows of gathering pipelines. In response to this problem, this paper
takes the elbow of the gathering pipeline in the Changning Shale Gas Field as an example to test the
erosion rate and material removal mechanism of the test piece at different angles of the elbow through
experiments and compares the four erosion models with the experimental results. Through analysis, it is
found that the best prediction model for quartz sand-carbon steel erosion is the Oka model. Based on the
Oka model, FLUENT software was used to simulate and analyze the law of erosion of the elbow of the gas
gathering pipeline under different gas flow velocities, gas gathering pressure, particle size, length of L1,
and bending directions of the elbow. And a spiral pipeline structure is proposed to reduce the erosion
rate of the elbow under the same working conditions. The results show that this structure can reduce
erosion by 34%.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

In recent years, in the face of unreasonable energy structure and
increasing energy dependence, China has vigorously developed
shale gas exploitation and achieved an annual output of 20 billion
cubic meters in less than 10 years (Liu et al., 2019). Shale gas
exploitation is different from that of conventional gas, which re-
quires hydraulic fracturing, with high pressure and high sand yield
in the initial stage of exploitation (Peng et al., 2019). As a weak link
in the pipeline, the elbow compared with other components bears
the high-speed impact of solid sand in addition to internal pressure
and medium corrosion, so its erosive wear is more serious (Peng
et al., 2020a). According to existing experience and data, the rate
of erosivewear of the elbow is more than 50 times greater than that
.

y Elsevier B.V. on behalf of KeAi Co
of the straight pipe part. Therefore, it is of great practical signifi-
cance to study gas-solid two-phase flow in shale gas gathering and
transportation pipelines and reveal its erosion mechanism.

Various factors influence the erosion, involving material prop-
erties and stress loading of the targetmaterial, particle size, particle
shape, particle hardness, particle impact velocity and angle, particle
concentration, fluid properties, etc. (Arabnejad et al., 2015; Islam
et al., 2016; Yang et al., 2021; Yi et al., 2021). Some scholars have
adopted experimental research methods for erosion wear caused
by particles, as shown in Table 1. It can be seen that early scholars
such as Levy (1981) and Yabuki et al. (1999) mainly considered the
influence of the properties of the eroded material and solid parti-
cles on erosion, without discussing key parameters such as particle
impact angle. With the deepening of research and the updating of
experimental equipment, scholars have begun to pay attention to
the impact angle on erosion, and have revealed the wear
morphology and erosion mechanism of stainless steel at different
impact angles. Khan et al. (2019) also visualized the erosion of the
inner wall of the elbow by cutting the elbow. However, there are
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Table 1
Experimental-based on experiments.

Experimental facility Results and conclusions Reference

Blast tester By changing the pressure and airflow, and then changing the particle velocity, we conclude that the hardness of
different tissues is inversely proportional to the erosion rate.

Levy (1981)

Rotating target device The critical impact velocity for particle impact depends on the hardness of the material and particles, as well as the
shape and size of the solid particles.

Yabuki et al.
(1999)

Sandblaster The relationship between erosion rate and impact angle shows three obvious wear areas under the differentmaterial
hardness.

Rodriguez et al.
(2009)

The new type of wind and sand
erosion test machine

The influence of impact angle and test time on the high-speed erosion of stainless steel is studied, and the erosion
characteristics and behavior of stainless steel samples are revealed.

Nguyen et al.
(2014)

Multi-phase flow circulation meter Cut 90� elbows to visualize the corrosion inside the elbow and calculate the erosion rate of the elbow by mass loss. Khan et al.
(2019)

The jet impingement apparatus for
erosion-corrosion

The erosion-corrosion of stainless steel 304 at a low impact angle is a micro-cutting mechanism, and when the
impact angle increases to 60� and 90� , it is a plastic deformation mechanism.

Yi et al. (2021)

Self-made gas-solid two-phase
erosion device

Erosion of the material is most severe when the particle impact angle is 30� , and 304 stainless steel and L245 carbon
steel are cut at low angles, and impacted at high angles to form erosion pits.

Hong et al.
(2022)

Table 3
Chemical composition of 20# steel.

C Si Mn S P Cr Ni Cu

E.-B. Liu, S. Huang, D.-C. Tian et al. Petroleum Science 21 (2024) 1257e1274
limitations in using experiments alone to reveal the mechanism of
erosion, a complex phenomenon with multiple influencing factors,
and it is difficult to fully describe the erosion process under a single
condition. With the development of modern science and technol-
ogy and related theories, computational fluid mechanics (CFD) is
widely used to predict particle erosion, as shown in Table 2. FLUENT
software provides users with Generic, Finnie, McLaury, and Oka
erosion predictionmodels, which can calculate themovement track
of particles and erosion rate, and conduct qualitative and quanti-
tative analysis.

As can be seen from Table 2, many researchers have studied the
erosion behavior of particles using the erosion model in FLUENT,
however, some scholars only considered the particle-wall collisions
and neglected the interactions between particles, while Sun and
Cao (2021) investigated this and found that the collisions of parti-
cles affect their motion paths and erosion rates. Some scholars also
validated the reliability of the models used in the paper,
Farokhipour et al. (2019) verified the reliability of the turbulence
model as well as the bounce and erosion models by comparing
them with the available experimental data. Tofighian et al. (2020)
determined the most accurate model applicable to the conditions
in the paper by comparing different diffusion models and particle-
wall collision models. However, most of the erosion models used in
these studies are summarized under specific conditions and are not
applicable to all erosion situations. Therefore, in order to be closer
to the field conditions, this paper will conduct experiments based
on the field conditions and select the most applicable erosion
model to analyze the erosion influencing factors.

The second part of this paper proposes experimental conditions
and builds a simplified experimental setup based on the site
Table 2
Research on erosion behavior based on numerical simulation.

Research object Research contents

Liquid-solid two-phase flow, straight
pipe section

The CFD code was modified to take into accoun
wall.

Liquid-solid two-phase flow, pump The discrete phase model (DPM) is used to obta
k-ε model is used for turbulence.

Gas-solid two-phase flow, throttle
valve

Prediction of throttle mass loss and erosion dis
empirical material removal model.

Gas-solid two-phase flow, three-way
gas collection pipeline

The reliability of the selected turbulence mode
with the available experimental data, and the va
different velocities and mass loads.

Gas-solid two-phase flow, cyclone
separator

Comparison of accuracy of separation efficienc
diffusion models and particle wall collision mo

Gas-solid two-phase flow, elbow The DSMC method is used to consider the colli
maximum erosion position of the bend is shift
their movement path and erosion rate.
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conditions of the Changning Shale Gas Field in Sichuan, China. In
the third part, the physical model of the pipeline and the mathe-
matical model for calculating the erosion rate is established ac-
cording to the working parameters of the field research. The fourth
part selects the optimal erosion model based on the comparison
between the analysis by the FLUENT fluid software and the
experimental results and analyzes the law of erosion of the pipe
elbow under different influence conditions. In the fifth part, the
elbow erosion improvement scheme is proposed based on the
simulation analysis results and verified by numerical simulation.
2. Experimental research and numerical methods

2.1. Experimental method

2.1.1. Experimental materials
The erosion target in this experiment is a 20# carbon steel

elbow with an outside diameter of 89 mm and a bending to
diameter ratio of 1.5. The chemical composition of 20# carbon steel
is shown in Table 3. In order to observe the erosion area of the
elbow more accurately, we conducted a pre-erosion experiment
before the formal experiment and prepared a sample of the elbow
for each of the two experiments. In the pre-erosion test, the
preparation of the elbow specimen includes cutting, grinding and
Reference

t the effect of particle size on the area of particle impact near the Zhang et al.
(2009)

in the dilute slurry flow field within the pump, and the standard Pagalthivarthi
et al. (2011)

tribution using the discrete phase model (DPM) and the semi- Fu and Wang
(2015)

l and the E/CRC erosion model was verified by comparing them
lidatedmodel was used to simulate gas-solid two-phase flow at

Farokhipour
et al. (2019)

y and erosion rate of cyclone separators simulated by different
dels.

Tofighian et al.
(2020)

sion behavior between the particles, and it is found that the
ed. The research shows that the collision of particles can affect

Sun and Cao
(2021)

17e0.24 17e0.37 0.35e0.65 �0.35 �0.035 �0.25 �0.25 �0.25



Fig. 3. Schematic diagram of test piece cutting.
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painting. The cutting method is shown in Fig. 1. After the elbowwas
divided into two parts by the cutter, the elbow was sanded and
polished using sandpaper. To facilitate the observation of the
erosion area, paint with weak adhesion was applied to the inner
wall of the elbow. After the sample preparation, we conducted a 4-h
pre-erosion experiment, and the experimental results are shown in
Fig. 2.

It can be seen from Fig. 2 that the main erosion area is located at
50�e70� of the paint surface outside the elbow (0� at the entrance),
the width of the erosion area is about 30 mm, and the paint surface
inside the elbow has no change. Based on this, it is inferred that
under the experimental conditions, the inner sidewall of the elbow
is hardly affected by erosion. After specifying the main erosion
position of the elbow, the cutting scheme of the elbow specimen in
the formal experiment is determined as follows: On the outside of
the elbow, cut the pipe wall with a width of about 30 mm along the
arc trajectory, and then cut the cut pipe wall into 9 test pieces, as is
shown in Fig. 3. Wire cutting is adopted as the cutting method, and
the cutting loss is about 0.2 mm, which has little influence on the
geometric shape of the sample and thus can be ignored.

In the actual production process of shale gas well site, the
extraction of proppant particles is the main factor causing the
erosion of the gas collection pipeline at the wellhead, so in the
experiments of this paper, the sand particles are selected from 40 to
70 mesh fracturing proppant commonly used in shale gas sites in
order to meet the actual situation in the field, and their scanning
electron microscope images are shown in Fig. 4. It can be seen that
the geometry of the ceramic proppant is close to round, without
sharp edges, and the particle size difference is small.
Fig. 1. Pre-erosion test elbow cutting method.

Fig. 2. Pre-erosion test results.

Fig. 4. 40e70 mesh vitrified proppant 500x scanning electron micrograph.
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2.1.2. Experimental set-up
In this study, the gas-solid two-phase erosion experimental

device shown in Fig. 5 is established, with a size of
2500 mm � 500 mm � 2200 mm, which consists of an air supply
device, feeding device, flowmeter, main pipeline, sample, and
clamping device. Among them, the air supply device is a variable
frequency fan with a maximum airflow supply of 60 m3/min. The
flow meter is a vortex flowmeter with a backup orifice set 20 cm
downstream of the flowmeter for flow rate measurement. In this
experiment, the airflow velocity is controlled at 12m/s according to
the field conditions. The sand feeding device is a screw feeder, the
screw diameter of the device is 38 mm, and the feeding flow is
2e6 kg/h. Considering that the experiment will be carried out for a
long time, if the experimental flow differs greatly from the rated
flow of the feeding device, it is not suitable for stable work for a
long time, so the feeding device flow is fixed as the rated flow,
which is calculated as 5.2 kg/h according to the test. The elbow
specimen clamping device is customized with polyurethane ma-
terial and cast with an 89 mm outside diameter elbow, thus
achieving a complete fit with the elbow.
2.1.3. Experimental process
In this study, the erosion rate and material removal mechanism

of the elbowwere characterized by the weightlessness method and
scanning electron microscope respectively. The erosion rate is
calculated by the following formula:



Fig. 5. Experimental setup for gas-solid two-phase flow erosion.
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ER¼ 1
3600000

�w0 �w1

S,t,rw
(1)

where w0 is the mass of the test piece before the experiment, w1 is
the weight of the test piece after the experiment, S is the eroded
area of the test piece surface, t is the time the experiment was
conducted, and rw is the density of the test piece material.

In order to ensure the reliability of the experimental results, four
experiments were carried out in this paper. Finally, the effective
test datawere selected and the average valuewas taken to calculate
the erosion rate. In the experiment, the weight of the test piece was
recorded every 24 h and the experiment lasted for 7 days. The
specific steps of the experiment are as follows:

(1) The first step is to pretreat the test piece. Before the start of
the experiment, the test pieces were polished with sand-
paper first, then the surface of the test pieces was cleaned
with aqueous ethanol, and the wind swept. Finally, the high-
precision analytical balance was used for weighing.

(2) The second step is to assemble the test piece. Place the test
piece and check the orientation of the elbow and the
arrangement of the test piece.

(3) The third step is equipment inspection. Check the integrity
and air tightness of the power supply and pipes to ensure
that the hose is unblocked and that there is enough sand left
in the sandbox.

(4) Step three begins the experiment. Open the fan, adjust the
wind speed with the anemometer, and make it stable; turn
on the sand feeder and record the start time of the experi-
ment. After the experiment, shut down the device and record
the end time of the experiment.
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(5) The fifth step is to process the test piece. Open themold, take
off the test piece, purge the test piece with an airbrush, clean
and air dry with aqueous ethanol, and finally weigh the test
piece and record the result.

(6) After completing the above steps, a scanning electron mi-
croscope was used to observe the surface of the test piece
and analyze the material removal mechanism.
2.2. Mathematical model

2.2.1. Gas-phase governing equation
There are two kinds of continuous phase governing equations,

Model A and Model B, in CFD. Among them, Model A believes that
the pressure drop is the result of the combined action of gas and
particles, while Model B believes that the pressure drop is only
determined by the flow of gas. The gas-particle two-phase flow can
be viewed as a simplified version of Model A in this paper. The
summary of Model A is as follows (Parvaz et al., 2018):

Continuity equation:

v

vt

�
εgrg

�þ v
�
εgrgug;i

�
vxi

¼0 (2)

Momentum conservation equation:

v

vt

�
εgrgug;i

�þ v

vxj

�
εgrgug;iug;j

�¼ � εg
vp
vxi

þ v

vxj

�
εgtg;ij

�� S

þ εgrggi (3)

where εg is the porosity; rg is the gas density; p is the gas pressure;
ug is the gas velocity; tg is the gas viscosity; gi is the acceleration of
gravity; S is the momentum source term.
2.2.2. Discrete phase model(DPM)
The research object of this paper is the gas-solid two-phase

erosion process of gas gathering pipeline, and the particle load is
low (with a mass ratio less than 5%). Therefore, the DPM is used for
numerical simulation.

The force balance equation of discrete phase particles in the x-
direction in the Cartesian coordinate system is in the form of
(Haider and Levenspiel, 1989):

dup
dt

¼ FD
�
u�up

�þ gx
�
rp � r

�
rp

þ Fx (4)

where FDðu�upÞ is the drag force of particles per unit mass. FD can
be expressed as:

FD ¼ 18m
rpd2p

CDRe
24

(5)

where u is the gas flow rate, up is the particle impact rate, m is the
gas dynamic viscosity, r is the gas density, rp is the density of solids,
dp is the solid particle size, Re is the relative Reynolds number,
which is calculated by the following formula:

Re¼ rdPjuP � uj
m

(6)

CD is the drag coefficient, and its expression is as follows:
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CD ¼ a1 þ
a2
Re

þ a3
Re2

(7)

For spherical particles, within a certain range of Reynolds
numbers, a1; a2; a3 are constants (Jassim et al., 2010).

Particle diameter distribution of solid particles obtained from
on-site shale gas field conforms to ReR distribution, and its solid
particle diameter distribution function is expressed as follows:

FðdÞ¼ 1� exp
�
�
�

d
d50

�m�
(8)

where d is the particle size; d50 is the median particle diameter,
which is 300 mm in this paper; m is the distribution range index,
which is 3.5 in this paper.
2.2.3. Turbulence model
This paper adopts the Realizable k-ε turbulence model and uses

the standard wall function. The governing equation is as follows:

vðrkÞ
vt

þ vðrkuiÞ
vxi

¼ v

vxj

"�
mþ mt

sk

�
vk
vxj

#
þ Gk þ Gb � rε� YM þ Sk

(9)

vðrεÞ
vt

þ v
�
rεuj

�
vxj

¼ v

vxj

"

�
�
mþmt

sε

�
vε

vxj

#
þ rC1Sε � rC2

ε
2

kþ ffiffiffiffiffi
nε

p þC1ε
ε

k
C3εGb þ Sε (10)

The formula for turbulent viscosity, denoted by k and ε, is as
follows：

mt ¼ rCm
k2

ε

(11)

To better consider the rotation effect, Cm is no longer a constant,
but a function related to the average shear rate, and the function Cm
is expressed in the following equation:

Cm ¼ 1
A0 þ AsU*k

ε

(12)

In the formula, U* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SijSij þ U*

ijU
*
ij

q
, U*

ij ¼ Uij � 2εijkuk, Uij ¼
Uij � 2εijkuk, A0 ¼ 4.04, As ¼

ffiffiffi
6

p
cos 4, where Uij is the is the time-

averaged rotational rate observed from a reference frame with
angular velocity uk.
Fig. 6. Pipeline geometric model.
2.2.4. Oka erosion model and particle-wall rebound model
The Oka erosion model (Oka and Nagahashi, 2003; Oka and

Yoshida, 2005) can be used to simulate erosion of different mate-
rials. For example, sand-steel erosion and sand-aluminum erosion
can be considered. The difference is that the material has different
Vickers hardness. Many scholars believe that the Oka erosion
model is highly accurate in predicting the erosion of carbon steel by
sand particles (Chen et al., 2020), and its carbon steel erosion
constants are shown in Table 4. Its expression is as follows:
Table 4
Oka erosion model constant.

Constant E90 Hv n1

Sand-carbon steel 6.154e�4 1.8 GPa 0.8
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E¼ E90

 
V
Vref

!k2 
d

dref

!k3

f ðgÞ (13)

f ðgÞ¼ ðsin gÞn1ð1þ Hvð1� sin gÞÞn2 (14)

where E90 is the erosion rate when V¼Vref, d ¼ dref, g ¼ 90�; V is the
relative velocity between the particle and the wall; Vref is the par-
ticle reference velocity constant; d and dref are particle diameter
and particle reference diameter respectively; g is the wall impact
angle; Hv is the Vickers hardness of the material; n1 and n2 specify
constants for users.

In the computational fluid dynamics software, the rebound
model of particle-wall collision is always combined with the
erosion prediction model to calculate the dynamic motion of the
particles, their erosion rate, and their maximum erosion position
(Zhang et al., 2021). The rebound model of particle-wall collision
proposed by Grant and Tabakoff (1975) and Forder et al. (1998) was
used together with the erosion prediction model to study the
particle trajectory and calculate the impact and erosion of particles
on the wall. The model proposed by Forder et al. is as follows
(Forder et al., 1998):

εn ¼0:998� 0:78qþ 0:19q2 � 0:024q3 þ 0:027q4 (15)

εt ¼1� 0:78qþ 0:84q2 � 0:021q3 þ 0:028q4 � 0:022q5 (16)

The model proposed by Grant and Tabakoff is as follows (Grant
and Tabakoff, 1975)：

εn ¼0:993� 1:76qþ 1:56q2 � 0:49q3 (17)

εt ¼0:998� 1:66qþ 2:11q2 � 0:67q3 (18)

where q is the particle incidence angle.

2.3. Physical model and boundary conditions

To meet the site production conditions, the commonly used
n2 k2 k3 dref Vref

1.3 2.35 0.19 326 mm 104 m/s



Fig. 7. Schematic diagram of grid refinement (a) cross-section grid node distribution
(b) elbow mesh encryption.

Table 5

Grid number 1003722 1502732 2767784 3710828 4415696

Velocity, m/s 8.125618 8.131595 8.188635 8.188685 8.188615

Table 6
Simulation condition settings.

Influence factors Numerical simulation data

Gas flow rate, m/s 4, 6, 8, 10, 12, 14
Gathering pressure, MPa 4, 5, 6, 7, 8, 9
Particle size, mm 0.080, 0.096, 0.125, 0.150, 0.180, 0.212
Length of L1 20 D, 25 D, 30 D, 35 D
Gravity direction þY, �Y, þZ

Fig. 8. Weightlessness curve of test specimens.
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specification pipeline in the Changning Shale Gas Field was
selected, with a pipeline diameter of 89 mm and an elbow bend
diameter ratio of R/D ¼ 1.5. To exclude as much as possible the
influence of the flow field and particle injection method on the
simulation results, the length of L1 was extended as much as
possible (Liu et al., 2021a), and the length of L1 was 20 D and the
length of L2 was 10 D, which can be seen in Fig. 6.

In this paper, the geometric model in Fig. 6 is divided into
structured meshes, and the meshes in the elbow area are encryp-
ted. The grid at the pipe section and elbow is shown in Fig. 7, where
the thickness of the first boundary layer is set as the maximum
particle size, which is conducive to obtaining good erosion pre-
diction results. Then, under the same parameter conditions, the
maximum velocity value of the straight pipe section before the
elbow is extracted to verify the mesh independence of the pipe
elbow model. As is shown in Table 5, when the number of grids
reaches 2767784, with the increase of the number of grids, the
velocity value changes less, only 0.00001 m/s. To take into account
calculation accuracy and calculation efficiency, this paper selects a
grid with a grid number of 2767784 for the final calculation grid
(Peng et al., 2020b; Liu et al., 2021b). The particles and fluid are
injected uniformly at the same velocity into the inlet of the tube
section and set the boundary condition here as velocity inlet and
apply the pressure outlet boundary condition at the outlet, with the
surface of the tube section set as a non-slip wall surface.

According to the on-site investigation of the production site, the
simulated working conditions are determined as shown in Table 6.
The benchmark working conditions are a gas flow rate of 8 m/s, a
gathering pressure of 6 MPa, the ReR distribution of the particle
size, a sand volume of 10 kg/d, a length of L1 of 20 D, and a gravity
direction þZ.

3. Results and discussion

3.1. Comparative analysis of experiment and numerical simulation

3.1.1. Experimental results
Under the condition of the gas flow rate of 12 m/s and sand flow

volume of 5.2 kg/h, 7 sets of experimental data are shown in Fig. 8.
It can be seen that the mass loss of each test piece per 24 h first
decreased and then increased with time. At the beginning of the
experiment, the rusted part of the surface of the test piece was
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removed due to sandblasting rust removal, and the weight loss was
greater at this time. Then, theweight loss became smaller when the
rust was removed. As the experiment progressed, the surface Sof
the sample was continuously impacted by sand particles, resulting
in fatigue failure, and themass loss continued to increasewith time.

Fig. 9 shows the erosion morphology of the test piece under a
500x electron microscope. According to the results of scanning
electron microscopy, the mass loss of test pieces 1e3 is mainly due
to cutting action. With the increase of impact angle, the mass loss
gradually increases, and the “furrow” caused by the cutting action
gradually shortens. Test piece 4 began to take on plastic deforma-
tion and produce a “skirt”. The “furrow” of test piece 6 basically
disappears, at this time the mass loss reaches the maximum, and
plastic extrusion deformation becomes the main cause of material
loss. With the increase of the impact angle, the “skirts” caused by
plastic deformation in test pieces 7e9 continued to become denser,
and the mass loss decreased instead.

3.1.2. Comparative analysis of erosion models
Fig. 10 shows the erosion rates obtained by experimental and

numerical simulations. It can be seen that the variation trend of the
mercury model, Finnie model, and Oka model on test pieces 1e9 is
roughly the same as that of the experimental data, showing an
increase first and then a decrease, and the erosion rates of test
pieces 1, 2, 3 and 8, 9 are at a low level under the same model. The
erosion rate under the Generic model is lower compared with that
under other models and the experimental data and has little fluc-
tuation. The erosion rate under the Mclaury model is several times
of the experimental data, and the difference is large. The predicted
results of the Finnie model at 0�e40� are quite different from the



Fig. 9. Erosion morphology of test pieces under 500x electron microscope.
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experimental data. The relative error between the Finniemodel and
experimental results at 50�e90� is in the range ofþ18%~þ151%, but
it is still larger than that of the Oka model. The Oka model is in
better agreement with the experimental data as the prediction
results only differ significantly from the experimental data at
0�e40�, and the relative error with the experimental results at
50�e90� is �11% to þ18%, which has a high prediction accuracy. In
1263
addition, among these erosion models, the Mclury model is mainly
used to predict the erosion rate duringmud erosion. Finniemodel is
applicable to the case of sand impacting carbon steel wall in this
paper, but the setting of its model constant is not applicable to the
case in this paper. Although the Generic model is a generalized
erosion model, the erosion phenomenon is not obvious in this pa-
per. The Oka model is a more complex erosion model proposed on



Fig. 10. Comparison of weight loss and experimental data for different erosion models.
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the basis of summarizing a large number of experimental data,
which considers more erosion factors than other models. In sum-
mary, the Oka model is more suitable for the working conditions in
this article. Therefore, the Oka model was adopted as the erosion
prediction model in subsequent simulations.
3.2. Analysis of factors influencing elbow erosion

3.2.1. Influence of gas flow rate on elbow erosion
In this section, the flow field of the pipeline is simulated when
Fig. 11. Erosion cloud map of pipel
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the gas flow rate is 4e14 m/s, and the erosion behavior of particles
in the pipeline is analyzed, while other parameters are based on the
reference conditions.

Fig. 11 is the wall erosion cloud diagram of the pipeline in the
direction of the þX and þZ view, showing the influence of gas flow
rate on the wall erosion rate and indicating that the maximum
erosion rate increases as the inlet velocity increases. In combination
with the particle track diagram (Fig. 12), when the gas flow rate is
small (4e6 m/s), particle tracks are relatively clustered, and the
collision between particles and L1 bottom causes more obvious
erosion traces. With the increase of gas flow velocity (8e14 m/s),
the particles are more widely distributed and less aggregated on
the flow cross-section. The erosion in L1 region gradually weakens
until disappears, and the main erosion area transfers from L1 to L2.
At the same time, as the gas flow rate increases, the velocity and the
angle of attack when the particles collide with the elbow wall are
larger, causing more serious erosion.

Fig. 13 indicates that the maximum erosion rate of the elbow
and L2 gradually increases as the gas flow rate increases, and the
maximum erosion rates are 0.89� 10�8e4.55� 10�8 kg/(s$m2) and
0.52 � 10�8e4.13 � 10�8 kg/(s$m2), respectively. And the
maximum erosion rate on L1 gradually decreases with the increase
of airflow velocity, and the maximum erosion rate is
0.398 � 10�8e1.288 � 10�8 kg/(s$m2). Therefore, to avoid serious
erosion in the elbow, the gas flow rate in the pipeline should be
minimized.

As is shown in Fig. 14, nine data extraction rings were inter-
cepted to study the erosion positions and erosion rates of different
sections on the elbowwall. As is shown in Fig. 15, serious erosion is
mainly concentrated in the area at 180� ± 20� on the cross-section
R1eR5, and the area with maximum erosion is located at 184� on
the cross-section R2 this time. There is local erosion at 120�e135�
ines with different flow rates.



Fig. 12. Particle trajectory distribution at different flow rates.

Fig. 13. Maximum erosion rate at different flow rates of each part of the pipeline.

Fig. 14. Schematic diagram of the data lifting section.
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on the cross-section R5eR8, and the erosion rate increases with the
cross-section angle. The maximum erosion rate of 1.31 � 10�8 kg/
(s$m2) of cross-sections R1eR9 was detected in the area at 251� on
section 9.
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3.2.2. Influence of pressure on elbow erosion
The flow field in the pipeline is simulated when the gathering

and transportation pressure is 4e9 MPa, and the erosion behavior
of particles in the pipeline is analyzed. Other parameters use the
reference conditions.

Fig. 16 indicates that the maximum erosion rate decreases as the
pressure increase. This is because the increase of pressure leads to
the increase of shale gas density and viscosity, which increases the
resistance of particles and reduces the contact between particles
and thewall surface. When the pressure is low (4e7MPa), themain
erosion area is L2. As the pressure increases (8e9 MPa), the main
erosion area shifts to the elbow, and relatively obvious marks of
erosion occur at the outlet of the pipeline.



Fig. 15. Distribution curve of circumferential erosion on R1eR9 at 8 m/s.

Fig. 16. Erosion cloud map of pipelines with different pressures.
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As is shown in Fig. 17, the maximum erosion rate of each area of
the gas-gathering pipeline decreases as the pressure increase. The
erosion effect on L1 has always been relatively weak, and the
erosion effect on the elbow area is slightly stronger than that on L1,
but the erosion rates of both of them are very slow with the in-
fluence of pressure. L2 is seriously affected by erosion when the
pressure is low, and the erosion rate decreases sharply as the
pressure increase. Therefore, in the actual production process, the
gas gathering pressure should be increased as much as possible to
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slow down the erosion effect on the entire pipeline.
Fig. 18 shows the erosion curves of the wall surface of the cross-

section of elbows R1eR9 at the collector pressure of 7 MPa under
the benchmark working condition. It can be seen from the figure
that, compared with Fig. 12, as the pressure increases, the erosion
rate on each section decreases, and the area with severe erosion
and the position where the maximum erosion rate occurs remain
unchanged. The erosion rate of the sections R5eR9 increases as the
section angle increases, and the maximum erosion rate of the



Fig. 17. Maximum erosion rate at different pressures of each part of the pipeline.
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sections R1eR9 decreases to 1.03 � 10�8 kg/(s$m2).
3.2.3. Influence of particle size on elbow erosion
The impact of single-particle size on the wall erosion of the gas

gathering pipeline under the benchmark working condition is
analyzed, and the particle size values are shown in Table 6.

As is shown in Fig. 19, the maximum erosion rate increases as
the particle size increases. When the particle size is small (80,
96 mm), severe erosion occurs on the outer wall of the elbow.When
the particle size gradually increases (125e212 mm), the erosion on
the outer wall of the elbow is weakened, and the area with serious
erosion changes to L2. When the particle size is 212 mm, the
maximum erosion rate is 5.55 � 10�8 kg/(s$m2).

Fig. 20 is the erosion curve diagram of the upper wall surface of
the elbow R1eR9 section when the particle size is 150 mm under
the referenceworking condition. It can be seen that the erosion rate
of sections R1eR9 increases with the increase of section angle, and
Fig. 18. Distribution curve of circumfer
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the maximum erosion rate is 2.94 � 10�8 kg/(s$m2), which appears
at 251� on section R9. The erosion areas are relatively concentrated
on the sections, which are located at 150�e180� on sections R1eR3
and 90�e145� on sections R5eR8 respectively. The maximum
erosion rate of sections R1eR5 is 9.52 � 10�9 kg/(s$m2), which
occurs on the area at 150� on section 5.

As is shown in Fig. 21, the erosion rate on L1 is basically not
affected by the particle size. In the elbow area, when the particle
size is less than 180 mm, the erosion rate increases linearly with the
particle size, but the increase is small; when the particle size is
larger than 180 mm, the erosion rate increases rapidly. The erosion
rate of L2 takes on a linear increase and suffers from the most
serious erosion. Therefore, in the actual production process, the
separation efficiency of the desander should be improved to avoid
large particles entering the gathering pipeline.
3.2.4. Influence of L1 length on elbow erosion
The erosion problem of elbows with different lengths of L1 was

analyzed. The length of L1 is selected according to Table 6, and the
other parameters are based on the benchmark working condition.

As is shown in Fig. 22, under the same simulation conditions, the
main erosion areas are the same, both on the elbow and L2. The
longer L1 is, the greater the erosion rate of the elbow, and the
erosion area is more concentrated, which is shown as the deep-
ening of the erosion “scar” in the figure. This is because as the
straight section becomes longer, more and more particles settle to
the bottom of the pipe and continue to slide, and as the length of
the straight section of the inlet increases, so does the length of the
erosion area.

Fig. 23 is the erosion curve diagram of the upper wall surface of
the section of elbow R1eR9 under the benchmark working condi-
tion when the length of L1 is 30 D. It can be seen from the figure
that in the sections R1eR5, the range of erosion angle corre-
sponding to each section is nearly the same; and as the section
angle increases, the erosion rate of the corresponding section in-
creases, and the maximum rate is 1.49 � 10�8 kg/(s$m2), occurring
on the area at 196� on section R5. At this time, the erosion rate of
sections R6eR8 is small, but that of section R9 is relatively large.
This is because the particles are gradually separated from the wall
ential erosion on R1�R9 at 7 MPa.



Fig. 19. Erosion cloud map of pipelines with different particle sizes.

Fig. 20. Distribution curve of circumferential erosion on R1eR9.
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by the centrifugal action and collide with L2, and the impact angle
is large at this time.

Fig. 24 indicates that the erosion rate of the elbow increases
with the length of the L1. When the length of L1 is 20 e35 D, the
maximum erosion rate of the pipeline is
1.395 � 10�8e4.762 � 10�8 kg/(s$m2). Therefore, to reduce the
erosion rate of the elbow, the length of L1 should be controlled
within an appropriate range.
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3.2.5. Influence of bending direction on elbow erosion
The influence of different bending directions on elbow erosion

was analyzed. The particle erosion behavior when the gravity di-
rection was þY, �Y, þZ was simulated, and the other parameters
were based on the benchmark working conditions.

As can be seen from Figs. 25 and 26, when the gravity direction
is �Y, particle tracks are most concentrated and impact the pipe
wall with parabolic motion. At this time, the impact angle is large,
resulting in concentrated erosion area at L2 and superposition of



Fig. 21. Maximum erosion rate at different particle sizes in each part of the pipeline.

Fig. 22. Erosion rate of pipelines with different lengths of L1.

Fig. 24. Maximum erosion rate at different lengths of L1.

Fig. 25. Erosion cloud map of the elbow in different bending directions.
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erosion effect, so the erosion rate reaches the maximum,
6.762 � 10�8 kg/(s$m2). When the gravity direction is þY, the
particles move along the pipe wall under the action of gravity, and
the erosion is concentrated on the elbow wall. The maximum
Fig. 23. Distribution curve of circu
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erosion rate is 2.260 � 10�8 kg/(s$m2). When the gravity direction
is þZ, the particle aggregation degree is low, so the erosion rate is
relatively small. The main erosion area is located on the elbowwall,
mferential erosion on R1eR9.



Fig. 26. Particle trajectory distribution in different bending directions.

Fig. 27. Distribution curves of circumferential
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and the maximum erosion rate is 1.395 � 10�8 kg/(s$m2).
Compared to the elbow with gravity direction þZ, the maximum
erosion rate increases by 88% and 385% for gravity direction þY
and �Y, respectively.

Fig. 27(a)e(d) are the circumferential erosion distribution
curves in the þY and �Y gravity directions, respectively. As is
shown in the figure, data are extracted from seven sections on the
elbow wall and six sections on the wall of L2 respectively.

Combined with the particle trajectory diagram, it can be seen
that the range of erosion angles on the cross-section is relatively
concentrated in both working conditions, which are located at
60�e90� and 86�e95� respectively, and the maximum erosion rate
occurs at 90�. The difference is that the maximum erosion rate in
the þY gravity direction appears on section R1, the erosion rate on
sections R1 to R4 decreases as the section angle increase, and the
maximum erosion rate on sections R4 to R7 is nearly the same;
erosion in þY and �Y gravity directions.



Fig. 28. Schematic diagram of the spiral tube structure.

Fig. 29. Cloud map of pressure and velocity of the spiral pipe.

E.-B. Liu, S. Huang, D.-C. Tian et al. Petroleum Science 21 (2024) 1257e1274
when the direction of gravity is �Y, the maximum erosion rate
appears on section R3, the erosion rate on sections R1eR3 increases
with the section angle, and the erosion rate on sections R4eR6
gradually becomes smaller.

3.3. Mitigation solution for elbow erosion

3.3.1. Spiral tube structure
From the study in the previous section, it was found that the

degree and speed of particle aggregation have a great influence on
the erosion rate and the distribution of the erosion area in the
elbow. Therefore, this paper proposes an internal spiral tube
structure that can be used for shale gas gathering based on the
previous study (Duarte and Souza, 2017). The difference from
previous studies is that the threads of the structure in this paper are
located on the inner wall surface of the pipe, and the outer wall
surface is kept smooth. This not only reduces the degree of particle
aggregation by changing the particle flow direction, but also in-
creases the flow area and reduces the fluid flow rate in the pipe,
thus achieving effective control of the elbow erosion rate.

As is shown in Fig. 28, a section of spiral pipe with the length of
Lt ¼ 15 D is added before horizontally placing the elbow, whose
cross-section mainly consists of four circles, which can be regarded
as a circle rotated by a certain angle three times in succession
around the center of the common circumscribed circle of the four
circles, and the redundant part is deleted. The diameter of the
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common circumscribed circle is f, and the flow area of the spiral
pipe section is ð2þ pÞf2=8.
3.3.2. Influence of spiral pipe diameter on elbow erosion
This paper studies the erosion of the elbow when the flow area

of the spiral pipe section is 1.0,1.2, and 1.5 times the flow area of the
conventional pipe section, corresponding to the circumscribed
circle diameters of the spiral pipe section of 98.4, 107.8 and
120.5 mm. The remaining parameters in the pipe wall design take
the recommended values from the literature (Duarte and Souza,
2017): the number of small circles is 4, the diameter ratio of large
and small circles is 2:1, the pitch is 1000 mm, and the radius of the
smooth connection section is R ¼ 5 mm.

Fig. 29 shows the pressure and velocity cloud diagrams of the
spiral pipe with 1.2 times the flow area under the benchmark
working condition. It indicates that the maximum pressure differ-
ence in the spiral pipe section is 2430 Pa, and the airflow velocity is
between 6e7 m/s, which is significantly lower than that in the
conventional pipe.

Fig. 30 shows the erosion cloud diagrams of the 1.0A, 1.2A, and
1.5A spiral pipe sections, respectively. It indicates that the
maximum erosion rates of the 1.0A, 1.2A, and 1.5A pipe sections are
1.396 � 10�8, 1.241 � 10�8 and 9.283 � 10�9 kg/(s$m2), and the
areas with maximum erosion are both located in the elbow. The
maximum erosion rate of the 1.0A pipe section is the same as that of
the conventional pipe section. The maximum erosion rate of the
1.2A and 1.5A pipe sections is 11% and 34% lower than that of the
conventional pipe section, respectively.

Fig. 31 is a graph of particle trajectories of conventional pipe
sections and 1.0A, 1.2A, and 1.5A helical pipe sections. It can be seen
that the degree of aggregation of the particles is significantly
reduced after adding the spiral tube section. When the 1.5A spiral
pipe section is added, the particles in the entire pipeline are most
widely distributed on the cross-section of the flow direction, and
the degree of aggregation is the lowest, thus avoiding concentrated
erosion and greatly reducing the maximum erosion rate of the
pipeline.

Fig. 32 shows the radar map of the erosion rate at three parts of
the pipeline. It can be seen that the conventional pipe section
presents an acute triangle. When the spiral pipe section is added,
theminimum angle of the triangle presented by 1.0A, 1.2A, and 1.5A



Fig. 30. Erosion cloud map of the spiral pipe.
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in the radar chart gradually increases, that is, the maximum erosion
rate of the pipeline gradually decreases. At 1.5A, the triangle is
nearly a the equilateral triangle, and the maximum erosion rates of
the three parts are the same, which shows that the spiral pipe
section can balance the gap between the erosion rates of L1 and L2
and the elbow, reduce the maximum erosion rate of the whole
pipeline, and improve the safety of the pipeline.

This scheme has the following advantages: 1) Only a part of the
pipe section needs to be replaced without affecting the structural
integrity and continuity of the original pipe section; 2) The struc-
tural inspection and maintenance of the spiral pipe section is no
different from that of conventional pipes; 3) This scheme can
coexist with other corrosion inhibition measures.
4. Conclusion

(1) According to the experimental results of gas-solid two-phase
erosion, it is found that the elbow at different angles has
different material removal mechanisms and erosion rates
(Peng et al., 2021a) and the maximum erosion rate occurs at
about 60� of the elbow. By numerically simulating the
experimental pipe section and then comparing the experi-
mental results, it is found that the Oka model agrees well
with the experimental results, and the relative error of the
areas with high erosion rate is controlled within the range
of �11% to þ18%, with high prediction accuracy (Peng et al.,
2021b; Qiao et al., 2021a).

(2) By analyzing the influence of different parameters on elbow
erosion, it is found that the erosion rate increases with the
gas flow rate, particle size, and the length of L1, and de-
creases with the increase of gas gathering pressure. In the
case of different elbow bending directions, the maximum
erosion rate increases by 88% and 385% for the gravity
direction þY and �Y, respectively, compared to the pipeline
with gravity direction þZ. And the region where the
maximum erosion rate occurs varies with the above pa-
rameters (Qiao et al., 2021b). After a comprehensive com-
parison of various factors, it was found that gas flow rate and
particle aggregation degree are the main factors affecting the
erosion rate and distribution of erosion areas of elbows.

(3) This paper proposes an internal spiral tube structure to
reduce the erosion rate for the elbow. Through simulation
analysis, themaximum erosion rate of the elbowafter adding
the 1.2A and 1.5 A spiral pipe sections decreased by 11% and
34% respectively compared with that of conventional pipe
sections.

The discovery of this work is helpful to alleviate the erosion
situation of gathering and transportation pipelines in the
Changning Shale Gas Field. The prediction of elbowerosion rate and
erosion area distribution according to the field working conditions
is of great significance. However, the relative error between the
prediction results of the prediction model and the experimental
results in the area of 0�e40� of the elbow is still large. Therefore, in
order to obtain more accurate prediction results, it is suggested to
establish a more accurate erosion prediction model based on big
data, artificial intelligence and other methods according to the
actual field conditions.



Fig. 31. Particle trajectory diagram of the spiral pipe section.

Fig. 32. Erosion rate radar map of each part of the pipeline.
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