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Abstract
In the process of natural gas transportation in pipeline, because the natural gas contains 
mud and sand, the pipeline will undergo erosion wear under the impact of gas-solid two-
phase flow. Erosion wear seriously reduces the performance of the inner wall of the 
pipeline, which is not conducive to the stability of the conveying process and the safe 
operation of the equipment. Among them, the erosion wear of special pipe fittings such as 
tee pipe and bend pipe are especially serious. In this paper, the erosion of natural gas T-
shaped tee pipeline is simulated by FLUENT software, and the erosion wear and fluid-solid 
coupling analysis are completed. The erosion characteristics of gas-solid two-phase flow 
under different fluid velocities, different mass flow rates and different particle diameters are 
studied, and the maximum erosion rates and corresponding variation trends under 
different influencing factors are obtained. The flow field characteristics of T-shaped pipeline 
were analyzed based on the small hole leakage model. The characteristics of the leakage 
flow field were studied from the three aspects of the pressure inside the pipe, the area of 
the leakage orifice and the shape of the leakage orifice. The experimental platform was 
built, and the simulation and experimental results were compared and analyzed to verify 
the correctness of the established model and CFD simulation.
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1. Introduction
With the increasingly severe global environmental pollution, natural gas has become an indispensable energy source 
[1,2]. Pipeline transportation is widely used as the main transportation mode of natural gas and oil [3,4]. The increased 
utilization of oil and gas resources will lead to a new upsurge in pipeline transportation [5]. With the increase of 
exploitation years of natural gas fields, especially shale gas fields, well head sand production increases year by year 
[6,7]. In the process of oil and gas production, although after filtration, sand removal and other processes, but there 
are still small particles will exist in oil and gas and other fluid media [8,9]. The tiny particles flow in the pipeline with gas 
or liquid, and collide with the pipeline wall at the position where the flow direction changes or the fluid is disordered, 
and the inner wall of the pipe fittings will be eroded and worn by the tiny particles [10,11]. Erosion wear is the main 
wear mode of natural gas and oil pipelines [12]. With the increase of pipe service time, pipe wall wear perforation, 
rupture, and other damage, which will lead to a series of safety accidents [13,14]. In recent years, accidents caused by 
oil and gas pipeline leakage frequently occur and cause losses [15,16]. Whether the pipeline can run safely and reliably 
is very important for the whole enterprise production activities [17]. Erosion wear of pipelines occurs frequently in 
industry, especially for special pipe fittings, such as bend, flange, and tee, etc. [18]. Therefore, the study of pipeline 
erosion and pipeline leakage is of great significance. In order to better locate and plug the leakage site, it is necessary 
to study the flow field characteristics, leakage velocity and leakage volume of the leakage site [19,20]. The analysis and 
study of erosion mechanism and leakage flow field is helpful to provide reference basis for the leakage and treatment 
of dangerous sources [21].

In recent years, experts and scholars have done related research on pipeline erosion wear and pipeline leakage. In the 
aspect of pipeline erosion, Zhang considered the stress state of the equipment in the study of pipeline erosion, and 
developed the corresponding erosion wear experimental equipment [22]. Zhao et al. carried out experimental study 
and numerical simulation to analyze the influence of particle erosion time on the erosion of target material [23]. Ou et 
al. and Wang et al., respectively, analyzed and studied the erosion wear of the elbow of the fluid pipeline [24,25]. Kang 
and Liu predicted the solid particle erosion on the symmetrical surface of the circulation bend [26]. Xu et al. studied the 
erosion wear of gas-solid two-phase flow on pipelines and proposed a prediction equation for the maximum erosion 
rate [27]. Deng et al. used a three-dimensional model to simulate the leakage process of underground natural gas 
pipelines [28]. Jiang et al. conducted laboratory research on the diffusion of crude oil in submarine pipelines and 
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analyzed the leakage characteristics of the leakage flow field [29]. Zhang et al. conducted an experimental study on the 
leakage and diffusion of underwater natural gas pipelines, and quantitatively studied the factors affecting the gas 
leakage and diffusion characteristics [30]. Mu and Zhang studied the influence of the location of the leakage hole on 
the leakage rate, established a leakage model to simulate different leakage scenarios, and verified the accuracy of the 
model through experiments [31]. Ebranhimi et al. have done some research on the small hole leakage of oil and gas 
pipelines and developed a numerical method [32]. Zhang et al. studied the dynamic behavior of LNG jet release under 
water and analyzed the gas diffusion characteristics under different scenarios [33]. Dong and Wang carried out 
numerical simulation of natural gas leakage in the atmosphere [34]. Because the process of pipeline leakage is 
relatively complex, the leakage flow field can be studied by simulation and then the leakage cause and leakage 
characteristics can be obtained, which provides theoretical basis for production [35,36].

In this paper, a T-shaped three-way pipeline in a natural gas pipeline is used as a model to perform CFD erosion and 
wear simulation analysis to explore the factors affecting pipeline erosion and wear and simulation analysis of the 
leakage of small holes in the pipeline and the establishment of an experimental platform experimentally verified the 
influence mechanism of the internal pressure, the area of the leakage orifice and the geometry of the leakage orifice 
on the flow field in the leakage of the small orifice leakage in the medium and low-pressure natural gas pipelines.

2. Theoretical basis of pipeline erosion and leakage

2.1 Hydrodynamic theory

2.1.1 The governing equation in FLUENT

The form of the governing equation is shown in Eq.(1):

∂(ρφ )
∂t + div (ρuφ ) = div (Γ ⋅ gradφ ) + S (1)

where t  is time, s, ρ  is density, kg·m-3, φ  is general variable, u  is the rate of flow of a fluid, m·s-1, u = ui + uj  (i , j
—coordinate axis direction vector, both orthogonal), Γ is generalized diffusion function and S  is generalized source 
term.

Reynolds number is the basis for dividing fluid motion states in fluid mechanics, as shown in Eq.(2):

Re =
ρuD

μ (2)

ρ  is the density of the fluid medium, kg·m-3u  is the velocity of a fluid, m/s, D  is the characteristic length, m, and μ  is the 
dynamic viscosity of the fluid medium, Pa·s.

When the fluid flows in turbulent flow, its motion state is prone to fluctuations. Not only does the fluid cluster move 
randomly, but also the momentum and energy are constantly exchanged, making the trajectory extremely disordered. 
In the three-way pipe sim-ulated in this paper, the fluid flow state in the pipe is turbulent. In order to better study the 
erosion and wear of the gas-solid two-phase flow on the pipe, the RNG k-ε model is used [37]. The RNG k-ε model 
obtains the solution of turbulent kinetic energy and dissipation rate by solving the turbulent kinetic energy equation 
and turbulent dissipation equation. The turbulence kinetic energy equation and turbulence dissipation equations are 
shown in Eqs.(3) and (4):

α (ρk )
∂t +

∂(ρkμi )
∂xi

= ∂
∂xj

[μ +
μi
σk ] ∂k

∂xj
+ Gk + Gb − ρϵ − YM + Sk (3)

∂(ρϵ )
∂t +

∂(ρϵμi )
∂xi

= ∂
∂xj [ (μ +

μi
σk ) ∂ϵ

∂xj ] + C1ϵ
ϵ
k (Gk + C3ϵ Gb ) − C2ϵ ρ ϵ2

k − Sϵ (4)

where μi  is the turbulent viscosity, Cu = 0.09 is a constant, ρ  is the density of the medium, kg·m-3, y  is the time, s, ui  is 
the speed in direction i , m/s, xi  is the displacement in direction i , m; μ  is the molecular viscosity, Gk  is the turbulent 
energy generated by the average velocity gradient, J, Gb  is the turbulent kinetic energy generated by buoyancy, J, YM  is 
the influence of the turbulent wave expansion of the compressible fluid on the over-all dissipation rate, C1ϵ = 1.44, 
C2ϵ = 1.92, C3ϵ = 0.99, are the empirical constants, σk = 1.0, σε = 1.3 are the Prandtl constants of K  and ε , respectively, 
and Sk  and Sε  are user-defined source items.
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2.1.2 Discrete model
The erosion and wear leakage of the sand-bearing natural gas pipeline studied in this paper is based on the Lagrange 
coordinate system to study the movement of gas-solid two-phase flow in the pipeline. The gas is the main phase and 
the Euler method is used, and the solid is the sparse phase and the discrete phase is the Lagrange method [38]. 
Assuming that there is no relative collision between particles, the particle's trajectory is obtained by integrating the 
particle's force balance differential equation. The dynamic balance equations are (5) and (6):

dvp

dt = FD (μ − vp ) +
gx (ρp − ρ )

ρp
+ Fx (5)

FD =
18μ
ρp dp

2
CD Re

24 (6)

FD (μ − vp )  is the drag force per unit mass of the particle, u  is the flow velocity of the fluid, vp  is the moving speed of 
the particle, μ  is the dynamic viscosity of the fluid, ρ  is the density of the fluid, ρp  is the density of the particle, dp  is the 
diameter of the particle, Re  is the Reynolds number and Fx  is other forces.

CD  is the drag force coefficient. When the particle is in the shape of A  sphere, its equation is (7):

CD = a1 +
a2
Re +

a3
Re

(7)

Among them, a1, a2, a3 are constants.

2.2 Erosion wear model
Because of the low particle content in the fluid, the erosion phenomenon in the pipe-line can be simulated by DPM. 
The erosion and deposition rates of the pipeline wall are defined as the erosion wear rates, as shown in Eq.(8):

ER = ∑
n =1

NP
mp C (dp ) f (α )vb (v )

Aface

(8)

where ER  is the erosion wear rate, kg·(m2·s)-1, mp  is the particle mass flow, kg·s-1, C (dp )  is the particle diameter 
function, α  is the angle when the particle hits the material surface, f (α )  is the function of impact angle, v  is the 
relative velocity of particle, b (v ) is the function of the relative velocity of the particles and Aface  is the surface area of 
the element on the wall.

2.3 Leakage model

In order to facilitate the study, the pipeline leakage was simplified, and a simplified leakage model was obtained. The 
leakage diagram is shown in Figure 1. The Le marked in the figure is the distance from point 2 to point 1 directly below 
the leak. In the figure, points 1, 2, and 4 are all at the axis of the pipeline, point 1 is the center of the starting point, 
point 3 is the center of the leak hole, point 2 is located below the center of the leak hole, point 4 is the position of a 
point downstream of the center in the pipeline. P  is the pressure in the tube, T  is the temperature, and U  is the 
velocity of the fluid.

 Because the research in this paper is aimed at the flow field characteristics under the leakage of small holes in the 
pipeline, when the diameter of the leakage hole is 1, because the leakage hole is very small compared with the whole 
pipeline system, there is little change in the overall pressure in the pipeline when the leakage hole leaks, so the whole 
pipeline is regarded as the constant pressure in the pipe, that is, the isobaric environment in the pipeline. P1 = P2, T1 =
T2, it can be obtained that the gas state at the position of the points 1 and 2 of the pipelines will not change due to 
leakage.

Then, when Pa
P1

> ( 2
k + 1 )

K
K −1

, the state of the leakage gas at the leakage orifice of the gas transmission pipeline is the 

critical flow, and the leakage amount is shown in Eq.(9):
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Figure 1. Schematic diagram of pipeline hole leakage

Q = AP1
Mk
RT1 ( 2

k + 1 )
k +1
k −1 (9)

When Pa
P1

≤ ( 2
k + 1 )

K
K −1

, the state of the leakage gas at the leakage orifice of the gas transmission pipeline is the 

critical flow, and the leakage amount is shown in Eq.(10):

Q = AP1
2M
RT1

k
k − 1 [ ( Pa

P1 )
2
k

− ( Pa
P1 )

k +1
k ] (10)

where Q  is the dimension-leakage volume, the unit is kg·s-1, A  is the dimension the area of the leakage orifice, the unit 
is m2, K  is the dimensionless—gas adiabatic coefficient, M  is the molar mass of the substance in the dimension, the 
unit is kg·kmol-1, and R  is the dimensionless-gas constant, which is taken as 8.314 kj·(kmol·k)-1.

The analysis shows that the factors affecting the leakage of the small hole of the pipe-line are the pressure in the pipe 
and the geometric area of the leakage orifice. When the overall pressure in the pipeline and the geometric area of the 
leakage orifice increase, the amount of leakage at the leakage orifice of the pipeline also increases.

3. Pipeline model and physical parameters

The geometric model of T-shaped tee pipe studied in this paper is shown in Figure 2, where D = 50 mm; L1 = 1000 mm, 
L2 = 500 mm. In the model, the continuous phase is set to natural gas, and the discrete phase is set to sand, with a 
density of 2650 kg/m3. The model in Figure 2 is used to analyze the erosion and wear of the pipeline by gas-solid two-
phase flow.

The flow field characteristics of erosion leakage are studied by taking the flow direction of the fluid as B end inflow and 
A and C end outflow as examples. The analysis shows that the right side of the upper end of the branch pipe (position I 
in Figure 2) is a part prone to erosion and wear, and long-term wear will form perforations and cause leakage. The 
leakage flow field was simulated numerically based on the pipeline leakage model, and the effects of pipeline 
pressure, the area of the leakage orifice and the shape of the leakage orifice on the leakage rate were studied.

 The Multizone method in ANSYS Meshing module is used to divide the meshes at the intersection of main pipe and 
branch pipe and the straight pipe part. This method combines the advantages of structured and unstructured grids, 
that is, different grids are selected for different regions. Specifically, the geometric model is divided into blocks first 
and then divided, and the geometric model is automatically decomposed into mapping region and free region, and 
then the region is automatically judged and the pure hexahedral mesh is generated. For the regions that do not meet 
the conditions, a better unstructured mesh is adopted.

This paper is a study of pipe erosion by gas-solid two-phase flow, so two factors of continuous phase and discrete 
phase should be considered at the same time. Therefore, boundary conditions should be set according to continuous 
phase and discrete phase, and the interpolation mode of governing equation and the setting of solving parameters 
should also be considered. (1) The calculation model of continuous phase boundary condition setting is Standard RNG 
k − ε  model, the fluid domain is natural gas, the operating pressure is the default value, the inlet type is Velocity-Inlet, 

https://www.scipedia.com/public/File:Draft_Yan_129734305-image14.png
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Figure 2. Geometric model of T-type three-way pipeline

the flow direction is perpendicular to the boundary, the coordinate system is absolute coordinate system, and the total 
temperature is 298.15 K. The exit type was Outflow, and wall boundary condition was Wall. (2) The calculation model of 
discrete phase boundary conditions was DPM model, the pipe wall type was reflected, the physical model was Erosion 
model, and the solid particles were assumed to be uniformly spherical. After the continuous phase was solved, the 
discrete phase was added. The type was selected as sand and its density was set to 2650 kg/m3.

4. Analysis of influencing factors

4.1 Main factors affecting erosion and wear

When the impact conditions of the tiny particles are different, the erosion and wear effect caused by the impact of the 
material surface is also different. The gas-solid two-phase flow moves in the pipeline. The discrete phase of the solid 
particles will be affected by the continuous phase gas. The velocity and flow direction of the gas will affect the 
movement of the solid particles. According to the kinetic energy theorem, the larger the velocity of a particle, the 
greater the impulse it has. Therefore, when the flow direction and velocity of the gas change, the movement of the 
particles will be affected, which in turn will affect the erosion and wear effect of the pipeline.

From Eq.(8) of the erosion rate, it can be concluded that the factors affecting the erosion wear efficiency are the mass 
flow rate and particle diameter.

In this paper, the impact of fluid velocity, particle mass flow rate and particle diameter are mainly analyzed when 
studying the erosion wear of three-way pipeline.

4.2 Influencing factors of the flow field characteristics at the leak hole

When the hole leaks, the pressure in the pipe can be regarded as constant pressure. It is assumed that the fluid does 
not exchange energy in the process of flowing in the pipe. In this ideal state, Bernoulli equation and continuity 
equation are used to study the model in Figure 1.

Based on Bernoulli equation and continuity equation, the analysis of Sections 1 and 3, 1 and 4 can be carried out to 
obtain Eqs.(11):

https://www.scipedia.com/public/File:Draft_Yan_129734305-image19.png
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{
u1

2

2g =
u3

2

2g +
p3 − p1

ρg + hf 3

u1
2

2g =
u4

2

2g +
p4 − p1

ρg + hf 4

u1 =
A3
A1

u3 +
A4
A1

u4

(11)

where hf 3 is the amount of resistance loss along the way from Section 1 to Section 3, hf 4 is the amount of resistance 
loss along the way from Section 1 to Section 4, A1 is the cross-sectional area at point 1, A3 is the cross-sectional area at 
point 3, and A4 is the cross-section at point 4 area.

According to Eq.(11), it can be known that the factors affecting the pipeline leakage flow field include the area of the 
leakage orifice, the pressure difference between inside and outside the leakage orifice (i.e., the pressure in the pipe), 
etc. And when the shape of the leakage hole is different, the characteristics of the pipeline leakage flow field will also 
change. When studying the factors that affect the leakage flow field characteristics of the small hole of the pipeline, 
three factors are selected under the normal temperature state: the pressure in the pipe, the area of the leakage 
orifice, and the geometry of the leakage orifice.

5. Simulation results and discussion

5.1 Erosion wear simulation analysis of tee pipes

5.1.1 Influence of Gas Velocity on three-way Pipeline

The flow direction is B-end, A-end in and C-end out, only the gas velocity is changed, and the remaining conditions are 
fixed, and the erosion wear of T-shaped tee is numerically simulated. Select ten groups of different flow rates, such as 
2 m/s, 4 m/s, 6 m/s, 8 m/s, 10 m/s, 12 m/s, 14 m/s, 16 m/s, 18 m/s, 20 m/s, etc., and select four erosion wear cloud 
images at different flow rates, as shown in Figure 3. The trend that the maximum erosion wear rate varies with the air 
flow velocity, as shown in Figure 4.

Figure 3. Cloud diagram of erosion rate of tee tube under different flow velocity

 As can be seen from Figure 3, the position of erosion wear on the wall of T-shaped tee pipe is not affected by air 
velocity, and its position is basically the same. The maximum erosion rate occurs near the outlet of the main wall facing 
the branch pipe. It can be seen from Figure 4 that when other conditions remain unchanged, the velocity of medium 
increases and the erosion rate increases gradually, but the increase of erosion rate is nonlinear. When the velocity is 
between 1-14 m/s, the maximum erosion wear rate increases slowly; when the velocity is between 14-18 m/s, the 
maximum erosion wear rate increases greatly; when the velocity is greater than 18 m/s, the maximum erosion rate 
remains stable and the increase is small.

Because when the velocity is low, the flow rate is slow, and the ability of gas to carry solid particles is weak, so the 
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Figure 4. Curves of maximum erosion rate under different fluid velocity

erosion rate is small with the increase of gas velocity, the ability of gas to carry solid particles increases, and the impact 
of particles on the wall of the pipe becomes greater. This is because with the increase of gas velocity, the kinetic 
energy of particles also increases, and the impact energy of high-speed particles colliding with the wall also increases. 
However, when the flow rate reaches 18 m/s, due to the decrease of the followability of small solid particles, the 
impact force of particles on the pipe wall is not enhanced, so the relative increase of the erosion rate is not large.

The pressure produced by the airflow at different speeds is introduced into the inner wall of the T-shaped tee, and 
then through the fluid-solid coupling treatment, the stress cloud diagram and deformation cloud diagram of the T-
shaped tee at different air velocities are obtained. The stress nephograms and deformation nephograms of the 
selected flow rates of 2 m/s, 8 m/s, 14 m/s and 20 m/s are shown in Figure 5. When the velocity of the gas is changed, 
the stress and deformation displacement of the tee also change. Because the greater the gas velocity, the greater the 
kinetic energy, the impact force of the gas on the three-way pipe wall increases, and the stress and deformation of the 
three-way pipe in-crease significantly, and the change trend is the same and increases exponentially. The relationship 
between stress and deformation and gas velocity is shown in Figure 6.

https://www.scipedia.com/public/File:Draft_Yan_129734305-image22.png
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Figure 5. Stress and deformation nephogram under different fluid velocity. (a) Stress nephogram at different flow rates.
 (b) Deformation cloud images at different flow rates

Figure 6. Variation trend curve of pipeline stress and shape variables under different gas flow rates
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5.1.2 Effect of mass flow on erosion wear of three-way pipeline

The flow direction of the fluid is B end, A end into C end out, and the mass flow is respectively 0.001 kg/s, 0.002 kg/s, 
0.003 kg/s, 0.004 kg /s, 0.005 kg /s, 0.006 kg /s, 0.007 kg /s, 0.008 kg/s and 0.009 kg/s. The numerical simulation of 
erosion wear of T-tee pipe is carried out. Choose four erosion and wear cloud diagrams under different particle mass 
flow rates, as shown in Figure 7. After analysis, the curves of the maximum erosion rate changing with mass flow rate 
are shown in Figure 8.

Figure 7. Erosion cloud diagram under different particle mass flow rates

Figure 8. Curves of maximum erosion rate under different mass flow rates

 It can be seen from Figures 7 and 8 that as the mass flow rate of particles in-creases, the maximum erosion rate 
continues to increase, but the erosion and wear parts on the T-shaped tee tube are basically the same. The main 
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reason is that due to the increase of particle flow, the number of particles colliding with the pipe wall in a single time 
period is more than the former, and the erosion and wear rate is correspondingly in-creased.

5.1.3. Influence of particle diameter on the erosion and wear of tee

B end and A end go in and C end out, and the particle size is taken as follows: 0.0001 m, 0.0002 m, 0.0003 m, 0.0004 m, 
0.0005 m, 0.0006 m, 0.0007 m, 0.0008 m and 0.0009 m. Other conditions remain unchanged, and the numerical 
simulation of erosion wear of T-shaped tee is carried out. Four erosion wear cloud images with different particle 
diameters were selected, as shown in Figure 9. In addition, the relationship curve between particle diameter and 
maximum erosion rate can be obtained, as shown in Figure 10.

Figure 9. Erosion cloud images under different particle diameters

Figure 10. The relationship between particle diameter and maximum erosion rate
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 It can be seen from Figures 9 and 10 that as the particle size increases, the erosion and wear areas and positions on 
the wall of the T-shaped tee tube are basically the same. The larger the particle diameter, the more obvious the 
erosion and abrasion effect formed on the pipe wall surface, and the greater the erosion rate, but the degree of 
increase gradually decreases. Because the weight of particles with larger diameters is larger than that of particles with 
smaller diameters. Under the same conditions, the erosion kinetic energy of the larger particle size is greater, and the 
impact force in the concentrated area of the offset erosion wear is stronger, so the erosion wear rate increases. 
However, because the mass and flow rate of the particles remain unchanged, increasing the particle diameter is 
equivalent to increasing the weight of the particle, and the number of particles will decrease. The number of collisions 
between sand particles and the wall per unit time will decrease. The mutual superposition causes the increase of the 
maximum erosion wear rate to gradually weaken with the increase of the particle size.

By analyzing the erosion wear of T-shaped pipe, when the flow direction of the fluid does not change, the erosion wear 
position of the pipe will not change when other influencing factors are changed. Therefore, with the accumulation of 
erosion wear will cause pipeline leakage. In order to better study the erosion leakage of pipeline, it is necessary to 
carry out the simulation analysis of pipeline leakage and carry out the corresponding experimental verification. During 
the erosion simulation and experiment of the leakage, the flow rate of the fluid is selected to enter at B end and flow 
out at A end and C end for re-search and analysis.

5.2 Simulation analysis of three-way pipeline leakage

When the influence of the pressure in the pipeline on the leakage characteristics is studied, the initial pressure in the 
pipeline is set as 0.025 MPa, 0.075 MPa, 0.15 MPa and 0.22 MPa respectively. When studying the influence of the size of 
the leakage orifice area on the leakage characteristics, the circular leakage orifice is used for analysis. The area of the 
leakage orifice is 6.4 mm2, 12.8 mm2, 19.2 mm2, 25.6 mm2 and 32 mm2 respectively. The leakage hole is not necessarily 
round, so when studying the influence of the shape of the leakage hole on the leakage characteristics, under the 
condition that the area of the leakage hole is equal, the shapes of the leakage hole are respectively round, square, 
equilateral triangle, and rectangle. The cloud diagram of leakage rate under different influencing factors was obtained 
by simulation in Fluent, as shown in Figure 11.

Figure 11. Cloud map of gas leakage velocity of leakage hole under different influencing factors. (a) Leakage 
rates at different pressures in the pipeline. (b) Leakage rate with different orifice area. (c) Leakage rate when the 

shape of the leakage orifice is different

 The contours of the gas leakage fluid are convex arcs. As can be seen from the color in the cloud image, leakage 
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velocity increases gradually from the outside to the inside along the isoline, and the gas leakage rate reaches the 
maximum at the leakage hole. When the gas enters the leak hole, due to the impact of the fluid, the streamline curves 
at the corner, generating vortex movement. According to the vortex sound theory, the sound source is generated at 
the leakage hole, which provides a basis for the subsequent location of the pipeline leakage point.

As can be seen from Figure 11(a), with the increase of pressure, the leakage amount of pipeline hole leakage gradually 
increases. This is because when leakage occurs, the pressure difference will be generated at both ends of the inlet and 
outlet of the leak hole. As can be seen from Figure 11(b), with the increase of the area of the leakage orifice, the 
leakage amount of the pipeline is gradually increasing.

According to Figure 11(c), when the area of the leakage orifice is equal, the gas velocity of the circular leakage orifice is 
442 m/s, the gas velocity of the square leakage orifice is 424 m/s, the gas velocity of the equilateral triangle leakage 
orifice is 414 m/s, and the gas velocity of the rectangular leakage orifice is 402 m/s. The reason is that rectangle has 
the largest wet perimeter length, square and triangle have the second, and circle has the smallest. When the gas is 
leaked through the leakage orifice, the greater the wet circumference length of the leakage orifice is, the greater the 
energy loss of the air flow will be, thus the smaller the speed will be. The wet circumference length of the rectangle is 
the largest, so the energy loss is greater. Therefore, the gas leakage rate of the rectangular leakage orifice is the 
slowest in the leakage orifice of these several shapes.

According to the simulation values, the relation diagrams of different pressures and leakage rates and quantities and 
the relation diagrams of different leakage hole areas and leakage rates and quantities can be obtained, as shown in 
Figures 12 (a) and (b). As can be seen from the graph, with the increase of the pressure and the area of the leakage 
hole, the leakage rate and quantity are gradually increasing. However, with the increase of the pressure and the area 
of the leakage hole, the slope of the curve of the leakage rate and quantity is gradually decreasing, indicating that the 
increase rate is gradually decreasing.

Figure 12. Graph of the relationship between the pressure in the pipeline, the size of the leakage hole and the leakage rate and quantity. 
(a) Relation diagram of different pipeline pressures with leakage rate and leakage volume. (b) Relation diagram of different leakage 

orifice area with leakage rate and leakage quantity

6. Experimental verification of gas leakage mass flow rate

Build a T-shaped tee pipeline leakage experimental device to verify the numerical simulation, observe the gas pipeline 
keyhole leakage, simulate the leakage process under different pipe pressure and leakage orifice area, by comparing 
the experimental results with the simulation data to verify the correctness of the CFD numerical simulation results. 
Build a small hole leakage experiment platform (Figure 13).

 The experimental platform consists of air compressors, solenoid valves, valves, three-way pipelines, gas pipelines, 
control panels, wind speed measurement devices and corresponding data acquisition devices. Air is the experimental 
medium, and the opening and closing of the solenoid valve is used to control the valve to simulate the leakage of small 
holes in different areas. Adjust the input pressure value of the air compressor to simulate the effect of different 
pressure on the leakage of the small hole.

Use the control panel to precisely control each system of the device, and control and adjust the air compressor in real 
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Figure 13. Experimental platform

time according to the pressure gauge data. In the experiment, the initial pressure in the tube was taken as 0.01, 0.025, 
0.05, 0.075, 0.1, 0.12, 0.15, 0.18, 0.2, 0.22, 0.25 MPa etc. When the value of the pressure gauge reaches a steady state, 
open the electromagnetic valve for test. The air volume measured by the measuring instrument is used to 
approximately represent the amount of gas leakage in the case of key-hole leakage in the pipeline. The leakage data 
measured in the experiment are shown in Table 1. The simulation results are compared with the laboratory data, and 
the comparative analysis results are shown in Figure 14.

Table 1. Experimental data of leakage under different pressure

Pressure in the pipe/MPa 0.025 0.5 0.075 0.1 0.15 0.18 0.22 0.25

Leakage/kg·s-1 0.0030 0.0038 0.0046 0.0053 0.0065 0.0072 0.0079 0.0084

 When the initial pressure is constant, the areas of the adjusted leakage orifice are 6.4, 12.8, 19.2, 25.6, 32.0 mm², etc. 
After the value of the pressure gauge is stable, perform the experiment. The leakage air volume values under different 
leakage orifice were obtained, as shown in Table 2. The simulation results are compared with the data obtained in the 
laboratory, and the comparative analysis results are shown in Figure 15.
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Figure 14. Comparison of simulation results and experimental results

Figure 15. Comparison of simulation results and experimental results

Table 2. The experimental value of leakage quantity when the area of leakage orifice is different
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Leakage orifice area /mm² 6.4 12.8 19.2 25.6 32.0

Gas leakage mass flow rate /kg·s-1 0.0012 0.0024 0.0035 0.0045 0.0058

 The experimental and simulation results are compared and analyzed. The experimental value is always smaller than 
the simulation result. Although there is a certain difference between the two, the trend of the obtained value is 
approximately the same. As can be seen from the line chart, when the area of the leakage orifice is small and the 
pressure in the pipe is low, the error between the experimental value and the simulation value is relatively small and 
the numerical value is similar. As the area of the leakage orifice in-creases or the pressure in the pipeline increases, the 
error value between the simulation results and the experimental results increases and there is a big difference 
between the results.

The reasons are as follows: (1) The internal pressure set by CFD simulation analysis is constant pressure, which is not 
affected by external conditions, but during the experiment, the internal pressure is not absolute constant pressure. (2) 
In the CFD simulation analysis, the boundary conditions are set to ideal conditions, and the ideal state cannot be 
achieved in the actual test. (3) In the CFD simulation analysis, there is no energy exchange with the external 
environment in the process of gas leakage, but there is energy loss in the actual leakage, and the external 
environment and operation errors will increase the experimental error. (4) When the area of the leakage orifice is 
larger and the pressure in the pipe is higher, the air flow in the leak hole is more disordered, which is more different 
from the boundary conditions in the ideal state.

7. Conclusions
(1) Different influence factors have different degrees of erosion wear on pipelines, but the erosion wear position 
always appears at the intersection of the main pipe and the branch pipe of the tee pipe. And the stress - strain position 
of the pipeline and the serious erosion wear position basically coincide.

(2) When the airflow velocity, particle mass flow, and particle diameter increase, the maxi-mum erosion rate of the 
pipeline gradually increases, but with the gradual increase of various variables, the increase in the maximum erosion 
rate gradually decreases.

(3) When a small hole leakage occurs in a pipeline, the greater the initial pressure, the greater the pipeline leakage 
rate, and the larger the leakage orifice area, the greater the leakage rate. The leakage rate of different leakage void 
areas is also different. Under the same conditions, the leakage rate of circular, square, triangular, and rectangular 
leakage holes is arranged in decreasing order.
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