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1.Introduction

In the process of natural gas transportation, there
are some small solid particles, which will cause erosion
pipelines. Especially for elbows with complex internal flow
field, the erosion of elbows is about 50 times more serious
than that of straight sections [1]. Therefore, it is of great sig-
nificance to study reasonable elbow structure to reduce the
erosion of elbows to ensure the safety of natural gas trans-
portation.

Particle erosion phenomenon is very complex. The
factors affecting the severity of erosion include fluid veloc-
ity, particle rate, fluid properties, particle diameter, pipe ma-
terial, and geometric characteristic size and shape. In recent
years, due to the continuous development of computational
fluid dynamics (CFD), discrete particle model (DPM) has
been widely used to predict the erosion of solid particles in
fluids. Finnie [2, 3] first proposed a micro-geometric model
of plastic materials. He believed that micro-cutting was the
cause of erosion of plastic materials, and proposed that
strengthening metal surface strength could reduce erosion
wear rate. Salik J [4] et al. found that particle shape has a
great influence on erosion wear. McLaury [5] proposed a
generalized erosion prediction program, which consists of
three steps: flow simulation, particle tracking and erosion
prediction, which are the main steps of many erosion mod-
els. Chen et al. [6] proposed a two-phase flow erosion pre-
diction model based on CFD discrete element method
(DEM) for elbow connections. Therefore, the erosion wear
of elbow can be predicted effectively by using computa-
tional fluid dynamics (CFD) method.

At present, many scholars begin to consider reduc-
ing the erosion wear of elbow from the aspect of elbow
structure. Wenshan Peng and Xuewen Cao used CFD model
to solve the liquid—solid flow in the pipe bend. It produces
results that are closest to the experimental data [7, 8]. Santos
et al. reported the insertion of a twisted tape upstream of a
bend could attenuate the direct collisions against the same
spot in the bend wall because of the swirl imparted by the
tape [9]. S.Lain and M.Sommerfeld [10]study the Euler/La-
grange approach in combination with a proper turbulence

model and full two-way coupling is applied for erosion es-
timation due to particle conveying along a horizontal to ver-
tical pipe bend. The results show that an increase in wall
roughness decreases remarkably the penetration ratio and
also changes the shape of the erosion pattern, eliminating
the two antenna-like zones obtained for smooth wall com-
putations. Duarte, C. A. R. & de Souza, F. J. [11] propose a
novel pipe wall design in order to reduce the erosion on a
90° elbow. The simulations show that a reduction of erosion
peak up to 33% can be achieved in a pipeline equipped with
the twisted pipe wall. Hongjun Zhu and Shuai Li [12] study
a trapezoidal rib installed at different positions on the extra-
dos of a 90° elbow is investigated numerically. The results
show that A reduction of elbow erosion peaks up to 31.4%
can be achieved by placing the rib at 8 = 25°. Although the
new structure elbow mentioned above can reduce the ero-
sion of elbow, it is difficult to process the pipeline.

In this paper, the mechanical behavior of pipe dur-
ing extrusion is fully considered, and the innovative shaped
curved pipeline is established. The erosion characteristics of
the innovative shaped curved pipeline is studied. The pa-
rameters of the innovative shaped curved pipeline are opti-
mized from the depth of dent and the diameter of indenters.
Finally, sensitivity analysis is carried out for different mass
flow rate, particle diameter and flow velocity of the innova-
tive shaped curved pipeline.

2. Physical model

Fig. 1, a show the normal curved pipeline studied
in this paper. The diameter of the pipe is D (D=3.5 inches),
and the bending radius R =2D. In order to ensure that the
fluid entering the elbow is in full development stage and to
observe the particle trajectory after passing through the el-
bow, a straight tube of 6D length is added upstream and
downstream of the elbow. Fig. 1, b — d shows the manufac-
turing process of the innovative shaped curved pipeline.
First, two cylindrical cylinders with a diameter of D, are
placed at the distance from the entrance 3D. Then the in-
denter is used to squeeze the pipeline, leaving a dent with a
depth of H on the pipe. Finally, the flow field in the pipeline
is extracted by Boolean operation.
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3. Computation details
3.1. Governing equation

1. Standard K—¢ turbulence model: Because the
standard K—¢ turbulence model has the characteristics of
high accuracy and simple application [13], the standard K-
& turbulence model is used to study pipeline erosion. The
standard turbulence model is described as follows:
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where: G, and G, are turbulent kinetic energy caused by
average velocity gradient and buoyancy, respectively; Y,,
indicates the effect of turbulence pulsation on dissipation
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FLUENT computational fluid dynamics software,
C,=144,C,, =1.92,C,=0.009.
2. Particle motion trajectory model : Ignoring

small forces such as force of flow field pressure gradient on
particles, buoyancy, gravity, etc [14]. According to the cal-
culated balance of forces acting on particles, the particle
motion equation of particle motion trajectory in Cartesian
coordinate system is obtained as follows:
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where: Fy (u —up) is the drag force per unit mass of parti-
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; U is the gas phase velocity; u,
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is the particle velocity; 4 is the gas dynamic viscosity; p
is the gas density; p, is the particle density; D, is the par-
ticle diameter; Re is the particle Reynolds number.

3. Collision model: There is energy loss in the pro-
cess of solid particles impacting the pipeline, so its rebound
speed is lower than the incident speed. The velocity distri-
bution of solid particles before and after collision with the
wall is shown in Fig. 2. Generally, the recovery coefficient
(the ratio of rebound to incident velocity) can be used to de-
scribe this effect. The elastic recovery coefficient is repre-
sented by a normal component e, and a tangential compo-

nent e, and its expression is as follows:

(4)

In the formula, e, and e, respectively represent
the rate of change of momentum in the direction perpendic-
ular to the wall and parallel to the wall (normal and tangen-
tial) before and after the particle colliding with the wall.

Wall

Fig. 2 Schematic diagram of particle collision with wall sur-
face

Most of the materials used for manufacturing nat-
ural gas pipelines are carbon steel. Referring to FLUENT's
help document, the following recovery coefficient formulas
are given for the recovery of normal and tangential recovery
coefficients in the calculation [15]:

e, =0.993-0.03074 +0.0004756° - 0.000002614°

, 5
e. =0.988-0.0280 + 0.0006426° - 0.000003564° ©)

The impact angle function uses a piecewise linear
function and sets the function values at 0°, 20°, 30°, 45°
and 90° to 0, 0.8, 1, 0.5 and 0.4, respectively. In this paper,
the particle diameter function adopts the constant of 1.8e- 9
and the velocity exponent function of 2.6.

4. Erosion model: This paper uses the particle ero-
sion and accretion theory provided by FLUENT to calculate
the erosion of solid particles on natural gas pipelines. The
general form of the predicted erosion model in FLUENT is
as follows:

~ N paricles mpC(d . )f (a)\,b(V)
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A

R
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where: 7, is the mass flow rate of particles; C(dp) is a

function of particle diameter; « is the impact angle formed
between the incident direction of particles and the wall sur-
face; f(a) is a function of the impact angle; v is the rela-

tive velocity of particles; b(v) is a function of the relative
velocity of particles; A, is the surface area of the wall

unit.

5. Basic Control Equations: The conservation law
of physics is the basic law that all fluids must follow when
they flow. In all the processes of flow, it can be explained
by the conservation of mass, momentum and energy. The
mathematical differential expressions of the three basic gov-
erning equations are as follows.

Continuity equation:

0
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Momentum equation:
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Turbulence kinetic energy (k) equation:
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Where T can be expressed as follows:
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where: p is fluid density; U is velocity; p is pressure; T
is temperature; u,is turbulent viscosity; . is dynamic vis-
cosity; Pr is the Prandtl number.

513

6. Data reduction: A PEC (performance evaluation
criteria) considering both the maximum erosion rate of the
normal curved pipeline and the maximum eraosion rate of in-
novative shaped curved pipeline, which is defined as fol-
lows:

pec=5-5n
E

n

(15)

where: E; is the maximum erosion rate of innovative

shaped curved pipeline; E, isthe maximum erosion rate of
the normal curved pipeline.

3.2. Grid details and independent test

The mesh is divided as shown in Figure 3. Because
the erosion at elbow is more severe, the mesh is encrypted
at elbow. The numerical simulation is carried out by using
the models with 130042, 320464, 403210, 732012 and
1020135 meshes. As shown in Figure 4, when the number
of grids reaches 403210, the increase of the number of grids
has little effect on the maximum wear rate, so it is consid-
ered that the requirement of grid independence can be met.
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4, Results and discussions
4.1. Effects of indentation depth

Fig. 5 shows the distribution of erosion rate with
different dent depths when particle diameter is 0.0002 m,



mass flow is 0.002 kg/s, particle velocity is 10 m/s and in-
denter diameter is D, = D =3.5-inch. It can be seen from

Fig. 5 that the erosion mainly occurs at the elbow. The main
erosion area is approximately elliptical. At the same time, in
the area near the downstream exit of the elbow, two long
strip erosion areas (similar to the "V" shape) are formed. As
the dent depth increases from 0.25 inches to 1 inch, the core
of erosion area decreases significantly, and the shape of the
main erosion area gradually develops from ellipse to circle.
At the same time, with the increase of dent depth, there will
be a new phenomenon of erosion in the dent. Because the
number of particles in the impact dent is obviously smaller
than that in the impact elbow, the erosion in the dent is not
serious at the elbow.

Flow Direction

0.25 inch 0. 5 inch 0.75 inch 1 inch

Normal pipe

Fig. 5 Erosion distribution of pipeline under different depth
of indentation

Figs. 6 and 7 show the velocity and pressure distri-
bution of pipe flow field at different dent depths when par-
ticle diameter is 0.0002 m, mass flow rate is 0.002 kg/s, par-
ticle velocity is 10 m/s and indenter diameter is D, =D =

3.5-inch, respectively. Generally speaking, when the dent
does not exist, the flow field in the straight pipe section at
the elbow entrance is relatively stable, and the pressure of
the flow field decreases at a constant speed in the direction
of flow. Because of the effect of viscous force, the velocity
distribution of the fluid is parabolic, that is, the velocity near
the wall is smaller, and the velocity at the central axis of the
pipeline is larger. When the fluid passes through the elbow,
because the flow direction changes dramatically, the law of
steady change of velocity and pressure field is destroyed,
resulting in high pressure on the outside of the elbow sec-
tion, but low flow velocity, and low pressure (“a” area) on
the inside of the elbow tube, but high flow velocity. When
the fluid flows out of the elbow, the flow direction of the
fluid gradually stabilizes, so the fluid restores to the fluid
state of the straight-line section in front of the elbow. When
the dent exists, the cross-sectional area of the pipeline sud-
denly decreases, resulting in a sudden increase in flow ve-
locity and a sudden decrease in pressure at the dent. Simi-
larly, after the fluid flows through the dent area, the fluid
state gradually restores to the state before entering the dent
area, so the fluid state flowing through the elbow is almost
the same as when the dent does not exist.

Fig. 8 shows the trajectory of particle movement in
the curved pipeline with dent and normal curved pipeline.
In the normal curved pipeline, particles move smoothly and
hardly collide in the straight pipe section. At the elbow,
most particles collide with the wall in area A, so the most
serious area of erosion occurs in area A. At the same time,
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particles cross at place B after collision. The particles on the
right side move to the left side, while the particles on the left
side move to the right side, thus forming a V" erosion area.
In curved pipeline with indentation, the particle trajectory
will deflect when it impacts on the wall of indentation, re-
sulting in the decrease of the particle number at “A” area, so
the erosion area will change. At the same time, the energy
loss and particle motion dispersion will occur after the par-
ticle impacts on the wall of indentation, resulting in the de-
crease of the erosion rate at the elbow and the dispersion of
the erosion area.
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Fig. 6 Velocity distribution of flow field under different of
indentation
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Fig. 8 Trajectories of particles in two kinds of pipes



The maximum erosion rate is an important param-
eter for predicting the failure of pipeline. In Figure 9, it can
be seen that the existence of indentation can reduce the max-
imum erosion rate. The more the indentation depth in-
creases, the more obvious the reduction effect is. When the
indentation depth is 1 inch, the PEC value reaches 0.13, in-
dicating that the maximum erosion wear rate decreases by
13%.
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Fig. 9 Maximum erosion rate and PEC variation at different
depths of indentation

4.2. Effects of indenter diameter

Fig. 10 shows the distribution of erosion rate with
particle diameter of 0.0002 m, mass flow rate of 0.002 kg/s,
particle velocity of 10 m/s, pit depth of 1 inch and different
indenter diameter of D, . As can be seen from Fig. 10, the

erosion area on the pipeline with the different indentation
depth is roughly the same. However, when the diameter of
indenter increases, the shape of the indentation will become
flat, which will weaken the effect of the indentation on the
particle trajectory change, and cause a large number of par-
ticles to impact the wall in area A, resulting in the local max-
imum erosion rate. Fig. 11 shows that the maximum erosion
rate increases linearly with the increase of indenter diame-
ter, but the maximum erosion rate of the innovative shaped
curved pipeline is still lower than that of normal curved
pipeline. When the diameter of indenter reaches 6.5 inches,
PEC is only 0.04, which hardly reduces the maximum ero-
sion rate. Therefore, the choice of indenter diameter should
not be too large.

Flow Direction

3.5 inch 4.5 inch

5.5 inch

Normal pipe 6.5 inch

Fig. 10 Erosion distribution of pipeline under different di-
ameter of indenter
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Fig. 11 Maximum erosion rate and PEC variation under dif-
ferent diameter of indenter

4.3. Effects of particle parameters

Figure 12 shows the distribution of erosion rate
with particle diameter of 0.0002 m, indenter diameter is 3.5-
inch, particle velocity of 10 m/s, pit depth is 1 inch and dif-
ferent mass flow rate. Figure 13 shows the distribution of
erosion rate with indenter diameter is 3.5-inch, mass flow
rate of 0.002 kg/s, particle velocity of 10 m/s, pit depth is 1
inch and different particle diameter. Figure 14 shows the
distribution of erosion rate with particle diameter is
0.0002m, indenter diameter is 3.5-inch, mass flow rate of
0.002 kg/s, pit depth is 1 inch and different particle velocity.
It can be seen that when the particle parameters (mass flow
rate, diameter and velocity) change, the distribution of ero-
sion in area “a” at the pit and area B at the elbow is almost
unchanged, which indicates that the particle parameters
have no effect on the distribution of erosion zone on the in-
novative shaped curved pipeline.
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Normal pipe
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Fig. 12 Erosion distribution of pipeline under different mass
flow rate

Fig. 15 shows the maximum erosion rate and PEC
when particle diameter of 0.0002 m, indenter diameter is
3.5-inch, particle velocity of 10 m/s, pit depth is 1 inch and
different mass flow rate. Figure 16 shows the maximum ero-
sion rate and PEC when indenter diameter is 3.5-inch,
mass flow rate of 0.002 kg/s, particle velocity of 10 m/s, pit
depth is 1 inch and different particle diameter. Figure 17
shows the maximum erosion rate and PEC when particle di-
ameter is 0.0002m, indenter diameter is 3.5-inch, mass flow
rate of 0.002 kg/s, pit depth is 1 inch and different particle
velocity. It can be seen that when the particle parameters



(mass flow rate, diameter and velocity) change, the erosion
rate of normal curved pipeline and innovative shaped curved
pipeline both changes significantly, which indicates that the
particle parameters are the parameters affecting the erosion
rate.

Fig. 15 shows that with the increase of mass flow
rate, the maximum erosion rate of normal curved pipeline
and innovative shaped curved pipeline both increases, while
the PEC value decreases slowly at first and then rapidly.
When the mass flow rate of particles is large, the effect of
indentation on the reduction of maximum erosion rate de-
creases. Therefore, to achieve a good optimization effect,
the mass flow rate of particles needs to be controlled.
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Fig. 13 Erosion distribution of pipeline under different par-
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Fig. 15 Maximum erosion rate and PEC variation under dif-
ferent mass flow rates

With the increase of particle diameter, the proba-
bility of particle impacting on the wall at the indentation will
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be increased, so more particles will be impacting on the wall
at the indentation, resulting in the change of particle trajec-
tory and energy loss. Fig. 16 shows that with the increase of
particle diameter, the maximum erosion rate of normal
curved pipeline increases, while the maximum erosion rate
of innovative shaped curved pipeline decreases, and the
PEC increases almost linearly. Therefore, when the diame-
ter of particles in natural gas pipeline is large, the bend with
pits can effectively reduce the maximum erosion wear rate.
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Fig. 16 Maximum erosion rate and PEC variation under dif-
ferent particle diameters

Fig. 17 shows that with the increase of particle ve-
locity, the maximum erosion rate of normal curved pipeline
and innovative shaped curved pipeline both increases, but
PEC increases rapidly at first and then tends to be stable.
Therefore, when the particle velocity is high, the innovative
shaped curved pipeline can also effectively lower the maxi-
mum erosion rate.
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Fig. 17 Maximum erosion rate and PEC variation under dif-
ferent particle velocities

5. Conclusions

In this paper, an innovative shaped curved pipeline
is presented. The numerical simulation of erosion mecha-
nism is carried out from two aspects of indentation parame-
ters and particle parameters. The results show that:

1.Because the existence of indentation can disperse
the area where particles impact the wall at the elbow and



reduce the energy of particles after the impact, the innova-
tive shaped curved pipeline can reduce the maximum ero-
sion rate in the elbow. In the working conditions studied in
this paper, the maximum PEC can reach 0.268, which means
that the maximum erosion rate can be reduced by 26.8%.

2.Within a certain range, the ability to reduce the
maximum erosion rate increases with the increase of inden-
tation depth. With the increase of indenter diameter, the
ability to reduce the maximum erosion rate decreases.

3.Particle parameters play an important role in ero-
sion rate. In the case of larger particle mass flow rate and
particle velocity, the indentation has better effect on reduc-
ing the maximum erosion rate of elbow.
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L. Mo, Z. Wang, J. Du, H. Yi, J. Tang

EROSION MECHANISM AND SENSITIVITY
PARAMETER ANALYSIS OF AN INNOVATIVE
SHAPED CURVED PIPELINE

Summary

In the process of natural gas transportation, it is un-
avoidable for particles to collide with the wall, which will
cause erosion of curved pipeline. Reasonable curved pipe-
line structure can effectively avoid the erosion failure. In
this paper, an innovative shaped curved pipeline formed by
extrusion of cylindrical indenter is presented. The erosion
mechanism and sensitivity parameter analysis of the inno-
vative shaped curved pipeline is studied by numerical sim-
ulation and compared with that of ordinary elbow. In addi-
tion, the effects of extrusion parameters and particle param-
eters on erosion of innovative shaped curved pipeline were
also studied. The results show that the dent can effectively
reduce the maximum erosion rate of elbow. With the in-
crease of dent depth, the maximum erosion rate of elbow is
decreasing. With the increase of indenter diameter, the abil-
ity to reduce the maximum erosion rate decreases. Under the
harsh conditions of large particle diameter and high particle
velocity, the dent has a better ability to reduce the maximum
erosion wear rate, and the maximum erosion rate can be re-
duced by 26.8%.

Keywords: innovative shaped tube, gas/solid two-phase
flow, erosion, numerical simulation.
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