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1. Introduction

Erosion action of the pipe wall surfaces is regarded
as a kind of wash and corrosion [1]. When the high-speed
gas with particles flows through the wall of the tee pipe, the
particles hit the wall and take away part of the wall quality,
causing the tee pipe erosion [2]. The general form of erosion
on the wall is that erosion pits and the uneven surface. The
severer tee pipe erosion is formed perforation and even
cause the tee pipeline to break [3]. However, the erosion
process of the tee pipe is complex and is affected by the flow
velocity, particle mass flow rate, particle diameter, impact
angle and the target material properties [4].

Zeng and Zhang studied the causes of rare erosion
indentation, which were analysed from the trajectory and
secondary flow of the particles by the CFD-DEM two-way
coupling method [5]. Xu and Sun found the erosion of the
polar seawater pipeline wall by ice particles under the con-
dition of vibration [6]. Wang et al simulated the relationship
between the secondary flow and the particle trajectory,
which was analysed by establishing a numerical model and
focusing on the relationship between the secondary flow and
the particle trajectory [7]. Qiao and Cheng studied the cor-
rosion failure of elbow pipeline and welds in the natural gas
gathering and transportation pipeline [8]. Pei et al. worked
out the numerical analysis on the maximum fluid-solid cou-
pling erosion part in the elbow pipeline, and studied the flow
field distribution, particle motion trajectory and the relation-
ship between the maximum erosion rate and the influencing
factors through computational fluid dynamics [9]. Zhou and
Liu studied the influence of solid particle shape and fluid
swirling intensity on the erosion at the elbow [10].

Zhang and Bai studied the failure analysis and ero-
sion prediction on the tee joint in fracturing operation [11].
M.R. Banakermani worked out the numerical analysis and
prediction of the erosion of the elbow for the gas-solid two-
phase flow in the elbow pipelines [12]. Akbar Arsalanloo
studied the problem of particle deposition in elbow pipeline
with swirling [13]. Zhu and Li studied the erosion when
trapezoidal ribs are added to the outer wall of the elbow [14].
Carlos improved the design of the pipeline wall to reduce
the erosion of the elbow [15]. Mazdak studied the erosion of
sand particle in multiphase flow, and found a new dimen-
sionless number for solid particle erosion. Mohammad stud-
ied the erosion of rotating solid particles in gas-solid two-

phase flow on the elbow [16,17]. In this paper, the tee pipe
erosion was investigated, the effect of inlet diameter, inlet
velocity and particle mass flow rate were discussed.

2. Mathematical model

Mathematical models of the study include turbu-
lence model, particle trajectory model and erosion model
[18-22]. The gas with sand can be one-way coupling or two-
way coupling. The one-way coupling can save a lot of cal-
culation time, but neglects the influence of particle motion
on fluid flow. The influence of particle motion on fluid flow
is taken into account in the two-way coupling, so the calcu-
lation process of two-way coupling is complicated and the
calculation time is longer. The gas flow can be described by
Euler method, but the movement of sand in the gas is the
main object of attention in the process of erosion. In addi-
tion, Lagrange method is more suitable than Euler method
to describe the trajectory of discrete phase particle, and the
motion of particles obeys Newton’s second law. The move-
ment of discrete phase particles in the tee pipe is complex.

The interaction between fluid and particles can be
divided into two sides: The sum of the force applied by the
fluid on the particles and the torque acting on the particles.
The motion of the particles can be described by the follow-
ing equations:

m((jj—Ltj:mg+ZFg+FD+FSL+FML ()

In these equations, Fg, Fp, Fs, Fmu represent the
sum of the buoyancy that the particles are applied in the
fluid, the fluid resistance, the Saffman lift, and the Magnus
lift, N. The forces that the particles are applied in the fluid
are complex. Basset force and electromagnetic force are not
considered in this study. Pressure gradient force and false
mass force are very small and can be ignored. Where Fy is
calculated as follows:

F,=——mg, 2

where: p represents the density of sand, kg/m3; Fp is calcu-
lated as follows:
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In order to save calculation time, the spherical par-
ticles with the circular degree of 1 are selected in this study.
Where Cp represents the drag coefficient when the particle
is spherical, is calculated as follows:
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The Reynolds number of the particle (Rep) can be
calculated based on the relative velocity of the particle and
the fluid.
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In the equation, D, represents the diameter of the
particle, m; u represents kinetic viscosity of the fluid. The
fluid in this study is nature gas, whose Kkinetic viscosity is
1.087e-05. Fg is the force that the particles are applied with
the sheer flow induced by velocity gradient in the flow field,
is calculated as follows:

Fy =1615Dx,Re}°C, [ (u, ~u)xo; ], (6)
where: ws represents the vorticity of the fluid; Res represents
the Reynolds number for shear flow; Cs represents coeffi-
cient for Saffman lift.

CsI ={
FmL represents the Magnus lift for rotating parti-
cles, is calculated as follows:
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After a great deal of experiments, several erosion
models have been verified and applied [23, 24]. The calcu-
lation of erosion rate by FLUENT is judged by the mass of
the wall reduction, which is defined as the mass reduction
within the unit time unit area of the pipe wall. There are two
main reasons for reducing the mass of wall material: shear-
ing and collision. The erosion rate is defined as follows:

N particte mpC (d) f (a)vb
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In the equation, C(d) represents the particle diam-
eter function of solid phase particle; f(«) represents impact
angle function; b represents velocity exponent function;
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Avace represents pipeline wall surface area. When the bound-
ary condition is set, it is necessary to set the wall properties.
Then C(d) general taking constant 1.8e-9, b general taking
constant 2.6. The impact angle function is seen in Table 1.
What’s more, the particle rebound model is set as follows
[25]:

e, =0.993-1.76a +1.56a* —0.49a° (12)
e, =0.998-1.66a +2.11a* -0.67a° (13)
Table 1
Impact angle function
Angle, ° 0 20 30 45 90
value 0 0.8 1 0.5 0.4

3. Model representation
3.1. Geometry model and boundary conditions

As shown in Fig. 1, a tee pipe with a length ratio of
I/L = 0.5 and a diameter ratio of d/D = 1 was first used to
simulate. The tee pipe is made of carbon steel with a density
of 7850 kg/m®, Young's modulus of 210 GPa and Poisson's
ratio of 0.3. The pipe diameter D is a constant and the pipe
diameter d is a variable. The inlet of tee pipe is A, and the
outlets of tee pipe are Left B and Right_C. Five different
pipe diameters d are considered to simulate the influence of
the hydraulic diameter.

N N

lel B
‘ Intersection 1

Qow direction

left 13

Right_¢

Fig. 1 Geometry and computational mesh (d = D = 60 mm)

The flow fluid is nature gas with constant density
and viscosity, and the inlet velocity of gas increases to 60
m/s with increment of 10 m/s. The inert solid medium is
sand with mean diameter of 100 um and roundness of 1 and
density is 1550 kg/m®. The natural gas, as a continuous
phase with a density of 0.6679 kg/m?® and the dynamic vis-
cosity of 1.087e-5 kg-m™-s™. Sand is injected from the inlet
pipe with particle mass flow rate ranges from 0.001 kg/s to
0.006 kg/s with increment of 0.001 kg/s. Thus the concen-
tration of solid particles in gas is in the range of 3.54x107 -
2.12x101, The DPM model is enough to obtain reasonable
results in dilute flow. The inlet boundary condition is set to
be velocity-inlet specified as v = vo, while the pressure outlet
describes the outlet boundary condition with a gauge pres-
sure of 101325 Pa. The wall shear condition is no-skip and
the wall roughness is a constant of 0.5.

3.2. Mesh independence verification

In order to obtain reasonable simulation results, the
quality of mesh is improved by increasing the number of
meshes. Fig. 2 and Fig. 3 compare respectively the flow ve-
locity and turbulence intensity distribution of these meshes
at the inlet pipe and outlet pipe. In addition, it should be




known that these simulations used realizable k-epsilon
model with the near-wall treatment of standard wall func-
tions. In addition, the maximum erosion rate is compared
with percentage change as shown in Table 2. It is seen that
the minimum percentage changes of 0 occurs between Mesh
5 and Mesh 6. However, given the question of calculating
time, the number of meshes should be reduced as much as
possible. Finally, Mesh 5 is a good choice with higher pre-
cision and shorter calculation time.

9.0

Mesh 1
Mesh 2

maximum value at 49°, and the error is only 2.27%. There-
fore, this erosion model can be used to solve the erosion rate
of the tee pipe.
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Table 3
Erosion model validation.
(vo = 45.72 m/s, Qp = 0.000208kg/s)
Value/® Experiment Simulation Error/%
/kg:m2.s! /kg-m?-st
125 4de-6 5.56e-6 39
24 8e-6 1.27e-6 -84.1
36 2.2e-5 2.74e-6 -87.5
49 4.4e-5 4.3e-5 -2.27
57 1.3e-5 2.1e-5 61.5
68 3e-6 7.4e-6 147
78 2e-6 3.2e-6 60
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Fig. 2 Velocity at the outlet pipe (d = 60 mm, vo = 10 m/s,
Qp = 0.001kg/s)
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Fig. 3 Turbulence intensity at the inlet pipe (d = 60 mm, vg
=10 m/s, Qp = 0.001kg/s)
Table 2

Mesh independence confirmations. The emax Of the wall
surface (d = 60 mm)

emax, kg-m2.st
Mesh Mesh number
Value | Percentage changes

1 26840 1.09E-07 /
2 80261 1.15E-07 522 %
3 165744 1.17E-07 171 %
4 206017 1.22E-07 41%
5 292688 1.23E-07 0.81 %
6 418128 1.23E-07 0

3.2. Erosion model validation

The comparison between calculation results and
experiment results [3] by using the general erosion model is
shown in Table. 3. It can be seen that the error of erosion
rate of seven angles on the extrados of the elbow. Both the
experimental results and the simulation results reach the

4, Simulation results and discussion
4.1. Effect of the inlet diameter

As shown in Fig. 4, an elliptical high-pressure re-
gion is formed at the intersection of tee pipe. Furthermore,
the inlet diameter corresponds to the oblong high-pressure
region. The larger the inlet diameter, the larger the oblong
high-pressure region. After the gas with sand enters the tee
pipe and passes through the inlet pipe, it hits the bottom of
the pipe intersection, and the direction of the gas changes.
Thus, the instantaneous velocity of the gas is 0, according to
the ldeal Gas Law, this is a high pressure region.
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Fig. 4 Contours of pressure (vo = 10 m/s, Qp = 0.001kg/s)

Fig. 5 Contours of particle mass concentration (vo = 10 m/s,
Qp = 0.001kg/s)

Fig. 5 shows the particle mass concentration distri-
bution at the outlet pipe of the tee tube. In dilute flow, sand
moves with the fluid. Sand in the gas hits the tee pipe wall
and rebound because the flow direction of the fluid in the
tee pipe is limited. Different impact angles cause different
rebound angles. The particle mass concentration is concen-
trated on the top of the outlet pipe and on both sides of the
tee pipe intersection. However, the particle mass concentra-
tion distribution appears on both sides of the outlet pipe with
the decrease of inlet diameter.

Fig. 6 shows the contours of erosion rate. An ellip-
tical erosion region is formed at the bottom of the tee pipe
intersection, which is the same as the position of the high-
pressure region. However, there is no erosion region at the
outlet pipe. Sand without considering the deformation hits



the wall, the kinetic energy of sand is changed into the po-
tential energy of the wall. The larger the inlet diameter, the
larger the region at the bottom of the tee pipe intersection
directly impacted by the sand through the inlet pipe. There-
fore, the elliptical erosion region becomes larger and the
maximum erosion rate becomes smaller.
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Fig. 6 Contours of erosion rate (Vo = 10 m/s, Qp, = 0.001kg/s)

Fig. 7 shows the relationship between maximum
erosion rate and inlet diameter. The maximum erosion rate
becomes smaller when the inlet diameter increases from 20
mm to 60 mm with increment of 10 mm. As the inlet diam-
eter increases from 20 mm to 40 mm, the decrease rate of
the erosion is relatively fast while it becomes slower at d >
40 mm. When the inlet diameter is 20 mm, the maximum
erosion rate is 1.29x107° kg-m2-s’. However, the maximum
erosion rate is 1.23x107 kg-m2-s* when the inlet diameter
is 60 mm. Therefore, the larger the inlet diameter, the
smaller the maximum erosion rate.
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Fig. 7 Inlet diameter and the maximum erosion rate

In order to verify the particle mass concentration
distribution on the sides of the outlet pipe and the effect of
secondary flow vortices on the erosion area region, the tur-
bulent intensity, velocity contours and streamlines were ac-
quired in a normal cross-section to the tee pipe axis. Seven
positions are selected as the sections, which are X = 0, 30
mm, 40 mm, 45 mm, 50 mm, 80 mm, 150 mm of the outlet
pipe (named lo, Iy, I2, I3, 14, Is, lg, respectively), as shown in
Fig. 8. Especially, the cases of d = 20 mm, 40 mm, 60 mm
are chosen to examine the effect of inlet velocity.

Fig. 9 shows the contours of turbulent intensity in
seven cross-sections. With the distance increases, the varia-
tion of turbulent intensity is more obvious. As shown in Fig.
9, a, the region of maximum turbulent intensity is concen-
trated on the sides and bottom of the section at lo. When the
gas reaches Is, three regions of maximum turbulent intensity
are located on the top of outlet pipe. The gas continues to
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flow to the downstream and the regions of maximum turbu-
lent intensity move from the top to the centre of the section.
When the flow reaches lg, three regions with the maximum
turbulent intensity is formed gradually a region.
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The regions of maximum turbulent intensity are
concentrated on the sides of the section at lo and they exist
independently of each other, as shown in Fig. 9, b. When the
gas reaches I, the region of maximum turbulent intensity is
located on the centre of section. The fluid continues to flow



to the downstream and the region of maximum turbulent in-
tensity becomes larger. As shown in Fig. 9, c, the variation
of the region of maximum turbulent intensity is small.
Therefore, the larger the inlet diameter, the lower the turbu-
lence intensity in the outlet pipe.
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Fig. 10 Contours of velocity (a-d =60 mm; b - d =40 mm;
c-d=20mm, vo =10 m/s, Qp = 0.001kg/s)

Fig. 10 shows the contours of gas velocity in seven
cross-sections. The velocity gradient can be obviously ob-
served. Initially at the section of lo, the gas passes through
the inlet pipe at high velocity and hits the bottom of the pipe
intersection. Due to the different inlet diameter, the paths of
gas flow in the outlet pipe are different. As shown in Fig.
10, a, the region of high flow velocity is located on the bot-
tom of section. When the gas reaches ls, the gas velocity be-
comes the largest. However, with the gas continues to flow
to downstream, the region of high flow velocity becomes
small. This variation of gas velocity is regular in Fig. 10, b.
Both the region of high flow velocity and the gas velocity
become smaller. As shown in Fig. 10, ¢, the gas velocity is
small and the variation of velocity is slight. When the gas
reaches the outlet pipe, the smaller the inlet diameter, the
slower the gas velocity in the outlet pipe.

Fig. 11 shows the streamlines of gas in seven cross-
sections. Because the flow direction of the gas changes at

the intersection of the tee pipe, the gas flow state in the out-
let pipe becomes complexity. Therefore, the streamlines of
gas in seven sections were acquired to analyse the emer-
gence and development of vortices. As shown in Fig. 11, a,
there are two small vortices on the sides of outlet pipe when
the gas passes through the intersection. At |, these two vor-
tices become larger. At I, and I3, they become larger and
gradually approach the top of the section. At I, two vortices
close to each other appear at the top of the section, while the
vortices on both sides disappear. At Is and lg, these two vor-
tices become larger and gradually approach the centre of gas
flow.
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Fig. 11 Streamlines in the sections (a-d =60 mm; b -d =
=40 mm; ¢ - d = 20 mm, vo = 10 m/s, Qp, =
= 0.001kg/s)

As shown in Fig. 11, b, there is no vortex on the
sides of outlet pipe when the gas passes through the inter-
section. At 1, two neighbouring coarse vortices appear at
the top of the section. At I, two opposite vortices are formed
at the top of the section and two neighbouring vortices are
formed on the bottom of the section. At I; and ls, these two
opposite vortices move from the top to the centre of the flow
field, while these two neighbouring vortices begin to disap-
pear. At Is, these two opposite vortices reach the centre and



these two neighbouring vortices have disappeared. At I,
these two opposite vortices make one vortex.

Fig. 11, ¢ shows no vortex on the sides of outlet
pipe when the gas passes through the intersection. At I;, two
couple opposite vortices are formed in the fluid field. At I,
and s, these two upper vortices begin to disappear succes-
sively. At I, and Is, these two lower vortices become larger
and begin to combine. At I, these two couple opposite vor-
tices have disappeared absolutely.

As a conclusion, it is acceptable that the particle
mass concentration on the outlet pipe is caused by secondary
flow vortices. With the inlet diameter decreases, the gas
flow state in the outlet pipe become more complex but lower
velocity.

4.2. Effect of the inlet velocity

The conditions of d = 20 mm, 40 mm, 60 mm are
chosen to simulate the effect of inlet velocity. As shown the
Fig. 12, with the inlet velocity increases, both the erosion
rate on the intersection and the outlet pipe increase. It is ob-
served that the region of erosion occurs only at the intersec-
tion of the tee pipe at vo = 10 m/s. However, four VV-shaped
erosion scars occur at the sides of the elliptical erosion re-
gion next. What's more, the spiral erosion scars appear on
the outlet pipe. Generally speaking, the severest erosion re-
gion is concentrated at the intersection of the tee pipe.
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Fig. 12 Contours of erosion (a-d =60 mm; b - d = 40 mm;
¢ -d =20 mm, Q, =0.001kg/s)
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It is seen from Fig. 13 that the maximum erosion
rate increases with the increasing of inlet velocity. Further-
more, the maximum erosion rate is exponential growth.
When the inlet diameter of 20 mm, the region of erosion is
small while the erosion rate is higher than other inlet diam-
eter. Therefore, the smaller the inlet diameter, the more ero-
sion rate of the tee pipe. With the inlet velocity increases,
the erosion at inlet diameter of 20 mm is the severest.
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Fig. 13 Inlet velocity and the maximum erosion rate
4.3. Effect of the particle mass flow rate

Fig. 14 shows the relationship between the particle
mass flow rate and the maximum erosion rate.  The larger
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Fig. 14 Contours of erosion a - d = 60 mm; b - d = 40 mm;
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the particle mass flow rate, the more maximum erosion rate
of the tee pipe. The increase of the number of particles in
the gas conduces to the increase of the tee pipe erosion. Dif-
ferent from the result in Fig. 12, there are only two V-shaped
erosion scars occur at the sides of the intersection. In addi-
tion, there are no erosion occur on the outlet pipe.

As shown in Fig. 15, the maximum erosion rate is
linear growth. The maximum erosion rate increases quickly
when the inlet diameter is 20 mm. However, the growth rate
becomes small when the inlet diameters are 40 mm and 60
mm. Due to the increase of the number of impact particles
and the decrease of the impact region, the erosion of the im-
pact region is severer.
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Fig. 15 Particle mass flow rate and the maximum erosion
rate

5. Conclusions

1. Gas flow direction changes at the intersection of
the tee pipe, resulting in the formation of the elliptical high-
pressure region. This high-pressure region is related to the
inlet diameter. The erosion scar is similar to the distribution
of particle mass concentration.

2. The larger the inlet diameter is, the lower the tur-
bulence intensity is in the outlet pipe. However, the smaller
the inlet diameter, the slower the gas velocity in the outlet
pipe. It indicates that the particle mass concentration on the
outlet pipe is caused by secondary flow vortices. The emer-
gence and development of these vortices drive the motion of
the particles.

3. As a whole, the maximum erosion rate region is
concentrated at the intersection of the tee pipe. With the inlet
velocity increases, both the erosion rate on the intersection
and the outlet pipe increase. What’s more, four V-shaped
erosion scars occur at the sides of the elliptical erosion re-
gion next. However, there are only two V-shaped erosion
scars occur at the sides of the intersection. The larger the
particle mass flow rate, the more maximum erosion rate of
the tee pipe.
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J. Hu, H. Zhang, J. Zhang, S. Niu, W. Cai

GAS-SOLID EROSION WEAR CHARACTERISTICS
OF TWO-PHASE FLOW TEE PIPE

Summary

Particles erosion wear always consist in the inter-
section of tee pipe, which is an inevitable problem. In order
to obtain the erosion wear characteristics of two-phase flow
tee pipe, several cases of different inlet diameters are inves-
tigated numerically in this paper. Euler-Lagrange method is
adopted to describe the gas-solid two-phase flow and the fi-
nite volume method is adopted to solve the erosion results.
Meshing O-type grids to obtain the reasonable boundary
layer in ICEM CFD. By verifying and comparing the turbu-
lence intensity and velocity of the six meshes, a reasonable
finite element model is selected. Intersection, the severest
erosion region, is the location where the gas flow direction
changes. The inlet diameter determines the region of the im-
pact particles directly hitting the wall. When the inlet diam-
eter is smaller, the erosion rate of the intersection become
more. As the inlet velocity increases, both the erosion rate
and erosion scars of the intersection and the outlet pipe be-
come more. However, there are only the erosion scars at the
intersection are affected, with the increase of particle mass
flow.

Keywords: two-phase flow, tee pipe, erosion, inlet diame-
ter.
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