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a b s t r a c t

The sleeve sealing ball seat is one of the important components in the multistage fracturing process of
horizontal wells. The erosion and wear of the surface will decrease the sealing performance of the
fracturing ball and the ball seat. This leads to pressure leakage during the fracturing process and frac-
turing failure. In this paper, combined with the actual ball seat materials and working conditions during
the fracturing process, the erosion tests of ductile iron and tungsten carbide materials under different
erosion speeds, angles, and mortar concentrations are carried out. Then the erosion test results were
analyzed by mathematical fitting, and a set of erosion models suitable for sliding sleeve setting ball seat
materials were innovatively established. For the first time, this paper combines the erosion model ob-
tained from the experiment and the computational fluid dynamics (CFD) with Fluent software to
simulate the erosion of the ball seat. Based on the simulation results, the morphology of the sliding
sleeve seat ball after erosion is predicted. Through analysis of the test and simulation results, it is showed
that the erosion rate of tungsten carbide material is lower and the wear resistance is better under the
condition of small angle erosion. This research can offer a strong basis for fracturing site selection, surface
treatment methods, and prediction of failure time of ball seats.
© 2022 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

Horizontal well with multistage fracturing technology is crucial
to increase the productivity of oil development in shale gas fields,
and mechanically-packed staged fracturing is a key component
(Nandlal and Weijermars, 2019). This method utilizes low-density
balls and sliding sleeve ball seats to set and hold the pressure
required for fracturing processes through horizontal wells (Pei
et al., 2014; Zheng et al., 2017). The schematic principle is shown
in Fig. 1. For hydraulic fracturing, the general fracturing fluid is a
sand (or proppant)-carrying fluid. As fracturing displacement and
sand ratio increases, the effect of fracturing proppants on the
erosion and abrasion of components for a long time becomes
increasingly obvious. There will be a loss of material inflow parts
which will fail in the maximum service life of the equipment to
meet fracturing requirements at the construction site, failing the
y Elsevier B.V. on behalf of KeAi Co
whole fracturing process (Zhang et al., 2017). Foreign fracturing
technology has developed to a relatively advanced level. The Rap-
idFrac completion system launched by Halliburton is mainly
composed of DeltaStim sliding sleeves and Swellpacker packers
(Miao and Zhao, 2017). Each section is composed of a DeltaStim
sliding sleeve and a fast-fracturing sliding sleeve to achieve multi-
point fracturing. At the same time, the continuous pumping frac-
turing process is adopted, so the cycle time can be shortened and
the consumption of clean water can be reduced. Halliburton has
developed a new type of electronic sliding sleeve that can achieve
an unlimited number of fracturing zones and improve the effi-
ciency of sliding sleeve operations. This design increases the reli-
ability, flexibility, and durability of multi-stage hydraulic fracturing,
and is suitable for use in extended reach wells and an infinite
number of formations. As part of Weatherford's ZoneSelect™
completion system, the ball-throwing fracturing sleeve can help
operators complete up to 59 stages of multi-stage fracturing op-
erations at a time, thereby improving operational efficiency and
saving operation time (Miao and Zhao, 2017). I-ball™ fracturing
sleeve of Weatherford can open all the sliding sleeves in the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Multi-stage fracturing diagram.
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horizontal section by using the same diameter ball and ball seat. I-
ball™ fracturing sleeve helps to optimize the placement of prop-
pants and increase the permeability, porosity, and recovery of the
reservoir. However, these companies are still in their infancy in
research on the erosion and wear laws and life predictions of the
ball seats of different grades and materials under long-term
erosion. The influence of different working conditions (erosion
speed, erosion angle, particle radius, etc.) on the erosion rate of the
ball seat material is still unclear.

To increase the efficiency of horizontally staged fracturing and
decrease maintenance and overhaul times of equipment, scientists
have conducted long-term research on the mechanism of the
destruction of components caused by the impact of sand-
containing water and figured out some in various perspectives.
Zheng et al., used 3D computational fluid dynamics (CFD) to
analyze the flow characteristics in the ball seat structure, including
the impact velocity, pressure, and sand concentration. The effect of
the cone angle and other parameters in the ball seat structure on
the flow properties and erosion was mainly studied, and the
structure of the sliding sleeve ball seat has been optimized (Zheng
et al., 2016). Based on computational fluid dynamics, Zhu et al.,
simulated the erosion distribution of a U-bend composed of two
90� elbows. Erosion mainly occurs on the dome, the lower surface
of the U-shaped pipe, and the downstream pipe (Zhu and Qi, 2019).
Zhang et al., developed erosion and wear test equipment to study
the erosion of high-pressure pipelines during mudflow. Based on
the experimental data, the erosion and wear distribution of the
pipeline are simulated in the Fluent software (Zhang et al., 2016).
Zheng et al., used finite element analysis (FEA) and experimental
methods to study the strain distribution of aluminum alloy frac-
turing balls under different fracturing pressures. The largest
deformation occurs in the contact area between the fracturing ball
and the ball seat (Zhang et al., 2016a). Besides, many scholars have
explored the influence of different parameters of erosion and wear
of materials. Jung et al., applied experiments to study the influence
of impact velocity, impact angle, and particle number on the
erosion behavior of 9Cre1MoVNb material at high temperatures
(Jung and Kim, 2020).

However, most of the erosion wear models are based on theo-
retical analysis, and only a few of them are obtained under real field
conditions. Although Fluent has its erosion wear model, still the
relationship between speed, angle, particle size, and wear rate
remain obscure. Currently, there are a lot of empirical and semi-
empirical formulas such as for elbows, reducers, and so on, which
are summarized under specific experimental environments and
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materials. But it is not suitable for all wear situations. Due to the
complex fracturing conditions of horizontal wells and the large
number of stages, it is difficult to directly conduct experiments on
sliding sleeve ball seats at all levels. Therefore, it is necessary to use
finite element analysis software to establish erosion models of
different materials to predict the surface morphology of the ball
seat after long-term erosion, so as to calculate the failure time of the
ball seat. At the same time, due to the different erosion properties of
different ball seat materials, the morphology of the ball seat surface
after erosion is different. Therefore, the establishment of erosion
models for commonly used ball seat materials is helpful for the
selection of surface treatment methods for different stages of ball
seats. In addition, the severity of erosion wear of the sliding sleeve
ball seat is not only related to the properties of the base material,
but also closely related to the flow state inside the runner.
Reasonable diversion and changing the movement trajectory of the
sand particles can effectively avoid the collision of the sand parti-
cles on the ball seat seal, and solve the serious erosion and wear
problem of the fracturing ball seat. Therefore, the establishment of
the erosion model of the finite element analysis of the sliding ball
seat can provide theoretical guidance for the optimization of the
geometric structure of the sliding ball seat and the design of the
surrounding flow structure from the perspective of the internal
flow field of the sliding ball seat. Therefore, this study summarizes
models for analyzing the erosion and wear of different materials
based on experiments, and analyzes the erosion and wear experi-
mental laws for sliding sleeve ball seat materials. This can be uti-
lized in providing a more reliable reference for the optimal design
of the ball seat and in the prediction of the service life of the ball
seat during the production process.

2. Experimental investigations

2.1. Experimental conditions

An erosion test machine (Fig. 2) was used to perform erosion
tests on ductile iron andWCmaterials. The samples are thoroughly
cleaned and then installed in the erosion equipment for testing. The
parameters studied in this experiment include erosion rate, erosion
angle, and concentration of erosion particles. Erosion test condi-
tions and materials are shown in Table 1.

Before the experiment, a mortar with a concentration of 15% was
mixed in the tank. Table 2 shows the sand concentration measured
from the nozzle outlet before, during and after the test. The calcu-
lation shows that the average nozzle sand concentration is 15.017%.



Fig. 2. Schematic diagram of erosion test machine.

Table 1
Erosion test conditions and materials.

Test parameter Parameter values

Materials Ductile iron, WC coated ductile iron
Style of particles Ceramsite
Size of particles, mm up to 400
Nozzle diameter, mm 8
nozzle to the specimen spacing, mm 20
Concentration of erosion particles 5%e30% (mass concentration)
Erosion Angle, � 15, 30, 45, 60, 90
Erosion speed, m/s 12.5, 17.5, 22.5, 27.5, 30
Temperature, �C 20
Erosion time, h 0.5

Fig. 3. Relationship between the weight loss of the sample and sand mass flow from
the nozzle outlet.
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Changes in sand conditions can be judged by testing the rela-
tionship between the weight loss of the sample and sandmass flow
from the nozzle outlet after erosion for different time (Wang et al.,
2019). Under the condition of erosion speed of 20 m/s, the weight
loss of the samplewas tested at 30min, 45min and 60min after the
start of the experiment, respectively. Fig. 3 shows the fitting curve
of the weight loss of the sample and the sand mass flow from the
nozzle outlet at different times. It can be seen from the figure that
the weight loss of the sample increases linearly with the erosion
time and the sand mass flow from the nozzle outlet. The linear
trend indicated that the sand conditions did not change signifi-
cantly during the erosion experiment (Nguyen et al., 2014). If the
particle size and geometry of the sand changes, the erosion ratewill
change (Liu et al., 2014). Therefore, the PSD of sand did not change
significantly over time in our experiments.
2.2. Evaluation method of erosion rate

The weight-loss method allows us to calculate the wear state of
Table 2
Sand concentration tests by sampling from the nozzle outlets.

Sample number Dry sand weight, g

1 278.1785
2 238.7865
3 182.9655
Average sand concentration
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the sample after the erosion test, and the formula can be written:

ε¼m0 �m1

msand
(1)

where ε is the erosion rate of the material, in mg/kg, and m0 is the
mass of the sample before erosion. m1 is the mass of the sample
after erosion, and msand is the quality of the sand grains that im-
pacts the sample during the erosion process.

Equation (1) can also be divided by the material density r and
converted into volume erosion rate εv with the formula:

εv ¼m0 �m1

rmsand
(2)
2.3. Experimental results

2.3.1. The relationship between erosion rate and angle
The experiments tested the erosion rate of two ball seat mate-

rials of ductile iron and WC when the erosion angle was 15�, 30�,
45�, 60� and 90�, and the calculated erosion velocity was 30 m/s.
The particle diameter is 400 mm, and the particle concentration is
15%. The test results are used to get the erosion rate of the two ball
seat materials as a function of the erosion angle, and the erosion
curves are fitted with polynomials. The fitting curves and formulas
are shown in Fig. 4, Table 3.

It can be seen intuitively from Fig. 4(a) that when the angle
increases, the erosion of ductile iron first increases and then de-
creases, reaching a peak at around 30�. The rate of erosion rate
increase between 15� and 30� is similar to the rate of erosion rate
decrease between 30� and 45�. When the erosion angle is greater
than 45�, the rate of erosion rate reduction begins to slow down.
Solution weight, g Sand concentration, %

1567 15.076
1353 15.001
1039 14.973

15.017



Fig. 4. Erosion fitting curves of ductile iron and WC materials at different angles.

Table 3
Fitting equations for the relationship between the impact angle and the erosion rate for the ductile iron and the WC materials.

Samples Erosion fitting formula of the ball seat Correlation coefficient

Ductile iron y ¼ � 1E� 7x4 þ 4E� 5x3 � 0:0041x2 þ 0:1377x R2 ¼ 0:9535
WC y ¼ 5E� 6x3 � 0:0007x2 þ 0:0394x R2 ¼ 0:997
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Therefore, the erosion damage of ductile iron near the erosion angle
of 30� is the most serious. As the erosion angle increases, the
erosion rate andwear degree of thematerial decrease continuously.
Fig. 4(b) shows the variation curve of erosion rate of WC material
with erosion angle. It can be seen that the erosion rate of WC in-
creases with the increase of the erosion angle, and reaches a peak
when the erosion angle is 90�. When the erosion angle is less than
60�, the erosion rate increases slowly; when the erosion angle is
greater than 60�, the erosion rate increases rapidly with the in-
crease of the angle.

2.3.2. The relationship between erosion rate and velocity
The erosion rates of the two ball seat materials when the impact

velocities are between 12.5 m/s to 30 m/s have been studied. The
particle diameter is 400 mm, and the particle concentration is 15%.
The erosion angles in the test were 30� and 90�. The curves of
erosion rates versus erosion velocities were fitted (Table 4 and
Fig. 5). The results show that the correlation coefficients are all
close to 1, so the fitting curve conforms to the actual erosion law of
the material, and the erosion rate of the two materials has a power
function relationship with the impact velocity.

2.3.3. Influence of sand concentration on erosion rate
In the early stage of the fracturing operation, the mortar con-

centration varies from 10% to 38%. In order to explore the influence
of sand concentration on the erosion rate of sliding sleeve ball seats,
Table 4
Fitting equations for the relationship between erosion rate and erosion velocity of two m

Impact angle Samples Erosion

30� Ductile iron y ¼ 0:
WC y ¼ 3E

90� Ductile iron y ¼ 0:
WC y ¼ 5E
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five mortar concentrations of 5%, 10%, 15%, 20%, and 30% were
selected in this experiment to test ductile iron and WC materials.
The test conditions are that the impact angle is 30� and the impact
velocity is 30 m/s. The particle diameter is 400 mm.

It can be seen from Fig. 6 that the erosion rates of ductile iron
and WC have the same trend of changing with the mortar con-
centration. When the mortar concentration is less than 15%, the
erosion rate increases with the increase of the mortar concentra-
tion and reaches a peak value near 15%. But when the concentration
continued to increase, the erosion rate did not change.
3. Establishment and verification of erosion model

It can be seen from the above experiments that when the size
and shape of the sand particles are constant, the relationship be-
tween the erosion rate of the ball seat and the erosion angle and
velocity can be obtained through the experiment. By analyzing the
influence of impact angle and velocity on the erosion rate of sliding
sleeve ball seats, the prediction model of erosion rate of the sliding
sleeve in fracturing operation can be obtained. The model can
effectively predict the erosion rate of the ball seat during the actual
fracturing and provide a reference for controlling the real field
fracturing parameters and the service life of the ball seat.
aterials at 30� and 90� erosion angle.

fitting formula of the ball seat Correlation coefficient

0004x2:3922 R2 ¼ 0:9986
� 5x2:8666 R2 ¼ 0:9925
0003x2:2101 R2 ¼ 0:9900
� 5x2:9694 R2 ¼ 0:9981



Fig. 5. Relationship between erosion rate and impact velocity of two materials at (a) 30� erosion angle (b) 90� erosion angle.

Fig. 6. Relationship between erosion rate and particle concentration of two materials.
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3.1. Establishment of erosion model

The erosion rate characterization method in this paper is
consistent with the Okamodel of Hiroshima University, and it is the
mass or volume loss caused by the impact of a unit mass of sand on
the surface of the material. Therefore, it can be improved based on
(Zhang et al., 2006), Oka model erosion rate is (Oka et al., 2005 (1),
Oka et al., 2005 (2)):

εðqÞ¼ f ðqÞεð90Þ (3)

f ðqÞ¼ ðsin qÞn1 ½1þ HV ð1� sin qÞ�n2 (4)

where ε(q) and ε(90) are the erosion rate at q and 90�, respectively,
in mg/kg; n1 and n2 are the coefficients related to the Vickers
hardness (HV) of the material. f(q) is the erosion angle function,
where when q ¼ 0�, f(q) ¼ 0; when q ¼ 90�, f(q) ¼ 1. However, the
limitation of the Oka model is severe. The erosion angle function in
the Oka model only considers the effect of material hardness. From
the actual fracturing conditions, the erosion angle function is not
only related to the hardness of the material, but also related to the
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sand grain and other parameters such as its characteristics and fluid
rheological conditions. Therefore, the Oka model is not suitable for
simulating the erosion and wear of the ball seat in the actual
fracturing operation. It is necessary to establish the erosion angle
function through experiments. Both the American Erosion Corro-
sion Research Center and Det Norske Veritas obtained the erosion
angle function through the polynomial fitting of the test data
(Safari et al., 2017). Therefore, this study also utilizes the same
method to obtain the erosion angle function. Under the same size of
erosion particles, when the mortar concentration is greater than
15%, the erosion rate remains unchanged. On the basis of satisfying
the actual fracturing conditions, the factors affecting the erosion
rate of the ball seat material are the erosion angle and its velocity.
Through the polynomial regression of the test data and the non-
dimensionalization of the obtained polynomial based on the 90�

test data, the erosion angle function of ductile iron andWCmaterial
can be obtained, as shown in formula (5):

f ðqÞ¼
X4

i¼1

ð � 1Þiþ1Aiq
i (5)

In the formula, q is the erosion angle. Ai is the coefficients ob-
tained by transforming the polynomial dimensionless based on 90�.
The values are shown in Table 5.

In the Oka model, ε(90) can be expressed as:

εð90Þ¼KVbðvÞ (6)

where V is the erosion velocity, K is the fitting coefficient when the
erosion angle is 90�, and b(v) is the velocity index when the erosion
angle is 90�. The values of K and b(v) are shown in Table 4 (Erosion
fitting formula of ball seat). Therefore, based on formulas (3)-(5), a
prediction model of ball seat erosion rate suitable for fracturing
conditions can be established:

ε¼KVbðvÞ X4

i¼1

ð � 1Þiþ1Aiq
i (7)

where ε is the erosion rate of the ball seatmaterials, inmg/kg; K and
b(v) are the fitting coefficients and velocity index of the erosion rate
at erosion angles of 90�, respectively. V is the erosion velocity. q is
the erosion angle, if q ¼ 90�, then f(q) ¼ 1. Therefore, under actual



Table 5
Fit coefficient of erosion angle function of ductile iron and WC.

Model A1 A2 A3 A4

Fitting parameters of ductile iron based on 90� 0.2598 0.0077 7.5 � 10�5 2 � 10�7

Fitting parameters of WC based on 90� 0.0288 0.0005 3.6 � 10�6 0
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fracturing conditions, the calculation formula for the erosion rate of
ductile iron and WC materials commonly used in oil fields is:

εDI¼0:0003V2:2101
�
�2E�7q4þ7:5E�5q3�0:0077q2þ0:2598q

�

(8)

εWC ¼ 5E� 5V2:9694
�
3:6E�6q3 �0:0005q2 þ0:0288q

�
(9)

In order to accurately simulate the ball seat in the Fluent soft-
ware to obtain accurate service life and erosion wear conditions,
the established erosion rate prediction model is compared with the
erosion ratemodel in Fluent. Then, they are combined into the form
of Eq. (10).

The formula for the erosion rate of particles to materials in
ANSYS Fluent is:

Rerosion¼
XNp

p¼1

mpC
�
dp

�
f ðaÞvbðvÞ

Aface
(10)

where Rerosion is the erosion rate, kg/(m2$s);mp is the particle mass;
a is the erosion angle; f(a) is the particle erosion angle function;
b(v) is the velocity index; Aface is the erosion surface area of the
material; C(dp) is a function of particle diameter. Among them, the
specific values of these parameters f(a), b(v), and C (dp) can be
obtained by experiments.

It is determined through experiments that the speed exponents
b(v) of ductile iron andWC are 2.2101 and 2.9694, respectively. f(a)
is shown in formula (5). When the erosion material is ductile iron,
the value of C (dp) is 2 � 10�9. When the eroded material is WC, the
value of C (dp) is 1.6 � 10�10. Finally, by referring to formulas (7)-
(10), the erosion rate formula of ductile iron and WC material can
be obtained:
RDI ¼
XNP

p¼1

mp2� 10�9
�
� 2� 10�7q4 þ 7:5� 10�5q3 � 0:0077q2 þ 0:2598q

�
V2:2101

Aface
(11)

RWC ¼
XNp

p¼1

mp1:6� 10�10
�
3:6� 10�6q3 � 0:0005q2 þ 0:0288q

�
V2:9694

Aface
(12)
In the formula, RSG and RWC are the erosion rates of ductile iron
and WC respectively, in kg/(m2s); mp is the particle mass; a is the
erosion angle; V is the erosion speed; Aface is the surface area of
erosion.

3.2. Validation of erosion model

The prediction model of erosion rate of ductile iron is verified by
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regression through experiments, as shown in Fig. 7. Fig. 7(a) is
about the impact angle and Fig. 7(b) is about the impact velocity on
the erosion rate, respectively. The test conditions of Fig. 7(a) are
temperature of 20 �C, particle diameter of 400 mm, particle con-
centration of 15%, and erosion angle of 30�. The test conditions in
Fig. 7(b) are normal temperature, particle diameter of 400 mm,
particle concentration of 15%, and erosion rate of 30 m/s.

It can be found from Fig. 7(a) that the calculated value of the
model and the experimental value are very close: the deviation is
small at 15�~30� (about 4%); the error is larger at 30�~60� (about
9%); the calculated value and the test value are basically in agree-
ment at higher angles (greater than 60�). Fig. 7(b) shows that the
calculated value of the model and the test value are very close to
each other (the error is within 5%) and both show a consistent
growth relationship.

The calculated value of the established erosion rate prediction
model is highly consistent with the erosion rate obtained through
experiments, and the maximum error is only within 10%. It can
effectively predict the erosion and wear rate and service life of the
ball seat in the various actual working conditions and provide an
effective basis for the site.
4. Simulation investigation

4.1. The establishment of the runner geometry model

Horizontal well-staged fracturing technology has been widely
used in unconventional reservoirs in China. The core is to expand
the seepage area and increase the output of a single well by frac-
turing the horizontal section cracks according to the physical
properties of the reservoir and the characteristics of oil and gas. The
field logging permeability of the reservoir is 1.19 � 10�3 mm2, the
viscosity of the formation crude oil is 5.32 mPa,s, and the average
formation pressure coefficient is 1.22 MPa/100m. Reservoir sand-
stone is relatively dense and mudstone is less. The wellbore is
smooth and stable, and the difference between the maximum and
minimum principal stresses of the rock is very small. The ball-
throwing sleeve split-layer fracturing technology can individually
and accurately control each fracturing well section to realize the
staged production of horizontal wells and shorten the fracturing
operation time.

ANSYS Fluent is often used to simulate the motion characteris-
tics of fluids (Sepehr et al., 2019). The horizontal well fracturing in
an oil field typically has a total of 21 stages. The first stage uses



Fig. 7. Comparison of calculated and experimental values (a) Different erosion angles (b) Different impact velocity.

Table 6
The pore size of the ball seat corresponding to each stage.

Stage Inner diameter, mm Number Inner diameter, mm Number Inner diameter, mm

2 25.4 9 46.4 16 67.4
3 28.4 10 49.4 17 70.4
4 31.4 11 52.4 18 73.4
5 34.4 12 55.4 19 76.4
6 37.4 13 58.4 20 79.4
7 40.4 14 61.4 21 82.4
8 43.4 15 64.4
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differential pressure sliding sleeves, and the second to 21st stages
use sliding sleeves ball seats. Table 6 shows the hole diameter of
each stage of the ball seat.

For the numerical simulation, an example of the No. 3 ball seat is
taken, and we establish the internal fluid domain of the sliding
sleeve ball seat and divide the mesh. The fluid area at the front end
of the sliding sleeve ball seat is extended by 150 mm to ensure
stable fluid flow into the ball seat. The tapered surface behind the
sliding sleeve ball seat will not affect the analysis of the front cone
surface, so the tapered surface behind the sliding sleeve ball seat is
ignored. For the mesh, hexahedral are used. The number of grids of
the sliding sleeve ball seat fluid domain model is about 200,000,
and the mesh quality is about 0.8. There is no negative mesh, which
meets the calculation requirements of the Fluent software (Fig. 8).
Fig. 8. Mesh model and fluid domain of sliding sleeve ball seat.
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4.2. Boundary conditions

The boundary conditions for simulation in this paper are all
based on the on-site fracturing conditions. The liquid sand content
is 20%e30%, the average sand content is about 25%, and the con-
struction displacement is 2e10 m3/min.
4.2.1. Entrance boundary condition
Water and sand were used in previous experiments, so liquid

water was added to thematerial library. The velocity inlet boundary
is adopted and the inlet velocity direction is perpendicular to the
inlet end face. The average fluid velocity at the inlet is u, turbulence
intensity is I, turbulent kinetic energy is k, turbulent dissipation
rate is ε, and Reynolds number, Re, can be calculated by formulas
(13)-(17).

u¼Q
S

(13)

ε¼C0:75
m k1:5

l
(14)

I¼ ¼ 0:16
�
ðReÞ�1=8

�
(15)

k¼3ðulÞ2
2

(16)
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Re¼ rvDH

m
(17)

where Q is the total flow rate, m3/min; S is the cross-sectional area,
m2; u is the average fluid velocity, m/s; l is the turbulent flow
length, m; Cm is a constant, taken as 0.09; Re is the Reynolds
number; m is dynamic fluid viscosity, Pa$s; r is the liquid density,
kg/m3; v is the fluid velocity, m/s; DH is the hydraulic diameter, m.

According to the field conditions and Eqs. 13e17, the boundary
conditions in the simulation process can be calculated, as shown in
Table 7.

The particles used in the test are sand grains of the same size,
with a density of 2600 kg/m3 and a diameter of 0.8 mm. Due to the
relatively high concentration of the particle phase, a dense discrete
phase model (DDPM) was applied to simulate the particle-laden
flow (Wang et al., 2019).

4.2.2. Export boundary conditions
The flow field at the solid-liquid outlet is treated as fully

divergent. Due to the gravity in the pipe string, the fracturing fluid
forms a confining pressure at the outlet of the downhole runner
model. Thus, the outlet boundary condition of the model is set with
the pressure outlet and the particles are assumed to escape
completely.

4.2.3. Wall boundary conditions
The erosion rate formulas (11) and (12) of ductile iron and WC

determined through experiments in the previous section are set in
the generic models of the wall boundary conditions. Among them,
the impact angle function of ductile iron is f ðqÞ ¼ � 2E� 7q4 þ
7:5E� 5q3 � 0:0077q2 þ 0:2598q, the impact angle function of WC
is f ðqÞ ¼ 3:6E� 6q3 � 0:0005q2 þ 0:0288q, the velocity index of
ductile iron is bðvÞ ¼ 2:2101 and the velocity index of WC is bðvÞ ¼
2:9694.

4.2.4. Solver settings
In the staged fracturing of horizontal wells, the fluid has fully

developed and stabilized before entering the ball seat, and the flow
of fracturing fluid is incompressible, so a velocity-based solver is
selected. The discrete method of pressure and the discrete method
of momentum are based on the finite volume method (FVM) with
second-order upwind styles. The settings of other types of pa-
rameters follow the Fluent default algorithm.

4.3. Simulation results and discussion

We analyze the fluid flow velocity inside the sliding sleeve ball
seat of different series and obtain the fluid velocity contour plot
inside the ball seat of each series number. The flow velocity cloud
diagrams of the 4th and 7th stages are presented in Fig. 9. It showed
that when the inlet flow rate is the same, the smaller the number of
stages, the greater the outlet flow rate. This is because the smaller
the number of stages, the smaller the outlet diameter. The sand-
Table 7
Boundary conditions and parameters.

Boundary conditions Parameter values

Construction displacement, m3/min 6
Inlet speed, m/s 18.19
Particle ratio, % 30
Turbulence intensity, % 2.8
Hydraulic diameter, m 0.028
Outlet pressure, MPa 50
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carrying liquid is restricted by the conical surface of the sliding
sleeve ball seat in the process of passing through the ball seat and
shrinks toward the axis line. Based on the law of conservation of
mass, when the outlet diameter is smaller, the fluid velocity
increases.

Due to the different flow fields inside the ball seats of different
stages, the erosion and wear analysis of the sliding sleeve ball seats
of different stages can get the erosion and wear rate cloud diagram
for 20 (stage 2e21) ball seats. In the process of numerical simula-
tion of erosion and wear of sliding sleeve ball seats of all stages, it is
found that the wear cloud patterns of the most severe locations of
all sliding sleeve ball seats are consistent, but the erosion wear rate
is different. Figs. 10 and 11 are the erosion and wear cloud diagrams
of stage 4e21 ductile iron material and WC material sliding sleeve
ball seat.

It can be seen from Figs. 10 and 11 that the most severe erosion
and wear area of the sliding sleeve ball seat of the two materials is
the junction of the cone and the small cylindrical surface. This is
because the sand particles move with the fracturing fluid in the
internal flow channel of the sliding sleeve ball seat and the area
close to the wall surface. When the sand particles hit the wall
surface, erosive wear occurs. The sand particles are evenly
dispersed in the fracturing fluid before flowing into the sliding
sleeve ball seat. When the sand-carrying liquid flows into the
sliding sleeve ball seat, the trajectory of the sand particles will be
restricted by the conical surface of the sliding sleeve ball seat and
shrink to the axis line. Due to the effect of inertia, the sand particles
in the outer ring of the liquid flow column do not have enough time
to mix with the fracturing fluid uniformly, which makes the con-
centration of sand particles at the cone surface increase. And
because the sand-carrying liquid flows from the large diameter area
into the small diameter area, the speed of the sand particles also
increases, thereby accelerating the erosion and wear effect of the
sand particles on the inner wall of the ball seat. It can be seen from
the comparison of Figs. 10 and 11 that the wear of ductile iron
materials is more uniform, and the local wear of WC materials is
more obvious. This is because ductile iron is a plastic material and
WC material is a brittle material, so WC is more prone to cracks.
However, the erosion rate of WC material under the same condi-
tions is relatively smaller, and its wear resistance is better.

Fig. 12 are the topography of the ball seat (a) before and (b) after
erosion (Zheng et al., 2016), and Fig. 12(c) is the erosion rate cloud
diagram of the Fluent simulation. The experimental results show
that the cone surface of the ball seat is worn and the largest erosion
wear area is located at the junction of the cone surface and the
small cylinder, which is consistent with the simulation results in
this paper.

The erosion rate can be quantified by the erosion depth, which is
related to the erosion rate of the ball seat, the density and time of
the ball seat.

d¼3:6� 106Rerosion
r

t (18)

In the formula, d is the erosion depth, mm; Rerosion is the wear
rate, kg/(m2$s); r is the liquid density, kg/m3; t is the erosion time, s.

Taking WC and ductile iron sliding sleeve ball seat as an
example, the morphology change of the sliding sleeve ball seat was
analyzed after 10 h of erosion. Taking the intersection of the conical
surface of the sliding sleeve ball seat and the small cylindrical
surface as the origin, the cross-sections are taken every 1 mm to
both sides. There are 15 sections in total. According to the extracted
erosion rate of each section, the erosion depth at each section of the
sliding sleeve ball seat after 10 h is calculated (Formula (18)).
Fig. 13(a) and (b) plot the erosion depth of the cross-section at



Fig. 9. Fluid velocity cloud diagram inside the ductile iron sliding sleeve ball seat (Unit: m/s) (a) Stage 4 and (b) Stage 13.

Fig. 10. Erosion wear cloud diagram of ductile iron ball seat (a) stage 4 (b) stage 10 (c) stage 16 (d) stage 21.
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different positions of the WC and ductile iron sliding sleeve ball
seat, respectively. And taking ductile iron as an example, the
topography of the ball seat after 10 h of erosion is drawn, as shown
in Fig. 11(b).

Under the same erosion time, the aperture of the sliding sleeve
ball seat increases as the number of stages decreases (Fig. 13). The
change in the pore diameter of the front side of the junction be-
tween the cone and the small cylinder is the largest, gradually
decreasing to both sides. If the erosion is carried out for a long time,
the final reduced diameter will become a smooth transition zone
like a "flare". Each sliding sleeve ball seat of other stages can use
this method to predict the morphology of the sliding sleeve ball
seat after erosion at any time. This Fluent model can provide not
only a basis for predicting the failure time of the ball seat but also
guidance for the selection of the sliding sleeve ball seat, the surface
treatment method, and the optimal design of the ball seat shape.

5. Conclusion

This paper addresses the sliding sleeve ball seat for both
523
physical and numerical experiments. A set of erosion models are
established by experimental methods to study the erosion and
wear laws of different materials by the sand-carrying liquid, and
the following conclusions are obtained:

(1) A prediction model for the erosion rate of ductile iron and
WC material ball seats was established. Both calculated
values through the model and experimental values obtained
were compared and verified. It is found that the error be-
tween the two values is no more than 10%. This shows that
the calculation model can be effectively used to predict the
erosion rate of the ball seat in the actual working condition.

(2) By comparing the erosion simulation results of ductile iron
and WC material, it can be seen that when the erosion angle
is 30�, the erosion rate of WC material is lower and its wear
resistance is better. The simulation results are similar to the
test results.

(3) The aperture of the sliding sleeve ball seat increases as the
working time increases. The change in the pore diameter of
the front side of the junction between the cone and the small



Fig. 11. Erosion wear cloud diagram of WC material ball seat (a) stage 4 (b) stage 10 (c) stage 16 (d) stage 21.

Fig. 12. Morphology of the ball seat (a) before and (b) after erosion © Elsevier 2016 (c) erosion rate cloud diagram of the erosion rate of ball seat.

Fig. 13. Erosion depth and morphology of sections of (a) WC and (b) ductile iron ball seats at different positions.
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cylinder is the largest, gradually decreasing to both sides. The
maximum erosion area of the simulated ball seat is consis-
tent with the experimental results on site. Under the same
condition, the lower stage is, the larger the erosion rate is
obtained. Therefore, for the multi-stage sliding sleeve ball
seat, the method in this study can be used to predict the
morphology of each stage sliding sleeve ball seat after
erosion at any time, and based on the prediction results,
different ball seat materials can be selected. To assure the
safety and reliability of the fracturing operation, WCmaterial
can be sprayed on the ductile iron material forming a WC
coating to enhance the durability of the ball seat material.
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