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Abstract: In the ball type fracturing sliding sleeve, the contact surface between the ball socket and the fracturing ball is the 
most vulnerable part to failure. Once the contact surface fails, the sealing of the fracturing sliding sleeve will fail, the fracturing 
fluid will leak, and finally the fracturing will fail. The contact condition between the ball socket and the fracturing ball is mainly 
determined by the cone angle of the ball socket. In order to improve the contact condition between the ball socket and the 
fracturing ball as much as possible, and extend the service life of the sliding sleeve, based on fluid erosion and finite element 
structural analysis, this paper has carried out the analysis of the cone angle of the fracturing sliding sleeve. Firstly, the erosion of 
the ball seat is analyzed, and the erosion rate of the ball seat under different cone angles is obtained. The conclusion is that the 
erosion rate of the ball seat is proportional to the cone angle of the ball seat. Combined with the working conditions of the ball 
socket fracturing, the finite element analysis of the ball socket structure is carried out, and the stress conditions of different cone 
angles are compared. Finally, combined with the erosion rule and force analysis of the ball socket, the optimal cone angle of the 
ball socket is 20 °. When the cone angle of the ball socket is 20 °, the force of the ball socket meets the strength requirements of 
the ball socket, and can obtain a higher service life. 
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1. Introduction 
With the deepening and development of oil and gas 

exploration and development process, low permeability, shale, 
tight and other difficult to exploit oil and gas resources 
account for an increasing proportion in exploration and 
development. Low permeability oilfields are widely 
distributed in China, especially in Sichuan and Chongqing 
areas. Shale gas productivity is low due to its large rock 
density, small porosity, low permeability and complex 
geological conditions [1-4]. At present, the main method to 
exploit shale gas is multi-stage fracturing technology for 
horizontal wells. Due to the long wellbore of horizontal wells, 
casing deformation is very easy to occur during multi-stage 
fracturing. In addition, hydraulic fracturing technology has 
great limitations when facing wells with complex structures 
and complex formations [5-9]  

In recent years, the open hole staged fracturing technology 
for horizontal wells is a new technology to exploit 
unconventional oil and gas fields, which has broad 
application prospects and economic benefits. It is mainly 
composed of multiple groups of open hole packers and multi-
stage fracturing sliding sleeves, which conduct staged 
fracturing for low permeability long horizontal sections [10-
16]. In the open hole staged fracturing process, the sealing 
performance of the fracturing sliding sleeve directly 
determines the success or failure of the fracturing, and the ball 
seat is the key component directly involved in the fracturing 
sealing. The failure of the ball seat seal may lead to the failure 
of the entire multi-stage fracturing. There are two main 
reasons for the seal failure of the ball seat: one is the plastic 
deformation of the ball seat caused by excessive stress, which 
leads to the seal failure; Second, the fracturing fluid 
containing proppant continuously impacted the conical 
surface of the ball socket, causing erosion wear of the conical 
surface of the ball socket [17]. Among them, the erosion of 

fracturing fluid on the cone surface of the ball seat is the main 
reason for the failure of the ball seat [18]. From these two 
aspects, this paper uses Ansys finite element simulation and 
Fluent erosion analysis to simulate the working conditions 
under different ball seat cone angles. Based on the structural 
data of the sliding sleeve structure in the subject, in this design, 
the diameter of the fracturing ball D=84.5mm, the design 
inner diameter of the ball seat after shrinkage is d=76.5mm, 
and its diameter difference ∆=D-d=8mm. With this parameter, 
the optimal fracturing ball seat cone angle is studied. 

2. Pressure Bearing Analysis of Ball 
Seat Structure 

During the whole fracturing process of fracturing sliding 
sleeve, the most severe working condition is that the 
fracturing ball is set on the ball seat and the fracturing fluid is 
used to fracturing the formation. At this time, the differential 
pressure between the upper and lower parts of the ball socket 
reaches the maximum value. To ensure that the fracturing 
sliding sleeve can complete the sealing work, it is necessary 
to make a specific analysis of the working conditions of the 
ball socket. The correct setting of fracturing ball must meet 
the following three requirements: 

The fracturing ball must be seated on the conical surface of 
the ball seat; 

The ball seat shall meet the structural strength requirements; 
The fracturing ball shall not be self-locking with the ball 

socket. 

2.1. Ensure that the fracturing ball is seated on 
the conical surface of the ball seat 

According to the operation of the ball socket during 
fracturing, the contact relationship between the fracturing ball 
and the ball socket is shown in Figure 1: 
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Figure 1. Fracturing Ball Set on Ball Seat 

 

To seat the fracturing ball on the conical surface of the ball 
seat: 

 
2 cosr D d ＞                (1) 

 
Where, D is the diameter of sealing ball, 84.5mm; D is the 

shrinkage diameter of the ball seat, taking 76.5mm; R is the 
radius of the fracturing ball section on the setting section. 

The taper angle of the ball seat can be calculated according 
to the above formula α< arccos d/D=25.13°. 

2.2. Ensure that the fracturing ball does not 
lock with the ball socket  

After fracturing, the fracturing ball needs to disengage 
from the ball seat and automatically discharge the sliding 
sleeve under the action of formation pressure P. The fracturing 
ball backflow is divided into two stages. First, after the 
fracturing fluid pressure is removed, the fracturing ball 
automatically disengages from the ball socket; Then the 
fracturing ball reversely discharges the sliding sleeve under 
the formation pressure. In the first stage, the upper pressure 
of the fracturing ball disappears, the fracturing ball breaks 
away from the socket by elastic deformation, and the 
fracturing ball keeps balance under the action of positive 
pressure and friction [19]. The relationship between the two 
forces is: N= μ · f, assuming that the fracturing ball is an 
elastomer, there are:  

 

N f i       'N N            (2) 

 

Where, N is the reaction force of the ball seat to the 
fracturing ball after fracturing; N ^ 'is the reaction force 
between the ball seat and the fracturing ball during fracturing; 
μ Is the friction coefficient between the ball seat and 
fracturing; F is the friction between the ball seat and the 
fracturing ball. 

According to the above formula, it can be deduced that the 
half cone angle of the fracturing ball that can automatically 
separate from the ball socket when the fracturing fluid 
pressure is removed is 

 
arctan                 (3) 

 

Where, α Is the cone angle of the ball seat. 
The fracturing ball used in this design is a low-density 

composite ball, and the friction coefficient should be 0.3. 
Therefore, in order to prevent the fracturing ball from self-
locking with the ball seat after the fracturing fluid pressure is 

removed, the half cone angle of the ball seat α> arctan (0.3)=1 
6.69°. 

In conclusion, to meet the requirements, the cone angle of 
the ball seat should be selected between 16.69 ° and 25 ° 

3. Ball Seat Erosion Analysis 
The fracturing fluid contains a large number of solid 

particles. Under the continuous impact of the fracturing fluid, 
the ball seat will appear pitting, pitting and other phenomena, 
which may eventually lead to the seal failure of the ball seat 
[20]. In order to reduce the erosion of the ball seat as much as 
possible and optimize the cone angle of the ball seat, this 
paper calculates the erosion wear of the ball seat with 
different cone angles based on hydrodynamics and cutting 
deformation theory. 

The sand carrying fracturing fluid is a solid-liquid two-
phase flow. Assuming that the fluid is incompressible, DMP 
discrete phase model is used to simulate the flow field 
movement inside the sliding sleeve.  

3.1. Establishment of Ball Seat Erosion Wear 
Equation 

When the discrete phase model is used, the wall wear rate 
R must be set_ Erosion [21], which is defined as: 
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Where, 𝑚௣  is the mass flow of proppant; 𝐶  is the 
function of proppant particle diameter, taken as 1.9×10-9；

(V )Pb
pV  Is the impact velocity function, taken as 2.3; 𝐴௙௔௖௘ is 

the erosion area; 𝑓ሺ𝛼ሻ Is a function of impact angle. 
According to Finnie's classical cutting theory of plastic 

materials [22], a theoretical model of erosion wear of ball 
seats is established. The impact angle function of ball seats is: 

 

    2sin 2 3sinf        （𝛼 ൑ 18.43°）  (5) 

 

  2cos / 3f      （𝛼 ൒ 18.43°）    (6) 

 

According to the calculation formula of impact angle 
function, the impact angle function of each cone angle 
spherical seat wall is shown in Table 1: 

Table 1 Impact Angle of Ball Seat Wall 

3.2. Calculation of ball socket erosion of ball 
throwing sliding sleeve 

Assume that the density of fracturing fluid is 1400 kg/m3, 
the proppant density is 1800 kg/m3, the proppant volume 
fraction is 10%, the particle size is 0.6mm, the fracturing fluid 
flow is Q=5m ^ 3/min, the formation pressure is 60MPa, and 
the fracturing fluid viscosity is μ Take 0.1, the diameter of the 
front end of the model is the inner diameter of the fracturing 
sliding sleeve, take 116mm, the lower end of the model is the 
shrinkage diameter of the ball seat, take 76.5mm, then the 
inlet flow rate is: v=Q ∕ A=7.89m/s, and the mass flow rate of 
the proppant is: m=0.1 (Q ∕ 60) ρ= 15kg/s, Reynolds 
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coefficient of fracturing fluid: Re= ρ vd∕ μ= （1400 × seven 
point eight nine × 0.116) ∕ (0.1=12813>10000), the fluid is in 
a completely turbulent state [23], so the turbulence model is 
adopted. The turbulence boundary conditions are turbulence 
intensity and hydraulic diameter, and the turbulence intensity 
is I=0.16 [Re] ^ (- 1 ∕ 8)=4.91%. 

In order to make the fracturing fluid reach a stable state 
when reaching the ball socket, the ball socket model extends 
forward and backward for 200mm respectively. The ball 
socket model is divided into grids by hexahedral elements, 
and the boundary layer grid is divided on the wall. The model 
and grid are shown in Figure 2. 

 

 
Figure 2. Ball seat erosion model and grid division 

 

 
Figure 3. Erosion rate diagram at 17 ° cone angle 

 

Firstly, the erosion analysis is carried out for the ball seat 
model with a cone angle of 17 °. The erosion wear results of 
the ball seat are shown in Figure 3. 

It can be seen from the erosion rate diagram that the erosion 
phenomenon is mainly distributed at the conical surface of the 
ball seat and the rear runner of the ball seat. The erosion wear 
in the lower area of the conical surface of the ball seat is the 
most serious, with the maximum erosion wear rate of 1.70 × 
10-5kg/(m2 · s), the erosion of the ball seat with the remaining 
cone angle of 18 ° to 25 ° is shown in Figure 4: 

 

 

Figure 4. Erosion Rate Diagram of Cone Angle 18 °~25 ° 

 

The erosion rate results of each cone angle of the ball seat 
can be obtained through the erosion wear analysis of the ball 

seats with different cone angles, as shown in Table 2: 

 
Table 2. Erosion Rate of Each Cone Angle 

Ball seat cone angle / ° 17 18 19 20 21 22 23 24 25 
erosion rate /×10-5kg/(m2·s) 1.70 1.75 2.04 2.23 2.45 2.60 2.61 3.21 3.28 

 
It can be seen from the ball seat erosion rate diagram that 

the places where the ball seat is most seriously eroded are 
basically the same, and the erosion rate increases with the 
increase of the cone angle of the ball seat. Therefore, from the 
aspect of socket erosion, the cone angle of the socket should 
be as small as possible to reduce socket erosion and extend 
the service life of the socket. 

4. Stress Analysis of Ball Socket 
Structure 

4.1. Finite element model and grid division of 
ball socket structure 

According to the specific working conditions during 
fracturing, the fracturing sliding sleeve is simplified. The 
design adopts a petal type ball seat structure, which is 

composed of six lobes when the ball seat is opened. Therefore, 
the model uses a 1/6 calculation model to grid the model. In 
order to obtain a higher quality grid, this paper uses 
Hypermesh as the preprocessor, and then uses the Ansys 
solver for calculation and analysis. The ball seat structure 
model and grid are shown in Figure 5. 

 

 

Figure 5. Ball socket model and grid division 
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4.2. Model materials and boundary conditions 
The fracturing sliding sleeve is made of 42CrMo, and the 

fracturing ball is made of low-density composite materials. 
The material performance parameters are shown in Table 3: 

 
Table 3. Material Parameters of Slip Sleeve and Fracturing Ball 

Material Science Elastic modulus 
/GPa 

Poisson's 
ratio 

Yield strength /MPa Tangent modulus 
/GPa 

Density 
/kg.m-3 

Ball socket 212 0.28 930 6.1 7830 
Fracturing ball 90 0.33 355 1.9 1400 

 

The boundary conditions are set as follows: 

(1) The lower end of the model is completely fixed; 
(2) The contact surface between the fracturing ball and 

the ball seat is set up to contact; 
(3) Apply 50MPa pressure on the upper surface of the 

fracturing ball and the upper surface of the ball socket at the 
same time; A pressure difference of 50MPa is formed between 
the upper and lower parts of the ball seat. 

4.3. Finite element analysis results of ball 
socket structure 

The Von Mises stress of the ball socket and the contact 
stress of the contact surface under different cone angles are 
analyzed respectively. The stress nephogram is shown in the 
following figure: 

 

 

a. Cone angle 17°                 b. Cone angle 18°                    c. Cone angle 19° 

 

d. Cone angle 20°                   e. Cone angle 21°                  f. Cone angle 22° 

 

h. Cone angle 23°                   i. Cone angle 24°                  j. Cone angle 25° 

Figure 6. Stress nephogram of ball socket with cone angle of 17 °~25 ° 

 

According to the finite element analysis of the ball socket 
structure with cone angles from 17 ° to 25 °, as shown in 
Figure 6, as the cone angle of the ball socket increases, the 
contact position between the fracturing ball and the ball 

socket also moves downward. The maximum Von Mises 
stress and contact surface contact stress of the ball socket 
structure under each cone angle are shown in Table 4: 

 
Table 4. Von Mises Stress and Contact Stress of Ball Seat Structure with Cone Angle of 17 °~25 ° 

Cone Angle/ ° 17 18 19 20 21 22 23 24 25 
Von-mises Stress/MPa 1045.71 990.02 1037.65 891.74 965.88 884.01 896.95 831.14 874.93 

Contact Stress/MPa 967.24 926.79 968.57 888.44 921.86 890.38 932.88 1093.22 1182.44 
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Figure 7. Von Mises Stress and Contact Stress Diagram of Ball Seat Structure with Cone Angle of 17 °~25 ° 

 

It can be seen from the finite element analysis results of the 
ball seat structure shown in Figure 7 that in the Von Mises 
stress analysis of the ball seat, the Mises stress generally 
decreases with the increase of the cone angle, and there are 
five cases where the stress does not exceed the yield strength 
of the ball seat 930MPa, namely, the cone angle of the ball 
seat is 20 °, 22 °, 23 °, 24 ° and 25 °. With the increase of cone 
angle, the contact stress decreases first and then increases. 
There are four cases that do not exceed the yield strength of 
the socket, namely, the cone angle of the socket is 18 °, 20 °, 
21 ° and 22 °. To sum up, there are two cases where the cone 
angle of the ball seat meets the structural strength 
requirements of the ball seat, namely, the cone angle is 20 ° 
and the cone angle is 22 °. 

5. Summary 
According to the stress analysis of the ball socket structures 

with different cone angles, the cone angles of the full ball 
socket structure strength are 20 ° and 22 °. However, 
combined with the erosion analysis of the ball socket, the 
erosion strength of the ball socket with a cone angle of 20 ° is 
less than that of the ball socket with a cone angle of 22 °. 
Therefore, the ball socket structure with a cone angle of 20 ° 
has a higher erosion life than that of the ball socket structure 
with a cone angle of 22 °. Therefore, under the condition that 
the cone angles of the two types of sockets meet the structural 
strength, 20 ° with lower erosion strength is selected as the 
selection standard of the cone angle of the socket. 
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