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Abstract: Oil exploitation tends to occurs in high-temperature and high-pressure environments, leading to sealing failure of 
rubber cylinders after long-time operation. To address this challenge, a spring-embedded shoulder protection packer rubber 
cylinder, made from metal rubber, was specifically designed to enhance the sealing performance under these demanding 
conditions. The superelastic model was selected by the superelastic theory analysis, and the rubber material parameters were 
obtained by the curve fitting of uniaxial tensile test, and the sealing performance of the rubber cylinder was analyzed by finite 
element calculation. The results show that the stability of Yeoh 3-order model is good through theoretical analysis. The YEOH3-
order model is selected to calculate the end spring at five different temperatures, proving that it can work normally at 65℃~204℃, 
providing data support for engineering applications. 
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1. Introduction 
The protection packer is one of the most important tools in 

oil exploitation and downhole operation, supporting both the 
regular flow of oil extraction and the effective 
implementation of downhole technologies. The packer rubber 
cylinder plays a key role in the protection packer, providing 
essential functions, such as isolating gas and oil, enhancing 
fracturing effect, preventing wellbore leakage, and ensuring 
the wellbore stability [1-2]. As oil exploration gradually 
moves toward high-temperature and high-pressure 
environment, the operating conditions for packer rubber 
cylinders become more severe in downhole. These rubber 
cylinders must not only function for extended periods 
underground but also endure extreme external conditions, 
including high temperatures, elevated pressures, and harsh 
corrosive forces. Prolonged operation causes degradation of 
the rubber cylinder’s performance, often leading to sealing 
failures that disrupt downhole activities. In critical cases, such 
failures can result in safety incidents and significant economic 
losses [3-4]. 

To address the situation of sealing failure in packer rubber 
cylinders under high-temperature and high-pressure 
downhole conditions, researchers have investigated the 
influence of the structural design and rubber materials 
composition on the performance of the packer rubber 
cylinders. Focusing on rubber material properties, Liu et al. 
[5] conducted tensile tests on three commonly used rubber 
materials to assess their suitability for packer rubber cylinders’ 
requirements. With specified wall thickness and radial 
clearance, applying ultimate pressure loads maintained the 
rubber cylinder within a safe operating state, where the 
sealing width closely aligned with the rubber cylinder’s 
contact length, ensuring effective sealing performance. 
Addressing the harsh downhole conditions, Wang [6] 
enhanced the corrosion resistance of rubber cylinder by 
optimizing its rubber material, achieving a packer rubber 
cylinder capable of withstanding temperatures up to 154 °C, 
pressure resistance under 79 MPa, and providing sustained 
sealing performance. Jin [7] analyzed the sealing performance 
of the packer rubber cylinder composed of AFLAS and 
KALREZ rubber materials, thereby identifying the optimal 

temperature and initial setting pressure ranges for maximum 
sealing effectiveness. Subsequently, he developed 
constitutive relationships for these two rubber materials using 
the Mooney-Rivlin model with the reference to temperature 
effects. They also analyzed the sealing performance of the 
optimized packers featuring rubber cylinder made from 
AFLAS and KALREZ rubber materials, offering meaningful 
insights into the optimization of packer’s structure [8]. Hu et 
al analyzed the sealing performance coefficients and other 
factors of several rubber materials, and selected the best 
rubber material to provide reference for selecting materials 
for rubber cylinders[9]. 

 On the other side, Zhang and his teammates [10] modified 
the nitrile rubber and fluoroelastomer models, enabling more 
accurate evaluation on rubber materials’ performance, thus 
providing design perspectives for high-temperature 
applications. Takahashi et al. [11] tested uniaxial tensile and 
compressive performance of two dissolvable rubber materials, 
80SHA and 90SHA, as well as 80SHA nitrile rubber at 66 °C. 
They found that dissolvable rubber materials demonstrated 
superior sealing performance compared to nitrile rubber, 
which exhibited a higher failure probability. The rubber 
cylinder structure designed in their study withstands pressures 
up to 100 MPa. Additionally, some researchers have focused 
on the structural modifications of the rubber cylinder to 
facilitate its resistance for high-temperature and high-
pressure environments in downhole. Some innovate structure, 
including shoulder-enhanced designs and M-type rubber 
cylinder, have enabled rubber cylinder to operate effectively 
under the condition of 154 °C and 79 MPa [12-13]. Zhang et 
al. [14] tried to addressed shoulder protrusion issues by 
designing special-shaped rubber cylinder with various 
structures. Their simulation results indicated that the right-
angle trapezoidal dual-layer rubber cylinder with sloped 
surface support exhibited significantly improved sealing 
performance over the traditional rubber cylinder and 
eliminated shoulder protrusion. Moreover, they further 
developed a nano-fluidic self-pyrolyzing rubber cylinder, 
which meets pressure resistance and sealing requirements, 
outperforming other traditional rubber cylinder [15]. Zheng et 
al conducted stress relaxation experiments on hydrogenated 
nitrile rubber at two different temperatures and concluded that 



 

59 

as the temperature increased, the contact stress decreased 
significantly, providing a theoretical and experimental basis 
for the design of packers[16]. Polonsky and colleges [17] put 
forward a new-designed anti-shoulder protrusion structure 
based on the self-sealing effect of conical rubber, which 
effectively reduced shoulder protrusion and minimized stress 
concentration in the shoulder area. This design can also 
increase the compression level of the rubber cylinder, 
enhancing the contact stress on both primary and secondary 
sealing surfaces. Lan [18] used finite element software to 
numerically optimize the structures of packer rubber 
cylinders made from two different materials, with their 
findings verified experimentally. They further identified the 
weakest points in the designed structure through simulation 
and optimization. Additionally, some researchers developed 
an evaluation system for packer sealing performance, thereby 
establishing an automated high-temperature packer sealing 
system simulation platform based on this system. This 
platform enables effective prediction of the packer’s sealing 
performance [19]. Liu et al improved the structure of the 
recyclable packer rubber cylinder to adapt to the high 
temperature environment underground [20]. 

Based on the above research results, this paper firstly 
selects the appropriate hyperelastic model by analyzing the 
hyperelastic theory, and obtains the rubber material 
parameters at five groups of temperatures through the uniaxial 
tensile test results. The sealing performance of the end spring 
type rubber cylinder at different temperatures is calculated by 
finite element method, and its advantages in sealing are 
analyzed. 

2. Introduction to Constitutive Model 
of Hyperelastic Materials  

The mechanical properties of non-metallic materials such 
as rubber and metal materials have great differences, such as 
large elastic deformation, incompressibility, viscoelasticity 
and so on. These materials are collectively referred to as 
hyperelastic materials, and the mechanical models describing 
such materials are called hyperelastic models. Several 
common hyperelastic models are described below. 

2.1. Mooney-Rivlin hyperelastic model 
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The following is an analysis based on parameters 2, 5 of 

the Mooney-Rivlin model. 

2.1.1. 2 parameter Mooney-Rivlin model 
When N=1 in equation (1-1), the model is reduced to a two-

parameter Mooney-Rivlin model, whose strain energy 
function expression is as follows: 
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Where 𝐶ଵ଴ and 𝐶଴ଵ are the shear modulus of the material, 

d is the incompressible coefficient, 𝐼ଵഥ  is the invariant of the 
first strain tensor, 𝐼ଶഥ   is the invariant of the second strain 
tensor, J is the volume ratio before and after deformation, and 
J=1 when the material is incompressible. 

By taking the partial derivation of the second-order strain 
energy function W into equation (1-2), the rubber superelastic 
constitutive relation of the second-order Mooney-Rivlin 

model under uniaxial tensile test can be obtained: 
 

𝜎 ൌ 2𝐶ଵ଴ሺ𝜆 െ 𝜆ିଶሻ ൅ 2𝐶଴ଵሺ1 െ 𝜆ିଷሻ         (3) 
 

Where 𝜎 is the stress, 𝜆 is the elongation ratio, and both 
𝜎 and 𝜆 are measured by tensile tests. 

In the 2-parameter model, when 𝐶଴ଵ ൌ 0 , the Neo-
Hookean model is simplified. The non-zero𝐶଴ଵ term makes 
the deformation prediction under uniaxial tensile stress more 
accurate, but the model cannot accurately simulate the multi-
axial stress data, or the data obtained from a certain 
deformation test, and can not be used to predict other types of 
deformation. At the same time, the shear modulus of the 2-
parameter model is a constant coefficient, which is not 
suitable for the simulation of carbon black filler vulcanized 
rubber. 𝐶ଵ଴  and 𝐶଴ଵ  are positive definite constants. For 
most rubbers, a reasonable approximation can be obtained 
within 150% of strain when 𝐶ଵ଴/𝐶଴ଵ ൎ 0.1~0.2 

2.1.2. 5 parameter Mooney-Rivlin model 
When N=2 in equation (1-1), the model is reduced to a 5-

parameter Mooney-Rivlin model, whose strain energy 
function is expressed as follows: 
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Where 𝐶ଵ଴、𝐶ଵ଴、𝐶ଶ଴、𝐶ଵଵand 𝐶଴ଶ are the shear modulus 

of the material, 𝐷ଵ  is the incompressible coefficient, 𝐼ଵഥ   is 
the invariant of the first strain tensor, and 𝐼ଶഥ  is the invariant 
of the second strain tensor. When the material is 
incompressible, J=1. 

2.2. Yeoh hyperelastic model 
Yeoh model is a kind of hyperelastic model which is widely 

used. The elastic strain energy function is used to describe this 
model. The elastic strain energy function of Yeoh model is as 
follows: 
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Where 𝐼ଵഥ  is the first strain tensor invariant. N is the order, 

𝐶௜଴  is the shear modulus of the material, and 𝐷௞  is the 
incompressible coefficient. When the material is 
incompressible, J=1. 

It can be seen from the strain energy function that the Yeoh 
model is very similar to the Mooney-Rivlin model and 
belongs to the polynomial form family. At the same order, the 
Yeoh model is much simpler than the Mooney-Rivlin model 
because the invariants of the second deformation tensor are 
not taken into account, but the term with incompressible 
coefficient 𝐷௞  will have higher order complexity. At the 
same time, the initial shear modulus is 2 ൈ 𝐶ଵ଴ and the initial 
modulus is 2/𝐷ଵ. To ensure that the initial shear modulus is 
positive, the parameter 𝐶ଵ଴ must be greater than 0. 

Although the number of orders N can be large, it is used in 
practical applications at most three orders. Because when 
N=1, it's equivalent to the Neo-Hookean model. Therefore, it 
is generally recommended to use the third-order Yeoh model 
with N=3, and the third-order strain energy function is: 
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Yeoh model has obvious characteristics, simple and few 
parameters. Reasonable numerical results can be obtained 
with very little test data, and the input parameters can be 
obtained only through tensile test. At the same time, the 
described deformation range is wide, and reasonable results 
can be obtained in uniaxial tensile and shear deformation tests. 
The higher-order version can describe the shear modulus 
characteristics of carbon black-filled rubber. 

At the same time, Yeoh model also has some shortcomings, 
there will be deviation in predicting the stress-strain 
relationship of equal biaxial tensile, and there will be a large 
deviation in dealing with complex comprehensive strain. At 
the same time, it is necessary to select parameters carefully 
under the condition of small strain. In the small strain zone, 
there will be deviations in Yeoh model and test data, but this 
deviation is not serious for finite element analysis, because 
the stress in the small strain zone is very small, and although 
the relative error may be large, the absolute error is small. 
Since the Yeoh model can obtain data through tensile test and 
obtain reasonable results when simulating large deformation 
conditions, the Yeoh third-order model is used for subsequent 
simulation calculation. 

3. Mechanical Properties Analysis of 
End Spring Packer Cartridge 

3.1. Establish a two-dimensional model of 
spring shoulder packer cartridge  

Considering that the traditional packer casing cannot be 
fully compressed and deformed, the end-spring packer casing 
is designed, and its model diagram is shown in Figure 1. 

 

 
Figure 1. End spring packer cartridge model 

 
The packer adopts a symmetrical structure. From top to 

bottom, the packer consists of a pressure ring, an edge rubber 
cylinder, a spacer ring, a middle rubber cylinder, a spacer ring, 
an edge rubber cylinder, and a pressure ring. Figure 2 shows 
the cross sections of the packer. 

 
Figure 2. End spring packer cartridge profile 

 
After the model is established, it is necessary to assign 

material attributes to each component, and 20CrNiMo steel 
material supports the support ring and shoulder and guard ring. 
The elastic modulus of 20CrNiMo is E=2.08×10^11 N/m2, 
Poisson's ratio λ=0.295, and the density is 7.87×10^3kg/m2. 
According to the above theoretical analysis, Yeoh third-order 
model was selected for rubber materials, and the material 
parameter values were solved according to curve fitting. The 
material parameters at different temperatures were shown in 
the following table 1. 

 
Table 1. Material parameters of Yeoh third-order model 

at different temperatures 

Temperature C10 C20 C30 

65℃ 0.89907 0.041931 -0.0008959 
100℃ 1.0998 0.14942 -0.01768 

150℃ 0.4854 -0.0012465 0.0012619 
177℃ 0.93651 0.013589 0.000081062 

204℃ 0.56278 0.026089 0.0014116 

 
After assigning material attributes to each component, the 

complete packer Assembly cross-section model can be 
obtained by assembling in the ABAQUS/Assembly module 

After assembly is complete, the contact conditions of the 
model need to be defined in the interaction module. After 
defining the contact properties, the boundary conditions of the 
model are set in the ABAQUS/Load module. According to the 
actual working conditions, the axial setting force is applied on 
the surface of the upper support ring of the packer, and the 
loading amplitude is linearly loaded. After the pressure is set, 
each inner wall is set as the fixed support constraint in the 
boundary condition management. This is mainly achieved 
through the rigid reference point of the constraint setting. At 
the same time, considering that the deformation of the 
compression ring and the spacer ring is very small during the 
loading process, this study set them as rigid bodies during the 
loading process, so as to observe the stress state of rubber 
more directly. In addition, in order to monitor the contact 
stress of the packer, a reference point is placed at a certain 
interval on the outer wall of the packer to record the contact 
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force between the packer and the outer wall. The contact force 
can be used to obtain the overall contact pressure of the packer. 
After the boundary conditions were set, each component of 
the packer was meshed. It should be noted that due to the large 
deformation of the new structure, some mesh units were 
locally densified in the contact area. In addition, in order to 
increase the stability of the grid, part of the grid is divided into 
triangular grids to increase the convergence of the calculation.  

3.2. Influence of setting load on axial 
compression distance of spring shoulder 
packer 

In this paper, the finite element calculation of the end 

spring packer rubber barrel is carried out to investigate the 
relationship between the compression distance of the rubber 
barrel and the contact stress between the rubber barrel and 
casing under the setting load of 10~50kN. Figure. 3~7 shows 
the deformation cloud map of the rubber cylinder under 
different setting loads at 65℃ -204 ℃. It can be seen from 
the figure that the axial compression distance of the rubber 
cylinder increases with the increase of setting load at the same 
temperature. 

 

 
Figure 3. Cloud map of changes of rubber cylinder deformation with setting load at 65℃ 

 

 
Figure 4. Cloud map of changes of rubber cylinder deformation with setting load at 100℃ 

 

 
Figure 5. Cloud map of changes of rubber cylinder deformation with setting load at 150℃ 
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Figure 6. Cloud map of changes of rubber cylinder deformation with setting load at 177℃ 

 

 
Figure 7. Cloud map of changes of rubber cylinder deformation with setting load at 204℃ 

 
The maximum axial displacement of the rubber cylinder 

under different setting loads at each group of temperatures 
was extracted and plotted as a curve to obtain the 

relationship between setting loads and axial compression 
distance, and then the temperature curves of the five groups 
were integrated, as shown in Figure 8. 

 

 
Figure 8. Diagram of the relationship between setting load and axial compression distance of bridge plug cylinder at five 

groups of temperature 
 

As can be seen from Figure.8, the axial compression 
distance of the rubber cylinder shows a non-linear increase 
trend with the increase of setting load. When the setting load 
is 10~40kN, the axial compression distance of the rubber 
cylinder increases rapidly with the increase of the setting load, 
indicating that the rubber cylinder is in a state of free 

deformation at this time, and the rubber cylinder is not set. 
When the setting load is 40~50kN, the growth trend of the 
axial compression distance of the rubber cylinder is gradually 
gradual, indicating that the rubber cylinder is in the setting 
stage at this time. With the increase of temperature, the axial 
compression distance of the rubber cylinder gradually 
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increased, indicating that with the increase of temperature, the 
performance of the rubber material weakened, and the 
hardness of the rubber cylinder gradually decreased with the 
increase of temperature. 

3.3. Establish a two-dimensional model of 
spring shoulder packer cartridge  

Figure 9~13 shows the contact stress distribution of the 
rubber cylinder under different setting loads at 65℃ -204 ℃. 
It can be seen from the figure that at the same temperature, 
when the setting load is 10kN, the rubber cylinder and casing 
begin to contact, and the contact stress occurs on the outer 
surface of the rubber cylinder. With the increase of setting 
load, the contact stress on the outer surface of the rubber 
cylinder gradually increases, and the contact stress area on the 

side wall of the rubber cylinder also increases, indicating that 
the contact area between the rubber cylinder and the casing 
also increases. Due to the three-cylinder structure of the 
rubber cylinder, the setting load is applied to the upper spacer 
ring at the same time, resulting in the contact stress of the 
upper rubber cylinder is greater than that of the middle rubber 
cylinder and the lower rubber cylinder, which shows that the 
upper rubber cylinder mainly bears the sealing requirements. 
At the same time, due to the existence of the spring shoulder 
guard, there is no shoulder protrusion phenomenon on the 
shoulder of the rubber cylinder. Due to the design of the 
rubber cylinder, there is an annulus inside. With the increase 
of setting load, the rubber cylinder is further compressed and 
filled with the gap of the rubber cylinder structure, so that the 
rubber cylinder can be fully deformed. 

 

 
Figure 9. Cloud diagram of change of contact stress of 65℃ rubber cylinder with setting load 

 

 
Figure 10. Cloud diagram of change of contact stress of 100℃ rubber cylinder with setting load 

 

 
Figure 11. Cloud diagram of change of contact stress of 150℃ rubber cylinder with setting load 
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Figure 12. Cloud diagram of change of contact stress of 177℃ rubber cylinder with setting load 

 

 
Figure 13. Cloud diagram of change of contact stress of 204℃ rubber cylinder with setting load 

 
Due to the special structure of the rubber cylinder, and it is 

not completely set at 10kN, there is a gap in the middle of the 
cloud image, and the stress is 0. With the continuous increase 
of the contact stress, the rubber cylinder is fully in contact 
with the casing, and the phenomenon of the stress is 0 
disappears. The setting load of the lower rubber cylinder is 
small, and the contact stress between the rubber cylinder and 
the casing is less than that of the upper middle rubber cylinder. 
In the contact process between the rubber cylinder and the 
casing, with the increase of the load, the middle part of the 
rubber cylinder first contacts the casing. Therefore, when the 
load is small, the maximum contact stress between the rubber 
cylinder and the casing is mainly concentrated in the middle 
part of the rubber cylinder. 

With the increase of temperature, the performance of 
rubber material weakens, the average contact stress of the 
rubber cylinder decreases from 10MPa to 2MPa, and the 
sealing performance decreases. There is no shoulder 
protrusion during the whole setting process. At the same time, 
the contact area between the upper end of the middle rubber 
cylinder and the metal spacer ring is estimated to be extruded 
outwards, resulting in stress concentration. The structural 
design of the new rubber cylinder enables the rubber cylinder 
to fully deform, thereby improving and maintaining the 
contact stress and obtaining good sealing performance. The 
deformation of the upper end of the edge rubber cylinder can 
seal the annular gap in time, thus appropriately improving the 
differential pressure capacity of the packer. 

4. Conclusion  
In this paper, the advantages and disadvantages of various 

hyperelastic models are analyzed. Finally, the Yeoh 3-order 
model is selected comprehensively, and rubber material 
parameters under five groups of temperatures are obtained 
through uniaxial tensile test. The sealing performance of the 
end-spring rubber cylinder is analyzed through finite element 
calculation, and it is proved that it can work normally under 
65℃~204℃ . It provides theoretical and data support for 
engineering application. 
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