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Abstract

In order to solve the problem of "gas explosion" at the end of common rubber cylinder in
the process of high temperature, high pressure and gas drive operation, the rubber cylinder
with new structure suitable for 5;,, in casing pipe is developed. The "M" type single rubber
cylinder structure is adopted in the new structure rubber cylinder, and the "gas explosion"
problem of the end gas in the low-pressure side is solved by setting the double-layer
staggered slotted steel cover to prevent outburst. The finite element method is used to
simulate the setting of the rubber cylinder, and the structural parameters of the new rubber
cylinder are obtained by single factor analysis and orthogonal optimization, simulation test
and seal test were carried out to verify the sealing performance of the rubber cylinder.
According to the actual working condition, the simulation test results and seal test results
show that the sealing capacity of the packer reaches 50 MPa under the temperature
resistance of 120°C, and the end steel cover is fully opened to wrap the rubber cylinder,
which meets the operation requirements of high temperature and high pressure gas

OPEN ACCESS

Published: 26/05/2023
Accepted: 18/05/2023

DOI:
10.23967/j.rimni.2023.05.004

Keywords:

gas injection seal

new structural rubber cylinder
outburst prevention

gas explosion prevention

injection packer.

Design and Performance Research of Single Rubber Cylinder
for High Pressure Gas Injection Packer
Lianyu Zhang*, Shijie Wang*, Wei Lv*, Guangtao Yue*, Yuan
Ge**, Zhengyang Zhao**, Xianjun Zhou**
*. Sinopec Shengli Oilfield Petroleum Engineering Technology Research Institute
Shandong, Dongying 257000, China
**_China University of Petroleum (East China)
Shandong, Qingdao 266580, China
Email: zhouxianjun@upc.edu.cn

Abstract

In order to solve the problem of "gas explosion" at the end of
common rubber cylinder in the process of high temperature,
high pressure and gas drive operation, the rubber cylinder
with new structure suitable for 5;,,in casing pipe is developed.
The "M" type single rubber cylinder structure is adopted in the
new structure rubber cylinder, and the "gas explosion"
problem of the end gas in the low-pressure side is solved by
setting the double-layer staggered slotted steel cover to
prevent outburst. The finite element method is used to
simulate the setting of the rubber cylinder, and the structural
parameters of the new rubber cylinder are obtained by single
factor analysis and orthogonal optimization, simulation test
and seal test were carried out to verify the sealing
performance of the rubber cylinder. According to the actual
working condition, the simulation test results and seal test
results show that the sealing capacity of the packer reaches
50MPa under the temperature resistance of 120°C, and the end
steel cover is fully opened to wrap the rubber cylinder, which
meets the operation requirements of high temperature and
high pressure gas injection packer.
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1. Introduction

Packer is one of the key parts in slicing production of oil and gas
fields. As the core part of packer, the rationality of rubber
cylinder structure design and the reliability of sealing
performance are the necessary guarantee for the effective
implementation of slicing mining technology. With the further
development of exploration and development in Shengli
Oilfield, more and more high-temperature and high-pressure
wells are encountered, which puts forward higher requirements
for the temperature and pressure resistance of packer rubber
barrel. As an effective method to improve oil recovery rate, CO2
flooding is more and more widely used in the industry.
Conventional packer and high pressure packer can not meet the
requirements of high temperature and high pressure. At
present, there is a lack of packer rubber cylinder suitable for
high temperature and high pressure in domestic gas seal.
Therefore, it is very important to research and develop the
rubber cylinder of air tight packer under high temperature and
high pressure.

Aiming at the structure of 51/2in casing gas injection packer
with two-way three force loading[1][2], in order to solve the
special "gas explosion"[3] problem under gas injection seal, a
new structure of rubber cylinder is designed, and the sealing
performance of rubber cylinder under high temperature and
high pressure is improved through single factor analysis and
orthogonal optimization. The specific work is as follows:
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2. Structural Design

2.1 Design of Outburst Prevention Structure
Against Gas Explosion

For the gas injection packer, there is a phenomenon that the
gas gradually seeps into the rubber after bearing the high
pressure difference and produces "gas explosion" at the low
pressure side, which makes the rubber cylinder seal invalid and
reduces the service life of the rubber cylinder. Therefore, the
anti-outburst structure [4] at the end of the rubber cylinder not
only needs to prevent the end of the rubber cylinder from
protruding to the annular space on both sides of the end ring in
the process of setting and sealing inspection, but also can
ensure the rigid support of most rubber materials at the end of
rubber cylinder.

The traditional spring ring, metal mesh envelope, single-layer
steel cover and other anti-outburst structures are difficult to
meet the requirements of fully rigid support of rubber materials
at the end under gas injection seal. Therefore, a staggered
slotted double-layer protective cover with a thickness of 1 mm
and an interval of 30° and a width of 0.5mm is used (Fig. 1).
After the expansion, the gap of the upper steel cover is blocked
by the non-slotted part of the lower layer, forming a complete
rigid package for the rubber material on the end face, reducing
the gas contact area on the high-pressure side and reducing the
infiltration of the gas on the high-pressure side of the rubber
cylinder from the inside of the rubber cylinder, and makes the
rubber material of the shoulder of the low pressure side get a
good rigid support, so as to solve the "gas explosion" problem.
Considering the corrosion problem of CO2 gas, the double
protective cover is made of stainless steel.

Fig. 1 30° partial double-layer slotted steel cover

2.2 Structural Design of Rubber Cylinder

At present, the packer rubber cylinder used in the industry
mostly adopts the combination mode of single rubber cylinder,
double rubber cylinder and three rubber cylinder [5]. According
to the working conditions of bidirectional loading and gas
injection seal, compared with multi rubber cylinders, single
rubber cylinder has the advantages of simple structure and no
spacer ring, and its contact area with casing is larger, and the
contact stress distribution is uniform. Therefore, the single
rubber cylinder is chosen as the main structure of the rubber
cylinder.

According to the structural characteristics of the single rubber
cylinder, combined with the actual production requirements of
high temperature and high pressure gas injection seal, the
setting characteristics of bidirectional loading, and considering
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the process requirements, two symmetrical obtuse top angle
grooves are designed at the inner side of the rubber cylinder,
and the right angle top angle groove is designed at the middle
part of the outer side of the rubber cylinder, so that the overall
shape is "M" (Fig. 2). The end ring is fitted with the steel cover to
make the overall loading force uniform. For the packer with
51/2in casing, the inner diameter and outer diameter of the
rubber barrel are determined as ¢74mm and ¢114mm
respectively according to the field process requirements. The
rubber material is hydrogenated nitrile. In order to ensure that
the double-layer steel cover on both sides does not protrude
before opening, the hardness of rubber cylinder is HS85.

3. Optimization of Structural Parameters

3.1 Determination of Optimization Parameters

In the design of rubber cylinder, the main parameters of half
part design of rubber cylinder are shown in Fig. 2. Based on the
current experience [6][7] of rubber cylinder optimization, the
total height of rubber cylinder has a great influence on the
sealing performance of rubber cylinder. Therefore, the total
height of rubber cylinder is initially determined as the main
optimization parameter. Secondly, the sub height ZH1 at the top
corner of the inner groove of the rubber cylinder and the
double dip angles of the inner groove of the rubber cylinder
have a high influence on the shape of the rubber cylinder,
which can be determined as the parameters to be optimized.
Considering that the height of the outburst proof structure will
affect the opening degree of the steel cover, the relative height
FTH of the steel cover is set as the optimization parameter to
optimize. The groove at the right angle bottom in the middle of
the outer side of the rubber cylinder has little influence on the
overall structure performance, so the original size of the rubber
cylinder remains unchanged.
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Fig.2 Rubber cylinder design and parameter setting

3.2 Establishment of Finite Element Model

ANSYS software is used to analyze the rubber cylinder model.
Because there are 30° gaps in the anti outburst structure of
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rubber cylinder, a 1/12 3D part of the whole model is built, and
the circumferential symmetric boundary conditions are set on
the symmetry planes of both sides to simplify the solution
model and improve the solution speed. The shape of rubber,
sleeve, central tube and end ring is regular, so solid185 eight
node element is used to mesh hexahedron, which can improve
the speed and accuracy of the solution; because there is a
0.5mm slot in the anti outburst steel cover, the 20 node solid186
element is used for tetrahedral mesh generation to improve the
solution accuracy. TARGE 170 and CONTA 174 elements are
used for face-to-face contact. Rubber is a kind of super
elastomer with complex constitutive relationship. There are
many criteria for describing the mechanical characteristics of
rubber at home and abroad. Mooney Rivlin model is widely
used because of its simple model and few calculation
parameters. According to reference [8], the hardness of HS85
hydrogenated nitrile is 1.711 for C10 and 0.567 for CO1 at 120°C.
The finite element model is established as shown on the left of
Fig. 3.

Fig. 3 Finite element model

The outer side of the casing and the inner side of the central
tube are both fully restrained. Because there is a "V" groove in
the middle of the rubber cylinder structure used, it will contact
each other in the setting process. Considering the structural
symmetry, the full mold is used to establish and fix the middle
symmetry plane according to the ideal situation. In order to
ensure the uniform force on the rubber cylinder, the radial
degree of freedom is limited on the inner end of the end ring,
and 7.6t setting load is applied on the end ring. Set the ambient
temperature as 120°C, and take the friction coefficient as 0.3.
The boundary conditions of the model are set as shown in the
right of Fig 3. The initial design geometric parameters of the
model are shown in Table 1.

Table 1 Initial geometric dimension of rubber cylinder model

Size Internal diameter External diameter  Height
Structure di/mm do/mm h/mm
Bushing 121.4 139.7 /
Central
tube 51 74 /
End ring 74 112 20
Structural parameters of rubber cylinder /mm
ZH ZH1 J17° J27° FTH
Rubber
cylinder 140 50 116 165 39

3.3 Study on Sealing Performance of Rubber
Cylinder

The contact stress between rubber tube and casing is an
important factor to evaluate the sealing performance of rubber
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cylinder. In this paper, through the single factor rotation of
different structural parameters of the rubber cylinder, the
influence of each factor on the sealing performance of the
rubber cylinder is studied by comparing the minimum contact
stress value of the peak circumferential position in the setting
stage of the rubber cylinder, and the optimal value of each
parameter is determined. At the same time, the maximum axial
force on the contact edge between the inner steel cover and the
rubber cylinder is compared to measure the expansion and
opening degree of the steel cover, so as to evaluate the anti-
outburst and anti "gas explosion" performance of the steel
cover.

First of all, control other design parameters unchanged, and
analyze the size change of the total height of the rubber
cylinder (ZH). The finite element setting simulation results are
shown in Fig. 4.

Fig. 4 Setting simulation results

Take the total height of the rubber cylinder as the independent
variable, and simulate the broken line diagram with the interval
of 2mm from 130mm to 148mm, as shown in Fig.5. It can be
seen from the figure that with the increase of the rubber
cylinder height, the contact stress tends to decrease, which is as
low as 3.8MPa at the height of 148mm; while when the height of
the rubber cylinder is below 130mm, the unit distortion of the
rubber cylinder occurs and the bearing capacity is insufficient.
The axial stress first increases and then decreases, and the
stress is larger between 134mm and 140mm, and reaches the
peak at 140mm. Considering the sealing effect and outburst
prevention effect, the orthogonal combination levels of 134, 138
and 140 mm were selected.

Minimum contact stress (MPa)

Axial force o

Total height of rubber drum (mm) Total height of rubber drum (mn)

Fig. 5 Single factor influence of total height

In the range of the total height of the rubber cylinder, the single
factor optimization of the rubber cylinder height interval of 2
mm is carried out. The simulation results of the independent
variables of 42 mm~56 mm are shown in Fig. 6. It can be seen
from the figure that with the increase of the height of the
rubber cone, the minimum contact stress first decreases
slightly, then increases to a high value, and then decreases
greatly; meanwhile, the axial stress of the steel cover increases
first and then decreases, and maintains a high level at 48, 50, 52
mm. Considering the sealing performance of the rubber
cylinder and the outburst prevention performance of the steel
cover, the orthogonal test was carried out with three horizontal
values of 48 mm, 50 mm and 52 mm.
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contact stress (WPa)

Axial force of steel c

Sub height of rubber drum (mm)

Sub height of rubber drum (mm)

Fig. 6 Single factor effect of sub height

The single factor rotation analysis was carried out on the
inclination angles of the rubber cylinder groove (J1 and J2). The
relationship  between the dimensions and the sealing
performance of the rubber cylinder and the outburst prevention
performance of the steel cover is shown in Table 2. It can be
seen that whether the minimum contact stress of the rubber
cylinder or the axial force of the steel cover, the original size
116° is in the highest range, and the sealing performance and
outburst prevention performance are the best. Therefore, 116°
is selected for the new rubber cylinder, and the size will not be
changed. With the increase of the value of J2 (the maximum
value of structure and processing limit angle 2 is 172°), the
contact stress of rubber cylinder and the axial force of steel
cover show a steady upward trend, and its sealing performance
and outburst prevention performance are getting better and
better with the increase of size. Comprehensive analysis, the
size of J2 was 165°, 170° and 172° for orthogonal optimization
analysis.

Table 2 Single factor influence of groove dip angle J1 and J2

e Csotpetzsct Axial stress of steel 2 C;:;gsct Axial stress of steel
/MPa cover edge /MPa /MPa cover edge /MPa

106 3.83 132.0

1 3.97 142.6 160 3.1 116.4

116 4.08 187.4 165 4.08 187.4

121 3.79 181.4 170 4.56 267.7

126 4.00 171.0 172 6.12 296.2

The relationship between the relative height of rubber cylinder
steel cover and the performance of rubber cylinder was studied.
After calculation, the height of the rubber cylinder anti outburst
steel cover should not be changed too much, otherwise there
will be problems that the steel cover is too small to contact the
outer sleeve or the rigidity is too large to open. Therefore, the
simulated range of the steel cover from the height of + 4mm is
calculated as shown in the Table 3. It can be seen from the data
in the table that with the increase of FTH height, the contact
stress of rubber cylinder increases as a whole, and the
maximum axial stress appears at the original size FTH = 39mm.
Comprehensive analysis shows that the height of steel cover
has the best performance in the original size, so it is no longer
selected as the optimal size.

Table 3 Influence of single factor on relative height of steel cover

FTH/mm  Contact stress /MPa Axial stress of steel cover edge /MPa

35 3.57 154.6
39 4.08 187.4
a1 4.16 156.7
43 4.21 94.7

Based on the single factor optimization results of the combined
rubber cylinder, considering the actual factors and the test cost,
the main influencing factors are the total height of the rubber
cylinder, the height of the rubber cylinder and the inclination
angle of the groove 2. L90340orthogonal table is selected to
carry out the orthogonal optimization design of the combined
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rubber cylinder structure. The design of the head is shown in
Table 4. Factor A is the total height ZH, B is the height of the
rubber cylinder ZH1, C is the angle of the rubber cylinder 2, and
D is the error column. The design of factor level table is shown
in Table 5.

Table 4 Orthogonal design head

Column number 1 2 3 4
Factor ABCD

Table 5 Factor level table of orthogonal experiment design

Factor Height of rubber Sub height of Inclination angle of rubber

Level cylinder rubber cylinder cylinder groove 2
1 140 50 165
2 138 52 170
3 134 48 172

Based on the orthogonal experimental design table, the
experimental design was carried out with the contact stress and
axial stress as the objective functions. The test table and
simulation results are shown in Table 6. Taking the minimum
contact stress as the main index, the orthogonal test results are
analyzed intuitively, as shown in Table 7. The analysis of
variance is shown in Table 8.

Table 6 The result of orthogonal optimization experiment of each index

Test 1 2 3 4 Contactstress  Axial stress of steel cover edge
number A B C D /MPa /MPa
1 11 11 4.08 187.4
2 12 2 2 4.59 224.2
3 1.3 3 3 5.62 361.1
4 21 2 3 4.38 257.2
5 2 2 31 523 338.0
6 2 3 1 2 4.16 204.0
7 31 3 2 5.80 348.4
8 32 1 3 4.09 187.2
9 3 3 2 1 4.89 252.3
Table 7 Visual analysis table of contact stress
K1 4.763333 4.753333 4.622667 4.733333
Level K2 4.590000 4.636667 4.620000 4.850000
K3 4.926667 4.890000 5.550000 4.696667
R 0.336667 0.253333 0.930000 0.153333
Better level A3 B3 C3 Dy
Primary and secondary order of factors 2 3 1 4
Table 8 Contact stress variance analysis table
Source of Sum of Variance
difference squares freedom estimates Fvalue P Significance
Factor A 0.170067 2 0.085033 4.421144 0.184463 Main factors
Factor B 0.096467 2 0.048233 2.507799 0.285079 Secondary
factor
Factor C 3.1986 2 1.5993 83.15251 0.011883 Key factors
error 0.038467 2 0.019233
total 3.5036 8

According to the intuitive test results and variance analysis, the
three factors f values to be optimized are all greater than 1,
which has a significant impact on the setting contact stress of
the rubber cylinder. The priority of the structural factors is as
follows: the inclination angle of the rubber cylinder groove 2,
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the total height of the rubber cylinder, and the height of the
rubber cylinder. The optimal level of each factor is as follows:
the total height of rubber cylinder is 3 (134mm), the height of
rubber cylinder is 3 (48mm), the inclination angle of rubber
cylinder groove is 2 and the level is 3 (172°). The combination of
three horizontal dimensions is combination 7 (a3b1c3d2), and
the minimum contact stress of its setting is 5.80MPa, which is
42.2% higher than that before optimization. In the evaluation of
the anti outburst performance of the steel cover, the axial force
values of combination 3, 5 and 7 are higher. Considering the
contact stress and axial force index, combination 7 is selected as
the optimal design structure size. The structural parameters are
shown in Table 9.

Table 9 Structural parameters of optimized rubber cylinder

ZH/mm ZH1/mm
134 50

e e FTH/mm
116 172 36

4. Simulation of Rubber Cylinder under Pressure

After the optimization of design parameters, the actual
pressure bearing condition of rubber tube structure is
simulated. The sealing pressure difference is set as 50MPa, and
the ambient temperature is 120°C. The bidirectional simulation
sealing test of rubber cylinder is carried out (the solution of
loading conditions is shown in the upper left of Fig. 7). The
sealing test results are shown in Fig. 7. It can be seen from the
overall deformation diagram of the rubber cylinder that the
anti-outburst steel covers on both sides of the rubber cylinder
have been fully expanded and close to the sleeve, which has
realized the complete rigid support for the rubber material at
the end of the low pressure side, and reduced the infiltration of
gas at the high pressure side through the rubber cylinder
material, thus preventing the occurrence of "gas explosion". As
for the contact stress between the casing and the rubber
cylinder, it can be seen from the radial path distribution of the
maximum contact stress at the bottom right of Fig. 7 that the
minimum contact stress of the rubber cylinder is more than
50MPa, and the maximum contact stress is greater than 1.1
times of the sealing pressure difference [9], which can meet the
requirements of 50 MPa air tight sealing and pressure
resistance at 120°C.
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Radial distance of rubber drum/m

Fig. 7 Pressure simulation test results of rubber cylinder

5. Test analysis

Comprehensive consideration of the design objectives, setting
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method and working mode of the test fixture is designed to
design the rubber cylinder experiment scheme. The rubber
cylinder is used for the setting test at room temperature of 7.6T
and the test fixture corresponding to JY445 packer is performed
at 120°Cand 50 MPa. The dynamic strain gauge (measuring
accuracy up to 0.001) is used to test the contact stress value of
the setting test of the rubber cylinder. The real rubber cylinder
and JY445 double-end loading test fixture are shown in Fig. 8.

[ .
- g;ﬁi.&#wg Lj!

A B C D

Fig.8 Plastic cylinder and JY445 double - end setting loading test kit
5.1 Rubber drum setting test

The setting test of rubber cylinder was carried out at normal
temperature. Sixteen strain gauges were pasted axially at the
outer casing of the test fixture, and the strain value of outer
casing was tested by dynamic strain gauge at the setting stage.
The setting load of 14.6mpa (7.6T) was loaded by opening the
dynamic strain tester, and the setting pressure gauge reading
was about 14.6mpa. Voltage 30 min after shut down the
instrument data save, each strain gauge measuring the link to
the strain changing with load time curve as shown in Fig. 9 (a),
the contact stress distribution of axial as shown in Fig. 9 (b), test
results show that the tooling without pressure, sealed
performance is good, the plastic cylinder test is set by the axial
stress distribution and plastic tube simulation test basic same,
the validity of the finite element model is verified.

lloop strain

Contact stress (average) /MPa
—
T—

o

Vo
2 o o
1 °/ \/ /\\o
4
1%
Y
R R

8 10 12 14 16 18

Strain gauge number

Setting load time/s

(a) Test curve of setting strain (b) Test the axial distribution of
contact stress
Fig. 9 Distribution of setting stress and strain

The fluid simulation analysis of the first channel is carried out,
and the functional relationship between the flow pressure and
the opening under different opening degrees is obtained. It can
adjust different opening degrees through the pressure sensor,
so as to achieve the required pressure of the water distributor,
carry out real-time control and adjust the opening of the water
nozzle, realize the water flow adjustment under different
pressures, and complete balanced water injection.

5.2 Sealing test of rubber drum
The test equipment was connected to the sealing pressure

pipeline and put into the heating tank for high temperature
insulation at 120 °C(Fig. 10). First, the forward sealing test was
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carried out, and the sealing pressure difference of 50 MPa was
loaded by five steps of segmented sealing load, and the
pressure was stabilized for 10min each time. After the pressure
was stabilized to 50 MPa for 10min, the final loading pressure
dial reading was 52MPa. Positive sealing success; Reverse
sealing test of rubber cylinder was carried out. The pressure
difference of 50mpa was tested by five steps of sub-level sealing
load, and the pressure was stabilized for 10min each time. After
the pressure was stabilized to 50mpa for 10min, the final
pressure dial reading was 51MPa, indicating a successful
reverse sealing test. The test results show that the positive and
negative bearing capacity of the optimized rubber cylinder is 50
MPa, and the sealing pressure difference is well sealed, and the
scratches of the double steel cover are obvious, indicating that
the double steel cover is completely expanded and fitted to the
outer wall of the casing, which can prevent the hidden danger
of "gas explosion" under the gas injection seal, and achieve the
design goal.

EEL

Fig.10 High temperature insulation test equipment

6. Conclusion

The main structure of the rubber cylinder of high pressure gas
injection packer designed in this paper is "M" type single rubber
cylinder. At the same time, double-layer staggered slotted steel
cover is set at the end to prevent the hidden danger of "gas
explosion" under the gas injection seal. Through the single
factor analysis and three factors and three levels orthogonal
optimization of the design size parameters of the rubber
cylinder, the influence order of the size factors is the angle of
the groove of the rubber cylinder 2, the total height of the
rubber cylinder and the height of the rubber cylinder. Sealing
simulation analysis and sealing test are carried out for the
rubber cylinder with the optimal size combination. The results
show that the rubber cylinder has good sealing performance at
120°C and 50MPa, at the same time, the double-layer staggered
slotting steel cover anti-penetration structure at the end
completely expands and fits the outer wall of the casing, which
greatly reduces the contact area between rubber and gas of the
rubber cylinder, and effectively prevents the hidden danger of
"gas explosion" under the gas injection seal, which can meet the
requirements of oilfield operation.
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