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Abstract

During hydraulic fracturing operations of low-permeability reservoirs, packers are the key component to ensure the success of
multistage fracturing. Packers enable sections of the wellbore to be sealed off and separately fractured by hydraulic pressure,
one at a time, while the remainder of the wellbore is not affected. However, reliable sealing properties of the packer rubber
are required to meet the high-pressure and high-temperature (HPHT) conditions of reservoirs (such as 70 MPa and 170 °C).
In this study, the structures of the packer rubber with two different materials are optimized numerically by ABAQUS and
validated by experiments. The optimization process starts from the packer rubber with a conventional structure, and then,
the weakest spots are identified by ABAQUS and improved by slightly varying its structure. This process is iterative, and
the final optimized structure of a single rubber barrel with expanding back-up rings is achieved. For the structure of three
rubber barrels with metallic protective covers, both HNBR and AFLAS fail under HPHT conditions. For the final optimized
structure, the packer rubber made of AFLAS can work better under HPHT than that made of HNBR which ruptures after
setting. The results show that the optimized structure of a single rubber barrel with expanding back-up rings and the mate-
rial AFLAS are a good combination for the packer rubber playing an excellent sealing performance in multistage fracturing

in horizontal wells.

Keywords Packer rubber - Sealing property - Structure optimization - Hydrogenated nitrile—butadiene rubber (HNBR) -

AFLAS rubber

1 Introduction

At present, many oil fields in China have come into the mid-
dle and late stages of production. In order to guarantee the
stability of the oil and gas production, unconventional oil
and gas reservoirs and low-permeability reservoirs are the
major goals of exploration and development (Wang et al.
2015; Liu et al. 2016; Zeng et al. 2016). However, because
of their low permeability and poor production, it is neces-
sary to fracture the oil and gas wells. Staged fracturing com-
pletion technology in horizontal wells is an advanced and
effective measure of enhancing oil and gas production and
recovery ratios during the exploration of low-permeability
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reservoirs (Economides and Nolte 2000; Love et al. 2001;
Ye et al. 2008), and packers are key equipment to complete
multistage fracturing successfully. However, high demands
on the materials and the structure of the packer rubber are
required to meet the high-pressure and high-temperature
(HPHT) conditions of reservoirs.

Recently, efforts have been taken to study the sealing
properties of packer rubber through theoretical calcula-
tion, numerical simulation and experimental methods. The
materials and the structure are the important factors that
affect the sealing properties of the packer rubber. Zhu et al.
(2017) made comparisons on the mechanical performances
and morphology of three kinds of rubber materials (NBR,
HNBR and FKM) before and after corrosion experiments,
and the results showed that the tensile properties decreased
significantly and the hardness also reduced after corrosion.
He et al. (2016) investigated hydrogenated nitrile-butadiene
rubber (HNBR) with a Rubber Processing Analyzer RPA-
2000 and conducted stress—strain tests in both elongation
and compression modes. In order to reflect the applications
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of packers, all the mechanical properties were tested at both
room temperature (RT) and 150 °C. Zeng et al. (2012) car-
ried out tests on AFLAS rubber (a copolymer of tetrafluoro-
ethylene and propylene) using a HPHT autoclave in harsh
environments (60 MPa, 175 °C, test period 7 days and dif-
ferent corrosive gases) and analyzed the changes in proper-
ties. Atkinson et al. (2001) and Guo et al. (2011) analyzed
the touch stress and pressure in the inner wall of the rubber
part with nonlinear finite element analysis and optimized the
rubber wall thickness through some advantaged plans to bear
much stronger stress. Ma et al. (2014) and Qu (2016) con-
structed a finite element simulation model of double elasto-
meric packing elements in a packer using ANSYS software
and analyzed the influences of different friction coefficients,
the loading model and the different angles of the tilted end of
the packing element on the varying patterns of contact stress
between the packing element and the casing pipe. Polonsky
and Tyurin (2015) came up with a new structure design for
packers after discussing several designs aiming at enhanc-
ing sealing reliability and considering the packers’ working
conditions. In order to solve the technical problems of deep
wells and complex formations, James et al. (2013) improved
the temperature resistance and the pressure resistance of the
permanent production packer from 69 MPa and 121 °C to
138 MPa and 132 °C after many years of studies. Zhang
etal. (2011) and Wang et al. (2014) experimentally investi-
gated the working force between the packer rubber and the
casing tube and the stress—strain curves of packer rubber
material at different temperatures, which provide the basis
for establishing constitutive relations of packer rubbers.

At present, most scholars have investigated the mate-
rial properties of packer rubber by the use of dumbbell-
shaped specimens and simple cylindrical specimens, and
their conclusions indicated that many rubber materials
such as HNBR and AFLAS have better pressure resistance
and high-temperature resistance. However, the influence of
the actual structures and shapes on sealing performance of
packer rubber is seriously considered. The packer rubber

Table 1 Comparison of the rubber material performance

made of high-performance material may have poor sealing
performance under conditions of high pressure and high
temperature in low-permeability reservoirs because of an
unreasonable structure. In this paper, the study begins with
packer rubber with a conventional structure and optimizes
the materials and the structure of the packer rubber by
ABAQUS software simulation and experimental research.
In the experiments, rubber sleeves are installed on a packer
and a function test scheme of the packer is designed which
can simulate the packer setting and its working conditions.

2 Theory basis
2.1 Selection of the rubber materials

The selection of rubber materials is a key factor in the packer
design, because the maximum operating differential pres-
sure and the maximum operating temperature of the packer
are primarily limited by the material of the rubber barrel.
The main rubber materials of the compression packer are
fluorine rubber, nitrile rubber, hydrogenated nitrile rubber
and AFLAS rubber (a new fluorine rubber based on tetra-
fluoroethylene and propylene copolymer), the advantages
and disadvantages of these rubber materials are given in
Table 1, and hydrogenated nitrile-butadiene rubber (HNBR)
and AFLAS fluoro rubber are considered in the following
sections (Choudhury et al. 2010a, b; Alcock and Jgrgensen
2015).

Because of the high nonlinearity and superelasticity of
rubber material (great deformation is obtained under a very
little force), it is difficult to obtain a reasonable structure of
the sealing unit by a theoretical calculation when design-
ing packer rubber. In the analysis and calculation of rubber
components, there are many constitutive models to describe
the relationship between the stress tensor and strain tensor of
the rubber materials, such as Mooney—Rivlin model, Yeoh
model and Gent model. Different rubber constitutive models

Rubber material Advantages

Disadvantages

Fluorine rubber Good heat resistance and aging resistance

Nitrile rubber

Hydrogenated nitrile—
butadiene rubber
(HNBR)

AFLAS rubber

Good heat resistance and oil resistance, high tensile
strength and elasticity, easy forming, low cost

Good heat resistance and oil resistance, higher wear
resistance and pressure resistance than nitrile rubber

Excellent heat resistance, oil resistance and acid-base

Poor plasticity, difficult to machine and form, strength and
hardness decreasing with increasing temperature, high
cost

Easy to lose efficacy under high temperatures and high
pressures (when 7> 150 °C, P> 35 MPa)

Great intermolecular forces, high viscosity, slightly poor
processability

High cost, poor low-temperature resistance

resistance property, long service life and high-tempera-
ture limit in thermal and corrosive environments
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are suitable for different rubber materials. The Yeoh model
can use the uniaxial tensile test to simulate the mechanical
behavior of rubber materials under a large deformation, but
it is not suitable for moderate and small deformations. The
Gent model can simulate the strain energy of the rubber
materials under a large deformation which is mainly applied
to thin-walled spheres, hollow rubber and thin-walled cylin-
drical tubular bodies subjected to an internal pressure, but
it is also not suitable for small and moderate deformations.
The Mooney-Rivlin model can fit the relationship between
the stress and strain of the incompressible rubber materi-
als in moderate deformation. Therefore, the Mooney—Rivlin
constitutive model is selected in this study.

The strain energy density function in the Mooney—Rivlin
model is expressed as:

W=Cyl; =3)+ Cy (I, = 3) 1)
where W is the strain potential energy, /; and I, are the defor-
mation tensors and C,, and C; are the Mooney material
coefficients.

For an incompressible rubber material, its Poisson’s ratio
can be set as 0.5. The relationship among the elastic modulus
E,, the shear modulus G, and the material coefficients of the
rubber material at a small strain can be expressed as follows:

Gy= 2 Zac, 4 C
0= 3 = (Cyp+ Cop) 2

According to the experimental data fitting of rubber hard-
ness H and elastic modulus E, the relationship between
them can be obtained:

1gE, = 0.0198H — 0.5432 3)

With Eqgs. (2) and (3), the relationship between hardness
H and material coefficients (C,, and Cy;) can be expressed
as follows:

6CIO<1 + &) — 100.01981‘1—0.5432 (4)
ClO

According to the relevant literature about the tensile test
of rubber materials, the ratio of C;, to C,, roughly ranges
from 0.3 to 0.7. 0.5 is selected in this study. Therefore, if
the hardness of the rubber material is known, the values of
the material coefficients C;, and C,, can be determined by
Eq. (4). The mechanical properties of the constitutive model
for rubber material are given in Table 2.

2.2 Calculation of the packer setting force

The calculation model of the packer setting force is shown in
Fig. 1. In the packer setting, a compressive force (that is packer
setting force) acts on the head face of the annulus packer rub-
ber and compresses the packer rubber, which leads to the
packer rubber expanding radially and contacting with the inner
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Table 2 Mechanical properties of the constitutive model for rubber
material

Order Hardness H, Elastic modulus  Material coeffi-
number IRHD Ey, MPa cients of rubber
Cio Cor
1 60 4.42 0.491 0.294
2 65 5.54 0.616 0.307
3 70 6.96 0.774 0.387
4 75 8.75 0.972 0.486
5 80 10.98 1.221 0.610
6 85 13.80 1.533 0.767
7 90 17.33 1.926 0.963
8 95 21.77 2.420 1.410

Ah

NN s S

Before packer setting

A iU
After packer setting

Fig. 1 Force analysis diagram of the packer rubber before and after
setting

wall of the casing. In order to achieve a good sealing effect,
the setting force should further compress the packer rubber
to make sure that the friction force between the packer rub-
ber and the casing due to the contact pressure is greater than
the operating differential pressure. The packer setting force
includes two parts: the compressive force required to make
the sealing element contact with the inner wall of the casing
and the compressive force to make the sealing element expand
from contacting with the inner wall of the casing to meet the
required sealing effect (Gent 2012; Zhu 2012).

In the calculation, Poisson’s ratio for the sealing element is
about 0.5, so that the element can be considered incompress-
ible. When the inner diameter of the casing R ; is 76.2 mm, the
axial relative elongation is obtained:

e = 2Rci (Rci - Ro)
) (Rgi - R‘z)

1

= 0.16458 )

Taking into account the shape of the packer rubber, if the
overall length of the packer rubber is 250 mm, its compres-
sion distance is:
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Ah = he = 41.145 mm ©)

According to the generalized Hooke law, the compressive
force F, required to make the sealing element contact with
the inner wall of the casing is:

ER.
F. =2 2 (R
Ty (

—R,) =9.307 kN
. . o) ™

ci

The compressive force F, p required to make the sealing
element expand from contacting with the inner wall of the
casing to meet the required sealing effect is:

mAP(RG — RY) (R, — R?)
AP =
4fRh(1 - €.)

=79.968 kN )

Therefore, the packer setting force F required to ensure
the sealing of the sealing element is:

F=F,+F,y=89275kN )

Finally, according to the packer setting force, the setting
pressure in the piston chamber can be obtained:

P=—Lt 2734 MPa (10)

AR~ )

According to the structure size of the packer, the ratio of
the compression ring area to the piston area is 1.75. There-
fore, the setting pressure which acts on the packer rubber is:
P0=L=I3MPa an

1.75
where F is the total compressive force; F, is the compres-
sive force required to make the sealing element contact with
the inner wall of the casing; F,p is the compressive force
required to achieve the sealing under the effect of differen-
tial pressure; AP is the differential pressure acting on the
packer, 70 MPa; f is the friction coefficient, 0.3; E is the
elastic modulus, 10.8 MPa; R is the inner diameter of the
casing, 76. 2 mm; R, is the inner diameter of the packer rub-
ber, 57.5 mm; R, is the outer diameter of the packer rubber,

above calculation process, and the results are summarized
in Table 3.

2.3 Calculation of the average contact pressure

After packer setting, there will be a certain differential pres-
sure on both ends of the packer rubber during the working
process. Therefore, the average contact pressure P, between
the packer rubber and the casing includes two parts: the con-
tact pressure P, due to the compressive force F' p in the set-
ting stage and the contact pressure P, due to the differential
pressure AP in the working stage.

Pc=Pcl+P62 (12)

The contact pressure P, can be obtained as follows:

P = H Fap (13)
cl — _ 2 2
U= un(R; - RY)
The contact pressure P, is:
H
Py = EAP (14)

According to Egs. (12), (13) and (14), the average contact
pressures of different casing sizes are given in Table 4.

3 Sealing study and structure optimization
3.1 Conventional structure

As the key component of the packer, the structure of the rub-
ber directly influences the sealing properties of the packer.
As shown in Fig. 2, the structure of the regular packer seal

unit is a combination of three rubber barrels, which are sepa-
rated by metal calking rings.

Table 4 Average contact pressures of different casing sizes

73.5 mm; his 250 mmy; €, is the axial relative deformation; u R, mm AP, MPa Ah, mm P, MPa P.,MPa
is Poisson’s ratio, 0.5; R, is the outer diameter of the piston,
67.5 mm; R; is the inner diameter of the piston, 57.5 mm. 76.20 70 4115 22.73 2.4
When the casing sizes are 76.20, 77.40, 78.55 and 7740 70 26.25 27.00 4.0
79.85 mm, the calculation processes are the same as the 78.55 70 69.25 31.50 3.7
79.85 70 82.50 36.75 7.8
tne piston che s o cferent | Fermm e Mbmm  FKN RN RN P, MPa
casing sizes 76.20 0.165 41.15 9.302 79.962 89.264 22.73
77.40 0.225 56.25 13.649 92.511 106.164 27.00
78.55 0.277 69.25 17.936 105.789 123.725 31.50
79.85 0.330 82.50 22.927 122.374 144.253 36.75
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PackeAr rubber
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Fig.2 Structure of three regular rubber barrels

In order to study the sealing properties and structure opti-
mization of the packer rubber at high pressures and high
temperatures, the process of the packer rubber setting is
simulated using the finite element software ABAQUS to
provide a theoretical basis for structure optimization before
experiments. In the simulation, some assumptions are made
as follows without affecting the function of the packer: (1)
The packer is always located in the center of the casing and
is symmetric around the centerline of the casing; (2) the
effect of the packer’s self-weight to simulation results is
neglected; (3) only the packer rubber is analyzed, and the
bottom calking ring, the center pipe and the casing are sta-
tionary in the simulation.

Component materials: The material of the center pipe is
35CrMo; the materials of calking rings and casing are 45
steel. The elastic moduli of the calking rings, the center pipe
and the casing are 2.1 X 10° MPa, and their Poisson’s ratios
are 0.3. The Mooney—Rivlin model is used in the simulation
of the rubber. Because the cost of AFLAS is higher than that
of HNBR and AFLAS is mainly imported in China, HNBR
is chosen as the material of packer rubber at first. The hard-
ness of the top and bottom rubber barrels is 90 IRHD, and
that of the middle rubber barrel is 80 IRHD.

Modeling and meshing: The 2D axisymmetric model is
chosen in modeling, because the packer is symmetric around
the centerline of the casing. The mesh type of the packer
rubber is the CAX4RH element, and the other parts use the
default element. The friction coefficient between the packer
rubber and metal parts is set as 0.3. The analysis model of
three regular rubber barrels is established and meshed as
shown in Fig. 3.

Boundary conditions: The bottom calking ring, the center
pipe and the casing are stationary. A pressure of 13 MPa is
applied to the top calking ring to compress the packer rub-
ber. The simulation results are shown in Fig. 4.

According to the analytical results shown in Figs. 4 and
5, although the sealing element with three rubber barrels
has a simple structure and the contact pressure on the top

@ Springer

Fig. 3 Finite element model of three regular rubber barrels

rubber barrel end is larger (the average contact pressure is
5.01 MPa> P_ (P,=2.4 MPa), which is given in Table 4),
the middle and bottom rubber barrels are not fully com-
pressed, which results in smaller contact pressure (their aver-
age contact pressures are 1.15 and 0.25 MPa, respectively).
In the packer setting process, the shoulder protrusion hap-
pens to the top and middle rubber barrels. The results show
that the conventional structure of three rubber barrels has
poor sealing properties, which does not fit the conditions of
high temperature and high pressure.

3.2 Structure optimization plan 1: adding
protective covers on both ends

For preventing the shoulder protrusion, metallic protective
covers made of red copper are added at both ends of the top
and bottom rubber barrels. In order to increase the compres-
sion of the packer rubber and improve the contact pressure,
the middle rubber barrel is also equipped with a sealing
groove at the middle of its inner wall. The new structure of
the packer rubber is shown in Fig. 6.

Modeling: As shown in Fig. 7, the modeling progress
of the new structure of the packer rubber with metallic
protective covers is the same as that of the conventional
structure. The elastic modulus of metallic protective cov-
ers is 1.07 x 10° MPa, and its Poisson’s ratio is 0.36. The
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Mises, MPa Magnitude, mm Contact pressure, MPa
2.129e+01 3.420e+01 2.843e+01
2.040e+01 3.277e+01 2.724e+01
1.952e+01 3.135e+01 2.606e+01
1.863e+01 2.992e+01 2.487e+01
1.744e+01 2.850e+01 | 2.369e+01 —
1.686e+01 2.707e+01 2.251e+01
1.597e+01 2.565e+01 2.132e+01
1.508e+01 2.422e+01 2.014e+01
1.419e+01 2.280e+01 1.895e+01
1.331e+01 2.137e+01 1.777e+01
— 1.242e+01 1.995e+01 1.658e+01 ﬁj
1.153e+01 1.852e+01 1.540e+01 i
1.065e+01 1.710e+01 1.421e+01 ‘
9.759e+00 1.567e+01 1.303e+01
8.872e+00 1.425e+01 1.184e+01
7.984e+00 1.282e+01 1.066e+01
{ 7.097e+00 1.140e+01 9.476e+00 ﬁ
6.210e+00 9.974e+00 8.291e+00 J\
5.323e+00 8.549e+00 7.107e+00
4.436e+00 7.125e+00 5.922e+00
3.549e+00 5.700e+00 4.738e+00
2.661e+00 4.275e+00 3.553e+00
1.774e+00 2.850e+00 2.369e+00 3
8.872e-01 1.425e+00 1.184e+00 v
1.663e—05 0.000e+00 0.000e+00
1.,

Fig.4 Equivalent stress, strain and contact pressure distribution under 13 MPa
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Fig.5 Contact pressure distribution of three regular rubber barrels

Packer rubber
Casing p A N
| Top Middle Bottom
| | |
1
Center pipe  Calkingring  Groove Metallic protective cover

Fig. 6 Structure of three rubber barrels with metallic protective cov-
ers

materials of other components are identical to those of the
conventional structure. The mesh type of the packer rubber
is the CAX4RH element, and the other parts use the default
element. The friction coefficient among metallic protective
covers, calking rings and the center pipe is 0.1, and that
between the packer rubber and the metal parts is set as 0.3.
The bottom calking ring, the center pipe and the casing are
stationary. A pressure of 13 MPa is applied to the top calking
ring to compress the packer rubber.

The results simulated by ABAQUS are shown in Fig. 8.

According to the analytical results shown in Figs. 8
and 9, the addition of metallic protective covers prevents
the shoulder protrusion of the packer rubber and extends
its service life. Three rubber barrels are fully compressed
because of the sealing groove. (Its compression distance
is 40.98 mm, which is larger than that of the conventional
structure 34.2 mm.) The contact pressures on the top, mid-
dle and bottom rubber barrels (the average values are 5.43,
1.40 and 0.46 MPa, respectively; the maximum values are
7.61, 3.40 and 0.56 MPa, respectively) are larger than those
in the conventional structure of three rubber barrels. The
results show that the new structure of three rubber barrels
with metallic protective covers has better sealing properties
than the conventional structure.

In order to examine the sealing properties of the new
packer rubber under high temperature and high pressure,
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Fig. 7 Finite element model of the new structure with metallic pro-
tective covers

packer performance tests were done. The test scheme is
shown in Fig. 10. Two groups of the rubber barrels made
of HNBR were installed on a packer, which was placed in
a 6-in (152.4 mm) casing, as shown in Figs. 11 and 12. The
packer and the casing were dipped in an oil bath at 170 °C.
By use of a high-pressure pump, hydraulic oil was injected
into the packer from Hole 1 to set the packer rubber. The
other end of the packer was sealed by a plug, so was the
casing (2-end). After packer setting, the sealing properties
of the packer rubber were tested by pressurizing the annulus
between the packer and the casing from Hole 3 and Hole
5. Then, the sealing pressures in Hole 3 and Hole 5 were
recorded.

However, the maximum sealing pressure only reached
35 MPa during the experiment. After the test, two groups of
rubber barrels were removed, as shown in Fig. 13. The rub-
ber barrels made of HNBR were seriously ruptured and the
cracks are very apparent. The experimental results show that
the packer rubber made of HNBR cannot meet the sealing
requirement under high pressure (70 MPa) and high tem-
perature (170 °C).

With other conditions being equal, the material of the
packer rubber was changed to AFLAS rubber which has
excellent heat resistance, oil resistance and acid—base

@ Springer

resistance. Two groups of rubber barrels made of AFLAS
rubber were also installed on the packer, and the tests were
done twice. However, the maximum sealing pressures of
two tests only reached 50 and 53 MPa, respectively. The
rubber barrels were removed after tests, as shown in Fig. 14.
Although all the rubber barrels were not broken in the two
tests, they were not fully compressed and the metallic pro-
tective covers at both ends of the top and bottom rubber
barrels were torn, which led to a poor sealing performance.
The results show that the AFLAS rubber can work at a high
temperature (170 °C); however, the composite construction
of three rubber barrels which looks like tomatoes on sticks
cannot meet the sealing requirements under high pressure
and needs to be improved further.

3.3 Structure optimization plan 2: Single rubber
barrel with expanding back-up rings

Although the composite construction of three rubber barrels
with metallic protective covers can prevent the shoulder pro-
trusion, the contact pressures of three rubber barrels are very
different. Therefore, the new structure of a single rubber
barrel with expanding back-up rings (shown in Fig. 15) is
selected in place of the construction of three rubber barrels,
because the middle rubber barrel plays a major sealing role.

In the new structure, the material of the single rubber
barrel is still AFLAS rubber and there are two metal conical
rings at both ends of the rubber barrel instead of the top and
bottom rubber barrels in the construction of three rubber
barrels to bear the thrust for setting. There are two sets of
expanding back-up rings among the conical rings and the
rubber barrel for preventing the shoulder protrusion. One
set of expanding back-up rings is made of an outer ring and
an inner ring. The two rings are embedded in each other to
ensure good contacts, and there is a small gap on each ring
which is convenient for expanding. A dovetail groove is cut
in the inner wall of the rubber barrel. There are a bearing
flow ring made of metal and a seal ring (O-ring) to seal
the space between the rubber barrel and the center pipe.
Through the experimental measurement, the setting force
to compress the new packer rubber is 15 tonnes (F=150
kN) when the new packer rubber is tested in a 7-inch casing.
The pressure P applied to the top of the conical ring to set
the packer is

F 150000

STS, 0 2180.23

Pa = 68.8 MPa (15)

where S, is the end face area of the top conical ring.

First, the setting process of the new packer rubber is
still simulated using ABAQUS before experiment. Mod-
eling: As shown in Fig. 16, the modeling progress of the
new structure of the packer rubber is the same as that of the
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Mises, MPa Magnitude, mm Contact pressure, MPa_
1.253e+02 4.098e+01 7.231e+01
1.201e+02 3.927e+01 6.930e+01
1.149e+02 3.757e+01 6.629e+01
| 1.097e+02 | 3.586e+01 6.327e+01
[ | 1.044e+02 [ | 3.415e+01 6.026e+01 —
[ | 9.922e+01 [ | 3:244e+01 5.725e+01 ) ];
[ | 9.400e+01 [ | 3.074e+01 5.423e+01 S
[ | 8.878e+01 [ | 2.903e+01 5.122e+01
|| 8.356e+01 [ | 2.732e+01 4.821e+01
|| 7.834e+01 (| 2.561e+01 4.519e+01
| 7.311e+01 [ | 2.:391e+01 4.218e+01
6.789e+01 2.220e+01 1 3.917e+01
6.267e+01 2.049e+01 3.616e+01 [
| 5.745e+01 | 1.878e+01 1 3.314e+01
[ | 5:222e+01 [ | 1.708e+01 3.013e+01
[ | 4.700e+01 [ | 1.537e+01 2.712e+01 S
[ | 4.178e+01 [ | 1.366e+01 2.410e+01
[ | 3.656e+01 [ | 1.195e+01 2.109e+01
[ | 3.133e+01 [ | 1.025e+01 1.808e+01 :(
2.611e+01 8.538e+00 1.506e+01
2.089e+01 6.830e+00 1.205e+01
1.567e+01 5.123e+00 9.039e+00
1.044e+01 ‘ 3.415e+00 6.026e+00
5.222e+00 | 1.708e+00 3.013e+00
5.653e-06 ‘ 0.000e+00 0.000e+00
% ‘ % % j
l—bx l—bx l—bx

Fig. 8 Equivalent stress, strain and contact pressure distributions
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Fig.9 Contact pressure distribution of the new structure with metal-
lic protective covers

conventional structure. The hardness of the rubber barrel is
80 IRHD. The materials of the conical rings and the center
pipe are 35CrMo, whose elastic modulus is 2.16 x 10> MPa
and Poisson’s ratio is 0.286. The material of the casing is
45 steel, and the materials of back-up rings are 20 steel.

The elastic moduli of the casing and the back-up rings are
2.06 % 10° MPa, and their Poisson’s ratios are 0.3. The pos-
sible contact among each part before and after deformation
is set. The friction coefficient among metal parts is 0.1, and
that between the packer rubber and the metal parts is set as
0.3. The bottom conical ring, the center pipe and the casing
are stationary. A pressure of 68.8 MPa is applied to the end
face of the top conical ring to compress the packer rubber.
The results simulated by ABAQUS are shown in Fig. 17.

As shown in Fig. 18, the contact pressure between the
casing and the packer rubber with expanding back-up rings
(the average value is 9.75 MPa, and the maximum value is
16.43 MPa) is larger than those of the conventional struc-
ture and the new structure with protective covers, and no
apparent peak value is shown in the distribution curve of
the contact pressure, which illustrates that the shoulder pro-
trusion of the packer rubber does not occur and the sealing
properties are much better.

Then, the new packer rubber made of AFLAS with
expanding back-up rings was installed on a packer, which
was also put into the casing. The test scheme and the test
procedure of the new packer rubber were the same as that of
the packer rubber with protective covers in Plan 1. During
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Fig. 10 Schematic diagram of
the performance test ® @
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the test, the sealing pressures in Hole 3 and Hole 5 of the
test unit were increased gradually by the high-pressure pump
and 10 MPa was pressurized each time. The curve of the
sealing pressures is shown in Fig. 19. The pressure was sta-
ble for 15 min in each stage. Finally, the maximum sealing
pressures of the two holes reached 70-72 MPa which were
stabilized for 25-30 min. After the test, the packer rubber
was removed and the rubber barrel was still intact, as shown
in Fig. 20. In contrast, the new packer rubber made of HNBR
with expanding back-up rings was also installed on a packer
and tested. However, the maximum sealing pressure only
reached 56 MPa. The rubber barrels were removed, as shown
in Fig. 21. The rubber barrels made of HNBR were ruptured
which caused a variation of the sealing performance.

The results of both tests show that the new structure of
the packer rubber (single rubber barrel with expanding back-
up rings) is reasonable and can work well under high tem-
perature (170 °C) and high pressure (70 MPa) after setting.
AFLAS rubber has greater resistance to high pressure and
high temperature than HNBR.

4 Conclusions

Based on ABAQUS software simulation and experimental
studies of the packer setting, we performed the material
selection and the structure optimization of the packer rubber
for working well under high temperature and high pressure,
and the following conclusions can be drawn:

(1) Two structure optimization schemes of the packer
rubber are proposed. In each structure, both materials
HNBR and AFLAS are tested. The results show that
AFLAS rubber has greater resistance to high pressure
(70 MPa) and high temperature (170 °C) than HNBR.
In the structure of three rubber barrels with metallic
protective covers, both HNBR and AFLAS are sub-

Fig. 13 Ruptured packer rubber made of HNBR jected to varying degrees of damage which cause poor
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Test 2

Fig. 14 Packer rubber made of AFLAS after tests

Back-up ring

Outer Inner Seal ring Bearing flow ring

(Top) (Bottom)
Conical ring Packer rubber Conical ring

Fig. 15 Structure of a single rubber barrel with expanding back-up
rings

sealing performances under high pressure and high
temperature although the performance of AFLAS is
better than that of HNBR. In the structure of a single
rubber barrel with expanding back-up rings, the packer
rubber made of HNBR is also ruptured but the packer
rubber made of AFLAS works well under high tem-
perature and high pressure after setting.
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Fig. 16 Finite element model of the rubber barrel with expanding

back-up rings
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Fig. 17 Equivalent stress, strain and contact pressure distributions
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Fig. 18 Distribution of contact pressure between the casing and the
packer rubber

@

The structure of the single rubber barrel with expand-
ing back-up rings and the material AFLAS are a good
combination for the packer rubber providing an excel-
lent sealing performance during the multistage fractur-
ing of low-permeability reservoirs in offshore fields. In
the new packer rubber, the middle single rubber barrel
plays a major sealing role and there are two metal coni-

@ Springer

Sealing pressure, MPa

Contact pressure, MPa.

6.380e+01
6.114e+01
5.848e+01
5.582e+01
5.316e+01
5.051e+01
4.785e+01
4.519e+01
4.253e+01
3.987e+01 Il
3.721e+01 u».,1
3.456e+01
3.190e+01
2.924e+01 (
2.658e+01 }
2.392e+01 ¢

2.127e+01
1.861e+01
1.595e+01
1.329e+01
1.063e+01
7.975e+00
5.316e+00
2.658e+00
0.000e+00

80 -
70 |
60 -
50 -
40 -
30 -
20 -
10

0 T T T T T
0 40 80

—a— Hole 3
—4— Hole 5

120 160 200 240

Time, min

Fig. 19 Curves of sealing pressures in Hole 3 and Hole 5 during the
test (AFLAS)

cal rings at both ends of the rubber barrel instead of
the top and bottom rubber barrels in the construction
of three rubber barrels to bear the thrust for setting. A
dovetail groove is cut in the inner wall of the rubber
barrel. There are a bearing flow ring made of metal
and a seal ring (O-ring) in the groove to seal the space
between the rubber barrel and the center pipe.
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Fig.20 New packer rubber made of AFLAS with expanding back-up
rings after the test

Fig.21 New packer rubber made of HNBR with expanding back-up
rings after the test

(3) A performance test scheme of the packer is designed
which can simulate the packer setting and its working
conditions well.
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