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a b s t r a c t

In situ pressure-preserved coring (IPP-Coring) technology is considered one of the most efficient
methods for assessing resources. However, seal failure caused by the rotation of pressure controllers
greatly affects the success of pressure coring. In this paper, a novel spherical-cylindrical shell pressure
controller was proposed. The finite element analysis model was used to analyze the stress distribution
and deformation characteristics of the pressure controller at different rotation angles. The seal failure
mechanism caused by the rotation of the pressure controller was discussed. The stress deviation rate was
defined to quantitatively characterize the stress concentration. Based on the test equipment designed in
this laboratory, the ultimate bearing strength of the pressure controller was tested. The results show that
the rotation of the valve cover causes an increase in the deformation on its lower side. Furthermore, the
specific sealing pressure in the weak zone is greatly reduced by a statistically significant amount,
resulting in seal failure. When the valve cover rotates 5� around the major axis, the stress deviation rate
is �92.6%. To prevent rotating failure of the pressure controller, it is necessary to control the rotation
angle of the valve cover within 1� around the major axis. The results of this research can help engineers
reduce failure-related accidents, provide countermeasures for pressure coring, and contribute to the
exploration and evaluation of deep oil and gas resources.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Natural gas hydrate is widely considered the most promising
clean energy source for the future (Sloan, 2003; Pang et al., 2021).
Countries worldwide are actively exploring the technology of nat-
ural gas-hydrates, which has greatly promoted the development of
natural gas hydrates (Hu et al., 2021; Saberi et al., 2021; Gao et al.,
2022). The potential impact of NGH development on the global
carbon cycle (Dickens et al., 1997), sustainable environmental
change (Archer, 2007), drilling hazards and future energy produc-
tion (Boswell and Collett, 2011) are issues to be explored at the
y Elsevier B.V. on behalf of KeAi Co
frontier of science (Singh et al., 1993). Scientific research mainly
focuses on the following aspects:

C the development of exploration technology and equipment,
including physical exploration technology and pressure cor-
ing technology, and the establishment of a scientific evalu-
ation system (Jin et al., 2014; Gao et al., 2021; He et al., 2021;
Huang et al., 2021; Kida et al., 2021),

C the study of the physical and mechanical properties of in-situ
NGH and the development of economic and efficient mining
methods (Konno et al., 2013; Jing et al., 2015; Aydin and
Merey, 2021; Fu et al., 2021; Gao et al., 2021; Gao et al.
2021, 2021; Ruan et al., 2021), and
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Abbreviations

DAPC Dynamic autoclave piston corer
DSDP Deep-sea drilling project
FPC Fugro pressure corer
FRPC the Fugro Rotary Pressure Core
HRC HYACE Rotary Corer
HYACE Hydrate coring equipment system
Hybrid-PCS the Hybrid-Pressure Core Sampler
IPP-Coring In-situ pressure-preserved coring
IPTC Instrumented Pressure Testing Chamber
JIP the Joint Industry Project
JOGMEC Japan Oil, Gas and Metals National Corporation
MAC Multiple autoclave corer
NGH Natural gas hydrate
ODP Ocean Drilling Program
PCB Pressure core barrel
PCS Pressure core sampler

PCTB Pressure Core Tool with Ballvalve
PTCS Pressure temperature core sampler
PTPS Pressure and temperature preservation system
SUCO the Submarine Gas Hydraulic Reserves corer

List of symbols
h the positive scalar function
L the loading criterion function
fdsg the stress increment, MPa
fdεeg the elastic strain increment
½C� the tensor of elastic modulus in matrix form
fdεg the total strain increment
fdεpg the plastic strain increment
dl the scalar function
fvg =vfsgg the gradient vector of the plastic potential function
u the stress deviation rate
sN the stress values without rotation, MPa
sR the stress values after a certain angle of rotation, MPa
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C the assessment of natural hazards brought about by large-
scale mining and the formulation of corresponding preven-
tive measures (Borowski et al., 1996; Chen and Guo, 1998;
Collett, 2002; Wang and Sun, 2009; Gao et al. 2018, 2020;
Veluswamy and Linga, 2021).

However, the formation mechanism of NGH reservoirs is very
complex (Zhang et al., 2011; Shagapov and Tazetdinov 2014). Dur-
ing sampling, core recovery or subsequent testing, if the tempera-
ture and pressure environment of NGH changes, then the physical
properties, internal structure and mechanical properties of
hydrate-bearing sediments may change to a statistically significant
extent (Gao et al. 2020, 2021; He et al., 2021). It is difficult to
retrieve in situ NGH. To solve this problem, in-situ pressure-
preserved coring (IPP-Coring) has been developed as an effective
method to extract hydrate deposits from underground sediments
and preserve the samples under in situ hydrostatic pressure (Dai
and Santamarina, 2014).

There are various pressure coring systems, but all of these sys-
tems aim to transfer unchanged cores to the surface (Li et al., 2016).
In the 1970s, the early Pressure Core Barrel (PCB) was adopted by
the Deep Sea Drilling Project (DSDP). The success rate of core re-
covery was very low due to the ball valve closing problem. In 1983,
the international Ocean Drilling Program (ODP) developed the
Pressure Core Sampler (PCS) and obtained samples of NGHwithout
affecting their pressure from the Blake Outer Ridge. The sediment
was recovered by a rotary or push rod coringmachine and sealed by
a ball valve. The operating pressure was 70 MPa. The first system-
atic pressure core sampling occurred during ODP 164 drilling in
1995. The Hydrate Autoclave Coring Equipment System (HYACE),
funded by the European Union's Marine Science and Technology
Program, was developed in the late 1990s. Two types of wireline
pressure corers were developed within the HYACE: the Fugro
Pressure Core (FPC) and the HYACE Rotary Corer (HRC) samplers.
The more recent HYACINTH (Deployment of HYACE tools In New
Tests on Hydrates) project is designed to transfer the collected
cores from the coring device to the measuring chamber without
pressure leakage. The HYACINTH system includes not only coring
tools, such as the FPC, HRC, the Fugro Rotary Pressure Core (FRPC)
and the Submarine Gas Hydraulic Reserves (SUGAR) corer (SUCO)
but so a series of subsequent core testing and processing equip-
ment. The MAC (Multiple Autoclave Corer) and DAPC (Dynamic
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Autoclave Piston Corer) were developed and used in Germany in
2002 and 2003, respectively. In 2005, the Joint Industry Project (JIP)
used HYACE FPC and HRC to obtain pressure cores, and the
Instrumented Pressure Testing Chamber (IPTC) instrument devel-
oped by USGS and Georgia Institute of Technology to analyze cores
under in situ pressure environments. PCB, PCS, HRC and FPC could
not maintain the in situ temperature. Therefore, Japan Oil, Gas and
Metals National Corporation (JOGMEC) invented the PTCS (Pressure
Temperature Core Sampler) for the first time, which can work un-
der a pressure of 30 MPa and has been used in the Nankai Trough.
The PTCS is effective in sandstone sediments. Since 2000, the
Hybrid-Pressure Core Sampler (Hybrid-PCS) or Pressure Core Tool
with Ballvalve (PCTB) has been used in offshore drilling projects in
China (Zhang et al., 2019), the UK and other countries. The HYACE/
Fugro FPC and FRPC systems are also used offshore Korea and in the
Gulf of Mexico. In China, Zhejiang University developed a gravity
piston-type coring device. Zhu et al. developed an NGH coring
device with the Pressure and Temperature Preservation System
(PTPS). A brief overview of the IPP-Coring is shown in Fig. 1.

In conclusion, core is the first complete data in the process of
petroleum exploration and development. The pressure controller of
the coring device is the key to the success of the IPP-Coring (Xie
et al., 2021). Ball valve or flap valve is commonly used as the seal-
ing structure in existing pressure coring devices. Among the
hydrate-bearing sediment samples retrieved by pressure coring
devices, more than 30% of the samples do not retain the pressure or
only retain part of the in situ pressure, resulting in high de-
ployments cost. This study proposes a new shell pressure controller
with a novel spheric-cylindric structure intended to have a higher
ultimate bearing strength and investigates its rotation failure.
Further, the recovery rate of pressure maintaining coring is
improved through failure mechanism analysis.

2. Design of spherical-cylindrical shell pressure controllers

The pressure controller is a sealing mechanism (generally a ball
valve or flap valve) and determines the ultimate pressure strength
of the pressure coring device (Gao et al., 2021). This paper presents
a new principle of pressure coring for maintaining the coring
pressure. The valve cover of the pressure controller is initially
erected in the corer (shown in Fig. 2). When the coring is
completed, the inner cylinder is released. Then, the valve cover



Fig. 1. A brief overview of pressure coring technologies.
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turns over to the matching valve seat. Flapper valve sealing
mechanisms can maximize the core diameter and downhole drive
mechanisms to ensure core quality. Based on the principle of
intersecting spherical shells and cylindrical shells, this new
configuration, referred to as a spherical-cylindrical shell pressure
controller (Fig. 2), is proposed. The spherical-cylindrical shell
pressure controller consists of a cylindrical valve cover with a
spherical edge and a matching seat. The traditional conical contact
has a horizontal thrust, which greatly affects the pressure-
preserved capacity of the IPP-Coring. The new structure adjusts
the contact form between the valve cover and the valve seat so that
there is only a normal support force. Compared with the conven-
tional conical pressure controller, the spherical-cylindrical shell
pressure controller has smaller structural deformation and higher
bearing strength (Li et al., 2021). However, the contact pattern of
the spherical-cylindrical shell pressure controller is similar to that
Fig. 2. Spherical-cylindrical shell pressure controller.
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of the spherical hinge. Thus, the two parts easily rotate around the
common spherical center (Fig. 3). The maintenance of oil and gas
pressure puts forward strict requirements for the performance of
the structure (Li et al., 2021). The rotation failure of the pressure
controller needs to be further studied.

3. Influence of rotation angle on spherical-cylindrical shell
pressure controllers

3.1. Simulation procedures

ABAQUS is a powerful engineering numerical simulation soft-
ware based on finite element method, which can solve linear and
nonlinear problems in a wide range of fields. In the paper, to
analyze the failure mechanism of the structure, numerical simu-
lation is carried out based on ABAQUS software. The elastoplastic
model is adopted, which is based on the fundament assumptions of
isotropic elasticity continuum, i.e., elasticity, homogeneity, isotropy
and small deformation (see Fig. 4).

Based on the ABAQUS/CAE User's Manual and elasto-plasticity
theory (Lubarda, 2002), the general constitutive equation for an
elastic-plastic material is briefly introduced. The stress increment,
fdsg can be expressed in terms of the elastic strain increment,
fdεeg, as

fdsg¼ ½C�fdεeg¼ ½C�ðfdεg�fdεpgÞ (1)
Fig. 3. Rotation of spherical-cylindrical shell pressure controllers.



Fig. 4. Establishment of a solid mechanics problem.

Fig. 5. The mesh of a spherical-cylindrical shell pressure controller.
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and

fdεpg¼dl
�

vg
vfsg

�
¼ L
h

�
vg

vfsg
�

(2)

with
Fig. 6. Boundary conditions.
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L ¼
�

vf
vfsg

�T

½C�fdεg (3)

where ½C� is the tensor of elastic modulus in matrix form, fdεg is the
total strain increment, fdεpg is the plastic strain increment, dl is the
scalar function, fvg =vfsgg is the gradient vector of the plastic po-
tential function, L is the loading criterion function, h is the positive
scalar function. The stress calculation will be performed for all
Gaussian sampling points.
3.2. Model setup

To study the stress distribution and failure mechanism, a geo-
metric model (shown in Fig. 5) is established. The sealing groove is
simplified. Hexahedral mesh is used. The boundary condition is
shown in Fig. 6. The underside of the seat is fully restrained. A
simulated in situ hydrostatic pressure is applied to the top surface
of the valve cover. Alloy 304 stainless steel is used as the test ma-
terial. The original gauge length of the specimen is 32 mm. The
tensile test (shown in Fig. 7) is carried out on a Shimadzu electronic
testing machine. The yield strength and tensile strength are
613.6 MPa and 828.6 MPa, respectively. The friction coefficient of
the contact surface is 0.2.



Fig. 7. Tensile test results of stainless steel.

Fig. 8. Equivalent stress distribution of valve cover with different rotation angles.
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3.3. Simulation results

The stress distribution of the valve cover is shown in Fig. 8 with
different rotation angles. There are two low stress zones, A and B, in
the middle bottom surface of the valve cover. With the increase in
the z-axis rotation angle, the left equivalent stress gradually de-
creases, and the left low stress area C expands. With the increase in
the rotation angle around the x-axis and z-axis, the equivalent
stresses in A and D increase continuously. The equivalent stress in
zone C decreases continuously. This means that zone C may not be
able to provide effective sealing pressure, which is the potential
weak site of leakage.

Three measuring lines are defined (as shown in Fig. 9 (a)) where
L1 and L2 are the monitoring lines along the minor axis and major
axis, respectively, and L3 is the circumferential monitoring line of
the valve cover. Fig. 9 (b) shows that with increasing z-axis rotation
angle, the stress on L1 shows a decreasing trend. The stress devi-
ation rate is defined as

u¼ sR � sN
sN

� 100% (4)

where u is the stress deviation rate, and sN and sR are the stress
values without rotation and after a certain angle of rotation,
respectively.
Fig. 9. Equivalent stress distributio
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The stress deviation rates of L1 are �11.2, �75.4, and �92.6%
when rotating 1, 3, and 5� around the z-axis and rotating 0� around
the x-axis. Fig. 9 (c) and Fig. 9 (d) show the stress distributions of
the L1 and L2 measuring lines with different x-axis rotation angles.
With the increase in the x-axis rotation angle, the stress deviation
increases gradually. Comparedwith the x-axis rotation, the rotation
around the z-axis has a more obvious effect on the stress deviation
of L1. In fact, spherical-cylindrical shell pressure controllers may
simultaneously experience the influences of x-axis and z-axis ro-
tations. Fig. 10 shows the stress distribution of L1 under the xz
compound rotation. When rotating 5� around the x-axis, the stress
deviation rates for 0, 1, 3 and 5� around the z-axis
are �10.7, �58.9, �72.2 and �92.4%, respectively. The larger the x-
axis rotation angle is, the greater the stress drop.

According to the numerical simulation results, the valve cover
can form a strong support along the major axis. The low stress zone
C is likely to be the weak site of leakage. The deformation along the
minor axis is the main factor affecting the structural strength of the
valve cover. The effect of z-axis rotation on themonitoring line L3 is
much higher than that of the x-axis (see Fig. 11). For instance, when
rotating 5� around the z-axis and 0� around the x-axis, the stress
deviation rate reaches 92.6%. It is difficult to provide enough con-
tact pressure for the sealing surface. Finally, the overall strength of
the pressure controller is invalid. In the engineering practice of
pressure coring, the sealing performance is very important for
n of different measuring lines.
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maintaining oil and gas pressure. Due to the stress redistribution
during the rotation of the structure, the stress at the edge of the
valve cover is reduced, and the fluid medium with pressure will
leak from the contact surfaces.
4. Failure pressure of spherical shell pressure controller

The deformation characteristics and sealing stability of the
pressure controller are very important to the success rate of pres-
sure coring. However, there is no special test device for evaluating
pressure controllers domestically and abroad. Therefore, we
developed a pressure controller test platform that, according to the
size of the coring device, can test the failure pressure of pressure
controllers with different configurations.
4.1. Testing system

To obtain the failure pressure of the spherical-cylindrical shell
pressure controllers under different working conditions, an
experimental platform (Fig.12) was designed in this laboratory. The
specimen was installed inside the test chamber. Then, water was
pumped to the chamber through the injection port until the
specimen failed. The watertight joint provided a data channel for
the strain gauge at the top of the valve cover. According to the
numerical simulations, the positions of three strain gauges were
determined. Among them, SG-1, SG-2 and SG-3were the equivalent
stress concentration area, the large deformation area and the stress
concentration edge, respectively.
Fig. 10. Stress distribution of L1 u
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4.2. Physical experiment results

Two tests were carried out based on the test system. The pres-
sure controllers before and after the test are shown in Fig. 13(a).
Under the condition of high pressure, the sealing ring was damaged
due to the insufficient contact pressure in the weak area C.

Fig. 14(a) shows that with the increasing load, the strains of SG-
1Z and SG-2Z were gradually increasing tensile deformation, while
the strains of SG-1X, SG-2X and SG-3X were compressive defor-
mation. After a certain rotation angle, the ultimate bearing strength
was only 8.4 MPa. After the failure of the pressure controller, the
pressure in the test chamber decreases, and the strain data tended
to zero. The compressive strains in SG-1X and SG-2X were the
largest, 4.02 � 10�4 and 4.43 � 10�4, respectively. Torsional insta-
bility occurred in the pressure controller, and the force on the valve
cover was uneven. There was a notch on one side of the seat
(Fig. 15). According to the second test results under the same
conditions, the maximum bearing strength of the spherical pres-
sure controller was 43.8 MPa (shown in Fig. 14(b)). There was a
great gap due to the rotation of the structure. Therefore, it was
necessary to add a limiting surface to reduce the rotation of the
structure.

According to the numerical simulations and laboratory tests, the
bearing strengths are greatly reduced by rotation to any angle. The
strains predicted by the numerical simulations are basically
consistent with the experimental results. As seen from Fig. 16, the
strain on the left side of the cover is very small, which means that
the contact pressure at this position is small. The sealing ring is
nder XZ compound rotation.



Fig. 11. Equivalent stress distributions of L3 under different rotation angles.
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extruded from the enlarged gap, which is consistent with the
physical experimental results. Therefore, by adjusting the angle of
the valve cover, the structural strength is increased from 8.4 to
43.8 MPa.

The in situ physical and mechanical properties are crucial for
deep oil and gas exploration. The paper focuses on the pressure
controllers, which is one of the key components of deep-sea pres-
sure coring device. It can obtain cores with deep-sea in situ pres-
sure. On the one hand, pressure cores are the premise of
796
quantitative evaluation of in situ permeability and saturation of oil
and gas. It is of great significance for understanding geological
conditions, evaluating recoverable reserves and improving recov-
ery rate. On the other hand, it provides a technical means for the
study of in situ mechanical parameters of natural gas hydrate,
affecting the efficiency of industrial production. Through the
research of this paper, the strength of the developed IPP-Coring can
be suitable for in situ applications at depths of thousands of meters,
and cores with higher pressures can be obtained. This capability of



Fig. 12. Test equipment designed in this laboratory.

Fig. 13. Spherical pressure controller.

Fig. 14. Physical test results.
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the newly developed pressure coring device not only effectively
ensures the safety and lives of on-site operators, but also brings
certain economic benefits.
5. Conclusion

The conclusions are as follows:
797
1. Based on the principle of intersecting spherical shells and cy-
lindrical shells, a new structure for a spherical-cylindrical shell
pressure retaining controller is designed. Through numerical
simulation and experimental test, its ultimate bearing strength
reaches 43.8 MPa.

2. The rotation of the valve cover increases the deformation of the
valve cover, which greatly reduces the contact pressure of the
sealing surface, resulting in sealing failure. To quantitatively



Fig. 15. Unbalanced notch in the valve seat caused by structural rotation.

Fig. 16. Strain of the pressure controller.
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characterize the stress concentration caused by the rotation, the
stress deviation rate is defined. The effect of z-axis rotation is
much greater than that of x-axis rotation. When rotating 5�

around the z-axis, the equivalent stress drop is - 92.6%.
3. The contact pressure reduction caused by rotation is the root

cause of the failure of the pressure maintaining controller. To
prevent the rotational failure, an anti-rotation structure should
be adopted to control the valve cover rotation within 1� around
the major axis.

IPP-Coring has a great influence on the measurement of oil and
gas saturation parameters. The fluid saturation provided by analysis
of core obtained by pressure coring can better represent the orig-
inal reservoir state than that provided by conventional core anal-
ysis, especially in cases of the evaluation of gas reservoir reserves
and the feasibility of enhanced oil recovery. This study reveals the
rotation failure principle of spherical pressure controllers, which
can help to improve the success rate of pressure coring and provide
technical support for the exploration and evaluation of deep oil and
gas resources.
798
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