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ABSTRACT

The pressure-preserving controller is the core part of deep in-situ pressure-preserving coring (IPP-
Coring) system, and its pressure-preserving capability is the key to IPP-Coring technology. To achieve a
good understanding of the influence of mechanical properties of materials on the ultimate pressure-
bearing capability (UPB-Capability) of the pressure-preserving controller, the IPP-Coring experimental
platform was developed to test the UPB-Capability of pressure-preserving controllers of four different
materials. The experimental results show that the UPB-Capability of pressure-preserving controllers with
different material varies greatly. A numerical model of the pressure-preserving controller was developed
to study the influences of mechanical parameters of materials on the UPB-Capability of the pressure-
preserving controller after the accuracy of the numerical model is verified by experiments. The results
indicate that the yield strength (YS) and Poisson's ratio (PR) of the material have little effect on the UPB-
Capability of the pressure-preserving controller, whereas the elastic modulus (EM) of the material has a
significant effect. A generalized model of the UPB-Capability of the pressure-preserving controller is
developed to reveal the mechanism of the influence of material properties on the UPB-Capability of the
pressure-preserving controllers. Considering these results, the future optimization direction of the
pressure-preserving controller and material selection scheme in practical engineering applications of the
pressure-preserving controller are suggested.
© 2024 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

strength and deformation properties are considerably changed
(Bhakta et al., 2016; Ren et al., 2021; Sun et al,, 2023). However,

As the Earth's shallow resources are mined out, the develop-
ment of resources to go deeper (Gao et al., 2021b; Kong et al., 2023;
Xie et al., 2021b, 2022). The initial pore pressure of deep rocks has a
considerable effect on the in-situ mechanical characteristics of
rocks (Ma et al., 2023; Shen et al.,, 2022; Zhao et al., 2022). The
changes of initial pore pressure will cause the changes of internal
microstructure of deep rocks, which will further lead to the
porosity and permeability of rock change obviously and the
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most of the existing studies on deep rock characteristics are based
on the “ordinary core” under the conditions of unrealistic store
environment -and released pore pressure (Gao et al., 2021b, 2022;
Lietal.,, 2023; Xie et al., 2023b), which obtain the basic physical and
mechanical characteristics of rock materials and ignore the effect of
initial pore pressure on rock properties, extremely limiting the
significance of engineering guidance and seriously threaten the
safety and efficiency of deep resource mining (Shi et al., 2023; Xie
et al, 2019, 2022). Therefore, to develop deep resources, it is
necessary to obtain deep in-situ pressure-preserving core samples
and develop deep in-situ rock mechanics theory (Xie et al., 2020,
2021a, 2023a).
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To obtain deep in-situ pressure-preserving core samples, a se-
ries of pressure-preserving corers have been developed by various
countries (Abegg et al., 2008; Chen et al., 2013; Hu et al., 2022; Qin
et al., 2016; Sukumar et al., 2015; Zhu et al., 2013). Most pressure-
preserving corers use pressure-preserving controllers (ball valves
or flap valves) as pressure-preserving sealing mechanisms (Burger
et al., 2003; Gao et al,, 2021a; Guo et al., 2023; Kawasaki et al.,
2006). The ultimate pressure-bearing capability (UPB-Capability)
of the pressure-preserving controller determines the upper limit of
a pressure-preserving coring technology (Li et al., 2021). The
pressure core sampler (PCS) with the best pressure-preserving
performance adopts a ball valve as the pressure-preserving seal-
ing mechanism, with a UPB-Capability of 70 MPa, and a field
application that does not exceed 35 MPa (Pettigrew, 1992). The ball
valve can easily be jammed during the closing process and not seal
effectively, resulting in a low pressure-preserving success rate (\Wu
et al., 2016). Compared with a ball valve, a flap valve can achieve a
self-tightening seal while obtaining a larger core diameter, which is
more suitable for deep in-situ pressure-preserving coring (IPP-
Coring) (Guo et al.,, 2023). However, existing flap valves have a
pressure-preserving capacity of less than 30 MPa (Hohnberg et al.,
2003; Hu et al.,, 2022; Qin et al., 2005), which is far from meeting
the needs of deep resource exploration and development. There-
fore, to maximize the coring diameter within the annular assembly
space of the coring tool, as well as to enhance the UPB-Capability of
the pressure-preserving controller, Li et al. proposed five pressure-
preserving controller structures based on the Steinmetz solid
principle (He et al., 2019; Li et al.,, 2021, 2022a, 2022b; Liu et al.,
2020; Wu et al., 2020), as shown in Fig. 1. However, even when
using the same pressure-preserving controller structures, the UPB-
Capability varies considerably if the materials are different. On the
one hand, changes in the YS, EM and other material parameters will
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directly lead to changes in structural strength and stiffness (Jackson
and Green, 2005; Wei et al., 2015). On the other hand, changes in
these parameters will also change the size of the crack tip opening
displacement, which will indirectly cause changes in structural
strength and stiffness (He et al., 2011; Zhang et al., 2019; Zhang and
Cui, 2003). Therefore, a reasonable choice of materials is a pre-
requisite for optimizing external pressure components perfor-
mances (Zhang, 2018).

Wang et al. (2021) noted that the pressure-preserving sampler
not only has requirements for thermodynamic material properties
but also needs to consider the ultimate pressure-bearing strength
and seawater corrosion resistance. They listed several metal ma-
terials commonly used for corers, such as 0Cr17Ni4Cu4Nb stainless
steel, 40Cr alloy steel and TC4 titanium alloy. Li et al. (2022b) found
that the material characteristics of a valve have a significant effect
on the contact characteristics of a rough surface based on the
microcontact theory of rough surfaces, and the sealing performance
can be improved to a certain extent by selecting materials with a
low elastic modulus. Jackson et al. (2017) developed a MAC-EXP
system to recover deep-sea sediments in an in-situ environment.
Most corer parts were manufactured using 316 (A4) grade stainless
steel, but electrochemical processes in the stainless steel caused
oxygen to be consumed in the core chamber during application.
Wang et al. (2022) developed a thin-walled pressure-preserving
coring tool to meet the strength requirements under working
conditions, and the material chosen was 45MnMoB. Huang et al.
(2023) developed a pressure-preserving corer in deep coal mines,
and Guo et al. (2022) developed a sediment pressure-preserving
sampler for deep-sea applications; considering the corrosion
resistance of the material and strength requirements, the material
chosen was 17-4 PH stainless steel. Garel et al. (2019) developed a
microbial pressure preservation sampler for deep-sea use; Chen

Assembly diagram of
pressure-preserving controller

Saddle-shaped structure

Fig. 1. The pressure-preserving controller: (a) design principle and (b) five configurations.
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et al. (2017) developed a pressure-retaining sampler for deep-sea
sediment; Wu et al. (2010) designed a high-pressure cone valve
for deep-sea gas-tight water samplers; He et al. (2023) designed a
submersible-mounted sampler capable of collecting pressure-
preserving samples at a full ocean depth; the material chosen for
these devices was titanium alloy because of its low density, high
tensile strength, and good resistance to seawater corrosion. Liang
et al. (2023) carried out tensile tests on 304 stainless steels at
different temperatures and studied the pressure-bearing charac-
teristics of pressure-preserving controllers under temperature and
pressure conditions. Their results showed that 304 stainless steel
has stable mechanical properties and is suitable for use as a ma-
terial for pressure-preserving controllers in high-temperature en-
vironments. It can be seen that for existing pressure-preserving
controllers or sampling systems, the selection of materials mainly

(a)

Water tank

Pressure-preserving
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considers the mechanical properties of the material and the envi-
ronmental application. The choice of materials is very wide, but the
mechanical properties of the material on the ultimate pressure-
bearing capability of the pressure-preserving controller are not
clear, which leads to the lack of information for the material se-
lection scheme of pressure-preserving controllers in practical en-
gineering applications. A pressure-preserving controller operates
under ultrahigh pressure, high temperature and strong corrosion
conditions for a long time and is subject to both environmental or
media corrosion and complex stress loads, which is likely to lead to
the failure of the coring task due to unreasonable material selec-
tion, which is inconsistent with its high deployment cost.

Thus, in this study, both experimental and numerical studies are
conducted on the influence of the material mechanical properties
on the UPB-Capability of Al pressure-preserving controllers. In

Booster pump Air compressor

controller B

&

Camera

Spring

Test chamber

Strain signal

acquisition system

Data analysis
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Strain signal Data analysis system

acquisition system

Pressure
sensors

Fig. 2. The IPP-Coring experimental platform: (a) schematic diagram and (b) photographs.
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addition, a general model of the UPB-Capability of the pressure-
preserving controller is established, and the future optimization
directions and a material selection scheme for a pressure-
preserving controller in practical engineering applications are
proposed. The remainder of this paper is structured as follows. In
Section 2, the experimental and numerical methods are introduced.
In Section 3, experimental and numerical simulation results on the
effect of material mechanical parameters on the UPB-Capability of a
pressure-preserving controller are presented in detail; this is fol-
lowed by a comprehensive discussion on the influence mechanisms
in Section 4. The results are summarized in Section 5.

2. Experimental and numerical methods
2.1. Experimental apparatus and test procedure

To test the UPB-Capability of pressure-preserving controller, the
in-situ pressure-preserving coring experimental platform was
developed (Fig. 2). The platform can perform pressure tests under
conditions of 0—140 MPa and monitor pressure changes. The
experimental device mainly includes a booster pump, water tank,
strain signal acquisition system, data analysis system, air
compressor, and test chamber. The booster pump is composed of
two sets of high-precision servo-controlled thrust oil sources with
infinite total volume-boosting and voltage-stabilizing functions.
The air compressor converts the atmosphere into compressed air,
which provides a working air source for the booster pump. The
interior of the test chamber constitutes the test space to complete
the pressure-preserving controller pressure-preserving capacity
test. The strain signal acquisition system can monitor the defor-
mation characteristics of the pressure-preserving controller in real
time. The data analysis system can analyse and process all the
collected raw data to provide data support for the structure and
material optimization of the pressure-preserving controller. Table 1
shows the model and related parameters of the experimental
equipment.

In this study, four materials, 304 stainless steel, 18Ni, 35CrNi3-
MoVR (abbreviated as 35C), and AerMet100 (abbreviated as A100),
were selected to test the UPB-Capability of the pressure-preserving
controller, and the bonding position of the strain gauge is shown in
Fig. 3.

The pressure-preserving controller was first placed on the test
chamber outlet, and the initial sealing force was provided by a
pretensioned spring pressed against the pressure-preserving
controller. The water is pumped into the test chamber by the
booster pump through the pipeline and the liquid inlet until a leak
occurs in the pressure-preserving controller. The data recorded by
the pressure sensor, the strain signal acquisition system and the
high-speed camera are transferred via data lines to a computer for
storage and related processing.

2.2. Numerical simulation method

According to the self-developed pressure-preserving controller
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structure, which is appropriately simplified, the numerical model of
the pressure-preserving controller is established. The meshing di-
agram of numerical model is shown in Fig. 4. The contact is defined
as a face-to-face contact, the contact attribute is Coulomb friction,
the tangential behaviour is a penalty function, the friction factor is
0.2, and the normal behaviour is hard contact. The valve seat is
defined as the contact master surface, and the valve cover is defined
as the contact slave surface (see Fig. 5(a) and (b)). The load appli-
cation case is a uniform load applied on top of the valve cover and
the boundary condition is that the bottom of the valve seat is
completely fixed (Fig. 5(c)).

Numerous studies have shown that the magnitude of contact
pressure is critical in assessing the sealing ability of seals. For
example, Xie et al. (2015) considered the contact pressure of the
sealing surface as one of the most important parameters to evaluate
the sealing performance of the blade. Belforte et al. (2018) pointed
out the importance of studying the contact properties at the
rubber-metal interface, since the contact pressure determines good
or bad sealing performance. Peng et al. (2021) noted that the con-
tact state along the sealing region directly determines the sealing
performance. Zhou et al. (2006) concluded that an O-ring can
achieve sealing only when the maximum contact pressure is
greater than the sealing medium pressure. In this paper, we esti-
mate the UPB-Capability of the pressure-preserving controller by
arranging the measuring line at the weak point and monitoring the
contact pressure fluctuation, and the variation in displacement
with load at the position of maximum deformation of the valve
cover is monitored (Fig. 6).

To exclude the influence of grid on the calculation accuracy, we
calculated five grid models with different cell densities: 40768 cells
for grid model 1, 101094 cells for grid model 2, 209074 cells for grid
model 3, 315492 cells for grid model 4, and 405131 cells for grid
model 5. The maximum contact pressure on the monitoring line of
the pressure-preserving controller with different grid numbers
under the critical load were extracted respectively, and the results
were shown in Fig. 7. With the increase of the number of grids, the
maximum contact pressure gradually becomes stable. When the
number of grids increases from 315492 to 405131, the change in
contact pressure does not exceed 1.0%. Therefore, it can be
considered that when the number of meshes is greater than
315492, the simulation results are mesh independent.

3. Results
3.1. Experimental results

Fig. 8 shows the test results for the UPB-Capability of pressure-
preserving controllers made with different materials. For the 304
stainless steel material pressure-preserving controller at 5, 10, and
15 MPa, there is basically no change in pressure (Fig. 8(a)). When
the pressure is loaded to approximately 20 MPa, the pressure-
preserving controller fails. The test strain characteristic curve is
shown in Fig. 8(e). The compressive strain of AY is the largest,
which is —2.0 x 1072, and the tensile strain of BX is the largest,

Table 1
Related parameters of the experimental equipment.
Experimental equipment Parameter Value
Booster pump Output flow 0.3 L/min
Working pressure <140 MPa
Accuracy of pressure stabilization 0.5% FS
Pressure sensor Range 0—200 MPa
Sensitivity 2.0+ 0.5 mV/V

Operating temperature

—40-250 (Medium temperature MW24YO01H type)
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Fig. 3. Basic information of the test sample: (a) a photograph of the prepared samples and (b) the bonding position of the strain gauge.

<R "R

(a) Valve cover (b) Valve seat (c) Pressure-preserving controller

Fig. 4. Meshing diagram of numerical model.

(a) Master surface (b) Slave surface (c) The boundary conditions

Fig. 5. Seal contact surfaces and boundary conditions.

which is 2.02 x 1073, The pressure characteristic curve of the 50 MPa, and there is basically no leakage. When continuing to
pressure-preserving controller made of 35C material is shown in pressurize to 55.03 MPa, the pressure-preserving controller fails. In
Fig. 8(b). The pressure-preserving effect is good at 40, 45 and Fig. 8(f), as the pressure is stepped up, the strain also changes in a

3562
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Step time = 0.91

Maximum deformation
monitoring point

Fig. 6. Monitoring valve cover seal failure: (a) contact pressure fluctuations with load increment steps and (b) maximum deformation position displacement of valve cover.
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Fig. 7. Results of grid-independence analysis.

stepwise manner, with tensile strain dominating in the X direction
and compressive strain in the Y direction of the pressure-
preserving controller. When the pressure increases to 55.03 MPa,
the maximum tensile strain in the BX direction is 2.86 x 10> and
the maximum compressive strain in the AY direction
is —2.37 x 1072 Fig. 8(c) shows that the A100 material pressure-
preserving controller has a good pressure-preserving effect under
5.25,10.13 and 15.06 MPa, and there is basically no leakage. When
the pressure continues to reach 17.75 MPa, the pressure-preserving
controller fails. The test strain characteristic curve is shown in
Fig. 8(g). The compressive strain of AY is the greatest
at —2.38 x 1072, and the tensile strain of BX is the greatest at

3563

2.99 x 1073, Fig. 8(d) shows the pressure characteristic curve of the
pressure-preserving controller made of 18Ni material. The
pressure-preserving effect is good at 5, 10, and 15 MPa. At
2217 MPa, the pressure fluctuates violently, and if the pressure
continues to be applied, the pressure-preserving controller fails.
The test strain characteristic curve is shown in Fig. 8(h). The
compressive strain of AY is the greatest at —2.96 x 10~2, and the
tensile strain of BX is the greatest at 4.36 x 10~>.

In general, the pressure-preserving controllers of different ma-
terials have good pressure-preserving performance under low-
pressure conditions, and the UPB-Capability of pressure-
preserving controllers of different materials varies greatly. The
UPB-Capability of 35CrNi3MoVR is the highest, at 55.03 MPa, fol-
lowed by 18 Ni, at 22.17 MPa, and finally 304 stainless steel and
A100, at 20 MPa and 17.75 MPa, respectively (Fig. 9).

3.2. Simulation analysis

Since it is difficult to properly assess in the laboratory exactly
which parameter is responsible for the variation of the UPB-
Capability of a pressure-preserving controller. Often, when one of
the material mechanical parameters is changing, the other material
mechanical parameters change accordingly. Therefore, to further
investigate which material mechanical parameters affect the
pressure-preserving controller's UPB-Capability, a numerical model
of the pressure-preserving controller was developed using ABAQUS
software. After verifying the accuracy of the numerical model, the
influence of the YS, EM and PR on the UPB-Capability of the
pressure-preserving controller are discussed.

3.2.1. Numerical simulation accuracy verification
To verify the accuracy of the numerical simulation, the same
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Fig. 8. Pressure curves of pressure-preserving controllers: (a) 304 stainless steel, (b) 35CrNi3MoVR, (c) AerMet100 and (d) 18Ni; the strain curves corresponding to different
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Fig. 9. The test results of the UPB-Capacity of the pressure-preserving controller with
different materials.

batch of materials (304 stainless steel and 18Ni materials) of the
pressure-preserving controller were processed into standard
specimens, which were subjected to tensile tests to obtain the
mechanical property parameters, and the tensile test results are
shown in Fig. 10. The obtained mechanical parameters were input
into the numerical simulation software for analysis, and the change
of the contact pressure monitoring curve with load increment on
the monitoring line of 304 stainless steel material and 18Ni mate-
rial was obtained (Fig. 11). Comparing the UPB-Capability of the
pressure-preserving controller obtained from the simulation with
the test results, it can be found that the error between the simu-
lated results and the experimental results is not more than 5%
(Fig. 12). The model chosen in this paper is reasonable and the
calculation results are accurate.

3.2.2. Influence of the YS on the UPB-Capability

YS is one of the important indicators to measure the mechanical
properties of metal materials. Since the YS of most metals varies
widely, considering the material selection of pressure-preserving
controllers in practical applications, the YS in this paper is taken
as 556, 640, 885, and 1600 MPa, the EM is always taken as 200 GPa,
PR is always taken as 0.3, and the model adopts the elastoplastic
model. The influence law of the YS on the UPB-Capability of the

(a) 1000
— T
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— T3
800 -

600 -

Stress, MPa

400 A

200

T T T T T T
0 0.1 0.2 03 04 05 0.6 0.7
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pressure-preserving controller is studied.

Fig. 13 shows that the change in the monitoring curve of the
contact pressure on the monitoring line with the incremental steps
of the load under different yield strengths. As the load increases,
the contact pressure increases and the middle of the curve becomes
progressively concave. According to the numerical simulation
estimation method of the UPB-Capability of the pressure-
preserving controller, the load with a wide range of contact pres-
sure fluctuation is chosen as the UPB-Capability, and the UPB-
Capability of the pressure-preserving controller under different
YS conditions is obtained, as shown in Fig. 14.

When the YS are 556, 640 and 885 MPa, the UPB-Capability of
the pressure-preserving controllers are 22.2 MPa. When the YS is
1600 MPa, the UPB-Capability is 22.5 MPa. The calculation results
show that the YS of the material has little effect on the UPB-
Capability of the pressure-preserving controller under critical
load conditions because all regions of the pressure-preserving
controller are in the elastic deformation stage.

3.2.3. Influence of the EM on the UPB-Capability

The EM is the indicator of the strength of the material's ability to
resist elastic deformation under a certain stress, the larger the EM,
the smaller the resulting elastic deformation. Since most metals
have elastic moduli ranging from 25 GPa to 210 GPa, there is a wide
range of variation (Jia and Chen, 2016). The pressure-preserving
controller, as the main functional structure, has to ensure that it
is applicable to the deep IPP-Coring, which requires a high UPB-
Capability. Therefore, the elastic moduli in this paper are taken as
160, 170, 180, 190, 200, and 210 GPa, the PR is always taken as 0.3,
and the model adopts the linear elastic model. The influence law of
the EM on the UPB-Capability of the pressure-preserving controller
is studied. The change in the monitoring curve of the contact
pressure on the monitoring line with the incremental steps of the
load under different elastic moduli is shown in Fig. 15. Fig. 16 shows
that the UPB-Capability of the pressure-preserving controller under
different elastic moduli. The UPB-Capability of the pressure-
preserving controllers with elastic moduli of 160, 170, 180, 190,
200, and 210 GPa are 21.6, 22.8, 24.3, 25.8, 27.3, and 28.5 MPa,
respectively. When PR remains constant, the UPB-Capability of the
pressure-preserving controller increases almost linearly with
increasing EM. The EM increases by 31.25% from 160 GPa to 210 GPa
and the UPB-Capability of the pressure-preserving controller in-
creases by 31.94%. The results indicate that the EM of the material
has a significant effect on the UPB-Capability of the pressure-

(b) 1000
— T
— T2
— T3
800 -

600

Stress, MPa

400 A

200

T T T T T
0 0.1 0.2 03 04 0.5 06

Strain

Fig. 10. Tensile test results: (a) 304 stainless steel, (b) 18Ni (T1, T2 and T3 are the specimen numbers).
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Fig. 11. The change in the monitoring curve of the contact pressure with the incremental steps of the load: (a) 304 stainless steel, (b) 18Ni.

preserving controller.

Displacement-time history curves of the maximum deformation
monitoring points at different elastic moduli of the pressure
controller under critical load conditions are obtained (Fig. 17). The
load is gradually applied to the valve cover in step time. As the EM
of the pressure-preserving controller increases, the displacement of
the maximum deformation monitoring point decreases accordingly
under the consistent load conditions. The larger the EM of the
pressure-preserving controller is, the more obvious the decrease in
the displacement of the maximum deformation monitoring point.
Under the same load conditions, the EM increases from 160 GPa to
210 GPa, the displacement of the maximum deformation moni-
toring point of the pressure-preserving controller decreases from
0.60799 mm to 0.46565 mm, and the displacement decreases by
23.4%. Notably, the displacement of the maximum deformation
monitoring point under the critical load is delayed to the maximum
value with the increase in the EM of the pressure-preserving
controller, and the final deformations are basically close, which
are 0.60799, 0.60410, 0.60800, 0.61148, 0.61457, and 0.61116 mm,
respectively.

3.2.4. Influence of the PR on the UPB-Capability

PR, also known as transverse deformation coefficient, is the ratio
of the transverse strain to the longitudinal strain of the material.
Since PR of metal materials does not vary widely, usually

25 A

- Numerical simulation
I Experiment

20 A

19.2

UPB-Capacity, MPa

304 stainless steel

18Ni

Fig. 12. Comparisons of simulation results and experimental results.
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approximately 0.25—0.32 (Jia and Chen, 2016), the PRs in this paper
are taken as 0.1, 0.2, 0.3, and 0.4, the EM is always taken as 200 GPa,
and the model adopts the linear elastic model. The influence law of
the PR on the UPB-Capability of the pressure-preserving controller
is studied.

The change in the monitoring curve of the contact pressure with
the incremental steps of the load under different PRs is shown in
Fig. 18. The UPB-Capability of the pressure-preserving controller
under different PRs is obtained, as shown in Fig. 19.

When PR is 0.1, 0.2, 0.3, and 0.4, the UPB-Capability of the
pressure-preserving controller is 26.7, 27, 27.3, and 28.2 MPa,
respectively. It can be seen that when the EM remains constant,
with the increase in PR, the UPB-Capability of the pressure-
preserving controller also increases. The PR increases by 300%
from 0.1 to 0.4, and the UPB-Capability of the pressure-preserving
controller increases by 5.62%. The calculation results show that
the PR of the material has little effect on the UPB-Capability of the
pressure-preserving controller.

4. Discussion

The results show that the UPB-Capability of pressure-preserving
controllers with different materials varies greatly. The EM of the
material has a significant effect on the UPB-Capability of the
pressure-preserving controller, whereas the YS and PR of the ma-
terial have little effect. To further reveal the influence mechanism of
material properties on the UPB-Capability of the pressure-
preserving controller, the seal failure mechanism of the pressure-
preserving controller is deeply analyzed, and the generalized
model of the UPB-Capability of the pressure-preserving controller
is established.

4.1. Sealing failure mechanism of the pressure-preserving controller

As seen in Fig. 17, the maximum deformation monitoring point
displacement under critical load is delayed to the maximum value
with the increase in the EM of the pressure-preserving controller,
and the final deformation is basically close. This phenomenon in-
dicates that the difference in the EM of the pressure-preserving
controller eventually leads to different deformations of the
maximum deformation monitoring point, which in turn affects the
UPB-Capability of the pressure-preserving controller. There is a
critical deformation of the maximum deformation monitoring
point of the pressure-preserving controller, beyond which the
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Fig. 13. The change in the monitoring curve of the contact pressure with the incremental steps of the load under different YSs.

pressure-preserving controller seal fails. The shrinkage of the valve
covers short-axis edge before and after the test, as well as the
smaller strain of the short-axis edge corresponding to the larger
UPB-Capability of the pressure-preserving controller, also support
this argument (Fig. 20). Taking the critical load of the A100 material
pressure-preserving controller as an example, when the pressure is

30

222 222 222 22.5

N
(=}
L

UPB-Capacity, MPa
s

T

640

885 1600

Yield strength, MPa

556

Fig. 14. The UPB-Capability of the pressure-preserving controller under different YSs.

3567

loaded to 17.75 MPa, the tensile strain in the BX direction of the
pressure-preserving controller for the 304 stainless steel material is
192 x 1073, and the compressive strain in the BY direction
is —2.30 x 1073 (Fig. 8). The tensile strain in the BX direction of the
pressure-preserving controller for the 35C material is 3.56 x 1074,
and the compressive strain in the BY direction is —6.86 x 10~%. The
tensile strain in the BX direction of the pressure-preserving
controller for the A100 material is 2.98 x 107>, and the compres-
sive strain in the BY direction is —3.22 x 10~3. The tensile strain in
the BX direction of the pressure-preserving controller for the 18Ni
material is 9.47 x 1074, and the compressive strain in the BY di-
rection is —1.34 x 1073,

The formation of a pressure-preserving controller compound
seal designed according to the conical self-tensioning seal principle
is a complex dynamic-static transformation process. The pressure-
preserving controller mainly relies on the valve cover and valve seat
to compress the O-ring at the beginning so that the contact pres-
sure between the O-ring and the valve seat is greater than the
medium pressure. Then, the initial seal is achieved, and the initial
preload state has a small compression volume and extremely
limited sealing capacity (Fig. 21(a)). With increasing differential
pressure, the sealing gap is gradually compressed to the state in
Fig. 21(b), the sealing capacity is improved, and the O-ring and
valve seat sealing interface on the media leakage rate is gradually
reduced. When the sealing gap is compressed to zero, the metal
sealing surface begins to contact, and the pressure-preserving
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Fig. 15. The change in the monitoring curve of the contact pressure with the incremental steps of the load under different elastic moduli.

controller UPB-Capability reaches the maximum (Fig. 21(c)). When
the differential pressure continues to increase, the deformation of
the short shaft of the pressure-preserving controller exceeds the
critical value, the O-ring is exposed, and the high-pressure medium
acts directly on the O-ring (Fig. 21(d)). The O-ring is extruded and
destroyed, and the pressure-preserving controller seal fails
(Fig. 8(a)).
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4.2. Generalized model of the pressure-preserving controller

The basic relations and equations of thin-shell theory are
inherently complex, and the exact solution of the problem can be
obtained only in some simple cases (Jawad, 1994). In contrast, the
geometry and deformation of the pressure-preserving controller
studied in this paper are extremely complex and must be
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Fig. 17. Under the critical load condition, the displacement time-history curves of the
pressure-preserving controller with different elastic moduli.

appropriately simplified to be solved. Therefore, in this paper, the
pressure-preserving controller is simplified to a columnar thin shell
(Fig. 22), and the generalized model of the pressure-preserving
controller is established based on the basic assumptions of elastic
mechanics and the Kirchhoff-Love hypothesis.

Based on the theory of column and shell with moments, a
simplified model is established as shown in Fig. 23, assuming that
the pressure-preserving controller is simply supported on four
sides and introducing the dimensionless coordinate parameters a/
R = a1, b/R = f3;, the boundary conditions are

When a =0 and a =a;,v=w=M; =N; =0 1)
When =0 and f=0;,u=w=M; =N, =0

where a is the length of the column shell along the mother line, b is
the length of the column shell along the perimeter, R is the radius in
the cylindrical surface, u, v and w are the longitudinal, circumfer-
ential and normal displacements of the points in the face of the
column shell, My, M, are the bending moments in the face of & and
B, and N;, N, are the tensile forces in the face of « and §,
respectively.
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The load conditions are g; = 0, g; = 0, g3 = —qg. The three
equilibrium equations expressed by the displacement u, v and w are
as follows (see Eq. (2)).

Fu 1-pdu 1+p o

2o 2 %8 2 a0l

14+u 8®u v 1-—ud®v ow

Ll AL + W _o )
2 0adf  p? 2 002 OB
ou (1 - u?)R?
— C2v2vy? 7 qo=0

Haa +aﬁ+ w+w+ o

where €2 = 12R2, h is the thickness of the shell. Introduce the

function ®(«, $), and such that ®(«, §) satisfies

_pe e
Mfaaaﬁz 903

REL) Rl (3)
= (2 _ul =
v (+M)aa266 uaﬂ3
w = V2v2d

Substituting Eq. (3) into Eq. (2), the first two equations are
naturally satisfied, and the third equation is reduced to an eighth-
order partial differential equation:

R4

1 2 4
wyyrgrg (LK) 00 — 5

CZ  9at

(4)

where D = D is the flexural stiffness of the shell. Selecting

—12<1 i)
double trigonometric series:

mma . nmf

D, f)=>" > Am sm—sm (5)
m=1 n=1 ﬁl
where Ay is the undetermined coefficient,
2 4 6
When a =0 and a:ahd):B:B:B:
02  da*  9ab ()
2 4 6
When §=0 and =g, o= 002 00 _
op o a6

Obviously, Eq. (5) has satisfied the boundary conditions.
Substituting equation Eq. (5) into equation Eq. (4) gives

ot | (57 )2+(%T)2]4

> S

m=1 n=1
(1-p2) (mm\* | . mna . mnp
+t g o sin sin=g-
R4
—pdo (7)

m
o

4 N
1") } Substituting

Let Byn = Amn{|:(mn>2+ <%)2}4 L0 u)(

into Eq. (7), we get
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Fig. 18. The change in the monitoring curve of the contact pressure with the incremental steps of the load under different PRs.
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Multiply the two sides of the Eq. (8) by siniglf—l"‘da and sin%dﬁ
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Fig. 19. The UPB-Capability of the pressure-preserving controller under different PRs.
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(where i is any positive integer), respectively, and integrate to

obtain
61
)

(]

4
B :—J
™ a1 Jo

nmp

B1

—(p sin ﬂ sin——dadg 9)

4 —qo smmsm ﬁdadﬁ
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Substituting Am, into Eq. (5), the function ®(«, §) is obtained as
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(13)

As stated above, the seal failure of the pressure-preserving
controller is caused by the large deformation of the short shaft of
the pressure-preserving controller, so as long as the deformation of
the short shaft of the pressure-preserving controller is reduced, the
UPB-Capability of the pressure-preserving controller can be
increased. From Eq. (13), we can see that w is negatively correlated
with h and p and inversely proportional to E, which explains why
with the increase in EM and PR, the UPB-Capability of the pressure-
preserving controller increases, and EM has a significant effect on
the UPB-Capability of the pressure-preserving controller, whereas

Fig. 23. Simplified model of the pressure-preserving controller. PR has little effect. Although there is a positive effect on improving

3572



X.-J. Shi, H.-P. Xie, C. Li et al.

the UPB-Capability of pressure-preserving controllers by selecting
materials with higher EM, the increase in UPB-Capability comes at
the expense of sealing performance because materials with lower
EM can effectively improve the contact properties of the sealing
interface, as mentioned by Li et al. (2022b). Therefore, in practical
engineering applications, when the UPB-Capability of a pressure-
preserving controller cannot meet the engineering requirements,
one must select materials with a high EM; when the UPB-Capability
of a pressure-preserving controller meets the engineering re-
quirements, one must select materials with a low EM. At the same
time, we propose that the future optimization direction of
pressure-preserving controllers can be carried out using the
following steps: first, choosing materials with high EM; second,
thickening the valve cover as much as the assembly space allows;
and third, limiting the deformation of the short shaft edge by
increasing the limiting steps.

Although this paper reveals the influence mechanism of mate-
rial mechanical parameters on the UPB-Capability of the pressure-
preserving controller from another angle by establishing the
generalized model of the pressure-preserving controller, it should
be pointed out that due to the gap between the actual structure and
the theoretical model, the establishment of a more realistic theo-
retical model will be the direction of improvement in the future.
The significance of this paper lies in the fact that the numerical
simulation shows intuitively the influence mechanism of the ma-
terial mechanical parameters on the UPB-Capability of the
pressure-preserving controller, which is difficult to be revealed in
physical experiments, and the generalized model established also
provides a theoretical basis for the further optimization of the
structure of the pressure-preserving controller.

5. Conclusions

To achieve a good understanding of the influence of material
mechanical properties on the UPB-Capability of pressure-
preserving controllers, laboratory tests and numerical simulations
were conducted. An in-depth analysis of the sealing failure mech-
anisms of pressure-preserving controllers has been carried out,
revealing the influence mechanism of material properties on the
UPB capabilities of pressure-preserving controllers. The conclu-
sions are as follows.

(1) The EM of the material has a significant effect on the UPB-
Capability of a pressure-preserving controller, whereas the
YS and PR of the material have little effect. With an increase
in the EM, the UPB-Capability of a pressure-preserving
controller increases almost linearly.

(2) There is a critical value for the deformation of the short shaft
of a pressure-preserving controller, and seal failure is caused
by the large deformation of its short shaft. Materials with
higher EM have positive significance in reducing the short
shaft deformation of a pressure-preserving controller and
improving its UPB-Capability.

(3) In practical engineering applications, when the UPB-
Capability of a pressure-preserving controller cannot meet
the engineering requirements, one must choose materials
with high EM; when the UPB-Capability of a pressure-
preserving controller meets the engineering requirements,
one must choose materials with low EM.

(4) The future optimization directions of pressure-preserving
controllers can be carried out using the following steps:
first, choosing materials with high EM; second, thickening
the valve cover as much as the assembly space allows; and
third, limiting the deformation of the short shaft edge by
increasing the limiting steps.
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