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Abstract: It is crucial to accurately characterize the static and dynamic properties of seals
for the design of deep-sea equipment. This study investigated the movement resistance
of O-rings under high pressure (up to 30 MPa) and low temperature (2 °C). Numerical
simulation models were set up to investigate the effects of material properties and seal
structure dimensions on the reciprocating friction and installation force of O-rings. Fur-
thermore, a novel resistance testing rig was developed to facilitate the measurement of
reciprocating friction and installation force of O-rings under high pressure and low temper-
ature. The results of this study indicate that nitrile rubber (NBR) has a reduced sensitivity
to temperature variations, and the hardening of the material due to the low temperatures
encountered in deep-sea environments does not substantially increase its movement re-
sistance. Conversely, fluororubber (FKM) exhibits superior static sealing reliability. We
optimized the sealing structure of the pressure-maintaining trapping instrument (PMTT)
and successfully conducted field tests at the South China Sea. The results of this study may
serve as a valuable reference for the sealing design of deep-sea equipment.

Keywords: sealing performance; O-ring; reciprocating friction; installation force; deep-
sea equipment

1. Introduction

Deep-sea scientific research and resource exploration depend on a variety of opera-
tional equipment, including submersibles, robotic arms, and samplers [1-3]. O-ring seals
are widely used in deep-sea devices due to the advantages of simplicity, reliability, dura-
bility, and cost-effectiveness [4,5]. Rubber becomes harder, stiffer, and less resilient with
decreasing temperature of the deep sea [6]. An accurate evaluation of the influence of the
deep-sea environment on O-ring friction is essential for seal design and improving the
efficiency of deep-sea equipment.

Scholars have conducted extensive research on the friction of O-ring seals through
theoretical modeling, numerical simulations, and experimental testing [7-10]. For O-rings
in deep-sea operating conditions, Huang et al. [11] employed polytetrafluoroethylene
(PTFE)-coated O-rings in a deep-sea water sampler to minimize the friction of O-rings, and
the sampler was successfully deployed at a depth of 3930 m. He et al. [12] studied the static
sealing characteristics of combined seals for deep-sea sediment samplers under high pres-
sure by numerical simulation and confirmed the accuracy of the numerical results through
pressure-holding experiments. Wu et al. [13] investigated the volumetric shrinkage of
O-rings caused by increased ambient pressure and analyzed the static sealing properties of
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Pressure vessel

O-rings using finite element analysis (FEA) method. Liu et al. [14] designed a non-standard
O-ring sealing structure for ball joints used in deep-sea drilling apparatus and validated the
reliability of their design through pressure retention experiments. Sun et al. [15] conducted
both simulation and experimental investigations on the extrusion failure of O-rings in
deep-sea environments, deriving the critical failure curve of O-rings. Han et al. [16] studied
the sealing performance of O-rings in deep-sea wet-mate electrical connectors under a
fluid pressure of 30 MPa. The results highlighted that employing a pressure-balanced
seal structure can significantly reduce both friction and leakage. Li et al. [17] investigated
the factors influencing the sealing performance of submarine electrical connectors. They
examined the effects of the friction coefficient, compression rate, and other variables on
the distribution of sealing contact pressure under a hydrostatic pressure of 15 MPa. Davies
et al. [18] analyzed the aging phenomenon of NBR O-rings used in a 6000 m class deep
submersible named Ifremer Nautile after 10 years of operation. They proposed a testing
method to predict the long-term sealing performance of these nitrile O-rings.

However, there are relatively few studies in the existing literature regarding the
reciprocating friction of seals in ultrahigh-pressure and low-temperature environments.
Most research on the sealing characteristics of seals in deep-sea environments has primarily
concentrated on the static sealing reliability, while their dynamic friction characteristics
have predominantly been investigated through experimental methods. Furthermore, there
is a notable gap in the research concerning the installation force of seals. Figure 1 illustrates
the source of the practical problem in this study. In a field test at the Mariana Trench, the
sampling piston of the full-ocean-depth pressure-retaining amphipod sampler named PMTI
(Figure 1a) [19] developed by the research team was not fully retracted into the pressure
vessel (Figure 1b). Considering the temperature of the operation site is approximately
2 °C [20]. It is hypothesized that the increase in the modulus of elasticity, hardening, and
brittleness of rubber at low temperatures are the primary factors contributing to this failure.
O-ring 2 was drawn into the pressure vessel in a manner similar to the installation of a
seal, leading to a significant increase in axial movement resistance. As a result, the motor
stalled due to excessive load. This malfunction has also been observed in a sediment
sampler [21]. Although similar failures have not been observed in some equipment that
relies on submersible manipulators for sampling [22,23], this discrepancy can be attributed
to the ability of hydraulically powered manipulators to generate adequate force.

Transmission nut Lead screw

@ (b)

Figure 1. The practical problem in this research was (a) the working principle of the pressure-retaining

sampler and (b) the sampling piston failed to be retracted with an FKM O-ring.

In this research, we investigated the reciprocating friction (RF) and installation force
(IF) of O-rings fabricated from FKM and NBR, the two most frequently used materials
in ocean engineering. Numerical calculation models were developed to analyze the RF
and IF of O-rings under high pressure and low temperature. Additionally, we established
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a test rig to measure the RF and IF of O-rings in high-pressure and low-temperature

environments. We optimized the design of the PMTI seal and conducted in situ testing in

the South China Sea. This study aims to provide a valuable reference for the seal design of

deep-sea equipment.

2. Methods

2.1. Numerical Simulation
2.1.1. Geometry and Materials

To quantitatively determine the force during the retraction of the sampling piston,

the process was simulated using the FEA software Abaqus (Version 2021). The geometric

model for the numerical study is shown in Figure 2. The dimensions of the geometric

model, which conform to the standards of the Chinese mechanical engineering industry,

are detailed in Table 1. Additionally, the results of the study on the static sealing properties

of NBR and FKM under high-pressure and low-temperature conditions are presented in

Appendix A.
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Figure 2. The geometry model for the reciprocating friction and installation force study.

Table 1. Dimensions of O-ring seal structure.

Symbol Definition Setting Value

dq Out diameter of piston 40 mm

dp Cross-section diameter of O-ring 3.55 mm

) Clearance between piston and cylinder 0.1 mm-0.3 mm
h Depth of the O-ring housing 2.75 mm

b width of the O-ring housing 42 mm

11 Filet radius of at housing top 0.4 mm

0} Filet radius of at housing bottom 0.2 mm

0 Angel of the lead-in chamfer 10°, 15°, 20°, 25°
z Length of the lead-in chamfer 2 mm

According to industry standards for evaluating the mechanical properties of rubber,

we obtained the stress—strain data for FKM and NBR through tensile and compression

tests conducted on a universal testing machine (Zwick/Roell Co., Ulm, Germany, Z020) at

ambient temperatures of 2 °C and 25 °C, respectively (Figure 3). Thereafter, we fitted these

data using the least squares method to select an optimal constitutive model for simulation.
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Consequently, the five-parameter Mooney-Rivlin constitutive model (Equation (1)) [24]
was chosen for this study, and the parameters are listed in Table 2.

- - - 2
W = Cyo(I1 —3) 4+ Co1(I2 — 3) + Cao(I1 —3)"+

- - - 2 )
Ci1(l1 = 3)(I2 = 3) 4 Coz(I2 — 3)
| T
i Compression specimen
:r 2.2mm 8.5mm i -
! _ ! Temperature
i A ! control box _
i 50mm i ,,,,,,
i i Data Acquisition ]
| ) E Software
i i Liquid nitrogen
! | tank .
' y
i_ Tensile specimen i =
@ (b)
Figure 3. Test of mechanical properties. (a) Test specimen. (b) Test instruments.
Table 2. Five-parameter Mooney-Rivlin constitutive model.
Material Type Cio Co1 Cao Cn Coz
NBR (25 °C) 1.5099 —0.8510 0.6193 —1.0989 —0.2663
NBR (2 °C) 5.8453 —-5.2729 —2.2978 9.3654 —10.8957
FKM (25 °C) 49274 —4.4537 —1.0643 4.5278 —6.3517
FKM (25 °C) 5.4255 —4.8963 —1.2351 4.9735 —6.4289

In this section, we establish a geometric model for the numerical analysis of the IF and
the RF O-ring. We also obtain the coefficients of the five-parameter Mooney-Rivlin model
through material testing and data fitting. In the following sections, we will introduce the
simulation setup and present the results.

2.1.2. Parameter Setting

Considering the symmetry of the geometry, boundary conditions, and loads, a two-
dimensional axisymmetric model is established in ABAQUS to improve computational
efficiency. The stiffness of the piston and sleeve is approximately 10,000 times greater than
that of the rubber; therefore, they were modeled as rigid bodies [25]. In order to enhance
both the accuracy and efficiency of our calculations, we conducted a grid independence
analysis. The mesh size was set to 0.025, resulting in a total of 16,732 mesh elements. Due
to the incompressible nature of rubber, hybrid axisymmetric elements (CAX4RH) were
utilized in the model. Two contact pairs were established: one between the O-ring and its
housing and the other between the O-ring and the sleeve. The normal contact behavior
for these pairs was defined as hard contact, while a penalty friction formulation was
used to describe the tangential behavior. Additionally, the piston was fully fixed during
the calculations.
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The following three steps were set up to simulate the installation and reciprocating
motion of the O-ring: (1) The sleeve moves in the negative direction along the y-axis at a
velocity (v) until the O-ring is fully compressed (step time: 1 s). (2) Pressure penetration
is applied to the two contact pairs (step time: 1 s) to create a pressure difference between
both sides of the O-ring. (3) The sleeve continues to move for a specified duration before
reversing its direction for an equivalent period, while the O-ring remains fully compressed
throughout this process (step time: 2 s). The first step simulates the installation process of
the O-ring, while the subsequent two steps simulate the reciprocating motion of the O-ring
under a pressure of 30 MPa.

2.2. Experimental Study
2.2.1. Experiment at Room Temperature and Atmospheric Pressure

Firstly, the IF and RF were measured at room temperature and atmospheric pressure.
The variables of the experiment comprised the chamfer angle, chamfer length, and the
roughness of the contact surface. The experimental setup is illustrated in Figure 4. Three
cylinders were used in the experiment, and their parameters are detailed in Table 3. The
test rig is equipped with a servo motor (Upper Standard Technology Co., Shanghai, China,
DKC-Y240) and a ball screw module (Hymersen Co., Shenzhen, China, HMS40-T5-1500-
M57-C4). A force sensor (Hengyuan Co., Bengbu, China, HYLF-010-2) was installed at the
base of the screw to measure the axial force exerted on the O-ring. The components used in
the experiments, including the cylinder, piston, and connecting rod, were fabricated from
316 stainless steel. During the experiment, the piston was actuated at velocities of 0.3 m/s
and 0.5 m/s. However, the results did not indicate any statistically significant differences in
resistance to movement that could be attributed to the varying speeds. The measurements
corresponding to a piston speed of 0.3 m/s are presented below.

Ball screw

L "’ﬁ“

Connectlng L
‘ IIII

Plston

o Data Acquisition
Interface

Figure 4. (a) Test rig; (b) cylinders for testing IF and RF; and (c) the installation process of the O-ring.
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Table 3. Parameters of cylinders used in the experiment.

No. Chamfer Angle (°) Chamfer Length (mm) Roughness of the Contact Surface (um)

1 20 2,3 1.6
2 25 2,3 1.6
3 15 1,2 0.8

Note: Ra was used in this study to describe the surface roughness. Ra represents the arithmetic mean of the
absolute values of the contour deviations within a specified sampling length.

2.2.2. Experiment Under High Pressure and Low Temperature

A test rig, as illustrated in Figure 5a, was designed to measure the seal installation
force and reciprocation friction under high-pressure, low-temperature conditions. Table 4
presents the dimensional parameters of the key parts of the test module. The pressure
vessel was fabricated from 316 stainless steel and includes a centrally machined through-
hole with a diameter of 24 mm. The two pistons and the connecting rod were made from
precipitation-hardening stainless steel 17-4PH. Both the pistons and connecting rods were
machined with housing for an O-ring. Additionally, two threaded holes were located on
the lateral side of the pressure vessel for connecting the pressure sensor (Tuopu Electronic
Instrument Co., Dongguan, China, PT124) and the booster pump (Jinran Co., Shanghai,
China, 4DSY-120). The piston was connected to the force transducer via a double-end
stud, and the force transducer (Dayang Co., Bengbu, China, DYLY-108) was connected
to the linear actuator (Zhengyuan Co., Shenzhen, China, AM-BD45100AN) through a
stainless-steel shaft. The friction measurement module was placed within a water bath
environment inside an insulated box to facilitate testing at a specific temperature. A water
chiller (Jiale heating engineering Co., Hefei, China L.527-1000) was used to circulate the
water in the insulated box, ensuring a constant temperature. The assembled test rig is
shown in Figure 5b.

State (1) State (2)

End cap

Pump connector

Connecting rod

State (3) State (4)

Figure 5. Cont.
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Figure 5. The experiment setup. (a) Details of the test module. (b) Experimental setup.
Table 4. Design parameters of key parts of the test module.
Part Name Design Parameters
Pressure vessel 40 mm in ID, 90 mm in OD, and 170 mm in length
Piston 40 mm in diameter, 80 mm in length, and weighs 0.634 kg
Connecting rod 24 mm in diameter, 110 mm in length, and weighs 0.291 kg
Limit plate 70 mm in diameter, 5 mm in height, and weighs 0.129 kg
O-ring 33.5 mm in ID, 3.55 mm in cross-section diameter

As shown in Figure 5a, State (1) represents the initial position of the assemblies. At
this stage, the motor drives the piston to perform an upward stroke. The output of the
sensor (Fp1) is the sum of f1 and f3 (the friction between the O-ring and the inner wall of
the pressure vessel), as well as the gravity m (18.2 N) of the two pistons, the connecting rod,
and the two limit plates (Equation (2)).

For=f1+f3+m 2

In State (2) and State (3), O-ring 2 makes contact with the inner wall of the step. As a
result, the installation and friction force of O-ring 2 (f,) is incorporated into the output of
the sensor (Fp3), as shown in Equation (3).

Foa=f1+fa+fs+m 3)

As the forward stroke progresses, O-ring 2 detaches from the step until it reaches State
(4), at which point the sensor’s output equals Fp1. In this case, f1 is equal to f3, and both f
and f, can be expressed in Equations (4) and (5).

_FOl—m

fi= 2" @

f2=Fo2 — Fo1 ®)
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2.3. Field Test of the Upgraded Sampler

As previously mentioned, the failure of several in situ operations in the Mariana
Trench demonstrated the lack of reliability of the developed sampler PMTI. Although the
sampler performed adequately in certain tests, it did not meet the standards necessary for
expensive deep-sea operations. Therefore, it is necessary to optimize the sampler. Based
on the results of this paper, we modified the dimensions of the seal inlet chamfer of the
sampling vessel by increasing the chamfer length from 1.5 mm to 2.5 mm and adjusting the
chamfer angle from 20° to 25°. Moreover, we improved the roughness of the inner wall of
the sample vessel, which was upgraded from Ra 1.6 pm to Ra 0.8 pm, which minimized the
risk of seals becoming stuck. Furthermore, we increased the overload protection current of
the motor by 0.3 A in the control program. During a marine scientific research cruise in
May 2023, the upgraded sampler was field tested at the South China Sea (Figure 6).

-
112°23.9417'E
18°58.1642'N

111°37.7819'E
17°24.0827'N

Figure 6. Field test of the upgraded sampler. (a) Test sites. (b) Sampler mounted on a geological
exploration platform. (c) The platform deployment from the research vessel. (d) The platform
was recovered.

3. Results

3.1. Results of Numerical Simulation
3.1.1. The Installation Force

Figure 7 shows the complete O-ring installation process (NBR, 2 °C, § = 0.15 mm,
6 =20°, v=0.5m/s). As the sleeve moved, it pushed the O-ring towards the right side
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of the housing. The maximum IF of approximately 315.1 N is attained when the line
connecting the chamfering point of the sleeve’s inner wall surface to the center of the
O-ring is perpendicular to the piston axis (Figure 4, T = 0.2927 s, and Figure 5a, indicated
by the purple line). At this moment, the Mises stress within the O-ring reaches its peak. In
Figure 5, T represents the time of the initial analysis step.

1.972 MPa 3.417 MPa
T=0s T=0.1158s T=0.2215s
4.742 MPa 6.213 MPa 6.554 MPa
T=0.2493s T=0.2759s T=0.2927s
6.008 MPa 5.520 MPa | 5.519 MPa
T=0.3208s T=0.3640s T=1s

Figure 7. The installation process of the O-ring.

Figure 8 illustrates the impact of J, 8, v, and material properties on IF. The follow-
ing conclusions can be drawn from the results: (1) IF exhibits a linear increasing trend
as 0 decreases. Specifically, for each 0.05 mm reduction in 4, IF increases by 80 to 90 N.
(2) The chamfer angle significantly influences IF. Within the range of 10° to 20°, IF de-
creases as the chamfer angle increases. However, beyond 20°, the reduction in installation
friction becomes negligible. (3) Within the velocity range of 0.3 m/s to 0.8 m/s, the rel-
ative motion velocity has minimal impact on IF. (4) When all other conditions remain
constant, the ranking of the order of IF based on varying material parameters is as follows:
FKM (2 °C) > FKM (25 °C) > NBR (2 °C) > NBR (25 °C). When the temperature decreases
from 25 °C to 2 °C, IF increases by approximately 20 N for NBR and nearly 240 N for FKM,
indicating a significant temperature dependence of these materials, with FKM being more
significantly affected by temperature.

3.1.2. The Reciprocation Friction

Although the pressure-retaining samplers are capable of operating at full ocean depth,
instances where the pressure difference between the sealing fluids on both sides of a moving
O-ring exceed 30 MPa are rare. Consequently, the numerical simulation on RF is limited to
a pressure of 30 MPa. The simulation results for the RF of O-rings with different material
parameters are presented in Figure 9 (2 °C, 6 = 0.15 mm, 6 = 20°, v = 0.5 m/s). The results
indicate a linear correlation between RF and pressure, with an approximate increase of
20 N in RF for every 1 MPa rise in pressure. The magnitude of RF, based on different
material parameters, follows this order: FKM (2 °C) > FKM (25 °C) > NBR (2 °C) > NBR
(25 °C). These findings suggest that selecting NBR as the sealing component in the design
of deep-sea equipment can effectively mitigate the increase in motion resistance associated
with low temperatures.
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Figure 8. Simulation results of installation force. (a) Relationship between ¢ and IF. (b) Relationship
between 0 and IF. (c) Relationship between v and IF; (d) Relationship between material and IF.
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Figure 9. Simulation results of reciprocation friction: (a) NBR (25 °C); (b) NBR (2 °C); (c) FKM (25 °C);
and (d) FKM (2 °QC).
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3.2. Results of Experimental Study

3.2.1. Results of Experiment at Room Temperature and Atmospheric Pressure

Figure 10 presents the results obtained from averaging five measurements of IF for

NBR and FKM, and the experimental findings closely align with the simulation results. It
is observed that increasing both the chamfer angle and chamfer length effectively reduces
the IF; however, the impact of the chamfer angle on the IF is more significant than that of
the chamfer length. Furthermore, the roughness of the contact surface appears to have a
negligible impact on IF. Under identical chamfering parameters, the IF of FKM exceeds that

of NBR. Figure 11 shows the RF results for both materials at surface roughness values of

0.8 pm and 1.6 um. It is evident that surface roughness does not significantly influence RF
when it varies within the range observed in the experiment.

[F results of NBR [F results of FKM
IF(N)

IF(N)
-

2325

150.0 167.5 185.0 202.,5 220.0 237.5 255.0 272.5 290.0

| | BN |

330.0

2000 216.3

248.8 2650 2813 2975 3138

1.6
g1s z .
U% 5 ly
1.4 (rg,
o B 14
o
3" ?
=1 ° l.3
712 %
) (9; 1.2
g1
g !
-1
g
2
o

b=

20R1INS WO
°
o

=

"';&Q\
Figure 10. Test results of IF.
[_INBR 120.4
120 114.9
| ek
100 ]
80 745 7.1
&
R 60 =
40 -
20 ]
0
0.8

1.6
Roughness of the contact surface

Figure 11. Test results of RF.

The influence of inlet chamfer size and chamfer angle on IF obtained from the above
experiments aligns with the results of the simulation analysis, thereby confirming the
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validity of the simulation findings. Additionally, the experimental results indicate that the
effect of contact surface roughness on RF is not significant. In the next phase of our research,
we will further investigate IF and RF under low-temperature and high-pressure conditions.

3.2.2. Results of Experiment Under High Pressure and Low Temperature

The test was conducted at an internal pressure ranging from atmospheric pressure
to 15 MPa, constrained by the driving force of the motor utilized in the experiment. The
results of the experiment are shown in Figures 12 and 13.

[ INBR@2°C)[[__INBR(25°C) [l FKM(2°C) [ FKM(25°C)

600 -

500

400 B

IF (N)
|
|

200

100 -

0 5 10 15
Pressure (MPa)

Figure 12. Results of IF.

(a) 200 |

180

® 25%~T5%
* Median value

| @ 25%~75%
*  Median value

1

NBR(2°C) ~ NBR(25°C) ~ FKM(2°C) ~ FKM(25°C) NBR(2°C)  NBR(25°C)  FKM(°C)  FKM(25°C)

(©) ® 25%75%

*  Median value

|
(d) ® 25%~75%

* Median value

250 -

300

200 250

RF(N)
RF (N)

200
150

150
100

100
NBR(2°C)  NBR(25°C)  FKM(2°C)  FKM(25°C) NBR(2°C)  NBR(25°C)  FKM(2°C)  FKM(25°C)

Figure 13. Results of RF (a) under atmospheric pressure; (b) under 5 MPa; (c) under 10 MPa; and
(d) under 15 MPa.
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The following conclusions can be drawn from the results obtained: (1) The magnitude
of resistance follows the order FKM (2 °C) > FKM (25 °C) > NBR (2 °C) > NBR (25 °C),
regardless of whether RF or IF is considered. This observation aligns with the findings
of the numerical analysis. (2) A linear relationship is evident between RF and pressure;
specifically, for every 1 MPa increase in pressure, RF increases by approximately 6.5 N. This
value is significantly lower than the results derived from the simulation analysis, which
may be attributed to the friction coefficient settings. In the simulation model, the friction
coefficient is set at 0.15, whereas the lubrication conditions during the actual tests are
significantly more favorable, resulting in experimental results that are markedly lower than
those predicted by the simulation. (3) The diameter of the piston utilized in the experiment
is 24 mm, and the experimental results shown in Figure 12 have been scaled to a diameter
of 40 mm. The IF value obtained closely aligns with the simulation results, with an error
margin not exceeding 10%, thereby confirming the validity of the simulation model.

3.3. Results of Experimental Study

Figure 14 presents the essential field verification data and schematically illustrates
the seabed operation of the sampler under conditions where the ambient pressure exceeds
13 MPa and the temperature is approximately 3.5 °C. The sampling piston is fully retracted
into the vessel, even with the use of the FKM seal. These observations experimentally

demonstrate the effectiveness of the enhanced PMTI sealing structure.

Figure 14. Upgraded sampler operating on the seafloor. (1)—(3) The process of pushing out the piston;
(4)—(6): The process of retracting the piston.

The results of the field test are summarized in Table 5. Despite some seabed dust falling
on the seals, the upgraded sampler presented good pressure-retaining performance. In the
second test, the pressure-retaining rate exceeding 100% was attributed to the non-isobaric
expansion of the vessel material and the seawater within it when the temperature increased.

Table 5. Field test data of the upgraded sampler.

. In Situ/Final In Situ Pressure-
TestSite  Depth (m) Pressure (MPa) Temperature (°C)  Retaining Rate
1 1288 13.3/13.5 3.1 101.5%

2 256 2.7/2.6 53 96.3%

Note: In situ pressure refers to the seafloor pressure recorded on the depth gauge of the geological exploration
platform when it reaches the seafloor. Final pressure is the pressure within the chamber of PMIT as measured by
the pressure transducer after the sampler has been recovered. The pressure-retaining rate is calculated as follows:
(final pressure/in situ pressure) x 100%.
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4. Discussion
4.1. Advice for Selection of Seal Materials for Moving Parts of Deep-Sea Equipment

The results reveal the following three key thermodynamic coupling effects in deep-
sea sealing systems: (1) The modulus elevation induced by the deep-sea environment in
FKM synergistically combines with embrittlement (Tg ~ —20 °C for FKM), resulting in a
significant increase in the installation force [26]; (2) NBR demonstrates excellent thermal
stability, and due to its saturated hydrocarbon structure [27], its resistance to motion does
not exhibit a significant increase under high pressures and low temperatures; and (3) FKM
shows a pronounced temperature dependence, with an exponential increase in kinematic
resistance at low temperatures. Consequently, we have established NBR as the optimal
dynamic sealing candidate for energy-efficient deep-sea actuators.

In addition, analyses of static sealing performance demonstrated that both materials
achieved adequate interfacial stress for effective sealing. However, the contact pressure
of FKM was 8-19% higher than that of NBR (at 20% compression), along with superior
corrosion resistance properties. These characteristics make FKM the preferred choice for
static sealing configurations.

4.2. Methods of Reducing the Installation Force of Sealing Ring

Our study reveals a crucial yet often overlooked phenomenon: the mounting force
is consistently two to three times greater than the reciprocating friction force. This phe-
nomenon warrants careful consideration when designing similar deep-sea devices. By
integrating finite element modeling with the Mooney—Rivlin hyperelastic constitutive
relation, we identified a critical geometric configuration for peak mounting resistance:
when the vector connecting the chamfer apex to the center point of the O-ring forms a
90° angle with the piston axis (Figure 7). To minimize the installation force, adjustments
can be made to the sealing gap and chamfer dimensions. In the redesigned PMTI frame,
we increased the inlet chamfer to 25° and enhanced the surface roughness to Ra 0.8 pm
through CNC grinding.

4.3. Limitations of This Study

By establishing a nonlinear finite element model that accounts for the temperature—
pressure coupling effect (Section 3.1) and utilizing a self-developed deep-sea environment
friction test platform (Figure 5), this study reveals the relationship between the installation
force and the reciprocating friction of O-rings in deep-sea environments, as well as the
influence of material and structural dimensions. However, some methodological constraints
warrant acknowledgment. (1) This study demonstrates constraints related to material
hardness, as indicated by its exclusive focus on NBR and FKM specimens standardized
at Shore A 80 hardness. This work restricts a comprehensive assessment of elastomer
performance variations across different hardness gradients (e.g., 70-90 Shore A), which may
limit the predictive capabilities regarding the operational envelope for deep-sea sealing
applications. (2) The torque limitations of the experimental drive system, constrained
by budgetary parameters for instrumentation, imposed an operational pressure ceiling
of 15 MPa for characterizing seal movement resistance. This threshold prevents direct
measurement of interfacial friction dynamics at ultrahigh pressure.

5. Conclusions

A multi-method research framework that integrates numerical simulations and experi-
mental studies was developed to elucidate the dynamic friction behavior of O-ring seals at
low temperatures and high pressures (2 °C/30 MPa). The numerical model successfully pre-
dicted the evolutionary trends of O-ring assembly force and reciprocating motion friction,
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aligning with the experimental results. In future research, we aim to investigate the sealing
mechanisms of deep-sea samplers operating in more extreme environments. Specifically,
we will examine the properties of sealing elements subjected to the high-pressure and
high-temperature conditions encountered by hydrothermal samplers. Furthermore, we
will assess the impact of sediment particles adhering to the surfaces of sealing components
on the performance of sediment samplers.

Author Contributions: Conceptualization, H.Z. and H.W.; methodology, Y.S. (Yanjie Sun); valida-
tion, Y.S. (Yongchun Shen); resources, Y.W.; data curation, J.C.; writing—original draft preparation,
H.W.,; writing—review and editing, H.-W.; supervision, J.C.; project administration, HW.; funding
acquisition, H.-W. All authors have read and agreed to the published version of the manuscript.

Funding: This research is supported by the National Natural Science Foundation of China (NSFC)
Program (grant No. 42406185), the Natural Science Foundation of Shandong Province (grant No.
ZR2024QD083), the National Key R&D Program of China (grant No. 2023YFB4704701), and the CSSC
independent research project “Research on technology and method of demonstration and verification
to deep-sea mining equipment”, 202275.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. These data are not publicly available because of confidentiality concerns.

Acknowledgments: We are grateful to the pilots, the captain, and the crews of the R/V
HAIYANGDIZHI 2 for their professional service during the cruises.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The capability of the deep-sea pressure-retaining sampler to preserve samples at in
situ pressure is critically dependent on the reliability of the static seal. A geometric model,
as illustrated in Figure A1, was developed to evaluate the static sealing performance of
the seal within a pressure range of 0-120 MPa. The material and dimensional parameters
utilized in the model are identical to those described in Section 2.1.1. The analysis was
divided into the following two steps: (1) the pre-compression process of the O-ring was
achieved through an interference fit (step time: 1 s); and (2) fluid pressure was applied via
pressure penetration (step time: 1 s).
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Figure A1l. The geometry model for the static sealing performance study.
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Simulation results of static seal contact pressure for different material parameters
under 30 MPa and 120 MPa are depicted in Figure A2. The contact pressure of both NBR
and FKM exceeds the fluid pressure, indicating that they both have the ability to achieve
reliable seals. NBR exhibits minimal sensitivity to temperature variations, as evidenced by
the relatively small increases in contact pressure when subjected to lower temperatures;
specifically, the temperature-induced increments of 30 MPa and 120 MPa conditions do
not exceed 0.7 MPa. Conversely, FKM demonstrates a significant response to temperature
changes, with a notable increase in contact pressure of approximately 4 MPa at lower
temperatures. The observed order of maximum contact pressures is as follows: FKM (2 °C)
> FKM (25 °C) > NBR (2 °C) > NBR (25 °C). Therefore, the application of FKM in static
seals for deep-sea equipment is associated with enhanced sealing reliability.

(a) —— NBR (25°C) —— NBR (2°C) —— FKM (25°C) —— FKM (2°C)
a0} p =30 MPa p =120 MPa
120 -
L 100
§ 30 a
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Figure A2. Simulation results of static seal contact pressure for different material parameters. (a)
Contact pressure under 30 MPa and 120 MPa. (b) Distribution and peaks of contact pressure.
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