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ABSTRACT

With the continuous development of deep oil and gas, minerals, geothermal resources, and other re-
sources, there are increasingly more stringent requirements for equipment. In particular, the ultra-high-
pressure dynamic seals of deep mining device need to be developed. Therefore, considering the use of
dynamic seals in unique deep mining environments, an ultra-high-pressure rotating combined dynamic
seal was designed and developed and its sealing performance was experimentally measured and
analyzed. The results show that the experimental device can operate stably under a pressure of up to
150 MPa and a rotating speed of 76 r/min, and can also operate normally under a rotating speed of up to
140 r/min and a sealing pressure of 120 MPa. During the operation of the ultra-high-pressure rotating
combined dynamic seal, the sealing ring does not show obvious damage, which vouches for its sealing
performance. No leakage of flow and pressure was detected in the all seal structures within the sealing
pressure range of 0—150 MPa. Therefore, the dynamic sealing performance of the device is intact under
ultra-high-pressure conditions and can be applied in deep mining environments at a certain depth. The
research and development of this device can aid future deep energy exploration and exploitation.
© 2021 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

deep mining devices (Gao et al., 2021b). Xie and Gao et al. devel-
oped a visualization technique for studying rock mechanics at

With the gradual depletion of shallow natural resources, it is
inevitable that the energy and resources exploration and exploi-
tation will move to the deeper parts of the earth (Xie et al., 2019;
Gao et al., 2021a; Xie et al., 2021). Deep mining is characterized by
high in-situ stress, high temperature, and high osmotic pressure
(Xie, 2017; Gao et al., 2020a; Gao et al., 2020b ). In this complex
environment, not only is there a need to explore and understand
rock mechanics at depth but there is also a need to stringently test
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depth (Xie et al., 2015). Yin et al. studied the physical and me-
chanical behavior of rocks subjected to high temperature and
revealed the uniaxial compression and shear failure characteristics
of rocks (Yin et al. 2021a, 2021b). Gao and Wang et al. carried out
in-situ mechanical tests of deep coal and rock and found that the
strength of a deep rock mass under engineering disturbance de-
creases as compared with the conventional triaxial strength (Gao
et al,, 2020c). Feng et al. studied the mechanical properties and
theories of rock fracture, providing basic theories to evaluate the
stability of the reservoir and surrounding rock and analyzed the use
of efficient mining technology in deep engineering (Feng et al. 2017,
2020). Based on the insufficient pressure-holding capacity of
existing sampling equipment, He and Chen et al. developed an in-
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situ condition-preserved coring (ICP-coring) system and designed a
pressure-holding controller based on the Moho square cover
principle (He et al., 2019). However, for deep mining devices, the
sealing performance, especially the dynamic sealing performance,
is critical to ensure smooth and effective operation. During deep
drilling, once the sealing structure has problems, it will lead to
insufficient drilling pressure, resulting in a long maintenance
period, the consumption of a lot of manpower and material re-
sources, and even result in drilling failure.

The sealing performance of devices has been studied by many
scholars. Using a three-dimensional simulation model of a sealing
ring, Zhu and Cheng concluded that the grooving of the slip ring,
the thickness of the slip ring, the compression amount of the O-
ring, and the working fluid medium pressure had a significant in-
fluence on the contact pressure of the combined sealing ring (Zhu
and Cheng, 2017). Guo and Wu et al. used the ANSYS Workbench
finite element software to study the influence of the pre-
compression ratio of the O-ring, the material hardness of the O-
ring, and the thickness of the rectangular slip ring on sealing per-
formance (Guo et al., 2021). Zhao and Suo et al. studied the influ-
ence of different surface structures of a rotating combined seal ring
on its sealing performance under a maximum pressure of 20 MPa
(Zhao et al., 2020). Salant et al. established a calculation model of a
reciprocating hydraulic piston seal device to analyze the influence
of parameters such as working pressure and sealing ring pre-
compression on the leakage of the reciprocating piston seal
(Salant et al., 2007). Nikas and Sayles et al. established a numerical
calculation model for the rectangular seals of reciprocating piston
rods to study the relationship between sealing pressure and device
leakage (Nikas et al., 2006). Chen and Yang et al. used the ABQUS
software to analyze the influence of the structural parameters of
the sealing ring on the sealing performance of the hat-shaped slip
ring combined seal (Chen et al., 2019). Minet and Brunetiére et al.
developed a lubrication flow model of the main sealing surface by
evaluating the roughness of the dynamic sealing surface of the
mechanical seal. Based on the cross-coupling differential equation
(Minet et al. 2011). Blasiak and Laski et al. calculated the temper-
ature and stress fields of the non-contact seal and studied the in-
fluence of different seal structures on seal performance (Blasiak
et al,, 2013). Mo and Wang et al. analyzed the performance of the
reciprocating seal O-ring used in petroleum machinery and found
that the maximum contact stress on the main sealing surface pre-
sented nonlinear changes with the increase in the moving speed
(Mo et al., 2014). Sukumar et al. used the finite element analysis
method to reasonably set material and process parameters, which
reduced the contact pressure, Mises equivalent stress, and defor-
mation of the sealing interface, and optimized the sealing perfor-
mance (Sukumar et al., 2015). Based on the cavitation model, Chen
and Liu et al. used response surface analysis and other methods to
study the influence of the geometric parameters of spiral grooves
on the performance of a seal structure and determined the optimal
range of each parameter (Chen et al., 2016).

These studies have made significant advancements in the design
and development of sealing rings. Most studies, however, have
been conducted under conditions of low pressure. In deep mining,
due to the great depth (more than thousands of meters) and high
in-situ stress, it is difficult to use a low-pressure sealing device. At
present, few studies have been conducted on ultra-high-pressure
dynamic seals. Therefore, in this study, an ultra-high-pressure
rotating combined dynamic seal structure and an experimental
system to measure its sealing performance is proposed for use in
the deep mining environment. The ultra-high-pressure rotary
combined dynamic seal technology is described in detail, an
existing and mature sealing ring of model “TG201 special combi-
nation sealing ring for mud medium for rod” was selected for the
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experiment. And the sealing performance of test specimens under
different sealing pressures and rotating speeds were carried out.
Furthermore, the surface roughness of the two key parts of the
sealing device (the main sealing surface and the hydraulic surface)
was studied using a 3D contour scanner. Scanning electron micro-
scopy (SEM) was used to observe the microstructural characteris-
tics of these key parts. Therefore, the deterioration of the sealing
structure during operation is also studied.

2. Working principle of the rotating combined dynamic seal
structure

2.1. Rotating combined dynamic seal structure

The ultra-high-pressure rotating combined dynamic seal con-
sists of three groups of sealing rings, as shown in Fig. 1. Each group
of sealing rings consists of an “O” type rubber ring, a “Z” type
sealing ring with an inner surface slotted and a supporting spacer,
and a “Z” ring made from polytetrafluoroethylene (PTFE). PTFE has
the advantages of a low friction coefficient and high wear resistance
and can adapt to the working condition of ultra-high-pressure ro-
tary seals. On this basis, a pair of combined grooves were created on
the main sealing surface of the “Z” ring matched with the shaft (see
Fig. 2).

The function of the composite slot is twofold. On the one hand,
due to how the rotating combined sealing ring functions, impurities
are brought into the main sealing surface, causing irreparable
damage such as scratches or grooves on the sealing surface, which
affects the sealing performance. Therefore, a combined groove can
be set up to contain impurities and prevent the sealing surface from
being damaged. Lubricating oil can also be stored inside the com-
bined groove, and the lubricating oil film can be produced on the
main sealing surface during the working process to effectively
prevent the wear and damage of the main sealing surface.

The back of the “Z” ring is designed with an arc groove matching
that of the “O” ring, which is convenient for the installation and
protection of the “O” ring. The “O” ring rubber material has good
resilience because of its hyper elastic characteristics, and it gets
compressed under the action of hydraulic pressure, thus producing
elastic force. The elastic force and the self-sealing force generated
under the action of the working fluid medium make the “Z” ring
adhere to the surface of the rotating shaft to achieve the sealing
effect. The two-stage ultra-high-pressure rotating combined dy-
namic seal was used in experiments to verify its performance under
different pressure and speed conditions to obtain its safety, reli-
ability, and design characteristics.

2.2. “Z” sealing ring performance

The “Z” seal ring is mainly composed of polytetrafluoroethylene
(PTFE), which is a thermoplastic molecule with high crystallinity
and high molecular weight. Since the main chain of the PTFE
molecule is a C-C bond, and fluorine atom replaces all the side
bonds, a C-F bond with strong binding energy forms, as shown in
Fig. 3. Therefore, PTFE has the advantages of a small friction coef-
ficient, aging resistance, good radiation resistance, high surface
viscosity, good self-lubrication performance, etc. However, it also
has disadvantages in processing and forming, poor wear resistance,
and other shortcomings (Khedkar et al., 2002).

These shortcomings limit the wider use of PTFE. Therefore,
composite modification of PTFE has an effective method to improve
the properties of PTFE materials. In the composite modification
method, we add metal and metal oxides, inorganic materials, and
organic materials, etc., to improve the strength, wear resistance,
heat resistance, and surface hardness of PTFE.
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Fig. 1. Ultra-high-pressure rotary combined dynamic seal structure.
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Fig. 2. Structure of the combined seal ring.

2.3. Performance of the “O” type rubber ring

Changes in pressure lead to changes in the characteristics of
rubber material, but the volume of the rubber material does not
change during deformation. Therefore, rubber is a nonlinear and
reversible material. The constitutive relation of rubber is difficult to
accurately express because of its nonlinear property. Therefore, its
stress-strain curve is assumed to be as shown in Fig. 4.

Rubber is volumetrically incompressible. A substance is
considered to be incompressible when its Poisson's ratio is 0.5 or
greater than 0.475, i.e. when it is assumed that there is a uniform
hydrostatic pressure applied to all the faces of the cell, as shown in
Fig. 5. The volume of the element is kept constant continuously,
which does not allow for the determination of the compressive

stress of each point inside the element and the strain and joint force
of the internal integral points.

Due to the hyper elasticity, nonlinearity, and complexity of the
material, the constitutive relation of the “O” type rubber ring
cannot be represented by the simple elastic modulus and Poisson's
ratio. In 1940, Mooney put forward the theory of large elastic
deformation based on Hooke's law (Mooney et al., 1940; Rivlin,
1997); this theory was an important reference for subsequent
research on the properties of rubber material. The strain energy
function Mooney deduced is:

W=C(+25+83-3)+G(1/8+1/5+1/75-3)
(1)

Where, W is the strain energy density; C; and C, are material
constants; Ay, A2, and A3 are the main elongation ratios.

For unidirectional stretching and compression, /1%: A%: 1/A,
and the following equation can be obtained:

W= (3 +2 /1 -3) +c2(1/ﬁ+z/a1 _3)

In the case of unidirectional shear strain, % =13. 4 =1, then

(2)

3)

Due to the great limitation of this theory in practical application,
Rivlin (Rivlin and Thomas, 1997) expressed the strain energy by

W:(c1+c2)(A§+1//\%—2)

Fig. 3. Polytetrafluoroethylene molecular structure (Zheng et al. 2001)
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A
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Fig. 4. Stress-strain curve of rubber (Toki et al., 2013.).

Uniform pressure

Fig. 5. Unit under uniform hydrostatic pressure (Han, 2019).

using a functional expression composed of strain invariants I;. I,
and I3. The strain energy function is expressed as

W=Cyo(l1 =3) + Co1(l2 = 3) (4)
Where, C;g and Cp; are the two rubber material parameters that
can be determined experimentally, and I; and I, are the first and
second strain invariants, respectively.

Table 1 shows the values of C;¢ and Cy; under different hardness
of rubber materials.

3. Ultra-high-pressure rotary combined dynamic seal test
system

3.1. Structure and working principle of the experimental system

To study the performance of the ultra-high-pressure rotating
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combined dynamic seal, a test system was developed indepen-
dently. The test system is mainly composed of a rotating combined
dynamic seal test kettle, a YY-140 type fidelity coring hydraulic
testing platform, a rotary shaft driven pump unit, a hydraulic
pipeline, a joint and pressure valve, a flow sensor, etc., as shown in
Fig. 6.

The working principle of the ultra-high-pressure rotating
combined dynamic seal test system is shown in Fig. 7. The combi-
nation of various hydraulic pipeline components in the system
completes the application and control of the test pressure in the
system. The leakage situation of pipelines at all levels can be un-
derstood by observing the pressure gauge, flow meter, and other
measuring instruments installed in the pipeline. At the same time,
the data acquisition and control system measure the test pressure,
flow, and rotation speed of the rotating shaft, and provides real-
time recording and display of the measurement data through a
computer.

3.2. Rotating combination dynamic seal test kettle

The rotating combined dynamic seal test kettle is the main de-
vice used to test the performance of the dynamic seal. The test
kettle is mainly composed of a top support reaction cylinder, a top
thrust bearing, a rotating shaft, an ultra-high-pressure cabin, a
sealing device, and a rotary drive gearbox, as shown in Fig. 8. The
reaction force of the piston caused by the hydraulic oil cylinder
pressure pushes down on the top of the thrust bearing, which
provides a downward thrust to the axis of rotation; the axis of
rotation offsets the experimental process by the ultra-high-
pressure tank shell at the bottom of the internal water pressure,
maintain axial movement in the process of the axis of rotation
experiment, can achieve smooth rotation. A rotating shaft is
installed inside the ultra-high-pressure cabin body, and self-
lubricating bearings, copper sleeves, and other components are
set inside the cabin body to achieve the centralization of the
rotating shaft and prevent the eccentricity of the rotating shaft. A
pressure pulse dissipation pool is set at the bottom of the cabin
body to eliminate the liquid pressure fluctuation entering the cabin
body through the pressure hole to prevent any damage caused by
the pressure pulse to the sealing structure and effectively prevent
equipment failure caused by the pressure pulse.

The first and second stage rotating combined dynamic seal
structures are respectively composed of a rotating combined seal
ring, baffle, and inline nesting. The combined sealing ring is
installed inside the inline nesting, and the inline nesting can adjust
the mounting size to match the size of the sealing element; this is
used to install the sealing element to be tested in different forms
and sizes. The rotary drive gearbox is connected to a rotary shaft-
driven pump unit through the hydraulic pipeline and drives the
rotating shaft to rotate at different speeds according to the exper-
imental requirements. Through the primary and secondary mea-
surement channels, the pressure sensor, speed sensor, flow meter,
and other measuring devices are used to record and display the
data obtained from the test process.

The ultra-high-pressure cabin body is made of 40Cr material.

Table 1

Rubber material parameters under different hardness (Han, 2019).
Hr, HA E, MPa Co1 Cio
70 6.96 1.137 0.023
75 8.74 1.444 0.0165
80 10.98 1.833 —0.003
85 13.80 2334 —0.034
90 17.33 2972 0.082
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Fig. 7. Schematic diagram of the working principle of the ultra-high-pressure rotary combined dynamic seal test system.

According to the calculation method of the oil cylinder (Cheng,
2010), the wall thickness of the ultra-high-pressure cabin body is
50 mm when the maximum inner diameter is 110 mm, so the
minimum wall thickness of the overall cabin is 50 mm. Equation (5)
is adopted as the calculation formula (Cheng, 2010).

Cylinder wall thickness is:

5=50+C]+C2 (5)

In the formula, Ci-the tolerance allowance of the cylinder's
outer diameter, m; Cy-corrosion allowance, m.

The value of dy needs to be calculated according to different
situations (Cheng, 2010). The calculation formula of dy under three
scenarios is as follows:

(1) When 6/D < 0.08, the practical calculation formula for cyl-
inder wall thickness is as follows:

PmaxD
20'p

00> (m) (6)
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(2) When 0.08 < 6/D < 0.3

PmaxD

60 > 23Up - 3Pmax

(m)

(7)

(3) When 6/D> 0.3

7p + 0.4Pmax

(\/ 7p —1.3Pmax 1) (m)
/ op

( op — \/§Pmax_ 1)('71)

In the above formula, D-inner diameter of the cylinder, m;
Prmax-the maximum working pressure in the cylinder, MPa;
op-allowable stress of the cylinder material, MPa;

-tensile strength of the cylinder material, MPa;

n-safety factor, usually n=5; can also be selected according to

D
60>§
or

D

50>E

9)
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Fig. 8. Rotating combined dynamic seal test kettle.

the actual situation; In this experiment, 3.6 can meet the
requirements.

3.3. YY-140 type fidelity coring hydraulic testing platform

The YY-140 type fidelity coring hydraulic testing platform con-
sists of an automatic pressurization system and a manual pressur-
izing system, as shown in Fig. 9. The automatic pressurization
system can record pressurization pressure and flow curve in real-
time, but it takes a long time to apply the pressure. To quickly
realize the application of high pressure, a manual pressure system
was set, but the curve of the pressure change and flow was not
recorded during the process of manually applying the pressure. The
test platform can provide up to 190 MPa of hydraulic pressure. The
test platform integrates data acquisition, display, and data pro-
cessing. During the test of the ultra-high-pressure rotating com-
bined dynamic seal, the pressure and flow inside the ultra-high-
pressure cabin were collected and displayed in real-time, and the
rotation speed of the rotating shaft was also simultaneously
displayed.

The platform uses mechanical, electrical, hydraulically-
integrated control technology, a numerical control technology al-
gorithm, automatic feedback from the computer, and closed-loop
control stability pressure. The entire system includes two sets of
high-precision servo-controlled thrust oil sources (as shown in
Fig. 10), with characteristics of infinite total volume pressurization
and pressure stabilization.

The loading of the thrust oil source structure was performed
using the computer automatic control system. The computer
automatic control system collects the pressure value of each hy-
draulic section and compares it with the upper and lower limits of
the preset pressure of each section; it then instructs the Program-
mable Logic Controller (PLC) to automatically control the motor and
battery valve of each hydraulic section. If the pressure gauge value
of the pressure holding vessel is lower than the lower preset
pressure limit, the system automatically instructs the PLC to start
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Fig. 9. Schematic diagram of the YY-140 type fidelity coring hydraulic test platform.

the oil pump motor, and when the pressure is higher than the
upper limit, the motor will stop automatically. When the contain-
ment vessel needs to be pressurized, the solenoid valve opens
automatically to provide sufficient pressure. The solenoid valve
closes automatically when the pressure holding vessel reaches the
set pressure value. The reciprocating cycles of each hydraulic sec-
tion constitute the pressurized and stabilized hydraulic circuit of
the container to realize the automatic pressurization and pressure
stabilization of the container. At the same time, the oil pump motor
in the automatic system does not need to run for a long time, and,
therefore, the automatic system has the advantages of energy-
saving, low noise, and long service life of the oil pump motor.
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Fig. 10. Schematic diagram of the single acting thrust oil source.

4. Ultra-high-pressure rotating combination dynamic seal
test

4.1. Experimental procedures

To test the performance and sealing reliability of the dynamic
seal structure, different maximum sealing pressures were applied
to the dynamic seal structure in the experimental system. The three
sets of maximum sealing pressure were 110 MPa, 140 MPa, and
150 MPa. Sealing performance tests were carried out in stages ac-
cording to the order of pressure. The diameter of the rotating shaft
was designed to be 50 mm. The pressure sensor and flow sensor
were installed after the first and second stage seal structures to
monitor the leakage pressure and flow rate of the seal structures in
real-time; these are considered as the main measurement index of
the sealing structure's performance.

The specific experimental process is as follows:

(1) Sealing performance test with a maximum sealing pressure
of 110 MPa. First, we filled the pressure pulse dissipator with
water. Then, the rotating shaft was made to run at 120 r/min.
Finally, the automatic pressure system of the YY-140 type
fidelity coring hydraulic test platform was activated step by
step to increase the pressure inside the pressure pulse
dissipating pool to 110 MPa.

(2) Sealing performance test with a maximum sealing pressure
of 140 MPa. To test the performance of the sealing structure
at different rotating speeds, three groups of rotating speeds
were set for the loading experiments. @ The pressure inside
the pressure pulse dissipating pool was rapidly increased to
108 MPa by the manual pressurization system, and then the
rotating shaft was run at a speed of 100 r/min. Then, the
pressure was gradually increased to 140 MPa by the auto-
matic pressurization system, and the speed was adjusted to
64 r/min. @ The pressure was adjusted to 120 MPa and the
speed was increased to 120 r/min to carry out the experi-
ment. ® The pressure was then increased to 140 MPa and the
speed was increased to 136 r/min. Sensor data of leakage

131

pressure and leakage flow, as well as voltage stabilization
time, were recorded throughout the experiment.

(3) Sealing performance test with the maximum sealing pres-
sure of 150 MPa. After the internal pressure of the pressure
pulse dissipating pool was rapidly increased to 135 MPa by
manual pressurization, the rotating shaft was run at a speed
of 76 r/min, and then the pressure was increased to 150 MPa
by the automatic pressurization system. Sensor data of
leakage pressure and leakage flow, as well as voltage stabi-
lization time, were recorded throughout the experiment.

5. Results and analysis
5.1. Maximum sealing pressure of 110 MPa

During the experiment, due to the system balance lag, there was
a difference between the actual value and the set value. Typical
pressure value data were recorded, and the actual measured value
corresponding to the set value is as shown in Table 2.

In this experiment, by injecting water into the device to
compress the volume, the bearing pressure of the sealing structure
was exerted. Therefore, once the sealing structure was unstable, it
caused pressure leakage (leakage pressure) and water leakage
(leakage flow rate). The data of leakage pressure and leakage flow
during the experiment were obtained through an automatic
recording by a computer. For convenient analysis and visualization,
all the above data are plotted into curves, as shown in Fig. 11 below.

It can be seen from Fig. 11 that with the continuous increase in
the water intake, the sealing pressure gradually increases, and the
rotational speed remains constant at 120 r/min. When the pressure
value exceeds 60 MPa, the speed decreases automatically as the
sealing pressure increases. When the sealing pressure reaches
110 MPa, the speed decreases to 112 r/min, which is 6.7% lower than
the set value. This is because the rotating shaft cannot rotate
absolutely smoothly, and, therefore, the increase in the sealing
pressure increases the operating torque of the rotating shaft, thus
creating frictional resistance that hinders the rotation of the
rotating shaft. It was observed that the speed decline rate remained
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constant at a rate of 0.2 r/min/MPa, indicating that the pressure-
speed operation of the sealing structure was stable. During the
rise in the sealing pressure, the pressure was recorded for 3—5 min
at the set typical pressure value. During the entire experiment, the
leakage pressure value was 0, and the leakage flow value was 0. This
indicates that under 110 MPa pressure and 112 r/min speed, the
rotating combined dynamic seal structure has good sealing per-
formance and operates stably.

5.2. The maximum sealing pressure of 140 MPa

Since the rotating combined dynamic seal structure showed
good running condition in the preliminary experiment, the
maximum sealing pressure was increased to 140 MPa to further test
the seal's structure. Since the sealing pressure causes resistance to
the operation of the rotating shaft, that is, the sealing pressure is
negatively correlated with the speed, different rotating speeds
were set to perform the sealing performance experiments.

5.2.1. Performance at 64 r/min under ultra-high-pressure

The water flow rate was rapidly increased to increase the sealing
pressure to 120 MPa, and the pressure was stabilized for 5 min. The
rotation speed of the rotating shaft was set at 100 r/min. The pa-
rameters recorded during the experiment are shown in Table 3.

As can be seen from Table 3, under the ultra-high-pressure of
140 MPa, there is a difference between the actual sealing pressure
and the set value, but the difference is so small that it can be almost
ignored. It should be noted that the pressure remained constant for
14 min under the ultra-high-pressure condition. This shows that
the pressure control experiment of the rotary combined dynamic
seal system designed in this paper is highly precise. To directly
reflect the parameters and leakage situation during the experi-
ment, the data were drawn into curves, as shown in Fig. 12.

As shown in Fig. 12, with the step-by-step increase in the water
intake, the sealing pressure increases accordingly. When the pres-
sure is 120 MPa, the speed is 100 r/min and decreases to 64 r/min
with the increase in the pressure to 140 MPa. The reduction rate is
1.8 r/min/MPa. This reduction rate is significantly higher than the
0.2 r/min/MPa in the 60—110 MPa high-pressure range. Therefore,
when the pressure exceeds 110 MPa, the influence of the increase in
the pressure on the speed is very obvious. This is also due to the
increased resistance caused by the pressure of the shaft. It was
observed that there was no water leakage under the 120 MPa and
130 MPa sealing pressure conditions. When the pressure was
increased to 140 MPa, the leakage pressure and leakage flow value
were still 0 after 14 min of stable pressure. Therefore, under an
ultra-high-pressure of 140 MPa and a rotating speed of 64 r/min,
the sealing performance of the rotating combined dynamic seal
structure is good.

5.2.2. Performance at 125 r/min under ultra-high-pressure
To explore the sealing performance at higher rotating speeds

Table 2
Experimental parameters of test with the maximum sealing pressure of 110 MPa.
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under ultra-high-pressure conditions, performance test experi-
ments were carried out at rotating speeds above 120 r/min. Under
an initial manual pressure of 100 MPa, the water intake was not
measured. The experimental parameter data are shown in Table 4.

When the pressure is increased to 120 MPa with a gradient of
20 MPa, the speed decreases to 133 r/min, and the system runs
stably after 1 min of voltage stabilization. When the pressure was
increased to 140 MPa with a gradient of 20 MPa, the speed reduced
to 125 r/min, and the pressure stabilization time was 7 min. The
data in the table and the sensor data recorded in the experiment
were plotted on curves for observation and analysis, as shown in
Fig. 13.

As can be seen from Fig. 13, with a set speed of 136 r/min and a
pressure boost interval of 100-120 MPa, the average decrease in the
gradient of the speed with the increase in the pressure is 0.15r/min/
MPa. This is obviously lower than the initial setting of 0.2 r/min/
MPa in the high-pressure range of 120 r/min and 60—110 MPa.
Therefore, at high speed, the inhibiting effect of the increase in
pressure is relatively weak, that is, increasing the initial speed
within a certain pressure range can reduce the weakening effect of
the pressure increase on the speed.

The average speed decrease gradient is 0.4r/min/MPa in the
120-140 MPa pressure boost interval, which is higher than 0.15r/
min/MPa in the 100-120 MPa pressure boost interval. Combined
with the analysis of the speed vs sealing pressure curve in Fig. 13
(c), it can be concluded that when the pressure exceeds 100 MPa,
the increase in pressure causes an increase in the friction force,
which leads to a quicker decrease in the speed.

Comparing the stabilizing time of 14 min at the speed of 64 r/
min under the ultra-high-pressure of 140 MPa with the stabilizing
time of 7 min at the speed of 125 r/min under the ultra-high-
pressure of 140 MPa shows that the stabilizing time of the system
reduces by increasing the speed under the same pressure. Mean-
while, during the entire experiment, it was observed that the value
of the leakage pressure and the leakage flow remained at O.
Therefore, under conditions of an ultra-high-pressure of 140 MPa
and a rotating speed of 125 r/min, the sealing performance of the
rotating combined dynamic seal structure is good.

5.2.3. Performance at a speed of 140 r/min under ultra-high-
pressure

To further test the performance of the ultra-high-pressure
sealing structure at a higher speed, the speed was directly
increased to 140 r/min and the pressure was reduced to 120 MPa.
While initially setting the manual pressure to 120 MPa, the water
intake was not recorded. Parameter details during this experiment
are shown in Table 5.

For intuitive understanding, the table data and the sensor data
recorded in the experiment were also drawn into curves, as shown
in Fig. 14.

As shown in Fig. 14, the experiment was carried out at a high
speed of 140 r/min for a stabilizing time of 3.5 min. Under ultra-

Set sealing pressure, MPa Actual sealing pressure, MPa

Actual speed, r/min Holding time, min

0 0

30 30.05
60 60.05
70 69.95
80 79.90
90 89.93
100 99.85

110 109.91

120
120
120
118
114
116
114
112

U wwwwwuo




W. Huang, G. Feng, H.-L. He et al.

120

. Cumulative inflow
100 -
E_ 80 A
2
o
G=
£
o
=
s
=
€
=
(@]
Time, min
(a) Accumulated water inflow vs time
160
I Rotation rate
150 -
140
£
% 130
o)
L
C 120 “
|~
Re]
S 110 4
o
o
100
90 A
80 T T T T T

20 40 60 80 100 120

Sealing pressure, MPa

(c) Speed vs sealing pressure

Sealing pressure, MPa

Leakage flow, ml

Petroleum Science 19 (2022) 1305—1321

140

. Sealing pressure
120 4

Time, min

(b) Sealing pressure vs time

60

@ Leakage flow
Leakage pressure

40

20

Leakage pressure, MPa

80 100 120 140 160 180
Time, min

(d) Leakage flow and pressure vs. time

Fig. 11. Curve of the experimental parameters and results (maximum sealing pressure of 110 MPa).

Table 3
Performance test parameters at 64 r/min speed.

Set sealing pressure, MPa Actual sealing pressure, MPa

Actual speed, r/min Holding time, min

120 120.10
130 129.95
140 139.94

100 5
74 5
64 14

high pressure, the increase in the pressure and speed result in
significant heat generation, which causes the system pressure to
fluctuate and shortens the time of pressure stabilization. Therefore,
if the speed is increased again, the voltage stabilizing time will
reduce. The stabilizing time can be increased by further reducing
the pressure to below 120 MPa. In contrast, the stabilizing time is
14 min at a speed of 64 r/min at 140 MPa. This shows that the
stabilizing time can be significantly improved by increasing the
pressure and decreasing the rotational speed. During the experi-
ment, the experimental data of leakage pressure and leakage flow
were continuously recorded, and their values consistently
remained at 0. Therefore, under an ultra-high-pressure of 120 MPa
and a rotating speed of 140 r/min, the rotating combined dynamic
seal structure has good sealing performance.
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5.3. The maximum sealing pressure of 150 MPa

It is very difficult to create a dynamic seal that functions well
under ultra-high pressure. However, in this study, we found that
the maximum sealing pressure of the ultra-high-pressure rotary
combined dynamic seal can be increased. Therefore, we decided to
test the dynamic seal under a maximum sealing pressure of
150 MPa. The experimental parameters are shown in Table 6.

It can be seen from Table 6 that the actual sealing pressure is
almost the same as the set ultra-high-pressure of 150 MPa. This
provides further verification that the precision of the pressure
control system in our experimental setup is very high. As done
previously, experimental data in the table and the experimental
data recorded from the first and second stage seal structures were
drawn into curves, as shown in Fig. 15.
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Fig. 12. Experimental parameters and result curve (maximum sealing pressure 140 MPa).

Table 4
Performance test parameters at 125 r/min.

Set sealing pressure, MPa Actual sealing pressure, MPa

Actual speed, r/min Holding time, min

100 100.00
120 120.01
140 139.95

136 2
133 1
125 7

As can be seen from Fig. 15, the stability time reached 16 min
under 150 MPa. This is an increase in the stabilization time ach-
ieved by reducing the speed under ultra-high pressure. At the same
time, the leakage pressure and leakage flow recorded during the
first and second stages were 0; this indicates that the sealing per-
formance of the rotating combined dynamic seal structure is good
under an ultra-high pressure of 150 MPa and a rotating speed of 76
r/min. From the above research results and trend analysis, if further
design experiments reduce the speed, it can continue to increase
the seal pressure. Therefore, in this study, it was found that the
newly designed and developed rotating combined dynamic seal has
good sealing performance under ultra-high pressure, and solves the
problem of dynamic seal.
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6. Wear analysis

One of the key requirements of deep equipment is that the ultra-
high-pressure rotary combined dynamic seal structure should
exhibit excellent wear resistance. The wear condition of the key
contact parts between the sealing ring and the rotating shaft is
related to the wear resistance, sealing life, and operational reli-
ability of the sealing structure. In recent years, many studies have
reported on the tribological properties of different tribopairs under
normal pressure conditions (Wood, 2017; Chen and Cai, 2019; Zhao
et al., 2019). However, under the action of ultra-high-pressure
sealing pressure, the torque of the rotating shaft increases to
form friction resistance. At the same time, the side of the sealing
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Fig. 13. Experimental parameters and result curve (maximum sealing pressure of 140 MPa and a rotating speed 125 r/min).

Table 5
Performance test parameters under 140 r/min speed.

Set sealing pressure, MPa Actual sealing pressure, MPa

Actual speed, r/min Holding time, min

120 119.95

140 35

ring is subjected to ultra-high water pressure, which causes wear
and tear. Therefore, in the section below, the wear of the main
sealing surface and the hydraulic surface of the “Z” type sealing ring
is analyzed.

6.1. Three-dimensional scanning morphology analysis of the main
sealing and hydraulic surfaces

6.1.1. Three-dimensional scanning morphology analysis of the main
sealing surface

The main sealing surface is the part where the sealing ring is in
direct contact with the rotating shaft. The surface topography of the
main sealing surface before and after the experiment was observed
using a 3D contour scanner. Before the experiment, the main
sealing surface was scanned in three dimensions and its surface
topography was recorded. After performing the ultra-high-pressure
rotating combined dynamic seal experiment, the main sealing
surface was scanned again in the same area. Because the sealing
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ring presents a certain circular shape, it should be scanned as
straight as possible. The experimental results and sealing ring
samples obtained by the 3D scanning test are shown in Fig. 16.

Fig. 16 shows that the sealing ring shows certain wear before
and after the experiment, some of which are on the contact surface
between the sealing ring and the rotating shaft, indicating that the
morphology has changed. The surface parameters were extracted
from the surface topography obtained by 3D scanning to quanti-
tatively measure the wear condition. We selected a typical area and
calculated its surface topography parameters. The following
calculation formula is quoted from the references (ISO, 2012).

The surface character parameter S, represents an arithmetic
mean of the absolute of the ordinate values within a defined area.
Formula (10) is as follows:

Sa— [[[z(x.y)ldxdy (10)
A A
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Fig. 14. Experimental parameters and result curves (maximum sealing pressure of 120 MPa and a rotating speed 140 r/min).

Table 6
Experimental parameters of the maximum pressure of 150 MPa.

Set sealing pressure, MPa Actual sealing pressure, MPa

Actual speed, r/min Holding time, min

150 149.99

76 16

S, represents the sum of the maximum peak height value and
the maximum pit height value within a defined area. S;; represents
the texture aspect ratio. It is calculated by Formula (11).

Vi +

min

Sy =0F0 "~ where R = {(tw.ty) : face (. y) <5}
max /t3 +t;
t,tyeQ

Q = {(tx, ty) : face (tx ty) > sand**}
(11)

Spc represents the arithmetic mean of the principal curvatures of
peaks within a defined area. It is calculated by Formula (12).

(azz(x, y> N azz<x, y))

ox2 oy?2
The calculated results were averaged and are shown in Table 7.
As can be seen from Table 7, the surface roughness Sa changed

_11g
2nk:

Spe (12)
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from 6.925 pm before the experiment to 1.945 um after the
experiment. Therefore, the rotating dynamic seal experiment
significantly reduced the roughness of the sealing ring. After the
experiment, the sealing ring became smooth because the cylin-
drical surface outside the rotating shaft is smoother than the main
sealing surface, and, therefore, the sealing ring became polished
under ultra-high-pressure and high-speed rotation.

Another wear phenomenon observed of the sealing ring before
and after the experiment was the change in the depth of the oil
groove. After the dynamic seal test, the depth of the oil groove
became shallower. However, the oil groove was filled with lubri-
cating oil to lubricate the sealing ring when in contact with the
rotating shaft. The wear of the contact surface leads to the decrease
of the volume of the oil groove. If the oil groove becomes smaller for
a long time, it will lead to a lack of lubrication between the sealing
ring and the rotating shaft, which will affect the rotation of the
rotating shaft.

It can be seen that under ultra-high pressure, the sealing ring is
not only worn smooth by the outer cylinder of the rotating shaft but



W. Huang, G. Feng, H.-L. He et al.

25

® Cumulative inflow
20 A
E
s
o 15 A
=
£
[}
=
kS
S 10
€
=3
© [ 4
5
0 5 10 15 20 25 30 35 40 45
Time, min
(a) Accumulated water inflow vs time
90
. Rotation rate
85 -
£ a0
€
=
[
USRI
S 75 .
= :
kel
8
[e} 4
g
65 -
60

T T T
130 140 150 160 170

Sealing pressure, MPa

(c) Speed vs sealing pressure

Sealing pressure, MPa

Leakage flow, ml

Petroleum Science 19 (2022) 1305—1321

160
o

Sealing pressure

w—l&-

155 A

150 A

145 A

140 A

Seeee.,

135 A

130 T T T T
20 25 30 35 40 45

Time, min

(b) Sealing pressure vs time

60

([ ] Leakage flow
Leakage pressure

4 ©
40 .
=
13
&
=
2]
1%}
o
20 | ro s
o
j2]
©
S
[
[0}
b

0 G

0 10 20 30 40 50
Time, min

(d) Leakage flow and pressure vs time

Fig. 15. Experimental parameters and result curves (maximum sealing pressure of 150 MPa; rotating speed of 76 r/min).

that the depth of the oil groove also decreases, resulting in the
reduction of the volume of the oil groove. It is suggested that the
reduction of the depth of the oil groove be used to quantitatively
predict the service life of the sealing ring.

6.1.2. Three-dimensional scanning topography analysis of the water
pressure surface

The water pressure surface is the part where the “Z” type ring of
the combined sealing ring is in contact with high-pressure water. A
three-dimensional scanner was used to obtain the meso-surface
shape photos of the hydraulic surface, as shown in Fig. 17.

Based on the experimental photos, a typical area was selected to
calculate the meso parameters, and the Formula is shown in
(10) ~ (12). The calculated results are shown in Table 8.

As can be seen from Table 8, the roughness S, of the water
pressure surface before the experiment is 2.645 um, and after the
experiment, it is 2.632 pm, that is, the roughness of the water
pressure surface of the sealing ring almost does not change before
and after the experiment, indicating that there is no obvious sliding
friction on the water pressure surface. This is because the high-
pressure water is mainly exposed to the compressed effect, on
the water pressure surface extrusion pressure, rather than friction.
Therefore, the water pressure surface is not damaged by friction
due to the change of the surface roughness shape.
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However, physical observations of the sealing ring show no
obvious wear in the transition position between the water pressure
surface and the main sealing surface. This is because this position is
affected by fluctuations in the process of contact and friction be-
tween the main sealing surface and the rotation axis under ultra-
high water pressure. Therefore, in the maintenance of this device,
attention needs to be paid to the wear condition of this position.
Observing the wear at this position can serve as another way to
predict the life of the sealing ring.

6.2. Microstructure analysis of the main sealing surface and the
water pressure surface

Scanning electron microscopy (SEM) can be used to observe the
microscopic structure of materials (Feng et al., 2019; Wu et al,,
2020; Huang et al., 2021; Zhu et al., 2021; Wang et al., 2021).
Therefore, SEM was used in this study to scan the microstructure of
the main sealing surface and the water pressure surface of the “Z”
ring, and the scanning images before and after the test were
compared and analyzed to study the micro-wear condition and
mechanism of the sealing ring structure during the experiment.
Due to the large number of photos obtained by SEM observation
and the limited length of this paper, only a few representative SEM
pictures are presented for the micro-view analysis of the main
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(a) Photo before the experiment

(d) Photo after the experiment
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Fig. 16. 3D morphology of the main sealing surface before and after dynamic sealing test.

Table 7 sealing surface and the water pressure surface.
Main surface shape evaluation parameters.
Parameters - Su S, um S Spe. 1/mm 6.2.1. Microstructure analysis of the main sealing surface
ﬁ?fg:i;?i ;ggﬁi;‘gg?t ?:gig ‘g:ggg 83?;’ ?g:?g? Comparing the SEM images shows that the main sealing surface
before the experiment was rough with obvious bulges, as shown in
123.77 ym
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20
0
-20.65

(a) Photo before the experiment

(d) Photo after the experiment

(b) Local scanning before the experiment

17.15 ym
0

-100
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(e) Local scanning after the experiment

(f) Calculation area after the experiment

Fig. 17. 3D morphology of the hydraulic surface before and after the dynamic seal test.
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Table 8

Main surface shape evaluation parameters.
Parameters Sa i m Sz, um Str Spe, 1/mm
Before the experiment 2.645 18.567 0.190 16.941
After the experiment 2.632 21.067 0.186 16.421

Fig. 18(a). After the experiment, the sealing surface is smooth on the
whole, and the contour of the main sealing surface is flattened, as
shown in Fig. 18(b)~(d). The microscopic contour of the sealed oil
groove surface has clear stripes before the experiment, while there
are no obvious stripes on the oil groove surface after the experi-
ment. All these are due to the surface polishing phenomenon
caused by the contact between the main sealing surface and the
high-speed rotating axis during the experiment, which makes the
surface smooth. Observations of the main sealing surface after all
the experiments show that micro-pore cracks developed in a few
areas along with some detrital spalling, as shown in Fig. 18(e).
However, the overall structure on the upper surface was still
smooth and compact, without obvious structural defects. Further
observation also revealed a transverse strip microstructure on the
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main sealing surface after the test, and the horizontal strip
extended along the circumference, as shown in Fig. 18(f). The
reason for this is that in the test process, the main sealing surface
attained a high temperature due to friction, which led to the soft-
ening of the surface material. The high-speed rotation of the rota-
tion axis drives the softened material to flow along the
circumferential direction to form a horizontal strip structure.

6.2.2. Microstructure analysis of the water pressure surface

Fig. 19 shows the SEM images of the water pressure surface of
the “Z” -shaped ring. Comparing the scanning results before and
after the test shows that the microscopic geometric contour shows
no obvious flattening. However, some signs of wear appeared in
some areas of the water pressure surface after the test, as shown in
Fig. 19(d). The reason for this is that in the test process, the water
pressure surface of the “Z” ring was subjected to ultra-high water
pressure, and the water pressure generated small fluctuations due
to the rotation of the rotation axis, which resulted in the erosion of
the water pressure surface of the “Z” ring. However, the erosion is
only local and very shallow. Overall, the structure of the hydrostatic
surface after the experiment was observed to be compact with no
trace of structural damage.

Fig. 18. The microstructure of the main sealing surface before and after the experiment ((a) is the main sealing surface before the experiment; (b)~(f) are the main sealing surfaces

after the experiment.
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Fig. 19. Microstructure ((a) and (b) are before experiment; (c) and (d) are after the experiment.).

Although a few micro-pore cracks developed after the experi-
ment, no obvious structural damage was observed. Therefore, on
the whole, the sealing ring is durable. However, in the structural
design of ultra-high-pressure rotary combined seals, it is still
necessary to pay attention to the wear of the oil grooves and other
defects. In use, it is also necessary to regularly detect these damages
to maximize the safety and reliability of the seal.

7. Conclusion

In this study, a rotary combined dynamic seal and an experi-
mental system to test its performance test were developed. Per-
formance tests of the ultra-high-pressure rotating combined
dynamic seal structures were carried out under different pressures
and rotating speeds. The main conclusions are as follows:

(1) The ultra-high-pressure rotating combined dynamic seal
structure can operate stably under a rotating speed of up to
140 r/min and a sealing pressure of up to 120 MPa; it can also
operate stably under a pressure of up to 150 MPa and a
rotating speed of up to 76 r/min.

(2) During the operation of the ultra-high-pressure rotating
combined dynamic seal, the sealing ring gradually becomes
smooth while the depth of the oil groove becomes shallow,
which affects the lubrication. Therefore, the reduction in the
oil groove depth can be used to predict the normal service
life of the sealing ring. The roughness of the water pressure
surface is not affected by the operation of the sealing
structure.

(3) After the dynamic sealing experiment, a few microcracks
were observed on the main sealing surface; this was caused
by the local temperature rise caused by the repeated friction
between the rotating shaft and the sealing ring at relatively
high speed combined with repeated mechanical force im-
pacts. However, these micro-pore cracks only appear in small
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areas locally. Overall, the microscopic structure of the sealing
ring is compact and complete, and there is no obvious
structural damage. The sealing ring in normal operation can
better maintain its sealing reliability. Even so, in the future,
the cumulative use of sufficiently lengthy experiments or
long time use of the dynamic seal will cause increasingly
more obvious wear on the sealing structure. Therefore, great
attention still needs to be paid to the wear of the main
sealing surface of the sealing ring.

In the sealing performance test experiment of the dynamic seal
structure designed in this study, no pressure and flow leakages
were detected in the entire process. Therefore, the sealing perfor-
mance of the device is intact.
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