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Abstract: With the increasing mining depth of deep mineral resources, the underground temperature
and pressure also increase, which requires more advanced mining equipment. Therefore, to adapt
to the special application scenario of the research and development of pressure-preserving coring
tools under the extreme environmental conditions of deep strata, in this study, an in-situ simulation
device under high-temperature and ultrahigh-pressure conditions is developed. The principles and
methods of applying temperature and pressure to the device are expounded. Furthermore, the two
main modules of the device are analyzed and studied experimentally. On the one hand, a segmented
simulated coring test cabin is constructed, and pressure testing of the test cabin is carried out. The
results show that the test cabin with inner diameters of 150 mm and 500 mm runs stably under the
working condition of a pressure up to 190 MPa (considering the influence of temperature of 150 ◦C),
and the cabin remains in the stage of elastic deformation. There is no leakage of pressure or fluid
in the whole test process. On the other hand, the performance of the driving module is tested. The
results show that the driving module can provide a stable rotation speed of up to 150 r/min when the
sealing pressure is 140 MPa. Therefore, the device can be applied to carry out simulated coring test
and is suitable for the research and development of pressure-preserving coring tools in deep extreme
environments, which may promote the development of deep mining engineering.

Keywords: coring simulation device; high-temperature; ultrahigh-pressure; pressure-preserving
coring tools

1. Introduction

With the continuous exploitation of global resources, the number of deep and ultradeep
holes is increasing, and the pressure and temperature of the occurrence environment at the
bottom of holes are also increasing [1–4]. Because the physical and chemical properties of
rocks in deep in-situ environments are quite different from those under normal temperature
and pressure [5], it is very important to obtain in-situ rock samples and study their related
properties to realize effective evaluation of deep resources [6–8]. At the same time, a high-
temperature and high-pressure environment will impact the engineering of deep drilling
projects. When the resource mining depth exceeds 1000 m, a series of mining accidents will
occur because existing rock theory cannot provide theoretical support for the development
of deep mining technology [9,10]. Therefore, it is urgent to evaluate rock theory in a deep
in-situ state to promote the development of deep mining technology.

During the exploration of deep rock, it is important to retrieve cores with their in-situ
pressure conditions to more accurately simulate the occurrence environment (temperature
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and pressure) of deep rock samples [11–14]. According to cores obtained in recent decades,
deep cores undergo cracking and destruction as they are brought to the surface, which
changes their original composition and characteristics. This phenomenon is caused by the
lack of means necessary to maintain the pressure environment of the core as it is raised from
the bottom of the hole to the surface and exposed on the ground; this changes the environ-
ment of the core, results in the release of internal stress, and alters the composition [15–21].
Therefore, it is of great significance to study the physical and mechanical properties of
bottom-hole rock with deep cores for which the in-situ pressure is preserved. To achieve
this goal, it is necessary to simulate the deep temperature and pressure environment first,
because this provides an experimental environment for the development of coring tools
compatible with high pressures and solves the problems of high-risk and high-cost for
on-site coring tests.

The simulation of a high-temperature and ultrahigh-pressure environment can be
used to verify the performance of a pressure-preserving coring tools in deep environments.
At present, research institutions have carried out considerable research on downhole
simulation test devices and have made some progress [22–26]. Ekei et al. used an indoor
micro-drill to conduct drilling tests on rock samples subjected to lithostatic pressure, pore
pressure, and drilling fluid column pressure at the same time, and studied the effects of
fluid properties and pressure on the drilling speed of rock samples [27]. Schlumberger
Cambridge Research Center in the UK has established a drilling simulation test facility
that can be used to study the mechanical properties of drill bits and rocks [28]. This facility
can provide a pressure environment with a maximum overburden pressure of 17.9 MPa, a
lithostatic pressure of 103.5 MPa, and a pore pressure and drilling fluid column pressure of
69 MPa, and achieve the highest simulation temperature of 200 ◦C. Terra Tek, Inc. [29,30] has
developed a full-scale simulation drilling test device to simulate downhole pressure, which
is as follows: overburden pressure of 207 MPa, lithostatic pressure of 138 MPa, pore pressure
of 27.6 MPa, and liquid column pressure of 103 MPa. A series of important conclusions in
the field of drilling have been obtained by using standard tricone bits to drill rock samples.
The simulation test device manufactured by the Comprehensive Research Institute of
Resources and Environment Technology of the Ministry of Industry and Technology of
Japan can complete the simulation of temperature and pressure environment of the stratum
with a depth of 6000 m at the bottom of the well [31], in which the compressive stress
of overlying strata can be simulated to be 135 MPa, pore pressure and liquid column
pressure to be 50 MPa, and lithostatic pressure to be 100 MPa. The test unit can simulate
the drilling of rock samples with a diameter of 215.9 mm or less. The full-size drilling
simulation test device developed by the Belm Branch of the Drilling Technology Research
Institute of the former Soviet Union in Russia used a rock sample with a diameter of
260 mm and a length of 1500 mm in the simulation drilling test [31,32]. The device can
simulate the temperature and pressure environment of rock occurrence at the bottom
of the well at 20,000 m, mainly used for the study of rock physical characteristics. The
Institute of Exploration Technology of the Ministry of Geology and Mineral Resources
developed the M150 simulation wellbore with a maximum simulated pressure of 2.45 MPa
and a simulated temperature of 150 ◦C [33]. The China National Petroleum Corporation
(CNPC) has established a drilling tool test system at the Daguang Oilfield [34], which is
mainly used to test the reliability of drilling tools. Its maximum simulated temperature
is 180 ◦C, and its maximum pressure is 60 MPa. Wei Linshan et al. [35] designed a set of
high-temperature and high-pressure simulation test systems for instrument development
and used them to test the safety and reliability of sensitive instrumental components in
high-temperature and high-pressure environments. Pang Dongxiao et al. [36] developed
a high-temperature and high-pressure experimental device for downhole tools, and it
performed loading and torsion tests on tools inside the wellbore. The high-temperature and
high-pressure downhole tool experimental device developed by Xu Dingjiang et al. [37]
was used to conduct performance evaluation experiments on various downhole tools, such
as packers and throttles. Zhang Weihong et al. [38] developed a simulation test device for
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downhole tools in vertical holes, and it simulates the working conditions under formation
temperature and pressure. The device can simulate test functions for downhole tools
with different specifications, including heating, loading, pressurization, and circulation
of oil casings. Though these studies were designed by research groups in different fields
for different purposes and requirements, all of them have important value. However,
most studies have only simulated the downhole pressure environment, and few have
simulated the temperature. Meanwhile, these devices are mainly used to study rock
properties and bit performance. Very few are dedicated to the development of coring
tools, and even fewer are dedicated to the research of pressure-preserving coring tools.
Therefore, the development of an in-situ high-temperature and ultrahigh-pressure device
for deep pressure-preserving coring tools is described in this paper. The goal is to build
a test system capable of simulating a maximum pressure of 140 MPa and a maximum
temperature of 150 ◦C to carry out experimental research on pressure-preserving coring
tools in deep extreme environments. The research and development of such a device is of
great significance to the mining engineering of deep resources.

2. Principle and Structure of the In-Situ Simulation Device for Deep Coring Tools
2.1. The Structure and Design Principle of the Device

A high-temperature and ultrahigh-pressure simulation test for deep coring tools
must have a strictly controlled working environment. The simulation test device is a
comprehensive test system that comprises two parts: a high-temperature and ultrahigh-
pressure simulation test cabin and a driving module for simulating coring tests, as shown
in Figure 1. High-temperature and ultrahigh-pressure simulation test cabins can be used to
simulate the in-situ occurrence environment of underground rock. The driving module for
simulating coring tests provides a power source for the coring tools and allows it to realize
rotation and downward vertical action and ultrahigh-pressure dynamic sealing. The key
design specifications of the in-situ simulation device were as follows:

(1) Maximum working pressure of the test cabin: 140 MPa;
(2) Maximum operating temperature of the test cabin: 150 ◦C;
(3) Maximum working pressure of the driving module: 140 MPa;
(4) Maximum rotation speed of the driving module: 150 r/min;
(5) Inner diameter of the rock cabin: 500 mm;
(6) Inner diameter of the drill pipe cabin: 150 mm.
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Figure 1. Schematic diagram of the in-situ simulation device.

In addition to meeting the requirements for the temperature, pressure, and size param-
eters described above, the simulation device should follow these design principles [22–24]:
(1) safety and reliability; (2) economy (the costs of design, materials, processing, and
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manufacturing should be reduced as much as possible, as long as the components meet
the use requirements); (3) easy maintenance; and (4) simple application (the design and
manufacture of the whole test chamber system should adopt existing structural forms and
processing technology as much as possible, with simple application as the goal).

2.2. Principle of Temperature and Pressure Application

(1) Analysis of the stress state of underground rock
In the deep earth environment, rocks are mainly subjected to multidirectional compres-

sive stress. In the actual drilling and coring process, the pressure on bottom-hole rock in a
high-temperature environment is due to four compressive stresses: overburden pressure,
lithostatic pressure, pore pressure, and drilling fluid column pressure. The stress state of
rock is illustrated in Figure 2 [31].
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Figure 2. Stress state of rock at the bottom of the hole.

The overburden pressure is caused by the vertical downward pressure exerted by
rocks in the upper strata. Lithostatic pressure is the lateral pressure exerted by rocks in the
surrounding strata. Due to the presence of pores in the rock, the fluid in the pores provides
pore pressure. Fluid column pressure is caused by the unavoidable use of drilling fluid
during drilling, which exerts pressure on the rock.

(2) Temperature and pressure application method
The principle for applying temperature and pressure is shown in Figure 3. To apply

overburden pressure on rock samples, a pressure oil cylinder is added in the lower part
of the rock cabin, the pressurized hydraulic oil enters the lower end face of the piston,
and the piston applies the overburden pressure on the upper face of the rock sample. The
overburden pressure can be adjusted by adjusting the oil pressure on the lower end of the
piston, and finally, an overburden pressure of 140 MPa is applied to the rock sample.
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Figure 3. Schematic diagram of temperature-pressure application.

A special rubber sleeve is used to wrap the rock sample, and the outer cylindrical
surface of the rock sample and the inner wall of the rock cabin form a closed pressurized
space. Then, the high-pressure pump forces high-temperature and high-pressure water
into the space. The rock sample rubber sleeve applies pressure perpendicular to the sample
surface, which provides lithostatic pressure on the rock sample. To apply pore pressure, the
high-temperature and high-pressure water added by the high-pressure pump is injected
into a hole through a pore in the middle of the upper cover of the piston, flows to the
porous bottom plate, and then penetrates upward from the bottom of the rock sample. The
drilling fluid column pressure is added by regulating the back pressure with a throttle
valve installed in a high-pressure line in the return hole of the first drill pipe cabin.

The outer layer of the rock sample chamber is wrapped with a layer of heating
material to apply heat to the rock sample. Although the pressurized oil in the bottom oil
cylinder is at normal temperature, the lithostatic pressure, pore pressure, and drilling fluid
column pressure are established with a high-temperature and high-pressure water with a
temperature of 150 ◦C, which also applies heat to the whole test cabin. Additionally, the
use of clear water as a heating and pressurizing medium reflects the actual drilling process.

3. Analysis and Design of Key Components
3.1. High-Temperature and Ultrahigh-Pressure Simulation Test Cabin

With the requirements of high-pressure resistance and a large pressure vessel, the
material and structure of the pressure vessel must be strictly controlled. In practical
engineering, vessels with design pressures between 10 and 100 MPa are generally called
high-pressure vessels, and those with design pressures exceeding 100 MPa are called
ultrahigh-pressure vessels. The maximum working pressure of the coring simulation test
chamber proposed in this paper is 140 MPa, so it belongs to the category of ultrahigh-
pressure vessels.

3.1.1. Overall Structure of the Simulation Test Cabin

The high-temperature and ultrahigh-pressure simulation test chamber is used to create
the downhole environment and accommodate large rock samples, and it must also meet
operating space requirements for the coring tester. The overall structure is shown in
Figure 4. The chamber consists of two main parts. The first part is the rock sample chamber,
which contains a ∅480× 1500 mm rock sample to be drilled. Based on the application space
needed for control of the four pressures and the temperature acting on the rock sample, the
inner diameter of the rock sample chamber is set at 500 mm, and the length is 2400 mm.
The second part is the drill pipe cabin located in the upper part of the core cabin. Based
on the operational size requirements of the core, the drill pipe cabin is divided into two
sections. The length of the first drill pipe cabin is 2 m, the length of the second drill pipe
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cabin is 3 m, and both are 150 mm in diameter. During simulation tests, the coring device
is put into the drill pipe cabin to simulate the coring of rock samples in the rock cabin. In
addition, an intermediate transition cabin and the bottom oil cylinder are included.
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3.1.2. The Structural Form of the Cabin

The maximum working pressure of the simulation test chamber designed in this
paper is 140 MPa, and the maximum working temperature is 150 ◦C. Therefore, there are
many design differences between this simulation test cabin and a cylinder under normal
temperature and pressure, including the structural form, material, and wall thickness.
At present, many research institutions have adopted various cylindrical structures for
simulation test devices. The most commonly used structures are single-layer integral forged
thick-walled cylinders, integral forged self-reinforcing thick-walled cylinders, double-layer
and multilayer thick-walled cylinders, wire-wound cylinders, split block cylinders, and
interlayer charging cylinders [30]. The bearing capacities for cylinders with different
structural forms are not the same; the bearing capacity of a double-layer or multilayer
cylinder is higher than that of a single-layer cylinder, and self-reinforced or prestressed
structures carry higher loads than structures that are not self-reinforced or prestressed.
Each cylinder structure has corresponding advantages and limiting factors. Therefore, in
designing the structural form of the cylinder, all factors should be fully considered to choose
a correct and reasonable structural form that meets usage requirements and is economical.

Figure 5 [39] shows the relationships between the ratio of the outer diameter to the
inner diameter of cylinders with various structural forms and the pressures they bear. Based
on Figure 5, the simulation test chamber in this paper was designed with a single-layer
cylindrical structure to meet the usage requirements. The ranges and characteristics of
various cylinder forms are listed in Table 1 [39]. Based on a comparison of various types of
cylinder structures and economic considerations for manufacturing, a single-layer integral
forged thick-walled cylinder was chosen for the test cabin.
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Table 1. Structural characteristics and application range for each cylinder form.

Structural Style Characteristic Scope of Application

Single-layer cylinder

Integral forging
Due to the limitation of forging conditions and high

cost, it is suitable for steel with poor welding
performance

The diameter of the cylinder is between
300 mm and 800 mm, and the length does not

exceed 12 m

Roll-welded cylinder Simple process, short cycle, high efficiency; however, it
cannot be used when the cylinder diameter is too small

The diameter of the cylinder is greater than
400 mm, and the maximum thickness is

110 mm
Segmentally welded

cylinder Does not need large coil equipment; low productivity The larger the diameter is, the longer the
manufacturing time

Seamless tubular cylinder The source of raw materials is convenient, the
manufacturing efficiency is high, and the cycle is short

The diameter of the cylinder should not
exceed 500 mm

3.1.3. Analysis and Calculation of Wall Thickness

(1) Material selection
The materials used in the design and manufacture of the simulation test cabin must be

provided by the manufacturer with the required material parameters. Key parameters for
materials used in ultrahigh-pressure vessels have been stipulated in the literature [40] and
are shown in Table 2.

Table 2. Material property specifications for ultrahigh-pressure vessels.

Percent Elongation after Fracture Charpy Impact Work Fracture Toughness Area Reduction

≥16% ≥41 J ≥120 MPa ≥40%

According to the requirements for materials used in the simulation test cabin and the
need for economy, the material chosen for the test chamber designed in this paper was
35CrNi3MoVR. The mechanical properties of the material at room temperature are shown
in Table 3, and the mechanical properties at 150 ◦C are shown in Table 4 [40].

Table 3. Mechanical properties of 35CrNi3MoVR at room temperature.

Yield Strength, MPa Strength of
Extension, MPa

Percent Elongation
after Fracture Area Reduction Shock Absorption

Energy Lateral Expansion, mm

≥960 1070–1230 ≥16 ≥45 ≥47 ≥0.53
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Table 4. Mechanical properties of 35CrNi3MoVR at 150 ◦C.

Mark Intensity Index Date

35CrNi3MoVR
Yield strength ≥857 MPa

Strength of extension ≥1060 MPa

According to the performance parameters given for 35CrNi3MoVR in Tables 3 and 4,
the wall thickness of the rock cabin and drill pipe cabin were designed to provide a room
temperature yield strength of Rp0.2 = 960 MPa and a tensile strength of
Rm = 1070 MPa. At a design temperature of 150 ◦C, the yield strength and tensile strength
were
Rt

p0.2 = 857 MPa and Rt
m = 1060 MPa, respectively. In this paper, the tensile test data

for materials were used to calculate the thickness of the cylinder. The strength reduction
coefficient of materials at 150°C was calculated as shown in Equation (1), which is 0.9.

φ= 1− T − 50
1000

(1)

where φ is the strength reduction coefficient of materials, and T is the temperature.
(2) Calculation of wall thickness
The failure criteria for pressure vessels mainly include elastic failure, plastic failure,

and blasting failure criteria. The elastic failure criterion has been widely used and is
poorly understood. Container elastic failure indicates that when the cylinder is subjected to
internal pressure or other complex working loads, the stress on the cylinder wall is higher
than the yield strength, and the container cannot continue to work normally. Plastic failure
refers to the condition that, even though the local stress of the cylinder has exceeded the
yield strength of the material and the material has undergone plastic deformation, as long
as the cylinder material has not entered the full yield state, the container is not considered
to have failed. Only when the whole container wall has completely undergone plastic
deformation will the container fail [41,42].

The material properties of a single-layer integral forged thick-walled cylinder include
high strength and good plasticity. When all materials in the cylinder yield, the increase in
plastic deformation of the material leads to strain hardening and wall thinning. When the
effect of strain hardening is stronger than the effect of wall thinning, the bearing capacity
of the cylinder is enhanced. When the two effects are equivalent, the bearing capacity
of the cylinder reaches the limit. If the load is increased further, the influence of wall
thinning is more significant, which results in a decreased bearing capacity of the cylinder.
When a certain pressure is reached, the container bursts, and blasting failure occurs. The
materials used in ultrahigh-pressure vessels are generally high-strength materials rather
than ideal plastic materials; with increases in the internal pressure of the container, the
material gradually yields and then enters the plastic deformation phase. Due to material
strain hardening, the container carrying capacity increases until blasting, and the bearing
pressure at this time is called the burst pressure. The blasting failure process for container
materials is illustrated in Figure 6 [39].
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Although there are many methods for calculating the blasting failure criterion for a
thick-walled pressure vessel, the Faupel formula is most widely used in practical engineer-
ing, and its derivation proceeds is as follows [43–46]:

The yield pressure of the vessel in the full yield state is:

ps =
2√
3

Rp0.2 ln(K) (2)

where ps is the full yield pressure, MPa; Rp0.2 is the yield strength of the material at room
temperature, MPa; and K is the ratio of the outside diameter to the inside diameter of the
container.

Therefore, the bursting pressure can be written as:

pb =
2√
3

Rm ln(K) (3)

where pb is the blasting pressure, MPa and Rm is the tensile strength of the material at room
temperature, MPa.

The formula for the calculation of burst pressure can be modified as follows:

pb =
Rp0.2

Rm
(

2√
3

Rm ln(K)) + (1−
Rp0.2

Rm
)(

2√
3

Rp0.2 ln(K)) (4)

The final burst pressure is:

pb = (2−
Rp0.2

Rm
)

2√
3

Rp0.2 ln(K) (5)

The wall thickness of the simulation test cabin designed in this paper was calculated
with the Faupel formula (Equation (5)). Because the simulation test chamber operates in a
high-temperature and ultrahigh-pressure environment, all cylinders are subjected to high
temperature and high pressure at the same time. Therefore, when calculating the thickness
of the test chamber wall, the thermal load should be converted into a certain pressure and
included in the design pressure, which can be converted as shown in Equation (6).

PD = φ(
pb
nb

) (6)

In this formula, PD is the design pressure; because the design pressure of the cabin
body should not be lower than its maximum working pressure, 1.08 times the working
pressure should be used as the design pressure. φ is the strength reduction coefficient of
the material at the design temperature, which is calculated to be 0.9 according to Equation
(1). nb is the blasting safety factor of the cabin, which should be greater than or equal
to 2.2 when calculated from tensile test data. Considering the economy of equipment
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manufacturing and the safety of use, the blasting safety factor of the rock cabin designed
in this paper is 2.5. As the total length of drill pipe cabin is 5 m, to avoid the instability of
equipment caused by large axial deformation during operation, its blasting safety factor is
further increased to 3. Therefore, the wall thickness calculation formula can be derived as
follows [39].

ln(K) =
Pb

2√
3

RP0.2(2− RP0.2
Rm

)
= ln(

Ri + δ

Ri
) (7)

where Ri is the inner radius, mm and δ is the wall thickness, mm.
Therefore,

δ =
Di
2

[
exp(

√
3nbP(D)

2φRP0.2(2− RP0.2
Rm

)
)− 1

]
(8)

where Di is the inner diameter, mm.
The wall thickness required for a rock cabin with an inner diameter of 500 mm was

calculated with Equation (8) as follows:

δ =
Di
2

[
exp(

√
3nbP(D)

2φRP0.2(2− RP0.2
Rm

)
)− 1

]
=

500
2

[
exp(

√
3× 2.5× 140× 1.08

2× 0.9× 960× (2− 960
1070 )

)− 1

]
= 102.49mm

The wall thickness required for a drill pipe cabin with an inner diameter of 150 mm was
calculated as follows:

δ =
Di
2

[
exp(

√
3nbP(D)

2φRP0.2(2− RP0.2
Rm

)
)− 1

]
=

150
2

[
exp(

√
3× 3× 140× 1.08

2× 0.9× 960× (2− 960
1070 )

)− 1

]
= 38.27mm

Therefore, when 1.08 times the maximum working pressure was taken as the design
pressure and blasting failure was adopted as the design criterion, the wall thickness of
the rock cabin was 102.49 mm and that of the drill pipe cabin was 38.27 mm. In actual
working conditions, the influence of added thickness and manufacturing deviations should
be considered, so the thickness of rock cabin should be increased to 107.5 mm and that of
drill cabin was rounded up to 40 mm.

Therefore, the inner diameter of the rock cabin is 500 mm and that the outer diameter
is 715 mm. The inside diameter of the drill pipe cabin is 150 mm, and the outside diameter
is 230 mm. In the calculations of wall thickness for each section of the cabin, the thermal
load and pressure on the test cabin were considered simultaneously. Theoretically, the
calculated wall thickness can bear an ultrahigh pressure of 140 MPa and a temperature of
150 ◦C at the same time.

3.2. Driving Module for Simulating Coring Tests

The driving module consists of two parts: a dynamic system and a lifting motion mech-
anism. The dynamic system provides weight on bit, torque and speed for simulated coring
tests and provides a dynamic sealing function for the upper part of the device. The lifting
motion mechanism is used to connect the power system to the pressure-preserving coring tool,
to transfer weight on bit and torque, and to assist in the function of the coring tool.

3.2.1. Structure and Working Principle of the Lifting Motion Mechanism

In an actual field coring process, rotational and vertical downward coring movements
must be completed. To maintain the core pressure after the core enters the core barrel,
it must be pulled into the core device, which provides similar environmental conditions.
Because the rotary drive pump station can provide only rotary coring motion, it cannot
provide the downward feeding motion. Therefore, the lifting mechanism in the cabin
was designed independently to realize the vertical downward coring motion and core
lifting motion after drilling. The lifting mechanism in the cabin was mainly composed of a
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rotating shaft, rotating piston, core lifting mechanism, rotating piston joint, and corer joint,
as shown in Figure 7.
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The working principle of the lifting motion mechanism is as follows: The rotation
shaft is driven by the rotating pump station, and a spline connection is placed between
the rotating piston and the rotating drive shaft, so the rotating shaft causes the piston
to rotate. Additionally, the rotary piston is driven by the drilling pressure and moves
downward in a straight line. Furthermore, power is transferred to the upper part of the
corer by rotating the piston joint and the upper part of the corer, thus initiating the coring
motion. After the coring motion is completed, the drilling pressure is reduced, and the
piston is moved upward by the pressure difference; the corer joint and coring device form
a threaded connection, and the rotating piston joint and coring device jointly adopt the
form of a spline connection to release the spline. This part of the rotating piston connection
moves upward, driving up the core-lifting mechanism to complete the coring motion.

3.2.2. Composition of the Dynamic System

This system includes the driving pump station and an ultrahigh-pressure rotary dy-
namic sealing system [6], and the main function is to provide a power source for simulated
coring tests and activation of the pressure seal inside the cabin. The ultrahigh-pressure
rotary sealing structure consists of three groups of sealing rings, as shown in Figure 8.
Each set of sealing rings comprise an “O”-type rubber ring, a “Z”-type sealing ring with
grooves on the inner surface, and a supporting sleeve. Among them, the “Z” ring is made
of polytetrafluoroethylene (PTFE). PTFE has the advantages of a low friction coefficient
and high wear resistance, and it can adapt to ultrahigh-pressure rotary dynamic sealing
conditions. On this basis, a pair of combined grooves is provided on the main sealing
surface and matched with the rotating axis of the “Z” ring. Combined grooves can cover
impurities and prevent the sealing surface from being damaged. Additionally, lubricating
oil can be stored inside the combined grooves and produce a lubricating oil film on the
main sealing surface during operation and effectively prevent wear and destruction of the
main sealing surface.



Appl. Sci. 2023, 13, 3889 12 of 20

Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 21 
 

Each set of sealing rings comprise an “O”-type rubber ring, a “Z”-type sealing ring with 
grooves on the inner surface, and a supporting sleeve. Among them, the “Z” ring is made 
of polytetrafluoroethylene (PTFE). PTFE has the advantages of a low friction coefficient 
and high wear resistance, and it can adapt to ultrahigh-pressure rotary dynamic sealing 
conditions. On this basis, a pair of combined grooves is provided on the main sealing sur-
face and matched with the rotating axis of the “Z” ring. Combined grooves can cover im-
purities and prevent the sealing surface from being damaged. Additionally, lubricating 
oil can be stored inside the combined grooves and produce a lubricating oil film on the 
main sealing surface during operation and effectively prevent wear and destruction of the 
main sealing surface. 

 
Figure 8. Ultrahigh-pressure rotary dynamic sealing structure. 

4. Experimental Study and Results Analysis of the Device 
The in-situ simulation device for testing deep coring tools is composed of two main 

modules. The high-temperature and ultrahigh-pressure simulation test cabin needs to op-
erate under the ultrahigh-pressure of 140 MPa and the high-temperature of 150 °C, so the 
influence of temperature and pressure on the deformation of the cabin was taken into 
account during the experiment. However, the driving module is located at the upper end 
of the drill pipe cabin and far away from the rock cabin. Meanwhile, in Section 3.2.1 of this 
paper, the rotating piston set in the lifting motion mechanism can play a role in isolating 
the high-temperature fluid in the rock cabin. Therefore, the driving module mainly works 
under the ultrahigh-pressure of 140 MPa, and the influence of temperature on it can be 
ignored. In this section, experimental studies are carried out on the two modules of the 
device respectively. The results show that the design of the device is reasonable, and the 
stability of the working performance of the device in deep extreme environment is veri-
fied. 

4.1. Pressure Testing and Results Analysis of the Test Cabin 
In this study, a hydraulic pressure test was carried out with the rock cabin and drill 

pipe cabin, and the pressure pump of a Sichuan jet was used for pressure testing, as shown 
in Figure 9. Considering the influence of temperature and pressure on the cabin body, the 
minimum test pressure, tP , was calculated with Equation (9) [40] below, and the mini-
mum test pressure at room temperature was 189.70 MPa. Therefore, a test pressure of 190 
MPa meets the use requirements. 

0.2

0.2

9601.12 1.12 140 1.08 189.70
857

P
t D t

P

RP P MPa
R

= = × × × =  (9)

Figure 8. Ultrahigh-pressure rotary dynamic sealing structure.

4. Experimental Study and Results Analysis of the Device

The in-situ simulation device for testing deep coring tools is composed of two main
modules. The high-temperature and ultrahigh-pressure simulation test cabin needs to
operate under the ultrahigh-pressure of 140 MPa and the high-temperature of 150 ◦C, so
the influence of temperature and pressure on the deformation of the cabin was taken into
account during the experiment. However, the driving module is located at the upper end
of the drill pipe cabin and far away from the rock cabin. Meanwhile, in Section 3.2.1 of this
paper, the rotating piston set in the lifting motion mechanism can play a role in isolating
the high-temperature fluid in the rock cabin. Therefore, the driving module mainly works
under the ultrahigh-pressure of 140 MPa, and the influence of temperature on it can be
ignored. In this section, experimental studies are carried out on the two modules of the
device respectively. The results show that the design of the device is reasonable, and the
stability of the working performance of the device in deep extreme environment is verified.

4.1. Pressure Testing and Results Analysis of the Test Cabin

In this study, a hydraulic pressure test was carried out with the rock cabin and drill
pipe cabin, and the pressure pump of a Sichuan jet was used for pressure testing, as
shown in Figure 9. Considering the influence of temperature and pressure on the cabin
body, the minimum test pressure, Pt, was calculated with Equation (9) [40] below, and
the minimum test pressure at room temperature was 189.70 MPa. Therefore, a test pressure
of 190 MPa meets the use requirements.

Pt = 1.12PD
RP0.2

Rt
P0.2

= 1.12× 140× 1.08× 960
857

= 189.70MPa (9)Appl. Sci. 2023, 13, x FOR PEER REVIEW 13 of 21 
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4.1.1. Pressure Testing of the Rock Cabin

The inner diameter of the rock cabin was 500 mm, and the length was 2400 mm.
During the experiment, hydraulic oil is injected into the interior of the cabin body through
pressure testing pump to achieve pressure application, and the axial deformation of the
rock cabin was detected. Due to the symmetrical structure of the rock cabin, deformation
data for only one end face should be recorded when axial deformation is detected, and it
should then be multiplied by 2 to obtain the total axial deformation. Therefore, in pressure
tests of the rock cabin, an axial displacement detection meter was placed on the end face to
measure axial deformation, as shown in Figure 10. The original reading of the displacement
detector during the test and the data after modification are provided in Table 5.
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Table 5. Axial deformation of the rock cabin.

Test Pressure,
MPa

Axial Displacement
Test Data, mm

Unilateral Axial
Deformation, mm

Total Axial
Deformation, mm

0 1.000 0 0
50 1.865 0.865 1.730

100 2.769 1.769 3.538
150 3.742 2.742 5.484
190 4.490 3.490 6.980

As shown in Table 5, the second column is the original reading of the axial displace-
ment detector during the test. Because the initial reading of the axial displacement detector
is 1 mm when the pressure is 0 MPa, the data recorded by the displacement detector should
be subtracted from the initial readings to obtain the real axial displacement of one side,
as shown in the second column of Table 5. Meanwhile, the axial displacement of one side
should be multiplied by 2 to obtain the total axial deformation of the cabin, as shown in
the third column of Table 5. The relation curves between the axial displacement and test
pressure are shown in Figure 11.

According to Figure 11, with the gradual increase of the test pressure, the axial de-
formation of the rock cabin also increases gradually and presents a linear growth trend
with the change of the pressure. When the highest pressure is 190 MPa, the total axial
deformation reaches the maximum value of 6.980 mm, and the relative deformation is
0.291%. Therefore, in the process of the internal pressure of the rock cabin rising from
0 MPa to 190 MPa, the axial deformation of the cabin body is always in the stage of elastic
deformation, and the deformation is small. At the same time, no leakage of pressure or
flow was detected on the outer surface of the cabin during the test. Therefore, the design of
the cabin is reasonable.
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4.1.2. Pressure Testing of the Drill Pipe Cabin

The drill pipe cabin had an inner diameter of 150 mm, an outer diameter of 230 mm,
and a total length of 5000 mm. Because the inner diameter of the cabin was small, primarily
axial displacement occurred during use. However, the design of the wall thickness was
sufficient. Therefore, the main purpose of the pressure test on the drill pipe cabin was to
detect axial deformation. Due to the asymmetrical structure of the two drill pipe cabins,
axial displacement detector 1 should be placed on the lower end face of the first drill pipe
cabin, and axial displacement detector 2 should be placed on the upper end face of the
second drill pipe cabin to record the axial displacement of the drill pipe cabin during testing,
as shown in Figure 12. In addition, the total axial deformation for each drill pipe cabin
should be the sum of two deformations. The axial deformation data after processing are
shown in Table 6. The plots of axial deformation vs. test pressure are shown in Figure 13.
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Table 6. Data for axial deformation of the drill pipe cabin.

Test Pressure,
MPa

Axial Displacement
2, mm

Axial Displacement 1,
mm

Total Axial
Deformation, mm

0 0 0 0
50 0.285 0.350 0.635

100 0.567 0.630 1.197
150 0.873 0.932 1.805
190 1.115 1.194 2.309
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According to Figure 13, when the internal pressure of the drill pipe chamber rises, the
axial deformation detected at both ends of the drill pipe cabin presents a linear increase
trend with the increase of pressure, indicating that the drill pipe cabin was always in
the elastic deformation stage under the pressure condition of 0 MPa to 190 MPa, and
can operate safely and stably. Furthermore, it is found that the deformation data of the
two detectors are close to each other, which indicates that the deformation of one end
is half of the total axial deformation of the drill pipe cabin, as long as their structure is
consistent, even if the length of the two drill pipe cabins is not consistent. Meanwhile, under
the condition of maximum pressure of 190 MPa, the maximum deformation of the drill
pipe cabin is 2.309 mm, and the relative deformation is 0.046%, which is greatly reduced
compared with that of rock sample chamber, which is 0.291%. It is further explained that,
in the calculation of the wall thickness of the drill pipe cabin in Section 3.1.3 of this paper,
considering that the drill pipe cabins are slender tubes, it is reasonable to adjust the safety
factor upward to 3 to ensure its small deformation under ultrahigh-pressure. Therefore, the
drill pipe cabin can operate stably in the extreme environment of ultrahigh-pressure. Its
structure selection is reasonable, and the calculation of wall thickness is reliable.

4.2. Experimental Study of the Driving Module
4.2.1. The Composition and Working Principle of the Experimental System

Because the high temperature load of 150 ◦C is mainly applied to the rock cabin, the
driving module only works under the ultrahigh-pressure condition of 140 MPa, without the
influence of high temperature. To verify the performance of the driving module, ultrahigh-
pressure dynamic system experimental equipment was independently developed; it mainly
comprised a driving pump station, an ultrahigh-pressure cabin, a rotating shaft, and an
ultrahigh-pressure hydraulic station, as shown in Figure 14. At the same time, the ultrahigh
pressure rotary dynamic sealing structure is installed between the inner surface of the
ultrahigh pressure cabin and the rotating shaft (the diameter is 50 mm). The ultrahigh-
pressure hydraulic station can provide a pressure of 140 MPa for high-pressure conditions.
In the lifting motion mechanism in Section 3.2.1, a rotating piston is adopted to isolate
the high-temperature fluid at the lower part, and normal temperature fluid is passed into
the upper space of the rotary piston to complete the application of bit weight. Therefore,
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the driving module only works in the high-pressure environment of 140 ◦C, without
considering the influence of temperature.
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The performance of the driving module is studied experimentally with this system.
The high-pressure fluid is injected into the ultrahigh-pressure cabin through the ultrahigh-
pressure hydraulic station to achieve the pressure required by the experiment. Meanwhile,
the driving pump station is used to provide power for the rotating shaft to complete the
application of rotation speed.

4.2.2. Results and Analysis

In order to facilitate analysis, the test data were plotted as curves, as shown in
Figures 15–17. Figure 15 shows the curve of test pressure changing with time, Figure 16
shows the curve of rotation speed changing with time, and Figure 17 shows the curve of
rotation speed and test pressure.

As shown in Figures 15 and 16, both pressure and rotation speed are applied in two
steps. In the first stage, the pressure is increased to 10 MPa and the rotation speed is
increased to 60 r/min within 1 min, and the working condition is maintained for approxi-
mately 3 min. By observing the curve of test results, it is found that the pressure remains
stable, and the rotation speed of the rotating shaft is basically unchanged. Therefore, under
the condition of low pressure and low rotation speed, the test system can run normally,
which preliminarily verifies the stability of the test system function.

On this basis, the pressure is further increased from 10 MPa to 140 MPa and the
rotation speed from 60 r/min to 150 r/min within 1 min, and the stable running time is
105 min under this condition. There is no leakage of flow or pressure in the whole test
process. Therefore, under the extreme conditions of ultrahigh-pressure of 140 MPa and
rotation speed of 150 r/min, the driving pump station can provide a stable power source,
and the sealing structure has good sealing performance.

Furthermore, the rotation speed was reduced from 150 r/min to 142 r/min and
maintained for 15 min under the condition that the ultrahigh-pressure was maintained at
140 MPa. The test system can also run stably. The rotation speed was further reduced, as
shown in Figure 17. No leakage of pressure or flow was detected during the test. Therefore,
the driving module can operate safely and stably without pressure or flow leakage risk by
reducing rotation speed under the condition of maintaining constant ultrahigh-pressure. It
is suggested that the rotating speed should be reduced first and then the pressure should
be reduced after the test with the in-situ deep simulation coring device.
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5. Conclusions

In this study, an in-situ simulation device for testing deep pressure-preserving coring
tools under high-temperature and ultrahigh-pressure was developed, and the simulation
principle and method for this extreme environment were expounded. Furthermore, the
high-temperature and ultrahigh-pressure simulation test cabin and the driving module of
the device were analyzed and experimentally studied. The main conclusions are as follows:

(1) In this study, a simulated coring test system with a working pressure of 140 MPa
and a temperature of 150 ◦C was established. On the basis of analyzing the stress state
of rock in deep extreme environments, the principle and method of constructing the
temperature and pressure conditions of the test cabin are proposed.

(2) Based on the design standard of ultrahigh-pressure vessels, a segmented high-
temperature and ultrahigh-pressure coring simulation test cabin was innovatively con-
structed. A pressure test was conducted on the cabin body by setting different pressure
values. The results showed that the test cabin operated stably under the maximum pres-
sure of 190 MPa (the effect of temperature of 150 ◦C has been translated into pressure for
experiments), and there was no pressure or fluid leakage during the test. The test cabin
exhibited good performance. Therefore, the design and manufacture of the cabin have high
reliability, which has important reference value for the development of ultrahigh-pressure
vessels for extreme environments.

(3) The experimental study of the driving module showed that this module could run
stably for 105 min under the conditions that the axis diameter is 50 mm, the test pressure is
140 MPa, and the rotation speed is 150 r/min (the highest tested), which provides a stable
power source for the coring simulation. When the pressure is maintained at 140 MPa, the
driving module can operate safely and stably by reducing the rotation speed of the rotating
shaft. Therefore, after the completion of the test with the in-situ simulation device, the safe
operation mode of reducing the speed first and then depressurizing the pressure can be
adopted.

(4) The in-situ simulation device innovatively developed in this study can realize the
simulation of the in-situ extreme environment of deep rock occurrence. Further, it can be
used for the research and development of deep pressure-preserving coring tools, which
effectively avoids the problems of high risk and high cost in field testing of coring tools.
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