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A novel temperature-preserved core chamber designed for depths exceeding 5000 m has been devel-
oped to enhance the scientific understanding of deep oil and gas reservoirs. This temperature-preserved
core chamber employs an innovative vacuum layer for temperature preservation and is compatible with
a temperature-pressure preserved coring system. The design principles and key parameters of the
temperature-preserved core chamber were determined through static analysis. Numerical simulations
assessed the mechanical properties of 70, 85, and 100 MPa core chambers under conditions of 120
—150 °C. The results demonstrate that the temperature-preserved core chambers withstand the applied
stresses without plastic deformation, and the vacuum layer maintains its integrity under these condi-
tions. A 70 MPa class core chamber prototype was manufactured, and system integration tests were
performed on a self-developed in-situ coring platform. The system demonstrated stable operation at
70 MPa for 120 min, with pressure fluctuations within 5%. Additionally, the integrated system operated
without interference, enabling the successful extraction of cores with a 50 mm diameter. These findings
provide valuable theoretical guidance and design recommendations for advancing oil and gas in-situ
temperature-pressure preserved coring technologies in high-temperature and high-pressure
environments.
© 2025 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

development sector, tapping deep-earth reservoirs has become a
pivotal component of global resource strategies (Gao et al., 2022;

Over the past century, humanity's extensive resource extraction
activities have depleted shallow resources significantly, leading to a
gradual shift towards deeper resource extraction (He et al., 2022).
Presently, coal mining operations reach depths of up to 1500 m,
geothermal mining exceeds 5000 m, metal mining ventures sur-
pass 4350 m, and oil and gas operations penetrate depths of more
than 9000 m (Xie et al, 2018). Particularly in the oil and gas
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Xie et al., 2020). In recent years, approximately 60% of the world's
new oil and gas reserves have been discovered in deep formations,
underscoring the vast potential of deep and ultra-deep oil and gas
exploration (Guo et al., 2019; Xie et al., 2019). Notably, China has
embarked on ambitious deep-earth exploration initiatives, with
drilling operations for the 10,000 m deep-level wells SDTK1 and
SDCK1 beginning in 2023, reflecting the country's strategic shift
towards securing long-term resource reserves through deep-earth
oil and gas exploration (Wang et al., 2024; Zhu et al., 2024).

The foundation of deep oil and gas development lies in accu-
rately exploring deep resources. Coring technologies stand out as
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one of the most reliable and essential methods for assessing the
size and characteristics of oil and gas reserves (Wang et al., 2022a).
However, traditional coring technologies face significant limita-
tions, particularly in maintaining in-situ temperature and pressure,
resulting in the loss of critical data regarding subsurface formations
(Xie et al., 2021). It is well established that deep oil and gas reser-
voirs exist under high-temperature and high-pressure conditions,
which can alter the physical properties of the fluids. The changes in
the in-situ environment during coring lead to distortions in key
parameter such as porosity, permeability, and saturation, compro-
mising the integrity and accuracy of the obtained cores (Hu et al.,
2023; Zhang et al.,, 2018; Zhu et al., 2019). As a result, traditional
cores fail to provide reliable compositional and stratigraphic data,
undermining the precise assessment of oil and gas resources (Xie
et al., 2023a). Furthermore, exploring unconventional oil and gas
reservoirs often necessitates reservoir modification techniques
such as fracturing and fluid replacement, which require accurate
knowledge of the reservoir's physical and mechanical properties
(Ma et al., 2023; Xie et al., 2023b). These highlights the pressing
need to develop in-situ coring technologies to advance petroleum
science (Shi et al., 2024a, 2024b).

Significant progress has been made in the development of in-
situ coring technologies, particularly in the field of deep-sea gas
hydrate exploration. The initial breakthrough came with in-situ
pressure-preserved coring (IPP-Coring) technologies, such as the
Pressure Core Tube (PCB) used in the Deep Sea Drilling Program
(DSDP), which could maintain pressures of up to 35 MPa
(Kvenvolden et al., 1983). Later, the Pressure Core Sampler (PCS)
developed for the Ocean Drilling Program (ODP) increased pressure
preservation capabilities to 70 MPa (Dickens et al., 1997; Milkov
et al., 2004). The European Union also developed the HYACE sys-
tem, including the Fugro Pressure Corer (FPC) and the HYACE rotary
corer (HRC), which could preserve pressures up to 25 MPa
(Schultheiss et al., 2009). However, these technologies could not
preserve the in-situ temperature of the core, which would often
revert to ambient conditions, leading to a loss of in-situ pressure as
well. To address this, in-situ temperature-preserved coring (ITP-
Coring) technologies were developed. Notable examples include
the Pressure Tight Piston Corer (PTPC) from Zhejiang University,
which employs electroplated insulation to preserve temperatures
and maintain pressure up to 30 MPa (Qin et al., 2005). The ther-
moelectric cooling system used by Japan Qil, Gas, and Metals Cor-
poration (JOGMEC) suppresses temperature fluctuations and can
preserve pressures up to 24.1 MPa (Kawasaki et al., 2006). Addi-
tionally, the Chinese Academy of Geological Sciences developed the
in-situ sampler for gas hydrate filled with thermal insulation ma-
terial in a vacuum core tube and cooled by a semiconductor chiller,
capable of maintaining pressures up to 30 MPa (Zhang et al.,
2007b). Further advancements in temperature-preserved systems
have included the Dynamic Autoclave Piston Cover (DAPC) and the
Multiple Autoclave Cover (MAC) developed in Germany, both of
which utilize cold sources to maintain temperature, with pressure
preservation capacities of 20 and 14 MPa, respectively (Abegg et al.,
2008). The pressure and temperature-preserved system (PTPS)
invented by China University of Petroleum (Beijing) employs ther-
mal insulation coats, insulation materials, and vacuum layers to
control temperature, allowing for pressure preservation of up to
30 MPa (Zhu et al., 2011).

China's exploration of onshore deep oil and gas extraction uti-
lizing in-situ coring technology has progressed significantly in
recent years. Daqing Oilfield spearheaded the development of the
BYM series of pressure-preserved coring tools, with the flagship
being the BYM-III coring tool, capable of withstanding pressures of
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up to 40 MPa (Zhang et al., 2007a). The China National Petroleum
Corporation Great Wall Drilling Co. Ltd. further advanced these
technologies with the GW-CP194-80 A, which can handle pressures
up to 60 MPa for conventional and unconventional reservoirs (Yang
et al,, 2020). The Beijing Institute of Prospecting Engineering also
developed the TKP194-80 pressure-preserved coring tool for coal-
bed methane exploration, with a pressure tolerance of 50 MPa
(Zhao et al., 2023). Additionally, notable progress has been made in
ITP-Coring technologies. The GW-CP194-70 BB developed by the
Great Wall Drilling employs vacuum-insulated cylinders to pre-
serve both temperature and pressure, with a maximum pressure
preservation capacity of 20 MPa (Yang et al., 2014). Also noteworthy
are the heat-pressure-shape-preserved coring tools for coalbed
methane and dense sandstone using thermal insulation materials
and vacuum layers (Wang et al., 2022b, 2021). They demonstrate
remarkable pressure resilience, with a maximum tolerance of up to
60 MPa.

A brief comparison of typical existing in-situ coring techniques
is presented in Table 1. Despite these advancements, existing in-situ
coring technologies face challenges when applied to deeper for-
mations. For instance, while deep-sea gas hydrate in-situ pressure-
preserved coring technologies can achieve a pressure preservation
capacity of up to 70 MPa, the combined pressure-temperature
preservation capacity is limited to 30 MPa. This suggests that
integrating temperature-preserved coring technology may
compromise the pressure resistance of current systems. Further-
more, existing onshore oil and gas in-situ temperature-pressure
preserved coring technologies have a maximum pressure-
preserved capacity of 60 MPa. When it comes to temperature-
preserved techniques, two main strategies are commonly
employed: passive techniques and active techniques. Passive
techniques rely on vacuum layers, thermal insulation coatings, and
materials designed for thermal insulation. On the other hand, active
techniques involve mechanisms like thermoelectric and cold
source refrigeration to regulate and maintain desired temperatures
actively.

However, the current research is aimed at deep ocean or
onshore deep wells less than 5000 m deep. Challenges arise as
onshore deep oil and gas coring enters deeper formations,
including:

(1) High temperature-pressure coupling environments: At
depths beyond 5000 m, pressures exceeding 70 MPa are
inevitable, exceeding the capabilities of current in-situ
temperature-pressure preserved technologies. Besides, the
high-temperature environment of the deep well, which is
different from the low-temperature environment of the deep
ocean, limits the active temperature-preserved techniques.
For example, it is difficult to set up cables for electric heating
at the shaft bottom, and chips may fail to function properly at
the well temperature.

(2) Narrow borehole dimensions: As coring depths increase,
borehole diameter decrease, with the diameter at 5000 m as
small as 215.9 mm, thus limiting the thickness of coring tools.

(3) High coring efficiency: Because of the strict well control
requirements in onshore deep oil and gas coring, lifting drill
coring technology is used instead of wireline coring tech-
nology (Guo et al., 2023a). However, to ensure high coring
efficiency, the single-time coring length in lifting drill coring
technology is typically twice or three times longer than in
wireline coring technology. Therefore, the coring tools
exhibit long and narrow geometric characteristics, and
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Table 1
Comparison of different typical existing in-situ coring techniques.
Coring technology Pressure Temperature Coring type
FPC <25 MPa - Deep sea gas hydrates
HRC <25 MPa —
PCB <35 MPa —
PCS <70 MPa —
MAC <14 MPa Cold source
DAPC <20 MPa Cold source
PTCS <24.1 MPa Thermoelectric cooling technology
PTPC <30 MPa Electroplated insulation material
PTPS <30 MPa Vacuum
Thermal insulation coats
Insulation materials
In-situ sampler for gas hydrate <30 MPa Thermal insulation material
Semiconductor chillers
BYM-III <40 MPa - Onshore oil and gas
TKP194-80 <50 MPa —
GW-CP194-80 A <60 MPa —
GW-CP194-70BB <20 MPa Vacuum
Heat-pressure-shape-preserved coring tool for coalbed methane <60 MPa Thermal insulation material
Heat-pressure-shape-preserved coring tool for dense sandstone <60 MPa Vacuum

Thermal insulation material

unreasonable design would result in unacceptable stress and
deformation.

This paper presented a newly developed temperature-
preserved core chamber suitable for the in-situ temperature-
pressure preserved coring system to tackle the abovementioned
challenges and fulfill the demands of onshore deep-well oil and gas
coring. The structure design principles under different
temperature-pressure couplings were obtained through theoretical
calculations. Furthermore, the mechanical properties of the
temperature-preserved core chamber were assessed via numerical
simulations. Based on the above results, a 70 MPa class prototype
was produced and integrated into the in-situ temperature-pressure
preserved coring system, undergoing rigorous pressure resistance
and coring function tests. Theoretical guidance and design princi-
ples for in-situ temperature-pressure preserved coring systems
aimed at deep oil and gas exploration beyond 5000 m are provided
by this study.

2. Composition and working principle of in-situ
temperature-pressure preserved coring system

To address the increasing demands for deep oil and gas explo-
ration and development, we have advanced the in-situ tempera-
ture-pressure preserved coring system by integrating a
temperature-preserved core chamber with the previously
designed IPP-coring tool, as described in the literature (Guo et al.,
2023b). The composition of the coring system is illustrated in
Fig. 1. At the top of the system, as shown in Fig. 1(a), is a
hydrodynamic-driven differential motion assembly acting as a
power lifting device. The lower end of this assembly is connected to
the core tube, which passes through the interior of the
temperature-preserved core chamber. A pressure controller is
positioned at the lower end of the core tube. These components are
encased within the outer pipe, with the coring bit attached to the
bottom of the system and connected to the outer pipe.

The structure and working principle of the temperature-
preserved core chamber are shown in Fig. 1(b). This chamber em-
ploys a double-cylinder fit design, which utilizes the vacuum's low
static air thermal conductivity (0.023 W/(m-K)). Compared to other
insulation materials, vacuum insulation demonstrates superior
thermal resistance, as detailed in Table 2 (He et al., 2024; Seker
et al,, 2022; Yang et al., 2022). Besides, the vacuum insulation
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method does not require a power supply like the active
temperature-preserved techniques (Xue et al., 2023). The vacuum
layer, formed between the two cylinders, is the primary barrier to
heat transfer. Sealing rings are placed within grooves at both ends
of the inner cylinder to prevent vacuum leakage. Moreover, anti-
radiation material is coated on the inner surface of the vacuum
layer to insulate heat radiation.

The working principle of the in-situ temperature-pressure
preserved coring system is illustrated in Fig. 2. As shown in Fig. 2(a),
the coring system first descends to the target formation, where
coring operations begin. During the downhole procedure, density
mud is pumped into the annular space between the temperature-
preserved core chamber and the outer pipe. As shown in
Fig. 2(b), once the prescribed coring depth is reached, the differ-
ential motion assembly is triggered to lift the core tube containing
the in-situ core, moving it into the temperature-preserved core
chamber. The pressure controller is activated to seal the system
once the core tube is fully raised. Temperature and pressure pres-
ervation are then independently managed by the temperature-
preserved core chamber and the pressure controller. The in-situ
core is thus protected within the temperature-preserved core
chamber, maintaining its original temperature and pressure con-
ditions. Upon completion of the coring operation, the entire system
is hoisted back to the surface, bringing the coring process to a close.

This design ensures that the in-situ core is preserved under the
target formation's specific temperature and pressure conditions,
facilitating more accurate analysis and assessment of deep oil and
gas resources.

3. Design principles of the temperature-preserved core
chamber

The reliability and functionality of the temperature-preserved
core chamber must be assured under extreme in-situ conditions
during the coring process. This section outlines the design princi-
ples for the temperature-preserved core chamber, including the
derivation of yield equations from the Lamé equation and distor-
tion energy theory. These principles guide the design methodology
and parameter calculations for the temperature-preserved core
chamber under varying in-situ environmental conditions.
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Core tube Pressure controller

Coring bit

Fig. 1. (a) Composition of the in-situ temperature-pressure preserved coring system; (b) structure and working principle of the temperature-preserved core chamber.

Table 2
Comparison of thermal conductivity of different thermal insulation materials.

Thermal insulation material Thermal conductivity, W/(m-K)

Vacuum <0.023
Glass wool 0.032—-0.049
Foam glass 0.056—0.064
Foam concrete 0.060—0.069
Rock wool <0.076

3.1. Mathematical modeling assumptions

In engineering applications, the temperature-pressure preserved
coring system for deep oil and gas exploration is subjected to

(a) Start coring

?
:==
?’5

o
P T SR T RS T

combined influences of formation temperature and pressure. Given
the relatively small size of the temperature-preserved core chamber
compared to the surrounding formation, temperature and pressure
gradients along its axial direction are minimal. As the system is
lowered from the wellhead to the target formation, the temperature
and pressure within the temperature-preserved core chamber vary
with depth. However, during coring operations at the bottom of the
well, the temperature-preserved core chamber can be assumed to
encounter uniform temperature and pressure conditions due to
minimal depth changes.

Thus, based on these engineering considerations, the
temperature-preserved core chamber can be mathematically
modelled with the following assumptions:

Drilling core

e
o

Z

J

Fig. 2. Working principle of the in-situ temperature-pressure preserved coring system: (a) system lowered to the target formation for coring; (b) in-situ core lifted to the

temperature-preserved core chamber, pressure controller closes.
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(1) Material behaviour: The material is assumed to exhibit
elastic-plastic behaviour, with elastic deformation conform-
ing to Hooke's law and the small deformation hypothesis.

(2) Material properties: The elastic modulus, Poisson's ratio,
thermal conductivity, and coefficient of thermal expansion
are assumed to remain constant within the specified tem-
perature range.

(3) Coupling calculation method: Temperature-displacement
coupling is assumed to be direct, and the thermoelastic
problem is considered to exhibit steady-state heat
conduction.

(4) Pressure and temperature fields: Pressure and temperature
fields are assumed to be uniform along the chamber's axial
direction, with axisymmetric distributions of these
parameters.

3.2. Theoretical analysis of core chamber bearing characteristics

A simplified mathematical model of the temperature-preserved
core chamber is developed based on the aforementioned assump-
tions. Under assumptions (1), (2), and (4), the chamber is concep-
tualized as a system of two concentric cylinders. The outer and
inner radius are denoted as R, and R;, respectively, and the ratio K of
these radius is defined as:

R

KRi

(1)

If K<1.1, the cylinder is classified as thin-walled; otherwise, it is
treated as thick-walled (Junior et al., 2023). Thick-walled cylinders,
subjected to uniform internal and external pressures, require a
three-dimensional stress analysis, governed by the Lamé
equations:

:piRiz - poRg (bi — po)RizR% l
RZ - R12 RZ - Ri2 r2

(2)

]

_PiR? —poR3 (P — Po)RRS 1 (3)

"R R? RR-R2 12
,_Pifi =P
R2 — R?

where gy, 01, and o, represent the circumferential, radial, and axial
stresses, respectively; p; and p, are the internal and external
pressures; r is the radius of any point on the cylinder.

When the inner cylinder of the temperature-preserved core
chamber is threaded at both ends, it is assumed to be constrained
by the closure and axial rigidity at both ends, such that axial strain
g, is zero, and axial stress ¢, satisfies the following equation:

PiR? — poR2

(5)
RZ - R?

0z=21

where u is Poisson's ratio.

The radial stress is much smaller than the axial and circumfer-
ential stresses for thin-walled cylinders under uniform internal or
external pressure. Therefore, it is reasonable to assume that each
point in the cylinder experiences a two-way stress state,
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represented by:

D

oy =1s (6)
D

0: =55 (7)

where D is the midplane diameter of the wall and ¢ is the thickness
of the wall, which satisfy the following geometric relationship:

D=R, + R (8)

0=Ro —R; 9)

Given assumptions (3) and (4), thermal stresses within the
temperature-preserved core chamber are modelled by:
ol = — aEAT (10)
where « is the coefficient of linear thermal expansion; E is the
modulus of elasticity; AT is the temperature change.

The equations above elucidate the stresses induced within the
temperature-preserved core chamber. Given the simultaneous
application of temperature and pressure loads, it is imperative to
employ strength theory to ascertain the yielding of the chamber.
The distortion energy theory posits that the deformation-induced
specific energy uy primarily contributes to material yield damage.
Consequently, yielding transpires when uy attains a threshold
where material yield occurs under uniaxial tensile stress. Within
temperature-preserved core chambers, yielding arises when the
resultant equivalent force oeq surpasses the yield strength of the
material. The following equation governs the resultant equivalent
force:

Ueq:\/

When the maximum stress point of the temperature-preserved
core chamber enters the plasticity, the corresponding load is
called the initial yield load ps. When the temperature-preserved
core chamber is subjected to loads exceeding the initial yield
load, local plastic deformation occurs within the chamber body,
and a residual stress field is established once the load is removed.
Upon the temperature-preserved core chamber re-entry into the
well, if the combined stress from the temperature-pressure load
and the residual stress exceeds the yield load, the accumulation of
plastic deformation could lead to a loss of stability in the
temperature-preserved core chamber. The design should avoid
plastic deformation since the temperature-preserved core chamber
is subject to cyclic loading over extended periods. Therefore, the
elastic-plastic failure design criterion was adopted, and it is
considered that the temperature-preserved core chamber fails
when the load reaches the initial yield load.

When analyzing thick-walled cylinders, the inner wall surfaces
yield first under internal pressure alone. The internal pressure p;
and the inner wall surface radius r can be expressed as ps and R;
respectively. Referring to Egs. (2), (3), (5) and (11), the yield func-
tion for the thick-walled inner cylinder is as follows:

(Cor—0p)* + (Lo — X 02)* + (X oy — Y 02)
2

(11)
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2 2 2
( ps,<22K2> + <—ps’—‘21<zlf12” + aEAT) + <Ps—'(21?z]_12" +“EAT>

(12)

fi(ps, AT, K) = oge — 3

where og is the yield strength of the material.

Similarly, the inner wall is the first to yield if the external
pressure acts alone. The inner wall surface's external pressure and
radius can be represented as ps and R;, respectively. The yield
function for the thick-walled outer cylinder is expressed using Eqgs.
(2)—(4) and (11) as follows:

fo(ps, AT, K) = oge

2 2 2
(m,é"ﬁ) (ps,f1 + aEAT> + ( — s + aEAT>

2

(13)

when considering thin-walled cylinders, the yield function can be
obtained using Egs. (6), (7) and (11):

B 3p2 (K + 1\ 2 5
f(ps,AT,K)aRe—\/ (e o7) + (eean (14)

when the yield function value equals zero, the corresponding
diameter ratio K is considered the design diameter ratio of the
temperature-preserved core chamber.

Furthermore, it is essential to consider the stability of the
pressure cylinder. For thin-walled cylinders, axial bifurcation
buckling occurs when the axial uniform compression load becomes
excessive. Therefore, the axial load of the thin-walled cylinder
should not exceed the critical stress, as given by:

Table 3

PR (15)

where o, is the critical stress.

In this study, the axial stress in the thin-walled cylinder includes
both thermal stress and axial tension induced by uniform external
pressure. Referring to Egs. (7), (10) and (15), the axial stability
conditions of thin-walled cylinders can be derived as:

K+1 8E
I(—l_ 3(1-p2)

When cylinders are subjected to uniform external pressure,
circumferential stability must also be considered. Based on the
critical length formula (Eq. (17)), it is evident that the cylinders
studied in this research are long cylinders. Excessive external
pressure can lead to pressure instability in the middle of the cyl-
inder. Consequently, the uniform external pressure should satisfy
the following conditions:

Lcr:1.17D\/% (17)

pe<a(p) (18)

(16)

(K+1

s —1<—1) — 4aEAT

Theoretical equations for the bearing characteristics of the temperature-preserved core chamber.

a) Thin-walled cylinders
a-1) Subjected to uniform external pressure and thermal load

2 2
The yield function: f(ps, AT,K) = oge — \/3&(@) + (aEAT)?

16
. . - K+1 K+1 8E
Axial stability criterion: ps ( ) — 4a EAT— —_—
K-1 /3(1 —u2)

Circumferential stability criterion: ps < 2k u
v =T e\

a-2) Subjected to uniform internal pressure and thermal load

The yield function: f(ps,AT,K) = oge — ¢3p5 <K + 1) + (xEAT)?

16 \K-1
. . . K+1 K+ 1 8E
Axial stability criterion: ps ( ) — 4aFAT ——— < ————
K—-1 K- ] V31— w2)

b) Thick-walled cylinders
b-1) Subjected to uniform external pressure and thermal load

2

The yield function: fo(ps,AT,K) = oge —

2 2
(sléK > +(5K2K +aEAT> +( Pspr— K

2
+ aEAT)

2

Circumferential stability criterion: <27}E k-1
v R A T'e

b-2) Subjected to uniform internal pressure and thermal load

K2 —
The yield function: f;(ps,AT.K) = oge —

2 2
21<2 K2 -1+42p EAT K2 +1-—
( Psgz —q +(‘psﬁ+‘" +(p57

2
2u
K1 + aEAT)

2
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(a) Thin-walled cylinder
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(b) Thick-walled inner cylinder
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(c) Thick-walled outer cylinder

Fig. 3. Calculation results of radius ratio K under different temperature-pressure coupling environments.

where L is the critical length.

Finally, considering the effects of uniform pressure and tem-
perature variations on the strength and stiffness of the
temperature-preserved core chamber, the theoretical analysis
equations of the temperature-preserved core chamber bearing
characteristics are summarized in Table 3.
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3.3. Design schemes and parameter calculations

Both domestic and foreign research on coring tools for onshore
deep oil and gas reservoirs has reached a mature stage within the
pressure range of 60 MPa. In this paper, the design of the
temperature-preserved core chamber is based on the temperature-
pressure coupling conditions at depths exceeding 5000 m. The
pressure amplitude ranges from 70 to 100 MPa, and the
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temperature fluctuates between 120 and 150 °C. For boreholes
deeper than 5000 m, with a diameter less than 215.9 mm, the
temperature-preserved core chamber's outer annulus must meet
the requirements for mud passage, as illustrated in Fig. 2. Hence,
the maximum outer diameter of the outer cylinder is constrained to
110 mm. Additionally, the interior of the chamber must facilitate
smooth initiation and completion of coring actions, such as the
operation of the pressure controller flip. Consequently, the mini-
mum inner diameter of the inner cylinder is set at 62.5 mm. Nine
critical temperature-pressure coupling conditions were investi-
gated, with in-situ temperatures set at 120, 135, and 150 °C and in-
situ pressures at 70, 85, and 100 MPa. The pressure safety factor is
set at 1.1. The diameter ratio K, under those different temperature-
pressure coupling conditions, was computed using yield functions
(12), (13), and (14), and the results are depicted in Fig. 3.

It is noteworthy that K exhibits greater sensitivity to in-situ
pressure than to in-situ temperature, as shown in Fig. 3. When K
is calculated at different pressure levels, the fluctuation range of K is
small under temperature change. Therefore, designing the
temperature-preserved core chamber based on in-situ pressure
rather than in-situ temperature leads to more efficient space uti-
lization. According to the Special Equipment Safety Design Code
TSG R0002-2004, the effect of temperature is considered a strength
reduction factor. The diameter ratio curve calculated based on this
design principle was compared with the diameter ratio curve
derived in this study, as shown in Fig. 4. It can be seen that, under
the same safety factor, the diameter ratio K calculated by the design
criteria derived using the Lame formula and thermal stress in this
study are safer than the requirements of the design code, thus
demonstrating the reasonableness and safety of this diameter ratio
curve.

The comparison of K-value calculation results across the three
design methods in this study reveals that for both 85 and 100 MPa
pressures, the K-values for all cylinders exceed 1.1. Consequently,
the inner and outer cylinders should be designed according to the
thick-walled cylinder theory at these pressures. In contrast, at
70 MPa, the K-values for the outer cylinder are below 1.1, indicating
that the thin-walled cylinder theory should be applied for its design
at this pressure. However, for the inner cylinder at 70 MPa, the K-
values calculated using the thin-walled theory remain below 1.1,
while those calculated with the thick-walled cylinder theory
exceed 1.1. Following a conservative design approach, it is recom-
mended that the inner cylinder be designed using the thick-walled
cylinder theory at 70 MPa. Fig. 5 summarizes the design method
selection for inner and outer cylinders under varying temperature-
pressure coupling conditions.

Based on the selected design method and considering the sta-
bility criterion, the design wall thickness of the inner and outer
cylinder of the temperature-preserved core chamber under
different temperature-pressure coupling conditions are calculated,
as shown in Table 4.

4. Mechanical properties of the temperature-preserved core
chamber

In the previous section, we presented the design and calcula-
tions for temperature-preserved core chambers and determined
the wall thicknesses for chambers rated at 70, 85, and 100 MPa. This
section focuses on simulating the static field of the temperature-
preserved core chamber under different temperature-pressure
coupling conditions. The mechanical properties are thoroughly
analyzed to assess both the chamber body's structural integrity and
the vacuum layer's sealing performance.
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Fig. 4. Comparison of diameter ratio K calculation values using different design
methods.
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Fig. 5. Design methods selection for different temperature-pressure coupling environments.

Table 4
Design value of the wall thickness for the temperature-preserved core chamber cylinders.
In-situ temperature, °C In-situ pressure, MPa Inner cylinder, mm Outer cylinder, mm
120-150 70 3.49 4.58
120-150 85 4.37 6.15
120—-150 100 531 7.31

(a) Boundary conditions:
Outer cylinder: U, #0, U, #0
Inner cylinder: Fully fixed Drilling fluid environment P, T,

v v v

Outer chamber surface
Inner vacuum surface

Fig. 6. Numerical model of the temperature-preserved core chamber: (a) boundary conditions; (b) measurement lines; (c) model meshing.

4.1. Numerical model construction The boundary conditions are as follows:

The two sealing regions each have a length of 50 mm. A damping (1) The ends of the inner cylinder are fully constrained, while the
coefficient 0.2 is applied in the tangential direction within these outer cylinder is connected to the inner cylinder through a
regions, while a "hard" contact condition is imposed in the normal fitting relationship, permitting radial displacement and
direction. The vacuum section, located at the center of the core circumferential rotation at the end face of the outer cylinder.

chamber, spans a length of 2500 mm. The diameter of the cylinder
body is consistent with the specifications outlined in Section 3.3.
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Table 5

Key dimensions and parameters of the numerical model.
Parameter Symbol Value
Material density ) 7850 kg/m?>
Coefficient of heat conduction A 50 W/(m-K)
Specific heat C 460 J/(kg-K)
Coefficient of thermal expansion a 1.2 x 107°/K
Elasticity modulus E 210 GPa
Poisson ratio w 0.3
Yield strength Re 830 MPa

(2) Pressure: Surface pressures, denoted as p, and p;, are applied
to the outer surface of the outer cylinder and the inner sur-
face of the inner cylinder, respectively.

(3) Temperature field: An initial temperature T is applied to the
temperature-preserved core chamber, while the external
ambient temperature T, applied to the outer surface of the
outer cylinder. Additionally, the in-situ ambient temperature
T; applied to the inner surface of the inner cylinder.

To facilitate analysis, four measurement lines were established
at key spatial positions within the temperature-preserved core
chamber: the outer chamber surface, the outer vacuum surface, the
inner vacuum surface, and the inner chamber surface. A schematic
of the boundary conditions and the arrangement of the measure-
ment lines is provided in Fig. 6. The material used in the model is
42CrMo alloy steel, and its key physical properties are listed in
Table 5.

42CrMo steel is known for its outstanding strength and tough-
ness. After heat treatment, it can achieve a hardness of up to 56 HRC
(Jiang et al., 2014). Additionally, it demonstrates good wear resis-
tance under high-temperature and high-pressure conditions
(Zhang et al., 2021). The presence of chromium and manganese
imparts a certain level of corrosion resistance, and using 42CrMo
steel for tool manufacturing is cost-effective.

4.2. Stress characteristics of the temperature-preserved core
chamber under different conditions

Irreversible plastic deformation and the resulting residual
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stresses significantly impact the safety and longevity of the
temperature-preserved core chamber. Consequently, analyzing the
stress distribution within the chamber body is imperative. As
shown in Fig. 7, the stress distribution exhibits significant variation
at the chamber's ends, while it remains relatively stable in the
central region. In particular, the stress in the 0—50 mm connection
region at the ends of the chamber shows substantial fluctuations.
Beyond the 50 mm mark, in the vacuum section, stress increases
uniformly across all four surfaces, rapidly reaching a peak within a
short distance before gradually decreasing. In contrast, stress re-
mains stable in the middle of the chamber. This stress distribution
pattern is similar to the results reported by Lotfi et al. (2023) in
their study of stress distribution in cylindrical pressure vessels
under mechanical and thermal loads. Since the stress remains
stable in the middle section, the key stress variation and concen-
tration occur at the ends of the chamber. Therefore, we focus our
analysis on the region spanning 0—200 mm along the z-axis,
delineated by the green shaded area in Fig. 7.

For this study, the stress caused by boundary effects should be
ignored. Fig. 8 illustrates the stress distribution within the
temperature-preserved core chambers. At an in-situ temperature of
120 °C, the maximum stresses of the 70, 85, and 100 MPa class
temperature-preserved core chambers are 764.6, 758.3, and
758.7 MPa, respectively. As the in-situ temperature rises to 150 °C,
the maximum stresses increase to 816.2, 806.6, and 806.0 MPa,
respectively. Under all conditions designed and simulated in this
study, the maximum stress of the temperature-preserved core
chamber does not exceed the yield strength, meaning that the
chamber remains in the elastic deformation phase during a single
coring operation. This ensures that no plastic deformation occurs
within the chamber, and no residual strain will develop after the
coring is completed. Therefore, as designed in this study, the
temperature-preserved core chamber can maintain its bearing
performance and structural stability even under long-term cyclic
temperature and pressure loads over multiple coring operations.

To analyze the impact of various temperature-pressure coupling
conditions on the stress distribution characteristics of the
temperature-preserved core chamber, we conducted a comparative
assessment of the maximum von Mises stress on the four surfaces,
as shown in Fig. 9. It can be seen that when the in-situ pressure is
70 MPa, the maximum stress surface of the chamber body is the

800
©
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=
&
1]
]
=
o 400 .
3 T P=100 MPa, T =150 °C
2 e Outer chamber surface
= 100 ——— Outer vacuum surface
—— Inner vacuum surface
200 7 200 \ ———— Inner chamber surface
0 T T T g T
w 0 50 100 150 200
0 T T T T T T T T T
0 200 500 1000 1500 2000 2400 2500 2600

z-axis distance, mm

Fig. 7. Stress distribution curves and global stress cloud of the temperature-preserved core chamber at 150 °C and 100 MPa.
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P=85MPa, T=120°C (c) P=100 MPa, T=120 °C

Max stress = 758.7 MPa

(f) P=100 MPa, T=135°C
Max stress = 781.7 MPa

(i) P=100 MPa, T =150 °C
Max stress = 806.0 MPa

Fig. 8. Stress distribution cloud diagram in the 0—200 mm region along the z-axial of the temperature-preserved core chambers under different temperature-pressure coupling

conditions.

outer vacuum surface. As the in-situ pressure increases, the stresses
on the outer chamber surface, outer vacuum surface, and inner
vacuum surface decrease. The inner chamber surface becomes the
maximum stress surface of the chamber body. Notably, when the
in-situ pressure increases from 70 to 100 MPa, the maximum stress
on the outer chamber surface decreases significantly, with an
average stress reduction of 15.5%. At this time, the stresses on the
inner vacuum surface and the inner chamber surface are minimal,
indicating that the inner cylinder has a higher mechanical capacity
than the outer cylinder under these conditions. As the in-situ
temperature increases, surface stresses also rise, although the dif-
ference in the increase is slight. Between 120 and 150 °C, the most
significant increase in stress is observed on the inner vacuum sur-
face, where it rises by 7.4%.

Fig. 10 shows the z-axis distance of the maximum stress point of
each surface. The maximum stress points for the outer chamber
surface, inner vacuum surface, and inner chamber surface are
located within the 70—85 mm range, while the maximum stress
point on the outer vacuum surface lies between 90 and 100 mm
and 51 mm. When considered in conjunction with Fig. 8, it becomes
apparent that stress concentrations occur on both the outer vac-
uum surface and the inner chamber surface. As a result, the me-
chanical capacity of the chamber has not been fully utilized.
Specifically, high temperature induces axial expansion of the
temperature-preserved core chamber for the inner chamber sur-
face. Because the two ends of the temperature-preserved core
chamber are limited by axial displacement, and the wall thickness
of the fitting part is significantly higher than that of the vacuum
part, severe extrusion occurs in the vacuum part near the fitting
part, resulting in stress concentration. For the outer vacuum sur-
face, increased temperature leads to radial expansion at the fitting
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part, which causes the inner cylinder to exert a jacking effect on the
outer cylinder, further concentrating stress at the end of the fitting
part. This stress concentration can be alleviated by chamfering the
inner cylinder at the fitting part and adding a support ring at the
maximum stress point, enhancing the mechanical capacity of the
temperature-preserved core chamber.

4.3. Deformation characteristics of the temperature-preserved core
chamber under different conditions

The sealing property of the vacuum layer is the decisive factor to
ensure the temperature-preserved effect. Extreme temperature-
pressure coupling conditions and intense mechanical vibrations
from downhole drilling tools will lead to sealing gaps in the fitting
part. The reduced distance between the inner and outer vacuum
surfaces may cause them to come into contact, compromising the
temperature-preserved function. Therefore, a detailed analysis of
the displacement distribution within the temperature-preserved
core chamber is essential. Compared to the stress distribution, the
displacement distribution of the temperature-preserved core
chamber is simpler. At the ends of the chamber, the displacement on
all four surfaces increases with z-axis distance. However, in the
vacuum section, the displacement values on the outer chamber
surface and outer vacuum surface begin to decrease before rapidly
reaching a peak across all four surfaces. In the central region of the
chamber, displacement remains stable. This displacement distribu-
tion pattern is similar to the findings of Lotfi et al. (2023). Therefore,
the region spanning 0—200 mm along the z-axis, delineated by the
green shaded area in Fig. 11, is selected for this analysis.

Fig. 12 illustrates the radial displacement distribution cloud of
the temperature-preserved core chambers. The maximum
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Fig. 12. Radial displacement distribution cloud diagram in the 0—200 mm region along the z-axial of the temperature-preserved core chambers under different temperature-

pressure coupling conditions.

displacement occurs on the inner vacuum surface, ranging from
0.14 to 0.16 mm. As in-situ pressure increases, the wall thickness of
the temperature-preserved core chamber increases, thereby
reducing the displacement in the vacuum part of the outer cylinder.
However, the displacement in the vacuum part of the inner cylinder
shows minimal change. The increase in in-situ temperature will
enhance the pushing force of the inner cylinder to the outer cyl-
inder so that the displacement of the fitting part of the outer
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cylinder increases and the displacement of the vacuum part of the
outer cylinder decreases.

Fig. 13 shows the radial displacements of the outer and inner
vacuum surfaces within the sealing part of the temperature-
preserved core chamber under various temperature-pressure
coupling conditions. The difference in displacement between the
surfaces indicates the width of the sealing gap, while the length of
this difference represents the sealing gap length. It can be seen that
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the sealing gap only appears on the outer side of the sealing part. As
temperature increases, the radial displacement of the inner cylin-
der increases, leading to a wider sealing gap. The increase in
pressure has little effect on the length and width of the sealing gap.
Therefore, the sealing gap is mainly caused by thermal expansion.
The maximum sealing gap does not exceed 5 mm in length and
0.02 mm in width. Consequently, the sealing ring should be posi-
tioned in the z-axis distance range of 5—50 mm, where no sealing
gap occurs. As discussed in Section 4.2, the stress and strain of the
temperature-preserved core chamber remain within the elastic
range, ensuring no residual strain accumulates during multiple
coring operations. Therefore, the sealing gap will not expand, and
the vacuum seal will remain effective under long-term cyclic
temperature and pressure loads. Fluor rubber is selected as the
sealing material, given its resistance to temperature, oil, chemicals,
and vacuum, as well as its excellent mechanical properties (Feng
et al., 2023; Shi et al., 2024a; Sun et al., 2022; Wang et al., 2018).
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Its tensile strength ranges from 10 to 20 MPa, elongation at break
ranges from 150% to 350%, and tear strength ranges from 3 to 4 KN/
m. Additionally, fluor rubber O-rings demonstrate excellent high-
temperature sealing performance, maintaining a maximum
leakage rate of 10~/ Pa -m?>/s at 200 °C, with temperature resistance
up to 204 °C (Liu et al., 2024; Wang et al., 2017). These properties
make it ideal for long-term sealing in high-temperature and high-
pressure environments.

To assess the potential risk of contact failure within the vacuum
layer, we examine its deformation, represented by the maximum
combined displacement of the vacuum layer surfaces, as shown in
Fig. 14. The maximum combined displacement is between 0.24 and
0.27 mm. The increase in both in-situ temperature and in-situ
pressure leads to a decrease in resultant displacement. Consid-
ering the thickness of the vacuum layer, this deformation is
maximum, and there is no risk of contact between the vacuum
layers.

As aresult, the thickness of the vacuum layer can be reduced to
allow for a larger core diameter. If the maximum surface
displacement of the vacuum layer is denoted as u, the thickness of
the anti-radiation material on the inner vacuum surface is
h = 1 mm, and the safety factor is 2, the required thickness of the
vacuum layer can be derived:

H=2(h+u) (19)

The outer diameter of the inner cylinder can be expressed as:

To= Kinner (D + C) (20)

The relationship between the outer diameter of the outer cyl-
inder and the maximum core diameter can be obtained:

Ro - I(outer[l(inner(D + C) + Z(h + u)} (21 )
Ry 2(h+u
KKK ¢ (22)

where r, is the outer diameter of the inner cylinder, Koyter is the
outer cylinder diameter ratio, Kj,e; is the inner cylinder diameter
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Fig. 17. (a) Loop test: circulation pump pressure stability at 0.4—0.6 MPa; (b) drilling and coring; (c) core temperature and pressure preservation: the pump indicator shows the core
has entered the temperature-preserved core chamber; (d) lifting drill: the whole drill tool was raised to the wellhead, and the pressure controller was closed to show that the
pressure had successfully preserved, the core lengths obtained in the three tests are 52, 80 and 90 mm respectively.

ratio, D is the maximum core diameter, and C is the constant.

Fig. 15 compares the temperature and pressure preservation
performance and the maximum coring diameter of the
temperature-preserved core chamber developed in this study with
other typical coring tools. Among existing typical temperature-
pressure preserved coring tools, the most advanced is the heat-
pressure-shape-preserved coring tool for coalbed methane, with
performance indicators of 76 °C and 60 MPa. However, the
temperature-preserved core chamber developed in this study can
withstand in-situ temperatures of up to 150 °C and pressures of up
to 100 MPa, thus enabling coring operations under more extreme
conditions than previous coring tools. Based on the derived
maximum coring diameter formula, the temperature-preserved
core chamber in this study allows for coring diameters of up to
75 mm for the 70 MPa class, 70 mm for the 85 MPa class, and
66 mm for the 100 MPa class.

In comparison with the maximum coring diameter of current
typical coring tools, the temperature-preserved core chamber in
this study significantly enhances temperature and pressure per-
formance while still meeting the coring needs for large-diameter
cores. Notably, compared to the PTPS and the heat-pressure-
shape-preserved coring tool for dense sandstone, which uses
composite insulation materials and active insulation devices, the
temperature-preserved core chamber in this study relies solely on
vacuum insulation, offering a simpler structure. After coring is
completed, the temperature-preserved core chamber can be
directly detached from the temperature-pressure preserved coring
system for condition-preserved in-situ core cutting and testing
operations. Therefore, the temperature-preserved core chamber

2453

developed in this study offers superior temperature-preserved and
pressure-preserved performance, excellent scalability for coring
diameter design, and integrated condition-preserved core testing
functionality.

5. Temperature-pressure preserved coring system integration
tests

To address the critical challenges of preserving in-situ temper-
ature and pressure during deep oil and gas coring, a design scheme
for a temperature-preserved core chamber was developed to reli-
ably procure in-situ cores. The design parameters of the
temperature-preserved core chamber were determined through
theoretical calculations. The static analysis of the temperature-
preserved core chamber was conducted under different
temperature-pressure coupling conditions using numerical simu-
lation. Based on this, the 70 MPa class temperature-preserved core
chamber prototype was produced and integrated into the in-situ
temperature-pressure preserved coring system. This section de-
scribes the performance tests conducted following the system
integration.

5.1. Pressure tolerance test

The image of the in-situ temperature-pressure preserved coring
system prototype is displayed in Fig. 16(a). The temperature-
preserved core chamber was integrated into the coring tool and
connected to a pressure pump for pressurization. The disassembled
temperature-preserved core chamber is displayed in Fig. 16(b). It
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consists of an outer cylinder and an inner cylinder. In use, the anti-
radiation material is enwrapped around the inner cylinder. Subse-
quently, the inner cylinder is inserted into the outer cylinder to
ensure a proper fit. Thereafter, the mating area is evacuated to
create a vacuum insulation layer. A pressure tolerance test of
70 MPa was conducted to verify the pressure endurance capacity of
the chamber. The pressure curve of the temperature-preserved core
chamber is also shown in Fig. 16(c). The pressure was initially
elevated to 10 MPa and maintained for an observational period of
10 min. Upon confirming the stability of the pressure without any
fluctuations, a stepwise pressurization approach was implemented
to increment the pressure to 70 MPa. Subsequently, the pressure
was maintained at a constant level while its stability was contin-
uously monitored. Eventually, once the pressure had remained
stable for 120 min, the pressure was released. It should be noted
that during the pressure-holding phase, the final pressure stabi-
lized at 67 MPa, with pressure oscillations remaining within a 5%
range. This minor deviation was attributed to the slight elastic
deformation of the temperature-preserved core chamber.

5.2. Downbhole coring test

The in-situ temperature-pressure preserved coring system was
integrated and the coring function was tested on the self-developed
in-situ coring test platform (Guo et al., 2024). In this test, the
drilling fluid density was 1.2 g/cm?, and the viscosity was 57 s. The
cement column was poured into the test well, and the test began
after five days of cement curing. The test procedure, designed to
simulate the real coring process, is outlined in the following steps
and illustrated in Fig. 17. Firstly, a loop test was conducted. The
temperature-pressure preserved coring system was lowered 20 m
to the bottom of the well, and drilling fluid circulation was initiated.
Circulation continued until the pump pressure stabilized between
0.4 and 0.6 MPa, as shown in Fig. 17(a). Next, drilling and coring
operations were performed, as shown in Fig. 17(b). The drilling
continued at the rated coring rate until the desired coring depth
was achieved. Following this, core temperature and pressure
preservation were implemented. The drill tool was lifted to extract
the core, after which the hydrodynamic-driven differential motion
assembly was triggered to lift the core tube into the temperature-
preserved core chamber. The pressure controller was then acti-
vated to seal the core chamber. The change in pump pressure, as
shown in Fig. 17(c), confirms that the core tube successfully entered
the temperature-preserved core chamber. Finally, the drill was lif-
ted, completing the coring operation. The samples obtained from
three coring function tests are shown in Fig. 17(d). The results of the
coring function test verify that the core can be smoothly transferred
into the temperature-preserved core chamber, and the integration
of the temperature-pressure preserved coring system is feasible
and effective.

6. Conclusions

To address the challenge of preserving in-situ temperature in
high temperature-pressure environments, a novel temperature-
preserved core chamber has been designed, capable of integra-
tion into an in-situ temperature-pressure preserved coring system.
Numerical simulations and system integration tests were con-
ducted to validate the design. The main conclusions are as follows:

(1) The composition and working principle of the new inte-
grated temperature-pressure preserved coring system were
analyzed. The temperature-preserved core chamber is con-
nected to the hydrodynamic-driven differential motion as-
sembly at its upper end and the pressure controller at its
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lower end, allowing the core tube to pass through the
chamber. The core chamber is insulated by a vacuum layer,
formed by concentric cylinders, with the fitting parts sealed
by the sealing ring. Upon lifting the core into the
temperature-preserved core chamber, the system effectively
minimizes circumferential heat loss.

(2) The design principles for the temperature-preserved core
chamber were established. Based on the Lamé equation and
distortion energy theory, the diameter ratio K of the
temperature-preserved chamber is determined by the in-
situ pressure level, optimizing space utilization. The inner
and outer cylinders of the 70 MPa chamber are designed
using thick-walled cylinder theory and thin-walled cylinder
theory, respectively, while the 85 and 100 MPa chambers are
designed entirely using thick-walled cylinder theory.

(3) The mechanical properties of the temperature-preserved
core chamber were analyzed based on numerical simula-
tions. The results show that the maximum stresses for the 70,
85, and 100 MPa class chambers are 816.2, 806.6, and
806.0 MPa, respectively, with no plastic deformation occur-
ring. Stress concentrations on the inner chamber surface and
outer vacuum surface can be mitigated by chamfering the
ends of the fitting part and incorporating support rings at the
maximum stress points. These modifications enhance the
mechanical strength of the temperature-preserved core
chamber. The sealing gap appears only on the external
sealing part with the maximum sealing gap not exceeding
5 mm in length and 0.02 mm in width. The maximum
combined displacement is between 0.24 and 0.27 mm,
indicating no risk of contact between the vacuum layers. The
maximum core diameter for the three class temperature-
preserved core chambers is 73, 69, and 65 mm, which
significantly improves temperature-pressure preserved per-
formance while meeting the needs of large-diameter cores.

(4) A prototype of the 70 MPa class temperature-preserved core
chamber was produced, and the integrated temperature-
pressure preserved coring system underwent pressure
tolerance and coring function tests on the self-developed in-
situ coring test platform. The test results demonstrated that
the system operates reliably at 70 MPa for 120 min, with
pressure fluctuations maintained within an acceptable range
of 5%. The temperature-preserved core chamber was found
to integrate well with the original mechanical structure,
allowing for the successful extraction of 50 mm diameter
cores.
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