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ABSTRACT

Deep petroleum resources are in a high-temperature environment. However, the traditional deep rock
coring method has no temperature preserved measures and ignores the effect of temperature on rock
porosity and permeability, which will lead to the distortion of the petroleum resources reserves
assessment. Therefore, the hollow glass microspheres/epoxy resin (HGM/EP) composites were innova-
tively proposed as temperature preserved materials for in-situ temperature-preserved coring (ITP-Cor-
ing), and the physical, mechanical, and temperature preserved properties were evaluated. The results
indicated that: As the HGM content increased, the density and mechanical properties of the composites
gradually decreased, while the water absorption was deficient without hydrostatic pressure. For com-
posites with 50 vol% HGM, when the hydrostatic pressure reached 60 MPa, the water absorption was
above 30.19%, and the physical and mechanical properties of composites were weakened. When the
hydrostatic pressure was lower than 40 MPa, the mechanical properties and thermal conductivity of
composites were almost unchanged. Therefore, the composites with 50 vol% HGM can be used for ITP-
Coring operations in deep environments with the highest hydrostatic pressure of 40 MPa. Finally, to
further understand the temperature preserved performance of composites in practical applications, the
temperature preserved properties were measured. An unsteady-state heat transfer model was estab-
lished based on the test results, then the theoretical change of the core temperature during the coring
process was obtained. The above tests results can provide a research basis for deep rock in-situ tem-
perature preserved corer and support accurate assessment of deep petroleum reserves.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

(Xie et al., 2015; Zhang et al., 2016; Gao et al., 2020b, 2021b). For
example, current petroleum resources exploitation has reached

The shallow mineral resources have been gradually exhausted, 7500 m. Therefore, deep mining is an ongoing mining industry
and attention have been paid to mineral exploitation in deep earth (Gao et al, 2018; Gao et al., 2020a). Deep petroleum resources
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universally are in a high temperature environment (Pang et al.,
2015), and the influence of temperature will cause great changes
in rock permeability and seepage laws (Liang et al., 2005). Saif et al.
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(2017) obtained that connected pores and cracks appeared in oil
shale under high temperature through microtomography. Rabbani
et al. (2017) found that permeability is related to the connectivity
of pores and cracks. Zhao et al. (2012) found that the porosity of oil
shale samples from Daqing and Yan'an cities increased significantly
in the range of 100—200 °C. The evaluation and exploitation of
underground petroleum resources are closely related to the
porosity and permeability of reservoir, which affect the accurate
evaluation of petroleum resources (Zhou et al., 2010). Scientific
drilling is an important mean in the field of petroleum resources
exploration. However, due to the inability to temperature-
preserved coring for continental deep rock, the distortion of core
temperature will result in the incomplete scientific acquisition of
resources reserves and gas phase information. Therefore, it is
necessary to develop ITP-Coring equipment to preserve the in-situ
temperature of the core occurrence environment, and provide a
basis for subsequent tests (Xie et al., 2020; He et al., 2020; Gao et al.,
2021a).

The focus of deep continental coring is still on the drilling
technology. Only deep-sea corers have taken the lead in coring
technology with retaining in-situ conditions of sediments
(Rothwell and Rack, 2006). However, these devices are mainly
designed for retaining pressure, and most of them do not consider
temperature preserved. Instead, the corer is placed in a cooler
when the devices is lifted, such as the Multiple Autoclave Corer
(MAC) and the Dynamic Autoclave Piston Corer (DAPC) (Abegg
et al.,, 2008). Only a few deep-sea corers involve temperature pre-
served technology. Pressure Temperature Core Sampler (PTCS) and
High-Pressure-Temperature-Corer (HPTC) adopt double-layer inner
pipe for temperature preservation (Norihito and Koji, 2015;
Takahashi and Tsuji, 2005; Zhu et al., 2011). Zhu et al. (2013)
developed a Pressure and Temperature Preservation System
(PTPS), which adopted a double-layer temperature preserved
structure with an inner surface sprayed with temperature pre-
served material, an outer surface sprayed with an anti-ultraviolet
coating and combined with a vacuum in the interlayer. The fidel-
ity coring device developed by Zhejiang University adopted tem-
perature preserved coating and double-layer pipe (Li et al., 2006;
Qin et al., 2005). However, the temperature preserved materials of
the above-mentioned corers are all implemented by sandwiching,
which increases the corer wall thickness and diameter of the core
hole, increasing in the cost of coring. Meanwhile, deep rocks are in
an environment with high hydrostatic pressure, and ordinary
temperature preserved materials that do not use sandwich struc-
ture will not be suitable for deep rock ITP-Coring.

HGM/EP composites have the advantages of low water absorp-
tion, high strength and low thermal conductivity (Yung et al.,
2009). They are widely used as solid buoyancy materials in deep-
sea and pipeline temperature preserved materials for deep-sea
oil, etc. (Gupta et al., 2014). Many scholars have carried out
related research on HGM/EP composites. Gupta et al. (2001) sum-
marized the form of the compressive stress-strain curve of com-
posites with a different aspect ratios of specimens. Kim and Plubrai
(2004) analyzed two failure modes of composites with different
HGM volume fractions. Gall et al. (2014) and Ozturk and Anlas
(2011) tested the volumetric strain of composites in hydrostatic
pressure. Zhai et al. (2020) used a rock mechanics testing system to
characterize the mechanical properties of composites. Xing et al.
(2020) established a three-phase thermal conductivity model to
predict the thermal conductivity of composites, which is in good
agreement with the test results. Wang (2017) derived a heat
transfer model for deep-sea oil pipelines based on composites for
temperature preservation.

Based on the concept of deep rock ITP-Coring proposed by Xie
et al. (2020, 2021), in order to eliminate the sandwich structure
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while taking into account the deep environmental characteristics of
high hydrostatic pressure and high temperature (Gao et al., 2021c;
Xie, 2017), HGM/EP composites are proposed as the temperature
preserved materials for deep rock ITP-Coring. However, few
scholars have studied the properties of composites after hydrostatic
pressure treatment. Therefore, the physical, mechanical, and tem-
perature preserved properties of composites with different content
of K1-HGM (hollow glass microspheres of K1 type) were tested.
Meanwhile, considering the coring environment of high hydro-
static pressure, the above properties of 50 vol% K1-HGM/EP com-
posites were also studied. Finally, an unsteady-state heat transfer
model based on composites was established, and the theoretical
change law of the core temperature during the coring process was
obtained.

2. The properties of composites with different content of
HGM

2.1. Sample preparation of HGM/EP composites

The composites are prepared using E51 epoxy resin as the
substrate (1.15 g/cm?®), 2-ethyl-4-methylimidazole as the curing
agent, and K1-HGM from 3M Scotchlite™ as the filler. The pro-
portion of curing agents is 5%. The HGM is added to the epoxy resin
several times in small quantities, and mixture is evenly stirred at a
speed of 50 r/min before pouring into the mould. The curing pro-
cess of the composites is 80 °C/1 h + 170 °C/3 h. The parameters of
K1-HGM are shown in Table 1. To explore the composites suitable
for ITP-Coring, composites with different content of K1-HGM (O,
10 vol%, 20 vol%, 30 vol%, 40 vol%, and 50 vol%) are prepared.

2.2. Density and water absorption of composites with different
HGM content

Fig. 1 shows the density of composites with different HGM
content. Since the density of HGM is much lower than that of epoxy
resin, and the addition of HGM will also introduce bubbles to form
pores. Then, the density of composites shows a significant down-
ward trend as the K1-HGM content increases. As the K1-HGM
content increases from O to 50 vol%, the density decreases from
1.18 g/cm? to 0.7 g/cm?, showing a good linear relationship overall.

The deep environment is rich in pore water, and the properties
of composites will change after absorbing water, so the water ab-
sorption of the composites needs to be researched. Considering that
the coring process is about 2 h, the prepared samples are placed in
water without pressure for 2 h, and the water absorption is ob-
tained by measuring the mass before and after the test (as shown in
Fig. 2). Due to the measurement error, the water absorption of
composites with different K1-HGM content fluctuates slightly, but
the water absorption rate is shallow overall. The composites have
good waterproof performance, and composites are feasible to be
applied in ITP-Coring.

2.3. Thermal conductivity and thermal diffusivity of composites
with different HGM content

Thermal conductivity and thermal diffusivity are important
parameters to measure the temperature preserved performance of
materials. The test instrument was the Hot Disk Thermal Constant
Analyzer TPS2500 S.

Fig. 3 shows the thermal conductivity and thermal diffusivity of
composites with different HGM content. Due to the addition of
HGM, the density of the material is significantly reduced (as shown
in Fig. 1), which leads to a sharp increase in the porosity of the
composites. The inside of HGM is a vacuum or a rare gas, and its
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Table 1
The parameters of K1-HGM.
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Hollow glass microspheres type Typical density, g/cm?®

Particle size distribution, mm

Isostatic crush strength, MPa

Do

Dso

K1 0.125

30

65 110

—@— Experimental density
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Experimental density, g/cm?

0.8

0.7 4

20 30 40 50

Volume fraction f, %

Fig. 1. The density of composites with different HGM content.
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Fig. 2. The water absorption of composites with different HGM content.

thermal conductivity is extremely low. Therefore, the thermal
conductivity decreases sharply after forming the composites with
epoxy resin. Fig. 4 shows that when the content is less than 30 vol%,
the mixing of HGM is not uniform, so the thermal conductivity and
thermal diffusivity of the composites are not significantly reduced.
When the content reaches 40—50 vol%, the uniformly mixed HGM
reduce the thermal conductivity to 0.148 W/(m-K). Moreover, Fig. 5
shows the SEM images of composites with different HGM content.
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Fig. 3. Thermal conductivity and thermal diffusivity of composites with different HGM
content.

2.4. Mechanical properties of composites with different HGM
content

The coring environment requires that the composites meet the
coordinated deformation of the corer (strain reaches 0.25%) and has
sufficient strength to prevent the loss of temperature preserved
ability due to falling off and cracking. Therefore, the compression
and tensile tests of composites with different HGM content are
conducted to evaluate the mechanical properties of the composites.
The test instrument is the Instron Universal Material Testing
Machine.

Fig. 6 shows the ultimate compressive and tensile strengths of
composites with different HGM content. Since the strength of K1-
HGM is much lower than that of epoxy resin, as the HGM content
increases, the epoxy resin substrate between the HGM becomes
thinner, and the compressive and tensile strengths of the com-
posites gradually decrease. The compressive and tensile strengths
are 45.53 MPa and 13.25 MPa, respectively when the content in-
creases to 50 vol%, which are 66.92% and 70.46% lower than the
materials without the addition of HGM. Fig. 7 shows the ultimate
compressive and tensile strains of composites with different HGM
content. The strains also decrease significantly with the increase in
HGM content. Overall, the addition of HGM has weakened the
composites. When the content is 50 vol%, the compressive and
tensile strains are 7.04% and 0.90%, respectively, which meet the
strain requirements required for application in the corer.

3. The change of properties of composites after hydrostatic
pressure treatment

Since deep rocks exist in high hydrostatic pressure environ-
ments, whether composites can be applied requires further
exploration of the composites with 50 vol% HGM has the lowest
thermal conductivity and meets the strain and strength
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Fig. 4. Distribution of HGM in composites.

requirements. Therefore, composites with 50 vol% HGM were
treated by high hydrostatic pressure (10, 20, 40, 60 MPa), then the
influence mechanism of hydrostatic pressure on properties of
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composites were investigated.

3.1. The water absorption change of composites after hydrostatic
pressure treatment

The water absorption of composites with 50 vol% HGM after
different hydrostatic pressure treatments are shown in Fig. 8. The
water absorption of the composites fluctuates slightly when the
hydrostatic pressure is lower than 40 MPa, but it does not exceed
2%. When the pressure reaches 60 MPa, the water absorption rises
sharply, and the water absorption of specimens for compression,
thermal conductivity and tensile tests reach 49.65%, 50.39%, and
30.19%, respectively. The cured epoxy resin will form a dense
network structure also bond with HGM to form the composites.
With an increase in the hydrostatic pressure, water invades the
interface layer of HGM and the epoxy resin matrix and the pores,
this may cause damage to the HGM (as shown in Fig. 9). The reason
for the difference in water absorption of various types of samples
may be caused by factors such as different specifications and sizes
of the samples. For example, the theoretical specific surface areas of
the compression, tension and thermal conductivity are 0.7, 0.4,
0.001 m?/kg, indicating that the larger the specific surface area, the
higher the water absorption. According to the test results, the
critical hydrostatic pressure of the composites with 50 vol% HGM is

Fig. 5. The SEM images of composites with different HGM content.
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Fig. 6. Ultimate compressive and tensile strengths of composites with different HGM content.
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Fig. 8. The water absorption of composites with 50 vol% HGM after different hydro-
static pressure treatments.

about 40 MPa, which means that it can be applied to ITP-Coring
with a hydrostatic pressure of up to 40 MPa.

3.2. The thermal conductivity and thermal diffusivity change of
composites after hydrostatic pressure treatment

Fig. 10 shows the thermal conductivity and thermal diffusivity of
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o

Ultimate tensile strain, %

20 30 40
Volume fraction f, %

(b) Ultimate tensile strain

of composites with different HGM content.

composites after different hydrostatic pressure treatments. The
change of thermal conductivity and thermal diffusivity conforms to
the trend of water absorption. When the hydrostatic pressure
reaches 60 MPa, the thermal conductivity and thermal diffusivity of
the composites increase sharply, and the thermal conductivity
reaches 0.3474 W/(m-K), which increases by about 2.34 times.
However, when the hydrostatic pressure is less than 40 MPa, the
thermal conductivity of the composites hardly changes because it
does not absorb water.

The mechanism of temperature preserved materials is blocking
the heat transfer and slowing the heat exchange (Ruckdeschel et al.,
2017). Owing to the low thermal conductivity of HGM, the heat
conduction path in composites is longer, the thermal resistance is
greater, and the temperature preserved performance is better.
Therefore, heat transport in HGM-EP composites includes three
main methods (Chau et al., 2017; Xing et al., 2020): (1) gaseous
convection within the HGM; (2) thermal radiation on the surface of
the HGM,; and (3) solid and gaseous conduction. After different
hydrostatic pressure treatments, some of the HGM is broken (as
shown in Fig. 9). It can also be seen in Fig. 11, after treatment at a
high hydrostatic pressure of 60 MPa, obvious cracks are formed on
the wall of HGM, and lots of fragments appear, which are signifi-
cantly different from composites without high hydrostatic pressure
treatment. Finally, the water absorption rose sharply. Then, pres-
surized water filled the space of the broken HGM; thereby two new
heat transfer methods are added (as shown in Fig. 12): heat con-
duction and convection of liquid. Compared with the thin gas inside
the HGM, the heat conduction and convection of the liquid is
significantly greater than that of the gas, which causes the tem-
perature preserved performance of the composites to decrease.
And the pores filled with water is also the reason why the thermal

Fractured HGM

N y l \\\
// \
e i ‘.
L = \ ]
\\ ///
\ \ \\\7 //

Pressurized water

Fig. 9. A schematic of high-pressure water invading the composites.

724



Z.-Q. He, Y. Yang, B. Yu et al.

0.20
I Thermal diffusivity
0.35 4 —@— Thermal conductivity
. L o.19
X »
£ o030 E
= £
= Fo1s X
= =
= =
3] [72]
0.25 4
35 =
3 =
©
8 r 0.17 T
T £
E 020 2
5 -
g [=
= L 0.16
0.15 A
; L 015

20

30 40 50 60

Hydrostatic pressure, MPa

Fig. 10. Thermal conductivity and thermal diffusivity of composites after different
hydrostatic pressure treatments.

conductivity of the composites increases sharply after being treated
by 60 MPa hydrostatic pressure in Fig. 10. Improving the strength of
the microspheres or interface might improve this defect, which is
the next stage of research. The same is true for any insulation
material. In the application of temperature-preserved materials, it
is necessary to avoid the enhancement of heat conduction and
convection caused by water entering the pore structure of mate-
rials. And the superimposed high-temperature environment will
aggravate the heat transfer process. Therefore, it is very important
to avoid high hydrostatic pressure water invading materials in the
ITP-coring process.

In conclusion, from the perspective of temperature preserved
performance, composites with 50 vol% HGM are only suitable for
ITP-Coring in a hydrostatic pressure environment lower than
40 MPa.

3.3. The change of mechanical properties of composites after
hydrostatic pressure treatment

Composites still need to meet the strength and strain capacity
required for deep coring operations under hydrostatic pressure. As
shown in Fig. 13 (a), the change of compressive strength and strain
is consistent with water absorption and thermal conductivity.
When the hydrostatic pressure reaches 60 MPa, the compressive
strength of the composites significantly decreases by about 41.09%,
while the compressive strain increases by about 44.03%. As shown

Petroleum Science 19 (2022) 720—730

Solid
conduction

Liquid conduction

Two thermal transport
pathways are added

Infiltrated by

pressurized water

d Thermal

radiation
0

-
U

Liquid canvectlnn

©5°0
@°
o0

m

@20

Gaseous
convection
0

A

Fig. 12. A schematic of thermal transport pathways in HGM/EP composites.

in Fig. 13 (b), the tensile strength presents a small fluctuation due to
the large dispersion, but the tensile strain also increases by about
41.11%. When the hydrostatic pressure is 40 MPa, the tensile strain
of the composites is 1.08%, which meets the design requirements of
the temperature preserved corer and is consistent with the afore-
mentioned conclusion.

Water molecules will invade the macromolecular segments of
the resin matrix under pressure, resulting in a decrease in strength.
Meanwhile, water can combine with the polar groups of the matrix
and has a plasticizing effect on the matrix, which causes the strain
of the material to increase. The compressive elastic modulus of the
composites is also greatly reduced after 60 MPa hydrostatic pres-
sure treatment (as shown in Fig. 14). This is because the water
pressure causes most HGM with high brittleness to break or
deboned from the matrix.

In order to further explain the mechanism of the change of
composite strains after different hydrostatic pressure treatments,
the stress-strain curve is analyzed. As shown in Fig. 15, the
compressive stress-strain curves of composites show three obvious
stages: elastic region, yield region, and plateau region. The stress-
strain curve has obvious differences as the pressure reaches
60 MPa, which is mainly reflected in the longer platform stage. And
it is also the main reason for the increase in compressive strain. The
plasticizing effect of water on the matrix, resulting in the matrix
framework around pores, HGM and crushed HGM, can no longer
support the external load, causing this part of the space to be
further compressed. Finally, the larger compressive strain is
formed.

Fig. 11. SEM images of high-pressure water invading the composites.
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Fig. 13. The change of strength and strain of composites after different hydrostatic pressure treatments.
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Fig. 14. The change of compressive elastic modulus of composites after different hy-
drostatic pressure treatments.

4. Composite temperature preserved performance and heat
transfer model

4.1. Temperature preserved test and heat transfer model

Based on the aforementioned test results, we believe that the
composites with 50 vol% HGM is suitable for ITP-Coring in 40 MPa
hydrostatic pressure environment. Finally, the temperature pre-
served performance of composites in engineering applications was
studied. Composites are arranged in a two-layer pipe in a sandwich
structure, with a thickness of 6 mm, as shown in Fig. 16. The suc-
cessful injection and curing of the composites prove the feasibility
of this scheme. In the beginning, hot water at about 80 °C is poured
into the inner pipe. And three temperature sensors are installed in
the lower, middle, and upper of the inner pipe.

As shown in Fig. 17, due to the cover has not been closed, the
water temperature drops sharply at the initial stage. Subsequently,
the temperature difference between the water temperature in the
pipe and the ambient temperature gradually narrowed, so the
temperature change shows obvious segmentation. The three curves
basically coincide, so the internal water temperature can be
considered very uniform.
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Fig. 15. The compressive stress-strain curves of composites after different hydrostatic
pressure treatments.

In order to investigate the temperature preserved mechanism of
composites, a heat transfer model was established. Based on the
theory of unsteady-state heat transfer, the model is appropriately
simplified for the test process, as shown in Fig. 18.

As shown in Fig. 18, according to the single-layer cylindrical heat
transfer model, thermal resistance R; of the cross-section A-A can
be obtained by considering the thermal convection and conduction
of the radial multilayer cylindrical wall (Yang and Tao, 2006), as
shown in Eq. (1):

1
B 2'rcr,-1 Ihf

1
2Troolha

(1)

where riy, 12, 101, To2 are the inner and outer diameters of the inner
pipe, and the inner and outer diameters of the outer pipe, respec-
tively, which are 0.03, 0.033, 0.039, 0.049 m, respectively; [ is the
height of the model, which is 0.26 m; Ag is the thermal conductivity
of the metal, which is 16.27 W/(m-K); A is the thermal conductivity
of the composites, and according to the test results, 0.15 W/(m-K)
can be obtained; hsis the convective heat transfer coefficient of the
internal fluid and the pipe, which is 150 W/(m?-K); and h, is the

In(roz /761)
2mllg

In(ro1/rip)
27lAc

In(rip /ri1)

Ry 2mllg
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Fig. 16. Temperature preserved performance test of composites.
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Fig. 17. Temperature preserved performance of composites.

convective heat transfer coefficient of the pipe and ambient, which
is 10 W/(m?-K).

Because the height to diameter ratio of the model is relatively
small, the cover needs to be considered into the calculation. The
thermal resistance of the upper and lower covers is Ry, R3, as shown
in Eq. (2):

_t 6
= 2 2 2
hewrsy  Agmrs,  hamry

(2)

Ry =R;

where ¢ is the thickness of the PTFE cover, which is 0.025 m.
Therefore, the total thermal resistance of the model can be
calculated by Eq. (3).

R=1/(1/Ry+1/Ry+1/R3) (3)

Since the internal water temperature is uniform, assuming that
the water temperature at any time is T(t), Eq. (4) can be obtained
according to the conservation of energy:

Mwew(To — T(t)) = J%dt (4)
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where m,y is the mass of water, kg; ¢y is the specific heat capacity, J/
(kg-°C); T(t), Tp are the temperature at any time and initial tem-
perature of the water, respectively, °C; T, is the ambient tempera-
ture, °C; R is the total thermal resistance, °C/W; t is the time, min.

According to the initial conditions, the water temperature at any
time can be obtained, as shown in Eq. (5):

1 t+ln(Tg—Ta):|

" mwcwR

T(t)e[ + T, (5)

Take the water temperature collected by sensor 2 as an example,
and the established heat transfer model is compared with test re-
sults, as shown in Fig. 19. In the initial cooling stage, due to the hot
water just pouring in, the curve shows a sharp drop, which leads to
a large gap to the theoretical results. As the heat dissipation process
continues, the theoretical and experimental results gradually
become consistent, indicating that the heat transfer model has a
certain feasibility and credibility in predicting actual temperature
change.

Fig. 20 shows the theoretical results of the temperature pre-
served performance of different composites. The increase in the
HGM content leads to a decrease in the thermal conductivity of the
composites, thereby reducing the heat exchange rate between the
water in the pipe and the ambient, and improving the temperature
preserved performance. However, due to the increased in thermal
conductivity of the composites after 60 MPa hydrostatic pressure
treatment, the cooling rate is even higher than that of the com-
posites with 0 vol% HGM.

4.2. Heat transfer model in coring process based on HGM/EP
composites

After the coring process, the ambient temperature is constantly
changing during core lifted. Therefore, the method of considering
the ambient temperature as a constant in the heat transfer model
will no longer be suitable. Meanwhile, the actual corer size and the
design of the temperature preserved scheme must also be consid-
ered. The schematic of the core chamber is shown in Fig. 21, where
the core diameter is 50 mm, the thickness of the composite is
10 mm, and the water and marble are considered as the media in
the chamber.

Assuming the core lifting speed is v, and the geothermal
gradient is AT per 100 m. And the ambient temperature around the
chamber is consistent with the formation temperature, then the
change of the ambient temperature T, during the core lifting in time
t is shown in Eq. (6):
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Fig. 18. Simplified heat transfer model.
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Fig. 19. Comparison of the theoretical and experimental results.

Ta = T(0) — (v*t/100)*AT (6)
where T(0) is the ambient temperature, °C; v is the lifting speed, m/
s; AT is the geothermal gradient, °C/100 m.

Therefore, the temperature of the media inside the chamber T{(t)
during the lifting process can be calculated by substituting the
chamber size and Eq. (6) into Eq. (4). Then, T(t) and T, are both
functions of time t.

T(t) - T(0) + (vt/100)AT
Rc

(Mo + mycy)(To — T(8)) = j

(7)
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Fig. 20. The theoretical results of the temperature preserved performance of different
composites.

where my is the mass of the marble, kg; cy is the specific heat
capacity of the marble, J/(kg-°C); Rc is the total thermal resistance
of the core cabin, °C/W.

Considering t = 0, the initial temperature T(t) = T(0), and the
cooling rate T'(t) = T'(0) = 0. Therefore, the internal media tem-
perature change at any time during the core lifting process is ob-
tained, as shown in Eq. (8):

vAT

100
+T(0)

TI(t) = (mwew + mycm)Re (1 — e (mwowimyey)Re ) _ t}

(8)

The total thermal resistance Rc of the core chamber can be
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Fig. 21. The schematic of the core chamber of the corer.

calculated according to the actual size in Fig. 21. Due to the long size
of the chamber, the heat dissipation is mainly caused by the radial
cylindrical wall, so the thermal resistance at both ends is ignored
here. Rc is shown in Eq. (9).

1
1 +
v (e /re1) (e /re2)

Zn'rgl Iche ! 2rlcig " 2mcAc

1
+ ZTCrgz ltha

R¢ 9)

1
L /)

27rgylghe " 2mlgig

where g, Iy, Tc are the inner and outer diameters of the outer pipe
at the groove and the outer diameter of the composites, m; I; is the
total length of the core chamber, m; [ is the length of the com-
posites, m; Ig is the length of the outer pipe at the lower end of the
composites, m.

After obtaining the change of the core temperature, the heat loss
and heat dissipation power during this process can be simply
evaluated by Eq. (10).

Q = (mwcw + mycm)AT(t) = Pt (10)
where AT(t) is the temperature change during core lifting, °C; Q is
the heat loss, J; P is the heat dissipation power, W.

Considering that the normal temperature is 25 °C, the lifting
speed v is 150 m/min, the geothermal gradient AT is 4 °C/100 m,
and the temperature of the coring formation is 150 °C. Therefore,
the theoretical change of the core temperature during the lifting

155
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Fig. 22. The theoretical change of the core temperature during lifting process.
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process can be obtained, as shown in Fig. 22. It is observed that the
total time of core lifting is about 20.8 min. During the core lifting
process, the ambient temperature presents an ideal linear change
trend, while the core temperature presents a nonlinear change.
Meanwhile, the composites have obvious temperature preserved
performance. With and without composites, the core temperature
will drop by 21.4 and 24.4 °C, respectively. According to Eq. (10), it
can be concluded that the heat loss and heat dissipation power of
the core chamber with composites are 291.1 k] and 2329 W,
respectively. And the heat loss and heat dissipation power of the
core chamber without composites are 2911 k] and 232.9 W,
respectively. In summary, the composites can increase the tem-
perature preserved performance by about 12.2% in the ITP-Coring
process. The established model can also provide guidance for en-
gineering applications from a theoretical perspective. Meanwhile,
we have put forward the concept of the active temperature pre-
served coring method and carried out related researches (Xie et al.,
2020). Then, the composites will help realize the active tempera-
ture preserved scheme under the conditions of effective space and
energy supply.

5. Conclusions

Focusing on deep rock ITP-Coring technology, it is innovatively
proposed to use HGM/EP composites as temperature preserved
materials. The physical, mechanical and temperature preserved
properties of the composites were evaluated, and a heat transfer
model in the coring process based on HGM/EP composites was
established, which could provide guidance for engineering appli-
cations from a theoretical perspective. The following conclusions
were drawn:

(1) When the hydrostatic pressure reaches 60 MPa, the water
absorption of composites with 50 vol% HGM increases to
more than 30.19%, and the thermal conductivity increases by
about 2.34 times.

(2) Above 40 MPa, the water can weaken the mechanical prop-
erties of composites. On the contrary, the performance of the
composites are almost unaffected. Therefore, composites
with 50 vol% HGM are suitable for ITP-Coring in a hydrostatic
pressure environment of lower than 40 MPa.

(3) The composites are feasible for engineering application. At
the same time, the established heat transfer model is
consistent with the experimental results and has certain
feasibility and credibility.

(4) A heat transfer model in the coring process based on HGM/EP
composites with 50 vol% HGM is established. Theoretically,
the application of composites may increase the temperature
preserved ability by about 12.2%.
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