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ABSTRACT

The natural gas hydrate has been regarded as an important future green energy. Significant progress on
the hydrate exploitation has been made, but some challenges are still remaining. In order to enhance the
hydrate exploitation efficiency, a significant understanding of the effective thermal conductivity (ETC) of
the hydrate-bearing sediment has become essential, since it directly controls the heat and mass transfer
behaviors, and thereby determines the stability of hydrate reservoir and production rate. In this study,
the effective thermal conductivities of various hydrate-bearing sediments were in-situ measured and
studied. The impacts of temperature, particle size and type of sediment were investigated. The effective
thermal conductivities of the quartz sand sediments before and after hydrate formation were in-situ
measured. The results show the weak negative correlation of effective thermal conductivity of the quartz
sand sediment on the temperature before and after the hydrate formation. The effective thermal con-
ductivity of the hydrate-bearing sediment decreases with the increase of particle size of the sediment.
The dominant effect of the type of porous medium on the characteristics of the effective thermal con-
ductivity of hydrate-bearing sediment was highlighted. The results indicate that both the effective
thermal conductivities of hydrate-bearing quartz sand sediment and hydrate-bearing silicon carbide
sediment are weakly negatively correlated with temperature, but the effective thermal conductivity of
hydrate-bearing clay sediment is weakly positively dependent on the temperature. In addition, the
values of the effective thermal conductivities of various hydrate-bearing sediments are in the order of
hydrate-bearing silicon carbide sediment > hydrate-bearing quartz sand sediment > hydrate-bearing
clay sediment. These findings could suggest that the intrinsic thermal conductivity of porous medium
could control the characteristics of effective thermal conductivity of hydrate-bearing sediment.
© 2023 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

importance on the natural gas recovery coupled with the thermal-
hydraulic-chemical-mechanical (THCM) process (Zhang et al,

The natural gas hydrate has been identified as the one of the
most promising future clean energy sources (Yin and Linga, 2019).
The hydrate exploitation in the South China Sea has achieved sig-
nificant progress and faced challenges (Qin et al., 2022; Xu et al.,
2022). The exploitation of the natural gas hydrate mainly involves
mass transfer, heat transfer and gas-liquid phase flow processes.
The multiphase flow transport, heat and mass transfer are of

* Corresponding author.
** Corresponding author.
E-mail addresses: lixingxun@cup.edu.cn (X. Li), ligp@cnooc.com.cn (Q. Li).

https://doi.org/10.1016/j.petsci.2023.02.016

2022). The thermophysical property data of hydrate is of signifi-
cance (Jr and Koh, 2007; Sun et al., 2022). The heat transfer process
and thermal property of hydrate deposits are critical to evaluate the
stability of hydrate reservoir and determine the production effi-
ciency of natural gas hydrate (Kim and Yun, 2013; Li et al., 2022;
Muraoka et al., 2015; Rosenbaum et al., 2007; Sun et al., 2019; Yang
et al.,, 2015, 2016; Yin et al., 2020). The increases in the thermal
diffusivity and thermal conductivity of the hydrate dissociated re-
gion could lead to the higher dissociation rate (Yin et al., 2016).
Therefore, the investigation of the heat transfer characteristics of
the hydrate-bearing sediment can provide important fundamental
data for the hydrate exploitation (Kanda et al., 2020; Liu et al., 2019;
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Song et al., 2016; Wan et al., 2018; Zhang et al., 2021). The effective
thermal conductivity (ETC) is one of the important thermophysical
properties of hydrate-bearing sediment, which has a predominant
impact and an effective indication on the heat transfer process of
hydrate-bearing sediment (Wei et al., 2022), hence directly con-
trolling the heat transfer rate (Zhang et al., 2022), and energy ef-
ficiency during the hydrate exploitation (Wu et al, 2022).
Therefore, it is of great significance to investigate the effective
thermal conductivity of hydrate-bearing sediment to provide a
better understanding of hydrate exploitation process and hence
improve the production efficiency.

The thermal conductivity of hydrate sediment has been recently
measured and studied by using different experimental methods
and in various systems, but the knowledge related to its evolution
considering some significant factors still remains limited. Wei et al.
(2022) used a point-heat-source device to measure the effective
thermal conductivity of methane hydrate-bearing clay sediment,
considering the impact of phase transition including the ice melting
and hydrate formation and dissociation. They found that the
effective thermal conductivity increased during the hydrate for-
mation, but decreased when the ice was melted and the hydrate
was decomposed (Wei et al., 2022). He et al. (2021b) employed the
transient hot-wire approach to measure the effective thermal
conductivity of hydrate-bearing quartz sands, and investigated the
impacts of gas/water saturation, gas pressure/temperature and
hydrate distribution. Wei et al. (2021) reported the effect of
compaction on the effective thermal conductivity of natural marine
sediment containing hydrate and confirmed the increase of its
effective thermal conductivity resulted from the decreased porosity
of the sediment. They presented that the porous structure variation
caused by the icing and hydrate reformation leaded to the change of
the effective thermal conductivity (Wei et al.,, 2021). Sun et al.
(2019) used the transient plane source (TPS) technique to mea-
sure the dependence of thermal conductivities of high-quality
methane hydrate sample and methane hydrate-bearing seasand
on the temperature. They proposed that the thermal conductivities
of methane hydrate and methane hydrate-bearing seasand had
positive correlations with the temperature (Sun et al., 2019).
However, Li and Liang (2016) measured the effective thermal
conductivity of methane hydrate-bearing quartz sand, confirmed
the weak negative dependence of effective thermal conductivity on
the temperature, and stated the significant effect of morphology on
the thermal conductivity of sediment. He et al. (2021a) measured
the effective thermal conductivity of the hydrate-bearing quartz
sand during the depressurization, and highlighted the significance
of hydrate dissociation and grain rearrangement. Chuvilin and
Bukhanov (2017) investigated the impact of hydrate formation on
the thermal conductivity of gas-saturated sediment and presented
that the variation of thermal conductivity could be caused by the
change of pore space condition due to hydrate formation. The
experimental methods for thermal conductivity measurement of
hydrate-bearing sediment, material and particle size of sediments
used in these studies are summarized in Table 1.

Even though the effective thermal conductivities of the sedi-
ments containing hydrate have been recently measured and stud-
ied in literatures, the investigations of the influences of the phase
transition, particle size, type of porous sediment on the effective
thermal conductivity have been still insufficient. Especially, the
significance of the role of the sediment type and its intrinsic ther-
mal conductivity on the effective thermal conductivity of hydrate-
bearing sediment have been rarely highlighted. Hence, in this
study, the effective thermal conductivities of different hydrate-
bearing sediment samples with various types of porous sedi-
ments, hydrates, and different sizes of sediment particle were in-
situ measured and investigated at different temperatures. This
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work could contribute to improving and enriching the fundamen-
tals and database of thermophysical properties of various hydrate-
bearing sediments, and hence gaining better understanding of the
heat transfer phenomenon during hydrate exploitation process.

2. Experimental section
2.1. Materials

As a substitute for natural gas hydrate, TBAB (tetrabutylammo-
nium bromide) hydrate and cyclopentane hydrate can be formed
under moderate conditions under atmospheric pressure. Moreover,
TBAB hydrate and cyclopentane hydrate are similar to natural gas
hydrate in many physical properties. Thus, in this study, the TBAB
hydrate-bearing sediments and cyclopentane hydrate-bearing
sediments were prepared and used for the in-situ measurement
of effective thermal conductivity of hydrate-bearing sediment.
Three kinds of sediment particles were used, which are clay
(Al,03-4Si0;5-nH0, > 95%, 200—300 mesh), quartz sand (SiO,, >
95%, 20—40 mesh, 80—120 mesh and 200—300 mesh) and silicon
carbide (SiC, > 95%, 200—300 mesh). The hydrate-bearing sedi-
ments in the South China Sea are widely identified as clay-rich type
of sediment, and the clay minerals have effects on the hydrate
formation and dissociation (Ren et al., 2022). Hence, the clay par-
ticles were used in this study. The particle size distribution curve of
the clay was measured by the particle size analyzer (Malvern
Mastersizer, 2000) and shown in Fig. 1. The effective thermal con-
ductivities of six types of hydrate-bearing sediments were studied,
which are TBAB hydrate-bearing clay, quartz sand, silicon carbide
sediments and cyclopentane hydrate-bearing clay, quartz sand,
silicon carbide sediments. In order to investigate the effect of
sediment particle size on the effective thermal conductivity of
hydrate-bearing sediment, three different sizes of quartz sand
particles were used, which were 20—40 mesh, 80—120 mesh and
200-300 mesh.

For the homogeneous TBAB hydrate-bearing sediment prepa-
ration, the 42 wt% TBAB aqueous solution was first prepared, and
then the sediment particles were completely saturated with the
TBAB aqueous solution. Finally, the TBAB hydrate (phase equilib-
rium temperature: ~12 °C) was formed under the condition that the
water bath temperature was 0.3 °C (to avoid the formation of ice).
For the preparation of cyclopentane hydrate-bearing sediment, the
cyclopentane and water were first emulsified with the span 80 to
form a stable and uniform emulsion (the mass ratio of water to
cyclopentane was 1.4:1), then the sediment particles were then
completely saturated with the emulsion, and finally cyclopentane
hydrate (phase equilibrium temperature: 7.1 °C) was formed under
the condition of water bath temperature of 0.3 °C.

2.2. Methods

Fig. 2 shows the schematic diagram of in-situ thermal conduc-
tivity measurement system of hydrate-bearing sediment used in
this study. This experimental setup mainly includes the thermal
conductivity measurement system, temperature control system
and hydrate formation system. The thermal conductivity mea-
surement system includes the thermal conductivity measurement
instrument host (TC 4000E) and the thermal conductivity probe
sensor. The probe sensor is composed of thermocouple, heating
wire and stainless steel needle tube, the diameter of the probe
sensor is 3 mm, and the total length is 120 mm. This system was
mainly used to in-situ measure and record the effective thermal
conductivity of hydrate-bearing sediment. The thermal probe
method for thermal conductivity measurement is based on the
principle of the hot wire method.
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Table 1
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Summary of effective thermal conductivity measurements of hydrate-bearing sediments in literatures (Chuvilin and Bukhanov, 2017; He et al., 2021a, 2021b; Li and Liang,

2016; Sun et al., 2019; Wei et al., 2021, 2022).

Work Experimental test method Porous media

Particle size

Li and Liang (2016)  Transient plane source
(TPS)

Thermocouple heating

Quartz sand

Chuvilin and
Bukhanov (2017)

Sand, silty sand, kaolin

250-425 pm

Grain size fraction:
Sand-1 (1-0.05 mm: 94.8%, 0.05—-0.001 mm: 3.1%, < 0.001 mm: 2.1%)

Sand-2 (1-0.05 mm: 82.3%, 0.05-0.001 mm: 12.7%, < 0.001 mm: 2.7%)
Silty sand (1-0.05 mm: 41.8%, 0.05—0.001 mm: 53.7%, < 0.001 mm: 4.5%)
Kaolin (1-0.05 mm: 4.5%, 0.05—0.001 mm: 70.9%, < 0.001 mm: 24.6%)

Sun et al. (2019) Transient plane source Natural seasand
(TPS)
Transient hot-wire method Quartz sand

Transient hot-wire method Quartz sand

He et al. (2021a)
He et al. (2021b)

Volume percentage: <4 um: 0%, 4—63 pm: 0%, 63—250 pm: 22.173%, 250—500 pm: 77.827%,
500—2000 pm: 0%, > 2000 pm: 0%

100—120 mesh

100—120 mesh

Montmorillonite, marine Montmorillonite: D50 = 8.892 um, marine sediment: D50 = 7.835 um

bearing sediment, thermal conductivity probe sensor and temper-
ature transducer were immersed in the cooling water bath to
ensure the constant measurement temperature.

2.3. Formation and growth characteristics of TBAB hydrate and
TBAB hydrate-bearing sediment

The formation of TBAB hydrate is an exothermic process, which
could lead to the rapid rise of temperature in the hydrate simulator,
so the rapid rise of temperature can be used to describe the for-
mation and growth behaviors of the hydrate. The temperature
profile of the TBAB hydrate formation process is shown in Fig. 3a.
Although the temperature of TBAB aqueous solution (42 wt%) was

Wei et al. (2021) Point-heat-source based Marine sediment grain  0.5—140 um
measurement
Wei et al. (2022) Point-heat-source based
measurement sediment
12
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8 .
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Fig. 1. The particle size distribution curve of the clay.

Under the assumption of isotropy, the radius of the thermal
probe is small and the heat loss in the measurement process could
be ignored. The thermal conductivity model is transformed into a
one-dimensional heat transfer process to derive the thermal con-
ductivity. The hydrate-bearing sediment samples used in this work
were in-situ formed in the hydrate formation cell, as shown in
Fig. 2. The temperature control system includes a constant-
temperature cooling water bath (DCW-4006) and temperature
transducer (WZP-PT100). All of the hydrate formation cell, hydrate-

reduced to below the phase equilibrium temperature (Fig. 3a), but
the TBAB hydrate was not formed immediately, and there was an
induction period of about 2 h. The temperature in the hydrate
simulator then increased rapidly. This means that the TBAB hydrate
began to be formed. After the temperature reaching the highest
point, the TBAB hydrate was continuously formed and accompa-
nied with the gradual reduction of the TBAB hydrate formation rate
and heat release in the formation process. Meanwhile, under the
refrigeration of the external water bath, the heat released in the
hydrate formation process was gradually transferred to the external
environment, resulting in the gradual decline of the temperature in
the hydrate simulator, and finally the temperature was reduced to
the system temperature. This stage is the hydrate formation stage
lasting for about 700 min. After the hydrate formation stage, the
temperature in the hydrate simulator finally tends to stabilize, as

0 8
B D

[ ]

oOooo

/

5

Fig. 2. Schematic diagram of in-situ thermal conductivity measurement system of hydrate-bearing sediment ((1) constant-temperature cooling water bath, (2) hydrate formation
cell, (3) thermal conductivity probe sensor, (4) temperature transducer, (5) data acquisition, (6) thermal conductivity measurement instrument host, (7) computer).

2481



X. Li, R. Wei, Q. Li et al.

TBAB hydrate
20

Induction

Hydrate growth Stable stage

Eqgilibrium temperatyre

Temperature, °C

200 600 800 1000 1200

Time, min

Petroleum Science 20 (2023) 2479—2487

TBAB hydrate-bearing sediment

Induction Hydrate growth Stable stage

Equilibrium temperature

Temperature, °C
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Time, min

Fig. 3. Temperature variation profiles during the formations of (a) TBAB hydrate and (b) TBAB hydrate-bearing quartz sand sediment with the particle size of 80—120 mesh.

shown in the stable stage in Fig. 3a. In order to ensure the accuracy
and stability of the subsequent measurement of the thermal con-
ductivity of the TBAB hydrate, the temperature water bath was kept
unchanged for 48 h after the completion of the TBAB hydrate for-
mation. Fig. 3b shows the temperature variation profile during the
formation TBAB hydrate-bearing sediment. It can be seen from
Fig. 3b that the induction time of TBAB hydrate in the porous me-
dium (quartz sand sediment) is less than 50 min. It was signifi-
cantly shortened, compared with the one for TBAB hydrate (Fig. 3a).
The quartz sands can effectively shorten the induction time of TBAB
hydrate.

3. Results and discussion

3.1. Effective thermal conductivities of water-saturated sediment
and ice-bearing sediment

Prior to the investigation on the effective thermal conductivity
of hydrate-bearing sediment, the effective thermal conductivities
of the water-saturated quartz sand sediment and ice-bearing
quartz sand sediment with the particle size of 80—120 mesh were
first in-situ measured in this work. As shown in Fig. 4a, the effective
thermal conductivity of the water-saturated quartz sand sediment
is weakly negatively correlated with temperature, in the tempera-
ture range of 277.15-307.15 K. Since the ice might form in the hy-
drate sediment during the hydrate exploitation process, the
effective thermal conductivity of the ice-bearing sediment was
investigated. As shown in Fig. 4b, the effective thermal conductiv-
ities of ice-bearing quartz sand system is larger than the ones of
water-saturated quartz sand sediment, and is also weakly nega-
tively correlated with temperature.

In order to investigate the difference of effective thermal con-
ductivities of various water-saturated sediments, the effective

=

—=— Water-saturated sediment

o
».

Effective thermal conductivity, W/(m-K)

275 280 290 31

Temperature, K

0

thermal conductivities of water-saturated clay sediment, water-
saturated quartz sand sediment and water-saturated silicon car-
bide sediment with the same particle sized of 200—300 mesh were
in-situ measured in the temperature range of 276.8—303.32 K. As
shown in Fig. 5, the effective thermal conductivity of the water-
saturated clay sediment is weakly positively correlated with tem-
perature, while both the effective thermal conductivities of water-
saturated quartz sand sediment and water-saturated silicon carbide
sediment are weakly negatively correlated with temperature. In
addition, the value of the effective thermal conductivity of water-
saturated silicon carbide sediment is much higher than those of
water-saturated clay sediment and water-saturated quartz sand
sediment. The effective thermal conductivity of water-saturated
quartz sand sediment is higher than the one of water-saturated
clay sediment. These are mainly due to the fact that the intrinsic
thermal conductivities of the three porous media are different.

3.2. Thermal conductivities of TBAB hydrate and cyclopentane
hydrate

In this section, the thermal conductivities of TBAB hydrate under
different temperatures were first in-situ measured, and compared
with the literature values (Fig. 6). It can be seen from Fig. 6 that the
thermal conductivity of TBAB hydrate ranges from 0.3741 to
0.3811 W/(m-K) in the temperature range of 258.53—-274.94 K, and
the thermal conductivity of TBAB hydrate is weakly negatively
correlated with temperature.

In the literatures, Fujiura et al. (2016) used a transient hot-wire
device to measure the thermal conductivity of TBAB hydrate (TBAB
solution concentration was 40.52 wt%), and concluded the weak
negative temperature coefficient of the thermal conductivity of
semiclathrate hydrate. Nagatomi et al. (2013) used a transient hot-
wire method to perform the thermal conductivity measurements

G

—=a— [ce-bearing sediment

Effective thermal conductivity, W/(m-K)

Temperature, K

Fig. 4. Effective thermal conductivities of (a) water-saturated quartz sand sediment and (b) ice-bearing quartz sand sediment with the particle size of 80—120 mesh.
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Fig. 5. Effective thermal conductivities of (a) water-saturated clay sediment, (b) water-saturated quartz sand sediment and (c) water-saturated silicon carbide sediment with the

particle size of 200—300 mesh.
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Fig. 6. Experimental data of thermal conductivities of TBAB hydrate and literature
values (Fujiura et al., 2016; Li et al., 2016; Nagatomi et al., 2013).

and obtained that the thermal conductivities of TBAB hydrate
(TBAB solution concentration was 40 wt%) in the temperature range
from 193 to 282 K were within 0.371-0.389 W/(m-K). In the same
temperature range, it can be found that the measurement results of
thermal conductivity of TBAB hydrate in our experiments are close
to those of the literature values. Li et al. (2016) used a single-sided
transient plane source technique to measure the thermal conduc-
tivity of TBAB hydrate (TBAB solution concentration is 40 wt%) and
also found the negative trend of the thermal conductivity of TBAB
hydrate with temperature. This was explained by the crystal heat
transmission features retained by the TBAB hydrate with a semi-
clathrate structure (Li et al., 2016). There are some discrepancies
between the experimental values and those in the literatures. This
might be mainly due to the different measurement apparatus,
methods and solution concentrations used. However, our experi-
mental results in this study are similar to the most of the literature
values, and the trend of the dependence of thermal conductivity on
the temperature also follows the previous findings. These could
confirm the feasibility of the hydrate thermal conductivity mea-
surement apparatus and experimental methodology developed in
this study.

The cyclopentane is sparingly miscible with the water and
similar to the hydrophobic natural gas, which could form a struc-
ture II hydrate (Martinez de Banos et al., 2015; Touil et al., 2017).
The cyclopentane hydrate is a well-known model hydrate of prac-
tical interest like gas hydrate (Dirdal et al., 2012), since its formation
conditions are more readily to reach (Delroisse et al., 2018;
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Martinez de Banos et al., 2015; Touil et al., 2017). Thus, the cyclo-
pentane hydrate was used as a proper substitute of natural gas
hydrate in this study. The thermal conductivities of cyclopentane
hydrate at different temperatures were in-situ measured in this
section, as shown in Fig. 7. The results indicate that the thermal
conductivity of cyclopentane hydrate is weakly positively corre-
lated with the temperature in the temperature range of
263.6—-275.81 K. Comparing the experimental results in Figs. 6 and
7, it can be found that the thermal conductivity of cyclopentane
hydrate is slightly larger than that of TBAB hydrate. This is mainly
because the thermal conductivity of hydrate could be related to the
structure of hydrate and the size of guest molecules (Andersson and
Ross, 1983; Li et al., 2016).

3.3. Effective thermal conductivities of hydrate-bearing sediments
and non-hydrate-bearing sediments

In order to investigate the effective thermal conductivities of the
hydrate-bearing sediment and non-hydrate-bearing sediment, the
effective thermal conductivities of the quartz sand sediments
before and after TBAB/cyclopentane hydrate formation were in-situ
measured as a function of temperature, are shown in Fig. 8a and b.
As shown in Fig. 8a, the results indicate that the effective thermal
conductivities of the quartz sand sediments before and after TBAB
hydrate formation are weakly negatively correlated with the tem-
perature. Other investigations on the effective thermal conductivity
of hydrate-bearing quartz sand system also obtain the weak
negative dependence of effective thermal conductivity on

0.60

—&— Cyclopentane hydrate

0.55 4

0.50

0.45 4

0.40

Thermal conductivity, W/(m-K)

0.35

0.30 T T T
262 266 270 274 278

Temperature, K

Fig. 7. Thermal conductivities of cyclopentane hydrates at different temperatures.
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—0

Effective thermal conductivity, W/(m-K)
@

262 268 274 280 286 292 298

Temperature, K

Fig. 8. Effective thermal conductivities of (a) TBAB hydrate-bearing sediment and non-TBAB hydrate-bearing sediment, and (b) cyclopentane hydrate-bearing sediment and non-
cyclopentane hydrate-bearing sediment with the quartz sand particle size of 80—120 mesh.

temperature (Li and Liang, 2016). For the low temperature range,
the hydrate formation might cause the increase in the effective
thermal conductivity of the hydrate-bearing sediment. The results
in literatures obtain these similar findings on the effect of phase
transition on the effective thermal conductivity of hydrate-bearing
sediment. The hydrate decomposition or ice melting could lead to
the declined effective thermal conductivity of hydrate-bearing
sediment, but might increase the effective thermal conductivity
during hydrate formation (Wei et al., 2022).

In order to confirm the characteristics of the effective thermal
conductivities of the sediments before and after the hydrate for-
mation. The effective thermal conductivities of the quartz sand
sediments with the particle size of 80—120 mesh before and after
cyclopentane hydrate formation were in-situ measured, respec-
tively (Fig. 8b). It can be seen from Fig. 8b that the effective thermal
conductivity of cyclopentane-water quartz sand sediment before
the hydrate formation and cyclopentane hydrate-bearing quartz
sand sediment after the hydrate formation are weakly negatively
correlated with temperature, and their dependence on the tem-
perature is similar to the one of the effective thermal conductivity
of sediments before and after the TBAB hydrate formation (Fig. 8a).

3.4. Effect of particle size of sediment on the effective thermal
conductivity of hydrate-bearing sediment

In order to explore the dependence of the effective thermal
conductivity of hydrate-bearing sediment on the particle size of
sediment, the effective thermal conductivities of TBAB hydrate-
bearing quartz sand sediments with the particle sizes of 20—40
mesh, 80—120 mesh and 200—300 mesh were in-situ measured. As
shown in Fig. 93, in the temperature range of 265.43-279.23 K, the

(a) 17
—— 200-300 mesh
< —@— 80-120 mesh
e 1 —A— 20-40 mesh
- 15 ] — emw

2 Ll
=
E
2 14
c
o
S
T 13
E
Qo
£ 42
2 Coe—o o o
k]
£ 1
w

10

264 267 270 273 276 279 282

Temperature, K

TBAB hydrate-bearing sediment

effective thermal conductivities of TBAB hydrate sediments with
three different particle sizes are weakly negatively correlated with
temperature. In addition, the effective thermal conductivity of
TBAB hydrate-bearing quartz sand sediment with the particle size
of 200—300 mesh is the largest, and that of hydrate-bearing sedi-
ment with the particle size of 20—40 mesh is the smallest. The
results indicate that the effective thermal conductivity of hydrate-
bearing sediment decreases with the increase of the particle size
of porous medium. This is caused by the larger amount of solid
quartz sand in the same volume of quartz sand when the particle
size is smaller.

In order to confirm the effect of particle size of sediment on the
effective thermal conductivity of hydrate-bearing sediment, the
effective thermal conductivities of cyclopentane hydrate quartz
sand sediments with the particle sizes of 20—40 mesh, 80—120
mesh and 200—300 mesh were in-situ measured in this study, as
shown in Fig. 9b. The results indicate that the effective thermal
conductivity of the hydrate-bearing quartz sand sediments with
three different particle sizes is weakly negatively correlated with
the temperature, in the temperature range of 263.45-275.06 K.
Within this temperature range, the effective thermal conductivities
of cyclopentane hydrate quartz sand sediment of 200—300, 80—120
and 20—40 mesh are 1.5-1.6,1.18—1.45, and 1.14—1.3 W/(m-K). This
shows that the effective thermal conductivity of the cyclopentane
hydrate-bearing quartz sand sediment decreases with the increase
of particle size, and this variation trend is consistent with those of
the TBAB hydrate-bearing quartz sand sediment (Fig. 9a).

C
N
]

~—0O-— 200-300 mesh
—O— 80-120 mesh
184 —A— 20-40 mesh

Effective thermal conductivity, W/(m-K)

262 266 270 274 278
Temperature, K

Cyclopentane hydrate-bearing sediment

Fig. 9. Effective thermal conductivities of (a) TBAB hydrate-bearing quartz sand sediments and (b) cyclopentane hydrate-bearing quartz sand sediments with different particle

sizes.
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3.5. Effect of type of sediment on the effective thermal conductivity
of hydrate-bearing sediment

Various porous media have different thermophysical properties,
which might affect the effective thermal conductivity of the
hydrate-bearing sediment. Therefore, in order to reveal the effect of
the type of sediment on the effective thermal conductivity of
hydrate-bearing sediment, the effective thermal conductivities of
TBAB hydrate-bearing clay sediment, TBAB hydrate-bearing quartz
sand sediment and TBAB hydrate-bearing silicon carbide sediment
with the particle size of 200—300 mesh were in-situ measured,
respectively. As shown in Fig. 10a—c, in the temperature range of
264.13-276.60 K, the effective thermal conductivity of TBAB
hydrate-bearing clay sediment is weakly positively correlated with
temperature, while both the effective thermal conductivities of
TBAB hydrate-bearing quartz sand sediment and TBAB hydrate-
bearing silicon carbide sediment are weakly negatively correlated
with temperature. In addition, the value of effective thermal con-
ductivity of TBAB hydrate-bearing quartz sand sediment is between
those of TBAB hydrate-bearing clay sediment and TBAB hydrate-
bearing silicon carbide sediment. This is mainly due to the fact
that the intrinsic thermal conductivity of silicon carbide is greater
than that of quartz sand, but the intrinsic thermal conductivity of
quartz sand is greater than that of clay. The effective thermal
conductivity of the multiphase sediment can be increased by the
porous medium with the higher thermal conductivity (Wang et al.,
2017). The trend of the data obtained in this experiment is
consistent with the trends of the effective thermal conductivities of
the water-saturated clay sediment, water-saturated quartz sand
sediment and water-saturated silicon carbide sediment shown in
Fig. 5. This also confirms that the intrinsic thermal conductivity of
porous medium could dominate the characteristics of thermal
conductivity of hydrate-bearing sediment.

The effective thermal conductivities of cyclopentane hydrate-
bearing clay sediment, cyclopentane hydrate-bearing quartz sand

Petroleum Science 20 (2023) 2479—2487

sediment and cyclopentane hydrate-bearing silicon carbide sedi-
ment with the particle size of 200—300 mesh were in-situ
measured, as shown in Fig. 10d—f. It can be seen from the results
that the effective thermal conductivity varies differently with
temperature when the porous medium type of sediment changes.
In the temperature range of 263.45—-275.76 K, the effective thermal
conductivity of cyclopentane hydrate-bearing clay sediment is
weakly positively correlated with temperature, but the effective
thermal conductivities of cyclopentane hydrate-bearing quartz
sand sediment and cyclopentane hydrate-bearing silicon carbide
sediment are weakly negatively correlated with temperature. The
dependence of different cyclopentane hydrate-bearing sediments
on the temperature (Fig. 10d—f) is similar to the ones of TBAB
hydrate-bearing sediment (Fig. 10a—c). In addition, the effective
thermal conductivity values of these three different cyclopentane
hydrate-bearing sediments are in the order of hydrate-bearing clay
sediment < hydrate-bearing quartz sand sediment < hydrate-
bearing silicon carbide sediment. This is because of the different
intrinsic thermal conductivities of these three types of water-
saturated sediments (Fig. 5). These results in cyclopentane
hydrate-bearing sediment also could demonstrate the significance
of the type of sediment on the effective thermal conductivity of
hydrate-bearing sediment.

The effective thermal conductivities of cyclopentane hydrate-
bearing sediments are numerically different from those of TBAB
hydrate-bearing sediments. Comparing Fig. 10a—c and Fig. 10d—f, it
can be seen that the effective thermal conductivity of TBAB hydrate
sediment is smaller than that of cyclopentane hydrate sediment,
because the thermal conductivity of cyclopentane hydrate is
greater than that of TBAB hydrate. However, the dependence of the
effective thermal conductivity of hydrate-bearing sediment on
temperature does not change with the variation of the hydrate
type. This also might demonstrate that the thermal conductivity of
porous medium could dominate the effective thermal conductivity
of hydrate-bearing sediment.
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Fig. 10. Effective thermal conductivities of different hydrate-bearing sediments with particle size of 200—300 mesh ((a) TBAB hydrate-bearing clay sediment, (b) TBAB hydrate-
bearing quartz sand sediment, (¢) TBAB hydrate-bearing silicon carbide sediment, (d) cyclopentane hydrate-bearing clay sediment, (e) cyclopentane hydrate-bearing quartz

sand sediment, (f) cyclopentane hydrate-bearing silicon carbide sediment).
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4. Conclusions

Due to the significance of the effective thermal conductivity of
hydrate-bearing sediment in the controlling the heat transfer
behavior of hydrate-bearing sediment, the effective thermal con-
ductivities of different hydrate-bearing sediments (TBAB hydrate-
bearing sediment and cyclopentane hydrate-bearing sediment)
were directly in-situ measured and investigated. The effects of
temperature, particle size of sediment, sediment type (clay sedi-
ment, quartz sand sediment and silicon carbide sediment) were
studied. The effective thermal conductivities of the quartz sand
sediments containing hydrate and without hydrate formation were
first in-situ measured as a function of temperature. The results
indicate that the effective thermal conductivities of the quartz sand
sediments before and after the hydrate formation are weakly
negatively correlated with temperature. The effective thermal
conductivity of the hydrate-bearing quartz sand sediment de-
creases with the increase of particle size of the sediment.

The results from both TBAB hydrate-bearing sediment and
cyclopentane hydrate-bearing sediment systems show the weak
dependence of effective thermal conductivity on the temperature.
The trend of the correlation of effective thermal conductivity of
hydrate-bearing sediment could depend on the type of sediment.
The results indicate that the effective thermal conductivity of
hydrate-bearing clay sediment is weakly positively correlated with
temperature, but both the effective thermal conductivities of
hydrate-bearing quartz sand sediment and hydrate-bearing silicon
carbide sediment are weakly negatively correlated with tempera-
ture. Moreover, the effective thermal conductivity values of various
hydrate-bearing sediments are in the order of hydrate-bearing clay
sediment < hydrate-bearing quartz sand sediment < hydrate-
bearing silicon carbide sediment. This is mainly due to the fact of
the larger intrinsic thermal conductivity of silicon carbide than that
of quartz sand, and the smaller intrinsic thermal conductivity of
clay than that of the quartz sand. This study could demonstrate that
the dominant effect of the intrinsic thermal conductivity of porous
medium on the characteristics of the effective thermal conductivity
of hydrate-bearing sediment.
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