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Preface

Deepwater is rich in oil, gas and hydrate resources, where the exploitation is known
as highly difficult with high risk, high investment and high return. As the explo-
ration and development of deepwater oil, gas and hydrate resources grow, many
special technical problems are encountered, and extensive attention from industry
and academic is attracted.

In order to promote the exchange and cooperation between global scholars and
promote the technological progress of deepwater oil, gas and hydrate development,
the International Technical Symposium on Deepwater Oil and Gas Engineering &
the International Youth Forum on Gas Hydrate (DWOG-Hyd) series conference
was founded in 2017. The first three conferences were held in Haikou and Qingdao
in China from 2017 to 2019, and more than seven hundred people participated. The
participants were mainly technical experts and scholars from industries and uni-
versities in China, the USA, the UK, Russia, Norway, Singapore, Canada and other
countries. The DWOG-Hyd conference has formed important international influ-
ence in the field of deepwater oil, gas and hydrate exploitation research.

The fourth DWOG-Hyd conference was held on December 20 to 21, 2021, on-
site in Qingdao and online, hosted by China University of Petroleum (East China),
CNPC Engineering Technology R&D Company Ltd, Journal of Hydrodynamics
and other institutes. The DWOG-Hyd 2021 focused on cutting-edge areas such as
natural gas hydrate drilling and production, carbon dioxide storage, deepwater
drilling and completion, oil and gas flow assurance and emerging hydrate-based
technologies. A total of more than two thousand person-times participated both
onsite and online. Participants are from ten countries including China, the USA, the
UK, Canada, Brazil, Norway and Singapore, etc. Seventeen plenary speeches and
seventy-seven session speeches were presented. One hundred and twenty-seven
abstracts/papers were received, and forty papers were selected to publish in the
proceedings.

In this book, there are nine papers for deepwater drilling and completion, thirteen
papers for natural gas hydrate production, nine papers for deepwater oil and gas
flow assurance and nine papers for fundamentals and emerging technologies of
clathrate hydrate. A large number of new findings and novel ideas were reported.

v



We wish the DWOG-Hyd conference and the proceedings to be helpful to
accelerate the exploration and development of deepwater oil, gas and hydrate
resources.

January 2022 The Editors
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Prospects of Special Ocean Engineering
Equipment Application in Chinese Marine NGH

Trial Production

Ye Chen1,2(B), Wang Yao2,3, Yuan Yao1, Qi Bian1, Xu Chen1, and Jiahui Wang2,4

1 Offshore Oil Engineering Co., Ltd., Tianjin 300461, China
upcchenye@163.com

2 Key Laboratory of Unconventional Oil and Gas Development, Ministry of Education, China
University of Petroleum (East China), Qingdao 266580, China

3 CNOOC Research Institute, Beijing 100029, China
4 China Petroleum Materials Co. Ltd., Beijing 100029, China

Abstract. Natural gas hydrate (NGH) is a potential alternative clean energy.
According to its formation conditions such as high pressure and low tempera-
ture, the geological survey results indicate that there are abundant NGH resources
buried in both the sediments of the permafrost and ocean of China, leading to
the great natural advantages for the mineral industrialization. Considering the
determining factors such as resource distribution, trial production progress, as
well as the gap between maximum daily production rate and commercial produc-
tion critical value, it is believed that the deep water especially in South China
Sea will be the main battlefield for the cause of Chinese NGH development in
a short term, whose specific operations always depend on the ocean engineer-
ing equipment. Based on the characteristics of NGH occurrence and its phase
transitions in the marine weakly cemented shallow layers, this research summa-
rizes and analyzes the application status of special ocean engineering equipment,
such as floating body and underwater devices, applied in NGH trial production
projects, then points out the potential manufacturing prospects. After comparing
the symbolic floating bodies, it is implied that our current independent construc-
tion technology can satisfy the requirements derived from NGH trial production
water depth in South China Sea. Actually, some indicators may even exceed the
critical demands. Since these symbolic floating bodies are generally high cost with
expensive daily rental, the existing cases would be like using anti-aircraft guns
to fight mosquitoes. Therefore, higher technology matching should be considered
preferentially for cost control. The localization multi-phase separation equipment
is relative laggard, while the global higher technical level is also unable to meet
the demand of deep water NGH commercial production. The related technology
and equipment are in urgent need of development. ROV has the basic ability of
offshore NGH survey and underwater operation, but coming to the more complex
tasks, it should be gradually improved for better job. The advanced deep water
seabed mining vehicle can preliminarily perform well for solid fluidization, but
more targeted design and special improvement should be made in combination
with the NGH characteristics. Increasing marine NGH development efficiency

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
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and maintaining safety on the basis of meeting the requirements of trial produc-
tion and environmental protection are the key points to technology research and
development for ocean engineering equipment in the next stage.

Keywords: Ocean engineering equipment · Chinese NGH resource ·Marine
trial production · Floating body · Underwater devices · Application prospects

1 Introduction

The global energy structure is shiftingwith the progress of technology, and the proportion
of marine oil and gas in the total fossil energy consumption is increasing year by year.
Besides the petroleum and shallow gas, natural gas hydrate is also one of these marine
fuel resources, capturing large amounts of flammable gas in solid cages under high
pressure and low temperature [1, 2].

Because of the characteristics such as huge reserve,wide distribution and high energy
density, natural gas hydrate is gradually regarded as a new potential alternative energy
resourcewith a bright future.According to the phase equilibriumconditions, it is believed
that more than 30% surface of land and 70% surface of ocean can satisfy hydrate forma-
tion requirements. The existing geological survey results indicate that there are abundant
NGH resources buried in both the sediments of the permafrost (like Qilian Mountain,
Tibet Plateau andGreatKhingan, etc.) and ocean (like SouthChinaSea) ofChina, leading
to the great natural advantages for the mineral industrialization. Extracting flammable
gas from the hydrate reserved in the sediments is beneficial to improve the traditional
energy structure and enhance the national energy strategic security.

The marine NGH trial production projects started much later but developed rapidly,
especially in the recent years. On the one hand, it is said that the total amount of hydrate
deposits in continental slopes under sea water is much larger than that reserved in per-
mafrost. On the other hand, although there are only 5 marine NGH trial production cases
up to now, the production efficiencies of them are generally better with higher maximum
daily production rates. Therefore, the sea area will be the main battlefield for natural gas
hydrate development in the future.

To extract the flammable gas out of the solid cages buried in the sedimentary layers,
a series of development methods, such as depressurization, thermal stimulation, chem-
ical inhibitor injection, solid fluidization and CO2 replacement, are gradually proposed
based on the NGH phase transition characteristics and sedimentary properties. All these
methods have their own unique merits and limitations. In which, depressurization is
found to be the most widely applied in the previous trial production cases due to its low
cost, little demand and convenient operation, while solid fluidization is regarded as the
most suitable method for the marine loose weak-cemented sedimentary layers.

The NGH commercial production threshold is still hard to reach so far depending
on the current technology and development modes. High investment cost, low gas pro-
duction capacity and numerous engineering accident risks are undoubtedly important
reasons, and directly or indirectly determined by the ocean engineering equipment pro-
viding supports for nearly all the operations. This research summarizes and analyzes
the application status of special ocean engineering equipment, such as floating body
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and underwater devices, applied in NGH trial-production projects, then points out the
potential development and manufacturing prospects.

2 Floating Body

2.1 Applications in Existed Marine NGH Trial Production Cases

Common floating bodies used in offshore oil and gas exploration and development
include drilling vessels and platforms. Presently, Japan and China are the only two
countries around the world that have carried out the few marine NGH trial production
projects, in which drilling vessels named ‘Chikyu’, and ‘HYSY708’, as well as drilling
platforms named ‘Blue Whale I’ and ‘Blue Whale II’ are the symbolic floating bodies
picked up respectively [3–5].

‘Chikyu’ is the first ocean drilling vessel all over the world that uses riser for drilling,
sponsored by Japanese government, owned by JAMSTEC and operated by CDEX. The
vessel is 210 m long, 38 mwide and 16.2 m high with a capacity of 200 people and a full
load displacement of 57500 tons. Equipped with six full rotary thrusters of 4200 kW,
one bow thruster of 2550 kW, six main diesel generators of 5000 kW and two auxiliary
generators of 2500 kW, the drilling vessel has a maximum range of 20000 nautical miles,
a maximum speed of 12 knots, and the capable to position at 4.5 m wave height, 23 m/s
wind speed and 1.5 throttle speed. In addition, with the assistance of a derrick of 70 m
high and a hook load of 1250 tons, Chikyu can adopt 10000 m pipes for drilling, and its
maximum working water depth is 2500 m, which can be further extended to 4000 m.

A main function of Chikyu is to sample the seabed soil. The laboratory onboard
can conduct timely petrological, paleontological, geophysical and geochemical analy-
ses of extracted core samples. The core samples can be kept at low temperature in the
refrigerated store to transported back to land for further study. Considering these char-
acteristics, Chikyu was chosen for application in the first marine NGH trial production
project in 2013. The gas hydrate buried 1000 m water depth and 300 m below mudline
was obtained by depressurization.

HYSY708 is the first survey vessel with a water depth of 3000 m all over the world
that integrates multi functions such as drilling, offshore working and exploration, owned
by CNOOC and operated by COSL. It is 105 m long, 23.4 m wide and 9.6 m high with
a full load displacement of 11600 tons. As the survey vessel with the strongest compre-
hensive operation ability of the same type, HYSY708 can ensure safe navigation under
Grade 9 sea conditions, storm and even hurricane. Under the design draft conditions,
its navigational speed is up to 14.5 nautical miles, and lifting weight is up to 150 tons.
Considering its maximum working water depth of 3000 m, maximum drilling depth of
600 m belowmudline, maximum sampling length of 23.5 m under constant pressure and
temperature, HYSY708 was chosen to extract hydrate resources in South China Sea by
solid fluidization in 2017.

Blue Whale I and Blue Whale II are two similar drilling platforms of the same
series, designed by CIMC RAFFLES and verified by DNV, specially constructed for
marine NGH trial production projects in 2017 and 2020. Currently, they are the world’s
deepest semi-submersible drilling platforms, which can be used in 95% of the world’s
deepwater operations. They are 117 m long, 92.7 m wide, 118 m high, and weighs
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42000 tons. Equipped with hydraulic twin rigs, closed loop power system and DP3
dynamic positioning system, the operation efficiency can be improved by 30%, the fuel
consumption can be reduced by 10% and the offset accuracy can be controlled within
0.5 m even under the attack of hurricane and current. Their working water depth is up
to 3658 m and drilling depth is up to 15250 m.

2.2 Technology and Development Directions

The exploration results show that most of hydrate resources in South China Sea are
reserved in the shallow layers under deep water, such as the loose weakly-cemented
sediments with a water depth of 800–1500 m and buried depth within 500 m. Compared
with common near-shore exploration and development, deep water operations need to
face more frequent and violent storms, waves and currents, as well as stronger impact
and corrosion effects. In addition, the increase of water depth may enhance the bending
moment strength, the influence of complex internal wave flow and the effect of offset
oscillationon the subsea products such as subsea pipelines. Therefore, it also puts forward
higher requirements for the size, weight, positioning accuracy and stability of the floating
bodies.

Fig. 1. Analysis of the representative floating bodies evaluated by water depth

Taking the water depth as the key reference criteria, the representative floating bod-
ies including the ones mentioned above are evaluated through comparative analysis, as
shown in Fig. 1. The results show that all of them, including Deep Sea No.1 (the world’s
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most advanced deep water semisubmersible production and storage platform), are com-
petent for the demands derived from water depth of NGH drilling and production in
South China Sea, indicating that the existing technology of deep water floating body
technology can fully cope with the water depth challenges faced by NGH development
projects in South China Sea. Some indicators may even exceed the critical demands.

The satisfaction of the technical indicator (water depth here) does not mean large-
scale promotion for industrial application. More factors should be taken into consid-
eration, for example, the total input costs. It is said that each floating body applied in
marine NGH trial production cases costs hundreds of millions or even billions of dollars
for construction, and the corresponding daily rental and employee fees are also expen-
sive, resulting these cases would be like using anti-aircraft guns to fight mosquitoes.
What’s more, in order to alter the short-term trial production into long-term commercial
production, suitable storage floating body should be selected based on these drilling
floating bodies. In the follow-on process of design and construction, it is advised that
higher technology matching NGH reservoir in South China Sea should be considered
preferentially for cost control, and the floating body should be tailored for a better
utilization.

3 Underwater Devices

Besides the large size ocean engineering equipment such as floating body, special pro-
cess technology, likemulti-phase separation, and certain underwater devices, like remote
operated vehicle and seabed mining vehicle, are also needed during marine NGH trial
production. In which, the localization multi-phase separation equipment is relative lag-
gard, while the global higher technical level is also unable to meet the demand of deep
water NGH commercial production. So the related technology and equipment are in
urgent need of improvement.

3.1 Remote Operated Vehicle

Remote operated vehicle (ROV) is a special underwater device used for monitoring
subsea variations and executing operations. It can replace divers in hazardous, polluted
and dim environments, breaking the original water depth limits and avoiding casualties.
In marine NGH trial production, ROV can be applied for geology survey, core sampling
and etc. [6].

‘Haima’ is one of themost advancedROVwhich is independent-made byChina. Cer-
tain key software and hardware technologies, including body structure, propeller, navi-
gation system, heave compensator and multi-function manipulator, have been improved
during the process of localization, as shown in Fig. 2. In 2014, several tests were car-
ried out at the bottom of central basin in South China Sea, verifying that ‘Haima’ has
the capability of underwater cable distribution, sediment sampling, subsea seismograph
placement and other tasks. Since its maximum diving depth is 4502m, much deeper than
the marine gas hydrate buried positions, ‘Haima’ has been already used for NGH survey
in South China Sea. Although the basic operations are already available, the ability of
ROV to obtain more useful information and automate complex operations needs to be
further enhanced with exploitation technology progress.
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Fig. 2. Schematic diagram of core components of Chinese independent-made ROV ‘Haima’

3.2 Seabed Mining Vehicle

Seabed mining vehicle is a special underwater device used for collecting subsea mineral
resources in the shallow layers. Guided by ROV, it can migrate to target areas and break
mineral into small blocks and pieces. As marine NGH partially distributed on the seabed
surface or in the shallow layers, this underwater device can be adopted as a critical
component for solid fluidization. Up to now, the domestic advanced deep water seabed
mining vehicle can autonomous collect the subsea minerals with a maximum diving
depth of 1305 m, while the world’s advanced deep water seabed mining vehicles have
more types and their diving depth is up to 1600 m or more, as shown in Fig. 3 [7].

Fig. 3. Comparison of overseas and domestic advanced deep water seabed mining vehicles

After comparison, it can be seen that the existing deep-sea mining vehicles are
basically capable of assisting and participating in NGH development in the South China
Sea. However, targeted design and special improvement on seabed mining vehicle still
need to be made in combination with the NGH characteristics, as well as the detailed
process of solid fluidization.
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4 Conclusions

(1) Chinese independent construction ability for floating body can satisfy the require-
ments of NGH trial production water depth in South China Sea now. In the follow-
up works, higher technology matching should be considered preferentially for cost
control.

(2) ROV and seabed mining vehicle has the primary ability of deepwater NGH survey,
underwater operation and solid fluidization on seabed surface, but they should be
further improved for better work.

(3) Increasing marine NGH development efficiency and ensuring safety are the key
points to technology research and development for related marine devices.

Acknowledgement. The authors would like to appreciate the National Natural Science Founda-
tion of China (No. 51876222).

References

1. Sloan, E.D., Koa, C.A.: Clathrate Hydrates of Natural Gases, 3rd edn. CRC Press, Boca Raton,
FL (2007)

2. Rath, B.: Methane hydrates: an abundance of clean energy. MRS Bull. 33(4), 323–325 (2008)
3. Kubo, Y.,Mizuguchi, Y., Inagaki, F., et al.: A new hybrid pressure-coring system for the drilling

vessel Chikyu. Sci. Drill. 17, 37–43 (2014)
4. Zhou, S., Chen,W., Li, Q.P., et al.: Research on the solid fluidizationwell testing and production

for shallow non-diagenetic NGH in deep water area. China Offshore Oil Gas 29(4), 1–8 (2017)
5. Ye, J.L., Qin, X.W., Xie, W.W., et al.: Main progress of the 2nd gas hydrate trial production in

South China Sea. Geology China 47(3), 557–568 (2020)
6. Shen, K., Yan, Y., Yan, H.W.: Research status and development trend of deep-sea work class

ROV in China. Control Inf. Technol. 3, 1–7 (2019)
7. Fu, Q., Wang, G.R., Zhou, S.W., et al.: Development of marine NGH mining technology and

equipment. Strat. Study CAE 22(6), 32–39 (2020)



Analysis of Influence of Hydrate Decomposition
on Underwater Wellhead Stability

Yang Li, Yuanfang Cheng(B), Chuanliang Yan, Zhiyuan Wang, Yudan Peng,
and Xiangfu Shan

School of Petroleum Engineering, China University of Petroleum (East China),
Qingdao 266580, China
yfcheng@126.com

Abstract. During deep-water drilling, it is easy to encounter hydrate interlayers.
Due to engineering disturbances, hydrates may decompose and cause the for-
mation strength to decrease, which will cause the formation settlement and the
wellhead instability. In this paper, based on the ABAQUS finite element platform,
a wellhead stability calculation model for deep-water drilling encounter hydrate
formations is established, and the influence of hydrate decomposition and drilling
time on wellhead stability is analyzed. The research results show that the circu-
lation of high-temperature drilling fluid in the annulus will change the formation
temperature distribution. The top formation will heat slowly due to its low temper-
ature and the cooling effect of seawater. The middle formation is greatly affected
by the drilling fluid, and the lower undrilled stratum remains unchanged because
it has not been disturbed by the engineering. The increase in formation tempera-
ture will cause the decomposition of hydrates, leading to a decrease in the elastic
properties and strength of the near-well formation. The formation with weakened
mechanical propertieswill produce secondary compression and consolidation, and
secondary stress concentration will be formed in the hydrate saturation transition
zone. This is the essential reason for the effect of hydrate decomposition on the
vertical stability of the formation and wellhead. As the drilling time increases, the
hydrate decomposition range increases, the bearing capacity of the formation in
a larger area decreases, and the risk of underwater wellhead instability increases.
However, since the hydrate decomposition area is located below the underwater
wellhead at the initial moment, it will have a more serious impact on the stability
of the underwater wellhead. The research in the thesis can provide a theoretical
basis for the maintenance of wellhead stability in deep-water drilling.

Keywords: Deep-water drilling · Wellhead subsidence · Natural gas hydrate

1 Introduction

Natural gas hydrate is a clathrate crystal compound formed by methane molecules and
watermolecules under the conditions of low ambient temperature and high pore pressure.
Natural gas hydrates are widely present in the shallow strata of the deep sea. During
deep-water drilling, a large number of hydrate interlayers may be encountered [1]. Due
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to engineering disturbances, the temperature field, pressure field and chemical field of
the hydrate formation will change, leading to the decomposition of hydrate [2]. As the
hydrate formation is usually shallow, the sediments are in a weakly consolidated state,
and the hydrate molecules will act as a framework in the pores of the soil [3]. The
decomposition of hydrate will cause the formation strength to decrease, and the soil
will be compressed due to secondary compaction, which will lead to the settlement of
the underwater wellhead, and even the instability of the underwater wellhead in severe
cases [4].

2 Numerical Model of Effect of Hydrate Decomposition
on Underwater Wellhead Stability

According to logging data from the South China Sea, natural gas hydrates are mainly
found in the formation at a depth of about 200 m from the mudline, with a thickness
of 25 m. Therefore, a two-dimensional axisymmetric deep-water drilling underwater
wellhead stability numerical model can be established as shown in Fig. 1. The whole
model can be divided into four parts, overlying strata, hydrate strata, underlying strata,
and casing. The whole model can be divided into four parts, overlying strata, hydrate
strata, underlying strata, and casing. The outer diameter of the strata is 200 m, of which
the thickness of the overlying strata is 195 m. The thickness of the hydrate layer is 25 m,
the initial saturation is 0.45, and a 2 m thick hydrate transition zone is set in the upper
and lower sections of the hydrate layer. The thickness of the underlying strata is 195 m.
The size of the surface conduit is 30′′, the wall thickness is 1′′, and the diameter of the
wellbore in hydrate formation is 26′′. The casing only seals the overlying formation, that
is, there is no seepage effect between the drilling fluid and the overlying formation, but
only heat transfer. Gravity load, initial in-situ stress field, initial temperature field and
initial pore pressure field varying with depth are applied to the entire model. The initial
hydrate saturation field is applied to the hydrate layer. The upper boundary of the model
imposes pore pressure boundary equal to the hydrostatic column pressure of seawater
and temperature boundary equal to the temperature of the seabed mudline. The lower
boundary of the model imposes fixed pore pressure boundary, temperature boundary and
Y-direction displacement constraints. X-direction displacement constraint is imposed on
the right boundary of the model; A fixed load is applied to the top of the casing, which is
equal to the floating weight of the underwater wellhead, blowout preventer (BOP) and
riser. The borehole section of the hydrate layer imposes drilling fluid column pressure
load, pore pressure boundary and temperature boundary. The calculation of the entire
model is divided into two analysis steps. Step 1 is the in-situ stress balance, and the step
2 is the analysis of the stability of the underwater wellhead during the drilling process.
The selected drilling method is balance drilling with high-temperature drilling fluid. The
parameters used in model calculation are shown in Table 1.
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Fig. 1. Schematic diagram of the numerical model for the subsea wellhead stability in the case
of penetrating hydrate-bearing sediments

3 Evolution of Underwater Wellhead Stability with Drilling Time

Figure 2 shows the formation temperature distribution of different drilling fluid soaking
time. It can be seen that the circulation of high-temperature drilling fluid in the annulus
will seriously change the temperature distribution of the formation, and the area near
borehole will be heated due to the soaking of the drilling fluid. The top formation
will heat slowly due to its low temperature and the cooling effect of seawater. The
middle formation is greatly affected by the drilling fluid, and the lower undrilled stratum
remains unchanged because it has not been disturbed by the engineering. For example,
after the borehole is drilled for 6 h, the borehole temperature at 0.65 m formation depth
is 24.8 °C, the hydrate layer borehole temperature is 30 °C, and the bottom formation
remains the same as the initial temperature of 24.6 °C. At the same time, it can be seen
that as the drilling time increases, the formation heated by the drilling fluid gradually
increases. For example, after 6 h of drilling, the range of 220 m depth affected by
drilling fluid temperature is 0.52 m, and after 24 h, this range reaches 1.04764 m. Due
to the heating effect of the drilling fluid, the hydrate in the pores gradually decomposes.
With the increase of the influence range of the drilling fluid temperature, the hydrate
decomposition range gradually increases, as shown in Fig. 3. After 6 h of drilling, the
decomposition front in the middle of the hydrate layer was 0.2264 m, or 0.68 times the
radius of the borehole; after 12 h of drilling, the hydrate decomposition front advanced
to 0.3067 m, which was 0.93 times the radius of the borehole.
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The decomposition of hydratewill cause the formation elastic properties and strength
to decrease, and the formation will be consolidated by secondary compression. Figure 4
shows the vertical deformation distribution of the hydrate layer at different drilling
times. It can be seen that in hydrate decomposition area, the upper strata is deformed
downwards, and the lower strata are deformed upwards. The deformation of the upper
strata is higher than that of the lower strata, such as after drilling for 12 h, the deformation
of the upper strata is 0.03816 m, and the compression of the lower strata is 0.01798 m.
The former is 2.12 times that of the latter. This is because the upper strata not only bears
the in-situ stress, but also bears the load caused by the settlement of the casing and the
underwater wellhead.

Figure 5 and Fig. 6 show the mises stress distribution on the top and bottom layers
of the hydrate. The formation around the borehole wall has a decrease in stress due to
weakening of elastic parameters and plastic deformation. It can be seen that the upper
stratumhas a larger stress drop area than the lower stratum, and themaximummises stress
value of the stratum at the same time is higher, such as after 12 h of drilling, themaximum
Mises stress in the upper strata is 9.67 MPa, and the lower strata is 7.13 MPa. As the
drilling time increases, the location of the maximum Mise stress gradually develops
toward the far well. The softening and compression of the hydrate formation caused by
the decomposition of hydrate will aggravate the settlement of the underwater wellhead.
Figure 7 shows the distribution cloud diagram of underwater wellhead settlement under
different drilling time. It can be seen that the initial stage of hydrate decomposition
has a greater impact on the underwater wellhead settlement. Such as at initial 6 h, the
underwater wellhead has a settlement of 0.1365m,while the subseawellhead subsidence
increased by 0.028 m from 6 h to 12 h, and the subsidence only increased by 0.0149 m
from 12 h to 24 h. This is because, on the one hand, with the increase of drilling time, the
development of the influence range of drilling fluid temperature and the range of hydrate
decomposition gradually decreases. On the other hand, the initial decomposed hydrate
formation is located under the casing, it has a more direct impact on the settlement of
the underwater wellhead.

Therefore, when deep-water drilling encounters a hydrate layer, the decomposition
of the hydrate will cause the softening of the hydrate layer and aggravate the settlement
of the underwater wellhead. In the early stage of drilling fluid immersion, the hydrate
decomposition front advances faster, which has a greater impact on the settlement of
the underwater wellhead. As the immersion time increases, the advancing speed of the
hydrate decomposition front decreases, and the subsidence speed of the underwater
wellhead gradually decreases.
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Fig. 2. Formation temperature vs. distance to the borehole wall, in cases of varied soaking time
in drilling fluids

Fig. 3. Hydrate saturation vs. soaking time in drilling fluids
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Fig. 4. Lateral deformation of the hydrate-bearing sediment vs. soaking time in drilling fluids
(magnified by 30 times)
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Fig. 5. Mises stress distribution of the upper formation
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Fig. 7. Subsea wellhead subsidence vs. soaking time in drilling fluids

Table 1. Materials used in the experiments

Parameter Value

Water depth 1300 m

Water density 1000 kg/m3

Mudline temperature 5.67 °C

Geothermal gradient 0.0456 °C/m

Stratum density 2200 kg/m3

Hydrate density 910 kg/m3

Initial porosity 42.46%

Water thermal conductivity 0.6 W/m/°C

Water specific heat 4.2 kJ/kg/°C

CH4 thermal conductivity 0.00335 W/m/°C

CH4 specific heat 2.093 kJ/kg/°C

Hydrate thermal conductivity 0.4 W/m/°C

Hydrate specific heat 2.1 kJ/kg/°C

Formation thermal conductivity 1.5 W/m/°C

Formation specific heat 1.5 W/m/°C

Initial permeability 1 mD

Initial sediment elastic modulus 35.414 MPa

Sediment elastic modulus (Sh:0.45) 267.32 MPa

Initial sediment cohesion 0.1 MPa

(continued)
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Table 1. (continued)

Parameter Value

Sediment cohesion (Sh:0.45) 0.674 MPa

Sediment internal friction angle 30°

Sediment Poisson’s ratio 0.4

Drilling fluid density 1000 kg/m3

Drilling fluid temperature 21.25 °C

Casing elastic modulus 206.8 GPa

Casing Poisson’s ratio 0.25

4 Conclusion

1. The circulation of high-temperature drilling fluid in the annulus will change the
formation temperature distribution. The top formation will heat slowly due to its
low temperature and the cooling effect of seawater. The middle formation is greatly
affected by the drilling fluid, and the lower undrilled stratum remains unchanged
because it has not been disturbed by the engineering.

2. The increase in formation temperature will cause the decomposition of hydrates,
leading to a decrease in the elastic properties and strength of the near-well forma-
tion. The formation with weakened mechanical properties will produce secondary
compression and consolidation, and secondary stress concentration will be formed
in the hydrate saturation transition zone. This is the essential reason for the effect of
hydrate decomposition on the vertical stability of the formation and wellhead.

3. As the drilling time increases, the hydrate decomposition range increases, the bearing
capacity of the formation in a larger area decreases, and the risk of underwater
wellhead instability increases. However, since the hydrate decomposition area is
located below the underwater wellhead at the initial moment, it will have a more
serious impact on the stability of the underwater wellhead.
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Abstract. At present, there are few reports on the collapse strength of screen pipe
with corrosion defects under external pressure. In this paper, based on ABAQUS
finite element software, a parallel screen pipe finite element model with corrosion
defect under external pressure is established, and the influence of corrosion defect
parameters and perforation parameters on the collapse strength of the screen pipe
with corrosion defect is analyzed. The analysis results show that with the corrosion
defect close to the middle of the screen pipe, the smaller the collapse strength
of corrosive screen tube is; With the increase of corrosion depth and length, the
collapse strength of screen pipewith corrosion defects gradually decreases, and the
corrosion depth has the greatest influence on the collapse strength of screen pipe.
With the change of corrosion parameters, such as corrosion length, corrosionwidth
and corrosion depth, the deformation form of corrosion screen pipe will change.
With the increase of hole size, number of circumferential holes and number of
axial holes, the collapse strength of corrosive screen pipe decreases gradually.
Among them, the hole size and the number of axial holes have great influence on
the collapse strength of corroded screen pipe. The results of this study can provide
reference for strength evaluation and life prediction of corroded screen pipes.

Keywords: Corrosion defect · Screen pipe · Hole arrangement parameter ·
Collapse strength · Finite element method

1 Introduction

In the development of unconsolidated sand reservoirs, the reservoir is characterised
by loose cementation and low compaction, which lead to sand production from the
reservoir. Reservoir sand production lead to equipment erosion, tubing sand burial and
casing deformation and well wall collapsing, which can seriously affect the normal
production of oil and gas wells, and it is one of the major constraints on the development
of reservoirs [1, 2].

Sand control Screen pipe is an important equipment to prevent sand from entering
the wellbore in large quantities. However, screen pipe in the formation is subjected to
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long-term corrosion by acidic fluids such as CO2 and H2S in oil and gas, causing local
or overall corrosion defects of screen pipe, which significantly reduce the collapsing
strength of the screen pipe and increasing the risk of collapsing deformation of the screen
pipe, seriously threatening the safety of sand control in oil and gas wells. At present,
a great deal of research has been carried out by scholars on the collapsing strength of
screen pipes without corrosion defects and on the collapsing strength of intact pipes
with corrosion defects. Sun Baojiang et al. [3] established a finite element model of
the screen pipe using the finite element method, analyzed the change law of the screen
pipe collapsing strength under external pressure with the different hole parameter, and
proposed a simplified formula for calculating the collapsing strength of the screen pipe.
Peng Yudan et al. [4] established finite element models of screen pipe with different hole
arrangement under external pressure with ABAQUS software and analyzed the effects of
different hole arrangement on the collapsing strength of the screen tubes. Guangming Fu
et al. [5] established the finite element model of the screen pipe under external pressure
and bending with the FEM, analyzed influence law of bending load on the collapsing
strength of the screen pipe, and proposed the formula for calculating the collapsing
strength of the screen pipe under bending and external pressure load. Beltran K et al.
[6] analysed the variation of the collapsing strength of parallel perforated screen tubes
with different perforation parameters by experimental and finite element methods. Guo
et al. [7] analysed the effect law of secondary perforation parameters on the collapsing
strength of the perforating casing with the FEM. Zhu Xiaohua et al. [8] established a
finite elementmodel of casingwith corrosion defects based onANSYS analysis software
and analyzed the effects of the depth of ellipsoidal defects, the length of the short axis
of the ellipse and the width of penetrating defects on the strength resistance of the
casing. Zhang Zhi et al. [9] established a finite element model for casing strength under
different corrosion shapes and analyzed the effects of temperature and internal pressure
as well as corrosion defect parameters on the equivalent stress and residual strength of
corroded casing. Yang Hui and Cao Xuewen [11, 12] established finite element models
for pipelines with single and double corrosion defects using the finite element method,
respectively, and analyzed the influence of corrosion defect parameters on the residual
strength of the pipeline.

However, little research has been reported on the collapsing strength of screen pipe
with corrosion defects under external pressure, which causes problems in the evaluation
of the strength of screen pipe with corrosion defects. This paper establish a finite element
model of a screen tube with corrosion defects under external pressure with ABAQUS, to
analyse the influence of corrosion defect parameters and hole arrangement parameters
on the strength of screen tubes under external pressure, and to provide reference for the
strength evaluation and life prediction of screen pipe with corrosion defects.

2 Finite Element Model Established

2.1 Assumptions

It is assumed that the corrosion defect in the screen pipe is a single volumetric defect,the
screen pipe without elliptical and eccentric defects and the screen pipe with parallel hole
arrangement. 1/2 FEM for the corrosion screen pipe is adopted to simplify calculations
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as the corrosion screen pipe is a symmetric model. And the established corrosion screen
pipe model and corrosion defect parameters are shown in Fig. 1. C3D20R element is
adopted in meshing process, which can still obtain accuracy of stress and displacement
with the large deformation of the mesh [13]; The mesh sensitivity analysis shows that
the collapsing strength of corrosive screen can be accurately predicted when the mesh
size of the model is about 20 000. The length of screen pipe is adopted more than 8 times
the screen pipe diameter to reduce the influence of end effect on the accuracy of solving
the collapsing strength of screen pipe.

Fig. 1. Finite element model of screen pipe with corrosion defects.

2.2 Loads and Boundary Conditions

Uniform external pressure is applied to the outer surface of the screen pipe. The boundary
conditions of the FEM of the screen pipe with corrosion defects are shown in Fig. 2,
where the displacements in the x, y and z directions are constrained at the two end faces
of the screen pipe; Applying a symmetry constraint on the symmetry plane about the
Y direction – YSYMM. Risk method is adopted for solving the collapsing strength of
corrosion screen pipe.

Fig. 2. Boundary conditions of finite element and corrosion defect parameters model of screen
pipe
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2.3 Material Parameters of Screen Pipe

Fig. 3. Stress-strain curve of material in plastic stage

The steel grade of corrosion screen pipe is N80, the elastic modulus is 203384 MPa,
the plastic strength is 464.36 MPa, and the Poisson’s ratio is 0.3. The stress-strain curve
of screen pipe material in plastic stage is shown in Fig. 3; It is assumed that the screen
pipe material parameter property is isotropic.

3 FEM Results

The LPF curve of screen pipe with corrosion defects under external pressure is shown in
Fig. 4. The stress on the screen pipe increases with increasing arc length (load) as shown
in Fig. 4, and stress concentrations occur near corrosion defects and hole of the screen
pipe. When the external pressure load increases to the ultimate load-bearing capacity
of the screen pipe, the deformation form and stress distribution of the screen pipe are
shown in Fig. 4. As the load continues to increase, the screen pipe becomes extruded
from the middle and gradually expands toward pipe ends.

4 Parametric Analysis

Based on the established finite element model of screen pipe with corrosion defects,
the influence of corrosion defect parameters and hole arrangement parameters on the
collapsing strength of corrosion screen pipe was analyzed. The parameters of the screen
pipe with corrosion analyzed in this paper are shown in Table 1.

4.1 The Influence of Corrosion Defects Location on Collapsing Strength
of Screen Pipe

The selected screen pipe corrosion defect parameters are as follows: the depth of corro-
sion defect is 2.15 mm; The length of defect is 52.60 mm; The circumferential length
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Fig. 4. LPF Curve of Screen pipe with Corrosion under external pressure

Table 1. Parameters of the screen pipe with corrosion defect

Length
/mm

D
/mm

t
/mm

Defect
location
/mm

Defect
Length
/mm

defect
width
/°

defect
depth
/mm

d
/mm

Number
of axial
holes

Number of
circumferential
holes

1400 152.60 6.46 0
73.7
147.4
173.7
200.0
673.7

0
52.6
125
250
375
500
625
750

0
30
60
90
120
150
180

0
t/6
2t/6
3t/6
4t/6
5t/6

6.35
9.5
12.7
14
16

10
14
18
20
22
26

6
8
10
12
14
16

of corrosion defect is 90.0°; The diameter of sieve hole is 12.70 mm; The number of
axial holes is 20 and the number of circumferential holes is 8. The schematic diagram
of corrosion defect location is shown in Fig. 5. Calculate the collapsing strength of cor-
rosion screen pipe when the corrosion defect locations are 0 mm, 73.7 mm, 147.4 mm,
173.7 mm, 200.0 mm and 673.7 mm respectively, and the results are shown in Fig. 6.
It can be seen from Fig. 6 that the location of corrosion defects has an impact on the
collapsing strength of the corrosion screen pipe, and the closer the location of corrosion
defects is to the middle of the screen pipe, the lower the collapsing strength of the screen
pipe. When the corrosion defect is located in the middle of the screen tube (the defect
location is 673.70 mm), the collapsing strength of the screen pipe is reduced by or 7.99%
(2.54MPa) compared to the end of the screen pipe where the corrosion defect is located.
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4.2 The Influence of Corrosion Defect Depth on the Collapsing Strength
of Screen Pipe

It can be seen from the above research that when the corrosion defect is located in the
middle of the screen pipe, the collapsing strength of the corrosion screen pipe is the
smallest. Therefore, the corrosion defect was chosen to be located in the middle of the
screen pipe to analyse the effect of the corrosion defect parameters on the collapsing
strength of the screen pipe. The selected screen pipe corrosion defect parameters are as
follows: The length of defect is 52.60mm; The circumferential length of corrosion defect
is 90.0°; The diameter of sieve hole is 12.70 mm; The number of axial holes is 20 and
the number of circumferential holes is 8. Calculate the collapsing strength of corrosion
screen pipe when the depth of corrosion defect are 0, 1.08 mm(1/6t), 2.15 mm(2/6t),
3.23 mm(3/6t), 4.31 mm(4/6t), 5.38 mm(5/6t) respectively, and the results are shown in
Fig. 7. As can be seen from Fig. 7, the depth of corrosion defects has a large influence on
the collapsing strength of the screen pipe, and the deeper the depth of corrosion defects,
the lower the collapsing strength of screen pipe. When the corrosion defect depth is
less than 1/2t, the screen pipe collapsing strength reduction degree is small; when the
corrosion defect depth ismore than 1/2t, the screen pipe collapsing strength reduction is
significant. When the corrosion defect depth was increased from 0.00 mm to 5.38 mm
(5/6 t), the collapsing strength of the screen pipe decreased by 19.80 MPa, which was
62.10% reduction in collapsing strength compared to a screen pipe with a corrosion
depth of 0 mm. In addition, the corrosion defect depth affect the screen tube collapsing
form. When the corrosion defect depth is less than 1/2t, collapsing deformation occurs
from the middle of the screen pipe and gradually expand to the two ends as shown in
Fig. 8(a). When the corrosion defect depth is more 1/2t, local extrusion deformation
occurs first from the corrosion defect location, and then expand to both ends, as shown
in Fig. 8(b).

Fig. 5. Defect location of screen pipe

4.3 The Influence of Corrosion Defect Width on the Collapsing Strength
of Screen Pipe

Assuming that the corrosion defect is in themiddle of the screen pipe; The selected screen
pipe corrosion defect parameters are as follows: The length of defect is 52.60 mm; The
depth of corrosion defect is 2.15 mm(1/3t); The diameter of sieve hole is 12.70 mm; The
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Fig. 6. The influence of corrosion defects location on collapsing strength of screen pipe

Fig.7. The influence of corrosion defect depth on the collapsing strength of screen pipe

Fig. 8. Deformation patterns of screen pipe with different corrosion depths
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number of axial holes is 20 and the number of circumferential holes is 8. Calculating
the collapsing strength of corrosion screen pipe when the corrosion defect width are
0.0°, 30.0°, 60.0°, 90.0°, 120.0°, 150.0°, 180.0° respectively, and the results are shown
in Fig. 9. As can be seen from Fig. 9, the corrosion defect width has little effect on the
collapsing strength of the screen pipe, and when the defect width of the corrosion defect
increases from 30.0° to 180.0°, the difference in collapsing strength of the screen pipe is
only 0.65 MPa. In addition, the corrosion defect width affect the screen pipe collapsing
form. When the corrosion defect width is less than 120°, collapsing deformation occurs
from the middle of the screen pipe and gradually expand to the two ends as shown in
Fig. 10(a). When the corrosion defect depth is more 120°, local extrusion deformation
occurs first from the corrosion defect location, and then expand to both ends, as shown
in Fig. 10(b).

Fig. 9. The influence of corrosion defect width on the collapsing strength of screen pipe

Fig. 10. Deformation patterns of screen pipe with different corrosion width
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4.4 The Influence of Corrosion Defect Length on the Collapsing Strength
of Screen Pipe

Assuming that the corrosion defect is in the middle of the screen pipe; The selected
screen pipe corrosion defect parameters are as follows: The depth of corrosion defect is
2.15 mm(1/3t); The diameter of hole is 12.70 mm; The number of axial holes is 20 and
the number of circumferential holes is 8. Calculating the collapsing strength of corro-
sion screen pipe when the corrosion defect length are 0.0 mm, 52.60 mm, 125.00 mm,
250.00 mm, 375.00 mm, 500.00 mm, 625.00 mm, 750.00 mm respectively, and the
results are shown in Fig. 11.As can be seen from Fig. 11, the corrosion length has a
greater effect on the collapsing strength of the screen pipe. With the increase in the
length of corrosion defects, the lower the collapsing strength of the screen pipe. When
the length of the corrosion defect increases from 0 to 750.00 mm, the collapsing strength
of the screen pipe decreases by 12.82 MPa, which is 40.21% lower than the collapsing
strength of the screen pipe without corrosion defects. When the corrosion defect length
is less than 52.6 mm, collapsing deformation occurs from the middle of the screen pipe
and gradually expand to the two ends as shown in Fig. 12(a). When the corrosion defect
length is less than 125 mm, local extrusion deformation occurs first from the corrosion
defect location, and then expand to both ends, as shown in Fig. 12(b); When the cor-
rosion defect length is more than 125 mm, depression deformation of screen pipe from
corrosion defect position as shown in Fig. 12(c).

Fig.11. The influence of corrosion defect length on the collapsing strength of screen pipe

4.5 Effect of Hole Arrangement Parameters on Collapsing Strength of Screen
Pipe

The above research is to study the influence of corrosion defect parameters on the collaps-
ing strength of screen pipe while keeping the parameters of screen pipe hole distribution
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Fig. 12. Deformation patterns of screen pipe with different corrosion length

unchanged. The parameters of hole arrangement also affect the collapsing strength of the
screen with corrosion defects. Therefore, the influence of hole arrangement parameters
on the collapsing strength of the screen pipe with corrosion defects is analyzed in this
section.

4.5.1 Effect of Different Hole Diameters on Collapsing Strength of Screen Pipe
with Corrosion Defects

Assuming that the corrosion defect is in the middle of the screen pipe; The selected
screen pipe corrosion defect parameters are as follows: The depth of corrosion defect is
2.15 mm(1/3t); The number of axial holes is 20 and the number of circumferential holes
is 8; The corrosion defect width are 90°; The length of defect is 52.60 mm. Calculating
the collapsing strength of corrosion screen pipe when the hole diameter are 6.35 mm,
9.50 mm, 12.70 mm, 14.00 mm, 16.00 mm respectively, and the results are shown in
Fig. 13(a). As can be seen from Fig. 13(a), the collapsing strength of the screen pipe
decreases approximately linearly with the hole diameter of the screen pipe increases.
When the hole diameter was increased from 6.35 mm to 16.00 mm, the collapsing
strength of the screen pipe with corrosion defects decreased by 5.91 MPa.

4.5.2 Influence of Different Circumferential Hole Numbers on the Collapsing
Strength of Screen Pipe with Corrosion Defects

Assuming that the corrosion defect is in the middle of the screen pipe; The selected
screen pipe corrosion defect parameters are as follows: The depth of corrosion defect is
2.15 mm(1/3t); The number of axial holes is 20; The corrosion defect width are 90°; The
length of defect is 52.60 mm; The hole diameter is 12.70 mm. Calculating the collapsing
strength of corrosion screen pipe when the number of circumferential holes 6, 8, 10, 12,
14 and 16 respectively, and the results are shown in Fig. 13(b). As can be seen from
Fig. 13(b), the collapsing strength of the screen pipe decreases with the circumferential
hole number increasing, and the effect of the number of circumferential holes on the
collapsing strength of the screen pipe is not significant. When circumferential hole
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(a) hole diameter

(b) the number of circumferential holes 

(c) the number of axial holes 

Fig. 13. The influence of hole arrangement parameter on the collapsing strength of screen pipe
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numbers was increased from 6 to 16, the collapsing strength of the screen pipe with
corrosion defects decreased by 1 MPa.

4.5.3 Influence of Different Hole Arrangement Parameter on the Collapsing
Strength of Screen Pipe with Corrosion Defects

Assuming that the corrosion defect is in the middle of the screen pipe; The selected
screen pipe corrosion defect parameters are as follows: The depth of corrosion defect is
2.15 mm(1/3t); The number of circumferential holes is 8; The corrosion defect width
are 90°; The length of defect is 52.60 mm; The hole diameter is 12.70 mm. Calculating
the collapsing strength of corrosion screen pipe when the number of axial holes 10, 14,
18, 20, 22 and 26 respectively, and the results are shown in Fig. 13(c). As can be seen
from Fig. 13(c), the collapsing strength of the screen pipe decreases with the axial hole
number increasing.When axial hole numbers was increased from10 to 26, the collapsing
strength of the screen pipe with corrosion defects decreased by 4.06 MPa.

5 Conclusion

A finite element model of screen pipe with corrosion defects is developed based on
ABAQUS software and the influence of corrosion defect parameters and hole arrange-
ment parameters on the collapsing strength of corrosion screen pipe was analyzed. The
main conclusions of the article are summarised as follows:

When the corrosion defect is located in the middle of the screen pipe, the corrosion
defect screen pipe collapsing strength is the smallest, and as the corrosion defect to the
middle of the screen tube closer, the collapsing strength of screen pipe is smaller.

Collapsing strength of the screen pipe gradually decreases with the increase of cor-
rosion defect depth and corrosion length, and defect depth has the greatest effect on the
collapsing strength of the screen pipe. In addition, variations in defect depth, corrosion
length and corrosion width can affect the deformation pattern of the screen pipe.

With the increase of the hole diameter, the number of circumferential holes, the
number of axial holes, the collapsing strength of the screen pipe with corrosion defect
gradually reduced. And the hole diameter and the number of axial holes have a significant
influence on collapsing strength of screen pipe.
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Abstract. Natural gas hydrate is a new energy source that is expected to replace
fossil fuels. With the further research of marine hydrates production test, natural
gas hydrates have shown great application prospects. The horizontal well mining
hydrates has become the key to improve the gas production, but currently there is
no mature experience in the horizontal well operation of the seabed hydrate layer.
In this paper, we review the drilling tools used in conventional horizontal well
and the cases of seabed shallow horizontal well, as well as related techniques for
inhibiting hydrates decomposition or further generation during drilling. Possible
limitation in each guiding tool for horizontal well in hydrate layers are discussed.
Then based on the existing research, the development direction of horizontal well
operation in marine hydrate layer is prospected. Whilst there are few cases on
drilling horizontal well in marine gas hydrates, the breakthroughs will depend on
the research of new drilling steering tool and drilling program, as well as further
study on the mechanical properties of reservoirs.

Keywords: Gas hydrate · Horizontal well · Shallow layer · Hydrate production ·
Steering tool

1 Introduction

Natural gas hydrates are widely distributed in the continental permafrost zone, island
slopes, active and passive continental uplifts, polar continental shelves, and deep-water
environments of the ocean and some inland lakes [1]. It is estimated that the organic
carbon content of global hydrate is twice the total content of other fossil energy sources.
More than 98% of the natural gas hydrate resources in the world are distributed on the
continental shelf offshore [2].

There are mainly several ways to extract natural gas hydrates: depressurization [3–
5], thermal stimulation [6–8], CO2-CH4 replacement [9], chemical inhibitor injection
[10, 11] and solid fluidization extraction method [12, 13]. At present, the more effective
method for natural gas hydrates in the shallow seabed is the depressurization method.
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Japan [14] and China [15] have also adopted the depressurization method to conduct
large-scale offshore methane gas hydrate developing tests in recent years. Due to the
characteristics of shallow sediments, weakly cemented, unstable, and non-caprocks in
the marine gas hydrate reservoirs, the “vertical well” pattern has been adopted in the
production test of gas hydrates in the sea area. But the results showed that the gas
production rate was lower than the acceptable standard of commercial gas production.

In the traditional oil and gas production process, horizontal wells and multi-branch
wells have effectively expanded the contact range between the wellbore and the reservoir
[16]. At the same time, comparedwith verticalwells, horizontalwells only need a smaller
production pressure and are less likely to cause sand production. In addition, drilling
horizontal wells with long horizontal sections can optimize well pattern to reduce the
impact of foundation settlement on the wellhead due to hydrate development. Scholars
have performed lots of numerical simulations and laboratory tests on natural gas hydrate
production from horizontal wells [17–19], shown that horizontal wells perform better in
terms of gas production and ultimate recovery. Therefore, horizontal well operation is an
important method to improve the economic efficiency of marine gas hydrate production.

However, due to the special geological characteristics of the submarine shallow
gas hydrate reservoir, traditional horizontal well drilling methods have been greatly
restricted. In this paper, the related research progress and technical difficulties of hori-
zontal well drilling will be reviewed, in view of the special marine geological environ-
ment of shallow seabed gas hydrates. Then the related countermeasures be improved
for tackling key problem, to providing reference for horizontal well mining research of
shallow hydrate in the seabed.

2 Horizontal Well Drilling Technology

2.1 Conventional Horizontal Well Drilling Technology

With the continuous improved requirements of cost reduction and efficiency in drilling
development, traditional screw motors have the disadvantages of slow mechanical
drilling speed, large friction torque, weak horizontal well extension ability, and difficult
to control the well trajectory. The use of rotary steering technology (RST) in directional
well drilling become more popular [20]. As a widely-applied technique, RST has shown
its superiority in drilling rate improvement, reservoir discovery and formation protec-
tion. Rotary steering drilling technologywas originally used for long-distance horizontal
well drilling of shale gas, due to its outstanding economic benefits [21]. Now, RST is
gradually used to tap the potential of old oil fields. The RST can expose more reservoirs,
increase productivity and deal with complex formations. It is mainly used for precision
drilling of horizontal wells, extended reach wells, multi-branch wells, highly deviated
wells, and three-dimensional multi-target wells.

Drilling direction is mostly influenced by the direction of a drill bit and the side
force applied on this drill bit. The RST guiding devices used in conventional oil and
gas production can be divided into two types: push-the-bit and point-the-bit [22]. Push-
the-bit rotary steering system (RSS) mainly generate pushing force on the well wall by
three hydraulic sliders, and changes the drilling direction by the combined force of the
reaction force of the well wall. Point-the-bit RSS uses an internal eccentric ring group to
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drive the drill bit to generate eccentric force. Push-the-bit RSS have a relatively weaker
tilt angle in the Schlumberger rotary guidance products. But due to its early market entry
and good overall application, it is still in large-scale use. Point-the-bit RSS could avoid
the interaction between the tool and the wellbore, weaken the dependency of the well
wall. The quality of the well wall is better, and the risk of potential jamming is further
reduced.

The second horizontal well technology is sidetrack drilling. Sidetrack drilling tech-
nology can drill up to 50–100 m of production flow path from the wellbore to the
reservoir. Coiled tubing ultra-short radius radial drilling came about in the 20th century
[23]. Compared to the traditional sidetrack drilling (the projectile perforation), coil tub-
ing radial drilling can reduce operation cost and increase the drainage area of reservoir
and then improve the individual well productivity greatly. It can be used in both old
wells and new wells, and is especially suitable for the productivity improvement of old
oilfields and development of offshore marginal field and small fields.

The process of drilling a radial horizontal well involves two steps: the first step is
making a window on the casing with a specific tool, and the second step is to use a self-
propelled jet bit to pull a high-pressure hose through the window of the casing to enter a
horizontal well with a smaller diameter in the formation. The downhole tools involved in
this drilling technology mainly include self-propelled jet drill bits, high-pressure hoses,
reducing joints, coiled tubing, diverters, anchors, etc. Fix the anchor and the diverter at
the “window” position of the vertical well, lower the jet bit connected to the coiled tubing
to the anchor position, and use the diverter to guide the jet bit into the formation. By the
reaction force of the nozzle and the thrust of the coiled tubing, the jet bit is advanced
in the horizontal direction. It is a new drilling technology and has already been applied
successfully and shown a huge potential.

2.2 Shallow Horizontal Well Drilling

At present, there are few reports on the drilling of horizontal wells in shallow seabed,
and all these methods are in the experimental stage. In 2004, Japan organized the world’s
first natural gas hydrate horizontal well in the Nankai-Trough [24]. The horizontal well
was kicked off at 20 m below the mudline and successfully landed horizontally when
drilling to 472 m, the horizontal section was 100 m long. It took a total of 8.5 days.
During the drilling process, the angle was kept building up using BHI’s mud motor
with a bent housing adjusted at 1.5 to 1.8°, the well hit into hydrate zone at 225 m, and
continue drilling 317 m in the hydrate reservoir. It is reported that the horizontal well
did not experience high friction and high torque during drilling. For various reasons, in
the completed horizontal well, only a very short casing pipe (175.39 m) was set, and the
completion process was not continued.

It is worth noting that a BHI’s mud motor was used in the horizontal well drilling
process of the seabed hydrate layer. Due to low compaction of the formation, the slope
of the RSS in seabed formations is unstable. The mud motor drilling tool has a higher
slope-defining ability in shallow formations than the RSS drilling tool. But with the
improvement of drilling technology in recent years, the slope of the RSS is gradually
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guaranteed by turning into closed circuit or transforming drilling fluid in advance, adopt-
ing lower displacement and higher weight-on-bit, and adding flexible short joints to the
drilling tool combination, etc.

In 2011, Norwegian scholars proposed a new suction anchor type well foundation
concept that presses the wellhead into the formation through the pressure difference
between the inside and outside of the cavity [25, 26]. Compared with the conventional
wellhead, the new wellhead avoids direct contact between cement and the formation,
reduces cement leakage, and the casing can be pre-tilted to a certain angle inside the
wellhead. Using this suction anchor well foundation, in 2016, a horizontal well was
successfully drilled in shallow formations with a water depth of 400 m and a depth
of 250 m below the mudline in the Barents Sea of Norway. However, this field is a
reservoir of gas. The mechanical properties of the reservoir are quite different from
those of the marine gas hydrate. This method of drilling shallow horizontal wells has
certain reference value for drilling horizontal wells in hydrate reservoirs.

2.3 Methane Hydrate Drilling Technology

The hydrates in seabed are extremely sensitive to temperature and pressure. When the
temperature of the local layer increases and the pressure decreases, the hydrates in the
formation will decompose. When drilling of gas hydrate formations, the damage caused
by the drilling tools to the formations resulted in the release of stresses in the well wall
and near the bottom of the reservoir [27–29]. Under the temperature difference and
pressure difference, drilling fluid inevitably invades the formation for heat and mass
transfer, resulting in hydrate decomposition in the reservoir, which may cause serious
well control problems.

In recent years, with the development of drilling equipment, a gas-liquid separation
device is often used to separate the gas and liquid phases in the drilling pipeline to prevent
the formation of natural gas hydrates, when designing deep-water drilling schemes in
the ocean [30]. In 2013, the world’s first marine hydrate trial production in the Nankai
Trough, a gas separator and an electronic submersible pumpwere installed in the drilling
pipeline to separate the gas and liquid phases in the pipeline to prevent the formation of
hydrate.

3 Drilling-Related Challenge

3.1 The Ability to Control Dogleg Severity

In the marine environment, the special temperature and pressure characteristics deter-
mine the possible zone for marine hydrates. As shown in Fig. 1, below the depth where
the green curve and red curve intersect, CH4 hydrate is stable and if gas exists below
this depth, such as free gas in pores. It can be known that the gas hydrate stable zone is
mainly located in the shallow seafloor. Therefore, it is inferred that the exploitation of
horizontal wells inmarine hydrates requires the completion of horizontal well operations
in the shallow seafloor.

Due to the shallowness of the natural gas hydrate reservoir in the seabed, the building
depth of the wellbore is insufficient. For horizontal wells designed in shallow areas, for
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Fig. 1. Stability conditions of gas hydrate

example, building angle from 0 to 90° inclination over a vertical of 250 m, required an
average of dogleg severity (DLS) of 9/30 m. To keep the DLS requirement low, it was
envisaged to start building as early as possible, which incentivized the engineering team
to investigate options for shortening the conductor. That is, the vertical depth from the
kick point to the horizontal landing point is insufficient. Due to the limitation of vertical
depth, this puts forward higher requirements for the high-angle build ability of the guide
tool. The existing steering tools are usually applied to deep oil and gas reservoirs, and
are not special steering tools designed for shallow horizontal drilling. Therefore, the
applicability of guide tool in shallow drilling is limited, which is quite different from
the drilling tool of traditional horizontal wells in oil reservoirs.

For the problem of the high DLS of shallow horizontal wells, the restriction of the
horizontal well rotary steering drilling can be solved by increasing the steering tool’s
build rate or optimizing the kick point. Although the drilling method of the coiled tubing
radius radial horizontal well is not restricted by the DLS rate, it has high requirements
on the quality of the wellbore, and it needs to operate under the condition of casing,
which still has great construction difficulties.

3.2 Reservoir Mechanical Properties are Unstable

During the exploration of gas hydrate reservoirs, marine gas hydrates aremainly found in
the Cenozoic strata in the shallow surface of the ocean floor, which relied on appropriate
pressure and geothermal gradients. The overburden layer of hydrates zone is mainly
composed of thin silts interbedded with fine clay, and the mechanical strength of the
formation is unstable [31]. The presence of the hydrate will significantly increase the
mechanical strength of the sedimentary layer, because the hydrate in formation play
the part of cement in the sandstone. If the large amount of hydrate were decomposed,
the stability of the surrounding rock of the well will decrease, resulting in the wellbore
collapse. When the reservoir is opened, the wellbore is easily to shrinks and collapses,
increasing the frictionwhen entering the conductor.At the same time, due to the existence



Prospects of Horizontal Well Drilling in Marine Gas Hydrate 37

of a long seawater section, it is difficult to control the downhole mechanics during casing
inserted, which may cause the casing slip into wrong place, fail to complete the well
normally, further to limit the adaptability of sidetrack drilling horizontal well.

In deep water, due to poor cementation of the upper overburden layer, the shallow
fracture pressure is small, the drillingmud density window between the fracture pressure
and the formation pressure is narrow, and the bearing capacity is low. Compared with
conventional oil and gas reservoirs, natural gas hydrate formations are softer, drilling
fluid density windows are narrower, and lost circulation are more likely to occur.

The shallow weak cementation mechanical properties also increase the difficulty of
horizontal well drilling. Because the sedimentary layer is relatively soft and lacks stable
support [32], the push-type rotary guidance system cannot be used at this level. Although
the directional rotary steering system avoids the dependence on the borehole wall and
reduces the interaction between the tool and the wellbore, it is still difficult for the drill
bit to obtain a stable support force during directional drilling, and cannot fully meet
the requirements of trajectory control. In addition, the high rigidity of the traditional
drilling, and the vibration during drilling is obvious, which further weakens the bearing
capacity of the formation and results in an increase in the offset of the wellbore.

3.3 Wellhead Stability

The surface conductor,marine riser andunderwaterwellhead are initial channels of deep-
water drilling. Their stabilities are related to thewhole progress of offshore drilling.Main
factor weaken stability of wellhead are focused on the vibration of riser in water, lateral
ocean current load, jetting depth of surface conductor [33]. The subsea wellhead is in a
complicated stress state, and the risk of wellhead instability is existing. Meanwhile, the
subsea silt-clay shallow foundation has low bearing capacity and high compressibility
[34].

Decomposition of hydrate would further weaken the stability of wellhead. In the
drilling process, interactions between hot fluid in drilling annulus space and hydrates
can destabilize hydrates near the wellbore. But the decomposition rate is relatively low
[27]. The reason is that the pressure in the hydrate layer is higher and the temperature
increasing is limited by the relatively low thermal conductivity of the hydrate layer. But,
in the development process, continuous hydrate dissociation can weaken the strength of
hydrate formation, which may damage to equipment on seabed [35].

In submarine gas hydrate sediments, the pore spaces are partially occupied by the
solid phase of gas hydrates. The gas hydrates in the pore can act as a cementation
(bonding) agent between soil particles. The reduction in hydrostatic pressure of the
hydrate reservoir, or increases in the temperature of the reservoir leads to the dissociation
of the gas hydrates. The solid phase of the gas hydrates is lost and the hydrates change
into the fluid phase, i.e., water and gas. When this released fluid pressure is trapped
inside an area of low permeability, the effective stress, which is one of the factors
of describing strength of the sediments, should be reduced and slope failure can be
triggered, resulting in submarine landslides. The submarine landslides may lead to even
worse situation, for example, cutting submarine cables, wellhead rollover and well-
site subsidence. However, we do not have enough knowledge about the behaviors of
sediments caused by dissociation of hydrates in the ground [36].
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3.4 Wellbore Instability

Hydrate dissociation in the formation can lead to problems with wellbore stability, and
impact adversely on the efficiency and eventually, safety of drilling operation. In the
drilling with a riser, gas from the hydrates enters the returns annulus, and cannot be
isolated from the rig floor. Under these conditions, the drilling fluid can become highly
gasified (referred to as gas-cut mud) which lowers the mud density [37]. Further disso-
ciation of the hydrates is promoted by this decrease of the drilling fluid pressure and a
viscous cycle is established. When gas hydrates dissociate, the mechanical and phys-
ical properties of the sediments adjacent to the wellbore will change. The change in
material properties associated with the dissociation includes in permeability, reduction
in modulus and loss of the cementation provided by the gas hydrates.

However, the temperature of annulus mud has a more hazard in hydrate decomposi-
tion. At present, the safety and stability of the borehole wall during the drilling process
has been studied by many researchers [37–41]. Most of the researchers only focused
on numerical simulation, in which have shown that the temperature of drilling fluid is
the main factor of hydrate decomposition. In addition, the gasification leads to lowering
of the mud density, reduction of the drilling fluid pressure which may cause wellbore
instability.

A further side-effect of the drilling fluid pressure reduction is reduction of itsmechan-
ical support to the wellbore that could lead to hole enlargement and possible wellbore
collapse. Meanwhile, changes in mud rheological properties will impact hole cleaning
capacity and combined with changes in the formation strength and pore pressure within
the formation may lead to hole enlargement and wellbore collapse.

3.5 High Probability of Geological Hazards

When drilling in marine gas hydrate reservoir, the formation temperature and pres-
sure changed by the drilling process will lead to hydrate decomposition [28]. The gas
produced by the decomposition cannot be dissipated in the pores in time, lead to exces-
sive pore pressure surrounding the well. The effective bearing capacity reducing in the
sedimentary layer could easily cause natural disasters such as seabed landslides and
subsidence.

In addition to the effects of hydrate decomposition, shallow seabed strata also have a
series of risk problems such as unstable seabed, low bearing capacity, free gas, over pres-
surewater, and potential seafloor instability [42]. Although themethods for identification
and mitigation of these hazards are available, they are not yet mature.

4 Prospects for Horizontal Drilling Technology in Submarine
Hydrate Layer

Based on the drilling challenge in hydrate layer, there are some main factors to solve
challenges. 1) build horizontal well in shallow layer; 2) hold the borehole pressure; 3)
optimize the drilling fluid. In the building horizontalwell in shallow layer, hydro jet radial
drilling and wellhead steering technology provide practicable method for finishing shal-
lowhorizontalwell. Borehole pressure is themain factor tomaintain the safety in drilling.
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Holding the borehole pressure have significant effect on preventing the decomposition of
hydrates, maintaining the wellbore stability, mitigating the geological hazards. The last
factor is optimizing the drilling fluid. In this part, related technology will be reviewed.

4.1 Hydro Jet Radial Drilling

Most marine gas hydrate are wrapped in weakly cemented sand. For horizontal wells
which do not require high extension distances, coiled tubing rotary jet drilling is also a
feasible method. After the completion of the vertical well, the “window opening” tool
was run for “window opening” and radical drilling. Horizontal drilling was performed
by coiled tubing radial horizontal drilling technology, as shown in Fig. 2.

Aiming at the difficult of casing completion, some scholars have proposed casing
drilling method and drill pipe drilling method. Casing drilling method refers to the
simultaneous drilling and casing operation, which can reduce the effect of pumping
pressure on the well wall, to maintain the stability of surrounding gas hydrate. When
drilling with casing drillingmethod, the cuttings will be ground into fine particles. Under
the effect of liquid column pressure, the particles will be squeezed into the borehole
wall and the borehole surface will be covered with a certain thickness of mud cake. This
phenomenon is called smear effect. This can effectively improve the leakage of drilling
fluid and strengthen the stability of the wellbore. Drill pipe drilling method refers to
use of large diameter drill pipes for drilling. When drilling to a predetermined depth,
the drill pipe, drilling tools and drill bits in the well cannot be raised, and the drill pipe
remains in the well as a casing.

Fig. 2. Coiled tubing radial horizontal drilling technology

The jet fluid is required to have a dual function as a power medium for horizontal
drilling and as a support for the fracturing fluid. That is, while the jet is using for drilling,
the jet liquid is pressed into the hydrate reservoir and can form a support in the reservoir
to provide a channel for natural gas to migrate to the well.

The disadvantage of sidetrack radial drilling method is the insufficient extension
ability of the horizontal section. The extension ability from the wellbore to the reservoir
is currently only 50–100 m. For long-distance horizontal well operations, mechanical
drill bits are still required to cooperate with rotary steering drilling technology.
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4.2 Wellhead Steering Technology

Conventional submarine conductor uses jet downpipe technology, and the length of the
conductor is generally 60–80m. The length of the conductor greatly shortens the vertical
depth from the kick point to the horizontal landing point, which makes it difficult to drill
horizontal wells in the submarine gas hydrate layer and limits the usage of rotary steering
tools in shallow hydrate formations.

Fig. 3. CAN with integrated slender conductor

To shorten the conductor, a conductor anchor node (CAN) was designed [26]. The
appearance of CAN provides a feasible idea for solving the problem of insufficient verti-
cal depth. TheCAN is like an inverted bucket.During installation, theCANwill penetrate
seabed by suction pressure. Due to the large wellhead size of CAN, the wellhead stability
is much higher than that of normal conductor. Compared with conventional wellheads,
CAN wellheads have a shallower installation depth (10–11 m), shorter installation time
(<20 h), higher stability (longitudinal bearing capacity of more than 400t), and can be
reused.

Large-scale wellhead piles are more stable than traditional conductor cementing,
which greatly reduces wellhead instability caused by lateral forces, and provides more
stable support for the drilling of horizontal wells in the shallow layer. As shown in Fig. 3,
the conductor can be pre-tilted at a certain angle inside the pile body, instead of bearing
the load, which could rise the kick point. Compared with the conventional wellhead
conductor structure, using CAN integrated conductor is more suitable for horizontal
well drilling of subsea gas hydrate.

Basedon strengtheningwellhead stability and rising the kick point, the rotary steering
technology currently used for drilling horizontal shale wells can be applied to horizontal
well drilling in shallow seabed. However, there are still problems such as difficulty in
controlling the inclined well section, unstable inclination, and insufficient extension
ability. Based on the existing technology, it is necessary to realize the diversification of
rotary steering technology, and optimize the combination o of drilling tool according to
the characteristics of natural gas hydrate reservoirs, further increase the slope rate during
actual drilling, and reduce drilling risks.
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4.3 Surface Conductor Jet Drilling Technology

Surface conductor jetting drilling is a deep-water drilling technique developed to cope
with loose deep-water seabed soil and prevent shallow geological disaster [43, 44].
Surface conductor is tripped in place by jetting mode, utilizing water-jet and the gravity
of conductor string. When drilling to the preplanned depth, make the conductor string
static, utilize the adhesion friction force of the seabed surface soil to make the conductor
firm. The model of jet drilling is shown in Fig. 4. During the jetting process, the diameter
of the jetted cavity should be controlled to be smaller than the conductor OD (outer
diameter) to ensure the casing can penetrate into the clay by the BHA (bottom hole
assembly) and its self-weight which can provide enough bearing capacity [45].

Jet pipe drilling technology is a crucial technology in deep-water drilling, it has
advantages as follow: Being free of cementing, saving time, boosting drilling speed,
simplifying drilling procedure and reducing cost [46].

Fig. 4. The model of jet drilling

4.4 Dynamic Kill Drilling Technology

Dissociation ofmethane gas from its frozen lattice-like structurewithin the near-wellbore
and until the mud and cuttings have been returned to the rig’s surface separation equip-
ment must be avoided for well control reasons [47]. Such as: 1) Blowout because of
sudden gas hydrate dissociation, 2) Slope failure risk due to sudden gas hydrate dis-
sociation, 3) Wellbore stability problems and wellbore collapse risks due to the loose
sediments after gas hydrate dissociation. During the drilling process, the temperature
of reservoir will rise with the fluid circulation, even though the temperature of drilling
mud should be limited in the well head. If dissociation of free gas from frozen methane
hydrate crystalline structures is to be avoided, the drilling process must incorporate a
means of preventing near wellbore and annulus pressure drops.

On the other hand, during the deep-water drilling, there are few risers or intermediate
casings for the interval of shallow formation [48]. Therefore, since the column pressure
of building fluid cannot balance the formation pressure, once encountering the shallow
gas or flow, the fluid with high pressure will expend to the low-pressure area in a high
speed, and then form into the shallow kick, resulting a series of problems.
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Hence the well control is very critical before running the intermediate casing and
installing the blowout preventer.Nevertheless,wellhead blowout preventers (BOPs) have
note been installed in surface drilling process, so the conventional methods cannot be
used to circulate out the kick. The dynamic kill drilling (DKD) is a newmethod to realize
effective well control [49]. The DKD is to mix the seawater into the weighted drilling
fluid to form a series of drilling fluid with different density based on a certain percentage,
and then to pump the weighted drilling fluid into the wellbore with high speed [50, 51],
shown as in Fig. 5.

Fig. 5. DKD main devices

Dynamic kill drilling is a key technology that has the potential to solve the problem in
deep-water surface drilling [52]. In this method, the mixing proportion is determined by
the annular behavior through the annular pressure measurement while drilling (APWD)
system, ensuring the mixture density can be maintained in the “narrow drilling window”
between formation’s pore pressure and fracture pressure [53].

4.5 Optimize the Drilling Fluid

It has been concluded that by cooling drilling fluid and decrease the circulation rate, the
influence of drilling through gas-hydrate-bearing sediments on petroleum operations
can be minimized [54]. High mud weight to increase the hydrostatic pressure may also
be used to stabilize gas hydrates but caution must be exercised in its implementation
as excessively high mud weight can fracture the formation and lead to lost circulation,
particularly in unconsolidated marine sediments. Therefore, reducing the temperature
of drilling fluid and making the pressure slightly higher than the fracture pressure of the
formation are beneficial to maintaining the stability of the hydrate. Surface mud coolers
may be required to chill the drilling fluid, this to avoid dissociation from an increase in
temperature within the methane hydrate reservoir.

In addition, some special inhibitors or oil-based drilling fluids can also stabilize
natural gas hydrates. This matter depends on the rational drilling fluids system. The
drilling fluid should be able to effectively inhibit gas-hydrate aggregations in the drilling
pipe and blowout preventer. In addition, for drilling in gas hydrate bearing sediments,
the use of inhibitor for hydrate decomposition should be considered carefully because
they prevent hydrate dissociation in the formation, but can also cause the aggregation in
the borehole, if their concentration is too high.
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5 Concluding Remarks

Marine gas hydrates are usually stored in shallow argillaceous siltstones in the form of
cementation or pore filling, and their mechanical properties change due to their decom-
position during mining. With the progress of mining, the mechanical properties of the
hydrate reservoir gradually deteriorate, and the supporting force for the upper overbur-
den gradually decreases, causing the formation to settle. Improper control will cause
collapse and even geological disasters. Although the mining scheme of horizontal wells
for the exploitation of marine natural gas hydrates will slow down the risks of formation
subsidence and well collapse, further research is needed to ensure the reliability of hor-
izontal wells and the safety of production. Study the effects of hydrate decomposition
on foundation settlement under different reservoir conditions, and reduce the risk of
wellbore stability and wellbore integrity during the entire life cycle.

Wellbore pressure is related to the stability of natural gas hydrates in the wellbore.
Pressure controlled drilling technology can be used to solve the complex conditions that
occur during the drilling process. When drilling in a submarine gas hydrate formation, a
well drilling plan is designed to control the temperature and pressure during the drilling
process. According to the actual formation characteristics, the temperature and pressure
during the drilling process are jointly controlled to ensure the hydrate in the formation. It
will not be decomposed in a large amount and hydrates will not be formed in the drilling
pipeline, ensuring the safety of drilling in the gas hydrate layer.

Deep water hydrate reservoirs have low overburden pressure and high degree of
under compaction. Compared with traditional oil and gas reservoirs, the requirements
for the strength of drilling tools are greatly reduced. This means that the combination
of drill bit and rotary steering tool is not necessary for the horizontal well operation of
subsea hydrate reservoirs, and the jet pressure requirements for hydraulic drilling are
also greatly reduced. With the gradual expansion of hydrate mining, it is necessary to
design some new lightweight drilling tools to adapt to the efficient development and
utilization of natural gas hydrate resources.

Funding. National Natural Science Foundation of China (No. 51890914).
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Abstract. Natural gas hydrate (NGH) is one of the potential green alternative
energy sources, and its exploration and development has become one of the
key directions of energy development in China. In order to solve the problem
of wellbore instability in the drilling process of NGH reservoir, a wellbore sta-
bility evaluation model considering the coupling heat and mass transfer process
between wellbore and reservoir during horizontal well drilling and the Thermal-
Hydrosolid-Coupling (THC) mechanism in NGH reservoir is proposed, which is
based on the geological conditions of NGH reservoir in Shenhu area of the South
China Sea, through an example, the heat and mass transfer law between wellbore
and reservoir, NGHdecomposition dynamics and formation yield failure evolution
law during horizontal section drilling are analyzed. The simulation results show
that in the process of drilling from the heel (0m) to the toe (400m) in the horizontal
section, the annulus temperature in the same well depth decreases continuously,
the annulus temperature at the heel decreases from 15.973 °C to 15.794 °C. The
NGH decomposition range starts from the heel and continues to expand to the toe,
and the NGH saturation at the heel decreases from 0.4 to 0.169 (about 57.75%),
where the NGH decomposition is the most. With the decomposition of NGH, the
formation around the wellbore begins to yield and destroy, and the yield range
continues to increase and gradually expands from the heel to the toe like the NGH
saturation. When drilling to 1 h, the formation on the upper and lower sides of the
wellbore at the heel first appears plastic yield. After 20 min, the formation on the
left and right sides of the wellbore appears plastic yield. When drilling to 10 h,
the plastic strain of the heel formation reaches 0.0586 and the maximum yield
radius reaches 0.1157 m. The above work can provide theoretical reference for
the variation law of formation physical parameters and wellbore stability analysis
in the process of NGH reservoir drilling.
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1 Introduction

NGH is one of the potential green alternative energy sources. Relevant studies show that
the global NGH reserves are about 3000–20000 trillion cubic meters, and its total carbon
content is about twice that of traditional fossil energy [1]. At present, the main methods
for exploiting NGH in sea areas include depressurization, thermal stimulation, replace-
ment, chemical injection and the combination of the above methods [2], Regardless of
what type of exploitation method is adopted, the NGH reservoir needs to be opened by
drilling.

However, the offshore NGH formation has the characteristics of large water depth,
shallow seabed burial and under compaction. Therefore, the problemofwellbore stability
is extremely prominent in the drilling process of offshore NGH reservoir [3].

Firstly,NGHformation is generally semi-consolidated and unconsolidated sandstone
or argillaceous sandstone formation with weak deformation resistance [4]. Secondly,
the circulation and invasion of drilling fluid will interfere with the temperature and
pressure distribution of the formation during drilling, resulting in NGH decomposition,
redistribution of formation stress and change of mechanical properties of the formation
[5], which is very easy to cause the risk of wellbore instability.

In terms of numerical simulation of mechanical properties of NGH bearing sed-
iments, only a few THC model have been proposed in the world, mainly including
TOUGH+HYDRATE+ FLAC, COHMA andMHGS. Soga et al. [6] proposed a multi
field coupling model for NGH formation, which can simulate the changes of mechanical
properties of NGH formation during NGH development. Zhao et al. [7] proposed the
change law of mechanical strength of NGH bearing formation during the production
process by simulating the three field coupling problem of seepage, heat transfer and
deformation in the production process of NGH. Sun [8] simulated and analyzed the
influence of NGH drilling and production process on formation physical parameters by
embedding the critical state constitutive model into the multi field coupling numerical
model. Taking Shenhu NGH reservoir in the South China Sea as an example, Sun [9]
and others studied the wellbore stability under the condition of drilling fluid invasion
through the coupling of TOUGH + FLAC3D.

By investigating the domestic and foreign literature, it is found that the current model
does not specifically consider the dynamic drilling process of horizontal wells and the
dynamic heat and mass transfer process between wellbore and formation. Therefore,
this work establishes a wellbore-reservoir coupling wellbore stability evaluation model
considering the couplingmass transfer and heat transfer law betweenwellbore and reser-
voir during horizontal well dynamic drilling and the THCmechanism of NGH reservoir.
Based on the geological conditions of NGH reservoir in Shenhu area of South China
Sea, the heat andmass transfer law betweenwellbore and reservoir, NGH decomposition
dynamics and evolution law of wellbore yield failure during horizontal section drilling
are analyzed through an example. This study is expected to provide a theoretical refer-
ence for the safe and efficient well construction of NGH reservoirs in the South China
Sea.
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2 Wellbore-Reservoir Coupling Heat and Mass Transfer Model

Micro overbalance drilling is usually used to prevent excessive reservoir pollution during
NGH reservoir drilling [10]. Therefore, the high-temperature drilling fluid will invade
NGH formation along wellbore due to differential pressure, resulting in NGH decom-
position and the deterioration of formation mechanical properties, which significantly
increases the risk of wellbore instability. In order to properly establish the mathematical
model, we make the following assumptions:

(1) The fluid flow in the wellbore is one-dimensional;
(2) The influence of filter cake on drilling fluid invasion is not considered;
(3) NGH reservoir is homogeneous,with uniformporosity, permeability and saturation;
(4) The specific heat and thermal conductivity of drilling fluid, NGH, rock matrix and

pipe string are constant;
(5) The density of NGH remains unchanged, NGH is incompressible and does not flow

with gas and liquid.

2.1 Heat and Mass Transfer Model of the Fluid Flow in the Wellbore

Riserless drilling technology is often used in the drilling of NGH reservoir. The
calculation method of annulus pressure is as follows [5]:

dp

dz
+ f

ρmv2a
2dc

− ρmgsinθ = 0 (1)

Where, p is the annulus pressure, MPa; z is the distance from mudline, m; f is
the friction coefficient, dimensionless; ρm is the drilling fluid density, kg·m3; va is the
velocity of drilling fluid in annulus, m/s; dc is the equivalent diameter of annulus, m; g
is the gravitational acceleration, m/s2; θ is deviation angle, °.

Low viscosity drilling fluid is often used in NGH reservoir drilling, and the
calculation method of friction coefficient f is as follows [11]:

{
f = 64/Re(Re ≤ 2300)

f = 0.1927/Re0.25(Re > 2300)
(2)

Where, Re is the Reynolds number.
In the process of drilling fluid circulation, there is a dynamic heat exchange pro-

cess among drill string, annulus and NGH formation. According to the law of energy
conservation, the heat transfer equation in the well is as follows [12]:

∂Tp
∂t

+ vp
∂Tp
∂z

= 2πrpiUp

CmρmAp
(Ta − Tp) (3)

∂Ta
∂t

= va
∂Ta
∂z

− A
(
Ta − Tp

) + B(Te,0 − Ta) (4)

{
A = 2πrpiUp/(CmρmAa)

B = 2πrciUa/(CmρmAa)
(5)
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Where, Ta and Tp is the annulus and drill pipe temperature, respectively, °C; t is the
time, s; vp is the velocity of drilling fluid in drill pipe, m/s; rpi is inner diameter of drill
pipe, m; Cm is the specific heat of drilling fluid, J/(kg·°C); Ap is the area of drill pipe,
m2; Te is the formation temperature, °C.

Comprehensive heat transfer coefficients Ua and Up refer to the total thermal
resistance of drill string to annulus and annulus to NGH formation respectively. The
calculation method is as follows [13]:

U−1
p = 1

hpi
+ rpiln

(
rpo/rpi

)
kp

+ rpi
rpohpo

(6)

⎧⎪⎪⎨
⎪⎪⎩
U−1
a = 1

hci
+ rci ln

(
rco
rci

)
kc

+ rcoln
(

rw
rco

)
kcem

(Hs < h ≤ Hc)

U−1
a = 1

hhole
(Hc < h ≤ Hw)

(7)

Where, rci is the inner diameters of casing, m; rpo, rco and rw are the outer diameters
of drill pipe, casing and wellhole, respectively, m; kp, kc and kcem are heat conductivities
of drill pipe, casing and cement sheath, respectively, w/(m·°C); hpi, hpo, hci and hhole are
convection heat transfer coefficients of inner wall of drill pipe, outer wall of drill pipe,
inner wall of casing and inner wall of wellhole, respectively, w/(m·°C); Hc, Hs and Hw
are depth of casing, sea and well, respectively, m.

2.2 Heat and Mass Transfer Model of the Fluid Flow in the NGH Formation

Based on the continuity equation and generalized Darcy’s law, the fluid solid coupling
seepage equation of NGH reservoir is obtained [14]:

∂
(
ϕρgSg

)
∂t

− ∇ ·
(
Krgρg

μg
[K]

(
∇Pg + ρgg

))
+ (

ϕρgSg
)∇ · vs = mg + qg (8)

∂(ϕρwSw)

∂t
− ∇ ·

(
Krwρw

μw
[K](∇Pw + ρwg)

)
+ (ϕρwSw)∇ · vs = mw + qw (9)

∂(ϕρhSh)

∂t
+ ∇(ϕρhShvs) = −mh (10)

Where, ϕ is the porosity, dimensionless; ρg, ρw and ρh are the density of gas, water
and NGH, respectively, kg/m3; Sg, Sw and Sh are the saturation of gas, water and NGH,
respectively, dimensionless; Krg and Krw are the relative permeability of gas phase and
water phase, respectively, dimensionless; μg and μw are the viscosity of gas and water,
respectively, mPa·s; [K] is the permeability matrix, m2; Pg and Pw are the pressure of
gas phase and water phase, respectively, MPa; vs is the rock matrix migration velocity,
m/s; mg and mw are the gas and water production rate of NGH decomposition in unit
volume formation, respectively, kg/(m3·s); mh is the NGH decomposition rate in unit
volume formation, kg/(m3·s); qg and qw are the sources of gas and water, respectively,
kg/(m3·s).



Research on Numerical Simulation of Wellbore Stability 51

The relative permeability model adopts the formula proposed by Leverett [15]:

Krg = (1 − se)2
(
1 − se2

)
(11)

Krw = √
se

(
1 −

(
1 − se1/w

)w)
(12)

se = Sw − Swr
1 − Swr − Sgr

(13)

Where, Swr and Sgr are the residual water saturation and residual gas saturation,
respectively, dimensionless; w is the relative permeability coefficient, dimensionless,
value 0.6.

Based on Kim Bishnoi [16] NGH decomposition kinetic model, the gas production
rate of NGH decomposition per unit volume of formation is:

mh = −Mhkdexp

(
�E

RT

)
Ah

(
peq − pe

)
(14)

Ah = 0.879
1 − ϕ

rp
S2/3h (15)

Where, Mh is the molar mass of NGH, kg/mol; kd is the intrinsic reaction constant
of the NGH, whose value is 2.6 × 105 mol/(Pa·s·m2); �E is the hydration activation
energy with a value of 104,000 J/mol; R is gas constant, J/(mol·K); T is the temperature,
K; peq is the NGH equilibrium pressure, MPa; pe is the pore pressure of NGH formation,
MPa; rp is the average grain size of reservoir matrix, m.

The heat transfer model of NGH reservoir is as follows [17]:

ρC
∂T

∂t
= ∇ · (λ∇T ) − ∇ · [(ϕSgCgρgvg + ϕSwCwρwvw)T ] − mh�HD + Qin (16)

ρC = (1 − ϕ)ρsCs + ϕShρhCh + ϕSgρwCw + ϕSgρgCg (17)

λ = (1 − ϕ)λs + ϕShλh + ϕSwλw + ϕSgλg (18)

�HD = 446.12 × 103 − 132.638T (19)

Where, Cg, Cw, Cs, Ch are the specific heat of gas, water, rock matrix and NGH,
respectively, J/(kg·K); ρs is the density of rock matrix, kg·m3; vg and vw are the seep-
age velocity of water and gas, respectively, m/s; �HD is the enthalpy change of NGH
decomposition, J/mol; Qin is the external heat supply, W/(m·K); λs, λh, λw and λg are
the thermal conductivity of rock matrix, NGH, water and gas, respectively, W/(m·K).
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2.3 Wellbore Stability Model of NGH Reservoir

In order to reflect the influence of NGH decomposition process on formation physical
parameters, it is also necessary to establish the relationship equation of mechanical
parameters such as elastic modulus, cohesion and permeability with formation effective
stress and NGH saturation [18].

1) Dynamic model of elastic modulus
Liao [1] obtained the relationship between elastic modulus and saturation of NGH
formation by regression fitting NGH pilot production field and experimental data as
follows:

logESh0 = logESh0 + 1.1983Sh (20)

Where, E is the elastic modulus of NGH formation, MPa; Sh0 is the initial NGH
saturation, dimensionless.
2) Dynamic model of cohesion
Miyazaki et al. [19] established an empirical model between cohesion and NGH
saturation as follows:

CSh = CSh0 + 1 − sinφ

2cosφ
αSβ

h (21)

Where, C is the cohesion of NGH formation, MPa; α and β are the empirical
coefficients, dimensionless.
3) Dynamic model of permeability
The permeability of NGH formation is jointly affected by NGH saturation and formation
effective stress. This work adopts the following negative exponential equation [20]:

K = K0exp[−(dSh + eσ)] (22)

Where, K0 is the permeability at NGH saturation of 0, m2; d and e are the empirical
coefficients, dimensionless; σ is the effective stress, MPa.
4) Dynamic model of effective porosity
Shen [21] considered the influence of NGH decomposition and the change of formation
effective stress on porosity, and obtained the calculation equation of NGH formation
effective porosity:

ϕ = ϕ0(1 − Sh) × m • exp(n • σ) (23)

Where, ϕ0 is the porosity at NGH saturation of 0, dimensionless; m and n are the
empirical coefficients, dimensionless.
5) Wellbore yield failure criterion
The formation yield failure of NGH reservoir is mainly caused by shear failure near
wellbore. In this work,Mohr-Coulombmodel is adopted, and the expression is as follows
[22]:

σ1 = 1 + sinφ

1 − sinφ
σ3 + 2Ccosφ

1 − sinφ
(24)

Where, σ1 and σ3 are the maximum and minimum principal stress, respectively,
MPa.
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3 Simulation Results and Discussion

3.1 Basic Parameters

The NGH production test in the South China Sea shows that the buried depth of NGH
layer is about 1225 m, the thickness ranges from a few meters to hundreds of meters,
and the NGH saturation can be as high as 70% [10]. Table 1 gives the basic parameters
of NGH reservoir [1, 23].

Table 1. Basic parameters

Parameter Value

Depth of seawater (m) 1225.23

Depth of NGH layer (m) 1433.03–1478.63

Porosity 0.45

NGH saturation 0.4

Average permeability (mD) 10

Temperature of mudline (°C) 4

Casing inner diameter (mm) 339.7

Wellbore diameter (mm) 311.15

Drilling fluid density (kg/m3) 1190

Rate of penetration (m/h) 40

Injection rate (L/s) 50

Injection temperature (°C) 25

Pressure of NGH formation (MPa) 14.725

Temperature of NGH formation (°C) 15

Geothermal gradient (°C/m) 0.0469

Young’s modulus (MPa) 32(Sh = 0); 96(Sh = 0.4)

Cohesion (MPa) 0.1(Sh = 0);
0.7(Sh = 0.4)

Poisson’s ratio 0.35

Dilation angle (deg) 10

3.2 Simulation Results

Figure 1 illustrates the temperature profile of the horizontal wellbore during drilling.
As shown in the figure, as the wellbore continues to extend, the annulus temperature
decreases. The annulus temperature at the heel of the horizontal well (0 m) drops from
15.973 °C to 15.794 °C. This is because the contact range between drilling fluid and
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Fig. 1. Annulus temperature at different drilling times

the formation increases as well depth increases, resulting in more heat transfer from the
drilling fluid to the formation.

The wellbore pressure profile when the horizontal section is drilled to 400 m is
shown in Fig. 2. For the wellbore pressure, because the influence of temperature and
pressure changes on the density and rheology of drilling fluid is negligible, the flow
of drilling fluid in the wellbore is stable. Affected by the flow friction of drilling fluid,
the annulus pressure increases with the increase of well depth. Besides, the mudline
pressure is usually basically constant when drilling in NGH formation. Therefore, the
pressure in the same well depth is basically unchanged during the forward extension of
the wellbore.

Fig. 2. Annular pressure in horizontal section
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The decomposition of NGH in formation is the fundamental reason for the deteriora-
tion of formation mechanical properties, which is affected by formation temperature and
pressure. Figure 3 shows the variation of near-wellbore NGH saturation over time during
drilling. It can be seen that the NGH in the formation continues to decompose with the
continuous extension of the wellbore, but the NGH decomposition is uneven because of
the difference of pressure and temperature. The NGH decomposition range starts from
the heel and continues to expand to the toe. The formation at the heel has the most NGH
decomposition and the NGH saturation at the heel decreases from 0.4 to 0.169 (about
57.75%) when drilling to 400 m. This is because the formation at the heel has the longest
contact time with drilling fluid, the most drilling fluid intrudes into the formation and
the NGH is most significantly affected by temperature. Although the increase of pres-
sure inhibits the NGH decomposition to a certain extent, the increase of pressure also
promotes the drilling fluid to invade the NGH formation, further aggravating the NGH
decomposition.

Fig. 3. Distribution of NGH saturation around the wellbore at different drilling times

The decomposition of NGH will significantly reduce the formation elastic modulus
and cohesion which further weakens the mechanical strength of the formation, which
is the root cause of wellbore instability. As shown in Fig. 4, with the extension of the
wellbore, NGH is constantly decomposed, especially at the heel, which leads to the
failure of the formation around the well, and the yield range gradually extends from the
heel to the toe like the NGH saturation.
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Fig. 4. Plastic strain of formation around well with different drilling time

As shown in Fig. 5, plastic strain began to occur in the formation near the heel of
the well one hour after drilling. However, due to the difference between horizontal and
vertical ground stress, plastic strain occurred in the formation at the upper part of the
wellbore first than in the formation at the left and right sides, with a greater degree and
a faster growth rate. Due to the influence of gravity, there are also differences in the
force and plastic strain on the upper and lower sides of the well. The plastic strain on
the immediate side of the well is slightly higher than that on the immediate side of the
well. However, it is found through simulation that due to the small size of the well, the
difference only accounts for 0.3% of the plastic strain on the immediate side of the well,
which can be ignored.

Figure 6 describes the plastic strain of horizontal well heel formation at different
drilling times. It can be seen that with the increase of drilling time, the plastic strain area
of the formation around the well becomes larger. The maximum yield radius is 0.0219 m
at 2 h, 0.0657m at 6 h, 0.1157m at 10 h, and the plastic strain reaches 0.0586. Therefore,
in order to ensure the wellbore stability of NGH formation, the drilling time should be
shortened.
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Fig. 5. Plastic strain of formation on the top and side point of wellbore

Fig. 6. Plastic strain of formation at heel at different drilling times

4 Conclusion

In this work, a wellbore stability evaluation model considering the coupling mass and
heat transfer process between wellbore and reservoir during horizontal well dynamic
drilling and the THCmechanism in NGH reservoir is proposed. Based on the geological
conditions of NGH reservoir in Shenhu area of the South China Sea, the heat and mass
transfer law between wellbore and reservoir, dynamic law of NGH decomposition and
the evolution law of formation yield failure are analyzed through an example. The main
conclusions are as follows:
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(1) As the well extends, the annulus temperature in the same depth decreases. The
annulus temperature at the heel decreased from 15.973 °C to 15.794 °C during
drilling from the heel (0 m) to the toe (400 m) in the horizontal section. This is
because the increase of well depth leads to the larger contact range between drilling
fluid and formation and the increase of heat exchange.

(2) Due to the difference of pressure and temperature, the decomposition range of NGH
increases from the heel and extends to the toe. The NGH decomposition is the most
at the heel. When drilling to 400 m, the NGH saturation decreases to 0.169, about
57.75% of the decomposition. This is because the formation at the heel has the
longest contact time with the drilling fluid, the most drilling fluid intrudes into the
formation and the NGH is most significantly affected by temperature.

(3) With the decomposition of NGH, the formation around the well begins to yield,
and the yield range keeps increasing and gradually extends from the heel to the
toe like the NGH saturation. Due to the difference between horizontal in-situ stress
and vertical in-situ stress, plastic yield first appeared on the upper and lower sides
of the well at the heel for 1 hour, and then on the left and right sides of the well
for 20 minutes. The plastic strain of formation at the heel reached 0.0586 and the
maximumyield radius reached 0.1157mafter 10 hours of drilling. In order to ensure
the wellbore stability of NGH formation, the drilling time should be shortened.
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Abstract. In order to reveal the influence of drilling fluid immersion on rock
strength during open circuit drilling of hydrate argillaceous siltstone reservoir in
Shenhu sea area of the South China Sea, the mechanical experiment of drilling
fluid immersion in rock was carried out by using GCTS RTR-2000 rock triax-
ial comprehensive test system, and the influence law and internal mechanism of
drilling fluid immersion on argillaceous siltstone were analyzed. The results show
that the peak strength, elastic modulus, cohesion and other mechanical parameters
of argillaceous siltstone decrease in varying degrees after immersion in drilling
fluid. Rock softening, hydraulic splitting effect and chemical damage caused by
the contact between drilling fluid components and rock are the main reasons for
the weakening of rock strength. Therefore, in the drilling process of deep-water
hydrate argillaceous siltstone reservoir, on the one hand, the hydrate decomposi-
tion effect caused by the drilling fluid invading the formation weakens the forma-
tionmechanical strength; On the other hand, the immersion of drilling fluid further
destroys the mechanical strength of rock. Under the combined action of the two,
the risk of wellbore instability during drilling is great. The research results have
certain guiding significance for the field.

Keywords: Argillaceous siltstone · Peak strength · Modulus of elasticity ·
Wellbore instability · Drilling fluid

1 Introduction

Under the wave of energy substitution, hydrate, as a new clean energy, has become
the focus of energy development all over the world in recent years. The United States,
Canada and Japan have successively carried out the trial production of hydrate. China
has carried out two rounds of trial production of hydrate in 2017 and 2020, both of
which have been successfully carried out and made a series of major breakthroughs.
The South China Sea is rich in hydrate resources, and the exploitation of hydrate is
of great strategic significance to China’s energy security. At present, the exploitation
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of hydrate still faces a series of problems. The hydrate reservoir in the South China
Sea is mostly argillaceous siltstone, which has the characteristics of weak cementation,
poor diagenesis and weak formation mechanical properties [1–6]. In the process of open
circuit drilling of deep-water hydrate, the reservoir rock with poor mechanical properties
will be further damaged after soaking in drilling fluid, resulting in wellbore instability.
The wellbore instability will lead to a series of drilling problems [7], such as logging
difficulties, poor cementing quality, downhole tool lowering difficulties, etc.

The damage of drilling fluid immersion to rock can usually be characterized by the
changes of parameters related to rock mechanical strength. In this regard, scholars at
home and abroad have carried out a lot of basic research. Ge et al. [8–10] applied CT
scanning to study themicro deformation characteristics and crack evolution law of brittle
rock under external load, and pointed out that the hydration expansion and chemical
alkali solution dissolution caused by drilling fluid invasion are the main causes of rock
instability. Huang et al. [11] quantitatively analyzed the stress distribution around the
wellbore, hydration stress andwellbore collapse cycle from the perspective ofmechanics
and chemical coupling of mud shale. In the aspect of mudstone hydration research, M.E.
[12] conducted an indoor test, expressed the expansion pressure by using the water
activity of shale, studied the flow and distribution of water in shale through thermal
diffusion theory, put forward the concept of hydration stress, established relevantmodels,
and opened up a precedent in the quantitative study of mudstone mechanical-chemical
coupling. However, there are relatively few studies on the strength characteristics of
argillaceous siltstone under the immersion of drilling fluid. Therefore, it is necessary
to carry out some basic research on the damage effect of drilling fluid on argillaceous
siltstone during deep-water drilling. Taking the argillaceous siltstone in Shenhu sea area
as the research object, a series of experiments on the effect of drilling fluid immersion
on rock mechanical strength are carried out, which has certain guiding significance for
the exploration of wellbore stability in the process of deep-water hydrate mining.

2 Rock Sample Preparation and Experimental Methods

2.1 Sample Preparation

It is very difficult to carry out experiments in the field when studying the mechanical
properties of hydrate argillaceous siltstone. Therefore, indoor preparation of soil sam-
ples for experimental research is the most commonly used means. In this paper, the test
samples are obtained by crushing after mixing quartz sand and clay minerals (mont-
morillonite and illite), which are similar to the particle size composition of natural gas
hydrate reservoir in Shenhu sea area of the South China Sea, so as to ensure the similarity
of particle size composition of soil layer. The clays used in the experiment are dried and
crushed. The core sample preparation equipment is used to prepare the soil sample into
φ25 mm × 50 mm standard sample according to Test method for engineering rock mass
GB/T50266-999, as shown in Fig. 1. The particle size composition of soil sample in the
experiment is shown in Table 1.



62 Y. Wang et al.

Fig. 1. Core preparation device and sample

Table 1. Grain size composition of hydrate bearing sediments in Shenhu sea area of the South
China Sea [13]

Particle size SH-7B

<4 μm 0.4

4–63 μm 23.5

63–250 μm 32.2

250–500 μm 29.1

500–2000 μm 14.8

>2 mm 0

2.2 Experimental Method

The experimental equipment in this paper is GCTS RTR-2000 high temperature and
high pressure rock triaxial comprehensive test system, as shown in Fig. 2. The system
is a set of closed-loop digital servo control device, which is used for simple and fast
triaxial test of rock samples. It can simulate the test of uniaxial or triaxial compression,
creep, relaxation, compressive strength, tensile strength, shear strength, elastic modulus,
bulk modulus, shear modulus, permeability, Biot constant and other parameters of the
formation rock. The design indexes of high temperature and high pressure triaxial cham-
ber are: axial load: 1000–4600 kN, frame stiffness: 10.5 MN/mm, dynamic frequency:
0–10 Hz, confining pressure: 210 Mpa, pore pressure: 210 Mpa, core size: 25-100 mm,
temperature: 150 °C, 200 °C. Thewhole device can realize automatic data collection, and
the collected data can also automatically generate original data report, analysis report
and curve chart, which has a strong intelligent function.

In order to accurately obtain the influence law of drilling fluid immersion on rock
mechanical parameters, three groups of rock triaxial test experiments were carried out
with effective confining pressures of 3Mpa, 5MPa and 7MPa under the same immersion
time. The soaking time of rock samples is 0, 1, 3 and 5 h respectively. Mechanical
experiments are carried out after soaking. The rock size is φ25 mm × 50 mm. The
specific experimental design is shown in Table 2.
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Table 2. Experimental design of rock immersion with drilling fluid.

Soaking time Effective confining pressure

0 h 3, 5, 7 MPa

1 h 3, 5, 7 MPa

3 h 3, 5, 7 MPa

5 h 3, 5, 7 MPa

Fig. 2. GCTS RTR-2000 high temperature and high pressure triaxial tester

3 Experimental Results and Discussion

3.1 Calculation Method of Rock Mechanical Parameters

According to the experimental data obtained from rock triaxial test, the stress-strain
curve of rock sample immersed in drilling fluid for different times can be drawn, as
shown in Fig. 3, and then the relevant mechanical parameters of rock sample can be
obtained.

The calculation formula of elastic modulus is [14]:

E = �σ/�ε1 (1)

Where E is young’s modulus of elasticity, MPa; �σ is the axial stress increment,
MPa; �ε1 is the axial strain increment, mm/mm.

The natural shear strength (cohesion) C and internal friction angle ϕ of rock can be
obtained through more than two sets of triaxial stress test data under different effective
confining pressures. According the Mohr Coulomb strength criterion, the shear stress
on the shear plane must overcome the inherent shear strength of the rock and the friction
acting on the shear plane. The mathematical expression of M-C criterion is as follows:

|τ | = C + f σn (2)

Where τ is the shear strength of rock, MPa; σ n is the normal stress on the shear
plane, MPa; C is the cohesion of rock, MPa; f is the internal friction coefficient of rock,
f = tanϕ, dimensionless; ϕ is the internal friction angle of rock, °.
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According to the triaxial stress test data under three groups of different effective con-
fining pressures, three stress Mohr circles can be obtained in the rectangular coordinate
system. The envelope tangent to the stress Mohr circle is the M-C criterion curve, as
shown in Fig. 4.

Using maximum principal stress σ 1 and minimum principal stress σ 3 to transform
the Mohr-Coulomb criterion, the following results can be obtained:

σ1 = σ3cot
(
45◦ − ϕ

2

)2 + 2Ccot
(
45◦ − ϕ

2

)
(3)

The internal friction angle and cohesion of rock can be obtained by regression of
multiple groups of experimental data through the above formula.

3.2 Variation of Mechanical Parameters of Argillaceous Siltstone Immersed
in Drilling Fluid

It can be seen from the experimental curve in Fig. 3 that the stress-strain curve of
argillaceous siltstone has no obvious compaction stage, the elastic stage is short, and
the yield stage is relatively long, with obvious strain hardening characteristics; With the
increase of effective confiningpressure, the properties of rock tend to plastic development
[15].

Figure 5 shows the variation of peak strength of argillaceous siltstone with different
soaking time of drilling fluid under effective confining pressure of 3 Mpa. Figures 6, 7
and 8 show the variation laws of internal friction angle, cohesion and elastic modulus of
argillaceous siltstone under different soaking time of drilling fluid. The changes of peak
strength, internal friction angle, cohesion and elastic modulus of argillaceous siltstone
under the immersion of drilling fluid reflect the strength characteristics of rock. It can
be seen from the figure that with the increase of drilling fluid immersion time, the peak
strength, cohesion and elastic modulus of rock decrease in varying degrees, and the
internal friction angle has little change on the whole. Therefore, in the drilling process
of deep-water hydrate argillaceous siltstone reservoir, on the one hand, a large number of
hydrates in the reservoir are decomposed and the mechanical strength of the formation
is weakened due to the heat exchange between the drilling fluid and the formation; On
the other hand, the immersion of drilling fluid further destroys the mechanical strength
of rock. Under the combined action of the two, the risk of wellbore instability during
drilling is great.

There are many factors that weaken the mechanical strength of rock due to drilling
fluid immersion. Firstly, due to the softness of rock, the strength of rock will be reduced
after water immersion [9]. The softness of rock depends on the mineral composition
and porosity. For argillaceous siltstone, the rock contains more hydrophilic and soluble
minerals, and more open voids, so the rock has strong softening. Secondly, after the
drilling fluid contacts with the rock, the fluid intrudes into the rock gap under the action
of capillary force, permeability and hydrogen bond, resulting in stress concentration
at the crack tip and “hydraulic splitting effect”, resulting in the expansion of rock gap
and the decrease of strength [16]. In addition, the relevant components of drilling fluid
may have chemical reaction with minerals in the rock [10], so as to change the internal
structure of the rock and further reduce the strength of the rock.
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(a)Not soaked-effective confining pressure 3Mpa

(b) Not soaked-effective confining pressure 5Mpa

(c) Not soaked-effective confining pressure 7Mpa 

(d) Soaking for 1h-effective confining pressure 3Mpa

Fig. 3. Stress-strain curve of argillaceous siltstone
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(e) Soaking for 1h-effective confining pressure 5Mpa

(f) Soaking for 1h-effective confining pressure 7Mpa

(g) Soaking for 3h-effective confining pressure 3Mpa

(h) Soaking for 3h-effective confining pressure 5Mpa

Fig. 3. continued
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(i) Soaking for 3h-effective confining pressure 7Mpa

(j) Soaking for 5h-effective confining pressure 3Mpa

(k) Soaking for 5h-effective confining pressure 5Mpa

(l) Soaking for 5h-effective confining pressure 7Mpa

Fig. 3. continued
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(a) Not soaked

(b) Soaking for 1h

(c) Soaking for 3h

(d) Soaking for 5h

Fig. 4. Stress Mohr circle of argillaceous siltstone sample
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Fig. 5. Effect of drilling fluid immersion on rock peak strength

Fig. 6. Effect of drilling fluid immersion on internal friction angle of rock

Fig. 7. Effect of drilling fluid immersion on rock cohesion

Fig. 8. Effect of drilling fluid immersion on rock elastic modulus
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4 Conclusion

In this paper, according to the characteristics of hydrate argillaceous siltstone reservoir
in Shenhu sea area of the South China Sea, the experimental study on the strength
characteristics of reservoir rock by drilling fluid immersion is carried out. The main
conclusions are as follows:

1) The peak strength, elastic modulus, cohesion and other mechanical parameters of
argillaceous siltstone decreased in varying degrees after immersion in drilling fluid,
and the decreasing range increased with the increase of immersion time, and the
change of internal friction angle of rock was relatively stable.

2) There are many factors that weaken the mechanical strength of rock due to drilling
fluid immersion. The main reasons are rock softening, hydraulic splitting effect and
chemical damage caused by the contact between drilling fluid components and rock.

3) In the drilling process of deep-water hydrate argillaceous siltstone reservoir, on the
one hand, due to the heat exchange between the drilling fluid and the formation, a
large number of hydrates in the reservoir decompose and weaken the mechanical
strength of the formation; On the other hand, the immersion of drilling fluid further
destroys the mechanical strength of rock. Under the combined action of the two, the
risk of wellbore instability during drilling is great.
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Abstract. In deepwater, high-temperature and high-pressure gas reservoirs, the
failure modes of screens are affected by a variety of bottom-hole environments,
including water production, CO2 gas, sand production, high temperature, high
production andhigh speed andother conditions.Among them, under the conditions
of water production and CO2 gas, the corrosion damage of the metal screen is the
main failure mode; under the condition of sand production, the screen medium is
more likely to cause clogging and failure resulting in reduced production; high
temperature conditions are the main factors affecting the accuracy of the screen;
Under the production conditions of high output and high flow rate screens are
more prone to erosion damage caused by gas carrying sand. By analyzing the
failure modes of screens in high-temperature and high-pressure gas reservoirs
under different bottom hole environments, the comprehensive conditions of the
screens are simulated to evaluate the comprehensive performance of the screens.
Based on the experimental simulation results, andmainly considering the dynamic
changes of corrosion, erosion, clogging, sand retaining, accuracy change, etc.,
a comprehensive simulation method for screens in high-temperature and high-
pressure gas reservoirs is established. In this paper, taking a gas field in South
China Sea as an example, according to each individual simulation method and
index system, the integrity of sand control screens are evaluated, and sand control
methods and parameters are finally selected based on the evaluation results. This
method can predict the high temperature accuracy change of the screen medium
and the sand retaining effect, the blockage of the screen medium and the reduction
of production, the dynamic condition of the screen corrosion and the damage
condition of the screen erosion. Integrity evaluation is of great significance for
improving the sand control effect and production efficiency of deepwater gas
reservoirs with high-temperature and high-pressure.

Keywords: Integrity evaluation · Screen · Deepwater · Completion · Sand
control
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1 Introduction

Sand control in deepwater, high-temperature and high-pressure gas reservoirs is mainly
based on independent screens. However, the effective period of sand control by inde-
pendent screens has become a key issue restricting the development of high-temperature
and high-pressure gas reservoirs in deepwater. According to statistics, the failure rate of
open-hole screen wells after commissioning is as high as 45.6% [1].

In recent years, domestic and foreign scholars have conducted a series of researches
on the strength of screen and proposedmany calculationmethods. Research [2, 3] respec-
tively proposed the analysis and calculation methods of the tensile, compressive and
squeezing strength of the screen/casing. There is less related study to the screen accuracy
change in high temperature and high pressure. For screen clogging and sand retaining,
some studies [4–6] carried out experimental research on the clogging mechanism and
law, analyzed the qualitative law of the impact of particle size, flow rate and other pro-
duction conditions on the clogging permeability. At present, the indoor experimental
evaluation for sand retaining ability of screen is relatively mature [7–14]. For screen
erosion and corrosion, few of the current researches are applied to screens. The numer-
ical calculation model of the solid particles erosion impacting on the material surface is
established to describe the erosion behavior in elbows based on the finite element (FEM)
method, many CFD tools, such as ANSYS Fluent, which employed several analytical,
empirical and semi-empirical models have been utilized to investigate sand erosion [15–
17]. In addition, the corrosion damage evaluation experiment of downhole tubing string
is usually based on specific oil and gas reservoir conditions to analyze the corrosion
mechanism and prevention of tubing, casing and transportation pipelines.

For the conditions of high temperature and high pressure gas reservoirs in deep
sea, there is a lack of systematic and targeted research and technical systems, and the
problems of screen damage and sand production are prominent. Therefore, the integrity
evaluation of screens in deepwater, high temperature and high pressure gas reservoirs
needs to be developed urgently.

2 Framework

Completion screen integrity evaluation is a comprehensive evaluation of the durability
of the screen under actual conditions. The screen integrity is mainly affected by the
geological and production conditions of high-temperature and high-pressure gas reser-
voirs, as well as sand control screen itself, product structure and material parameters.
According to factors such as reservoir conditions, well structure, sand control methods,
and development conditions of high temperature and high pressure gas reservoirs, the
possible failure modes of sand control screens and engineering risks are considered to
determine the evaluation criteria which includes screen corrosion damage evaluation
and screen erosion damage evaluation, accuracy evaluation, sand retaining evaluation,
screen clogging and capacity evaluation.
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Combining aforementioned five types of evaluation, the comprehensive effect and
completeness evaluation of sand control methods will be obtained to support the opti-
mization of high-efficiency and long-term sand control schemes for high-temperature
and high-pressure gas reservoirs (Fig. 1).

Fig. 1. Diagram of research ideas

The specific evaluation idea is to select the screen products to be evaluated, according
to the evaluationmethod system obtained by the simulationmethod of the actual working
conditions of the screens. The evaluation further obtains the comprehensive integrity and
performance of the screen for deepwater gas reservoir conditions with high-temperature
and high-pressure. The evaluation system can be used to optimize screen products, and
it can also guide the optimization of screen product structural parameters and material
materials based on the screen evaluation results.

3 Simulation Method

Under given production conditions (temperature, pressure, output, fluid composition and
physical properties, sand production situation, etc.) and completion conditions (comple-
tion method, screen structure and material), the comprehensive simulation content of
bottom hole conditions mainly includes screens accuracy change, clogging, sand retain-
ing, corrosion and erosion. We have constructed simulation models of each process
through experimental simulation methods.

3.1 Accuracy Change of Screen

The simulation of screen medium accuracy change at high temperature mainly aims to
screen sand retaining. We simulated the sand-retaining result (sand passing rate) of the
screen under high temperature conditions (Fig. 2).
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Fig. 2. Schematic diagram of accuracy change simulation method

The diameter of the mesh wire is expanded and changed under high temperature
conditions, causing the mesh area to decrease. Through simulation, it is found that the
accuracy of the sand retaining medium increases with the increase of the temperature
expansion coefficient. With the increase of temperature, the change of sand retaining
accuracy depends on the relative size of the wire diameter and pore size. If the wire diam-
eter is greater than the sand retaining accuracy, the sand retaining accuracy will increase
as the temperature increases; conversely, the sand retaining accuracy will decrease with
the increase in temperature, with a small change range of 0–0.6%.

Further, we carried out experimental simulations of sand retaining effect laws
at different temperatures. Under the 4 types of formation sand median size (0.21,
0.18,0.14,0.12 mm) and 4 types of sand retaining accuracy (70mesh, 80mesh, 100mesh,
120mesh), sand passing rate do not change significantly. A part experimental results are
shown in Fig. 3.

Fig. 3. Experimental results of different precision filter screens with a median particle size of
0.21 mm
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Thefinal experimental results show that under the condition of formation temperature
150–200 °C, temperature changes will not have a significant impact on the accuracy of
the screen.

3.2 Screen Clogging and Sand Retaining

The clogging of the screen medium is inseparable from the sand retaining ability of the
screen itself. This is a balance between the screen to keep sand retaining and maintain
the capacity (Fig. 4).

Fig. 4. Schematic diagram of screen clogging and sand retaining simulation method

The simulation of screen medium clogging conditions is aimed at screen sand retain-
ing medium. Under different experimental (production) conditions, the permeability
ratio of gravel layer clogging is basically similar over time. At the beginning of clogging,
the permeability drops faster, and then gradually slows down and stabilizes [17].

Based on the experimental results of sand retaining and clogging rules, the empirical
prediction model is shown in Eqs. (1) and (2). The clogging coefficient Xs is used in
the model to characterize the influence of various production conditions on the specific
change law of clogging permeability.

kr = 1− Ar · XS · ln(t) + Br (1)

Xs =
(
WRf XRf +WRcX Rc +WqsX qs +WWSRXWSR +WqgXqg

)
(2)
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The clogging of the sand-retaining medium leads to changes in permeability and
changes in skin coefficient and productivity. According to Dong’s study [18], the rela-
tionship between production capacity ratio (PR) and basic geology, production param-
eters, and production time can be established to realize dynamic production capacity
prediction and analysis and evaluation of clogging conditions in Eq. (3).

PR = qsc(1)
qsc(0)

= f (x) + D(x) · qsc(1) + S1
f (x) + D(x) · qsc(1) + S0

(3)

3.3 Screen Corrosion

In the corrosion simulation of the screen, we study the difference in corrosion rate and
corrosion resistance of different screen components such as the outer protective cover,
base pipe, and sand retaining medium under high temperature and high pressure gas
reservoir conditions (Fig. 5), as well as temperature, CO2 partial pressure and other
conditions.

The corrosion patterns of different parts of the screen are shown in Fig. 5(b) and
5(c). Due to different materials, the corrosion rate of each part is significantly different.
A prediction model based on the N80 material is established, and correction coefficients
is determined for other materials. The corrosion failure of the screen is characterized by
the damage of the metal mesh (sand retaining medium).

(a)Schematic diagram of 
simulation method

(b)screen mesh

(c)Protective cover

Fig. 5. Screen corrosion simulation method and part corrosion appearance

The law of influence on the corrosion rate of the screen, fitting correction to obtain an
accurate prediction model (Eq. 4–5) modified based on the corrosion experiment results.
Table 1 is the correction coefficient proposed by the comprehensive experimental results.

vcorr = Kt × f 0.062CO2
×

(
S

19

)0.146+0.0324 log fCO2 × f(PH ) · β1 · β2 (4)

RC = vcorr · t
HC

(5)
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Table 1. Corrosion experiment prediction model correction coefficient table

No. Material Correction factor

1 N80 1.0

2 304 0.3–0.4

3 316L 0.1–0.2

4 13Cr 0.45–0.6

5 P110 0.8–0.85

3.4 Screen Erosion

The screen erosion damage condition simulation is based on the erosion experiment
results for the outer protective cover, sand retaining medium, and base pipe (Fig. 6).

Fig. 6. Schematic diagram of screen erosion simulation method

The experimental simulation has obtained the relationship between the flow velocity,
erosion angle, erosion distance and the median value particle size of formation sand and
erosion rate, as shown in Fig. 7.

According to the simulation results, the erosion ratemodel was established, as shown
in Eqs. (6), where Kc is the damage risk coefficient of the screen, which represents
the comprehensive erosion resistance of the screen, and is only related to the screen
material and structural parameters, and has nothing to dowith the external environmental
conditions.

Vc = Kc · (1+ αmax − α

αmax − αmin
) · V

2
g · Cs · ρs · ds

Lc
(6)

For an actual well, the erosion time Ta can be predicted based on the screen actually
used, and the sand burial time Tb can be predicted based on the annulus volume and the
actual sand content. If Tb > Ta, the screen is protected by sand before erosion damage.
On the contrary, the above formula and Ta can be used to simulate and predict the erosion
rate and erosion failure time of the screen.
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(a) Results under different flow velocity conditions

(b) Results under different flow rate conditions

(c) Results under different distance conditions

(d) Results under different median particle size
conditions

Fig. 7. Simulation results under different factors
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4 Evaluation System

4.1 Comprehensive Simulation for Screen at Well Bottom

After the gas well is put into production, the formation sand will gradually be produced,
part of the formation sand will pass through the screen, and the other part will be blocked
and deposited in the annulus between the screen and the well wall. As the production
progresses, processes such as the clogging of the screen medium, the accumulation of
sand in the annulus, the corrosion and erosion of the screen, and the high temperature
deformation of the medium will occur at the same time.

As the production time continues, the formation sand inside the sand retaining
medium will increase, and the formation sand blocked by the screen and deposited
in the annulus between the screen and the well wall will also increase. With the accu-
mulation of stratum sand, the comprehensive working conditions of the bottom of the
well will undergo the following changes:

(1) The degree of clogging at screen sand retaining medium will increase, and the
production capacity will decrease.

(2) At the same time, the sand retaining capacity of the screen has increased, and the
sand passing speed has decreased.

(3) With the continuation of production, the corrosion and erosion of the screen will
continue, and the erosion will vary with the degree of sand burial. When the forma-
tion sand fills the annulus, if erosion damage has not occurred, there is no possibility
of erosion damage to the screen.

(4) The screen accuracy and material strength of the screen will change under high
temperature conditions.

4.2 Evaluation Index and Grade Division

In the evaluation criteria, we prefer the evaluation index to characterize the integrity
of the screen. The accuracy change is characterized by the accuracy change rate, the
screen retention and sand clogging are characterized by sand passing rate and production
capacity ratio, the erosion is characterized by comprehensive damage risk coefficient,
and the corrosion is characterized by corrosion damage rate. The performance of each
individual effect is normalized to a dimensionless evaluation index between 0–1, and
the comprehensive adaptability evaluation index is calculated by the weighted average
method, and the evaluation chart of the comprehensive index is formed as shown in
Fig. 8.

The comprehensive evaluation index K is calculated by weighting 5 individual
indexes, and the specific weight coefficient is based on the actual well performance.

According to the statistical law of various indicators of actual wells, we have pre-
liminarily divided the evaluation grade (excellent, good, moderate, poor) of each indi-
vidual evaluation indicator. The value of the comprehensive evaluation index Rs of sand
retaining performance is greater than 0.85 as excellent, between 0.75–0.85 as good, and
between 0.65–0.75 as medium or worse.



Integrity Evaluation Method of Completion Screen in Deepwater 81

Fig. 8. Evaluation chart of the comprehensive index

5 Application

In this paper, a typicalwell in a gas reservoir inSouthChinaSea is used for comprehensive
analysis and integrity evaluation application.

The production section of the well in the gas reservoir is 535 m in length, with a
production rate of 410,000 m3/day and a pressure of 13.94 MPa. The CO2 content in
natural gas is 10.25%. The well uses Excelflo composite screen and Excluder screen.
The screen material is 13Cr80, 316L stainless steel, and the screen accuracy is 0.115mm
uniform sintered mesh. Using the above data, also including formation sand screening
data, formation water data, etc., the calculation and evaluation of typical well cases are
carried out. The results are shown in the Table 2.

After comprehensive evaluation of thewell screen, the following results are obtained.
Since the formation sand d50 is selected according to the average value of 0.081 mm,
which matches the accuracy of 0.115 mm, the sand retaining performance is slightly
lower. Due to the high CO2 content (10.25%), the risk of screen corrosion is relatively
high. At the same time, the capacity ratio is within a reasonable range. In general, the
overall adaptability of the well screen for sand control is good.

Table 2. Evaluation results of each index in the application

Evaluation items Calculation parameters Dimensionless
index

Evaluation results

Type Value

Sand retaining Sand passing rate 74.204% 0.129 Worse

Clogging and
productivity

Final capacity ratio 0.6554 0.873 Excellent

Anti-corrosion Corrosion damage
rate

12.77% 0.662 Medium

Anti-erosion Erosion damage
risk coefficient

0.3636 0.794 Good

Accuracy change Accuracy change
rate

-0.048% 0.995 Excellent
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6 Conclusion

This paper studies and establishes the comprehensive performance and integrity evalua-
tionmethod and index system of the screen, and clarifies the comprehensive performance
evaluation process of the screen, which can be used for the comprehensive integrity
evaluation of the high-temperature and high-pressure gas reservoir screen. Using the
constructed completion screen integrity evaluation method, comprehensive evaluation
analysis and comparison of screens were carried out for a well in the Gas Field in South
China Sea. The results show that the well in the Gas Field has a low risk of erosion
damage, moderate sand retaining and clogging indicators, and good overall adaptability
of the screen for sand control.

Symbol Description

t— the experiment time
kr—the clogging permeability ratio
Ar, Br— fitting coefficients
Xs— comprehensive plugging coefficient
WSR—Accuracy ratio between formation sand and screen
Rf—fine sand content
RC—clay content
qs—sand content
qg—gas production strength
WRf ,WRc, Wqs, WWSR,Wqg—weight coefficient
qSC(0)—gas production before sand control (standard condition)
qSC(1)—gas production after sand control (standard condition)
S0—skin coefficient before sand control
S1—skin coefficient after sand control
f(x), D(x)—calculation items, which depend on different gas well productivity models
vc—erosion velocity
Kc—fitting coefficient
Cs—volumetric content of sand in the gas
qs—sand content
ρs—sand particle density
ds—sand particle size
Lc—erosion distance
α—erosion angle
αmax—maximum erosion angle
αmin—minimum erosion angle
vcorr—corrosion rate
β1 and β2—Correction coefficient
Hc—Total thickness of medium
Rc—Corrosion damage rate
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Abstract. The surface choke manifold is the core part of the Managed Pressure
Drilling system, on which the adjustment of the throttle valve components is very
important for exquisite control of the pressure in the wellbore. Whereas there are
still few field experiments of hydraulic throttle valve under gas-liquid two-phase
flow, of which lack significance for field guidance, so it is necessary to conduct fur-
ther study in this area. By building a field full-scale experimental platform, taking
drilling fluid as the experimental object, and using a new cylindrical throttle valve,
the pure liquid phase and gas-liquid two-phase flows experiments were carried out
respectively. Taking into account the pressure bearing capacity of the experimen-
tal system, the throttle valve’s opening adjustment ranged from 19%-100% in the
experiment. The experimental results showed that the new cylinder throttle valve
had a good linearity when the openingwas lower than 40%, and its invalid opening
interval was 80–100%. During the pure liquid phase flow experiment, when the
drilling fluid displacement was changed from 15L/s to 20L/s, the choke pressure
varied from 0.5MPa to 7.3 MPa. When the opening was less than 40%, the choke
pressure changed rapidly, the smallest opening unit was recommendedwhile oper-
ating and when the opening was between 40% and 80%, the choke pressure did
not change significantly, the opening unit could be changed based on actual needs
while operating and the choke pressurewas basically unchangedwhen the opening
was between 80% and 100%, in which it was suggested that the operation of the
valve be avoided. Under the gas-liquid two-phase flow experiment, the initial void
fraction was changed from 0.3321 to 0.4484, the drilling fluid displacement was
changed from 15L/s to 20L/s, the choke pressure ranged from 1.09–9.7MPa, and
when the initial void fraction reached at the maximum of 0.4484, under the same
opening and liquid phase displacement, the choke pressure was the largest, and
the other laws showed were basically the same as those under the experiment of
pure liquid phase flow. By comparing the curves of choke pressure with opening
in pure liquid phase and gas-liquid two-phase, it was found that the choke pres-
sure in gas-liquid two-phase was larger under the same liquid displacement and
the same opening, which conformed to the law. In addition, considering the gas
disturbance, it was suggested to slow down the operation of the valve in gas-liquid
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two-phase flow. The throttling characteristic experiments of pure liquid and gas-
liquid two-phase flows of the hydraulic cylinder throttle valve are good references
for the Managed Pressure Drilling in field, and meaningful for guidance.

Keywords: Cylinder throttle valve · Throttling characteristics · Field
experiment ·Managed pressure drilling · Gas-liquid two-phase flow

1 Introduction

Managed Pressure Drilling (MPD) is an important technology developed in recent years
which can effectively control downhole pressure to solve complex drilling problems.
When operating in complex areas, MPD can greatly improve the drilling speed, thus
shortening the drilling time and making drilling operations safer [1]. Throttle valve is a
choke element with variable resistance in the pipeline system [2], which can control the
fluid flow by changing the choke’s cross section or the choke length, and then control
the differential pressure at both ends and it is widely used in petroleum industry [3, 4].
In MPD system, the back pressure at the wellhead is controlled by adjusting the throttle
valve’s opening on the chokemanifold, so as tomaintain the balance ofwellhead pressure
during the whole drilling process [5]. Therefore, it is of great significance to study the
throttle valve’s throttling characteristics through experiment for the field operation of
MPD.

Scholars at home and abroad have made some achievements in the choke’s pressure-
drop theory and the numerical simulation of the flowfield inside the throttle valve, but the
field experimental studies on the relationship between the opening and pressure drop in
the two-phase flow inside the throttle valve is relatively few, and the guidance for the field
operation still needs improvement. In 1986, R. Sachdeva et al. [6] studied the boundary
conditions of critical flow and subcritical flow in the two-phase flow inside the wellhead
throttle valve and the transformation between them, and proposed a new mathematical
model that could predict the flow rate and critical conditions between the critical flow
and subcritical flow through experiments. In 2007, B. Guo et al. [7], based on Sachdeva’s
[6] choke model, added a flow coefficient through throttling to the equation to improve
its calculating errors. In 2013, Yu Min et al. [8] established the theoretical equation for
the calculation of choke pressure drop and verified the calculating method through field
experiments. In 2015, Guorong et al. [9] tested a new type of throttle valve for MPD, and
found that its linear pressure control was good by combining the theoretical derivation
with numerical simulation analysis. In 2018, Qu Junbo et al. [10] obtained the analytical
formula of spool stroke and pressure drop at both ends of thewedge-shaped throttle valve
in MPD through the theoretical analysis, and gained the effective range of adjustment of
the wedge-shaped throttle valve by combining with the drilling field data. In 2020, Yang
Yousheng et al. [11] experimentally studied the throttling characteristics of the valve
port of the moving seat throttle valve, and found that the pressure at the valve port of the
moving seat throttle valve decreased rapidly, and the smaller the opening, the greater
the pressure drop.

In this paper, a full-size field experimental platform was set up, and experiments of
throttling characteristics of the hydraulic cylinder throttle valve under single-phase and
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gas-liquid two-phase flows were conducted successively. The change of choke pressure
with opening under different drilling fluid’s displacement in single phase flow and the
choke pressure varied with the opening under the same drilling fluid displacement but
with different initial void fraction in gas-liquid two-phase flowwere studied respectively.
The experiments are significant and practically meaningful for the operation of throttle
valve in the process of MPD in field.

2 Experimental Section

2.1 Equipment and Materials

Hydraulic cylinder throttle valve has a relatively simple structure and is easy tomanufac-
ture. By adjusting the throttle valve spool to raise the height of throttling, so as to achieve
the control of pressure. The hydraulic cylinder throttle valve used in this experiment was
designed and manufactured according to API Spec 16C standard. It has good throttling
performance, corrosion resistance, long service life, and safe and reliable operation.

The throttle valve’s throttling characteristics experimental system (pure liquid phase
and gas-liquid two-phase) contained a cementing pump, a pressure sensor, a gas flowme-
ter, standard seven-meter lines, a choke manifold system, and two gas compressor vehi-
cles. The cementing pump truck was connected to one side of the choke manifold system
with a seven-meter standard pipeline. In the two-phase flow experiment, the gas com-
pressor vehicles were needed, which were also connected to the choke manifold system
on the same side with the above standard pipeline to transport gas and provide gas source
pressure. On the other side of the choke system, to recover or recycle the liquid used in
the experiment by connecting it to a liquid storage tank.

From the Fig. 1 below, the throttle valve used in the experiments has a nominal
diameter of 103 mm, choke diameter of 50 mm and stroke of 50.8 mm. The valve is
driven by hydraulic pressure.

Fig. 1. Diagram of the structural parameters of hydraulic cylinder throttle valve

The liquid used was water-based drilling fluid transported from the field, and the
gas pumped in the two-phase flow experiment was air. During the experiment, the tem-
perature ranged from 20 °C to 40 °C, the pressure was below 15MPa, and the liquid’s
displacement changed to 15L/s and 20L/s respectively. The drilling fluid’s density was
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1.55 g/cm3, and the viscosity was 23 mPa·s. The drilling fluid’s surface tension was
73.97 dyn/cm. The above fluid’s parameters were set at room temperature and pressure
and parameters under other temperature and pressure needed to be converted according
to relevant formulas.

2.2 Experimental Scheme and Process

In the pure-liquid phase flow experiment, the displacement in the experimental pipeline
was adjusted to 15 L/s and 20 L/s by cementing pump truck, and the throttle valve’s
experiment was carried out with field drilling fluid. Specifically by adjusting the throt-
tle valve’s opening from 19% to 100%, and the opening was increased by 10% each
time. The pressure data corresponding to different opening degrees were collected and
recorded through the pressure sensor inside the pipe. Several groups were carried out
at each group of displacement and opening, and a total of 32 groups were completed.
Collecting data for at least one minute each time after the pressure gauge’s value became
stable. When it came to the gas-liquid two-phase flow experiment, the influence of dif-
ferent displacements were studied: The drilling fluid’s displacement in the experimental
pipeline was adjusted to 15 L/s and 20 L/s respectively by cementing pump truck, and
a fixed amount of air was input into the choke system by gas compressor vehicles to
make the void fraction fixed before throttling. The other operations were the same as
the last experiment, and a number of groups were carried out at each group of displace-
ment and opening, and it was 55 groups in total. The influence of different void fraction
was studied in the gas-liquid two-phase flow experiment: Under certain drilling fluid’s
displacement, making the void fraction vary four times before throttling by pumping a
fixed amount of gas to the choke system. The rest of the operations were the same as the
former two experiments, several groups were completed, and it was 53 groups in total.
Figure 1 is the flow chart of these experiments.

Fig. 2. Flow chart of the experiment of throttling characteristics of hydraulic cylinder throttle
valve
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3 Experimental Results and Discussion

Based on the experimental scheme, according to the change of experimental condi-
tions, the experimental results are divided into three parts to analyze the throttling
characteristics of the throttle valve under three different experimental conditions (Fig. 2).

3.1 Analysis on the Experiment of Throttling Characteristics with Drilling fluid’s
Different Displacements in Pure Liquid Flow

From Fig. 3 below, it could be seen that when the opening was lower than 40%, the choke
pressure changed significantly with opening. When the opening was greater than 40%,
the choke pressure did not change significantly with the opening’s variation. Under the
same opening, the greater the drilling fluid displacement, the greater the choke pressure.

In addition, there was a certain linear relationship between the choke pressure and
the opening within the range of 25–40%.

Fig. 3. Curves of choke pressure varying with opening at different displacement of drilling fluid

3.2 Analysis on the Experiment of Throttling Characteristics with Drilling fluid’s
Different Displacements in Gas-Liquid Two-Phase Flow

The initial void fraction described in Figs. 4, 5, 6 is the sectional void fraction at standard
atmospheric pressure when the throttle valve is fully open in gas-liquid two-phase flow.

Based on Fig. 4, the initial void fraction was 0.4. When the opening was less than
40%, the control of opening to choke pressure was significant, and its strength weakened
with the increase of the opening. When the opening was more than 40%, the control of
opening to choke pressure was very weak. And when the opening was more than 80%,
choke pressure was no longer affected by opening. Additionally, when the opening was
20–40%, the cylinder throttle valve had a good linearity, and it was suggested to take
this as the actual operating range in field.
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Fig. 4. Curves of choke pressure changing with opening at different displacement of drilling fluid
when void fraction is 0.4

3.3 Analysis on the Experiment of Throttling Characteristics with Different
Initial Void Fractions in Gas-Liquid Two-Phase Flow

Figure 5 shows the three-dimensional bar chart of void fraction and choke pressure
changing with the opening.

Fig. 5. Bar chart of choke pressure changing with opening and void fraction at different initial
void fractions for drilling fluid displacement of 15 L/s

As can be seen from Fig. 5, with the decrease of the opening, the void fraction in the
two phases at each initial void fraction decreased, and the corresponding choke pressure
increased. The choke pressure and void fraction formed a spiral upward curve when the
opening decreased.
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(a) The initial void fraction is 0.3321 

(b) The initial void fraction is 0.3889 

(c) The initial void fraction is 0.4010 

(d) The initial void fraction is 0.4484 

Fig. 6. Curves of choke pressure and void fraction changing with opening at different initial void
fractions when the drilling fluid displacement is 15 L/s
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In Fig. 6, from graph (a) to (d), it could be easily seen that the choke pressure and
void fraction showed an adverse tendency with the increase of the opening, which was
that the choke pressure did increase when the opening increased while the void fraction
decreased at different initial void fraction.

4 Pressure Control Strategies of Hydraulic Cylinder Throttle Valve

In the following analysis, based on the experimental data of the experiments, the two
adjacent opening points in the experiment were regarded as a half-open and half-closed
interval in the same experiment, and the onewith the smaller openingwas included in the
interval, while the one with the larger opening belonged to the next interval. Absolute
amplitude of choke pressure change represented the value of choke pressure change
caused by 1% opening change in a certain opening range, which was abbreviated to
AACPC.

As can be seen from Fig. 7, when the opening was less than 30%, the choke pressure
controlled by 1% of the opening had exceeded 0.5MPa, and the adjusted opening within
this range could not meet the requirements for exquisite control of pressure, range of
which also called the overshoot opening range.

Fig. 7. Curves of absolute amplitude of choke pressure change (AACPC) with opening under the
drilling fluid single-phase flow

When the opening was between 35–80%, the choke pressure controlled by 1% open-
ing was less than 0.1MPa, range of which called the effective pressure control opening
range.When the openingwas greater than 80%, nomatter how the openingwas changed,
the choke pressure would not change, range of which called the invalid opening range.

As can be seen from Fig. 8, under gas-liquid two-phase flow, when the initial void
fraction was 0.4, the overshoot opening range expanded. When the opening is about
32%, the choke pressure controlled by 1% was greater than 0.5 MPa, and the effective
pressure control opening range shrank roughly to 37–80%, while the invalid opening
range remained unchanged.
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Fig. 8. Curves of AACPC with opening under gas-liquid two-phase flow when the initial void
fraction is 0.4

It can be seen from Fig. 9 that the AACPC increased with the increase of initial void
fraction.

Fig. 9. Curves of AACPC with opening at different initial void fractions under gas-liquid two-
phase flow when the displacement of drilling fluid is 15 L/s

And the AACPC decreased with the increase of opening at different initial void
fractions, and the decreasing amplitude kept going down.

By comparing Fig. 3 and Fig. 4, it was found that under the same liquid phase
displacement and opening, the choke pressure at the initial void fraction of 0.4 was
higher than that under the single-phase flow of drilling fluid. The comparison in Fig. 7,
Fig. 8 and Fig. 9 also confirmed this feature for the reason that under the same liquid
displacement, the addition of gas would increase the overall composition, and then
increase the pressure.

In the pure liquid phase flow, the choke pressure and the opening were in a non-
linear relationship from the whole view, but the linear relationship between two was
good within a certain opening range. In order to reduce the effect of fluid flow and it was



Study on Throttling Characteristics of Hydraulic Cylinder 93

recommended to keep the value of pressure sensor get stable more quickly, the throttle
valve was supposed to be operated moderately and slowly. It was suggested that when
the throttle valve was operated in the overshoot opening range, it was good to use the
smallest opening unit to adjust; when the throttle valve was at the effective pressure
control opening range, it was favorable to change the opening operation unit in real time
based on actual needs; It was suggested to avoid the invalid opening range to save the
operation time and cost. In the gas-liquid two-phase flow, because of the increased gas
disturbance in the flow, the fluid pressure was unstable. When operated, the operation
could refer to that of sing-liquid phase flow’s, and after each operation, it was advised to
wait for the value of the pressure sensor to stabilize for a period of time before reading.
If the stable value met the requirements, continue to the next step.

5 Conclusion

By setting up the throttling characteristics experimental platform of the valve under pure-
liquid phase and gas-liquid two-phase flows, using the drilling fluid as a flowingmedium,
setting different fluid displacements in single phase flow, different drilling fluid’s dis-
placements and initial void fractions in gas-liquid two phase flow, then adjusting the
opening of the throttle valve, next collecting the choke pressure data corresponding to
different opening of the throttle valve in the throttling process, and finally obtained the
curves containing the choke opening and the choke pressure, the following conclusions
could be drawn:

(1) For this hydraulic cylinder throttle valve, when the opening was less than 40%,
the choke pressure changed significantly with the opening; when the openingwas greater
than 40%, the choke pressure did not change significantly with the opening; when the
opening was in the range of 25% to 40%, there was a certain linear relationship between
choke pressure and opening.

(2) When the initial void fraction was 0.4, under the same opening, the larger the
displacement of drilling fluid, the higher the choke pressure. As the opening decreased,
the choke pressure kept increasing; when the opening was less than 40%, the opening
was more significant for the control of choke pressure, and this controlling intensity
weakened as the opening degree increased. When the opening was greater than 40%, the
opening controlled the choke pressure very weakly, and when the opening was greater
than 80%, the opening had almost no effect on the choke pressure.

(3) As the opening decreased, the choke pressure and the void fraction under different
initial void fractions in gas-liquid two-phase flow had an opposite relationship with the
opening. When the opening was lower, the void fraction of the gas was constantly
decreasing but the corresponding choke pressure was constantly increasing; the choke
pressure and the void fraction formed a spirally rising curve in the process of reducing
the opening, which conformed to the law. And when the opening was less than 40%, the
cylinder throttle valve had better linearity.

(4) All throttle valve’s operations should be moderately slow to prevent the effect of
fluid flow. For the hydraulic cylinder throttle valve used in these experiments, when the
opening in the experiment of pure liquid phase flow was less than 40%, it was suggested
to use the smallest opening unit for operation. When the opening was between 40–80%,
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it could be operated more flexibly according to the actual conditions, and it was advised
to avoid the operation in the invalid opening range which stood for the opening of 80–
100% of the hydraulic cylinder throttle valve; for the experiment of gas-liquid two-phase
flow, after each operation, it was recommended to ensure the values of pressure sensors
before and after the valve were stable and fulfilled requirements.

Symbol Description

MPD—Managed Pressure Drilling.
AATPC—Absolute amplitude of choke pressure change, MPa.
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Abstract. A gas kick often occurs when the formation exceeds the mud hydro-
static pressure in the borehole, causing severe drilling accidents and low pene-
tration in deepwater drilling operations. Thus, early kick detection and efficient
kick control have become increasingly important for safe and rapid drilling. How-
ever, the prediction and access of formation parameters under overflow effect and
complex downhole drilling conditions have not been treated in detail. Therefore,
we propose a novel method based on the combination of void content monitoring
and gas-liquid two phase flow model to predict the formation parameters after
gas kick. The results indicate that the Doppler ultrasonic wave signal can reflect
the variation of gas void fraction. Besides, the gas void fraction depends on the
formation parameters. This work can realize early gas kick detection and control
as well as formation parameters prediction, which could be used to prevent or
reduce blowout accidents.

Keywords: Gas kick · Void fraction · Formation parameters · Doppler ultrasonic
wave · Gas-liquid two phase flow

1 Introduction

Exploration and development of oil and gas havemoved on to regions with complex geo-
logical and morphological conditions due to conventional oil and gas already remaining
in later production period [1]. When drills in the formation with abnormal high pressure,
a gas kick often occurs and even causes blowout accidents, which affects the process of
drilling [2]. Therefore, well control and blowout prevention has important significance
for safe drilling.

Accurately acquiring formation parameters after recognizing overflow is not only
the means of preventing blowout but also the base of realizing well control [3]. Thus,
formation properties accessing after overflow based on gas void fraction measurement
have become a key issue in deepwater drilling. Yin et al. [4] proposed a method to detect
the gas kick and the results showed the correlations between the Doppler ultrasonic
signals and gas void fraction as well as the effectiveness and reliability of this monitoring
system. Besides, Ren et al. [5] stated that Doppler ultrasound examination is a better
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method to realize the gas kick early detection. Furthermore, Geng et al. [6] demonstrated
that influx gas could lead to wave attenuation in Doppler ultrasonic tests. Moreover,
safety risk analyses of offshore drilling were conducted based on theoretical analysis
and experiment research [7]. The gas kick early detection and influx gas evaluation have
become integral parts of deepwater-well control. However, prediction and evaluation of
formation parameters for estimating the gas kick characteristics and mud flow properties
remain poorly understood.

In this paper, we present amethod for formation parameters prediction after overflow
based on the gas void fraction measurement outside riser in offshore deepwater drilling.
A gas-liquid phase flow model is established to calculate the flow characteristics and
obtain the gas void chart of depth and gas void fraction. Additionally, combiningwith gas
void fraction measured through Doppler ultrasonic wave, we predict the permeability
and other formation parameters according to the and propose strategies for well control.

2 Calculation of Gas-Liquid Two Phase Flow

2.1 Gas-Liquid Two Phase Flow Model

Gas flow in the borehole can be described by the two-phase flow model during the
gas invasion process [8]. The continuity equation of gas and drilling mud are given as
follows:

∂
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(
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The temperature field can be described through Eq. (4).

T = h(z) (4)

The friction of fluid is given as follows:
∣∣∣∣
dp

dz

∣∣∣∣
f
= f

(
h, ρg, ρm, um, l, φg

)
(5)

The density of drilling mud is assumed as a constant value, while that of gas is given
as follows:

ρg = 3484.4γg
ZT

(6)
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The velocities of gas and mud in bubble flow and slug flow can be described by
Eqs. (7) and (8).

ug = Qg + Qm

A
+ 1.53

[
gl

(
ρm − ρg

)/
ρ2
m

]0.25
(7)

ug = 1.2
Qg + Qm

A
+ 0.35

[
gl

(
ρm − ρg

)/
ρm

]0.5 (8)

The gas void fraction and mud fraction in the borehole are given as follows:

φg = usg
/
ug (9)

φm = 1− φg (10)

This model can be used to describe the gas invasion process in deepwater drilling.
In this paper, we propose a method to predict the formation parameters after overflow,
as shown in Fig. 1.

Fig. 1. Flow chart of this model

2.2 Calculation of Gas Void Fraction

The correlation between gas void fraction and depth is obtained through using this model
mentioned above. The parameters are determined according to the previous studies and
geological data in the South China Sea, as shown in Table 1.
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Table 1. Materials used in the experiments

Parameter Value

Depth of water 1500 m

Total depth 3500 m

Sea surface temperature 10.5 °C

Flow rate 30 L/s

Mud density 1.2 g/cm3

Initial formation pressure 33 MPa

Permeability 10 md, 50 md, 100 md, 150 md, 200 md

Figure 2 depicts the variation of gas void fraction versus depth under different per-
meability. The results indicate that the gas void fraction differs versus depth and changes
abruptly at the depth of 1500 m. This is mainly caused by the changes of pipe diameter.
Besides, the increase of permeability brings in gas void fraction rising.
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Fig. 2. Variation of gas void fraction versus depth under different permeability

According to the calculation results, the differences between the gas void fraction at
different depths are obvious. The gas void fraction is less than 5% with permeability of
10 md, while that reaches 27.6% with the permeability of 200 md under the gas invasion
process.

Additionally, the variation of formation parameters alter the gas void fraction under
the conditions of the deepwater drillling. Once gas invasion occurs, the flow changes,
which will cause overflow and even blowout under high permeability. Thus, the predic-
tion of formation parameters has pivotal meaning in gas invasion prevention and risk
control.
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3 Gas Void Fraction Measurement

Figure 3 illustrates the Sketch of gas void fraction measurement with Doppler ultrasonic
wave. The attenuation of Doppler ultrasonic wave can reflect the variation of gas void
fraction in the borehole. The transmitting and receiving sensors are installed per 100 m,
which can monitor the gas void fraction. According to the data from Doppler ultrasonic
wave, the gas void fraction versus depth is obtained during the deepwater drilling process.

Monitor

Sea level

Mud line
Fluid flow

Transmitted 
wave
Reflected 
wave

Riser

Receiving
sensor

Transmitting
sensor

u

Fig. 3. Sketch of gas void fraction measurement [4]

Figure 4 shows the relationship between the gas void fraction and depth during the
experiments. The results indicate that the gas void fraction increases gradually with the
increasing depth. The gas void fraction exceeds 15% at the wellhead.

0 2 4 6 8 10 12 14 16

1500

1200

900

600

300

0

Gas void fraction (%)

D
ep

th
 (m

)

Fig. 4. Correlation between the gas void fraction and depth in tests
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4 Formation Parameter Prediction

4.1 Prediction Method

Combining the calculation model mentioned above and the gas void fraction tests, we
proposed a method to predict the formation parameter after gas invasion during deep-
water drilling. Firstly, the gas void fraction calculation charts can be obtained based on
the model with considering different formation parameters. In addition, the formation
parameters (i.e. permeability) can be determined through comparing the test curves and
the calculation charts for gas void fraction. Thus, we can get a best approximation from
the gas void fraction calculation charts, which could be used as the actual value of the
identified formation parameter (i.e. permeability).

4.2 Identifying the Formation Parameters

Specifically, the formation parameters (i.e. permeability) can be identified by combining
the test data and chart obtained through themodel. Based on the calculation results of gas
void fraction obtained from this proposed model, we can plot the gas void fraction charts
with different permeability(i.e.10 md, 50 md, 100 md, 150 md, 200 md). Compared with
the gas void fraction with different permeability, we could find a similar curve in the
charts according to the test curve in Fig. 4. The permeability of identified curve in Fig. 2
represents the actual permeability in the tests. Thus, the formation parameters can be
obtained through the gas void fraction charts calculated by the proposed model in this
paper.

4.3 Case Study

As stated above, the correlation between gas void fraction and depth is determined, as
shown in Fig. 4. This test result shows the relationship between the gas void fraction
and depth with certain permeability and porosity. Furthermore, the results can be used
to predict the formation parameter (i.e. permeability). Using the curve from the test, we
can compare and match the real curve with a correlation chart to further acquire the
permeability of the formation, such as Fig. 5. The curve obtained from tests is similar
to the curve in the correlation chart under permeability of Line 3, indicating that the
reference value of the permeability under the test condition is in the range of 100–110
md. Thus, we can obtain a good approximation.
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Fig. 5. Calculation chart

5 Conclusion

This paper presents a novel method by combining gas void content monitoring and a
gas-liquid two phase flow model to predict the formation parameters after overflow. The
gas void fraction measurement and application in deepwater drilling are shown in detail.
Besides, the formation permeability is determined based on the curve obtained from the
test and the correlation chart. The main conclusions are summarized as follows:

The gas void fraction depends on the total well depth aswell as formation parameters.
The high permeability brings in an obvious increase in gas void fraction, which can
increase the risk of blowout incidents.

Combining the test data and correlation chart, the formation parameters can be iden-
tified effectually before the blowout. This method can be used to prevent blowout and
realize well control in deepwater drilling.

Symbol Description

Φg, Φm—Gas and drilling mud faction in borehole
ug, um—Gas and drilling mud velocity of flow
ρg, ρm—Gas and drilling mud density in borehole
z—Total well depth
t—Gas invasion time
p—Pressure
h—Friction along the borehole
T—Temperature
Z—Z-factor
γ g—Relative density of natural gas
Qg—Volume of invasion gas
Qm—Volume of drilling mud in circulation
usg—Gas superficial velocity
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Abstract. As a new type of unconventional energy, the research of natural gas
hydrate is of great importance. The dissociation of hydrate in porous media has
a significant influence on the hydrate development process; however, studies of
the instantaneous dissociation characteristics of hydrate are still lacking. In this
paper, the instantaneous hydrate dissociation induced by depressurization was
investigated using a microfluidics device. The direct proof of the induced local
re-formation of the hydrate by the gas-liquid flow was given during the dissoci-
ation process. And the gas-liquid-solid phase saturation played a significant role
in hydrate dissociation. High hydrate saturation (Sh: 78.1%) affected pore con-
nectivity, causing hydrate to dissociate with pressure spread, generating a distinct
hydrate dissociation front. However, under the conditions of high water saturation
(Sw: 96.2%, Sh: 3.3%) or high gas saturation (Sg: 60.6%, Sh: 16.0%), the pore
connectivity was better, the pressure spread rapidly, and the hydrate dissociated
simultaneity in the pores. Therefore, hydrate saturation was the key to inhibit-
ing the rate of hydrate dissociation and affected the mass transfer. At the same
time, there were phenomena such as expansion, growth, coalescence, and reten-
tion of bubbles during dissociation. Compared with high gas saturation, a large
number of microbubbles were generated during the dissociation process under
high water saturation and high hydrate saturation, which might have an impact on
the future gas production efficiency. These findings are beneficial for understand-
ing the microscale mechanisms of the hydrate dissociation efficiency, which may
provide a theoretical foundation for future natural gas hydrate development.

Keywords: Hydrate · Depressurization · Hydrate reformation ·Methane
microbubbles ·Microfluidics

1 Introduction

The share of natural gas in the world’s primary energy consumption is increasing year
by year as the world’s energy structure transforms to low carbon [1]. As an ice-like
substance formed when natural gas and water are combined at high pressure and low
temperature, natural gas hydrate has the advantages of wide distribution, large reserves,
and low pollution [2]. Therefore, natural gas hydrate has great development potential.
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The hydrate dissociation has a significant impact on the exploration and develop-
ment of natural gas hydrate. Although more studies and summaries on the dissociation
of hydrate in porous media have been published in recent years, several key questions
need to be addressed before exploitation. The first question concerns the ease with the
direct observation of the instantaneous hydrate dissociation process. X-ray computed
tomography (CT), magnetic resonance imaging (MRI) have been extensively applied.
CT technology can monitor the internal spatial structure of sediment accurately, but the
long scanning time and intermittent observation method of CT technology make it dif-
ficult to record the instantaneous process of hydrate nucleation and growth in pores [3].
Although MRI technology can represent the material composition distribution in pores,
its spatial resolution is poor,making it difficult tometiculously depict local pore structure
and gas-liquid-solid distribution [4, 5]. Thus, the research of the instantaneous dissoci-
ation characteristics of hydrate with the use of CT and MRI technology is still limited.
The stop-and-go depressurization method has a significant difference from the direct
depressurization. A better observation method is vital if we are to gain an understand-
ing of the dynamic evolution of pore structures with instantaneous hydrate dissociation
induced by depressurization.

A second question concerns the influence of gas-liquid-solid phase saturation on
hydrate dissociation. Heat/mass transfer, phase transition, and multiple fluid seepage
are involved in the hydrate dissociation process. Gas-liquid-solid phase saturation is
potentially related to these factors. For example, some scholars found that gas-liquid
flow during the hydrate dissociation would cause the re-formation of hydrate according
to the feedback of the temperature of the measuring points [6]. At the same time, the
initial distribution of hydrate can further affect gas production at the dissociation stage
[7, 8]. However, a lack of observational evidence at the pore scale means that many of the
assumptions currently made about how gas-liquid-solid phase saturation influences the
hydrate dissociation process have not been verified. Thus, it is essential to investigate
the influence of gas-liquid-solid phase saturation on hydrate dissociation with direct
observation.

Microfluidics technology, in contrast to other pore-scale technologies like CT and
MRI, provides a non-destructive, quick, and low-cost experimental approach [9–11]. In
this paper, the dynamic evolution of pore structures with instantaneous hydrate dissoci-
ation induced by depressurization was investigated at the pore scale using a micromodel
representing sediments in the laboratory. The influence of the gas-liquid-solid phase sat-
uration on hydrate dissociation, as well as the hydrate re-formation, was studied. And the
evolution characteristics of microbubbles during hydrate dissociation were discussed,
including CH4 bubble expansion, growth, coalescence, and retention.

2 Experimental Section

2.1 Materials and Apparatus

The experimental system diagram is depicted in Fig. 1. The entire experimental system
is divided into four sections: fluid supply, temperature control, pressure control, and data
collection. The laboratory produces deionized water, and pure methane gas (99.99%) is
acquired from Yantai Deyi Gas Co., Ltd. in China. The CCD (Charge-coupled Device)
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camera is installed above the micromodel and illuminated by a cold light source. During
the test, videos are captured. The micromodel used to form hydrate can work in a high-
pressure environment (withstand 8 MPa inside). Figure 2(a) and (b) shows a picture of
the overall 3D structure of the micromodel and a physical picture of the etched porous
network. Parameters of the etched porous network are shown in Fig. 2(c). The phases
of gas-liquid-solid in pores may be easily identified due to the difference in refractive
index.

Fig. 1. System diagram of the experimental

Fig. 2. The micromodel used in this study. (a) 3D etched pore structure; (b) a physical picture of
the etched porous network; (c) parameters of the etched porous network

2.2 Experimental Procedures

The main experimental procedures can be summarized as five steps. (1) Loading of
experimental materials and vacuum processing of the experimental system. Deionized
water was injected into the container first, and then the whole system was vacuumed for
1 h. The gas buffer tank was then injected with methane gas. (2) Reducing the system
temperature. The constant temperature boxwas adjusted to reduce the temperature of the
gas in the buffer tank and the deionized water in the container to about 274.15K, while
the water bath’s temperature was also cooled. (3) Hydrate formation. Different distribu-
tion and morphology of hydrates in the pores were formed, while the gas-liquid-solid
phase saturation and the formation pressure were controlled. (4) Depressurization for
hydrate dissociation. When the formation of the hydrate was complete, the back pres-
sure valve was adjusted to dissociate the hydrates according to the pressure drop range.
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(5) Data processing. During the hydrate formation, the experimental device’s temper-
ature and pressure data were gathered and recorded, and the CCD camera continually
recorded changes in the phase saturation of gas-liquid-solid. The image was processed
and segmented using ImageJ software. The details of the experimental conditions are
summarized in Table 1.

Table 1. Experimental conditions for hydrate dissociation.

Exp Pf/MPa Peq/MPa Pd/MPa Before dissociation

Sg (%) SW (%) Sh (%)

1 5 3 2.74 10.2 53.5 36.3

2 4.22 3 0.88 0.6 96.2 3.3

3 6 4 3.84 60.6 23.4 16.0

4 4.52 3 2.8 4.3 17.7 78.1

Pf = the formation pressure; Peq = the phase equilibrium pressure; Pd = the dissociation
pressure.

3 Experimental Results and Discussion

Observing hydrate phase transition and the dynamic evolution of pore structures in
porous media is significant for understanding the instantaneous dissociation charac-
teristics of hydrate. Moreover, gas-liquid-solid phase saturation can affect hydrate re-
formation at the dissociation stage. Thus, it is essential to investigate the process of
hydrate dissociation at different liquid-solid phase saturation.

3.1 A Certain Amount of Free Gas and Free Water in Pores Before Hydrate
Dissociation

Figure 3 shows the process of hydrate dissociation when a certain amount of free gas
and free water was in pores. In this experiment, hydrate dissociation mainly consists
of four stages. Initially (Fig. 3b), as the pore pressure began to decrease, the original
gas phase in the pores began to expand while some bubbles were generated from at the
hydrate boundary. Then (Fig. 3c), the flow of gas and liquid induced local re-formation
of hydrate at the inlet. Over time (Fig. 3d), hydrates dissociated with the propagation
of pressure and some bubbles become more dispersed, reunite and deform. Eventually
(Fig. 3b), there were more small bubbles staying in the pores. The main processes of
hydrate dissociation were extremely fast, with time scales on the order of milliseconds.
Because pressure propagation takes time during hydrate dissociation, the pressure at the
inlet was larger than the phase equilibrium pressure within a specific length of time, and
the gas-liquid flow increased the contact area of the gas-liquid and promoted hydrate
re-formation.
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Fig. 3. The process of hydrate dissociation when a certain amount of free gas and free water was
in pores (Exp.1)
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3.2 Hydrate Dissociation at Different High Phase Saturation

(1) High water saturation
Figure 4 shows the process of hydrate dissociation at high water saturation. In this exper-
iment, the process of hydrate dissociation was relatively simple. Because the hydrate sat-
uration was low, the pore connectivity was good and the pressure spread faster. After the
bubbles expanded and formed (Fig. 4b), all hydrates dissociated simultaneity (Fig. 4c). In
the later stage of dissociation (Fig. 4d), the gas dissolved in the liquid was continuously
resolved and randomly distributed in the pores.

Fig. 4. The process of hydrate dissociation at high water saturation (Exp. 2)

(2) High gas saturation
Figure 5 depicts the process of hydrate dissociation at high gas saturation. Similar to
the process of hydrate dissociation at high water saturation, pore connectivity was very
good under low hydrate saturation, and all hydrates also dissociated simultaneity. The
difference was that the gas phase in the pores was the main continuous phase, the gas
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produced by dissociation and expansion immediately merged into the gas phase in the
pores, so there were fewer small bubbles generated in the pores, and the pore structure
changes relatively little, and the water phase attached to the grain surface as it is.

Fig. 5. The process of hydrate dissociation at high gas saturation (Exp. 3)

(3) High hydrate saturation
Figure 6 illustrates the process of hydrate dissociation at high hydrate saturation. Before
hydrate dissociation (Fig. 6a), the pores were completely blocked by hydrate. Pore con-
nectivity was very bad at high hydrate saturation. In the initial stage (Fig. 6b), as the
pressure drops, some gas began to flow at the outlet. Over time, hydrates dissociated
with the propagation of pressure. This also caused an interesting phenomenon. By com-
paring Fig. 6 c and Fig. 6d, it is found that hydrate re-formation also occurred with the
propagation of pressure. At the end of dissociation (Fig. 6e), more and more bubbles
were resolved from the liquid.
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Fig. 6. The process of hydrate dissociation at high hydration saturation (Exp. 4)
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4 Conclusion

The purpose of this article is to investigate the dynamic evolution of pore structures with
instantaneous hydrate dissociation induced by depressurization in porous media, as well
as to identify the influence of gas-liquid-solid phase saturation on hydrate dissociation.
The following conclusions can be taken from the experimental results at the pore scale:

(1) Gas-liquid-solid phase saturation plays a significant role in hydrate dissociation.
Gas-liquid-solid phase saturation is related to mass transfer, phase transition, and
multiple fluid seepage in the hydrate dissociation process.

(2) When a certain amount of free gas and free water was in pores, the dissociation
was accompanied by the re-formation of hydrates, and hydrates dissociated with
the propagation of pressure.

(3) The pore connection was good during the hydrate dissociation process at high
water or gas saturation. Hydrates would not form, and all hydrates would dissociate
simultaneity.

(4) The pore connection was poor during the hydrate dissociation process at high
hydrate saturation. Hydrate re-formation, as well as the hydrate dissociation,
occurred with the propagation of pressure.

(5) The expansion, growth, coalescence, and retention of bubbles were observed during
hydrate dissociation.
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Abstract. Natural gas hydrate (NGH) usually coexists with the shallow gas at
the bottom. The combined production of NGH and shallow gas can greatly reduce
the cost of hydrate production. Therefore, it is of great significance to study the
combined exploitation of NGH and shallow gas. Based on the geological data of
hydrate reservoirs, this paper divides the coexistence modes of NGH and shal-
low gas into three types: type A (upper hydrate and underlying free gas), type
B (upper hydrate, permeable interlayer and underlying free gas), type C (upper
hydrate, impermeable interlayer and underlying free gas). The geologicalmodel of
combined depressurization production of NGH and shallow gas is established by
numerical simulation. The gas production performance of combined depressuriza-
tion is calculated under different coexistence modes. The influence of parameters
such as permeability, thickness and area of interlayer on gas production in type B
coexistence modes are analyzed. The results show that the accumulative gas pro-
duction of combined production is the highest in the type A, B and C coexistence
modes. In the type B coexistence mode, when only hydrate is exploited, the lower
the permeability is, the thicker the thickness is, and the larger the area is of the
interlayer, the more the interlayer seepage is hindered. Therefore, the thickness,
area and permeability of the interlayer have an important impact on the production
performance of hydrate reservoirs. This study can provide theoretical basis for the
combined production of NGH and shallow gas in the future.

Keywords: Natural gas hydrate · Shallow gas · Coexistence modes · Combined
production · Depressurization

1 Introduction

As global climate change and the greenhouse effect become more serious, the world’s
demand for clean energy is increasing year by year. As important clean energy, the pro-
portion of natural gas consumption is also growing rapidly in the energy structure [1].
Natural gas hydrate (combustible ice) is an ice-packed substance formed by natural gas
and water under low temperature and high pressure. It has huge reserves and is mainly
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distributed in sea bottom slope land and permafrost [2]. According to previous studies, a
large number of hydrocarbon gases will migrate to the upper strata from the deep oil and
gas reservoirs. The structures such as gas chimney, faults and connecting fractures in
the strata provide an upward channel for the migrated fluid. The migrated gas and water
will form a natural gas hydrate stability zone (GHSZ) under appropriate temperature,
pressure and structural conditions, and accumulate shallow gas below. It can be seen that
there is a spatial coexistence relationship between NGH, lower shallow gas and deep
oil and gas [3, 4]. Collett et al. [5] proposed natural gas hydrate oil-gas system; Wu
[6] and Sun [7] focused on the seepage geological structure on gas migration; Lei [8]
put forward three basic coexistence modes between hydrate and oil and gas resources
from the perspective of geological reservoir formation; Liu [9] and Xin [10] focused on
the feasibility of hydrate as caprock and the gas source of the reservoir. In conclusion,
the obtained geological characteristics can provide the evidence for the coexistence of
hydrate and traditional oil and gas reservoirs. However, the definition of the concept
of coexistence modes mostly lies in the geological accumulation theory and methods,
and there is no definite conclusion in the simulation. At present, scholars at home and
abroadhave conducted a lot of researchon thenumerical simulationof natural gas hydrate
exploitation by the depressurization [11–14], but the models mostly use pure hydrate,
hydrate combined with free gas or free water as the research objects. Few numerical
simulation studies have been conducted from the perspective of coexistence of oil and
gas reservoirs. Therefore, from the perspective of reservoir formation, this paper divides
the coexistence modes of NGH and shallow gas into three types: type A (upper hydrate
and underlying free gas), type B (upper hydrate, permeable interlayer and underlying
free gas), and type C (upper hydrate, impermeable interlayer and underlying free gas).
The geological model of combined depressurization production of NGH and shallow
gas is established by numerical simulation. The gas production performance of com-
bined depressurization is calculated under different coexistence modes. The influence
of parameters such as permeability, thickness and area of interlayer on gas production
in type B coexistence modes are analyzed.

2 Numerical Simulation of Combined Depressurization Production
of NGH and Shallow Gas

2.1 Coexistence Mode of NGH and Shallow Gas

From the perspective of development, this paper divides the coexistence modes of NGH
and shallow gas into three types. Type A is composed of upper hydrate and underlying
free gas, simulates the upward migration of deep gas, and forms GHSZ under appropri-
ate temperature, pressure and structural conditions. With the continuous migration and
diffusion of gas, shallow gas reservoirs are formed in the bottom of hydrate; type B is
composed of upper hydrate, middle permeable interlayer and lower shallow gas. The
permeable interlayer is used to simulate fluid seepage channels such as gas chimney, fault
and fracture between hydrate and gas reservoir; type C is composed of upper hydrate,
middle impermeable barrier and lower shallow gas layer. The impermeable interlayer is
used to simulate the geological structure of seepage channel plugging caused by geo-
logical structure changes. The conceptual diagram of three types of occurrence modes
is shown in the Fig. 1.
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Fig. 1. Conceptual diagram of coexistence modes of A (upper), B (middle) and C (lower)

2.2 Model of Numerical Simulation

The geological model of the three types of coexistence modes is established by using
numerical simulation software, taking type B as an example, as shown in Fig. 2. Numeri-
cal model of type B coexistence mode includes upper overburden, hydrate layer, middle
permeable interlayer, underlying gas layer and underlying caprock. The thickness of
hydrate layer is 20 m, the thickness of the underlying gas layer is 20 m, and the upper
and lower caprocks are set at 30 m. The model size is 250 m * 250 m * 100 m. The I and
J directions are divided into 29 grids on the model plane, and the grids near the well are
encrypted. The horizontal grid distribution is 12 * 20 m, 5 * 4 m and 12 * 20 m. There
are 40 grids in K direction. The longitudinal grid distribution of hydrate layer, middle
permeable interlayer, underlying gas layer, upper and lower caprocks are 20 * 1 m, 1 *
5 m, 10 * 2 m and two 5 * 6 m, respectively.

Fig. 2. Numerical model of type B coexistence mode

The water depth in the model area is 1200 m, and the depth of the hydrate layer from
the seabed is 230 m. The initial pressure at the bottom interface of hydrate layer is 13.83
MPa, and its initial temperature is 14.15 °C. The ground temperature gradient is set at
5 °C/100M, and the pressure gradient is set at 100 M/MPa. The simulated production
pressure is set at 4 MPa, and the simulated production time is 3 years. The detailed
parameter settings are shown in Table 1.
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2.3 Numerical Simulation Scheme Design

In this paper, when the numerical simulation of depressurization production is carried
out for the three types of coexistence modes of A, B and C, three production modes
are adopted: only producing hydrate layer, only producing gas layer and combined
production of hydrate and gas layer. Then the gas production effects are compared and
analyzed under different schemes.

Table 1. Basic parameters of coexistence mode

Reservoir types Parameter Value

Hydrate layer Porosity ϕ 0.4

Horizontal permeability Ki, j (10–3 µm2) 35

Vertical permeability Kk (10
–3 µm2) 1

Hydrate saturation Sh 0.6

Water saturation Sw 0.4

Gas layer Porosity ϕ 0.4

Permeability K (10–3 µm2) 75

Gas saturation Sg 0.4

Water saturation Sw 0.6

Upper and lower caprock Porosity ϕ 0.15

Permeability K (10–3 µm2) 1

Water saturation Sw 1

Permeable interlayer Thickness H (m) 5

Porosity ϕ 0.1

Gas saturation Sg 0.05

Water saturation Sw 0.95

Permeability K (10–3 µm2) 7.5

Impermeable interlayer Thickness H (m) 5 m

Porosity ϕ 0.1

Water saturation Sw 1

Permeability K (10–3 µm2) 0.001

Relative permeability
parameters

Irreducible water saturation Sirw 0.5

Irreducible gas saturation Sirg 0.05

Attenuation index of water permeability nw 4

Attenuation index of gas permeability ng 5
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3 Results and Discussion

3.1 Gas Production Performance of Combined Production Under Different
Coexistence Modes

Figure 3, 4 and 5 show the gas production performance of different production schemes
under three coexistencemodes.As shown in thefigure, the change trendof gas production
dynamic curve is generally similar. The combined production mode has the highest
cumulative gas production in each coexistence mode.

Fig. 3. Changes in gas production dynamics with time under type A coexistence mode

Fig. 4. Changes in gas production dynamics with time under type B coexistence mode

Fig. 5. Changes in gas production dynamics with time under type C coexistence mode
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At the initial stage of production, the gas production rate of only gas production and
combined production increases rapidly, which is much higher than that of only hydrate
production. After reaching the peak value, the gas production rate decreases rapidly. The
gas production rate of only hydrate production is the same as that of the first two, but the
peak is obviously low, and the gas production rate in the middle and later stage exceeds
that of the first two production methods. The reason of this phenomenon is that the
pressure drop of hydrate is difficult to propagate and the hydrate decomposition is slow
at the early stage of production. However, the gas in the gas zone is highly mobile. Under
the action of high production pressure difference, the gas can be quickly produced from
the bottom of the hole, leading to the gas production peak of extremely high, and the
pressure drop in the gas zone can quickly spread. With the decrease of reservoir pressure
and gas amount near the well, the gas production rate decreases rapidly. In the case of
only hydrate production, there is a phenomenon that the gas in the gas layer escapes into
the hydrate layer and produces. In the early stage of production, gas interlayer seepage
is hindered by hydrate, which leads to the peak of gas production lag and decrease. The
presence of impermeable interlayer blocks the interlayer seepage and makes the gas
production curve show the same trend as that of only hydrate production.

3.2 Influencing Factors of Gas Production Dynamics

According to the above study, due to the strong seepage capacity of gas, the gas produc-
tion rate in the early stage will increase rapidly and then decrease in the case of gas layer
production and combined production, and the effect of interlayer hindering gas seepage
is difficult to be reflected in the curve. Therefore, in order to clarify the influence of
interlayer geological parameters on gas production more clearly, this section discusses
the influence of permeability, thickness and area of interlayer on gas production in the
type B coexistence mode when only hydrate is exploited.

3.2.1 Interlayer Permeability

Based on the previous model, the permeability of the interval was set as 7.5 md, 75 md
and 0.75 md, respectively. Other parameters remain unchanged to study the influence of
interval permeability on gas production.

Fig. 6. Variation of gas production with time under different permeability of interlayer
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It can be seen from Fig. 6 that under the same production conditions, the greater the
permeability of the interlayer, the higher the gas production rate, and the higher the final
cumulative gas production. The reason is that the inhibition of gas seepage in the gas
layer is weakened with the increase of interlayer permeability. With gas flowing into the
gas hydrate layer and producing, the pressure of gas layer decreases simultaneously, and
the pressure drop propagation promotes the decomposition of gas hydrate at the bottom.

3.2.2 Interlayer Thickness

Based on the previous model, the thickness of the interval was set as 5 m, 15 m and 25
m, respectively. Other parameters remain unchanged to study the influence of interlayer
thickness on gas production.

Fig. 7. Variation of gas production with time under the different thickness of the interlayer

It can be seen from Fig. 7 that with the increase of interlayer thickness, the lower the
gas production rate and cumulative gas production. Due to the increase of the interlayer
thickness, it is more difficult for the free gas to escape the hydrate layer. The decrease
of gas production rate in the early stage leads to a slow decrease of the pressure in the
gas layer, and the increase of the thickness of the interlayer hinders the propagation of
pressure drop, which affects the decomposition rate of hydrate in the middle and late
stage, resulting in a large gap between the gas production rate and accumulated gas
production in the late stage.

3.2.3 Interlayer Area

Firstly, the area of the simulation model is normalized to 1. The blocking effect of the
interlayer area on gas seepagewas studied by setting different area ratios of the interlayer
layer. Here the area ratios are 0.25, 0.5 and 0.75, respectively.

It can be seen fromFig. 8 thatwith the decrease of the interval area, the gas production
rate and accumulative gas production both increase, but the increase is slowing down.
The reason is that with the decrease of the area of the interlayer, the ability of interlayer
to inhibit gas flow into hydrate layer is weakened. Therefore, the gas production rate
is improved, the gas pressure drop accelerates, and the hydrate decomposition at the
boundary of the interlayer is accelerated, leading to the increase of accumulated gas
production.
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Fig. 8. Variation of gas production with time under different area of interlayer

4 Conclusion

(1) The numerical simulation results show that under the coexistence modes of type
A (the upper part of gas hydrates and underlying free gas), type B (upper hydrate,
interlayer permeability and the underlying free gas), and type C (upper hydrate,
impermeable interlayer and underlying free gas), the cumulative gas production of
combined production is the highest.

(2) When only hydrate is exploited in type B coexistence mode, the lower the perme-
ability is, the thicker the thickness is, and the larger the area is of the interlayer, the
more the interlayer seepage is hindered, the smaller the cumulative gas production
is.
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Abstract. With the spread of the world energy crisis, natural gas hydrate, as a
new clean energy resource, has attracted widespread attention. Hydrate depres-
surization recovery is considered to be one of the most effective methods due to
its economic benefits and feasibility. However, there are still many tasks to the
realization of commercial hydrate recovery.

In this study, we combined the continuity equation, the kinetic reaction equa-
tion and other auxiliary equations, and established a mathematical model in 2D
cylindrical coordinate system. Then the model was discretized and solved by the
finite difference method. Furthermore, Sensitivity of main control parameters to
pressure distribution and gas productivity in hydrate dissociation were analyzed.
The conclusions are obtained as follows: 1. In the process of hydrate decompo-
sition, the greater the initial permeability and the initial porosity, the faster the
pressure transmission, the greater the gas production rate, the greater the cumula-
tive gas production. 2. The reservoirs with higher initial hydrate saturation have
slower pressure transmission speed, lower gas production rate. 3. Comparing the
influence of the initial permeability on gas production rate with that of the initial
porosity, and the hydrate saturation, it can be seen that the gas production rate is
more sensitive to the initial permeability.

Keywords: Natural gas hydrate · Decomposition · Control parameters ·
Sensitivity · Numerical simulation

1 Introduction

Although these two trial production [1, 2] in the Shenhu area of the South China Sea
were very successful compared with others, there are still many tasks to the realization
of commercial hydrate recovery [3, 4].

A reliable numerical simulation is crucial to study the sensitivity of the permeability,
the porosity, and the hydrate saturation to the pressure distribution and the productivity
for better production plan design [5–8].
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2 Methodology

2.1 Mathematical Model

In this study,we combined the continuity equation, the kinetic reaction equation andother
auxiliary equations, and established a mathematical model in 2D cylindrical coordinate
system.

Only gas and liquid are considered in the flow, which complies with the Darcy’s law.
We ignored the gravity influence, the secondary formation of the gas hydrates, and

the formation compressibility.
For a reservoir with the thickness h, the borehole radius r_w, and the decomposition

zone radius r_e, the daily gas production V_g(mˆ3/d) and the cumulative gas production
Q_g (mˆ3) up to t_0(day) are calculated by the following formulas: Calculation of daily
gas production rate Vg :

Vg =
∫ h

0

∫ re

rw
2πrmgdrdz (1)

Calculation of cumulative gas production Qg :

Qg=
∫ t0

0
Vgdt (2)

2.2 Initial Values and Boundary Conditions

In the z direction, the upper and lower formations are assumed non-permeable. The
middle hydrate reservoir can be divided intomany small layers; In the r direction includes
the borehole and many cylindrical zones. Each layer has different initial values for the
parameters including the absolute permeability, the porosity, the saturation, and the
production well pressure.

2.3 Finite Difference and Discrete Solution

After the initial values and boundary conditions are given, the continuity equation is
discretized by finite difference, resulting in the pressure matrix equation of the water
component. Solving this equation system, we obtained the dynamic parameters of the
hydrate decomposition.

A(i, j)(Pw)n+1
(i−1,j) + C(i, j)(Pw)n+1

(i,j−1) + E(i, j)(Pw)n+1
(i,j) + B(i, j)(Pw)n+1

(i+1,j)

+D(i, j)(Pw)n+1
(i,j+1) = Q(i, j)

(3)
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Written as a matrix equation in the form (21), and then write a program to solve the
problem, the process is as follows:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

F11 B11 · · · D11

A21 E21 B11
...

...

C12

A31

· · ·
E31

· · ·
...

. . .

· · ·

. . .
. . . · · · · · ·

...
. . . . . .

...

...

· · ·
. . .

· · ·
. . .

. . .

...

. . .

...
. . .

...

. . .
. . . · · · · · ·

...
. . . . . .

...

...

· · ·
. . .

· · ·
. . .

. . .

...

. . .

· · ·

. . .

...

· · ·
. . .

. . . Dmn−1
...
...

... · · · . . . Bm−1n

Cmn · · · Amn Emn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

P11

P21
...

P12
...

Pmn−1
...

Pm−1n

Pmn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Q11

Q21
...

Q12
...

Qmn−1
...

Qm−1n

Pmn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4)

1) Input the initial parameter value; 2) Solve thematrix equation; 3) Calculate the gas
pressure of each grid node, compare the gas pressure with the hydrate phase equilibrium
pressure, and judge whether the hydrate is decomposed; 4) Solve the hydrate, water, gas
Saturation distribution of each phase; 5) Set a reasonable time step and enter the loop
solution.

3 Model Validation

Comparing the simulation results with trial production data in the Shenhu area in Fig. 1,
the daily gas production changes in a similar trend, which verifies the effectiveness of
the numerical simulation in this study.

Fig. 1. Comparison of gas production calculation results and trial production data
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4 Simulation Results

With the modeling of hydrate discovery by depressurization, the sensitivity of the per-
meability, the porosity, and the hydrate saturation to the pressure distribution and the
productivity are analyzed. the results are as follows:

4.1 Intrinsic Permeability

The initial intrinsic permeability distribution in hydrate layer is shown in Fig. 2a. By
initial permeability, there are eight layers from the bottom to the top: D01, D02, D03,
D04, D05, D06, D07, D08. Other parameters of all formations are the same. From
Fig. 2b–f, it’s obvious that the larger the initial permeability, the faster the pressure
transfers.

From Fig. 3 we can see, the greater the initial value of intrinsic permeability, the
greater the value of gas production rate per unit thickness per unit time under the same
production time. As time goes by, the gas production rate in the formation rapidly
increases for the first 60 days, and then (60–1000d) gradually decreases.

In Fig. 4, as the initial permeability value increases, the gas production increases
significant.
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Fig. 2. The initial porosity of the reservoir and the pressure distribution map during the
depressurization mining process
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Fig. 3. Evolution of gas production rate in
different initial porosity

D21: 0.1223 
D22: 0.0646 
D23: 0.0917 
D24: 0.0429 
D25: 0.1750 
D26: 0.0533 
D27: 0.0725 
D28: 0.3777 

Fig. 4. Contribution rate of gas production in
different porosity formations (after model
improving)

4.2 Initial Porosity

By the initial porosity value, there are 8 layers from the bottom to the top: D11, D12,
D13, D14, D15, D16, D17, D18 in Fig. 5.

From Fig. 5b–f, it can be seen that the larger the initial porosity, the faster the
movement speed of the decomposition outer edge (the pressure is just lower than the
initial value), which is similar to the initial permeability. But the initial porosity has
relatively smaller effect on the pressure transmission than the initial permeability.

The larger the initial porosity value, the larger the gas production rate as we can see
in Fig. 6.

From Fig. 7, Layer D12, D14, and D16 have the same thickness, while the ini-
tial porosity value increases sequentially, the cumulative gas production increases
sequentially.

Layer D13 and D17 of the same thickness have a large difference in initial porosity
values, but the gas production contribution rate is close.

Comparing the influence of the initial permeability on gas production rate with that
of the initial porosity, it can be seen that the gas production rate is more sensitive to the
initial permeability.

4.3 Initial Hydrate Saturation

By initial hydrate saturation, there are 8 layers from the bottom to the top: D21, D22,
D23, D24, D25, D26, D27, D28 in Fig. 8.
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Fig. 5. The initial porosity of the reservoir and the pressure distribution map during the
depressurization mining process

Fig. 6. Evolution of gas production rate in
different initial porosity
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Fig. 7. Contribution rate of gas production in
different porosity formations (after model
improving)

From Fig. 8b–f, it can be seen that under relatively low initial permeability (5 md),
reservoirs with higher initial hydrate saturation show slower movement speed of the
decomposition outer edge.

We can see in Fig. 9. Reservoirs with relatively lower initial saturation have higher
gas production rate, while, reservoirs with relatively higher saturation have slower gas
production rate.

FromFig. 10, the gas production rate in all layers increases rapidly in the first 60 days,
and then (60–540d) the gas production rate decreases with time.
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Fig. 8. The initial saturation of the reservoir and the pressure distribution map during the
depressurization mining process

Fig. 9. Evolution of gas production rate in
different initial saturation
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Fig. 10. Contribution rate of gas production
in different saturation formations (after
model improving)

5 Conclusion

In the process of hydrate decomposition, the greater the initial permeability and the
initial porosity, the faster the pressure transmission, the greater the gas production rate,
the greater the cumulative gas production.

The reservoirs with higher initial hydrate saturation have slower pressure transmis-
sion speed, lower gas production rate.

Comparing the influence of the initial permeability on gas production rate with that
of the initial porosity, and the hydrate saturation, it can be seen that the gas production
rate is more sensitive to the initial permeability.
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in Reservoirs by Depressurization

Lin Dong(B) and Hualin Liao

School of Petroleum Engineering, China University of Petroleum (East China),
Qingdao 266580, China

donglinupc@163.com

Abstract. The velocity of dissociation front is key factor to reflect the hydrate
production process. However, the characteristics of dissociation front and forma-
tion responses during hydrate production are not studied in detail. To investigate
the dissociation performance of gas hydrate, we conduct a numerical model to
simulate the process of gas extraction from formation by depressurization. The
distribution of hydrate, water, and gas saturation varies during production pro-
cess. The hydrate saturation decreases in near-well region, while the gas saturation
increases. The dissociation zone expands and dissociation front moves from well
to formation. This work can provide a reference for natural gas development.

Keywords: Natural gas hydrate · Dissociation performance · Front movement ·
Gas extraction · Physical fields

Symbol Description

Pi Initial pore pressure
Ti Initial temperature
Sh,Sw Hydrate and water saturation
Pf Well pressure
Tf Well temperature
λh, λw, λg, λs Thermal conductivity of hydrate, water, gas, and sand
Cs,Cw,Cg,Cr,Ch Specific heat of sediments,water, gas, rock,and hydrate
ρr , ρh, ρd Density of rock, hydrate, and drilling fluid
K0 Initial permeability (hydrate-free)
ΔEa Activation energy
MH2O, MCH4, Mh Molar mass of water, methane, and hydrate
rw Borehole radius
ϕ Porosity
kd0 Intrinsic kinetic constant
Nh Hydration number
Swr,Sgr Irreducible water and gas saturation
P0 Gas entry value
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1 Introduction

Natural gas hydrate (NGH) is one of the most important sources of alternative energy,
which draws the attention to the whole world [1, 2]. Generally, NGH widely exists in
oceanic and permafrost regions under the condition of high pressure and low temperature
[3]. Driven by the energy demand and technological advancement, natural gas hydrate
production is conducted worldwide to extract natural gas from the reservoirs, such as
the South China Sea and the Eastern Nankai Trough [4, 6].

Changes in physical fields and dissociation front are important for analyzing produc-
tion performance during gas extraction from natural gas hydrate reservoirs [6]. Zheng
et al. [7] studied the controlling mechanisms of hydrate dissociation front with the lab-
scale and field-scalemodels. The results indicate that using optimized characteristic time
is a key factor in estabilishing calculation models. Afterward, A pragmatic criterion was
developed to illustrates the relations among controlling mechanisms, hydrate dissocia-
tion modes, and characteristics of dissociation front [8]. Besides, the investigation on
advance of dissociation front is essential for optimizating gas production and prevent-
ing the risks [9]. However, the dissociations on characteristics of dissociation front and
formation responses during hydrate production are insufficient.

In this paper, we investigate the dissociation performance of gas hydrate reservoirs by
depressurization method. The responses of pore pressure and temperature of formation
are discussed. Besides, the distribution of hydrate, water, and gas saturation as well
as dissociation front of hydrate are studied. This work can provide a reference for the
practical application and numerical simulation in natural gas hydrate development.

2 Numerical Model

2.1 Governing Equations

The continuity equation of hydrate, water, and gas are given as follows:

∂(ϕρhSh)

∂t
= −mh (1)

∂(ϕρwSw)

∂t
− ∇ ·

[
KrwKρw

μw
(pw + ρwg)

]
= mw (2)

∂(ϕρwSw)

∂t
− ∇ ·

[
KrwKρw

μw
(pw + ρwg)

]
= mw (3)

The dissociation process of hydrate in the reservoirs can be described by the Kim-
Bishoni kinetic model.

mg = kd0 exp

(
�Ea

RT

)
MCH4Ars

(
pe − pg

)
(4)

Ars = ϕSh

√
ϕ(1 − Sh)

2K
(5)



134 L. Dong and H. Liao

K = K0(1 − Sh)
n (6)

Correspondingly, the generation rate of water and dissociation rate of hydrate are
showed as follows:

mw = mgNh
MH2O

MCH4

(7)

mh = −mg
MH

MCH4

(8)

Pe = exp
(
A0 + A1T + A2T

2 + A3T
3 + A4T

4 + A5T
5
)

(9)

pw = pg − pc (10)

The energy conservation is expressed as:

∂
[
ρwϕSwCwT + ρgϕSgCgT + ρhϕShChT + ρs(1 − ϕ)CsT

]
∂t

+
∇ · (

ρwϕSwνw,tCwT + ρgϕSgνg,tCgT
) = ∇ · λeff ∇T + Qh

(11)

Qh = mh

Mh
(B1 + B2T ) (12)

The heat transfer coefficient of theHBS can be determined by the sediments, hydrate,
water, and gas.

λeff = (1 − ϕ)λs + ϕ
(
Sgλg + Swλw + Shλh

)
(13)

Capillary pressure is given based on Van-Genuchten model.

pc = p0

[(
Sw − Swr
1 − Swr

)−1/λ
− 1

]1−λ

(14)

The relative permeability of water and gas endpoints of hydrate-free sediments are
calculated by the following equations.

Krw = Krwo

(
Sw − Swr
1 − Swr

)nw
(15)

Krg = Krgo

(
Sg − Sgr
1 − Sgr

)ng
(16)

2.2 Model Descriptions

Figure 1 shows the cylindrical model of natural gas hydrate reservoir. The radius is 100
m and the height is set as 20 m. A well is designed in the centre of this model which is
used for producing natural gas from this reservoir.
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Overburden

Underburden

Gas hydrate 
layer

Well

Fig.1. Model construction for the simulation.

2.3 Initial and Boundary Conditions

The initial conditions in this model are determined by referring the previous studies
[10]. The initial formation temperature and pore pressure are set as 288.15K and 14MPa,
respectively. Besides, the initialwater and hydrate saturation are 0.5 and 0.5, respectively.

The parameters are determined according to the previous studies and geological data
in the South China Sea [11, 12], as shown in Table 1.

Table 1. Parameters used in this model.

Parameter Value

Initial pore pressure, Pi 14 MPa

Initial temperature, Ti 288.15 K

Hydrate saturation, Sh 0.5

Water saturation, Sw 0.5

Well pressure, Pf 4.0 MPa

Well temperature, Tf 278.15K

Thermal conductivity of hydrate,
λh

2.0 W·m-1·K-1

Thermal conductivity of water, λw 0.6 W·m-1·K-1

Thermal conductivity of gas, λg 0.07 W·m-1·K-1

Thermal conductivity of sand, λs 1.0 W·m-1·K-1

Specific heat of sediments, Cs 1000 J·kg-1·K-1

Specific heat of water, Cw 4200 J·kg-1·K-1

Specific heat of gas, Cg 2180 J·kg-1·K-1

(continued)
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Table 1. (continued)

Parameter Value

Specific heat of hydrate, Ch 2220 J·kg-1·K-1

Density of rock, ρr 2600kg/m3

Density of hydrate, ρh 920kg/m3

Density of drill fluid, ρf 1019kg/m3

Initial permeability (hydrate-free),
K0

10 mD

Activation energy, ΔEa 81084.20J·mol-1

Molar mass of water, MH2O 18.016g·mol-1

Molar mass of methane gas,MCH4 16.042g·mol-1

Molar mass of methane hydrate,
Mh

124.138g·mol-1

Borehole radius, rw 0.15 m

Porosity, ϕ 0.40

Intrinsic kinetic constant, kd0 3.6 × 104

mol·m-2·Pa-1·s-1

Hydration number, Nh 6

Irreducible water saturation, Sw 0.3

Irreducible water saturation, Sgr 0.05

λ 0.7

Gas entry value, P0 105Pa

Cf 33.72995

C1 13521

C2 −4.02

3 Results and Discussions

3.1 Description of Specimens

Figure 2 shows the distribution of pore pressure during gas hydrate production. The pore
pressure increases from near-well region to far well formation. The depressurization and
hydrate dissociation lead to the changes in the pore pressure field, which reflects themass
transfer process with the multi-phase flow.
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Pg (Pa)

d=30days d=60days

d=120days d=180days

Fig. 2. Variation of pore pressure versus production time

Figure 3 illustrates the distribution of temperature in the natural gas hydrate forma-
tion. The temperature increases fromwell to formation, which is caused by the heat trans-
fer and hydrate dissociation. The distribution of temperature varies during production
process due to the heat and mass transfer.

d=30days d=60days

d=120days d=180days

Tem (Pa)

Fig. 3. Variation of the temperature of formation versus production time

3.2 Variation of Hydrate, Gas, and Water Saturation

Distribution of hydrate and water saturation during gas hydrate production are dis-
played in Figs. 4 and 5. The results indicate that the hydrate saturation decreases signif-
icantly with production time. Meanwhile, it is lower near well induced by the hydrate
dissociation compared with that in the zone far from the well.

In addition, the water saturation increases due to the producedwater from the hydrate
dissociation. The water in the formation is also extracted to the ground. These factors
affect the water distribution in the formation. The phase transition of hydrate occurs
during production, which brings in variation of hydrate and water saturation.
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Sh (-)

d=30days d=60days

d=120days d=180days

Fig. 4. Distribution of hydrate saturation during hydrate production

d=30days d=60days

d=120days d=180days

Sw (-)

Fig. 5. Distribution of water saturation during hydrate production

Similarly, the gas saturation increases in near well region, which is caused by the
hydrate dissociation and gas extraction, as shown in Fig. 6. The gas produced through
hydrate dissociation is extracted from the formation, which leads to the variation of gas
saturation and changes in distribution characteristics.

d=30days d=60days

d=120days d=180days

Sg (-)

Fig. 6. Distribution of gas saturation during hydrate production
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3.3 Hydrate Dissociation Front

Figure 7 demonstrates the variation of hydrate saturation during gas extraction. It can be
observed that the hydrate saturation in near-well region is lower. The dissociation zone
expands with production time, as shown in Fig. 7(b). The hydrate dissociation front
moves toward the further bore zone due to the changes in the dissociation zone.
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Fig. 7. Variation of hydrate saturation and dissocation front during production

As mentioned above, the controlling mechanisms of hydrate dissociation and char-
acteristics of dissociation front depend on the pressure and temperature conditions of the
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well and the properties of the formtation. The dissociation front reflects the production
process of the natural gas hydrate.

4 Conclusion

Based on the results and discussions presented above, the conclusions are obtained as
below:

(1) Dissociation performance of natural gas hydrate in the formation is a complex pro-
cess associated with heat and mass transfer as well as phase transition. Numer-
ical simulation on hydrate production provides the references of dissociation
characteristics and changes in physical fields for analyzing natural gas hydrate
production.

(2) Distribution of multi-physical fields varies during hydrate dissociation, which is
determined by the gas extraction as well as the heat and mass transfer process.
The hydrate saturation decreases in near-well formation, while the gas saturation
increases.

(3) The dissociation zone expands, and hydrate dissociation front moves to far well
formation with production time. The multi-field responses of natural gas hydrate
reservoirs are related to the hydrate dissociation performance during natural gas
hydrate production.
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Abstract. Methane hydrate with the underlying gas, a new alternative energy
source in the future, has attracted great attentions all over the world. The methane
hydrate-bearing sediment core samples using themarine sediments from the South
China Sea were remolded. A methane reservoir employed to hold underlying gas
was connected with the core holder to simulate underlying gas layers below the
hydrate layers. In this study, the formation and production characteristics of the
remolded cores (water saturation 65%) with the different underlying gas pressure
(7.4–8.5 MPa) at the constant confining pressure (8.7 MPa) were studied. The
results indicated that the underlying gas is an effective driving force for hydrate
formation due to its constant supply of gas for consumption. In addition, it is
the presence of underlying gas that reduces the pressure difference between the
inlet and outlet of remolded samples, increasing the gas-water contact area. The
higher underlying gas pressure, the more pronounced the promotion effect. The
hydrate saturations of the core samples were ranged from 31.2% to 38.3%. In
addition, the underlying gas could promote the dissociation of methane hydrate
using the depressurization method by providing the heat for hydrate reservoirs.
It was found that it reduced the damage to the core samples by effective stress
and the improved the gas recovery due to the presence of the underlying gas.
The results of this study are significant for guiding the spot production process of
marine sediments deposits with the underlying gas.

Keywords: Methane hydrate · Underlying gas · Effective pressure · Gas
production

1 Introduction

Methane hydrate, a potential energy source, is the one of the largest untapped reservoir of
unknown energy on Earth for the humanity [1, 2]. Methane hydrate composed of water
and methane under low temperature and high pressure conditions are known as cage
hydrate. Methane hydrate is mostly white or light grey crystals, which are also known
as “combustible ice” [3]. According to technical data on hydrate exploration, methane
hydrate is mainly found in the marine sediments and permafrost regions such as South
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China Sea, Gulf of Mexico, Indian Ocean, Alaska Arctic and Qinghai [4]. In addition,
it is also noted that methane hydrate is characterized by large amount of resources,
shallow burial, high energy density and cleanness [5, 6]. Because of the impermeability
of methane hydrate, it is often used as the sealing layer of its underlying gas. The
underlying gas layer is an important component of the hydrate reservoir. Analysis of
logging, seismic, sedimentary rock and geochemical test data from 32 sites in the South
China Sea, the Northeast Basin of Japan, the northern Gulf of Mexico and the Eastern
Basin of India has revealed thewidespread presence of the underlying gas [7, 8]. The need
and urgency for the commercial exploitation of hydrate is reinforced by the presence
of underlying gas. As a result, the safe and efficient extraction of gas hydrate with
underlying gas will be a hot research issue in the coming decades.

The main principle of hydrate exaction is to obtain methane gas and other sub-
stances from hydrate by breaking the temperature and pressure of phase equilibrium
[9]. Currently, main methods of exploitation hydrate are depressurization [10], thermal
injection [11], carbon dioxide replacement [12], inhibitor injection [12], hydraulic frac-
turing [13] and combination of these methods. In terms of economics, environmental
friendliness and simple operation, depressurization is considered to be themost econom-
ically effective method [14]. There are many researches related to methane hydrate have
carried out extensive experiments using the depressurization. Similarly, some countries,
Japan and China, have successfully conducted several hydrate exploitation tests using
the depressurization method in the eastern Nankai Trough in 2013 and 2017, in the
South China Sea in 2017 and 2020, respectively [10]. However, few experiments and
tests take into account the effect of underlying gas on dissociation and gas production
via depressurization in-situ conditions.

Confining pressure employed to imitated in-situ conditions is defined as the pressure
exerted it from the surrounding environment [15]. It is commonly accepted that confining
pressure is related to water depth, thickness and density of the overlying pressure [16].
The core holder, the most suitable experimental equipment, is capable of exerting the
confining pressure. Studies have found that confining pressure controls the distribution
and pore structure of hydrate, which have a significant influence on the efficiency and
capacity of gas production [17]. Zhao et al. [15] investigated the effect of confining
pressure to the gas behavior of methane hydrate and found that it had a strong inhibiting
effect on hydrate production especially in the later stages of gas production. According
to Wu et al. [18] among the proposed methods, it was confining pressure that controlled
gas being from hydrate by impacting the gas permeability. In addition, Li et al. [19] also
founded that the gas production decreases with increasing effective stress at a constant
confining pressure. Therefore, understanding the effect of confining pressure on the gas
characteristics of methane hydrate with underlying gas is of vital importance to realize
the controllable exploitation of hydrate using depressurization method.

There are few laboratory-scale hydrate production experiments using the real marine
sediments. In this study, the core remolded by using the marine sediments was injected
with methane at different underlying pressure (7.5–8.5 MPa) to form hydrate at constant
confining pressure (8.7 MPa). Firstly, the formation characteristics of hydrate-bearing
sediment with different underlying gas pressure were studied in terms of hydrate sat-
uration and pressure difference between inlet and outlet of remolded core. Then the
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dissociation and gas production characteristic of remolded core were investigated using
depressurization method. The average dissociation rate and gas recovery at different
underlying gas pressure were compared and analyzed during the process of depressur-
ization. The results of this work on the joint gas production of the methane hydrate
and underlying gas could provide insightful guidance for commercial exploitation in the
future.

2 Experimental Section

2.1 Materials

The experimental materials used in the experiments consisted mainly of methane gas,
deionized water and marine sediment. The purity and supplier of experimental materials
was shown in the Table 1.

Table 1. Purity and supplier of experimental materials

Substance Mole fraction purity Supplier

Methane gas GC 0.99999 mol% Dalian Special Gases Corporation, China

Deionized water 18.2 M�·cm Laboratory-made

Marine sediment – Shenhu Sea of South China Sea,
LW3-H4–1 C-06,123 m

2.2 Apparatus

The Fig. 1 illustrated an experimental apparatus used to study the phase change process
and characteristics of methane hydrate with underlying gas using depressurization. The
apparatus consisted mainly of core holder, methane reservoir, water bath, gas collector
and valves. The core holder (FCH series, Core laboratories CO., USA), a place used
to put the remolded marine sediment samples, was divided into the core chamber and
confining chamber by rubber. The inlet and outlet of confining pressure chamber were
used as the inlet and outlet of the confining pressure fluid, respectively. The core holder
was immersed in water sink and its temperature was mainly controlled indirectly by the
circulating water bath. Methane reservoir was employed to pre-cool methane gas and to
allow methane gas from methane cylinder (up to 20 MPa) to the inlet of the core holder
so that better simulate methane hydrate reservoirs with underlying gas. There was gas
collector used to collect the gas being produced form methane hydrate. The volume of
methane reservoir and gas collector made of stainless steel was 1 L, 4 L respectively.
The control valve (Fisher-Baumann, USA) coupled with a self-turned PID Controller
(OMEGACN2120Ramp/SoakController)was used to set the ideal dissociation pressure
at which hydrate would break down. The confining pressure was mainly controlled by
plunge pump (250 L, Haian Petroleum Scientific Research Instrument co., ltd., China)
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and maintained by injecting a certain amount of deionized water at the constant pressure
or constant rate. Pressure gauges with an accuracy of 0.1 MPa were used to measure gas
pressure, inlet pressure, outlet pressure, produced gas pressure and confining pressure.
One T-type thermocouple (±0.1K)was installed on the bottom of core holder tomeasure
temperature changes during the phase transition process. At the same time, the measured
experimental data was collected and stored by the data acquisition system via the A/D
digital conversion module. In particular, it should be noted that the gas production
pipeline used in this experiment 1/6 in pipe.

Fig. 1. Schematic diagram of the experimental apparatus

2.3 Experimental Steps

Fig. 2. Schematic diagram of the experimental procedure

As shown in the Fig. 2, the experimental procedure was divided into three main parts:
consisting mainly of remolded core sample, formation and dissociation.

First and foremost, the process of remolded core was carried out in the following
steps:

(1) Themarine sediments were dried in a high precision dryer at a temperature of 383K
for 24 h in order to better remove the moisture.
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(2) The calculated dried marine clay was broken up in a blender and evenly mixed with
a certain amount of deionized water.

(3) The core was remolded using wet tamping method for compaction and stratified
sample making.

(4) The core was transferred rapidly to core holder and the permeable membranes were
placed at the both ends. After that, the pipes were connected and vacuumed and
leak-tested lines.

Then, there was injection methane to form the methane hydrate at low temperature
and high pressure. The core holder was passed into the methane gas with the pressure
of 1 MPa at 3–4 times in order to eliminate the effect of air on hydrate formation. A
circulating cooling water bath was turned on and set to 274 K, while deionized water was
injected to confining chamber via the plunger pump to increase the confining pressure
at constant rate. The valve was opened and the pre-cooled underlying gas was passed
through the pipe into the core chamber. At same time, the confining pressure increased
as the pore pressure inside the core increased until it reached the desired value. The
confining pressure was always greater than the pore pressure, which was used to protect
the core rubber from excessive deformation. As hydrate formation continued with gas
consumption, it was considered to be complete when the pressure change was less than
0.001 MPa over 10 h period.

Finally, methane hydrate were dissociated using the depressurization. The back pres-
sure valve was set 2MPa until the pore pressure inside the core was equal to the set value
and the dissociation of hydrate was completed. After that, the data acquisition system
was shut down and experimental apparatus were disassembled for cleaning and repeated
for the next round of experiments.

In addition, the date processing process can be found in our previous literature [20].
In brief, the hydrate saturation can be calculated from the consumption of the injected
underlying gas pressure. The average dissociation rate of hydrate is the average of the rate
of hydrate dissociation throughout the whole depressurization process. The gas recovery
rate is the ration between the gas produced and the gas injected.

3 Experimental Results and Discussion

In this study, the methane hydrate with different underlying gas pressure in core holder
was formed in the remolded core sample. Improving the pressure of the underlying gas
was an effective measure to further increase the hydrate saturation. The depressurization
was used to induce the gas production of the methane hydrate. In terms of the heat
replenishment and the damage of effective stress, the underlying gas can not only be
beneficial to the gas production by the transferring heat, but also reduce effective damage
to the remolded core by constant gas replenishment. Table 2 shows the specific conditions
of experiment and main experimental results.in addition, the water saturation and the
confining pressure of remolded core were 65%, 8.7 MPa, respectively.
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Table 2. The experimental conditions and results

Case Pu
(MPa)

Sh
(%)

Avdis
(mol/min)

Rg
(%)

�P
(MPa)

1 7.5 31.2 0.072 64.6 0.9

2 7.8 34.3 0.078 67.8 0.62

3 8.1 35.6 0.082 71.8 0.57

4 8.3 37.5 0.084 75.1 0.51

5 8.5 38.3 0.086 78.9 0.45

3.1 The Formation of Methane Hydrate with the Underlying Gas

The underlying gas had a significant positive importance on hydrate formation. The
underlying gas provided sufficient gas for hydrate formation, and reduced the pressure
difference between the inlet and outlet pressure in remolded core sample. The schematic
diagram about the effect of underlying gas on hydrate formation was shown in Fig. 3.
On the one hand, the high-pressure underlying gas provided a huge force for hydrate
formation. On the other word, the reduced pressure difference between the inlet and
outlet corresponded to an increased gas-water contact area.

Fig. 3. Schematic diagram of the underlying gas on hydrate formation

3.1.1 Effect of Underlying Gas on Hydrate Formation

The underlying gas, providing the great driving force for hydrate formation, is a key
factor to improve the hydrate saturation. The formation of hydrate is influenced by the
driving forces, which take various forms such as pressure, temperature and fugacity
differences, but mainly fugacity differences.

The expression of fugacity differences was shown in Eq. (1) [15].

nh = FAKOASexp

(−�E

RT

)(
feq − fg

)
(1)
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Fig. 4. The hydrate saturation and pressure difference of remolded core with different underlying
gas pressure

where FA denotes the area adjustment factor, KO represents the hydration reaction con-
stant, AS denotes the surface area for the reaction, E refers to the hydration activation
energy, fg and feq are the gas phase fugacity and the equilibrium fugacity of methane
gas under the temperature T , respectively. The fugacity of methane at each (P, T) can be
obtained from the REFPROPModel of the National Institute of Standards and Technol-
ogy [21]. The higher the underlying gas pressure, the greater the fugacity difference. As
shown in Fig. 4, the facilitation phenomenon becamemore pronounced as the underlying
gas pressure increased. The underlying gas pressure changes from 7.5 MPa to 8.5 MPa
and the hydrae saturation increases from 21.1% to 38.3%, correspondingly. On average,
the hydrate saturation increases by 17.2% for each 1MPa increase in underlying gas
pressure.

Similarly, the higher the lower underlying gas pressure, the lower the pressure differ-
ence between the inlet and outlet of remolded core. As shown in Fig. 4, the underlying
gas pressure increased of 1 MPa reduced the pressure differential by 0.45 MPa on aver-
age. The stressing effect of the constant confining pressure and the non-permeability
of hydrate resulted in a certain pressure difference between the inlet and outlet of the
remolded core during the process of hydrate formation [22, 23]. It was the presence of
pressure difference that intended to reduce the contact area of gas-water. Conversely,
the underlying gas pressure reduced the pressure difference and increased the gas-water
contact area, which further facilitates the improvement of hydrate saturation.

3.2 The Dissociation of Methane Hydrate with the Underlying Gas

The underlying gas can also have a positive effect on the dissociation ofmethane hydrate.
The schematic diagram about the effect of underlying gas on hydrate dissociation was
shown in Fig. 5. The facilitative effect is manifested in two main ways: (1) provided heat
for dissociation; (2) reduced effective pressure damage.On the one hand, the dissociation
of hydrate is a complex process of heat absorption. In other words, the dissociation of
hydrate inevitably caused temperature fluctuations and lowers the temperature of the
hydrate-bearing reservoir. However, the underlying gas was the constant temperature
that was equal to the temperature before hydrate dissociation. On the other word, it was
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Fig. 5. Schematic diagram of the underlying gas on hydrate dissociation

the presence of hydrate slowed the reduction in core pressure. However, the confining
pressure was constant. This just reduced the effective pressure damage to the remolded
core. In general, the underlying gas facilitates the dissociation of hydrate and improved
the gas recovery from the temperature and effective stress perspective, respectively.

3.2.1 Effect of Underlying Gas on Hydrate Dissociation

Fig. 6. The gas production rate of remolded core with different underlying gas pressure

The rate of gas production is a key factor in measuring the ability of the hydrate reservoir
to produce gas. And the gas production rate of remolded core with different underlying
gas pressure was shown in Fig. 6. The rate of gas production increased for approximately
thefirst 50minof depressurization, a phenomenonwas attributed to the significant release
of free gas, the continued dissociation of hydrate and the partial production of underlying
gas pressure. As the depressurization reaction continues, the driving force of the fluids
decreased accordingly.

It can be clearly seen that the higher the pressure of the underlying gas, the longer
the gas production rate continues at high speed. After approximately 60 min, the gas
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production rate began to gradually decrease. In general, the higher the underlying gas
pressure, the greater the flow drive force provided and the corresponding higher the
gas production rate. At the same time, the constant temperature of the underlying gas
provided continuous heat for hydrate decomposition, accelerating the rate of hydrate
decomposition and gas production.

Fig. 7. The gas recovery rate of remolded core with different underlying gas pressure

The gas recovery rate is one of the most important indicators of the economics of
gas production from hydrate reservoir. The gas recovery rate at different underlying gas
pressure was presented in Fig. 7. It is clear to see that the higher underlying gas pressure
the better the recovery of the gas.

In terms of the effective pressure, the presence of underlying gas pressure rerduced
the damage to the remolded core. The effective pressure of remolded core was calculated
by the Eq. (2):

�Pe = Pc − (Pi + P0)/2 (2)

Where �Pe denotes the effective pressure, Pc denotes the constant confining pressure,
Pi and P0 are the inlet pressure and outlet pressure of remolded core, respectively. The
underlying gas pressure was equal to the inlet pressure of remolded core because they
are always connected through the pipeline during the entire process of depressurization.
The underlying gas flows through the core via pipeline into the gas collector. Firstly,
the underlying gas was added to the core sample and then slowed the reduction of pore
pressure in the core. In addition, the effective pressure calculated by the Eq. (2) reduced
when the underlying gas pressure rose. The lower the effective pressure, the less damage
the pore structure and fluid channels within the sediment core, which was conducive to
the gas recovery.

4 Conclusion

The effects of underlying gas on the formation and gas production behaviors of methane
hydrate using the depressurization were investigated in this study. The remolded core
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sample (water saturation 65%, and the constant confining pressure 8.7 MPa) within the
core holder was synthesized by the marine sediment obtained from the South China
Sea. And the different underlying gas pressure (7.5–8.5 MPa) was injected to form the
hydrate. The corresponding conclusions were summarized as follows:

(a) The underlying gas improving the hydrate saturation of remolded core samples is a
key factor by reducing the pressure difference and increasing the driving force for
hydrate formation.

(b) The underlying gas likewise promotes the entire dissociation of hydrate reservoirs:
increasing the gas production rate and improving the gas recovery rate. This phe-
nomenon is attributed to the underlying gas providing the heat for dissociation and
reducing the effective damage on remolded core.
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Abstract. Gashydrate, themost potential alternative energy source, iswidespread
on the ocean and permafrost. However, one of the critical issues for hydrate
exploitation is the low efficiency of gas recovery. Understanding the governing
mechanism during exploitation is crucial for enhancing recovery efficiency. In this
work, the exploitation of gas hydrate from bearing sediments by depressurization
is simulated. The processes of heat transfer, fluid flow, and kinetic dissociation
are taken into full consideration during hydrate exploitation. Besides, the pro-
duction pressure is further analyzed. It finds that the exploitation process can be
divided into two processes, that are controlled by fluid flow and heat transfer,
respectively. The additional energy will be supplied by heat transfer if the sensible
heat is not enough for the dissociation of gas hydrate, which greatly extends the
time cost. This finding may be useful for predicting the production efficiency and
optimization of the gas recovery from hydrate-bearing sediments.

Keywords: Gas hydrate · Depressurization · Production efficiency · Governing
mechanism

1 Introduction

Gas hydrate is an ice-like crystalline substance composed of gaseous and water sub-
stances [1]. It can form and stabilize in permafrost regions or deep ocean sediments with
high pressure and low temperature [2–4]. Gas hydrate is recognized as the most potential
alternative energy sources because the organic carbon in gas hydrate is nearly twice of
that in the proved fossil fuels over the world [5–7]. Depressurization is regarded as the
most economic method to exploit gas hydrate bearing sediments, whose principle is to
lower the pressure to disrupt the stabilization of gas hydrate and promote its decompo-
sition [8–10]. Although a lot of tests were conducted in the past three decades, there
are still some issues in the production efficiency. The dissociation of gas hydrate is an
endothermic process, thus, the sufficient heat supplement must be insured timely for the
continuous production [11]. The hydrate exploitation mainly involves fluid flow, heat
transfer, and kinetic dissociation. Specifically, they can be represented by the intrinsic
permeability, thermal conductivity, and kinetic reaction rate, respectively. It has also
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been reported that the main governing process of hydrate reservoirs changed with initial
pressure and intrinsic permeability [12, 13]. There is still no consensus on governing
mechanisms during the exploitation of gas hydrates.

In this work, numerical analysis is applied for the research on the production features
of gas hydrate by depressurization. After revealed the governing mechanisms of two
recoverymethods, the influence of actual condition on the production efficiency is further
considered. The evaluationmodel has been proposed to predict the production efficiency.

2 Numerical Modeling

Numerical simulations are conducted by Tough+Hydrate, which canmodel multiphase
behavior, the non-isothermal hydration reaction, and fluid and heat flow under the typical
conditions of natural gas hydrate deposits [14]. A 1D numerical model with 100m in
length is established and discretized into 1000 grids to investigate the depressurization
process. Following the experiences of hydrate production test, the production well is
located at the left end of the model. The constant-temperature and pressure boundary
conditions are assigned to the first grid and the boundaries of no mass and heat flux are
settled at right end of the model.

Asmentioned before, it is correlated to the intrinsic permeability, thermal conductiv-
ity, and kinetic reaction rate. Therefore, these three parameters are selected to investigate
the features under exploitation simulation of gas hydrate. Parameters adopted in these
cases are shown in Table 1.

Table 1. Materials used in the experiments

Name Value

Initial hydrate saturation 0.5

Initial water saturation 0.5

Initial pressure, MPa 6

Production pressure, MPa 2.7

Initial temperature, °C 5

Thermal conductivity, W/(m·K) 3.1

Permeability, m2 2.96 × 10−13

Intrinsic reaction constant,
mol/(m2·Pa·s)

36000

Porosity 0.3
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Fig. 1. Simulation results of the exploitation by thermal stimulation: (a) the evolution of
temperature; (b) the evolution of pressure; (c) the evolution of hydrate saturation
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3 Simulation Results and Discussion

3.1 Governing Mechanisms

Figure 1 has illustrated the evolution of temperature, pressure, and saturation. In the
absence of an external heat source, the strongly endothermic reaction of hydrate dissoci-
ation is fueled by the heat provided by its own heat capacity. Consequently, temperature
is expected to decline in Fig. 1(a) during the hydrate exploitation corresponding to the
location of dissociation front in Fig. 1(c). However, the lack of heat supply will greatly
reduce the production efficiency afterwards. It shows that the temperature and pressure
both varies a lot during depressurization. Once the pressure drops to the equilibrium
pressure, gas hydrates begin to dissociate, and the temperature decreases because of the
endothermic effect, corresponding to the hydrate dissociation front. Accordingly, the
exploitation of gas hydrate can be simply divided into depressurization and endothermic
dissociation.

Fig. 2. The influence of different governing mechanisms.

The influence of three governing mechanisms is further considered in Fig. 2. The
intrinsic reaction constant has little influence. The time consumption for the recovery
decreases with the increases of permeability and thermal conductivity. But when the
thermal conductivity is high and permeability is low, the variations in production time
is mainly determined by permeability. Similarly, the production time with high perme-
ability and low conductivity is controlled by the thermal conductivity. These phenomena
correspond to the two distinct processes mentioned above, and it can be expressed by
the combination of heat transfer (TCH ) and fluid flow (TCT )

TC = TCH + TCT ∝ f (k) + f (λ) (1)

TC is the time consumption for 50% recovery of methane hydrate in the reservoir, d.
It reveals that the production efficiency of gas recovery process is dependent on two
distinct processes.
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3.2 Two Distinct Processes

1. The Term of Fluid Flow

In the term of fluid flow, the time consumption of exploitation is dependent on
TCH , which is proportional to the reciprocal of permeability. So, this process can be
characterized by a typical hydraulic diffusion process, which can be rewritten as

TCH ∝ μCt

k
(2)

Fig. 3. The influence of (a) initial pressure and (b) initial temperature.

The influence of initial temperature Ti and pressure pi is shown in Fig. 3. The
increasing production pressure pw will reduce the time consumption, opposing with
the increasing initial pressure. In this case, the initial temperature (i.e., the equilibrium
pressure pe) has little effect on the production efficiency. It indicates that higher initial
pressure cost more time to drop the pressure to the equilibrium pressure, that is, large
difference between pi and pe corresponds to the low production efficiency. Meanwhile,
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the large difference between pw and pe accelerate the dissociation of gas hydrate and
enhance the efficiency.

2. The term of heat transfer

Fig. 4. The effect of heat capacity

In the term of heat transfer, the time consumption is inversely proportional to the
thermal conductivity and decreases with the heat capacity (Fig. 4). Small heat capacity
affect little on the production efficient because the sensible heat of the surrounding
directly supplies the hydrate dissociation. Larger heat capacity provides more sensible
heat. Assuming the time consumption is linear with Cp in a reasonable region, we get

TCT ∝ 1

Cpλ
(3)

Compared with the term of fluid flow, pi has no effect on production efficiency from
Fig. 6. The time consumption increases with decrease of the pressure difference, while
rising of the initial temperature will reduce the production efficiency.

Specially, the time consumption is segmented when pw = 2.65 MPa, which involves
two processes. As presented in Fig. 6(a), the hydrate saturation drops down in a short
time, and then the dissociation front moves outward from left side. However, when pw =
2.6MPa, the hydrate has dissociated a certain degree over the layer, but the movement of
dissociation front does not occur. Therefore, high permeability causes a small pressure
gradient in the reservoir, and gas hydrate proceeds endothermic dissociation at the same
time, leading to a uniform decrease of hydrate in Fig. 5(b). Meanwhile, when the heat
is not enough to provide for the dissociation of hydrate (i.e., the difference between pw
and pe is small), additional heat must be supplied by the boundary heat source through
heat transfer to sustain the phase transition. Moreover, the time cost in Fig. 6(a) is much
longer than that in Fig. 6(b), leading to the segmentation of the curve.
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Fig. 5. The influence of (a) initial pressure and
(b) initial temperature.

Fig. 6. The evolution of hydrate saturation
under different production pressure: (a) pw =
2.6 MPa; (b) pw = 2.7 MPa.

4 Conclusion

The exploitation of gas hydrate by depressurization is simulated here. The governing
mechanisms and the influence of actual conditions are investigated in the research. We
find the kinetic dissociation has nearly no effect on the hydrate exploitation. The process
can be divided intofluidflowandheat transfer. The termoffluidflow is a typical hydraulic
diffusion, while the term of heat transfer involves in two types of heat supply when
the in-situ formation energy is insufficient. The insufficient supply leads subsequent
heat transfer from boundary, extending the production time dramatically. The impact of
production efficiency by the heat transfer term is higher than that by the fluid flow term.
Therefore, the termof heat transferwill be a key point to improve the efficiency of hydrate
exploitation. These findings are anticipated to give us a fundamental understanding of
dissociation behaviors of hydrate reservoirs and benefit making appropriate recovery
plans.
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Symbol Description

t Time
p Pressure
T Temperature
TC Time consumption
Ct Compressibility
Cp Heat capacity
μ Viscosity
k Permeability
kd Intrinsic reaction constant
λ Thermal conductivity
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Abstract. CO2 replacement for natural gas hydrate extraction is considered as a
new type of extraction method in which the damage to hydrate structure can be
reduced and CO2 can also be storaged, thus reducing carbon emission and miti-
gating the greenhouse effect. The low replacement efficiency has been one of the
major reasons preventing the industrial application of CO2 replacement method.
In order to solve this problem, a mixed gas extraction technology of CO2 with
N2 or H2 is proposed, which can play the role of both replacement and purging,
and can improve the efficiency of hydrate development while achieving CO2 gas
sequestration compared with the pure CO2 gas replacement technology. In this
paper, themechanism and impact mechanism of different gasmixture replacement
mining technologies are described in detail. In addition, based on this technology,
the combined technology application of mixed gas injection mining technology
with plant flue gas utilization technology, methane steam reforming technology
and other industrial chain technologies is summarized. The combinedmining tech-
nology has many benefits and will be the mainstream development direction for
hydrate development in the future. This paper evaluates the advantages of the com-
bined technology from the energy, economic and environmental perspectives, and
analyzes the challenges encountered by the current technology and the directions
to address them. Finally, some shortcomings of the existing research methods are
pointed out, and future research work is envisioned.

Keywords: Displacement · Purging · Hydrate exploitation · CO2 sequestration

1 Introduction

Natural gas hydrates are widely distributed in deep submarine gravels in terrestrial
permafrost zones and continental margins. The global carbon reserves of natural gas
hydrates in shallow parts of the lithosphere at depths up to 2000 m are estimated to be
2 × 1016 m3, which is twice the total carbon content of existing fossil fuels, about 27%
are distributed in frozen rocks, and 90% of the ocean contains natural gas hydrates [1].
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Natural gas hydrate resembles snow or loose ice, and it is combustible when exposed
to fire, usuallywhite in color, commonly known as combustible ice [2]. In general, natural
gas hydrate formation requires the following conditions: (1) the presence of liquid water
or supersaturated water vapor in the gas phase; (2) low temperature and high pressure;
(3) the presence of crystal nuclei or gas streams and temperature-pressure perturbations
in the system. For these reasons, hydrates in the natural environment are often generated
at 1200–1500 m of seafloor and 200–1000 m of permafrost zone [3]. There are three
common types of gas hydrate structures, namely type I, type II and type H [4]. The
density of gas hydrates is related to the occupancy of the pore, the type of hydrate and
the molecular weight of the guest molecules [5], which is generally between 0.8 and
1.2 g/cm3. The thermal conductivity of gas hydrates is 0.5 W/m-K, which is only 1/5 of
the thermal conductivity of ice. The thermal conductivity of hydrates increases slowly
with temperature, which is the opposite of the temperature-dependent trend of ice, but
the spectral, mechanical, and transfer properties of hydrates are similar to those of ice.

CO2 replacement is a novel method for natural gas hydrate extraction, which can
recover both CH4 and CO2, and the formation of CO2 hydrate during the replacement
process can maintain the mechanical stability of the formation, thus avoiding geologi-
cal disasters such as submarine landslides and collapses. However, the low replacement
efficiency is still one of the major reasons preventing the industrial application of natural
gas hydrate extraction by CO2 replacement. In addition, the injection of CO2 mixture
containing small molecules such as N2/H2 is an effective means to enhance the replace-
ment efficiency, which is more economical than the injection of single CO2. It can also
be combined with industrial chain technologies for natural gas applications to produce
the required gas mixture for injection, achieving the dual effect of natural gas hydrate
development and utilization.

2 CO2 and N2/H2 Gas Mixture Replacement Exploiting

2.1 Replacement Mechanism

Under geological temperature and pressure conditions, a gas mixture of hydrate formers
CH4, CO2 and N2 will form sI hydrates [6], so it can be expected that the addition of
N2 can provide additional control of hydrate equilibrium by a third component during
gas exchange between CO2 and CH4 in natural gas hydrates. When more N2 is added
to CO2 as a second guest, the phase equilibrium curve of the mixture approaches that
of pure N2, with more demanding phase equilibrium conditions compared to pure CO2
[7].

Park et al. [8] initially investigated the gas exchange phenomenon occurring between
binary gasmixtures ofCO2 andN2 and sINGHby spectroscopicmethods, and they found
that N2 molecules attack the CH4 molecules in the small cage and eventually occupy the
position. the CO2 molecules remain preferentially substituted for the CH4 molecules in
the large cage of sI. On the other hand, N2 molecules are comparable in size to CH4 and
are expected to compete with CH4 for occupancy of the small cage. Therefore, since
the molecular exchange process takes place in the absence of hydrate decomposition,
the use of CO2-N2 binary mixtures will significantly improve the recovery of CH4 from
NGH due to the complementary roles of CO2 and N2 in the exchange process. Based
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on this hypothesis, they experimentally demonstrated that the use of binary CO2-N2
mixtures under non-water conditions increased the fraction of CH4 recovered to 85%
[9], which indicated a significant increase in CH4 recovery compared to 64% obtained
with pure CO2 (Fig. 1). Lee et al. [10] investigated the process of flue gas replacement
of natural gas hydrates and found that nitrogen molecules preferentially entered small
cages of sI hydrate and replaced methane molecules, thus improving the efficiency of
hydrate replacement. The results showed that there was no significant decomposition
and hydrate generation during the flue gas replacement process, and only part of the
cage structure was deformed or destroyed. Liu et al. [11] investigated the feasibility of
the N2/CO2 methane replacement reaction by simulation and concluded that the gas
mixture replacement process includes thermodynamically dominated CO2 replacement
and kinetically dominated N2 replacement. The replacement of CH4 with CO2 in a large
cage and the replacement of CH4 with N2 in a small cagewith negative Gibbs free energy
implies that both of these processes can occur. However, replacing CH4 with CO2 in
small cages is not feasible. Meanwhile, N2 diffuses faster than CO2 in hydrates, which
is beneficial to improve the replacement rate of the process.

Fig. 1. Microscopic diagram of methane hydrate extraction by CO2+N2 gas mixture replacement

Similar to the mechanism of CO2/N2 injection, CO2/H2 injection can also enable
natural gas hydrate extraction. Ding et al. [12, 13] performed a replacement reactionwith
60% H2 and CO2. They found that the replacement efficiency of the CO2/H2 mixture
was up to 71.12%, but the gas phase CH4 concentration was not high, only 28%–30%.
There was no water in the replaced sample. In contrast, the replacement efficiency of
pure CO2 could reach 50.22%, and the gas-phase CH4 concentration could reach about
50%. Therefore, they concluded that H2 was present in the replacement agent only as a
replacement promoter.

Chen et al. [14–16] studied the effects of hydrogen content ratio, gas flow rate, and
gas injection method on the CO2/H2 gas mixture on the recovery rate. Increasing the
hydrogen content ratio is beneficial to improve the recovery efficiency of CH4. Multiple
rounds of gas injection can increase the rate of hydrate decomposition, but at a later stage,
the concentration of CH4 in the product gas decreases, which increases the separation
cost of the later process. Different from the replacement mechanism of CO2/N2 mixture,
CO2/H2 replacement has two processes: gas exchange and pressure reduction. In the
depressurization process, the hydrate dissociates to produce free water. the increase of
CO2 concentration will increase the gas production of the replacement process, but at
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the same time the time of gas production will also increase.When the CO2 concentration
is low, the total CH4 recovery increases, even if the hydrate is completely decomposed.
However, when the CO2 concentration is below 18%, the recovery of CH4 is almost
from the bucketing mechanism.

2.2 Technology Development

With 78% of N2 in air and air being abundantly available at any time and any place,
the cost of feedstock can be further reduced when using air or a mixture of CO2 and air
to extract natural gas hydrates. In 2014, Hyery et al. [17] experimentally simulated the
process of extracting natural gas hydrates from air as well as a mixture of CO2 and air. In
the study Hyery demonstrated the extraction of NGH with a mixture of air and CO2/air,
arguing that the process of air extraction of NGH from permeable subsea sediments is
accompanied by the release of CH4 (decomposition of NGH) and the replacement of
CH4 and air. Hyery investigated the injection of air into the hydrate layer and the mixture
of air and CO2, respectively.

Flue gas is the exhaust gas from power plants after combustion to generate electricity
and is mainly composed of CO2, N2 and a small amount of other gases. Using flue gas
replacement to extract hydrate can not only reduce the cost of CO2 separation, but also
improve the efficiency of CH4 hydrate recovery. Chen [18] et al. proposed a hydrate
chain energy system (Fig. 2) to improve the overall extraction efficiency. This is the first
conceptual process proposed for the natural gas utilization chain generated by hydrate
replacement. The process is a carbon cycle system based on liquefied gas/methane sub-
stitution of hydrates. Exhaust gas (mainly CO2 and N2) from the plant is injected into
the formation to replace the extracted natural gas hydrates. The gas mixture obtained
from the extraction process can be transported nearby to a nearby plant for utilization, or
it can be separated by the hydrate method and yield relatively pure CH4, which can then
be transported in the form of hydrates and finally used in a gas power plant or gas-fired
power plant. Based on this, a virtuous cycle of energy utilization is achieved by using
hydrate based separation and transportation processes.

Fig. 2. Carbon cycle system based on flue gas/methane substitution for hydrates
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Wang et al. [19] proposed a new production method of methane steam reforming
with CO2/H2 injection instead of flue gas (CO2/N2), the principle of which is shown in
Fig. 3. In this mining scheme, CH4 obtained from natural gas hydrate-bearing sediments
is reformed with steam on the platform to produce a CO2/H2 gas mixture. These gas
mixtures are then partially separated to produce pure H2 as a product and the carbon-rich
CO2/H2 gasmixture is injected into the hydrate-bearing sediments for cyclic production.
This method has the following advantages: first, the hydrate dissociation rate is high,
and the injection of CO2/H2 gas mixture reduces the CH4 partial pressure and breaks
the phase equilibrium of natural gas hydrate; second, CO2 is reinjected into the hydrate
layer to replace CH4, reducing green gas emissions and forming CO2 hydrate to keep the
formation stable. Meanwhile, considering that the generation of CO2 hydrate reduces
the CO2 content and the decomposition of CH4 hydrate increases the CH4 content, the
CO2/H2/CH4 mixture is partially separated in the formation environment; thirdly, the
steam reforming produces a CO2/H2 mixture. This method is easier to separate than the
CH4/N2 mixture produced by the flue gas injection method; fourth, the pressure of the
separated CO2/H2 mixture (2–7 MPa) is more suitable for high pressure injection when
CH4 steam reforming is performed on the platform. Therefore, significant savings in gas
pressurization and transportation costs can be achieved compared to using flue gas.

Fig. 3. Process combining methane steam reforming with CO2/H2 replacement

Xu et al. [20] proposed the use of integrated gasification combined cycle (IGCC)
waste gas to replace mining. H2 not only has similar effects to N2, but also can be used
as an energy gas together with CH4 to avoid further separation. Li et al. [21] used IGCC
syngas to recover CH4 from natural gas hydrate not only to significantly improve the
recovery efficiency of CH4, but also to successfully separate CO2 from IGCC syngas to
obtain high-quality H2 energy.

3 Sweep of N2/H2

CO2 injection replacement for natural gas hydrate extraction produces a blowing effect
on hydrate reservoir at the earliest, because the injection of large amount of CO2 will
significantly reduce the escape of CH4 gas in the gas phase and thus stimulate hydrate
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decomposition. However, since CO2 is prone to hydrate formation, it plays a limited
role in blowdown, but small molecule gases such as N2/H2 are not prone to hydrate
formation, so adding N2/H2 and other gases can play a good role in blowdown„ and
the effect is similar to that of pressure-reducing extraction. The difference is that the
static pressure of the reservoir does not need to drop, which is beneficial to maintain
the mechanical stability of the reservoir and is better than the simple pressure-reducing
extraction method. However, it needs to increase the subsequent cost of gas separation,
especially for the separation ofN2 andCH4, and there is nomore cost effective separation
method [5].

Waage et al. [22] studied the diffusion of gas mixtures (CO2-N2/H2) in sI hydrates
using molecular simulations. They claimed that H2 molecules diffuse faster in the sI
hydrate structure, readily entering the occupied cage and facilitating the departure of
CH4 from the cage, while N2 cannot do so [23]. It is suggested that H2 is more favorable
thanN2 for the decomposition of hydrates. Their study showed that the addition ofH2 can
increase the volumetric diffusion rate of CH4 and CO2 in sI hydrates. The slow diffusion
of injected gas in natural gas hydrates determines the importance of diffusion coefficient
for hydrate extraction. Xu et al. [24] demonstrated the replacement mechanism of CO2,
N2, and H2 as displacing agents. The results showed that the smaller the diffusing gas
molecules in the porous medium, the faster the hydrate diffusion rate, which facilitates
the recovery of CH4. The addition of H2 or N2 molecules in the system weakens the
van der Waals forces between CH4 molecules and hydrate cage, which leads to the
deformation of hydrate cage. The result is that CH4 molecules can be replaced by N2
or H2 in both large and small cages. Therefore, it has a great impact on improving the
recovery efficiency of CH4.

4 Conclusion and Outlook

1. The injection of pure CO2 and pure N2/H2 gas are two extreme cases, the former is
mainly replacement and the latter is mainly purging. To balance both purging and
replacement, a mixture of CO2 and N2/H2 gas should be injected.

2. The mechanism of small molecule gas such as N2/H2 to promote replacement in
mixed gas replacement extraction of natural gas hydrate needs to be further studied
so that the efficiency of hydrate extraction can be better improved.

3. Optimize methane recovery rate, CO2 recovery ratio and CO2/CH4 replacement pro-
duction of natural gas hydrate. In order to improve the production efficiency, it is
necessary to improve the recovery rate, recovery injection ratio and gas production
concentration; otherwise, the low injection ratio and low CH4 concentration of pro-
duced gaswill lead to the complexity and high energy consumption of the subsequent
separation process.

4. The joint application of other industrial chain technologies with hydrate develop-
ment also needs to be developed vigorously so as to reduce the cost of natural gas
hydrate development.Waste gas heat is also a good source of heat, and future hydrate
development should be a process of conversion and utilization of multiple low-grade
energy sources to obtain high-quality energy.
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Abstract. The depressurization is regarded as the most economical and feasible
method for the exploitation of natural gas hydrate. In this paper, the depressure-
producing process of methane hydrate generated in the sediments of the South
China Sea through two modes of constant injection of deionized water pressure
and injection ofmethane gaswas studied. The results show that:When the reservoir
reaches the state of gas saturation, there is a large amount ofmethane andwater less
than 20% of porosity. When the reservoir reaches the state of water saturation,
there is a large amount of methane and water less than 20% of porosity. The
ratio of free gas in the total gas production of the reservoir have little influence
on the gas production schedule of the previous stage in the production process.
In addition, in this paper, the depressurization mining process with the reactor
connectedwith the underlyinggas and the depressurizationminingprocesswithout
the reactor connected with the underlying gas are also studied, and found that the
time required to produce of hydrate reservoir connecting underlying gas is shorter
than that of hydrate reservoir no connecting underlying gas. In the process of
hydrate exploitation, the underlying gas past through the reservoir, and promoted
the methane hydrate decomposition.

Keywords: Hydrate · Exploitation · Underlying gas

1 Introduction

Methane hydrate is a solid crystalline compound composed of water and gas molecules.
Water molecules surround guest gas molecules through hydrogen bonds to form a cage
lattice, which is stabilized by van der Waals force [1]. Methane hydrate deposits are
widely distributed in Marine sediments with high pressure and low temperature and
permafrost regions [2], which will be an important energy source in the coming decades
[3]. Methane hydrate deposition is produced by changing pressure and temperature
(P-T) conditions to make methane hydrate decomposition lower than phase equilibrium
conditions [4]. The dissociation process of hydrate is essentially amulti-phase andmulti-
component heat and mass transfer problem, which is combined with internal dynamics
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and fluid flow behavior [5]. Since 2018, researchers have conducted a number of exper-
imental studies on hydrate production processes. Song et al. [6] generated methane
hydrates with different initial hydrate saturation in a pressure vessel, compared the gas
production rate, gas production rate and energy efficiency of the three methods, and ana-
lyzed the driving force of hydrate dissociation at different decompression stages. Zhao
et al. [7] conducted methane hydrate dissociation experiments in three porous media
with production pressures of 2.2 MPa, 2.6 MPa and 3.0 MPa respectively, and divided
the methane gas generation process into three main stages: free gas release, hydrate
decomposition under the action of reservoir sensing heat, and hydrate decomposition
under the action of environmental heat transfer. Song et al. [8] studied the influence of
permeability of core-scale hydrate sediments on gas production by thermal simulation
method, and found that although the optimal permeability is related to gas production
rate, gas production rate is faster in relatively low permeability reservoirs and less time
is needed to complete the dissociation process. Chong et al. [4] studied the gas and water
production curves of methane hydrate formed in an environment of excess water simu-
lating ocean location. Yang et al. [9] simulated two types of gas hydrate deposition under
the monitoring of MAGNETIC resonance imaging (MRI): one is formed by excess gas,
and the other is over depressurization formed by excess water. They found that under
the condition of excess gas, a larger decompression range improved the average dis-
sociation rate and gas production rate of MH. Chen et al. [10] analyzed the change of
hydrate distribution and the influence of water migration on the dissociation of methane
hydrate (MH) under different back pressures and flow rates, and found that the chemical
potential difference between hydrate and water phase leads to the decomposition of MH
in the flow process, and the decomposition rate of MH increases with the decrease of
back pressures and the increase of flow velocity. When MH dissociation rate is low, it
takes longer time for flow channel to appear, change and disappear, and a newmethod of
flow erosion to improve gas hydrate development is proposed. Zhao et al. [11] analyzed
and applied confining pressure to simulate the seabed environment by injecting methane
repeatedly into cores and reshaping Marine sediments containing hydrates with differ-
ent hydrate saturation. They found that the higher the core water content, the greater
the hydrate saturation and the longer the hydrate separation time. Sun et al. [12] ana-
lyzed the effects of sea-gas flow rate and initial hydrate saturation on the production of
methane hydrate (MH), and found that sea-gas flow could effectively promote hydrate
dissociation and inhibit hydrate transformation. With the increase of sea-water flow rate
and the decrease of gas flow rate, heat andmass transfer rate accelerated, and the average
MH dissociation rate increased. Zheng et al. [13] reconstructed water-saturated hydrate
sediments with initial conditions of 6 MPa, 3 °C and hydrate saturation of 20%, and
adopted a basic decomposition method of simple depression-reduction to 2 MPa and
a compensation process of injecting hot water at a certain temperature (20 °C, 30 °C
and 40 °C) into the deposit. They found that reduced water saturation was conducive to
gas generation. At high gas rate, the gas saturation should be controlled above 25% by
water absorption. In this paper, two different pressurization modes of hydrate generation
and two different depressurization modes of hydrate exploitation are used to produce
methane hydrate, and their effects on the reservoir characteristics of methane hydrate
generation and methane hydrate exploitation characteristics are analyzed.
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2 Experimental Section

2.1 Materials and Apparatus

This experiment device is shown in Fig. 1, the experiment device simulation includ-
ing and excluding underlying gas hydrate step-down recovery process, mainly by the
high-pressure reaction kettle, injection pump (ISCO pump), gas storage system, con-
stant temperature water bath, underlying tank, the back pressure valve, pressure sensor,
thermocouple and data acquisition system, including gas storage system composed of
gas liquid separator and propane tanks. The reactor is made of 316 stainless steel with
an internal volume of 1038 ML. There is a layer of water bath outside the reactor, water
bath temperature range is -10–30 °C, water bath temperature is set to 2 °C, control reac-
tor temperature is 3–4 °C. The reaction kettle is connected with the methane cylinder
through a pressure regulating valve. Injection pump is a high precision injection pump
used to inject water into the kettle at a constant flow rate. A water bath is provided
outside the injection pump, and the temperature of the water bath is set at 2 °C. The
water temperature of the control injection pump is 3–4 °C, which is consistent with the
temperature of the reaction kettle. Backpressure valves are used to maintain constant
gas production pressure. The volume of the gas-liquid separator is 502 mL, and the
volume of the gas storage tank is 3050 mL, respectively, to collect the produced water
and methane.

Fig. 1. Schematic of the apparatus for gas hydrate experiment

Fig. 2. Diagram of thermocouple distribution in reaction kettle
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The precision of electronic scale is ±0.1 g, used for weighing the quality of water
from gas-liquid separator. The thermocouple temperature test accuracy is±0.1 K, which
is mainly distributed in the high-pressure reaction kettle (as shown in Fig. 2). The pres-
sure sensor is distributed in the reaction kettle, the underlying gas tank and the gas
collecting tank, which is used to measure and record the real-time temperature and pres-
sure. Thermocouple and pressure sensor are connected with A/D module, A/D module
and balance are connected with the acquisition system, real-time data collection, and
save to the computer.

2.2 Experimental Procedure

700 g of South China Sea soil dried at 110 °C for 24 h was filled into the high pressure
reaction kettle; Cool the reactor to 3.5 °C; Fill the reactor withmethane gas to 1MPa, and
then slowly discharge the gas, repeat three times to empty the air in the reactor; Inflate the
reaction kettle to 3MPa; ISCOpumpwas used to inject deionizedwater into the reactor at
a constant flow rate of 10 mL/min, and the pressure to the reactor was 4MPa, 4 MPa and
3.5MPa, respectively.After 12 h stabilization,methane or deionizedwater is injected into
the reactor and pressurized to 8 MPa, 6.6mpa and 8MPa, respectively, to make methane
hydrate saturated with gas or water. Then, the back pressure valve was set to 2 MPa,
3 MPa and 3 MPa, respectively. The back pressure valve was opened to decompose
methane hydrate, and the underlying gas was connected during decomposition.

3 Experimental Results and Discussion

In this paper, the experiment of hydrate formation and decomposition in sediments of
south China Sea was carried out by combining two different pressurization modes of
hydrate formation and two different depressurization modes of hydrate extraction, and
its influence on hydrate extraction characteristics was analyzed. The two pressure relief
modes are deionized water injection and methane gas injection, respectively. The two
pressure relief modes are the reaction kettle connected with the underlying gas during
pressure relief mining and the reaction kettle alone pressure relief mining.

3.1 Temperature and Pressure Characteristics of Reservoir Decomposition
of Underlying Gas Hydrates

The temperature change trend of the nine temperature measuring points T11–T16 and
T21–T23 is roughly the same. In this paper, the decomposition process is divided into two
stages. The first stage is from the beginning of decomposition to the decomposition of
95% methane hydrate, and the second stage is from the decomposition of 95% methane
hydrate to the complete decomposition of methane hydrate. The first stage lasts for
70min. In this stage, the pressure of the reactor drops rapidly in the first 10min and slowly
after 10min, because the regulation value of the back pressure valve of the reactor exhaust
port is 2 MPa. When the exhaust valve V3 (Fig. 1) is opened at the beginning of mining,
The unbound methane gas (free gas for short) enters the gas storage system through the
exhaust port first, the reservoir pressure decreases, and the methane hydrate begins to
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decompose. At the same time, open the underlying gas production valveV2,methane gas
through the reservoir into the gas storage system, so the underlying gas pressure decreases
rapidly. The gas storage system pressure rises from zero. Each temperature measuring
point change trend first reduce and then increases, temperaturemeasuring point T11, T21
temperature drop range is very large, probably because the two temperature measuring
point close to the vent (as shown in Figs. 1 and 2), the free gas near the first through
the valve 3 and back pressure valve into the low pressure gas storage system that is
Joule-Thomson effect [14]. Temperature measurement points T12 and T22 are close
to the above two temperature measurement points (as shown in Figs. 1 and 2), and the
temperature drops due to the influence of heat transfer, which is delayed in time, because
heat transfer takes time, while other temperature measurement points are far away from
each other and have little influence. Another reason for the decrease of temperature in
the kettle is the heat absorption of methane hydrate decomposition in the reservoir. The
temperature rise at about 60 min is due to heat transfer due to the temperature difference
between the reservoir and the outside.

Fig. 3. Gas production schedule of depressurized exploitation of gas hydrate reservoirs containing
underlying gas

The second stage lasted 158 min. In this stage, the temperature of each temperature
measuring point gradually rose until it was stable, the pressure of the reaction kettle
decreased by 0.06 MPa, and the pressure of the underlying gas decreased by 0.03 MPa.

In the process of depression-relief exploitation of hydrate simulated in this experi-
ment, the methane gas entering the gas storage system includes three parts: free gas, gas
produced by hydrate decomposition and gas produced by underlying gas. The mining
process lasted 228 min, and the free gas was produced first in 21 min. As shown in
Fig. 3, 88.89% of the hydrate in the reservoir is decomposed, 98.1% of the underlying
gas is produced, and 94.7% of the total gas production is completed. Therefore, the vast
majority of free and underlying gas is produced in the first 21 min of the production
process, and in the following 216 min of production, the main source of production is
methane gas generated from the decomposition of reservoir hydrate.
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3.2 Effect of Underlying Gas on Decompression Rate of Hydrate Reservoir

In the process of mining, the hydrate reservoir connected with underlying gas takes 70
min from the beginning of mining to 95% hydrate decomposition, and the hydrate reser-
voir not connected with underlying gas takes 182 min from the beginning of mining to
95% hydrate decomposition, as shown in Fig. 4. It takes 155 min for methane hydrate
reservoirs connected with underlying gas to be completely decomposed during depres-
sors exploitation. At this time, 94% of hydrate reservoirs not connected with underlying
gas are decomposed, as shown in Fig. 5.

Fig. 4. a Decomposing pressure and decomposing quantity of reservoir with underlying gas
hydrates b Decomposing pressure and decomposing quantity of reservoir without underlying
gas hydrates

The accumulation of hydrate connected with underlying gas is faster than that of
hydrate not connected with underlying gas, which may be due to the fact that during
the exploitation of hydrate connected with underlying gas, the underlying gas passes
through the reservoir and promotes the decomposition of methane hydrate. In addition,
the back pressure of hydrate reservoir with connected underlying gas is 3 MPa, and that
without connected underlying gas is 2 MPa. The slow exploitation of hydrate reservoir
without connecting underlying gas may also be caused by high back pressure, relatively
small reservoir pressure in the kettle and pressure difference of gas storage system.
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Fig. 5. Gas production schedule diagram of depressurized gas hydrate reservoirs with andwithout
underlying gas hydrate reservoirs

3.3 Depressurization and Decomposition of Hydrate Formation Under Different
Pressure Methods

In this paper, the characteristics of methane hydrate formed by methane pressurization
in sediments with different porosity in the South China Sea are compared. Both Case1
and Case3 are pressurized with methane. The methane hydrate saturation generated in
Case1 is 17.2%, and that generated in Case3 is 12%. The methane hydrate saturation
generated by Case1 is 43% lower than that generated by Case3. This may be due to the
different porosity of the reservoirs in Case1 and Case3. The porosity of the south China
sea sediment in Case1 is 12.14% and that in Case3 is 8.71% (Fig. 6).

Fig. 6. Saturation of different experimental conditions

The amount of hydrate generated by methane pressurization (Case2) is about twice
that generated by water pressurization (Case3). The reservoir hydrate saturation of
methane pressurization (Case2) is 26%, while that of water pressurization (Case3) is
17.2%, as shown in Fig. 7. This indicates that there is excess water in the reservoir.
The amount of methane hydrate generated when methane gas enters the reservoir and
combines with the original water in the reservoir is more than that generated when water
enters the reservoir and combines with the original water in the reservoir. In Case2 exper-
iment, there is still a large amount of methane gas in the reservoir after stable formation.
In Case3 experiment, 18.1% methane gas with stable residual saturation was generated,
and it was difficult for the remaining water in the reservoir to combine with these small
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amounts of methane gas to form hydrate. In Case2 experiment, 19.0% water was gener-
ated, and it was difficult for the remaining methane gas in the reservoir to combine with
these small amounts of water to form hydrate.

Fig. 7. Gas production time and free gas proportion under methane and water pressure

When the reservoir reaches gas saturation state, there is a lot of methane and a little
water in the reservoir, and the water content is generally less than 20% of the porosity.
When the reservoir reaches water saturation state, there is a lot of methane and a little
water in the reservoir, and the methane content is generally less than 20% of the porosity.

In the mining process, the time taken by Case2 and CasE3 to produce gas to 95%
is roughly the same, as shown in Fig. 7. As a result, the first phase of gas production
in case2 and case3 was roughly the same, and the remaining 5% of methane hydrate
in case3 was slowly decomposing. Hydrate reservoir generation yes hydrate reservoir
generation nearly two times, the free part of the total gas accounted for more than case3
than Case2, and the experimental results show that the progress that the first of the two
phase of gas is roughly same, this shows that the total output of hydrate and free gas in
the gas reservoir of exploitation of the first stage of the gas progress had little effect.

4 Conclusion

In this paper, it is found that the majority of free gas and underlying gas in the hydrate
reservoir connected with underlying gas are produced in the first 21 min of the exploita-
tion process, and in the following 216 min of exploitation process, the main source
of production is methane gas generated by the decomposition of reservoir hydrate. In
addition, the hydrate reservoir connected with underlying gas is faster than that not con-
nected with underlying gas, which may be due to the fact that in the exploitation process
of hydrate reservoir connected with underlying gas, the underlying gas passes through
the reservoir and promotes the decomposition of methane hydrate, resulting in high
back pressure of exploitation, which may also lead to the slow exploitation of hydrate
reservoir. When the reservoir reaches gas saturation state, there is a lot of methane and
water less than 20% of porosity in the reservoir, and when the reservoir reaches water
saturation state, there is a lot of methane and water less than 20% of porosity in the reser-
voir. The amount of hydrate in the reservoir and the proportion of free gas in the total
gas production have little influence on the gas production schedule in the first stage of
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exploitation. In the following study, we conducted a further study on the factors affecting
the decomposition rate of methane hydrate in the reservoir.
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Abstract. In this paper, a numerical simulation study is carried out for the extrac-
tion of natural gas hydrate by air injection. The air method of natural gas hydrate
extraction uses the principle of chemical potential difference to inject a large
amount of compressed air into the natural gas hydrate reservoir to reduce the par-
tial pressure of CH4 in the gas phase. Due to the chemical potential difference
between the solid phase and the gas phase, CH4 in the solid phase will escape to
the gas phase until the equilibrium state. A two-dimensional gas hydrate extrac-
tion model is developed to simulate the intrinsic process of gas hydrate extraction
by the air method at different saturation levels, to study the way each factor con-
tributes to the gas production and to evaluate the production capacity. The results
verify the feasibility of gas hydrate extraction by air injection, and analyze the gas
and water production pattern and hydrate solid phase concentration variation of
air injection extraction.

Keywords: Ocean natural gas hydrate · Air injection · Numerical simulation

1 Introduction

Natural gas hydrates are ice-like, non-chemical crystalline compounds composed of
water and natural gas when mixed under high pressure and low temperature conditions
[1]. Gas hydrates are mainly found in deep-sea sediments, and their organic carbon
content is nearly twice that of conventional fossil energy sources, and their reserves are
huge. Comparedwith traditional energy sources such as oil and coal, natural gas hydrates
are cleaner and have better combustion performance, making them an important part of
meeting the needs of human life in the future. As a potential alternative energy source
with huge resource potential, natural gas hydrates have shown great interest in the world,
but a sound theory and technology for commercial gas hydrate extraction has not yet
been developed.

At present, the main methods of natural gas hydrate extraction include depressuriza-
tion, thermal excitation, chemical inhibitor injection, replacement, etc. [2]. The pressure
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reduction method is considered to be the most promising extraction method, which
destroys the hydrate phase equilibrium conditions by reducing the pressure to break it
down, but there are problems such as low efficiency and serious sand emission [3]. The
thermal excitation method decomposes gas by heating the system temperature higher
than the gas hydrate phase equilibrium temperature, but the heat loss is serious and the
efficiency is not high. The chemical inhibitor injection method destroys the gas hydrate
phase equilibrium conditions by inhibitor injection, but it is expensive and easy to con-
taminate the formation. The replacement method replaces the methane molecules in the
gas hydrate by injecting carbon dioxide to produce carbon dioxide hydrate, but it is inef-
ficient and expensive. Thus, disrupting the phase equilibrium conditions of natural gas
hydrates is themost effective way to break them down, but there is still an urgent need for
an efficient and economical development method to achieve commercial development
of natural gas hydrates.

In this paper, we propose a novel method of gas hydrate extraction by air injection
[4, 5]. As shown in Fig. 1, by injecting a large amount of air into the hydrate reservoir,
the large amount of injected air will reduce the partial pressure of methane gas in the
system. Because of the chemical potential difference between the gas and solid phases
at this point, methane molecules within the natural gas hydrate will continue to escape
into the gas phase until the chemical potentials of the two become equal at some point.

Fig. 1. Schematic diagram of gas hydrate extraction by air injection

After reaching the new thermodynamic equilibrium, the chemical sites of CH4 in
the gas and hydrate phases are equal and are expressed in Eq. (1) as:

μG
CH4

= μH
CH4

(1)
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Where, μG
CH4

and μH
CH4

denote the chemical sites of CH4 in the gas phase and the
hydrate phase, respectively [6].

In this paper, we mainly use CMG-STARS to simulate the gas hydrate extraction by
air injection, in which the geological model of gas hydrate is established based on the
test recovery data of gas hydrate reservoir in Shenhu Sea, South China Sea [7].

2 Numerical Simulation

2.1 Model Construction

In the model of gas hydrate extraction by air injection, five components are considered:
water, CH4 − HYD, CH4, oxygen, and nitrogen. Water is the liquid phase; CH4 −
HYD is the solid phase; and CH4, oxygen and nitrogen are the gas phases. Because
the composition of air is composed of oxygen (21%), nitrogen (78%) and rare gases
and other substances (1%), the air injected in the simulation is replaced by oxygen and
nitrogen, and the ratio of oxygen to nitrogen is 21:78. The decomposition of natural gas
hydrate to producewater and CH4 has a complex phase transitionmechanism, so in order
to simplify the model to explore the feasibility of the air injection method for natural
gas hydrate extraction, the following assumptions are introduced in the The following
assumptions are introduced in the model: 1) CH4 and water generate SI hydrate, without
considering oxygen, nitrogen and water to generate hydrate; 2) water is pure water and
liquid phase all the time, without considering the influence of ice phase and salinity; 3)
the percolation of water phase and liquid phase is in accordance with Darcy’s law; 4)
dissolution of oxygen and nitrogen in water is not considered; 5) the upper and lower
cap layers are impermeable boundary layers and hydrate layers only have heat transfer,
ignoring The effect of mass transfer between upper and lower cover layer and hydrate
layer is ignored. Following the above assumptions, the numerical model of gas hydrate
extraction by air injection is established as follows [8]:

1) Kinetic equation for the decomposition reaction of hydrate generation:

CH4(g) + nH2O(l) ↔ CH4 · nH2O(s) ± heat (2)

where: n is the CH4 − HYD hydration number and takes the value of n = 5.75.

2) Hydrate decomposition rate equation:

−dnH/dt = KrdAs(fe − fg) (3)

Where:

nH : the amount of gas in hydrate form at moment t (mol);
As: the total surface area of hydrate particles;
Krd : rate constant of hydrate decomposition;
fe: methane fugacity under three-phase equilibrium conditions;
fg: methane fugacity in the gas phase;
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The rate of hydrate decomposition is proportional to the surface area As of the
decomposing particles and the driving force generated by the difference between the
methane fugacity fe and the methane fugacity fg in the gas phase under three-phase
equilibrium conditions.

And Krd is the hydrate decomposition rate constant can be expressed by Eq. (4) as:

Krd = K0
dExp(−�E/RT) (4)

where K0
d is the intrinsic decomposition rate constant of the hydrate, independent of

temperature.

3) Porosity equation:

φ = φ0(1 − Sh) (5)

Where:

φ: effective porosity;
φ0: initial porosity;
Sh: hydrate saturation;

4) Permeability equation:

k(φ) = k0(φ/φ0)
ε[(1 − φ0)/(1 − φ)]2 (6)

Where:

φ: effective porosity;
φ0: initial porosity;
ε: is an empirical parameter varying between 1, 3, 5 and 10;
k(φ): is the effective permeability;
k0: is the initial permeability;

5) Equilibrium pressure equation [9]:

Pe = yiPg/Xi (7)

Where:

Pe: equilibrium pressure;
yi: molar fraction of CH4 in the gas phase;
Xi: the molar fraction of CH4 in the liquid phase;
yiPg : the partial pressure of CH4 in the gas phase;
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2.2 Model Parameters

In this paper, a geological model is established using the data published in the first test
production of ShenHu in the South China Sea, which considers the reservoir containing
subducted gas hydrate reservoir. This simulation area is a cylinder with a radius of 200
m and 20 m. The extraction method of one injection and one extraction is adopted, with
injection wells located at the outer edge of the cylinder and extraction wells located at the
center of the cylinder. The gas injection volume is 100× 104 m3/d and the temperature
is 25 °C.

It is assumed that the depth of the subsea level is 1495 m. The upper and lower cover
layers are both 20 m and impermeable boundaries, and the underlying gas formation
contains only gas and water phases with saturation of 0.3 and 0.7, respectively, and the
other relevant formation parameters and physical properties are shown in Table 1.

Table 1. Reservoir parameters

Parameter Value

Deposit density ρ 2600 kg/m3

Deposit specific heat capacity C 1000 J · kg−1 · ◦C−1

Hydrate-Bearing Layer (HBL) thickness 30 m

Porosity � 0.35

Permeability K 2.9 mD

Initial temperature (at base of HBL) TB 14.23 °C

Initial pressure (at base of HBL) PB 16.27 MPa

Initial solid concentration (CH4 − HYD) 2616 gmole/m3

3 Results and Discussion

3.1 Gas Production and Water Production Law

Simulating the gas hydrate reservoir in the Shenhu Sea for air injection mining, the
cumulative gas production results calculated from the simulation are given in Fig. 2.
From Fig. 2, it can be seen that the CH4 production enters a period of stagnation after
the initial rapid rise, and continues to rise when the time reaches 2500 days, while the
water production keeps rising slowly, although the rate of water production gradually
slows down with increasing time. The gas and water produced in the initial stage are
mainly free gas and pore water in the lower volatile gas formation [10]. A large amount
of air is injected into the lower volatile gas formation and continuously drives the gas
and water in the lower volatile gas formation into the wellbore, but some of the air also
enters the hydrate reservoirwith the lower volatile gas,which causes the hydrate reservoir
pressure to rise and also generates some hydrate. The stagnation for a period of time after
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all the CH4 in the downgradient formation is displaced by air is mainly due to the large
injection volume which causes the gas and water in the downgradient formation to be
displaced quickly, and the injected air forms a circulation channel between the injection
and production wells. Most of the injected gas flowed into the production wells from the
circulation channel of the lower volcanic formation, and could not enter the reservoir
completely to reduce the partial pressure of CH4 in the hydrate reservoir, thus causing the
decomposition of hydrate. However, as the air is extracted, the pore water in the hydrate
reservoir is also extracted along with the air, and more air enters the natural gas hydrate
reservoir after the pore space in the hydrate reservoir is vacated, and the CH4 in the gas
phase further decreases to the critical methane concentration, and then the hydrate starts
to decompose in large quantities. At this time, the temperature and pressure conditions
in the hydrate reservoir are still within the phase equilibrium conditions, and the hydrate
is not decomposed because of the decrease of the pore water outflow pressure.

Fig. 2. Cumulative gas and water production

Figure 3 shows the variation of gas production rate of hydrate decomposition and the
proportion of CH4 to total gas production with time after 2500 days, from which it can
be seen that the gas production rate gradually increases. From the simulation results, the
gas produced by hydrate decomposition caused by air injection accounts for more than
85% of the total CH4 production, and the proportion of CH4 to total gas production is
basically higher than 1‰, which verifies the feasibility of gas hydrate extraction by air
injection.
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Fig. 3. Gas rate (CH4) and percentage

3.2 Hydrate Saturation Variation Law

Figure 4 shows the variation of hydrate solid phase concentration in the reservoir with
time, and the solid phase concentration is an equivalent expression of saturation, where
Well-1 is a production well. It can be seen from Fig. 4 that hydrate in the reservoir did
not decompose in the early stage of mining. In the middle of the hydrate reservoir near
the extraction well, a part of the injected air carries free gas from the underlying gas
formation into the reservoir, which raises the hydrate reservoir pressure and generates a
part of hydrate at the same time. When the time reached 2190 days, a small amount of
hydrate decomposed near the injectionwells, and then the hydrate gradually decomposed
along the radial direction from the injection wells. At 2555 days, a small amount of
hydrate decomposed near the production well, and the hydrate generated in the previous
period also gradually decomposed. After that, the hydrate decomposition area gradually
spreads from the extraction wells and injection wells to the middle of the reservoir, and
the hydrate decomposition area gradually increases, and the gas production rate also
increases.



186 W. Ying et al.

Fig. 4. Solid concentration

4 Conclusion

1) Air injection mining of natural gas hydrate reservoirs is feasible in principle and
technology, and the simulation results show that the cumulative gas production over
ten years of mining is 4.68 × 106 m3, of which the CH4 extracted by air method
accounts for more than 85%, and the rest is the lower volatile gas driven by air
injection.
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2) There is still room for improvement in the efficiency of air-injection extraction of gas
hydrate reservoirs, and the proportion of CH4 to the total gas produced is basically
higher than 1‰, which meets the minimum standard for gas separation, but the
separation is more difficult.

3) The gas production in the middle stage of extraction of gas hydrate reservoir by air
injection is basically zero, mainly because the formation of gas circulation channels
leads to the direct output of most of the injected gas, and the extraction wells can be
shut down after the replacement of the lower vapor free gas to enhance the partial
pressure effect of air on CH4.

4) The extraction method of air injection for gas hydrate reservoirs can be combined
with the pressure reduction method and heat injection method to further improve the
extraction efficiency. Alternatively, the CO2 content can be increased in the injected
air, and CO2 can be used to replace part of CH4 to achieve sequestration of CO2
while extracting hydrate [11, 12].
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Abstract. Natural gas hydrate (NGH) is widely distributed in the South China
Sea and has high exploitation potential. Aiming at the problems of reservoir
compression and mudline settlement in the depressurized exploitation of NGH
reservoirs. This paper proposed a 2D thermal-hydrologic-mechanical-chemical
(THMC) coupling model by finite element simulation software. The effect of dif-
ferent production pressure difference on vertical displacement of reservoir top,
reservoir bottom and mudline during production process was analyzed through
numerical simulation. The results indicated: 1) The extraction of NGH will cause
reservoir compression. In the early stage of production, both the sedimentation
rate of reservoir top and uplift rate of reservoir bottom are large, and decreases
gradually as production goes on; 2) With the increase of production pressure dif-
ference, the subsidence of reservoir top and uplift of reservoir bottom increase, and
the difference of vertical displacement of mudline is not obvious. The simulation
results show the effect of production pressure difference on the mechanical stabil-
ity of NGH reservoir. In addition, the numerical simulation method of large-scale
NGH reservoir is obtained, which provides a thought for large-scale numerical
simulation of NGH reservoir under different exploitive modes.

Keywords: Natural gas hydrate · Reservoir settlement · Multi-field coupling ·
Numerical simulation

Symbol Description

h Hydrate
g Gas
w Water

1 Introduction

Natural gas hydrate (NGH), which is a kind of crystal compound formed by natural gas
and water molecules under the environment of high pressure and low temperature [1–3].
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NGH has more abundant reserves and higher energy efficiency than traditional fossil
fuels, and has been suggested to be a potential renewable energy resource in the future
[4, 5]. The principle of exploiting NGH is to destroy the phase equilibrium condition
of hydrate in porous media. The decomposition of NGH will lead to reservoir depletion
during the production process, and the reservoir will be deformed under the action of
stress change [6–8]. The serious deformation will restrict the long-term safe and efficient
exploitation of natural gas hydrate.

It is difficult to conduct experimental simulation on NGH exploitation. Numerical
simulation is mostly used to solve this problem [9–11]. However, most of the current
numerical simulation focuses on the prediction of production capacity and the optimiza-
tion of various exploitive method and ignores the reservoir deformation. In this paper, a
thermo-hydrologic-mechanical-chemical (THMC) coupling model is proposed to study
the influence relationship between the change of production pressure difference and the
deformation amount of NGH reservoir at the first 30 days of production.

2 Mathematical Model

2.1 Reaction Kinetics Equations of Hydrate

The kinetics of the hydrate dissociation reaction are described as follows [12]:

dmg

dt
= KrdMgAdec(fe − fg) (1)

dmh

dt
= dmg

dt

nMw + Mg

Mg
(2)

dmw

dt
= dmg

dt

nMw

Mg
(3)

Where n is the coefficients of the decomposition reaction which based on the Kim-
Bishnoi model of the hydrate kinetics; fe is the gas fugacity in equilibrium with water
and gas hydrate; fg is the local gas fugacity.

The hydrate phase equilibrium is described by the following equation [13]:

Pe = exp(e1 + e2
Te

) (4)

Thedecomposition rate of the hydrateKrd canbe calculated by the following formula:

Krd = Kd0 exp(
�Ed

RT
) (5)

The boundary area of hydrate and liquid phase is represented byAdec as the following
equation:

Adec = φShAHS (6)
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2.2 Energy Conservation Equations

The energy conservation equation is as follows [14–16]:[
(1 − ϕ)ρrCpr + ϕShρhCph

+ϕSgρgCpg + ϕSwρwCpw

]
dT

dt

+∇ · [(
ρg�ugCpg + ρw�uwCpw

)
T

]
−∇ · (λc∇T ) = −dmh

dt
�HD + Qin

(7)

The effective heat conductionλc is described based on themethod of volume average:

λc = (1 − ϕ)λr + ϕ(Swλw + Sgλg + Shλh) (8)

The absorption heat of hydrate dissociation was expressed as follows [13]:

Qh = �HD
dmh

dt
(9)

�HD = 446.12 × 103 − 132.638T (10)

2.3 Mass Balance Equations

The mass balance equations for the gas, water, and hydrate are as follows [17]:

ng
Bg

dPg

dt
+ ∇ ·

[
−Khkg

μg

(∇Pg − ρgg
)]

= 1

ρg

dmg

dt
− n

dSg
dt

− Sg
dεv
dt

+ ngβg
dT

dt

(11)

nw
Bw

dPw

dt
+ ∇ ·

[
−Khkw

μw
(∇Pw − ρwg)

]

= 1

ρw

dmw

dt
− n

dSw
dt

− Sw
dεv
dt

+ nwβw
dT

dt

(12)

n
dSh
dt

= 1

ρh

dmh

dt
− Sh

dεv
dt

+ nhβh
dT

dt
(13)

The absolute permeability of porous media in the medium calculated by:

Kh = K0(1 − Sh)
n (14)

Where K0 is the original permeability of porous media without hydrate.
The relative permeability of the water and gas phase in the porous media are using

the equations as follow [18]:

kg =
⎛
⎝ Sg

Sw+Sg
− Sgr

1 − Sgr − Swr

⎞
⎠

ng

(15)

kw =
⎛
⎝ Sw

Sw+Sg
− Swr

1 − Sgr − Swr

⎞
⎠

nw

(16)
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2.4 Solid Mechanics Equations

Based on the principle of effective stress, the static equilibrium equation of hydrate
reservoir is established as follows:

σij,j + fi − (αδijP),j = 0 (17)

P = PgSg + PwSw (18)

Where, σij,j is total stress tensor; δij is Kronecker function, δij = 1, i = j; δij =
0, i �= j.

Geometric equation is calculated by [19]:

εij = 1

2

(
ui,j + uj,i

)
(19)

The constitutive equation in the form of increment as follow:

dσij = Dijkldεkl (20)

3 Experimental Results and Discussion

3.1 Geometry Model Description

The model geometry in this study is depicted in Fig. 1. The axial symmetry thermal-
hydrologic-mechanical-chemical (THMC) coupled model sized of 1000 × 500 m is
established with product well located at the axis of symmetry besides it passes through
the upper 20m of the hydrate bearing layer. The upper boundary is the sea floor at a water
depth of 1000 m. The model is divided into five layers, the fourth layer L4 representing
hydrate bearing layer.

Fig. 1. Geometry of the geomechanical model
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3.2 Initial Conditions

Pore pressure conditions are specified for the pressure distribution, with a pressure of
14.6 MPa at the bottom of the domain and 9.8 MPa at the top. The temperature at
the top is 277 K and the geothermal gradient is 0.03 K/m. The vertical and horizontal
stress gradients are computed assuming a uniform bulk density for the sediments of
1828.75 kg/m3. The basic parameters of each layer for model are shown in Table.1,
and the thermal of hydrate, methane, water and formation rock are listed in Table.2.
For analysis the reservoir stability influenced by production pressure, set the production
pressure to 4 MPa (Case1), 5 MPa (Case2), 6 MPa (Case3), respectively. Thus the
production pressure difference at the bottom hole is 8 MPa, 7 MPa, 6 MPa.

Table 1. Basic parameters of each layer for model

Parameter L1 L2 L3 L4 L5

Initial shear
modulus(MPa)

78 197 236 250 254

Initial bulk
modulus(MPa)

201.67 426.83 511.33 541.67 550.33

Poisson’s ratio 0.3 0.3 0.3 0.3 0.3

Initial porosity 0.5 0.44 0.44 0.4 0.23

Intrinsic
permeability(m2)

2.4 × 10–16 3.7 × 10–17 2.8 × 10–17 6.8 × 10–13 3.2 × 10–17

Table 2. Basic parameters of each layer for model

Parameter Hydrate Gas Water Rock

Density(kg/m3) 920 0.85 1000 2200

Thermal conductivity(W/(m·K)) 1600 4000 2093 1000

Specific heat(J/(kg·K)) 0.393 0.044 0.6 1.5

4 Results and Discussion

The vertical displacement of three points were monitored during the simulation process.
(Point A represents the top of the hydrate bearing layer, Point B represents the bottom of
the layer, Point C is the mudline intersects the axis of symmetry, respectively. As shown
in the Fig. 1.The relation curve between vertical displacement and time of above three
points are shown in the Fig. 2.

It can be observed that both Point A and Point C settle downward, Point B shows
uplift. This condition indicates that production of NGH via depressurization reduces
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the strength of the hydrate bearing layer due to the loss of hydrate and increases in
effective stress from the pore pressure. Those processes cause the compaction of the
NGH reservoir. Under the combined influence of bottom uplift and top downward of
reservoir, the mudline occurs a small displacement.

Fig. 2. Comparison of different cases of vertical displacement at Point A, Point B, Point C versus
time

It can be observed that the vertical displacement of three points changed at a higher
rate in the previous few days. This is mainly because the fast dissociation of hydrate at
the beginning of production.

It can also be known from the figure that the vertical displacement of the three points
increaseswith the increase of production pressure difference. This is because the increase
of production pressure difference accelerates the decomposition rate of NGH, resulting
in the increase of reservoir deformation.

5 Conclusions

1) NGHproductionwill cause the top of the reservoir to sink, the bottomof the reservoir
to uplift and there will be a small downward displacement on the mudline.

2) In the early stage of production, the deformation rate of the reservoir is lager, and
gradually decreases as time goes on.

3) The increase of the production pressure difference will accelerate the decomposition
of NGH and further lead to the increase of reservoir deformation.
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Abstract. Based on the multi-field coupling mathematical model of hydrate
decomposition, this paper describes the multiphase flow production law and the
interphase transformation process of the heterogeneous hydrate reservoirs through
numerical simulation. The simulation results show that the hydrate tends to decom-
pose outward along with the heterogeneous high-permeability reservoirs, and it is
easy to form “earthworm-like caves”. Part of the silt sand will deposit around the
well and block the pore throat. Under the effect of stress, the formation subsidence
will compress the pores and reduce the gas production by 20.47%. At the same
time, the compression and broken of the reservoir rocks also increased the sand
production by 21.78%. For high-saturation reservoirs, proper reservoir modifica-
tion can be considered to release early productivity. For low-saturation reservoirs,
attention should be paid to the excessive sand production rate in the early stage.
The lower critical velocity and larger started frequency factor can promote the
migration of silt and increase sand production. A large deposition frequency fac-
tor represents a high precision of sand control. The formation around the wellbore
is blocked by a large amount of silt sand, and even more than 80% of the pore
space is filled, which has a serious impact on the subsequent production of hydrate
reservoirs.

Keywords: NGH · Heterogeneous reservoir · Formation sand production ·
Formation subsidence

1 Introduction

The natural gas hydrates in the Shenhu area of the South China Sea are mainly found
in unconsolidated silt sediments on the shallow seafloor. The content of fine silt and
clay is as high as 70–80%, which is a typical argillaceous siltstone hydrate reservoir
[1]. This type of hydrate reservoir has fine sediment particle size, high clay content, low
permeability and poor cementation. Due to the above problems, the productivity cannot
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be released, and the phenomenon of silt sand migration is prominent [2]. Therefore, the
economic value of hydrate exploitation in the South China Sea is greatly reduced.

According to the extensive investigations, it has been found that the hydrate decom-
position, fluid migration, and the crushed reservoir rocks are the main controlling factors
of sand production [3, 4]. In addition, the hydrate saturation, porosity, permeability, and
silt sand composition also have an important impact on sand production and formation
subsidence [5]. The detachment and migration of the particles are mainly concentrated
near the wellbore in the early stage, and the formation subsidence near the wellhead
is the largest [6]. In the long-term mining process, the decompression rate needs to be
controlled to balance the relationship between productivity, reservoir stability and sand
production [7].

In summary, there is no relevant research on the mechanism and laws of forma-
tion sand production, formation subsidence and pore throat blockage caused by hydrate
decomposition in heterogeneous reservoirs, and there is no clear conclusion on the rela-
tionship between formation sand production and the change of productivity. Therefore,
this paper integrates themulti-field couplingmathematical model of hydrate exploitation
and establishes a numerical simulation model of multiphase flow of hydrate decomposi-
tion considering the formation sand production and subsidence. And themultiphase flow
mechanism and gas production laws of heterogeneous hydrate reservoirs are revealed.

2 Mathematical Model

2.1 Reaction Kinetic Model of Hydrate Formation and Decomposition

The rate of hydrate formation and decomposition is proportional to the driving force
(the difference between the phase equilibrium pressure of hydrate and the pressure of
gas phase). Hydrate formation and decomposition can be expressed in Eqs. (1) [8] and
(2) [9].

nf = k0f exp

(
− E

RT

)(
φ2
f AHSShSw + φf AHSSw

)[
pg − pe

]
(1)

nd = k0d exp

(
− E

RT

)
φ2
f AHSShSw

[
pe − pg

]
(2)

where nf and nd are the hydrate formation and decomposition rates, mol/m3; kf 0

and kd0 are the reaction frequency factors of hydrate formation and decomposition,
mol/(s·MPa·m2); E is the reaction activation energy, J/mol; AHS is specific surface area
of hydrate particles, m2/m3; R is the ideal gas constant, J/(mol·K); pe is the phase
equilibrium pressure of hydrate, MPa; ϕf is the fluid porosity, fraction.

2.2 The Model of the Particle Detachment-Migration-Deposition

The critical velocity of water (Vcfs) is introduced for the particles. Only when the water
flow velocity is larger than the critical velocity, the particles can be detached (or started)
and converted from a solid phase to an aqueous phase [10].
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Particle detachment: SFP (solid) → WFP (aqueous)

nfs = nrfsexp

(
−Efs

RT

)(
Vw − Vcfs

Vref

)
ϕCsfp · ϕf ρwSwXwfp (3)

Particle deposition: WFP (aqueous) → SFP (solid)

nfd = nrfdexp

(
−Efd

RT

)
ϕCsfp · ϕf ρwSwXwfp (4)

where nfs is the reaction rate of particle detachment, mol/min/cm3; nfd is the reaction
rate of particle deposition, mol/min/cm3; nrfs is the reaction frequency factor of particle
detachment, cm3/min/mol; nrfd is the reaction frequency factor of particle deposition,
cm3/min/mol; Efs is the reaction activation energy of particle detachment, J/mol; Efd is
the reaction activation energy of particle deposition, J/mol; Vcfs is the critical water flow
velocity to start particles, cm/min; Vw is the water flow velocity, cm/min; Vref is the
reference flowvelocity, cm/min;T is the temperature, K;ρw is themolar density ofwater,
mol/cm3; Sw is the water saturation, fraction; Xwfp is the mole fractions of particles in
aqueous phase; Csfp is the mole concentrations of particles in the solid phase, mol/cm3.

2.3 The Model of Stress Change and Formation Deformation

In the process of hydrate decomposition, formation deformation is mainly related to
the conversion relationship between stress (σ ), strain (ε) and displacement (u). If the
change of momentum is neglected, the relationship between the above three parameters
is transformed as follows [11]:

� · σ − ρrB = 0 (5)

σ = σ
′ + αpI (6)

σ ′ = C : ε − η�TI (7)

η =
{

Eβr
(1−2v) , strain
Eβr

(1−v) , stress
(8)

ε = 1

2
[∇u + (∇u)T ] (9)

where σ is the total stress tensor, Pa; B is the body force/unit mass of solid grain, m/s2;
σ ’ is the effective stress tensor, Pa; ρr is the solid grain density, kg/m3; α is the Biot’s
number; p is the pressure, Pa; I is the identity matrix; C is the tangential stiffness tensor,
Pa; ε is the volumetric strain of bulk volume; η is the thermoelastic coefficient, Pa/oC;
ΔT is the change in temperature, oC; E is Young’s modulus, Pa; v is the Poisson’s ratio;
βr is the linear thermal coefficient of bulk volume, 1/oC; u is the displacement vector,
m.
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2.4 The Model of Formation Porosity-Permeability

Themodel comprehensively considers the reservoir hydrate saturation, silt sand content,
formation deformation, then the change of reservoir fluid porosity and permeability
during the exploitation of hydrate reservoir can be described as follows [12]:

φf = φ − φh + φfs − σ

1 − φd
− φ · εv (10)

K = K0

(
φf

φf0

)N(
1 − φf 0

1 − φf

)2

(11)

where Φh is the volume of hydrate per unit pore volume, m3/m3; Φ fs is the volume of
liquefied sand per unit pore volume, m3/m3; Φd is the plug porosity, the value is 0; εv
is the volume strain; K0 is the initial permeability of the reservoir, 10–3 μm2; N is the
power law coefficient, the value is 5.

3 Numerical Simulation Model

3.1 Model Parameters

The Shenhu sea area is located in the middle section of the land slope outside the Pearl
River Estuary in China. The reservoir sediments are in a fluid plastic state, which is
a typical argillaceous siltstone reservoir. Based on relevant geological data, the main
parameters of the model are shown in Table 1.

Table 1. Main parameters of the model

Parameters Value

Water depth, m 1200

Mudline temperature, °C 3.62

Temperature gradient, °C/100 m 4.63

Pressure gradient, MPa/100 m 11.99

Reservoir thickness, m 60

Average matrix porosity, % 30 (0.06–0.55)

Average permeability, 10–3 μm2 0.5 (0.1–15.4)

Hydrate saturation, % 30

Poisson’s ratio, fraction 0.3

Young modulus, kPa 106 → 105
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Fig. 1. Porosity and permeability distribution

3.2 Heterogeneity Setting

The vertical 2D geological model is established according to the model parameters.
To make the porosity and permeability distribution of the formation conform to the
sedimentary rhythm, the fine reservoir heterogeneity field is shown in Fig. 1.

3.3 Simulation Scheme

First, the fluid-solid production law of the basic model and the change of reservoir prop-
erties are simulated and analyzed. Secondly, the sensitivity schemes of the heterogeneous
model are shown in Table 2.

Table 2. Simulation scheme

Sensitivity parameters Value

σ Consider*, no consider

SH ,% 10, 30*, 50

Vcfs, m/d 0.009*, 0.05, 0.5

nrfs, s
−1mol−1 0.001, 0.01, 0.1*, 1

nrfd , s
−1mol−1 0.0002, 0.002*, 0.01, 0.02
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4 Simulation Result Analysis

4.1 Basic Law Analysis

4.1.1 Changes of Reservoir Properties

Figure 2 is the comparison of the field diagrams of the homogeneous/heterogeneous
model after 5 years. It can be seen from the figure that the homogeneous hydrate is
evenly decomposed outward, while the heterogeneous hydrate is preferentially decom-
posed along the high permeability zone. In the heterogeneous model, and the decom-
position front of hydrate can reach about 130 m. The permeability of the layers with
particles migration increases obviously, forming obvious “earthworm-like holes”. [13].

Fig. 2. Comparison of the basic field diagrams
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However, some silt sand particles can deposit and block the pore throat around the well-
bore, reducing the permeability. Because the near-well stress is the most concentrated,
the formation subsidence around the wellhead is the most obvious, and the maximum
subsidence of the heterogeneous model is 1.58 m.

4.1.2 Fluid-Solid Production Law

Figure 3 shows the fluid-solid production law of homogeneous/heterogeneous models. It
can be seen from the figure that the gas, water and sand production of the heterogeneous
model is higher than that of the homogeneous model. The gas production increases by
38.89%, the water production increases by 26.78%, and the sand production increases
by 34.21%. For the heterogeneous reservoir, the initial water production rate reaches
the maximum of 80.56 m3/d, the sand production rate is also the maximum of 3.9 m3/d,
and the sand production is mainly concentrated in the first 60 days. Affected by sand
production, the pore space is released, and the initial gas production rate can reach
1957.46 m3/d. When the temperature of the reservoir decreases and the silt sand blocks
the near-well pore throat, the production rates of gas, water and sand all drop rapidly. In
the end, the cumulative sand production was 733.7 m3, the cumulative gas production
was 67.53 × 104 m3, and the cumulative water production was 7194.41 m3.

Fig. 3. Fluid-solid production law

4.2 Sensitivity Factor Analysis

4.2.1 Crustal Stress

The influence of crustal stress on characteristics of fluid-solid production is shown in
Fig. 4. The concentrated stress will reduce gas production from 117.93 × 104 m3 to
93.79 × 104 m3. According to Fig. 4(d), concentrated stress compresses formation pores,
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limiting hydrate decomposition and reducing gas production. However, when the pore
space of the formation is compressed, the water production increases by 12.93%, and
the higher water velocity will drive more silt sand detaching. Meanwhile, the formation
rock is crushed under the action of concentrated stress, and the sand production increases
by 21.78%.

Fig. 4. Fluid-solid production law and porosity change

4.2.2 Hydrate Saturation

Hydrate saturation is set to 10%, 30% and 50%, respectively. The production character-
istics of fluid-solid under different saturation are shown in Fig. 5. The reservoir with low
hydrate saturation has higher initial permeability and higher water production. However,
the variation of gas production is complicated. When the hydrate saturation is 50%, the
porosity and permeability of the reservoir are extremely small, and the initial produc-
tion release is severely limited. With the pressure slowly decreasing, the gas production
rate of the reservoir with high hydrate saturation increases to the maximum. Finally,
the decomposition front of hydrate with saturation of 50% is within 30m (Fig. 6(b)),
and the hydrate with saturation of 10% is completely decomposed. It can be predicted
that the reservoir with higher hydrate saturation will produce more gas with a longer
production cycle. In terms of sand production, the sand production rate of the reservoir
with low hydrate saturation is large in the early stage. In summary, the reservoir with
low hydrate saturation should pay attention to the large amount of sand production in the
early stage, and the reservoir with high hydrate saturation can be considered for reservoir
reformation in the field, which is conducive to the rapid release of initial productivity.
Figure 5(d) shows the formation subsidence with different hydrate saturation. When the
hydrate saturation is high, the stress concentration effect is significant and the formation
subsidence is more obvious (the maximum subsidence is 1.74 m.).
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Fig. 5. Production law and formation subsidence

Fig. 6. Distribution of hydrate saturation

4.2.3 Critical Velocity of Water

Only when the water flow velocity is larger than the critical velocity, the particles can be
detached (or started) and converted from a solid phase to an aqueous phase. It can be seen
from the Fig. 7 that the smaller critical velocity leads to the larger sand production.When
the critical flow velocity increases to a certain value, the formation of sand disappears.
The migration of sand particles also releases the pore space, and the productivity is also
increased.However, the risk of sandburial caused by excessive sandproduction should be
considered. At the same time, the low critical velocity causes a large amount of migrated
sand to deposit near the wellbore, and the permeability of the reservoir decreases. This
is also the reason for the low gas production rate at the later with low critical velocity.
In addition, the deposited particles in the pores play the role of the rock skeleton, so the
formation subsidence is also the minimum (1.58 m). Figure 8 shows the influence of the
critical velocity on the movable silt sand distribution in the formation. When the critical
velocity increases to 0.5 m/d, the “earthworm-like caves” have completely disappeared.
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Fig. 7. Production law and formation subsidence

Fig. 8. Distribution of pore movable silt sand content

4.2.4 Started Frequency Factor

The started frequency factor reflects the detachment speed of silt when the water velocity
reaches the critical velocity. According to the Fig. 9, the large started frequency factor
leads to a large amount of silt sand production, with a range of 85.15–1101.31 m3. In the
early and middle stages, the large started frequency factor can promote the detachment
and migration of silt sand, the pore space is released, and the hydrate productivity is
increased. In the later stage, a large amount of silt sand is likely to cause blockage of the
pores around the wellbore and reduce gas production. At the same time, a large amount
of blocked silt sand plays a role as the rock skeleton, and the formation subsidence is also
smaller. Figure 10 shows the influence of started frequency factor on the distribution of
movable silt sand. The larger frequency factor makes the “earthworm-like cave” extend
into the deep formation.
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Fig. 9. Production law and formation subsidence

Fig. 10. Distribution of pore movable silt sand content

4.2.5 Deposition Frequency Factor

The deposition frequency factormeans the deposition rate ofmigrating silt sand particles.
Most of the silt sand will come out with water in a small deposition frequency factor, and
cannot block the pore throat, so the gas and water production are higher. If the deposition
factor reaches 0.01 s−1mol−1, the near-wellbore area is blocked by deposited silt sand,
and 88% of the pore volume is filled in the worst case (Fig. 13). The blockage seriously
limits the normal exploitation of hydrate reservoirs, and the complete decomposition
area of hydrate is only concentrated within 10 m around the wellbore (Fig. 12(b)). On
the other hand, the silt sand blocked in the pore plays a role of rock skeleton, and the
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formation subsidence decreases and even appears uplift. In summary, the value of the
deposition frequency factor corresponds to the sand control precision of the screen tube.
Although the larger sand control precision can prevent the risk of sand burial effectively,
it also increases the risk of pore throats blockage, and forced depressurization mining
may cause geological problems (Fig. 11).

Fig. 11. Production law and formation subsidence

Fig. 12. Distribution of hydrate saturation
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Fig. 13. Distribution of deposited silt sand content

5 Conclusions

In this paper, the numerical simulation is carried out to reveal the multi-phase flow
mechanism and fluid-solid production law of heterogeneous hydrate reservoir, and the
conclusions are as follows:

(1) The hydrate preferentially decomposes outwards along with the high permeabil-
ity formation in heterogeneous reservoirs, and it is easy to form “earthworm-like
holes”. However, some silt sand will deposit near the well and block the pore throat,
reducing the gas production rate.

(2) Considering the crustal stress, the formation subsidence near the wellbore is the
largest, reaching 1.58 m. The formation subsidence also compresses the pores,
damaging the permeability and reducing the gas production by 20.47%. Excessive
hydrate saturation will affect the release of early productivity, and lower hydrate
saturation should pay attention to the vast sand production in the early stage. Lower
critical velocity and higher started frequency factor can promote the detachment
and migration of sand, which is conducive to the release of hydrate productivity.
However, excessive sand production also increases the risk of pore throat blockage
andwellbore sand burial. A large deposition frequency factor represents a high sand
control precision. Although the risk of sand burial can be effectively avoided, the
productivity is also severely limited, so appropriate sand control precision should
be selected in the field.
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Symbol Description

ϕ Porosity.
SH Hydrate saturation.
K Current permeability.
K0 Initial permeability.
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Abstract. CO2 storage in saline aquifer is considered to be the most potential and
most promising method to alleviate greenhouse effect and neutralize CO2. Rock
wettability and heterogeneity study is crucial for CO2 storage in saline aquifer
due to the complex geological structure of submarine surroundings. In this study,
CO2 dynamic displacement process and imbibition process in sand cores were
captured by CT scanning technology in different conditions (40 °C, 8 Mpa and 25
°C, 0.1 Mpa). Experiment result shows that stronger wettability is conducive to
the occurrence of CO2 snap off and increases the safety of CO2 capillary capture
and storage, while imbibition of weaker wettability porous media is more stable
but CO2 is difficult to capture. Moreover, CO2-salt water interface was divided
into three categories (interface aggregation nodes, interface clusters and interface
monomers) and interface evolution low was quantified by the liner relationship of
relative interface area (RIA) and salt water saturation (Sw). Upward imbibition is
beneficial for CO2 storage according to the RIA of the upward imbibition process
is about 1.3 times that of downward when salt water saturation keeps the same.
Finally, the heterogeneity of the mixed sand significantly increases the contact
area of the two phases than uniform sand for the same Reynolds number. The
microscopic transport mechanism and morphological distribution characteristics
of CO2-salt water in the pores in this paper has some implication for practical
CO2 long-term and safe storage in saline aquifer.

Keywords: CO2 storage · CT ·Wettability · Interface between two phases
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Sw salt water saturation
RIA relative interface area
PV pore volume
ai specific interface area
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1 Introduction

CO2 reduction and CO2 neutralization have become the consensus of more and more
people. CO2 storage in saline aquifer has enormous potential to significantly slow the
pace of global climate change by bury massive CO2 in deep saline aquifers.

The storage efficiency of storage CO2 largely depends on the properties of the target
reservoir rock [1–3]. Rock wettability and heterogeneity study is crucial for CO2 storage
in saline aquifer due to the diverse composition of rock and the complex geological
structure of submarine surroundings. As a non-invasive technology, X-ray CT imaging
can generate three-dimensional pore-scale images with micro-level spatial resolution,
which is critical for visualizing mass transfer process. Gao [4] studied the characteristics
of Estaillades carbonate rock, which is different from previous sandstone studies and
found that it has complex heterogeneity. Brusseau [5] studied the interface distribution
in different types of porous media and found that the specific interface area and the
maximum specific interface area are inversely proportional to the median particle size
of the porous media.

Moreover, theCO2-salt water interface is themain area ofmass transfer between each
phase during the storage process. To better understand the CO2 dissolution process and
CO2-salt water mass transfer in the pores, it is necessary to study the evolution law of the
CO2-salt water interface. For the interface between phases in two-dimensional porous
media, the interface area between phases can be directly measured by the displacement
experiment in the micro-etched glass plate of the porous media [6, 7]. Jettestuen et al.
simulated the process of imbibition in a three-dimensional sandstone, and observed the
retraction of the interphase interface into the pores, the expansion of the wetting phase
film and the snap-off effect [8]. The interface plays a vital role in themass transfer process
of each phase, but this time-varying process lacks sufficient quantitative analysis [9].

We have established a set of experimental methods based on the microfocus X-ray
CT system to measure the mass transfer of CO2 under complex conditions of multi-
components. Using CT continuous scanning to obtain the microscopic pore structure of
the sand-filled sample and the dynamic evolution process of the CO2-salt-water inter-
face. Then with the help of image processing technology, we explored the impact of
the wettability and heterogeneity of different reservoir components on CO2 storage.
In addition, we studied the changes of the CO2-brine phase interface under different
salt water injection flow rates, that realizing the dynamic visualization of the CO2-salt
water interface. The microscopic transport mechanism and morphological distribution
characteristics of CO2-salt water in this paper has some implication for practical CO2
long-term and safe storage in saline aquifer [10, 11].

2 Experimental Method

2.1 Materials and Setup

Figure 1 is a diagram of the microscopic visualization test system of CO2-salt water
mass transfer characteristics. The experimental system ismainly composedof three parts:
micro-focus X-ray CT visual imager (resolution is 4μm), injection and recovery system,
and temperature and pressure control system. In the reactor used in this experiment, the
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part of the tube wall through which X-rays penetrate is made of polyether ether ketone
(PEEK), which ensures the quality of CT imaging while minimizing the attenuation of
X-rays [12]. ISCO piston pumps are used in the experiment as the gas injection, water
injection and pressure control system. A circulating temperature controller is used to
control the temperature of the injected fluid to simulate the environment of the porous
medium of the saline aquifer reservoir. Finally, we use high-precision pressure sensors
and thermocouples to monitor and automatically collect the temperature and pressure
data of the system.

In the filled sandstone core, artificial glass sand with different particle sizes (pro-
duced by Japan’s AS-ONE company) and natural quartz sand, dolomite and feldspar
sand (purchased from Hebei sand quarry) were used. The shape of glass sand is a rel-
atively regular sphere, while the shapes of quartz sand, dolomite and feldspar sand are
irregular. The mineral composition of each sand is single, and its specific particle size
distribution is shown in Table 1. During the process of filling the core, a combination
of multiple filling layer by layer and several shaking by percussing is used, which can
not only avoid delamination during the filling process, but also ensure that the sand
core is compacted well. Then graphite electric heating tape is used to heat it up to the
experimental temperature. For the experiment, the gas used is high-purity CO2 with a
purity of 99.9% and the salt water is made up of deionized water and 3% sodium chlo-
ride (Analytical Pure AR, Tianjin Komiou Chemical Reagent Co., Ltd.) to simulate the
salinity of saline water in underground reservoirs. In addition, potassium iodide with a
mass fraction of 6% is added as a contrast agent to enhance the contrast between gas
and salt water in CT images.

Fig. 1. Schematic diagram of experimental device

2.2 Experimental Approach

(1) Preparation of porousmedium and two-phase fluid: placing the porousmedium into
the reactor before the experiment, and then connecting the experimental pipeline
according to Fig. 1.High-pressure gas is used to clean the pipeline and leak detection
to ensure that there is no liquid residue in the pipeline. Before each experiment starts,
vacuuming for 20 min to remove the gas. A sodium chloride solution with a mass

https://doi.org/10.1007/978-981-19-0960-3_1
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Table 1. Types and detailed parameters of sand used in the experiment.

Sand type Particle size/mm Average particle size/mm

Glass sand BZ06 0.500–0.710 0.6

Glass sand BZ04 0.350–0.500 0.4

Glass sand BZ02 0.177–0.250 0.2

Rough quartz sand 0.355–0.425 0.4

Fine quartz sand 0.180–0.212 0.2

Rough feldspar 0.355–0.425 0.4

Fine feldspar 0.180–0.212 0.2

Rough dolomite 0.355–0.425 0.4

Fine dolomite 0.180–0.212 0.2

Table 2. CO2 saturation of each layer after the displacement process of layered sand filling core.

Rock stratum SCO2 (40 °C, 8 MPa) SCO2(25 °C, 101 kPa)

0.1 mL/min 0.3 mL/min 0.6 mL/min 0.3 mL/min

BZ06 0.80 0.81 0.80 0.78

BZ02 0.18 0.10 0.06 0.07

Quartz 0.14 0.07 0.06 0.12

Dolomite 0.74 0.55 0.24 0.29

fraction of 3% is prepared, and potassium iodide with a mass fraction of 6% is
added as a contrast agent.

(2) Displacement process: after vacuuming, the sand-filled core is injected with salt
water through the liquid injection pump. The pressure and temperature are con-
trolled to slowly rise to the requirements of the specific experimental conditions,
and the core is left alone for 12 h to keep the core fully saturated with salt water.
Then CO2 was injected into the sand-filled core at a rate of 0.1 mL/min. The inject-
ing is not stopped until CT image acquisition process starts, and CO2 is continued
injected after the image acquisition is completed.

(3) Imbibition process: after the displacement process, salt water saturated with CO2 is
injected into the sand-filled core at an injection rate of 0.1 mL/min, and CT images
of the inhalation process are collected in the same way as the displacement process
until the inhalation the process is over.

(4) Grayscale image stack acquisition: before injecting salt water, CT continuous scan-
ning is used to obtain the image slice stack of the porous medium saturated with
CO2; then salt water is injected at a constant flow rate, and CT scanning is used to
obtain salty water at different pore volume (PV ) moments. Change the salt water
injection rate, change the porous medium, etc., and repeat the above experiment.
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(5) Perform voxel imaging, segmentation and extraction on the obtained gray-scale
image stack: According to the image slice stack obtained in step 4, threshold seg-
mentation is performed using the density difference of each phase to obtain the
distribution of the phase fluid; quantify the components characterize based on the
gray-scale data.

2.3 CT Image Analysis

The processing of the original image mainly includes noise reduction, segmentation
and extraction of each phase, and three-dimensional visualization analysis. In order to
obtain a clear internal image of the pore, this study used ImageJ and 3D visualization
Avizo software to preprocess the original CT image slice stack. Use ImageJ software to
crop the image first, leaving the porous medium area only, and then adjust and increase
the contrast of the image. The gas phase density is small, so it appears black, and the
sandstone density is the largest, and it appears bright white on the grayscale image. The
salt water solution with KI added as a contrast agent is somewhere in between, showing
off-white.

The experiment uses a calculation method based on CT image parameters. The
porosity ϕ of the filled sandstone core is calculated by the formula (1), where CTsat

brine
and CTsat

CO2 are the images of the sand core saturated with salt water and the sand core
saturated with CO2 respectively.CTbrine andCTCO2 are images of the reactor kettle filled
with CO2 and salt water respectively.

ϕ = CTsat
brine − CTsat

CO2

CTbrine − CTCO2
(1)

In the same way, during the experiment, CO2 is injected into the sand-filled sand
core saturated with salt water. After reaching the steady state, CT scan was performed to
obtain the experimental image CTexp, and then the spatial distribution of CO2 saturation
was calculated using the formula (2):

Sg = CTexp − CTsat
CO2

CTsat
CO2 − CTsat

brine

(2)

3 Results and Discussion

3.1 The Influence of Wettability and Heterogeneity

3.1.1 The Influence of Wettability on CO2 Displacement and Capture Character-
istics

Table 2 shows the CO2 saturation value of each sand-filled layer after the completion
of the layered sand-filled core displacement [13]. It can be clearly seen that when the
pore structure is similar, the wettability will have a serious impact on the flow and
distribution of the CO2 phase. In the supercritical CO2 state, when the injection rate is
low (0.1 mL/min), the CO2 phase is stably displaced in the dolomite layer with poor
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wettability, occupying most of the pore space of the dolomite layer, and obtaining high
CO2 saturation (0.74). But in the quartz sand layer with strong wettability, there is an
obvious capillary fingering phenomenon. CO2 only displaces a small part of the pores
and breaks through, resulting in a lower CO2 saturation (0.14). As the injection rate
increases to 0.3 mL/min, the displacement of CO2 in the weakly wetted dolomite layer
also becomes significantly unstable. CO2 is unevenly distributed in the pore space of
the dolomite, and the saturation drops to 0.55. Further increase (0.6 mL/min), CO2 in
the dolomite layer can almost only flow along the outer pore space, forming a larger
finger in the internal pores, and the saturation is further reduced to 0.24. As for the quartz
layer, the increase in the injection rate also makes CO2 trapped in the outer pore space
to flow, cannot enter the inner pore space, and the CO2 saturation is very low. Under
the condition of gaseous CO2, because the viscosity difference between CO2 and salt
water is greater, the displacement process is also more unstable, but the CO2 saturation
(0.29) of the dolomite layer with worse wettability is still greater than that of the strong
wettability quartz sand layer (0.12).

Figure 2 shows the dynamic change process of the CO2 phase in the inhalation
process of mixed glass sand and quartz sand. It can be seen from the figure that as the
inhalation process progresses, the CO2 phase will continue to snap off, changing from
a continuous phase to an isolated phase. For strongly wetted porous media, capillary
fingering is prone to occur in the displacement process, resulting in relatively low CO2
saturation, but for the inhalation process, strongwettability is conducive to the occurrence
of snap off, increasing the safety of C capillary capture and storage. For weakly wettable
porous media, the displacement process is more stable and the CO2 saturation is higher.
However, the inhalation process is mainly piston displacement, and CO2 is difficult to
capture, which is not conducive to the safety of CO2 storage. As for the stratum structure,
the structure with strong sealing of the cap layer, the address with poor wettability can
be chosen for CO2 storage, in order to achieve a larger CO2 storage capacity [6].

Fig. 2. The piston flooding front and snap-off effect in the pores of glass sand and quartz sand-
filled sand cores: (a) The mechanism of the piston flooding front is shown (blue indicates CO2);
(b) CO2 snap-off mechanism indicates; (c) Piston displacement front occurs (yellow indicates
CO2); (d) CO2 snap off occurs in the throat; (e) CO2 piston displacement front edge and snap off
occur simultaneously in the throat; (f) The local contact angle when CO2 is snap-off and the front
edge of the piston displacement.
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3.1.2 Influence of Heterogeneity on CO2 Displacement and Capture Characteris-
tics

For structurally heterogeneous cores, at the displacement stage, under supercritical CO2
conditions, when the injection rate is low (0.1 mL/min), CO2 first occupies most of the
pore space of the BZ06 rock above the core. However, in BZ02 formation with small
pores, CO2 forms two larger branches and develops along the place containing BZ06
sand in the formation. And then it enters BZ06 formation with large pores below the
core and occupies most pores, resulting in high CO2 saturation of BZ06 formation (0.80)
and low saturation of BZ02 formation (0.18). In other word, the CO2 injection rate of
the quartz + dolomite layered sand-filled core increases, the CO2 saturation of both rock
layers will decrease. For BZ06 + BZ02 layered sand filling core, with the increase of
injection rate, CO2 saturation is still displaced stably inBZ06 formation, andCO2 satura-
tion does not decrease (0.81 at 0.3 ml/min injection rate and 0.80 at 0.6 ml/min injection
rate). For BZ02 formation, the CO2 displacement process becomes more unstable, the
CO2 displacement changes from two larger branches to only one displacement path, and
the CO2 saturation decreases to only 0.06 at the injection rate of 0.6 ml/min. Comparing
the supercritical CO2 displacement and gaseous CO2 displacement processes at the same
rate, it is found that the displacement of CO2 also becomes unstable in the BZ02 rock
formation with smaller pores and has no obvious effect on the BZ06 formation. It shows
that the changes of injection rate and fluid viscosity mainly affect the rock stratum with
small pore structure, but have little effect on the rock stratum with large pores.

During the inhalation process, this experiment found that CO2, which is the non-
wetting phase, also ruptured within a single hole. Analyzing the fractured CO2 in a
single hole, there will be many fractured CO2 phases in a single hole, and the fractured
phases are close to the inner wall of the pore. The shape factor distribution of the fracture
phase CO2 and the comparison of the volume size with the pore volume are calculated.
It is found that the shape factors of most isolated CO2 phases are mainly distributed
between 1 and 1.3, and their shape is similar to a sphere (the sphere shape factor is 1),
and the volume of almost all fractured isolated CO2 phases is much smaller than the
pore volume. In the mixed glass sand porous medium, there is no obvious CO2 phase
fracture. The main reason for this difference is that the pore structure of the two sand-
filled cores is different. Figure 2 shows the comparison of the interface characteristics
between the fractured CO2 phase and the unruptured CO2 isolated phase. For the CO2
phase without fracture, the size of the isolated CO2 phase is relatively large, usually
several pores, and there is a part of the contact area between the CO2 phase and the salt
water (medium silver region). When the CO2 phase ruptures, the isolated CO2 phase
has a smaller volume, generally much smaller than a pore, and the contact area between
CO2 and salt water is also larger.

3.2 Evolution of the Interface Between Phases in the Process of Dissolution
and Storage

3.2.1 Types of Phase Interface Evolution

The time-varying CO2-salt water interface during the salt water imbibition process is
shown in Fig. 3, in which only some representative experimental data are shown. PV
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stands for pore volume (pore volume). In the three-dimensional rendering, each isolated
CO2-salt-water interface is rendered into the corresponding colour according to its size,
so as to directly and effectively show the evolution of each isolated interface in the pore.

As CO2 is gradually split and dissolved by salt water, especially in the later stage
of the mass transfer process, only a small amount of CO2 bubbles occupy the pore
space. Therefore, the interface area between the phases is related to the shape of the
bubble, but not the same as the surface area of the bubble. The interphase interface
with irregular and slender shape can extend to multiple pores, but the monomer area is
small. On the contrary, the interphase interface with regular shape and larger area can
occupy 2−3 pores. Another phenomenon is that the CO2-salt water interface is usually
located in the void of the pore throat. At this time, CO2 and salt water are attached to
the surface of the porous medium. This type of two-phase bonding will pinch the CO2-
salt-water interface. In order to facilitate effective classification and observation, this
chapter divides the CO2-salt water interface area into three categories based on the data
results of all experiments, according to their quantity and area characteristics: interface
aggregation nodes, interface clusters and interface monomers.

Fig. 3. The time-varying CO2-salt water interface in the process of salt water absorption

In this study, the interphase interface with an interface area greater than 0.01 mm2

is called the interface aggregation node, as shown in Fig. 3. The interface aggregation
node is composed of interconnected interface clusters, which is significantly larger than
other kinds of interphase interfaces, but the number is smaller. During the mass transfer
process, the interfacial aggregation nodes further evolved when the salt water invaded,
and their number and size decreased. However, more than one interface aggregation
node can continue to remain connected and always exist until only a small amount of
CO2 bubbles are left. In Fig. 3, voxels with a color distribution range between red and
cyan are classified as interface clusters, and the evolution of the interface is represented
by the color gradient. Due to the intrusion of the wetting phase, some parts of the CO2
phase aggregation node will return from the pore throat to the pores. At this time, the
interfacial tension causes the leading part of the non-wetting phase to fragment into
interface clusters. The interface between the salt water phases is defined as the interface
monomer. For the CO2 bubbles captured in a single pore, the CO2-salt water interface
is restricted to the pore throat or the corner of the pore. The evolution mode of the
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interface monomer does not depend on the flow conditions, but has a certain degree of
randomness.

3.2.2 Quantitative Relationship Between Phase Interface Area and Salt Water
Saturation

Brusseau [14] conducted air-water displacement and imbibition experiments and found
that the air-water phase interface area decreases linearly with the increase of water
saturation, which conforms to the linear relationship:

ai = a × Sw + b (3)

Where ai is the specific interface area, Sw is the salt water saturation, and a and b are
constant parameters.

The relationship between specific interface area ai and salt water saturation Sw under
different PV in some experimental groups is shown in Fig. 4, where each data point
is calculated from its corresponding two-dimensional slice image, and the solid line
represents the linear relationship of each experimental data setMode. Taking into account
a large number of data points (for example, there are more than 2500 points in Exp. D3)
and inevitable systematic errors, this strong linear correlation strongly confirms that
the specific interface area ai will vary with the CO2-salt water two-phase mass transfer
process. As the salt water saturation Sw increases, it decreases linearly. During the mass
transfer process, the data points of the specific interface area ai gradually move along the
regression line to the zero point, and the distribution range of the data points gradually
shrinks.

Fig. 4. The relationship between specific interface area and salt water saturation under different
PV in some experimental groups.

When quantifying the relationship between the interface area of CO2-salt water
and the degree of salt water saturation, the surface area of the porous media can be
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measured, in order to exclude the influence of different porous media particle sizes
on the characteristics of the interface area between the phases. According to it, the
interface area between CO2 and salt water is normalized to obtain the relative interface
area between CO2 and salt water, which is recorded as RIA (relative interface area).
Figure 4 visually shows the linear relationship between relative interface area RIA and
salt water saturation. It can be found that for the same salt water saturation, RIA of the
upward imbibition process is about 1.3 times that of the downward imbibition process.
This feature corresponds to Fig. 4. The shape of the interphase interface of the Exp.
A experimental group is more irregular, resulting in a larger interphase interface area.
As the Reynolds number increases, the slope of the linear relationship in the uniform
sand experiment has an increasing trend, while the slope of the linear relationship in the
mixed sand experiment is not directly related to the Reynolds number. Under the same
Reynolds number, the heterogeneity of themixed sand significantly increases the contact
area of the two phases, so the relative interface area RIA in the mixed sand experiment
is larger than that in the uniform sand experiment.

4 Conclusion

This paper uses four sand-filled cores (mixed glass sand, quartz sand, BZ06 + BZ02
layered sand-filled cores and quartz + dolomite layered sand-filled cores) to visual-
ize the CO2 displacement process and imbibition process under different experimental
conditions. In the flow experiment, the microscopic influence mechanism of wettability
and heterogeneity on CO2 displacement and capture characteristics was studied from
the pore scale. It is found that during the displacement process, the wettability layered
structure and pore layered structure will reduce the permeability of rocks, especially
small pore rock formations and strong wettability rock formations, which reduces the
storage capacity of CO2 phase. The increase of the salt water concentration will cause
the deterioration of the continuity of the water phase after the displacement process is
completed. This phenomenon is more obvious in the strong wettability porous media,
and the deterioration of the wettability will reduce the CO2-salt water phase interface
area. During the inhalation process, CO2 phase rupture was observed, and CO2 capillary
capture wasmore likely to occur in areas where the wettability or pore structure changed.

The experiment was carried out to measure the area of the CO2-salt-water interface
in homogeneous and heterogeneous sand-filled sand cores, and the evolution of the inter-
face between the phases in the process of dissolution and storage was comprehensively
analyzed. The microscopic transport mechanism and morphological distribution char-
acteristics of CO2-salt water in the pores in this paper has some implication for practical
CO2 long-term and safe storage in saline aquifer.
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Abstract. The development of natural gas hydrate reservoirs is mainly affected
by the three control mechanisms of decomposition, flow and heat transfer. The
movement of the hydrate decomposition front is closely related to the devel-
opment of hydrate reservoirs, and it has a direct impact on the hydrate reser-
voir’s gas production, pressure, temperature, and other production dynamics. As
a result, studying the movement of the decomposition front under various con-
trol mechanisms is crucially significant to the development of hydrate reservoirs.
Using numerical simulation, this paper establish a one-dimensional hydrate reser-
voir depressurization model to investigate the decomposition front movement law
under single control mechanisms (decomposition control, flow control, and heat
transfer control) and coupled control mechanisms (decomposition-heat transfer
control, decomposition-flow control, decomposition-heat transfer control, flow-
heat transfer control). The results show that under a single control mechanism,
when the decomposition control plays a leading role, the decomposition front
movement rate remains stable; when heat transfer control or flow control plays a
leading role, the movement rate of the decomposition front decreases significantly
in the later stage; under the coupled control mechanism, the decomposition mode
is stable and non-piston.When decomposition-flow control or decomposition-heat
transfer control plays the leading role, the movement rate of the decomposition
front remains essentially constant in the later stage, exhibiting linear character-
istics; when flow-heat transfer control takes the lead, the movement rate of the
decomposition front gradually decreases. Therefore, the movement of the decom-
position front is very different under the action of different control mechanisms.
This study can provide a reference for the actual production dynamic control of
hydrate reservoirs in the future.

Keywords: Hydrate · Decomposition front · Control mechanism

1 Introduction

Natural gas hydrate is a non-polluting, clean energy source.Hydrate reservoirs arewidely
distributed on land and sea, abundant in resources. It is estimated that the carbon content
of hydrates in nature is more than twice that of known fossil fuels worldwide, and it is an
ideal potential alternative energy source in the 21st century [1–3]. Despite the abundance
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of hydrate resources, our research on hydrate reservoir development is still in its early
stages. China is a big energy consumer country, so it is necessary to study the technology
of hydrate exploitation and development. Natural gas hydrate is different from traditional
oil and gas resources. It is mostly found in the pores of the medium as solids. The
cementation of the reservoir sediments gradually weakens as the hydrate decomposition
front moves, resulting in a decrease in the formation’s stability and strength, which may
cause geological disasters [4, 5]. Different control mechanisms govern the movement
of the decomposition front. The study of the movement of the hydrate decomposition
front under different control mechanisms is beneficial for understanding and analyzing
the production dynamics of hydrate reservoirs on the one hand; on the other hand, it
is beneficial for accurate judgment and predicting formation stability. In this paper,
a one-dimensional depressurization model is established by numerical simulation to
investigate the movement of the decomposition front under a single control mechanism
and a coupled control mechanism.

2 Control Mechanism and Criterion of Hydrate Decomposition

The production dynamics of natural gas hydrate reservoirs are mainly affected by the
three control mechanisms of decomposition, flow and heat transfer. If the hydrate reser-
voir can provide sufficient heat for hydrate dissociation and has sufficient capacity for
fluid flow, and the decomposition rate is low, then the hydrate decomposition control
mechanism is decomposition control; if the hydrate reservoir can provide sufficient heat
and the hydrate decomposition rate is quickly, and the flow resistance is large, the hydrate
decomposition control mechanism is flow control; when the hydrate reservoir has a large
decomposition rate and low flow resistance, while the heat supply is limited, the hydrate
decomposition control mechanism is heat transfer control.

The criterion of judging the control mechanism is characteristic time [6]. The char-
acteristic time of fluid flow controlling mechanism was defined as the time it took for
the gas phase to flow through the whole length of hydrate reservoir; the characteristic
time of hydrate dissociation controlling mechanism was defined as the time it took to
dissociation the hydrate in a unit volume of hydrate reservoir; the characteristic time of
heat transfer controlling mechanism was defined as the time it took for the gas phase
to transfer the heat in the unit length of hydrate reservoir through the unit area by heat
conduction.

The formula for the three characteristic times is as follows:
(1) Flow control:

τ1 = ∅μgL2

k0�P
(1)

(2) Decomposition control:

τ2 = ∅ρhSh

k0d e
−�E
RTi

√
∅3

2k0
Mh�P

(2)
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(3) Heat transfer control:

τ3 = L2ρgCg

Kg
(3)

3 Analysis of the Moving of the Decomposition Front Under
Different Control Mechanisms

This paper employs CMG to simulate the production performance of hydrate reservoir
via depressurization, A one-dimensional hydrate reservoir model with a length of 1
m is established, which is discretized into 50 grids with lengths of 0.02 m each. The
grid’s width and height are both 0.1 m. Table 1 displays the main parameters of hydrate
reservoirs.

Table 1. The main parameters

Parameter Value

Hydrate saturation 0.4

Porosity 0.3

Permeability 1.0× 10−13 m2

Reservoir pressure 6 MPa

Bottom hole pressure 3 MPa

Reservoir temperature 5 °C

Activation energy 8.1× 104 J/mol

Response frequency factor 3.6× 104 mol/m2/pa/s

Specific heat capacity 1020 J/kg/K

Thermal conductivity 0.5 W/m/K

3.1 Decomposition Front Movement Under a Single Control Mechanism

The special parameter settings of different control mechanisms are shown in Table 2,
other parameters that do not changed refer to Table 1. Taking decomposition control as an
example, the characteristic time is calculated according to Eqs. (1)–(3), τ1= 1.0× 106;
τ2 = 1.41 × 107; τ3 = 2.04 ×103. Decomposition control has the largest eigenvalue,
then decomposition control plays a leading role.
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Table 2. The special parameters

Mechanism Parameter Value

Flow control Bottom hole pressure 3.5 MPa

Permeability 1.0× 10−13 m2

Decomposition control Response frequency factor 3.6× 103 mol/m2/pa/s

Porosity 0.4

Heat transfer control Gas specific heat capacity 1500 J/kg/K

Thermal Conductivity 0.05 W/m/K

The movement of the decomposition front under different control mechanisms is
shown in Fig. 1.

When decomposition is the primary control, the front edge movement rate of the
decomposition remains constant. Other factors have little effect on the decomposition
front in this case, and a stable movement speed can be maintained. When flow is the pri-
mary control, the decomposition front moves at a relatively fast rate in the early stage,
and the reduction in pressure in the previous stage causes the hydrate to decompose
rapidly. However, due to the high resistance of gas-water flow capacity, the hydrate
decomposition front’s movement rate is rapidly reduced. When heat transfer is the pri-
mary control, the front movement rate of the decomposition remains relatively high.
Due to the decrease in pressure during the initial stage of depressurization, the hydrate
decomposes quickly, and the reservoir has a high specific heat capacity and can continue
to provide heat for the hydrate’s decomposition. Afterwards, as the propagation of the
reservoir temperature decreased in the later stage, the movement speed of the hydrate
decomposition front decreases faster.

3.2 Decomposition Front Movement Under the Coupling Control Mechanism

The special parameter settings of different control mechanisms are shown in Table 3, and
the parameters that do not need to be changed refer toTable 1. Taking decomposition-flow
coupling control as an example, the characteristic time is calculated according to Eqs.
(1)–(3), τ1= 3.60×106; τ2= 3.92×106; τ3= 2.04×103. In this case, the characteristic
time of decomposition control and flow control are not much different, and both of these
are far greater than that of the heat transfer control, so the decomposition-flow coupling
control plays the leading role.
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Fig. 1. Themovement rate of the decomposition front (a) flow control; (b) decomposition control;
(c) heat transfer control.
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Fig. 2. The movement rate of the decomposition front under different coupling control mecha-
nisms. (a) decomposition-flow; (b) decomposition-heat transfer; (c) flow-heat transfer
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Table 3. The special parameters

Mechanism Parameter Value

Decomposition-Flow coupling control Response frequency factor 1.0× 104 mol/m2/pa/s

Permeability 3.6× 10−14 m2

Decomposition-heat transfer coupling
control

Response frequency factor 1.0× 104 mol/m2/pa/s

Gas specific heat capacity 1500 J/kg/K

Flow-heat transfer coupling control Gas specific heat capacity 1500 J/kg/K

Thermal Conductivity 0.05 W/m/K

Permeability 2.8× 10−14m2

The movement of the decomposition front under different coupling control mecha-
nisms is shown in Fig. 2.

When the coupling control is decomposition-flow, the movement rate of the decom-
position front is relatively high in the early stage. The reason is that the decomposition
control plays the primarily role in this stage. After that, the flow control effect increases
gradually, so the decomposition front movement rate decreases. When the coupling
control is decomposition-heat transfer, the temperature decreases during the decom-
position process, so the movement rate of the hydrate decomposition front decreases.
When the coupling control is flow-heat transfer, the movement rate of the decomposi-
tion front always shows a gradual decrease. It is because the flow of gas and water
is restricted, which hinders the further decomposition of hydrate. Furthermore, the
temperature decreases rapidly in the later stage of decomposition, which makes the
decomposition more slowly.

4 Conclusion

(1) In the case of a single control mechanism, when decomposition is the primary
control, the decomposition front movement curve exhibits a linear characteristic,
and the hydrate decomposition front movement rate remains essentially constant.
When flow is the primary control function, the movement rate of the decomposition
front gradually decreases as gas-water flow resistance increases in the later stages
of depressurization; when heat transfer is the primary control, the temperature
of the hydrate reservoir rapidly decreases, and the movement rate of the hydrate
decomposition front is lower in the later stages of decomposition.

(2) In the case of coupling control mechanism, when decomposition-flow or
decomposition-heat transfer is the primary control, due to the decrease of the hydrate
decomposition rate constant, the movement rate of the hydrate decomposition front
does not gradually decrease in the later stage as that of the flow control, and it still
maintains a relatively stable movement rate. When the flow-heat transfer plays a
dominant role, due to the increase of flow resistance and the decrease of temperature
in the later stage of decomposition, the movement rate of the front edge of hydrate
decomposition is lower.
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Symbol Description

∅—Porosity
k0—Permeability, 10−13 m2

ρh—Density of hydrate, kg/m3

Sh—Hydrate saturation
Cg—Gas specific heat capacity, J/kgK
Kg—Thermal conductivity of gas, W/mK
Mh—Molar mass of hydrate, kg/mol
�E—Thermal conductivity of gas, J/mol
k0d—Reaction rate constant, mol/m2/pa/s
L—Reservoir size, m
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Abstract. During the development of deep-water gas wells, the low temperature
and high pressure environment near the mudline is easy to form hydrate in the
wellbore, resulting in severe hydrate plugging risk. In this paper, the traditional
discrete phase model is optimized by establishing the hydrate particle transport
model and the judgment criterion of particle deposition on the pipe wall, so as to
numerically simulate the hydrate particle transport and deposition law in the pipe
flow. Through the simulation, we get the velocity distribution and concentration
distribution of hydrate particles in the pipe flow. It is found that the deposition
rate of particles generated in the gas core can reach about 7%, which decreases
with the increase of gas velocity and increases with the increase of particle size.
This conclusion confirms the importance of hydrate particles deposition in the gas
core to the overall hydrate deposition, which lays a foundation for the accurate
calculation of hydrate deposition blockage.

Keywords: Natural gas hydrate · Particle migration · Particle deposition ·
Numerical simulation

1 Introduction

Deepwater oil and gas drilling and development has the characteristics of high invest-
ment, technology and high risk. The problem of hydrate flow guarantee has become one
of the key problems restricting deepwater oil and gas development [1]. The deep and
shallow formation has the environment of low temperature and high pressure. Once the
gas and water molecules produced by the formation meet the phase equilibrium condi-
tions for hydrate formation, hydrate will be generated in the production string, choke
line and BOP, deposit and attach to the pipe wall, resulting in the reduction of the inner
diameter of the pipeline, which may cause the wellbore, valves, BOP and choke line to
be blocked by hydrate and serious safety accidents. Therefore, the study on themigration
and deposition law of hydrate particles is of great significance to predict the location of
hydrate blockage.
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The main driving force of hydrate research is to solve the thorny problem of hydrate
flow assurance. Once hydrate is formed, the particle aggregates formed are not deposited
in-situ, but transported and deposited under the action of gas carrying. At present, the
mechanism of hydrate particle migration and accumulation is not fully understood.
Fidel Dufour et al. believe that the aggregation process of hydrate particles was like a
chemical reaction. When hydrate particles contact with water droplets, water droplets
quickly nucleate and crystallize into hydrate particles and adhere to the original hydrate
particles (aggregates) [2]. Based on the population balance model, Colombel et al. put
forward the theory that contact aggregation mechanism and shear limited aggregation
mechanism are unified to explain hydrate aggregation [3].

Hydrate deposition refers to the process that the hydrate generated in the pipe reaches
the pipe wall and adheres to the pipe wall. At present, many studies on hydrate particle
deposition were based on the deposition of solid particles. In 1977, Friedlander and
Johnstone proposed the free flight model [4]. After the relaxation process, the particles
moved to the pipe wall in free-flight. In 1993, fan and Ahmadi proposed an empirical
correction formula for particle deposition considering the effects of surface roughness
and gravity [5]. In 2010, based on the previous studies, Jassim used CFD technology to
simulate the experiment of single hydrate particle deposition, and proposed a theoretical
model for calculating single hydrate particle deposition in gas dominated system [6].
Di Lorenzo et al. carried out an indoor experimental study on hydrate formation and
transport in the annular mist flow in the pipeline for the first time, and obtained a large
number of experimental data, such as hydrate formation rate, hydrate layer growth rate
on the pipe wall, etc. [7]. Aman et al. studied the effects of gas phase velocity and sub-
cooling on hydrate formation and deposition in pipelines with gas phase as continuous
phase, and found that the droplet entrainment rate in gas phase was very important to
hydrate formation and pipeline blockage [8]. Wang et al. discussed the hydrate depo-
sition characteristics in the annular mist, and preliminarily found that hydrate particles
generated by droplets in the gas core and hydrate particles generated at the liquid film
on the pipe wall will deposit and adhere on the pipe wall [9].

At present, there are abundant researches on hydrate deposition blockage, but most
of them are theoretical analysis and model establishment for the macro phenomenon of
hydrate blockage. Few studies pay attention to the movement state of hydrate particles
near the pipe wall in the gas phase, and usually ignore the influence caused by this part of
particle deposition in the process of establishing hydrate blockage prediction model. In
this paper, themigration and deposition characteristics of hydrate particles in gas core are
simulated by the optimizedDPMmodel, and themigration and deposition characteristics
of particles are obtained, which provides a theoretical basis for the accurate prediction
of hydrate deposition plugging.

2 Solving Model

2.1 Numerical Model

Because this paper mainly focuses on the migration and deposition of hydrate particles
in the pipe flow, and in order to simplify the numerical simulation process, we make the
following assumptions:
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(1) The pipe flow is an isothermal process, while ignoring the mass transfer process
between gas and liquid, that is, the formation and decomposition of hydrate are not
considered.

(2) The hydrate particles in the pipe flow are spheres.
(3) The particle volume concentration is less than 10%, that is, only the interaction

between particles and fluid is considered, and the interaction between particles is
ignored.

The numerical models used in this paper are mainly turbulence model and discrete
phasemodel (DPM).Among them, the turbulencemodel adopted the standard k-emodel,
and its turbulent flow energy equation and diffusion equation could be expressed by the
following formula (1)–(2).

∂
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In DPM model, the trajectory equation of particles is mainly solved according to
the differential equation of particle force in Cartesian coordinate system. The form of
the force balance equation of particles in Cartesian coordinate system (taking the X
coordinate as an example) can be shown by formula (3), in which the first term on the
right of formula (3) represents the unit mass drag force on particles, the second term is
the gravity term, and the third term is other forces on particles in X direction.

dup
dt

= FD
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ρp
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Among them, the drag force FD can be calculated by the formula (4)–(6).
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When the particles move near the wall, due to the change of flow field and the
interaction between wall and particles, the particles will also be affected by Saffman lift
force and wall adhesion. When there is a velocity gradient in the flow field, Saffman lift
force will be generated due to the velocity difference between the upper and lower sides
of hydrate particles. When the fluid flows over a solid surface, in the area far away from
the wall (until the fluid is very close to the wall), the fluid makes a non-rotational motion,
and due to the viscosity of the fluid, the non-slip motion is made on the wall, and the
transition between the two areas will produce a very large velocity gradient. Because the
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fluid velocity gradient near the wall is large, the Saffman lift will have a great impact on
the particle motion, which can be calculated by formula (7) [10].

FL = 1.615μd2
p (

ρg

μ

du

dz

∣∣∣∣
z = d/2

)0.5up (7)

The adhesion force between hydrate particles and the wall is the sum of all molecular
and atomic attraction between twoobjects, and its calculationmethod is shown in formula
(8) [10].

FA = Ahmdp
12h2

(8)

Since the particles have no high-speed rotation near the wall, they have good electro-
static elimination characteristics, and Magnus force, basset force and electrostatic force
can be ignored. Therefore, the stress of hydrate particles in pipe flow can be accurately
described by formula (3). The stress state of particles on the pipe wall can be seen in
the Fig. 1. By integrating the time step of formula (3), the hydrate particle velocity at
each position can be obtained. Through the following formula (9), the particle trajectory
equation and additional equation describing particle mass/heat transfer can be obtained.
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Fig. 1. Schematic diagram of stress state of hydrate particles on pipe wall

dx

dt
= up (9)

2.2 Judgment of Particle Deposition

When the particles move to the pipe wall, the boundary conditions of general DPM only
include collision reflection, escape and wall capture. However, previous studies have
found that after the hydrate particles contact the wall, only a small part of them will
deposit on the wall, resulting in the growth of the hydrate layer, and most of the particles
will return to the gas core under the action of gas drag. Previous studies have found
that particle rotation is the key factor for hydrate particles to deposit on the wall. G.M.
Burdick et al. quantitatively characterized the motion characteristics of hydrate particles
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on the wall by introducing the critical particle Reynolds number [10]. If the Reynolds
number is greater than the critical value, the particle will leave the wall. The established
hydrate particle deposition judgment criteria is shown by formula (10):
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(10)

The UDF provided by Fluent can realize the user’s personalized needs by writing
code programs and dynamically linking to the solver. In this paper, the compiled UDF
is used to judge the complex boundary conditions of discrete phase particles. Based
on the stress analysis of particles on the pipe wall, through the user-defined macro
Define_DPM_ BC implements the custom particle and wall removal mechanism, and
embeds the source code into the shared library to link with Fluent.

3 Numerical Solution Process and Result Analysis

3.1 Simulation Method and Parameters

The simulation is transient and uses the Eulerian-Lagrangianmethod (Eulerianmethod is
used to solve theN-S equation for gas and Lagrangianmethod is used to solve the particle
trajectory equation for hydrate particles). Since the turbulent diffusion of particles has a
great impact on the solution of the particle trajectory equation, the influence of particles
on the continuous phase is taken into account in this simulation. Firstly, the convergent
continuous phase flow field is obtained by k-epsilon model, and then the discrete phase
model is created for coupling calculation.

The physical model used in the simulation is a cylindrical pipe with a length of
1.5 m and a diameter of 0.1 m. The grid is divided by O-grid method (It can be seen
in Figs. 2). The simulation conditions are temperature 275 k and pressure 6 MPa. The
gas component is pure methane, the liquid content is 5%, the gas velocity is 10 m/s,
and the liquid velocity is 0.08 m/s. Through calculation, it can be obtained that the gas
viscosity under this condition is 1.172 * 10–5 Pa·s. The gas density is 48.669 kg/m3 and
the surface tension is 0.075 N/m.

Fig. 2. Schematic diagram of meshing
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3.2 Results and Analysis

We intercepted the migration velocity of hydrate particles at different sections, as shown
in Figs. 3, and found that the particle movement velocity in the gas core area is high,
which can reach 8 m/s, while the particle movement velocity at the pipe wall is small,
which can reach 0.001 m/s. This is because in the gas core region, the particles are only
dragged by the gas in the turbulent core region, so that the particles move together with
the gas core. In the near wall region, a large number of particles collide and rebound
with the wall or roll and slide along the wall, which loses most of the kinetic energy,
reduces the velocity, and even some particles deposit due to the adhesion of the wall.

Fig. 3. Particle velocity distribution in pipe flow

We also get the concentration distribution of hydrate along the axial direction of the
pipeline under different gas velocities. It can be seen from the Fig. 4 that the hydrate
particle concentration is mainly concentrated in the rear section of the pipeline, and the
maximum particle concentration is concentrated at the bottom of the pipeline. This is
because the radial motion of particles in pipe flow is mainly affected by particle gravity.
At the same time, it is found that the greater the gas velocity, the stronger the shear force
exerted by the gas on the hydrate particles, so the smaller the concentration distribution
of hydrate particles on the wall, and the more uniform the concentration distribution of
hydrate particles.

Fig. 4. Particle concentration distribution at different gas velocities

By capturing the hydrate deposition particles on the wall, we obtain the total number
of particles injected and the number of particles deposited on the pipe wall, and calculate
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the deposition rate of hydrate particles in the gas phase, as shown in the Fig. 5. It can
be seen from the figure that the maximum particle deposition rate can reach about 7%,
which shows that the role of hydrate particles generated in the gas core in the overall
hydrate deposition cannot be ignored. The hydrate deposition blockage predictionmodel
should take into account the hydrate particles deposition generated in the gas core. At
the same time, it is found that the deposition rate decreases with the increase of gas
velocity and increases with the increase of particle size, and the larger the particle size,
the smaller the influence of gas velocity on deposition.

The influence of gas velocity on deposition rate is reflected in two aspects. First,
with the increase of gas velocity, the greater the turbulent kinetic energy of the fluid,
the stronger the fluid pulsation, the greater the kinetic energy obtained by the particles
in the fluid due to pulsation, which makes the rebound energy of the particles greater,
so the probability of deposition after collision with the wall decreases. Second, with the
increase of gas velocity, the shear effect of gas is stronger, and the particles that have
reached the wall are easier to return to the gas flow under the action of shear force,
resulting in the reduction of wall deposition probability. The influence of particle size
on particle deposition is mainly reflected in gravity. The larger the particle size is, the
greater the gravity the particles are subjected to, and the easier it is to deposit at the
bottom of the pipe wall.

Fig. 5. Variation curve of particle deposition rate with gas velocity and particle size

4 Conclusion

Based on the stress characteristics of hydrate particles in pipe flow, this paper estab-
lishes hydrate particle migration model and deposition judgment criteria on the pipe
wall, and optimizes the traditional DPM model in Fluent, in order to accurately predict
the migration and deposition law of hydrate particles in pipe flow. Through numerical
simulation, we get the velocity distribution and concentration distribution of hydrate
particles in the pipeline. It is found that the migration velocity of hydrate particles is
characterized by high velocity in the gas core and low velocity near the pipe wall, and
its migration is mainly affected by gravity. At the same time, the simulation also shows
that the deposition rate of hydrate particles in the gas core is up to about 7%, which
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decreases with the increase of gas velocity and increases with the increase of particle
size, which further explains the importance of hydrate particle deposition in the gas core
to the growth of the overall hydrate layer. This result provides a theoretical basis for the
accurate prediction of the growth rate of hydrate deposition layer.

Symbol Description

u, up—Fluid and particle velocities, m/s
Gk, Gb, YM—Turbulent kinetic energy generated by laminar velocity gradient, turbu-
lent kinetic energy generated by buoyancy, fluctuation caused by transition diffusion in
compressible turbulence, J
gx—Gravitational acceleration in X direction, m/s2

ρp, ρ—Particle and fluid density, kg/m3

FD, FL, FA, Fx—Drag, Saffman lift, adhesion, other forces, N
σe, σk—Prandtl number of turbulence in e equation and K equation
l1, l2—Particle rotation arm, m
μ—Dynamic viscosity, N·s/m2

dp—Particle size, mm
CD—Drag coefficient
Rep—Particle Reynolds number
a1, a2, a3,—Empirical coefficient
k—Turbulent kinetic energy, J
e—Diffusivity
ut—Turbulent velocity, m/s
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Abstract. At present, there are few reports of erosion wear law of pipe string with
sand and liquid-carrying in gas storage, and the erosion law in the multiphase flow
of oil and gas gathering and transmission pipeline is not fully applicable to the
analysis of pipe string with sand and liquid-carrying in gas storage. Since the nat-
ural gas density under high temperature and pressure is 10–100 times higher than
that under normal temperature and pressure, it is necessary to comprehensively
analyze the stress state of sand particles in the pipe string under two conditions of
sand-containing only in the early stage of gas production, and sand-containing and
liquid- carrying in the later stage of gas production the gas storage. By considering
the buoyancy, pressure gradient force, additional mass force, and Saffman lift of
particles, which is used to be neglected during the erosion study inmultiphase flow
of oil and gas gathering and transmission line, the coupling effect of gas-solid and
gas-liquid-solid during erosion is more comprehensive, and then the erosion law
in the pipe string of gas storage is carried out using the CFD method and Fluent
Software, which has important theoretical guidance and practical significance to
ensure the safe and efficient injection and production of gas storage.

Keywords: Gas storage · Pipe string · Erosion law · Analog simulation · Sand
content · Liquid-carrying

1 Introduction

At present, the location of China’s natural gas fields does not match the demand. There is
a large difference in natural gas demand across quarters, and the contradiction between
supply and demand is prominent. According to statistics, in 2020, my country’s demand
for liquefied natural gas was further expanded. The net import volume of natural gas
was 142.8 billion m3, and the external dependence reached 43% [1]. Zhou [2] predicts
that in the next 15 years under the background of carbon neutrality, China’s natural gas
market is still in a stable growth period, and the natural gas consumption will reach 650
billion m3 in 2035. In order to realize the functions of natural gas peak shaving, supply
protection and strategic reserve, gas storage has become an inevitable demand when
China’s natural gas develops to a certain scale. With the accelerating pace of gas storage
construction in China and the increasing number of gas storage around cities, the safety
of gas storage has become more and more important.
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Different from the pursuit of stable production of oil and gas reservoirs, gas store
mostly adopt the modes of long-term fast injection and production and strong injection
and production, and the injection and production string is mostly the same string, which
puts forward higher requirements for the pipe string of gas reservoirs. Moreover, under
long-term alternating load, the reservoir is more prone to fatigue damage and high sand
production risk, which further aggravates the pipe string erosion and makes it more
difficult to manage the safe operation of the pipe string. The above shows that it is urgent
and necessary to carry out the research on the erosion law of pipe string in gas storage
[3, 4].

Erosion is a phenomenon that the fluid and its carrying phase (such as droplets,
sand particles, etc.) impact the material surface at a certain speed and angle, resulting
in material deformation and loss. Most gas storage pipe strings are plastic materials
(N80, P110, S13cr, 13Cr, etc.) [5]. Scholars at home and abroad have conducted a lot of
research on the erosion wear of plastic materials and achieved many results. However,
these resultsmostly consider the simplification of particle force and aremostly applicable
to the analysis of erosionwear lawof gathering and transmission pipeline or under special
working conditions. There are few reports on the erosion research of gas storage pipe
string based on CFD method and Fluent Software. The essential reason is that the gas
storage pipe string has the characteristics of deflecting, high gas production intensity,
complex interaction between sand particles and droplets and liquid film, and difficult
tracking of particle trajectory, which brings great challenges to the research on the degree
and law of pipe string erosion [6, 7].

Therefore, based on the actual deflection mode of pipe string in a gas storage, this
paper establishes the vertical section and inclined section models of the 5 m actual pipe
string of the gas storage. On the basis of comprehensively considering the force on the
particles in the gas production pipe string of the gas storage, combined with the CFD
method and Fluent Software, the standard k ~ ε turbulence model and Mclaury erosion
model [8] are selected for simulation, and the parameters are calculated and input to
explore the influence law of flow velocity, particle diameter, sand content and water
content the erosion of gas storage pipe string.

2 Parameters and Research Scheme of Gas Storage

The preliminary production data of a depleted gas reservoir and the design parameters
of gas storage are shown in Table 1.

Using the fluent simulation software, five groups of simulation are carried out for
the vertical pipe section and inclined pipe section under the actual working conditions
of gas production in the gas storage. The parameter input is shown in Table 2 below.
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Table 1. Parameters of a gas storage

Formation pressure 37.8 MPa

Formation temperature 177.8 °C

String density 7850 kg/m3

Particle density 2650 kg/m3

pipe diameter 177.8 mm

Design production 1680000 m3/d

Table 2. Analog parameter input.

Case1 Case2 Case3 Case4 Case5

Pipe section Vertical pipe Vertical pipe Vertical pipe Inclined pipe Inclined pipe

Flows (m/s) 6.12–30.6 6.12 6.12 4.12 4.12

Sand content
(g/s)

6.2 12.4–62 6.2 0.01–0.1 0.1

Particle diameter
(um)

40 40 40–120 40 40

Water content
(%)

0 0 0 0 1–10

Fig. 1. Model meshing

3 Fluent Analogue Simulation

3.1 Modeling and Meshing

According to the size of the pipe string used in the production site of the gas storage,
the geometric models of the vertical section and inclined section of the pipe string are
established by Spaceclaim Software, the thickness of the boundary layer is set by ICEM.

Software and the structural grid is divided, as shown in Fig. 1, and the grid inde-
pendence is tested. As shown in Fig. 2, the optimal number of grids is determined to be
880000.
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Fig. 2. Grid independence test

3.2 Particle Stress Analysis

Assuming that the shape of particles is spherical, on the basis of previous studies only
considering gravity and drag force, considering that the density of natural gas under
high temperature and high pressure is 10–100 times that under normal temperature and
pressure [9], the buoyancy FB (the formula (1)), additional mass force FM(the formula
(2)), pressure gradient force FP (the formula (3)) and Saffman lift FS (the formula (4))
of particles in the pipe string can not be ignored, Therefore, the above forces between
gas-solid and gas-liquid-solid are considered in Fluent simulation calculation, so as to
make the simulation closer to the actual production situation of gas storage and study
the erosion wear of gas storage pipe string.

FB = ρVPg (1)

FP = −πd3
p

6

∂p

∂h
(2)

FM = 0.5
πd3

p

6
ρap (3)

Fs = 1.61d2
p (ρμ)0.5

(
v − vp

)|dv/dy|0.5 (4)
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3.3 Analysis on Erosion Law of Pipe String

Based on the temperature and pressure field of the pipe string in a gas storage, the
simulation parameters of continuous phase and discrete phase are calculated and input.
Select standard k ~ ε turbulence model is used to calculate, the fluent DPMmodel is used
to set the interaction between particles and continuous phase, and the McLaury erosion
model [8] is selected as the judgment basis of pipe string erosion amount to explore the
erosion law of vertical section and inclined section of pipe string.

ER = C ∗ Fs ∗ Vn
p ∗ F(α) (5)

3.3.1 Analysis on Erosion Law of Vertical Section of Pipe String

3.3.1.1 Effect of Flow Velocity on Pipe String Erosion
Assuming that the injected particles are spherical and other influencing factors remain
unchanged, change the flowvelocity to study the change of themaximumerosion amount
of the pipe string. In order to ensure the full development of the flow field, inject particles
after the flow field converges (about 1.5 s) to obtain the overall and local enlarged
nephogram of the pipe string erosion amount, as shown in Fig. 3. It can be seen from the
nephogram that the erosion degree of the pipe string wall is relatively uniform. Under
different flowvelocity, themaximumerosion amount of the pipe string changeswith time,
as shown in Fig. 4. It can be seen from the figure that the maximum erosion amount of
the pipe string increases with the increase of time, because when the number of particles
injected is the same, the kinetic energy of the particles increases with the increase of
flow velocity, and the impact force when the particles hit the wall increases, Thus, the
erosion amount of the pipe string increases; With the increase of particle kinetic energy,
the frequency of the same number of particles hitting the wall also increases, which
will also increase the change of erosion amount. Finally, the maximum erosion amount
of pipe string shows an exponential growth trend with the increase of flow velocity, as
shown in Fig. 5.

Fig. 3. Nephogram of erosion amount in vertical section of pipe string
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Fig. 4. Variation of maximum erosion amount of pipe string with time

Fig. 5. The maximum erosion amount of pipe string varies with flow velocity

3.3.1.2 Effect of Particle Mass Flow on Pipe String Erosion
Assuming that the injected particles are spherical and other influencing factors remain
unchanged, change the particle mass flow to study the change of the maximum erosion
amount of the pipe string. The particle injection time is the same as the above setting.
The maximum erosion amount of the pipe string changes at any time under different
particle mass flow, as shown in Fig. 6. The maximum erosion amount of the vertical pipe
section of the pipe string increases with the increase of the particle mass flow. This is
because when other conditions remain unchanged, increasing the mass flow of particles
will increase the number of particles injected into the pipe string per unit time, increase
the probability of particles hitting the wall, make more particles hit the inner wall of the
pipe string, cause erosion to the pipe string, and finally lead to a roughly linear increase
in the maximum erosion of the pipe string with the increase of particle mass flow, as
shown in Fig. 7.
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Fig. 6. Variation of maximum erosion amount of pipe string with time

Fig. 7. The maximum erosion amount of pipe string varies with particle mass flow

3.3.1.3 Effect of Particle Diameter on Pipe String Erosion
Assuming that the injected particles are spherical and other influencing factors remain
unchanged, change the particle diameter to study the change of the maximum erosion
amount of the pipe string. The particle injection time is the same as the above set-
tings. Under different particle diameter, the maximum erosion amount of the pipe string
changes with time, as shown in Fig. 8. It can be seen from the figure that the maximum
erosion amount of the pipe string decreases with the increase of the particle diameter,
This is because when the particle mass flow remains unchanged, the increase of particle
diameter means that the number of particles injected decreases, and the number of par-
ticles impacting the inner wall of the pipe string decreases, resulting in the decrease of
the maximum erosion amount of the pipe string with the increase of particle diameter,
as shown in Fig. 9.

Unfortunately, this conclusion is consistent with the results of some scholars, but
because the particle diameter studied is relatively small, the “particle size effect” of the
particles is not found, that is, the erosion amount of the pipe string decreases with the
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Fig. 8. Variation of maximum erosion amount of pipe string with time

Fig. 9. The maximum erosion amount of pipe string varies with particle diameter

increase of the particle diameter, but when the particle diameter increases to a certain
value, and then continues to increase the particle diameter, the erosion amount of pipe
string will also increase. In the follow-up work, it is necessary to further study the
influence of particle diameter on the erosion of gas storage pipe string [10–12].

3.3.2 Analysis on Erosion Law of Inclined Section of Pipe String

3.3.2.1 Effect of Particle Mass Flow on String Erosion
Assuming that the injected particles are spherical and other influencing factors remain
unchanged, change the particle mass flow to study the change of the maximum erosion
amount in the inclined section and the change of the maximum erosion amount of the
pipe string with time, as shown in Fig. 10. The erosion law of the particle mass flow
on the inclined section of the pipe string is consistent with that of the verticle section,
which is not repeated.
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Fig. 10. Variation of maximum erosion amount of pipe string with time

3.3.2.2 Effect of Water Content on String Erosion
Assuming that the injected particles are spherical and other influencing factors remain
unchanged, the Euler-DPM model in Fluent simulation software is used to set the first
item of continuous phase as gas phase and the second item as liquid phase. The settings
of flow velocity, particle mass flow and particle diameter are shown in case 5 in Table 2.
The variation of maximum erosion amount with water content in inclined section of
string is studied.The nephogram of gas-liquid volume fraction is shown in Fig. 11. It
is found that due to the small volume fraction of the liquid phase, the liquid phase is
dispersed by the gas phase during injection at the inlet of the pipe string, showing the
state distribution of discrete droplets. With the continuous injection of the liquid phase,
the droplets continue to gather along the pipe string, at the upper end of the inclined
pipe string, the liquid phase is distributed as a continuous phase, and the maximum
erosion amount of the pipe string changes with time, as shown in Fig. 12. It can be seen
from the figure that under the production condition of low water content, The change of
water content has little impact on the erosion of pipe string. Compared with the erosion
amount of pipe string without water, the maximum erosion amount of pipe string is little
different. Some scholars have found that the existence of liquid film will alleviate the
erosion effect of pipe string, but the interaction between sand particles, liquid droplets
and liquid film needs to be further discussed [13, 14].

Fig. 11. Nephogram of gas-liquid volume fraction
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Fig. 12. Variation of maximum erosion amount of pipe string with time

4 Conclusion

The buoyancy FB, additional mass force FM, pressure gradient force FP and Saffman
lift FS of particles can not be ignored. By considering the above forces of particles, the
gas-solid, gas-liquid-solid coupling effect during erosion in pipe string is more compre-
hensive. The erosion simulation of vertical and inclined sections of pipe string with sand
and liquid-carrying in gas storage is carried out. The result shows that on the premise
that other conditions remain unchanged, the maximum erosion amount of pipe string
increases with the increase of flow velocity, presenting an exponential trend; With the
increase of particle mass flow, the maximum erosion amount of pipe string increases
linearly. Due to the small particle size, the maximum erosion amount decreases with
the increase of the particle diameter, but the “particle diameter effect” of the particles
is not found, so further simulation is also needed. When the water content is low, the
maximum erosion amount of the pipe string changes little with the water content. The
interaction between sand, droplets, and liquid film needs to be further discussed. Under
the accelerating trend of gas storage construction in China, the research on the erosion
law of pipe string under different working conditions has important theoretical guidance
and practical significance to ensure the safe and efficient injection and production of gas
storage.

Symbol Description

ρ—Particle density, kg/m3

Vp—Volume of particles, m3

g—Normal setting 9.81, kg/m2

dp—Particle diameter, m
∂p
∂P -—Pressure gradient, pa/m
ap—Acceleration of particles, kg/m2

μ—Viscosity of natural gas, mPa·s
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v—Continuous phase velocity, m/s
vp—Particle velocity, m/s
dv/dy—velocity gradient, 1/s
ER—Pipe string erosion, kg/m2

C—Empirical constant
n—Speed index
Fs—Particle shape coefficient, Spherical particle, Fs = 1
F(α)—Particle impact angle function
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Abstract. In recent years, as a kind of unconventional oil energy, heavy oil has
large reserves and wide distribution, and the issue of marine heavy oil exploitation
has gradually attracted attention. Especially, the temperature near the mud line
was low, the viscosity of heavy oil increases exponentially, and it was difficult
to flow. Therefore, taking appropriate lifting measures to improve wellbore flow
had become the focus of current research. In this paper, multi-phase flow dynamic
theory was used to model artificial lift of heavy oil well in a certain block in
the South China Sea, including gas lift, gas lift-electric submersible pump (GL-
PCP) combined thermal insulation pipe technology. Compared with no lifting
measures, the fluidity of heavy oil vertical wellbore was explored. The simulation
results showed that the liquid production of heavy oil increased obviously with the
injection of natural gas. With the addition of electric submersible pump, the liquid
production effect of gas lift was improved compared with that of single lift, and
the pressure gradient was obviously reduced. In addition, the fluid temperature
near the mud line was low, and the minimum temperature could be appropriately
raised by combining the insulation pipe. It was of great significance to optimize
artificial lifting method of heavy oil and ensure wellbore fluidity.

Keywords: Offshore heavy oil · Gas lift · Gas lift-electric submersible pump ·
Fluid producing

1 Introduction

The depletion of light crude oil reserves has led to the increasing importance of uncon-
ventional oil and gas. Heavy oil plays an important role. Developing new technologies
to increase offshore heavy oil recovery by 5–10%. According to the latest oil and gas
resource evaluation data, the accumulative proven oil and gas reserves inChina’s offshore
areas are 53 * 108 t and 14.37 * 1011 m3, which were mainly distributed in Bohai Sea,
Pearl River Estuary and other basins [1–3]. Heavy oil has high viscosity and is extremely
sensitive to temperature. Ambient temperatures near the deep cement line were often
in the single digits, and some offshore fields suffered from poor liquidity and low fluid
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production even when exploration results showed good reservoir properties and shallow
water. As the viscosity of heavy oil is greatly affected by temperature, heating were often
used to improve wellbore fluidity in Bohai oilfield, including cable (electromagnetic)
heating, rod pump heating, insulation pipe, etc. However, in some offshore oil fields, the
results of field trial production could not reach the ideal state in the testing process of
using progressing cavity pump heating and coiled tubing gas lift.

Due to environmental constraints, there were fewer offshore exploratory wells com-
pared to land, and the actual situation of the oil reservoir was not well understood. When
the actual reservoir performance was significantly different from the forecast, it was nec-
essary to pull up the tubing string and redesign the equipment parameters, which made it
impossible to carry out other lifting. The gas lift equipment was simple, without lifting
column and wide range of displacement, which was very suitable for offshore oilfield
production [4, 5]. The pump displacement of electric submersible pump could be well
matched with the gas lift displacement without conflict. When the depth of oil well was
increasing, the single liftingmethod need to continuously pressurize and increase power,
resulting in the limitations of equipment working condition resistance, shortened repair
free period, huge investment consumption and so on. Combined lift was generally con-
sidered on the surface to be suitable for ultra-deep wells over 4,500 m deep [6]. When
oil fields were distributed offshore and deep heavy oil wells, combined lifting could
also be applied, which had important reference significance for future Marine heavy oil
exploitation.

2 Temperature-Pressure Model of Combined Gas Lift and Electric
Submersible Pump

2.1 Model Hypothesis

In order to facilitate the establishment of the combined electric submersible pump-gas
lift model, the assumptions were as follows:

(1) Formation fluids instantaneously mix with injected gas.
(2) The two-phase flow in the wellbore was one-dimensional flow along the wellbore

direction.
(3) Each phase fluid was regarded as a continuous medium composed of numerous

fluid particles.

2.2 Model Building

Before calculating the temperature and pressure of the well, it was necessary to
understand the inflow behavior of the well. This was a prerequisite for modeling [9]:

Ql = Jl
(
pr − pwf

)
(1)

Among them, Ql was liquid production, m3/d; Jl was the liquid production index,
m3/(d.MPa); pr was formation pressure; pwf was the bottom hole pressure, MPa.
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When gas-liquid two-phase flow state appears in wellbore, the change of pressure
would lead to complex change of flow pattern, presenting different morphology, and then
change the pressure gradient along the wellbore. The total pressure drop was divided
into four parts: gravity pressure drop, friction pressure drop, acceleration pressure drop
and pump work pressure drop, considering gas lift and electric submersible pump work
[7].

−dP

dZ
= ρgsinθ + f

ρ

d

v2

2
+ ρv

dv

dZ
+ ρ

dW

dZ
(2)

Among them, dP
dZ was the pressure gradient, Pa/m; ρ was the fluid density, kg/m3; g

was the acceleration of gravity, m/s2; θ is the Angle between the pipe and the horizontal
direction, °; f was the two-phase resistance coefficient, dimensionless; dwas the diameter
of the circular tube, m; v was the apparent flow rate of mixed phase, m/s;W was Lifting
system energy, J;

Friction coefficient and liquid holdup should be determined to calculate wellbore
flow pressure gradient, and in the heavy-oil combined lifting method, viscosity char-
acteristics of heavy oil were key parameters in the calculation of liquid holdup and
friction coefficient. In this study, viscosity changes after dissolved gas of heavy oil were
calculated by the dissolved gas heavy oil model proposed by D.Brant Bennion [8]:

lg
[
lg(μ)

] = A1 + A2 · T + A3 · p + A4
P

T
+ A5

T 2

P
+ A6 · API◦ (3)

Among them, μ was the viscosity of heavy oil after dissolved gas, mpa.s; A1–A6
was a constant, dimensionless; P was pressure, MPa; T was temperature, K.

In the process of modeling the temperature of the multiphase flowwith the combined
electric submersible pump and gas lift, it was necessary to calculate the temperature iter-
atively from the bottom of the tubing upwards along the wellhead. The gas lift equipment
was placed at the upper part of the whole system, and the electric submersible pump was
located at the lower part of the system. Thus, the temperature field calculation model
was as follows [9]:

Tout = Tin −
[
KL(TS − T )

Gf Cf
− gcosθ

Cf

]
�h + �t (4)

Among them, Tout was the fluid outflow temperature, °C; Tin was the inflow temper-
ature of fluid, °C; T was the temperature between the injected gas and the gas injection
point in the oil jacket annulus, °C; TS was the temperature of injected gas at the casing
annulus wellhead, °C; Gf was the mass flow rate of wellbore fluid, kg/s; Cf was the
specific heat of wellbore fluid, J/(kg.°C); �h was the interval length, m; �t was the
temperature increase of upper cable of electric submersible pump, °C.

When the annulus injected gas at different temperatures into the gas lift valve [9]:

Glt · Cplt + Ggt · Cpgt · (Tt − T ) = Ggin · Cpgin · (T − Tin) (5)

Among them, Cplt was the specific heat of formation produced fluid, J/(kg.°C); Cpgt

was the specific heat of gas, J/(kg.°C);Glt was the mass flow rate of produced fluid, kg/s;
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Ggt was themass flow rate of produced gas, kg/s;Ggin was the injected gasmass flow rate,
kg/s; Cpgin was the specific heat of injected gas, J/(kg.°C); Tin was the temperature of
formation produced fluid, °C; T was the temperature of formation fluid and gas mixture,
°C; Tin was injection temperature degree, °C.

3 Analysis of Simulation Results

3.1 Model Validation

Taking a heavy oil block in the South China Sea as an example, the well depth was 3,500
m, the water depth was 158 m, the vertical well, the sea surface ambient temperature was
30 °C, the temperature near the bottommud line was 5 °C, the reservoir temperature was
135 °C, and the pressure was 40 MPa. The overall well structure was shown in Fig. 1.
The gas-lift valve was 2000 m away from the wellhead, the injected gas was natural
gas, the gas temperature was 20 °C, the electric submersible pump was set 3300 m away
from the wellhead, the viscosity of heavy oil was 181 mPa.s, the density was 0.87 g/cm3,
the content of each carbon component was shown in Table 1, and the heat conduction
coefficient of tubing and casing was 48 W/(m. °C).

Table 1. Heavy oil components

Components The mole
fraction/%

Components The mole
fraction/%

C1–C10 1.3 C11–C20 34

C21–C30 56.7 C30+ 8

3.2 Analysis of Liquid Production

Figure 2 showed the change curves of tubing fluid production under three different lifting
conditions: no measure, gas lift, GL-ESP. The horizontal axis was the length of tubing
from bottom to wellhead.Without any liftingmeasures, the well production was stable at
29.8 m3/d. After the injection of natural gas, it could be seen that the liquid production
at the gas injection point had a significant increase, and the liquid production could
reach about 51 m3/d. After the addition of electric submersible pump on the basis of gas
lift, the fluid production was also increased to a certain extent compared with the first
two types, and the final wellhead fluid production can reach about 55 m3/d. Through
the comparison of the three, it could be seen that after gas lift and electric submersible
pump were added into the heavy oil wellbore, the liquid production of heavy oil was
improved, and the advantage of combined lift was greater than that of single lift.
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Fig. 1. Well structure of the well

Fig. 2. Fluid production from heavy oil wellbore with different lifting measures

3.3 Temperature Analysis

As shown in Fig. 3, wellbore temperature change curves along the wellbore under three
different lifting conditions of no measure, gas lift, GL-ESP were obtained respectively.
It could be seen that the low ambient temperature near the mud line made the liquid
production temperature appear an obvious inflection point, about 12–15 °C; After the
injection of natural gas, the temperature mutation of 3–4 °C occurred at the injection
point. The small change of the mutation temperature might be due to the large flow rate
of wellbore liquid, low injection temperature and low flow rate, and no big fluctuation
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Fig. 3. Wellbore temperature curves of heavy oil with different lifting measures

occurs after the two-phase mixing. After the electric submersible pump was added, the
temperature increased to a certain extent due to the pump working temperature.

3.4 Pressure Analysis

Fig. 4. Wellbore pressure variation curve of heavy oil with different lifting measures

As shown in Fig. 4, variation curves of wellbore pressure along the wellbore under three
different lifting conditions of nomeasure, gas lift, GL-ESPwere obtained respectively. It
was observed that the wellbore pressure gradient decreased with gas injection compared
to no lift. The change in wellbore pressure using GL-ESP is similar to that of gas lift
alone.
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4 Conclusion

In view of the wellbore flow problem of a heavy oil block in the South China Sea, the
feasibility and application effect of GL-ESP combined lifting for improving heavy oil
flow were analyzed theoretically for the first time.

Analysis of numerous measures, gas lift, GL+ESP three different lifting methods of
heavy oil wellbore fluid producing, the change of temperature, pressure curve, found that
compared with no liftingmeasures, gas lift, GL-ESP twoways could effectively increase
the production, to reduce the pressure gradient, and the combination lifting effect was
superior to the single gas lift; In addition, the temperature near the mud line was low, so
it was suggested to cooperate with insulation pipe to reduce wellbore temperature loss
and improve the fluidity of heavy oil.
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Abstract. Pipeline blockages and ruptures caused by natural gas hydrates are
the main problems in ensuring the flow of oil and gas, especially in the deep sea
and pipeline throttle parts. Anti-agglomerant is one of the effective methods to
prevent the blockage of natural gas hydrate. In this work, a high-pressure hydrate
rocking reactor was used to evaluate the inhibitory properties of saponins extract,
soapwort extract, camellia seed extract and sapindus extract on methane hydrate
polymerization. The hydrate volume fraction and the position image of the slider
are used to reflect the inhibition performance of the plant extract on methane
hydrate. The data shows that plant extracts can promote the formation of methane
hydrate. Compared with the systemwithout anti-agglomerant, the volume fraction
of methane hydrate increased respectively by 11.28, 11.78, 12.1, 13.57% when
the concentration of the extract of saponins was 0.5, 1, 1.5, and 2 wt%. And as
the concentration of saponins extract increases, its effect on promoting hydrate
formation is more obvious. Judging from the position image, as the concentration
increases, the saponins extract and soapwort extract can delay themethane hydrate
blockage time. This phenomenon is not observed in the camellia seed extract and
the sapindus extract. When the concentration of soapwort extract is 1.5 wt%, it
has a certain anti-agglomerant effect, and the slider is not completely blocked by
the hydrate in the end, and it moves in the range of 110 mm to 128 mm. camellia
seed extract and sapindus extract have no anti-agglomerant effect.

Keywords: Methane · Hydrate · Anti-agglomerant · Plant extract · Experiment

1 Introduction

Gas hydrates are non-stoichiometric clathrate crystal substances formed by water and
smallmolecular gases such asmethane (CH4), ethane (C2H6), carbon dioxide (CO2) and
hydrogen sulfide (H2S), so they are also called clathrate hydrates [1, 2]. At present, there
are three types of hydrate structures that have been discovered, which are customarily
referred to as structure I (sI), structure II (sII) and structure H (sH) [3]. The blockage of
natural gas hydrates in pipelines is a major flow safety issue in the oil and gas industry.
In the development of deep-water oil and gas, the high-pressure and low-temperature
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environment at the mudline on the seabed makes it easy for hydrate to form, deposit and
block in the pipeline. The blockage of natural gas hydrate in the pipelinewill cause safety
risks to the transportation and production system, and may cause significant economic
losses [4].

Inhibition of hydrate formation in the pipeline is achieved by dehydration, depres-
surization, heating or chemical methods. Depressurization and heating methods can
easily lead to the risk of pipeline rupture. Chemical methods usually use thermody-
namic inhibitors, kinetic inhibitors and anti-agglomerants to inhibit the formation and
blockage of hydrates [5]. Among them, the thermodynamic inhibitor breaks the phase
equilibrium conditions of the hydrate, so that the formation of the hydrate requires a
higher pressure and lower temperature, thereby inhibiting the formation of the hydrate.
Kinetic inhibitors can inhibit hydrate nucleation and delay the time of hydrate forma-
tion. Anti-agglomerant can be adsorbed on the surface of the hydrate particles to prevent
the crystal particles from further agglomerating, so that the hydrate particles can be
suspended and dispersed without clogging [6].

Methanol is often used as a thermodynamic inhibitor to prevent the formation of
hydrates in oilfields, but its amount is large, the cost is high, and the pollution is serious.
Kinetic inhibitors are limited by the high subcooling [7]. Sorbitol [8], rhamnolipids [9]
and some plant-extracted anti-agglomerants discovered in recent years are the few envi-
ronmentally friendly hydrate anti-agglomerants so far. Plant-derived anti-agglomerants
have the characteristics of good water solubility, easy biodegradation, and environmen-
tal friendliness [10]. In this work, several kinds of plants were extracted, their extracts
were obtained, and the performance evaluation experiments of anti-agglomerants were
carried out on several plant extracts.

2 Experimental Section

2.1 Materials

The materials and reagents used in the experiment are shown in Table 1.

2.2 Apparatus

As shown in Fig. 1, the instruments used in the experiment are: constant temperature
magnetic stirrer, vacuum pump, high-pressure hydrate rocking reactor. Figure 1 shows
the experimental equipment in this experiment. The high-pressure stainless steel reactor
with a design pressure of 30.00 MPa provides a place for the formation and decompo-
sition of hydrates. Each kettle has a capacity of 150 ml, and there are 4 reaction cells in
total. There are sliders in the cell, which can be used to determine whether the hydrate is
blocked or not. A cooling water bath and a gas cylinder are used to provide the required
temperature and pressure for the experimental system. The data collection terminal can
display and record the experimental temperature and pressure in real time. The temper-
ature sensor range is 223.15 K to 373.15 K, the measurement accuracy is ± 0.1 K, the
pressure sensor range is 0 MPa to 40 MPa, the accuracy is ± 0.25%, and the position
sensor’s working temperature range is 233.15 K to 348.15 K. The gas cylinder provides
the gas source, and the vacuum pump is used to extract the air in the cell.
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2.3 Experimental Steps

The experiment is divided into two parts: plant extraction and evaluation of anti-
agglomerant.

The first is the extraction part: the plant grinding powder is placed in an oven at
353.15 K and dried for 24 h, 5 g is weighed and placed in a flask, 100 ml of deionized
water is added, fixed in a water bath, and the temperature is set to 353.15 K. Turn on the
thermostatic magnetic stirrer, heat and reflux for 4 h, perform suction filtration while it
is hot, and dry the obtained filtrate to obtain a solid-phase plant extract.

The experiment of anti-agglomerant evaluation:

(1) Use deionized water to repeatedly clean the cell and dry it
(2) Mix 5# white oil, deionized water and plant extracts according to a certain ratio

and add them into the kettle, tighten the end cap of the reaction kettle, evacuate
sequentially, and set the water bath to 289.15 K;

(3) After the temperature in the cell is stable, turn on the gas cylinder switch, and pass
high-purity methane gas into the cell. When the experimental pressure is reached,
turn off the switch;

(4) Turn on the rocking kettle rocking system, at this stage the methane is quickly
dissolved in the white oil;

(5) The pressure in the kettle is stable at about 8MPa, the temperature of the water bath
is set to 273.15 K, the temperature is reduced at a constant cooling rate, the data
acquisition system is turned on, and the temperature, pressure and position data in
the kettle are recorded;

(6) After the temperature and pressure are stabilized again, it indicates that the hydrate
formation is complete. Turn off the water bath and data acquisition system, turn off
the rocking system, exhaust the gas in the kettle, and pour out the waste liquid in
the reaction kettle;

(7) Replace other plant extracts and repeat (1) to (6).

2.4 Calculation of Hydrate Volume Fraction

The amount of methane gas after dissolution equilibrium n1:

n1 = P1V1

ZRT1
(1)

Among them, P1 is the stable pressure after dissolution equilibrium, MPa; T1 is
the stable temperature after dissolution equilibrium, K; V1 is the gas volume in the
kettle, mL; Z is the compressibility factor of methane at the temperature and pressure
can be obtained by the Patel-Teja equation of state, R is the ideal gas constant, taking
8.314 J ·mol−1 · K−1.

The amount of methane gas after the hydrate formation pressure stabilizes n2:

n2 = P2V2

ZRT2
(2)
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Where: P2 is the stable pressure after hydrate formation, MPa; T2 is the stable
temperature after hydrate formation, K; V2 is the volume of gas in the kettle, mL.

Then the amount of methane gas consumed is:

ngas = n1 − n2 (3)

The molecular formula of methane hydrate is CH4·6H2O, that is, 1 mol hydrate is
composed of 1 mol methane and 6 mol water. The mass of the hydrate formed and the
water consumed can be calculated based on the amount of methane gas consumed.

Volume of hydrate formed Vhyd :

Vhyd = mhyd

ρhyd
(4)

Hydrate volume fraction φ:

φ = Vhyd

Vhyd + Voil + Vwater − Vwater,conv
(5)

Where: Vhyd is the volume of methane hydrate, mL; Voil is the volume of the oil
phase, mL; Vwater is the volume of the water phase; Vwater,conv is the volume of water
converted to hydrate in the system, mL.

Fig. 1. Schematic diagram of high-pressure hydrate rocking device

3 Experimental Results and Discussion

A total of 4 groups of plant extract evaluation experiments were done. The water content
of the experiment is 30%, the equilibrium pressure of dissolution is 8MPa, and the
concentration of the plant extract is 0.5 wt%, 1 wt%, 1.5 wt% and 2 wt%, respectively.
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Table 1. Materials used in the experiments

Name Specification Manufacturer

Deionized water 18.2 M�·cm Lab homemade

CH4 99.999% Xinkeyuan Gas Co., Ltd.

Saponins powder 100–200 mesh Yaozhiyuan Medicinal Materials Co., Ltd.

Soapwort extract Shaanxi Mufei Biological Technology Co., Ltd.

Camellia seed powder Kaihua Junong Agricultural Development Co., Ltd.

Sapindus powder Haozhou Congshen Chinese Medicine Firm

Mineral white oil 5# Mojiezuo Petrochemical (Shanghai) Co., Ltd.

3.1 No Anti-agglomerant

Figure 2 shows the blank group, that is, the hydrate formation temperature, pressure,
hydrate volume fraction and slider position curve without anti-agglomerant.

Fig. 2. Temperature, pressure, hydrate volume fraction and position curve in the cell

As the temperature drops to a certain value, the pressure drops suddenly, and hydrates
are formed at this time. As the temperature continues to decrease, large amounts of
hydrates are formed.When the volume fraction increases to 5.64%, the slider completely
stops moving. At this time, it is only 5.3 h from the cooling point. After that, the slider
has been blocked at the position of 200 mm. The final hydrate volume fraction was
7.42%, indicating that without the addition of anti-agglomerants, hydrate blockage is
prone to occur in the system. Even if the amount of hydrate formation is small, there is
a greater risk of hydrate blockage.
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3.2 Contains Anti-agglomerant

As shown in Fig. 3, by analyzing the position images of different concentrations of the
Ginsenoside extract, it can be found that the slider is not blocked immediately after the
hydrate begins to form, and as the concentration of Ginsenoside extract increases, the
duration of the movable range of the slider increases from 320min. By 480min, it shows
that the saponins extract can delay the blockage time of hydrate. However, as the hydrate
volume fraction increases, the sliders are eventually completely blocked.

Comparing the position images of different concentrations of soapwort extract, it is
found that as the concentration increases, the duration of the movable range of the soap-
wort extract does not increase, but shows a trend of first decreasing and then increasing.
When the concentration is 1.5 wt%, after the temperature and pressure are stabilized,
the hydrate will no longer be formed, and the hydrate volume fraction will reach the
maximum value. At this time, the slider is not completely blocked, and the position range
is 110 mm to 128 mm. At this concentration, the polymerization will be inhibited. The
effect is better than that of saponins extract. If it is compounded with other synergists, it
may have a more significant inhibition effect, which can be further studied in the future.

Fig. 3. Slider position image of saponins extract (up) and soapwort extract (down) at different
concentrations
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As can be seen from the position image in Fig. 4, no matter at low or high concen-
tration, camellia seed powder extract and sapindus extract have no anti-polymerization
effect. With the large amount of hydrate formation, the volume fraction increases, and
the blocks are eventually jammed in a certain position.

Table 2 lists the hydrate volume fraction and the final hydrate volume fraction when
plant-extracted anti-agglomerants are blocked at different concentrations.

It can be seen from the hydrate volume fraction in Table 2 that with the increase of
the concentration of the saponins extract, the final hydrate volume fraction increases,
indicating that it has a certain promoting effect on the formation of hydrates. This
trend can also be observed in soapwort extract, but camellia seed extract and sapindus
extract did not show a tendency to increase the final hydrate volume fraction as their
concentration increased.

Fig. 4. Slider position images of camellia seed extract (up) and sapindus extract (down) at different
concentrations
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Table 2. Hydrate volume fraction

Name Concentration/wt% Hydrate volume
fraction at blockage/%

Final hydrate volume
fraction/%

No inhibitor – 5.64 7.42

Saponins extract 0.5 6.48 18.7

1 8.52 19.2

1.5 10.8 19.52

2 11.32 20.99

Soapwort extract 0.5 8.24 23.75

1 12.76 24.39

1.5 13.54 26.04

2 15.47 23.87

Camellia seed extract 0.5 6.27 17.72

1 5.76 10.94

1.5 9.78 20.37

2 7.43 15.96

Sapindus extract 0.5 3.16 4.03

1 4.08 19.83

1.5 5.12 8.14

2 6.2 10.63

4 Conclusion

In this work, under the experimental conditions, the soapwort powder, camellia seed
powder and sapindus powder were extracted and evaluated the hydrate inhibition per-
formance of the saponins extract, soapwort extract, camellia seed extract, and sapindus
extract. It was found that the saponins extract had the effect of delaying the hydrate
blockage time, and as the concentration of the saponins extract increased, the effect of
delaying the hydrate blockage time increased significantly, but in the end the hydrate
was completely blocked. Soapwort extract also has a certain effect of promoting the
formation of hydrates, and the slider is not completely blocked at a concentration of
1.5 wt%, and has a certain inhibitory effect. In the future, it will become a better anti-
agglomerant through the potential of compounding. However, the camellia seed extract
and the sapindus extract have no anti-aggregation effect.

Acknowledgement. The authors would like to appreciate the financial support from National
Natural Science Foundation of China (grant Nos. 51991365, 51876222) and CNPC Major R&D
Project (grant No. ZD2019-184-002).



266 J. Ji et al.

References

1. Chen, G.J., Sun, C.Y., Ma, Q.L.: Gas Hydrate Science and Technology. Chemical Industry
Press (2008)

2. Sloan, E.D., Koa, C.A.: Clathrate Hydrates of Natural Gases, 3rd edn. CRC Press, Boca Raton
(2008)

3. Mohammadi, A.H., Richon, D.: Phase equilibria of methane hydrates in the presence of
methanol and/or ethylene glycol aqueous solutions. Ind. Eng. Chem. Res. 49(2), 925–928
(2010)

4. Chen, J., Yan, K.L., Chen, G.J., et al.: Insights into the formation mechanism of hydrate
plugging in pipelines. Chem. Eng. Sci. 122, 284–290 (2015)

5. Joshi, S.V., Grasso, G.A., Lafond, P.G., et al.: Experimental flowloop investigations of gas
hydrate formation in high water cut systems. Chem. Eng. Sci. 97(7), 198–209 (2013)

6. Xu, S., Fan, S., Fang, S., et al.: Pectin as an extraordinary natural kinetic hydrate inhibitor.
Sci. Rep. 6(1), 23220 (2016)

7. Yan, K.L., Sun, C.Y., Chen, J., et al.: Flow characteristics and rheological properties of natural
gas hydrate slurry in the presence of anti-agglomerant in a flow loop apparatus. Chem. Eng.
Sci. 106, 99–108 (2014)

8. Xu, Z., Sun, Q., Gao, J., et al.: Experiment and model investigation of D-sorbitol as a ther-
modynamic hydrate inhibitor for methane and carbon dioxide hydrates. J. Nat. Gas Sci. Eng.
90(1), 103927 (2021)

9. York, J.D., Firoozabadi, A.: Comparing effectiveness of rhamnolipid biosurfactant with a qua-
ternary ammonium salt surfactant for hydrate anti-agglomeration. J. Phys. Chem. B 112(3),
845 (2008)

10. Wang, X.Q., Qin, H.B., Ma, Q.L., et al.: Development of hydrate anti-agglomerant based on
analysis of active components of plant extract. Chem. Prog. 35(12), 7 (2016)



Discrimination Model of Critical Gas Velocity
in Partial Falling Area of Kill Fluid

in Deepwater Blowout

Lichen Guan1, Zhiyuan Wang1(B), Wenqiang Lou1, Xueqi Liu1, Dalin Sun1,
Peng Liu1, and Wei Wang2

1 School of Petroleum Engineering, China University of Petroleum (East China), Qingdao
266580, China

wangzy1209@126.com
2 No. 5 Oil Production Plant, PetroChina Changqing Oilfield Company, Xi’an 710200, Shanxi,

China

Abstract. In the unconventional well killing process of deepwater blowout, the
movement state of kill fluid at the injection point is the key to the success of kill
operation. In this paper, the vertical and visual killing fluid drop device designed
by ourselves is used for experiment. It is found that the falling of kill fluid is not
the relationship between “0” and “1”, that is, when the gas velocity is lower than
the critical gas velocity, the kill fluid will fall completely, otherwise the kill fluid
will rise. The kill fluid injected into the wellbore is partially rising and partially
falling. A discriminant model was established for the two critical gas velocities in
part of the falling area. Compared with the experimental data, the fitting is good,
which proves the accuracy of the model.

Keywords: Unconventional well killing · Kill fluid drop · Critical liquid
carrying velocity of gas · Flow pattern conversion

1 Introduction

With the rapid development of national economy, China’s demand for oil and gas is
increasing. At present, China has become the second largest oil consumer in the world.
Due to the relative shortage of domestic oil and gas resources, oil and gas production
is difficult to support the rapid economic development, and the contradiction between
supply and demand is becoming increasingly prominent [1]. The lack of oil and gas
production has become the bottleneck of social development. In order to alleviate the
energy problem, China actively develops deep-sea oil and gas resources. Deep water oil
and gas production involves problems such as poor stability of seabed mudstone, easy
formation of hydrate near mud line, limited working space, especially frequent invasion
of high-pressure shallow gas, and narrow safe operation density window, which makes
well control and killing operation face great challenges [2].

Well killing in petroleum exploration and development is to inject sufficient volume
and appropriate performance of well killing fluid into the wellbore and re-establish
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an effective hydrostatic column in the wellbore to balance the formation pressure and
control the blowout accident [3]. However, the construction premise of conventional
well killing method is to realize safe shut in, the drilling tools in the wellbore are at the
bottom of the well, and the circulation of kill fluid can be realized [4]. In the process of
well killing, it is always ensured that the bottom hole pressure is slightly greater than the
formation pressure [5]. For special circumstances such as swabbing caused by tripping
out without timely grouting, lack of shut in conditions at the wellhead after overflow,
blowout of drilling fluid in the wellbore, no drilling tool in the well or the plugging of
drilling tool is difficult to remove, and the drilling tool is not at the bottom of the well, the
conventional well killing method cannot be applied, but the unconventional well killing
method can only be applied [6].

In the process of unconventional well killing, the flow in the wellbore is complex
and the pressure changes greatly [7]. The parameters such as liquid phase velocity, gas
phase velocity and wellbore inclination will affect the flow in the wellbore and finally
affect the well killing results. The motion state of kill fluid at the injection point is the
key to the success of well killing [8]. The motion state of kill fluid after entering the
wellbore is related to the rheological and physical parameters of fluid in the wellbore
[9]. According to the previous research on the liquid carrying theory of gas wells, there
is a critical liquid carrying gas velocity [10]. When the gas velocity in the wellbore is
greater than the critical liquid carrying gas velocity, the kill fluid rises completely. When
the gas velocity in the wellbore is less than the critical liquid carrying gas velocity, the
kill fluid begins to fall. The common critical liquid carrying gas velocity models include
minimum pressure gradient model, droplet model and liquid film model. According to
previous studies, the reverse flow of liquid film is the reason for the fall of kill fluid [11].

In order to study the law of kill fluid drop and accurately predict the critical liquid
carrying gas velocity, a vertical and visual kill fluid drop experiment is carried out. It
is found that there are partial rise and partial fall of kill fluid drop. According to the
two critical points of kill fluid drop, a discrimination model is established and compared
with the experimental data, The results show that the model can accurately describe the
critical gas velocity of kill fluid.

2 Kill Fluid Drop Test

In order to explore the law of killing fluid falling, a vertical and visual “killing fluid
falling flux experimental device” is designed to carry out killing fluid falling experiments
under different apparent gas velocity, apparent liquid velocity and different killing fluid
viscosity.

2.1 Experimental Device

Vertical visual killing fluid drop experiment was carried out at room temperature and
atmospheric pressure. The experimental device is mainly divided into three parts: gas
input part, liquid input part and vertical visualization experiment part. The experimental
device is shown in Fig. 1.
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Fig. 1. Schematic diagram of visual kill fluid drop test device

In Fig. 1, 1 is a water tank for holding the liquid ejected from above the pipe; 2 is
liquid float flowmeter, which is used to measure liquid flow rate; 3 is the liquid speed
control box, which is used to control the speed of the gear pump; 4 is a gear pump,
pumping liquid to the pipeline; 5 is a water tank containing experimental liquid; 6 is the
gas float flowmeter, which is used to measure the gas flow rate; 7 is air compressor and
8 is gas-liquid separator.

The two sections of pipelinesA andB constitute the vertical visualization experiment
part. The length of section A is 3.28 m, the length of section B is 8.88 m, the total length
of the pipeline is 12.16 m, the inner diameter is 4 cm, and the diameter of the liquid
injection port is 3 cm. Thematerial is plexiglass. In the vertical visualization experiment,
the gas and liquid are mixed with each other to simulate the falling process of the kill
fluid.

The red line in Fig. 1 represents the gas input part, which is composed of gas-
liquid separator, high-pressure air compressor, high-pressure gas storage tank, high-
pressure gas injection pipeline, high-pressure gas injection valve, etc. it is mainly used
to provide experimental gas and inject the gas into the vertical visualization experiment
part according to a certain flow.

The blue line in Fig. 1 represents the liquid input part, which is composed of high-
pressure pipeline, liquid storage tank, gear pump, liquid velocity control box, etc. it
is mainly used to provide experimental liquid and inject the liquid into the vertical
visualization experiment part according to a certain flow.

2.2 Experimental Materials

In the experiment, the gas is air at room temperature, the liquid is water and sodium
carboxymethyl cellulose solution with different viscosity. The model of food grade
sodium carboxymethyl cellulose (CMC) is FH9 and thematerial is powder. It is produced
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by ZhejiangQinuo food ingredients Co., Ltd. and other parameters complywith gb1904–
2005. The experimental water is laboratory tap water.

When preparing sodium carboxymethyl cellulose solution, first add 1000 L water
into the plastic bucket, accurately weigh a certain amount of sodium carboxymethyl cel-
lulose powder with an electronic balance, add a small amount of sodium carboxymethyl
cellulose powder into the water several times using a dosage cup, and stir with a mixer.
Stir with a mixer for several times to completely dissolve the sodium carboxymethyl-
cellulose powder. The viscosities of each group were 18 mPa · s, 33 mPa · s, 40 mPa · s
and 51 mPa · s respectively.

2.3 Experimental Process

During the experiment, the gas phase is compressed by the air compressor, buffered by
the gas bottle, transported by the high-pressure pipeline, and injected into the wellbore
after pressure regulation by the pressure regulating valve. The liquid phase is transported
through the gear pump and into the wellbore through the infusion pipeline. At the begin-
ning of the experiment, first open the gas channel, and then open the liquid channel after
the air flow is stable to inject a fixed flow of liquid. In the experiment, the gas velocity
gradually increased. After the gas was stable, the gear pump speed was adjusted, and
the liquid was injected into the tube at a constant liquid velocity. The rise and fall of
the liquid were observed and recorded at the liquid outlet by DV. After the liquid rises
stably, cup the liquid from 1, and record the time and liquid volume. Multiple groups
of experiments are carried out at the same gas velocity and liquid velocity to reduce
the experimental error. After recording, stop liquid injection, greatly increase the gas
velocity, blow out the residual liquid in the wellbore from the upper outlet to the liquid
storage tank, and adjust the gas velocity for the next group of experiments. The drop of
kill fluid under different gas velocity, liquid velocity and liquid viscosity was measured.

3 Falling Mechanism of Kill Fluid

3.1 Analysis on Falling Form of Kill Fluid

The movement state of kill fluid at the injection point is the key to the success of well
killing. The motion state of kill fluid is affected by many factors, such as gas velocity,
liquid velocity, liquid viscosity and so on. At present, the models used to distinguish the
falling of liquid in the wellbore mainly include droplet model, liquid film model and
flow pattern transformation model. In 1969, Turner [12] took the vertical well as the
research object and assumed that the droplets in the wellbore were spherical. Through
the stress analysis of the droplets with the largest diameter, as shown in Fig. 2, the
critical gas velocity was obtained. Turner believes that when the gas velocity is greater
than the critical gas velocity, the liquid will rise completely, otherwise the liquid will
fall. However, most experimental results show that the drop of droplets is not the main
reason for the drop of kill fluid.When the liquid film falls, the droplets still move upward.
Therefore, it is considered that the theoretical basis of droplet model is insufficient. The
liquid film theory attributes the falling of the liquid in the wellbore to the minimum
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interfacial shear stress, and the flow pattern transformation model considers that the
transformation between annular fog flow and slug flow corresponds to the falling of
the liquid. Although the above three models have made great contributions to gas well
effusion, they have good prediction results. However, in the well killing operation, the
injection of kill fluid often has the initial speed, and the two working conditions are
different. Moreover, the above three models involve the critical flow rate of gas. It is
considered that when the gas velocity is greater than the critical flow rate, the liquid
will rise completely, and when it is less than the critical flow rate, the liquid will fall.
However, through experiments, it is found that the fall of kill fluid is not the opposite
relationship between “0” and “1”, and there is a situation of partial rise and partial fall
of kill fluid.

FR

G

Fig. 2. Stress analysis diagram of Turner droplet

Figure 3 is the experimental image and its corresponding diagramunder the condition
of the same liquid velocity and different gas velocity. It can be seen that when the gas
velocity is small, the kill fluid falls completely. With the increase of gas velocity, the
killing fluid has the state of partial rise and partial fall. When the gas velocity is greater
than the critical gas velocity, the kill fluid rises completely.

(1) As shown in Fig. 3 (a), when the gas velocity is small, the kill fluid completely falls
under the action of gravity, and some droplets move upward in the center of the
pipeline.

(2) As shown in Fig. 3 (b), with the gradual increase of gas velocity, the shear force
between gas-liquid interface increases, the flow direction of some kill fluid changes,
and the kill fluid presents two motion states: rising and falling. The gas-liquid
two-phase flow pattern presents annular fog flow above the injection port, and the
gas-liquid two-phase countercurrent flow occurs below the injection port. In this
gas velocity range, the disturbance of the liquid film intensifies, and the liquid film
disturbance leads to the increase of the fluctuation of the liquid film. According to
the Kelvin Helmholtz instability, the disturbance wave breaks, the rising droplets in
the wellbore increase, and the thickness of the liquid film below is the largest.When
the amplitude of the wave reaches a certain degree, it forms a bridging of the liquid
film, so that the gas takes the kill fluid away from the wellbore. Although some
kill fluid falls, the falling amount is affected by many factors, which is difficult to
ensure the success of killing in time. At the same time, it leads to the waste of kill
fluid, resulting in economic losses and potential safety hazards.
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Fig. 3. Experimental image and corresponding diagram

(3) As shown in Fig. 3 (c), when the gas velocity is higher than the critical gas velocity,
the kill fluid will not fall, and there is annular mist flow above the injection port.
At this time, the kill fails.

3.2 Kill Fluid Drop Test Results

In the experiment, take the rising kill fluid from above the vertical visualization experi-
mental pipeline, and record the time and flow. By comparing with the liquid flow at the
liquid inlet, the falling proportion of kill fluid is obtained. Figure 4 shows the drop ratio
of kill fluid under different viscosity, different liquid velocity and different gas velocity.

It can be seen from Fig. 4 that the falling proportion of kill fluid and gas velocity
curve has the same trend under different conditions, and there is a partial falling of kill
fluid. In this paper, the gas velocity corresponding to the complete falling of kill fluid is
defined as the complete falling gas velocity of kill fluid, as shown in point m in Fig. 5,
where the falling ratio of kill fluid is 1; The point where the kill fluid begins to fall is
defined as the initial falling gas velocity of the kill fluid, as shown in point n in Fig. 5.
With the increase of kill fluid displacement, the complete falling gas velocity of kill fluid
decreases, and the initial falling gas velocity of kill fluid changes little, indicating that
the increase of kill fluid displacement is conducive to the falling of kill fluid.
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Fig. 4. Falling ratio of kill fluid under different liquid viscosities: (a) experimental liquid vis-
cosity is 1 mPa·s; (b) experimental liquid viscosity is 18 mPa·s; (c) experimental liquid viscosity
is 33 mPa·s; (d) experimental liquid viscosity is 40 mPa·s; (e) experimental liquid viscosity is
51 mPa·s.

Figure 5 is a schematic diagram of the falling proportion of kill fluid with water as
the experimental liquid, in which the liquid velocity is 0.032m/s. It can be found that it is
different from the previousmodels. The drop of kill fluid is not a simple 0–1 relationship,
that is, the gas velocity is greater than the critical liquid carrying gas velocity, and the kill
fluid rises completely, otherwise all the kill fluid falls. There is an area where the killing
fluid is partially falling, as shown in the area B in Fig. 5. Therefore, an independent
model cannot accurately divide the area of the killing fluid. It is necessary to combine
the existing models to accurately judge the falling situation of the kill fluid.
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Fig. 5. Falling proportion of kill fluid (Vsl = 0.066 m/s, viscosity: 1 mPa · s)

4 Criteria for Critical Drop of Kill Fluid

4.1 Initial Drop Criterion of Kill Fluid at Low Liquid Holdup

At low liquid holdup, the liquid film model proposed by Li Jinchao and others is used in
this paper [13]. The model considers that when the shear stress between the liquid film
and the pipe wall is 0, the liquid in the wellbore falls, as shown in Fig. 6.

Fig. 6. Schematic diagram of liquid film velocity [13]

Therefore, it is first necessary to determine the velocity distribution of the liquid film.
Assuming that the thickness of the liquid film is uniform, take micro elements in the
liquid film and conduct force analysis. It can be obtained when the gas-liquid interface
friction is equal to the sum of the friction between the liquid and the wall, the gravity of
the liquid film and the wellbore pressure drop.

(
τ + ∂τ

∂y
dy

)
· 2π [(R − y) − dy]dz − τ · 2π(R − y)dz

−ρLg · 2π(R − y)dydz − dp

dz
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The liquid film velocity is zero at the pipe wall, The shear stress at the gas-liquid
interface is τI , The liquid film thickness is δF . According to the boundary conditions
and simultaneous formula (1) (2), the liquid film velocity distribution can be obtained.

v = B

μL

[
−y(2R − y)

4
− (R − δF)

2

2
ln

R − y

R

]
− τ1(R − δF)

μL
ln

R − y

R
(3)

By integrating formula (3), the relationship between gas-liquid interface shear stress
and liquid film thickness and liquid apparent velocity can be obtained.

τ1 = (ρL − ρC)g · B − μLvSL[
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At the wall, the shear stress between the liquid film and the wall can be obtained by
substituting y = 0 into formula (3).

τWL = τl(
1 − 2δ̃F

) − (ρL − ρC)gD
(
δ̃F − δ̃2F

)
(5)

When the shear stress between liquid film and wall is 0, the relationship between
gas-liquid interface shear stress and dimensionless liquid film thickness under critical
conditions can be obtained.

τI = (ρL − ρC)gD
(
δ̃F − δ̃2F

)(
1 − 2δ̃F

)
(6)

The gas-liquid interface shear stress of annular fog flow can also be expressed by
the following formula.

τI = 1

2
fIρc

v2SGC(
1 − 2δ̃F

)4 (7)

In formula (7), the gas-liquid interface friction resistance coefficient fI uses the
modified Wallis correlation.

fI = 0.005
(
1 + 380δ̃F

)
(8)
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In formula (4), the gas-liquid interface friction resistance is a function of the dimen-
sionless liquid film thickness and the liquid apparent velocity. In formula (6), the gas-
liquid interface friction resistance is a function of the dimensionless liquid film thickness.
Given the liquid apparent velocity, the corresponding gas-liquid interface friction resis-
tance and dimensionless liquid film thickness can be obtained. Using the obtained data
and formula (7), the critical gas phase apparent velocity can be obtained [13].

4.2 Initial Drop Criterion of Kill Fluid Under High Liquid Holdup

When the liquid holdup is large, the liquid film model will no longer be applicable. The
falling of kill fluid in the wellbore involves flow pattern transformation [14]. The flow
pattern transformationmodel considers that the transformation between annular fog flow
and slug flow corresponds to the falling of liquid in the wellbore. Barnea model [15] is
used to solve the critical gas phase apparent velocity. In 1986, Barnea [16] proposed a
unified model for the transition from annular mist flow to intermittent flow. He believed
that when the gas core is interrupted by liquid at any point in the pipeline, the annular
mist flow transitions to slug flow, and proposed the mechanism of liquid film instability:
Part of the liquid film near the pipe wall flows downwards causing the air core at the
inlet to be blocked.

The instability criterion canbeobtainedby the instantaneous solutionof the following
dimensionless equation.

Y = 1 + 75αL
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When the following formula is met, the gas core is blocked and flow pattern
conversion occurs.

AL

A · Rsm
= αL

Rsm
≥ 0.5 (11)

Rsm is the minimum liquid holdup to form a bridged blocked gas channel, approxi-
mately equal to 0.48. The transition boundary of flow pattern is intuitively expressed by
apparent gas velocity and apparent liquid velocity.
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When the pipe diameter is known, the liquid holdup equation can be obtained.

αL = F(USG,USL, ρL, ρG) (13)

By substituting formula (11) into formula (13) and taking Rsm= 0.48, the transition
boundary between slug flow and annular fog flow can be obtained.

Comparing the experimental data with the model, as shown in Fig. 7, it can be found
that the experimental data fit well with the model. Bring the basic experimental data
into the model, calculate the gas velocity at the falling point of kill fluid under different
conditions, and compare it with the gas velocity obtained from the experiment, as shown
in Fig. 8. The error between the gas velocity at the falling point of kill fluid obtained by
the model and the experimental data is less than 10%, which proves that the model can
better describe the gas velocity at the falling point of kill fluid.

4.3 Criteria for Complete Drop of Kill Fluid

Select the complete falling point of kill fluid under different viscosity and liquid veloc-
ity, and draw the relationship between the liquid velocity and the complete falling gas
velocity of kill fluid, as shown in Fig. 9.

It can be seen from the figure that under a certain viscosity, with the increase of liquid
velocity, the gas velocity at the complete falling point of kill fluid gradually decreases.
Similarly, at a certain liquid velocity, with the increase of viscosity, the gas velocity
at the complete falling point of kill fluid decreases gradually. It can be seen that with
the increase of liquid velocity and kill fluid viscosity, the thickness of liquid film in the
wellbore increases, the cross-sectional area of gas core decreases, and the actual flow
rate of gas increases, which leads to the increase of liquid film disturbance, and the
disturbance wave is easier to be broken and carried out outside the well.

In order to determine the gas velocity at the complete falling point of kill fluid, the
gas velocity at the complete falling point of kill fluid is fitted by Reynolds number, bond
number and Froude number. Formula (14) can be obtained.

Reg = 8665.6Re0.168L Bd−0.099Fr−0.489 (14)

By comparing the gas Reynolds number at the complete falling point of kill fluid
obtained from the experiment with the gas Reynolds number obtained by the model, it
can be found that the error is within 12%, so the model can accurately determine the gas
velocity at the complete falling point of kill fluid (Fig. 10).
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Fig. 7. Comparison between model calculated value and experimental data: (a) experimental
liquid viscosity is 1 mPa·s; (b) experimental liquid viscosity is 18 mPa·s; (c) experimental liq-
uid viscosity is 33 mPa·s; (d) experimental liquid viscosity is 40 mPa·s; (e) experimental liquid
viscosity is 51 mPa·s.
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Fig. 8. Error comparison between model calculated value and experimental data

Fig. 9. Relationship between complete drop point of kill fluid and fluid velocity and viscosity

Fig. 10. Error comparison between model calculated value and experimental data
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5 Conclusion

The problem of killing fluid falling in unconventional killing is studied. Using the inde-
pendently designed vertical and visual “killing fluid falling flux experimental device”,
the killing fluid falling experiments under different apparent gas velocity, apparent liquid
velocity and different killing fluid viscosity are carried out.

(1) It is found that the falling of kill fluid is not the relationship between “0” and “1”,
that is, when the gas velocity is lower than the critical gas velocity, the kill fluid
will fall completely, otherwise the kill fluid will rise. The kill fluid injected into the
wellbore will rise and fall partially.

(2) According to the working condition of partial falling of kill fluid injected into the
wellbore, for the two critical gas velocities of kill fluid falling, the kill fluid falling
judgment models are established respectively. Compared with the experimental
data, the errors are less than 10% and 12% respectively. The kill fluid drop judgment
model established in this paper can accurately predict the partial drop gas velocity
and complete drop gas velocity of kill fluid.

(3) Reynolds number, bond number and Froude number are used to fit the experimental
data, and the discriminationmodel of complete falling point of kill fluid is obtained.
Compared with the experimental data, the error is less than 10%.For the critical gas
velocity of killing fluid part falling, at high liquid holdup, Barnea’s flow pattern
transformation boundary of slug flow annular mist flow is used to distinguish the
falling point of kill fluid. Under low liquid holdup, the model of Li Jinchao is used
to distinguish the falling point of kill fluid. Combining the two models, the falling
point discriminationmodel of kill fluid is obtained. Comparedwith the experimental
data, the error is less than 12%.

(4) The kill fluid drop discrimination model established in this paper can determine
the critical gas velocity of partial and complete drop of kill fluid, improve the drop
proportion of kill fluid, reduce the waste of kill fluid, shorten the kill time, and
ensure the safe and efficient deep-water kill operation.

Symbol Description
τ—Shear stress between liquid films at Y from the pipe wall; R—Pipe radius; ρL—
Liquid density; ρL—Gas density; v—Liquid film speed; τI—Shear stress at the gas-
liquid interface; δF—Liquid film thickness; τWL—Shear stress between liquid film and
wall; fI—Coefficient of frictional resistance at gas-liquid interface; Rsm—Theminimum
liquid holdup that forms a bridge to block the gas channel; αL—Liquid holdup rate;
Reg—Gas Reynolds number; ReL—Liquid Reynolds number.
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Abstract. The high-pressure and low-temperature environment prevailing in the
process of offshore oil and gas development is very prone to the formation of
hydrate in the wellbore to block the tubing, which leads to production reduction
and shutdown and causes a series of production accidents. Current mainstream
hydrate prevention and treatment methods have the disadvantages of high cost,
high toxicity and high pollution, and new and more effective hydrate prevention
and treatment methods are urgently needed in the deep-water offshore well devel-
opment. In this paper, the thermal effect of cavitation is introduced into the hydrate
prevention and treatment process of deep-water offshore production wells, and the
upper section of the completion tubing structure is designed to be applicable to the
actual field. With the help of indoor experimental system, we have analyzed the
influences of several working parameters such as the injection pressure, injection
frequency, initial temperature of the fluid and the pressure inside the cavitator
on the development of cavitation thermal effect. Preliminary conclusion drawn
from both numerical simulation and experimental observations provides a new
and possible way of natural gas hydrate prevention in near future.

Keywords: Deep-water · Natural gas hydrate · Cavitation · Thermal effect ·
Experimental study

1 Introduction

New energy sources such as solar, wind, hydro, geothermal and hydrogen are in fast
development, yet conventional fossil energy still accounts for a large share of the energy
structure in all countries. How to maintain the production of conventional fossil energy
while maintaining the growth of the proportion of new energy is an issue that countries
need to consider. During the development of oil and gas resources, when the crude
oil, especially the natural gas, flows through high-pressure, low-temperature, water-
bearing environments, methane in the stream will combine with water to form solid,
ice-like natural gas hydrates, blocking pipelines and wellbores and causing risks and
hazards, which is especially obvious in the process of offshore oil and gas development
[1]. With the increasing depletion of onshore oil and gas resources and the difficulty
of succeeding reserves, the development of offshore oil and gas resources is receiving
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increasing attention. The problem of natural gas hydrate in the process of offshore oil
and gas development poses a serious challenge to the efficient development of oil and
gas resources, and the adoption of cost-effective and safe hydrate control technology is
of great significance to the efficient development of offshore oil and gas.

The existing hydrate prevention and treatment methodsmainly include heating, pres-
sure reduction, drying and chemical inhibitor injection, among which the chemical
injection method is most commonly used [2]. However, this method requires contin-
uous injection of chemical agents such as methanol into the well or pipeline, which is
costly, and methanol as the representative chemical agent usually has certain toxicity,
poor environmental friendliness, and high cost of recycling. Therefore, it is imperative to
develop efficient, adaptable, non-polluting or low-polluting hydrate control technologies
and equipment.

In this paper, a combination of numerical simulations and indoor experiments has
been applied to carry out a study of the cavitation thermal effect applied to hydrate
control, and propose a new and feasible method for cavitation hydrate control.

2 Drawbacks of Current Hydrate Prevention Technologies

Current methods of natural gas hydrate control are: drying, pressure control, heating and
chemical inhibitor injection.

The drying method is to control the water content in natural gas within a reasonable
range by certain means, so as to prevent and control the formation of natural gas hydrates
[3]. Among them, the air drying method has the characteristics of no pollution and
uniform drying effect, and is generally applied to long-distance natural gas pipelines,
but air drying cannot be used for unblocking, and is not applicable to offshore gas
wells. In addition, moisture-absorbing organic solvents can be injected into the pipeline
through the equipment, and the solvent can be combined with water by absorbing water
molecules through hydrogen bonding, so as to achieve the purpose of drying, but the
method is costly and the construction process is complicated.

The pressure control method reduces the overall system pressure to prevent hydrate
formation. This method is easy to operate, simple equipment, low operating cost, and the
pipeline pressure needs to be maintained within a certain range [4]. When the hydrate
is blocked in the pipeline, the generated hydrate can be decomposed by the pressure
reduction method, but the practical application of this method is easily restricted by
factors such as reservoir and production pressure, and the hydrate generation is not
fundamentally prevented.

Heating method is to heat up the fluid in the pipeline by pipeline heating equipment,
so that the hydrate will be decomposed by heat to achieve the purpose of suppressing
hydrate generation. This method can inhibit hydrate generation as well as deal with
hydrate blockage, but the equipment consumes a lot of energy and is more expensive
[5].

The chemical inhibitor injection method is to inhibit the generation of natural gas
hydrate or unblock the blocked pipeline by injecting inhibitors directly into the pipeline,
equipment and wellbore through physical and chemical actions [6–8]. Although the
chemical inhibitor inhibition effect is good, but not easy to recover, and the deeper the
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well or the longer the transmission pipeline, the more chemical inhibitor injection is
required, and the cost is high.

3 Historical Review of Cavitation Thermal Effects

Cavitation is the process of incipient, development and collapse of vapor or voids inside
the liquid or at the liquid-solid interface when the local pressure within the liquid is
reduced [9]. During the evolution of cavitation, the voids follow the fluid from the low-
pressure region where cavitation occurs to the high-pressure region, the pressure outside
the voids gradually increases, the voids undergo depression and collapses sharply in a
very short time. During the rapid contraction and collapse of the void or bubble, the
non-condensable gas inside the bubble is continuously compressed and the pressure
and temperature are continuously increased. When the bubble shrinks to its minimum
size, the pressure and temperature of the gas inside the bubble reach their peak, forming
a local extreme high-temperature and high-pressure environment around the bubble,
accompanied by shockwaves, micro-jets and free radicals. Due to the very short collapse
time, the gas inside the bubble is not cooledby the surrounding liquid, and the temperature
rises suddenly, forming multiple local high-temperature points inside the liquid, heating
the gas inside the bubble and the ambient fluid [10]. During this process, various effects
are induced, such as mechanical (perturbation, shear and impact, etc.), thermal, optical
and chemical effects.

According to the method of how a bubble is formed, cavitation can be classified
as hydrocavitation, ultrasonic cavitation, optical cavitation and particle cavitation [11].
Both ultrasonic cavitation and hydraulic cavitation are popular among industrial appli-
cations. Ultrasonic cavitation uses the principle of pressure change within the liquid
caused by the propagation of ultrasonic waves in the liquid to produce cavitation, which
is costlier and has a low energy utilization rate [12]. Hydraulic cavitation is achieved
by changing the hydraulic structure of the flow (such as throttle valves, orifice plates,
venturi, high-speed culverts or other geometric structures that can cause changes in liq-
uid pressure, such as high-speed rotation) to achieve liquid cavitation. When the liquid
flows through the nozzle, for example, the internal structure of the nozzle, the fluid flow
velocity increases sharply, the pressure drops sharply, when the flow field somewhere in
the pressure drops to the liquid saturation vapor pressure will trigger cavitation.

Cavitation is amulti-phase, transient, microscopic and stochastic complex process, it
occurs not onlywith the liquid properties themselves, but alsowith the ambient flowfield
environment [13]. Studies have shown that local hot spots with extreme high temperature
and pressure will form during the bubble collapse along with powerful shockwave and
high-speedmicro-jets. the energy release during bubble collapse is in direct relation with
bubble collapsing intensity [14].

Tomita and Shima obtained a temperature of 8800 K in the center of the collapsed
bubble based on the adiabatic theory with viscosity and compressibility of the liquid
considered [15, 16]. Suslick et al. measured the temperature of the central region of the
bubble during acoustic bubble collapse in different liquids by spectroscopic experiments,
in which the central collapse temperature of the bubble was 4000–6000 K for aqueous
medium, 4100–4500K for benzene, and 4920–5240K for silicone oil [17]. It can be seen
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that although the bubble collapse time is very short, the heat transfer effect between the
gas inside the bubble and the liquid outside the bubble is very important due to the great
temperature gradient between bubble and ambient wall, and the small spatial distance
at the moment of collapse [18].

Under the synergistic effect induced by cavitation, the cavitation process will induce
chemical bond disassembly, aqueous phase combustion, high-temperature decomposi-
tion or free radical reactions of harmful organic matter in waste water [19–22], prevent
or retard the scale formation [23], improve the coal permeability [24], enhance the rate
of oxidation and deterioration of transformer oil [25, 26].

Kim et al. conducted an experimental study on the cavitation priming of a turbo-
pump inducer under different conditions and obtained the corresponding quantized and
dimensionless thermal effect parameters for the cavitation incipiency [27], and the con-
clusions showed that (1) the critical cavitation number decreases with the increase of
the dimensionless thermal effect parameter at a fixed Reynolds number; (2) when the
dimensionless thermal effect parameter is less than 0.105, the critical cavitation number
is not sensitive to Reynolds number; (3) when the dimensionless thermal effect param-
eter is larger than 0.105, the critical cavitation number increases with the increase of
Reynolds number.

Qiu designed a close-loop experimental device and used numerical simulation to
analyze the cavitation distribution inside the device. Moreover, the influence of working
parameters on the thermal effect of cavitation was performed and conclusions were
analyzed [28].

Wang et al. proposed to apply the thermal effect of cavitation to natural gas hydrate
prevention, a schematic process of upper completion tubing string is provided and the
thermal effect of cavitation was studied numerically and experimentally [29].

Conclusions drawn from previous research on the thermal effect of cavitation reveal
that: (1) research on the thermal effect of cavitation should be further enhanced. (2) The
energy utilization efficiency of the hydraulic cavitation is high and needs further study.

4 Application of Cavitation Thermal Effect on the Prevention
of Natural Gas Hydrate in Offshore Gas Wells

Take an offshore producing well as an example, the possible hydrate formation area is
generally located at a certain depth interval below mudline. To prevent the formation
of natural gas hydrate at specific depth, the following hydrate prevention program was
proposed: (1) during the installation of downhole completion tubing string, an insulation
jacket or wrapped coiled pipe is pre-installed outside the tubing around the possible
hydrate formation area; (2) a cavitation heater, awater tank (which can befilledwith other
fluids, such as insulation oil), an intelligent control box and supporting accessories such
as cables are installed around the subsea wellhead; (3) the insulation jacket or flexible
coiled pipe is connected with the cavitation heater and water tank to form a closed-loop
system. Heat from the cavitation heater is then transferred from the wellhead down into
the completion string, eliminating the possibility of natural gas hydrate formation [29].
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To understand the evolution of temperature and pressure development during the
bubble collapse, numerical simulation on a bubble of a certain diameter near the rigid
wall was carried out using Volume of Fluid method, simulation results were compared
and validated with the previous studies [30]. The physical model used in the simulation
is shown in Fig. 1.

Fig. 1. Physical model of bubble collapse simulation

The simulation results show that: (1) As the bubble-wall distance increases, the
restriction from the solid wall gradually decreases, the pressure difference between the
upper and lower sections of the bubble gradually decreases, and the bubble tends to
compress simultaneously in the radial direction with micro-jets generated and collapses
in the late stage. (2) At the early stage of bubble deformation, pressure change inside the
bubble is not obvious. At the late stage of collapse, the bubble volume shrinks sharply and
the pressure inside the bubble rises sharply until it reaches a peak, and then decreases
rapidly. (3) During the bubble expansion, the temperature inside the bubble remains
almost constant. The gas inside the bubble is rapidly compressed and the pressure and
temperature increase sharply during the contraction phase. (4) The greater the ambient
pressure, the greater the pressure difference inside and outside of the bubble, the faster
the contraction of the bubble, and the shorter the time period required to reach the peak
pressure.

Along with simulation analysis, experimental observations of thermal effects during
bubble cavitation were also carried out, and Fig. 2 showed the schematic figure of the
experimental setup.
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Fig. 2. Schematic figure of the experimental setup

The liquid temperature evolution was measured experimentally for different oper-
ating conditions (injection pressure, injection frequency, initial liquid temperature and
chamber pressure). The observations of the experimental study show that: (1) The liquid
temperature increases gradually as the injection pressure increases (Fig. 3).

Fig. 3. The influence of injection pressure on fluid heating

(2) As the injection frequency increases, the fluid temperature increases, but the
heating effect is not very pronounced (Fig. 4).

(3) The initial temperature of the fluid has a limited effect on the final fluid
temperature under the same injection time interval (Fig. 5).

(4) Under current experimental conditions, the effect of chamber pressure on fluid
heating is limited (Fig. 6).
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Fig. 4. The influence of injection frequency on fluid heating

Fig. 5. The influence of initial temperature on fluid heating

Fig. 6. The influence of chamber pressure on fluid heating
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5 Conclusions

(1) Traditional hydrate control method as chemical inhibitor injection, has the disad-
vantages of high cost, high toxicity and high pollution. It is of great practical sig-
nificance to develop efficient, adaptable and environment-friendly hydrate control
technologies.

(2) To address the natural gas hydrate prevention in offshore productionwells, amethod
of applying the cavitation thermal effect to hydrate prevention is proposed, and a
hydrate control program for the upper section of completion tubing string is also
provided.

(3) Experimental studies on the thermal effects of cavitation under different operating
conditions have been carried out, and the experimental observations is to provide
technical support for the natural gas hydrate prevention in offshore wells in near
future.
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Abstract. Solid fluidization is a promisingmethod for the development of marine
hydrate resources. In-situ separation is the key to realize the purification of NGH
and desanding, which can effectively reduce the energy consumption of slurry
transportation and backfill the produced sand to downhole. However, in the flu-
idization mining process, the downhole pressure is complex and fluctuating. Due
to the possible imbalance between underflow pressure and overflow pressure,
the back pressure comes into being. The influence of back pressure environment
on cyclone separation performance in hydrate exploitation has not been reported.
The purpose is to analyze the adaptability of hydrocyclone separation for sand and
NGH to back pressure in the range of 30 kPa. In this study, RSM and the Mixture
model simulate the back pressure of underflow by setting different pressure-outlet
boundary conditions. The results showed that when the back pressure increases
from 0 to 30 kPa, the purification efficiency increases to 99.8%, but the desanding
efficiency sharply drops to around 53% . Within the back pressure of 20 kPa, the
comprehensive efficiency maintains over 70%, and peaks of 88.7% at 10 kPa. In
the research scope, the hydrocyclone has good adaptability to back pressure. To a
certain extent, the existence of back pressure may help to improve the comprehen-
sive separation efficiency. This paper provides guidance for structural design of
hydrocyclone and optimization parameters of mining process in marine hydrate
mining.

Keywords: Solid fluidization · In-situ separation · Back pressure · Purification ·
Desanding

1 Introduction

Natural gas hydrate (NGH) is a kind of ice-like solid formed under the condition of high
pressure and low temperature, which is also called combustible ice. Conversion of NGH
reserves to methane is (1.8–2.1) × 1016 m3, equivalent to twice the world’s known total
reserves of traditional fossil fuels such as coal, oil and natural gas [1]. Such abundant
NGH resources have increasingly become a hot spot for energy development in the
world. Therefore, many countries have formulated a series of long-term research plans
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to carry out corresponding exploration and development research [2]. NGH is widely
distributed in permafrost and marine sediment, among which shallow non-diagenetic
hydrate (mainly silt clay sediment, 83.25% of particles below 40 µm) accounts for over
90% [3–5]. The shallow non-diagenetic reservoir features areweak cementation, shallow
depth, non-diagenesis, and non-dense cover [6, 7]. Based on these characteristics, Zhou
et al. [6] proposed a solid fluidization method for the safe and sustainable mining of
marine hydrates, and which was successfully attempted in the NGH trial exploitation in
South China Sea. The detailed description of thismethod has been reported by references
[4, 6]. Then, this paper is no longer redundant. Based on the solid-state fluidized mining,
the approach of sand entering the wellbore for in-situ separation and backfilling to
wellhole is adopted, which can reduce the energy consumption of transportation and the
risk of reservoir collapse, and realize the controllableminingofmarine hydrate.However,
in the fluidizationmining process, the downhole pressure is complex and fluctuating. The
principle of desanding and purification of NGH is shown in Fig. 1. Due to the possible
imbalance between underflow outlet pressure (Pu) and overflow outlet pressure (Po),
the back pressure (i.e. underflow pressure minus overflow pressure) comes into being.
The existence of back pressure in the separation process will make it difficult for the
separation of sand and NGH, reducing the separation performance and seriously leading
to the failure of the separator. Fang et al. [8] carried out adaptability analysis of operating
parameters of hydrate cyclone separator based onCFDsimulation, and provided the basis
for using downhole hydrocyclones in the process of NGH solid fluidized mining. Chang

Fig. 1. The principle of desanding and purification of NGH.
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et al. [9] designed a hydrocyclone suitable for subsea gas hydrate extraction, and studied
the hydrocyclone performance on the effects of operating parameters and geometric
parameters. But there is no report on the adaptability of hydrocyclone for desanding and
purification of NGH to back pressure. Therefore, the purpose of this study is to analyze
the adaptability of hydrocyclone separation for sand and NGH to back pressure.

2 Numerical Methods

2.1 Model Description

The Reynolds stress model (RSM) accounts for the effects of streamline curvature, swirl,
rotation, and rapid changes in strain rate, naturally, it can generate accurate predictions
for complex flows [10, 11]. In this paper, therefore, the RSMwas selected for simulation.

The continuity equation:

∂p

∂t
+ ∂(ρui)

∂xi
= 0 (1)

The momentum equation:
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The transport equation:
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∂xk
= DT ,ij + DL,ij + Pij + Gij + �ij + εij + Fij (3)

where DT ,ij is the turbulent diffusion, DL,ij is the molecular viscous diffusion, Pij is
the shear stress generation, Gij is the buoyancy generation, �ij is the pressure strain, εij
is the viscous dissipation, and Fij is the system rotation generation.

In this paper, the slurry in hydrocyclone is a mixture of hydrate, sand and seawater,
so it is necessary to use multiphase flow model for numerical simulation. The Mixture
model obtains the relative velocity by solving the momentum equation of the mixture,
and then characterizes the discrete phase, which is more suitable for particle load flow,
bubble flow, settlement, cyclone separator simulation.

The mass conservation equation:

∂

∂t
(ρm) + ∇ · (ρm−→vm

) = ṁ (4)

where ρm is the density of the mixture, ṁ is the mass transfer, and −→vm is the average
velocity of the mixture, which is defined by

−→vm =

n∑

k=1
αkρk

−→vk
ρm

(5)
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where αk is the volume fraction of phase k and −→vm is the velocity of phase k.
The momentum conservation equation:

∂
∂t

(
ρm

−→vm
) + ∇ · (

ρm
−→vm−→vm

) = −∇ · p + ∇ · [
μm

(∇−→vm + ∇−→vmT
)]

+ ρm−→g + −→
F + ∇ ·

(
n∑

k=1
αkρk

−→vk r−→vk r
)

(6)

where n is the total number of phases, μm is the viscosity of the mixture, p is the
pressure; ρk is the density of phase k,

−→
F is the volumetric force, and −→vk r is the relative

slip velocity of phase k with respect to the mixture, i.e., −→vk r = −→vk − −→vm .
The volume fraction equation for phase k is

∂

∂t
(αkρk) + ∇ · (

αkρk
−→vm

) = −∇ · (
αkρk

−→vk r
)

(7)

2.2 Simulation Conditions

The SIMPLE algorithm was adopted for describing pressure-volecity coupling. The
PRESTO discretisation scheme was used for the pressure equations, while the QUICK
discretisation scheme was used for other control equations. The inlet velocity of hydro-
cyclone separation for sand and NGH can be calculated according to the inlet flow, so
the velocity-inlet boundary condition is selected, and the velocities of seawater, sand
and hydrate were all 8.33 m/s. The pressure-outlet boundary conditions were set as out-
let conditions. The solid wall boundary used standard wall function. Table 1 shows the
physical parameters of medias.

Table 1. The physical parameters of medias.

Name Characteristic

Seawater Density 1025 kg/m3

Viscosity 0.0017 kg/(m/s)

Volume fraction 75%

Diameter –

Sand Density 2600 kg/m3

Viscosity –

Volume fraction 15%

Diameter 30 µm

Seawater Density 910 kg/m3

Viscosity –

Volume fraction 10%

Diameter 30 µm
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2.3 Structure Geometry and Grid Independence

The hydrocyclone is composed of cylindrical section, cone section, overflow tube, under-
flow tube and tangential inlet. The main diameter of hydrocyclone is 80 mm. Other rel-
evant structural parameters are obtained according to relevant empirical formulas [12],
and the specific values are shown in Tables 2. The model is divided into tetrahedral
unstructured meshes by ANSYS Mesh software. In order to better reflect the actual
motion of the fluid in the cyclone, the grid refinement method is used to deal with the
key parts. In this paper, the same method is used to mesh the hydrocyclone model, gen-
erating 5 levels of 32530, 56285, 99528, 161716 and 416747. As shown in Fig. 3, it
reveals the static pressure with different mesh numbers. The results show that when the
number of grids reaches 161716, increasing the number of grids will no longer have
a significant impact on the numerical simulation results. Therefore, in the subsequent
research, the hydrocyclone model is divided into 161716 grids (Fig. 2).

Fig. 2. The hydrocyclone meshed representation.

Table 2. The main structural parameters of hydrocyclone.

Name Size

Dominant diameter (D) 80 mm

Overflow pipe diameter (do) 20 mm

Underflow pipe diameter (du) 16 mm

Cylindrical length (H) 100 mm

Overflow pipe length (h1) 90 mm

Insertion length of overflow pipe (h2) 40 mm

Underflow pipe length (h3) 70 mm

Cone angle (θ ) 12°

Inlet height (a) 20 mm

Inlet width (b) 10 mm
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Fig. 3. Grid independence detection.

3 Results and Discussion

3.1 Model Validation

In order to verify the correctness of the numerical model, the results of flow ratio and
pressure drop are compared by the simulation and experiment. Figure 4 shows the dis-
tribution curves of split ratio and pressure drop under variable flow rates. In this study,
the split ratios of both simulation and experiment decrease slightly with the flow rate
increasing, and the simulation is generally consistent with the experiment, retaining
the average relative error within 2%. With the flow rate increasing, the pressure drop
increase significantly, and the simulation of pressure drop is in good agreement with
the experiment, and the average relative error is 9%. Obviously, the RSM and Mixture
model can be well applied to the hydrocyclone of NGH.

Fig. 4. Comparisons between the simulation and the experiment: (a) the split ratio, (b) the pressure
drop.
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3.2 Volume Fraction Distribution of Sand

As shown in Fig. 5, it can be seen that with the increase of back pressure, the volume
fraction of sand near the underflow pipe gradually increases. The seawater and hydrate
in the fluid, due to the smaller density, are more susceptible to the influence of back
pressure, then resulting in the accumulation of sand near the wall. In the case of no back
pressure, the sand volume fraction near the axis is basically zero, but when the back
pressure is 30 kPa, a large amount of sand is accumulated at the same position. This
is due to the existence of back pressure, and the area of upward movement expands,
resulting in the decrease of split ratio. Obviously, the presence of back pressure is not
conducive to sand removal.

3.3 Volume Fraction Distribution of NGH

As shown in Fig. 6, it is the volume fraction distribution of NGH with different back
pressures.We can see that the volume fraction of NGH increases rapidly from the wall to
the axis along the radial direction, and reaches the maximum near the axis. Besides, the
volume fraction of NGH in the lower part of the overflow pipe increases rapidly, while
the volume fraction of hydrate in the conical section decreases. This is because the back
pressure hinders the underflow flow, resulting in the NGH migrating and accumulating
to the axis under the action of centrifugal force in hydrocyclone. It can be seen that the
existence of the back pressure of the underflow is conducive to the recovery of NGH.

3.4 Split Ratio

The split ratio represents the relationship of flowdistribution between the overflow-outlet
and underflow-outlet, which is an important process parameter of the hydrocyclone. In
this paper, the split ratio refers to the split ratio of the underflow, and it is given by the
following formula [13, 14]:

F = Qu

Qi
× 100% (8)

where Qu and Qi are the underflow-outlet and inlet volume flow rates of the
hydrocyclone (m3/s), respectively.

Figure 7 shows that the distribution curve of split ratio under different back pressures.
Clearly, we can see that the split ratio decreases sharply as the back pressure increases.
When the back pressure increase from 0 to 30 kPa, the split ratio reduces rapidly from
39% to 11%. This is due to the existence of back pressure, which generates the resistance
for sand removal of hydrocyclone, forcing the underflow fluid to change its direction of
motion and carrying sand and hydrate out of the overflow outlet. Obviously, it will make
a challenge to the separation for sand and NGH.
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Fig. 5. Volume fraction distribution of sand with different back pressures

3.5 Separation Efficiency

The separation efficiency is an important technical index to evaluate the separation
performance of hydrocyclone. The desanding efficiency and purification efficiency are
calculated by the following formulas:

Es = Mus

Mis
× 100% (9)

Eh = Moh

Mih
× 100% (10)

where Es refers to the desanding efficiency (%), Mis and Mus refer to the inlet and
underflow sandmass flow rates (kg/s), respectively;Es refers to the purification efficiency
(%),Mih andMoh refer to the inlet and overflowNGHmass flow rates (kg/s), respectively.

However, the separation efficiency of one phase of gas hydrate or sand cannot be only
considered in the evaluation of separation performance, and the technical indexes of the
both should be comprehensively considered. This paper uses the deformation formula
of Hancock comprehensive efficiency [12]:

E = Es · Eh − (1 − Es) · (1 − Eh) (11)
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Fig. 6. Volume fraction distribution of NGH with different back pressures

Fig. 7. The distribution curve of split ratio under different back pressures.
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As shown in Fig. 8, it is the distribution curves of purification efficiency, desanding
efficiency and comprehensive efficiency under different back pressures. It can be seen
that the desanding efficiency decreases sharply from 97.7% to 53% with increasing of
back pressure. On the contrary, the purification of NGH continues to increase from the
initial 86.2% to 99.8%. At the same time, the comprehensive efficiency of hydrocyclone
first increases slightly and then decreases sharply with the increase of back pressure,
peaking 88.7% at 10 kPa. This is due to with the back pressure increasing, the split
ratio of hydrocyclone drops, which leads to most of the fluid carrying unseparated sand
and hydrate to discharge directly from the overflow. Obviously, the back pressure will
result in the decrease of the comprehensive separation performance. Therefore, it is
necessary to strictly control the back pressure in the engineering application, so that the
hydrocyclone can maintain a good separation performance.

Fig. 8. The distribution curves of purification efficiency, desanding efficiency and comprehensive
efficiency under different back pressures.

4 Conclusions

Numerical simulations were performed to investigate the adaptability of hydrocyclone
separation for sand and NGH to back pressure. The following conclusions are made:

(1) When the back pressure increases from 0 to 30 kPa, the purification efficiency
increases to 99.8%, but the desanding efficiency sharply drops to around 53%. So
that, the existence of back pressure is unfavorable for sand removal.

(2) For the separation of hydrate slurry, we cannot only consider the one phase separa-
tion efficiency of sand or NGH. Therefore, it is necessary to evaluate the separation
performance by comprehensive efficiency. Within the back pressure of 20 kPa, the
comprehensive efficiency maintains over 70%, and peaks of 88.7% at 10 kPa.
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(3) In the research scope, the hydrocyclone has good adaptability to back pressure.
To a certain extent, the existence of back pressure may help to improve the
comprehensive separation efficiency.
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Abstract. In order to improve the safety and efficiency of hydrate slurry trans-
portation in submarine horizontal pipelines in hydrate solid fluidized mining tech-
nology, it was proposed to use the tangential velocity of spiral flow to improve
the transportation capacity, and a CFD/Fluent numerical model was established.
The guide bar in the pipeline starts to rotate all the way, the setting angle of the
guide bar was 23°, and the initial concentration of hydrate particles and the inlet
Reynolds number were set. The distribution law of velocity field, pressure field
and particle concentration in the tube was systematically analyzed when the initial
particle concentration was from 10% to 40% and the initial Reynolds number was
from 5000 to 20000. The results showed that the cross-sectional velocity of the
hydrate slurry in the pipe was 120° rotationally symmetrical about the center of
the circle. The greater the initial concentration of hydrate, the smaller the maxi-
mum velocity area in the pipe; in the simulated liquid-solid system, the smaller the
initial concentration of particles or the larger the Reynolds number, the greater the
flow friction of the slurry in the pipeline; An increase in the Reynolds number of a
spiral fluidwill make it more capable of carrying liquid. The hydrate concentration
on each section of the pipe was irregularly distributed, but no hydrate particles
were deposited in the whole pipe section. Among the two main factors controlled
by this research, the Reynolds number had a greater impact on the friction of the
slurry flow in the horizontal pipe that spins along the guide bar. Compared with
straight pipes without guide strips, the full rotation of the guide strips can extend
the hydrate transportation distance and expand the flow safety boundary.

Keywords: Hydrate · Spiral flow · Guide strip · Numerical simulation

1 Introduction

In 2016, the National “Energy Technology Revolution and Innovation Action Plan
(2016–2030)” proposed breakthroughs in key technologies for hydrate exploration and
development, and carried out pilot drilling and trial production tests, in 2017, the State
Council approved the listing of natural gas hydrate as the 173rd mineral. In this context,
in May 2017 andMarch 2020, China completed two trials of natural gas hydrate produc-
tion in the South China Sea, setting two new world records for “total gas production and
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average daily gas production”. However, Large-scale development of natural gas hydrate
needed to be explored. Academician Zhou Shouwei creatively proposed a solid-state flu-
idized hydrate mining method based on the physical characteristics and accumulation
characteristics of marine non-diagenetic hydrates in our country [1]. Among them, the
transportation law of hydrate into the pipeline after being broken and its safe and effi-
cient lifting technology was one of the current world’s leading innovation technology
problems [2, 3]. The law of slurry flow in submarine horizontal pipelines was of great
significance in solid fluidized mining technology.

Numerical simulationprovideddata supplement to the development of computational
fluid dynamics experiments. Based on the Euler two-fluid model and particle dynamics
theory, Wei Xuelei et al. [4] studied the flow pressure drop and the slurry velocity
distribution during the flow of heterogeneous particle hydrate slurry at different hydrate
particle volume fractions and different flow rates. The results showed that the slurry
flow the pressure drop was mainly affected by the flow rate, the greater the speed, the
greater the pressure drop. Subsequently, Sun Xian et al. [5] took the hydrate slurry
transportation process in the curved pipe system as the research object, and conducted
numerical simulations on the two factors (particle diameter, pipe diameter) that affect the
maximum volume fraction of hydrate particles in the curved pipe system. The analysis
results showed that when the hydrate slurry flow rate was small, the maximum hydrate
volume fraction in the elbow system was more affected by the particle size, and when
the slurry flow rate was faster, the maximum hydrate volume fraction was more affected
by the flow velocity. Yao Shupeng et al. [6] based on the group balance of the hydrate
particle aggregation dynamics, conducted an orthogonal test study on the hydrate flow
characteristics in the vertical pipeline during the mining process, and the results showed
that it has the greatest impact on the hydrate slurry flow friction in the vertical pipeline.
The factor was the average flow velocity of the hydrate slurry. Cao et al. [7] established a
hydrate slurrymultiphaseflowmodel consideringparticle separation andbehavior.Based
on the intrinsic dissociation kinetics theory, the hydrate dissociation model was carried
out. Improved and studied the particle behavior and dissociation rate flow characteristics
under different hydrate volume fractions and flow rates. The results showed that The
increase of the average particle size of the hydrate volume fractionwill lead to the greater
the viscosity and pressure drop of the mud.

Wang Shuli’s research group of Changzhou University [8, 9, 10] combined the spi-
ral flow theory with hydrate transportation technology to study the hydrate flow and
deposition laws of spiral flow in pipelines. Rao Yongchao et al. [11] adopted the RNG
k-ε model numerical simulation research was carried out on the flow characteristics of
the spiral flow swirling in the horizontal tube with the impeller, and the accuracy and
reliability of the mathematical model were verified through experiments. Wang Ziwen
[12] obtained through simulation research that the best placement angle of the guide bar
was 23° and the number of guide bars was 3. Later, Rao et al. [13] used RSM and DPM
models to analyze the flow of low-concentration CO2 hydrate slurry. Numerical simula-
tions were carried out and it was found that the heat transfer efficiency was also related
to the Reynolds number and particle concentration. Compared with ordinary pipelines,
the swirling flow can significantly increase the transport distance of the hydrate slurry.
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In this article, we used the Euler-Euler two-fluid model to simulate the liquid-solid
two-phase flow process in a spiral flow pipe. The DPM model was used to calculate
the interaction between particles and particles and between particles and walls. At the
same time, considering the resistance and rotational lift of the fluid relative to the par-
ticle phase, the concentration distribution, trajectory, velocity, pressure and velocity of
hydrate particles under different working conditions were obtained. Distribution etc. The
flow situation of spiral flow and ordinary pipe flow was compared and analyzed. The
research results can provide reference for the research of submarine horizontal pipeline
transportation in solid fluidized mining technology.

2 Model Building

2.1 Geometric Model

As a spinning device, the guide stripwas first adopted by the hydraulic sediment transport
research group of Taiyuan Polytechnic [14]. In this study, the design of 360° ringwinding
installationwas adopted. The cross-section structure diagram of the guide bar was shown
in Fig. 1, and the guide bar was fixed on the inner wall of the spiral pipe section, so the
outer diameter of the ring formed by the guide strip should be consistent with the inner
diameter of the pipe. The guide strip was twisted from the ribbon plate, and the tie was
installed in the pipe wall, in which one side was fixed on the pipe wall, and the short
edge of the tie pointed to the pipe axis everywhere. The placement angle of the guide
bar, the number of the guide bar and the height of the guide bar were taken as the three
parameters to accurately describe the guide bar, in which the placement angle of the
guide bar was the angle between the intersection line and the axis formed by the contact
between the guide bar and the pipe wall, and the height of the guide bar was the length
of the short side of the tie. When the guide bar was installed in the pipe, it was installed
on the inside of the pipe wall according to the number of the guide bar. In this paper, the
whole process of rotation was studied, and the installation length of 360° ring winding
of guide bar should be consistent with the length of pipe L.

The pipeline was placed horizontally, with a diameter of D = 0.032 m and a length
of L = 2 m. Install guide strips from the entrance. The number of guide strips was 3 and
the height was D/6, as shown in Fig. 2. The calculation adopted a rectangular coordinate
system, the origin of the coordinates was at the center of the pipe entrance surface, the
Z axis was the flow direction, and the Y axis was the direction of negative gravity.

The whole pipe section was divided into unstructured meshes, and the meshes of
the wall and the edge of the guide strip were densified by 5 layers, the thickness of the
bottom layer was 0.2 mm, under the same working condition, the number of meshes of
2 × 105–2 × 106 was simulated. The average axial flow velocity and tangential flow
velocity at the same section position of the pipe were taken for comparison, and the
results were shown in Fig. 3. It can be found that the grid number increases to 8 × 105

after that, the grid number continued to increase had little effect on the tangential and
axial velocity variations, while the greater the grid number, the longer the computation
time. When the accuracy of the calculation was met, an 8 × 105 the number of meshes
was calculated, and the final mesh subdivision was shown in Fig. 4.
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Fig. 1. Schematic diagram of the cross-section structure of the guide strip. D-pipe wall inner
diameter; h-guide bar height; θ-guide bar placement angle; πD-pipe circumference; L-pipe total
length

Fig. 2. Geometric model

2.2 Basic Assumption of Model

The model included five basic assumptions, namely: ➀ incompressible fluid; ➁ With-
out considering the formation, decomposition and coalescence of hydrate particles; ➂
Without considering the temperature difference; ➃ Without considering the adhesion of
particles to the pipe wall; ➄ The initial particle size of hydrate particles was 10 μm.

2.3 Multiphase Flow Model and Turbulence Model

The Euler-Euler two-fluid model was selected for this simulation. The governing equa-
tions include momentum equation and continuity equation, as shown in Eqs. (1) and (2)
respectively.

∂(ρi αi )

∂t
+ ∇(ρi αi vi ) = 0 (1)

∂

∂t
(ρi αi vi ) + ∇(ρi αi vi ) + αi ∇p = ∇ · τi + ρi αi g + Mi (2)
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(a)

(b) 

Fig. 3. Grid independence verification. (a) Tangential speed (b) Axial speed

Fig. 4. Mesh division

Where i was water phase or hydrate particle phase, ρ was density, kg/m3; v was the
velocity vector, m/s; P was pressure, Pa; τi is the stress tensor, Pa;Mi was the interphase
momentum exchange quantity, kg/(m · s)2. In this paper, the phase transition of hydrate
particles was not considered in the simulation study of liquid-solid two phases, so the
coupling between liquid and solid should be considered. The interaction between fluid
and solid in the flow process will generate momentum exchange. When momentumMi

exchange occurs, the interphase drag forceMdl and turbulent diffusion forceMtl should
be taken into account in momentum exchange, and the interphase force model should
be established to close the multiphase flow model, as shown by formula (3).

Mi = Mdl + Mtl = kls

(
vr − μt

ρmαsσd
∇αl

)
(3)
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Where vr was the phase-to-phase relative velocity;μt was turbulent viscosity, kg/(m·
s); ρm was the density of mixed phase, σd was Planck diffusion coefficient; αs was the
volume fraction of hydrate particles; αl was the volume fraction of water phase. kls was
coefficient of momentum transfer, since the hydrate slurry was formed by the mixing
of water and hydrate particles, the swaying force had a large effect on the breaking and
polymerization situation in.

The equations of motion of solid particle trajectories in the Z direction as shown by
formula (4)

d

dt
up = FD

(
u − up

) + gz
ρp

(
ρp − ρ

) + FZ (4)

Where u was the fluid phase velocity, m/s; up was the particle velocity, m/s; gz was
the component of the gravitational acceleration in the z direction, m/s2; ρ was the density
of the fluid, kg/m3; ρp the density of the particles, kg/m3; other acting forces weremainly
Staffman lift, additional mass force, Brownian force, etc. Should be considered due to
the fact that when flow occurs perpendicular to the direction of particlemovement, a poor
staffman lift was generated. An additional mass force was considered when the particle
density was less than the fluid density. Brownian force should be considered when the
particle size was submicron (0.1 m–1 m), which was not considered here because the
size was 10 μm.

Where, FD was defined as:

FD = 18μ

ρpd2
p

CDRe

24
(5)

Where dp was the particle diameter, m.
The drag coefficient CD can be expressed as follows:

CD = a1 + a2 + a3
Re

(6)

2.4 Model Solving

Fluent16.0 versionwas used for the simulation calculation. Velocity-inlet was used as the
boundary condition of the inlet end of the pipe, andReynolds number of 5000–20000was
used as the velocity inlet condition. Outflow end boundary condition was set as Outflow,
and wall boundary condition was set as fixed non-slip wall. Gravity direction along the
- y direction, the magnitude of gravity acceleration was 9.81 m/s2. The pressure base
implicit solver was used to simulate the three - dimensional transient. The RNG k − ε

turbulence model was adopted and Coupled algorithmwas used to calculate the pressure
and velocity. The pressure adopted the second-order upwind scheme. The velocity and
concentration of seawater and hydrate particles were set at the inlet of the pipe. The
simulation was ended when the residual error of each factor converged to 10−6.

The initial conditions were set as follows: the basic physical parameters of seawater
phase and hydrate phase were measured at 277K at standard atmospheric pressure. The
continuous phase fluid was seawater with a density of 1025 kg/m3 and dynamic viscosity
of 0.0017 Pa·s. The discrete phase was natural gas hydrate particles with particle size of
10 μm and density of 650 kg/m3.
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2.5 Model Validation

According to the related experiment [15], 8 working conditions were selected in this
paper, as shown by Table 1. The comparison between the measured pressure drop and
the simulated pressure drop can verify the feasibility of this model to a certain extent.

Table 1. Part of the numerical simulation parameter

Initial particle
concentration α0, %

Converted flow rate
v, m/s

Re

1 10 0.2764228 5000

2 40

3 10 0.5528455 10000

4 40

5 10 0.8292683 15000

6 40

7 10 1.1056911 20000

8 40

Figure 5 was a graph showing the comparison of experimental and numerical values
under different conditions. From the comparison results, the flow pressure droped in
the hydrate tube at operating condition 1–4 was Lower Reynolds number, although
with some margin of error, but the error between the numerical calculation and the
experimental data at operating condition 5–8 was smaller, the experimental results were
in good agreement with the numerical simulation, which showed that this method can be
used to simulate the hydrate slurry flow in helical pipes. As a whole, the whole process
of liquid-solid two-phase spiral flow with guide bars can be numerically simulated.

3 Numerical Simulation Results and Analysis

This chapter mainly analyzed the effects of different concentrations and different
Reynolds on the velocity distribution, concentration distribution, and pressure distri-
bution in the hydrate slurry pipeline. In this paper, 16 working conditions with hydrate
particle concentration of 10%, 20%, 30% and 40% were set under different Reynolds
numbers. The data parameters were selected according to the content of the research, as
shown in Table 2:
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Fig. 5. Variation curve of pressure drop under different working conditions

Table 2. Numerical simulation parameter

Initial particle
concentration
α0, %

Particle
size Dk ,
μm

Re Diversion
bar height
h, m

1 10 10 5000 D/6

2 20

3 30

4 40

5 10 10 10000 D/6

6 20

7 30

8 40

9 10 10 15000 D/6

10 20

11 30

12 40

13 10 10 20000 D/6

14 20

15 30

16 40

3.1 Influence of Hydrate Particle Concentration and Reynolds Number
on Velocity Distribution

In order to explore the velocity distribution in the hydrate slurry pipeline, the full cycle
position of the cross-section was selected (the guide bar completely rotates 360° from
the inlet end, here was the full cycle position) to see that the initial concentration of
hydrate particles was 10%–40% of cases. As shown in Fig. 6 was a cloud diagram of the
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velocity distribution of hydrate particles at the second full cycle position and the fourth
full cycle position with different concentrations under Re = 15000 conditions. From the
figure, it can be seen that the cross-sectional flow velocity in the tube rotates 120° with
respect to the center of the circle. Symmetrical, with the increase of the flow distance,
the velocity in the tube hardly attenuates, and the velocity in the axial center area was
the largest. The hydrate particle movement velocity near the pipe wall and the guide bar
decreases faster. This was due to the wall roughness causing the velocity decrease near
the pipe wall. The velocity of the laminar bottom layer near the wall tends to 0, and the
kinetic energy of the slurry impacting the guide bar decreases, so that the velocity near
the guide bar tends to 0; while the axis area was not blocked, the axial velocity was fully
functional and promotes the hydrate The slurry flows in the tube.

By comparing the maximum velocity area, it can be found that as the initial con-
centration of hydrate particles increases, the maximum hydrate velocity area at this
sectionwas shrinking, and themaximumvelocity in the pipelinewas decreasing, thiswas
because the hydrate concentration increases, which increases the possibility of hydrate
sedimentation and aggregation. Part of the hydrate was dragged by the viscosity of the
precipitate, which reduces the flow rate; on the other hand, the hydrate concentration
increases, which enhances the collision between hydrate particles. There was a chance
that the hydrate particles will lose energy after the collision, and the kinetic energy will
decrease.

Z=2T

Z=4T

10%         20%            30%           40%

Fig. 6. Cloud diagram of the velocity distribution of hydrate particles at the same section of the
pipeline under different concentrations

As shown in Fig. 7, the velocity and vector distribution at different cross-sections of
the hydrate slurry pipeline under the condition of Re = 20000 and α0 = 30%. From the
velocity vector line, it can be seen that the vector line near the guide bar in the entire flow
was always the densest, the vector line near the guide strip has not attenuated, indicating
that the start-up of the guide strip effectively maintains the tangential velocity of the
spiral flow without attenuation, and the tangential velocity generated by the spiral flow
was to ensure that the hydrate does not quickly deposit and adhere to It was an important
factor of the pipe wall, so the rotation of the guide strip can help solve the problem of
hydrate deposits blocking the pipe.
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Z=0.5T   Z=1.5T  Z=3T  Z=4.5T

Fig. 7. Velocity and vector distribution at different positions of the pipeline

The initial concentration of hydrate particles was α0 = 40%, took the velocity on
the axis of the pipeline to make a broken line diagram of the centerline velocity change
as shown in Fig. 8. It can be seen from the figure that after the hydrate slurry enters the
ordinary pipeline, the velocity will change First increase to the maximum value, then
slightly attenuate and maintain the speed until the entire pipeline flows. As the Reynolds
number increases, the position of the maximum speed in the pipeline gradually moves
away from the starting point.

Fig. 8. Variations of center line speed under four working conditions under different Re

As shown in Fig. 9, at the section position of z = 3T under the condition of α0 =
30%, make a center line in the x direction to observe the influence of Reynolds number
on the tangential velocity and the axial velocity. It can be clearly found from the figure
that the greater the Reynolds number, the greater the tangential velocity and the greater
the axial velocity. The maximum value of the tangential velocity appears at about 0.4D
near the tube wall, and the tangential velocity in the axial area tended to zero. The area
of maximum axial velocity appears at the axis of the pipe, and the closer to the pipe
wall, the lower the axial velocity. This showed that the increase of Reynolds number can
effectively improve the conveying effect of hydrate slurry by the rotating pipeline.

3.2 Influence of Hydrate Particle Concentration and Reynolds Number
on Concentration Distribution

Hydrate particles flow in the pipeline with seawater, and the distribution of hydrate
particles at each section of the pipe was different, starting from the entrance every other
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half cycle (the guide bar completely rotates 180° from the entrance end, here was Half-
period position) establish a datum level, and obtain the distribution of hydrate particles at
different sections of the pipeline under the working condition of Re = 15000 and initial
concentration of 40% as shown in Fig. 10. As can be seen from the figure, in the first half-
period section, it can be seen that the actual concentration of hydrate particles on both
sides of the guide strip at the upper left was slightly higher, and the distribution of hydrate
particles in the remaining sections was relatively uniform, and the volume fractions on
the same section were slightly different. This was because the hydrate slurry flows into
the pipeline, and the swirling effect of the spiral flow at the inlet was not obvious, and
the hydrate particles were lighter than seawater. At this time, the shear stress was small
and cannot carry all the hydrates. With the extension of the transportation distance, the
swirling effect After stabilization, the hydrate particles were more evenly distributed
in the pipeline on each section, and there was no sign of hydrate accumulation and
deposition.

(a)

(b) 

Fig. 9. The influence of different Reynolds numbers on tangential velocity and axial velocity. (a)
Tangential speed (b) Axial speed
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z=0 z=0.5T z=1T z=1.5T z=2T

z=2.5T z=3T z=3.5T z=4T z=4.5T

Fig. 10. Re = 15000, α0 = 40%, hydrate distribution at different cross-sections

Import the simulation results into tecplot to see the specific situation of the two-phase
distribution in the pipeline, as shown in Fig. 11. From the figure, it can be found that
the seawater on the windward side of the guide strip occupies the main space, and the
hydrate particles were almost distributed on the leeward side. The tangential velocity
produced by the spiral flow separates the denser seawater from the less dense hydrate
particles. After being thrown out, the hydrate particles were partially retained on the
leeward side. The actual concentration of hydrate particles on the leeward side of the
guide strip was slightly Greater than the concentration on the windward side.

Fig. 11. Two-phase distribution in the hydrate slurry pipeline

As shown in Fig. 12, the initial concentration of hydrate particles was α0 = 40%
and the distribution of hydrate particles under four working conditions under different
Reynolds numbers. The concentration cloud diagram shows that the actual concentration
was within the range of 39.90%–40.05% to see Reynolds more intuitively. The influence
of the number on the distribution law of hydrate particle concentration, the comparative
analysis can find that with the increase of Reynolds number, the distribution of hydrate
particles in the tube gradually tends to be uniform. When the Reynolds number was
15000, there was almost no sign of hydrate particles agglomerating. On the contrary,
Conversely, the Reynolds number becomes smaller, that is, the lower the conveying
speed, the smaller the tangential velocity produced by the guide strip, the easier it was
for hydrate particles to accumulate between the guide plate and the pipe wall, and the
speed was still low under Re = 20,000. Enough strong vortex area was generated to
attract hydrate particles, and the hydrate particles were distributed near the pipe wall
under the combined action of shear stress and buoyancy.



314 F. Chen et al.

Re=5000

Re=10000

Re=15000

Re=20000

Fig. 12. The actual concentration distribution of hydrate particles under four working conditions
under different Reynolds numbers

3.3 Influence of Hydrate Particle Concentration and Reynolds Number
on Pressure Distribution

Taking the maximum pressure of the initial section of the pipeline and making the differ-
ence between the minimum pressures on the remaining sections to obtain the pressure
drop under fourworking conditionswithRe= 15000.Different initial hydrate concentra-
tions was shown in Fig. 13. It can be seen from the figure that as the initial concentration
increases, the pressure drop across the pipeline gradually decreases. This was because
as the initial concentration of hydrate particles increased, the volume fraction of the
seawater phase became lower, and the density becomes smaller after the two phases
were mixed. Finally, after the same distance was conveyed, the concentration of hydrate
particles was higher, but the pressure consumed was lower.

Fig. 13. Pressure drop changes at different concentrations

Take the maximum pressure of the initial section of the pipeline, and make the
difference between the minimum pressures on the other sections. As shown in Fig. 14,
the effect of Reynolds number on the pressure dropped under the condition of the initial
concentration of hydrate particles α0 = 40%, the abscissa. It was the flow distance in
the axial direction, and the ordinate was the pressure drop. It can be seen from the figure
that as the transportation distance increases, the influence of the Reynolds number on
the pressure drop across the pipeline gradually increases.
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Fig. 14. The influence of Reynolds number on pressure drop

3.4 Comparative Analysis of Spiral Flow and Ordinary Pipeline

In order to compare the influence of the ordinary pipeline and the guide strip on the
speed change of the pipeline, take the initial concentration of hydrate particles α0 =
40% and the axial velocity with the Reynolds number of 10000 and 20000 respectively
to make the speed change along the way, as shown in the figure as shown in the figure,
it can be seen from the figure that the flow velocity in the ordinary pipeline was always
greater than that in the swirling pipeline along the way, which shows that the deflector
has a more obvious effect of blocking the hydrate slurry. The collision causes the loss of
kinetic energy and the larger the Re, the difference in speed in the two pipelines bigger
(Fig. 15).

Fig. 15. Changes of axial velocity of different pipelines along the way

In order to compare the influence of ordinary pipelines and guide strips on the
distribution of hydrate particles in the pipeline, Re= 15000 and the initial concentration
of 10% on the YZ plane to see the distribution of hydrate particles along the way, as
shown in Fig. 16.As can be seen from the figure, after the hydrate particles in the ordinary
pipeline flow for a certain distance with seawater, due to the influence of buoyancy, they
begin to gather and adhere to the upper side of the pipe wall, and the initial concentration
of this working condition was not high, only 10% Based on this, it can be inferred that
hydrate slurry was easy to accumulate in ordinary pipelines, and there was a great risk
of blockage. When the hydrate particles flow in the pipe swirling along the guide strip,
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the actual concentration fluctuation was very small, which indicates that the shear stress
generated by the spiral flow can effectively prevent the hydrate particles from gathering
on the pipe wall and can partially weaken the buoyancy effect. There will be a large
number of aggregation of hydrate particles.

The position where the hydrate particles just begin to deposit was the critical position
of deposition. Here, it was stipulated that the critical position of deposition was when the
actual concentration was higher than 2% of the initial concentration. Table 3 showed the
critical position of hydrate particle deposition under different working conditionswith an
initial concentration of 10%and themaximumactual concentration on this surface. From
Table 3, it can be found that as the Reynolds number increases, the critical deposition
position of hydrate particles was farther away from the inlet. As mentioned above, the
increase in velocity enables seawater to carry hydrate particles for longer distances,
which will not lead to rapid deposition. There was no tangential velocity in ordinary
pipelines, so under the action of buoyancy, hydrate particles will inevitably accumulate
and adhere to the pipe wall after flowing for a certain distance with seawater, resulting
in hidden safety hazards of pipe blockage, which shows that pipeline transportation of
hydrate slurry should be improved. Ability to increase the flow rate was one of the most
direct methods.

Fig. 16. Contour of the distribution of hydrate particle volume fraction in ordinary pipelines

Table 3. Critical deposition position and deposition concentration of hydrate particles

Re 5000 10000 15000 20000

Critical position, z/m 0.09 0.22 0.36 0.52

Deposition concentration, α 0.10195 0.10203 0.10200 0.10200

In the pipeline where the guide strip spins along the way, there was no cross section
where the actual concentration of hydrate particles was greater than 2% of the initial
concentration. The critical position was at the pipeline outlet z= 2 m. By comparing the
ordinary pipeline and the guide strip spinning along the pipeline under different working
conditions It can be found that when the Re was 10000 and 15000, the particle carrying
distance of the swirling pipe along the guide strip was about 10 times and 5.6 times that
of the ordinary pipe.
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In order to better compare the influence of ordinary pipelines and guide strips on
the flow friction of the pipelines, the axial pressure under the working conditions of
5000 and 20000 was used to compare the pressure changes along the way, as shown in
Fig. 17, from It can be seen from the figure that when the Reynolds number was small,
the pressure drop of the ordinary pipeline and the spiral pipeline along the way were not
much different. With the increase of the Reynolds number, the barrier effect of the guide
bar on the hydrate slurry becomes more and more significant. The pressure difference
along the spiraling pipeline with the guide strip was getting larger and larger. When the
same hydrate slurry was transported, the pressure consumed by the spinning pipeline
along the guide strip was nearly twice that of the ordinary pipeline.

Fig. 17. Changes of axial pressure of different pipelines along the way

In the numerical simulation study of the safe flow of natural gas hydrate mining in
the sea, the slurry velocity was not an important factor to measure the transportation
efficiency. Therefore, even if the guide strip rotates along the way, the hydrate slurry
velocity was slightly lower, but this was not enough to deny the spiral flow to the slurry
transportation. Promoting effect; the carrying distance of seawater to hydrate particles
and the energy consumption of the whole line were two of the key factors. Under the
15000 Reynolds number condition, the hydrate carrying distance of the swirling pipeline
was 5.6 times that of the ordinary pipeline. Correspondingly, the pressure consumption
of the whole line It was about 1.2 times that of the ordinary pipeline. It can be seen that
the guide strip can effectively improve the transport capacity of hydrate slurry.

4 Conclusion

This paper analyzed the influence of the concentration of hydrate particles and the
Reynolds number at the inlet position on the velocity distribution, pressure distribution
and concentration distribution in the horizontal pipe that spins along the guide strip, and
the main conclusions were as follows:

(1) The cross-sectional flow velocity in the tube was 120° rotationally symmetrical
about the center of the circle, and the velocity in the axial center area was the
largest. The vector lines near the guide bar were the densest and it didn’t attenuated
with the increase of the flow distance. Maximum cutting speed output Currently,
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the position of the near tube wall was about 0.4D, and the area of maximum axial
velocity appears at the axis of the pipe. The increase of the initial concentration of
hydrate would result in the decrease of the maximum velocity area in the pipeline.

(2) The increase of the inlet Reynolds number will cause the friction of the mud flow in
the pipeline to increase. The increase of the initial concentration of hydrate particles
will reduce the flow friction of the slurry in the pipe.

(3) The increase of the imported Reynolds number would increase the ability of the
spiral flow to carry liquid. The initial concentration of hydrate had almost no effect
on the carrying effect of the spiral flow. The hydrate concentration distribution on
each section of the tubewas irregular. The areaswith lowparticle concentrationwere
concentrated near the three guide strips, and hydrate particles were not deposited
in the entire pipe section.

(4) Among the two main factors controlled in this study, the Reynolds number had a
greater impact on the flow friction of the horizontal pipe that spined along the guide
bar. Compared with ordinary straight pipes, in a pipeline with a total length of 2 m,
the guide bar spins along the way under the Re = 15000 working condition, which
increased the particle carrying distance by 460%. The full rotation of the guide strip
for the hydrate transportation of natural gas hydrate solid-state fluidized mining
would play a significant role in expanding the safety boundary and improving the
transportation capacity.
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Abstract. The environmental characteristics of low temperature and high pres-
sure in deep water are easy to cause hydrate deposition and blockage in wellbore
and transportation pipeline. Previous studies mainly focused on the deposition
blockage in the macro flow process, but there were few studies on the microme-
chanics between hydrate particles. In this paper, from amicroscopic point of view,
a high-pressure micromechanical force device was used to study the cohesive
force between hydrate particles in a high-pressure CH4 system, and the cohesive
force experiment between hydrate particles was carried out under the conditions
of pure water and 10 wt% ethylene glycol. It is found that the cohesive force
between hydrate particles decreases first, then increases and then decreases with
the increase of subcooling under the condition of 10 wt% ethylene glycol and pure
water. At the same subcooling, the cohesive force between hydrate particles under
10 wt% ethylene glycol condition is less than that under pure water condition,
10 wt% ethylene glycol can reduce the cohesive force between hydrate particles
and reduce the risk of pipeline blockage to a certain extent.

Keywords: Methane · Hydrate ·MMF · Ethylene glycol · Experiment

1 Introduction

Natural gas hydrate (NGH) is a type of ice-like compounds formed by natural gas and
water at low temperatures and high pressures. The environmental characteristics of low
temperature and high pressure in deep water are easy to cause hydrate deposition and
blockage in wellbore and transportation pipeline. Pipeline blockage caused by hydrate
is one of the most urgent problems faced by oil and gas transportation in deep water.
The macroscopic aggregation and blockage of hydrate can be studied by conventional
research methods such as stirring kettle, flow loop, rocking kettle, but it has some limita-
tions in defining the mechanism of hydrate aggregation. Micro-mechanical force device
can directly measure the cohesive force between hydrate particles from the micro point
of view to make up for the shortcomings of macro-experiment. Micro-mechanical force
device is used at an early stage to test the cohesive force between two glass balls [1].
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At present, the effects of subcooling, particle size and chemical additives on the cohe-
sive force of hydrate particles can be studied bymicrocomputermechanical experiments.
Yang and others firstmeasured the adsorption force between tetrahydrofuran hydrate par-
ticles at different temperatures by using the MMF test instrument developed by them-
selves [2–6]. According to the research of Yang and Taylor, the micro force between
hydrate particles can be explained by the theory of liquid bridge capillary force, when the
volume of liquid bridge increases, greater liquid bridge force will be obtained [2–6]. Lee,
Wang, Hu et al. Improved the micromechanical force test device, and investigated the
effects of contact time and other factors on the cohesive force of hydrate particles [7–11].
At present, most of the microcomputer mechanics experiments are atmospheric pressure
systems under the condition of cyclopentane or tetrahydrofuran, but in actual production,
the pressure in the pipe string is high, and the produced fluid is mostly light hydrocarbon
gas dominated by CH4. The results of the existing micro mechanical force experiments
are of limited significance for field operation guidance. The experimental equipment used
in this study is the self-developed high-pressure hydrate micromechanical force exper-
imental equipment, which can carry out the micro-mechanical force experiment under
high-pressure conditions. Through the micro-mechanical force experiment of methane
hydrate particles under pure water and ethylene glycol, the micro-mechanical law of
methane hydrate particles under high-pressure conditions is revealed, which provides
guidance for the risk prevention and control scheme of deep-water hydrate.

2 Experimental Section

2.1 Materials

The materials and reagents used in the experiment are shown in Table 1.

Table 1. Materials used in the experiments

Name Specification Manufacturer

Deionized water 18 M� · cm Laboratory self-made

CH4 99.9% Qingdao De Yi Gas Co., Ltd.

Ethylene glycol >99.5% Shandong Titan Scientific Co., Ltd.

2.2 Apparatus

Figure 1 is a schematic diagram of the high pressure micromechanical force (MMF)
system. The cohesive force between hydrate particles can be measured directly by using
the device. The pressure limit of the experimental device is 25 MPa and the temperature
limit is −50 °C. The operating pressure range of this study is 0 MPa to 12 MPa and
the temperature range is −15 °C to 1.7 °C. The temperature of the high-pressure sealed
chamber is controlled by a constant temperature water bath (accuracy 0.1 °C), and
the cooling jacket contains a 1:1 mixture of ethylene glycol and water. A temperature
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sensor is installed in the middle of the high-pressure sealed cabin to measure the cavity
temperature, and a pressure sensor is installed at the bottom air inlet pipeline to measure
the cavity pressure. Observe and record the experimental results with a microscope. Two
cantilevers are installed in the high-pressure sealed cabin: the static cantilever is fixed on
the wall of the cavity, and the movable cantilever is controlled by the three-dimensional
axis moving table in the cavity.

Fig. 1. Experimental setup of high-pressure micromechanical force apparatus

2.3 Experimental Steps

The experiment includes four parts: ice particle preparation, induced hydrate formation,
hydrate shell annealing and pull-off test. The experimental steps are as follows:

(1) Firstly, a droplet is placed at the tip of the cantilever, and the droplet is quenched in
liquid nitrogen to form ice particles before being put into the high-pressure sealed
chamber;

(2) Put the ice particles into the high-pressure sealed chamber, inject methane gas,
and gradually pressurize to the experimental pressure. During the pressurization
process, the temperature is maintained below 0 °C to prevent the surface collapse
of hydrate particles caused by the melting of ice particles;

(3) Take the hydrate particle formation time as the starting time, set the temperature
to 1.7 °C and anneal for 2 h to ensure that the hydrate shell is strong enough to
withstand at least 40 tests;

(4) Conduct 40 pull-out tests under the experimental temperature and pressure, record
the displacement of hydrate particles at the fixed end, and conduct at least 3 groups
of experiments under each subcooling condition to ensure the accuracy of the
experimental results.

The measurement of cohesive force between hydrate particles is divided into four
steps, as shown in Fig. 2;

(1) The hydrate particles on the moving end cantilever are contacted with the hydrate
particles on the fixed end cantilever by operating the three-dimensional axis moving
table;
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Fig. 2. Procedure of cohesive force measurement

(2) Move the preload displacement �P downward, and the contact time of two hydrate
particles is 10 s;

(3) Control the moving end to move upward at a uniform speed until the particles are
separated;

(4) Measure the maximum displacement �D of particles at the fixed end, and the final
cohesive force value is the average value of repeated tests.

3 Experimental Results and Discussion

In this study, the microcomputer mechanical force experiment between hydrate particles
under different subcooling conditions in high-pressure CH4 system was carried out. The
cohesive force between hydrate particles under pure water and 10 wt% ethylene glycol
was tested, and the phenomenon of hydrate formation induced by ice particles was
observed.

3.1 Hydrate Formation

The whole process of transforming ice particle surface into hydrate shell is divided into
two parts. Firstly, a thin hydrate shell is rapidly formed on the surface of ice particles,
and then a thicker hydrate is gradually formed on the outer layer of hydrate shell. This
experimental phenomenon can be observed in pure water and 10 wt% ethylene glycol,
especially in 10 wt% ethylene glycol.

It can be seen from Fig. 3 that the whole process of ice particle surface conversion
to hydrate under the condition of 10 wt% ethylene glycol in the air inlet process, the
ambient temperature is - 7 °C, the process takes 4.17 s, and the ice particle diameter is
0.78 mm. The whole process of transforming ice particle surface into hydrate shell is
divided into two parts. The first layer of hydrate shell began to grow at 0.00 s, the surface
coverage rate of 1.03 s particles reached 50%, and 1.90 s was completely covered; The
second hydrate shell of 0.77 s began to grow, the surface coverage of 2 s particles reached
50%, and 4.17s completely covered the surface of particles.
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Fig. 3. Hydrate formation induced by ice particles under ethylene glycol condition

3.2 Experiments Under Pure Water Condition

Apurewater droplet of similar size is placed at the tips of the two cantilevers respectively,
and the ice particles are frozen by liquid nitrogen and put into the high-pressure sealed
cabin for subsequent operation. The experimental temperature is 1.7 °C, and the phase
equilibrium pressure is calculated by PVTsim software. The experimental conditions of
each group are shown in Table 2.

Table 2. Experimental pressure and temperature under water condition

Experimental temperature-1.7 °C

Phase equilibrium temperature Phase equilibrium pressure Subcooling

2.7 °C 3.4 MPa 1 °C

3.7 °C 3.75 MPa 2 °C

5.7 °C 4.56 MPa 4 °C

8.7 °C 6.17 MPa 7 °C

11.7 °C 8.47 MPa 10 °C

Figure 4 is the scatter diagram of the maximum displacement of the fixed end can-
tilever with the number of tensile tests. It can be seen from Fig. 4 that under the same
subcooling conditions, the 3 groups of experimental results are similar, and the displace-
ment value of the fixed end fluctuates within a certain range. Figure 5 is the histogram
of particle displacement distribution at the fixed end. It can be seen from Fig. 5 that 120
data points under each subcooling condition basically show normal distribution, and the
experimental results have high reliability.

Each group of experiments uses the same arm, the diameter of the hydrate particles
is 0.75 ± 0.05 mm, and the maximum stretch distance of the particles is used as the
evaluation standard. Table 3 shows the fixed end particle displacement corresponding to
different subcooling under pure water condition.
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Table 3. Particle displacement in pure water

Subcooling (°C) Displacement (mm)

1 0.9724

2 0.8679

4 0.7459

7 0.8838

10 0.7563

As shown in Table 3, in the CH4 system, under the condition of pure water, with
the increase of subcooling, the cohesive force between particles first decreases, then
increases, and then decreases gradually.

There is a layer of liquid film on the surface of hydrate particles. The cohesive force
between particles is mainly affected by two forces: the liquid bridge force provided
by liquid bridge and the hydrate bridge force provided by hydrate bridge. Under the
condition of low subcooling, the liquid bridge force plays a major role. With the increase
of subcooling, the liquid film is gradually transformed into hydrate. With the increase of
subcooling, the liquid film gradually transforms into hydrate. The decrease of liquid film
thickness leads to the decrease of liquid bridge volume, and finally leads to the gradual
decrease of cohesive force, corresponding to the subcooling of experiment 1–4; With
the increase of subcooling, the speed of liquid bridge conversion into hydrate gradually
accelerates. Under a certain subcooling condition, hydrate bridge force plays a major
role, resulting in a sudden increase in cohesive force, corresponding to the experiment
of 4–7 subcooling; Under the condition of high subcooling, the increase of subcooling
leads to the gradual decrease of liquid film thickness, and the decrease of liquid bridge
volume leads to the decrease of hydrate bridge volume and the gradual decrease of
cohesive force, which corresponds to the experiment of 7–10 subcooling.

3.3 Experiments Under 10 wt% Ethylene Glycol Condition

A 10 wt% ethylene glycol droplet with similar size is placed at the tips of the two
cantilevers respectively, and the ice particles are frozen by liquid nitrogen and put into
the high-pressure sealed cabin for subsequent operation. The experimental tempera-
ture is 1.7 °C, the phase equilibrium pressure is calculated by PVTsim software. The
experimental conditions of each group are shown in Table 4.

Figure 6 is the scatter diagram of the change of the maximum displacement of the
cantilever at the fixed end with the number of tensile tests. It can be seen from Fig. 6
that under the same subcooling conditions, the three groups of experimental results are
similar, and the displacement value at the fixed end fluctuates within a certain range.
Figure 7 is the histogram of particle displacement distribution at the fixed end. It can be
seen from Fig. 7 that 120 data points under each subcooling condition basically show
normal distribution, and the experimental results have high reliability.

Each group of experiments uses the same arm, the diameter of the hydrate particles
is 0.75 ± 0.05 mm, and the maximum stretch distance of the particles is used as the
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Fig. 4. Variation diagram of displacement with tensile test times

Fig. 5. Displacement distribution histogram

evaluation standard. Table 5 shows the fixed end particle displacement corresponding to
different subcooling under ethylene glycol condition.

As shown in Table 5, in the CH4 gas system, under the condition of 10 wt% ethy-
lene glycol, with the increase of subcooling, the cohesive force between particles first
decreases, then increases, and then gradually decreases, the change trend is consistent
with that in pure water. The reasons for this change trend have been described in detail
in Sect. 3.3 and will not be described here.

The experimental results show that the variation trend of hydrate particle cohesive
force with subcooling under the condition of 10 wt% ethylene glycol is similar to that
under the condition of purewater,whichfirst decreases, then increases and then decreases
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Table 4. Experimental pressure temperature under ethylene glycol condition

Experimental temperature-1.7 °C

Phase equilibrium
temperature

Phase equilibrium
pressure

Subcooling

2.7 °C 4.3 MPa 1 °C

3.7 °C 4.76 MPa 2 °C

5.7 °C 5.83 MPa 4 °C

8.7 °C 8.05 MPa 7 °C

11.7 °C 11.2 MPa 10 °C

Table 5. Particle displacement at 10wt % ethylene glycol

Subcooling (°C) Displacement (mm)

1 0.7842

2 0.5917

4 0.4293

7 0.6516

10 0.4316

Fig. 6. Variation diagram of displacement with tensile test times
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Fig. 7. Displacement distribution histogram

with the increase of subcooling. And under the same subcooling condition, the cohesive
force between hydrate particles under 10 wt% ethylene glycol condition is less than that
under pure water condition. Figure 8 is the variation curve of displacement with the
degree of subcooling.

Fig. 8. Variation curve of displacement with the degree of subcooling

4 Conclusion

In this study, the high-pressure micromechanical force device was used to study the
cohesive force between hydrate particles in high-pressure CH4 gas system, carry out the
cohesive force experiment between hydrate particles under the conditions of pure water
and 10 wt% ethylene glycol, and test the cohesive force between CH4 hydrate particles
under 1–10 subcooling conditions respectively.
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Under the experimental conditions in this paper, the variation trend of hydrate particle
cohesive force with subcooling under 10 wt% ethylene glycol condition is similar to that
under pure water condition, both of which first decrease, then increase and then decrease
with the increase of subcooling. This is because the liquid bridge force plays a major
role under the condition of low subcooling. With the increase of subcooling, the liquid
film consumption leads to the decrease of liquid bridge volume, and finally leads to the
gradual decrease of cohesive force.With the increase of subcooling, the conversion rate of
liquid bridge into hydrate gradually accelerates. Under a certain subcooling condition,
hydrate bridge force plays a major role, resulting in the increase of cohesive force.
Under the condition of high subcooling, the increase of subcooling leads to the gradual
consumption of liquid film, the decrease of liquid bridge volume leads to the decrease of
hydrate bridge volume, and the cohesive force shows a gradual decreasing trend. At the
same subcooling, the cohesive force between hydrate particles under 10 wt% ethylene
glycol was lower than that under pure water. Therefore, 10 wt% ethylene glycol can
reduce the cohesive force between hydrate particles to a certain extent, so as to reduce
the risk of hydrate blockage, The micromechanical law of methane hydrate particles
under high pressure has guiding significance for the risk prevention scheme design of
deep-water hydrate.

Symbol Description

�P—Preload displacement
�D—Maximum displacement of fixed end cantilever
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Abstract. TBAB(tetrabutylammoniumbromide) can generate semi-cage hydrate
at atmospheric pressure, which has high energy storage density and can be applied
to cold storage technology. Small channel has the characteristics of high heat
exchange efficiency and can generate hydrate more efficiently. In this paper, 2 mm
and 3 mm quartz tubes with inner diameter were used as experimental tubes. The
hydrate crystal morphology and agglomeration morphology generated by the flow
in the tube were captured by industrial microscope. The effects of undercooling
degree and diameter of solution concentration and flow rate on the blockage time
and agglomeration process of hydrate morphology were studied. It was found that
the density of single crystal hydrate formed by TBAB (10 wt%–20 wt%) at the
sameundercooling is low, and its front end is needle or sword,which is beneficial to
mass and heat transfer and continues to grow. High concentration TBAB solution
(30 wt%–40 wt%) formed hydrate crystals closely, and the tip effect was signifi-
cantly weakened. For low concentration TBAB solution, the increase of flow rate
can accelerate the formation of new nuclei and inhibit the growth of large crystals.
Adjusting the flow rate can help to obtain slurry solutions with different particle
sizes. The growth and aggregation process of TBAB hydrate were reviewed, and
the microscopic physical model of TBAB hydrate growth and aggregation process
was established. It is found that the initial morphology of TBAB hydrate crystal
includes spherical and columnar, and the morphology evolution process of single
hydrate crystal is similar. The optimal solution concentration and flow rate range
for continuous hydrate formation can be preliminarily determined by experiments,
which has reference significance for the development of efficient and continuous
hydrate formation process.

Keywords: TBAB hydrate ·Morphology · Flow · Small channel

1 Introduction

Natural gas hydrate is one of the most well-known hydrates and is considered as one
of the most potential new energy sources in contemporary times. Its guest molecule is
mainly methane, but gas hydrate can be generated and exist stably under low tempera-
ture and high pressure, so it is difficult to study it directly. Quaternary ammonium salt
and water molecules can also form hydrate, such as tetrabutylammonium bromide [1].
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At atmospheric pressure, the phase equilibrium temperature range of TBAB solution for
hydrate formation is 3–12 °C, and the formation conditions are relatively mild. Although
the structure of semi-cage hydrate is not exactly the same as that of natural gas hydrate,
it has sufficient similarity and the experimental conditions are not as strict as those of
natural gas hydrate, which has certain reference significance for the study of natural gas
hydrate. At the same time, TBAB hydrate can also be used as phase change material for
refrigeration and cold transfer in the field of air conditioning and refrigeration [2, 3].

Shimada [1] and Koyanagi [4] recorded the static growth morphology of hydrates
in TBAB solution and TBAB + CO2 gas system in the reactor, respectively. The
hydrate morphology generally appeared tip, showing wedge-shaped columnar and
sword-shaped, respectively. The experiments of Shimada showed that the tip protru-
sions in the front of the growth direction of columnar crystals gradually tended to be flat
with the increase of undercooling. The hydrate morphology characteristics were also
mentioned in the flow characteristics experiments of hydrates. The hydrate morphology
after stirring in the reactor was mostly needle-shaped or flake-shaped [5].

2 Experimental Section

2.1 Experimental Equipment

In this experiment, a self-designed reaction system was used for TBAB hydrate for-
mation experiment. The experimental system consists of test pipeline circuit, constant
temperature system, temperature system and video camera system. The observation of
formation experiment is shown in Fig. 1.

Test pipeline circuit is mainly composed of test small channel and peristaltic pump.
The hydrate formation experiments were performed in a fully visual flow loop. The
flow pipeline was constructed of quartz glass tubes, which was 1 mm, 2 mm and 3 mm,
respectively. In order to narrow the scope of observation, test pipes are made into ser-
pentine pipes. Peristaltic pump flow range is 0.000166-570 mL/min, flow resolution is
0.01 µL/min, peristaltic pump and test section through rubber pipe connection. con-
stant temperature system is composed of chiller and organic glass box(180 × 240 ×
50 mm3). The organic glass box is placed above the microscope and filled with ethanol
glycol to ensure a stable temperature environment for the hydrate to form in the quartz
glass tube. The temperature of the TBAB solution is recorded by a thermocouple and a
corresponding data logger.

2.2 Experimental Materials

The main materials used in the experiment included TBAB and pure water. TBAB was
provided by China National Pharmaceutical Group Corporation. In addition, pure water
was also produced in the laboratory, and the pure water machine (Milli-Q IX7003) was
produced by Merck Millipore.
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2.3 Experimental Process

Firstly, The experimental tube was cleaned via warm pure water for 3–5 times to ensure
that no other impurities were attached to the experimental tube, in order to avoidmemory
effects in the next set of experiments.

Then the TBAB solution was configured in advance, and 30 mL TBAB solution was
poured into the measuring cylinder in each experiment. After the preparation work was
finished, running the thermostatic system to ensure temperature drop to test temperature
in organic glass box. After the chiller reaches the experimental operating temperature,
turn on the peristaltic pump, and start image and temperature data acquisition. Compared
with the whole test pipeline range, the field of view of the microscope is much smaller,
so the first observation position is artificially selected, which is defaulted in the middle
of the organic glass box. After hydrate formation, the observation range will be selected
again according to the actual growth of hydrate.

Fig. 1. Observation system for morphology of TBAB hydrate growth

3 Experimental Results and Discussion

3.1 Morphology of TBAB Hydrate

Figure 2 shows the crystalmorphologyof in-situ growth at lowflowrate (q<20mL/min).
Due to the low dynamic pressure of the liquid at low flow rate, the crystal nucleus did
not flow with the solution in the tube for a long time after the hydrate crystal was formed
in the small pore channel.

10 wt% TBAB solution first formed the crystal nucleus in the straight tube center
90 mm away from the channel outlet, and then formed a new crystal nucleus in the outlet
with the flow direction. Finally, the hydrate was blocked in the pipeline. After the flow
stopped, the hydrate began to adhere to the wall and grow rapidly in the direction of the
solution, which lasted only 11 s and occupied the whole field of vision. As shown in
Fig. 2(a1) and Fig. 2(a2), 10 wt% hydrate was white crystal, and its shape was similar to
pine branch. It basically grow linearly before encountering resistance. When it touched
the wall or was squeezed by the surrounding hydrate in the growth process, the hydrate
in the blocked direction will change its growth trajectory like the vine, and will not stop
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Fig. 2. Typical hydrate growth morphology of TBAB solutions in small pipes at low flow rates
(d = 3 mm, �T = 17 °C, q < 20 mL/min)

Fig. 3. Typical single crystal morphology of hydrate with different mass fractions in flowing state

growing directly. The transparency of hydrate crystal was very low, and the generated
hydrate is more like frost.
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It can be observed from Fig. 3 (a) that the hydrate formed at the initial mass fraction
of 10 wt%was hexagonal short columnar. The hydrate growth process of 25 wt% TBAB
solution is the same as that of Fig. 3(a), also prone to cross-linked polycrystals of two
or more single crystals. Darbouret [6] tested the rheological properties of hydrate slurry
and found that columnar crystals were very fragile. After the hydrate crystals have
been stirred in the reactor and flowed in the pipeline, it is considered that the hydrate
morphology is closer to spherical. The single crystal morphology of hydrate formed in
TBAB solution with hydrate size of about 10-100 µm and 35 wt% is regular cube, as
shown in Fig. 3(c). The hydrate is in a very unstable state at the initial stage of growth,
and the crystal nucleus morphology will change greatly after continuous growth. The
crystal size of hydrate formed by 40%TBAB solution is small, and the crystal is irregular
spherical, as shown in Fig. 3(d). At this time, the morphology of single crystal nucleus
did not increase with the increase of size. The morphology change of spherical hydrate
crystals generated at this mass fraction is mainly due to the deformation caused by the
extrusion of multiple grains.

Fig. 4. Schematic diagram of temperature variation during the formation process of typical TBAB
hydrate in small tube

The hydrate growth process includes nucleation stage and growth stage. In this
experiment, the process from initial equilibrium state to crystal visualization can be
regarded as nucleation stage. In this experiment, the quartz tube selected as the test tube,
and the thermocouple is placed at the outlet of the tube. Quartz small pipe was selected
for the test tube, and thermocouples were placed at the outlet of the pipe. The small
pipe has high heat exchange efficiency, which can timely take away the heat generated
by hydrate production. The temperature will not rise significantly before the complete
blockage, and the change of temperature can only be used to judge whether the pipe was
blocked.



338 Q. Zuo et al.

As shown in Fig. 4, starting from the solution passing through the temperature
measurement point for the first time to the time when the outlet temperature rises when
the pipe is blocked, it is the blocking time (td). Nucleation time (tc) referred to the time
from the first temperaturemeasurement point of solution to the first appearance of visible
hydrate crystal nucleus. The hydrate growth time (ts) referred to the period when the
hydrate crystal continues to grow until it is blocked after the formation of hydrate crystal
core, and the time above that can be basically extracted by image and video.

Fig. 5. Hydrate morphology in small pipe at different flow rates (d= 3 mm, w= 25 wt%, �T=
16 °C)

Figure 5 shows the growth of hydrate crystals in a small tube under different flow
rates of 25 wt% TBAB solution. As shown in Fig. 5, hydrate crystals still grow in the
middle of the pipeline. Due to the uneven concentration of solution at the solid-liquid
interface caused by hydrate growth, it can be clearly seen from Fig. 5 (t = 49 s) that
TBAB solution is still in the flow state at this time. It can be observed that in the process
of hydrate growth, the crystals with smaller sizes are separated from the original crystals
and continue to flow and grow, which is equivalent to providing new nuclei, while the
increase of flow rate indirectly provides more nuclei. From Fig. 5(a) and Fig. 5(c), it can
be inferred that if there is no local blockage in the hydrate growth process, more nuclei
will be generated when the flow rate increases, resulting in tube blockage. Joshi studied
the plugging mechanism of high water-cut natural gas hydrate in large pipelines, and
considered that high flow rate can reduce hydrate nucleation time, which is the same as
Joshi’s [7] experimental results.

The TBAB content in the liquid phase affects the morphological evolution of single
crystal particles. As shown in Fig. 6, when the solution concentration is 40 wt%, the
spherical crystal ratio can be observed in the experiment, which is larger than that of
other concentrations. The proportion of amplification of the hydrate basically grows at
the initial stage of growth. When the hydrate crystal has begun to burst, the growth of
the hydrate interface will begin to appear ripples, and the cylindrical single crystal that
continues to increase the size of the last sphere against the radiation growth can evolve
into square, square and hexagonal columns. The columnar hydrate crystals continue
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to grow in low concentration TBAB solution, the center of the column axis will be
depressed, and the side will continue to grow lamellar or acicular crystals.

Fig. 6. Microscopic model of TABAB hydrate formation and agglomeration process

Large-size crystals tend to grow into divergent crystals, and the aggregates are more
irregular, but the shape of TBAB hydrate particles with smaller sizes is relatively regular.
The agglomeration is mainly achieved by forming TBAB hydrate between particles
and connecting the two particles. Therefore, the agglomeration between TBAB hydrate
particles is related to the TBAB content in the liquid phase. For columnar single crystal
particles, the contact between spherical and columnar single crystals also occurs in the
side contact position of TBAB between spherical and columnar crystals to form hydrate,
which makes the two single crystal particles aggregate and the interface between the
contact positions gradually disappear. With the consumption of TBAB in the liquid
phase, the particle size further increases, and the proportion of aggregates increases.
Many single crystal particles gather together to form large-sized clusters with extremely
irregular shapes.

3.2 Influence of Various Factors on Hydrate Flow

Due to the rapid blockage after hydrate nucleation, the nucleation time can be directly
determined by the blockage time. From Fig. 7, it can be seen that the increase of con-
centration and undercooling can effectively increase the nucleation rate of hydrate, and
large flow rate can also shorten the nucleation time of hydrate to a certain extent. How-
ever, too large concentration and undercooling also make hydrate blockage easier. By
comparing multiple sets of experiments, it can be predicted that TBAB hydrate can be
continuously generated in the environmental range (w= 20 wt%, �T= 15–16 °C) and
the hydrate with uniform particle size can be obtained by changing the flow rate.
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Fig. 7. Variation of outlet temperature of TBAB solution with different factors



Visualization of TBAB Hydrate in Confined Small Channels 341

4 Conclusion

(1) With the increase of concentration, the tip effect of hydrate growth weakens, and
the front end of hydrate growth changes from dendritic to arc. As the single crystal
concentration changes from columnar to cubic and then to spherulite, the nucleation
time is effectively reduced, and the nucleation time is shortened from 25 min to
5 min.

(2) The crystal morphology did not change with the flow rate in the experimental range,
but the increase of flow rate leads to the increase of hydrate grains. It is found that
increasing the flow rate within a certain range can reduce the nucleation time, and
the hydrate crystal particle size is more average at high flow rate.

(3) The initial morphology of hydrate single crystal is spherical and cylindrical, and
the single crystal evolution mode is the same. However, due to different concentra-
tions or undercooling conditions, the boundary sizes of hydrate crystal morphology
change are different.
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Abstract. The behavior of CH4 hydrate growth and CH4/H2O migration in con-
fined interconnectivity space between the surface of ZIF-8 is studied by molecular
dynamics simulation. To investigate the main growth position and direction of
hydrate when CH4 is dissolved in aqueous solution and the effect of CH4/H2O
migration to promote hydrate growth on the surface of hydrophobic ZIF-8 with
pre-adsorbed water. The system of three-phase and four components containing
CH4, H2O, hydrate and ZIF-8 is constructed before MD simulation. Microstruc-
ture properties are analyzed for regions containing hydrate near the surface of
ZIF-8 (region1) and hydrate in the center of interconnectivity space (region2).
The self-diffusion coefficients of H2O, CH4 are calculated, self-diffusion coeffi-
cients of CH4 and H2O are 0.47, 0.85 m2/s and 0.37, 0.54 m2/s in region1 and
2, respectively. The results demonstrate that the hydrate preferentially grows near
the surface of ZIF-8 rather than the region of center. Because of the competitive
adsorption for CH4 between ZIF-8 and hydrate surface, CH4 distribution ismainly
concentrated in cavities and center of confined interconnectivity space, whereas
H2O distribution is focused in the region near surface of ZIF-8 and center water
shows the ordered structures by facilitating hydrogen bonds formation. Therefore,
two-way migration of CH4/H2O further promote cooperativity between physical
adsorption and hydrate growth in confined space, the nanopores of ZIF-8 could
serve as sites of CH4 adsorption and preferentially enhance hydrate growth near
the region of ZIF-8 and expand by a layer-by-layer mechanism for growth of the
hydrate. Furthermore, hydrate growth in confined space is directional. The prefer-
ential growth directions of hydrate are boundary and center rather than the surface
of ZIF-8. This study provides microscopic insight into CH4 storage by adsorption-
hydration hybrid in ZIF-8, which can be favorable for the investigation of storage
and utilization of hydrate in future.
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1 Introduction

The challenge of climate and environmental issues in the past decades has paid more
attention of governments towards clean and renewable energy rather than relies on tra-
ditional fossil fuels. However, due to the limitation of renewable energy technology, it
could not replace fossil fuels as the main source of energy in the world at a short period
of time. It necessary to find a new clean and abundant alternative energy source that
serves as a bridge to transition and reduce the emissions of CO2 [1]. Natural gas (NG) is
the fastest-growing primary energy source in the world [2] and has always being one of
the paramount energy resources before the large-scale application of renewable energy
due to high energy density and low carbon dioxide emission [1]. As global acceleration
in the consumption of natural gas, new technologies that can attain the efficient storage
and transportation of NG are increasingly required.

The technology of adsorption-hydration hybrid has investigated to store CH4 by
physisorption and hydrate formation in confined spaces [3], which combined with the
advantages of Adsorbed natural gas (ANG) and natural gas hydrate (NGH). Compared
with dry materials, CH4 storage capacity has a significant jump using pre-humidified
porous materials, which is partly due to the formation of CH4 hydrate in the material [3,
4]. The porous materials could not only as physisorptionmedia, but also provide the sites
of hydrate nucleation and growth [4]. Metal-organic frameworks (MOFs) materials have
been postulated as the best candidates to storage CH4 due to their specific advantages [5].
However, there is not a clear understanding of the micro-mechanism of hydrate growth
and CH4/H2O migration in confined space.

In this work, the microscopic mechanism of hydrate growth and CH4/H2Omigration
in different regions of confined interconnectivity space were investigated by MC and
MD simulations, which further explore the effect of hydrate growth after the methane
dissolves in water to form a mixture during the process of CH4 adsorption-hydration
hybrid in ZIF-8.

2 Model and Simulation Method

2.1 Molecular Model

The illustration of the representative unit cell and force filed atomic types of ZIF-8
were adopt by our previous work [6]. A surface model of ZIF-8 crystal (33.98 × 33.98
× 169.91Å3) containing intrinsic micropores and confined interconnectivity space was
established by removing the outermost imidazolate linkers connected to the Zn atoms on
the surfaces of ZIF-8 cubic cells, which is consistentwith the description byProenza et al.
[7] and the interaction between surface and water molecules [6]. To obtain the three-
phase and four components (CH4/H2O/hydrate/ZIF-8) configuration within confined
space of CH4/H2Omixture solution, as shown in Fig. 1. Firstly, the mixture solution was
composed of 3900 H2O and 488 CH4 molecules within the region of 33.982× 33.982×
118.858Å3, the numbers of H2O and CH4 molecules in the system are selected such that
it corresponds to the stoichiometry of the CH4 hydrate. Then, three equidistant regions
of gas-liquid phase were replaced by three 2× 2× 2 supercells of CH4 hydrate (23.75×
23.75× 23.75Å3). In addition, the initial surface configuration of pre-humidified ZIF-8
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containing eight unit cells was generated using MC simulation in the NVT ensemble at
T = 298 K, 56 water molecules were suggested to adsorb on ZIF-8 surface when the
water content is 0.3 by our previous study [6] Finally, the models of H2O and CH4 in
this system were described by the TIP4P/Ice [8] and OPLS-UA [9], respectively.

Fig. 1. Initial three-phase and four components configuration of the simulation system. Orange
spheres represent CH4 molecules. Red, white, purple, blue, and silver spheres represent O, H, Zn,
N, and C atoms, respectively. Cyan dotted lines represent hydrogen 8 bonds in the hydrate phase.

2.2 Simulation Method

TheMD andMC simulations were performed using LAMMPS packages [10] andMate-
rials Studio package [11], respectively. Motion equations were integrated according to
leap-frog algorithm with a time step of 2 fs and periodic boundary conditions were
applied in all three dimensions, the L-J interactions cut-off distance was set to 1.4 nm,
whereas long-range electrostatic interactions were calculated using the PPPM summa-
tion technique with a precision of 1 × 10–4. Temperature was controlled using Nosé-
Hoover algorithm with a relaxation time of 0.4 ps and pressure barostat with the relation
time of were used 2 ps. The bond and angle of H2O molecules were fixed by rigid
command using SHAKE algorithm [12]. The system was first equilibrated at 275.15 K
with a 250 ps NVT run, the atomic positions of the hydrate were frozen. Then, it was
performed in the NPT ensemble at 275.15 K and 10 MPa for a few tens of nanoseconds
with no position restraint on the hydrate phase. Furthermore, the cages identification
algorithm was used to analysis hydrate growth in this work, which is referred by the
literature [13].

3 Results and Discussion

3.1 Hydrate Evolution in Different Regions of Confined Space

Figure 2(a)–(d) displays that the evolution of hydrate in different regions of confined
space with simulation time from 0.02 ns to 40 ns. It should be noted that the CH4 hydrate
grewclearly in two regions by cages identification, however, there are somediscrepancies
between region1 and 2. Firstly, it can be seen from theCH4 hydrate configuration at about
10 ns in region1 that the cages preferentially grew towards the boundary of system (xy-
dimension) rather than the center of interconnectivity space (z-dimension). The volume
of hydrate in region1 was larger than that of region2, it indicates that the surface of
pre-humidified ZIF-8 can provide a nucleation site to promote faster and greater hydrate
crystal growth, which is similar with the phenomenon reported by Cha [14].
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Fig. 2. Snapshots of the ZIF-8 interconnectivity space simulation at different moments. CH4 and
H2O molecules are represented as orange spheres and light red thin lines, respectively. Hydrate
cages are shown as sticks with different colors (red for 512, yellow for 51262 green for 51263 and
blue for 51264)

The preferential adsorption sites of H2O are located proximal to the C = C bond of
the 2-methylimidazolate linker, which causes pre-adsorbed H2O to occupy the effective
adsorption sites of CH4 [6]. Therefore, more H2O molecules were interacted to form
clusters and this observation is in general associated with the results of H2O adsorption
in MIL-100(Fe) [15], whereas CH4 molecules in this region were force to diffuse to
region1 and pores of ZIF-8. As shown in Fig. 3(a) the 512, 51262 and 51263 cages grow
rapidly during the first 10ns followed by reaching equilibrium throughout the simulation
process. CH4 hydrate growthmainly occurred in region1 within the initial 10ns and grew
towards the boundary continuously with the time from 10ns to 40ns, which is due to
the existence of capillary force in confined space. Furthermore, Fig. 3(b) shows that the
H2Omoleculesmove from region1 to region2 during the hydrate formation.Both hydrate
cages in region1 and 2 gradually formed towards near region during the equilibrium and
the hydrate in region1 promoted evolution of hydrate in region2. This observation is
regarded as a layer-by-layer mechanism also reported by the CO2 hydrate growth [16].
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Fig. 3. Time evolution of the number of (e) hydrate cages and (f) H2O in different regions.

3.2 Effect of CH4/H2O Migration on Adsorption-Hydration Hybrid

Figure 4 shows the density distribution for CH4 and H2O in systemwith different time at
275.15 K. It can be seen from Fig. 4(a)−(d) that CH4 molecules evenly distributed over
the interconnectivity space within the initial 10ns, whereas some CH4 molecules had
migrated in ZIF-8 pores, which are shown in Fig. 5 and Fig. 6 (a)–(b). It indicated that
the competitive adsorption for CH4 between ZIF-8 and hydrate surface. Furthermore,
the diffusion coefficient of CH4 and H2O in region1 are 0.47 and 0.37 m2/s, respectively.
In region2 are 0.85 and 0.54m2/s, respectively. It is found that the value of CH4 and H2O
in region1 both lower than region2, indicating the preferential growth of hydrate is in
region1, because the hydrate formation inhibits the diffusion of CH4 andH2Omolecules.
Some H2O molecules on surface of ZIF-8 were migrated into interconnectivity space
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Fig. 4. Density distribution for CH4 and H2O in system with different time. CH4:(a) 0.02 ns, (b)
10 ns, (c) 20 ns and (d) 40 ns. H2O: (e) 0.02 ns and (f) 40 ns at 275.15 K.

and the CH4 molecules were migrated into the pores. The result showed that the two-
way migration [17] is also observed in MD simulation, indicating that CH4 molecules
penetrate the obstruction of H2O molecule clusters and enter micro pores induced by
strong physical adsorption, while water molecules migrate outwards.

In Fig. 4 (c)–(d), density distribution for CH4 is displayed the significant difference
after about 20 ns, which was mainly focused in both ZIF-8 pores and interconnectivity
space. It indicates that the physical adsorption and hydrate growth are occurred at the
same time during the process adsorption-hydration hybrid. Compared with Fig. 4 (e)
and (f), the liquid water gradually formed the ordered structure and the migration of
H2O molecules tended to be stable. The H2O molecules focused in the region near the
surface of ZIF-8, which differed widely with the density distribution for CH4.



348 J. Duan et al.

Fig. 5. The evolution ofH2OandCH4 molecules in different regions ofZIF-8 is shown in different
colors: on surface (black), in region1-2-1 (red), and CH4 in pores (orange).

Fig. 6. The migration of H2O and CH4 near the surface of ZIF-8 with time of (a) 0.02 ns, (b)
10 ns, (c) 20 ns and (d) 40 ns at 275.15 K.

4 Conclusion

In this study, the behavior of CH4 hydrate growth and CH4/H2O migration in con-
fined interconnectivity space between the surface of ZIF-8 were investigated using MC
and MD simulations. The results showed that the hydrate growth in interconnectivity
space with pre-humidified ZIF-8 followed by a layer-by-layer mechanism and preferred
growing towards boundary. During the process of CH4 adsorption-hydration hybrid,
the value of diffusion coefficient for CH4 in region1 was lower than region2, indi-
cating the preferential growth of hydrate was in region1. The competitive adsorption
for CH4 was existed between ZIF-8 and hydrate surface, a number of CH4 molecules
were adsorbed in pores by physical adsorption, which promoted the two-way migration
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of CH4/H2O and further enhanced hydrate growth near the region of ZIF-8. Combined
with twomechanisms, CH4/H2Omigration and hydrate growth in confined interconnec-
tivity space in ZIF-8 were further investigated. Finally, this simulation study is helpful
to understand the microscopic mechanism of CH4 storage in ZIF-8 by the technology
of adsorption-hydration hybrid.
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Abstract. Phase equilibria studies are of great significance for the development
of hydrate-based techniques. In our previous work, a prediction method based
on water activity measurement (WAM) has been developed for the efficient pre-
diction of hydrate phase equilibria conditions. In this study, aiming at further
testifying its universality and effectiveness, the water activity of NaCl/KCl/CaCl2
solutions was measured. The hydrate-water-vapor phase equilibria conditions of
CH4/C2H6/C3H8/CO2 hydrate in different aqueous salt solutions were predicted
by WAM method. The validity of the prediction method was subsequently eval-
uated by using related literature data. It was shown that the predicted result and
literature data are in good agreement. This study further demonstrates the reli-
ability and wide applicability of the WAM method for predicting hydrate phase
equilibria conditions.

Keywords: Hydrate · Phase equilibria · Water activity · Chen-Guo model

1 Introduction

Gas hydrate is a cage-like crystalline compound inwhich guest gasmolecules are trapped
[1]. In nature, natural gas hydrate (NGH) is widely distributed in permafrost and subma-
rine sediments, which is regarded as the alternative energy in future [2]. The prevailing
NGH production methods mainly development include depressurization, thermal stim-
ulation, inhibitor injection and their combinations [1, 2]. The production of NGH has
raised wide interests. Hydrate formation also occurs during the production and trans-
portation of offshore oil and gas, leading to safety hazards and significant economic
losses as hydrates can block pipelines [1, 3]. The injection of hydrate inhibitors is com-
monly adopted for hydrate prevention as well as the flow assurance. In general, both
hydrate production and hydrate-based flow assurance are conducted based on the sys-
tem temperature/pressure regulation or the hydrate phase equilibrium control. Therefore,
hydrate phase equilibria studies is the fundamental of these hydrate-based technologies.
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The accurate and rapid determination of hydrate phase equilibria is of great significance
for the flowassurance during the offshore oil and the gas production andNGHproduction
[1–3].

Obviously, hydrate phase equilibria experiment is the most convincing way to deter-
mine the phase equilibria conditions of hydrate. In the last several decades, numerous
hydrate phase equilibrium data have been reported [1]. However, the experimental deter-
mination requires the establishment of high pressure apparatus and the complex hydrate
formation/dissociation process, which tend to be time-consuming and costly. In order
to simplify the hydrate phase equilibria determination process, some thermodynamic
hydrate models are proposed for their prediction. The prevailing models are mainly
of two types including van der Waals-Platteeuw (vdW-P) type and Chen-Guo type [1,
3]. Water activity is a key parameter for hydrate phase equilibria models. During the
prediction, the effect of salt or alcohol on hydrate phase equilibria is mainly charac-
terized by related water activity calculations. However, the calculation of the water
activity tends to be complex, and the system composition must be known, which limits
its practical applications. the experimentally determined water activity can provide great
convenience. Fortunately, there have been commercial water activity meter put in use.
For a sealed system, the water activity can be experimentally determined based on the
following relationship.

aw = fw
/
fw0 ∼= Pw

/
Pw0 (1)

When the water activity is experimentally determined, the prediction of hydrate
equilibria conditions can be achieved using the classical hydrate thermodynamic models
incorporatedwith themeasuredwater activity data.When thewater activity is experimen-
tally determined, the prediction of hydrate equilibria conditions can be achieved using the
classical hydrate thermodynamic models incorporated with the measured water activity
data. In our previous work, a prediction method based on water activity measurement
(WAM) has been developed for the efficient prediction of CH4 hydrate phase equilibria
conditions [4]. In this study, the water activity of NaCl/KCl/CaCl2 solutions was mea-
sured, then the hydrate-water-vapor phase equilibria conditions ofCH4/C2H6/C3H8/CO2
hydrate in different aqueous salt solutions were predicted by WAM method. This study
further verified the effectiveness of the WAM method.

2 Experimental Section

The materials used in the experiment are shown in Table 1. A GYW-1M water activity
meter (Guanya Inc., Shenzhen) was adopted for the water activity measurement. The
accuracy of water activity measurement is 0.012, and the temperature range is 273.15–
323.15 K. Before the measurement, the water activity meter has been calibrated. For
each run, some silica gel was first placed in the sample chamber of the apparatus to
remove the initial watermoisture. Then the aqueous solution to bemeasuredwas injected
into the chamber of water activity meter by using a syringe. The solutions of different
concentrationswere prepared by adding related chemicals to deionizedwater on themass
basis. The water activity can be automatically output after the measurement is initiated
for 15 min. To ensure the reliability of the measurement, each sample was measured
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for more than 4 times, and the average value was adopted. Finally, Chen-Guo hydrate
model incorporated with the measured water activity was adopted for the prediction of
hydrate phase equilibria conditions. The detailed modeling process for the prediction of
hydrate phase equilibrium conditions has been well-described in the literature, [5, 6] so
there is no further elaboration.

Table 1. Materials used in experiments

Chemicals Purity Supplier

NaCl ≥0.995 Sinopharm Chemical Reagent Co., Ltd.

KCl ≥0.995

CaCl2 ≥0.960

Deionized water 18.2 M�.cm Lab-made

3 Experimental Results and Discussion

Before predicting the hydrate phase equilibria conditions of measured samples, the
validation of the Chen-Guo model in this work was confirmed by comparisons between
predicted results and literature data of bulk hydrate equilibrium conditions [7–12]. It
was shown in Fig. 1 that the predicted results and literature data are in good agreement.
Figure 2 presents the measured water activity data of aqueous solutions including NaCl,
KCl, CaCl2 and their mixed solutions. The labels in Fig. 1 denotes the combination of
the mass fraction of salt in aqueous solution and the salt type. For example, 5Na means
that the mass fraction of NaCl is 5 wt%. It was shown that the measured water activity is
within the range of 0.853–0.983. The measured water activity was then substituted into
Chen-Guo model for related predictions.

Fig. 1. Validation of Chen-Guo model in this work
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Fig. 2. Experimental determined water activity in different aqueous solutions

3.1 CH4 Hydrate

In our previous work, theWAMmethod was proposed for predicting CH4 hydrate phase
equilibria conditions in aqueous solutions. In this study, the validity of the method
was further confirmed using binary mixed salt solutions. The comparison between the
predicted phase equilibria pressure of CH4 hydrate by WAM method and the literature
data [13] is given in Fig. 3. The error bars are calculated based on the accuracy of 0.012.
Table 2 shows the predicted phase equilibrium temperature compared to literature data.
With the temperature prediction deviation less than 1.2K, it can be seen that the predicted
results are in good agreement with literature data.

Fig. 3. Comparisons between the experimental and predicted CH4 hydrate phase equilibria
pressure in aqueous solutions

3.2 C2H6 Hydrate

Figure 4 presents the comparison between the predicted phase equilibria pressure of
C2H6 hydrate by WAMmethod and the literature data [14]. Table 3 shows the predicted
phase equilibrium temperature compared to literature data. The predicted results are in
good agreement with literature data. The maximum deviation of the predicted phase
equilibrium temperature of hydrate in 10 wt% NaCl solution is lower than 1.3 K.
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Table 2. Comparisons between the experimental and predicted CH4 hydrate phase equilibria
temperature in aqueous solutions

Solutions T (K) P (MPa) T_pre (K) �T (K)

5Na5K
Ref. [13]

272.3 3.464 272.1 0.2

270.3 2.829 270.1 0.2

274.2 4.215 273.9 0.3

276.3 5.169 275.7 0.6

272.2 3.439 272.0 0.2

281.2 9.379 280.9 0.3

279.4 7.34 278.9 0.5

6Na10Ca
Ref. [13]

274.1 6.739 273.2 0.9

277.1 9.514 276.0 1.1

270.8 4.699 270.1 0.7

Fig. 4. Comparisons between the experimental and predicted C2H6 hydrate phase equilibria
pressure in aqueous NaCl solutions

Table 3. Comparisons between the experimental and predicted C2H6 hydrate phase equilibria
temperature in aqueous solutions

Solutions T (K) P (MPa) T_pre (K) �T (K)

10Na
Ref. [14]

273.7 0.883 272.8 0.9

276.0 1.165 274.8 1.2

277.6 1.455 276.5 1.1

278.8 1.737 277.7 1.1

280.4 2.165 279.2 1.2



Prediction Evaluation on CH4/C2H6/C3H8/CO2 Hydrate Phase Equilibria 355

3.3 C3H8 Hydrate

Figure 5 presents the comparison between the predicted phase equilibria pressure of
C3H8 hydrate by WAM method and the literature data [14–17]. The predicted phase
equilibrium temperatures compared to literature data for aqueous NaCl, KCl, CaCl2
and their mixed solution were shown in Table 4, Table 5 and Table 6, respectively. The
predicted results are in good agreement with literature data. The maximum deviation of
the predicted phase equilibrium temperature of hydrate is all lower than 1 K.

Fig. 5. Comparisons between the experimental and predicted C3H8 hydrate phase equilibria
pressure in aqueous solutions

Table 4. Comparisons between the experimental and predicted C3H8 hydrate phase equilibria
temperature in aqueous NaCl solutions

Solutions T (K) P (MPa) T_pre (K) �T (K)

5Na
Ref. [15]

271.2 0.185 271.7 0.5

272.6 0.241 272.8 0.2

274.4 0.324 274.0 0.4

275.6 0.448 275.4 0.2

10Na
Ref. [16]

268.3 0.122 268.0 0.3

269.7 0.170 269.3 0.4

271.8 0.278 271.4 0.4

272.0 0.309 271.8 0.2

272.4 0.370 272.6 0.2

272.8 0.479 273.7 0.9
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Table 5. Comparisons between the experimental and predicted C3H8 hydrate phase equilibria
temperature in aqueous KCl or CaCl2 solutions

Solutions T (K) P (MPa) T_pre (K) �T (K)

10K
Ref. [14]

271.0 0.228 271.4 0.4

271.8 0.283 272.3 0.5

272.6 0.331 273.0 0.4

273.0 0.379 273.4 0.4

273.4 0.421 273.9 0.5

15Ca
Ref. [14]

266.4 0.234 266.6 0.2

267.0 0.262 267.1 0.1

267.2 0.303 267.6 0.4

267.8 0.345 268.1 0.3

268.0 0.359 268.3 0.3

Table 6. Comparisons between the experimental and predicted C3H8 hydrate phase equilibria
temperature in aqueous NaCl/KCl/CaCl2 mixed solutions

Solutions T (K) P (MPa) T_pre (K) �T (K)

7.5Na7.5K
5Ca
Ref. [17]

261.9 0.172 261.9 0

262.3 0.192 262.3 0

262.8 0.214 262.7 0.1

263.4 0.249 263.3 0.1

263.6 0.267 263.6 0

264.2 0.286 263.9 0.3

264.4 0.303 264.1 0.3

264.5 0.303 264.1 0.4

265.1 0.342 264.5 0.6

265.2 0.352 264.6 0.6
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3.4 CO2 Hydrate

The KCl, CaCl2, and some binary salt solutions were prepared for the predictions of
CO2 hydrate phase equilibria conditions. The comparison between the predicted phase
equilibria pressure of CO2 hydrate by WAM method and the literature data [18] is
shown in Fig. 6a and 6b. The predicted phase equilibrium temperatures compared to
literature data were shown in Table 7 and Table 8, respectively. It was found that the
predicted results are in good agreement with literature data. The maximum deviation of
the predicted phase equilibrium temperature of hydrate is all lower than 3.6 K.

Fig. 6. Comparisons between the experimental and predicted CO2 hydrate phase equilibria
pressure in aqueous solutions of single (a) or binary mixed (b) salts

3.5 Hydrate of Mixed Gas

Phase equilibriumpredictions onhydrates ofmixedgas can provide guidance onpractical
hydrate-based flow assurance. In this work, we also analyzed the performance of WAM
methodon the prediction for hydrate ofmixedgas. The comparisonbetween the predicted
phase equilibria pressure by WAMmethod and the literature data [18] is given in Fig. 7.
The predicted phase equilibrium temperatures compared to literature data were shown
in Table 9. It was found that the predicted results and the literature data [18] are in good
agreement. The maximum deviation of the predicted phase equilibrium temperature of
hydrate is all lower than 1.3 K.
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Table 7. Comparisons between the experimental and predicted CO2 hydrate phase equilibria
temperature in aqueous KCl or CaCl2 solutions

Solutions T (K) P (MPa) T_pre (K) �T (K)

5K
Ref. [18]

280.5 3.905 280.7 0.2

280.4 3.861 280.6 0.2

279.4 3.324 279.5 0.1

278.6 2.960 278.7 0.1

276.0 2.129 276.0 0

274.1 1.700 274.2 0.1

272.1 1.325 272.0 0.1

10K
Ref. [18]

277.9 3.485 277.2 0.7

276.3 2.807 275.6 0.7

273.1 1.848 272.3 0.8

269.0 1.130 268.2 0.8

10Ca
Ref. [18]

270.8 1.511 269.8 1.0

268.0 1.102 267.2 0.8

274.0 2.198 272.8 1.2

277.3 3.460 276.2 1.1

277.9 3.824 276.9 1.0

Table 8. Comparisons between the experimental and predicted CO2 hydrate phase equilibria
temperature in aqueous binary solutions

Solutions T (K) P (MPa) T_pre (K) �T (K)

5Na5K
Ref. [18]

270.0 1.347 269.9 0.1

271.7 1.660 271.6 0.1

274.1 2.258 274.1 0

277.3 3.432 277.2 0.1

15Na5K
Ref. [18]

262.9 1.218 262.5 0.4

266.3 1.872 265.9 0.4

268.2 2.388 267.7 0.5

269.8 3.050 269.5 0.3

5Na15Ca
Ref. [18]

267.3 2.935 266.7 0.6

266.3 2.490 265.6 0.7

264.1 1.288 260.6 3.5

259.2 1.042 259.0 0.2
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Fig. 7. Comparisons between the experimental and predicted phase equilibria pressure for hydrate
of mixed gas in aqueous solutions

Table 9. Comparisons between the experimental and predicted phase equilibria temperature for
hydrate of mixed gas in aqueous solutions

Systems T (K) P (MPa) T_pre (K) �T (K)

10K
80%CH4
20%CO2
Ref. [18]

275.9 3.94 274.8 1.1

269.2 1.83 268.3 0.9

272.2 2.59 271.3 0.9

279.0 5.56 278.0 1.0

10Ca
80%CH4
20%CO2
Ref. [18]

268.6 1.96 268.0 0.6

276.0 4.32 275.0 1.0

272.0 2.80 271.1 0.9

279.1 6.08 277.9 1.2

10Na
5.31C2H6
94.69CO2
Ref. [18]

269.1 1.17 269.0 0.1

270.9 1.50 271.0 0.1

272.9 1.88 273.0 0.1

274.2 2.30 274.3 0.1

4 Conclusion

In this study, the performance of WAM method on phase equilibria prediction of
CH4/C2H6/C3H8/CO2 hydrate in single or mixed NaCl/KCl/CaCl2 solutions are inves-
tigated. The predicted results and literature data were found in good agreement. The
predicted deviations of phase equilibrium temperature were all lower than 3.6 K. This
study further verified the reliability and universality of the WAM method for predicting
hydrate phase equilibria conditions.
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Symbol Description

aw—Water activity
f w—Vapor water fugacity of system
f w0—Vapor fugacity of pure water
NGH—Natural gas hydrate
P—Pressure
Pw—Vapor water pressure of system
Pw0—Vapor pressure of pure water
T—Temperature
T_pre—Predicted temperature
�T—Predicted temperature deviation
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Abstract. The formation of gas hydrate can block wellbore and drilling equip-
ment during deep sea oil and gas exploitation and transportation, causing high
flow pressure and bringing serious threat to the safe production and transporta-
tion. Therefore, it is urgent to develop efficient natural gas hydrate inhibitors.
In this paper, the formation detail process of methane hydrate in three formate
solution was studied by molecular simulation technology, and the micro mecha-
nism of formate in the formation of methane hydrate was revealed. The results
show that formate can significantly inhibit the formation of methane hydrate. The
order of inhibition ability of three formates is HCOONa> HCOOK> HCOOCs.
The detailed analysis shows that the inhibition mechanism of formate on the
formation of methane hydrate mainly includes: (1) inhibiting the dissolution of
methane gas and weaken the nucleation and growth power of methane hydrate,
(2) affecting the water molecular structure of methane hydration, reducing the
tetrahedral water substructure in methane hydration, and inhibiting the transfor-
mation of water molecular orientation to the direction conducive to the formation
of methane hydrate, and (3) delaying the mutual transformation between multi-
component rings of water molecules in solution. In addition, (4) The ions can
replace the water molecules in the hydrate cage at the methane hydrate growth
interface to form an unstable hydrate cage structure and slow down the hydrate
growth. This study explores the mechanism of formate inhibiting the formation of
methane hydrate from the micro level, which can provide theoretical support for
the evaluation and research and development of methane hydrate salt inhibitors.

Keywords: Methane hydrate ·Molecular dynamics · Formate solution · Inhibitor

1 Introduction

Natural gas hydrate usually formed in the process of oil and gas drilling, production,
storage and transportation, which brings great potential safety hazards to the operation
[1–3]. With the development of offshore oil and gas exploration and drilling in the
deep sea, where the high-pressure and low-temperature environment is conducive to the
formation of gas hydrate, so the problemof gas hydrate blocking pipelines and equipment
is becoming more and more common [4–6].
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Natural gas hydrate inhibitor is one of the most common methods to control gas
hydrate formation. Gas hydrate inhibitors mainly include thermodynamic inhibitors,
kinetic inhibitors, and anti polymerization agents [7, 8]. Among them, thermodynamic
inhibitors can also be used as chemical injection agents in the development of natural gas
hydrate to accelerate the exploitation of natural gas hydrate. Thermodynamic inhibitors
mainly include salts (NaCl, KCl, CaCl2, etc.) and alcohols (methanol, ethylene glycol,
etc.) [9–11]. Inorganic salts can reduce the vapor pressure at the gas-liquid interface,
destroy the cluster structure of water molecules, affect the interaction between water
molecules and gas molecules, and thus change the phase equilibrium conditions of
natural gas hydrate [12–17]. The inorganic salts have been widely used in natural gas
hydrate all over the world, which has been proved that it can effectively inhibit the
formation of natural gas hydrate [12, 15, 16]. However, thermodynamic inhibitors have
some defects, such as large dosage, high cost, environmental pollution, and difficult
recovery. The formation of natural gas hydrate will interact with formate in drilling fluid
during the process of deep-sea drilling. The experimental results show that formate can
inhibit the formation of hydrate, but the mechanism of formate affecting gas hydrate
formation is unclear.

Herein, we constructed a two-phase model of “methane bubble+ formate solution”,
and studied the spontaneous nucleation and growth of methane hydrate at 250 K and
650 bar by molecular simulation. The effects of formate on methane hydrate nucleation
and growth were studied by analyzing structural order parameters, system energy, and
water molecular structure. Furthermore, the mechanism of formate on methane hydrate
formation was explored.

2 Simulation Methods

In this study, the initial configuration of the simulation system after pre-equilibrium is
shown in Fig. 1, where the simulation box is 50× 50× 50 Å3. The solution phase con-
tains 3487 water molecules and 3.5wt% formates (HCOONa, HCOOK, and HCOOCs).
The gas phase contains 550 methane molecules. The four-site TIP4P/Ice water model
proposed by Abascal et al. (2005) [18] and the single-site model proposed by Guillot
and Guissani (1993) [19] was adopted for water and CH4, respectively [20]. The L-J
potential energy and charge parameters of particles in the model are shown in Table 1
[21, 22]. The interactions between different species were determined by the Lorentz −
Berthelot combining rules. The combination of these potential energy models can well
predict the phase boundary of methane hydrate related to our simulation conditions and
was widely used in previous studies [23–28].

MD simulations were performed with GROMACS package version 5.1.5. The equa-
tion of motions was integrated using the Leap-frog algorithm with a time step of 1 fs.
For the long-range electrostatic interaction, particle mesh Ewald (PME) was used with
a cutoff radius of 1.0 nm. The Lennard-Jones interaction was implemented with a cutoff
radius of 1.0 nm. Nosé-Hoover thermostat and Parrinello-Rahman barostat algorithms
were used to control temperature and pressure with time constants of 1.0 and 0.1 ps,
respectively. Periodic boundary conditions were applied in all three dimensions.

Energy minimization was first performed to relax liquid water at the methane bubble
surface and formate solution at the target temperature and pressure (250 K and 65MPa).
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Then, a 1 ns-long simulation under NVT ensemble was followed by a 2 ns simulation
under NPT ensemble. The production run lasts 1500 ns and two parallel runs at 250 K
and 65 MPa.

(a) Formate model (b) Initial conformation of simulated system

Fig. 1. The initial configuration of the methane bubble + 3.5 wt% HCOONa (a) solution system
(b). Here, the blue and white balls represent the Na+ and CH4, respectively. The red, cyan and
yellow balls represent oxygen, carbon and hydrogen in HCOO-. The red and white sticks are
water.

Table 1. L-J potential energy and charge parameters of particles [21, 22]

Formate molecule σ/nm ε/(kJ.mol−1) q/e

Na+ 0.26378 0.5438 1.0

K+ 0.37423 0.4184 1.0

Cs+ 0.43002 0.4184 1.0

H 0.25 0.12552 −0.0616

C 0.355 0.29288 0.3690

O 0.296 0.87864 −0.6537

3 Results and Discussion

3.1 The Methane Hydrate Formation in Different Formate Solutions

Figure 2(a) shows the variations of total energy of all simulated systems with simulation
time. The total energy of all systems showed an obvious downward trend, which indicate
the formation of gas hydrate. The methane hydrate nucleation time in pure water and
HCOOCs solution was significantly earlier than that in HCOOK and HCOONa solution.
As shown in Fig. 2(b), We further calculated F4 for different systems. The results show
that the induction phase of all formate systems was longer than that of 0 wt% system.
The induction time of methane hydrate nucleation in HCOONa and HCOOK systems is
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longer than that in other systems, which indicate HCOONa and HCOOK solutions have
a stronger inhibitory effect on the formation of methane hydrate than other systems.

Based on the variations of the number of water molecules in methane hydrate with
time and F4 data, we obtained the induction time and critical size of methane hydrate
in different formate systems. As shown in Table 2, the induction time of hydrate in
salt containing system is longer than that in the pure water system, and the order of
induction time is 0 wt% > HCOOCs > HCOOK > HCOONa, in which the induction
time of HCOOK and HCOONa system is 3.4 and 4.4 times that of pure water system,
respectively. In the formate containing system, the critical size of crystal nucleus is
larger than that of the pure water system. The critical size of HCOONa system is the
largest. Therefore, whether in the induction stage or rapid formation stage, the inhibitory
effects of the three formates on methane hydrate are as follows: HCOONa > HCOOK
> HCOOCs.
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Fig. 2. The variations of total energy of the simulation system and F4 with simulation time.

Table 2. Hydrate induction time and critical size of crystal nucleus

System name Induction time/ns Critical size/number of water molecules

0 wt% 161 191

HCOONa 715 264

HCOOK 560 220

HCOOCs 237 215

As shown in Fig. 3, to analyze the growth process of methane hydrate in formate
containing system, we intercepted the snapshot of methane hydrate formation from three
formate systems. It is found that methane hydrate clusters tend to form in places with
low ion concentration, which due to high concentration ions are not conducive to the sta-
bility of methane hydrate clusters. In the three formate containing systems, the growth
of methane hydrate is towards methane bubbles, because the methane concentration
gradient around the bubbles is the largest, which is conducive to the growth of methane
hydrate. At the later stage of methane hydrate growth, methane hydrate competes with
formate ions for water molecules, and the hydrate growth rate is slow, such as 800 to
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1500 ns in HCOOCs system. Finally, many aggregation regions of liquid water and for-
mate ionswill be formed in the salt containing system. In addition, formate crystallization
was also observed in HCOONa system (Fig. 4).

(a)

(b)

(c)

Fig. 3. The snapshots of methane hydrate growth in HCOONa solution (a), HCOOK solution
(b) and HCOOCs solution (c). Here, the blue, orange, green and white balls represent the Na+,
K+, Cs+, and CH4, respectively. The red, cyan, and yellow balls represent oxygen, carbon, and
hydrogen in HCOO−, respectively. The red and white sticks are water. The ice blue blocks are
liquid water.

Fig. 4. HCOONa crystals formed during hydrate formation. The color scheme is the same as
Fig. 3.

3.2 The Mechanism of Formate Inhibiting Methane Hydrate Formation

To clarify the mechanism of formate inhibiting hydrate formation, we analyzed the
changes of the number of dissolved methane and hydrogen bonds in different formate
containing systemswith simulation time, and counted the proportion of tetrahedral water
molecules and the orientation distribution of water molecules inmethane hydration layer
(Fig. 5).

Figure 5(a) shows the change of dissolved methane amount with time in different
systems 100 ns before simulation. It can be shown that the number of dissolved methane
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in three formate containing systems is less than that in the pure water system. There-
fore, the formate inhibits the dissolution of methane and weakens the nucleation power
of hydrate. At 100 ns, the most dissolved methane is HCOOCs system, followed by
HCOOK and HCOONa system. As shown in Fig. 5(b), due to ionic hydration, the num-
ber of initial hydrogen bonds in salt containing systems decreases, and the order of the
number of initial hydrogen bonds in all systems is 0 wt% > HCOOCs > HCOOK >

HCOONa. While reducing the hydrogen bond in the system, ions also affect the water
molecular network structure in the methane hydration layer. As shown in Fig. 5(c), the
proportion of tetrahedral water molecules in the dissolved methane hydration layer of
different systems before 100 ns of simulation is calculated. Ions reduce the tetrahedral
water molecular structure in the methane hydration layer. Compared with the pure water
system, the tetrahedral water molecules in HCOOCs system are reduced by ~1%, less
than ~4% and ~5% in HCOOK and HCOONa systems. Then, the effect of ions on
the orientation of water molecules in the methane hydration layer is further analyzed
(Fig. 5(d)). The results indicate the formats can change the orientation ofwatermolecules
in methane hydration layer and inhibit the transformation from water molecular orienta-
tion in methane hydration layer to water molecular orientation in hydrate. Among them,
the inhibitory effect of HCOOCs is weaker than that of HCOOK and HCOONa.
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Fig. 5. (a) The number variations of dissolved methane with simulation time. (b) The number
variations of hydrogen bonds with simulation time. (c) The ratio of tetrahedral water within the
hydration layer of dissolved methane. (d) Orientation distribution of water molecules in methane
hydration layers

As shown in Fig. 6, we counted the number variations of 12 common hydrate cages
in the generated amorphous methane hydrate. In all systems, the 512, 51262, 51263 and
4151062 cages are four kinds of cages with a large number. Among them, 512 cages have
the fastest growth rate and the largest number, followed by 51262 and 51263 cages, and
4151062 cages are the least and close to the number of other 8 cages. It can be concluded
that formate slows down the formation rate of hydrate cages and is not conducive to
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the growth of hydrate clusters, but does not change the main types of methane hydrate
cages.

Based on the crystallization calculation method from Jacobson et al. [29], we cal-
culated the change of crystallinity of type I and II hydrates with time. As shown in
Fig. 7, after the induction stage, the crystallinity of methane hydrate in most systems
increases rapidly. This is due to the methane hydrate cage is mainly 512, which is easy
to form a standard hydrate structure. With the growth of methane hydrate, the num-
ber of water molecules in hydrate increases and the crystallinity of methane hydrate
decreases. Comparing the hydrate crystallinity curves of each system, it can be seen that
the final methane hydrate crystallinity of the two rounds of simulation is quite different
in pure water system and HCOOCs system. In HCOONa and HCOOK systems with
strong inhibition, the crystallinity difference of methane hydrate simulated in the two
rounds is small. This is because in pure water system and HCOOCs system, methane
hydrate grows rapidly, which is not conducive to methane hydrate crystallization, and
the randomness of hydrate crystallization is large. In HCOONa and HCOOK systems,
salt ions destroy the unstable methane hydrate structure, slow down the growth rate of
methane hydrate, facilitate the crystallization, and reduce the randomness of methane
hydrate crystallization.
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4 Conclusion

Through molecular dynamics simulation, the formation process of methane hydrate in
different formate solutions with 3.5wt%was simulated, and the formationmechanism of
methane hydrate under the effects of formate was explored. The following conclusions
were obtained:

(1) The formate used in the simulation has a certain inhibitory effect on the formation of
methane hydrate. Compared with pure water system, themethane hydrate induction
time in formate solution is longer and the growth rate is slower. The inhibitory
effect of the three formates on hydrate formation was 3.5 wt% HCOONa > 3.5
wt% HCOOK > 3.5 wt% HCOOCs.

(2) The inhibition mechanism of formate on methane hydrate formation mainly
includes: inhibiting the dissolution of methane bubble, reducing tetrahedral water
molecular structure inmethane hydration, and inhibiting the transformation ofwater
molecular orientation frommethane hydration layer to hydrate. In addition, the for-
mate can delay the mutual transformation between water molecules, and the ions
can replace the water molecules at the interface of methane hydrate to form unstable
hydrate cages, thus delaying the growth of methane hydrate.
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Abstract. To reach the carbon peak by 2030 and carbon neutrality by 2060, a kind
of clean energy of natural gas acts as a key energy to achieve the target, and the high
capacities of methane is significance for large-scale utilization of natural gas. In
this study, a novel MIL-101(Cr)/GO composites were synthesized by hydrother-
mal synthesis, characterized and studied for storage of CH4. A lower mass ratio
of GO will not damage the structure of MIL-101(Cr). The adsorption experiment
of CH4 was carried on MIL-101(Cr)/GO composites, the adsorption capacity of
dry MIL-101(Cr)/2.5GO composites for CH4 reached 27.39 mmol/g, at 8 MPa
and 275.15K; the adsorption capacity of CH4 onMIL-101(Cr)/2.5GO composites
with H2O was higher than dry material, reaching 33.98 mmol/g (0.54 g/g) at 8
MPa and 275.15 K, much higher than other MOFs reported and over the standard
of DOE (0.5 g/g), the results confirmed that CH4 hydrate formation on MIL-
101(Cr)/GO composites. It is the first indicated that adsorption-hydration cou-
pling of CH4 onMIL-101(Cr)/GO composites and increase the storage capacity of
CH4,MIL-101(Cr)/GO composites can be developed as an effective storagemate-
rial to storage CH4 and provide a way for natural gas storage and transportation
applications.

Keywords: Natural gas ·Methane hydrate · Graphene oxide ·MIL-101(Cr)/GO
composites · Adsorption-hydration coupling

1 Introduction

The greenhouse effect has become a challenge all world, which is caused by the carbon
dioxide that is produced through the burning of fossil fuels [1]. China promises to reach
the carbon peak by 2030 and carbon neutrality by 2060 [2]. Natural gas is a kind of
clean and potential energy, large-scale utilization of natural gas is the key technology
to achieve the target. Therefore, the high-density storage of methane is significance for
large-scale utilization of natural gas.
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Natural gas by adsorption method has aroused widespread attention and research of
scholars due to its moderate condition, however, the adsorption capacity of CH4 is still
a certain distance from the DOE standard [3]. Scholars [4, 5] found that the presence of
water in porous materials increases the storage of CH4 due to hydrate formation, which
combines the advantages of adsorbed natural gas (ANG) and natural gas hydrate (NGH).

MIL-101(Cr) has been widely used in gas storage due to the advantages of high
specific surface area, adjustable pore size, large porosity and surface modification [6].
However, MIL-101(Cr) also have disadvantages such as poor chemical stability and low
atomic density [7]. Some studies found that introduction of GO to MOFs improved the
disadvantages [8]. Therefore, the MIL-101(Cr)/GO composites with H2O storage CH4
may provide a new method to natural gas storage and transportation.

In this study, firstly, MIL-101(Cr) and MIL-101(Cr)/GO composites with different
GO contents were synthesized successfully by the hydrothermal synthesis method and
were characterized via various techniques. Then, the effect of different GO contents
on the CH4 adsorption performance of MIL-101(Cr) were systematically investigated,
besides, the adsorption and hydration coupling of CH4 in MIL-101(Cr)/GO composites
with water was discussed in detail.

2 Materials and Experimental Setup

2.1 Materials

All chemicalswere of analytical reagent andusedwithout further purification.Chromium
nitrate nonahydrate (Cr(NO3)3·9H2O), terephthalic acid H2BDC(C6H4(CO2H)2,
terephthalic acid (HCON(CH3)2), ethanol and CH3COONa were purchased from Titan
Science andTechnologyCo., Ltd.Grapheneoxidewaspurchased fromBeijing Innochem
Science Technology Co., Ltd. High-purity CH4 (99.99%), CO2 (99.99%) were used in
experiments, which were provided by Yantai Deyi Gas Co., Ltd. Deionized water was
produced in the laboratory.

The MIL-101(Cr)/GO composites were synthesized by hydrothermal synthesis,
synthesis steps reference [9, 10]. The MIL-101/GO composites were synthesized
with different GO mass ratios (1%, 2.5%, 5%, 10%, and 15%) of Cr(NO3)3·9H2O,
which were recorded as MIL-101(Cr)/1GO, MIL-101(Cr)/2.5GO, MIL-101(Cr)/5GO,
MIL-101(Cr)/10GO, MIL-101(Cr)/15GO.

2.2 Experimental Setup

Schematic illustration of the experimental setup was shown in Fig. 1.
The main experimental steps are as follows: First, MIL-101(Cr) and MIL-

101(Cr)/GO composites were degassed at 493K for 6 h to remove any adsorbed species.
Second, Checking the airtightness of the set up by through gas of He. Then, temperature
is cooled to experimental required by water bath and CH4 flow into adsorption tank. As
the same time, the change of pressure was recorded by the data acquisition system every
seconds. Finally, system reached equilibrium when the pressure of adsorption tank no
change. The number of mole of methane consumption at any given time was calculated
using a modified ideal gas equation [11].
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Fig. 1. Schematic of the experimental setup

3 Results and Discussion

3.1 Structural Characterizations

The XRD patterns of the MIL-101(Cr) and MIL-101(Cr)/GO composites are shown
in Fig. 2. As shown in Fig. 2 (1GO to10GO), the major diffraction patterns of MIL-
101(Cr)/GO composites are consistent with MIL-101(Cr), which indicates that the
presence of GO does not prevent the development of bonds between chromic nitrate
and terephthalic acid and MIL-101(Cr)/GO composites were synthesized successfully
[8]. However, the major diffraction patterns of MIL-101(Cr)/15GO composite is not a
good match with MIL-101(Cr), which indicates that high content of GO prevent the
structure of MIL-101(Cr) growth. In addition, the major peak of MIL-101(Cr)/5GO,
MIL-101(Cr)/7.5GO, MIL-101(Cr)/10GO composites show lower intensity than MIL-
101(Cr), which demonstrate the introduce ofGO embedded in the pores ofMIL-101(Cr),
but the remaining main structure is still MIL-101(Cr).

3.2 The Experiment of CH4 Storage on MIL-101(Cr) and MIL-101(Cr)/GO
Composites

The adsorption experiments of CH4 on MIL-101(Cr) and MIL-101(Cr)/GO composites
with different Rw at 275 K and pressure from 0 to 8.5 MPa. Rw represents that the mass
of water to mass of materials. When the water content is Rw = 1 on MIL-101(Cr), it is
suitable for CH4 storage [12]. The results are shown in Fig. 3. It can be seen fromFig. 3(a)
that the adsorption capacity ofMIL-101(Cr)/GO composites to CH4 is higher than that of
MIL-101(Cr) to CH4. This is due to the addition of GO that increases the atomic density
and enhances the dispersion force of MIL-101(Cr), thereby increasing the adsorption
capacity of CH4 [13]. The adsorption capacity of CH4 on MIL-101(Cr)/2.5GO reached
27.39 mmol/g (0.44 g/g) and close to the standard of DOE.

The adsorption and hydration coupling experiments of CH4 on MIL-101(Cr) and
MIL-101(Cr)/GO composites with Rw = 1.0 at 275 K, 0–8.5 MPa. Compared with
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Fig. 2. XRD patterns of materials, (a) MIL-101(Cr); (b) MIL-101(Cr)/1.0GO; (c) MIL-
101(Cr)/2.5GO; (d) MIL-101(Cr)/5.0GO; (e) MIL-101(Cr)/7.5GO; (f) MIL-101(Cr)/10GO; (g)
MIL-101(Cr)/15GO.
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Fig. 3. Consumption of CH4 at 275 K, (a) adsorption capacity of materials with Rw = 0; (b)
adsorption capacity of materials with Rw = 1.

Fig. 3(a), the Fig. 3(b) shows that the adsorption hydration coupling capacity of CH4 on
MIL-101(Cr) and MIL-101(Cr)/GO composites are higher than materials with Rw = 0,
which suggested that CH4 hydrate form under this condition. Especially, the adsorption
hydration coupling capacity of CH4 in MIL-101(Cr)/2.5GO composites reaches 33.98
mmol/g (0.54 g/g), over the standard of DOE (0.5 g/g). In addition, the adsorption
capacity of CH4 on wet materials is lower than dry materials under the pressure of 0–3.5
MPa, this result is obtained that MIL-101(Cr) is a kind of typical hydrophilic material.
Water would occupy the adsorption sites of the CH4 gas, and no CH4 hydrate is formed.
Interestingly, consumption of CH4 increases sharply over 3.5 MPa, suggesting that CH4
hydrate begin to form, and the picture in Fig. 4 confirmed that CH4 hydrate formation
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in MIL-101(Cr)/2.5GO composites. CH4 forms a hydrate membrane on the surface of
the materials.

(b)(a) 

Fig. 4. Pictures of CH4 hydrate on MIL-101(Cr)/2.5GO composites

4 Conclusion

In this study, a novel MIL-101(Cr)/GO composites were successfully synthesized by the
hydrothermal method. The storage capacity toward CH4 was testified by MIL-101(Cr)
and MIL-101(Cr)/GO composites, the results shows that adsorption capacities of CH4
on the MIL-101(Cr)/GO composites were higher than that on the MIL-101(Cr) owing to
GO increases the dispersion force of MIL-101(Cr). Moreover, the consumption of CH4
on MIL-101(Cr)/GO composites with Rw = 1 was higher than that on the MIL-101(Cr)
withRw= 1 due toCH4 hydrate formation, up to 33.98mmol/g (0.54 g/g). These findings
suggest that adsorption and hydration coupling on MIL-101(Cr)/GO composites with
high capacities of CH4 are suitable for natural gas storage.
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Abstract. Methane storage in water-bearing porous media is a new type of
methane storage method with high reserves and mild storage conditions. How-
ever, the molecular mechanism of aqueous methane storage in porous media is
still unclear. In this paper, molecular dynamics simulation (MD) was used to study
the growth process of hydrate on the surface and in the channels of mesoporous
molecular sieve MCM-41. Its microstructure, growth process and density distri-
bution were analyzed. The results show that water molecules grow preferentially
outside the pore, and hydrate continues to grow along the pore center after satura-
tion. The density of methane molecules fluctuates during hydrate growth. When
hydrate growth is complete, the density distribution of methane tends to be aver-
age. The results are expected to explain the microscopic mechanism of hydrate
formation in porous materials with mesoporous pores.

Keywords: Hydrate ·Methane storage · Density distribution

1 Introduction

Natural gas is a cleaner fuel than coal and oil, and its proportion in the energy consump-
tion structure is increasing at present [1]. In the future, with the continuous development
of international natural gas trade, natural gas storage and transportation technology is
an important link in the continuous expansion of natural gas application scale. In recent
years, some scholars have proposed the method of using water-bearing porous media
to store methane [2]. The storage density of methane can be greatly increased with the
formation of methane hydrate. The main reason is that porous materials can change
the space of methane hydrate formation, increase the gas-liquid contact area between
methane and water, shorten the induction time of hydrate formation, and thus affect the
formation characteristics of methane hydrate [3].
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OrderedMCM-41 have beenwidely used in the research ofmethane storage inwater-
bearing porous materials due to their high specific surface area and uniform pore size.
LiZhou [4] studied the adsorption characteristics of methane stored by water-bearing
ordered mesoporous material. By analyzing the relationship between pressure change
and temperature duringmethane adsorption, it is concluded that the formation of hydrate
in material pore is the main reason for the increase of methane storage density. LiZhou
[5] measured the methane adsorption isotherm of MCM-41 material in the process of
wet methane storage, and found that MCM-41 material can reach the maximum reserves
in the system at 4MPa, so it has the potential as a wet methane storage material.

MD simulation, as a molecular scale computing tool, has been applied to study
the crystallization mechanism of gas hydrate. He [6] used MD simulation to study the
formation process of hydrate in mil-101 mesoporous material, and found that water
molecules would have a certain adsorption effect on nearby methane molecules in the
process of cage formation. Haoqing Ji [7] simulated the formation of hydrate on the
surface of silica skeleton, and found that the water structure on the surface of silica is
similar to ice, and the hydroxyl group on the surface of silica can promote the growth
of hydrate. In this paper, MD simulation method was used to study the growth process
of methane hydrate in MCM-41 material and methane aqueous solution. The change of
the number of cages and the evolution of the density distribution of water and methane
during hydrate growth are reported. The effect of MCM-41 mesoporous material on
hydrate growth is discussed.

2 Model and Simulation Method

Specific atoms were first deleted from the amorphous SiO2 skeleton to build the initial
configuration of MCM-41 material [8]. The final initial configuration consists of a 42 Å
× 42 Å × 22 Å region of MCM-41 with another region of pure water of the same
size. The pure water area consists of water molecules and dissolved methane molecules
with a density of 0.97 g/cm3 [9]. The pore area of the MCM-41 material is also filled
with a mixture of methane and water molecules of the same density as the pure water
system.The whole system contains 1763 water molecules and 232 methane molecules,
and the overall density is 1.25 g/cm3.

All MD simulations were calculated using Lammps software. H2O molecules and
CH4 molecules are modeled using the TIP4P/ice H2O model [10] and the optimized
potentials for liquid Debris all-Atom (OPLS-AA) Force Field [11]. The simulation
parameters of MCM-41 materials are derived from the research literature [12]. The
Lorentz-Berthelot combination rule is used to calculate the Lennard-Jones potential
parameters between different atomic types for all atoms. The van der Waals force was
calculated with A truncation radius of 8.5 Å, and the long distance electrostatic interac-
tions were calculated using the Ewald summation method. Periodic boundary conditions
are set along three directions. The NPT simulation is carried out at 270 K and 10 Mpa.
The time step is set to 2fs, and the simulation time was 400 ns.
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Fig. 1. Molecular configuration at the initial simulation, The red and yellow skeleton material is
MCM-41, the water molecule is represented by the red bat model, and the methane molecule is
represented by the gray ball.

3 Results and Discussion

3.1 Hydrate Evolution in Different Regions of Confined Space

The MCM-41 material and the methane water layer outside the hole are simulated.
Figure 2 shows the change of the number of hydrate cages in the system with time.
In 0–400 ns, 512 and 51262 cages as a whole showed a continuous growth at first, and
then reached a balanced trend, and the growth rate gradually decreased. The number
of 51262 cages was significantly higher than 512 cages, and the number of 51262 cages
stopped growing at 125 ns, while the number of 51262 cages increased to about 250 ns.
Figure 3 shows a snapshot of the hydrate cage growth of the simulation systemat different
simulation times. As can be seen from the figure, the hydrate first grows along the surface
of the MCM-41 material in the mixed solution of methane and water on the right. At the
time of 100ns, the hydrate cage has occupied most of the space outside the hole, which
corresponds to 100–150 ns in Fig. 2. At this time, the hydrate in the MCM-41 hole has
not yet been formed, while the hydrate outside the hole has reached its limit along the
x-y axis, and the number of 512 cages and 51262 cages is stable around a value.
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Fig. 2. The variation curve of hydrate cage with simulated time

Fig. 3. Snapshots of methane hydrate growth at different simulated times, blue stick indicates
51262 cage, red stick indicates 512 cage. (a) 0 ns; (b) 100 ns; (c) 300 ns; (d) 400 ns.

When the simulation time is between 150–250 ns, it can be seen from Fig. 2 that 512

cages stop growing, but 51262 cages begin to grow rapidly during this time. Comparing
Fig. 3(c) with Fig. 3(b), it can be found that the hydrate clusters outside the hole begin
to grow along the Z-axis. As the hydrate continues to approach along the Z-axis of the
MCM-41 material, the hydrate begins to appear in the pores of the MCM-41 material. It
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is worth noting that the hydrate cage first appears in the center of the MCM-41 regular
cylindrical cavity and is always about 1nm from the inner surface of the MCM-41
hole. KefengYan [9] carried out a similar simulation in the two-dimensional confined
SiO2 skeleton, and found that the hydroxyl groups on the surface of SiO2 can form
a stable half-cage structure with water molecules in the pores and methane molecules
adsorbed by the material surface. Like the hydrate cages in the water system, these half-
cage structures can exist stably in a certain simulation time. It can be proved that for
mesoporous materials, the characteristics of hydrophilic surface can promote the storage
of methane in the pore to a certain extent compared with other properties.

Figure 4 shows the change of CH4 solubility with time in each region during the
simulation process. Ring1 is the region along the MCM-41 columnar channel along the
hole wall, and ring2 is the central region in theMCM-41 channel except the ring1 region.
Free is the methane aqueous solution system on the right side of MCM-41. At 0–100 ns,
with the growth of methane hydrate in the methane aqueous solution system, the hydrate
growth occupies a large amount of volume, the methane in the aqueous solution system
begins to migrate to the MCM-41 pore, and the methane solubility near the MCM-41
surface increases rapidly. At 100–250 ns, the hydrate begins to grow in the pores of
MCM-41 materials, and the methane molecules adsorbed on the MCM-41 surface begin
to migrate to the center of the pores. Because the potential energy of methane molecules
enriched on the solid surface is larger than that of methanemolecules in aqueous solution
[46] , the methane molecules adsorbed into theMCM-41 pore surface by diffusion begin
the equilibrium diffusion in the pore at this stage. Comparing Fig. 2 with Fig. 4, it can
be found that the diffusion of methane in the MCM-41 hole corresponds to the process
of hydrate growth into the MCM-41 hole.

Fig. 4. Variation of CH4 solubility in each region with time during simulation
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3.2 Density Distribution Change of CH4 and H2O

Figure 3(a) calculates the evolution of methane quantitative density along the Z-axis.It
can be seen that the density distribution of methane molecules in the material hole is
slightly lower than that outside the hole. However, it should bemade clear that the density
of methane molecules in the pore is significantly higher than that outside the pore at the
same free volume because the MCM-41 material occupies a certain space, which proves
that MCM-41 has a certain adsorption effect on methane molecules. Methane molecules
preferentially enter the pore and are adsorbed on the surface of MCM-41. In addition,
it can be clearly seen from the figure that the density of methane fluctuates greatly
during the rapid growth stage of hydrate (50 ns and 150 ns). Due to the rapid growth
of hydrate, the hydrate cage shows stronger adsorption effect on methane compared
with the interaction between methane molecules, resulting in regular fluctuations in the
density distribution of methane molecules.

Figure 3 (b) calculates the numerical density evolution of water molecules along the
Z-axis. Different from methane, there is an obvious density difference between water
molecules inside and outside the MCM-41 hole, mainly because the MCM-41 material
itself occupies a large amount of free volume, resulting in the relative quantitative density
of water molecules is lower than that of the out-of-hole aqueous solution system. After
150 ns, that is, after the hydrate growth of the out-of-hole aqueous solution system is
saturated, there is a dense water layer near the surface of the MCM-41 material (Fig. 5).

Fig. 5. Evolution of molecular density distribution of methane and water (a) CH4, (b) H2O

4 Conclusion

In this paper, the growth process of hydrate in hydrophilic mesoporous material MCM-
41 was studied by MD simulation. The results show that hydrate first grows in methane
aqueous solution outside the hole. At the same time, this process is accompanied by
the migration of methane molecules from outside the hole to the surface of MCM-41
in the hole. After 150 ns, the hydrate began to grow from the center of MCM-41 hole
cavity into the hole as the hydrate growth reached saturation state outside the hole. With



The Formation of CH4 Hydrate in the Slit Nanopore of the Mesoporous MCM-41 383

the growth of hydrate in the pore, methane molecules migrate to the pore center from
the initial adsorption to the inner surface of MCM-41. Finally, the density distribution
evolution of water and methane molecules in the simulated system is analyzed. It is
found that the growth process of hydrate is accompanied by the drastic fluctuation of
methane molecular density. After hydrate growth, the density distribution of methane
molecules tends to be average.
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Abstract. In order to separate CO2 from power plant flue gas using tetra-
butylammonium bromide hydrate, the thermodynamics and kinetics of hydrate
formation from CO2-N2 gas mixture at lower TBAB concentration and mild
temperature-pressure conditions are investigated in this paper. The experiments
were carried out using the isovolumetric stepwise warming method with TBAB
concentrations of 0.2 mol%, 0.4 mol%, 0.5 mol%, gas-liquid volume ratio of
0.25, and experimental temperatures does not exceed 7 MPa. It was found that
there should be an optimal TBAB concentration to make the hydrate formation
process relatively mild and the induction time short. When the TBAB concentra-
tion is 0.2 mol%, the hydrate formation is low and the induction time is long, so
the TBAB concentration below 0.2 mol% is not suitable for the gas separation
process. Therefore, we need to consider both thermodynamic and kinetic aspects
of hydrate formation to develop a set of the most suitable TBAB concentration,
temperature and pressure scheme applied to the gas separation process.

Keywords: Tetra-butylammonium bromide · CO2-N2 mixed gas · Induction
time

1 Introduction

The widespread use of fossil energy has brought rapid development to industry, but it
has also led to the emission of large amounts of greenhouse gases, causing environ-
mental problems such as global warming, and controlling and reducing CO2 emissions
will become a key issue that we need to address now. Therefore, the development of
technologies related to the enrichment, separation and recovery of CO2 has become an
urgent task, and it is of great significance for the energy saving and emission reduction
of our industry, especially the petrochemical and energy industries [1].

Hydrates are non-stoichiometric caged compounds in which water molecules are
held together by hydrogen bonding at low temperature and high pressure and in which
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gas molecules are enveloped. Hydrates have a considerable gas storage capacity and the
ability to control the operating conditions to allow the desired gas molecules to enter
the hydrate. Thus, hydrates show great potential in the field of gas separation. However,
hydrate formation conditions are harsh under conditions without any additives, and the
realization of high pressure and low temperature accounts for more than half of the
energy consumption during gas separation operations. In order to reduce the hydrate
formation conditions and energy consumption, many scholars have conducted extensive
studies on hydrate promoters. Zhang et al. [2] experimentally investigated, the effect
of synergistic interaction of 5.56 mol% tetrahydrofuran and levotryptophan and leucine
on hydrate formation from coalbed methane (30% CH4/70% N2). Some other authors
have also investigated the aspect of surfactants for promoting hydrate. P. Gayet et al.
[3] found that some surfactants increase the rate of hydrate formation and the amount
of water conversion for hydrate formation without changing the hydrate equilibrium
conditions. Zhong et al. [4] studied the effect of surfactants in pure water solution,
THF solution and THF/SDS solution on simulated shale gas (CO2/CH4) to separate
CO2. It was found that the addition of THF and SDS promoters significantly improved
the kinetics of hydrate formation. However, tetrahydrofuran is not only volatile, but also
toxic. Therefore, tetrahydrofuran has amajor disadvantage as a hydrate promoter applied
in industry.

However, some scholars have found that when quaternary ammonium salts are
present, the anions of quaternary ammonium salts form hydrogen bonds with water
molecules together to form the cage of the hydrate, and the cations of quaternary ammo-
nium salts occupy the large pores of the hydrate and the gas molecules occupy the
small pores of the hydrate, which is generally referred to as a semi-clathrate. Quaternary
ammonium hydrates are currently used in a large number of applications in the field
of hydrate promotion due to their very simple generation conditions. Youssef et al. [5]
concluded that tetrabutylammonium bromide hydrates have the advantages of stability,
small supercooling and the ability to undergo phase transitions under moderate thermo-
dynamic conditions. Therefore, the application of TBAB hydrate is considered to have a
very high potential in the field of gas separation. Hiroyuki Komatsu et al. [6] determined
the conditions of hydrate formation in a CO2-N2 mixture with a CO2 molar concentra-
tion of 20% in a system in the presence of TBAB. Gupta Pawan et al. [7] determined
the hydrate formation in a system with a mass fraction of 5 wt% and 10 wt% of TMAB,
TEAB, and TBAB conditions for phase stability experiments of methane hydrate. The
gas consumption increased with increasing alkyl carbon chain length of the quaternary
ammonium salt and decreased with increasing salt concentration. Lu Tao et al. [8] deter-
mined the equilibrium hydrate formation pressure of CO2-N2-TBAB and CO2-N2-THF
systems using isothermal pressure search method. The experiments were conducted in
the pressure range of 0.69–14.55 MPa and temperature range of 275.75∼288.15 K.
The results showed that both TBAB and THF can be used as additives to effectively
reduce the equilibrium formation pressure of gas hydrates. At lower agent concentra-
tions, the equilibrium hydrate formation pressure of CO2-N2-TBABwas lower than that
of CO2-N2-THF system. Sfaxi et al. [9] investigated the phase equilibrium conditions of
CO2 + N2 hydrate in aqueous TBAB solution. Sfaxi concluded that TBAB promoter has
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a rather strong thermodynamic promotion effect compared to other conventional ther-
modynamic promoters. Moreover, the substance is not volatile and has great advantages
in the field of gas separation. Yang et al. [10] conducted experiments on the generation
of mixed gas (CH4 + C2H6 + C2H4 + CO2 + H2) hydrates at TBAB concentrations
of 5 wt% and 10 wt%. It was found that there was an inflection point in the phase equi-
librium curve of the gas mixture and TBAB system, and TBAB played an inhibitory
role when the temperature was greater than this inflection point. Therefore, a medium
temperature-pressure range was used for the experiments in this paper. Zhou et al. [11]
considered that understanding the crystal properties of semi-cage hydrates is essential for
gas separation applications and investigated the phase equilibrium and crystal properties
of TBAB-CO2 hydrates. It was found that the presence of TBAB makes the equilibrium
pressure of the hydrate more sensitive to the response of temperature. Pure CO2 hydrate
and TBAB-CO2 hydrate are a coexisting state when the TBAB concentration is below
20 wt%. Joshi et al. [12] investigated the conditions for the formation of TBAB-CO2
hydrate at concentrations of 5 wt%, 10 wt% and 15 wt%. It was found that the higher
the TBAB concentration, the shorter the time required for hydrate nucleation.

Firstly, most of the current studies only go to the determination of the phase equi-
librium conditions of hydrates simply by using integer values of TBAB concentrations,
while there are fewer experimental data for the phase equilibrium conditions of TBAB
hydrates in the finer concentration range. Secondly, the CO2 content in the flue gas of
power plants is relatively low, generally accounting for about 15% of the total gas, which
has a significant impact on the hydrate formation conditions. At present, there are few
data on the hydrate formation conditions of CO2-N2-TBAB-H2O system with low CO2
concentration, so this paper conducts hydrate formation conditions measurement exper-
iments for the main gas composition of power plant flue gas to provide data support for
the study of CO2 capture in flue gas by hydrate method.

2 Experimental Section

2.1 Experimental System

The composition of the experimental system is shown in Fig. 1. The system mainly
consists of gas supply system, hydrate reaction system, temperature control system and
data acquisition system, which can conduct the experiment of hydrate formation and
decomposition in CO2-N2-TBAB-H2O system with the maximum working pressure of
30 MPa and the working temperature range of −60 °C–50 °C. The hydrate reaction
system mainly includes the high-pressure automatic stirring reactor, which is made of
316 stainless steel and consists of a stirring device and a reactor. The stirring speed of
the stirring device is variable in the range of 0–1000 r/min. The effective volume of the
reactor is 1000 mL. The inlet is connected to the gas supply line and the outlet is used
for exhausting and evacuating, both of which are installed on the top of the reactor lid.
A pressure sensor and a temperature sensor are also installed to record the temperature
and pressure inside the reactor in real time. The working range of the pressure sensor
is 0–16 MPa with accuracy ±0.01 MPa, and the temperature sensor is Pt1000 platinum
resistance with accuracy ±0.05 °C. The reaction kettle is installed in a low-temperature
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constant temperature water bath with a temperature range of −10 °C to 100 °C and a
temperature control accuracy of ± 0.5/0.05 °C.

2.2 Experimental Materials

CO2-N2 mixture with CO2 molar concentration of 15% (accuracy ± 0.01, Qingdao
Xinkeyuan Gas Co., Ltd.), TBAB (purity 99.9%, Aladdin Chemical Reagent Co., Ltd.),
and deionized water was obtained by laboratory ultrapure water mechanism.

Fig. 1. Flow chart of the experimental setup

2.3 Experimental Steps

(1) Use deionized water to equip the TBAB solution with the required concentration
for the experiment.

(2) Wash the reaction kettle 3 times using deionized water and dry it. Fill the equipped
TBAB solution into the reaction kettle (V = 1000 mL) and seal the kettle.

(3) Turn on the low temperature thermostat water bath and set the temperature to 22 °C
to keep the temperature in the reaction kettle constant.

(4) Connect the vacuum pump to the outlet of the reaction kettle and pump the vacuum.
(5) Inject CO2-N2 gas mixture from the inlet of the reaction kettle to a certain pressure,

turn on the stirring device of the reaction kettle and set the speed to 1000 r/min to
accelerate the dissolution of the gas.

(6) Check the gas tightness. Keeping the state of step (5) for 2 h. if the pressure remains
unchanged, the reactor is well gas-tight.

(7) Turn off the stirring device, continue to inject CO2-N2 gas mixture to the specified
pressure, turn on the stirring device and wait for the pressure to remain constant.

(8) Set the water bath temperature to 2 °C, as the temperature of the water bath
decreases, the pressure inside the reaction kettle decreases with the temperature,
when the temperature reaches the formation temperature of hydrate, the pressure
inside the reaction kettle decreases rapidly, wait for more than 4 h, the pressure no
longer decreases indicates that the gas inside the kettle no longer generates hydrate,
and the formation experiment is finished.
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The steps of the decomposition experiment are as follows:
After the end of hydrate formation, the temperature is gradually increased by 0.5°C

each time, and after the temperature-time and pressure-time curves are stabilized, a
set of temperature-pressure values are obtained, and the temperature is continued to
be increased next time. According to the obtained temperature-pressure value points,
the temperature-pressure curves of hydrate formation and decomposition process are
drawn, and when the formation and decomposition curves intersect, the hydrate forma-
tion conditions of one experimental system are obtained, and the hydrate decomposition
experiment is finished.

3 Experimental Results and Discussion

The hydrate formation conditions of the CO2-N2-TBAB-H2O system under mild
conditions were measured. The experimental results are shown in Table 1.

Table 1. Thermodynamic and kinetic conditions for hydrate formation in the CO2-N2-TBAB-
H2O system

TBAB (mol%) T/K P/MPa Induction time
/min

0.5 283.45 2.60 46

284.15 3.60 24

284.35 4.02 −
284.75 4.80 69

285.65 5.91 24

TBAB (mol%) T/K P/MPa Induction
time/min

0.4 284.95 6.08 54

284.55 5.07 57

284.25 4.70 56

283.75 4.25 21

282.95 3.19 31

TBAB (mol%) T/K P/MPa Induction
time/min

0.2 281.95 5.61 237
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It can be seen from Fig. 2 that the higher the TBAB concentration, the milder the
conditions of CO2-N2 hydrate formation. However, the phase equilibrium conditions at
the two TBAB concentrations do not differ much.

Fig. 2 Phase equilibrium point of CO2-N2 hydrate at TBAB concentration of 0.4 mol% and
0.5 mol%

Fig. 3. Induction time of CO2-N2 hydrate formation with pressure for TBAB concentration of
0.4 mol% and 0.5 mol%

We define the induction time of hydrate formation in this paper as the difference
between the time t2 for starting formation of hydrate and the time t1 corresponding to
the phase equilibrium pressure of hydrate. It can be seen from Fig. 3 that the hydrate
formation induction time of 0.4 mol% TBAB is generally shorter than that of 0.5 mol%
TBAB. Therefore, we infer that it is not the higher TBAB concentration that results
in shorter induction time for hydrate formation. We believe that there exists a suitable
TBAB concentration that gives the shortest induction time for hydrate formation. Due
to the lack of data points in this paper, a large number of experiments will be conducted
in the next work to verify the idea.
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Fig. 4. Curve of CO2-N2 hydrate formation conditions with time for TBAB concentration of
0.2 mol%, initial temperature and pressure of 295.05 K and 5.03 MPa

It can be seen from Fig. 4 that the induction time of hydrate formation is 237 min
when the TBAB concentration is 0.2 mol%. therefore, the CO2-N2 hydrate formation
is very slow in the system of 0.2 mL% TBAB concentration at mild temperature and
pressure conditions. This concentration can not be applied in gas separation processes
based on hydrate methods.

4 Conclusion

In this paper, the thermodynamics and kinetics of hydrate formation from CO2-N2 gas
mixture at lower TBAB concentration and mild temperature-pressure conditions are
experimentally investigated. The experimental results show that although the higher the
TBAB concentration, the lower the hydrate formation equilibrium pressure. However,
the degree of influence of TBAB concentration on the phase equilibrium pressure is
different in different concentration ranges. When the TBAB concentration is lower than
0.2 mol%, the process of CO2-N2 hydrate formation becomes very slow. Therefore,
we need to consider both thermodynamic and kinetic aspects of hydrate formation to
develop a set of most suitable TBAB concentration, temperature and pressure schemes
to be applied in the gas separation process.
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Abstract. Rapid methane hydrate formation with high gas storage capacity is
very important for the application of natural gas hydrates technology. Three
pieces of open-cell copper foam (CF) with different pore densities (or pores per
inch, PPI) herein were immersed in sodium dodecyl sulfate (SDS) solution for
enhancing methane storage in solid hydrate. The promotion effects of CF on the
methane hydrate formation in the metal-embedded systems were investigated via
an unstirred tank reactor. The results demonstrated that the surface of CF skele-
ton is covered with abundant micro holes and micro grooves, which can provide
many metal nuclei for gas-water crystallization. The nest-like metal skeleton acts
as crisscross “highway” for the crystallization heat transfer. Methane hydrate was
quickly formed in the SDS/CF systems, but CF with the pore densities of 5 and
30 PPI was not favorable for conversion of more water to hydrate. Compared with
these two composite systems, the SDS solution with the 15 PPI CF were able to
store more methane at a faster formation rate. A theoretical model based highly
porous two-phase systems was used to predict the effective thermal conductivity
(ETC) of the metal foam filled with hydrate. It was found that the ETC of the
hydrate/CF composite was significantly enhanced by employing CF matrix, and
the low pore density CF had a more positive impact on improving the ETC of
the composite. Further comparative experiments conducted at various pressures
indicated that the solutions with 15 PPI CF exhibited higher methane storage
capacities and larger hydration rates than the simple SDS solution, especially at
the low pressure.

Keywords: Methane hydrate · Formation kinetics · Thermal conductivity ·
Copper foam

1 Introduction

As an environmentally friendly energy, natural gas can not only be used as urban gas and
industrial fuel, but also an important chemical raw material. The premise of large-scale
application of natural gas is the development of its efficient storage and transportation
technology. Natural gas hydrates are ice-like crystalline compounds composed of water
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and gas. The gas molecules (guests, e.g. methane, ethane, and propane) are trapped in
water cavities (host) formed by hydrogen-bonded water molecules at low temperature
and high pressure [1]. One volume of the solid hydrate can stably capture 160–180
standard volumes of gas that is equivalent to an energy density of a highly compressed
gas [2]. The advantages of high stability and competent energy density make hydrate a
newmaterial for natural gas storage.However, industrial limitations of hydrate-based gas
storage technology lie in the unsatisfactory practical formation rate and storage capacity.

The hydrate formation is essentially a phase change process of gas-liquid to solid,
accompanied by a large amount of hydrate heat generated (e.g. 438.54± 13.78 kJ·kg−1

for methane hydrate) [3]. An efficient hydration process involves sufficient gas-liquid
contact (mass transfer), rapid nucleation and growth (reaction) [4], and timely removal
of hydrate heat (heat transfer) [5]. Therefore, many studies have focused on enhancing
mass and heat transfer during the phase change of hydrate. Mechanical disturbances
including stirring [6], rocking [7], spraying [8], and bubbling [9] have been employed
to enhance the hydrate formation by increasing the gas-liquid contact. However, these
methods were undoubtedly energy-intensive and high-cost in the practical applications.

In view of this, improving the effective thermal conductivity of the bulk
water/solution is another new strategy for enhancing hydrate formation. Nanofluids with
low concentration of suspended metal nanoparticles have been used for promoting the
nucleation and growth of hydrate [10]. Similarly, it was also proved that some thermal
conductive nonmetal particles [11, 12] suspended in solutions were favorable for reduc-
ing the induction time of nucleation. The presence of nanoparticles not only provided
abundant nucleation sites, but also promoted the removal of hydrate heat. They found
that the installation of the plate was very effective in transferring hydrate heat, and the
induction time of nucleation was significantly reduced. Hu et al. [13] studied the effect
of stainless steel mesh on methane hydrate formation. The study presented that the metal
surface facilitated the reduction of induction time and increased the conversion of water
to hydrate. However, the simple structures of metal tube, plate and mesh lead to small
contact area between the solid hydrate and the installations. Moreover, they can only
induce the hydrate heat to be transferred along one or two dimensions.

Recently, open-cellmetal foamhas attracted great attention in thefield of heat transfer
enhancement due to its continuous skeleton structure, large specific surface area and
especially excellent thermal conductivity. Bhattacharya et al. [14] studied the effect of
open-cell aluminum foam with high porosity on the thermal conductivity of water. They
found that the effective thermal conductivity (ETC) of water/aluminumwas 6 to 12 times
higher than that of water. Therefore, it is reasonable to speculate that the porous metal
foam may have an elevated effect on the thermal conductivity of gas hydrates.

Inspired by this, here, we attempted to immerse the open-cell copper foam (CF) with
different pore densities in sodium dodecyl sulfate (SDS) solution for methane hydrate
formation. The formation kinetics of methane hydrate in these composite systems of
SDS/CF were investigated via an unstirred tank reactor under different experimental
conditions. In addition, a theoretical model based highly porous two-phase systems
proposed by Jagjiwanram and Singh [15] was applied to predict the ETC of methane
hydrate in the CF with above porosities. In this model, methane hydrate was filled in the
CF as a continuous phase.
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2 Experimental Section

2.1 Materials

The open-cell copper foam with three kinds of pore densities (or pores per inch, PPI)
were provided by the Shanghai Zhongwei New Material Co., Ltd. (China). The pore
densities of CF used in this work are 5, 15, and 30 PPI. They all have nest-like metal
skeleton, but different pore sizes, as presented in Fig. 1.Methane with a purity of 99.99%
was purchased from Shanghai Weichuang Gas Co., Ltd. (China). Sodium dodecyl sul-
fate (SDS) with a certified purity of 99.5% was supplied by Shanghai Bio Science &
Technology Co., Ltd. (China). The ultrapure deionized water with a resistivity of 18.3
m�·cm was made in the laboratory.

Fig. 1. The samples of open-cell copper foam with different pore densities

2.2 Procedure

In a closed high-pressure space, the formation behavior of gas hydrates can be investi-
gated by monitoring the temperature and pressure changes of the system. The experi-
mental apparatus was the same as that in our previous work [16]. An unstirred stainless
steel vessel with effective volume of 300 cm3 was used as hydration reactor. To conduct
methane storage experiments, the vessel was first cleaned with deionized water, and then
one piece of CF together with 20.00 g SDS solution (0.05 wt%) were loaded into it. Sub-
sequently the reactor was immersed in a low-temperature thermostatic bath filled with
coolant (95 vol% alcohol solution). After that, the air sealed in the reactor and pipe was
pumped out via a vacuum pump, and the bath was turned on to cool the circulating alco-
hol solution. Two type Pt 100 thermal resistance detectors with an uncertainty of 0.01 K,
fastened on the vessel cover were used for monitoring the temperature of gas phase and
liquid phase. After the designated temperature (274.2 K) was maintained constantly for
5 min, the vessel was pressurized up to the desired pressure (8.0 MPa) with methane. A
pressure gauge with an accuracy of 0.1 MPa was used for indicating the intake pressure.
The pressure in the vessel was measured using a pressure transducer with the precision
of 0.05 MPa. The data of time, temperature, and pressure were collected at steps of 10 s
via a data logger that was connected to a computer. The behaviors of methane hydrate
formation in the CF with the pore densities of 5, 15, and 30 PPI under above conditions
were compared.
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3 Experimental Results and Discussion

Enhancing the heat andmass transfer is an effective approach to increasing the formation
rate and storage capacity of gas hydrates. Highly porousmetal foamhas beenwidely used
to enhance the heat transfer in the phase transition process by increasing the effective
thermal conductivity. Besides, its reticulate skeleton may contribute many crystal sites
for the phase transition of gas-water to solid (e.g. gas hydrates nucleation). Therefore, a
faster hydration is expected to occur in the system of SDS solution embedded with CF.

3.1 Effects of CF Pore Density on Methane Hydrate Formation

The CF samples with the pore densities of 5, 15, and 30 PPI employed in this study
have different pore sizes and skeleton thicknesses, as shown in Fig. 1. It means that the
specific surface areas of these samples are different, and possible crystal nucleation sites
and heat transfer pathways provided by the porous metal vary in number. Therefore, the
effect of CF pore density on the formation kinetics of methane hydrate is worth studying.

Fig. 2. Methane storage capacities and storage rates of hydrate formed in the bulk water and SDS
solution with CF (P = 8.0 MPa, T = 274.2 K)

The kinetics of methane hydrate formation in the bulk water and SDS solution with
CF are descripted in Fig. 2. There was nearly no methane stored in the water/CF system
during the whole experimental process, and this may be limited by the insufficient gas-
liquid contact for hydrate formation. A note of caution here was that since no hydrate
heat was released, the CF matrix was not working for heat removal. In the SDS solution,
methane hydrate was formed rapidly whether there is CF or not. Furthermore, it can be
seen that gas storage capacities and storage rates of SDS/CF systems were higher than
that of SDS solution significantly. Another finding was that the system of SDS solution-
saturated CF had shorter induction time than the pure SDS solution. The large gas-
solution contact area and sufficient crystallization sites provided by the nest-like metal
skeleton might be the main cause of improving the gas storage performance. In addition,
the excellent thermal conductivity of CF also could enhance the hydrate heat removal,
accelerating the hydrate formation rate. The solution containing CF with various pore
densities exhibited different kinetics of methane storage. It seems possible that this result
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is due to the various pore sizes leading to differentiated synergistic promotion effect,
which includes increasing the nucleation sites and enhancing the thermal conductivity.
Especially, the SDS solution embedded with 15 PPI CF had the shortest induction time
(2.1 min), largest methane storage capacity (139.0 cm3·cm−3), and fastest storage rate
(25.79 cm3·cm−3·min−1). The positive effect of 15 PPI CF on the hydrate growth should
be due to its more appropriate pore sizes.

The effective thermal conductivity (ETC, λe, theo.) of three pieces open-cell CF filled
with methane hydrate were calculated via the highly porous two-phase model proposed
by Jagjiwanram and Singh [15]. The experimental ETC (λ’e, expt.) of water/aluminum
foam (AF) and their theoretical values (λ’e, theo.) were obtained from Bhattacharya et al.
[14]. The average deviation between theoretical and experimental values was 5.84%.
Moreover, the dotted curve representing calculated values matched well with the scat-
tered points representing measured values in Fig. 3. Therefore, the two-phase model
could be adapted to determine the ETC of the high porous metal foam-embedded sys-
tems in this work. According to the previous study reported by Huang and Fan [17], the
effective thermal conductivity (ETC, λe, theo.) of pure hydrate is 0.576 W·m−1·K−1. The
CF matrix embedded in methane hydrate could improve the thermal conductivity of the
composite system for enhancing heat transfer. Figure 3 showed that the ETC values of
hydrate/CF composite were about 13.0, 15.4, and 18.4 times higher than that of the pure
hydrate, respectively. It was also found that the metal foam with lower pore density had
a more positive impact on enhancing the ETC of the composite, which implied that 5,
15 PPI CF are more beneficial to timely removal of heat during hydration.

Fig. 3. ETC of the hydrate/CF composite

Fig. 4. SEM images of 15 PPI copper foam

As can be seen from the SEM images of copper foam (15 PPI) shown in Fig. 4,
the copper matrix is made up of interconnected struts forming a three–dimensional
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network of polyhedrons. The rough, irregular metal foam surface of the metal skeleton
is expected to serve as the good crystallization zones. Similarly, numerous micro holes
and micro grooves are distributing on the reticulate skeleton, which could also provide
nucleation sites for hydrate crystallization. In addition, the interconnected struts in CF
acts as crisscross “highway” heat transfer, and should be able to accelerate the heat
transfer during hydration formation. Therefore, the porous metal foam with synergistic
enhancement effect may be a good storage medium, promoting hydrate nucleation and
enhancing hydrate heat removal. Therefore, the 15 PPI CFmay be a suitable pore density
metal foam and could contribute sufficient nucleation sites, while its surface holes would
not be blocked by solid hydrate.

Fig. 5. Storage capacities and storage rates of methane hydrates formation in SDS/CF (15 PPI)
systems at various pressures (T = 274.2 K)

3.2 Kinetics of Methane Hydrate Formation in CF at Various Pressures

To gain more details on the kinetics of methane hydrate formation in CF, we further
compared the hydration behaviors of methane in the SDS/CF (15 PPI) systems at 5.0–
8.0MPa. Gas storage capacities and storage rates in the hydration systems are depicted in
Fig. 5. Compared with SDS solution, an obvious promotion effect on the hydrate forma-
tion in theSDS/CFsystemwasobserved at each appliedpressure.Themaximummethane
storage capacities were increased to 157.89–168.81 cm3·cm−3, and the corresponding
maximum storage rates were significantly elevated to 14.41–23.24 cm3·cm−3·min−3.
There was almost no hydrate formed in the SDS system during the whole test at 5.0MPa,
while the obvious plateau of methane uptake in SDS/CF system was reached within
90 min. It indicated that the addition of CF could improve the gas storage performance
of SDS solution to a greater extent at the low pressure. This could be because that the CF
matrix with micro holes and micro grooves contributed numerous nucleation sites for
hydrate nucleation and growth. Meanwhile, the metal skeleton with high thermal con-
ductivity would provide abundant paths for heat transfer and increase hydrate formation
rate.
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4 Conclusion

In this study, the open-cell copper foam (CF)with different pore densitieswere immersed
in SDS solution to enhance methane hydrate formation. Gas storage experiments were
conducted in a high-pressure static reactor. The experiment results showed that numerous
micro holes and micro grooves distributed on the surface of CF skeleton provided many
nucleation sites for hydrate crystallization. The three-dimensional copper skeleton could
be recognized as crisscross “highway” for the hydrate heat transfer. The fast hydrate
phase change occurred in the SDS/CF systems, but the enhancement effect of 5 and 30
PPI CF on hydrate formation was less than that of 15 PPI CF. The SDS solutions with
the 15 PPI CF could store more methane within the shorter time than above SDS/CF
systems. A theoretical model based highly porous two-phase systems was employed
to calculate the ETC of the hydrate/CF composite. The ETC of hydrate/CF composite
were about 13.0, 15.4, and 18.4 times higher than that of the pure hydrate, respectively.
It was also found in the further comparative experiments at various pressures that the
CF-embedded systems exhibited more excellent methane storage performance than the
simple SDS solution, especially at the low pressure.
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Abstract. Fresh water plays a vital and irreplaceable role in ecosystems and
human societies. Desalination is regarded as a pivotal means to solve the global
water crisis for sustainable development. The mainstream of seawater desalina-
tion in the world is still traditional technologies based thermal and membrane,
which are limited mainly by energy intensive. Hydrate-based desalination (HBD)
technology is attractive due to energy-efficient and easy availability of hydrate for-
mers. In order to increase the yield of fresh water, CO2 was considered to be major
hydrate former and C3H8 employed as co-guest gas to make the thermodynamic
conditions of CO2 hydrate formation more moderate. Besides, cyclopentane (CP)
and graphite were used as promoter in this study. The effects of CP/liquid phase
volume ratios from 0.05 to 0.25 and graphite with different sizes (75 µm, 25 µm,
6.5µm, 1.6µm) at 275.6 K and 2.5MPawere discussed to evaluate the kinetics of
CO2/C3H8 hydrate. The results showed that CP as additive promoted the forma-
tion of CO2/C3H8 hydrate. When CP/liquid phase ratio was increased from 0.05
to 0.15, the rate and final molar mass of gas consumption were both significantly
increased. With a CP/liquid ratio of 0.25, the final conversion of water to hydrate
was the highest, which could reach 35.63%. Moreover, on the basis of CP/liquid
ratio of 0.25, the addition of graphite further promoted the rate of hydrate for-
mation. The graphite particles with smaller sizes provided more sites for hydrate
nucleation and growth, however, the low conversion as a result of the limited mass
caused by the dense shell with the rapidly growth of hydrate. It was proved that
graphite size of 6.5 µm has the most excellent performance in shortening the
induction time and increasing the gas consumption rate and the final conversion
of water to hydrate. The findings acquired in this study will contribute to select
suitable additive in the HBD process for obtaining more fresh water quickly.
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1 Introduction

Fresh water is of vital and irreplaceable importance to ecosystems and human societies.
However, the prominent contradiction between supply and demand of fresh water has
become a severe challenge around theworld due to population growth, agricultural inten-
sification, urbanization and industrial production. From the perspective of sustainable
development, seawater with abundant reserves and wide distribution is regarded as an
important means to solve the global water resources crisis [1]. Currently, the mainstream
of seawater desalination in the world is still traditional technologies including reverse
osmosis (RO), multi-stage flash (MSF) and multi-effect distillation (MED), which are
limited mainly by high energy consumption and cost [2, 3]. Therefore, there is an urgent
need to study a more economical and environmentally friendly desalination method,
meanwhile HBD as a promising method with advantages of energy-efficient and cost
saving has attracted much attention in recent years [4, 5].

The principle of HBD process is salt removal effect during hydrate formation [6].
Gas hydrate is a clathrate compound formed by connecting water molecules through
hydrogen bonds to only envelop guest molecules excluding salt ions under certain tem-
perature and pressure conditions. Although the concept of HBD was proposed as early
as 1942, it has not yet been industrially applied which is mainly hindered by the slow rate
of hydrate formation, long introduction time and severe production conditions [7]. In
order to improve the effect of HBD, extensive studies have been carried out on different
types of guest molecules such as methane (CH4), carbon dioxide (CO2), propane (C3H8)
[7–9]. Among them, CO2 that the main component of greenhouse gas is more suitable
as hydrate forming agent owing to its lower pressure for hydrate formation and even
higher salt rejection rate compared with CH4 [10]. In consideration of comprehensive
cost and environment, CO2 hydrate was a research hotspot recently. It has demonstrated
that C3H8 used as co-guest gas of CO2 hydrate makes the temperature and pressure
conditions of hydrate formation more moderate [11].

To date, most of the studies on CO2/C3H8 hydrate focus on the thermodynamic
equilibrium, and a few involve kinetic analysis but are not systematic and comprehensive.
The low hydrate formation rate and water conversion to hydrate need to be improved
further. CP, a promising former that can form hydrates at atmospheric pressure can also
be used as an accelerant to improve the thermodynamic and kinetic effects of hydrates
[12]. Moreover, porous media such as graphite is proved to be effective in promoting the
formation of hydrates and shortening the induction time [13]. Nevertheless, the certain
effects of CP and graphite on the kinetics of CO2/C3H8 hydrate have not been conducted.

In this work, the kinetic properties of hydrate formation employing a gas mixture
of 90% CO2 and 10% C3H8 as hydrating agent combined with the effects of CP and
graphite were investigated. Under the experimental conditions of 275.6 K and 2.5 MPa,
the different volume ratios of cyclopentane to liquid phase from 0.05 to 0.25 were
discussed.With the CP ratio that achieved best promotion, the impact of graphite particle
size of 75 µm, 25 µm, 6.5 µm, 1.6 µm has been further explored. The results of this
study would contribute to the rational selection of accelerators for facilitating hydrate
formation and desalination via hydrates.
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2 Experimental Section

2.1 Materials

The mixed gas composed of 90% CO2 and 10% C3H8 was supplied by Yantai Deyi Gas
Co., Ltd. CP with a purity of 96% and graphite with sizes of 75 µm, 25 µm, 6.5 µm,
1.6 µm and purity over 99.9% were bought from Shanghai Macklin Biochemical Co.,
Ltd. NaClwith a purity of 99.9%was purchased fromSinopharmChemical Reagent Co.,
Ltd. The deionized water was produced by a water deionization system in the laboratory.

2.2 Apparatus

The schematic of the experimental apparatus used for hydrate formation is shown in
Fig. 1. The stainless steel crystallizer with a capacity of 180 mL was placed in a refrig-
erated water bath, and the temperature stability of the water bath mixed with ethylene
glycol and water is 0.01 K. The mechanical agitator was controlled by an external con-
trollerwith a speed range from0 to 1500 rpm. The temperature of the gas phase and liquid
phase in the reactor was monitored by two platinum resistance sensors with an accuracy
of 0.01 K, the pressure of the reactor was monitored by a pressure transducer with an
accuracy of 0.1 MPa. The temperature and pressure collected by the data acquisition
system were recorded in the computer.

Fig. 1. Schematic of the experimental apparatus used for hydrate formation
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2.3 Performance Index

The moles of gas consumed for hydrate formation were calculated using Eq. (1):

�n = V

[(
P

zRT

)
0
−

(
P

zRT

)
t

]
(1)

whereV represents the volume of the gas phase in the reactor;P, T represent the pressure
and gas phase temperature of the reactor; R is the universal gas constant; and z is the
compression factor calculated by the Peng-Robinson equation of state.

The conversion of water to hydrate (CWTH) was calculated using Eq. (2):

CWTH (%) = �n× hydration number

nH2O
× 100 (2)

where Δn is the consumed gas moles calculated at the end of hydrate formation;
nH2O is the moles of 40ml water in the reactor; and the hydration number is the number
of water molecules required to form a hydrate per gas molecule, for the 90% CO2 / 10%
C3H8 gas used in this study, the hydration number applied is 8.21 [14].

3 Results and Discussion

A total of 16 experimental groups were observed at 275.6 K and 2.5 MPa with 90%
CO2/ 10% C3H8 mixed gas as hydrate former to evaluate the influences of CP ratio and
graphite size on hydrate formation rate and quantity. Table 1 presented a summary of the
experimental conditions and the results explained by induction time, gas consumption,
and final conversion of water to hydrate.
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Table 1. Summary of experimental conditions and results

Exp. CP/ Graphite Induction Time Gas Final

No liquid size time (h) consumption conversion

phase (μm) (min) (mol/mol of of water to

volume water) hydrate

ratio (%)

1 0.00 - 60.56 20.0 0.02856 23.45

2 0.00 - 49.35 21.6 0.02903 23.84

3 0.05 - 30.83 20.7 0.02893 23.75

4 0.05 - 5.67 7.0 0.02794 22.94

5 0.15 - 25.83 19.1 0.03369 27.66

6 0.15 - 27.50 19.8 0.03958 32.50

7 0.25 - 19.17 20.0 0.04124 33.86

8 0.25 - 43.33 39.3 0.04554 37.39

9 0.25 75 28.42 42.4 0.04882 40.08

10 0.25 75 2.25 40.1 0.04737 38.89

11 0.25 25 9.12 54.6 0.04893 40.17

12 0.25 25 13.67 47.7 0.04901 40.24

13 0.25 6.5 3.60 39.0 0.05034 41.33

14 0.25 6.5 1.50 37.8 0.05172 42.46

15 0.25 1.6 45.06 46.23 0.04817 39.54

16 0.25 1.6 27.33 43.12 0.04716 38.71

3.1 Effect of CP/Liquid Phase Volume Ratio on Hydrate Formation

As shown in Fig. 2, the consequences of adding CP in different proportions on hydrate
formation have obviously distinction. In general, the formation rate of hydrate was
promoted by the addition of CP. Stabilization was reached quickly when CP/liquid
phase ratio was 0.05, the final gas absorption was similar to that without CP, both around
0.029mol/mol of water.When the CP/liquid phase ratio was 0.15, not only the formation
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rate was faster but also the final gas absorption was boosted to 0.034 mol/mol of water,
which was about 1.21 times of that without CP. The CP ratio was further increased to
0.25, and the formation rate was reduced in contrast to the higher gas consumption.
It was speculated that a large amount of CP could be an obstruction to the interaction
of carbon dioxide/propane molecules due to the quick CP hydrate formation and water
molecules at the beginning.

Fig. 2. Effect of CP/liquid phase volume ratio on gas consumption in 3.4wt% NaCl solution.

Fig. 3. Effect of CP/liquid phase volume ratio on final conversion of water to hydrate correspond-
ing to final gas consumption in 3.4wt% NaCl solution.
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As shown in Fig. 3, the final conversion of water to hydrate was 23.65% and 23.35%
at the CP/ liquid phase ratio of 0.00 and 0.05 respectively. The reason for the small
difference may be the low content of CP has been completely encased in hydrate as an
auxiliary hydrating agent and was not enough to support the formation of more hydrates.
When CP/liquid ratio was 0.15 and 0.25, the final conversion of water to hydrate were
boosted to 30.08% and 35.63%, respectively. To further promote hydrate formation rate,
the CP/ liquid phase ratio of 0.25 was chose for subsequent experiments with graphite
addition.

3.2 Effect of Graphite Size on Hydrate Formation with CP

The time-dependent gas consumption was investigated at a CP/liquid phase volume ratio
of 0.25 to shed light on the impact of graphite size on the kinetics of hydrate formation.
It can be seen from Fig. 4 that all the experiments using graphite with different sizes
show increased hydrate formation kinetics which are facilitated by more nucleation
sites provided by graphite. Smaller particle size meant more specific surface area that
explained why graphite size of 6.5 µm would have a more excellent performance than
75 µm and 25 µm in promoting hydrate kinetics. However, this promotion was not
positively correlated with the decrease in particle size. The rapidly formed hydrate was
easy to form a relatively dense shell which inevitably limited the mass transfer and
subsequent degradation. Therefore, the 1.6 µm graphite as shown in Fig. 4 and Table 1
was only observed to promote weakly far less than 6.5 µm.

Fig. 4. Effect of graphite size on gas consumption with a CP/liquid phase volume ratio of 0.25.

The effect of graphite size on final conversion of water to hydrate with a CP/liquid
phase volume ratio of 0.25 is demonstrated in Fig. 5. When the graphite size was 75µm,
25 µm, 6.5 µm, and 1.6 µm, the final water conversion of water to hydrate was 39.49%,
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40.20%, 41.90%, and 39.13%, respectively. As analyzed by gas consumption, the final
water conversion rate of 6.5 µm graphite was the highest, which was 17.6% higher than
that without graphite. Moreover, the induction time with 6.5 µm graphite was reduced
significantly as shown in Table 1. Therefore, the selection of reasonable graphite size
is crucial to achieve the goal of high hydrate conversion and rapid formation for the
purpose of desalination.

Fig. 5. Effect of graphite size on final conversion of water to hydrate with a CP/liquid phase
volume ratio of 0.25.

4 Conclusion

In this study, the effects of different ratios of CP and different graphite sizes on hydrate
formation kinetics at 275.6 K and 2.5 MPa were evaluated for the HBD process. It was
found that the addition of low content of CP induces higher hydrate formation kinetics
but cannot improve the final conversion of water to hydrate than without CP. Increasing
CP/liquid volume ratio to 0.25, although the final conversion of water to hydrate is
superior which can reach 35.63%, the hydrate formation kinetics is not so fast. On this
basis, different graphite sizeswere added to further promote the rate of hydrate formation.
The graphite particles with smaller sizes provided more sites for hydrate nucleation and
growth, however, the low conversion as a result of the limited mass caused by the dense
shell with the rapidly growth of hydrate. Hence, 6.5 µm graphite was proved to be the
best under the experimental conditions due to its short induction time, fast kinetics and
high conversion. The findings acquired in this study will provide a basis for selecting
suitable promoter to improve the hydrate formation kinetics in the HBD process.
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