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Abstract In the marine high-pressure low-temperature environment, it is difficult to regulate the

low-temperature rheology of the drilling fluid, and the spilled natural gas is easy to generate solid

gas hydrate in the wellbore, causing problems such as wellbore blockage and increasing the risk of

safe drilling operations. Although there are many researches on the invasion process of drilling fluid

and the development of new hydrate inhibition, there is still a lack of research on the inhibition sys-

tem suitable for drilling fluid. Therefore, this paper uses the self-developed hydrate formation eval-

uation experimental device to simulate and analyze the effect of inhibitors in reservoir environment

and optimize the scheme of drilling fluid inhibition system. The results show that: (1) Through the

improvement of the experimental device of water bath methane hydrate (MH) evaluation, the accu-

racy and parallel control of the equipment are enhanced, and the methane hydrate formed by sea

water (SW) is less than that of distilled water (DW), and the structure of methane hydrate formed

by distilled water is more compact. (2) Through the evaluation experiment of single inhibitor A3,

PAC and CMC inhibition system, it was found that A3 had the best inhibition effect, and when

the inhibitor concentration was 1.5 wt%, it had the best inhibition effect. (3) The influence of clay

types on the formation of methane hydrate is also significantly different. Bentonite soil Red (BSR)

has better inhibition performance than Bentonite soil Yellow (BSY), and its ’ hut ’ structure formed

at low temperature is the reason for the formation of methane hydrate. (4) The inhibition ability of

A3 inhibitor in BSY system and BSR system solution in general, the addition of KCl can play a
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Nomenclature

DW Distilled water

SW Sea water
BSY Bentonite soil Yellow
BSR Bentonite soil Red

PAC Polyanionic cellulose so

Fig. 1 Map of gas hydrate deposits

been found to be present. Red: areas

2 P. Guo et al.
strong synergistic inhibition ability with A3 in BSR system, and its electric field reduces the activa-

tion energy of water molecules as well as the consumption of free water is the reason to reduce the

generation of methane hydrate.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
dium salt

CMC Carboxymethyl cellulose

MH Methane hydrate
DDL Diffuse double layer
1. Introduction

Natural gas hydrate is an ice-like caged solid crystal formed by van der

Waals forces from smaller diameter guest molecules such as methane,

propane, nitrogen, carbon dioxide, hydrogen sulfide, etc., with a den-

sity of about 0.8 � 1.0 g/cm3(Ruan et al., 2021; Song et al., 2014; Ye

et al., 2020). As the ore product discovered in the scientific investiga-

tion in the 20th century, the heat equivalent of the global resource

reserves of natural gas hydrate is twice as much as the total heat of fos-

sil fuels such as oil, coal and natural gas. It is an important strategic

resource to replace coal, oil and natural gas in the future (as shown

in Fig. 1) (Beauchamp B, 2004; Giavarini C et al., 2011; Collett, T.

S. et al., 2010). In China, natural gas hydrates are mainly located in

the waters of the South China Sea, the East China Sea and the per-

mafrost strata of the Northeast Plain and Qinghai-Tibet Plateau, with

abundant reserves of over 40 billion tons and 80 billion tons of oil

equivalent onshore and offshore natural gas hydrate resources, respec-

tively (Ye et al., 2018; Qin et al., 2020). However, there are many chal-

lenges in drilling marine gas hydrate formations, even gas-bearing

formations. (1) The high pressure and low temperature environment

of offshore drilling increases the viscosity of drilling fluid, resulting

in increased difficulty in regulating the low temperature rheology of

drilling fluid and making the drilling process difficult. (2) The drilling

fluid invades the natural gas hydrate formation, breaking the original
found worldwide (Wang et al., 2

where gas hydrates are potentia
state of the stable existence of natural gas hydrate, and the decompo-

sition of natural gas hydrate leads to wellbore instability. (3) Decom-

position of natural gas hydrates in the vicinity of near wells, and

blockage problems such as secondary hydrate formation in production

pipelines and valves after decomposition of free natural gas (as shown

in Fig. 2) (Maiti M et al., 2021; Sun et al., 2022; Wang et al.,2021).

In response to the above-mentioned problems of drilling fluid,

hydrate decomposition, and well wall destabilization in marine gas-

bearing and hydrate formations, a large number of scholars and

researchers have explored the influence of the inhibition system on

the processes of gas hydrate formation and decomposition on the

change of gas–liquid phase state in the wellbore through experimental

as well as numerical simulation schemes. To address the intrusion pro-

cess and dynamic response of drilling fluids, Dong et al. constructed a

three-dimensional coupled thermal-water-chemical model and found

that the intrusion characteristics of drilling fluids depend on pressure

and permeability, and temperature mainly affects the dissociation of

gas hydrate, while the increase in permeability triggered by gas hydrate

dissociation is the main reason for the sharp decrease in fluid loss rate

at the initial stage of intrusion (Dong et al., 2022; Dong L et al., 2022).

In order to reduce the secondary formation of gas hydrate after disso-

ciation during drilling, Madhukar et al. tested the inhibition perfor-

mance of drilling fluids and water content under dynamic/static

conditions using a self-designed high-pressure reactor, and found that
011; Temizel et al., 2016). Yellow: areas where gas hydrates have

lly present but have not been sampled and verified.
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Fig. 2 Schematic diagram of hydrate formation drilling risk.
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XG has good viscosity performance and CMC has good filtration loss

performance, and its drilling fluids have good inhibition performance

under static conditions, but with water content increases, the risk of

gas hydrate formation also increases (Srungavarapu M et al., 2018).

And He and Xing explained the reason of rapid gas hydrate from

the deterioration of rheological properties of drilling fluid and the gen-

eration of gelling phenomenon, that is, the inability of water molecules

in drilling fluid to penetrate between clay particles under low temper-

ature conditions, and the increase of friction between clay particles and

dynamic shear and static shear of drilling fluid (He and Xing, 2017).

This inevitably leads to the reduction of the dispersion spacing of clay

particles, which increases the contact probability between water mole-

cules and clay particles and provides attachment points for the forma-

tion of natural gas hydrates, resulting in the formation of large

amounts of natural gas hydrates. In addition, Hafiz and Ali used

SEM-EDW to analyze the filter cake and the contact angle measure-

ment results, indicating that the synergistic effect of ZnO in the poly-

mer solution enhances the inhibition of MH, and also increases the

hydrophobic properties of the shale surface in the drilling fluid formu-

lation (Ahmad et al., 2021; Ali et al., 2022). And according to the study

of PVP in deep-sea drilling fluids, it was found that PVP can effectively

influence the three-phase equilibrium and formation kinetics of

hydrate, and it can prolong the hydrate nucleation time when used

in combination with ethanol (He et al., 2021; He et al., 2022). The

kinetic effects of montmorillonite clay particles on MH generation

and dissociation were investigated by Ren et al. In combination with

the improvement and refinement of the experimental setup by Niu

et al. The clay particle delamination and induced electric field increase

the sites of hydrate nucleation, and the high viscosity of the suspension

and the strongly polarized water layer caused by the clay hinder the

mass transfer of the gas from the gas phase to the liquid phase and sub-

stantially delay the hydrate nucleation time (Ren et al., 2022; Niu et al.,

2021; Ren et al., 2023).

Although a lot of research has been conducted on drilling fluid

intrusion processes and gas hydrate inhibitor development, relatively

little research has been conducted on cellulose-based inhibitors and

systems suitable for gas hydrate inhibition in offshore drilling (Gong

et al., 2022; Cendales et al., 2021). In order to reduce the risk of sec-

ondary gas hydrate formation and drilling fluid intrusion, and to

increase the selectivity of hydrate formation inhibitors, it is necessary

to optimize the design of offshore drilling fluid systems, develop
cellulose-based inhibitor drilling fluid systems suitable for gas-

bearing formations and gas hydrate formations, reduce the heat

exchange rate to reduce secondary gas hydrate formation in the well-

bore, pipeline and other components, and improve wellbore stability.

The system is designed to reduce the heat exchange rate to reduce

the secondary formation of gas hydrate in the wellbore, pipeline and

other components, and improve wellbore stability. In this paper, the

related simulation work of drilling fluid inhibition system is carried

out through the self-designed marine hydrate formation and decompo-

sition simulation device, and provided reference for the safe exploita-

tion of marine gas-bearing strata and hydrate strata as well as the

reasonable establishment of drilling fluid system, and established the

inhibition system to meet the technical requirements of drilling for nat-

ural gas and natural gas hydrate exploitation in the sea.

2. Experiment

2.1. Experimental material

In the experimental simulation evaluation, the main solvent
was seawater from the South China Sea, and the additives were
mainly self-developed cellulose inhibitors A3(95.0 wt%),

hydroxymethyl cellulose (CMC), polyanionic cellulose
(PAC), which were produced by Shanghai Aladdin Biochemi-
cal Technology Co., Ltd.; potassium chloride (KCl analytical
purity), produced by Guoyao Group Chemical Reagent Co.,

Ltd.; sodium bentonite (yellow, red), produced by Xilong
Science Co., Ltd.; high purity methane gas (99.99 wt%) was
produced by Wuhan Xinxing Industrial Gas Co., Ltd.

2.2. Experiment apparatus and procedure

Commonly used experimental equipment: electronic balance

(model BSM-520.3), Shanghai Zhuojing Electronics Co.,
Ltd.; magnetic heating stirrer (Model 78–1), Changzhou Mun-
ters Instrument Manufacturing Co., Ltd.; variable frequency

high speed stirrer (model GLS-B12K), Qingdao Hengtaida
Electromechanical Equipment Co., Ltd.
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The equipment used for the experimental evaluation study
is a self-developed hydrate evaluation simulation test device,
which mainly includes ①gas cylinder safety cabinet; ②air

compressor; ③gas pressurization system; ④water bath tem-
perature control system; ⑤data acquisition and parameter
control system; ⑥hydrate simulation reactor composition, as

shown in the physical diagram of Fig. 3 hydrate simulation test
device. Temperature control range �30℃�100℃±0.1℃, visu-
alization MH simulation system pressure tolerance range

0 � 25 MPa ± 0.01 MPa, simulation device volume
500 mL ± 0.1 mL, magnetic stirrer speed 0 � 1000 rpm
(Kang et al., 2013; Li et al., 2007).

Combining the simplified simulation diagram of the exper-

imental device in Fig. 4 and the physical diagram of the MH
simulation reactor in Fig. 5, the experimental steps of MH sim-
ulation evaluation in this study are as follows.

(1) Turn on the MH evaluation simulation test device and
make the water bath temperature drop to the required temper-
ature of 3℃ for the experiment through the water bath temper-

ature control system.
(2) Use a precision electronic balance and stirrer to add

drugs according to the experimental formula, and stir well to

dissolve.
(3) Use distilled water to clean the reactor and use the

rubber-tipped dropper to suck out the residual water inside
the kettle.

(4) Add the configured solution to the reactor, install the
reactor as shown in Fig. 5, and make the reactor completely
submerged in the water bath temperature control system after

installation, and connect the temperature and pressure sensors.
(5) Check that all switches are closed, pass in 2 � 3 MPa

methane gas, and after no change in pressure in the reactor,

discharge the gas from the kettle until the pressure in the kettle
is around 0.2 � 0.3 MPa. The main purpose of this step is
to:① check the gas tightness of the experimental device;② dis-

charge the air inside the kettle.
Fig. 3 Hydrate simulation test
(6) Passing methane gas at the required pressure for the
experiment into the reactor through gas cylinders, air compres-
sors, gas booster systems and inlet valves, etc.

(7) After the pressure and temperature inside the reactor are
stabilized, the rotational speed is set to 300 rpm by the data
acquisition and parameter control system, and the acquisition

is set once every 5 min.
(8) After the experiment, turn off the stirrer through the

control panel of the experimental device, slowly release the

pressure through the pressure relief valve, and after the control
panel shows that the pressure of the reactor drops to 0 MPa,
remove and disassemble the reactor from the water bath con-
trol system to observe the MH form and the amount of

production.
(9) Prepare different solutions and repeat the operation

steps (1) � (8) to simulate and evaluate MH.

2.3. Experiment scheme

Since the experimental device uses a double reactor to work, in

order to ensure the accuracy of the experimental data, it is nec-
essary to use a parallel control experiment to verify the fitting
of the experimental data of the double reactor. Also, since

three inhibitors were involved in the experimental process,
clarifying the inhibitory effect of the inhibitor in a single sys-
tem was the basis for system optimization and development
before the optimal design of the marine inhibition system. In

addition, within the system due to the variety of substances,
the inhibitory effect of inhibitors will vary due to multiple fac-
tors, the study of the rheological properties of bentonite parti-

cles at low temperatures on hydrate formation is a prerequisite
for the establishment of the system (Abdou et al., 2011; Abdou
et al., 2013)。Therefore, in order to investigate the inhibition

effect of the inhibitor and to construct the inhibition system
for offshore drilling fluid on the basis, the gas–liquid ratio in
the experiment of this study was 1.0 (250:250), and the
device combination diagram.



Fig. 4 Simplified diagram of MH simulation test device.

Fig. 5 MH simulated reactor physical diagram.

Table 1 1/2 reactor parallel control evaluation experiment

scheme.

Serial

number

Experimental scheme

1 DW（The first 4 h without stirring, after 16 h

stirring）
2 DW（The first 4 h without stirring, after 16 h

stirring）
3 DW (Reactor 1)

4 DW (Reactor 2)

5 SW (Reactor 1)

6 SW (Reactor 2)
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experimental temperature and pressure were 3 �C and

15.0 MPa, respectively, and the specific experimental protocols
are shown in Tables 1-5.
3. Results and discussion

3.1. Accuracy and parallel controlled experiments

To ensure the credibility of the experimental data, this study
first examined the accuracy of the experimental device for
MH formation, decomposition and inhibition evaluation and

the parallel control of reactors 1 and 2. Fig. 7 shows the No
1 and 2 test experiments in Table 1 before the improvement
of the experimental device. The test results show that before
the improvement of the experimental device, the reactor 1



Table 2 Experimental scheme for the comparative evaluation

study of A3, CMC, PAC.

Serial number Experimental scheme

1 1 wt%A3

2 1 wt%CMC

3 1 wt%PAC

5 2 wt%A3

6 2 wt%CMC

7 2 wt%PAC

Table 3 Experimental scheme of A3 inhibitor single evalua-

tion study.

Serial number Experimental scheme

1 DW

2 SW

3 DW + 1.5 wt%A3

4 SW + 1.5 wt%A3

5 DW + 1 wt%A3

6 DW + 2 wt%A3

7 DW + 3 wt%A3

8 SW + 1 wt%A3

9 SW + 2 wt%A3

Table 4 Experimental scheme of bentonite basic evaluation

research.

Serial number Experimental scheme

1 DW

2 SW

3 2 wt%BSY Base Mud

4 2 wt% BSR Base Mud

Table 5 Evaluation experimental scheme of drilling fluid

inhibition system.

Serial number Experimental scheme

1 BSY Sys

2 BSR Sys

3 BSY Sys1 + 1%A3

4 BSY Sys + 1.5%A3

5 BSY Sys + 2%A3

6 BSR Sys + 1.5%A3

7 BSR Sys + 1.5%A3 + 5%KCl

8 BSY Sys + 1.5%A3

9 BSY Sys + 1.5%A3 + 5%KCl

Note:BSY Sys:2 wt% BSY Base Mud + 0.3 wt%KPAM + 1.2 wt

%XC + 0.3 wt%BDV-110S.

BSR Sys:2 wt% BSR Base Mud + 0.3 wt%KPAM + 1.2 wt%

XC + 0.3 wt%BDV-110S.

6 P. Guo et al.
and 2 have the same liquid type and reaction temperature /
pressure and the same operation. Under the same operation,

the change curve of the pressure in the reactor 1 and 2 with
time is obviously different, indicating that the repeatability
of the MH evaluation device is low. Therefore, the experimen-

tal device is improved as shown in Fig. 6.
(1) Due to the simulation of marine high-pressure environ-

ment in the kettle, in the process of filling high-pressure gas,

the gas promotes the end face of the stirrer rod and the com-
ponent plug to produce a large friction resistance, resulting
in the problem of stirrer stall. Therefore, a steel ball with a
diameter of 3 mm was added to the end face of the component

plug.
(2) During the MH reaction, MH is preferentially generated

at the interface between the reaction solution and the gas and

at the part with larger liquid flow velocity, with the large
amount of MH generated at the gas–liquid interface, the prob-
lem of stirring device stalling will occur, therefore, by adding

stirring blades, the blades can break the MH solid formed at
the gas–liquid interface during the rapid formation of MH,
ensuring good contact between the gas and the liquid surface
and increasing the experimental device accuracy and parallel
controlability.

After the above improvements, the experimental apparatus

was subjected to No 3–6 test experiments within Table 1, and
the test results for Reactor 1/2 in both DW and SW liquid
types are shown in Fig. 8. The results show that the curve of

pressure variation with time in Reactor 1/2 is well fitted when
DW and SW solutions are used, which indicates that the
improved experimental equipment has good accuracy and par-

allel control, and the confidence interval of the experimental
data of Reactor 1/2 is high and can be used for simulation
experiments under different liquid types and experimental

conditions.
In addition, combining the graphs of DW/SW in Figs. 7

and 8 above and the MH morphology graphs shown in Figs. 9
and 10 below, it is clear that: (1) the salts in SW exhibit signif-

icant inhibition, with 3 wt% salts improving the inhibition per-
formance by about 2.83 times. (2) There is no factor in DW
that limits the formation of covalent bonds between water

molecules and surrounding water molecules. Therefore, the
density and hardness of the generated MH structure are
higher, and the amount of bound methane in the formed ’

ice-like structure ’ is higher (Haynes et al., 2016). (3) Com-
pared with the DW solution, the MH formed by SW has a
wisps empty structure with lower strength and less MH, which
is mainly because SW contains NaCl, KCl, CaCl2, etc., which

increases the disorder of water and decreases the water activ-
ity, and the decrease of ordered water molecules leads to the
decrease of water molecules forming ‘‘ice-like structure”.

Therefore, under the same conditions, the MH formed by
SW solution is less than that of DW.

3.2. Single evaluation experiment of inhibitors

The improvement of the experimental device and the parallel
control experiments in 3.1 demonstrated the good accuracy

and parallel control of the experimental device, and the clarifi-
cation of the inhibitor inhibition effect in a single system is a
prerequisite for optimizing the inhibition system for offshore
drilling. Therefore, it is crucial to investigate the experimental

study of the type of inhibitor and the concentration used in a



Fig. 6 Schematic diagram of the experimental device before and after improvement.

Fig. 7 Experimental results of reactor 1/2 before improvement.

Fig. 8 Experimental results of DW/SW in 1/2 of the improved

reactor.

Fig. 9 DW experimental results.
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single system on the law of methane MH formation by this

experimental device.

3.2.1. Inhibitor type evaluation experiment

In order to reduce the hazards of gas hydrate formation in the

wellbore, throttle area, etc. during the drilling process, adding
kinetic inhibitors to the drilling fluid can effectively reduce
such hazards and increase operational efficiency. Unlike the

thermodynamic inhibitors, which change the system’s phase
equilibrium conditions such as temperature and pressure to
inhibit gas hydrate formation, the kinetic inhibitors do not

change the system’s formation conditions, but rather delay
the formation time of gas hydrates during the formation pro-
cess (Keshavarz et al., 2022; Kelland et al., 2006; Ke et al.,

2016; Haghighi et al., 2009; Perrin et al., 2013). In order to pre-



Fig. 10 SW experimental results.

Fig. 11 1 wt% A3, CMC, PAC inhibitor MH formation process

evaluation study results.
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vent the impact of drilling fluid intrusion into hydrate forma-

tions during offshore drilling on gas hydrate stability, the
effects of hydrate inhibitors A3, PAC, and CMC used in off-
shore gas hydrate formations and gas-bearing formations on

MH formation behavior were investigated in this experiment,
as shown in experimental protocols No.1 � 7 within Table 2.
Figs. 10 and 13 show the simulation results of MH formation

after adding 1 wt% and 2 wt% of the three inhibitors A3,
CMC, and PAC, respectively.

The results showed that the internal pressure of the reactor

in 1 wt% A3, CMC, and PAC inhibitors decreased from the
initial 15 MPa to 13.91 MPa, 12.44 MPa, and 10.21 MPa at
1200 mins, respectively, with pressure drop values of
1.09 MPa, 2.56 MPa, and 4.79 MPa, respectively. The pressure

drop of A3 solution at 1 wt% for the three inhibitors was the
smallest, while combined with Fig. 11 (from left to right, the
MH formation diagram for 1 wt% A3, CMC and PAC inhibi-

tors), it can be seen that the amount of MH formation was sig-
nificantly less compared to DW and SW conditions, and the
MH structure was relatively loose and less dense, which intu-

itively reflected that A3 inhibitor had better inhibition perfor-
mance. This is due to the fact that during MH formation,
hydroxyl and etheroxy active groups on cellulose-based inhibi-
tor molecular chains can be adsorbed to the MH surface, forc-

ing MH crystals to grow around the aggregates or polymer
chains with a smaller radius of curvature, creating resistance
to the MH cage structure and reducing the rate of MH

formation.
In addition, the most methane gas is dissolved and

absorbed in the PAC solution, more MH is generated, and

the phenomenon of sudden pressure drop occurs at
1045 min. This is because with the increase of MH concentra-
tion in the solution, the PAC molecules will collide with MH

particles, which increases the energy dissipation during the
flow of the solution, resulting in the decrease of the solution
flow rate (shear rate), the PAC molecules are not stretched
by the fluid shear force for linear arrangement, and MH parti-

cles are not scattered by the high flow rate fluid and form MH
(as in Fig. 12), which is the reason for the rapid pressure drop
of PAC at 1045mins and the rapid formation of MH.

In the simulation results of MH formation after 2 wt% of
the three inhibitors A3, PAC, and CMC shown in Fig. 13,
the internal pressure of the reactor decreased from 15 MPa

to 9.99 MPa, 12.28 MPa and 11.0 MPa at 20 h, with pressure
drop values of 5.01 MPa, 2.72 MPa, and 4.0 MPa, respectively.
Due to the presence of the polyanion effect of PAC, the higher

the absolute value of the solution zeta potential, the higher the
viscosity, the higher the repulsive force between MH particles
and particles and between particles and polymers, therefore, an

appropriate increase in the concentration of PAC use can
improve the PAC MH inhibition ability (Mahmoud et al.,
2021).

In addition, the pressure drop of A3 inhibitor was less than

PAC and CMC inhibitors until 1045 min, but the pressure of
A3 solution reactor decreased sharply from 1045 to
1200 min. After increasing the concentration of A3 and

CMC used, the inhibition effect decreased, according to A.
G. Iscan et al. study on cellulose-based inhibitors illustrated
that the solution viscosity with the content of cellulose inhibi-

tor increased with increasing cellulose inhibitor content in a
non-linear manner (Iscan A G et al., 2007). When the concen-
tration of the solution containing cellulose inhibitor is less than

a certain concentration, the viscosity increases slowly, but
when the concentration of cellulose inhibitor is greater than
a certain concentration, the viscosity growth rate increases
rapidly, which is similar to the reason for the formation of a

large number of MH at 1 wt% of PAC, this phenomenon
reflects that the use of A3 inhibitor concentration is not the
greater the better.

3.2.2. Inhibitor concentrations optimization experiment

Combined with the data from the study of 3.2.1 showed that
A3 inhibitor had better inhibitory ability compared with

PAC and CMC, but the inhibitory ability did not increase with
concentration, so it was necessary to study the study of MH
formation pattern by using concentration of A3 inhibitor,

and the results are shown in Figs. 14 and 15. According to



Fig. 12 1 wt% A3, CMC, PAC inhibitor MH formation diagram.

Fig. 13 Mechanism of MH formation with inhibitor molecules decreasing with flow rate.

Fig. 14 2 wt%A3, PAC, CMC inhibitor MH formation process

evaluation study results.
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Fig. 14, it can be seen that the pressure drop values were

5.49 MPa, 1.03 MPa, 1.79 MPa, and 5.8 MPa when using con-
centrations of 1 wt%, 1.5 wt%, 2 wt%, and 3 wt%, respec-
tively, indicating that the A3 inhibitor in DW solution does

not have a better inhibitory performance with the increase of
the used concentration, and also combined with the slope of
the pressure curve for different concentrations The best inhibi-

tion ability was found at the used concentration of 1.5 wt%,
followed by 2 wt%, and when the used concentration increased
to 3 wt%, the inhibition performance was lower than 1 wt%.

The values of pressure drop in the reactor for SW, 1 wt%,
1.5 wt% and 2 wt% used in Fig. 15 are 1.37 MPa,
0.93 MPa, 0.44 MPa, and 5.01 MPa, respectively, indicating
that A3 inhibitor has a similar inhibition pattern in SW and

DW systems. When the concentration was 1.5 wt%, the pres-
sure drop was only 0.44 MPa, and the dissolved methane gas in
the SW system was less, so the amount of MH formation was

significantly less. The pressure curve when the used concentra-
tion was increased to 2 wt% showed a good inhibition ability
in the early part of the experiment start, but from 800 min to

the end the pressure value started to be lower than the pure SW



Fig. 15 Evaluation results of A3 concentration in DW system.

Fig. 17 Gas consumption mole number of A3 in DW system.

Fig. 16 Evaluation results of A3 concentration in SW system.
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system, the slope of the curve increased and MH was generated
rapidly.

In addition, the number of gas moles consumed within the
MH growth phase at different moments can directly reflect the
fast and slow MH growth in the system. This experiment deals

with the moles of gas consumed, which can visualize the rela-
tionship between gas dissolution and MH growth in the sys-
tem. The moles number of methane gas consumed in the

system, nLt , is calculated as shown below.

nLt ¼ nG0 � nGt ¼ V

ZR

P1

T1

� P2

T2

� �
ð1Þ

where nLt is the dissolved moles number of gas at time t, mol;

nG0 is the moles number of gas at 0 min in the reactor, mol; nGt is

the moles number of gas at time t in the reactor, mol; P1 is the
initial pressure, Pa; P2 is the pressure obtained from data

acquisition after MH formation started, Pa; V is the volume
of gas phase in the reactor, m3; Z is the gas compression con-
stant, which can be calculated from Peng- Robinon equation

of state (PR-EOS); R is the gas constant, J/(mol�K); T1 is
the temperature before the formation of MH, K; T2 is the tem-
perature obtained from data acquisition after the formation of

MH started, K.
Assuming that all the dissolved methane gas is converted to

MH, the number of water molecules consumed can be calcu-
lated based on the reaction equation (2) for MH formation.

CH4 þNhH2O�CH4 �NhH2O ð2Þ
where Nh is the hydration number, assuming that Nh = 6.

The moles of gas dissolved in the DW and SW systems in
Figs. 16 and 17 below also visually reflect that the higher con-

centration of A3 inhibitor is not better. In DW and SW sys-
tems, the molar number of gas consumption when the
concentration is 1.5 wt% is 0.1455 mol and 0.0621 mol, respec-

tively. Compared with other concentrations, the molar number
of gas consumption is the smallest, indicating that the optimal
concentration of A3 inhibitor is 1.5 wt% in both DW and SW

systems.
3.3. Evaluation of inhibition system for drilling fluid

Through the above experimental studies on the type and con-
centration of inhibitor used in a single system, the best A3 inhi-
bitor and concentration used to inhibit MH production were

obtained, but the inhibition effect in clay and in the system
is not yet known, so it is necessary to investigate the effect
of the inhibitor in the system with clay particles and polymer.

3.3.1. Evaluation experiment of clay type

Bentonite in offshore drilling can reasonably reduce the water
loss flow rate of mud, increase the viscosity value and and

shear value of drilling mud, while effectively improving the
drilling fluid characteristics. Compared with sodium bentonite
(yellow), sodium bentonite (red) has higher FeO content and

lower SiO2 content, so sodium bentonite (yellow) has better
viscosity building and sediment carrying ability. In addition,
the number of metal cations between the layer sheets of ben-

tonite under the action of electric charge has some influence



Fig. 19 Experimental curve of clay type.
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on gas hydrate formation, therefore, it is necessary to investi-
gate the effect of suitable clay type on MH formation pattern
(He et al., 2017; Liu et al., 2016). From the experimental curves

of clay type in Fig. 18, it can be seen that from 0mins to
1200mins, the pressure drop in the reactor of SW, BSY and
BSR is 1.37 MPa, 3.54 MPa and 2.06 MPa, respectively. Either

in the addition of BSY or BSR, there is a significant pressure
drop compared to the SW system, and the amount of MH
formed is much more than the SW system (as shown in Figs. 10

and 19), which is due to the clay particles providing attach-
ment points for MH formation, unlike the case of well-
dispersed clay particles under high temperature conditions,
the repulsion between clay particles is reduced in the low-

temperature marine environment, while the weak Brownian
motion at low temperatures also It helps to reduce the disper-
sion of the clay suspension, so that the clay particles become

more closely in contact with each other and form a ‘‘hut”
structure through the edge-edge and edge-face attraction
bonds, as shown in Fig. 20, which is more favorable to the for-

mation of MH solids (Zhao et al., 2017). In addition, the pres-
sure drop value of BSR is much lower than that of BSY,
indicating that under low temperature conditions, BSR has

stronger Brownian motion and forms fewer ‘‘huts” compared
to BSY, and then less MH is formed.

3.3.2. Inhibition system evaluation and optimization experiment

The effect of clay type on the MH formation was studied in
3.3.1, based on which No.1 BSY Sys and No.2 BSR Sys in
Table 5 were constructed, and the effect of different used con-

centrations of A3 in the system to inhibit MH formation was
investigated, as shown in Fig. 21. The results showed that
the pressure drop at 1200mins was 2.14 MPa and 2.36 MPa
for BSY Sys and BSR Sys, respectively, after the addition of

other agents such as BDV-110S, a low-temperature flow pat-
tern regulator. Meanwhile, after adding 1 wt%, 1.5 wt% and
2 wt% A3 to BSY Sys, the pressure drop values within the sys-

tem are 5.74 MPa, 2.05 MPa and 2.74 MPa, respectively, and
the pressure drop at 1 wt% is 2.8 times higher than that at
1.5 wt%, indicating that within the system, the low

concentration of A3 can promote the rapid formation of
Fig. 18 Gas consumption mole number of A3 in SW system.
MH, and the pressure drop at the optimum 1.5 wt% differs
from that of BSY Sys differed by 0.09 MPa, indicating that
A3 exhibited poor inhibition in the system at low temperature

conditions.
In order to optimize the system formulation, combined with

the research of scholars and the use of SW slurry in the field,

under the condition of ensuring the system density is not too
high, taking into account the inhibitory effect of K+ on clay
(Ren et al., 2022), 5 wt% KCl was added to the system, and

the scheme is shown in No.6 � 9 within Table 5. From the
pressure curves after the addition of A3 and KCl in the system
of Fig. 22, it can be seen that the pressure drop values were

2.05 MPa and 5.82 MPa for BSY Sys and BSR Sys, respec-
tively, after the addition of 1.5 wt% A3, and combined with
Fig. 24, it can be seen that A3 plays a facilitating role in
BSR Sys. After the addition of KCl, the pressure drop values

were 1.79 MPa and 0.47 MPa, respectively, indicating that the
dissolved methane gas within the BSR Sys is less after the addi-
tion of KCl, and KCl can exert a drastic synergistic inhibition

with A3 within the BSR Sys to reduce MH production, and
this process can be explained based on Z. Yin et al. for the
MH growth process using crystal dynamics (Yin et al.,

2018). The effective electric field for the MH crystallization
process is 105-106V/m (Orlowska M et al., 2009). The relation-
ship between the surface potential U0 and the charge density r0

can be calculated by Park et al. using a simulation study of the
formation of gaseous MH by an external electric field and
combined with Gouy-Chapman theory (Park et al., 2018).
(See Fig. 25)

r0 ¼ 8RTere0C0ð Þ1=2 � sinhðz
iFU0

2RT
Þ ð2Þ

Where R is the general gas constant, 8.3145 J / mol � K; T is

temperature, K; er is the dielectric constant of water, which is
86.7 at 276.15 K; e0 is the dielectric constant of free space,
8.854 � 10-12C2/J ∙ m; C0 is the electrolyte concentration,

mol/m3; zi is the ion valence; F is the Faraday constant,
96485C / mol; U is the potential, which can be expressed by
exponential decay at a given distance x.

UðxÞ ¼ U0 � e�kx ð3Þ



Fig. 20 Physical diagram of MH formed by different clay types.

Fig. 21 Change in structure of clay suspensions from high to low temperature.
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Where, U0 is the surface potential, mV; x is the distance
from the clay surface, m; k is the inverse Debye length, m�1;
for within the system with 5 wt% KCl added, it can be defined

as:

k ¼ 2F2C0

ere0RT

� �1=2

¼ 1

LD

ð4Þ

Combined with the above theoretical equation, the LD is
0.369 nm after adding 5 wt% KCl without considering the
electrolyte carried by the bentonite in the system, as shown

in Fig. 23 for the schematic diagram of the negatively
charged clay surface and diffusion double layer (DDL).
Due to the high electrolyte content within the bentonite,

the LD with the addition of KCl was much greater than that
without the addition of KCl after the addition of 5 wt%
KCl. Combined with the study of MH nucleation process
by Park et al. (Park et al., 2018), it was found that the elec-
tric field reduces the activation energy required for the
nucleation of water molecules, while the nucleation of MH

is promoted by the electric field and this process mainly
occurs in solutions with extra DDL thickness, while the elec-
trolyte concentration in the solution is significantly increased

by the addition of KCl and the DDL thickness is com-
pressed, leading to the weakening of the nucleation of water
molecules. In addition, the nucleation process of MH is also

affected by the free water in the solution (Mojid et al.,
2006), and KCl also consumes the free water in the system,
which shortens the nucleation process of MH, which is

another important reason to reduce the production of
MH. The physical picture of MH in Fig. 24 confirms this
conclusion, and the MH formed in the system has a soft tex-
ture and shows a ‘‘pastry” structure.



Fig. 22 Pressure curve of base system and after adding A3.

Fig. 23 Pressure curve after the addition of A3 and KCl to the

system.

Fig. 24 Schematic diagram of negatively charged clay surface

and diffusion double layer (DDL) (Meegoda et al., 2019).
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4. Conclusions

In this paper, the evaluation study of inhibition system for drilling in

marine gas-bearing and natural gas hydrate formations is carried out

by a visual hydrate evaluation experimental device developed and

designed independently. In order to ensure the accuracy of experimen-

tal data, the experimental device was firstly improved and tested, and

different solution types and inhibitor types were evaluated and studied.

On this basis, the influence of clay type on MH formation was clarified,

and the best inhibitory system that can be applied in the field was

determined, which provides theoretical guidance for offshore drilling,

reducing operational risks and improving efficiency. The main conclu-

sions and recommendations are as follows.

(1) The MH formation experiments of the DW solution before the

improvement illustrated that the experimental device had certain

defects. After the improvement of the components and stirring rod,

the MH formation experiments of the DW and SW solutions

illustrated that the improved experimental device could ensure the
reproducibility of the experiments. Meanwhile, the MH formed by

SW solution was less than that of DW solution, and the MH formed

by its DW solution was dense and stronger, while the MH formed

by SW solution showed wisps empty structure.

(2) Among the three inhibitors A3, CMC and PAC, A3 has the

strongest ability to inhibit MH production, followed by CMC and

finally PAC. hydroxyl and etheroxy active groups on the molecular

chains of cellulose-based inhibitors can be adsorbed onto the MH sur-

face, forcing MH crystals to grow around the aggregates or polymer

chains with a smaller radius of curvature and reducing the MH growth

rate.

(3) The inhibitory ability of A3 inhibitor does not increase with the

increase of used concentration, and the study of MH formation pattern

of different concentrations of A3 in DW and SW solutions found that

A3 inhibitor has the best inhibitory ability at 1.5 wt%, and the moles

of methane gas required to form MH in DW and SW solutions with

different concentrations of A3 were calculated by combining the gas

equation of state, and the moles of methane gas required to form

MH in DW and SW solutions at 1.5 wt% for DW and SW consumed

0.1455 mol and 0.0621 mol of gas at 1.5 wt%, with the smallest moles

of gas consumption, which intuitively reflects that A3 has the best inhi-

bitory ability at 1.5 wt%.

(4) Through the study of the clay type on the MH formation reg-

ular revealed that the pressure drop values in the SW, BSY and BSR

reactors were 1.37 MPa, 3.54 MPa and 2.06 MPa, respectively. The

amount of MH formed is much more than that of the SW system when

compared to the SW system with a significant pressure drop in either

BSY or BSR addition. This is mainly due to the rapid formation of

MH under low temperature conditions, which is accelerated by the

‘‘hut” structure of clay particles formed by edge-edge and edge-face

attraction bonds.

(5) Through the study of the constructed BSY Sys and BSR Sys,

after the addition of the inhibitor A3, it cannot well hinder the forma-

tion of MH, and has the ability to accelerate the formation of MH

under low concentration conditions. However, after the addition of 5

% KCl, the pressure drop of BSR Sys is only 0.47 MPa.This is because

the presence of the electric field reduces the activation energy of water

molecules and the consumption of free water is the reason for reducing

the formation of MH, indicating that A3 and KCl play a dramatic syn-

ergistic inhibitory effect in BSR Sys. The physical picture of MH con-

firms this conclusion, and the MH generated in the system has a fluffy

texture and a ‘‘pastry” structure.



Fig. 25 Physical diagram of MH after the addition of A3 and KCl to the system.
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