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Abstract

The high pressure in some gas wells, such as those in the Xushen gas field in Daqing,

China, makes them susceptible to freezing and hydrate blockages. Downhole throttling

technology is widely used to reduce costs during well construction, however, due to the limi-

tations of temperature, pressure and depth structure, this technology is sometime applied

independently in some gas wells in which freezing and blockages are a frequent problem

that can seriously affect production capacity. Moreover, artificial alcohol injection of ‘passive

plugging’ to prevent hydrate formation not only consumes significant amounts of methanol

but its efficiency is also dependent on factors such as weather, personnel and equipment,

so it is not a continuous solution. In order to solve the above problems, the mechanism of

hydrate formation was analyzed in this study, from which a combined mechanical and chem-

ical hydrate control process was developed. OLGA software was used to design the process

parameters of the novel mechanical and chemical inhibition technology for hydrate preven-

tion and control, and also to simulate and analyze the wellhead temperature, pressure and

hydrate generation once the process was implemented. Based on the results of the parame-

ters calculation, the downhole throttle and hydrate inhibitor automatic filling device are used

to realize the functions of downhole throttle depressurization and hydrate inhibitor continu-

ous filling, reduce the wellhead pressure and hydrate generation temperature, and ensure

the continuous production of gas well. This novel combination process was subsequently

tested in three wells in the Daqing gas oilfield. Measurements showed that the average daily

gas increase from a single well was 0.5×104m3, methanol consumption was reduced from

the original maximum daily amount of 1750 kg to just 60 kg, the manual maintenance work-

load was reduced by 80%, and the rate of the well openings was increased from 45% to

100%. These results proved that this technology is feasible and efficient for applications in

gas wells with high downhole pressure and low wellhead temperature, and, thus, provides

important technical support for the prevention of gas hydrate and improvement of gas well

production.
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1 Introduction

With the increasing demand for oil and natural gas, the oil and gas industry has been develop-

ing rapidly, and the exploration target layer has extended from the middle and shallow layer to

the deep and ultra-deep layer, and the deep layer will become one of the important develop-

ment fields of the oil field industry [1]. As an important special oil and gas reservoir, volcanic

rocks have been found in more than 300 basins and regions in more than 20 countries. In

recent years, with the breakthrough in the exploration of volcanic gas reservoirs in Songliao

Basin, Xujiaweizi fault depression has become the fault depression with the highest degree of

deep exploration and the most gas reserves found in the northern Songliao Basin, and it is the

fifth largest gas bearing area on land in China. Xushen Gas field has become the volcanic gas

field with the largest proven reserves of natural gas in China.However, there is an important

problem in the development process of natural gas. As natural gas is a compressible fluid, the

pressure of wellhead and transmission line will be too high in the mining process, resulting in

many safety risks. In order to solve this problem, downhole throttling technology can be

adopted to achieve wellhead pressure reduction, solve hydrate freezing blockage, improve sta-

ble production capacity and reduce well construction cost.

In a gas well, downhole throttling technology involves the placement of special equipment

at an appropriate position in the production tubing to realize wellbore throttling and depres-

surization [2], thereby enabling the surface production pipeline to operate at a lower pressure.

Heat formed in the gas well is utilized to compensate for the temperature drop generated by

the wellbore after throttling, effectively preventing the formation of hydrate in the wellbore

and surface pipeline during production. Many scholars have carried out research on downhole

throttles, Hu Dan et al. [3] developed movable downhole throttles characterized by a short

length, small exterior diameter, smooth delivery, reliable release, a latch and seal feature, and a

high salvage success rate, which aimed to alleviate fishing difficulties and to improve the low

success rate of early downhole throttles used in the western Sichuan gas field. Wang Yifei et al.

[4] established a new model in which the gas-liquid mixture flowed through the nozzle, and

compiled calculation software for the downhole throttling process parameters of water-bearing

gas wells that improved the reliability of the process. Wu Yibo et al. [5] proposed an improved

‘V’-type cylindrical rubber structure for which a finite element analysis model was also estab-

lished. Improves the sealing of the rubber cylinder. Zhou Jian [6] introduced “slippage factor

K” to characterize the slippage effect between gas and liquid, optimized the pressure drop

model of the gas-liquid two-phase nozzle flow, and established an method for optimizing the

downhole throttling process parameters of liquid-producing horizontal wells. Yuan Hang et al.

[7] analyzed the application conditions for downhole throttling technology in high-pressure

shale gas wells in the south Pingqiao area of China, while also comparing variations in the gas

volume and pressure in a single well before and after the application of the technology, and

determining the running depth, aperture and timing of downhole throttling.

Compared with the traditional surface throttling process, downhole throttling provides sev-

eral advantages, including a reduction in the operating pressure of the surface pipeline, reduc-

tion of the investment cost of ground equipment, and an improvement in the rate at which the

well opens. However, for some special types of high-pressure gas Wells, due to the limitations

of temperature, pressure and well structure of some gas Wells, it is impossible to realize the

throttling pressure reduction and inhibit hydrate formation under critical flow conditions.

At present, chemical control technology is commonly used for hydrate control, both in

China and abroad. Chemical hydrate prevention technology includes the application of an

automatic drip device to automatically and continuously inject hydrate inhibitor into the gas

well, according to specific injection intervals and amounts as calculated via the design. Hydrate
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inhibitor is a chemical substance that inhibits the formation of hydrate during the exploitation,

transportation and treatment of natural gas. The addition of such inhibitors to gas wells can

change the chemical potential of an aqueous solution or hydrate phase, so that hydrate forma-

tion conditions are shifted to a lower temperature or higher pressure range. Domestic and for-

eign scholars have conducted relevant studies on the action principle of hydrate inhibitors. Ng

et al. [8] found that the addition of methanol and electrolyte can effectively inhibit the forma-

tion and accelerate the decomposition of hydrate through the study of hydrate. Kotkoski et al.

[9] found that injection of methanol or glycerol could inhibit hydrate formation. After the

experiment of injecting glycol into CH4 hydrate, Fan et al. [10] concluded that the dissociation

rate of CH4 hydrate depends on the concentration and flow rate of glycol. Dong et al. [11]

studied C3H8 hydrate injected with methanol and found that methanol could reduce the disso-

ciation heat of C3H8 hydrate and increase its dissociation rate compared with pure water injec-

tion. Wan Lihua et al. [12] revealed the effect of ethylene glycol on the decomposition of CH4

hydrate. Yagasaki et al. [13] studied the mechanism of methanol inhibition by MD simulation

method, and the results showed that the hydrate decomposition rate was not a constant value.

The addition of methanol increased the decomposition rate of CH4 hydrate, and the role of

methanol molecules was to help generate bubbles to carry away CH4 molecules. However, the

chemical control method of hydrate alone can not reduce the wellbore pressure, so it is neces-

sary to use high pressure wellhead and high pressure pipeline, which has high cost of well con-

struction and low economic benefit of high pressure and low gas production Wells.

In view of the limitations of the two existing technologies for hydrate control in deep high

pressure and low gas production Wells, this paper proposes a hydrate combination control

technology, which combines downhole throttling technology and hydrate chemical control

technology. Downhole throttling technology can reduce throttling pressure, hydrate chemical

control can inhibit hydrate formation, reduce oil pressure and prevent hydrate freezing block-

age in special high-pressure gas Wells at the same time, and improve the opening rate and sta-

ble production capacity of such gas Wells.

2 Mechanism of hydrate formation

Hydrate generation in gas wells is mainly affected by the temperature and pressure distribution

of the fluid and fluid composition, among other factors [14]. Hasan et al. [15] and Wang et al.

[16] proposed models through which to calculate changes in the temperature and pressure

fields in the wellbores of gas wells, while the Chen-Guo model [17] is widely used to calculate

the temperature and pressure during gas hydrate phase equilibrium under multi-component

conditions. A curve diagram can be generated to show the effect of temperature and pressure

on hydrate generation at each position in the wellbore, as shown in Fig 1, in which it is evident

that the conditions for hydrate generation are satisfied either when the fluid temperature is

lower than the temperature of the phase equilibrium point or when the pressure is higher than

the phase equilibrium point. The intersecting area between the flow temperature pressure

curve and the hydrate phase equilibrium curve in Fig 1 is the hydrate generation area, and the

transverse width of this area represents the degree of undercooling for hydrate generation. The

greater the degree of undercooling, the greater the probability and, thus, risk of hydrate gener-

ation. Since the formation of hydrate is influenced by the temperature and pressure inside the

wellbore, these two factors in the wellbore environment must be managed to inhibit the forma-

tion of hydrate.

While the temperature of fluid in a gas well gradually decreases, water vapor in various

positions in the wellbore changes simultaneously from a saturated to an unsaturated state, con-

tinuously condensing and resulting in the precipitation of free water on the wall of the radial
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cold pipe and, thus, a source for the formation and deposition of hydrate. The transient well-

bore temperature distribution in the phase of decreasing fluid temperature can be calculated as

follows [18]:

Tf ¼ ðTf0 � TeiÞ � e
� L

0
R

mð1þCT Þ
t
þ Tei ð1Þ

Where Tf is wellbore fluid temperature, K; Tf0 is wellbore fluid temperature at initial shut-in

time, K; Tei is ambient temperature, K; t is off-time, s; L’R is shut-in relaxation parameters, kg/

(m�s); m is mass of fluid per unit length, kg/m; CT is coefficient of wellbore heat storage.

When the temperature and pressure conditions of hydrate formation are satisfied in the

wellbore, the free water precipitated from condensation on the pipe wall is converted into

hydrate. Since the tube wall exerts a strong adhesive force on the hydrate generated upon its

surface, with no external force influencing the adhesion process, all the hydrate generated by

condensate water will remain deposited on the tube wall, so that the hydrate deposition rate is

equal to rate of its formation. The rate of free water precipitation generated from oversatura-

tion while both fluid temperature and radial temperature are gradually decreasing can be

obtained by calculating the change in natural gas water saturation at different times and posi-

tions during the shut-in period. According to the law of conservation of mass, the hydrate for-

mation and deposition rates in the radial temperature drop stage can be obtained as follows

[19]:

Rdh ¼
Mh

5:75Mw
�
d CwsVe

ZT0p
Tp0

� �

dt
ð2Þ

Fig 1. Phase equilibrium curve of hydrate.

https://doi.org/10.1371/journal.pone.0295356.g001
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Cws ¼ 101:325
X7

k¼0

akðT � 273:15Þ
k

p
þ
X7

k¼0

bkðT � 273:15Þ
k

ð3Þ

Where Rdh is hydrate deposition rate, kg/s; Mh is molar mass of hydrate, kg/mol;Mw is molar

mass of water, kg/mol; Cws is natural gas water saturation, kg/m3; Ve is active volume, m3; Z is

natural gas compression factor; T0 is reduced temperature, 288.15 K; p is system pressure,

MPa; T is natural gas water dew point temperature, K; p0 is barometric pressure, 0.101MPa; a,

b is solution coefficient of natural gas water saturation.

When the fluid temperature in the wellbore reaches that of the formation temperature out-

side, the concentration of saturated water molecules at various positions will be different due

to the difference in axial temperature and pressure in the wellbore. Under the action of molec-

ular diffusion force, water molecules will diffuse from the high concentration area to the low

concentration area in a mass transfer process [20], causing water molecules in the low concen-

tration zone to change from a saturated to an unsaturated state and then condensing into free

water. This provides a free water source for the formation of hydrate, which is deposited on

the tube wall and forms a hydrate layer. According to the law of mass conservation, the hydrate

formation and deposition rate in this case can be obtained as follows [21]:

Rdh ¼
Mh

5:75Mw
� � DAB

@Cw

@x

� �

� Ae ð4Þ

DAB ¼
1:00� 10� 3T1:75ð1=MA þ 1=MBÞ

1=2

pa � ½ð
X

AViÞ
1=3
þ ð
X

BViÞ
1=3
�
2

ð5Þ

Where DAB is diffusion coefficient between water molecules and methane, m2/s;
@Cw
@x is axial

water molecular concentration gradient, kg/m4; Ae is effective flow area, m2; MA,MB is molar

mass, kg/mol; pa is pressure, MPa;
X

A
Vi;
X

B
Vi is diffusion volume of components A and B,

cm3/mol.

By contrast, when the temperature of fluid at different positions in the wellbore of a gas well

increases until the stability of the hydrate can no longer be maintained, any previously formed

hydrate sedimentary layer deposited on the wall of the pipe will gradually decompose into gas

and water, thereby reducing the hydrate in the wellbore. Due to the differences in tempera-

tures as well as in the thickness of the hydrate deposition layers around the wellbore, the rate

of hydrate decomposition changes dynamically depending on time and location. The hydrate

decomposition rate can be calculated via the following formula proposed by Goel et al. [22]:

� Rdh ¼ pMhKdðfe � fgÞ
n
ðrti � dÞ

2
ð6Þ

Where Kd is hydrate decomposition constant, mol/(m2�Pa�s); fe is three-phase equilibrium

fugacity, Pa; fg is gas fugacity, Pa; δ is thickness of hydrate deposit, m; rti is initial string bore,

m.

The critical pressure of gas hydrate formation can be calculated according to the fluid tem-

perature under different working conditions. When T�273.15K, the critical pressure of

hydrate formation decreases with the increase of critical temperature. When T> 273.15K, the

critical pressure of hydrate formation increases with the increase of critical temperature [23].
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When T>273.15K

lgp ¼ � 1:0055þ 0:0541 Bþ
T
K
� 273:15

� �

ð7Þ

When T�273.15K

lgp ¼ � 1:0055þ 0:0171 B1 �
T
K
þ 273:15

� �

ð8Þ

Where p is Natural gas pressure, MPa;T is the temperature of natural gas, K; B and B1 are

dimensionless constants.

3. Combination hydrate control technology research and

application

3.1 Application limits and modeling methods of hydrate combination

control process

The main parameters of the combined hydrate control process include the depth of throttle,

the diameter of the throttle nozzle and the amount of hydrate inhibitor injected. First, the min-

imum running depth of the throttle must be calculated using the formula for the minimum

running depth (Formula 9, below). This measurement is then combined with those relevant to

the well structure and the actual depth of the well, from which a preliminary judgment is made

as to whether the running depth of the downhole throttle is sufficient the minimum running

depth of the throttle. If so, the downhole throttling process can be adopted, but if not then the

combined hydrate control technology would be the more suitable approach. On this basis,

OLGA multiphase flow simulator software was used in this study to calculate different throttle

diameters. Based on both critical flow theory and hydrate growth trend, the size of throttle

diameters and the amount of hydrate inhibitors were finally determined.

Formula for minimum running depth of downhole choke:

Lmin � M0½ðthþ273Þb
� ZðK� 1Þ=K

� ðt0 þ 273Þ� ð9Þ

Where Lmin is minimum running depth of choke, m; M0 is earth temperature increase rate, m/

˚C; th is hydrate formation temperature,˚C; t0 is mean surface temperature,˚C; βk is critical

pressure ratio; k is adiabatic coefficient of natural gas.

OLGA software can simulate the production dynamics of the gas well, obtain the tempera-

ture and pressure profile of the entire gas well wellbore before and after throttling and the

trend of hydrate growth, and calculate the process parameters of hydrate combination preven-

tion and control, which can effectively guide the on-site construction of the process. The

modeling process is as follows:

Step 1: Input well structure parameters, including surface casing, technical casing, produc-

tion casing, tubing and downhole choke size specifications, running depth;

Step 2: Establish the well model according to the input well structure parameters, as shown

in Fig 2;

Step 3: Input formation parameters, including bottom hole temperature and pressure, res-

ervoir parameters, wellhead temperature and pressure, wellbore static temperature and static

pressure, etc., to form a calculation model. As shown in Fig 3;

Step 4: Perform dynamic simulation calculation of gas well production, simulate the real

gas well production coefficient, and then obtain the temperature and pressure profile of the

gas well shaft and the trend of hydrate growth.
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3.2 Determination of process parameters of hydrate combination control

Taking well H as an example, the minimum running depth Formula (9) is applied to calculate

that the minimum running depth of the choke in this well is 1496m. Since there is a landing

nipple in well H at 1300m, it is determined that the hydrate combination control technology

should be adopted. In the OLGA software, after simulating the establishment of the gas well

production system, the running depth was set to 1300m, and according to the gas well produc-

tion allocation and a large number of numerical calculations, the calculation examples of throt-

tle diameter 1 to 5 were set to 2.4mm, 3mm, 3.6mm, 4.2mm and 4.8mm respectively, as shown

in Table 1.

When the ratio of pressure between the outlet orifice and the inlet face of the throttling

device is less than 0.55, the throttle is in a critical flow state and the fluctuation of pressure

from behind does not affect the front of the throttle. At this time, the gas flow through the

throttle is at its maximum [24], as shown in Fig 4. Therefore, it is necessary to achieve throt-

tling pressure reduction under critical flow conditions.

The calculation results are shown in Fig 5., in which, for example, in example 3 (where the

throttle nozzle diameter is 3.6 mm), the pressure behind the throttle is 5.1MPa, the pressure

before the throttle is 9.4MPa, the ratio is 0.542 less than 0.55, and the wellhead pressure can be

reduced to 4.7MPa. The smaller the throttle diameter, the smaller the ratio between the pres-

sure behind and before the throttle nozzle. However, the lower the temperature behind the

throttle and the lower the temperature at the wellhead, the more readily hydrate is generated

Fig 2. Schematic diagram of well structure.

https://doi.org/10.1371/journal.pone.0295356.g002
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Fig 3. Schematic diagram of calculation model.

https://doi.org/10.1371/journal.pone.0295356.g003

PLOS ONE Combined gas well hydrate prevention and control technology and Its application

PLOS ONE | https://doi.org/10.1371/journal.pone.0295356 December 7, 2023 8 / 15

https://doi.org/10.1371/journal.pone.0295356.g003
https://doi.org/10.1371/journal.pone.0295356


under the same pressure condition. Thus, combined with the critical flow theory, the diameter

of the throttle was determined to be 3.6 mm.

As can be seen in Figs 6 and 7, the temperature difference between the hydrate and the

inner tubing section, and the pressure difference between the inner tubing section and the

hydrate, respectively, were found to be greater than 0 within the range from wellhead to 148

m, indicating that hydrate will be generated within that depth range. Thus, when a downhole

throttle with a nozzle diameter of 3.6 mm is lowered to the depth of the inner tubing of the gas

well (1300 m), the wellhead oil pressure can be reduced, however, the formation of hydrate

cannot be inhibited and, therefore, the addition of hydrate inhibitors would be necessary to

reduce the temperature and, thus, inhibit the formation of hydrate.

In general, the methanol content of hydrate inhibitors is greater than 30%, and methanol

consumption is huge. Moreover, the use of hydrate inhibitors is affected by factors such as

weather, personnel and equipment, and they cannot be continuously injected, which hinders

the start-up rate of gas wells. Therefore, based on the downhole throttling process design

results, the combination hydrate prevention and control process in this study was applied to

optimize the filling concentration of hydrate inhibitors. According to the upper limit of 30%

Table 1. Examples of downhole throttling parameters.

Number of throttling parameter example 1.ppl 2.ppl 3.ppl 4.ppl 5.ppl

Depth (m) 1300 1300 1300 1300 1300

Mouth diameter (mm) 2.4 3 3.6 4.2 4.8

https://doi.org/10.1371/journal.pone.0295356.t001

Fig 4. Relational diagram of volume flow rate and pressure ratio of throttle nozzle.

https://doi.org/10.1371/journal.pone.0295356.g004
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methanol content commonly used in gas Wells, hydrate inhibitors with a concentration of

30%, 25%, 20%, 15% and 5% methanol were used for simulation calculation, and the calcula-

tion results showed that the hydrate inhibitor with a concentration of 5% methanol could be

used to effectively solve the problem of hydrate generation. As can be seen from Figs 8 and 9,

after the addition of hydrate inhibitors with a 5% methanol concentration under the same

Fig 5. Pressure and temperature curves of choke with different nozzle diameters.

https://doi.org/10.1371/journal.pone.0295356.g005

Fig 6. Temperature difference between hydrate and inner tubing section.

https://doi.org/10.1371/journal.pone.0295356.g006
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conditions of depth and throttle nozzle diameter, the temperature difference between the

hydrate and the inner tubing section, and the pressure difference between hydrate and the

inner tubing section, were both less than 0 in the whole wellbore. Thus, when the downhole

throttle with a 3.6 mm throttle nozzle was lowered to the depth of the gas well tubing at 1300

Fig 7. Pressure difference between hydrate and inner tubing section.

https://doi.org/10.1371/journal.pone.0295356.g007

Fig 8. Temperature difference between hydrate and inner tubing section.

https://doi.org/10.1371/journal.pone.0295356.g008
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m, followed by the addition of the 5% methanol hydrate inhibitor, the wellhead oil pressure

was reduced and the hydrate generation problem was solved.

3.3 Application effect of hydrate combination control process

Using the design results of the combination hydrate control process parameters, this process

was subsequently applied to Well H in the exploration of a new combined application, down-

hole throttling and surface hydrate inhibitor automatic drip device. The downhole throttling

device was lowered into the gas well while the hydrate inhibitor automatic drip device was

simultaneously installed at the wellhead, as shown in Fig 10.

Fig 11 shows the production curve of Well H after the application of the combination

hydrate control process. It was found that the downhole throttling process alone could reduce

the wellhead oil pressure to an average of 5 MPa, however, a large amount of methanol (400–

800 kg) had to be manually injected in order to maintain normal production. The combination

approach of hydrate control technology, with downhole choke and the surface hydrate inhibi-

tor automatic drip device, reduced the wellhead oil pressure to an average of 5 MPa and the

methanol injection required from a maximum of 1750 kg to just 60 kg, thereby simultaneously

achieving the reduction of oil pressure and inhibiting hydrate generation in the well. In addi-

tion, the automatic drip device of the hydrate inhibitor could automatically and continuously

inject hydrate inhibitor without the need for manual maintenance under the normal produc-

tion state of the gas well. In addition, the hydrate inhibitor automatic drip device can automat-

ically and continuously inject hydrate inhibitors without manual maintenance under normal

gas well production conditions, reducing manual maintenance workload by 80%, and increas-

ing the rate of well opening from 45% to 100%.

Fig 9. Pressure difference between hydrate and inner tubing section.

https://doi.org/10.1371/journal.pone.0295356.g009
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4 Conclusions

1. Hydrate generation is affected mainly by wellbore temperature and pressure. The combined

hydrate prevention and control technology proposed in this paper effectively solves the

problem of wellbore throttling and depressurizing that leads to hydrate freezing and

Fig 10. Schematic diagram of combination application of downhole choke and automatic drip device.

https://doi.org/10.1371/journal.pone.0295356.g010

Fig 11. Production curve before and after well H test.

https://doi.org/10.1371/journal.pone.0295356.g011
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plugging in some wells. The management of temperature, pressure and well structure limi-

tations, thus, provides technical means that contribute to the long-term stable and, even,

increased production of such gas wells, as well as the reduction of well construction costs.

2. By using the novel combination hydrate control technology, the methanol injection volume

was reduced in this study’s simulation from the maximum 1750 kg to just 60 kg, and the

hydrate inhibitor could be automatically and continuously injected without manual main-

tenance, thereby significantly reducing methanol consumption and daily maintenance

costs.

Supporting information

S1 Data.

(XLSX)

Author Contributions

Data curation: Qiuyu Lu.

Formal analysis: Junliang Li.

Investigation: Xiaochuan Zhang.

Methodology: Meng Cai.

Software: Leilei Gong.

Validation: Leilei Gong.

Visualization: Leilei Gong, Qiuyu Lu.

Writing – original draft: Leilei Gong.

Writing – review & editing: Shujin Zhang, Meng Cai.

References

1. Longde Sun, Caineng Zou, Rukai Zhu, et al. Analysis of formation, distribution and potential of deep oil

and gas in China [J]. Petroleum Exploration and Development, 2013, 40(06):641–649.

2. Yongsheng An, Mengjing Cao, Yifei LAN, Yue Gao. A new method for production dynamic simulation of

downhole throttle gas Wells[J]. Natural Gas Industry, 2016; 36:55–59.

3. Hu Dan, HOU Zhimin, TENG Wenjiang, Chen Yong. Development and application of a new movable

downhole throttle[J]. Oil Drilling and Production Technology, 2014; 36:123–125.

4. Wang Yifei, WANG Jing-Jian, Xu Yuan-Gang, et al. A new method for optimizing throttling parameters

of water-producing gas Wells[J]. Oil Drilling and Production Technology, 2015; 37:105–109.

5. Yibo Wu, Guanghui Yang, Bin Yang. Finite element analysis of sealing performance of downhole throt-

tles[J]. Mechanical Design and Manufacturing, 2018:183–185.

6. Jian Zhou. Optimization and application of downhole throttling process parameters in liquid producing

horizontal gas Wells[J]. Petroleum Machinery, 2018; 46:69–75.

7. Hang Yuan, Hongtao Gu, Jiaxin Li. Research and field application of downhole throttling technology of

shale gas well in Pingqiao South Block[J]. Reservoir evaluation and development, 2019; 9:83–88.

8. Ng H J,Chen C J,Saeterstad T. Hydrate formation and inhibition in gas condensate and hydrocarbon liq-

uid systems[J]. Fluid Phase Equilib., 1987, 36: 99.

9. Kotkoskie A U,Al—Ubaidi B,Wildeman T R,et al. Inhibition of gas hydrates in water—based drilling

muds[J]. Spe Drill. Eng., 1992, 7: 130.

10. Fan S,Zhang Y,Tian G,et al. Natural gas hydrate dissociation by presence of ethylene glycol[J]. Energy

Fuels,2006, 20: 324.

PLOS ONE Combined gas well hydrate prevention and control technology and Its application

PLOS ONE | https://doi.org/10.1371/journal.pone.0295356 December 7, 2023 14 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295356.s001
https://doi.org/10.1371/journal.pone.0295356


11. Dong F,Zang X,Fan S,et al. Experimental simulation on dissociation behavior of propane hydrate by

methanol glycol solution injection[J]. J. Petrochem. Univ., 2009, 3: 5411.

12. Wan L H,Yan K F,Li X S,et al. Molecular dynamics simulation of methane hydrate dissociation process

in the presence of thermodynamic inhibitor[J]. Acta Phys.—Chim. Sin., 2009, 25: 486.

13. Yagasaki T,Matsumotoa M,Tanaka H. Effects of thermodynamic inhibitors on the dissociation of meth-

ane hydrate: a molecular dynamics study[J]. Phys. Chem. Chem. Phys., 2015, 17: 32347.

14. Changyu Sun, Guangjin Chen, Tianmin GUO. Research status of hydrate nucleation dynamics[J]. Acta

Petrolei Sinica, 2001:82–86.

15. HASAN A R,KABIR C S. Wellbore heat-transfer modeling and applications[J]. Journal of Petroleum Sci-

ence and Engineering, 2012, 86–87:127–136.

16. WANG Zhiyuan, SUN Baojiang, WANG Xuerui, et al. Prediction of natural gas hydrate formation region

in wellbore during deep-water gas well testing[J]. Journal of Hydrodynamics, 2014, 26(4):568–576.

17. ZHANU Jianbo, WAND Zhiyuan, SUN Baojiang, et al. An integrated prediction model of hydrate block-

age formation in deepwater gas wells[J].International Journal of Heat and Mass Transfer, 2019,

140:187–202.

18. Chen Guangjin, MA Qinglan, GUO Tianmin. Establishment of hydrate model and its application in salt-

bearing system[J]. Acta Petrolei Sinica, 2000:64–70.

19. HASAN A R, KABIR C S, LIN Dongqing. Analytic wellbore temperature model Ior transient gaswell test-

ing[J]. SPE Reservoir Evaluation & Engineering, 2005, 8(3):240–247.

20. WANG Zhiyuan, TONG Shikun, WANG Chao, et al. Hydrate deposition prediction model for deep-

water gas wells under shut-in conditions[J]. Fuel, 2020, 275:117944. https://doi.org/10.1016/j.fuel.

2020.117944

21. Guoliang Zhang, Tao Chen. Fundamentals of chemical transfer processes [M]. 3rd edition. Beijing:

Shanghai Chemical Publishing House, 2009.

22. GOEL N, WIGGINS M,SHAH S. Analytical modeling of gas recovery from in situ hydrates dissociation

[J]. Journal of Petroleum Science and Engineering, 2001, 29(2):115–127. https://doi.org/10.1016/

S0920-4105(01)00094-8

23. Jin-hui Zhou, Yun Zhang, Zhi-yi XIONG, Jie Shang. Numerical simulation of throttling effect of coalbed

methane bottom throttle valve[J]. Journal of China University of Petroleum (Natural Science Edition),

2021; 45:144–151.

24. Song Zhong-hua, ZHANG Jin, SHEN Jian-Xin, DUAN Yu-ming, LIU Lan-ying. Research on hydrate

control technology in deep well exploitation in Tarim Oilfield. Science[J], Technology and Engineering,

2013; 13:10300–10303.

PLOS ONE Combined gas well hydrate prevention and control technology and Its application

PLOS ONE | https://doi.org/10.1371/journal.pone.0295356 December 7, 2023 15 / 15

https://doi.org/10.1016/j.fuel.2020.117944
https://doi.org/10.1016/j.fuel.2020.117944
https://doi.org/10.1016/S0920-4105(01)00094-8
https://doi.org/10.1016/S0920-4105(01)00094-8
https://doi.org/10.1371/journal.pone.0295356

