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a b s t r a c t

During the operational process of natural gas gathering and transmission pipelines, the formation of
hydrates is highly probable, leading to uncontrolled movement and aggregation of hydrates. The
continuous migration and accumulation of hydrates further contribute to the obstruction of natural gas
pipelines, resulting in production reduction, shutdowns, and pressure build-ups. Consequently, a cascade
of risks is prone to occur. To address this issue, this study focuses on the operational process of natural
gas gathering and transmission pipelines, where a comprehensive framework is established. This
framework includes theoretical models for pipeline temperature distribution, pipeline pressure distri-
bution, multiphase flow within the pipeline, hydrate blockage, and numerical solution methods. By
analyzing the influence of inlet temperature, inlet pressure, and terminal pressure on hydrate formation
within the pipeline, the sensitivity patterns of hydrate blockage risks are derived. The research indicates
that reducing inlet pressure and terminal pressure could lead to a decreased maximum hydrate for-
mation rate, potentially mitigating pipeline blockage during natural gas transportation. Furthermore, an
increase in inlet temperature and terminal pressure, and a decrease in inlet pressure, results in a
displacement of the most probable location for hydrate blockage towards the terminal station. However,
it is crucial to note that operating under low-pressure conditions significantly elevates energy con-
sumption within the gathering system, contradicting the operational goal of energy efficiency and
reduction of energy consumption. Consequently, for high-pressure gathering pipelines, measures such as
raising the inlet temperature or employing inhibitors, electrical heat tracing, and thermal insulation
should be adopted to prevent hydrate formation during natural gas transportation. Moreover, consid-
ering abnormal conditions such as gas well production and pipeline network shutdowns, which could
potentially trigger hydrate formation, the installation of methanol injection connectors remains neces-
sary to ensure production safety.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Compared to traditional energy sources such as coal and oil,
natural gas possesses several advantages, including a high com-
bustion heat value, minimal pollution, and low greenhouse gas
emissions (Hu et al., 2023; Yang et al., 2023b). With the rapid
economic growth driving an increased demand for energy, natural
gas has become a vital energy source for both households and
. Wei).

y Elsevier B.V. on behalf of KeAi Co
industries (Zhang et al., 2021). Natural gas transportation methods
encompass pipeline transmission, liquefied transportation, and
high-pressure cylinder packaging, with pipeline transmission being
the predominant mode. The safety of natural gas transportation
merits our attention. Due to varying fluid properties and complex
temperature and pressure fluctuations during the gas transmission
process, the formation of natural gas hydrates constitutes a sig-
nificant threat to the safe operation of gas transmission (Aijaz and
Fakhruldin, 2016; Chen et al., 2020; Abbasi and Hashim, 2022). As
early as 1934, American scientist first identified that natural gas
hydrates could lead to blockages in natural gas pipelines
(Hammerschmidt, 1934). The formation of hydrates within
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Natural gas gathering pipeline.
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pipelines can profoundly impact the gas transmission process. Even
a small amount of hydrate formation can narrow the gas flow path,
induce throttling, increase pressure differentials within the pipe-
line, thereby accelerating hydrate formation (Tang et al., 2020; Luo
et al., 2022). The accumulation of substantial hydrates can result in
blockages in pipeline valves and equipment, causing severe dam-
age, and potentially leading to serious pipeline accidents and hu-
man casualties (Sun et al., 2021; Wang et al., 2022). Hence, the
prevention and mitigation of hydrates in gas pipelines are espe-
cially crucial. Natural gas hydrates, also known as “flammable ice”,
are cage-like crystalline compounds formed by the interaction of
natural gas and water under low-temperature, high-pressure con-
ditions (Parsons, 2023; Misyura, 2022). During the natural gas
transportation process, the formation of hydrates can readily lead
to pipeline blockages, resulting in reduced production, shutdowns,
and pressure buildups. Consequently, there is an urgent need to
conduct research on the risk-sensitive patterns of hydrate block-
ages in gas transportation pipelines based on coupled temperature
and pressure calculations.

Currently, researchers have extensively investigated the
computation of gas pipelines. Freer et al. obtained kinetic param-
eters for methane hydrate formation through measurements,
revealing a proportional relationship between hydrate growth rate
and supercooling (Freer et al., 2001); Yang et al. discovered that the
unique environment of subsea natural gas reservoirs can also affect
the kinetics of hydrate formation(Yang et al., 2023a); Bergeron
et al., based on semi-batch stirred reactor experiments, proposed
alternative formulas for hydrate growth models(Bergeron and
Servio, 2009); Sonne and Pedersen simulated condensate gas
transportation pipelines and proposed that key factors for pipeline
hydrate formation include hydrate content, liquid holdup, and
liquid shear rate (Sonne and Pedersen, 2009); Kishimoto et al.
observed hydrate crystal growth and measured lateral hydrate film
growth rate (Kishimoto et al., 2011); Webb's experiments discov-
ered a rapid increase in viscosity during slurry hydrate for-
mation(Webb et al., 2012); Rao et al. studied the formation and
deposition process of hydrates on pipeline walls in a saturated
aqueous methane system(Rao et al., 2013); Joshi et al. proposed a
mechanism for gas hydrate blockage in a pure water system (Joshi
et al., 2013); Kvamme et al. analyzed the mechanism of hydrate
formation in natural gas transportation pipelines containing water
and impurities (Kvamme et al., 2016); Akhfash et al. observed the
formation, movement, growth, and deposition of hydrate particles
in a sapphire high-pressure vessel (Akhfash et al., 2016); Liu et al.
established a predictive model for hydrate plugging in deepwater
gas wells during testing and analyzed the sensitivity of key factors
affecting hydrate plugging(Liu et al., 2018a). These studies have laid
the foundation for conducting sensitivity analysis on the risk of
hydrate blockage in natural gas transportation pipelines.

Therefore, based on the previously summarized equilibrium
models of hydrates, a comprehensive theoretical framework has
been developed for the operation of natural gas gathering pipe-
lines. This framework encompasses the theory of pipeline tem-
perature distribution, pipeline pressure distribution, multiphase
flow, hydrate blockage, and numerical solution methods. The reli-
ability of the predictive methods was validated using data from
referenced gathering pipelines, and further research was con-
ducted into the effects of different inlet temperatures, inlet pres-
sures, and terminal pressures on hydrate formation within the
gathering pipelines. This analysis revealed the patterns of hydrate
blockage under varying conditions, as shown in Fig. 1, it is the
Natural gas gathering pipeline (Liu et al., 2018b). Solve complex
multiphase flow problems by using a coupled model, and solve
problems where it is difficult to obtain hydrate related parameters
(hydrate formation rate, blockage location, etc.). This provides a
2724
new perspective and method for the prevention and control of gas
hydrates in natural gas gathering and transportation.

2. Hydrate blockage prediction model

The distribution of temperature and pressure within gathering
pipelines, along with the equilibrium conditions of natural gas
hydrates, constitutes a key factor for predicting the risk of hydrate
formation. These equilibrium conditions are primarily influenced
by fluid composition, inhibitor type, and content. By incorporating
calculations of pipeline temperature, pressure, and hydrate equi-
librium conditions, a predictive method for hydrate formation
within gathering pipelines was established. During the natural gas
transmission process, a comparison between the internal pipeline
temperature, pressure, and hydrate equilibrium conditions reveals
that if the temperature at a certain point in the pipeline falls below
the hydrate equilibrium temperature and the pressure exceeds the
hydrate equilibrium pressure in the presence of water, it indicates
that the conditions for hydrate formation are met at that point. This
signifies the existence of a hydrate formation risk within the
pipeline (Wang et al., 2014). The difference between the fluid
temperature within the pipeline and the hydrate equilibrium
temperature is referred to as the hydrate formation supercooling
degree. The higher the supercooling degree under conditions
conducive to hydrate formation, the greater the risk of hydrate
formation.

To facilitate the study and considering practical scenarios, the
following assumptions are made for the hydrate blockage assess-
ment model within gathering pipelines:

(1) Assuming steady one-dimensional flow of compressible fluid
within the pipeline.

(2) The rate of hydrate formation on the pipeline wall's liquid
film is approximately equal to the rate of hydrate formation
on the liquid film.

(3) Given the nature of natural gas long-distance pipelines, the
hydrate induction period is very short, and ice formation is
neglected when the flow temperature approaches the
freezing point of water.

(4) During a relatively long stable period, external environ-
mental temperature parameters remain constant.
2.1. Multiphase flow model

At a distance of x from the starting point, select a fluid with a
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length of dz as control body, as shown in Fig. 2.
Hence, the multiphase flow equation for gathering pipelines is

given by

v

vt

�
rgagvg þ rlalvl þ rsasvs

�þ v

vz

�
Px þ rgagv

2
g þ rlalv

2
l þ rsasv

2
s

�

þ �
rgag þ rlal þ rsas

�
g sin q¼0

(1)

where, according to the theory of continuous medium, we have

ag þal þ as ¼ 1 (2)

In the equation above, rg, rl, and rs respectively represent the
densities of the gas phase medium, liquid phase medium, and solid
phase medium, measured in kg/m3; ag, al, and as denote the
holdup of the gas phase medium, liquid phase medium, and solid
phase medium within the pipeline, expressed as percentages and
dimensionless; vg, vl, and vs represent the velocities of the gas phase
medium, liquid phase medium, and solid phase mediumwithin the
pipeline, measured in m/s; Px signifies the pressure at any point
within the gathering pipeline, measured in Pa; g represents the
acceleration due to gravity, measured in m/s2; and q indicates the
inclination angle of the pipeline, measured in degrees, with q ¼ 0�

for a horizontal pipeline.

2.2. Pipeline temperature distribution model

Based on the principles of the law of energy conservation and
the fundamental heat conduction equation (Cai et al., 2018; Bykov
et al., 2022), a model for the distribution of temperature in the
pipeline has been developed. At a distance x from the starting point,
an infinitesimal section of the pipe is selected.Within a unit of time,
the heat lost from the medium within this pipe segment to the
surrounding soil is equal to the heat released by the medium, as
follows:

�McpdT ¼ KpDdxðT � TaÞ (3)
Fig. 2. Control volume.
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After separating the variables and performing integration, we
have

ðTx
T0

dT
T � Ta

¼ �
ðx
0

KpD
Mcp

dx (4)

The solution is obtained as follows:

Tx ¼ Ta þ ðT0 � TaÞe�ax (5)

wherein, we have

a ¼ KpD
Mcp

(6)

In the equation: M represents the mass flow rate of the medium,
measured in kg/s; cp represents the specific heat capacity of the
medium, expressed in J/(kg$K); dT stands for the temperature
change, indicated in K; K denotes the heat transfer coefficient,
given in W/(m2$K); D signifies the pipe diameter, measured in
meters; x represents the distance from the starting point to this
specific location, in meters; Tx, T0, and Ta respectively indicate the
temperature of the medium at a distance x from the starting point,
the temperature at the starting point, and the ambient soil tem-
perature, all measured in K.
2.3. Pipeline pressure distribution model

The pipeline pressure distribution model is established for
natural gas gathering and transportation processes (Jiang et al.,
2022). Assuming the flow within the pipeline is steady-state,
one-dimensional, compressible fluid flow, the pressure distribu-
tion is calculated using the Weymouth's formula, as follows:

Px ¼
h
P21 �

�
P21 � P22

� x
l

i0:5
(7)

In the initial segment of the gas pipeline, the pressure gradually
decreases along the length of the pipe, and as it approaches the end,
the pressure drop becomes more rapid. Therefore, within the gas
pipeline, the pressure does not change linearly. In the equation, P1
and P2 represent the starting pressure and ending pressure,
respectively, in Pa, and l represents the total length of the gathering
pipeline in meters.
2.4. Hydrate blockage model

From a dynamic perspective, the formation of hydrates involves
two processes: nucleation and growth. Nucleation marks the onset
of phase transition, where micro-sized hydrate crystals attempt to
reach critical dimensions. This is a stochastic micro-scale process,
imperceptible at the macroscopic level. Due to hydrate formation,
the solid phase content within the flowing system increases,
leading to heightened viscosity and flow resistance. Aggregation
among hydrate particles results in the formation of larger hydrate
agglomerates, further amplifying flow resistance and ultimately
leading to blockage. Refer to Fig. 3.

Subcooling refers to the difference between the equilibrium
temperature for hydrate formation at a given pressure and the
actual temperature. Induction time refers to the duration between
contact initiation of host and guest molecules to the formation of
hydrate nuclei. The induction time for natural gas hydrate forma-
tion in a flowing system is influenced by pressure and liquid flow
velocity. Hydrate nucleation and growth processes occur simulta-
neously, and subcooling can be expressed as



Fig. 3. Hydrate agglomeration and blockage process in pipelines.
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DTsub ¼ Teq � Tx (8)

In the natural gas gathering process, the deposition of hydrate
particles generated from liquid droplets onto pipe walls cannot be
ignored. Due to the presence of free water on the pipe wall, the
adhesion force between hydrate particles and the wall is greater
than that between hydrate particles. Research indicates that higher
flow velocities can also enhance gas disturbance, thereby inhibiting
hydrate formation and aggregation. The rate of hydrate formation
on the pipe wall liquid film is approximately equal to the rate of
hydrate formation on the liquid film. The rate of hydrate particle
deposition per unit length of pipeline is given by (Ren et al., 2019):

Rhd¼
2prfuk1Mh

Mg
exp

�
�k2
Tx

�
ðDTsubÞ (9)

where

Teq ¼10:088 ln Px þ 263:4832 (10)

Hydrate formation only occurs when equilibrium conditions are
met. During the process of hydrate deposition and continuous
growth on the pipe wall, the rate of pipe diameter reduction is
given by

�drf
dt

¼ Rhd
2prfrh

(11)

The thickness of the hydrate film is

dh ¼
ðt
0

uk1MhDTsub
rhMg

e�k2=Tf dt (12)

In the equation, DTsub and Teq respectively represent subcooling
and equilibrium temperature, in K; Rhd represents the rate of hy-
drate formation in submarine natural gas pipelines, in mol/s; rf
represents the effective diameter, in m; k1 represents the kinetic
2726
constant, dimensionless; k2 represents the activation temperature
for hydrate formation, in K; u represents the empirical coefficient,
dimensionless; and rh represents the density of hydrates, in kg/m3.

3. Model solving and validation

3.1. Model solving

In the preceding section, the model and equations for predicting
hydrate blockage were presented, some of which are nonlinear.
Parameters such as multiphase flow, temperature, pressure, hy-
drate formation, and deposition rates in the pipeline are interre-
lated and mutually influential. The pipeline can be discretized into
a finite number of nodes along its length. By simultaneously solving
the multiphase flow model, pipeline temperature distribution
model, pipeline pressure distribution model, and hydrate blockage
model, a coupled mathematical model is established and solved
using an iterative approach. This process identifies the region of
hydrate formation, enabling further investigation into the sensi-
tivity of relevant parameters. The node division and solving process
are illustrated in Fig. 4.

Additionally, based on actual conditions, the initial conditions
for the aforementioned model solving can be determined as
follows:

PxðlÞ¼ P2 (14)

The boundary conditions are

Pxð0Þ¼ P1 (15)

Txð0Þ¼ T1 (16)

In Fig. 4, PxðlÞ represents the terminal pressure at point l, in Pa;
wherein Pxð0Þ denotes the starting pressure of the gathering
pipeline, in Pa; and Txð0Þ represents the starting pressure of the
gathering pipeline, in K. The calculation sequence proceeds from



Fig. 4. Grid division of gathering pipeline.
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the starting point to the terminal point. Assuming that the pa-
rameters at node i within the pipeline are known conditions, the
calculation process from node i to (iþ 1) is illustrated in Fig. 5,
where z signifies the acceptable calculation error.
Fig. 5. Calculation flowchart for solving the hydrate blockage model in gathering
pipelines.
3.2. Model validation

Prior to conducting sensitivity analysis in this study, the pro-
posed theoretical assessment model and numerical simulation
calculations are validated by first performing computations and
comparisons using data from a terrestrial pipeline referenced in
this paper (Liu et al., 2018b). The pipeline has a length of 120 km, an
internal diameter of 0.7 m, a relative density of natural gas of 0.632,
with methane accounting for 85% composition, an initial pressure
of 3.5 MPa, and an initial temperature of 313.15 K. In the validation
of the model, the calculated daily gas production for this case is
180 � 104 m3, and the daily water production is 2.72 m3. An
ambient temperature of 263.15 K is considered, and a coupled
analysis of temperature and pressure fields within the gathering
pipeline, accounting for the effects of hydrate formation, is per-
formed for this terrestrial pipeline data. The results of the model
validation calculations are illustrated in Fig. 6:

For this terrestrial pipeline, a coupled analysis of temperature
and pressure fields was conducted to determine the equilibrium
temperature for hydrate formation, subsequently identifying the
region where hydrate formation occurs. The calculated terminal
temperature was 267.85 K, while the actual temperature stood at
264.02 K, resulting in a computation error of 1.45%. The hydrate
formation zone was determined to be between 71.72 km and
120.00 km, with the observed formation zone spanning from 68.91
to 120.00 km, leading to a calculation discrepancy of 4.07%. With
errors remaining below 5%, they fall within acceptable engineering
tolerances. The point of intersection between pipeline temperature
and hydrate equilibrium temperature designates the critical point
of hydrate formation. Evidently, this pipeline does exhibit hydrate
formation, aligning with practical gas well gathering phenomena.
The validation of the theoretical model and numerical simulation
2727
underscores their accuracy, affirming the high precision of the
hydrate formationmodel and calculation methodology proposed in
this paper for natural gas gathering pipelines.
4. Results and discussion

For the gas field gathering and transportation process, due to the
variable flow conditions within the pipelines and the complex
multiphase flow conditions involving certain hydrate-related pa-
rameters that cannot be obtained through experiments, the
developed solution based on the coupling of temperature and
pressure field calculations in the natural gas hydrate plugging
model effectively addresses this issue. By utilizing numerical
computation methods to solve the plugging assessment model and
leveraging data from a specific onshore gas field gathering and
transportation operation, multiphase pipeline flow numerical
simulations were conducted to calculate hydrate formation plug-
ging parameters for multiphase flowwithin the pipelines, followed
by a sensitivity analysis. Table 1 provides the fundamental domestic
natural gas transmission parameters and relevant calculation pa-
rameters used in the computation.

The length of the gathering and transportation pipeline is 10 km,
with an inner diameter of 700 mm. The average daily gas trans-
mission volume is 0.527 � 104 m3/d, and the average daily water
transmission volume is 2.725 m3/d. Building upon the



Fig. 6. Model validation outcomes.

Table 1
Basic transmission and calculation parameters.

Related parameters Value Related parameters Value

Pipeline length, km 10 Pipeline inclination, rad 0
Pipe inner diameter, m 0.70 Water density, kg$m�3 1010
Average gas transmission rate, 104 m3/d 0.527 Viscosity of water, Pa$s 1.01 � 10�6

Average water transmission rate, m3/d 2.725 Hydrate density, kg$m�3 980
Inlet pressure, MPa 5.26 Relative molecular weight of hydrates 176.21
Inlet temperature, K 280.15 Natural gas relative density 0.709
Ambient temperature, K 263.15 Kinetic constant 2.608 � 1016

Water cut 0.05% Activation temperature for hydrate formation, K 13600
Gas cut 99.95% Empirical coefficient 0.5

A.-Y. Zhang, M. Cai, N. Wei et al. Petroleum Science 21 (2024) 2723e2733
aforementioned natural gas hydrate plugging model within the
gathering and transportation pipeline, an analysis is conducted to
assess the impact of different inlet temperatures, inlet pressures,
and terminal pressures on the system dynamics (Amr et al., 2023;
Soroush and Abdollah, 2023; Liu et al., 2023). The sensitivity
analysis results are presented in Table 2, showcasing the varying
influences.
2728
4.1. Effect of inlet temperature

During the operation of the natural gas gathering and trans-
portation pipeline, under conditions of initial flow temperatures of
273.15, 280.15, and 287.15 K respectively, different temperature and
pressure distributions within the pipeline were obtained through
calculations for various inlet temperatures, as illustrated in Fig. 7.



Table 2
Sensitivity analysis table.

Number Inlet temperature, K Inlet pressure, MPa Terminal pressure, MPa

1 273.15 5.26 4.88
2 280.15
3 287.15
4 280.15 5.06
5 5.26
6 5.46
7 5.26 3.88
8 4.88
9 5.88

A.-Y. Zhang, M. Cai, N. Wei et al. Petroleum Science 21 (2024) 2723e2733
From Fig. 7, it can be observed that as the inlet temperature
increases from 273.15 to 287.15 K, the temperature at the terminal
station increases from 263.83 to 264.82 K. The total density de-
creases along the pipeline from the starting station to the terminal
station, with the rate of decrease diminishing progressively. The
Fig. 7. Trends under different in

2729
primary reasons for this are as follows: With an increase in inlet
temperature, the heat carried by the fluid within the gathering and
transportation pipeline increases, leading to an overall rise in
temperature along the pipeline. However, due to heat dissipation
effects, the flow temperature gradually decreases. If the pipeline
were infinitely extended, the flow temperaturewould tend towards
the ambient temperature, i.e., 263.15 K. The trend in flow temper-
ature change predominantly determines the variation trend of total
density.

In Fig. 7, when the inlet temperature is 273.15 K, hydrates are
generated throughout the entire pipeline section. When the inlet
temperature is 280.15 K, the range of hydrate formation narrows to
0.05e10.00 km, and with an inlet temperature of 287.15 K, the
range further narrows to 1.38e10.00 km. As the inlet temperature
increases from 273.15 to 287.15 K, the maximum hydrate formation
rate initially increases and then decreases, rising from
33.01 � 10�8 m3/h to 33.22 � 10�8 m3/h before decreasing to
32.74 � 10�8 m3/h. The most likely location for hydrate plugging
let temperature conditions.
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shifts from 0 to 1.57 km and then further to 2.88 km. Summarizing
the above analysis, in the course of the operation of the natural gas
gathering and transportation pipeline, higher inlet temperatures
will narrow the range of hydrate formation, reduce hydrate
supercooling after formation, and shift the most probable hydrate-
plugging location towards the terminal. Higher flow temperatures
contribute to ensuring the safety of hydrate prevention and control
during the transportation process.

4.2. Effect of inlet pressure

During the operational phase of the natural gas gathering and
transportation pipeline, different temperature and pressure distri-
butions within the pipeline under conditions of inlet pressures of
5.06, 5.26, and 5.46MPawere computed and are presented in Fig. 8.

From Fig. 8, it can be observed that as the inlet pressure in-
creases from 5.06 to 5.46 MPa, the total density increases along the
pipeline from the starting station to the terminal station. The rate of
Fig. 8. Trends under different

2730
increase, however, diminishes progressively from the starting sta-
tion to the terminal station. The primary reasons for this are as
follows: the trend in flow pressure change predominantly de-
termines the variation trend of total density. When the flow tem-
perature and flow pressure are the same, the total density is also
the same, as evident at the gathering terminal station indicated at a
pipe length of 10 km.

In Fig. 8, when the inlet pressure is 5.46 MPa, hydrates are
generated throughout the entire pipeline section. When the inlet
pressure is 5.26 MPa, the range of hydrate formation narrows to
0.05e10.00 km, and with an inlet pressure of 5.06 MPa, the range
further narrows to 0.13e10.00 km. As the inlet pressure decreases
from 5.46 to 5.06 MPa, the maximum hydrate formation rate
continuously decreases from 34.96 � 10�8 to 31.57 � 10�8 m3/h.
Themost likely location for hydrate plugging, after formation, shifts
from 1.45 to 1.67 km. Summarizing the above analysis, in the course
of the operation of the natural gas gathering and transportation
pipeline, lower inlet pressures will lead to a reduction in the
inlet pressure conditions.



Fig. 9. Trends under different terminal pressure conditions.
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maximum hydrate formation rate, a narrowing of the hydrate for-
mation range, and a shift in the most probable hydrate-plugging
location towards the terminal. Lower flow pressures contribute to
ensuring the safety of hydrate prevention and control during the
transportation process.
Table 3
Analysis of hydrate blockage risk in natural gas gathering process under different influen

Groups Influencing factors Maximum hydrate form

1 Inlet temperature 273.15 K 33.01
2 280.15 K 33.22
3 287.15 K 32.74
4 Inlet pressure 5.06 MPa 31.57
5 5.26 MPa 33.22
6 5.46 MPa 34.96
7 Terminal pressure 3.88 MPa 31.89
8 4.88 MPa 33.22
9 5.88 MPa 34.78

2731
4.3. Effect of terminal pressure

During the operation of the natural gas gathering and trans-
portation pipeline, different temperature and pressure distribu-
tions within the pipeline were computed under conditions of
cing factors.

ation rate, 10�8 m3/h The most likely location for hydrate blockage, km

0
1.57
2.88
1.67
1.57
1.45
1.54
1.57
1.58



A.-Y. Zhang, M. Cai, N. Wei et al. Petroleum Science 21 (2024) 2723e2733
terminal pressures of 3.88, 4.88, and 5.88 MPa, as depicted in Fig. 9.
From Fig. 9, it is evident that as the terminal pressure increases

from 3.88 to 5.88MPa, the total density increases along the pipeline
from the starting station to the terminal station, and the rate of
increase progressively rises from the starting station to the terminal
station. The primary reasons for this are as follows: the trend in
flow pressure change predominantly determines the variation
trend of total density. When the flow temperature and flow pres-
sure are the same, the total density is also the same, as evident at
the gathering starting station indicated at a pipe length of 0 km.

In Fig. 9, when the terminal pressure is 3.88, 4.88, or 5.88 MPa,
the range of hydrate formation extends from 0.05 to 10.00 km. As
the terminal pressure decreases from 5.88 to 3.88 MPa, the
maximum hydrate formation rate continuously decreases from
34.78 � 10�8 to 31.89 � 10�8 m3/h. The most likely location for
hydrate plugging, after formation, shifts from 1.58 to 1.54 km.
Summarizing the above analysis, higher terminal pressure con-
tributes to an increase in the overall density of natural gas, reduces
the hydrate formation range, decreases the rate of hydrate forma-
tion, and shifts the most likely blockage location towards the ter-
minal station. Conversely, lower terminal pressure would have the
opposite effects.

4.4. Risk analysis of different influencing factors

Based on the temperature and pressure variations under
different conditions of inlet temperature, inlet pressure, and ter-
minal pressure, combined with the hydrate phase equilibrium
conditions, the maximum hydrate formation rate that could
potentially lead to pipeline blockage and the most likely location of
hydrate blockage after formation during the operation of the nat-
ural gas gathering and transportation pipeline under different
influencing factors were obtained, as presented in Table 3. It can be
observed that as inlet pressure and terminal pressure decrease, the
maximum hydrate formation rate that could potentially lead to
pipeline blockage decreases. As inlet temperature increases and
terminal pressure decreases while inlet pressure decreases, the
most likely location of hydrate blockage after formation shifts to-
wards the terminal station. Under the given calculation conditions,
the maximum hydrate formation rate induced by the gathering
process reached 34.96 � 10�8 m3/h, and the farthest potential
blockage location reached 2.88 km.

From the comprehensive analysis above, it is evident that during
the operation of the natural gas gathering and transportation
pipeline, adjustments should be made to parameters such as inlet
temperature, inlet pressure, and terminal pressure. Adjusting the
inlet temperature is essential to prevent the excessive formation
and transportation of hydrates due to low fluid temperatures,
which could lead to safety risks related to blockages. Lowering inlet
pressure and terminal pressure helps mitigate threats to pipeline
operational safety; however, operating the gathering system at low
pressures significantly increases energy consumption, contra-
dicting the production goal of energy conservation and reduction.
Therefore, for high-pressure gathering pipelines, measures such as
higher inlet temperatures, hydrate inhibitors, electric trace heating,
and thermal insulation should be employed to prevent hydrate
formation during the natural gas gathering process. Additionally,
considering the possibility of hydrate formation during abnormal
operating conditions, such as well production and network shut-
downs, the use of methanol injection should still be considered to
ensure production safety.

5. Conclusion

Addressing the risk of hydrate blockage in natural gas gathering
2732
and transportation pipelines, this study establishes a theoretical
model for the temperature field and utilizes numerical computa-
tion methods. It analyzes the influence of different inlet tempera-
tures, inlet pressures, and terminal pressures, thereby revealing the
sensitivity patterns of hydrate blockage risk during the operation of
natural gas gathering and transportation pipelines.

Higher inlet temperatures lead to a reduction in the hydrate
formation range, decrease hydrate supercooling, and shift the most
likely hydrate blockage location towards the terminal end. Lower
inlet pressures decrease the maximum hydrate formation rate,
narrow the hydrate formation range, and shift the most probable
blockage location towards the terminal. Lower terminal pressures
reduce the maximum hydrate formation rate and shift the most
likely blockage location towards the starting end. Elevated flow
temperatures and reduced flow pressures contribute to ensuring
the prevention and control of hydrate-related risks during the
transportation process.

During the operation of natural gas gathering and trans-
portation pipelines, appropriate adjustments to inlet temperature
are necessary to prevent excessive hydrate formation and trans-
portation caused by low fluid temperatures, thus mitigating safety
risks associated with blockages. Reducing inlet pressure and ter-
minal pressure helps mitigate threats to pipeline operational safety.
However, operating the gathering system at low pressures signifi-
cantly increases energy consumption, conflicting with the pro-
duction goal of energy conservation and reduction. Therefore, for
high-pressure gathering pipelines, measures such as higher inlet
temperatures or the use of inhibitors, electric trace heating, and
thermal insulation should be implemented to prevent hydrate
formation during the natural gas gathering process. Additionally,
considering the potential formation of hydrates during abnormal
operating conditions such as well production and network shut-
downs, the use of methanol injection should still be considered to
ensure production safety.
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