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With the development of offshore oil and gas resources, hydrates pose a significant challenge to flow 
assurance. Hydrates can form, accumulate, and settle in pipelines, causing blockages, reducing trans-
port capacity, and leading to significant economic losses and fatalities. As oil and gas exploration 
moves deeper into the ocean, the issue of hydrate blockages has become more severe. It is essential 
to take adequate measures promptly to mitigate the hazards of hydrate blockages after they form. 
However, a prerequisite for effective mitigation is accurately detecting the location and amount of 
hydrate formation. This article summarizes the temperature–pressure, acoustic, electrical, instrumen-
tal–response, and flow characteristics of hydrate formation and blocking under various conditions. It 
also analyzes the principles, limitations, and applicability of various blockage detection methods, 
including acoustic, transient, and fiber-optic-based methods. Finally, it lists the results of field exper-
iments and commercially used products. Given their advantages of accuracy and a wide detection 
range, acoustic pulse reflectometry and transient-based methods are considered effective for detecting 
hydrate blockages in future underwater pipelines. Using strict backpressure warnings combined with 
accurate detection via acoustic pulse reflectometry or transient-based methods, efficient and timely 
diagnosis of hydrate blockages can be achieved. The use of a hydrate model combined with fiber 
optics could prove to be an effective method for detecting blockages in newly laid pipelines in the 
future.

© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). 
1. Introduction 

Natural gas hydrates (NGHs) are solid substances that typically 
form in low-temperature and high-pressure environments. They 
have been studied widely for their practical applications in seawa-
ter desalination, CO2 capture and storage, gas separation, energy 
storage, gas storage, and transportation. However, hydrates can 
hinder normal operations in oil and gas pipelines. With the gradual 
development of oil and gas exploration in deep-water areas, the 
depth and length of oil and gas gathering systems have increased, 
posing additional challenges [1,2]. As the transportation distance 
increases, the temperatures of the oil and gas in the pipeline
decrease, making them prone to hydrate formation [3,4]. Once
hydrates form in a pipeline, they increase flow resistance and
reduce transport capacity, complicating the operational efficiency
of the pipelines [5–7]. Deep-water oil and gas pipelines—particu-
larly those associated with large-scale engineering projects in
harsh environments—are exceedingly difficult to maintain and
overhaul. This complexity makes the timely and effective detection
of pipeline abnormalities a significant challenge. If hydrate block-
ages are not detected and removed promptly, they expand and
eventually block the pipeline completely, resulting in enormous
economic losses [8–10]. Compared to wax, asphalt, and scale prob-
lems, hydrate blockages are more severe and are one of the major
challenges in flow assurance, attracting widespread attention
[4,11,12].
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Inhibitors are commonly used to mitigate hydrate formation 
during industrial production [13–15]. However, thermodynamic 
inhibitors have issues such as high injection volume, salt precipi-
tation, and high viscosity, which hamper the flow [16,17].  Anti-
agglomerants also have problems, such as high cost, failure under 
high water content, and toxicity [18,19]. Currently, kinetic inhibi-
tors are primarily effective only for hydrates formed from single 
gases and tend to fail under conditions of high supercooling 
[20,21]. Another approach is to remove water from the oil and 
gas in advance to prevent hydrate formation. However, if the 
dehydration equipment malfunctions or unexpected weather 
conditions occur, the equipment may stop working and fail to 
achieve the desired results [22,23]. Therefore, hydrate blockage 
risks cannot be eliminated in engineering practice, and hydrates 
always form in pipelines, particularly during shutdown periods 
[24]. Once hydrates accumulate and form blockages in the pipe-
line, the pressure inside the pipeline increases significantly, 
which can result in shutdowns and substantial economic losses 
[25,26]. Improper handling can lead to accidents and even casu-
alties [27–31]. 

As pipeline blockages are difficult to avoid, they must be 
removed promptly to minimize losses [32]. Before doing so, 
accurate blockage information must be obtained to design tar-
geted blockage-removal plans [24,29]. Knowing the blockage 
locations allows precise measures to be taken and enables early 
resolution of blockages, thereby reducing economic losses. 
Timely determination of the number of blockages is also crucial 
for taking the correct measures to address hydrate blockages. 
Usually, in the early stages of blockage removal, depressuriza-
tion is used to promote hydrate decomposition. However, when 
multiple blockages exist, even if depressurization is conducted 
simultaneously from both sides, the high pressure between the 
blockages can cause them to move at high speed, possibly lead-
ing to pipeline ruptures and accidents [29,33]. Therefore, accu-
rately determining the number of blockages is critical for 
developing targeted solutions, improving blockage removal effi-
ciency, and preventing accidents and casualties. In conclusion, 
for safe and efficient blockage removal, obtaining specific pipe-
line blockage information is crucial, making research on block-
age detection imperative. 

At present, pipeline fault detection focuses mainly on leakage 
and corrosion, with less attention on blockage detection. The main 
studies on pipeline blockage detection are as follows. Yu et al. [34] 
analyzed the application of acoustic methods for detecting under-
ground pipeline leakages, blockages, and other faults. Che et al. 
[35] and Brunone et al. [36] investigated the application of tran-
sient methods to detect blockages, particularly partial blockages. 
However, their research focused primarily on specific detection 
methods. Datta and Sarkar [37], and Wong and McCann [38] pro-
vided comprehensive analyses of various pipeline fault-detection 
methods, pointing out the development direction of pipeline 
detection. However, all these works lacked targeted research on 
hydrate blockage detection. 

This paper summarizes the characteristics of hydrate formation 
and blockage, considering various detection methods—including 
acoustic, transient, and fiber-optic-based methods—and analyzing 
their principles and application scope. We also summarize some 
field detection experimental results and existing commercial prod-
ucts. Section 2 introduces the characteristics of hydrate formation 
and blockage. Section 3 describes different hydrate blockage detec-
tion methods, Section 4 presents the field applications of these 
methods, and Section 5 provides suggestions for the future devel-
opment of hydrate blockage detection methods. Fig. 1 illustrates 
the structure of this paper, highlighting the correspondence 
between Sections 2 and 3.
364
2. Hydrates’ physicochemical characterizations 

As shown in Fig. 2, hydrates are easily generated at low temper-
atures and high pressures in the presence of water—usually at 
pipeline valves, inclines, and low points—and can travel along the 
pipeline [39,40]. Hydrate particles will build up in the pipe contin-
uously, similar to wax/asphalt deposits, eventually causing block-
ages in the pipe [24,41]. The pipeline environment becomes 
particularly conducive to hydrate formation during shutdowns or 
restarts, when hydrates can form rapidly, potentially causing 
blockages within just a few hours to tens of hours [29,42].

Oil and gas pipelines are generally classified into oil-, gas-, and 
water-dominated systems, based on the transport medium’s 
liquid-holding rate, void ratio, and water content [43,44]. As shown 
in Fig. 3 [45], the hydrate-blocking mechanism and characteristics 
of the blockages differ in different systems.

In oil-based systems, most water exists as emulsified droplets, 
and hydrates grow at the interface between the droplets and the 
oil phase, continuously growing inside the droplets [46]. 
The hydrate particles gather under the action of the liquid bridge, 
the flow resistance increases, and the pressure drop of the pipe 
increases as the hydrate particles continue to gather, eventually 
forming blockages [47]. In the early blockage stage, the blockage 
contains free water and is loose; subsequently, annealing occurs, 
and the hydrate blockage becomes dense [29,48]. 

In water-dominated systems, most oil exists as emulsified oil 
droplets [49]. After hydrate generation, the flow rate decreases, 
leading to stratification of the oil–water mixture, and the hydrates 
become concentrated in the lower fluid layer, sharply reducing the 
fluid fluidity and causing blockages [46]. In the early stages of 
hydrate growth, oil droplets may be encapsulated by hydrates; 
subsequently, the droplets are extruded as the hydrates grow 
[50,51]. 

Hydrates in gas-dominated systems typically grow on pipe 
walls; thus, the pipe’s cross-sectional area is gradually reduced 
by the hydrate film, which further promotes downstream hydrate 
growth owing to the Joule–Thomson effect [52]. The hydrates in 
the pipeline flake off from the pipe wall because of the progres-
sively increasing flow shear and subsequently accumulate, block-
ing the pipeline [52]. Hydrates also form in the low-lying water 
pools of a pipeline and are transported with the pipeline, eventu-
ally blocking it [29]. 

In the early stages of a blockage, the inside of the blockage may 
not be entirely converted to hydrate because of the adhesion of the 
hydrate blocks to each other; thus, a free water or oil phase exists, 
and the porosity and permeability of the hydrate blockage is high 
[53]. If the location of the blockage is accurately obtained at this 
point and effective treatment measures are taken quickly, the 
hydrate blockage may be speedily removed. As the blocking time 
increases, the hydrate blockage may anneal; the porosity and per-
meability of the blockage then decrease and the blockage becomes 
more solid, making the subsequent removal process more compli-
cated [29,46]. Many researchers have explored the laws and char-
acterization of hydrate formation and blockage processes with the 
aim of being able to rapidly identify hydrate blockages. These char-
acterizations include temperature, pressure, acoustic signals, elec-
trical signals, and specific instrument response signals during 
hydrate formation and their impact on the pipeline flow. 

2.1. Thermodynamic characterization 

During hydrate formation, gas is consumed and heat is released, 
leading to a decrease in pressure and an increase in temperature in 
the system. Extensive research has been conducted on CH4 

hydrates [11]; however, in oil and gas pipelines, hydrocarbons
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Fig. 1. A detailed diagram of the structure of this paper.

Fig. 2. Schematic diagram of hydrate blockage in subsea oil and gas extraction and transmission pipelines.
(e.g., C2H6 and C3H8) are usually present in addition to CH4. Pure 
CH4 or pure C2H6 gas generates structure I (sI) hydrates. However, 
the cage shape of the hydrates generated from a mixture of hydro-
carbons may change, resulting in more relaxed phase equilibrium 
conditions and easier hydrate generation in the pipeline, as shown 
in Fig. 4.

The generation of CH4 hydrates is an exothermic process that 
can lead to changes in the local temperature. Therefore, accurately 
calculating heat changes correctly during hydrate generation and 
decomposition is essential for calculating the system temperature. 
The values of the enthalpy change of decomposition and the gener-
ation of hydrates are generally considered to be opposite [54,55]. 
The enthalpy change of hydrate decomposition can be measured 
using direct or indirect methods: Direct methods include calorime-
try, pressure drop, and differential scanning calorimetry (DSC), 
while indirect methods mainly utilize the Clapeyron equation or 
365
the Clausius–Clapeyron equation. Gupta et al. [56] used DSC to 
measure the heat of hydrate decomposition directly and noted that 
sI CH4 hydrates were insensitive to temperature changes under 
typical temperature and pressure conditions. Many researchers 
have measured the enthalpy of decomposition of sI CH4 hydrate 
into water and CH4 gas to be in the range of about 51.6–57.7 
kJ mol 1 [57–60]. However, when only 1% C2H6 and 99% CH4 were 
used to generate structure II (sII) hydrates, the enthalpy of decom-
position increased by approximately 30% [60]. Different hydrate 
cage types lead to great differences in hydrate decomposition 
enthalpies, producing large variations in temperature during 
hydrate generation and decomposition. In addition, the friction of 
the hydrate slurry against the pipe wall in a flow system may cause 
an increase in temperature. 

Thermal conductivity is a key parameter in the study of heat 
transfer characteristics, and changes in the thermal conductivity
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Fig. 3. Mechanism of hydrate blockage in pipelines under different systems. (a) Oil-dominated system; (b) water-dominated system; (c) gas-dominated system. Reproduced 
from Ref. [45] with permission.

Fig. 4. Phase equilibrium diagram of hydrates formed from a mixture of CH4 and 
light alkane gas (predicted by CSMGem software).
of a system after hydrate generation may prevent heat transfer.
Lingelem et al. [61] were the first to suggest that hydrates depos-
ited in pipes would reduce the heat flux at the wall. In subsequent
studies, Singh et al. [62], Na and Webb [63], and Nicholas et al. [64]
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also proposed that hydrate deposits exhibit a thermally insulating 
effect similar to that of wax deposits. Chong et al. [65] reported the 
thermal conductivities of the sI and sII hydrates. The thermal con-
ductivity of hydrate deposits in oil and gas transportation pipelines 
is much lower than that of the steel pipelines, so such deposits 
have an insulating effect [66]. 

Accurate measurements of hydrate thermal conductivity are 
required to study the insulating effect of hydrates. Transient hot-
wire and transient plane source techniques are commonly used to 
measure the thermal conductivity of hydrates. However, the porous 
nature of hydrate samples and their contact thermal resistancemay 
affect the results [67]. Zhang et al. [68,69] investigated the effect of 
hydrate deposits in dead legs (areas of a pipeline with little or no 
flow) and found that the hydrate thermal insulation effect influ-
enced the temperature distribution and increased the temperature 
inside the pipes. Song et al. [70] analyzed the thermal properties of 
hydrates in dead legs, calculated the effective thermal conductivity 
of hydrate deposits, and determined the thermal conductivity of 
pure hydrates. Kumar et al. [71] concluded that the thermal diffu-
sivity of a porous media system increased and then decreased with 
CH4 hydrate saturation. Li and Liang [72] considered that the effec-
tive thermal conductivity in a porous media system is primarily 
dependent on the morphology of the sediments. They found that 
hydrates bind sediment particles in environments with low water 
saturation, causing the thermal conductivity to increase with 
hydrate saturation, whereas the thermal conductivity changes little
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with hydrate saturation in an environment with high water 
saturation. 

2.2. Acoustical characterization 

Gas hydrates are solid substances with acoustic properties 
similar to those of ice. When water and gas form hydrates, the 
acoustic velocity in the system typically increases, as indicated 
by the two red curves in Fig. 5. Extensive research has been 
conducted on the velocity of gas hydrates in sedimentary materi-
als. Many researchers believe that NGHs in sediments can cement 
sediment particles. As the hydrate saturation increases, the 
medium’s compressibility decreases, increasing the velocity and 
amplitude of acoustic waves in the system [73]. 

Hu et al. [74] measured the acoustic velocities of NGHs during 
their formation and decomposition in porous media and found that 
the p- and s-wave velocities of the decomposition process were 
higher than those of the formation process at the same saturation 
level. Furthermore, when the saturation was lower than 10%, the p-
and s-wave velocities were insensitive to saturation changes. How-
ever, both velocities increased rapidly when the saturation 
exceeded 10%, particularly in the range below 30%. Bu et al. [75] 
also found that the wave velocity in sediments increased with 
hydrate saturation, noting that the p-wave velocity increased more 
slowly than the s-wave velocity. Moreover, Bu et al. [76] investi-
gated the acoustic responses during hydrate decomposition in sedi-
ments and found that both the p- and s-wave velocities decreased 
during the decomposition process as the hydrate saturation 
decreased. 

Prasad et al. [77] reported that the acoustic wave velocity 
increased with increasing tetrahydrofuran (THF) hydrate satura-
tion in sandy porous media. Specifically, when the hydrate satura-
tion increased 15%–40%, the velocity increased by approximately 
80%. Duchkov et al. [78] measured p- and s-wave propagation in 
sandy porous media and concluded that the velocity was linearly 
correlated with hydrate saturation. In contrast, Xing et al. [79] 
argued that the velocity in porous media did not increase linearly 
with gas hydrate saturation. During the initial stages of hydrate 
formation, the bonding between the hydrates and sand grains 
increases the contact area between the particles, enhancing the 
elastic modulus and leading to a rapid increase in velocity. How-
ever, hydrates begin to form in the pore fluid as the hydrate satu-
ration increases; they are suspended in the pore space and are not 
directly in contact with the sand grains as the increase in acoustic 
Fig. 5. Schematic representation of changes in temperature, pressure, resistivity, 
and acoustic velocity during hydrate generation, with the blue solid line repre-
senting pressure, the green solid line representing temperature, the yellow solid 
line representing resistivity, the red solid line representing s-wave velocity, and the 
red dashed line representing p-wave velocity. 
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velocity slows down. Bu et al. [76] concluded that the velocity of an 
acoustic wave with saturation varied unevenly during decomposi-
tion. In the early stage of decomposition, the hydrate in direct con-
tact with the sediment particles decomposed first, resulting in a 
rapid decrease in velocity. In the late stage of decomposition, the 
hydrate suspended in the pore space decomposed, and the 
decrease in velocity was smaller than that in the early stage of 
decomposition. 

Gimaltdinov et al. [80] studied the acoustic response during the 
formation of CH4 hydrates from gas bubbles in liquids. They found 
that the formation of hydrates strongly affected wave propagation 
at frequencies below 1 kHz, leading to a significant increase in 
wave attenuation by two orders of magnitude. They also observed 
that an increase in the initial gas content resulted in a decrease in 
the velocity and an increase in the reflection coefficient. Hu et al. 
[81] concluded that hydrates in the sediments of the South China 
Sea were initially suspended in the pore space during the initial 
stage of hydrate generation and then began to come into contact 
with the porous media framework as the saturation increased. 
Therefore, acoustic attenuation increased with saturation in the 
early stage of hydrate formation and decreased with saturation 
when the saturation was higher than 14%. Gubaidullin et al. [82] 
investigated wave propagation in a porous medium containing 
hydrate and found that increased hydrate saturation led to higher 
acoustic impedance in the medium. As a result, the wave propa-
gated without distortion, and the attenuation was reduced. In por-
ous media, an increase in the hydrate saturation usually increases 
the acoustic impedance of the medium, resulting in a more pro-
nounced difference between the acoustic impedance of the med-
ium and that of the gas phase, which is often used to detect the 
distribution of hydrates [83,84]. 

In various research systems, the formation of hydrates can 
affect the propagation characteristics of acoustic waves. Specifi-
cally, in pipeline transportation systems, the accumulation of 
hydrates significantly impacts acoustic wave propagation. Due to 
the difference in impedance between hydrate blockages and the 
surrounding oil and gas media, distinct reflection and refraction 
waves are generated at this interface. In addition, hydrate block-
ages deposited in the pipeline act as damping agents, weakening 
the energy of the acoustic waves and altering their propagation 
path, thereby affecting the acoustic characteristics of the system 
and leading to changes in the frequency response. The acoustic 
impedance mismatch and frequency response changes caused by 
hydrates are often utilized to detect hydrate blockages in pipelines. 

2.3. Electrical characterization 

Du Frane et al. [85] conducted the first electrical conductivity 
measurements of pure CH4 hydrates. The electrical conductivity 
of NGHs is typically approximately five orders of magnitude lower 
than that of seawater [86]; thus, NGHs are commonly regarded as 
electrical insulators. Sediments containing NGHs exhibit high 
resistivity, making them suitable for the geological exploration of 
hydrates [87,88]. Pearson et al. [89] investigated the impact of 
THF hydrates in sediments on the resistivity and found that the 
resistivity increased with increasing hydrate saturation. During 
hydrate formation, the resistivity increases by nearly two orders 
of magnitude. Lee et al. [90] suggested that the formation of THF 
hydrates affects the volume fraction of free water in sediments, 
thereby influencing the resistivity of the system. Buffett and 
Zatsepina [91,92] studied the electrical resistivity of sediments 
containing CO2 hydrates and found that the resistivity increased 
with saturation. Li et al. [93] conducted in situ measurements of 
resistivity variations in sedimentary systems, forming CH4 

hydrates with free gas and varying saline water concentrations. 
They found that the resistivity consistently increased with hydrate
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saturation. Spangenberg and Kulenkampff [94] measured changes 
in the resistivity of fully water-saturated glass bead samples as 
the saturation of CH4 hydrates increased. They found that, as the 
hydrate saturation increased, the resistivity increased significantly. 
When the saturation reached 95%, the resistivity was approxi-
mately 52 times higher than the initial value. Ren et al. [73] 
suggested that an increase in hydrate saturation depletes free 
water, leading to higher solution concentration and hence lower 
resistivity. However, hydrates acting as insulators may block the 
pore spaces of porous media, isolating the conductive solution 
and resulting in increased resistivity. 

The exothermic heat released during hydrate formation causes 
temperature fluctuations, affecting the migration of ions in the 
solution and consequently affecting resistivity. As the temperature 
increases, the migration rate of the ions also increases, resulting in 
a decrease in the resistivity [89,91,92]. As shown by the yellow 
curve in Fig. 5, the resistivity decreases as the temperature 
increases at initial hydrate generation; it then continues to 
increase with subsequent hydrate generation. Zhou et al. [95] mea-
sured temperature changes during CH4 hydrate formation and 
decomposition processes. They found that a higher hydrate satura-
tion corresponded to higher resistivity. Moreover, they emphasized 
that the impact of hydrate saturation variation on resistivity is 
greater than that of temperature and pressure changes. Li et al. 
[96] measured changes in electrical resistivity during hydrates’ 
nucleation, growth, and decomposition processes in porous media. 
During the nucleation of the NGHs, water was consumed, resulting 
in an increase in the salt concentration in the solution and a slight 
decrease in resistivity. As the hydrates grew, they isolated the salt 
solution in the system, leading to an increase in the resistivity with 
increasing saturation. During hydrate decomposition, the resistiv-
ity decreased and was slightly higher than the preformation value. 
These findings confirmed the potential use of resistivity measure-
ments to detect the nucleation and growth of NGHs. 

As shown in Fig. 6 [97], the dielectric constant of NGH differs 
significantly from those of water, natural gas, and crude oil. As a 
result, there is a significant change in the dielectric constant during 
NGH formation. Jakobsen et al. [98] and Jakobsen and Folgero [99] 
studied gas hydrate formation in oil–water emulsions using dielec-
tric constants. They found that the static dielectric constant and 
dielectric increment revealed information about the geometric 
Fig. 6. Typical complex permittivity spectra of gas, oil, water, ice, and gas hydrates. 
(a) Dielectric constant; (b) loss coefficients, where the loss coefficients for oil and 
gas are neglected. Reproduced from Ref. [97] with permission. 
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structure and evolution of the hydrates, while the relaxation time 
provided insights into the kinetics. Jakobsen et al. [98] and 
Jakobsen and Folgero [99] used dielectric spectroscopy to investi-
gate the formation kinetics of gas hydrates in water in oil emul-
sions. They also measured the formation of NGHs in the 
emulsion and observed a decrease in the relaxation time, static 
dielectric constant, and high-frequency dielectric constant. Hauka-
lid [100] suggested reducing the measurement frequency to 
achieve better results because the dielectric constant of hydrates 
exhibits significant changes within the kilohertz–megahertz range. 

2.4. Characterization of the instrument’s response 

X-ray computed tomography (CT), powder X-ray diffraction 
(PXRD), Raman spectroscopy, and nuclear magnetic resonance 
(NMR) spectroscopy are widely used tools in microscopic research 
and are employed in the field of NGHs. X-ray CT generates a series 
of grayscale images, where the grayscale values reflect the absorp-
tion of X-rays by the material and are typically closely related to 
the density. Hydrates usually have lower densities than water; 
therefore, the grayscale values of the CT images in hydrate studies 
change with hydrate formation. Segmentation techniques can then 
be used to obtain a 3D distribution of materials such as water, gas, 
oil, hydrate, and sand. Distinguishing gas hydrates from water in 
CT images is challenging because of their similar densities. Increas-
ing the density difference between the hydrates and solution can 
achieve a higher image resolution. Therefore, substances such as 
potassium iodide are often used to increase the density of the solu-
tion, and guest molecules such as argon or krypton are used to 
generate denser hydrates [101–103]. Recent advancements include 
the application of algorithms such as random forest and convolu-
tional neural networks for CT images [104,105]. In addition, syn-
chrotron X-ray CT can provide more accurate images [106,107], 
and such internal structure observations can not be obtained by 
two dimensional images [108]. 

PXRD is a widely used technique in microscopic research. When 
X-rays are directed into a crystal in a specific direction, the crystal 
acts as a diffraction grating. By analyzing the direction and inten-
sity of the diffracted X-rays, structural information can be obtained 
regarding the interior of the crystal. Raman spectroscopy has been 
used extensively to study the chemical bonding of guest and water 
molecules. It provides information on hydrate structure, composi-
tion, phase transitions, hydrate number, and occupancy rate [109– 
112]. NMR spectroscopy detects the absorption of electromagnetic 
waves by atomic nuclei in a magnetic field and offers insights into 
hydrate structure, composition, phase transitions, hydrate number, 
and occupancy rate in multicomponent NGHs [113–115]. 

Lu et al. [116] used 13 C NMR to characterize NGH samples 
recovered from the periphery of Cascadia and identified the pres-
ence of structure H (sH) hydrates, thus confirming their existence 
in nature. Zhang et al. [117] conducted an in situ investigation of 
NGHs in the South China Sea using Raman spectroscopy and found 
that the hydrate sediment exhibited more than a single structure. 
Meng et al. [118] studied the influence of different guest molecules 
on the microstructure of hydrates using PXRD. They found that the 
lattice constants of hydrates formed with single-component light 
alkane guest molecules correlated positively with the diameter of 
the guest molecules. In contrast, although hydrates formed with 
guest molecules containing oxygen atoms (e.g., CO2 and THF) also 
showed a correlation with molecular diameter, the relationship 
with lattice parameters was less pronounced. Due to the different 
environments provided by hydrate cages, the Raman and NMR sig-
nals shift when guest molecules enter the cages [119]. Generally, 
compared with the gas phase, CH4 molecules in hydrates exhibit 
shifts toward lower frequencies in Raman spectra [120] and 
toward lower fields in 13 C NMR spectra [121,122]. Although Raman
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spectroscopy is primarily utilized for the qualitative study of 
hydrates, it can also provide quantitative measurements of hydrate 
composition if the intensity is calibrated and all peaks are accu-
rately assigned [123]. The CH4 chemical shift in 13 C NMR spectra 
has structural specificity, and its intensity can be quantitatively 
measured, making it an effective tool for determining the occu-
pancy rate of cages during the formation of mixed gas hydrates 
[119]. 

Truong-Lam et al. [124] observed the formation and decompo-
sition processes of CH4 hydrates using Raman spectroscopy and 
found that the formation rate of small cages was faster than that 
of large cages in the initial stage of hydrate formation. In contrast, 
the collapse rate of large cages was higher than that of small cages 
in the late stage of hydrate decomposition. They also observed sig-
nificant changes in the Raman intensity of the OH-stretching band 
during hydrate formation and decomposition. Using Raman and 
13 C NMR spectroscopy, numerous studies have verified that CH4 

and C2H6 gas mixtures produce sII hydrates. The specific structure 
of the generated hydrates depends on the proportion of the mixed 
gases [121,125]. Uchida et al. [123] studied the crystal structures of 
hydrates formed from CH4 and C2H6 gas mixtures using Raman 
spectroscopy. They calculated the volume ratio of sI and sII 
hydrates based on the intensity ratio of the C–C stretching peaks, 
determining the occupancy rate of guest molecules in the hydrate 
cages using relative intensity ratios. In the structures of the sI and 
sII hydrates, C2H6 molecules solely occupied the large cages, while 
CH4 molecules occupied the remaining hydrate cages. The 
researchers also analyzed the structures of the hydrates formed 
from CH4,  C2H6,  C3H8, and i-C4H10 mixed gases using Raman spec-
troscopy and PXRD, and the occupancy rates of different guest 
molecules in the cages. Dec [126] studied the formation process 
of hydrates from CH4 and C2H6 gas mixtures using 13 C NMR 
spectroscopy and identified four distinct stages: simultaneous for-
mation of sI and sII hydrates; cessation of sI formation, accelerated 
generation of sII hydrates; commencement of sI decomposition, 
further acceleration of sII formation; and ultimate steady state. 
Truong-Lam et al. [127] characterized the hydrates formed from 
CH4 and C3H8 gas mixtures using Raman spectroscopy. Their 
results showed that small cages of sII hydrates formed more 
quickly than lager cages and that CH4 could occupy both large 
and small cages, whereas C3H8 could only occupy large cages. Dur-
ing hydrate decomposition, the CH4 molecules in the small cages 
decomposed faster than those in the large cages, whereas the 
C3H8 molecules in the large cages decomposed more slowly than 
the CH4 in large cages. Kumar et al. [119] characterized the 
hydrates produced by CH4,  C2H6, and C3H8 gas mixtures using 
PXRD, NMR, and Raman spectroscopy; the images are shown in
Fig. 7. The researchers determined the composition of the hydrates 
and the occupancy rate of the cages using PXRD and Raman spec-
troscopy, and validated the results by comparing them with NMR 
data.

2.5. Characterization of flow 

In flow systems, the generation and aggregation of hydrate 
particles can affect the flow. In particular, slurries with high 
hydrate volume fractions may exhibit complex rheological proper-
ties [128]. Understanding the flow characteristics of hydrate 
slurries is crucial for assuring flow in oil and gas pipelines. 

Shen et al. [66] reported that, in high water-cut systems, slur-
ries with small hydrate volume fractions exhibit properties similar 
to water and can be considered Newtonian fluids. However, 
numerous studies have shown that, in oil-dominated systems, 
slurry viscosity decreases with increasing shear rate, indicating 
that the slurry exhibits shear-thinning behavior [128–132]. This 
implies that restarting operations in pipelines containing hydrates 
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can be challenging once the production is halted [129]. Further-
more, this behavior intensifies with an increase in the volume frac-
tion of the hydrates [128,133]. It is generally believed that, in the 
early stages of hydrate formation, the slurry viscosity increases 
as the hydrate particles form and aggregate. However, as larger 
hydrate masses decompose or rearrange, the slurry viscosity 
decreases [130]. Hydrates have lower densities than water at the 
same temperature. Therefore, it is generally believed that the 
slurry density decreases as hydrates form. However, Shen et al. 
[66] reported that many bubbles were generated during the initial 
formation of hydrates. The hydrates formed from these bubbles 
either broke or continued to grow, resulting in considerable fluctu-
ations in the slurry density. Furthermore, the researchers observed 
that the higher the flow rate, the higher the density of the hydrate 
slurry. 

Wang et al. [134] studied the flow behavior of CH4 hydrate 
slurries and observed a significant change in the flow pressure 
drop when the hydrate volume fraction reached 30%–40%. Joshi 
et al. [135] conducted a study on the formation of hydrates in 
high-water-content systems and similarly found that the pressure 
drop increased rapidly only when the hydrate reached a certain 
concentration, as indicated by the yellow curve in Fig. 8. They 
divided the hydrate-formation process into three stages. In the first 
stage, the hydrates were evenly dispersed primarily in the water, 
and there was no significant change in the pressure drop; this cor-
responds to regions I and II in the figure. In the second stage, when 
the hydrate concentration reached a certain value, the system tran-
sitioned from a homogeneous suspension flow to a heterogeneous 
suspension flow, sharply increasing the pressure drop; this corre-
sponds to region III in the figure. In the third stage, gas primarily 
dominated the flow with low water content, resulting in a signifi-
cant pressure drop; this corresponds to region IV in the figure. 
Shen et al. [66] suggested that the flow was turbulent during the 
early stage of hydrate formation and the pressure drop remained 
relatively constant. When the volume fraction reached 15%, the 
flow transitioned from turbulent to laminar, decreasing the pres-
sure drop. Subsequently, the flow remained laminar, and the 
pressure drop rapidly increased with increasing volume fraction. 
In addition, the researchers observed that the pressure drop was 
greater at higher flow velocities. However, Yan et al. [131] and 
Tang et al. [136] argued that the pressure drop increased with 
the formation of hydrates during the early stage, as indicated by 
the green curve in Fig. 8. In addition, Yan et al. [131] observed a 
decrease in the flow velocity, followed by fluctuation and eventual 
stabilization of the pressure drop.

Hydrate particles greatly affect the slurry friction coefficient, 
Sinquin et al. [137] analyzed the effect of hydrate particle size on 
the slurry friction coefficient. For oil–water emulsion systems, 
the slurry’s friction coefficient increased with water content 
[138]. Shi et al. [139] investigated the generation of hydrates from 
oil–water emulsions and found that the formation of hydrates led 
to a sudden increase in pressure drop and that the coefficient of 
friction was proportional to the volume fraction of the hydrates. 
Rao et al. [41] noted that it is necessary to study the aggregation 
and distribution of hydrates to determine the pressure drop. Shi 
et al. [139] pointed out that high flow rates increase the particle 
suspension and reduce the collision of particles with the pipe wall, 
reducing the friction coefficient and pressure drop. Ding et al. [140] 
suggested that the agglomeration of hydrates leads to a dramatic 
increase in the pressure drop after a period of steady hydrate 
growth; when large hydrates are sheared into smaller pieces, the 
pressure drop decreases slightly, and the subsequent continuous 
deposition of hydrates leads to a smaller circulation area and an 
increase in the pressure drop. Aman et al. [141] stated that, in 
gas-dominant systems at low velocities, hydrates tend to be 
distributed unevenly in the pipeline, leading to localized
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Fig. 7. PXRD, Raman, and NMR images in a CH4,  C2H6, and C3H8 mixture system. (a) PXRD pattern of the hydrate sample; (b) Raman spectra of the hydrate sample in the C–C 
stretch region; (c) Raman spectra of the hydrate sample in the C–H stretch region; (d) 13 C magic-angle spinning (MAS) NMR spectrum. a.u.: arbitrary unit; ppm: parts per 
million. Reproduced from Ref. [119] with permission.

Fig. 8. Schematic diagram of hydrate volume fraction and pressure drop variation 
in the flow regime. The red solid line is the hydrate volume fraction, and the green, 
yellow, and blue solid lines are the pressure drop, with the green and yellow colors 
representing two different modes of pressure drop variation.
accumulation and potentially causing a significant friction pressure 
drop. Fu et al. [142] pointed out that, under turbulent flow condi-
tions, the collision between the hydrate particles in the slurry and 
the pipe wall is one of the main causes of the pressure drop. More-
over, the flow rate changes caused by the presence of hydrates—as 
well as their collisions and friction with the pipe walls—may lead 
to the generation of flow noise, which could potentially be used 
to detect hydrate blockages. 

The formation of hydrate particles in a pipeline can lead to 
changes in the flow patterns. Lv et al. [138] discovered that the 
Mandhane flow pattern map was ineffective in predicting the flow 
patterns of hydrate slurries, which confirmed that the formation of 
hydrates does affect the flow patterns. Joshi [143] was the first to 
observe that even small amounts of hydrates could induce flow 
regime transitions, promoting slug flow formation. Zerpa et al. 
[144] developed a flow model for hydrate-containing systems in 
pure water and found that hydrates could induce a transition from 
stratified to slug flow, agreeing with the experimental result of 
Joshi [143]. Ding et al. [145] highlighted that the presence of 
hydrates does indeed lead to changes in the flow regimes of 
hydrate slurries. They found that hydrates could cause a transition 
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from a stratified smooth flow to a slug flow or stratified wave flow 
at lower velocities. Hydrates can also induce a transition from slug 
and stratified wave flows to annular flow at lower gas velocities. In 
addition, hydrates make the transition from a slug flow to a bubble 
flow more likely. Liu et al. [146] pointed out that the presence of 
hydrates makes the flow regime in inclined pipelines more prone 
to transitioning into a slug flow, and that hydrates tend to accumu-
late at the transition sections between inclined and horizontal 
segments. 
3. Detection methods of hydrate blockage 

This section provides an overview of several commonly used 
methods for detecting hydrate blockages, based on the characteris-
tics of hydrate formation and blockages mentioned in the previous 
section, and lists in Table 1 the relationship between hydrate 
blockage detection methods and hydrate physicochemical charac-
terizations. These methods can assist professionals in promptly 
identifying and addressing hydrate blockage issues to prevent eco-
nomic losses.

3.1. Acoustic pulse reflectometry method 

A schematic of a typical acoustic pulse reflectometry method is 
shown in Fig. 9. When a small acoustic pulse encounters an impe-
dance mismatch, the signal is reflected, with part of the pulse 
propagating through the mismatch and the other part reflecting 
back to the acoustic source [147,148]. The reflection coefficient 
caused by the impedance change is represented as follows [149]:

R 
z1 z2 

2 

z1 z2 
2 1 

zi qici 2 

where R represents the reflection coefficient, represents the 
acoustic impedance (Pa s m 1 ), represents the density (kg m 3 ), 
and represents the velocity of the acoustic waves (m s 1 ), with i

zi 
qi 

ci 
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Table 1 
Relationship between hydrate blockage detection methods and hydrate physicochemical characterizations. 

Detection method Corresponding characterizations Brief description 

Acoustic pulse reflectometry Characterization of acoustics The impedance difference between hydrates and the surrounding transport medium 
affects the propagation of acoustic waves within the pipe 

Eigenfrequency shift Characterization of acoustics Hydrate deposits in the pipeline alter the system’s acoustic properties, resulting in 
changes in frequency response 

Vibration analysis Characterization of acoustics and flow Collisions and friction between hydrate particles and the pipeline wall, along with flow 
area changes due to hydrate deposition, cause vibrations 

Ultrasonic guided wave Characterization of acoustics Hydrate blockages change the pipeline’s acoustical mode, affecting the propagation of 
ultrasonic waves within the pipe walls 

Transient wave reflectometry Characterization of acoustics The impedance difference between hydrates and the surrounding transport medium 
affects the propagation of transient waves within the pipe 

Transient frequency response Characterization of acoustics Hydrate deposits in the pipeline alter the system’s acoustic properties, resulting in 
changes in its frequency response 

CCTV Characterization of acoustics and optics The interior of the pipeline is inspected using cameras or acoustic detectors carried by 
cables or robots 

Transmission-based Characterization of acoustics and the 
instrument’s response 

Blockage severity is detected mainly by the attenuation and time delay of incident 
sources such as gamma rays, X-rays, and ultrasonic waves due to hydrates 

Electrical Characterization of electrical properties Hydrate formation is monitored by utilizing differences in the conductivity and 
dielectric properties of hydrates 

Backpressure Characterization of flow Hydrate blockages cause pressure drops, with deviations from the baseline at current 
flow rates indicating the presence of a blockage 

Fiber optics Characterization of thermodynamics, 
acoustics, and flow 

Fiber optics are used to detect various parameters such as temperature, pressure, 
vibration, and strain within the pipeline to infer the presence of internal blockages
taken as either 1 or 2, representing the media on two sides of the
reflective interface, respectively.

When there is a significant difference in the acoustic impedance 
between the two sides, a larger acoustic reflection coefficient is 
generated, which is advantageous for accurate detection. In natural 
gas pipelines, the substantial density difference between the flow-
ing medium and the hydrate blockage creates a significant impe-
dance difference. However, in petroleum pipelines, the smaller 
density difference results in a lower reflection coefficient, poten-
tially affecting the detection distance and accuracy. Based on the 
principles of acoustic pulse reflectometry, Morgan and Crosse 
[150] successfully detected blockages in short pipes. Amir et al. 
[151] studied blockages in pipelines using this method and found 
that constriction of a flow cross-section results in positive reflec-
tion, whereas expansion results in negative reflection. By combin-
ing the propagation velocity of acoustic waves in the pipeline and 
the time of flight (TOF), information regarding the location of the 
blockage can be obtained. 

x 
c t 
2 

3 

where x represents the distance from the measurement point to the 
blockage (m), c represents the velocity of the acoustic wave in trans-
port medium (m s 1 ), and t represents the TOF between the mea-
surement point and the front edge of the blockage (s). The length 
of the blockage can also be determined using the equation above, 
where x represents the length of the blockage, and t represents 
the TOF between the front and back edges of the blockage. However, 
the latter only applies to cases of incomplete blockage. 

The key to determining the position is the velocity of the acous-
tic wave and the TOF, where c can be calculated based on the ideal 
gas equation for the acoustic velocity for natural gas pipelines. For 
petroleum pipelines, c is determined based on the bulk modulus 
and density. To achieve more accurate positioning, a precise esti-
mation of the acoustic velocity in the fluid is essential. Wang 
et al. [152] suggested calibrating the acoustic velocity by measur-
ing the TOF between two known points. An et al. [153] used resam-
pling algorithms to compensate for the detection signal drift 
caused by changes in the acoustic velocity. Duan et al. [154] 
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highlighted the importance of separating incident and reflected 
pulses in the time domain to accurately determine the value of t, 
which ensures sufficient distance between the acoustic wave 
transmitter, acquisition device, and obstacles. 

However, due to the complex structure of actual oil and gas 
pipelines, the transmission path of acoustic wave signals is intri-
cate, and the amplitude of acoustic waves decreases exponentially 
during transmission, rendering the signal vulnerable to external 
environmental noise interference. An et al. [155] discovered that 
blockages can be detected by adjusting the frequency content of 
acoustic waves and emitting linear frequency-modulated pulses 
into noise-polluted pipelines. Duan et al. [154] used a cross-
correlation method to measure the TOF and found that the TOF 
varies slightly with the pulse frequency, which is related to the 
interaction between pulse waves and blockages, as well as the 
thermal-viscous losses and wave frequency. When the number of 
acquired acoustic detection signal samples is limited, selecting 
effective signal denoising methods to obtain accurate characteris-
tic information from the acoustic signal is crucial for pipeline fault 
diagnosis [156]. During actual detection processes, the measured 
signals of pipeline blockages exhibit obvious nonlinearity and non-
stationarity, owing to the coupling effect between the incident and 
reflected waves [157,158]. 

3.2. Eigenfrequency shift method 

Hydrate blockages generate additional acoustic impedance, 
resulting in changes in the characteristic frequency of the pipeline 
[159]. Domis [160] studied the relationship between the character-
istic frequency and the location of the blockage. Wu and Fricke 
[161] utilized characteristic frequency shifts to detect blockages 
at the end of a pipeline and determined the presence of blockages 
by measuring the characteristic frequencies between any two adja-
cent points. In addition, the amplitude of the characteristic fre-
quency shift was used to determine the blockage ratio. 

Wu and Fricke [162] proposed using the Fourier transform to 
represent the characteristic frequency shift; this made it possible to 
determine the position and size of multiple blockages within a pipe-
line, with particular accuracy for small blockages. The researchers 
indicated that, because of the cutoff frequency of the pipeline in
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Fig. 9. Schematic diagram of a typical acoustic pulse reflectometry method and transient wave reflectometry method.

 

 

practical testing, only a limited number of characteristic frequencies 
couldbedetermined.Moreover, low-order characteristic frequencies 
are particularly important for blockage detection, and the absence of 
the first five characteristic frequencies made it impossible to recon-
struct a blockage area. De Salis andOldham [163] utilized broadband 
maximum-length sequencemeasurements toobtain the characteris-
tic frequency shift of a pipeline. This method was found to be less 
time-consuming than frequency sweep tests, and the researchers 
proposed a new formula for calculating the blockage area without 
knowing the length of the pipeline. They confirmed Wu and Fricke’s 
[162] finding that it was impossible to reconstruct blockages with a 
blockage ratio exceeding or approaching half, due to the limitations 
of the acquisition method. However, De Salis and Oldham [163] 
argued that low-order characteristic frequency shifts are unneces-
sary and that the minimum order frequency shift required depends 
on the blockage size. 

3.3. Vibration analysis method 

According to Bernoulli’s principle, when a hydrate blockage forms 
in a pipeline, the flow area decreases, causing the velocity to increase 
and the pressure to decrease during the initial blockage stage. Simi-
larly, in the late blockage stage, the fluid velocity decreases, and the 
pressure increases. The pipeline vibrates  owing  to  changes  in  the
flow velocity and pressure; thus, the blockage condition of the pipe-
line can be understood by measuring its vibrations. L ile et al.
[164,165] conducted simulations and experimental studies on the 
influence of blockages on circular pipe vibrations and found that 
the vibration intensity correlated with the size of the blockage. 

3.4. Ultrasonic guided wave method 

In the ultrasonic guided wave method, ultrasonic guided waves 
are excited by ultrasonic transducers and propagate along the pipe 
wall, carrying information about the pipeline. When the guided 
waves encounter blockages, reflected and transmitted signals are 
generated. In an unobstructed pipe, the basic torsional mode 
T(0,1) is the only torsional mode at low frequencies. However, 
when blockages are present, this mode becomes dispersed. 

Ma et al. [166] assumed that the pipe segment containing a 
blockage was a dual-layer pipe and located the blockage area by 
measuring the reflection in the T(0,1) mode. Simonetti and Cawley 
[167] pointed out that the cutoff frequency of a dual-layer pipe is 
related to the shear rate and thickness of the blockage. The blockage 
ratio was calculated by measuring the peak of the reflection coeffi-
cient spectrum to determine the cutoff frequency and combining it 
with the shear rate of the hydrates. In addition, it was found that 
the transmitted signal could be used for measurements. The block-
age ratio could be obtained by calculating the dispersion curve 
using the hydrates’ shear rate and blockage length and then fitting 
the dispersion curve to the redistributed spectrum [166,168].  Ma
et al. [168] found that incomplete bonding between the blockage 
and pipe affected the reflection coefficient spectrum, thus affecting 
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the calculation of the blockage ratio. When the thickness of the 
blockage varied along the axial direction, the intensity of the 
reflected signal decreased, whereas that of the transmitted signal 
increased. When the blockage was irregular, the signal became 
complex and could not accurately represent the blocked area. 
3.5. Transient wave reflectometry method 

The method based on transient waves introduces rapid flow 
disturbances into the pipeline by opening or closing valves and 
utilizes transient waves to identify anomalies. The transient 
wave method is also known as the transient pressure, water ham-
mer wave, hydraulic transient, fluid transient, and fast transient 
method [35,169]. Initially, this method was mainly applied in 
water pipe inspection. However, because of the similarities 
between certain fluid properties of water and oil/gas, the tran-
sient wave method was extended to the detection of oil/gas 
pipelines [170–173]. It is commonly believed that generating 
large pressure waves is necessary to detect faults, but this may 
cause damage to pipelines [169,174]. Recently, a method that 
uses small amplitude pressure test waves was proposed to 
address this issue [175]. 

When transientwaves propagate in both directions inside a pipe-
line, they encounter blockages and generate reflected and transmit-
ted signals. By collecting the pipeline’s pressure and wave velocity 
information and considering the pipeline structure, the position 
and length of the blockage can be calculated, enabling the rapid 
detectionofpipelineobstacles.Themonitoringrangeof the transient 
wave method is typically several kilometers, owing to the limited 
propagation distance of the characteristic waveforms [176,177]. 
Theemittedwaveformof thetransientwavemethodhasasignificant 
impact on the accuracy of the blockage detection. Lee et al. [178] 
studied the influenceof the transient signalbandwidthon the spatial 
resolution, accuracy, and range of fault detection. They found that 
different excitationmethods generated transient waveswith differ-
ent effective bandwidths, and the selection of suitable excitation 
methods must be based on the practical requirements. 

According to the processing methods used for the blockage sig-
nals, the transient wave method can be divided into the transient 
wave reflectometry and transient wave frequency response meth-
ods.Theprincipleof the transientwavereflectometrymethod is sim-
ilar to thatof theacousticpulse reflectometrymethod.Bothmethods 
introduce waves into the pipeline and analyze them using time-
domainmethods to obtain information related to blockages. Similar 
to theequationused for theacousticpulse reflectometrymethod, the 
blockage position can be obtained using the following formula:

x 
a t 
2 

4 

where a is the velocity of the transient wave in transport medium 
(m s 1 ). 

As shown in Fig. 10 [178], the reflected waves can be identified 
by comparing the actual measured signal with the signal without a
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blockage. Without the pipeline’s complete structural data, it may 
be difficult to determine the reflected waves or the resulting block-
age position and severity, leading to potential ambiguity. In addi-
tion, in practical applications, measurement signals are often 
subject to noise interference, which makes it difficult to determine 
the arrival time of transient waves [35]. To mitigate noise, multiple 
repeat experiments can be conducted, or techniques such as wave-
let analysis, cross-correlation, and pulse response functions can be 
used to assist in measuring the TOF [179–182]. 

For a single-blockage pipeline system, the larger the reflected 
wave amplitude, the larger the blockage area. Therefore, the block-
age area can be measured based on the relationship between the 
amplitudes of the reflected and incident waves. Tian et al. [183] 
directly used the ratio of the reflected wave to the incident wave 
to characterize the blockage area; however, their result had a large 
error. Meniconi et al. [175,184] and Adeleke et al. [185] proposed 
blockage area detection methods based on the water hammer the-
ory and acoustic principles, respectively. Chu et al. [186] proposed 
a transient wave attenuation model and accurately detected block-
ages using the dynamic pressure at three positions. Yu et al. [187] 
proposed an approximate scattering technique based on the Born 
approximation to reconstruct the blockage profile in pipelines; this 
method worked well for mild blockages. 

Transient waves in pipelines are affected by factors such as the 
steady-state friction, unsteady friction, viscoelasticity of the pipe 
wall, nonlinear effects, amplitude attenuation, and waveform dis-
tortion [35,188]. The transient wave attenuation model was usu-
ally considered for gas pipelines by considering nonlinear effects 
and viscous dissipation [188]. Adeleke et al. [185] pointed out that 
viscous dissipation does not affect the accuracy of blockage length 
and position prediction, but it significantly affects the accuracy of 
blockage severity prediction. 

3.6. Transient frequency response method 

Transient signals in pipelines exhibit hyperbolic curve charac-
teristics with periodic repetition, making them highly suitable for 
frequency domain analysis [189]. Stephens et al. [190] and Duan 
et al. [191] classified blockages into discrete and extended block-
ages based on the size of the blockage length relative to the total 
length of the pipeline. As shown in Fig. 11 [178], discrete blockages 
cause changes in the resonant frequency amplitude of a system but 
do not alter the resonant frequency itself [192,193]. In contrast, 
extended blockages simultaneously affect both the resonant fre-
quency and amplitude of the system [194–196].

Sattar et al. [193] reported that partial blockages led to decreased 
amplitudes at odd harmonic frequencies and increased amplitudes at 
even harmonic frequencies in the frequency response. Mohapatra 
et al. [192] studied single blockages in pipeline systems with 
Fig. 10. Illustration of the transient response of a single pipeline system in the time dom
in the time domain. Reproduced from Ref. [178] with permission. 
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branches and determined the approximate position of the blockage 
by analyzing the distribution of the peak pressure frequency spectra. 
The number of peaks or valleys was used to determine the blockage 
location,  and  the  average  value  of  the peak pressure represented the 
size of the blockage. Mohapatra and Chaudhry [197] further 
extended this approach to detect multiple blockages but could not 
determine the size of each blockage. Lee et al. [198] proposed an 
expression that utilized frequency domain information to locate 
and determine the size of blockages in simple pipeline systems, 
which was then extended to detect multiple blockages. 

Brunone et al. [199] reported that extended and discrete block-
ages have significantly different effects on a system’s frequency 
response, and the methods used for discrete blockages may not 
apply to extended blockages. Duan et al. [191] analyzed the influ-
ence of extended blockages on the resonant frequency of the sys-
tem and used a genetic algorithm to fit the frequency response 
to an analytical equation, thereby accurately determining the loca-
tion, length, and area of the extended blockage. Subsequently, 
Duan et al. [194] confirmed that this method could accurately 
describe the frequency shift caused by extended blockages and 
that the obtained blockage location and length provided more 
accurate information than the blockage area. Duan et al. [200] 
explained the frequency shift caused by extended blockages 
through wave perturbation analysis and simplified their proposed 
method using a first-order approximation, significantly improving 
the efficiency of blockage detection. 

Louati and Ghidaoui [201,202] and Louati et al. [203] pointed 
out that blockages in pipelines interact strongly with waves that 
satisfy the Bragg resonance condition. Duan et al. [204] stated that 
current transient-based frequency domain methods do not con-
sider the scattering effects of rough blockages on frequency shifts, 
resulting in significant errors in determining the length and area of 
rough or irregular blockages. Che et al. [205] investigated the tran-
sient response of nonuniform blockages and found that such block-
ages weakened the frequency shift of higher-harmonic frequencies. 
Che et al. [206] further analyzed the influence of exponentially 
nonuniform blockages on the resonant frequency shift of pipeline 
systems from an energy perspective. Meniconi et al. [195] pro-
posed a combined method that integrated transient wave reflec-
tometry and frequency response, in which time-domain methods 
were first used to detect and locate blockages, followed by fre-
quency domain methods to confirm the length and area of the 
blockages. This method improves detection accuracy and computa-
tional efficiency compared with a single method. 

3.7. Closed-circuit television (CCTV) method 

The CCTV method initially involved using CCTV cameras to 
record the internal condition of pipelines, followed by analysis to
ain, where s dimensionless time, and s a normalized perturbation in the head t i H i
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Fig. 11. Illustration of the transient response of a single pipeline system in the frequency domain, where is the dimensionless frequency, and is a normalized 
perturbation in the head of the frequency. Reproduced from Ref. [178] with permission.
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identify pipeline defects. Owing to the high level of expertise 
required for manual image recognition and its relatively low effi-
ciency, various defect-identification algorithms have been pro-
posed to improve the accuracy and efficiency of this method 
[207–210]. However, probes are often tethered or cabled for power 
and data transmission [211,212], which restricts their operational 
range. To overcome this limitation, battery-powered pipeline 
robots with wireless data transmission and positioning capabilities 
have been developed. In the oil and gas industry, the integration of 
CCTV with pigging tools has led to the development of ‘‘smart pigs” 
[213]—robots equipped with various detection devices, such as 
cameras and ultrasonic sensors, that can navigate pipelines of dif-
ferent shapes, covering distances of several miles [214]. In particu-
lar, Zhou et al. [215] designed an intelligent robot equipped with a 
brush to detect hydrate accumulation on the pipe wall and control 
the release of the plugging remover, enabling the accurate identi-
fication and removal of hydrate blockages. 

3.8. Transmission-based method 

In transmission-based method, penetrating projection sources 
(typically gamma rays, X-rays, and ultrasonic waves) are emitted 
radially along the exterior of the pipeline, and blockage information 
is obtained by measuring the relative attenuation [216,217] or arrival 
time of the radiation [218]. Gouveia et al. [219] successfully 
employed gamma rays to characterize substances in oil pipelines. 
Benson and Robins [220] utilized tomographic scanning techniques 
to perform multiple scans around oil pipelines, generated density 
images of the interior to determine hydrate blockage situations, 
and successfully located obstructions between floating production 
units and subsea manifolds in the ocean. Rao et al. [221] proposed 
the use of gamma rays for quick scanning to identify suspicious areas 
before employing photographic techniques to determine blockage 
situations. Cheng et al. [222] and Sharma et al. [223] obtained infor-
mation on pipeline blockages by measuring the transmission inten-
sity of rays. Salgado et al. [224], Alkabaa et al. [225],  and  Askari
et al. [226] combined ray detection with artificial neural networks 
to successfully detect pipeline blockages and demonstrated the feasi-
bility of this technique in multiphase transportation systems for oil, 
gas, and water. X-rays can also be used to scan blockages in oil pipeli-
nes, although they have relatively weaker penetration capabilities in 
comparison with gamma rays [227,228].  Harar  a [229] noted that this 
method can be applied to almost all types of blockages. However, due 
to the high radiation intensity, radiographic techniques require the 
evacuation of all personnel in the detection area to ensure their pro-
tection from radiation exposure [230]. Fig. 12 [230] shows the com-
parison of blockages in the pipe cross-section detected by simulated 
gamma radiography and the actual results.
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Ultrasonic testing is a widely used form of non-destructive test-
ing, though research on ultrasonic testing specifically focused on 
pipeline blockages remains relatively limited. Roslee et al. [231] 
demonstrated that interference from Lamb waves can be avoided 
by selecting the appropriate frequency, making ultrasonic waves 
effective for transmission detection in steel pipes. Piao et al. 
[232,233] successfully detected paraffin blockages in pipelines 
using a pair of ultrasonic sensors placed on opposite radial sides 
of the pipe; they asserted that this method was highly versatile 
and effective for various types of blockages. Li et al. [218] devel-
oped a portable ultrasonic profiling device for pipeline blockages. 
This device employs a focused ultrasonic transducer to measure 
the profile of hydrate blockages inside the pipeline and includes 
a rail system for continuous measurements. It was used to success-
fully reconstruct the cross-sectional area of hydrate blockages in a 
laboratory flow loop. 

3.9. Electrical method 

Electrical resistance tomography (ERT) and electrical capaci-
tance tomography (ECT) are two types of electrical tomography 
technologies that measure different electrical properties. Both 
technologies use electrode sensor arrays to assess electrical charac-
teristics inside pipelines, and both employ physical models and 
image-reconstruction algorithms to infer material distribution. 
ERT reconstructs images based on conductivity differences, using 
sensors that typically consist of metal probes that penetrate to 
the inner wall of the pipeline. In contrast, ECT utilizes differences 
in dielectric constants, with sensors generally consisting of metal 
plates attached to the pipeline’s outer wall. Due to their fast 
response times and minimal interference with normal pipeline 
operations, both ERT and ECT are widely used for measuring mul-
tiphase flow patterns in the oil and gas sector [234–238]. Recently, 
ERT has been employed to study hydrate deposits, offering insights 
into their distribution and temporal evolution [239–241]. Although 
research on hydrate detection using ECT is limited, the significant 
dielectric constant differences between hydrates and oil or gas 
indicate that ECT holds considerable potential for detecting 
hydrate blockages. 

Utilizing the significant differences in dielectric constant spec-
tra between hydrates, oil, gas, and water, researchers have used 
open-ended coaxial probes to monitor the dielectric constant near 
the pipeline wall [97]. Hydrate deposits as small as less than 1 mm 
were successfully detected using this method. Research has also 
been conducted on the use of this method to identify hydrate 
deposition in vertical dead-leg pipelines; the researchers success-
fully identified the initial stages of liquid water condensation and 
hydrate formation in water-saturated gas systems and estimated
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Fig. 12. A comparison between the simulated and real scale distribution of the cross-section of the pipe at the inspection spot. Reproduced from Ref. [230] with permission.
the porosity and humidity of the deposits [242]. It should be noted 
that this method is currently in the laboratory stage and requires 
further development and improvement. 

3.10. Backpressure method 

The backpressure method, also known as the friction loss 
method, involves conducting multi-rate tests under steady-state 
conditions to obtain a baseline curve of the pressure drop versus 
the flow rate. If the pipeline deviates from the baseline during 
operation, it is assumed there is a blockage or leakage in the pipe-
line. Scott and Satterwhite [243] and Scott and Yi [244] used the 
backpressure method to detect blockages in natural gas and oil 
pipelines and quantified the measurement errors in blockage 
severity. However, the backpressure method can only detect the 
severity of a blockage and cannot determine its specific location. 
To address this issue, Liu and Scott [245] combined the backpres-
sure method with the transient method. First, they used the back-
pressure method to detect the blocked area; then, they 
simultaneously closed the valves on both sides of the pipeline to 
generate transient disturbances and calculated the position of the 
blockage by measuring the average pressure difference along the 
flow stream. Regarding the impact of blockages, Yang et al. [246] 
studied the effect of blockages on the pressure drop in pipelines 
using computational fluid dynamics (CFD) and found that the 
blockage’s length and area significantly impacted the pressure 
drop, while the position of the blockage had a lesser effect. Ling 
et al. [247] developed a multi-rate testing method that can deter-
mine the location and size of blockages without requiring pressure 
data at the pipeline inlet and outlet. 

3.11. Fiber optics method 

Fibers can function as sensors by detecting external physical 
factors that affect the light transmitted through them [248]. 
Researchers are currently developing a range of fiber sensors based 
on fiber Bragg gratings (FBGs), Brillouin scattering, Raman scatter-
ing, Rayleigh scattering, the Sagnac effect, and Mach–Zehnder 
interferometry to measure pressure, temperature, heat flux, strain, 
and acoustic properties [249,250]. Optical fibers can provide infor-
mation on the variations in the temperature, pressure, and flow 
characteristics inside pipelines at different locations, thus aiding 
in the analysis of blockage situations. 

Fiber sensors have been widely applied in the oil and gas indus-
try [251]. Distributed fiber sensing technology enables pipeline 
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detection along the entire length of a fiber, reaching detection dis-
tances of tens of kilometers and up to 300 km using fiber amplifiers 
[248]. In addition, quasi-distributed FBG fiber sensors can be 
installed at reserved intervals along the fiber, thereby catering to 
precise positioning requirements for hydrate blockages and allow-
ing multiple FBG sensors to monitor pipelines spanning tens of 
kilometers on a single fiber [249,252]. 

4. Engineering applications of hydrate blockage detection 
methods 

Several teams have conducted onsite experiments to detect 
hydrate blockages and have introduced numerous commercial 
products for pipeline detection. For example, a team led by 
Papadopoulou from the University of Manchester in the United 
Kingdom used acoustic pulse reflectometry to detect defects in 
straight pipelines with a length exceeding 0.5 km under atmo-
spheric pressure [157]. Subsequently, they conducted multiple 
onsite experiments by injecting high-pressure pulse compression 
waves into pipelines [152]. Successful blockage detection was 
achieved under static conditions with lengths exceeding 1.5 km; 
industrial test pipelines including valves, bends, and pigging 
devices; small-diameter natural gas pipelines under flowing condi-
tions; and a 24 km-long offshore natural gas pipeline. The 
researchers found that the detection distance increased as the 
maximum operating pressure of the pipeline increased. Moreover, 
with an increase in the pipe diameter, the attenuation of the pulse 
compression waves decreased, resulting in a further expansion of 
the detection range. 

A team led by Meniconi from the University of Perugia in Italy 
used transient wave reflectometry to detect the status of a 
water-supply pipeline in Milan, Italy [253]. The main pipeline 
had a length of over 6 km and a diameter of 800 mm, including 
multiple branches. The researchers detected possible anomalies 
in the pipeline by generating transient waves through pump trips 
and comparing the results of wavelet transforms and numerical 
pulse response functions. They emphasized the need to increase 
the number of measurement sections to improve the accuracy of 
the diagnostic results. In addition, they used a laboratory-
improved portable pressure-wave generator to examine a water-
supply pipeline with a diameter of approximately 500 mm and a 
length of over 1.3 km, successfully locating a shorter branch pipe-
line [184]. Furthermore, a team led by Ferrante from the University 
of Perugia connected the detection device to a pipeline through a 
fire hydrant, accurately introducing transient pressure waves using
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brushless motors to control valves [254]. The arrival times and 
amplitudes of the transient waves were precisely identified using 
wavelet transform and cross-correlation analyses. 

A team led by Jiafei Zhao from Dalian University of Technology 
in China also conducted multiple onsite experiments. The 
researchers used electromagnetic valves to rapidly open and close 
a pipeline, releasing fluid to generate negative pressure waves. 
Blockage detection experiments were conducted in a 2.5 km, 
254 mm pipeline in Tianjin, with average positioning errors of 
0.29% and 0.65% for two blockages. 

Fiber optics are widely used in oil and gas production and trans-
portation. Blockage conditions can be determined by combining 
the characteristics of hydrate formation with temperature, pres-
sure, strain, flow, and acoustic signals obtained from optical fibers. 
Shell Global successfully identified wax blockages in oil wells by 
relating the noise from blockages to distributed acoustic sensing 
(DAS) data provided by oil producers [255]. The group indicated 
that this method was also applicable for detecting hydrate 
blockages. 

Recently, the Board of Radiation and Isotope Technology in 
India conducted onsite inspections of pipelines in a refinery using 
gamma scanners [221]. The researchers initially determined 
approximate positions using multiple scans and identified a suspi-
cious range of 3 m. After opening the pipe, they successfully 
located a stuck (PIG). 

Many companies offer mature commercial products and services 
for detecting pipeline blockages. For example, the method devel-
oped by Papadopoulou et al. [157] was commercialized by iNPIPE 
PRODUCTS. It can be used to monitor multiple blockage points in 
a 10 km pipeline, either for single blockage detection or long-
term online monitoring, with a positioning accuracy of ±2.5 m. 
Find-Block, developed by Paradigm Flow Services Ltd., locates full-
bore blockages using the transient method and has successfully 
identified a stuck PIG in a 92 km pipeline. The Tracerco Explorer 
is an external pipeline detection device deployed underwater using 
remotely operated vehicles (ROVs). It can move along a pipeline and 
obtain density profiles without removing the pipeline coating, 
thereby enabling quick screening of blockage positions. A full-
bore blockage was detected in a 150 mm diameter pipeline in the 
North Sea. The Tracerco Discovery is a pipeline CT scanner that pro-
vides detailed distributions of hydrate blockages via external scan-
ning. It has been successfully applied to a series of pipelines in the 
Arabian Gulf and the Gulf of Mexico. TSC Subsea’s ART vPush uti-
lizes resonance for external pipeline detection. Deployed by ROVs, 
it can run along the top of a pipeline and detect hydrates. It was 
used to conduct a 33-h scan of 12 km of a 20 mm diameter under-
water pipeline at a depth of 1.3 km near Angola, West Africa. 

Many pipeline robots have been widely used for pipeline defect 
detection. These robots can navigate through complex pipelines 
and cover distances of up to tens of meters. Schempf et al. 
[211,256] from Carnegie Mellon University developed the GRISLEE 
robot system, which utilizes coiled tubing for remote operation 
and can inspect over 600 m of pipeline per day without stopping 
pipeline transport. Schempf et al. [257,258] also developed the 
Explorer robot system—the first wireless robot deployed in under-
ground gas distribution pipelines. In multiple field trials, this robot 
successfully traversed several complex pipeline segments, covering 
over 900 linear meters in a single run. To address issues with the 
Explorer related to transmission and reception, illumination, and 
obstacle handling, the next-generation Explorer II was developed 
and successfully tested in the field [259]. ULC Technologies’ M1 
Live Gas Main Inspection Crawler System has been deployed at 
three locations in London’s medium-pressure pipeline network 
[260,261]. This system successfully inspected a 677-m large-
diameter gas pipeline with multiple bends while the pipeline 
remained under pressure, significantly reducing the need for exca-
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vation. ROSEN deployed a tethered self-propelled ultrasonic 
inspection tool from an offshore platform to inspect a 1.3-km 
unpiggable subsea flowline [262]. The tool precisely controlled 
the detector’s position and completed corrosion and deformation 
detection. Wellte’s Well Tractor 212 was successfully deployed to 
a horizontal oil well 6145 m away and transmitted data success-
fully [263]. Wang et al. [264] from Shanghai Jiao Tong University 
developed a new type of pipeline robot and conducted field tests 
on a 3.5 km beach sea oil pipeline at Shengli Oilfield in Shandong 
Province, China, achieving positioning accuracy that met the field 
requirements. Li et al. [265] developed a pipeline inspection robot 
for the standard pipelines of the China National Petroleum Corpo-
ration. In field tests, the robot operated continuously for approxi-
mately 31 h, covering about 70 km, and functioned normally at 
20 °C, successfully detecting defects as small as 0.4 mm in the 

pipeline. 
5. Future directions for hydrate detection 

The internal multiphase flow in subsea oil/gas pipelines is com-
plex, and the external environment is characterized by low temper-
atures and high pressures, making detection extremely challenging. 
Table 2 [97,147,148,151–155,157,159–168,170–172,175–178,183– 
189,191–198,200,204,205,207–210,213,214,216,218–229,231–246, 
248,249,251,252] provides a comprehensive analysis and summary 
of hydrate blockage detection techniques, covering aspects such as 
accuracy, application scenarios, impacts on pipelines. The analysis 
reveals that certain issues still require further research. The eigen-
frequency shift, vibration analysis, ultrasonic guided wave, and 
electrical methods are currently unsuitable for long-distance detec-
tion in subsea pipelines, and further research is needed to expand 
their detection range and application scenarios. In particular, ultra-
sonic guided wave technology presents challenges in subsea pipe-
line detection because acoustic waves easily propagate into the 
surrounding environment, affecting detection accuracy. Therefore, 
it is necessary to study the effects of the environment on wave 
propagation or to develop coatings that prevent ultrasonic leakage, 
ultimately improving detection accuracy.

Currently, most acoustic pulse reflectometry methods are con-
ducted in low-pressure environments. It is necessary to investigate 
acoustic wave propagation characteristics further and determine 
the maximum detection distance in high-pressure pipelines. 
Low-frequency acoustic waves can propagate over longer distances 
but have lower detection accuracy, whereas high-frequency acous-
tic waves offer higher detection accuracy but limited propagation 
distances. Algorithms must be designed to resolve the tradeoff 
between the detection distance and accuracy of acoustic waves. 
In addition, since the power of acoustic waves dictates their propa-
gation distance, developing high-power, pressure-resistant 
acoustic wave transmitters suitable for industrial applications is 
crucial. Methods such as the eigenfrequency frequency shift, 
transient wave reflectometry, and transient frequency response 
all present issues related to the detection distance, which requires 
high-power transmitters. 

Meanwhile, the impact of high power on pipeline operation as 
well as the attenuation and distortion of generated waves must 
need to be further investigated. The widely promising acoustic 
methods with broad prospects and transient-based methods both 
rely on having complete structural data for a pipeline. In complex 
pipeline networks, monitoring signals can be exceptionally com-
plex and must be combined with simulations to eliminate signals 
from the pipelines, thereby improving the detection efficiency. 

The ultrasonic guided wave method presents difficulties regard-
ing buried pipeline inspections, as acoustic waves propagate into 
the surrounding soil, affecting the detection accuracy. It is
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necessary to study the influence of the surrounding environment 
on guided wave propagation or to develop coatings to prevent 
ultrasonic leakage and improve detection accuracy. Vibration anal-
ysis methods that utilize acceleration sensors for localized pipeline 
vibration detection have a limited detection distance and can be 
complemented by fiber optics. Similarly, fiber optic detection can 
be integrated with pipeline flow and hydrate generation simula-
tions. Blockages can be predicted using distributed measurements 
obtained from fiber optics to train models. However, the main 
limitation of fiber optics is the need to pre-install fibers along 
the pipeline, which incurs high equipment and installation costs. 

Transmission-based methods are suitable for precise local 
inspections but are challenging for long-distance inspections. Like 
ultrasonic guided wave technology, ROVs can be used for seg-
mented inspection. As a traditional detection method, CCTV can 
be used with a smart PIG; however, accurate positioning methods 
must be developed to determine real-time positions. The backpres-
sure method can be used as an initial method to enable real-time 
monitoring. Other methods can be promptly activated for verifica-
tion when abnormal signals are detected. A combination of multi-
ple methods can be used to achieve real-time monitoring and 
timely and accurate diagnosis of pipeline blockages, reduce false 
alarm rates, and improve detection efficiency. 
6. Conclusions 

This article provided a comprehensive review of hydrate block-
age detection techniques in oil and gas pipelines, offering valuable 
insights for researchers and industry experts in pipeline flow 
assurance. The detection of hydrate blockages is critical, as the 
density of blockages increases over time, potentially leading to sev-
ere damage. Early detection and accurate diagnosis are essential to 
prevent operational disruptions. 

Various detection methods have been evaluated based on their 
principles, usage scenarios, and limitations. Acoustic pulse reflec-
tometry is effective for long-distance blockage detection in both 
onshore and subsea environments, although further research is 
needed to validate its performance under high-pressure condi-
tions. The eigenfrequency shift method, though useful for onshore 
pipelines, requires historical data for accurate results. Similarly, 
vibration analysis can be employed onshore but may benefit from 
integration with fiber optic technologies to enhance detection 
accuracy. 

Ultrasonic guided wave technology, which is suitable for 
onshore detection, could be adapted for subsea applications 
through integration with ROVs. Transient wave reflection and tran-
sient frequency response show promise for both onshore and sub-
sea pipelines due to their rapid response and high accuracy, but 
their application in gas pipelines remains under-researched. CCTV 
and transmission methods provide high accuracy for short-
distance inspections but are limited in detection range and 
cost-effectiveness, especially in subsea environments. Electrical 
methods are fast and accurate but are currently limited to onshore 
applications. The backpressure method, while inexpensive and 
responsive, lacks precise localization and is best suited for early 
warnings when combined with other methods. Fiber optics meth-
ods offer real-time, high-accuracy detection for both onshore and 
subsea pipelines but come with higher costs. 

For onshore pipelines, the methods discussed are generally 
applicable due to the easier access and less-severe operating con-
ditions onshore. For subsea pipelines, remote detection techniques 
such as acoustic pulse reflectometry and transient wave methods 
are recommended, as they enable blockage identification from 
platforms or onshore. Subsequent detailed inspections using ROVs 
with CCTV or transmission methods can further enhance precision.
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Future research should address the unique challenges posed by 
deep-water environments, which can affect the applicability and 
stability of detection methods. Field verification in these complex 
conditions is essential. The significant length of deep-water pipeli-
nes introduces challenges such as signal weakening, environmen-
tal interference, and the need for large-scale equipment 
deployment. Developing more robust detection methods that can 
overcome these obstacles is crucial. In addition, 2D and 3D cross-
section scanning technologies should be developed to more accu-
rately determine hydrate distribution in pipeline cross-sections, 
which would provide valuable technical support for the efficient 
removal of hydrate blockages. 

Further efforts should focus on improving detection accuracy, 
lowering detection thresholds, and enabling early identification 
of blockages at the initial stage of hydrate formation. This would 
support better monitoring and early warning systems. Moreover, 
integrating detection technologies to address multiple pipeline 
defects, such as plugging, corrosion, and leakage, is crucial for 
ensuring the safe and reliable operation of pipelines in challenging 
environments. 
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