
Citation: Yan, K.; Xu, D.; Wang, Q.;

Chu, J.; Zhu, S.; Zhao, J. Experimental

Investigation of Gas Transmission

Pipeline Blockage Detection Based on

Dynamic Pressure Method. Energies

2023, 16, 5620. https://doi.org/

10.3390/en16155620

Academic Editor: Paride Gullo

Received: 10 June 2023

Revised: 16 July 2023

Accepted: 24 July 2023

Published: 26 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Experimental Investigation of Gas Transmission Pipeline
Blockage Detection Based on Dynamic Pressure Method
Kele Yan 1,2,* , Dianqiang Xu 3,4, Qiong Wang 1,2, Jiawei Chu 3,4, Shengjie Zhu 1,2 and Jiafei Zhao 3,4

1 SINOPEC Research Institute of Safety Engineering Co., Ltd., Qingdao 266071, China;
wangq.qday@sinopec.com (Q.W.); zhusj.qday@sinopec.com (S.Z.)

2 State Key Laboratory of Safety and Control for Chemicals, Qingdao 266071, China
3 School of Energy and Power Engineering, Dalian University of Technology, Dalian 116024, China;

xudianqiang0612@mail.dlut.edu.cn (D.X.); chujiawei@dlut.edu.cn (J.C.); jfzhao@dlut.edu.cn (J.Z.)
4 Major Infrastructure Construction Technology Innovation Center, Ningbo Institute of Dalian University

of Technology, No. 26 Yucai Road, Jiangbei District, Ningbo 315016, China
* Correspondence: yankl.qday@sinopec.com

Abstract: The blockage of natural gas pipelines caused by solid deposits such as hydrates is one of
the major safety risks to transmission pipeline systems. The key to effective blockage relief or removal
is to determine the location and severity of the blockage. In recent years, the pressure pulse wave
method has been considered as a practical detection method due to its fast response time, simplicity of
operation, and extended detection distance. Nevertheless, the current implementation of this method
in pipelines indicates that the accuracy in detecting blockages is very low. To improve the accuracy of
the pressure wave blockage detection technique in our experiments, a series of experiments were
carried out to detect and locate hydrate blockages in natural gas pipelines based on the pressure wave
method using a separate pipeline system of 22 mm diameter and 106 m length. The experimental
results show that the accuracy of the blockage location prediction based on the pressure pulse wave
method is within 5%. Still, the blockage’s cross-sectional shape can significantly affect the intensity of
the reflected wave, with a maximum prediction error of 35%.

Keywords: pressure pulse wave; blockage in pipelines; blockage detection; blockage rate; oil and
gas transportation

1. Introduction

The main safety risk to gas pipeline systems is caused by blockages in pipelines caused
by solid deposits such as hydrates [1,2]. In addition, most of the pipeline exists under
high-pressure and low-temperature conditions, which can easily lead to the formation
of solid depositions such as hydrates [3,4]. The continuous accumulation of the hydrate
solid deposition may lead to fire explosion, pollution, or other ecocatastrophes if not
removed in time [5]. Determining the pipeline blockage information is the focal point
to solving the blockage efficiently. At present, several investigations into most suitable
method for detecting gas pipe blockages have been carried out in the literature. Application
of back pressure technique to roughly predict blockages was proposed by Scott et al.,
and they attempted to quantify the deviation by introducing blockage coefficients for
“rough” and “smooth” pipes based on the definition of pipe friction coefficients, but it
does not provide accurate predictions [6]. Mazzotti et al. conducted a simulation using
back pressure and flow rate, and by minimizing the function that represents the difference
between the measured data in the field and the numerical simulation data through a
genetic algorithm, blockages can be identified [7]. However, the positioning error is above
5%. This is too large an error relative to other methods. Koyama et al. applied acoustic
technology to blockage detection [8], experimenting only in a 4.113 m pipe. The method is
specifically to detect the response acoustic signal of the acoustic pulse signal generated by
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the acoustic pulse wave transmitter in the pipeline through the acoustic sensors arranged
on the pipeline and to detect whether there is any blockage and leakage in the pipeline
by comparing the difference between the measured response signal and the normal signal
in the pipeline under the absence of any abnormal conditions. Signal immunity and
propagation ability are the main limits to the use of this method. Pratap et al. based
the idea of differential damping rates (high sediment locations attenuate sound waves
at a higher rate than low sediment duct locations) for tracheal blockage detection [9].
However, due to the dispersion effect of acoustic waves, it is difficult to perform blockage
detection in long-distance transmission pipelines via acoustic detection. A methodology
for simulating the identification of blockages in pipe networks using acoustic finite element
modal analysis is presented by Bello et al. [10]. This was accomplished by starting with
the analysis of a straight fluid-filled pipe without any defects and calculating the intrinsic
frequencies of the acoustic modes of the fluid in the pipe. Subsequently, different degrees
of blockage are introduced at different locations along the length of the pipe, and the
corresponding intrinsic frequencies of the acoustic modes of the fluid in the pipe are
calculated again by using finite element techniques; finally, based on the above results, the
modal characteristics of a partially blocked pipe are established and compared with the
simulation results of a fluid-filled pipe without any defects in order to identify the location
and size of the defects. However, the method requires historical acoustic modal data of the
pipe, and for actual pipes, the method is not well-applicable to in-service pipes because
different pipes have different intrinsic properties of their own; therefore, the measured
data of a newly cast pipe cannot be used to replace the properties of an in-service pipe.
Some scholars have proposed a frequency domain response method for the detection of
blockages in transmission pipelines, using frequency domain analysis of pressure signals in
the pipeline to locate blockages. The resultant analysis can detect the location by the mode
and the number of peaks in the peak pressure frequency response, and the size of the local
blockage can be determined via the average peak pressure fluctuation. However, due to
the difference in physical properties between liquids and gases, there are currently no gas
pipeline inspection experiments for this method [11–13]. Pipeline leak detection based on
transient reflection method using leakage induced reflection information was undertaken
by Zhang et al., but it is currently only used in the numerical simulation stage [14]. At
the same time, the frequency response method and the transient damping method need to
inject a number of continuous pressure waves into the pipeline, which has a certain impact
on the stable operation of the pipeline.

At present, the pressure wave method is considered as an early local blockage detection
method with practical value because of its advantages of fast response, less invasiveness,
economy, and high precision [15–18]. The method involves injecting pressure pulses into
pipes. When there is any sudden change in the cross-sectional of the pipeline—for example,
blockage, branch pipe, or valve—the pressure incident wave will be partially reflected and
transmitted at the interface of these characteristics. Meanwhile, sensors installed along the
pipeline are used to detect signal changes when pressure waves propagate in the pipeline.
Afterwards, the blocking position and area are calculated according to the time difference
and amplitude difference between incident wave and reflected wave. Adewumi et al.
put forward a model to describe the propagation of pressure waves through blocked gas
pipelines [19]. The specific approach is to use a one-dimensional isothermal non-component
single-phase Eulerian model to describe the propagation of pressure pulse waves in multi-
clogged pipes, and at the same time, the inlet pressure changes caused by the propagation
transient reflections are monitored and analyzed, and the detection of multi-point blockages
in the pipe is achieved on this basis. In addition, numerical simulations were carried out to
demonstrate the feasibility of this method. Adeleke et al. introduced gas viscosity effects
into the mathematical model proposed by Adewumi for optimization. The numerical
calculation results show that the method has high calculation accuracy because it relies on
less simplification, but similarly, due to the high computational complexity, there are the
same problems of increased computation and unguaranteed accuracy in the actual pipeline.
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No experimental verification has been carried out [20]. Stewart et al. proposed a method for
detecting pipeline blockages using pressure waves by using a rapidly opening and closing
the valve to generate pressure waves and connecting a high-speed data recording and
acquisition device to the pipeline to record the pressure waves propagating and reflecting
along the pipeline. Experimental studies and case studies have shown that this method
enables various types of blockage detection in real pipelines and can be used for both
flowing and non-flowing pipelines in all fluids, both onshore and offshore. It provides
a basis for blockage detection experiments using the pressure pulse wave method [21].
However, the experimental data of this research are not enough; the lack of complex
conditions of pressure wave propagation characteristics in the research and the different
types of blockages are more in line with the actual situation of pressure wave reflection law
research. A series of experimental studies were carried out in order to test the feasibility of
the pressure wave method in gas pipe blockage detection and to improve the accuracy of
the pulse pressure wave in detecting the location and percentage of blockage.

In this study, A number of experiments were carried out with an experimental pipe
diameter of 22 mm and a length of 106 m. The results prove the feasibility of using pressure
waves to accurately detect blockage information.

2. Materials and Methods

In order to carry out experimental research on the detection of natural gas pipeline
blockage via the pressure wave method, we established an experimental apparatus.

The gas injection system, pressure wave generator, main pipeline section, partially
blocked pipeline section, and data acquisition systems make up the six components of
this experimental system, as shown in Figure 1. The gas booster system consists of an
air compressor that pressurizes the air and injects it into the experimental system. The
pressure wave generator comprises a fast-acting valve that causes a short-term leak by
opening and closing the valve to generate a pulsating negative pressure wave. The main
pipeline section consists of 106 m of PPR pipe with a diameter of 22 mm. Since hydrate
generation in pipes has two main characteristics, namely, film growth on the pipe wall and
deposition of hydrate particles formed in entrained droplets [3], metal rings of different
diameters and gate valves were chosen as partially blocked pipeline sections to simulate
hydrate blockage. The data acquisition system consists of a dynamic pressure transducer
for transient dynamic pressure signals and a static pressure transducer for static pressure
signals. The pipe outlet is connected to air and is limited by the shut-off valve. The wave
signal of every sensor was displayed simultaneously in LabVIEW ® (a data acquisition
program). A gate valve and a pressure-reducing valve are present at the front of the pipeline
in Figure 1. The purpose of the pressure-reducing valve is to control the injection pressure
of the air compressor to prevent damage caused by excessive pressure injection into the
pipeline. The function of the gate valve is to close completely when the air injection is
finished as a blind pipe to eliminate the interference of the air compressor section to the
pulse pressure wave signal. The gate valve at the end of the pipeline is mainly used as a
safeguard to prevent the safety hazard caused by the rapid discharge of gas in the pipeline
in case of solenoid valve failure.

Before the blockage detection experiment, partial blockage section is replaced and
installed. First, according to the experimental needs, the type, installation position, and
blockage degree of the blockage module are selected, and the appropriate pipeline or
valve is installed at its appropriate position to simulate the blockage. Lastly, we inject
the air into the main pipeline and add a certain pressure to check the tightness of the
pipeline. After testing, we close the gate valve and solenoid valve at the outlet and open
the pressure-reducing valve and gate valve at the inlet for gas injection. When the pipeline
pressure reaches the experimental pressure, we close the pressure-reducing valve, start the
data measurement, and turn on the acquisition unit. Then, the pressure wave is generated
by opening the quick-open valve. The pressure wave propagates continuously along the
pipeline until the amplitude attenuates such that is becomes difficult to identify, and the
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experiment is completed. For a more detailed introduction of the experimental system and
experimental steps, see the previous relevant research of the author [22,23].
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3. Results
3.1. Theory and Calculation

To carry out experimental research on the detection of natural gas pipeline blockage
via the pressure wave method, a number of investigations were carried out on the facilities
shown in Figure 1.

First, the blockage was simulated by installing metal rings of different sizes on a
partial blockage section at a distance of 76.7 m from the dynamic pressure sensor. A total
of nine sets of blockage detection experiments were conducted, in which the blockage
percentage (ratio of blockage cross-section to pipe cross-section) ranged from 19.9% to
86.2%, and the simulated blockage shapes are shown in Figure 2. Each group of detection
experiments was repeated several times to ensure the re-test reliability of the detection
results. The variation of the pulse pressure wave signal pressure with time in one of the
detection experiments is shown in Figure 3. According to the pressure wave propagation
characteristics, it is known that the first wave is an incident wave, the second wave is
a reflected wave caused by blockage, and the third wave is a reflected wave caused by
pipeline inlet in the dynamic pressure signal. When the blockage percentage is high (96.9%),
the reflectivity of the incident wave is also high, so the reflected wave signal is strong,
while the transmitted wave signal passing through the blockage section is weak. Due to
the high reflectivity of the blockage section, only part of the inlet reflected wave penetrates.
Therefore, the reflected wave signal caused by the subsequent pipe inlet monitored by
the dynamic pressure sensor is difficult to distinguish in Figure 3a. When the blockage
percentage further decreases, the reflectivity of the blocked section decreases and the
penetration rate increases. Therefore, the reflected wave amplitude caused by blockage
decreases, and the reflected wave amplitude caused by pipeline inlet increases rapidly. This
phenomenon is very obvious in Figure 3b–i. The waves reflected by the blockage can be
observed in the range of 26.9% to 86.2% of the blockage percentage. When the blockage
percentage drops below 36.8%, the reflected wave caused by blockage attenuates to a small
extent. In addition, the distance between the blocked section and the pipeline inlet is short.
The blocked reflected wave is submerged in the reflected wave caused by the pipeline inlet,
which makes it difficult to distinguish the blocked reflected wave.
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The nine tests were conducted in the 8-to-8.5 bar static pressure range. The exper-
imental temperatures are about 20 ◦C. Based on the data measured in the experiment,
the incident wave time (t1) and the reflected wave time (t2) caused by the pipe inlet are
calculated. The length of the experimental pipe (l) is 106m. Due to the short experimental
time, there is no obvious change in the pressure and temperature in the pipe. It is therefore
possible to ignore changes in wave speed caused by the change of external conditions and
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regard the pressure wave propagation as an average velocity process. The wave velocity
(u) is calculated as follows:

u =
2l

t2 − t1
(1)

According to the wave velocity (u) and the reflected wave time (t3) caused by blockage,
which is the time for the pulsed pressure wave to propagate from the sensor to the blockage
section and then to be reflected back to the sensor, the predicted position (χ) of partial
blocked sections is calculated as follows:

x =
u•(t3 − t1)

2
(2)

Since the experimental gas is compressed air, the dynamic viscosity (µ) of the gas is
obtained. According to the amplitude (∆P) and width (lp) of the pressure wave emitted
from the experiment and the inner diameter (d) of the experimental pipe, the gas velocity of
the pressure wave and the friction coefficient (λ) of the gas flow in the pipe are calculated
as follows:

ux =
∆p

32µlp
d2 (3)

λ =
64
Re

=
64µ

ρuxd
(4)

The density (ρ) and specific heat (γ) of compressed air can be checked according to
the experimental conditions. The angular frequency and inclination angle of the pressure
pulse wave are obtained from the experimental data. The pulsed pressure wave has an
exponential decay of the wave crest during the propagation. In addition, the attenuation
coefficient (η) of the pressure wave in the pipeline is calculated via the calculation formula
of pressure wave attenuation coefficient in the previous study by Meng et al. [24].

Therefore, the amplitude before and after the reflection of pressure wave at the block-
ing position can be calculated as follows:

P2 = P1e−ηl (5)

The amplitude before reflection (P3) is calculated by substituting the amplitude of
the transmitted pressure wave (P1). The amplitude after reflection (P4) is calculated by
substituting the amplitude of the reflected wave (P2) caused by blockage. Finally, the
detailed derivation of the blockage percentage prediction formula can be understood based
on the authors’ previous papers [22]. The prediction of blockage percentage (χ) is calculated
as follows:

χ =
2P3

P3 + P4
(6)

3.2. Results

The results of the calculation of the blockage position and the percentage of blockage
of the metal ring are shown in Table 1. From the first seven sets of experimental results,
it can be seen that the maximum error of blockage position prediction is −4.9, and the
average error is 3%, which shows that the blockage position prediction technique based on
the pressure pulse wave method has a high degree of accuracy. The main reason for this
error is that the solenoid valve cannot open and close exactly according to the set time, and
the waveform measured in the experiment is not the ideal state of the pulse pressure wave.
Nevertheless, the prediction of the blockage percentage was not sufficiently successful,
with a maximum error of −20.6%, and the average error is −10.34%. The main reason
for this result is the additional attenuation of the pressure wave caused by the friction of
the main pipe wall and the inaccuracy of the pressure wave amplitude at the blockage
calculated by the equation. At the same time, due to the nonlinear effect in the propagation
of pressure wave, the reflected wave is distorted, and the amplitude of the reflected wave
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is deviated due to the absorption and transmission ability of blocking material in the
reflection process, resulting in large prediction error of blocking percentage. In addition,
according to the author’s previous research [25], the front edge of the blocking section
with long continuity will produce the same negative pressure wave reflection signal as the
incident wave, and the rear edge of the blocking section will produce the positive pressure
wave reflection signal opposite to the incident wave. In this experiment, only the negative
pressure wave reflection signal caused by the front edge of the blocking section is observed
because the length of the blocking section in this experiment is too short (only 15 mm). It
is much smaller than the pressure wave length. Therefore, the pressure wave reflection
signals generated at the front and rear edges of the pressure wave overlap and cancel each
other, and finally form the single negative pressure wave reflection signal shown in the
figure, which is one of the reasons why the reflected wave amplitude decreases rapidly
with the decrease in the blockage percentage (part of the negative pressure wave amplitude
generated at the front edge of the blockage is offset by the positive pressure wave generated
at the rear edge of the blockage).

Table 1. The calculated results of blockage detection experiments based on simulations of the
metal rings.

Case
Blockage Location Blockage Percentage

Pred. (m) Real. (m) %Err Pred. Real. %Err

1 61.4 59.4 −3.4 48.1% 50.1% −4
2 60.2 59.4 −1.5 51.2% 61.8% −20.6
3 62.3 59.4 −4.9 61.2% 71.9% −17.5
4 61.9 59.4 −4.2 70.1% 80.5% −14.8
5 60.7 59.4 −2.3 81.7% 87.5% −7.1
6 61.1 59.4 −2.8 88.7% 93.0% −4.8
7 60.5 59.4 −1.9 93.6% 96.9% −3.6

In subsequent experiments, the metal ring in the partially blocked section was replaced
with a gate valve to simulate different types of blockages. Nine sets of blockage detection
experiments with different blockage percentages were then carried out by adjusting the gate
valve opening, with blockage percentages ranging from 86.2% to 19.9%, and the simulated
blockage shapes are shown in Figure 4. The experimental results are shown in Figure 5.
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The experimental hydrostatic pressure and temperature were the same as in the
previous experiments. The results of the calculation of the blockage position and the
percentage of blockage of the gate vale are shown in Table 2. The maximum error in
predicting the blockage position for the first eight experimental datasets was −4.1%, which
is relatively accurate. However, the blockage percentage was poorly predicted, with a
maximum error of -35.4%. In addition, contrary to the prediction of the blockage percentage
of the metal ring, the predicted values of the blockage percentage are greater than the actual
values. This shows that the length of the blockage (20 mm for gate valves) and the shape
of the cross-section significantly affect the reflectivity of the pulse pressure wave when
the blockage area is the same. If we want to further improve the accuracy of blockage
percentage prediction, we need to optimize the blockage of different shapes on the basis of
the existing treatment model so as to make it suitable for the blockage detection of complex
shapes in the actual pipeline in order to improve the enforceability of the method.

Table 2. The calculated results of blockage detection experiments based on simulations of the
gate valve.

Case
Blockage Location Blockage Percentage

Pred. (m) Real. (m) %Err Pred. Real. %Err

1 79.9 76.7 −4.1 41.6% 26.9% 35.4
2 79.5 76.7 −3.6 46.5% 34.4% 26.1
3 79.9 76.7 −4.1 51.1% 42.3% 17.2
4 79.9 76.7 −4.1 58.9% 50.6% 14.1
5 77.1 76.7 −0.4 70.8% 59.2% 16.3
6 77.8 76.7 −1.4 76.1% 68.1% 10.6
7 77.8 76.7 −1.4 85.2% 77.1% 9.5
8 77.4 76.7 −0.9 92.1% 86.2% 6.5
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4. Discussion

This research carried out a series of blockage detection experiments in laboratory
pipes. The results of the experiments show that the pressure pulse wave blockage detection
technique is more accurate in predicting the location, while the prediction of the blockage
percentage still needs to be enhanced. Due to the wave distortion caused by the nonlinear
effect in the wave propagation process and the energy dissipation in the wave reflection
process, and the length of the blocking section in this experiment is very short, i.e., much
shorter than the pressure wave length, resulting in the superposition and cancellation of
the reflected waves at the front and back edges of the blocking. The detected reflected
wave amplitude is less than that at the front of the blocking section, and the blockage
percentage predications percentage is poor. Therefore, it is necessary to optimize the
relevant calculation methods to improve the calculation accuracy of the blockage percentage.
It was also found that the length of the blockage and the shape of the blockage cross-section
also have a significant effect on the reflection percentage of the pressure wave. Therefore,
it is necessary to add the influence of blockage length and cross-sectional shape to the
subsequent optimization of the blockage area prediction equation.

5. Conclusions

Based on the experimental results, we conclude that:

(1) The blockage detection based on pressure wave method has the advantages of high
detection accuracy, simple operation, short detection time, low cost;

(2) It was suitable for complex plugging conditions and has good reliability and practicability;
(3) The data selection method and model establishment and calculation method adopted

in this paper are more accurate for blocking location, but the prediction model for
blocking percentage needs to be reasonably optimized.

Meanwhile, there are branch pipes, different blocking substances, and irregular block-
ing shapes in the gas transport pipelines, which will have varying degrees of impact on the
blocking detection. Limited by the length of this article and the limitation of the experimen-
tal platform, this paper did not discuss these issues, which will feature in future works.
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