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Abstract: To address the problem of pipeline blockage detection, a mathematical model of pipeline
blockage detection is established based on fluid oscillation theory. This paper proposes a governing
equation of the water hammer of fluid motion in a pipeline with a blockage point, and The Dirac
function is introduced for dimensionlessness and linearization. The amplitude of the harmonic of
each component in different periods is expressed by a Fourier series. The blocking position can
be determined by the ratio of the two-component harmonics, and the blocking magnitude can be
determined by the blocking attenuation parameters of each component’s harmonics. The numerical
simulation and experimental results show that the application of fluid oscillation theory to detect
the location and magnitude of pipeline blockages is effective, and the accuracy of the detection
method is verified, which lays a theoretical foundation for the application of the proposed method in
engineering practice.

Keywords: blockage detection; fluid oscillation theory; pipeline; Fourier series analysis; individual
component harmonic

1. Introduction

The blockage of water supply pipelines will cause pressure fluctuations and leakages
in pipelines, such as water supply pipelines and long-distance oil pipelines. A failure
to locate the blockage position in time and take corrective action will result in a gradual
increase in dirt accumulation in the pipeline. Once the pressure exceeds the maximum
load of the pipeline system, the pipeline will burst, resulting in a significant economic and
ecological impact on the water supply system and petrochemical industry [1,2]. In recent
years, many researchers have focused on methods and technologies to achieve blockage
detection in water supply pipeline systems. Fedi [3] proposed a detection method that does
not assume regularly shaped blockages and that reconstructs the internal pipe area of an
unconstrained form. The mathematical and physical bases of the proposed method are
described, and a numerical example of a pipe with irregular blockages is considered to
evaluate the performance of the method. The proposed method was shown to be more
accurate and efficient than the other methods. Yan [4] investigated the interaction of
transient pressure waves with the pipe wall roughness and blockages in water pipelines.
The analytical expression of wave propagation in a pipeline with rough blockages was first
derived using multiscale wave perturbation analysis for transient pipe flows. The results
demonstrate that wave scattering is dependent on the relationship between the incident
wavelength and the correlation length of the roughness blockage disorders in the pipeline.
Kumar and Mohapatra [5] proposed a modified reconstructive method of characteristics
(RMOCs) technique suitable for detecting multiple partial discrete and extended blockages
in elastic and viscoelastic conduits. This new method can be used to evaluate the steady-
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state head in a pipe, which is determined as the discrete blockage parameter, and pipe area
reconstruction can be employed to estimate multiple extended blockages.

Some new technologies based on transient theory for leak or crack detection are also
suitable for blockage detection. Chi [6] developed a convolutional neural network (CNN)-
based model to classify acoustic wave files, which are classified as an anomaly or other
background or environmental noise. The wave file is an “acoustic wave file”. When a pipe
leak/crack occurs, the vibration caused by discharge through the leak/crack introduces
extra energy, which is recorded by a nearby accelerometer that records a 10 s acoustic
wave file with a sampling rate of 4681 Hz. A field investigation is initiated if a wave
file is classified as an anomaly and is not related to a scheduled event. The validations
confirmed that the developed models are effective tools for water pipeline leak and crack
detection. Zhang [7] derived the leak-induced reflection coefficient at the measurement
point by incorporating the additional damping effect of the reflection wave propagation
process along the pipeline, which was then fully validated by method of characteristic
(MOC)-based numerical and experimental laboratory applications. The obtained results
were characterized by a dominance analysis to explore the importance ranking of different
dimensionless factors to the leak-induced reflection coefficient in pipeline systems.

Wan et al. [8] proposed a numerical model for detecting the partial blockage of a
closed conduit. This method determines the location and relative intensity of partial
blockages by comparing the maximum pressure of the pipeline when a water hammer
occurs. The model proposed in this paper for the detection of partial blockages is mainly to
analyze the maximum value of water hammer pressure from the perspective of the time
domain, which is more effective in qualitative analysis. The proposed method for detecting
blockages is based on the frequency domain analysis of the location and magnitude of
the blockage, which has certain advantages in terms of quantification. To investigate
the features of incipient cracks and their effects on water supply running conditions,
Zhang and Wan [9] built an experimental platform. The elemental features of incipient
cracks were identified from the experiments, and a numerical simulation model was
established accordingly. The results also showed that the crack scale and location had
significant effects on the water hammer intensity. They [10] continued to conduct more
research on the diagnosis of incipient cracks, and the results revealed more features of the
interactions among multiple cracks and in-pipe turbulence. Based on these findings, they
also proposed a type of transient feature-based diagnostic method to detect and predict the
location of incipient cracks, which could realize a significant reduction in costs for pipeline
maintenance compared to traditional methods.

The most effective strategy to be employed for blocking control is to detect the location
and magnitude of blockages [11]. Based on the theory of hydraulic transient flow and
the theory of fluid oscillation, this study proposes a model for detecting the location and
magnitude of blockages in oil pipelines. Using the theory of fluid oscillation, the governing
equation of the pipeline with blockages was established, and an analytical solution was then
obtained. The results were analyzed using a Fourier series to realize the quantitative detec-
tion of pipeline blockages. The experimental results verify the feasibility of the theoretical
model and provide a practical basis for solving future practical engineering problems.

2. Mathematical Model of Single Tube with Blockage

Fluid oscillation implies that the action time of external excitations is short [12]. After
the vibration stops, the disturbance of the system gradually dissipates, and the system
eventually returns to a steady state. If there is a blockage in the pipeline, the attenuation
parameters are markedly different from those of the system without blockage after exci-
tation [13]. This study makes use of this difference to analyze the attenuation parameters
caused by pipe blockages and to determine the state of a pipe blockage.
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2.1. Single-Tube Blockage Model and Governing Equation

The derivation process adopted a tank—pipe-tank system, and the water levels at both
ends were constant. The liquid flow at the blockage point of the pipeline was regarded
as the flow of the orifice, and the physical model of the blockage segment is shown in
Figure 1 [11].
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Figure 1. Physical model of blockage segment.

The equation of conservation of momentum [14] of the above model is shown as:
0 d 5
g(pAV)Ax + E (pAV )Ax = p1A — prA—1nD(xp —x1) — APgA 1)

where p; is the pressure for Section 1 (N/ m?); p2 is the pressure for Section 2 (N/ m?);
D is the pipe diameter (m); Ty is the pipe wall shear stress (N/m?); APg is the pressure
difference before and after blockage (N/m?); A is the cross-sectional area of flow (m?); p is
the liquid density, (kg/ m?); V is the tube flow velocity (m/s); Fs is the friction on pipe walls
that prevents water from flowing, Fs = 197tD(x, — x1); Fp is the resistance of blockage,
Fp = APgA, and Fyy is the stress blockage to the wall.

Assume that Ax becomes infinitesimal, then Equation (1) is changed as follows:

d d d
= (0AV) + = (pAV?) +A£ + 197D — APgAS(x — x5) = 0 @)

where 6(x — xp) is the Dirac function and is defined as:

[ee] X = XB
O(x —xp) = 3
( 8) {0 X # xp @)
and
xXpt+e
lim d(x —xp)dx =1 4)
e—0. Xp—e€

where ¢ is the neighborhood near the blocking point.
According to the derivation process of the water hammer motion equation, a form sim-
ilar to the basic equation of the water hammer is obtained [15-17], as shown in Equation (5):

OH  19Q, Q9Q fQ? _
ax gA ot + gA? ox + 2DgA? AHpo(x —xp) =0 ©)
where H is the head of the blockage point; Q denotes the pipeline flow; AHp denotes the
difference in the blockage head (m), and f denotes the pipeline friction coefficient.
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Similarly, the continuity equation of a blocked pipe can be expressed as [18-20]:
0H Qo0H  a?9Q
ot Taax Tgaa O ©)

where 4 is the wave velocity of the fluid water hammer.
The difference of the blockage head can be expressed as:

_ KpQ?

AHp =
BT ogA2

@)

where K3 is the local head loss coefficient of the blockage, which is related to the blockage area.
The dimensionless forms of Equations (5)-(7) are expressed as

= L/ax = LH “ Q= QO(S(x x*g) = 0(x — xp) 8)
where Hg is the Zhukovsky pressure increment (m), Hg = %, and Qy is the average fluid

flow rate (m3/s).
The dimensionless governing equations are simplified as follows:

oH* 0Q*
= 9
o T 7Y ©
Fpe + 3 +[R+Go(x* —x"p)](Q*)" =0 (10)
where R is the frictional drag parameter, R = {ég% = H—g ; Hy is the frictional loss along the
pipe, and G is the blockage resistance parameter, G = Kfa—%’ = AH—I?.

2.2. Analytical Solution under Fixed Boundary Conditions
H* and Q* are expressed as the sum of the steady-state and fluctuation values, respectively:

H*=Hj+h*, Q" =Q;+4" (11)

where I* is the dimensionless fluctuation pressure, and g* is the dimensionless fluctuation flow.
By substituting Equation (11) into Equations (9) and (10), the following formula
is obtained:

oh*  ag*
ot Toxr 0 (12)
S0+ o+ SE R+ Go(x = xp)] (Q5 +2Q50" +477) =0 (13)
The initial condition is shown as follows:
H*(0,#) =0, h*(1,#) =0 (14)

By substituting Equation (14) into Equation (12), the boundary conditions are obtained
as follows:

o7°(0,+*) _ o 9q"(L, ") _
ox* 0, ox* 0 (15)

If the excitation inside the pipeline occurs, the initial conditions are:

g™ *, .
7'(,0) = f(x), U0 gy (16)
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By performing an expansion by Fourier series, the solution of Equation (13) under
boundary conditions is

g*(x*, 1) = OZOL {e‘<R+Rn3)t* [Aj}, cos(nmtt*) + By, sin(nt*)] cos(rmx*)}
n=1
= (17)
h*(x*, )= ¥ {e*(R“an)t* [Ay cos(nmt*) + By sin(n7t™)] sin(nnx*)}
n=1

when h*(x*,0) = f,(x*), % = gp(x*), the A, and B, are expressed as following;:

Ap = Zfo1 fn(x*) sin(nmx*)dx*(n = 1,2,3,---)
_ 2 r1 £\ s « « An(R+R,p) _ (18)
By, = Efo gn (x*) sin(nrx*)dx* + =228 (n = 1,2,3, - - )
Rup = 2G cos? (nmxp) (19)

where R, is the blockage attenuation parameter of the nth degree harmonic, and xj is the
dimensionless blocked location.
According to Equation (17):

—

The attenuation parameters of each harmonic are the sum of R and R;3.

2. The sum of the components in each harmonic can be used to represent the pres-
sure fluctuation of the blocked pipe, and the R value of the different harmonics is
independent of the degree of harmonics n and exhibits exponential attenuation.

3. Thevalues of R, are different for each harmonic, which is also key to detecting blockages.

4. R,pis related to the location and magnitude of the blockage, but not to the location of

the measurement.

3. Application of Fluid Oscillation Theory to Detection of Pipe Blockage
3.1. Fourier Series Analysis

After the system is excited, the dimensionless fluctuating pressure is measured at
a certain point in the pipeline at different times, which could be any point along the
pipe [21-23]. The curve showing the variation of the dimensionless fluctuating pressure
with dimensionless time is obtained and divided up periodically, as shown in Figure 2.
Based on Equation (17), the dimensionless fluctuating pressure curves of different periods
are expanded into a Fourier series form, and the amplitude of the nth degree harmonic in
the ith period is

- 7(R+R;1B)(t*+T*) — —(R-i—R,,B)t* . %
B =" “(R+R B§T* " sin(nmx) /A2 + BRem (R+Ru)(-1T (20)
n

where t is the dimensionless start time to transient analysis; x* is the dimensionless
position of the transient flow detection point; T* is the dimensionless period of transient
flow, T* = T/(L/a), and T is the period of transient flow (s).

3.2. Blockage Detection

Figure 3 shows the responses of three different harmonics (n =1, n =2, and n = 3) along
the pipeline. According to Equation (19), R,p is greatly affected by different harmonic
degrees n and the dimensionless blockage positions x}, so, according to this characteristic
of R,;p, blockage detection can be realized.
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Figure 2. Curve of dimensionless fluctuating pressure with dimensionless time.
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Figure 3. Blockage attenuation diagram of different harmonic components.

3.2.1. Detection of Blockage Location

The ratio of R, p for different harmonics is a function of the blockage position and is
independent of the magnitude of the blockage. The calculation equation is as follows:

Ry,p _ cos?(npmxy)

= 21

Ry cos?(nymxy) @
From Figure 4, it can be seen that the higher the harmonic, the smaller the ratio of R,p

and the greater the number of blockage positions. Therefore, to facilitate the improved

detection accuracy of the blockage location, this study only considers that the degree 1 of
the harmonic is no more than 4.
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Figure 4. Ratio curves of different R, 5 values at different blockage locations.

3.2.2. Detection of Blockage Magnitude

According to Equation (19), after determining the blockage location, the blockage
magnitude can be obtained using the following equation:

Rup
="  _(n1=1,23,--- 22
2 cos? (nmxy) ( ) (22)
The local resistance coefficient Kg was calculated according to the magnitude of the
blockage, which is given by the following equation:

2aG
Kp = —
B o

(23)
where Kj is the local resistance coefficient of the blockage; a is the wave velocity (m/s), and
Vy is the flow velocity in the pipeline (m/s).

4. Experimental Verification of Blockage Detection
4.1. Experimental System

The experimental system includes the pumping stations, experimental pipeline, data
acquisition device, power distribution cabinet, blocking valve, turbine flowmeter, and
pressure transmitter. The experimental device covered an area 14 m in length, 3 m in width,
and 1.5 m in height. The highest local turnover point was at 3 m. The total length of the
pipeline was 430 m, and it was made of galvanized steel. There were four pump stations in
the experimental system, each of which had two centrifugal pumps, and the two centrifugal
pumps were connected in series. The distance between each pumping station was 105 m,
and the four pumping stations were controlled remotely using their respective operation
panels. Several pressure sensors, gate valves, and ball valves were installed on the test
bench, and a data acquisition system and an automatic control system were installed. The
topological structure of the pipeline system was changed by manually opening and closing
the gate valve, and the transient flow conditions in the pipeline system were excited by
manually opening and closing the end-ball valve. A schematic of the experimental bench is
shown in Figure 5, and a photograph is shown in Figure 6. The functions and descriptions
of the experimental instruments on the experimental bench are listed in Table 1.
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Figure 5. Schematic diagram of pipeline test bench.

Figure 6. Photo of pipeline test bench.

Table 1. List of laboratory instruments.

No. Name Quantity Model Remarks
1 Centrifugal pumps 8 Motor ZS50-32-160/2.2, power 2.2 kW —
2 Turbine flowmeters 2 LW-40, output signal 4-20 mA 0.5% accuracy
3 Pressure sensors 13 Range 0-700 kPa, —100-500 kPa —
4 Ball valves 8 Q41F-16, nominal pressure 1.6 Mpa —
5 Pipeline — DN40 Stainless steel

Four pumping stations with eight pumps were used in the experimental system.
During the experiment in this study, only the first pumping station needed to be operated,
and V18 at the initial position of the second pumping station was assumed to be the
blockage, and the ball valve at the end of the pipeline was used as the transient excitation
device in the experiment. Moreover, because the experiment in this study did not use the
turnover point, this part of the pipeline was closed.
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4.2. Experimental Verification

At the beginning of the experiment, the centrifugal pump control button in the remote
distribution cabinet was opened. After the pressure and flow rate of the pipeline were
stabilized, the data were recorded with and without blockage, respectively. Using the
instantaneous closing valve at the end of the pipeline to generate the excitation of the
transient flow, the change in pressure at the detection point was recorded. The total initial
water head measured in the experimental system was 35 m, and the steady flow rate
without blockage was 8.40 m3 /h, while that with blockage was 8.0 m3/h. The length and
diameter of the pipe were 430 m and 40 mm, respectively. The frictional drag coefficient
was 0.02, and the wave speed c was 1200 m/s, which was calculated using Equation (24).

c= 0 (24)

Vi F

where c is the pressure wave speed; m/s; ¢ is the speed of sound waves in water when the
temperature of water is 10 °C, cp = 1435 m/s; d is the diameter of the pipeline, mm; ¢ is
the thickness of the pipeline, mm; K is the volumetric modulus of water; K =2.1 x 10°Pa; E
is the elastic modulus of the tube wall material; for steel pipe, E = 20.6 x 10'°Pa.

There was a blockage at the point xg = 129 m, and K was 17.1, as shown in Figure 7.

H1=45m Ho=10m

L=430m, D=40 mm

x¥8=129m, Ke=17.1

[ Vo —
Blockage

Figure 7. Simplified diagram of the test bench.

The experiments were divided into two parts. One part was to measure the flow rate
in the pipeline and the pressure fluctuation of the measurement point when oscillation
occurs in the pipeline without blockage. The other part was to measure the flow rate and
the pressure fluctuation when oscillation occurs with blockage. Through the analysis of the
difference between the pressure fluctuations in the two parts, the position and magnitude of
the blockage were obtained. Regardless of whether there was a blockage in the pipeline, the
experimental process was carried out according to the following procedures: (1) Opened
the experimental system, and after the system was completely stable, measured the flowrate
in the pipeline; (2) Generated oscillation, that is, transient excitation. The specific method
for generating the oscillation was as follows: it was divided into two stages within 0~20's,
and from 0~10 s, the water level of the water tank at the end of the pipeline first increased
to nearly 15 m, and then from 10~20 s, the water level decreased to 10 m. This process was
carried out by a feed pump connected to the downstream tank; (3) Measured the pressure
fluctuations at certain point; this point could be any point in the pipeline, and in this paper,
the point at x = 322.5 m was adopted as the measurement point.

In this study, owing to the large number of pipe bends in the experimental system, the
local friction resistance coefficient was larger than that in the numerical simulation, and the
instantaneous excitation adopted a ball valve instead of a solenoid valve; therefore, linear
closure and a fixed closing time were not guaranteed. There was a slight difference between
the experimental and numerical simulation results, but the general trend was the same
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and did not affect the subsequent Fourier series analysis and periodic decomposition. The
experimental data of the transient analysis were processed and analyzed, and the variation
curves of the dimensionless fluctuating pressure at point x = 322.5 m with and without
blockages were obtained and are shown in Figure 8.

It
o
I

— with blockage

== without blockage
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Dimensionless pulsating pressure h*

-0.6
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Figure 8. Dimensionless fluctuating pressures with dimensionless time with and without blockages.

By using Fourier series analysis, the dimensionless fluctuating pressure curves with
and without blockages were decomposed into different period forms, and the amplitudes
of each individual harmonic in different periods were obtained, as shown in Figure 9.

o 0.060 )
without|blockage with blockage

0.048

0.036

Figure 9. Amplitude of harmonics in different periods.

According to the results shown in Figure 9, the attenuation curves of each harmonic in
different periods were obtained, as shown in Figure 10.
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Figure 10. Exponential attenuation curves of harmonics.

When there was no blockage in the pipeline, the frictional drag parameter R is

fLQo 0.02 x 430 x 0.0023
R = = = 0.2072 2
2DAa 2 x0.04 x 0.001256 x 950 020 @)
When there was a blockage in the pipeline, the frictional drag parameter R is
R— fLQo _  0.02x430x0.0022 01982 (26)

~ 2DAa 2% 0.04 x 0.001256 x 950

In Figure 10, when there was no blockage in the pipeline, the attenuation rate R + R,p
of the first and third harmonics was the same and equal to 0.2072. This is because the
value of R + R,,p for each harmonic is independent of the number of harmonics and is only
related to R.

In Figure 10, when there is a blockage in the pipeline, the R + R,,p values of the first
harmonic and the third harmonic are 0.2189 and 0.1982, respectively. In addition, the
R + R, p values for the different harmonics were different and larger than R. This was
because R + R, for each harmonic wave was not only related to R, but also to the degree
of harmonics. Therefore, the R values of the first harmonic and the third harmonic were
Rip = 0.0207 and R3p = 0.0000467, respectively, and the ratio of R3p/R1p was 0.00226.
According to Figure 4, the following results could be obtained:

When R3p/Rqp = 0.00226, £; = 0.171, £ = 0.201, £; = 0.829, and £ = 0.799. Owing
to the symmetry analysis, the corresponding actual pipe blockage point was xz = 0.342 or
xp = 0.402, and the values of the other two points exceeded 1, which were not considered.

When xj = 0.342:

- Rip 0.0207

{ G= 2COSZ(7T3?§ = 2xcos? (7 x0.171) = 0.0140
_ 2AaG __ 2x0.001256x950x0.0140 __
Kp = Qv 0.0022 =152

Therefore, the blockage point xz = 0.342 and blockage magnitude Kz = 15.2, which
were calculated using this method, are close to the actual situation of the blocked pipeline
(xp = 0.300, Kp = 17.1).

4.3. Results Discussion

In the process of technical implementation, it is very important to select the detection
point that is convenient for detecting the pressure wave because the core technology is to
monitor the pressure wave with blockages and to obtain a waveform that can be studied
analytically. In practical engineering, after obtaining the free oscillating pressure wave, the
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dimensionless pulsating pressure curve is decomposed into different periods, Fourier series
analysis is applied, and the individual components are composed of harmonic components.
A specific method for detecting blocked pipelines is based on the blockage attenuation
parameter. If the blockage attenuation coefficient R,,p is greater than the frictional drag
parameter R, it is determined that there is a blockage; then, the blockage position is
determined according to the ratio of the two separate component harmonics. Equation (19)
can be used to determine the blockage position, and the blockage magnitude can then be
calculated according to Equation (23).

Exponential attenuation with the blockage attenuation parameter e cannot be
obtained from the integral because the blockage attenuation parameter R, p of each har-
monic is different, which is also the key to the detection of pipeline blockage technology
using each harmonic blockage attenuation parameter.

In the calculation example in this study, the actual blockage position was set to
xp = 0.300; the blockage magnitude was Kg = 17.1, and the blockage point and blockage
magnitude obtained by the proposed method had an error of approximately 11%, which is
acceptable for engineering applications. The sensitivity mainly depends on the selection of
the detection point, but the location of the detection point in the actual project is related to
the actual project scenario and therefore cannot be generalized.

_RnBt*

5. Conclusions

In this study, based on the fluid oscillation theory, the location and magnitude of
pipeline blockages were detected by the transient attenuation of the fluid caused by pipeline
blockages. In the detection, the blockage attenuation parameters R, of each individual
harmonic component were used to quantify the blockage, whereas the ratio of the harmonic
blockage attenuation parameters of different components was used to locate the blockage.
Finally, the method was verified experimentally. The following conclusions were drawn.

e Based on the theory of fluid oscillation and the method of Fourier series analysis
to detect the blockage problem in a pipeline system, the location and magnitude of
blockage were determined using the parameters of blockage attenuation fluctuation
caused by the blockage.

e  The fluctuating pressures under the fluid oscillation of the pipeline system can be
expressed as the sum of a series of harmonic components, each of which is expo-
nentially attenuated by the sum of the attenuation parameters R and the blockage
attenuation parameters R, 3; when the pipeline blockage position is confirmed, the
magnitude can be calculated by the blockage attenuation parameter R of each individ-
ual harmonic component.

e A pipeline test bench for detecting blockages was constructed according to the ex-
isting pipeline simulation test bench, and simulation experiments were designed to
verify the blockage detection method. The experimental results show that the pro-
posed method is accurate, reliable, and provides a reference for its application in
practical engineering.

The blockage detection method proposed in this study is currently in the experimental
stage. Because the physical model is relatively ideal, there are many interference factors in
the actual project, so the research group plans to gradually increase the interference factors
in the experimental process to ensure that it is as close as possible to the actual pipeline,
and error and sensitivity analyses will be performed. It will be applied to an actual project,
which will be the focus of the next study. The results obtained in this study can provide an
important reference for future work and can prove the feasibility of the proposed blockage
detection method.
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