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Abstract— Pipeline systems have been taken as one of the most
important tools for transmission around the world. It will be
important for the industrial society that pipeline systems function
appropriately by taking into consideration the growing
requirement for effective interconnecting fluid networks. Typi-
cally, there are various kinds of control systems or algorithms for
pipeline leak detection. In this paper, a pipeline leak detection and
location method is proposed based on fuzzy control. It is concluded
that the response of the fuzzy controller is fast and has no
oscillations and this is appropriate for numerous high- precision
usages like robotics as well as weapon systems. The numerical
results demonstrate that the suggested technique is simple,
efficient, and has a high level of localization precision.

Keywords— pipeline systems; fuzzy controller; pipeline leak
detection

I. INTRODUCTION

Piping systems are the safest and most efficient and cost-
effective way for fluid transportation around the world.
Pipelines act as the most important type of transport infrastruc-
ture to keep our country moving. They have been constructed
for transporting several types of fluids. For example, liquid
fertilizers can be traveled significant distances through pipe
systems. Pipe systems are not only safer but need less energy
to function than alternative transportation options. Apart from
the industrial production processes, pipelines have been further
used in aircraft hydraulic and fuel systems. Pipeline systems
are among the safest and biggest transportation services, but
that does not indicate that they are risk-free. Environmental
threats might lead to damage, leakage, or blockage in pipe
systems that consequently cause significant economic losses
[1-4]. Thus, effective quality assurance is necessary for
pipeline companies [S]. Pipeline operators employ several
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techniques for pipeline safety and also to detect faults in the
pipelines [6].

There exist several different techniques recently utilized for
the inspection of leakage and blockage faults in pipe networks
[7-10]. In [11], a real-time transient modeling method has been
utilised for leakage detection and localization in the pipeline
systems. In [12] an extended version of a real-time transient
modeling method to estimate two leaks simultaneously in a
piping system is proposed. The authors  in [13] focused on
leakage reconstruction in pipe systems utilising sliding mode
observer. In [14] a leak inspection device consisting of an
adaptive Luenberger-type observer based upon a set of two-
coupled partial differential equations governing the flow
dynamics is proposed. The acoustic pulse reflectometry
method has been used successfully to identify damage in
pipelines utilising the time domain [15]. In [16] the cepstrum
analysis technique is utilised to identify leaks in pipes. In [17]
a new method based on auxiliary mass spatial probing by the
stationary wavelet transform is suggested to detect damage in
beams. In [18] the stationary wavelet transform technique is
used to identify flaws in rotating motor bearings. In [19] a
combination of the stationary wavelet transform, Kurtosis, and
cross-correlation algorithms is proposed to effectively improve
the ultrasonic signal detection ability.

Artificial intelligence has become the most effective ap-
proach which attracts many investigators to deeply research
[20-25]. It has been successfully used for leak detection. In
[26] and [27] neural network technique has been utilized to
detect the leak in a pipeline and has been provided promising
results. In [28] artificial neural network has been utilized to
detect the leak in a pipeline such that the sound noise data has
been gathered through several microphones placed within a
specific distance from the damaged part. The fast Fourier
transform algorithm has been performed on data and supplied
to a feed-forward network for making a final decision. In [29]
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neural network technique has been used for pattern
recognition in oil pipe networks.

In this paper, a new technique based on fuzzy decision-
making is suggested to detect and locate leaks in a pipe.
Two sensors are placed at the beginning and end points
of a pipeline. The numerical results demonstrate that the
proposed technique detects and estimates leaks accurately.
The remainder part of this paper is organized as follows: in
the next part, the pipeline model equations are described.
Then the proposed new technique is explained. Next, the
simulation results are demonstrated. Finally, conclusions are
given.

II. PIPELINE MODELING

Usually, compressibility effects over the length of the pipe (L)
and the convective change in speed can be neglected. The liquid
density (p), the flow rate (®), and pressure () at the
beginning and end points of the pipe can be easily calculated.
Also, it is assumed that the cross-sectional area (&) of the pipe
is constant along the pipe.
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Fig. 1. The model of the suggested pipe
Consider the pipe shown in Fig. 1. The fundamental
mathematical equation of fluid flow is based on the mass and
momentum, and the conservation [30]. We obtain the
momentum equation for the control volume using Newton’s
second law as follows:
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where 0 is taken to be the diameter of the pipe, f is considered
as the friction coefficient, x is taken to be the length coordinate,
and t is taken to be the time coordinate. If we substitute v =

%as well as g = pgH in equation (1) the following can be

extracted:
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in which H is taken to be the pressure head, ® is taken to be
the flow rate, x is considered as the length coordinate, t is
considered as the time coordinate, g is taken to be the gravity,
A is taken to be the section area, 8 is considered as the diameter
of the pipe, and f is taken to be the friction coefficient.
Normally, the friction coefficient depends not only on the
Reynolds number (Re) but also on the roughness friction
coefficient of the pipe (e) and is considered to be a constant.
For a pipe that is circular in cross-section (A), the friction
coefficient can be described using the Swamee-Jain equation as
follows [31]:
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in which the Reynolds number can be calculated as below,
vA
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such that p is considered as the fluid density and pu is
considered as the fluid viscosity. If 1078 < % < 0.01 as well as

5000 < Re < 108, then.

dp , 0V
il — = 6
at+pa P 0 (6)

Utilizing the law of conservation of mass as well as the
Reynolds transport theorem, the following continuity equation
can be extracted,

dp , 0V
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If we substitute the pressure head (') as well as the flow rate
(@) in (7), the following will be extracted,
OH a’ o0 0 o
at * gA ox ®
in which a is considered as the wave speed in a fluid-filled
elastic pipeline. The wave speed can be determined by the
elasticity modulus of the liquid as well as the pipe.
Consider H (x,t) as well as ®(x,t), where H denotes
pressure head and ® denotes flow rate, x € [0, L], where L is
the length of the pipe. The momentum equation can be derived
as follows when the flow rate has minor changes in the piping
system,
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The piping system can be designed utilizing (8) and (9). As it
is hard to find analytical solutions to these equations, therefore,
numerical approaches can be used. Numerous approaches have
been suggested to find the numerical solutions for these
equations for instance characteristics as well as finite difference
techniques. Here the finite difference approach is used. We
have discretized equations (8) and (9) in the spatial variable in
order to transform them into a system of ordinary differential
equations. In order to discretize these equations, the finite
difference method is utilized that divides the pipe into N parts



[32]. This technique is one of the most widely used techniques

in model discretization. Due to the easy implementation and

simple formulation of this technique we have used it in this

paper. Here, we have defined this technique as follows:
0P(si—1,t)  ADP(si_1,t)

ds As 10
A 10
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OH (5i-1,t)  AH(si-1,t)
ds ~ As 11
CHi—Hi (b
As
Vi = 1,---,n, in which n is taken to be the number of sections

also As = s;,; — s;is the distance between two sequential
location points. As shown in Figure 2, the continuous interval
z € [0,L] can be partitioned into three-point distinct
sections {si} := {0, Sjeqr, L} , in which sS4, denotes the
unknown leak location. The estimation of the leakage rate is
made using D;,q = CdAleak\/ﬁ,/}[(sleak, t), in which C,4
denotes the discharge coefficient, and A4y is taken to be the
cross-sectional area of the leakage. The leak rate can be

calculated using D0 = AV H (Spear,t) , in which A=
CqAeax+/2g - The differential equations determining the

structural dynamics of the piping system can be defined as
follows:
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We also suppose that the entering pressure H; as well as the
exit pressure H; are known and have been determined using
the pump power. Furthermore, pressure H, near the leaking
point and also the entering and exit flow rates (¥, and ®,) are
assumed to be unknown dynamic variables. Using the
continuity equation, the following can be extracted,

D) = Ppeqp + P (13)
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Fig. 2. The model of a leaking pipe

The inlet and outlet pressures (H;, H,) as well as the inlet and
outlet flow rates (®,,P,) at both the import and export
terminals in the piping system are unvaried if there is no fault
in the pipeline. As shown in Fig. 3, the pressure gradient alters
after a leak is introduced to the pipeline.
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Fig. 3. changes of pressure gradient in the pipeline
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III. Fuzzy DECISION LOCALIZATION

The suggested fuzzy decision-making technique for detecting
leaks is illustrated in Fig. 4.

— Fuzzy decision -
making

Fuzziness

Detecting of leak

Localization of
leakage

v

Results

Fig. 4. Fuzzy decision-making framework for detecting

leaks
In order to detect leaks in a pipeline, input data are fuzzified
and their membership values are obtained. Generally, there are



three common shapes of membership function: triangle
membership function, Gaussian membership function, and
exponential membership function. We can drive the rule base
including all fuzzy rules for decision-making from a knowledge
base that may be generated using learning algorithms. The rules
are obtained from the rule base which is a specific type of
knowledge base. Typically, a fuzzy diagnostic rule R;can be
defined as follows:

R;: IF
system,

Operational condition of the shipping piping

THEN Reasoning outcome of the operation condition.

All of the work conditions in the assumption section establish
decision status space C = [cy,Cyq,..-,Cj) -, Cm], In Which ¢;,
is the j — th type of work condition. All candidate reasoning
causes the conclusion section to establish decision outcome
space D = [dq,d4,...,d;, ..., dy], in which d; is the i —th
candidate reasoning outcome. Each type of functioning
condition is categorized into v degree fuzzy subset and the
membership of the recent functioning condition that belongs to
every subset is E = [eq,eq,...,€, ...,€y_1] such that
exdenotes the k — th degree of functioning condition deviation
from the normal condition. Every type of candidate reasoning
outcome is categorized into U degree fuzzy subset. The
membership function associate with recent reasoning outcome
which belongs to each subset can be defined as F =
[for fire o fir o fueal . where fi, is the degree, wherein
reasoning outcome of the recent functioning condition belongs
to the k — ih degree fuzzy subset.

It can be seen that uncertainty raises difficulties in modeling
using deterministic techniques. Uncertainty often includes
measurement uncertainty and uncertainty due to the
stability/performance of the control system and data acquisition
methodology. However, calculating measurement uncertainty
is not easy. In this paper, the fuzzy logic decision-maker
technique is utilized to detect leaks in a piping system. Various
factors impact the pipeline network. The condition of the
pipeline network is influenced by pipe type, pipe age, pumping
system, pipe diameter, and fluid demand, see Fig. 5.

‘ Pipe Age ‘ Pipe type ‘
piping system
Pumping
L system

Pipe Demand

‘ Pipe Diameter

Fig. 5. A number of factors to affect the piping system

Leak localization can be defined using a membership value for
the leak position in each of the evaluation categories, D; that
signifies a degree of fuzzy membership

—Leak (D;)

— No leak (D)

— Potential leak (D3)

Relation I. The deviations associated with the functioning
condition ¢; from regular conditions take on the deviation
associated with all the candidate reasoning outcomes. The
influence impact over the i—th
candidate reasoning outcome is defined by the measured
matrix as below:

LT 191‘1(u—1)
9; =1 : s i=12,..,n,
Yimo Yimu-1)
in which X¥209;, =1,i =12,..,n,j =1,2,..,m as well
as 9 < 1.

Relation 2. The influence impact of all functioning conditions
in decision status domain C is not the same for a supplied
candidate reasoning outcome and is assessed by the following

weight vector:
Yu = Yim
y = [ 2 " 1 ]

Yni = VYam
in which Z}“:O vij=1,i=12,..,n,j=12,..,m as well as

vij<1

IV. EXAMPLE AND SIMULATION

The approach model is 140 m long and with an inner diameter
of 65 mm and the input pressure head of 16m. To obtain
pressure and flow rate, we have installed two high precision
pressure sensors and one flow sensor at input and output of
pipeline. There was a leak located at 87.15 m away from the
initial of the pipeline.

In the model, the decision condition space consists
of four operating status, C = { Hy, H,, P, Py, Pieqr )- They
denote pressure head of the Inlet, pressure head of the
outlet, flow of the inlet flow of the outlet , and leakage flow
respectively. Each operating status has three degree fuzzy
subset, E = [Ey, E,, E3]. The decision result space introduce as
D = {Dl ,Dy, D3 }, The candidate reasoning result introduce as
F={fof1f3}

Fig. 6 demonstrates the membership functions associated with
functioning condition, such that the quantity of the fuzzy
decision-making can be obtained as 3° = 243
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Fig.6. the membership functions associated
The fuzzy decision-making rules are demonstrated in Table 1

Table. 1. fuzzy decision-making rules

Decision Condition Decision results
Hy Hy b, Dy | Pregr | Dy D, Dy
Ruel | E, E, E, £ E, fo fo fo
Rule2 | NE, NE, PE, NE, PE, | fufe | fufe fo
Rule3 | PE, | PE, | PE, | PEy | PE, | fufs fo | fife
Rule 4 E, E, PE, PE, PE, fi fo fi
Rule 5 PE, fufz fo | fifs

V. CONCLUSION

Leakage in the system of pipes that transport process
fluids such as oil, industrial gas, water could result in crucial
environmental, social, economic, health, and safety
problems. Hence, pipe networks should be constructed with
leakage inspection devices so that operators can be notified
when the systems require detection. This paper proposes a
new technique for pipeline leak detection and location on the
basis of fuzzy logic. The proposed technique assist pipeline
operators to locate the leak with good accuracy. Our results
demonstrate that the fuzzy controller is simpler in design and
generates positive outcomes that satisfy the performance
requirements of a stable control system. The fuzzy controller
generates a rapid response and has no oscillations that is
highly appropriate for high-precision usages like robotics,
nuclear as well as weapon systems.

VI. REFERENCES

[1] T. Chris, A. Saguna, Pipeline Leak Science Series, Sth
Tome 1st Fasc, 2007.

[2] A. Kadir, Transmission Gas Pipeline Lecture Note, Gas
Engineering and Management, School of Computing,
Science and Engineering. University of Salford,
Manchester, 2005.

[3] K. Kiss, S. Ranganath, Online Monitoring to Assure
Structural Integrity of Nuclear Reactor Components,
International Journal of Pressure Vessels and Piping, Vol.34,
pp.3-15, 1988.

[4] J. Ortiz-Villafuerte, R. Castillo-Duran, G. Alanso, G.
CallerosMicheland, online Monitoring System based on
Noise Analysis, Nuclear Engineering and Design, Vol.236,
pp-2394-2404, 2006.

(3]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

[15]

[16]

(17

(18]

(19]

(20]

J. Machell, S. Mounce, J.B. Boxall, Online Modelling of
Water Distribution Systems: A UK Case Study, Drinking
Water Engineering and Science, 2010

R. Jafari, S. Razvarz, C. Vargas-Jarillo, W. Yu, Control of
Flow Rate in Pipeline Using PID Con-troller, 16th
International Conference on Networking, Sensing and
Control (ICNSC), 9-11 May, pp.293-298, 2019.

H.F. Duan, P. Lee, M. Ghidaoui, Transient wave-blockage
interaction in pressurized water pipelines, 12th International
Conference on Computing and Control for the Water
Industry, CCW12013 Science Direct, Vol.70, pp.573-582,
2014

A. Kaliatka, M. Vaisnoras, M. Valincius, Modelling of valve
induced water hammer phenomena in a district heating
system, Journal of Computer and Fluids, Vol.94, pp.30-36,
2014.

A. Lazhar, L. Hadj-Taieb, E. Hadj-Taieb, Two leaks
detection in viscoelastic pipeline systems by means of
transient, Journal of Loss Prevention in the Process
Industries, Vol.26, pp.1341-1351, 2013.

S. Riedelmeier, S. Becker, E. Schlucker, Measurements of
junctioncoupling during water hammer in piping systems,
Journal of Fluids
and Structures, Vol.48, pp.156-168, 2014.

L. Billmann, R. Isermann, Leak detection methods for
pipelines, IFAC Proceedings Volumes, Vol.17, pp.1813-
1818, 1984

C. Verde, Minimal order nonlinear observer for leak
detection, J Dyn Sys, Meas, Control, Vol.126, pp.467-472,
2004.

M.T. Angulo, C. Verde, Second-order sliding mode
algorithms for the reconstruction of leaks, Conference on
Control and Fault-Tolerant Systems (SysTol), IEEE,
pp.-566-571, 2013

O.M. Aamo, A. Smyshlyaev, M. Krstic, B.A. Foss, Output
feedback boundary control of a Ginzburglandau model of
vortex shedding, IEEE Transactions on Automatic Control,
Vol.52, pp.742-748, 2007.

D.B. Sharp, D.M. Campbell, Leak detection in pipes using
acoustic pulse reflectometry, Acustica, Vol.83, pp.560-566,
1997.

M. Tashvaei, S.B. Beck, A. Staszewski, Leakage Detection
in Pipelines Using Cepstrum Analysis, Institute of Physics
Publishing, Meas Sci Technol, Vol.17, pp.367-372, 2006.
J. Zhao, D. Li, H. Qi, F. Sun, R. An, The fault diagnosis
method of pipeline leakage based on neural network,
International Conference on Computer, Mechatronics,
Control and Electronic Engineering, IEEE,pp.322-325,
2010.

S. Seker, E. Karatoprak, A.H. Kayran, T. Senguler,
Stationary wavelet transform for fault detection in rotating
machinery, Proc. SPIE 6763, Wavelet Applications in
Industrial Processing Vol.67630A, 2007

X. Fan, M.J. Zuo, X. Wang, Identification of weak ultrasonic
signals in testing of metallic materials using wavelet
transform, Institute Of Physics Publishing, Smart Mater
Structure, Vol.15, pp.1531-1539, 2006

R. Jafari, M.A. Contreras, W. Yu, A. Gegov, Applications
of Fuzzy Logic, Artificial Neural Network and Neuro-Fuzzy
in Industrial Engineering, Hernandez E., Keshtkar S.,
Valdez S. (eds) Industrial and Robotic Systems. LASIRS
2019. Mechanisms and Machine Science, vol 86. Springer,
Cham, 2020.



[21]

[22]

[23]

[24]

[25]

R. Jafari, S. Razvarz, A. Gegov, Applications of Z-Numbers
and Neural Networks in Engineering, Arai K., Kapoor S.,
Bhatia R. (eds) Intelligent Computing. SAI 2020. Advances
in Intelligent Systems and Computing,vol 1230. Springer,
Cham, 2020.

R. Jafari, S. Razvarz, A. Gegov, End-to-End Memory
Networks: A Survey, Arai K., Kapoor S., Bhatia R. (eds)
Intelligent Computing. SAI 2020. Advances in Intelligent
Systems and Computing, vol 1229. Springer, Cham, 2020.
R. Jafari, S. Razvarz, A. Gegov, A Novel Technique for
Solving Fully Fuzzy Nonlinear Systems Based on Neural
Networks, Vietnam Journal of Computer Science, Vol.07,
pp-93-107, 2020.

R. Jafari, S. Razvarz, A. Gegov, W. Yu, Fuzzy Control of
Uncertain Nonlinear Systems with Numerical Techniques:
A Survey,JuZ., Yang L., Yang C., Gegov A., Zhou D. (eds)
Advances in Computational Intelligence Systems. UKCI
2019. Advances in Intelligent Systems and Computing, vol
1043. Springer, Cham, 2020.

. Razvarz, F. Hernndez-Rodrguez, R. Jafari, A. Gegov,
Foundation of Z-Numbers and Engineering Applications,
Hernandez E., Keshtkar S., Valdez S. (eds) Industrial and
Robotic Systems. LASIRS 2019. Mechanisms and Machine
Science, vol 86. Springer, Cham, 2020.

[26]

[27]

(28]

[29]

(30]

(31]

(32]

S. Belsito, P. Lombardi, P. Andreussi, S. Banerjee, Leak
detection in liquefied gas pipelines by artificial neural
networks, AIChE Journal, Vol.44, pp.2675-2688, 1998.
A.C. Bicharra, I.N. Ferraz, F.C. Bernardini, Artificial neural
networks ensemble used for pipeline leak detection systems,
Proceeding of the Seventh International Pipeline
Conference, Alberta, Canada, Sept. 290ct, Vol.3, 2008.

A. Shibata, M. Konishi, Y. Abe, R. Hasegawa, M.
Watanabe, H. Kamijo, Neuro based classification of gas
leakage sounds in pipeline, International Conference on
Networking, Sensing and Control, IEEE, pp.298-302, 2009.
J. Zhao, D. Li, H. Qi, F. Sun, R. An, The fault diagnosis
method of pipeline leakage based on neural network,
International Conference on Computer, Mechatronics,
Control and Electronic Engineering, IEEE,pp.322-325,
2010.

Whitham GB. Mass, momentum and energy flux in water
waves. journal of Fluid Mechanics. Jan;Vol. 12, no, (1), pp.
135-4, 1962

Kiijarvi, J., Darcy friction factor formulae in turbulent pipe
flow. Lunowa Fluid Mechanics Paper,vol. 110727, pp.1-11,
2011

Forsythe GE, Wasow WR. Finite Difference Methods.
Partial Differential. 1960.



