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This paper presents an algorithm to detect and locate a leak in a plastic pipeline which carries pressurized
water, taking temperature variations into account. The algorithm is based on an appropriate modeling, as
well as a Robust Exact Differentiation method for state variables and leak parameters estimation. The
model includes temperature dependence in several parameters (friction factor and Equivalent Straight
Length typically), and the exact differentiation method is based on so-called Higher-Order Sliding Modes.
The algorithm only considers measurements coming from pressure head and flow rate sensors located
at the pipeline ends, while temperature variations are monitored via a sensor in the upstream tank
feeding the pipeline. Experimental results finally illustrate the performance of this algorithm, and more
particularly in comparison with the case when temperature variations are not considered.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Over the years, many model-based methods have been devel-
oped with the aim of solving the problem of Leak Detection and
Isolation (LDI). It is known indeed that leaking pipes have already
caused serious accidents, mainly in pipelines carrying fuel and often
due to illegal extraction, or that a high percentage of drinking
water is lost due to pipeline leaks. For such reasons and related
high social, environmental and economical impacts, this research
topic has become increasingly important around the world. Two
main model-based approaches have been used in the works on
leak isolation: one called Fault Sensitive Approach [1-3], and the
other one called Fault Model Approach [4-8]. But in many of these
works, friction is assumed to be characterized by a constant coeffi-
cient in the pipeline. However, such a parameter typically depends
upon the pipeline material, the flow rate and fluid temperature.
In most of the previous works, this dependence has not been con-
sidered, assuming operation under constant temperature, and in a
fully developed turbulent regime, which indeed results in a fric-
tion coefficient almost constant. But this mainly occurs in pipelines
with high roughness, such as pipelines made of concrete, iron,
steel, etc. In plastic pipelines, unfortunately, this is no longer true,
because the plastic pipe roughness is too low, which means that
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fully turbulent flow is reached with difficulty, and that the flow
regime remains in some transition zone, where the friction coeffi-
cient can vary a lot with the flow rate [9]. On the other hand, when
the fluid undergoes temperature variations, its kinematic viscosity
introduces a flow variation, and consequently the friction coeffi-
cient also varies. Moreover, if the friction coefficient changes, it
impacts in turn the so-called Equivalent Straight Length (ESL) of
the pipeline (discussed in more details later) which also affects the
fluid dynamics. In some real situations, the pipeline is outdoors,
and the fluid inside is exposed to temperature changes, for which
a model with constant parameters may thus become inaccurate,
making in turn model-based LDI algorithms inaccurate, as formally
discussed in [10,11] on the basis of simulations. Therefore, studies
on model-based LDI algorithms remain incomplete if they do not
extend to tests on some real pipeline, under critical situations, such
as significant fluid temperature variations.

On the other hand, the Sliding Modes have indeed been more
and more used in the recent years for various problems of con-
trol and observation, motivated by their attractive properties of
finite time convergence, robustness to uncertainty, or insensitivity
to bounded external perturbations [12-14]. In particular, the com-
bination with exact differentiation as proposed in the early work
of [15] proved to be of particular interest for estimation issues.
This is even more true in the case of so-called Higher-Order Slid-
ing Modes (HOSM) version, as summarized in [16], and more and
more observer application examples can be found in this context
since [14] (see for instance [17-22] to cite a few recent examples).
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On this basis, the main contribution of the present work is to
address the LDI problem on a real prototype, when considering
that the pipeline fluid can undergo strong temperature changes.
In this context a new temperature-dependent model, as well as a
new estimation approach based on exact differentiation and HOSM
are proposed. This HOSM technique comes in continuation of the
former study of [5], where it has been successfully used in the case
of constant temperature operation via simulation.

The real prototype corresponds to a plastic pipeline built at the
Center for Research and Advanced Studies (CINVESTAV) in Guadala-
jara, México. With it, two cases are considered here: the first one
with an LDI algorithm with temperature compensation, and a sec-
ond one with a model with constant parameters. In the first case,
the water temperature is measured continuously and used to cal-
culate on-line the kinematic viscosity [23], from which the friction
coefficient is adjusted on-line by using the so-called Swamee-Jain
equation [24], as well as the ESL via the Darcy-Weisbach equa-
tion [25]. It is then shown how this improved pipeline modeling
indeed allows to correctly track the fluid dynamics under tempera-
ture variations, and how in turn the LDI algorithm correctly locates
the leak. Additionally, other two cases are presented, on the one
hand, a case when the temperature compensation is not necessary,
and, on the other hand, a case when the pump operation is variable,
in order to evaluate a state-steady version of the LDI algorithm here
proposed.

The paper continues as follows: Section 2 provides the math-
ematical model to be used for the LDI design scheme. Section 3
then presents the proposed exact-differentiation-based estimation
scheme for the purpose of LDI and Section4 illustrates the LDI
performance on the considered real prototype. Section5 finally
concludes the paper.

2. Temperature-dependent modeling of pipeline dynamics

The effect of a leak in a pipeline can be modeled by using the
Water Hammer Equations (WHE), which describe the transient
response of water inside the pipeline. They consist of a pair of Par-
tial Differential Equations (PDE). By considering any discretization
method for this classical infinite-dimensional description, a finite-
dimensional nonlinear state space model can be obtained. Here, a
Finite Difference scheme is used, and the leak effect is added. In
addition, the model is enhanced with temperature effect.

2.1. Classical pipeline dynamics and leak modeling

2.1.1. Water Hammer Equations

The equations describing the fluid transient response through
a pipeline are known in the literature as the Water Hammer Equa-
tions [26]. They correspond to a pair of nonlinear hyperbolic PDE’s
which are obtained by mass and momentum balances. This model is
classically derived under the following assumptions: the pipeline is
considered as straight without any fitting, without slope, the fluid is
slightly compressible, the duct wall is slightly deformable, the con-
vective velocity changes are negligible, likewise, the pipeline cross
section area and fluid density are constant, and finally the tem-
perature is constant. Then, the PDE governing the fluid transient
response can be written as [25]:

Momentum equation:
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Fig. 1. Discretization of the pipeline with a leak Q.

where Q is the flow rate [m3/s], H is the pressure head [m], z the
length coordinate [m], t the time coordinate [s], g the local gravity
acceleration [m/s?], A the cross-section area [m?2], b the pressure
wave speed in the fluid [m/s], = f/2DA, with D the inner diameter
[m] and f the friction factor.

Here, z € [0, L], and L is the pipeline length. In this work, the
boundary conditions to be handled are the pressure heads at the
ends of the pipeline. Those pressures will be respectively denoted
by:

H(z =0, t) = Hpy(t)
(3)
H(z =L, t) = Hou(t)

The boundary conditions are precisely obtained by the sensor mea-
surements placed at the pipeline ends.

2.1.2. Leak model

The presence of a leak in a given position z; € (0, L) can be han-
dled as a new boundary condition in (1) and (2). The flow rate
which flows through a hole (leak) in a pipeline may be modeled
as: Q = C4A; \/E\/ﬁ in which C is the discharge coefficient, and

A is the leak cross section area. Now by defining A = CjA;+/2g, Q
can be expressed as [23]:

Q =HyA/H (4)

in which Q is the flow rate through the leak, H; is the pressure head
at the leak point. H;, is the Heaviside unit step function associated
to the leak occurrence at time t;.

A closed-form solution of Eqs. (1) and (2) is not available.
However, by neglecting or linearizing the nonlinear terms, vari-
ous graphical and analytical methods have been developed. Some
methods have been used for numerically integrating nonlinear,
hyperbolic partial differential equations, for example: method of
Characteristics and Finite-Difference method, among others. The
method of characteristics is extensively used, for solutions of
hydraulic transient problems, especially if the wave speed is con-
stant [27]. In the present work, the pressure wave speed is not
constant due to temperature variations, and for this reason, here
the Finite-Difference method is used. With this method, and by
considering boundary conditions (3), a finite-dimensional model
can be obtained as follows [6]:

@=%‘?(Hi+1—Hi)—2fﬁQi|Qi‘; Vi=1,...,n (5)
) —b2 .
Hi+1=gm(Qi+1—Qi); Vi=1,...,n (6)

in which Az; =z, —z; denotes the ith section length between two
successive points of positions z;.; and z;, with z; =0, z,+; =L and
zi fori # (1, n+1) corresponds to an interior discretization node
(n=number of sections, and n—1=number of interior discreti-
zation nodes). In the particular case n =2, the boundary conditions
are: Hy = Hy,(t) and Ha+1 = Hoye(t). Now, by using (5) and (6), and by
introducing the presence of a leak precisely at the single interior
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