
Abstract— A study of the friction model for the leak 
detection with a nonlinear observer is presented. Classically 
the friction model in leak detection algorithms only relies on a 
constant parameter. In the present work, the use of a more 
elaborate friction model is considered, with a coefficient 
explicitly depending on the flow, either algebraically, or even 
differentially. Those friction formulations are implemented 
within a nonlinear-observer-based algorithm for detection and 
location of leaks, which is analyzed, and tested with real 
measurements on some experimental pipeline prototype. Some 
conclusions and recommendations about this extended friction 
modeling are finally given. 

Keywords: Leak Detection and Isolation, Nonlinear model, 
Friction models, Nonlinear observer, High gain.

I. INTRODUCTION

EAK Detection and Isolation (LDI) in real pipelines 
remains an important problem today. Various 

algorithms providing solutions can be found as in [1], [2], 
[3], [4], but most of them are based on the assumption of a 
constant friction coefficient in the dynamics, while this 
friction coefficient in a pipeline depends of the flow. This 
means that corresponding LDI algorithms are only valid in 
a particular operation condition, and small changes of the 
flow can make inoperative the algorithm.  

In order to tackle this problem, a Gradient algorithm is 
implemented to estimate the friction coefficient in [2] and 
[6], while it is estimated with a Kalman Observer approach 
in [5].  

However in the fluid mechanics literature [7],[8],[9] 
various models of friction coefficients have been 
investigated, allowing to directly calculate this parameter in 
function of the flow. The basis of those friction models is 
the Moody diagram and one of the first formulations is the 
Colebrook equation [7], which is an implicit equation not 
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easily usable in an algorithm. Some explicit formulations of 
the friction were made to approximate Colebrook implicit 
equation, one of those being the so-called Swamee-Jain 
equation [7], and others including Hazen-Williams and 
Chezy-Manning models [7].  

On the other hand, various studies have also been driven 
about non-stationary models of friction in pipes 
[10],[11],[12],[13]. A non-stationary formulation for a one- 
dimensional model includes an additional term in the 
momentum equation, this additional term being a function 
of the Reynolds number and some coefficient in general not 
easily obtained. In [13] a non-stationary formulation of 
friction is presented based on well-known coefficients.  

The purpose of the present paper is thus to study the 
effect of using such more elaborate models for friction in 
pipeline dynamics, for the purpose of LDI. The chosen LDI 
approach is that of direct identification of leak coefficients 
by means of an observer, in a similar way as in [5], here 
using a nonlinear high gain observer [14]. 

 The paper continues as follows: section II provides the 
pipeline modeling for constant friction coefficient, friction 
coefficient obtained by Swamee-Jain equation and for non 
stationary friction model. Section III then briefly describes 
the considered nonlinear observer-based LDI, used to 
compare friction models. Section IV subsequently presents 
some experimental tests made on a real pipeline prototype, 
while section V finally concludes the paper. 

II. PIPELINE AND FRICTION MODELING

A. Partial Differential Equations and Friction Model 
For incompressible fluid flow, the classical model that 

describes the non-stationary phenomena in a pipeline is the 
set of well-known water hammer equations. They 
correspond to a couple of partial differential equations - the 
continuity equation and the momentum equation, that can 
be summarized as follows: ߲ܪሺݖ, ݐሻ߲ݐ ൅ ܿଶ݃ܣ ߲ܳሺݖ, ݖሻ߲ݐ ൌ ,ݖሺ߲ܳܣ01 ݐሻ߲ݐ ൅ ݃ ,ݖሺܪ߲ ݖሻ݀ݐ ൅ ,ݖሺܳሺܬ ሻሻݐ ൌ 0 (1)

where ݖ denotes the one dimension spatial coordinate [݉], ݐ  the time [ݏ], ,ݖሺܪ ,ݖሻ stands for the hydraulic head [݉], ܳሺݐ ,[ݏ/ଷ݉] ሻ for the fluid flowݐ  for the cross-section ܣ
area [݉ଶ], ݃  for the gravity acceleration [݉/ݏଶ], ܿ for the 
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fluid pressure wave speed [݉/ݏ], and J for the friction 
losses affecting the fluid dynamics within the pipe. 
Classically, J is expressed in a stationary form given by: ܬ ൌ ௦ܬ ൌ ଶܣܦ2|ܳ|݂ܳ (2)

where ݂ corresponds to the Darcy-Weisbach friction 
coefficient. In most of model-based LDI approaches, this 
coefficient is considered as a constant, even if it is 
sometimes updated when a leak is detected. 

But this coefficient is actually known to depend on the 
so-called Reynolds number (ܴ݁) and the roughness 
coefficient of the pipe (݁). The Colebrook implicit equation 
even describes this coefficient value for a pipe with a 
circular section of diameter (ܦ) as: 1ඥ݂ ൌ 0.86 ln ቆ 13.7 ܦ݁ ൅ 2.51ܴ݁ඥ݂ቇ (3)

where the Reynolds number can be calculated with:  

ܴ݁ ൌ ߤܦܸߩ ൌ ߤܦߨܳߩ4   (4)

for  .the fluid viscosity ߤ the fluid density and ߩ
This equation cannot easily be implemented, and an 

approximate explicit formulation, known as Swamee-Jain 
equation, can be used instead:  ݂ ൌ 1.325 ቊln ቈ0.27 ቀ݁ܦቁ ൅ 5.74 ൬ 1ܴ݁ ൰଴.ଽ቉ቋିଶ (5)

This equation is valid for 10ି଼ ൏ ܦ/݁ ൏ 0.01 and 5000 ൏ ܴ݁ ൏ 10଼.

For an even more complete friction modeling, some non-
stationary friction losses ܬ௨ can also be added (namely ܬ ൌ ௦ܬ ൅  :௨ in equation (1)), according to the model belowܬ

௨ܬ ൌ ܣ2݇ ൬߲߲ܳݐ ൅ ஺ߔܿ ฬ߲߲ܳݖ ฬ൰ (6)

where ΦA ൌ sgnሺܳሻ  and ݇  denotes the Brunone 
coefficient, which can be calculated with:  ݇ ൌ √0.0476 /2           for laminar flow and ݇ ൌ ൬ට ଻.ସଵோ௘೗೚೒൫భర.య/ೃ೐బ.బఱ൯ ൰ /2  for turbulent flow. 

(7)

With the two terms of friction losses the pipeline 
equations become: ߲߲ݐܪ ൌ െ ܿଶ݃ܣ ݐ߲߲ܳݖ߲߲ܳ ൌ 1ሺ2 ൅ ݇ሻ ቆെ2݃ܣ ݖܪ߲݀ െ ܿΦ஺݇ ฬ߲߲ܳݖ ฬ െ ܣܦ|ܳ|݂ܳ ቇ (8)

where coefficients ݂ and ݇ can be calculated at any time. 
Omitting non-stationary friction losses just means ݇ ൌ 0.

B. Discretized Equations 
In order to use the above equations for simulation as well as 
model-based LDI, we can discretize them in space and 
include a leak equation, as this was done for instance in  
[3], [4] in the case of a simple friction model. This means 
using a finite difference method for space discretization, 
and the following balance equation in a leak point: ܳ௜ ൌ ܳ௜כ ൅ ௜ܪ௙௜ඥߣ (9)

where ܳ௜ is the flow in point ݅ before the leak and ܳ௜כ is the 
flow in point ݅ after the leak, while ߣ௙௜ denotes the leak 
coefficient. 

 With this approach and the model of previous section, 
we obtain discretized equations as follows:  ߲ܪ௜߲ݐ ൌ ܿଶ݃ܳܣ௜ିଵ െ ܳ௜כ െ ௜ݖ ௜ܪ௙௜ඥߣ െ ݐ௜ିଵ߲ܳ௜߲ݖ ൌ 1ሺ2 ൅ ݇௜ሻۈۉ

ۇ ௜ܪܣ2݃ െ ௜ାଵݖ ௜ାଵܪ െ ௜൅ܿΦ஺೔݇௜ݖ ฬܳ௜ െ ܳ௜ାଵ ݖ௜ାଵ െ ௜ݖ ฬ െ ௜݂ܳ௜| ௜ܳ|ܣܦ ۋی
ۊ (10)

 (11)
where index i is used for the value of the corresponding 
variable at position ݖ௜.

For the leak detection and isolation problem that we 
study here, we use a three-point discretization scheme with 
hydraulic heads as controlled boundary conditions, as 
shown in fig. 1.  

Fig. 1. Three-point discretization scheme. 

With this scheme, the discretized model becomes: 

߲ܳଵ߲ݐ ൌ 1ሺ2 ൅ ݇ଵሻۈۉ
ۇ ଵܪܣ2݃ െ ଶݖ ଶܪ െ ଵ൅ܿΦ஺భ݇ଵݖ ฬܳଵ െ ܳଶ ݖଶ െ ଵݖ ฬ െ ଵ݂ܳଵ|ܳଵ|ܣܦ ۋی

ۊ
ݐଶ߲ܪ߲ ൌ ܿଶ݃ܳܣଵ െ ܳଶ െ ଶݖ ଶܪ௙ଶඥߣ െ ݐଵ߲ܳଶ߲ݖ ൌ 1ሺ2 ൅ ݇ଶሻۈۉ

ۇ ଶܪܣ2݃ െ ଷݖ ଷܪ െ ଶ൅ܿΦ஺మ݇ଶݖ ฬܳଶ െ ܳଷ ݖଷ െ ଶݖ ฬ െ ଶ݂ܳଶ|ܳଶ|ܣܦ ۋی
ۊ

(12)

ଵܪ ൌ ௜௡ܪ ଶܪ ଷܪ ൌ ௢௨௧ܳଵܪ ܳଶ ܳଷ
ଶݖ ଵݖଷݖ
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Observe that equations (12) can be declined in three 
different models:  

Model 1: if we take ݂ as a constant and ݇ ൌ 0, the model 
only takes into account stationary friction losses with a 
constant friction coefficient. This is the classical model 
used for leak detection and isolation. In this case ݂ has to 
be identified, classically by using steady-state 
measurements and equation (2) in the absence of any leak.  

Model 2: if we take ݂ ൌ ,ሺܴ݁ܨ  ሻ (as in Swamee-Jainܦ/݁
equation) and ݇ ൌ 0, the model has a friction coefficient 
that explicitly depends on the flow and roughness 
coefficient and  no unstationary friction loss. In this case 
the roughness coefficient (݁) has to be determined from the 
pipeline characteristics, or by identification in the same 
way as ݂ for model 1, but here using equations (2) and (5). 
Notice that in the latest, the value of ݁ represents some 
equivalent roughness coefficient and not a theoretical one 
as it is presented in fluid mechanics books. The reason is 
that this equivalent coefficient takes into account the actual 
pipeline equipment, which can make the identification more 
reliable. 

Model 3: if we take ݂ ൌ ,ሺܴ݁ܨ ݇ ሻ (as in model 2), andܦ/݁ ് 0 calculated by Brunone formulation (7), then the 
model includes a friction coefficient explicitly depending 
on the flow and roughness coefficient, and unstationary 
friction losses as well. This makes the model more precise 
than the two former ones, and in that case ݁ has to be 
determined as for model 2. 

III. OBSERVER BASED LDI
In order to detect and locate a leak in a pipeline from a 

limited number of measurements (typically flow and 
pressures upstream and downstream) an approach can be to 
directly estimate leak coefficients by an observer, as in [4], 
[5] for instance. To that end, model (12) can be extended 
with the “dynamics” of such parameters. Assuming that 
water flows at the pipe ends are directly measured, one gets 
the following system states, inputs and outputs (with 
notations of Fig.1): ݔ ൌ ൣܳଵ, ,ଶܪ ܳଶ, ଶݖ െ ,ଵݖ ௙ଶ൧்ߣ ݑ(13) ൌ ሾܪଵ, ଷሿ்ܪ ݕ(14) ൌ ሾܳଵ, ܳଷሿ் (15)
where ݔ is composed by  elements ݔ௜ for ݅ ൌ 1,… ,5.

Notice that under constant downstream pressure 
operation, as this will be considered from now on (namely ܪ௢௨௧ ൌ ሻ,we get from the dynamical model that ܳଷݐݏܿ ൌ ܳଶ.

The full system finally takes the form of the following 
nonlinear state-space representation: 

ሶଵݔ ൌ 1ሺ2 ൅ ݇ଵሻۇۉ
ଵݑܣ2݃ െ ஺భ݇ଵߔସ൅ܿݔ ଶݔ ฬݔଵ െ ସݔ ଷݔ ฬ െ ଵ݂ݔଵ|ݔଵ|ܣܦ ሶଶݔۊی ൌ ܿଶ݃ܣ ଵݔ െ ଷݔ െ ሶଷݔସݔ ଶݔ√ହݔ ൌ 1ሺ2 ൅ ݇ଶሻ ቆ2݃ܣ ଶݔ െ ܮ ଶݑ െ ସݔ െ ଶ݂ݔଷ|ݔଷ|ܣܦ ቇݔሶସ ൌ ሶହݔ0 ൌ ݕ0 ൌ ሾܳଵ ܳଶሿ்

where ܮ is the length of the pipe, 
or, in a more compact form: ݔሶሺݐሻ ൌ ሻ൯ݐሺݔ൫ܨ ൅ ሻݐሺݕሻݐሺݑሻ൯ݐሺݔ൫ܩ ൌ ݄൫ݔሺݐሻ൯  (16)

If the unsteady friction losses are omitted (݇ ൌ 0) for the 
sake of a simpler presentation, and under operation with 
constant pressure heads ݑሺݐሻ ൌ -଴, the model can be reݑ
written as: ݔሶሺݐሻ ൌ ሻ൯ݐሺݔ௨଴൫ܨ ൅ ሻݐሺݕሻሻݐሺݕሺܬ ൌ ݄൫ݔሺݐሻ൯ (17)

where vector ܬሺݕሺݐሻሻ gathers the friction terms (with 
components ܬ௜), and its observability can be checked to be 
satisfied as follows:  
define the following transformation: Φ: Ըହ ՜  Ըହݔ ՜ ߦ ൌ Φሺݔሻ (18)

with  Φሺݔሻ ൌሾ݄ଵሺݔሻ ሻݔிೠబ݄ଵሺܮ ݄ଶሺݔሻ ሻሿݔଶிೠబ݄ଶሺܮ   ሻݔிೠబ݄ଶሺܮ  (19)

where ܮிೠబ݄௜ሺݔሻ as usual means the Lie derivative of ݄௜
along ܨ௨଴.

Then its jacobian matrix has a determinant given by: Δ஍ ൌ ሺܿ݃ܣሻଶ ଶݑସݔଶሺݔ√ ൅ ܮଵݑ െ ସݔଵݑ െ ܮସସሺݔሻܮଶݔ െ ସሻଶݔ (20)

which only vanishes whenever: ݔସሺݑଵ െ ଶሻݑ ൌ ଵݑሺܮ െ ଶሻݔ (21)

This condition appears to be inconsistent with equations 
(16) in steady state in the presence of a leak, which means 
that for any constant input, Φ defines a change of 
coordinates.  

With the following notations: Φ: ݔ ՜ ቊߦଵ ൌ ൣ݄ଵሺݔሻ ଶߦሻ൧்ݔிೠబ݄ଵሺܮ ൌ ሾ݄ଶሺݔሻ ሻሿ்ݔଶிೠబ݄ଶሺܮ   ሻݔிೠబ݄ଶሺܮ (22)

where ߦଵ and ߦଶ are composed by elements ߦଵ௜ and ߦଶ௝
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respectively, with ݅ ൌ 1,2 and ݆ ൌ 1,2,3, the system in ߦ
coordinates becomes: ߦሶଵଵ ൌ ଵଶߦ ൅ ሶଵଶߦଵሻݕଵሺܬ ൌ ߶ଵଶሺߦ, ଵݕ଴ሻݑ ൌ ଵଵߦ

ሶଶଵߦ ൌ ଶଶߦ ൅ ሶଶଶߦଶሻݕଶሺܬ ൌ ሶଶଷߦଶଷߦ ൌ ߶ଶଶሺߦ, ଶݕ଴ሻݑ ൌ ଶଵߦ (23)

The system is under the form of a uniformly observable 
one, for which some high gain observer (up to output 
injection) can be designed adapting the classical single-
output result of [14], or the multi-output result of [15], for 
instance.  

Let us here consider two subsystems of the form: ߦሶ௜ ൌ ௜ߦ௜ܣ ൅ ߶௜ሺߦ, ,଴ሻݑ ௜ݕ ൌ ௜ߦ௜ܥ (24)
for ݅ ൌ 1,2 and appropriate ܣ௜, ,௜ܥ ߶௜ resulting from (24). 
Then the observer design can be achieved on the basis of 
two separate single-output designs as follows: ߦመሶ௜ ൌ መ௜ߦ௜ܣ ൅ ߶௜൫ߦመ, ଴൯ݑ െ ௜ܵି ଵܥ௜் ൫ܥ௜ߦመ௜ െ ,௜൯ݕ ݅ ൌ 1,2 (25)
 (26)
with ௜ܵ classically given by [16]: 

ଵܵ ൌ ێێێۏ
ۍ ଵߣ1 െ ଵଶെߣ1 ଵଶߣ1 ଵଷߣ2 ۑۑۑے

ې ;   ܵଶ ൌ
ێێۏ
ێێێ
ۍ ଶߣ1 െ1ߣଶଶ ଶଶߣଶଷെ1ߣ1 ଶଷߣ2 െ3ߣଶସ1ߣଶଷ െ3ߣଶସ ଶହߣ6 ۑۑے

ۑۑۑ
ې

(27)

for ,ଵߣ ଶߣ ൐ 0.
Notice that the observer can be implemented in original 

coordinates as follows: ݔොሶ ൌ ොሻݔሺܨ ൅ ݑොሻݔሺܩ െ ቆ߲Φሺݔොሻ߲ݔ ቇିଵ ቈܵଵି ଵܥଵ்ܵଶି ଵܥଶ் ቉ ሺ݄ሺݔොሻ െ ሻݕ (28)

Remark: The same type of approach can also be adopted 
when using varying pressure heads u and unsteady friction 
model with ݇ ് 0.

IV. EXPERIMENTAL TESTS

In this section, we present some experimental results in 
order to validate the proposed modeling in the context of 
LDI, and compare the performances on the achieved leak 
detection and isolation of three proposed observers based 
on the three friction models which have been commented: 
observer 1 for model 1 with constant friction coefficient, 
observer 2 for model 2 with variable friction coefficient 
calculated with Swamee-Jain equation and observer 3 for 
model 3 with variable friction coefficient and non-
stationary friction losses.  

The experiments have been realized on a pipeline with 
the following physical parameters: 

TABLE I
TEST PIPELINE PARAMETERS݃ ܮ ܿ 9.81ܦ ሾ݉/ݏሿ 85ሾ݉ሿ 407.75 ሾ݉/ݏሿ 0.0635 ሾ݉ሿ

Fig. 2. Experimental pipeline. 

This pipeline is available at the CINVESTAV (Research 
and Advanced Studies Center) in Guadalajara, Mexico. It is 
equipped with water flow (ܨ) and pressure head (ܲ) sensors 
at some input and output points, as well as various valves 
allowing to simulate leaks, as shown in Fig. 2. The pipe is 
made of PolyPropylene Random copolymer (PP-R). More 
details about its full physical composition can be found in 
[6]. 

A large number of experiments were made on the 
pipeline, and one of them is reported here for the purpose of 
illustration, and support for conclusions on the study.  

In the considered experiment, a leak with an average 
flow of about Q୤ ൌ 1.8971 ൈ 10ିସ ሾmଷ/sሿ is produced at 
position Δz୤ ൌ zଶ െ zଵ ൌ 20 m and at an initial time t ൌ 130 s. Figure 3 shows the measured values of flows 
and pressures at both ends of the pipe. 

Fig. 3. Flow and pressure measurements in the pipe. 

For this set of measured values, the estimated friction 
coefficient is ݂ ൌ 2.2566 ൈ 10ିଶ and the estimated 
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equivalent roughness coefficient is  ݁ ൌ 6.01 ൈ 10ିହ ሾ݉ሿ
(for a reference value, the PP-R theoretical roughness 
coefficient is ݁ ൌ 7 ൈ 10ି଺ ሾ݉ሿ).  

For the estimation, the observer was tuned with  ߣଵ ൌߣଶ ൌ  1, and initialized with ݔොଵ ൌ 4.256 ൈ 10ିଷ ሾ݉ଷ/ݏሿ,ݔොଶ ൌ 5.4607 ሾ݉ሿ, ොଷݔ ൌ 4.256 ൈ 10ିଷ ሾ݉ଷ/ݏሿ, ොସݔ ൌ35 ሾ݉ሿ and ݔොହ ൌ  0 ሾ݉ଶሿ.
Figure 4 shows the resulting estimation values of the 

three observers, observer 1 with constant friction 
coefficient (f const), observer 2 with variable friction 
coefficient calculated with Swamee-Jain equation (f var) 
and observer 3 with variable friction coefficient and non-
stationary friction losses (f var and NS).  

It is important to note that from the way they are built, 
the observers only work properly when a leak does exist. 
This means that values obtained before time ݐ ൌ  are ݏ 150
not meaningful and results are thus presented for  ݐ ൒100 ݏ.

Fig. 4. Estimated values of leak flow and leak position for a 
calculated constant friction parameter (fconst), variable friction 
parameter (f var), and non stationary friction losses (f var and 

NS) respectively, compared with the real value. 

Table II below then summarizes the obtained mean 
estimated values of leak flow and leak position 
respectively, when only considering ݐ ൒ .ݏ 150

TABLE II 
MEAN VALUES OF LEAK AND LEAK POSITION

  real f const f var f var NS ܳ௙ ሾ݉ଷ/ݏሿ  ൈ 10ିସ 1.8971 1.9003 1.8991 1.8991 Δݖ௙ ሾ݉ሿ 20 20.560 19.909 19.914 

From those data, it can be seen that the three observers 
produce good and quite similar results.  

The difference between them is very small and do not 
allow to directly conclude about the approach that would be 
better.  

For this reason, we propose some additional simulation 
study on the sensitivity of the results w.r.t. parameters ݂
and ݁.

Figures 5 and 6 below show some estimation results with 
the three observers in this context, namely when the values 
of parameters ݂ and ݁ are modified from the one initially 
calculated of about 1% more (fig. 5) and 1% less (fig. 6) 
respectively.  

Fig. 5. Estimated values of leak flow and leak position for a 
calculated value plus 1% for constant friction  parameter 

(fconst), variable friction parameter (f var),  and non stationary 
friction  losses (f var and NS) respectively, compared with the 

real value. 

Fig. 6. Estimated values of leak flow and leak position for a 
calculated value less 1% for constant friction  parameter 

(fconst), variable friction parameter (f var),  and non stationary 
friction  losses (f var and NS) respectively, compared with the 

real value. 
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It can clearly be concluded from those results that the 
sensitivity w.r.t. parameter ݁ in observers 2 and 3, with a 
variable friction coefficient, is very small for leak location 
and leak flow. But the sensitivity w.r.t. parameter ݂ used 
for observer 1, with constant friction coefficient, is quite 
large for leak location: a 1% -variation of ݂ produces about 
50% of error in leak location estimation (Δݖ௙ ሻ.

This fact is very important for practical application 
because the real value of ݂ depends on the flow in the pipe, 
which means that small variations of the flow can induce 
large errors in leak location estimations. For this reason it is 
strongly recommended to use a variable formulation of 
friction coefficient and not a constant one. 

On the other hand, if we compare the results of observers 
2 and 3 (without and with non-stationary formulation), we 
can see almost identical estimations. More precisely the 
maximum difference between the leak position estimation 
of the two observers is about 5.02 ൈ 10ିଷ ሾ݉ሿ, that is about 0.025%. From this one can conclude that it is not necessary 
to use a non-stationary formulation for leak detection 
application, because this just makes the model more 
complex without providing better results. 

V. CONCLUSION

In this paper, the problem of leak detection and isolation 
in pipelines by means of nonlinear observers has been 
studied, in particular w.r.t. the friction modeling. Three 
dynamical models have been considered corresponding to 
three friction formulations with an increasing complexity: 
the first one with a constant friction coefficient, the second 
one with a variable friction coefficient and the last with 
variable friction coefficient and non stationary friction 
losses.  

It has been emphasized how for the three cases a 
nonlinear high gain observer can be derived for the purpose 
of leak estimation and location, and corresponding 
experimental results have been provided for validations and 
comparisons. 

From the results, it clearly appears that the better 
formulation is the use of a variable friction coefficient 
without non-stationary losses. The model with a constant 
friction coefficient is limited to nearly constant flow 
applications, and therefore is not recommended for real 
systems, while the non-stationary formulation makes the 
observer structure more complex, without significantly 
improving leak estimations.  

Finally the Swamee-Jain equation appears to be a good 
explicit formulation to calculate the friction coefficient 
value in the variable friction coefficient formulation. 

Future works will be dedicated to studying the 
applicability of the method to estimate and locate more than 
one leak. 

REFERENCES

[1] L. Billmann, R. Isermann, “Leak Detection Methods for Pipelines”, 
in Proceeding of the 8th IFAC Congress, Budapest, Hungary, pp. 
1813-1818, 1984. 

[2] A. Benkherouf, A. Y. Allidina, “Leak detection and location in gas 
pipelines”, IEE Proceedings D Control Theory and Applications,
Vol.135, No2, pp. 142-148, 1988. 

[3] C. Verde, “Accommodation of multi-leak location in a pipeline”. 
Control Engineering Practice. vol. 13, pp. 1071-1078. 2005. 

[4] G. Besançon, D. Georges, O. Begovich, C. Aldana, “Direct observer 
design for leak detection and estimation in pipelines”, in European 
Control Conference, Kos, Greece, July 2-5, 2007. 

[5] L. Torres, G. Besançon, A. Navarro, O. Begovich, and D. Georges 
“Examples of pipeline monitoring with nonlinear  observers and real-
data validation”, in 8th International Multiconference on Systems, 
Signals and Devices, Sousse, Tunisia, March 2011. 

[6] O. Begovich, A. Pizano-Moreno, “Application of a leak detection 
algorithm in a water pipeline prototype: difficulties and solutions”, in 
5th International Conference on Electrical Engineering, Computing 
Science and Automatic Control (CCE 2008), Mexico City, Mexico, 
November 12-14, 2008. 

[7] M. C. Potter, D. C. Wiggert. Mecánica de Fluidos. Thomson. 2002. 
[8] F. White. Fluid Mechanics. Mc Graw Hill. Fourth Edition. 2001 
[9] J.A. Roberson, J. J. Cassidy, M. H. Chaudhry, Hydraulic 

Engineering, John Wiley & Sons, Inc, 2nd ed., 1997. 
[10] B. Brunone, U.M. Golia, and M. Greco. “Some remarks on the 

momentum equations for fast transients.” In Hydraulic transients 
with column separation (9th and last round table of the IAHR 
Group), IAHR, Valencia, Spain, 201–209, 1991. 

[11]  W. F. Silva-Araya and M. H. Chaudhry, “Unsteady Friction In 
Rough Pipes”.  ASCE Journal of Hydraulic Engineering, Vol. 127, 
No.  7, pp. 607-618, 2001. 

[12] J.P. Vítkovský, A. Bergant,  A.R. Simpson, M. Asce, and M.F.  
Lambert, “Systematic Evaluation of One-Dimensional Unsteady 
Friction Models in Simple Pipelines”. ASCE Journal of  Hydraulic  
Engineering, Vol. 132, No. 7, pp. 696-708, 2006. 

[13]  J. Škifić; S. Maćešić; and N. Črnjarić-Žic. “Nonconservative 
Formulation of Unsteady Pipe Flow Model”. ASCE Journal of 
Hydraulic Engineering, Vol. 136, No. 8, pp. 483-492, 2010. 

[14] J.P. Gauthier, H. Hammouri, and S. Othman, “A simple observer for 
nonlinear systems - applications to bioreactors,” IEEE Transactions 
on Automatic Control, vol. 37, no. 6, pp. 875–880, 1992. 

[15] K. Busawon, M. Farza, and H. Hammouri, “Observer design for a 
special class of nonlinear systems,” Int. J. Control, vol. 71, no. 3, pp. 
405–418, 1998. 

[16] G. Besançon, Nonlinear Observers and Applications, Springer, 2007. 

4418


