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Abstract

An inverse transient method with genetic algorithm (GA) was applied to leak detection in pipeline. Transient flow
caused by valve operation was calculated using the characteristics method. The location and discharge of leak were
determined so that the difference of the calculated pressure may be minimized from the reference pressure calculated
under a given leak condition. Calculations were done for the leak at one and two locations in pipeline. Furthermore, the
effect of noise in pressure data was discussed, and the leak locations and leak discharges can be predicted precisely

even in the case of noisy data.
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1. Introduction

In many water-distribution systems, a significant
percent of water is lost due to leak from pipes. Leaks
waste both a precious natural resource and money,
and create a public health risk. The presence of leaks
in pipe network also lowers efficiency and reliability
of system. In addition, leaks may cause traffic acci-
dents and serious structure damage to neighboring
properties and roads. If the transporting fluids are
hazard, the risks associated with leak get higher. For
these reasons, leak detection in pipe has been an im-
portant issue.

A number of leak detection methods have been de-
veloped. A simple acoustic method used a stetho-
scope to listen to the noise or vibration generated
from a leak. Its success is dependent on the operator’s
experience, the size of the leak, and the characteristics
of the pipeline. However, this method requires high
levels of expertise and effort. Hence, a simple, cheap,
and reliable method for leak detection would be a
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great economic value.

A transient flow occurred in a hydraulic system
causes a pressure wave to propagate within a pipeline
system until a new steady-state is attained. The re-
flected pressure wave contains information concern-
ing the status of the system. Leaks in a pipeline con-
tribute to damping of pressure and leak importing
evidence in the reflected pressure wave. The meas-
urement and analysis of these pressure waves can be
used to detect both size and location of leak. Several
leak detection methods use this transient behavior.

Liggett and Chen [1] proposed the inverse transient
analysis to detect leak in water distribution system.
They used the Levenberg-Marquardt (LM) method to
minimize the difference between measured pressure
data and numerical model results. Vitkovsky and
Simpson [2] used the Genetic Algorithm (GA) tech-
nique in conjunction with the inverse transient
method to detect leaks and friction factors in water
distribution systems.

Josson and Larson [3] used the reflected waves of
transient pressure from leak to detect leak. They used
spectral analysis of pressure wave to detecting the
frequency by the reflected waves from leak. From this
frequency by leak, they calculated location of leak.
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In the present study, the inverse transient method
with genetic algorithm was used for leak detection.
Reference pressure waves at a point and modeled
pressure waves at that point calculated by characteris-
tic method are evaluated to minimize difference be-
tween two values. The cases with one leak and two
leaks were investigated to detect leak. Furthermore,
the effect of noise of measured pressure was dis-
cussed.

2. Inverse transient method

2.1 Transient analysis
Considering a circular pipe without leak under the
usual assumption, the one dimensional motion and

continuity equations can be written in the following
form [4].
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These basic differential equations can be nondi-
mensionalized by introducing the following nondi-
mensional variables:
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The basic equations can be transformed into four
ordinary differential equations by the characteristics

method. The characteristic equations are
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in which H, = aQygd, F = HyH, and R =
JOoL/2aDAF.

It is convenient to visualize the solution as it devel-
ops on the independent x-¢ variable plane. Egs. (4)
and (5) are referred to as compatibility equations,

each one being valid only on the appropriate charac-
teristic line. Using finite difference method, solutions
can be completed at any desired time with appropriate
boundary conditions.

2.2 Unsteady friction factor

Usually the steady friction terms are used for the
transient analysis. However, the modeled pressure
and the experimental pressure data show lack of
agreement after early time. In laminar flow, fre-
quency-dependent frictional losses were demon-
strated to be a major reason for additional losses and
for dispersion of sharp pressure wave patterns [4].
Several models for unsteady friction factor have been
proposed. The Brunone model relates unsteady part f;,
to the instantaneous acceleration 0V/0¢ and instanta-
Simpson and
Vitkovsky [5] improved the Brunone model to per-
form all types of unsteady conditions.

neous convective acceleration oV/ox.
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in which sign(¥) = (+1 for >0 or -1 for ' <0), and
Brunone's friction coefficient £ is & = \/E /2. The
Vardy's shear decay coefficient C” is:
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2.3 Leak in pipeline

Leak in pipe contributes to damping of transient
event, as can be seen in Fig. 1 which shows the damp-
ing effect. In the pressure wave with leak, leak dis-
charge (C,4;/4) was 0.008, and leak location (x*)
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Fig. 1. Damping effect of leak on transient flow; x°, —1.0,

X, =02,C,4, / A=0.008
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Fig. 2. Leak in pipe.

was 0.2. Location and discharge of leak affect tran-
sient event. Leak discharge in pipeline can be ex-
pressed by the orifice equation which is a function of
pressure in a pipe and size of a leak:
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™

Fig. 2 illustrates junctions with leak in pipeline.
From the motion and continuity equations, we obtain
the following equations for leak pressure and dis-
charge

H, =H —RAX'Q|Q] (®)
0'=0,+0, €))

where, B=fAx/2gDA’.
Combining Egs. (7) and (9) to (8) yields the follow-
ing equation.

H =H —C,,{ CHH: +1)+ 02 +2C,0H, +1 ;

(10

in which C,= Cyd, [2gH, /Qo and C, = RAX". In the

similar manner, the pressures at leak points and leak
discharge with two leaks can be calculated.

2.4 Inverse transient method

The general purpose of the water distribution sys-
tem problem is to obtain the pressure at node and
flow rate between nodes with known outflow at node.
In contrast, the inverse method finds outflow at node
with known pressure at node and boundary condition.

Inverse transient method involves fitting a numeri-
cally modeled pressure trace to a reference pressure
trace by minimizing the differences between calcu-
lated and reference values. With the information of
leak location and leak discharge, we can calculate

transient pressure event. To perform for leak detec-
tion in pipe by inverse transient analysis, an artificial
transient event in the pipe was done by changing the
flow at some location. Then observation of pressure
at a number of locations in the system is need.

3. Genetic algorithm

The GA is an evolutionary computation paradigm
inspired by biological evolution. In general, the fittest
individuals of any population tend to reproduce and
survive to the next generation, thus improving succes-
sive generations. However, inferior individuals can,
by chance, survive and also reproduce [6].

The GA used in this study is a modified version
of a Genetic Algorithm Optimization Toolbox for
Matlab 5 developed by Christopher R. Houck [7].
MATLAB is used for the following reasons: it pro-
vides many built in auxiliary functions useful for the
function optimization; it is completely portable; and it
is efficient for numerical computations. The GA
driver for a MATLAB version is free for public use
and is available over the internet. Figure 3 shows the
GA flow chart. A chromosome representation for GA
is adapted real-valued type since it has been shown as
more efficient.

4. Case study

Fig. 4 shows the schematic view of problem system
with two leaks. Water passes through a reservoir —
pipeline - valve hypothetical pipeline system with a
constant head reservoir (Hy=25 m). For the pipeline
of 1000 m (between x =0.0 and 1.0) in Fig. 4, a tran-
sient is initiated by closing the downstream valve.
The initial steady flow in the pipeline is Qy=2.0 L/s,
which can be achieved by a partially opened down-
stream valve. The Reynolds number of the flow in the
pipeline is 11,160. The Darcy-Weisbach friction fac-
tor is calculated as /=0.0302. The control valve exe-
cutes a closure from a full-gate opening. The wave
propagation speed is 1,300 m/s. Transient is intro-
duced from the valve closure in 0.05 s. The fitness of
each solution is estimated by employing an objective
function. The objective function of the time series of
pressure head can be expressed as

end

E=Y (H -H) (11)

i=1
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where, E : the objective function, H'; : time series of
reference pressure head, H°; : time series of the calcu-
lated pressure head.

The number of leak was examined for one and two.
Table 1 shows the detailed conditions of leak condi-
tions. For the case with one leak, we set the GA pa-
rameters as leak location (x'), leak discharge
(C44,/A), and friction factor (f). For the case with two
leaks, we set GA parameters as leak location, leak
discharge. The ranges of each GA parameters were
0=x",=1,0=C4,/A=0.1, and 0=/ =0.1. In these
ranges, the optimized values were obtained by chang-
ing these parameters. The reference pressure was
calculated with true boundary condition and leak
condition. And the effect of noise of the reference
pressure was investigated.

5. Results of the case study
5.1 The effect of fiiction factor

Steady friction factor can be calculated by measur-
ing pressures at some points in the pipeline. If we can
reduce one parameter of friction factor, detecting
efficiency can be improved. To investigate the effect
of friction factor, we set the friction factor as wrong
data from true value.

The cases with 10% larger value (0.0322) and 10%
smaller value (0.0272) then true friction factor
(0.0302) were investigated. The case with 10% larger
friction factor detected leak location as 0.275, and the
case with 10% smaller friction factor detected leak
location as 0.225. Both case detected leak discharge
as exact value.

These results confirmed that the effect of the fric-
tion factor was not serious for detecting leak, because
the relation between the friction factor and leak loca-
tion is linear.

Table 1. The conditions of leak.

No. of

True leak condition
leak

GA parameters

x7=0.2,0.4,0.6,0.8
C4A4,/4=0.0001

(x')=0.3,
(C441/4),=0.0004
(x *L)2:0-7=
(C44,/4),=0.0006

One X', CiAy/A, f

Two X', Cidy/A

Start
|

Create initial population randomly

|
Do for i=1 to max generation
|
Selecting population by selection
function

Create new population by crossover
|
= Arithmetic crossover by n times

* Heuristic crossover by n times
* Simple crossover by n times
' |

Create new population by mutation
I

* Boundary mutation by n times

* Multi-non-uniform mutation by n
times

* Non-uniform mutation by n times

* Uniform mutation by n times

i < max generation > max generation
‘Output all data

Fig. 3. GA flow chart.
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Fig. 4. Pipeline connecting an upstream reservoir and down-
stream valve.
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Fig. 5. Results of leak detection without noise.
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Fig. 6. Results of leak detection with noisy data.
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Fig, 7. Compariso between noisy pressure and smooth pressure without noise.

5.2 Leak detection for the case with two leaks

The GA population number was 120, maximum
generation was 2000, selection option (¢) was 0.08,
and iteration number of crossover and mutation was 3
for each generation. It takes about 608 seconds for
one calculation by dell-8400 (Pentium 4 CPU 3.4GHz,
2G RAM). Fig. 5 shows the process of detecting leak.
Although calculating time takes a lot compared to the
case with one leak, we can detect leak location and
leak discharge. In case with one leak, we can detect
leak by 26 seconds. Calculating time with two leaks
was about 23 times that of the case with one leak. The
detected leak locations (x*L)l was 0.3, and (x*L)z was
0.7. The detected leak discharges were (CzA4;/A), =
0.0004, and (C,4,/4),= 0.0006.

In the beginning of detection, the number of leak
was determined by the post process. From this num-
ber of suspicious leak, GA parameters were decided.

5.3 Result of detection with noisy data

To make more realistic situation, noise with zero
mean and random deviation of +0.5 m is added to
reference smooth pressure. The signals superimposed
noises on the calculated pressures are compared to the
signal without noise in Fig. 7. The leaks conditions
and GA conditions are the same as the condition
without noise. Fig. 6 shows the detecting process.
Mean calculation time was 892 seconds. Detected
leak locations and leak discharge are (x'); = 0.2967,
(x")a= 0.7067, (C44,/A); = 0.0004, and (Cyd,/A), =
0.0006. The detected result using noisy data shows
complicate but similar appearance to the case without
noise.

6. Conclusion

In this study, the inverse transient method was used
to detect leaks in the pipeline. Using pressure data,

transient analysis with GA optimization was done for
the leak detection. The leak location and leak dis-
charge can be detected even for noisy data case using
the present method.

Nomenclature

A © Area of pipe [m’]

A; . Leak area [mz]

a : Wave speed [m/s]

ol Vardy's shear decay coefficient
Cy . Leak orifice discharge coefficient
D . Diameter of pipe [m]

I . Darcy-Weisbach friction factor
JA Steady friction factor

Unsteady friction factor

g Gravitational acceleration [m/ sz]

H Pressure head [m]

H, . Pressure head at upstream reservoir [m]

k Brunone's friction coefficient

L Pipe length [m]

(0] Discharge of flow [m3 /s]

O . Steady state discharge at downstream
[m’/s]

Re : Reynolds number

t : Time [s]

vV . Velocity in the longitudinal direction [my/s]

X . Distance along pipe [m]

Ax . Distance between nodes [m]

Superscripts

. Dimensionless unit
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