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Abstract: Fluid losses produced by a leak in a pipeline is a serious problem which can cause
economical and human losses and pollution. Hence, leak detection and location methods have
been developed recently. One of the most popular methods is based on negative pressure wave.
The aim of this paper is to present how the temperature affects the negative pressure wave speed
and the accuracy of this kind of methods when they are implemented in plastic water pipelines.
Some leak location examples with different temperatures and different pipeline materials are
given and some results are presented by mean of some real time experiments performed online
with an algorithm implemented in a plastic water pipeline.
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1. INTRODUCTION

Pipelines are extensively used to transport fluid, both liq-
uids and gases, from production sites to consumption ones.
Due to the pipelines oldness or fluid theft, some leaks can
appear, causing an environmental and economical impact.
Therefore, leak detection and isolation is an important
issue and many works has been elaborated over the years
(Billman and Isermann, 1987; Benkherouf and Allidina,
1988; Verde, 2004; Jian et al., 2003; Gao et al., 2006;
Begovich et al., 2012). Usually a leak can be detected very
easy making use of a mass balance. Nevertheless, a major
problem is the leak location along the pipeline.

In the literature is common to find two classifications of
leak detection and isolation methods, internal and external
methods. External methods detect the leak outside the
pipe, like dielectric cables, inspection by line patrols,
etc., however they can be slow and expensive. Otherwise,
internal methods use measurements provided by sensors to
monitor some variables such as flow, pressure, temperature
(T), which give information to a computational pipeline
monitoring that can determine a leak occurrence and
its position. Internal methods are accurate, cheap, fast
and sensitive. They can be subdivided in two branches,
methods based on a nonlinear model deduced from the
water hammer equations which describe the behavior of a
fluid in a pipeline and the methods based on the negative
pressure wave. There are two types of methods based
on the model deduced from the water hammer equations
(Roberson et al., 1998), the Fault Sensitive Approach
(FSA) and the Fault Model Approach (FMA) (Kowalczuk
and Gunawickrama, 2000). In the FSA the leak does not
appear in the model and is based on residual correlation

techniques like the method introduced by Billman and
Isermann (1987), while in the FMA the leak is taken into
consideration in the model. FMA is more commonly used
in recent investigation (Benkherouf and Allidina, 1988;
Verde, 2004; Besancon et al., 2013). Methods based on
the Negative Pressure Wave use the speed of the pressure
wave and the time difference between the time it takes for
the wave to travel from the leakage point to the beginning
of the pipeline and the time it takes to travel from the
leakage point to the end of the pipe in order to localize
the leak.

There are many researches for leak location based on Neg-
ative Pressure Wave (NPW) Method, (Jian et al., 2003;
Gao et al., 2006; Li et al., 2009; Yi-Bo and Li-ying, 2009;
Hua Tian et al., 2012), most of them utilize correlation
and wavelets techniques to determine the time it takes for
the wave to travel from the leakage point to the ends of
the pipeline. In (Jian et al., 2003), a wavelet technique is
utilized online to determine the time difference accurately.
They mention that negative pressure wave speed can be
considered constant when fluids are transported at normal
temperatures. The location error using this algorithm is
less than 2 % and it takes less than 200 s to alarm and
determine the leak position. A comparison between corre-
lation techniques is made in (Gao et al., 2006), where some
estimators such as ROTH impulse response, the smoothed
coherence transform, the WIENER, the phase transform
and the maximum likelihood are tested and compared. In
that work the algorithms were tested with experimental
data coming from a prototype, but it is not mentioned if
it was an online or offline experiment and also the tem-
perature is not considered in order to calculate negative
pressure wave. In spite of the experimental results show
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that the largest error among all the techniques for leak
location was less than 0.3 % of distance, it is specified
that the results presented were the best results and it
can be possible to obtain a 3 % and 9 % distance error
using accelerometer and hydrophone measurement signals
respectively.

(Li et al., 2009) present a paper where a cross-correlation
technique is employed online, which provide results with
an error less than 2% of distance in leak location. Tem-
perature effects on negative wave speed are not specified.
Finally, (Hua Tian et al., 2012) shows a slope analysis
algorithm where the negative pressure wave speed is taken
as a constant and some challenges such as data quality,
hydraulics dynamics and false alarm reduction are pre-
sented, but the time it takes to detect the leak position is
not mentioned and online implementation is not presented
in the paper.

In this paper, the effect of the temperature changes on the
problem of calculating the negative pressure wave speed in
plastic pipelines is analyzed. Some leak location examples
with different temperatures using the Negative Pressure
Wave Method are given in order to evaluate this kind of
methods. Also a comparison of pressure wave speed due to
temperature changes between plastic, concrete and copper
pipes is shown. The important of considering flow velocity
in order to calculate leak location in plastic pipelines is
exhibited and real time results are presented in order to
support all the theory.

The paper is organized as follow: Section 2 presents the
basic equations needed to develop the algorithm. The
problem of calculating the negative pressure wave speed
change is introduced in Section 3. In Section 4 a brief
description of the prototype is presented. An explanation
of the leak location algorithm for real time application
is exposed in Section 5. Results in real time (online)
are provided in Section 6 and finally in Section 7 some
conclusions are stated.

2. EQUATIONS FOR LEAK LOCATION METHOD

The behavior of a leakage occurrence in a pipeline is
followed by some changes in both pressure and flow.
Compared with the pressure and flow in steady state
before the leak occurrence, the next changes are state:

• Pressure at pipeline inlet Hin decreases.
• Pressure at pipeline outlet Hout decreases.
• Flow at pipeline inlet Qin increases.
• Flow at pipeline outlet Qout decreases.

The fluid at the leak point flows out due to the pressure
difference between the inside and outside of the pipeline,
which turns into a pressure drop inside the pipeline and
the generation of a negative pressure wave.

Once the negative pressure wave is produced at the leak
point, it propagates at a certain velocity back and forth
in pipeline until it is dissipated because of the friction.
The pressure drop caused by the negative wave pressure
can be observed by means of sensors in the ends of the
pipeline. The negative pressure wave effect can be seen at
the inlet and outlet pipeline at certain time after the leak
occurrence, which depends on the distance from the leak

point to the beginning of the pipeline and from the leak
point to the ending of the pipe, as well as the pressure wave
velocity. This time can be used to determine the position
of the leak.
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Fig. 1. Leak isolation principle.

Fig. 1 displays a schematic diagram of the leak location
principle, where t1 [s] and t2 [s] is the time taken for the
negative pressure wave to propagate to the beginning and
the ending of the pipe respectively. The leak position can
be calculated as follows (Hua Tian et al., 2012):

ZL = (a− V )
(a+ V )(t1 − t2) + L

2a
(1)

where ZL is the leak position [m], V is the velocity of
the flow [m/s], L is the pipeline length [m] and a is
the negative pressure wave speed [m/s]. In most of the
applications a is much greater than V , so that V can be
neglected and the formula can be simplified as (Hua Tian
et al., 2012)

ZL =
a(t1 − t2) + L

2
(2)

Since ρ, K and E change as a function of the tempera-
ture, a needs to be calculated by the following equation
(Roberson et al., 1998)

a =

√√√√ K
ρ

1 + DK
eE

(3)

where D is the internal pipe diameter [m], K the elastic
modulus [N/m2] and ρ the density of the fluid [Kg/m3],
while e is the wall thickness [m] and E the elastic modulus
of the pipe [N/m2].

3. PROBLEM OF THE NEGATIVE PRESSURE
WAVE SPEED CHANGE

An important issue about leak location based on NPW
Method is to determine the real pressure wave speed.
As it is mentioned before, the pressure wave speed can
be calculated by (3), but if the problem is analyzed in
plastic pipelines, the wave speed can change drastically,
due to temperature changes. Thus the wave velocity in
the pipeline is not constant over time. This problem can
be neglected in concrete or cooper pipelines, nevertheless
these changes in wave velocity need to be taken into
consideration in plastic pipelines, since elastic modulus
is much smaller than concrete or cooper. The composite
concrete has an elastic modulus in the range of 30 to 50
GPa, copper in the range of 110 to 128 GPa, while the
plastic or polymer, which our prototype is made, has an
elastic modulus of about .47 GPa.
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Table 1. Temperature effect on different mate-
rial pipelines.

Temperature Plastic Pipe Copper Pipe Concrete Pipe

20◦C 389.5 m/s 1412 m/s 1315 m/s

25◦C 368 m/s 1422 m/s 1323 m/s

30◦C 347.5 m/s 1430 m/s 1330 m/s

35◦C 328 m/s 1435 m/s 1335 m/s

40◦C 309.6 m/s 1440 m/s 1339 m/s

45◦C 292.3 m/s 1442 m/s 1341 m/s

Table 1 shows how temperature affects the pressure wave
speed in plastic pipes, copper pipes and concrete pipes.
The temperature affects more the plastic pipes than the
copper and concrete pipes due to its elastic modulus is
much smaller than copper or concrete elastic modulus.
The elastic modulus of the plastic is 7.8×108 N/m2 at
20◦C and 4.2×108 N/m2 at 45◦C.

In order to show how the temperature of a plastic pipeline
affects the wave speed, an example will be given. Suppose
a 68 m plastic pipeline where water is conducted and the
temperature is 20◦C for both, water and plastic pipe. The
diameter of the pipe is 0.06271 m and its wall thickness
(e) is 0.01307, while E, K and ρ are functions of the
temperature. For this example the negative pressure wave
speed is 389.5 m/s. If a leak occurs at 10 m, t1 and t2 can
be calculated as following:

t1 =
d1
a

=
10m

389.5m/s
= 0.025673s (4)

t2 =
d2
a

=
58m

389.5m/s
= 0.148908s

where d1 is the distance from the pipe beginning to the leak
point and d2 is the distance from the leak point to the pipe
ending. Using t1 and t2 from (4) in (2), the estimation of
leak point ZL is 10 m. Now if the temperature changes to
45◦C, then the pressure wave speed will change to 292.3
m/s. Then the following is obtained:

t1 =
d1
a

=
10m

292.3m/s
= 0.034211s (5)

t2 =
d2
a

=
58m

292.3m/s
= 0.198426s

Using t1 and t2 from (5) and supposing that the designer
takes the pressure wave speed as 389.5 m/s, which is used
in (4), the estimation of the leak point can be calculated
with (2), giving a wrong result of ZL = 2.019m. The real
leak location is at 10 m, thus the leak location error is
7.981 m which represents 11.73 % of the whole pipeline
length.

Reproducing the last example with same parameters,
except that now a copper pipeline will be utilized, where
the elastic modulus is quasi-constant (100 GPa for this
example) and taking the pressure wave speed as 1315
m/s, that corresponds to the pressure wave speed at 20◦C,
in an experiment where the temperature is 45◦C and
the pressure wave speed is 1341 m/s, we get that the
estimation of the leak location is 10.46 m, where the error
is 0.46 m which represents 0.67 % of the whole pipe length.

These examples show that is very important to consider
changes in temperature when the pipelines are made of
some polymers and why people working with copper or
concrete pipes, do not consider those variations.

4. PROTOTYPE

In this section, a brief description of the pipeline pro-
totype constructed at the Center for Research and Ad-
vanced Studies in Guadalajara, Mexico (CINVESTAV-
Guadalajara)(Begovich et al. (2012)) will be provided. The
prototype is composed of a non-straight plastic pipeline, a
pump, three valves and seven sensors. The three valves are
uniformly installed along the pipe in order to emulate leaks
for the purpose of testing the algorithms. Finally a tank is
placed to store the fluid used during the experiments and
a data acquisition system is set up.

TANK

P2

P1

F1

F2

??

V1

V2

V3

PL1

PL3

PUMP

T1

Fig. 2. Schematic diagram of the pipeline prototype.

Fig. 2 shows all the elements which integrate the proto-
type, where can be seen a pressure sensor (P1) and a flow
sensor (F1) at the inlet of the pipe. At the outlet of the
pipe are installed the P2 and F2 sensors, which have the
same specifications as P1 and F2. A pressure sensor (PL1)
is mounted at the first valve (V1) and another one (PL3)
is mounted at the third valve (V3) for the sole purpose
of verifying pressure at leak points. Finally, in order to
monitor the fluid temperature a sensor is installed in the
tank, which is useful to adjust some parameters like the
elastic modulus and density of the fluid, the kinematic
viscosity of the flow, the elastic modulus of the pipe,
among others.

The pressure sensor installed in the prototype at the inlet
and outlet of the pipeline is a PMC41 model manufactured
by Endress + Hauser. PMC41 is a ceramic sensor that
uses a deflection of a ceramic diagram caused by the
pressure which turns into a change in capacitance. The
sensor is set in analog function, therefore the measurement
is continuous and the sampling time depends only on
the data acquisition system used to transfer data to the
computer. Due to PMC41 is an analog sensor, it has a
transfer function defined as

G(s) =
1

Γs+ 1
(6)

where Γ is the time constant which is 40 ms in this case.

The sensor intended for flow measurement is a Proline
Promag 10P by Endress + Hauser, which works following
Faraday’s law of magnetic induction, while temperature
sensor is a RTD PT100 connected to a HART tempera-
ture head transmitter TMT 192 which makes possible to
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convert the resistance to a 4 mA to 20 mA signal, so the
signal can be get into the data acquisition system. To get
all the sensor signals into a computer a NI USB-6229 data
acquisition system by National Instrument is used.

Table 2. Position of the valves

Distance from the inlet of the pipe

Valve 1 17 m

Valve 2 33.5 m

Valve 3 50 m

Table 2 shows the length from inlet sensors to valves used
to emulate the leaks. The length between inlet and outlet
sensors is 68 meters.

5. LEAK LOCATION ALGORITHM

For the purpose of leak location an algorithm based on the
search of a minimum signal value at a specific operating
point is implemented. As it was mentioned before, when
a leak occurs a negative pressure wave is produced at the
leak point and it propagates at a certain velocity back and
forth in pipeline until it is dissipated because of friction,
having an under-damping response.
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Fig. 3. Non-filtered inlet and outlet pressures.

Fig. 3 shows non-filtered inlet and outlet pressure signals,
where can be seen that a leak occurs between 22 and
23 seconds. At the moment of leak occurrence an under-
damping response is presented for both signals, more
clearly in red signal. Following that behavior the time
to the first peak, in this case negative pike, is saved as
t1 and t2 for each signal, where t1 is the time to the
first negative peak for inlet pressure signal and t2 is the
first negative peak for outlet pressure signal. This can be
possible detecting the minimum signal value and saving
the time when it happened. Once t1 and t2 are obtained,
the leak position ZL can be calculated as (2) describes.

To be precise when system is working at certain operating
point, a memory register is initialized in a value greater
than any possible operational condition(pressure). After
that, the algorithm saves a new value in the memory
register if the new read value is less than the last memory
register value, and the time when it happened is also saved
in the register t1 or t2, depending on the signal. The
minimum value of the pressure is detected when a leak
occurs and that makes possible that the leak position can
be calculated. The leak position estimation is displayed

once a threshold is over-passed by the difference between
inlet and outlet flow.

6. RESULTS

In this section the results of a experiments are presented
in order to test the algorithm based on negative pressure
wave. The experiments were performed online on the
prototype described in Section 4 using the valve V1 shown
in Fig. 2. The algorithm was programmed in LabView
environment. Fig. 4 displays the frontal panel of the
program in LabView, and shows a tab where the pressure
measurements can be visualized.

Fig. 4. Front panel of the LabView program for leak
location.

The sampling frequency for the experiments was set in 120
Hz (sampling time = 0.008333 s), hence if we multiply the
maximum pressure wave speed presented in our prototype
by the sampling time, the maximum error for an experi-
ment can be calculated as follows (Hua Tian et al., 2012):

360m/s× 0.008333 s

2
= 1.499m (7)

The maximum error for the leak location is 1.49 m, which
represent a 2.2 % of error considering that the total length
of the pipe is 68 m when the pressure speed wave is 360
m/s.

Table 3. Parameters and initial conditions of
the experiment

Parameter Value Units

Q1, Q2 0.009 m3/s

Hin 19.934 mH2O

Hout 10.479 mH2O

D 0.06271 m

g 9.7819 m/s2

T 40.375 ◦C

e 0.01307 m

ε 7× 10−6 m

K 2.26092× 109 N/m2

E 4.7223× 108 N/m2

v 6.5099× 10−7 m2/s

ρ 992.06 Kg/m3

Table 3 shows the initial conditions of the experiment
which are function of the temperature, and parameters
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like D, g, among others which remain constant during the
experiment.

The program shows the leak location once a threshold
is over-passed when a leakage occurs, namely, when the
difference between inlet (Q1) and outlet (Q2) flow is
greater than the threshold that was set at 8 × 10−5m3/s.
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Fig. 5. Inlet and outlet flow of the pipe.

Fig. 5 shows inlet and outlet flows in the pipeline and
their changes at the moment of the leak occurrence. Note
that inlet flow increases and outlet flow decreases when
the leak appears as was mentioned previously and it can
be seen that the inlet flow signal contains more noise than
the outlet flow signal, since the inlet flow sensor is close to
the pump, where exists more turbulence.
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Fig. 6. Measured pressures by sensors.
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Fig. 7. t1 and t2 determined in non-filtered inlet and outlet
pressure signals.

Inlet pressure (H1), outlet pressure (H3), pressure in valve
V1 and pressure in valve V3 are presented in Fig. 6. In
order to show the pressure variations, the non-filtered inlet

and outlet pressure measurements are presented in Fig. 7,
where the lowest signal measurements can be observed on
the horizontal lines for both signals, at the same time that
t1 and t2 can be observed on the vertical lines. t1 was
saved as 22.328 s, while t2 was saved as 22.428 s, having
a difference of .1 s.
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The temperature of the experiment which was around
40.53 ◦C is displayed by Fig. 8. In order to get a cor-
rect negative pressure wave speed, the temperature was
monitored during the experiment and it can be seen that
it was changing. At the moment of the leakage occurrence
the temperature was 40.4 ◦C.
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Fig. 9. Pressure wave speed during the experiment.

The pressure wave speed calculated during the experiment
is illustrated by Fig. 9. Pressure wave speed is lower than
mean values in a plastic pipe because of the high fluid
temperature. The pressure wave speed at the leakage time
was approximately 308.3 m/s. An incorrect calculation of
the NPW can increase drastically the error on estimation
of the leak location. Once the pressure wave speed, t1 and
t2 are obtained, the leak location can be calculated.
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Fig. 10. Position of the valves and leak location by the
algorithm.

Fig. 10 shows the distances from the beginning of the pipe
to the end of the pipe, to the valve V1, to the valve V2
and also the estimations of the leak location. As can be
seen from figure, valve V1, where is situated the leakage
point, is approximately 17 m from the inlet sensors and
the leak location provided by the algorithm (red signal)
is approximately 18.58 m, having an error of 1.58m. The
total length of the pipeline is 68 m, therefore the leak
location error is 2.36 % . Equation 7 shows that the
maximum error using the wave speed as 308.25 should be
1.284 m instead of 1.58 m, which is given by the algorithm
estimation. In order to respect that maximum error, the
non-simplified equation 1 needs to be adopted. The blue
signal from Fig. 10 shows the estimation of leak location
at 18.267 m using equation 1. Now the error is 1.267 m or
1.863 %.

Equation 1 was utilized due to the negative pressure wave
speed in plastic pipelines is low and it is affected by the
velocity of the fluid, unlike concrete or copper pipelines.
Another way to minimize the error is having knowledge of
the temperature in order to calculate properly the pressure
wave speed and decreasing the sampling time, not only
for plastic pipeline, but also in pipelines made of other
materials.

7. CONCLUSION

The problem of calculating the negative pressure wave
speed change due to temperature changes was analyzed.
The paper shows that for Negative Pressure Wave Meth-
ods applied to plastic pipelines is very important to con-
sider temperature changes in order to decrease the estima-
tion errors of leak location. Also is important to consider
the fluid velocity into the equation which estimates the
leak location for plastic pipes, since better results are
obtained.
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