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Abstract

Pipeline leak detection systems based on flow and pressure data from a SCADA are commonly
used for supporting maintenance and increasing the reliability and safety of pumping process.
Such systems should maintain high sensitivity with minimum number of false alarms over the long
term. This paper examines the application of a statistics based leak detection system in a physical
model of water pipeline (380-metre-long, 34 mm in internal diameter, made of polyethylene
(PEHD)) and compares it to a reference algorithm. Sophisticated statistical analysis techniques
constantly evaluate all new and existing information in the database, discard invalid data, and
perform leak detection basing only on high-quality information in the current database.
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Streszczenie

Systemy wykrywania przeciekéw w rurociggach wykorzystujace dane z pomiaru przeplywow i
cisnien w uktadach pomiarowych typu SCADA sg czgsto stosowane do wspierania obstugi I
zwigkszenia niezawodno$ci oraz bezpieczenstwa procesu pompowania. Wymaga si¢ od tego typu
systemOw wysokiej czulosci z jednoczesna odpornoscia a jednocze$nie ograniczenia
wystepowania falszywych alarmow podczas pracy. W tym artykule przetestowano algorytm
detekeji dziatajacy wykorzystujacy metody analizy statystycznej w fizycznym modelu wodociggu
(dhugos¢ 380 metréw, Srednica wewngtrzna 34 mm, materiat polietylen (PEHD)) i poréwnano go
z algorytmem referencyjnym. Zaawansowane techniki analizy statystycznej dokonuja ciaglej
oceny wszystkich nowych 1 istniejacych informacji w bazie danych, odrzucajac dane
nieprawidtowe. Celem takiego dziatania jest dokonywanie detekcji wyciekow w wodociggu na
podstawie tylko wysokiej jakosci informacji w budowanej bazie danych.

Stowa kluczowe: rurociag, detekcja wycieku, analiza statystyczna.

DETEKCJA PRZECIEKU PLYNOW W RUROCIAGACH ZA POMOCA ANALIZY STATYSTYCZNE]

1. INTRODUCTION

The primary purpose of leak detection systems
(LDS) is to assist pipeline controllers in detecting
and localizing leaks. LDS alarm and provide leak
related data to the pipeline controllers in order to aid
the decision-making process. Pipeline leak detection
systems are also beneficial because they can
enhance productivity and system reliability thanks to
reduced downtime and reduced inspection time.
Leak detection systems should maintain high
sensitivity with minimum number of false alarms
over the long term. Most popular leak detection
systems are developed with the use of diagnostic
methods which are based on measurements of
internal flow parameters (flow rate, pressure and
fluid temperature) [5, 7, 8]. Elaboration of a leak
detection system requires the use of at least several
internal methods working concurrently [5]. Systems
developed with the use of such methods are usually

additional modules of SCADA systems which are
used in pipelines for monitoring, regulation and
control of pumping processes.

SCADA systems comprise measuring devices
and transducers located along the pipeline and data
transmission systems which provide parameter
measured flow data (process variables). Due to large
distances between measurement points and the
control of a SCADA system, it is possible that the
LDS will only have part of useful measurement data
[6]. In addition, the measurement data are often
disturbed by additive measurement noise. In many
cases, this limits the use of diagnostic methods such
as, for example, the method based on pressure wave
detection [4, 5]. Effective application of this method
requires not only accurate synchronization of
measuring time and continuous reception of pressure
signals from individual measurement points along
the pipeline (with imposed very short sampling
periods), but also a reliable and unambiguous
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measurement. Acquisition of data with additive
measurement noise is therefore a challenge for
algorithms performing continuous measurement data
analysis and often limits their effectiveness.
Statistical methods, on the other hand, that can be
used to estimate parameters and test hypotheses
about them prove to be much more effective in such
conditions. The paper proposes statistical methods
of leak detection that provide an alternative to the
methods based on pressure wave detection.

2. DESCRIPTION OF THE LEAK
PHENOMENON

A pipeline usually has flowmeters installed on
the ends which measure pump forced flow at the
inlet and the flow at the outlet. In case of a leak,
juxtaposing flows at the inlet and outlet allows for a
diagnostic decision to be made. Moreover, pipelines
are often equipped with additional pressure sensors
installed at regular intervals along the pipeline. They
are installed in order to increase the accuracy of leak
detection and thus reduce the number of false
alarms.

The occurrence of leakage leads to changes of
pressure and flow in the pipeline. Leakage is
accompanied by the formation and propagation of
pressure waves. These waves are produced by
a sudden pressure drop at the place of the leakage
and propagate from there in both directions of the
pipeline with the speed of sound. In the case of
sudden leaks waves have clearly visible fronts, and
in the case of leakages increasing slowly, due to a
milder character of pressure changes, waves have a
smoother shape. Behind the wave front, the longer is
the distance from the leak point, the smaller is the
pressure drop in the pipeline. Example signals of
pressure and flow rate in the pipeline without and
with leakage are shown in Figure 1. The signals are
measured at the inlet and outlet, and in the case of
pressure, additionally at several points along the
pipeline.
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Fig. 1. Pressure profiles a) and flow profiles b) from
transducers in the pipeline before and after the
occurrence of leakage

For small intensity leaks, when additionally the
measurement data are strongly disturbed, the
detection of wave front propagation causes a
problem. In such situations, it is also difficult to
balance the flows. This, however, can be solved
using statistical methods which verify hypotheses
about changes in the average values of the measured
signals basing on the analysis of data collected in n-
samples time windows. Fig. 2. shows data disturbed
by measurement noise in a time window for one of
the signals in the state of a leak at 20th second of
data recording.

2-

n samples window

Time [s]
Fig. 2. Data with noise and n-samples window for
statistical analysis. Leakage occurs at 20sec

3. SCOPE OF RESEARCH

An important element of this research was to
compare the diagnosis of simulated leaks obtained
by means of two solutions:

- the reference method. It operates in a
continuous cycle and generates diagnostic
results each time it receives the signals with a
sampling period 7). It involves the use of

pressure and flow signals from two measuring
transducers located at the inlet and outlet or,
additionally, the use of signals from all
pressure transducers located along the pipeline;

- the elaborated statistical-based method. The
system receives flow and pressure data from a
SCADA (Supervisory Control and Data
Acquisition) system and calculates the
probability of a leak at regular intervals e.g.
every 0.3 seconds. The hypothesis test
procedure is used in order to determine signal
mean change probability.

2.1. Description of the reference method

A detection algorithm presented in [2] was used.
The algorithm is using measurement signals from
two devices (sensors) located at the beginning and
end of the pipeline (Fig. 3). The signals which were
used were pressure signals p;, and p,, and, for

comparison, measured signals of the flow ¢,, and
4, - The algorithm includes:

- recursive filtering of signals using a recursive
filter with a low-pass characteristics —
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recursive averaging with fading memory
(exponential smoothing) — the results of which
are reference values for the calculation of
deviations Ax, and Ax

out?

- calculation of the maximum of the correlation
function of the deviations Ap;, and Ap,,, for
the pressure signals, and the minimum of the
correlation function of deviations Ag;, and

Aq,,. for the flow signals for the time shift

4 The shift value is determined

using the wvelocity of the pressure wave
propagation and taking into account the
distance between the pressure measurment
points;

- recursive filtering of the calculated extremes of
the correlation functions with the resulting
values Fx (Fp and Fg respectively) which,
when they exceed the alarm threshold Px
( Pp and Pgq respectively) inform about the

T

max max

occurrence of leakage.
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Fig. 3. The reference algorithm

The algorithm can also operate with the use of a
larger number of signals. In this case, the pressure
signals measured at the inlet and outlet and also in
the other points along the pipeline were used. The
resulting function here is the function Fp . This
function is the medium value of a set of n-—1
functions Fp, based on the calculation of the cross-
correlation of the variables Ap, . Particular functions

Fp, are the result of filtration of the functions fp,

based, in turn, on a recursive filter, referred to as
recursive  averaging  with  fading  memory
(exponential smoothing). The individual functions
fp. are the maximum values of the cross-correlation
function which corresponds to the correlation of the

variable Ap,. The variable represents a given
measuring point z, with the variable Ap,,; which,
in turn, represents the neighbouring measuring point

z located along the pipeline. The cross-

n+l
correlation functions are calculated with the time
shift 7. %. The shift value 7"

using the velocity of the pressure wave propagation
and taking into account the distance between the
pressure measuring points. If the function Fp

max is determined

exceeds its alarm threshold Pp , the alarm is
generated.

2.2. Description of the elaborated method

The proposed method is based on statistical
analysis of pressure/flow signals at several points in
the pipeline in order to detect a leak. A leak changes
the hydraulics of the pipeline and therefore changes
the pressure or flow readings after some time. Local
monitoring of flow at the beginning and the end of
the pipeline can therefore provide a simple way of
detecting leaks. However, in order to minimize false
alarms and properly identify changes in the pressure
and flow signals when a leak occurs, it is necessary
to read data from several points. This gives the
opportunity of optimizing leak detection provided
that some statistical assumptions hold. The
uncertainty of the mean value of the measured data
requires the estimation of its real value by
calculating confidence intervals (CI) and its limits.
A confidence interval for a mean specifies a range of
values within which the unknown population
parameter, in this case the mean, may lie. CI for
means are calculated as follows:

p(\m_yo\%/z%]:l_a N

where:
P probability value
1-a confidence level.
s estimated standard deviation
m estimated mean
Ho unknown population mean
n number of samples
Ugp normal distribution = 1.96 for

confidence level 0.95

Confidence intervals (CI) for means are
calculated for each of the measured data intervals.
Limits of the interval will be used as a reference for
the detection of transducer signal mean change. The
(two sided) confidence interval for a mean contains
all the values of z4 (the true population mean) which
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would not be rejected in the two-sided hypothesis
test of:

HO: m = u, (no significant mean change)

against

H1: m not equal to u, (a significant mean

change)

To minimize false alarms, P-value, the strength
of evidence in support of a null hypothesis, is
averaged over all data sets. It allows setting a
custom threshold for leak detection. A leak is
detected if the average P-value exceeds the custom
threshold (50% in the work). Otherwise, the leakage
is not detected.

2.3. Description of the algorithm

The existence of noisy data makes it necessary to
choose a time window length, e.g. 0.3 sec, and
calculate the confidence interval and its limits for all
considered signals. The limits may be used as a start
up parameters. The next step is to move the time
window and perform a hypothesis test for all signal
means, taking as the start up references the CI limits,
and then calculate P-values as a hypothesis test
result. Each signal has its P-value. If the average of
P-values is smaller than the threshold, the current
measurements should be added to the previous ones
and new confidence limits should be calculated.
This operation extends the database so that mean
estimation can be performed more precisely in
further calculations (Fig. 4). If the average of P-
values exceeds the threshold, the leak is detected

(Fig. 5).
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Fig. 4. The n-samples window means and
confidential interval limits for a chosen signal.
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Fig. 5. P-value averages and the chosen threshold.

Leakage occurs at 20sec

3. VERIFICATION EXPERIMENTS ON A
PHYSICAL MODEL OF A WATER PIPELINE

The elaborated technique has been tested on a
test stand with a physical model of a water pipeline.
The scheme of the test stand is shown in Figure 6,
Figures 7 and 8 show the general scheme and the
view of the pipeline model.

o
w |- o

3
- Na—

Fig. 6. Laboratory plant schemel — pipeline; 2 —
pump; 3, 4 — tanks; 5, 6 — stations of control valves;
7 — control valve; 8 — bleeding valve

Fig. 7. Scheme of the pipeline
I — the inlet, II — the outlet

Fig. 8. View of the pipeline

The pipeline is 380 meters long and is made of
polyethylene (PEHD) pipes which are 34 mm in
internal diameter and 40 mm in external diameter. It
consists of three sections each of which is over one
hundred meter long. The sections: 0+140 m,
140+280 m and 280+380 m, are joined with the use
of special connectors which have the same diameter
as the pipeline. The model pipeline is equipped with
standard measuring devices: two electromagnetic
flow meters, six pressure transducers and two
thermometers. They are connected to a PC equipped
with a 16 bit A/D converter. Table 1 contains
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information about the location and meteorological
characteristics of the sensors and the measurement
system. Proportionally controlled solenoid valves
were used to simulate leakage. The valves were
installed in several selected points in the pipeline.

Table. 1. Characteristics of the elements of the
measuring system

. pressure flow rate
devices
transducers transducers
location [m] P](in):l 5 P3:61, Ql(in):'6;
P4:141, P5:201, QZ(Out):38272;

P(,=281, P2(0u1)=341
range 0+10 [bar]

0+200 [I/min]

accuracy 0.1 % of range 0.2 % of range
uncertainty of +0.012 [bar] +0.44 [I/min]
measurement™

* uncertainty of measurement = transducer + 16-bit converter

3.1. Research conditions

Before each simulation of a leakage the pipeline
operated under steady-state conditions. The tests
included slowly simulated leakages. The following
settings of the operating point of the pipeline were
used: inlet pressure p;,_o = 6.0 bar, outlet pressure
Pour—o =1.0 bar, nominal flow rate g;,_o~=120
I/min, temperature of the pumped medium
Tuer =20°C. In order to simulate leakages,

solenoid valves were installed in several points
along the pipeline. Measured signals were sampled
with the frequency f, =100 Hz. The tests included

simulated leaks of a size of 0.02+4.00% of the
nominal flow rate g;, o at 155" and 235" meter of

the pipeline. The leaks were slowly increasing,
which means that they reached the nominal value
some time after the moment of their occurrence.
Two tests were performed for a given leakage size.
From the diagnostic point of view the chosen way of
simulating leaks was not too favourable, since the
resulting phenomenon of pressure wave propagation
is characterized by a smooth shape of wave fronts.
Commonly used diagnostic method based on the
detection of pressure waves can be in this case not
very effective.

4. RESULTS OF TEST WITH SIMULATED
LEAKS

An important element of the research was the
comparison of the detection times (i.e. response
times) of simulated leaks obtained by means of the
reference method with the results obtained using the
elaborated statistical method. The results are shown
in Table 2. All times are given in seconds. They
were measured from the moment of the opening of
the valves. The results are the mean values of the
two tests for a given size of the leak. The sign “—” in
the table means that the algorithm did not detect the
given leakage.

4.1. Application of the reference method

Three variants were considered for the method:
variant “A”— involving the use of two pressure
signals p;, and p,,, , variant “B” — involving the use

of two stream signals ¢;, and g, (the signals in

both variants were measured at the inlet and outlet
of the pipeline), and additional variant “C” —
involving the use of a package of two pressure
signals measured at the inlet and outlet and
additional four pressure signals measured along the
pipeline.

The choice of alarm thresholds was based on the
established minimum threshold values that ensured
no alarm in states without leakage (in the whole
series of tests). In the case of the algorithms based
on two signals the values of alarm thresholds
were Pp = 0.0115 and Pqg = -0.0100 ,  respectively,

whereas in the case of the algorithm with six
pressure  signals the alarm threshold was
Pp =0.00490 . For individual algorithms, the

following parameter values were used: o =0.995,
£ =0.900, rmaXA =1 sec, and 7., % =0,25 sec.

max

Also some additional information may be useful
for determining the possible level of leak detection.
Such a piece of information is the difference
between the mean values for individual flow and
pressure signals, before and after the leak, calculated
basing on the profiles and taking into account the
fact of exceeding the field of the measurement
uncertainty. The results of this analysis are shown in
Table 2 which, for a given signal, provides the
comparison of its mean value (calculated for a 5-
second interval which started 5 seconds after the
start of the leak) with the mean value before the leak
(calculated for three consecutive 5-second intervals,
where the end of the last interval ended just before
the start of the leak). If, for the two tests, for a given
simulated leak size, the difference in mean values
exceeded the field of measurement uncertainty, then
such a case was marked by a “+”, and the reverse
case was marked by a “-”. If, however, for
individual tests, for a given size of the leak, it was
ambiguous, such a case was marked by “—/+”.

4.2. Application of elaborated method for
simulated leak detection

The following paragraph presents examples of
two averaged P-values in the case of leakage
occurring at 20s. Fig. 8. shows P-value averages for
a 0,37% leak. The leak was detected at 24.1s. In
contrast, the 50% probability threshold is exceeded
at 21.30s in the case of 1.19 % g, leakage (Fig. 9).
Table 2 presents the comparison of leak detection
time for leakages at 155m and 235m respectively in
relation to the size of the leakage.
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Table. 2. Times of detection of simulated leakages

changes of reference method elaborated method
leakages mean values A B C D E F

[l/mi [% Pin| Pol [/ Pin> D> pressz(ure Pin> D> presslé(ure

] "0 | gl n Pos | Gou | signals | Pou | Qo | signals

009 1007 | -]-| - | = — - - -0,80 7,30 11.70

017 014 | - | - | = | = - - - -5,30 7,75 9.10

028 1023 | -|-| - | - - - - -4,70 8,50 6.10

044 1036 | - |- | - | = - - - -5,60 6,70 1.90

077 | 063 | + | - | — | —/+]| 1.62 | 2.89 1.12 1,20 2,65 1.45

w | 119 1097 |+~ | — | + | 1.69 | 3.38 1.16 | -6,80 | 2,65 1.30

Tol1ss 128 |+ | | 4| + | 155 2.87 1.12 0,60 3,10 1.00

1.84 [ 151 |+ |+ | + | + | 143 ] 3.04 1.07 1,30 2,50 1.30

220 | 181 |+ |+ | + | + | 175]| 2.86 1.23 -4,40 | 2,80 1.30

255|210+ |+ | + | + | 159] 281 1.08 1,15 2,35 1.45

289|237 |+ |+ | + | + | 156 ]| 275 1.15 -0,80 | 2,85 1.30

319 | 262 |+ |+ | + | + | 1.58 | 2.95 1.10 | -0,50 | 2,80 1.45

004 1003 ]| -] -] — - - - 19,90 | 12,10 | 20.35

011 009 | -] -] - | = - - - 7,55 12,10 | 27.25

037 1031 |- | -] — | = - - - 1,90 7,30 3.40

- 078 1065 |+ | —| — | + - 4.44 1.37 1,60 3,10 1.60

@ | L8097 |+ |+ | — | + |206]| 3.58 1.38 1,90 2,95 1.45

155|128+ | +| — | + | 200 | 2.85 1.36 1,90 2,50 1.60

177 | 146 | + |+ | — | + | 195 ]| 3.19 1.34 1,75 3,10 1.60

206 | 170 | + | + | —/+| + | 1.97 | 3.25 1.34 1,85 3,10 1.60

237 1196 |+ |+ | —/+| + | 193 | 3.38 1.35 -0,80 7,30 | 11.70
1 cases than the reference method. The use of the
E:: statistical approach ensures detection even for
y 0 leakages smaller than 0.5%, whereas the reference
B oe- method is able to detect leakages of approximately
E 0.5+ 0.77% qo. Even though the use of the statistical
B 0] method allows for detecting very small leakages, the
N E'z: time of detection is about ten times longer than for
b1- leakages over 1% g, However, the column “D”
0 b———— 4 includes results only for two pressure signals p;,, Pou

1 5 10 15 20 25 30 35 40 45 50 55 &0

Fig. 8. P-value averages. 0,37%-q0 leak at 20s.
Average P-value exceeds 50% at 24.10s
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Fig. 9. P-value averages. 1,19%' Jo leak at 20s.
Average P-value exceeds 50% at 21.30s

The results in columns “C” and “F” (including the
results for all available pressure signals) clearly
show that for all leakage sizes the statistically
oriented method is more sensitive and faster in some

. Some of the time values are negative, which should
be interpreted as false alarms. When the method
uses only few signals, the results are less certain.

4. SUMMARY

The use of algorithms operating on a continuous
basis may be exposed to the risk of significant errors
and disturbances occurring in individual moments of
measuring pressure and flow signals or even the lack
of data. The measurement data for a LDS should be
provided periodically in a continuous manner and
without significant delays. However, even the most
advanced measuring systems installed on
transmission pipelines are not completely resistant to
interference, including errors associated with the
transmission of data on such long distances.

In such situations, statistical methods prove to be
a good solution. They are characterized by
a short time of leak detection, high sensitivity, and
accuracy. They are also very easy in application and
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do not involve advanced analysis methods.
Statistically oriented approach gives more accurate
results, because the detection is more sensitive and
fast as well in comparison with the reference
method.
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