Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 83, Issue 2 (2021) 135-148

Journal of Advanced Research in Fluid ";:::;?‘E
” Mechanics and Thermal Sciences _____somn

Journal homepage: www.akademiabaru.com/arfmts.html
ISSN: 2289-7879

Transient-Based Leak Detection and Monitoring of Water Pipes Using
Complementary Ensemble Empirical Mode Decomposition (CEEMD)
Method

Muhammad Aminuddin PiRemli*2, Mohd Fairusham Ghazali%23*, W. H. Azmi%*, M. Y. Hanafi2

Faculty of Mechanical and Automotive Engineering Technology, University Malaysia Pahang, 26600 Pekan, Pahang, Malaysia

2 Advance Structural Integrity and Vibration Research (ASIVR), University Malaysia Pahang, 26600 Pekan, Pahang, Malaysia

3 Centre of Excellence for Advanced Research in Fluid Flow (CARIFF), University Malaysia Pahang Lebuhraya Tun Razak 26300 Gambang Kuantan,
Pahang, Malaysia

Automotive Engineering Centre, University Malaysia Pahang, 26600 Pekan, Pahang, Malaysia

ARTICLE INFO ABSTRACT

Article history: Transient signal occurs when there is sudden change of pressure inside the pipeline
Received 30 December 2020 especially due to pressure surge or opening and closing valve. Decomposition method
Received in revised form 26 April 2021 applied in this study to analyze the transient signal and remove noise that contaminate

Accepted 4 May 2021

the signal. In this paper, an adaptive decomposition algorithm that is Complementary
Available online 17 June 2021

Ensemble Empirical Mode Decomposition (CEEMD) proposed in order to overcome the
problem occur in Hilbert-Huang Transform (HHT) method. This method takes over the
Empirical Mode Decomposition (EMD) method that purpose as pre-processing method
in HHT. This improvement made to overcome mode mixing and reconstruction error
that lies in EMD method. CEEMD method used to extract the IMF’s component of a
contaminated signal to remove undesirable noise signal. Instantaneous analysis using
Hilbert Transform (HT) apply for selected IMF to locate the feature’s position along the

Keywords: pipeline. The result prove that proposed decomposition method show success with the
Leak detection; signal processing; percentage of error between measured and analysed distance only below that 4% for
decomposition; CEEMD all features extracted.

1. Introduction

Pipeline water distribution system is very important because the quality of life of humans has
been increased by transporting fluid from one point to another. For instance, the use of the piping
system as a fluid carrier from damp to every house also made it easier for the industrial user to
transport fluid such as water. Pipe leakage is a major operational problem in the world. Due to poor
quality and defective pipe materials, pipe breaks resulting from poor workmanship, operational
errors such as excessive pressure, quick closing or opening valves, corrosion, leaking fittings, and
accidental or intentional damage to fixtures, leaks may occur [1]. Leakage from external pipes and by

* Corresponding author
Email address: fairusham@ump.edu.my

https://doi.org/10.37934/arfmts.83.2.135148

135



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 83, Issue 2 (2021) 135-148

visual inspection and the use of certain devices is easily identified. The underground pipes are
however another challenge to track the leakage, so the small in-line sensor should be useful [2].

There should be losses due to pipeline inadequacies which are physical losses such as leakage and
apparent losses like water thieves and measurement inaccuracy [3]. The detection, location, and
remediation of these leaks is a difficult task since most problems receive little or no customer
attention, and there is often no leakage management program until an emergency is present or when
a deficiency arises. The need for leak detection tools was realized early in the 19th century when
manual sounding based on wooden listening sticks was first in use. This was followed by more
advanced technologies as described by the International Water Association (IWA) Water Loss Group
in this leakage detection technology timeline, with a technological boost in the 2000s which included
the penetration of acoustic loggers, digital correlators, and advanced ground microphones. There is
no doubt that these developments made leak location efforts more effective and still help reducing
water loss rates at that time. From day to day many new techniques have been proposed [4].

The timeframe for leak detection technology is shown in Figure 1 below. Based on Figure 1, the
method focused more on sound techniques in the 1850s. This method takes a long time to detect the
leak. By the 1900s, more electrical devices were used to detect leaks. The equipment and technology
for the detection of leakage were developed until 2003 when advanced ground microphones were
developed. Conventional ground penetrating radar, it based on three concepts, which are
tomography, wave amplitude reflection and electromagnetic wave intensity, are applied [5]. In 2008,
new technology introduces by placing a smart ball inside the pipeline system and travel along the
system to create a mapping of pipeline structure and discover the intermittent contain in the
pipeline. The issue of this technology, its need expert user in operational and also high in cost. Some
researcher also focused on acoustic-based signal method. Some of the acoustic devices are based on
the fact that noise is created due to turbulence when a leak occurs, its sensors listen to the different
noise signals and cause an alarm [6-8].

1880s
1850s b b 1920s b 1930s
. | > Deacon mter | > . | > .
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(waste metering)

1990s ‘
Acoustic loggers & 1980s 1978 1965 ‘
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Fig. 1. Chronology of leak detection technology
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Researchers have now switched to various leak technology levels to minimize cost and time in
detecting and repairing pipe failure, in particular for the underground pipeline system. The pressure
transient approach is one of the world's most popular methods among researchers since the
transient wave in the pipeline is the main interest. Transient wave-based methods were used to send
active waves, collect the data from field instruments, and mathematically or theoretically analyze
information to estimate vulnerabilities in the pipeline system [9-13]. Transient waves can appear
inside the pipe by a sudden change of water pressure either by opening or closing the valve or from
other sources that can disturb the flow of water inside the pipeline. This approach can be said to be
ecofriendly and also low cost and most important the detection of the leak location is also accurate.
But researchers in this area are searching for the best way to interpret the data collected during the
process. In general, data collection during the process is contaminated by other factors, such as the
vibration of the pipe, pump interference, and external noise. True pipe structures have various
unknown parameters, limited data sets, and very high noise [14]. This provides an interface with the
investigator to establish a system for signal processing, which can extract all contaminated signal and
reconstruct the true wave signal captured by the sensor.

2. Signal Processing

Signal processing is the study and modification of a signal to maximize or enhance its quality or
efficiency. To generate a signal of better quality than the original signal, numerous mathematical and
computational algorithms are employed to create a useful signal. Leakage in the pipelines is
becoming a major issue. Rapid and intelligent steps must be taken to mitigate loss and the
consequences of leakage. A conventional approach such as visual inspection can be used, however,
it takes a longer time to process. It also lacks reliability and can lead to erroneous detection of the
leak. The signal analysis approach is being used to find and locate the leak location. Therefore, the
leaks can be fixed in no time. Signal analysis results are a technique by which data from the pipe
system can be analyzed and acquired by the sensor mounted on the pipeline. In the data processing
system, normalization, transformation, selection, and extraction features were included [15]. This
paper used Hilbert-Huang Transform (HHT) as a method to analyze the signal and obtain the location
of features along with the pipeline network

2.1 Hilbert-Huang Transform (HHT)

In the combination of empirical mode decomposition (EMD) and the Hilbert spectral analysis
(HSA), descriptions of the Hilbert-Huang transform (HHT) are indicated in [16-18]. It is an adaptive
approach for data analysis designed primarily for the interpretation of non-linear and non-stationary
data. The main part of the HHT is the EMD method which can decompose any complicated data set
into some number of intrinsic modes (IMF). This method of decomposition in the time domain is
adaptive and thus highly efficient.

As the decomposition is based upon the local time scale of the data, it suitable to applies to non-
linear and non-stationary processes. With the transformation of Hilbert, the IMF produces
instantaneous frequencies as time functions that give clear identification of integrated structures.
The EMD produces time series components, which transformations using Hilbert that lead to
meaningful definitions of these two instantaneous and explanation of the time series by the
combination of HT and EMD [19]. However, in this paper, the new approach is shown by replacing
EMD in HHT by CEEMD. CEEMD is the next generation of EMD that can overcome the mode mixing
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problem that usually occurs in the decomposition process. This will create a new HHT version with a

combination of CEEMD and HT.

2.2 Complementary Ensemble Empirical Mode Decomposition (CEEMD)

The development of CEEMD by Yeh et al., [20] is mainly focused on improving decomposition
methods of EMD and EEMD. Although EEMD is improving dramatically and can greatly improve
stability compared with EMD, it cannot fully neutralize additional noise. CEEMD ensures the
decomposition process as well as EEMD and can reduce the reconstruction error caused by additional
white noise by pairing noise containing positive and negative signals [20]. CEEMD is an enhanced
version with a more robust design to overcome "mode mix". At each stage of the decomposition, a

particular white noise is assigned in CEEMD [21]. The following is the CEEMD algorithm

(i) Add white noise W/ (n)(j = 1,2,--- T) into time series
X'(n) =X(n) +w/(n)
(ii) Decompose X(n)(j = 1,2,---T) and compute

1

mEm=7), mfo
(iii) Calculate residue
ri(n) = x(n) —Im f; (n)

(iv) Decompose, r;(n) = x(n) + 1, E; (Wj(n)) (j =1,2,--T) and compute

Imf,(n) = %ZT E, <r1(n) + A,E; (Wj(n)>)

j=1
(v) Fors=2,3,.., S, compute the st residual
TS(TL) = rs—l(n) —Imf (n)

(vi) Decompose, 1;(n) + AE (Wj (n)) (j =1,2,---T) and compute

Mo =2y B (nlw + AE (W)

j=1

(vii) Iterate step (v.) and (vi.) for next s. Observe that the A (s =1,2,...T) can be used to

select
proper SNR at each step.

(1)

(2)

(3)

(4)

(5)

(6)
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CEEMD solves the problem of mixing mode thoroughly and reduces iterations better. By
introducing adding adaptive noise inside the signal and also performing the averaging calculation
process, this method diminishes the mode mixing problem that occurs in the previous generation of
CEEMD [22]. Theoretical analysis and experiments show that CEEMD offers a precise reconstruction
of time series and better spectral separation of IMFs than the other two methods of decomposition
in the empirical mode. Every IMF component represents signal characteristics in various bands of
high to low frequencies, and the IMF's contain all frequency components [23].

3. Methodology

The key approach in this analysis would be the transient method. This approach is essentially one
of the methods widely used in the method of leak detection. It is the concept of using transient
pressure flow. Pressure transient occurred when the flow abruptly shifted when the valve in the
pipelines was closed or opened. This triggers wave propagation in the pipelines and is used as a way
of detecting leaks. The latest transient approach technique is by using two sensors positioned
opposite between the leaks. The downside of this approach is that the two sensors operate the
necessary task. Besides, both sensors should also hear the noise to detect leakage, so that the
distance between the sensors is important to detect the leak successfully. Uncertainty such as a leak
can cause a sudden pressure change or drop in a positive pressure surge. Signal and leak-reflected
signals could take several paths due to boundary echoes in a transient wave that travel along with
the pipeline network [24].

To overcome the problem from the present technique, this study has proposed a new method or
techniques based on the present transient method. The equipment has been modified by using just
only one sensor which is a pressure sensor place in a fire hydrant cap as the point of analysis. Pressure
sensor is function to capture the infromtation from the reflected wave that trigger by using solenoid
valve which also attached to the fire hydrant cap. Piezoelectric pressure sensor got a high frequency
that has the capabilities to measure the response of ruggedness, pressure change, extended range,
high stiffness, and can measure quasi-static pressures [25]. The idea is that as the pressure transient
passes through the pipe and the leaks are contacted, the signal is echoed. The pressure sensor
collects this signal. The pressure sensor is a device that converts analog input such as strain, stress,
or pressure of a certain material into an electrical signal which is then converted into a digital input
by computer software. Then, the data will be analyzed by using a method of signal processing. The
benefits of this proposed method are that the accuracy of detecting leaks improved. Most
importantly, this type of method is a friendly user because all of the equipment is in the same place.
So, the number of operators can be reduced and also does not need an expertise to handle.

3.1 Pipeline System Setup

The pipeline setup for the experiment includes the water tank, pump, solenoid valve,
piezoelectric pressure sensor, and MDPE pipe to create a pipeline system of 152.30m long. The
Medium Density Polyethylene (MDPE) pipe used in the experiment with an external diameter of the
pipe is 60mm and the internal diameter is 55mm. The hole drilled at a certain distance to be assumed
as an artificial leak in the pipeline network. The artificial leak cover inside a box to reduce the noise
that can disturb the signal capture by the pressure sensor. The distance of the fire hydrant (point of
analysis) to the leak and outlet was 47.87m and 93.40m respectively. The overview of the pipeline
system setup is shown in Figure 2. The water tank and pump was placed far from fire hydrant to avoid
noise contaminated the signal captured. Solenoid valve attached to a fire hydrant as a function to
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generate “water hammer” phenomenon to robust with a real live water distribution system that
produces pressure surge during the operating system.

Water hammer creates pressure surge and the wave travel along the pipeline system. The
transient signal that travel will create a reflection when the wave passes through the features and
also a blockage inside the pipeline. The design of the fire hydrant cap with attached solenoid valve
and pressure sensor is shown in Figure 3(a) and Figure 3(b). The point of an analysis is designed to be
a little bit far from the pump to reduce the noise generate by the pump contaminate the signal and
to avoid the turbulent flow of water produce by a high-pressure pump [26].

(a) (b)
Fig. 3. (a) Point of analysis, (b) Pressure sensor and solenoid valve
attached to fire hydrant cap

Once the pump was on, the water will let to be flow and pressurized inside the pipe to maintain
the water pressure inside the pipe. Once the pressure achieve, the solenoid valve will opened and
closed in a millisecond interval to generate water hammber and pressure signal. This signal will travel
along the pipeline network and will create a reflection signal when it pass through any features. These
reflection signal will be captured by pressure sensor as and information of the pipeline. These raw
signal then converted into the DASYLab directly. From here, the data will be transfer into Matlab sand

will undergo signal processing analysis which are CEEMD as pre-processing and HT as post-
processing.
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3.2 Signal Analysis

The data collected basically will include everything from inside and outside the pipeline. The noise
from the surrounding environment, pump, pipe vibration, pipe friction, and others will contaminants
the original signal collected thru the pressure sensor. At this stage, the signal processing method is
the crucial part to remove the unwanted signal and analyze the data for features extraction. The flow
chart of the data collection and data analysis is shown in Figure 4. The signal captured directly from
pressure sensor will be converted into Matlab software. The data will be decomposed using CEEMD
method generally by using coding in the Matlab. Decompostion will generate several Instrinsic Mode
Function (IMF) component. The number of component depending on the data itself. If the amplitude
is high the component will increase. However, from all the component, only selected IMF will be used
to undergo Instantaneous Frequency Analysis (IFA) by using Hilbert Transfrom (HT). From here we
can localised the location of feature such as leak and outlet.

3.2.1 Instantaneous frequency analysis using Hilbert Transform (HT)

As a signal processing concept, the instantaneous frequency (IF) was originally defined in the
framework of FM modulation theory in communications. Many researchers have contributed in this
area to focused on instantaneous frequency (IF) such as Ackroyd [27], Griffiths [28], Gupta [29], Jones
and Boashash [30], and Rihaczek [31]. Rihaczek [31] studied the opinions in the time-frequency
domain of his complex energy distribution where the signal is focused. In the research, the researcher
proved that the energy was focused in frequency about the IF. Instantaneous frequency analysis used
in this paper Hilbert transform (HT). HT will analyze the signal of selected IMF after the decomposition
process using CEEMD. The peak or spike that present clearly in the result shows that there are
features or uncertainty at that point inside the pipeline network. However, the result will be analyzed
in the time interval. The time interval where the spike appears is then converted to the distance using
Eq. (7) with the speed of sound (SOS) 524m/s. Then the distance was compared between the
measured distance from the test rig and the analyzed distance from the analysis. The equation to
convert time into the distance as follow

Distance (m) = [(Time, t(s)) X (SOS)] + 2 (7)
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4. Result and Discussion

In essence, the raw data provided no information on the pipelines due to the high noise level, as
shown in Figure 5. The signal was captured for 30000 samples with a sampling frequency of 10000.
The data recorded for 3 second of time to ensure that the signal captured does not miss any
information of the pipeline system. The signal showed a spike at the 10000 samples which represents
the point when the solenoid valve opened.

Thus, the pressure inside the pipe drops gradually until the solenoid valve closed. At this point,
the pressure begins to raised again until it reached the level of pressure manipulated inside the
pipeline. The pressure drop will increase with the increase of pressure inside the pipeline. The
pressure inside the pipe was controlled and manipulated by only using the valve near the oulet. The
pressure was monitor at two point along the pipeline that were near the water pump directly after
the tank and the other one is before the oulet near the valve control point.
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£
L
3 -10- .
=
=
£
=Ll .
=30 =
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0 0.5 1 1.5 2 2.5 3

Sample x 10
Fig. 5. Raw data captured by the pressure sensor

The raw signal is contaminated with all types of noise such as pump noise, pipe vibration noise,
surrounding noise, and others. The true signal is hidden inside the signal that contains noise. Thus,
signal processing is used in this article to remove all unwanted signals captured by the pressure
sensor.

4.1 Decomposition Method Using CEEMD

The decomposition method plays an important part to overcome the problem of the
contaminated signal captured during the process. By using the decomposition method of CEEMD, the
data obtained by using a pressure sensor decomposed into several components of IMFs to eliminate
the undesirable signal within the raw data. CEEMD method decomposes the data to provide a better
view of the signal inside the raw data and to be selected for instantaneous frequency analysis as
shown in Figure 6. IMFs of levels 1, 2, and 3 contain noise with high amplitude. Meanwhile, IMFs 8
and above usually contain the basic network response and also the residue. So, all this level of IMFs
will be removed for further analysis. IMFs level 5 until level 7 considered as the best level of IMF to
be selected and use for IF analysis [32].
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Fig. 6. IMFs component using CEEMD method

4.2 Instantaneous Frequency Estimation of 1 bar Signal

Figure 7(a) and Figure 7(b) show the instantaneous frequency estimation for 1 bar of pressure.
As we can see in Figure 7(a), there is an obvious spike appear at the time of 0.3701s that represent
the outlet position. Meanwhile, in Figure 6(b), two spikes appear at the time of 0.1793s and 0.2692s
that can be concluded as leak and outlet position respectively.
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Fig. 7. (a) IF for 1bar no leak data, (b) IF for 1bar leak data

4.3 Instantaneous Frequency Estimation of 3 bar Signal

Figure 8(a) and Figure 8(b) show the instantaneous frequency analysis using HT for 3 bar water
pressure. For Figure 8(a), there is a spike that occurs at the time of 0.3489s nearly to the outlet
position. Meanwhile, in Figure 8(b) the two peaks appear at 0.1887s and 0.3618s respectively. This
can assume as the position of leak and outlet respectively. From the observation, we can see the
there were peak appear at the early period around 0.001s for both leak and no leak signal. This is
because, at the high pressure, the solenoid valve generate high pressure wof water hammer inside
the pipeline. Thus, this will be seen clearly after the instantaneous frequency analysis.
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Table 1 summarize all the result of the features extracted from the pipeline network for two
different level of pressure and two features. As we can see that all the features extracted successfully
from the raw data captured using the pressure sensor. After undergoes decomposition using CEMMD
and instantaneous frequency analysis using HT, all the spikes can be seen clearly in the signal. As
referenced in Table 1, all features show uniform low-value percentages of error that were only below
4%. The value of percentage of error can be said as acceptable with just only under 4% for all features
located along the pipeline. Thus, the accuracy of the position of all features shows that the method
of CEEMD and HT very reliable to be used in leak detection applications either on a lab-scale or in a
real water distribution system.

Table 1
Percentage of error for all features
Pressure Type Time analyzed Distance analyzed Distance measured Percentage error
(s) (m) (m) (%)
Leak Outlet Leak Outlet Leak Outlet Leak Outlet
1 bar No leak - 0.3701 - 96.95 - 93.40 - 3.80
Leak 0.1793 0.3692 46.97 96.78 47.87 1.88 3.61
3 bar No leak - 0.3495 - 91.56 - - 1.97
Leak 0.1887 0.3618 49.44 94.79 47.87 3.27 1.48

5. Conclusions

As a conclusion, The successful of this method can be seen from the result presented in this
article. The result show the highest error was only 3.80% from the no leak and 1 bar signal. Thus, it
is proved that the HHT method with the combination of CEEMD and HT show great success as a
method to remove noise and unwanted signal that contaminated the true signal. With only error less
than 4% for any features detected, this leak detection method was realibale to be used in the real-
life application to locate pipeline failure for above and underground pipeline system. In the future, it
is possible to use this method of signal processing on a field test of real water distribution pipeline
system.
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