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Abstract

This paper investigates the specific positioning accuracies and uncertainties associated with
the measurement of acoustic leakage noise correlation (LNC) in underground pressurized
water mains, treating them as acoustic waveguides. It begins by identifying three key
intrinsic sources of measurement errors: (1) the speed of acoustic waves in the water
mains as influenced by pipe material, wall thickness, modulus of elasticity, and bulk
modulus; (2) the distance between the two accelerometers used for correlation; (3) the
time delay from the point of leakage to the accelerometers. A mathematical uncertainty
model was developed to compute sensitivity coefficients, enabling the propagation of
measurement errors from these sources. This was validated through seven sets of full-scale
experiments conducted at Q-Leak, a 25,000 sq. ft. test site in Hong Kong. This study
ultimately quantified and assessed the contributions of individual error sources to the
overall uncertainty, allowing for the prioritization of factors that have the most significant
impact in various scenarios. The findings reveal that Young’s modulus and pipe wall
thickness are the primary factors affecting measurements for both plastic and metal pipes.
Additionally, a universal in-house program, “LNC uncertainty calculator,” was developed
to provide insights into the buffer ranges for confirming suspected leak locations while
considering constraints within the uncertainty budget. This research highlights the critical
but often overlooked area of uncertainty modeling in leak detection for pressurized buried
water mains, offering valuable insights intended to enhance operational strategies and
maintenance practices within the industry. This research provides a robust framework for
understanding the accuracy of leak detection. This means operators can better interpret the
reliability of their measurements, leading to consistent decision-making across different
situations and minimizing the risk of misidentifying the presence or absence of leakage. In
addition, the insights gained from prioritizing factors that affect measurement accuracy
allow engineers and operators to make informed decisions about where to focus their
resources and efforts. This can lead to more effective maintenance strategies that are
tailored to specific conditions, thereby optimizing operational efficiency.

Keywords: utility surveying; underground utility (UU); acoustic leak detection (ALD)

1. Introduction

Water leakage in buried water mains is one of the biggest challenges for many countries
worldwide. The consequences of leakage extend beyond the waste of valuable water
resource loading to adverse impacts on the environment, such as soil erosion and corrosion
of neighboring utilities. Today, the city’s underground environment presents a challenging
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task due to the presence of a complex ‘spaghetti-like” network of underground utilities.
Among these underground utility networks, pressurized water distribution networks,
which are responsible for the distribution of fresh water, are arguably the most challenging
type of utility in terms of management.

Acoustic leak detection (ALD) refers to a suite of technologies that utilize sound waves
to detect leaks in pipes [1-5]. It involves utilizing various technologies to identify leaks
in pipes through the detection of common acoustic signals. ALD encompasses several
approaches, including acoustic waves in pipes, acoustic waves in soil and air, and acoustic
waves in water [6]. These approaches can be characterized in three stages: identification,
localization, and pinpointing for a standardized leak detection strategy.

1.1. Wave-Guided ALD

For the first stage, identification, noise logging involves the deployment of a sensor
to the valve or surface of the pipe to monitor the acoustic responses of the water network
during night flow (2—4 a.m.), where the water demand is the lowest, and the neighborhood
is the quietest. Typically, leak noises have specific frequency ranges that produce high-
frequency sounds not commonly found in traffic or hydraulic noise. By carrying out
frequency analysis and amplitude thresholding, leak noise can be distinguished from
background interference by setting a threshold amplitude value in the noise logger that is
within a defined frequency range. If the noise exceeds this threshold, it could indicate a
leak. In addition, the interference noises are usually more consistent and may not trigger
the alarm as they remain below this threshold or fall outside the defined frequency range.

For the second stage, localization, which is the focus of this paper, leak noise correlation
(LNC) involves using multiple sensors placed along a pipe to correlate noise created by a
leak, allowing for more accurate leak detection and localization. Signals from transmitters
are sent to the receiving unit, which computes the cross-correlation function of the two
signals and estimates the suspected leak location.

The fundamental function of LNC is to measure the time lag of the vibration of acoustic
signals arriving at the accelerometers at outstations (e.g., valves) through the watermain as
a waveguide [7]. If a leak is present, the leak sound yields an acoustic signal that generates
leak noise, which propagates along the pipe as a waveguide. The time delay and vibrations
between the two sensors are measured by the built-in correlator, and the location of the
leak is determined based on the difference in noise arrival times [8]. The mechanism and
setup of the LNC survey are illustrated in Figure 1a,b. The leak’s location can be computed
using an algebraic relationship that involves the time delay, the total distance (d) between
sensors, and the propagation wave speed (v). Figure 1c [9] demonstrates the leak’s location
categorized into two scenarios, depending on whether it is closer to the accelerometer A
or accelerometer B. Equation (1) calculates the leak’s position relative to the accelerometer
B, while Equation (2) does the same for the accelerometer A. They are also used in this
equation for error propagation.

g= D=y (1)
2
D +ouAt

D —dl
2

<0 (2)

where the following are defined:

d1 = the distance between the leak point and the accelerometer;
D = the total distance between two accelerometers;

v = the wave speed expressed in Equation (3);

At = time delay.
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Figure 1. (a). Mechanism of the leak noise correlator. (b). Leak noise correlator setup in Q-Leak.

(c). Equation of leak position estimation.

The effectiveness of the LNC technology in detecting and locating leaks in pressurized
water mains has been demonstrated in the past [10,11]. By providing accurate leak detection
and location information, the LNC can help identify leakage locations for repair, minimize
water loss, prevent damage to infrastructure, and reduce costs associated with repair
and maintenance. Many researchers developed theoretical works on vibration and wave
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propagation in fluid-filled pipes [7,12,13]. Gao, Brennan [7] proposed a model (Equation (3))
to describe the behavior of velocity changes due to material properties and geometry.

v:vf<1—|—2EPZl>_ 3)

N—

where the following are defined:

vy = Fluid wave speed;

B = the fluid bulk modulus of elasticity;

E = Young’s modulus of pipe wall material;
a = the pipe radius;

h = wall thickness.

Previous studies focus on the acoustic leak detection method with various pipe mate-
rials and sizes, and use advanced signal processing techniques. Fantozzi, Di Chirico [10],
Fuchs and Riehle [11], Liston and Liston [14] have successfully demonstrated the effective-
ness of acoustic methods in metallic pipe detection to the industry. Afterwards, Hunaidi
and Chu [15] expanded the study scope from metallic pipe to plastic pipe and investigated
the leak signal pattern to identify the leak location with LNC. Gao and Brennan [7] and Gao
and Brennan [16] established an analytical model of the cross-correlation function for wave
propagation and investigated the effectiveness of the correlation technique using different
acoustic/vibration sensors in buried plastic water pipes. Brennan and Gao [8] studied the
effects of severe amplitude distortion of leak noise data due to either severe clipping or ex-
treme quantization caused by instrumentation. Kafle and Fong [17] proposed a novel active
method to overcome the lower SNR problem. In addition, Zeng and Cazzolato [18] have
developed a novel acoustic leak detection method that does not require any preprocessing
of the measured acoustic signal and accommodates the frequency-dependent characteristics
of the leak signal. The majority of studies focus on the development of signal processing
techniques and active methods for enhancing the signal strength. However, there are
very few studies focusing on the accuracy and uncertainty of the acoustic measurement,
especially LNC, probably because of the lack of ground truth of the actual leakage location
and the small scale of measurement. Our work, based on a large data set from repetitive
measurements, develops the uncertainty model that helps identify and account for the
various factors that contribute to the overall uncertainty in the correlation results, in which
it can provide comprehensive understanding of the reliability and accuracy of the result.

Carrying out an uncertainty calculation requires first identifying the mathematical
model, Equations (1)—(3). Secondly, the influential parameters influence the accuracy of
overall results in different case-development magnitudes [19]. We developed the classic
uncertainty propagation method, which assumes the parameters in Equations (1)—(3) are
independent. The application of the sensitivity coefficient calculation can help to identify
the distribution or priority of the influenced parameter on the overall uncertainty. Those
input variables include the distance between two accelerometers, pipe diameter, bulk
modulus, pipe material, and pipe wall thickness.

Moreover, the confusion matrix is an effective tool for representing the measurement
performance in terms of accuracy and precision. The accuracy describes the discrepancy
between the measured value and the true value. The precision refers to the degree of
repeatability and consistency in a set of measurements. An error can be generated from
different sources and can be categorized into gross error, systematic error, and random
error [20,21]. With reference to Lai and Lau [1] about the utility survey, the measurement
result can be categorized into four regions in a confusion matrix, including the following:
true positive (TP), denoted as hit, which correctly located water leakage; true negative
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(TN), denoted as safe, which correctly predicted no water leakage; false positive (FP),
denoted as false alarm, which incorrectly located water leakage when there were none;
false negative, denoted as miss, which incorrectly predicted no water leakage when there
was actual leakage. In the meantime, the relationship between accuracy and precision
can be demonstrated using the multiple measurement approach. The consequence can be
classified as high accuracy with high precision, low accuracy with high precision, high
accuracy with low precision, and low accuracy with low precision. This categorization
approach will be adopted in Section 3 for the evaluation of the measurement accuracy
and sensitivity.

1.2. Non-Wave-Guided ALD

For the final stage, pinpointing, listening devices are handheld instruments used to
pinpoint the location of a leak in a pipe by listening to the sound of escaping water from the
water mains. Figure 2 illustrates the operation setup of the abovementioned technologies,
including noise loggers, LNC, and ground microphones in real world scenario.

2. Leak noise correlator
) «

3. Ground

Microphone A
Ground g >
Surface ,!!’

1. Noise t P—
loggers =
99 Leak

]
P ¢ (M) o

Pressurized pipe as acoustic waveguide

Figure 2. Overview of ALD survey.

1.3. Workflow

The above-mentioned workflow is effective in detecting and pinpointing the leak from
buried water mains. However, to date, there is no standard concerning the accuracy of
ALD measurement, especially in the LNC survey. Although Land Surveying and Geo-
Informatics (LSGI) of PolyU [22] specifies the LNC measurement result in +1 m accuracy
range with reliable surveyed pipe alignment (Table 1), the accuracy value is an expectation
rather than a case-specific real measurement. The accuracy range could be influenced by
various factors, including pipe materials, sizes, the distance between two accelerometers,
and so forth. Therefore, this paper aims to develop an uncertainty model for leak detection
in buried pressurized water mains using the LNC method in a well-controlled 250,000 sq.ft
test site Q-leak in Hong Kong, and evaluate the uncertainty budget of LNC location errors
to prioritize influence parameters. To ensure the actual location of leaks is known, the
buried water mains have been thoroughly mapped and geo-referenced by laser scanning
before backfill during the construction period of the Q-leak. Additionally, the flow pressure
in Q-leak is 4 bar and is always constant. It means that with the ground-truth information
available, the evaluation of accuracy and uncertainties could be well evaluated.
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Table 1. Recommended accuracy and quality levels of leak localization, locating, and pinpointing
surveys using AE methods [22].

Survey Method

Horizontal Locating and

Quality Level Pinpointing Accuracy

Survey Condition

Method A: Noise logging

Utility alignment in record plan is

Reliable NA .
required.

Method B: LNC and
MLD/ELD

Utility alignment and depth must

be declared as ‘reliable” according
Reliable I: No leak NA to NDTSID specification

1,1 PCL/EML [23] and/or 1,2

GPR [24]

Utility alignment and depth must
be declared as ‘reliable’ according
to NDTSID specification

1,1 PCL/EML [23] and or 1,2 GPR
[24]. Beyond the limit (e.g. 300 m),
the Signatory and the Survey

+ 1.0 m or =+ 0.5% of pipe
distance between LNC
sensors, whichever is
greater at a limit agreed by
the client and lab/survey

Reliable II: Leak

company Officer advise the accuracy level.
(1) Limitations suggested in Section
Survey unreliable (SU) Undefined G, or (2) 1/1t1hty ahgnmf:nt 1s’/are
declared ‘survey unreliable’ or
‘survey not successful’.
Survey not successful (SNS)  Undefined Same as above.

This paper has developed an uncertainty model and prioritized the influence factors for
LNC measurement. The proposed method can lead to understanding and quantifying the
uncertainties associated with LNC measurement, which can understand its measurement
errors and uncertainties of the survey results by taking associated measures. Engineers or
operators can better interpret the reliability of their measurements, leading to consistent
decision-making across different situations and minimizing the risk of misidentifying the
presence or absence of leakage.

2. Methodology of the Wave-Guided ALD
2.1. Experiment Site

In 2021, the Tsing Yi Q-Leak underground water mains leak detection training center
(Q-leak), designed by the project team of this paper, unveiled a state-of-the-art 1:1 field
experiment facility, providing a controllable environment for ALD experiments in pres-
surized buried water mains. The Q-Leak facility encompasses 344 m of pressurized water
mains, including mild steel, ductile iron, galvanized iron, and high-density polyethylene,
specifically designed to simulate real-life situations and provide a platform for on-site
practices in leak detection of underground water mains and how the four constraints affect
LNC measurement accuracy. The leak tee connected to gate valves when open, acoustic
stress that initiates leak points, where the leak noise is distributed along the pressurized
water main network as a waveguide. The water discharged from the leak points is released
to a pipe drainage network connecting a pump sump to a water tank for toilet flushing in
the Tsing Yi community.

In addition, the facility features a variety of pipe diameters ranging from 50 mm to
600 mm, constructed from both metallic and plastic materials, and is embedded in six
different types of pavements. The mix-and-match scenarios further enhanced the site’s
versatility and applicability to different real-world scenarios. One of the most significant
advantages of the Q-Leak facility is its quiet environment, isolated from the noise of traffic
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and urban water, thereby simulating the best 2—4 am quiet night flow, which is crucial for
acoustic leak detection.

2.2. Data Acquisition

This paper focuses on the uncertainty evaluation in LNC for leak localization in
pressurized water mains. Figure 1 demonstrates a typical setup to implement LNC, wherein
a pair of accelerometers, blue and red outstations, and a base unit are used. An outstation
is connected with the accelerometer attached to the valve or surface feature (e.g., fire
hydrants) of targeted water mains. The operation is to initiate at least two outstations into
the water mains for capturing acoustic sound and calculating the time delay between two
accelerometers. In this experiment, the LNC instrument “Touch Pro” was adopted. It is the
latest model developed by the HWM-Water Limited from the United Kingdom.

For field operation, we captured sound files at two accelerometers for at least 3 min for
a single correlation. The data acquisition was repeated at least 3 times to ensure robustness
and reliability of the results. Throughout the process, it is essential to record a set of
background noises as a control. This involves recording the sound data without opening
any artificial leak point, serving as a baseline.

Q-Leak holds an accurate as-built record, including alignment information and the
location of the artificial leak points. It provides the true answer of the ALD measurement,
which allows us to calculate the accuracy and precision in the study. The experiment
involved 7 sets of data, which cover various materials, diameters, and accelerometer
distances. Moreover, the leak size is designed with 40 mm and a leak magnitude in
the half-bore of the valve. The flow pressure remained at a constant 4 bar throughout
the experiment. In addition, variations in pipe material and diameter can significantly
impact fluid velocity, leading to increased uncertainty in wave speed determination. These
uncertainties complicate the identification of influences, underscoring the need for further
research in this area. To mitigate these complexities, the survey setup has been designed
to maintain a consistent material and diameter, minimizing potential influences on wave
speed measurements.

2.3. Data Processing

In this paper, the data processing stage has been divided into two parts. The first
part employs a cross-correlation function to determine the estimated time delay and leak
location. The second part utilizes an error propagation model and sensitivity coefficient
function to quantify the uncertainty budget and prioritize the influential factors affecting
each measurement. This workflow facilitates operators in evaluating the reliability and con-
fidence of the LNC results, offering crucial insights for enhancing accuracy by identifying
and mitigating influential factors.

2.3.1. Cross-Correlation Function

In common practice, the main unit of the LNC typically calculates estimated time
delays and leak locations using cross-correlation functions. However, the algorithm within
the main unit is based on one-time calculations, which can lead to inaccuracies influenced
by factors such as poor surrounding environmental conditions. To address this challenge,
a universal in-house program has been developed for all brands of LNC sound files
(Figure 3). This program offers additional flexibility and advanced features for leak location
calculations, tailored to meet specific requirements and environmental variables. These
features include multiple calculation iterations, adjustable cycle counts, and customizable
band-pass filter settings.
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Figure 3. Example of good condition indicating possible leakage.

In leak location estimation, the in-house program generated graphic information that
displays the understanding and interpretation of the acoustic data. The bottom left box in
Figure 3 represents the distribution of the leak signal. It shows the relationship between
the distribution of leak points in terms of their distance from the left-hand signal (LHS)
accelerometer and the number of calculations performed, thus allowing users to observe
the spread and concentration of estimated leak locations. For the bottom right box, the
histogram represents the distribution of the most correlated signals from the LHS and RHS
accelerometers. Projecting a visible GUI enables the user to identify the trends and patterns
for further analysis.

For example, in Figure 3, a consistent red dot appearing in the lower left box indicates
that, during the 100 calculations, 98% of the estimated leak locations fell within 10.5 m to
11 m. This provides strong evidence and confidence in the accuracy and consistency of the
measurement. On the contrary, in Figure 4, the red dot of the bottom left box indicates a
random pattern. This randomness suggests a weak correlation between the acoustic data
from the two accelerometers. In this case, no leakage could be identified.
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Figure 4. Example of unsatisfactory correlation indicating no leakage.
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2.3.2. Uncertainty Propagation and Evaluation of Combined Uncertainties

To quantify the uncertainty of LNC measurement, the error propagation method will
be considered. Before the calculation, all parameters from Equations (1)-(3) are assumed to
be independent factors. Substituting all the cross-specific parameters, the uncertainty can
be propagated and calculated by Equation (4) of the uncertainty of the distance between
the first LNC accelerometer and the leak point.

) 0 0
o = K\/ (5, X0+ (37 x 802 + (57 % )2 4)
p

eak

where the following are defined:

641 = uncertainty of distance between the first LNC accelerometer and the leak point;

K =95% coverage factor;

d41 = partial derivative of distance between the first LNC accelerometer and the leak point;
dy = partial derivative of wave speed;

by = uncertainty of wave speed (calculated by Equation (8));

]

0z, = uncertainty of time delay, which is the standard deviation of the measurement;

T,.q = Partial derivative of time delay;

dp = partial derivative of the total distance between two o accelerometers;
dp = uncertainty of the total distance between two accelerometers, which is the standard
deviation of the measurement.

The following equations are the differentiation product of Equation (4) by differen-
tiating Equation (1) and substituting At with 7, if a peak at the correlation graph can
be identified.

Sensitivity coefficient of the distance between the leak point and the accelerometer A

with respect to wave speed:
adl Tpeak
E ©

Sensitivity coefficient of the distance between the leak point and the accelerometer A

with respect to time delay:
odl

[
aneuk 2

(6)

Sensitivity coefficient of the distance between the leak point with respect to the total
distance between the two accelerometers:

ad1 1
9D~ 2 @

The uncertainty of wave speed J, is separated for further calculation. Those factors
are influencing the result of wave speed, which includes fluid velocity, pipe radius, bulk

modulus, Young’s modulus, and pipe wall thickness.

d J J
5U—K\/(a? X 8o )2+ (5, % 8a)? + (55 % 98)% + (
4

0 0
— X5E)2+(£ X&) (8)

Equation of the combined uncertainty of wave speed, where the following are defined:

by = uncertainty of wave speed;

K =95% coverage factor;

dy = partial derivative of wave speed;
dys = partial derivative of fluid velocity;
dy¢ = uncertainty of fluid velocity;
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da = partial derivative of pipe radius;

6, = uncertainty of pipe radius;

0B = partial derivative of bulk modulus;

6p = uncertainty of bulk modulus;

oE = partial derivative of Young’s modulus;
O = uncertainty of Young’s modulus;

oh = partial derivative of pipe wall thickness;
6, = uncertainty of pipe wall thickness.

The following equations are the differentiation product of Equation (4).
Sensitivity coefficient of wave speed with respect to fluid velocity:

al_( Eh )
dvf  Eh+2Ba

NI—=
—
\O
~

Sensitivity coefficient of wave speed with respect to the pipe radius:

v 1 2B
E)a_vf(_)%Eh) (10)

2(1+%

Sensitivity coefficient of wave speed with respect to the fluid bulk modulus

of elasticity:
v 1 2a

— =7 (77.7)
oB  f 3 Eh
2(1+ %)

(11)

Sensitivity coefficient of wave speed with respect to the Young’s modulus of the pipe

wall material:
v 1 2Ba

%_vf(_z(uzlsza;)%(_’ﬁz)) (12

Sensitivity coefficient of wave speed with respect to the wall thickness:

ov 1 2Ba
5 _vf(_§<_Eh2>) (13)
2(1+ %)

To accurately estimate the uncertainty associated with LNC measurement, several
pieces of information are required for calculation, including pipe diameter, the distance be-
tween two accelerometers, pipe material, fresh or salt water, time delay, standard deviation
of time delay, and confidence level of the measurement, which is defaulted to be 95% [25].
The 95% confidence level is frequently utilized in the Gaussian distribution as it provides a
balance between a high degree of confidence in the results and a reasonable allowance for
some degree of error. The interface of the uncertainty calculator is depicted in Figure 5.

2.3.3. Development of Uncertainty Calculator

For distance measurement between accelerometers at the outstations, tape measure-
ment, total station, and laser scanner of exposed pipe, if any, were taken into account. Each
method has its own measurement tolerance. For measurements conducted with a total
station, the program follows the accuracy requirements outlined in the local Land survey-
ing and engineering Board [26]. According to this reference, the accuracy requirement for
water mains record surveys is £50 mm for horizontal alignment. This tolerance is used to
calculate the uncertainties associated with measurements taken using a total station. In the
case of laser scanning surveys, the program adheres to LSGI [27]. This specification sets
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the accuracy requirement for laser scanning surveys at 2100 mm for horizontal alignment
of exposed alignment. However, tape measurement lacks a defined industry standard
for survey tolerance. As a result, the program does not assign a specific value for tape
measurement in terms of uncertainty estimation.

¢
LNC uncertainty calculator
Pipe Diameter (mm) 1 Wave speed (m/s)
Equipment used for distance measurement " Tape measurement " Total station Percentage of Sd1 uncertainty (%)
" Laser scanner Sd1 combined uncertainty (m):

Length of red and blue outstation (m) 2

Pipe Material 3 Ccu C Ms

C o Cal

C pvC  HDPE
Type of Water ' Water " Seawater

Time Delay (ms)
SD of Time Delay

Confidence Level (%)

Calculate

Figure 5. The graphical user interface of the uncertainty calculator. 1: Assume that there is no
change in pipe diameter between two accelerometers. 2: Assume the no. of bends between two
accelerometers is smaller than or equal to two and the bend angle is larger than or equal to 135°.
3: Assume that there is no change in pipe material between the two accelerometers.

For wave speed ‘v’ in Equation (3), there are three influential factors, namely pipe
characteristics: (1) pipe wall thickness ‘h’, associated radius ‘a’, and material property;
(2) Young modulus of pipe wall materials ‘E” and fluid properties; (3) fluid bulk modulus
of elasticity ‘B’. For (1), the standard table is referenced [28]. For (2), copper (CU), mild steel
(MS), ductile iron (DI), galvanized iron (GI), polyvinyl chloride (PVC), and high-density
polyethylene (HDPE) are considered. The selection of material is important as it determines
the value of Young’s Modulus (E), which has a significant impact on the wave speed in
Equation (3). The values of Young’s Modulus for the different materials were assumed to be
128 (10° N/m?) for CU, 210 (10° N/m?) for MS, 165 (10° N/m?) for DI, 200 (10° N/m?)
for GL 4 (10° N/m?) for PVC, and 1 (10° N/m?) for HDPE, as referenced by [29]. By
knowing the pipe material, the corresponding Young’s Modulus is assigned. This precision
facilitates accurate calculations of the wave speed, leading to a more refined estimation of
uncertainties in the subsequent analysis.

For (3), the prior knowledge of fresh or salt water in the LNC measurement process
plays an important role in determining the propagation of both the bulk modulus (B)
and the wave speed (vy). With reference to [30], the bulk modulus of freshwater is 2.15
(109 N/ mz), and seawater is 2.2 (109 N/ mz) . For the wave speed, freshwater is 1480 (m/s),
and seawater is 1520 (m/s). Table 2 summarizes the uncertainties of parameters.

https://doi.org/10.3390/w18050588


https://doi.org/10.3390/w18050588

Water 2026, 18, 588 12 of 24
Table 2. Summary of uncertainties of parameters.
Parameter Value Source Standard Uncertainty Method
Pipe radius a Nominal size table Manufacturing tolerance//3
Wall thickness h Engineering standard table Tolerance//3
Young’s modulus E  Literature value Assumed £5-10% (material dependent)
Bulk modulus B Literature constant Assumed fixed
Time delay At Measured from repeated tests ~ Standard deviation
Distance D Survey instrument spec Based on instrument tolerance

Sensitivity coefficients were computed for the assessment of the impact of uncertainties
in input variables on the uncertainty of output variables by taking a partial derivative of
the output variables with respect to each input variable [31]. A larger sensitivity coefficient
signifies that even a slight alteration of the input variables will lead to a significant change
in the output variable. Conversely, a smaller sensitivity coefficient indicates that variations
in the input variable have a minor effect on the overall uncertainty. To estimate the
uncertainty budget of the LNC measurement, the sensitivity coefficients were case-specific
in every measurement.

3. Results and Discussion
3.1. Result Overview

Comprehensive information, including cross-correlation results and uncertainty
ranges are presented in the summary table of each artificial leak point. The results are
presented in four types, as follows: 1. highly accurate and highly precise measurement,
2. highly precise but not accurate measurement, 3. highly accurate but not precise measure-
ment, and 4. not accurate and not precise measurement.

3.2. Highly Accurate and Highly Precise Measurement
3.2.1. Leak Point LP48 and LP4C

The artificial Leak Point 48 is connected to 450 mm mild steel water mains. The survey
setup with a 49.5 m station distance is performing well in terms of the estimated time delay
and estimated leak location. Both result in a stable status, which indicates a strong coherence
between each accelerometer and a significant noise signal that can be distinguished in
cross-correlation analysis. Comparing the results with the actual leak location provided,
which is 32.293 m from accelerometer A to the leak, the average discrepancy was found to
be —1.309 m. This discrepancy falls within the measurement uncertainty of £1.42 m with
95% confidence level. Therefore, LP48 with 49.5 m accelerometers distance measurements
demonstrates high accuracy and precision. The overview and correlation result is presented
in Figure 6a,b.

The second example is LP4C, which is also connected to 450 mm mild steel water
mains. The station distance is 59.2 m with the same location. The overview and correlation
results are presented in Figure 7a,b. The measurement result was performed with a stable
and repeatable estimated time delay and estimated leak location in the cross-correlation
function. The discrepancy between the actual leak and the estimated leak is 2.49 m, which
falls within the measurement uncertainty of +4.11 m with a 95% confidence level. In
conclusion, the measurements of LP4C demonstrate high accuracy and precision.
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Figure 6. (a). Overview of LP48. (b). Cross-correlation result of LP48.
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Figure 7. (a): Overview of LP4C. (b): Cross-correlation result of LP4C.
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3.2.2. Leak Point LP5D

Another example is LP5D connected to an outside diameter of 63 mm high-density

polyethylene, and the accelerometer location is unchanged, which is 18.4 m away. The

overview and correlation results are presented in Figure 8a,b. In the cross-correlation

function of this measurement, the estimated time delay and estimated leak are stable.

The estimated leak falls into the range of measurement uncertainty +1.56 m with a 95%

confidence level. Therefore, the survey performance of LP5D is considered to have high
accuracy and precision.
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Figure 8. (a): Overview of LP5D. (b): Cross-correlation result of LP5D.
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3.3. Highly Precise but Not Accurate Measurement
3.3.1. Leak Point LP48 with 13.3 m Accelerometers Distance

For the LP48 with a station distance of 13.3 m, although the result performed in
stable status, it was observed that some of the measurements fell outside this range. The
explanation of this result is presented in 3.3 uncertainty budget case 1. This indicates high
precision but low accuracy in these measurements. Figure 9a,b presents the overview and
correlation result of LP48 with a 13.3 m station distance.
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Figure 9. (a): Overview of LP48. (b): Cross-correlation result of LP48.
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3.3.2. Leak Point LP53

The LP53 is connected with an outside diameter of 180 mm of high-density polyethy-
lene, with a 14.9 m station distance. Figure 10a,b presents the overview and correlation
result of LP53. The performance of the acoustic signal is negative, although the estimated
time delay and estimated leak are stable; the leak difference does not fall within the mea-
surement uncertainty. Further explanation of this result is presented in 3.3 Uncertainty
budget case 1. Thus, the result indicates high precision but low accuracy for this survey.
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Figure 10. (a): Overview of LP53. (b): Cross-correlation result of LP53.
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3.4. Highly Accurate but Not Precise Measurement
Leak Point LP49

LP49 is connected to 450 mm mild steel water mains with a 49.5 m station distance. The
overview and correlation results are presented in Figure 11a,b. Unlike previous correlation
results, in a stable red line, the leak point distribution is displayed randomly. It indicates
the measurement result performed with unstable and unrepeatable estimated time delay
and estimated leak location in the cross-correlation function. However, the discrepancy
between the actual leak and the best-estimated leak is 0.237 m, which falls within the
measurement uncertainty of £2.9 m with a 95% confidence level. As a conclusion, the
measurements of LP49 demonstrate high accuracy but low precision.
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Figure 11. (a): Overview of LP49. (b): Cross-correlation result of LP49.
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3.5. Not Accurate and Not Precise Measurement
Leak Point LP4A

For the LNC survey on LP4A, which is connected with 450 mm mild steel water mains.
The station distance is 59.1 m with a constant location. The overview and correlation results
are presented in Figure 12a,b. In the same circumstance as LP49, the leak point distribution
is displayed randomly. It indicates the measurement result performed with unstable and
unrepeatable estimated time delay and estimated leak location in the cross-correlation
function. The discrepancy between the actual leak and the estimated leak is over 30 m,
which falls outside the measurement uncertainty of 2.8 m with a 95% confidence level. In
conclusion, the measurements of LP4A demonstrate low accuracy and low precision.

Overview of LP4A with 59.1m outstations distance

Outstation 1 Outstation 2

e 1 -
| \
- \\\\ A
- \ -
~ - »

=
=
=
L2
setn Gkt Gt tmecey(ne)_ EstLeakby ode ) Mode recuency eteokby s ) Samving
Pookranm ot cakoitons 30,300 FFTa Coherence | 10,000
01 0
domeru) Ppenaieia /EO0QAEG
450 MS ~ 001
B rews | s |
B e | Ve
1060

Shitsec) #ofCyde  xtothepawer

(CFutsignal raphs

Upperf (t2)

100

Steepress (05095)
08

) Randomiioise:

2100

60 40 -20 0 2 0 60
Fiename(LHS) 20221205 YSETO_cor_tuay alEy(@Es) Ficrame(RHS) 20221205TYSETD_corr 2y
(L Apply
ion of leak point . Histogram of leak point
Loop ALL + * =

~ . IS * SAVE 44
& 50 +
2 o
8 * * * * * 5
8 * M

4 =
247 . ' * * 25
= * * g
gor L7 . P § 2
F20 X . w
g N * * «
2.0+ P s !
a10r * 7 * * 05

0 : 3 : = 0

0 10 20 3 4 5 6 70 8 9 100 o 10 20 30 40 50 60
Number of calculation Distance(m) from LHS sensor
ModessD b size (m): 0.5 BRsEmeTD

Figure 12. (a): Overview of LP4A. (b): Cross-correlation result of LP4A.
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The confusion matrix result is presented in Table 3. A few factors could affect the
accuracy and precision of the measurement, including background noise, pipe material
and diameter, and the distance between two accelerometers. In this experiment, we noticed
that the 20 m station distance is the minimum range for metal pipe leak detection.

Table 3. Confusion matrix of the result.

High accuracy Low accuracy
High precision LP48(1), LP4C, LP5D LP48(2), LP53
Low precision LP49 LP4A

3.6. Uncertainty Budget

The uncertainty budget analysis was conducted independently for leak location and
wave speed equations. For the data cleaning aspect, the averaging method has been applied
to ensure the data quality in this experiment. The classification criteria were determined
based on different artificial leak points and the distances between two accelerometers.
Consequently, a comprehensive evaluation involving 7 datasets was carried out during
the uncertainty budget calculation stage, as outlined in Table 4, and summarized into
two cases.

Table 4. Averaged data of LNC survey.

Set LP SD Est. Time Delay = Material Diameter Distance
1 48 0.07559 16.62 MS 450 49.5
2 48 0.0512 0.7 MS 450 13.3
3 4C 0.1037 48.3 MS 450 59.2
4 5D 0.1243 6.22 HDPE 63 18.4
5 53 0.183 —10.33 HDPE 180 14.9
6 49 0.22152 32 MS 450 49.5
7 4A 0.2971 —30.3 MS 450 59.1

Case 1: Wave speed as the overwhelming factor of the combined uncertainty budget.

The setups of sets 1, 3, 6, and 7 were connected to a metal pipe with a long-distance
range of over 20 m between two accelerometers. The case 1 uncertainty budget of leak
location is shown in Table 5. It reveals that over 98% of the uncertainty is attributed to
the wave speed. Table 6 also shows the uncertainty budget of wave speed v in case 1.
It indicates that more than 60% of the wave speed uncertainty arises from the pipe wall
thickness, while nearly 25% of the uncertainty is caused by the Young’s modulus of the
pipe wall material. These two parameters significantly dominate the uncertainty budget
for this survey. This phenomenon is observed in data sets 1, 3, 6, and 7, which correspond
to mild steel pipe with comparably long-distance range between two accelerometers.

Meanwhile, the survey setups of sets 4 and 5 involve plastic pipes and short distance
ranges. Notably, the results indicate that the entire combined uncertainty of leak location
(100%) in these cases is attributed to the wave speed. Furthermore, the internal uncertainty
budget of the wave speed in these plastic pipe cases shows that the Young’s modulus of
the pipe wall material accounts for over 90% of the total wave-speed uncertainty, while the
remaining parameters (pipe wall thickness, pipe radius, bulk modulus, and fluid velocity)
contribute negligibly after normalization.
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Table 5. Uncertainty budget of leak location in case 1.
Uncertainty Budget of Leak Location
Case 1 Wave Speed Time Delay Distance

Set 1 98.7% 0.5% 0.6%

Set 3 100% 0% 0%

Set 4 100% 0% 0%

Set 5 100% 0% 0%

Set 6 98.5% 1.3% 0.2%

Set 7 97.2% 2.6% 0.2%

Table 6. Uncertainty budget of wave speed v in case 1.
Uncertainty Budget of Wave Speed v
Case 1 Fluid Wave Bulk Young's Pipe Wall
Speed Modulus Modulus Radius Thickness

Set 1 10.3% 1.3% 25.5% 0% 63%
Set 3 10.3% 1.3% 25.5% 0% 63%
Set 4 0% 0% 90% 0% 10%
Set 5 0% 0% 95% 0% 5%
Set 6 10.3% 1.3% 25.5% 0% 63%
Set 7 10.3% 1.3% 25.5% 0% 63%

In addition, there is 0% contribution on fluid wave speed, bulk modulus, and pipe
radius in sets 4 and 5, which does not imply that the parameter has no mathematical effect.
Instead, it reflects that its contribution is negligible relative to other dominant parameters
after normalization of the uncertainty budget. The pipe radius is obtained from standard
nominal pipe sizes. Therefore, its tolerance is small relative to the nominal value. The flow
condition at the Q-Leak was maintained at a constant 4 bar with fresh water throughout
the experiments. Therefore, its standard uncertainty was assumed negligible, leading to a
0% contribution after normalization.

This behaviour can be contrasted with the metal pipe case (e.g., set 1). For set 1
(mild steel pipe, 450 mm diameter, and 49.5 m outstation distance), substitution into
Equations (9)—=(13) yields the following wave-speed uncertainty contributions: fluid
velocity = 10.29%, pipe radius = 0%, bulk modulus = 1.30%, Young’s modulus = 25.38%,
and pipe wall thickness = 62.63%. In this metal pipe case, pipe wall thickness is the domi-
nant contributor, followed by Young’s modulus, while diameter and bulk modulus remain
minor contributors.

The difference between metal and plastic pipes is governed by Equation (3), where
both Young’s modulus (E) and wall thickness (h) appear in the denominator term ..
Because they are inversely related to wave speed, small variations in these parameters
significantly influence sensitivity. In metal pipes, where Young’s modulus is very large
(e.g., ~210 (10° N/m?) for mild steel), the wave-speed sensitivity with respect to wall
thickness becomes dominant; therefore, uncertainty in wall thickness produces the greatest
contribution. Conversely, in plastic pipes, where Young’s modulus is much smaller (e.g.,
1-4 (10° N/m?)), the relative variability of E becomes comparatively large, making the
wave-speed sensitivity highly responsive to changes in Young’s modulus. As a result,
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Young’s modulus overwhelmingly dominates the uncertainty budget in plastic pipe sys-
tems, while the contributions from other parameters become negligible after normalization.

Case 2: Station distance, wave speed, and time delay share the uncertainty budget.

Table 7 represents the uncertainty budget of set 2 with a shorter distance range, which
is less than 20 m, with two accelerometers. It indicates that the combined uncertainty of
distance occupies over 60% of the budget, while the rest of the uncertainty is time delay
and wave speed, each approximately 20%. In addition, the uncertainty budget of wave
speed v in Table 8 indicates a similar pattern with the metal pipe over a long-distance range.
Pipe wall thickness is the largest uncertainty parameter for the wave speed.

Table 7. Uncertainty budget of leak location in case 2.

Uncertainty Budget of Leak Location

Case 2 Wave Speed Time Delay Distance
Set 2 15.8% 23.5% 60.7%

Table 8. Uncertainty budget of wave speed v in case 2.

Uncertainty Budget of Wave Speed v

Case 2 Fluid Wave Bulk Young's Pipe Wall
Speed Modulus Modulus Radius Thickness
Set 2 10.3% 1.3% 25.5% 0% 63%

4. Conclusions

In this work, we establish a rigorous mathematical uncertainty calculation model for
the leakage position uncertainty measurement. Most of the measurements exhibited excel-
lent performance, demonstrated by both high accuracy and precision, and high precision
but low accuracy in various cases. These measurements demonstrated consistency and
repeatability in terms of estimated time delays and leak locations; there was a systematic
deviation from the actual leak location. The discrepancy between the measured leak loca-
tion and the actual leak location suggests a bias or systematic error in the measurement
process. This discrepancy could be attributed to various factors such as the connection
status between the valve and accelerometer, environmental conditions, or limitations of the
LNC technique itself.

The uncertainty budget analysis has been conducted, revealing that wave speed is the
most influential parameter affecting the overall uncertainty budget. In particular, the pipe
wall thickness plays a crucial role in determining the uncertainty associated with wave
speed calculations, especially for metal pipes. Variations in pipe wall thickness can result
in significant uncertainties in wave speed estimation. However, when considering plastic
pipes, the Young’s modulus of the pipe wall material emerges as the primary contributor to
uncertainty. It becomes the most significant parameter influencing the overall uncertainty
budget for wave speed calculations in plastic pipe systems.

The assessment of uncertainty in acoustic leak detection, particularly in LNC surveys,
represents a critical yet underexplored domain within the industry. This paper delves into
the evaluation of uncertainty ranges and prioritization of key factors influencing measure-
ment budgets across diverse scenarios. Through the application of an uncertainty calculator,
operators are presented with a range of values that serve as a margin of error, aiding the
validation of suspected leak locations and highlighting constraints by scrutinizing the
uncertainty budget. This empowers operators to adapt measurement setups to optimize
conditions for enhanced accuracy.
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Furthermore, operators have the flexibility to customize confidence levels according
to the survey site conditions. This tailored approach ensures that each measurement is
appraised with a predetermined level of certainty, facilitating more accurate and well-
informed decision-making processes. By leveraging these tools and methodologies, opera-
tors can elevate the reliability and precision of their assessments, thereby enabling more
effective responses and solutions within the leak detection industry.
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