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ABSTRACT

Leak detection is an integral component of pipelines that often fails due to one or the other reason
and leads to several issues of serious concern requiring immediate attention. This paper revisits
a technique based on hydraulic principles of flow of water through pipes and verifies it experimen-
tally for its applicability using reasonably large set of data derived experimentally for various pipes of
different materials and diameters, pipe flows, and leak discharges/locations. The study finds that the
available hydraulic equation for leak localization is valid only for long pipes, not for short pipes
experiencing significant impact of leak-generated negative waves on inlet and outlet pressures, too
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sensitive to localization. The proposed new (more elaborate) equation not only works well for both
short and long pipes but also enables a consistent description of the effects of pipe materials,
diameters, pipe flows, and leakages and their sensitivity to localization. In an attempt to further
support the study results, the acoustics-based measurements were also analyzed for describing the
level of leakage in pipes with increasing decibel magnitude, and the results were found to be not only
cogent but also consistent in describing the impacts of pipe materials/sizes and leak locations on

noise level.

1. Introduction

Recent years have witnessed extensive use of pipelines
and pipe networks to transport and distribute fluids like
water (Cassa et al. 2010; Adedeji et al. 2017), natural gas
(Adegboye et al. 2019a,b; Akinsete and Oshingbesan
2019), oil (Adegboye et al. 2019a,b; Adegboye et al.
2022; De Sousa and Romero 2017), and so on and it is
evolving rapidly (Fu and Chen 2024). Pressurized pipe
networks may leak or burst due to many reasons, like
ageing, corrosion, temperature, high pressure, poor mate-
rial, poor construction quality, improper operation and
maintenance, damage to property and livestock and
environmental extremities (Cheng et al. 2018;
Abdulshaheed et al. 2018). Leaky pipes may cause not
only significant loss of material transported but also
leads to social, environmental, and economical hazard
(Kang and Lansey 2014; Colombo and Karney 2002; El-
Zahab). Therefore, a leak detection system should be able
to detect both leakages and their locations for quick
maintenance and restoration.

Since the growing population and huge water demand
worldwide necessitate the efficient operation of water
distribution networks (Romero-Ben et al. 2022; Ali et al.
2022,b), it is crucial not only to improve the reliability of
leak detection methods (Lopezlena and Sadovnychiy
2019; Li et al. 2022) but also to monitor the networks
continuously. There exist a number of pipeline leakage
detection approaches available in literature (Zaman et al.
2020) as enumerated below.

In pipelines, optical fibre pressure sensors can be paired
with impulse response function (IRF) for detecting leaks
effectively (Zeng et al. 2020). Pan et al. (2023) found the
exchange of energy (Lin et al. 2019) occurring in leaking

pipelines. Using a modified reconstructive method of char-
acteristics, Kumar and Mohapatra (2022) improved the tran-
sient analysis for detecting effectively the partial blocks in
both elastic and polymer pipelines. Juliano et al. (2013) used
microphones and acoustic sensors for leak detection in
a metal pipeline buried in sandy soil.

Specific to water pipelines buried underneath road-
ways in municipal cities are not only difficult to repair
for leaks but also sometimes too difficult to detect or
locate them. Hadji et al. (2022) proposed a method for
small and multiple (Li et al. 2022; Wang et al. 2022)
leakages in such pipelines. Du et al. (2020, 2023) stu-
died the damped fluid transients generated due to the
burst or unsteady friction using Fourier analysis and
found the transients caused due to branches and loops
to be non-distinguishable from those due to bursts.
Sophocleous et al. (2019) employed search-space reduc-
tion method and suggested data-driven machine learn-
ing models to be easily modifiable and most economical
alternative (Basnet et al. 2023). To identify small lea-
kages in tap water distribution pipes, the distributed
temperature sensing method based on Raman scattering
is also used (Wang et al. 2022). Steffelbauer et al. (2022)
proposed a method to detect simultaneously multiple
leaks in such a network and Jaumouillé et al. (2009)
derived a hydraulic equation for the same using Navier-
Stokes equations considering leakage - pressure
relationship.

Adegboye et al. (2019a,b) classified the methods available in
literature as exterior and interior methods. Kammoun et al.
(2022) compared various algorithms for performance.
Hinderdael et al. (2020) proposed the use of leak-generated
negative pressure waves (more prominent in short pipes) in
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(even small) leak detection. Kang and Lansey (2014) experi-
mentally simulated the hydraulic responses to leak detection in
a water distribution network and Abdulshaheed et al. (2018)
identified the pressure component to rely on pipe material and
crack geometry. Notably, hole leaks are common in metallic
pipes, and crack leaks in asbestos cement and Polyvinyl
Chloride (PVC) pipes. Due to lower leak exponent coefficient,
the former exhibits lesser leak discharges than does the latter.
Ferrante (2012) investigated experimentally the leak head-
discharge relationships in steel and polyethylene pipes.

Cheng et al. (2018) proposed a hydraulic equation
assuming leak discharge magnitude to be negligible
compared to pipe flow and it is valid for long-pipes
only. In this paper, an attempt has been made to
further investigate its validity for short pipes and mod-
ify it for varying pipe flows and leak discharges using
a reasonably large set of data derived from an experi-
mental setup installed in two phases at the demonstra-
tion farm of Indian Institute of Technology Roorkee
(India) employing Mild Steel (MS), PVC, and High-
density Polyethylene (HDPE) pipes of 2” (=50.8 mm),
3” (=76.2mm), and 4” (=101.6 mm) diameters, each of
230 m in the first and 75 m length in the second phases.
With the same experimental setup, an acoustic-based
study for assessment of leakage was also conducted as
it is one of the simplest and most useful methods of
leak detection (Kousiopoulos and Nikolaidis 2022; Fan
et al. 2022; Abed et al. 2023; Chatzigeorgiou et al. 2010;
Chew et al. 2023; Bakhtawar and Zayed 2021).

2. Methodology
2.1. Existing Cheng et al. (2018) method

Cheng et al. (2018) proposed the following equation for

localization of leakage or burst in long-distance water

pipelines using hydraulic principles:

P, —P)—(P,—P

X = ( 1 2) (21 22) (l)
$((Q +4Q° - Q)

where X =leakage distance from inlet pressure point
(m); AQ and Q,=Ileakage and outflow discharges,
respectively (m?); Q, =inflow discharge (m®) = Q,+AQ;
P, and P, =inlet and outlet pressures at normal flow
conditions, respectively (N/m?); P, and P, =inlet and
outlet pressures after leakage, respectively (N/m?); =
specific pipe resistance derived from Darcy-Weisbach
head loss (m) (hf) equation expressed as: he=SLQ?% S
=1/12.11d°% L =pipe length between inlet and outlet
pressure gauges (m); Q=Q;; d=diameter of pipe (m);
and f is the friction factor (non-dimensional).
Equation 1 inheres all the assumptions of Bernoulli
equation, is applicable for straight and horizontal
pipes, neglects velocity head difference and all minor
losses (entry, exit, and bend), is applicable for long
distance pipelines having large diameter carrying very
high discharge compared to the magnitude of leak
discharge.
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Figure 1(a). Water pipe flow without leakage.

2.2. Proposed methodology for both short and long
pipes

Equation 1 holds for leak localization in long-distance pipe-
lines experiencing negligible leakage discharge compared to
pipe discharge (i.e. AQ << Q) and assuming hydraulic grade
line to vary linearly with distance of water travel. It is there-
fore in order to propose a new equation also valid for short
pipes using the same hydraulic principles, i.e. based on the
universal law of mass and energy conservation, considering
all the variables neglected in the development of Equation 1.

2.2.1. Equation for no-leak condition
The law of energy conservation (i.e. Bernoulli equation)
between two sections 1-1 and 2-2 Figure 1(a) can be written as:

P AV V?
—+Zi+ A==+ + 2+ )
y 28y 2g

where P—y‘ (=Y;) and P—yz (= Y,) are inlet and outlet pressure
heads in meter at sections 1-1 and 2-2, respectively; P; and
P, are pressures at sections 1-1 and 2-2, respectively, in N/
m?% Z, and Z, are datum heads at sections 1-1 and 2-2,
respectively, in m; V; and V, are velocities at sections 1-1
and 2-2, respectively, in m/s; y is the specific weight = 9810
N/m? for water; and g is the acceleration due to gravity =
9.81 m/s” h¢ is the Darcy-Weisbach friction loss in m = fLV?
/2gd = SLQ,% S = specific pipe resistance = f/12.11d%; L is the
length of pipe between sections 1 and 2 in m; d is the
diameter of pipe in m; Q, is the inlet discharge in no leak
condition in m?/s; f is the friction factor (non-dimensional).
For no-leak condition, V; and V, (=V) are average velocities
at sections 1 and 2, respectively Figure 1(a) and for levelled
and horizontal pipeline, Z; = Z,. Thus,

Y, — Y, = SLQ? (3)

In Figure 1(a), which describes the flow hydraulics through
a pipeline under no-leak condition, HGL is the hydraulic
gradient line, TEL is the total energy line, and GL is the
ground level.
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P 2 are pressures at sections 1-1 and 2-2, respectively, in N/
m? Q, and Q2 are the inflow and outflow discharges, respec-
tively, in m 3ls; and AQ= leakage discharge=Q; - Q2
Equation 6 can be used for leak localization in pipeline net-
work by analyzing the observed data and is valid for even short
pipes, for it accounts for the variation in pressures and dis-
charge both before and after the leak occurrences.

e PressurJ_ Y2 3. Experimental setup and data collection
ensor Sensor |
LD —af — Q=0/-AQ A () 3.1. Experimental setup
1 AQ |
Z X —L Z - Total nine MS, PVC, and HDPE (approximately 230 m long)
atum

|
////I//////////////////////////////I////////

® b

Figure 1(b). Pipe flow with leakage.

2.3. Equation for leakage condition

Applying Bernoulli equation for leakage condition as in
Figure 1(b) leads to

P, P, V2 V} 1 '
124 L2 g% S(L—X 4
S T 2 Q/ +S( Q. (@)

Y, — Y, = SXQ2 + S(L — X)Q} — 0.0826

N <Q,12 B (Q; B AQ)2> (5)

d4

Subtracting Equation 3 from Equation 5 and simplifying, the
location of leakage (X) can be derived as:

where X is the distance betweﬁn the inlet pressure gauge and
the leakage point in m; Y, (= ‘) and Y, (= 2) are the inlet and
outlet pressure heads after leakage, respectlvely, in m; P’; and

(Y, = Y3) = (Y1 = Y2) +5L(Q} = (Q) - 4Q)") +0.0826 = (Q_(i—_m))

pipes of 27, 3”7, and 4” diameters (Table 1 & 2) were laid side by
side on masonry walls as shown in Figures 2(a,b,c). Using the
gate valve in 6-inch ( = 152.4 mm) diameter inlet pipe, the water
was supplied to all 9 pipes. Water in each pipe was further
regulated using ball valves. Two flowmeters were used for each
pipe, one near inlet, and the other near outlet. Leakage points
were artificially introduced at points with knobs to regulate
leakages (as shown in Table 1) and their water was collected
in bucket and it was measured using a measuring jar. A pressure
gauge was installed just downstream of every leak point, one
after the flowmeter near inlet, and the other near outlet to
measure pressure variations occurring in pipes before and
after the occurrence of leakage.

3.2. Data collection

For determination of the distance of leak point X from
the inlet point (i.e. the location of pressure gauge),
Equation 6 was used. It required the measurements of
inflow discharge Q;, outflow discharge Q,, Inlet pressures
P, and P, and Outlet Pressures P, and P,’, where P, and
P, are pressures before leakage, and P;’& P, after leak-
age. The leakage discharge AQ was measured for all 9
pipes for different pipe flows regulated via valves for
100%, 50%, and 25% (approx.) pipe-valve openings.

2 ’ 2 (6)
S(Ql - (Ql - AQ)
Table 1. Details of different pipe dimensions and leak locations used in the two sets of experiments. 1 inch = 25.4 mm.
Pipe length (between  Leak location from inlet pressure gauge (m) in three
inlet and outlet pressure experimental setups
gauges) No. of
(m) 1st Setup 2nd Setup 3rd Setup observations
Pipe size With Without With Without With Without With With Without

S.N. Pipe material (inch) Bend Bend Bend Bend Bend Bend Bend Bend Bend
1 MS 2 225 65 22 14 51 47 174 36 24
3 228 65 22 13 51 47 177 36 24
4 234 64.5 22 14 51 47 182 36 24
2 PVC 2 226 64 21 13 51 47 175 36 24
3 229 64 21 13 51 47 177 36 24
4 231 67 21 17 51 49 179 36 24
3 HDPE 2 232 63 55 13 178 44 222 36 24
3 226 63 26 13 55 44 175 36 24
4 230 63 22 13 51 42 179 36 24
Total 324 216
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Figure 2(a). Photograph of the experimental setup at Roorkee (India).

Similarly, leakage was allowed at two locations and its
magnitude was regulated for 100%, 50%, 25% (approx.)
leak-knob openings, and no leak condition as well.
Table 2 shows both absolute inflow and leak discharge
values observed in an experimental setup, each repeated
three times for averaging. In this fashion, in the first
phase of experimentation, 36 measurements were taken
for one pipeline, and thus, a total of 324 observations for
all 9 pipelines, as shown in Figure 2(b) and Table 1. The
*-marked values in Table 2 indicate the experimental
observations to have been excluded from the analysis as
the pressurized flow did not exist at the pipe outlet in
these experimental runs. Similar to Phase 1, 216 observa-
tions (Figure 2(c) and Table 1 & 2) were taken in
the second phase for verification. Besides, water tempera-
ture was recorded using thermometer for change in water

viscosity, if any. The labor-intensive experimentation
work required several skilled and unskilled human
resource for measurements and recordings.

4. Analysis and discussion of results

In the present study, there are three terms worth explaining.
1. “Total length of pipe’ is the pipe length actually laid in field
as a part of experimental setup, i.e. of the order of 230 m. 2.
‘Longer Pipe length’ and ‘Shorter Pipe length’ designate
respectively the comparative lengths of pipes between the
two pressure gauges (installed) in two experimental setups. 3.
‘Hydraulically Long Pipe’ and ‘Hydraulically Short Pipe’
denote respectively the relative hydraulic conditions when
upstream pressure is not much impacted or much impacted,
respectively, by the negative wave produced due to leak
opening in two experimental setups. Furthermore, only
a single leak is considered in an experimental run and, before
analysis, the data was processed for consistency.

4.1. Data processing

To check the validity and consistency of observations of the
first phase of experimentation Figure 2(b), the friction factor
(f) was derived from Moody diagram, and head computed
from Darcy-Weisbach equation:

hs = fLV?/2gd (7)

It was found that the derived head loss values were higher
than the corresponding total pressure drops observed
between inlets and outlets (both representing the locations
of pressure gauges) in most sets of observations. To check
this data for consistency, another set of similar 216 observa-
tions was derived in the second phase of experimentation for
straight but different (approximately 75 m) long pipes as
shown in Figure 2(c) for, as an example, PVC pipe. The
inlet flowmeter and pressure gauge were installed at
a distance of 10 m from the flow regulating valve of the
respective pipeline to avoid the valve effect. In this new
pipeline, two leaks were introduced at 14 m and 44 m
approximately from the inlet pressure gauge. In this fashion,
24 measurements were taken for one pipeline. (i.e. 216 for 9
pipe lines of three materials and three sizes)

The frictional losses calculated using ‘t” (from Moody dia-
gram) were higher than the corresponding total pressure
drops observed also for new set of observations. It led to re-

Table 2. Inflow and leak discharges for full (or 100%) pipe opening and corresponding leak discharges. 1 inch =25.4 mm.

Inflow (m>/s) for full (or 100%) inlet pipe opening in three

experimental setups

Leak discharge (m3/s) for full (100%) opening of nozzle

1st Setup 2nd Setup

3rd Setup 1st Setup 2nd Setup 3rd Setup

v

With
Bend

Without
Bend

With Without
Bend Bend

Pipe materi- Pipe size
N. al (in)

With
Bend

With
Bend

Without
Bend

Without

With Bend Bend With Bend

1 MS 0.0021777

0.0061722
*
0.0023083
0.0064833
*

2 PVC

3 HDPE 0.0024944

0.0052500

*

PUWNDPDWNDWN

0.00229160
0.00618880
0.01052638
0.00223981
0.00563880
0.01021527
0.00229166
0.00497770
0.00841100

0.0021666
0.0061888
*
0.0020611
0.0063805
*

0.0025666
0.0050638

*

0.0022583
0.0062611
0.0109583
0.0021361
0.0054166
0.0096986
0.0022694
0.0049944
0.0087888

0.0021777
0.0064500
*
0.0023056
0.0061472
*

0.0025472
0.0052500

*

0.0002388
0.0002277
*
0.0002110
0.0002944
*

0.0002777
0.0002499

*

0.00059410
0.00082140
0.00091930
0.00078351
0.00027477
0.00063440
0.00050506
0.00026108
0.00041865

0.00011110
0.00021660
*
0.00011110
0.00011388
*

0.00044720
0.00025000

*

0.0003495

0.00053996
0.0009286

0.00049149
0.00048148
0.00064060
0.00064676
0.00057490
0.00078477

0.00019160
0.00037770
*
0.00009720
0.00019400
*

0.00027770
0.00036388
*

*Data could not be recorded in 4" pipe (with bend) experiment for low pressure reasons at the pipe outlet.
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Figure 2(b). Detailed layout (plan) of pipe network at the experimental site.
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Figure 2(c). Pipeline layout of 4” PVC (as an example) pipe with leakage.

checking of f-values derived from Moody diagram for differ-
ent materials. In this diagram, since ‘f* for a particular pipe
exhibits insignificant variation at extremely high (~10°)
Reynolds numbers, it was rederived using the observed
data for all material pipes for no-leak condition from
Equation 7, and the resulting values are shown in Figures 3
(a-c) for MS, PVC, and HDPE pipes, respectively. It can be
seen that the values of f’ derived from the observed data
were generally lower than those derived from Moody dia-
gram. To refine the observations, the small deviations in

these f-values Figures 3(a-c) were averaged to arrive at
a reasonable f-value for a pipe, as shown in Table 3, and it
allowed processing of the observed discharge data for further
use in analysis.

4.2. Simulation of leak locations

In the first experimental setup, i.e. with bend (Figure 2(b) &
Table 1) for 4” pipes of all materials, as also mentioned
earlier, the flow in pipes at the outlet acted as an open
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Figure 3. Friction factor (f) values derived from Moody diagram and Darcy-Weisbach equation for (a) MS, (b) PVC, and (c) HDPE pipes.

channel flow because of insufficient pressure existing there,
and therefore, a booster pump was installed for raising the
pressure but it resulted in high fluctuations and did not allow
accurate measurements of pressure, quite sensitive to leak
localization. Therefore, the data of the first experimental
setup for 4” pipes of all materials was excluded from further
analysis.

Equation 6 was used for leak localization for both experi-
mental datasets (Table 1 & 2) derived for with (Figure 2(b))
and without (Figure 2(c)) bend in pipes for both short (less

than 55 m long) and long (of the order of 175 m or longer)
pipes and the resulting values are compared with the
observed or measured ones in Figure 4. In this figure, four
sets of observations can be clearly seen. The first two sets, i.e.
Ist and 2nd (from left to right) are for short pipes (Table 1)
and these correspond to leak locations near and away from
the inlet, respectively. The other two sets similarly corre-
spond to long pipes for 3rd setup shown in Table 1. It can
be seen from Figure 4 that the calculated values deviated
from the observed ones by =+ 12.6%, which is tolerable
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Figure 4. Percent deviation of computed (equation 4) leak locations from the observed ones.

Table 3. Values of friction factor (f) derived for various pipe materials and sizes. 1 inch =

254 mm.
Pipe size
S.No. Material type 2" 3" 4"
1 MS 0.019 0.017 0.018
2 PVC 0.022 0.013 0.017
3 HDPE 0.016 0.017 0.018

Table 4. Percent deviation of computed leak location from the observed one in each leak position.

% deviation in leak position (range)

S.

No. Leak location (m) from inlet pressure gauge
Short pipes (1st and 2nd Experimental Setups) (Table 1 & 2)
1 13

2 14

3 17

4 21

5 22

6 26

7 42

8 44

9 47

10 49

1 51

12 55

Long Pipes (1st and 2nd Experimental Setups) (Table 1 & 2)
13 174

14 175

15 177

16 178

17 222

0 to +12.6
0 to +9

0 to +11

0 to +8

0 to +9

0 to +12.6
0 to +7

0 to +2

0 to +12

0 to +9

0 to +7

0 to +4

0 to +4

0 to +1

0 to +10

0 to +0

0 to +1

considering the sensitivity and accuracy of data observed
under the environment of fluctuating pressure readings,
and neglecting entry and exit, bend and other losses occur-
ring due to obstructions created by fittings in a pipeline. It
can be inferred from Figure 4 that the deviation in leak
location is generally (in majority of cases) higher when the
leaks are located near the inlet pressure gauge in case of both
short and long pipes, largely due to higher effect of leak-
generated negative waves (Hinderdael et al. 2020), and vice
versa. When the leak is located after the pipe bend (in the
direction of flow), the effect of negative pressure wave on
inlet pressure measurement is greatly reduced, leading to
negligible deviation from observed leak locations. Table 4
shows for both short and long pipes (as described above) the

numerical values of the lumped range of percent deviation of
the same calculated leak locations from the observed ones in
all four sets. These values also lead to drawing generally
similar inference as drawn from Figure 4.

4.3. Impact of negative wave on inlet pressure

The above inference of Figure 4 can be further strengthened
using the same concept of leak-generated negative wave
(Hinderdael et al. 2020) on inlet pressure measurements
that are quite sensitive to leak localization. This concept is
quite similar to that (Kocaman et al. 2021) of the negative
wave propagating upstream during emptying of reservoir/
channel during dam/channel break, respectively, which



8 (&) S.K MISHRA ET AL.

A MS Pipe 2"

45
40
35
30
25
20
15
10

A

‘>

% Pressure drop on P1

+ MS Pipe 3"

® MS Pipe 4"

@08y pp »

10 20 30

Figure 5. Effect of negative wave on inlet pressure due to leakage location.

affects the heads upstream. Figure 5 shows the effect of
negative wave on inlet pressure for all 27, 37, and 4” pipes
of all materials for different flow and leak conditions at
different leak locations. In this figure, only two leak locations
are visible, largely for the reason that the leaks in all cases of
pipe flows were placed, as shown in Table 1 & 2, at about
20-25% or 70-75% of the considered pipe length (between
two pressure gauges) in an experimental run. It can thus be
inferred that, for all types of pipe materials, as the leak
distance from inlet point increases, the percent drop in
upstream pressure decreases, and vice versa. A similar ana-
lysis (not shown) was also carried out for evaluating the
impact of leakage rate on the inlet pressure. It was found
that as leakage rate increased, the corresponding decrease in
inlet pressure also increased linearly and it was in accordance
with the expectation as above. The larger the leakage rate, the
greater the disturbance created, and the larger the impact on
inlet pressure, and vice versa. For the given pipe flow and
leak conditions, the impact on inlet pressure in flow through
HDPE pipe was less than that in PVC pipe and further less
than that in MS pipe, implying that the material of pipe
affected the propagation characteristics of negative waves.
It was higher in smaller diameter pipes, and vice versa. For all
pipe sizes and materials, it was more pronounced if X/L
(where X is the leak location from inlet pressure gauge and

40 50 60 70 80
X/L(%)

L is the pipe length between the two pressure gauges) was
less, and vice-versa.

Similar to the above, a plot was drawn between (X/L)*
(AQ/QT’) (%) and decrease in inlet pressure (%) (= (P1-
P1°)*100/P1) and it is shown in Figure 6 for 4” pipes of
all materials. It can be seen that the latter increases as the
former increases, implying that the impact of leak rate,
ie. AQ/QL’, is much more pronounced than the leak
location, i.e. X/L. In addition, different materials impact
differently, for example, for a given X/L and AQ/Q1’ the
impact of MS pipe on decrease in inlet pressure is most
pronounced, and that of HDPE, the least. PVC impacts
intermediately. It is possible to account for the impact of
pipe material, pipe size, inflow discharge magnitude
quantitatively, as follows.

AY) (%) = — 2.66 + 40.24(AQ/Q))*™ + 10(5)5

d
+13.71(Q/Quo) " — 16.24(X/L)" ", R2
= 0.575

(8)
where AY;(%) is the percent reduction in inlet pressure =

(Y, — Y;)/Y1*100; both Y, and Y, are pressure heads (m).
The constant, coefficients, and exponents are derived using

—e—MS PVC —e—HDPE
12.5
£ 100
g
7 &
i
- %
Cha
=y
gL 50
o &
<l
L
3 25
A
0.0
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
(X/L)*(AQ/Q1") (%)

Figure 6. Percent decrease in inlet pressure for 4” pipes of all materials.
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complete dataset and employing the MS Excel Solver tool by
minimizing the root mean square error (RMSE); ¢ is the
roughness coefficient (=0.15 x 10> m, 0.0025 x 10"°m, and
0.0025 x 10m for MS, PVC and HDPE pipes, respectively);
Q; is the main pipe (actual) pipe discharge (m*/s) and Q0 is
the discharge (m?/s) when pipe is opened full. Equation 7 has
been derived with RMSE = 3.96 m (coefficient of determina-
tion, R*=0.575) for the observed AY,(%) values ranging
(0.276 m, 28.6 m). This equation suggests that the pipe flow
and leakage magnitudes and the material type impact AY;
positively whereas leak location impacts negatively, which is
consistent with the expectation as also described later.
Figure 7 depicts the satisfactory closeness of the computed
and observed inlet pressure drops (%) depicted by the line of
perfect fit, for which R* = 1.0.

4.4. Description of hydraulically short and long pipes

From the above negative wave characteristics, it is possible to
define a pipe to be hydraulically long or short for a given
leakage condition, simply by measurements of the inlet pres-
sure before and after the occurrence of leak, as above. To this
end, the quantitative impact of the negative pressure on the
inlet pressure can be used (Figure 6) as an indicator. Ideally,
the impact of leak-generated negative wave on inlet pressure

45

35

A |

-
ot
e ®

15.00

20.00 25.00 30.00

measurements must be near zero if the pipe is long enough.
However, for pragmatic reasons, for a given leak discharge,
a pipe of given material can be described to be hydraulically
long if the percent decrease in inlet pressure is less than 5%
(as shown by dotted line in Figure 6) or any other appro-
priate lower value. Accordingly, a 4” MS pipe is hydraulically
short if the percent value of X/L*AQ/QI’ is less than or equal
t0 0.38,a4” PVC pipe is short if this percent value is less than
or equal to 0.50, and a 4” HDPE pipe is short if the percent
value is less than or equal to 0.70. Similar criteria (not shown
here for space reasons) can be derived for varying pipe sizes.
Accounting for impacts of all factors as included in
Equation 7, a general criterion for 5% error can be given by
the following inequality for a pipe to be hydraulically long:

40.24(AQ/Q,)"* + 10@5 +13.71(Q1/Qigo)
— 16.24(X/L)""* < 7.66 )

Otherwise, the pipe is hydraulically short.

4.5. Impact of velocity head on leak location

Figure 8 shows the percent deviation in leak location com-
puted using Equation 6 without considering the difference in
velocity head. It can be seen that the error in computed leak

Deviation in Computed Leak Location X,
%

15
-f
[ ]
5 t 8
50 100
5

[ ]
| .
0 ‘. 20

15 0 250

Observed Leak Location X, m

Figure 8. Percent deviation in leak location computed using equation 4 without considering the difference in velocity head.
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Figure 9. Percent deviation in calculated leak location using equation 1.

location is quite low Figure 4 when velocity head is consid-
ered in Equation 6 and it exceeds by 40% when not consid-
ered Figure 8. This is an important component of Equation 6
as it accounts for all other losses than pipe length-dependent
friction having occurred during pipe flow between sections
(1) and (2) and it will be more pronounced than friction in
short pipelines, and vice versa. Hence difference in velocity
head plays a significant role in leak localization in short
pipelines.

4.6. Evaluation of equation (1)

Figure 9 shows the percent deviation in leak location com-
puted using Equation 1. In other words, it evaluates the
performance of Equation 1. The larger the deviation, the
poorer the performance, and vice versa. It can be seen that
the deviation from the observed leak location is very high,
even of the order of 500%. In addition, though the leak
located after the bend in pipeline impacts the inlet pressure
insignificantly, the error estimated is of the order of 100%
whereas it is near zero when Equation 6 is used for the leaks
located after the bends. Hence, Equation 6 can be used for
leak localization in any span of pipelines of any material and
diameter or length.

4.7. Effect of material on accuracy of leak localization

Table 3 shows the percent deviation of the computed leak
position from the observed one and the overall range is
0-12.6%. A close investigation of the error data (not
shown here) revealed that the error in computed and
observed leak locations was within the range of 0 to+
12.6% for MS and HDPE pipes, and it was 0 to+11.2 %
for PVC pipes in both sets of experiments, i.e. with and
without bend for different flow and leak conditions. To
evaluate the impact of pipe material on leak localization,
the computed leak locations with respect to the observed
ones are plotted in Figures 10(a-c) for MS, PVC, HDPE
pipes, respectively. In these figures, the dotted line indi-
cates the line of perfect fit, for which R*=1.0, implying
the fit to be perfect. It can be seen that leak localization
from Equation 6 doesn’t seem to be much different from
one material to other. Though the parameter S in
Equation 6 is different for different materials, the

sensitivity analysis (shown later) shows that its influence
is not much significant in leak localization.

4.8. Effect of pipe diameter on leak localization

Similar to the above description for the effect of pipe material
on leak localization, the error data (not shown here) was
further investigated and it was found that there was not
much significant effect of pipe diameter on leak localization,
for the errors in computed and observed leak locations
ranged (0, £12.64 %), (0, £12.57 %), and (0, +12.17 %), for
27, 3”7 and 4” pipes, respectively, and it is shown by the
closeness of data points to the line of perfect fit in
Figure 11, for different diameters of pipes, pipe flows, and
leak discharges in both sets of experiments.

4.9. Sensitivity analysis

For evaluating the sensitivity of different variables used in
Equation 6 for leak localization, a sensitivity analysis was
carried out for one set of observations and the results are
shown in Figure 12. It can be seen that the pressure and pipe
discharge are the most sensitive to leak location. Hence, an
utmost care be taken while measuring them in field. The
degree of sensitivity depends on leak location with respect to
the location of inlet pressure gauge. Nearness of the leak
point with inlet pressure gauge affects the readings at inlet,
and vice-versa for leak located near the outlet pressure gauge.
The length, diameter, and friction factor are however not
much sensitive.

4.10. Use of leak noise (acoustics) in leak detection

As also stated earlier, to also investigate the workability of the
acoustics-based methodology for leak detection, the noise gen-
erated during the pipe leak was measured in decibel for different
pipes and leak discharges at different locations from the dis-
tances of 0.2m and 0.4 m measured from a pipeline.
Figure 13(a) shows the variation of decibels (observed at 0.2
m) with respect to leakage rate for 2” pipe (as an example) with
100% discharge. It can be seen that the minimum value of
decibels shows no (or insignificant) leakage and when leakage
starts, the decibels increase to reach a critical point and attain
a constant value in all sets of observations for all pipes and all
pipe and leak discharges. Figure 13(b) shows a similar trend for
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Figure 10. Effect of material on leak localization for (a) MS, (b) PVC, and (c) HDPE pipes.

a distance 0.4 m from pipeline for 2” pipes of all materials. Itis 5. Limitation of the study
further supported in Figure 13(c) showing the effect of leak
magnitudes on decibels for MS pipe of different sizes with, as
an example, 100% discharge. Interestingly, the trends seen for all
pipe sizes are not only consistent but also in line with the general (i) The applied methodology is based on the available
expectation. hydraulic principles, i.e. the Bernoulli equation, and

It is in order to also enumerate the major limitations of the
study as follows:
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Figure 13(a). Effect of leakage on decibels in 2" pipes of different materials for 0.2 m distance from pipeline.
therefore, the analysis incorporates all limitations of (iii) The flow and pressure observations are subject to
this equation. instrumental as well as human errors.

(ii) The experimental setup installed at IIT Roorkee (iv) The steady flow results are subject to the unavoidable
had been a much simplified version of the real disturbances in water head and flow due to pipe valve
networks as it does not consider the real-life openings.
complex cross-linkages, bends/transitions, vary- (v) The acoustic data is subject to unavoidable noises of

ing pipe sizes/materials/fittings, etc. the surroundings.
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(vi) The study also suffers from the scale effect.

Despite the above limitations, the results of the study are quite
encouraging and enlightening for future research in this
direction.

6. Summary and conclusions

The two sets (with and without bends, i.e. straight) of
experiments were conducted for different pipe materials,
their diameters, lengths, leak locations at Roorkee (India)
for measurements of hydraulic variables, such as inlet and
outlet discharges and pressures used for derivation of the
magnitudes of leak discharges and leak locations. The
following conclusions can be derived from the study:

(i) The available (existing) equation for leak localization
is applicable to hydraulically long pipes only, and not
for short pipes, and the proposed more elaborate
equation is applicable to both types of pipes.

(ii) The above is largely attributed to the ignorance of

difference in velocity heads of Bernoulli equation

and the assumption of leak discharge to be insignif-
icant compared to the magnitude of pipe discharge.

The pressure measurements, quite sensitive to leak

localization, are affected by the leak-generated

(iii)

negative wave, as expected, more in short pipes
than in long pipes.

The proposed expression (Equation 9) quantifies
reasonably well the impact of negative wave on

(iv)

inlet pressure and leads to definition of hydraulically
short and long pipes.

(v) The acoustics-based measurements not only consis-
tently describe the level of leakage rate in pipes but
also support the inferences drawn in this study.

(vi) Being among a very few experimental studies con-

ducted world-wide, specifically in India, and

reported in literature so far, the promising results
of the present study may pave a way for future
extensive research in this direction.
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Symbols

HGL Hydraulic gradient line

TEL Total energy line

L Length between inlet and outlet pressure gauge in
meter

X Leakage distance from inlet pressure gauge in
meter

P, Inlet pressure in no leak condition in N/m?

P, Outlet pressure in no leak condition in N/m*

P, Inlet pressure at leakage condition in N/m’

P, Outlet pressure at leakage condition in N/m”

Q Inlet flow in no leak condition in m?/s

Q, Outlet flow in no leak condition in m*/s

Q, Inlet flow at leakage condition in m?/s

Q, Outlet flow at leakage condition in m>/s

AQ Leakage discharge in m*/s

Y, Inlet pressure head in meter in no leak condition

Y, Outlet pressure head in meter in no leak
condition

Y, Inlet pressure head in meter in leak condition

Y, Outlet pressure head in meter in leak condition

7, Datum head in meter at inlet

7, Datum head in meter at outlet

A Inlet velocity in m/s for no leak condition

V, Outlet velocity in m/s for no leak condition

v’y Inlet velocity in m/s for leak condition

v, Outlet velocity in m/s for leak condition

't Friction factor

‘& Diameter of pipe in meter

S Specific pipe resistance given by Darcy-Weisbach
frictional loss equation in s2/mé
Specific unit weight of water 9810 N/m’

‘g Acceleration due to gravity 9.81 m/s

AP Pressure difference between inlet and outlet

‘hy Frictional head loss in meter

MS Mild Steel

PVC Polyvinyl Chloride

HDPE High-density Polyethylene
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