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DETERMINATION OF IMPORTANT FLOW CHARACTERISTICS FOR
LEAK DETECTION IN WATER PIPELINES-NETWORKS

ABSTRACT

The accuracy of a leak detection method dependslgren
the flow and leak parameters in a given pipelinkisTpaper
gives some insight into the flow characteristicsouad
simulated small leaks. The present computationalid fl
dynamics studies have indicated clear distinctieatudres in
fluid pressure and fluid acceleration that can bedufor the
early detection of small leaks with the magnitud@.@5L/min
in water distribution pipelines. The CFD study &sbkd on the
steady state turbulent flow simulation which wasied out for
different pressure lines in 4-inch (100m) ID pipe.

Based on the CFD simulation, it was found out ttegt
pressure gradient in the vicinity of the leaks quéte large,
hence a leak detection method based on pressudbeigra
measurement is proposed. In addition these sirpulatias
shown axial flow acceleration in the flow centegliaf the pipe
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[P/ Reynolds stresses
u [Pa/s] Dynamic viscosity
€ [m?/s7] Turbulent dissipation rate
k [m?/s?] Turbulence kinetic energy
u, v, w [m/s] Components of velocity
a [m/€] Acceleration
P [Pascal] Pressure
g [m/$] acceleration due to gravity
Q [L/min] Flow rate
) [ Delta function
Subscripts
X,Y,Z [m] Position coordinate
i, j [-] Vector notation for coordinates

have remarkable gradient which offers another ldatection
method based on the use of accelerometer.

INTRODUCTION

Water is essential in the everyday activities wink
things (both plants and animal), therefore therenégd for
constant supply of pure and portable water to thymuface. For
countries that depend on water distribution netwpnkater
scarcity is their prevailing challenge; also chadiimg is the

t [-] Turbulence

Monitoring the health of a pipeline network inclsdesks
such as determining the current roughness parasnetgipes,
identifying leakages and blockages, etc. [ldaks can account
for, on average, 10,000 gallons of water wastethexhome
every year, which is enough to fill a backyard swimg pool
[2]. As a result, pipe damage conteohd water distribution

managemerthave become high priorities for water utilities and
authorities becausthere were greater understandings of the
economic, social,and environmental costs associated with

assurance of supply of uncontaminated water. Tarernthese
objectives, a distribution source must be closEX@ efficient
in their water distribution which means that actwehter

supplied from source must be available at the dgfiypoints.
For such a system, a leak-free distribution is ireguwhich
ensures that there is no unintentional supply ftbennetwork
and there is no unintentional introduction of sahse into the
network. A proper monitoring of health of pipe addmage
detection and control must be in place.

NOMENCLATURE

P [kg/m®] Density
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water losses. In many water distribution systemsigaificant
amount of water is lost due to leakage from distidn pipes,
to reduce this water loss, system operators corsstematic
programs to locate and repair leaks [3]. With tHebal
awareness on cobbling the devastating effectsabdslen water
distribution networks, studies are being carried oo daily
basis on optimizing the method of these leaks tietedor
early detection and control. Several methods haeenb
developed for -experimental studies, field worksd an
simulation/ computational works —the detection esal/devices
have been developed for pipe damage detection iterwa



distribution networks among which is Acoustic leddtection
equipment-listening rods, aqua phones, hydrophates, leak
noise correlators

Governing Equations
The flow in pipe has a general axial symmetry
configuration along the azimuthal direction, andsthan be

Several mechanisms are being used in detection of described by a cylindrical coordinate with all rzero

pipe damages and leakages. The mechanism utilizes t
advantage that flow in pipes exhibit special prtipsrat the
point of leaks among which are, flow rates, pressurd sound.
These properties make it possible to detect leglaplplying a
relevant measuring device. Among these devices flare
tracer, pressure transducers, accelerometer aratsotn the
earliest period when leak detection became inegtakisual
inspection of pipes was in vogue as used by magieiction
officers but in later years when need for more esteumeans
of location of leaks in buried pipes were requiredpre
sophisticated devices were developed. Among tlse dir these
devices were the invention of [4] and that of [Bhese devices
used the sonic signal from flow within the pipe lorate
leakages. Many leak detection methods are beinglojesd
with all methods having different places of relesanand
limitation, a full evaluation of all leak detectionethods with
merit and demerit can be found in the review of [6]

As it has been shown that an efficient leak detecti
methods depend greatly on the parameters upon wthieh
developments are based, therefore a proper paiarsaidies
gives leak detection model information for its desiWith the
recent global trend on computational fluid dynamas an
efficient means of prediction real parameters, maamameters
can be looked into for efficient leak detection huoet once a
complete solution of the flow equations is avakablThe
present study undertook a computational work irraftt to
identify the best possible leak detection paramieyestudying
the behavior of change in different parameters iwitthe
vicinity of leaks. Other conditions studied inclutthe effect of
line pressure and multi-leak coexistence in a sipgbe.

MATHEMATICAL MODELING
For the present study, a pipe of 100mm diameter was

taken as it represents the mostly used pipe inrildision
networks with a length of 4m and 2 leaks were ledaat
position 1m and 3m along the pipe. To represent rtiest
experienced form of leaks in pipe, the leaks wem@aximated
with a circular dimension. As observed from theieew of
literature, the major challenge of most modelseakl detection
that have been developed is ability to detect & serall leak in
a long pipe as it was a limitation of the ITA matihstudied by
[7], therefore the present study settled for snedlkages of
2mm diameter. The 2D representations of the probéem
provided in the figure 1 below.

“Outlet

2m
Fig.1 2-D representation of the problem
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coordinates.

=0 (1)
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Being a turbulent study, the above equations amwknas
Reynolds Averaging Navier Stoke equation. The satioih
was carried out at constant density with the assiomghat
water is an incompressible fluid and flowing withabh
number of less than 0.3, also assuming a steatty stadition.
The choice of evaluation of the last term of equra2 brought
about model equation.

The Standard k- Model: this model made focus on the
mechanism that affect turbulence kinetic energy. [Bhe
mechanism that affects the T.K.E being the turbiwéscosity
is computed after which the Reynolds stresses eatuaed
from Boussinesq relation

d(pujy)) _dp , 0

0x; - ox;  0xj

@

0Lli

auy;
—PRyj = K¢ (6_x] .

2

(3)
Alongside with continuity equations and two othesmentum
equations (3D), the standard kaodel makes use of 2 transport
equations for the turbulence kinetic energy andipaion rate.
These equations are given as:

aixi(Puik) = aixj [(H + :—;):—; + 2pEy. By —p 4)
aiXi(PU-iE) = aixi [(H + i—:) :—;] + 2By Eyy — CZP% (%)
Where the constant employed are
C,=0.09; G=1.44; G=1.92;0=1;0,=1.3

K? 1(0u;  dy;
ke=pCo Ej= E(a_u]i + a_:) (6)

The combination of these equations makes 6 equation
that were solved to establish all the parametegaired in the
study. These governing equations were discretizgd ab
numerical scheme employing a control volume method
finite volume set of algebraic equations were olgdi These
equations were solved by a commercial CFD package,
employing the SIMPLE algorithm for handling pressur
linkages with details in [9].



Boundary Conditions

To assume a real flow situation the following
boundary conditions were taken with their corresjog
justifications.

Inlet Boundary Condition: the velocity inlet boumga@ondition
was imposed so has to comply with the directiorflofv of
supply through a pipe from a source. To avoid tffece of
erosion in the pipe the velocity was taken to bésl®], which
represent a flow rate of 7.85L/s which is line withe
international standard of 2.5m/s maximum velocity water
pipe distribution

Outlet Boundary Condition: the pressure outletditton is

imposed so as to liken the simulation to the readaion that
flow in pipes having specific pressure. This coiditmakes
the result of the simulation viable to be useddesign a model
for real situation. Values of gauge pressure rapdiom lbar
to 5bars were used in this study.

Leak Outlet condition: the pressure outlet condgiowere
impose on these boundaries as the leaks were exb&rtbe
exposed to atmospheric condition
pressures were set. This represents the condikparienced
with a sprinkler/emitter intentionally created ipige network.

Pipe walls: the pipe wall was treated with the dtad wall
condition of no slip as it is conventional for flewthrough a
stationary pipe with a predefined roughness.

Mesh Independency Test

in which zero egaug

RESULTS AND DISCUSSIONS

Model Validation

The present study was carried out with different

working pressures so as to validate the result witie
experimentally available data and theoretical daten of
flow through an orifice. In recent researches isvieund that
the rate of flow from a water distribution depends the
working pressure contrary to the past view givethia orifice
equation represented as in the equation below

Q = C4A\2gh 7

In a broader view of the equation, the flow rate,c& be
represented in term of the working as pressure wgthation
(8) as given in most of the literature cited irstbfudy:

Q=cpe (®)

Where the C is the leakage coefficient of dischange P is the
working pressure in the pipe whike is the leak exponent.
Theoretical orifice value for round holes was fotadbe 0.5. In

the experiment carried out by [10], the leakageoermtial for

steel and uPVC pipes with round hole was found eéd0b2.

Similarly, in the work of [11], he described moadgjiof leak in

EPANET with the above equation, and that the pressu
exponent is assigned to be 0.5. The flow ratesutitrdhe leaks
were collected for the model and presented in Tabbelow.

These results are shown in figure 2 and figure th wddition
of best fitting curve represented by equation (9).

For the mesh independence of the solution, 3 meshes, _ ( gpg1p05007 9)

were used and simulations were done under the ajiven
boundary conditions with the pressure outlet coonlitset at
2bars gauge pressure. The properties of the mesigsitie the
leak flow rates are given in the Table 1.

Table 1: Mesh Independence study
(Line pressure = 2bars, average velocity =1m/s

Mesh | Number Leakl flow Leak2 flow
of Cells rate (kg/s) rate (kg/s)

M1 174,320 0.0434 0.0436
M2 907,759 0.0458 0.0457
M3 2,039,666 0.0464 0.0465

This result went in agreement with the experimeméslults
given in the literatures with the pressure expor@eB007. In
addition, the leak coefficient is of the order egmnted by
Torricelli’s equation of orifice.

Table 2: Leak flow rate for different line pressatevelocity
1m/s through a straight pipe

Considering the results in the Table 1 and assumiegh
independency with less that 2% in the predictell feawv rate,
therefore the solution obtained using mesh two m@uesh
independent and hence this mesh is used for theofethe
computation
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Pressure Leakl flow Leak2 flow

(bars) rate(L/min) rate(L/min)
1 1.946992 1.93987

2 2.754918 2.745224

3 3.374982 3.363153

4 3.897731 3.884152

5 4.358291 4.343148
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Fig.2 Plot of flow rate of leak 1 against line mese.
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Fig.3 Plot of flow rate of leak 2 against line me=e.

Pressure Behavior within the vicinity of leaks

To study the behavior of pressure within the vigini
of the leaks, a straight pipe with lbar pressure livas
considered. A faraway observation of the contowt plepicts
that the pressure remain constant in the pipe awrshin the
contour plot in fig.4, a close up look in the vitynof the leaks
reveals a localized gradient toward the leak asvatio fig.5.

For better understanding of the pressure variation
along the pipe, plots of pressures along some limesigh the
length of the pipe were made. A plot of the pressalong the
line 2mm below the leaks in figure 6 shows the fues is
fairly constant with variation predominantly betwe&.0and
2.01bars but there are clear distinctions a fewlimméters
before the leaks with a sudden great reductionrandvery to
fairly constant state, this indicates that steathfespressure
close to the leak deviates greatly with magnitudktectable by
a pressure sensor. At a distance of 10mm belowethle the
effect of the pressure change in the vicinity @& tbaks became
slightly dispersed as shown in figure 7. From thitgsean be
shown that the effect of the presence of leak ocessqure
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variation becomes harder to be noticed as thedtares moves
away from the leaks. Following the unpredictabldétgra of
leaks and damages occurrence, the best position afor
transducer to be placed to have an even evaluatfothe
surfaces of the pipe is the center. A plot of thespure along
the centerline of the pipe shows a fairly noticeakihk in the
leaks vicinity as shown in the figure 8. The changee better
explained with Bernoulli equation as due to theowuiy
increment as a result of addition flow rate in theection the
leaks. To better appreciate the causes of the shi@gsure
change at the vicinity of the leaks, the vectorthefmagnitude
of the velocities around the leakages were obsewitd high
gradient toward the leak plane. These show thatveiecity
magnitude increases relatively as one move towtreldeaks
and dies away as one move away from the leak dlmgipe.
The factor that determines the effectiveness of prgssure
transducer in leak monitoring is the ability to etdion
irrespective of position of the leaks, thus itégjuired to get a
parameter that gives a high magnitude of distimciio the
vicinities of the leaks along the centerline.

b
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Fig.4 Faraway view of contour of pressure on placi®ss
leakl (V=1m/s P=2bars)
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Fig.5 close up view of contour of pressure in itgiof leakl
(V=1m/s P=2bars)
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Fig.6 Pressure along line 2mm below the leaks (Vs1m
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Effect of Pressure gradient

Measurement of pressure gradient in a pipe is
amounting to either having two pressure transdutakég
measurement along the pipe simultaneously or alesing
transducer taking two differently reading sequédiyti@ong the
pipe while studying the difference in the measunetse
Considering the pressure gradient across the pgss-section,
there appears to be a wider localization of thesgree values
coupled with higher ranges of values compared & ¢ the
pressure. The plot shown in figure 9 representeffet of the
leaks on the pressure gradient along the pipe digetevith the
both the maximum and minimum values close to tladeon
the either sides. As observed with the pressueeclbser the
transducer to the leak the more the effect is Tete pressure
gradient 2mm below the leaks gave a clear distincih the
vicinity of the leaks with about 25KPa/m around teaks, this
is a very good value for monitoring despite thekéedeing
small with a flow rate of 2.72L/min. Along the cenrtne the
pressure gradient gave a wider distinction of gak$ vicinities
with the gradient forming local maxima at the Igaknts with
the values being limited to the range of -10 toP&®n within
the vicinity of the leaks. This sounds more appiaiprthan the
pressure measurement as well-defined changesicedah the
leaks vicinity also this eliminates the inaccur#ttgt may set in
as a result of sensor resolution and thresholdevalnd the
correlation of the result can be handled with thatad
acquisition setup.

50 f

Prefsure gadient (Pascal/m)
o
o

i j 2 ' 3
position along the pipe (m)

Fig.9 Pressure gradient along the centerline (vsIPa2bars)

Study of Acceleration around the leak

Another parameter for leaks detection is the
acceleration. A study on the acceleration of the/fin the pipe
was carried out to evaluate the behavior of leaksnity
acceleration in attempt to know the ability of decemeter as a
transducer in water pipe leak detection. The foihgv
equations were modeled into the solver to define th
acceleration parameter in the three axes and theralbv
magnitude of acceleration.

ax=u—x+v—+w— (20)



ov ov ov
ay u$ + U@ + 5 (11)
ow ow ow
az =UuU- + 3y + rm (12)
a= /(a,zc +a2 +a2) (13)

The three acceleration parameters are requiradfifee axial
accelerometer is to be used for the measurementhasdhese
three parameters were observed.

The acceleration value from the inlet of the pipe
remained fairly constant with magnitude of 0 due nton-
disturbance relative to x-axis along the pipe at2below the
leaks until approaching the leaks where there isapid
increment up to 9000nf/sn vicinity of leak 1 and a quick
recovery from it to fairly constant value was netidill vicinity
of leak two where a similar hike was noticed ofjistly reduced
magnitude. These clear distinctions were noticedtte plots
of the x-acceleration at other distances belowIga&s. It is
noted that similar to what was observed with thespure, the
magnitude of the distinction reduces as the lifesxamination
move away from the leaks and a plot to evaluateeffext of
the x-acceleration along the center of the pipensha clears
definition of 0.08m/5and before the leaks and -0.08hwger
the leaks to recovery as shown in figure 10 beldwis
represents a clear definition for an acceleromtdepick up
despite being along the centerline.

A similar distinction is observed with the accetem in y—
direction with a wider evident of presence of thaks as the
definitions occur in wider vicinity but with a reieely lower
magnitude. This is due to the nature of the veyguibfile in y-
direction as the leak flow rate does not directffiect the y-
acceleration as it does on the x-acceleration

x-acceleratio (m/s’)

1 ‘ 2 ' k)
position along the pipe (m)

Fig.10 x-component of acceleration along the cdinter
(v=1m/s P=2bars)
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Fig.11 y-component of acceleration along the cdéinter
(v=1m/s P=2bars)
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Fig.12 z-component of acceleration along the cénter
(v=1m/s P=2bars)

The plot in figure 11 shows the y-acceleration gltime
center of the pipe. In z-direction a similar distion is noticed
and a wider displacement along the centerline owiag
disturbances along the center with respect to eetions with
relatively high magnitude of hike at the pointstoé leaks.

The study of the acceleration within the pipe shdved a well-
defined distinction is expected in one of the thdaection of
the vector irrespective of the position of the kand the
orientation. Thus it can be deduced that a threel ax
accelerometer picks ups a the existence of leakh tie
definition in one of it axes of measurement depegdn the
location and orientation of the leaks and theeefoan be
reliable in early leak detection of unpredictabd¢umne.



CONCLUSIONS

Three-dimensional CFD turbulent flow calculatiorexdh
been carried out to investigate the flow charasties close to
simulated small leaks in water distribution pipein The main
objective of the study is to identify clearly obgsle trends in
the flow variables which can be adopted for rekadhd robust
leak detection methods. The CFD Simulations wergethout
using the commercial
computational mesh in order to produce more aceuegults.
The simulations results were validated against exyntal and
theoretical orifice equation; and an excellent agrent was
found. In terms of reliable leak detection methbsig variable
had been identified. The first variable that showkshr effect
of the leak is the pressure gradient in the vigifitithin 2 leak
diameters). The second clearly observable variaffexted by
the leaks is the flow acceleration. Lab experimerts being
setup to implement these methods for leak detection
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