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ABSTRACT

In pipe systems illegal branches can take away remarkable water resources with negative effects

from both the economic and technical points of view. Difficulties in pointing out illegal branches

by means of steady-state pressure and discharge measurements are mainly due to the fact that,

of course, such systems are not active according to a regular time schedule. In this paper the

possibility of using Transient Test-Based Techniques (TTBT) for the location and sizing of

branches is shown. Specifically, tests carried out in different branched pipe systems at the

Water Engineering Laboratory of the University of Perugia, Italy, show that TTBT allow us to

detect branches irrespective of whether they are active or not. To improve the precision of the

localization, arrival times of pressure waves are detected by means of wavelet analysis. Finally,

a simple relation based on the water hammer theory is proposed to size the branch reliably.
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NOMENCLATURE

The following symbols are used in this paper:

A pipe area;

a pressure wave speed;

C� negative characteristic line;

Cþ positive characteristic line;

D pipe internal diameter;

DN nominal diameter;

e pipe thickness;

F incident wave at the illegal

branch;

f wave reflected by the branch;

FT transmitted wave;

g acceleration due to gravity;

k damping factor;

j wavelet scale;

h pressure signal (piezometric head);

L pipe length;

L0 distance between node V and the

connection of the branch;

N Reynolds number;

Nu number of time increments in the

wavelet transform;

Q discharge;

RHDPEBV Reservoir-High Density PolyEthylene

Branch-Valve system;

RPLBV Reservoir-PLastic Branch-Valve system;

t time;

U mean flow velocity;

W wavelet transform;

a generic pressure wave;

D overpressure due to the maneuver;

d decrease of h due to the arrival of the

pressure wave reflected by connection

J at the measurement section;

w mother wavelet;

l Darcy–Weisbach friction factor;

n kinematic viscosity;
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c reflection coefficient;

z generic signal.

Subscripts

b branch;

E node at the downstream end of the branch;

J connection node between the main pipe

and the branch;

J,b initial node of the branch;

J,md initial node of the main pipe immediately

downstream J;

J,mu end node of the main pipe immediately

upstream J ;

k experimental value corrected by considering

the damping of pressure waves;

M measurement section immediately upstream

of the end valve;

m main pipe;

R reservoir;

V maneuver valve.

Superscripts

t time.

INTRODUCTION

‘‘Out of sight, out of mind’’: this short sentence synthesizes

properly the approach followed in the past by water utility

managers who ignored leakage as well as viewed leakage

control as a desperation measure. In the last 30 years, due to

both the rarefaction of water resources and the greatly

increased user demand, water utility managers realized that

leakage detection is a ‘‘money-saving expense’’ and assigned a

high priority to leak survey programs based on benefit–cost

analysis (Journal of AWWA special issue 1979). Moreover, at

present that leaks are costly also in terms of energy is a well-

established idea (Colombo & Karney 2002). According to

Lambert & Hirner (2000) and Lambert (2003), water losses

can be divided into real and apparent or administrative losses.

Real losses consist of water volumes that flow out of the

system without reaching any user, whereas apparent or

administrative losses concern water volumes reaching a

user without being measured and/or paid for. Thus apparent

losses may be due to illegal connections to the distribution

network (water theft) or measurement errors. In many

regions, not only in developing countries (Figure 1), but

also in Europe – particularly in those regions in which the

agricultural practices are greatly conditioned by water avail-

ability –unauthorized consumption is widely spread, drawing

water from the supply pipe system.

Even if an exhaustive review of the available methods for

leak and illegal consumption detection is beyond the scope of

this paper, some basic concepts are reported in order to point

out the interest in the proposed procedure. There are a

number of criteria that a successful technique for leak and

illegal consumption detection should address. Specifically, it

should provide a rapid response and exhibit a significant

degree of automation. Moreover, any reliable technique

should require low skill and limited training to operate as

well as exhibiting robustness in continual operation. In other

Figure 1 9999 (a) Illegal branch (Mfula 2007). (b) Draft inlet in Zambia (Chulu 2007).
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words, the amount of and types of equipment employed, the

time for setup and calibration, impact on operations, test

procedure and duration and precision of results have to be

considered (Flora et al. 1998) when a proper methodology has

to be chosen. It is worth noting that the comparison between

the water industry and the gas and oil industry is severe: well-

instrumented pipelines and large investment in research as a

routine make the difference (Misiunas et al. 2005).

In such a context, technologies based on the execution of

transient tests (Transient Test-Based Techniques � TTBT) are

very attractive. In fact, only pressure measurements are

needed, very few tests allow us to locate both leaks and

branches, and the duration of tests is of the order of a few

minutes (Covas & Ramos 2010; Meniconi et al. 2010b). As a

consequence, the survey costs and the interference with the

functioning of the investigated system are negligible with

respect to techniques based on steady-state measurements.

With regard to the precision, the use of proper techniques to

analyze the transient data allow us to localize leaks and

branches with a precision less than few units per cent

(Ferrante et al. 2007). These are the main reasons for the

increasing success of TTBT, at least for supply pipe systems.

In the analysis of the time-history of the pressure mea-

sured during transient tests � hereafter referred to as the

‘‘pressure signal’’ � different approaches have been followed.

Within the Inverse Transient Analysis (ITA) proposed by

Liggett & Chen (1994), the pressure signal is simulated by

means of unsteady flow differential equations and the loca-

tion and size of leaks and branches are the unknowns of the

problem. Alternatively, as will be shown below, the analysis

can be focused on the discontinuities in the pressure signal

due to the pressure waves reflected by leaks and branches.

Such an analysis can be executed in the time domain (e.g.

Jonsson & Larson 1992; Brunone & Ferrante 2001), in the

frequency domain (e.g. Lee et al. 2005) or by means of wavelet

functions (e.g. Stoianov et al. 2001; Al-Shidhani et al. 2003;

Ferrante & Brunone 2003). Moreover, it can concern the first

characteristic time of the pipe � the so-called short period

analysis (e.g. Ferrante et al. 2009; Covas & Ramos 2010) � or

it is extended to a longer period of time, the so-called long

period analysis (e.g. Wang et al. 2002).

This paper is an extension of the one presented at the

10th International Conference on Computing and Control for

the Water Industry � CCWI09 (Meniconi et al. 2009b), with

further experimental tests carried out at the Water Engineer-

ing Laboratory (WEL) of the University of Perugia, Italy, as

well as numerical simulations. Following this introduction, in

the first part, the experimental setups at WEL are described.

The second part deals with the short period analysis for the

location of illegal branches by means of wavelet functions. In

the third part, a methodology to evaluate the size of the

branches is proposed. Finally, the main results are synthe-

sized in the conclusions.

EXPERIMENTAL SETUPS

Experimental tests were executed in two different pipe sys-

tems at WEL (Table 1): the Reservoir-PLastic-Branch-Valve

system (RPLBV system, Figure 2(a)) and the Reservoir-High

Density PolyEthylene Branch-Valve system (RHDPEBV sys-

tem, Figure 2(b)). In both systems, the main pipe is a High

Density PolyEthylene (HDPE) pipe (internal diameter

Dm¼ 93.3 mm, nominal diameter DN110, thickness em¼ 8.1

mm, with the subscript m referring the quantities to the main

pipe). It is supplied by an upstream constant head reservoir

(hereafter denoted ‘‘node R’’) and a maneuver valve – a

DN50 ball valve (hereafter denoted ‘‘node V’’) – is placed

at the downstream end section. Differences between the two

pipe systems concern the length of the main pipe, Lm, and the

characteristics of the branch (material, diameter, thickness,

length and external constraints) as well as the distance,

Table 1 9999 Pipe system characteristics

Characteristics of the branch

System Length of the main pipe Lm (m) Material Db (mm) Lb (m) L´ (m)

RPLBV 164.93 Plastic 22.3 36.30 102.70

RHDPEBV 259.60 High density polyethylene 93.3 116.78 61.78
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L0, from the connection between the main pipe and the

branch – hereafter denoted ‘‘node J’’ – to node V (Table 1

and Figure 3). Precisely, for the RPLBV system (Figure 2(a)),

Lm¼ 164.93 m and a PLastic Branch (PLB – Lb¼ 36.30 m,

Db¼ 22.3 mm and eb¼ 4 mm, with the subscript b referring

the quantities to the branch) is connected to the main pipe at

a distance L0 ¼ 102.70 m. To simulate real pipe systems, such

a branch is installed precariously (Figure 4(a)).

In order to simulate both active and inactive branches, a

DN20 ball valve is installed at the downstream end of the

branch (node E in Figure 2(a)).

In the RHDPEBV system (Figure 2(b)), Lm¼ 259.60 m

and the branch is an HDPE pipe (Lb¼ 116.78 m, Db¼Dm

and eb¼ em) that is connected to the main pipe at L0 ¼ 61.78 m

(Figure 4(b)). In such a system, node E is a dead end.

The characteristics of the laboratory setups have been

chosen in order to simulate real systems in term of length,

diameter and flow conditions (i.e. turbulent regime). With

respect to the short metallic small diameter pipes used in

other laboratories, the small values of the pressure wave

speed as well as the length of the installed pipes allow us to

analyze in detail the interaction between a pressure wave and

the system anomalies, such as illegal branches.

For both systems, pressure signals are acquired by piezo-

resistive transducers, with a frequency acquisition of

1024 Hz, at sections M – placed immediately upstream of

the maneuver valve V – E and J (Figure 3). The steady-state

discharge is measured by means of a magnetic flowmeter.

LOCALIZATION OF ILLEGAL BRANCHES AND
EVALUATION OF THEIR FUNCTIONING
CONDITIONS

RPLBV system

Figure 5 compares the pressure signal, hM
t – with the super-

script t indicating the time and the subscript M referring the

quantities to section M – during two transient tests generated

by the fast and complete closure of valve V. Such tests

are executed with the same steady-state discharge, QJ,md
0

(¼ 3.429 l/s), with the superscript 0 indicating the initial

conditions and the subscript md referring the quantities to

the segment of the main pipe downstream of node J. In the

first test (continuous line in Figure 5) the branch is active,

whereas in the second test (dashed line) it is inactive. In both

(a) (b)

Figure 2 9999 Experimental setups: (a) RPLBV system and (b) RHDPEBV system.

337 S. Meniconi et al. 9999 Transient tests for locating and sizing illegal branches in pipe systems Journal of Hydroinformatics 9999 9999 201113.3



tests, the branch gives rise to reflected waves whose arrival

times at section M allow its detection.

Revealing these times can be properly and precisely done

by means of the wavelet transform that improves the preci-

sion of the localization, with respect to the time domain

analysis (Stoianov et al. 2001; Al-Shidhani et al. 2003; Ferrante

& Brunone 2003). The wavelet transform, W, of a discontin-

uous generic signal, z, sampled at a constant frequency for a

limited number of time increments Nu (z(iDt), i¼ 0, y, Nu-1,

with Dt¼ sampling period) can be defined as

WzðiDtÞ ¼ 1

2j

XNu�1

m¼0

zðmDtÞw ðm� iÞDt

2j ð1Þ

where 2j is the scale parameter, with the wavelet scale j¼ 1,

2,y, I, Iolog2Nu and the mother wavelet, w(t), is defined by

the following expression:

wðtÞ ¼

0 jtjZ1
wð�tÞ 0rto1

�24t2 � 16t �0:5rto0
8ðtþ 1Þ2 �1oto� 0:5

8>><
>>:

ð2Þ

which is an approximation of the first derivative of the

Gaussian function (Mallat & Zhong 1992). Precisely, in

correspondence to singularities in the pressure signal, i.e. to

the passage of waves through section M, the wavelet trans-

form, W, is marked by maximum local moduli that organize

themselves into chains (Ferrante et al. 2007). Such chains

are indicated by dashed–dotted lines in Figures 6(b) and 7(b)

that show the W of the pressure signal in the case of active

(Figure 6(a)) and inactive branches (Figure 7(a)), respec-

tively. In particular, scrutiny of Figures 6(b) and 7(b) reveals

three singularities during the first characteristic time. The first

singularity, i.e. the pressure rise, DM, occurring at tV¼ 0.200 s

(indicated by capital V in Figures 6(b) and 7(b)), is due to the

arrival at section M of the wave generated by the maneuver.

The second discontinuity, i.e. the pressure decrease, dM, at

tJ¼ 0.781 s, and the third one, at tR¼ 1.117 s, are caused by

the waves reflected by the junction J and the reservoir R,

respectively. It is worth noting that dM is approximately

double the wave reflected by the connection J because at tJ
the maneuver valve is completely closed. On the basis of such

times, both the location of the illegal branch and the pressure

wave speed, am, of the main pipe can be evaluated by the

following relationships:

L0 ¼ tJ � tV
tR � tV

Lm ð3Þ

am ¼
2Lm

tR � tV
: ð4Þ

The relative error in evaluating L0 is equal to 1.8%, in the

case of both active and inactive branches, and the resulting

value of am is 359.72 m/s. It is worth noting that, according to

Equations (3) and (4), the localization of singularities and the

evaluation of the pressure wave speed coincide with the

evaluation of times at which pressure waves pass through

the measurement section.

In order to determine the functioning conditions of the

branch, the second characteristic time has to be analyzed. To

evaluate the causes of the discontinuities in such a period of

time, the numerical simulation of hM
t by the Method Of

Characteristics (MOC, see the Appendix) could be advanta-

geous. To calculate ab, an essential parameter in MOC, a

transient test is generated by the total and complete closure of

the valve at node E and pressure signals are acquired at

sections E, J and M (Figure 8). In this figure, some distur-

bances in hE
t can be noted, immediately after the end of the

maneuver, due to the mentioned precarious installation of the

Figure 3 9999 Experimental setup definition sketch.
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branch. These evident disturbances have been reflected in the

wavelet analysis of hE
t (Figure 9(b)) and hJ

t (Figure 9(d)).

However, some chains are clearly pointed out by such an

analysis: in particular, the first chains of Figure 9(b) and (d)

that are due to the arrival of the wave generated by the

maneuver at sections E and J, respectively. Consequently,

the value of ab (¼ 79.89 m/s) is determined by means of the

following equation:

ab ¼
2Lb

tJ � tE
: ð5Þ

The numerical simulation by MOC is reported in

Figure 10. Such a figure shows that the wave reflected at

section E causes a different singularity at tE¼ 1.690 s depen-

dent on the functioning conditions in the branch. Precisely, in

the case of an active branch such a singularity is a reduction
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Figure 5 9999 RPLBV system: pressure signal at section M in the case of active (continuous line)

and inactive (dashed line) illegal branch.
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Figure 6 9999 RPLBV system: (a) pressure signal at section M in the case of active illegal branch

(Figure 5) and (b) relative wavelet transform.

Figure 4 9999 Connection between the main pipe and the branch: (a) RPLBV system and

(b) RHDPEBV system. In the square the connection node is highlighted.
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of 2.56 m, whereas in the case of an inactive branch it is an

increase of 5.21 m.

In Figure 11 the pressure signals acquired at section E

during the same transient test of Figure 5 are shown. Even if

such data are not available in field tests, they allow us to

better understand the investigated phenomenon. In fact,

pressure signals acquired at node E are significantly different

according to the boundary condition at section E. Precisely,

when the branch is active and then the valve at node E is

open, the pressure signal is almost constant. In contrast, in

the case of an inactive branch, since the valve is closed,

significant reflection phenomena occur.

RHDPEBV system

An example of ht
M during a transient test generated by the

total and fast closure of valve V, with QJ,md
0 ¼ 2.927 l/s, is

shown in Figure 12(a); in Figures 12(b) and 13(b) the relative

numerical simulation and the wavelet analysis are reported,

respectively. Since in the RHDPEBV system the value of the

pressure wave speed is much larger than the one of the

RPLBV system, the pressure wave travel time is smaller. As
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Figure 7 9999 RPLBV system: (a) pressure signal at section M in the case of inactive illegal

branch (Figure 5) and (b) relative wavelet transform.
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Figure 8 9999 RPLBV system: pressure signal at sections E, J and M acquired during a transient

test generated by the maneuver of the valve installed at node E.
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Figure 9 9999 RPLBV system: (a) pressure signal at section E, hE, of Figure 8, (b) relative wavelet

transform, (c) pressure signal at section J, hJ, of Figure 8 and (d) relative wavelet

transform.
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a consequence, after the arrival of the pressure wave gener-

ated by the maneuver at tV¼ 0.237 s, two waves reflected at

node J arrive at section M one after the other. Such singula-

rities are detected by the W at tJ0 ¼ 0.582 s and tJ’’¼ 0.912 s,

respectively. Moreover, the chain in the W at tE¼ 1.228 s is

due to the sudden and sharp increase caused by the reflection

of the pressure wave at the dead end at section E. Finally, the

singularity at tR¼ 1.695 s corresponds to the arrival of

the pressure wave reflected by the reservoir. By means of

Equation (3), it is possible to evaluate L0 with a relative error

equal to 0.57%.

SIZING OF ILLEGAL BRANCHES BY SIMPLE MODELS

Within TTBT, simple numerical models, simulating the inter-

action between an illegal branch and a pressure wave, are

advantageous in practical applications because they allow
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Figure 10 9999 RPLBV system: numerical simulation of pressure signal at section M in the case

of active (continuous line) and inactive (dashed line) branch.
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Figure 12 9999 RHDPEBV system: (a) pressure signal at section M and (b) relative numerical simulation.
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sizing the branch straightforwardly. Such models are based on

the assumptions of instantaneous closure and negligible fric-

tion losses. A prompt and useful tool to size branches is based

on the evaluation of the reflection coefficient, c, defined as

c ¼ fJ
FJ

ð6Þ

with f¼ reflected wave and F¼ incident wave at node J. Under

the above-mentioned hypotheses, the value of the ratio Ab/ab

is given by the following expression (Swaffield & Boldy 1993):

Ab

ab
¼ �

c? 2Am
am

1þ c
: ð7Þ

Since the characteristics of the main pipe are known

and then the ratio Am/am, in Figure 14 the behavior of

Ab/ab vs. c is reported according to Equation (7), in the

range 0oAb/abo2� 10�5. The resulting curve can be used

for estimating the ratio Ab/ab on the basis of the experimental

value of the reflection coefficient that can be extracted from

the pressure signal, hM
t :

cM ¼
0:5dM

DM
: ð8Þ

The resulting values of cM are �0.095 for the RPLBV

system and �0.295 for the RHDPEBV system (Figure 14).

Assuming in Equation (7)),c¼cM, for the RPLBV system Ab/

ab¼ 3.97� 10�6 ms and for the RHDPEBV system Ab/ab¼
1.59� 10�5 ms. The high relative errors in the evaluation of

Ab/ab (18.71% and 16.26%, respectively) are due to the

differences between the incident pressure wave to junction J,

FJ, and DM and between the reflected pressure wave, fJ, and

0.5dM . Such differences can be ascribed to the damping of

pressure waves, traveling from node V to node J and vice versa,

mainly due to pipe viscoelasticity and unsteady friction

(Meniconi et al. 2009a). According to Ramos et al. (2004)

and Soares et al. (2008), such a damping has been estimated

experimentally in a straight pipe. In particular, as described in

Meniconi et al. (2010a), the damping of pressure waves travel-

ing between two generic sections in the main pipe at a distance

L* can be measured by considering the damping factor kt

defined as

kt ¼ aðt� L�/amÞ � aðtÞ
L�

ð9Þ

where a¼ generic pressure wave. The tests carried out show

that, for given pipe material and characteristics, the damping

factor kt depends mainly on the inertial forces, i.e. on the

Reynolds number, Nm
t¼DUm

t Dm/n, where DUm
t is the velocity
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Figure 13 9999 RHDPEBV system: (a) pressure signal at section M and (b) relative wavelet transform.
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change associated to the pressure wave and n is the kinematic

viscosity of the fluid. The best fitting curve of kt is given by the

following relationship:

kt ¼ 4?10�7Nt
m: ð10Þ

If the experimental reflection coefficient, cM, is corrected

by considering kt, the modified reflection coefficient is

cM;k ¼
0:5dM þ ktJ L0

DM � k0L0
: ð11Þ

The estimated values of cM,k (¼�0.110 for the RPLBV

system and¼�0.335 for the RHDPEBV system) provide

values of Ab/ab very close to the actual ones, with relative

errors equal to 3.92% for the RPLBV system and 0.62% for

the RHDPEBV system.

About the extension of the obtained results to pipe

systems of different characteristics, a distinction has to be

made between elastic and viscoelastic pipes. Precisely, for

elastic pipes – where the damping is mainly due to unsteady

friction and its effects are negligible in the first characteristic

time – Equation (7) can be used reliably. In contrast, for

viscoelastic pipes – where the damping strongly depends

on the mechanical properties – there are three practical

solutions: (i) to carry out tests to evaluate kt, (ii) to execute

tests at low values of the Reynolds number, where the damping

is less important (Meniconi et al. 2010a) and (iii) to generate

pressure waves by means of the Portable Pressure Wave

Maker device (Brunone et al. 2008; Meniconi et al. 2011) that

allows us to carry out tests starting from hydrostatic conditions.

CONCLUSIONS

The experimental results obtained at the Water Engineering

Laboratory for two different branched pipe systems confirm

the possibility of using transient tests as a powerful tool for

the diagnosis and survey of pipe systems. Specifically, the

location and sizing of illegal branches can be performed

irrespective of whether they are active or not.

A precise location of illegal branches can be obtained by

analyzing the pressure signals by means of the wavelet trans-

form. The size of the branch is strongly related to the reflec-

tion coefficient of the connection of the illegal branch.

Analytical values of the reflection coefficient are compared

with the experimental ones and a good agreement is obtained

when the damping of pressure waves in the main pipe is

taken into account.
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Figure 14 9999 The reflection coefficient of the illegal connection vs. Ab/ab.
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APPENDIX

The numerical simulation of the pressure signal, ht, can be

performed by solving numerically the total differential equa-

tions of transient flow obtained by means of the Method Of

Characteristics (MOC). Focusing the attention on the con-

nection node J (Figure 15) – for further details about the other

boundary conditions see Wylie & Streeter (1993) – under the

hypothesis of neglecting minor head losses, the energy equa-

tion requires a common piezometric head in each segment of

the junction. As a consequence, the following condition can

be written:

ht
J ¼ ht

J;mu ¼ ht
J;md ¼ ht

J;b ð12Þ

where J,mu and J,md indicate the nodes in the main pipe

immediately upstream and downstream of J, respectively, and

J,b is the initial node of the branch.

Furthermore at node J the following continuity equation

must be satisfied:

Qt
J;mu ¼ Qt

J;md þQt
J;b: ð13Þ

Within MOC, the value of hJ
t is given by the following

relationship:

Cþ : ht
J ¼ CP;m � BP;mQt

J;mu ð14Þ

as the end node of the main pipe upstream J, with

Cþ ¼ positive characteristic line, and

C� : ht
J ¼ CN;m þ BN;mQt

J;md ð15Þ

C� : ht
J ¼ CN;b þ BN;bQ

t
J;b ð16Þ

as the initial node of the main pipe downstream J and the

branch, respectively, with C–¼negative characteristic line. In

Equations (14)–(16)) the coefficients CP,m, BP,m, CN,m, BN,m,

CN,b and BN,b have the following expressions:

CP;m ¼ ht�Dt
J�1;mu þ BmQt�Dt

J�1;mu BP;m ¼ Bm þ RmjQt�Dt
J�1;muj

ð17Þ

CN;m ¼ ht�Dt
Jþ1;md � BmQt�Dt

Jþ1;md BN;m ¼ Bm þ RmjQt�Dt
Jþ1;mdj

ð18Þ

CN;b ¼ ht�Dt
Jþ1;b � BbQt�Dt

Jþ1;b BN;b ¼ Bb þ RbjQt�Dt
Jþ1;bj ð19Þ

and are known constants since all the values of both h and Q

concern the previous time step; Bm¼ am/gAm and Bb¼ ab/

gAb are the characteristic impedance of the main pipe and

branch, respectively; Rm¼ lmDsm/2gDmAm
2 and Rb¼ lbDsb/

2gDbAb
2 are the resistance coefficient of the main pipe

and branch, respectively; l¼Darcy–Weisbach friction

factor, a¼ pressure wave speed, A¼pipe area and

g¼ acceleration due to gravity. At any instant of time,

Equations (12)–(16) give the value of the unknowns hJ
t,

QJ,mu
t, QJ,md

t and QJ,b
t, respectively.Figure 15 9999 Connection node scheme.
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