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ABSTRACT

In this paper a mathematical model is proposed to study the effect
of leakage in the networks, instead of the long leak detection study
before the rehabilitation work. The mathematical model simulates
the flow characteristic in an existing network. The model input data
was collected from field, these data are entry flow, pressure,
consumption flow; and the pipeline length and diameter. Leakage
effect is considered in the model. The leakage affects the flow rate
and pressure for any network. The output results of the model give
very good agreement with the field data. The model output data are
the correct flow, pressure, head losses, leakage flow, consumption
and head at any node at the network. The proposed model is solved
using the Newton Raphson method for N-linear equation. N-linear
equations are equal to the number of the node of network. The
verification emphasis the availability of this model. Results show
that leakage should be considered in the studying and planing of

network.
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INTRODUCTION

he supplement with treated water needs
treatment water-works (plants and net-
works). The construction of a treatment
plant depends on the required increasing of
- consumption and its demands for domestic.
The planning and construction of a new
pipeline or modification for existing nets and
- their extension is costly, moreover it wastes
- time and faces many difficulties. The
~ increasing of potable water can be achieved
by minimize losses. The best solution to
- minimize losses is the maintenance program
by repairing cracks and damage in pipeline.
- Repairing network should be done through a
rehabilitation program which needs leak

detection procedures.

Rehabilitation work is also costly,
however, it costs less than the construction
of a new network. It is well known that
_predicting the correct flow characteristic of

_ the existing network before starting any
_rehabilitation work or extension of network,
- will save time and money.
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In this paper a model is proposed tc
study leakage  effect which can be
successfully applied to predict the actua
conditions of existing network.

Data collected from the field during twec
years were used to verify the proposec
model. These data were collected througt
leak detection work which consists of a large
number of measurements feeding source:

(1).

BACKGROUND

The main categories of losses are the
friction losses and reaction of leakage. A
literature review revealed that little
attention has been given to study leakage
in network. Boulos, and D Wood (2) studied
the design of a network and its function.
They did not include the leakage factor. The
development for their design, operation,
and calibration parameters for pipe network

assisted  in reaching an evaluation and
specification of pressure and flow
constraints.
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Leak detection work is one of the most
important tools for evaluation analysis of
data for an existing network. A study was
done by Ranko et al. (3), to the find the
answer for the following question: can a leak
be located by pressure measurementsin a
pipe network by using little data? The
answer depends on the configuration of the
system, the accuracy of pressure
measurements, pipe friction and the
accuracy of the required demands. In the
forward problems the demands are known
and the characteristics of the system are
known and they try to find to the pressure
and how the demands will be divided?

In the inverse problem  the
characteristics of the system and demands
are known but there is an unaccounted for
nodal flow and certain leaks, in case of
design the characteristics will be needed to
meet the demands and target pressure. The
constraint condition will be added to obtain
one solution only.

The solution continuously depends on
the data and is unique for all admissible
data. The pipe flow equation for the criteria
of design with this method is as follows:

Qxij =Di+qil (1)
The difference of pressure from node i to j is
Pi-Pj= Kij[Qxij] Qxi- 6 (Ei-Ej) (2)

The leak (qi) at the nodes is usually
unknown but can expressed in terms of
pressure by an orifice formula:

q=CoiAl;Yy 2gp, /6 (3)

Where:

Kij = the number of the pipe that lies
between nodes i,j,

Di = the demand(known out flow at the
node(which may be negative) m3/s

g = the leak at the node, m3/s

Quij = the flow at the pipe kij and the positive
from node i toj. m3/s

P = pressure, m

6 = The specific weight of the fluid,

K = Coefficient of resistance and include
the pipe diameter,

n = The exponent to be applied to the
velocity in the friction equation,

E = Elevation.m
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The Proposed Model

. percentage of leakage. Newton l;

Coi = an orifice coefficient, A= an et
orifice area. m? .

The model input data are the e
entry pressure, pipeline length,
total flow and consumption flow.. Tk
results are obtained for every
Leakage is the main subject cons
this model. Leakage affects the flow
pressure for any net work. Thism
be applied to study the condi
existing or predicting networks in
the field studies of leak detectio
Using the model saves time and mo
proposed model uses the contint
energy equation and their appl
Newton Raphson method is use
method of iteration correction for o
the results which included _
pressure, head losses, the pipelin
with sufficient supply, dry lengths

Method is used to solve N-linear eq
N-linear equation. N-linear equat
equal to the number of the nod
network. The solution of Newton Raph
iteration used LU Decomposit
subroutines from Cambridge University
Press (8).

In this study the results obtained fror
the computer model were compared with th
field data.. The verifications were done by
drawing relationships between the results
the model and the field data. The collectet
field data and model output results describe
flow characteristics (diameter, length o
pipeline, flow pressure).

The districts studied here are from rurs
area at Abo Hummos Markaze. The districts
were chosen from different locations at high
pressure and low pressure areas.

insufficient flow rates. The conclusion will
show the availability of this model and its
limits and applications. The results will give
the chance to decide that if network needs
any rehabilitation work or extension of
network or other additional feeding source.
The proposed model shows that the leakage
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effect can be applied successfully to predict
the actual conditions of existing network.

Model Assumptions

The assumptions of this mathematical
model are; a steady state condition, a one
dimensional flow, the application of
continuity and energy equations, the
leakage flow is calculated using the orifice
flow equation, the calculations of flow pass
and consumption depend on a number of
consumers and coefficient of consumption.
The coefficient of consumption of a certain
area is fixed according to the type of
consumer. The types of consumer are varied
from house connection, mosques, stand
pipe, big consumers. The coefficient of
consumption is defined as the quotient of
the avenge consumption and the number of
consumers. The Friction factor (fr)is.005.
The minor losses (losses at bends, tees and
valves) are very small and can be neglected.

. The Model Formulation

The model consists of three parts, the
continuity equation, energy equation, and
the leakage reaction. The model formulation
will be considered in the following section:

The continuity equation
The situation of flow in the network of N;j
junction is achieved by the continuity
equation, as shown in Figure 1, as follows:

- -The summation of total flow in - the total
consumption =0

NI
Y Qij- Qconsi=0 ,i=1,NJ (4)
i=1

The net flow at any node= the flow in-
consumption

‘ fi= Qi- Qcons; (5)

The leakage equation

In the existing network, the leakage
affects on the value of flow, pressure and
head losses. In the mathematical model the
value of leakage considered using the orifice
flow equation Pudar and Liggett (3). The hole
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of leakage assumed as an equivalent area of
orifice. The head is the pressure for flow
passed at the point of leakage.

Ci=Alj */2gH, 6)

i-1j-1

2

Location of nodes at any district

Figure 1 Flow and pressure/head losses relationships

The equivalent diameter of leakage orifice
(Dlj) can be obtained from Equation 4. It
should be used to obtain the leakage value.
The leakage value Cj by Equation 3 is used
to obtain the corrected discharge, pressure,
head losses, at every node.

The energy equation

The head losses at the nodes are
calculated using the energy equation and
the flow conditions at these nodes as:

flow=(Cyj)2 /2 g (Ay) 2 (7)

The leakage losses Equation 4, will be added
to friction head losses to be the total head
losses, neglecting the minor losses.

The head losses Hj-Hi= fr Lj Qi 2 /2g Aj2 Djj +
Cij2 / 2g A2 (8)

- Kl' is coefficient of leakage, which can be

used in Equation 6 as follows:
Hr-Hi=Q? (fr L/2 g A® Dy+K12/2 g A?)  (9)

H;-Hi = Qj2 Pry2 (10}
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PR2 =frL/2gAp Dy+Ki2/ 2gAs2 (11)

R;2=1/PRy?2 12
Qy=H1;3!/2 /Pry = Ryj Hlj/2 = Ry (H;-Hi)/2  (13)

The continuity Equation 2 can be
expressed in term of pressure and head
losses as follows:

NJ
¥ Ry (H;-Hi)!/2-Qcons i =0 ,i=1,NJ (14)

i=1

The Numerical Solution

The Newton-Raphson iteration method is
used to solve N linear equations. N linear
equations equal the number of investigated
netwourk. Equation 14 is function which was
used to apply this iteration method by
substituting in the continuity equation
(Equation 13) to obtain the unknown head
losses as given by Equation 15.

Qcomns.i=0 (15)

The correct value of head losses were
obtained by adding correction element (8H;
Hi). The correction element (8Hi) was
obtained by evaluating the function of
continuity Equation 13 and the derivatives-
ordinary deferential equations of df/dh at
every node as follows:

NJ
fi(hi..hn)+ 3 dfi /dhi 8H=0, i=1,N (16)
i=1

These may be expressed in the form:

dfi/dh; array and the fi vector are known,
the element 5H; will be found by the iterative
Newton Raphson method. Where dfi/dhi
array and fi vector are known, the elements
of 3Hi vector can be calculated through the
Newton Raphson method.

Where

dHi= the correction of the head losses at
node i,

dfi/dhj=R;j/2 (Hj-H;i)-1/2 (17)

dfi /dhi=- X dfi/ dh; (18)
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"Comparison of the field data collected

" results are shown in Figures 4 and 5, wt

_ data in these Figures. The simulati
" show that both model results and field dat
- have the same trend. w

(dfi/dhy]  [8Hi] =[-f]

The model at this stage can calct
corrected flow, pressure, head loss
leakage." A flowchart for the propose
is given in the Appendix. The fo
section will discuss the flow chart
details.

MODEL VERIFICATION
The Pressure-Flow Relationships
In what follows we show the pre
flow relationships required to mal
appropriate verifications. They
calculated for the district numbers 3
of Abo Hummos Markaz: The symbo
are AH/D3, AH/DS for the m
districts as follows:

1- The total flow and the pressure

In this case, the relationship bet
total flow and pressure was stu
Comparisons of the field data and the
output result are shown in Figures 2 a
For the districts AH/D3, AH/D5 ther
very good agreement between the
output and field, both have the same tre

2- The pressure and the consump
Sflow 1

., In this case, The
consumption and pressure was s

district AH/D3, AH/DS5 compared !

show that very good agreement at
beginning. On the other hand there .
small difference at some points, |
fortunately they have the same trend.

3- The pressure and the leakage flow

In this case, The relationship betwe
pressure and leakage was studie
Comparisons of the field data collected f
district AH/D3, AH/D5 and model o
results are shown in Figures 6 and 7.
model output results are close to the
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Figure 7

The Head Losses-Flow Relationships

The head losses-flow relationships
required  to make the appropriate
verifications are calculated for the districts
AH/D3, AH/DS5 are as follows:

1- The head losses and the total flow
In this case, the relationship between total
flow and the head Ilosses was studied.

Comparison between field and model: AH/DS

Comparison of the field data collected for
districts AH/D3, AH/D5 and model output
results are shown in Figures 8 and 9. The
cumulative figures show that the head
losses of the field data have a good
agreement with the model results, both.
have the same trend. The model results gave
good simulation with field data.
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2- The head losses and the consumption

Slow

In this case, the relationship between
consumption flow and the head losses was
studied. Comparisons of the field data
collected for district AH/D3, AH/D5 and
model output results are shown in Figures
10 and 11. At the beginning the model

results have very good agreement with field
data. At the middle, the head losses of field
data has small difference than the model
result for the same consumption, both have

the same trend. The results agreed succeed
for the simulation between the model and

field. ”

C 194 Alexandria Engineering Journal Vol. 38, No. 4, july 1999



Leakage in Pipeline Flownet

25
e A
.g 20 & L J -
= - 2
@
ot o
» g . R E
& c
e -~ R o
s 10 . L
o o
© A
o 5 »
T l' FieldHead losses * Model head losses |
0
0 5 10 15 20 25
Consumption flow m>/h
Figure 10 Comparison between field and model AH/D3
14
@ L]
12
L
5 .
o 10 4 2
c
T - A
S 8 ¥
w
E ¢ ]
g . 4
7] & & ()
s 4 5
'c :
o 2 I * Head losses field » Model head Iosses1 g
o w
E
0
0 5 10 15 20 25 30
Consumption flow m*¥h
Figure 11  Comparison between field and model: AH/D5

3- The head losses and leakage flow
. In this case, for the districts AH/D3,
AH/DS the analysis shown Figures 12 and
13. '

At the beginning, the model results and
the field data have small difference between

Alexandria Engineering Journal Vol. 38, No.4, July 1999

chart cords. At the second part of chart they
have the same difference but the location of
cofds were reversed, both have the same
trend. Comparison results gave very good
agreement between model and field for these
districts.
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The Pressure/Head Losses-Length of
Pipeline Relationships

The ~pressure/head losses-length

pipeline relationships required to make the
are calculated for

appropriate verifications
AH/D3 , AH/DS5 as follows:
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1- The pressure and length of pipeline

In this case, the comparison of the
results and model data agreed successfully
for districts AH/D3, AH/D5 as shown in
Figures 14 and 15. The comparison gave
excellent agreement between model results
and field data.

of
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2- The head losses and the length of
pipeline
In this case, the relationship of pressure
and the pipeline length was studied.

on other hand some points in opposite
direction than the field data. The model
output results are close to field ones for the
same length of pipeline. The model output

Comparison of the data collected for district
AH/D3, AH/D5 and model output results
are shown in Figures 16 and 17. In the
model results some points are higher, and
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chart has the same trend of the field data
chart. The model succeeds to simulate the
field conditions
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CONCLUSIONS 3. There is no relation between the leakage

The comparison between the model
results and field data established the
following points:

1. The model results have good agreement
with the field data.

2. The effect of leakage is very important in
explaining the reason for deviation
occurring between the field data and the
model due to the leakage. Many factors
in the field affected the leakage reaction.
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flow and the length of pipeline. Thisis
logic because the leakage can happen at
the beginning of the districts.

4. The increases in flow rates increase the
rate of leakage, and the same for
pressure. i

5. This model has a wide range of
applications as the leakage percentage
is (.0 to 70%) of flow-in. The minimum

. pressure required to run this computer
program equal 0.9 bar.
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NOMENCLATURE Hj- Hi = head loses between nodes j,i (m).

= the area of this pipeline (m?) - Hl = The head losses at the node of ij(m)
= Equivalent area of leakage orifice; L U = node number,
=3.14 (D12 / 4, (m?) J = branch number
= the leakage flow at branch ij (m3/s) <Kl = coefficient of leakage
=K1 Q1 Lij = length of pipeline of th branch ij
= diameter of the pipeline(ms), (m)
= equivalent diameter of leakage N = the number of junctions

orifice (m) Qj = The flow pass from junction i to
= The net flow at node i. (m3/s) j(m3/s) ;
= friction coefficient Qconsi = consumption at junction i(m?3/s)
= acceleration gravity (m/s?) Rjj = factor depends on diameter, length
= pressure at node i.(m) and flow of pipe, leakage coefficient.

pressure at node j(m) ,

APPENDIX

Flow Chart of Computer Program
( Mathematical Model Program)

[ START ., ]

DIMENSION OF ALL COMPONENTS
OPEN INPUT DATA FILE
OPEN OUTPUT DATA FILE

L
READ N UMBER OF NODES ,INDEX,DIAMETER AND LENGTH OF PIPELINE
READ NUMBER OF CONSUMERS AND RATES OF CONSUMPTIONS

READ TOTAL FLOW, PRESSURE, PRIMARY LEAKAGE COEFFICIENT

!

READ NUMBER OF LOCATIONS & THEIR PIPE LENGTH FOR PRESSURE REQUIRED
AT INTERNAL POINTS ON BRANCHES

CALCULATE CONSUMPTION FLOW FOR EVERY BRANCH
AND LEAKAGE FLOW FOR EVERY BRANCH

L

CALCULATE TOTAL FLOW PASS, NET FLOW PASS, THE PRIMARY HEAD LOSSES, THE
PRIMARY PRESSURE AND DIAMETER OF LEAKAGE AT EVERY BRANCH

FINAL COMPONENT OF NEWTON RAPHSON ITERATION METHOD TO OBTAIN DH
CORRECTION OF HEAD LOSSES

DH CORRECTION OF HEAD LOSSES USED TO OBTAIN AND PRINT :
FINAL CORRECTED FLOW, PRESSURE, LEAKAGE, CONSUMPTION, HEAD LOSSES,
LEAKAGE DIAMETER, AND SUFFICIENT FEEDED LENGTH OF PIPELINE FOR EVERY

BRANCH
STOP

Figure A-1 Flow chart of computer program
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