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OZET

ICME SUYU DAGITIM SEBEKELERINDE iLERI BASINC YONETIMI iLE
SU KAYIPLARININ AZALTILMASINA YONELIK MODELLEME
CALISMASI: ANTALYA-KALEICi BOLGESI UYGULAMASI

Mustafa S. M. BOLBOL
Yiiksek Lisans, Cevre Miihendisligi Anabilim Dall
Damsman: Prof. Dr. Habib MUHAMMETOGLU
Haziran 2019; 190 sayfa

Her {iilkedeki icme suyu idareleri, hizmetlerinin gelirini ve kapasitesini artirmak
icin igme suyu dagitim sebekelerindeki su kayiplarini en aza indirmeye ¢alismaktadir.
Basinca bagli bir akis olan sizinti, igme suyu dagitim sebekelerinde dnemli bir su kaybi
tiuriidiir. Bu nedenle, basing yonetimi (BY), su Kayiplarii azaltmada kullanilan ana
yontemlerden biridir. Klasik BY, su basincini her zaman sabit bir seviyeye diisiirmeyi
amaclamaktadir ve istisnai su taleplerinin etkilerini goz ard1 etmektedir; 6rnegin yangin
ihtiyact. Diger yandan, ileri BY, i¢gme suyu dagitim sebekesinde Kritik noktalardaki (KN)
basinct her zaman izin verilen en diisiik seviyede tutmay1 ve olaganiistii su taleplerini
karsilamay1 amaglamaktadir. Buna istinaden, ileri BY, sizintiy1 klasik BY'den daha fazla
azaltir. Hidrolik modelleme, su kayiplarini azaltmak i¢in BY uygulanmasinda temel bir
aragtir. Bu tez ¢alismasinda, Kaleigi igme suyu dagitim sebekesinin hidrolik modellemesi,
Hazen-Williams denklemi kullanilarak EPANET 2.0 yazilimi ile yapilmistir. Her boru
boyunca esit olarak dagilmis bir sizinti varsayilarak, toplam sizinti, her bir diigiim
noktasina bagli borularin yar1 uzunluklari tarafindan belirlenen sizinti katsayilari ile
tanimlanmis ve modeldeki tiim diiglim noktalarina dagitilmistir. Bu yontemle, sizinti
miktar1 mekansal ve zamansal olarak tahmin edilmistir. Piirtizliiliik katsayis1 ve basing
katsayisi gibi baz1 parametrelerin model sonuglari tizerindeki etkisi incelenmistir. Boru
purtizliillik katsayisi tim borular igin tek bir deger i¢in (57,6) kalibre edilmis ve
dogrulanmistir. Dogrulanan piiriizliiliik degerine istinaden, ileri BY ile elde edilen sizint1
azalmasinin, yaz ve kis aylarinda iki simiilasyon dénemi boyunca sirasiyla 6,82 m3/s ve
5,79 m®¥/s olacag1 tahmin edilmistir. Son olarak, ileri BY ile sizint1 azalmasina iliskin iki
senaryo incelenmistir. Ilk senaryoda gelecekteki sizint1 olmayan akis degisimi +£%25
oraninda varsayilirken, diger senaryoda sizintinin su kayiplari ekonomik seviyesine
(SKES) diisiiriildiigii varsayilmaktadir. Mekansal ve zamansal sizinti tahminleri elde
edilerek her senaryonun KN'deki basing tahminleri iizerindeki etkisi gosterilmistir.
Hidrolik modellemenin, sizintinin mekénsal ve zamansal tahmini i¢in onemli bir arag
oldugu bulunmustur.

ANAHTAR KELIMELER: Antalya, EPANET, hidrolik modelleme, ileri basing
yonetimi, mekansal ve zamansal sizint1 tahminleri, sizinti modelleme.
JURI: Prof. Dr. Habib MUHAMMETOGLU
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Dr. Ogr. Uyesi Firdes YENILMEZ






ABSTRACT

ORIENTED MODELLING FOR REDUCING WATER LOSSES IN DRINKING
WATER DISTRIBUTION NETWORKS BY ADVANCED PRESSURE
MANAGEMENT: ANTALYA — KALEICI CASE STUDY

Mustafa S. M. BOLBOL
MSc Thesis in Environmental Engineering
Supervisor: Prof. Dr. Habib MUHAMMETOGLU
June 2019; 190 Pages

The water utilities in each country strive to minimize water losses in their water
distribution networks (WDNSs) to increase the revenue and the capacity of their services.
Leakage, which is a flow driven by pressure, is an important type of water losses in
WDNSs. Hence, pressure management (PM) is one of the principal techniques used for
leakage reduction. The classical PM aims at reducing water pressure to a fixed level all
the time and ignores the impacts of exceptional water demands, e.g. fire demands. The
advanced PM aims at keeping the pressure at the critical points (CPs) in the WDN at the
minimum allowable levels all the time besides satisfying the extraordinary water demands
as well. Therefore, the advanced PM reduces leakage more than classical PM. Hydraulic
modeling is a fundamental tool in applying PM for leakage reduction. In this thesis study,
hydraulic modeling of Kalei¢i WDN has been carried out by EPANET 2.0 software using
Hazen-Williams equation. VVolume of leakage was determined by the standard water
balance. Assuming a uniformly distributed leakage along each pipe, the total leakage has
been distributed to all junctions in the model by defining the leakage coefficients, which
are determined by the half-length of the pipes connected to each junction. Consequently,
the leakage has been predicted spatially and temporally. The impact of several parameters
such as roughness coefficient and leakage exponent on the precision of modeling has been
investigated. The pipe roughness coefficients have been calibrated and verified for a value
of 57.6. Depending on the verified roughness value, the leakage reduction by an advanced
PM technique has been predicted over two simulation periods in summer and winter to
be 6.82 m%h and 5.79 m%h, respectively. Finally, two scenarios related to leakage
reduction by advanced PM have been examined. The first scenario assumes a future
change of non-leakage flow by £%25, while the other scenario assumes that leakage is
reduced to the economic leakage level (ELL). The spatial and temporal leakage
predictions and the impact of each scenario on the predicted pressure at the CP have been
shown in the results. It has been found that hydraulic modeling is an essential tool for
spatial and temporal prediction of leakage.

KEYWORDS: Advanced pressure management, Antalya, EPANET, hydraulic
modeling, leakage modeling, leakage prediction in space and time.
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ONSOZ

Bu tez ¢alismasi kapsaminda, igme suyu dagitim sebekesindeki su kayiplarinin
ileri basing yonetimi ile azaltilmasi ve hidrolik modelleme uygulamas: ile incelenmesi
hedeflenmistir. Calismada diinyada yaygin olarak kullanilan EPANET hidrolik modeli
uygulanarak, Kalei¢i c¢alisma bolgesi ig¢inde olusan sizinti debisinin mekansal ve
zamansal olarak igme suyu dagitim sebekesindeki tiim diiglim noktalarindaki dagilimi
tahmin edilmistir. Bu uygulamada kullanilan ileri basing yonetimi teknigi ile fiziki su
kayiplariin kontrolii gergeklestirilebilmektedir. Bu tez ¢alismasinda kullanilan veri seti,
Prof. Dr. Habib MUHAMMETOGLU'nun yiriitiiciisii oldugu ve yakin siire énce
tamamlanmis olan 114Y168 nolu TUBITAK projesi veri tabanindan elde edilmistir.

Oncelikle, bilimsel hayatimda hep tesvik eden ve her tiirli manevi ve maddi
destekleri saglayan aileme tesekkiirlerimi sunarim. Bana yiiksek lisans yapabilmem i¢in
burs destegi veren Yurtdist Tirkler ve Akraba Topluluklar Baskanligi’na (YTB) ve
faydalandigim bilimsel arastirma projelerini destekleyen Tiirkiye Bilimsel ve Teknolojik
Arastirma Kurumu'na (TUBITAK) (Proje No. 114Y168 ve Proje No. 118Y104)
takdirlerimi ifade etmek isterim.

Bu tez g¢aligmasinda birlikte calistigimiz danismanim Sayin Prof. Dr. Habib
MUHAMMETOGLU’na ve boliimiimiiz ogretim iiyesi Saymn Prof. Dr. Ayse
MUHAMMETOGLU’na vyiiksek lisans galismalarim sirasinda bana gostermis oldugu
desteklerden dolay1 tesekkiir ederim. Tez ¢alismasi sirasinda desteklerini esirgemeyen
proje arkadasim Simge ENDEROGLU’na ¢ok tesekkiir ederim.

Tez ile ilgili caligmalarima bagladigimda, Osman TEMEL agabeyim “Tiirkler gibi
basla, Almanlar gibi devam ettir ve Ingilizler gibi bitir” sozii ile beni motive ettigi i¢in
kendisine tesekkiir ederim.

Sonuncusu ama en Onemlisi, Tiirkiye’ye geldigimden beri bana gurbette
oldugumu hissettirmeyen herkese ve 6zellikle bana annelik rolii yapan Fikriye KARA'ya
ve en yakin dostum Dr. Eymen ABUGHDAIB'a tesekkiir ederim. Beni cesaretlendiren,
Ozgiiven kazanmami saglayan ve 6z ablam gibi olan Asma MUTAIR’e tiim destekleri
icin en i¢ten duygularimla ve goniilden tesekkiirlerimi sunarim
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GIRIS M. BOLBOL

1. GIRIS

Diinya Saglik Orgiitii'ne (WHO) gore, diinya niifusunun yalnizca % 71'ine giinliik
yagsam igin giivenli ve siirekli su temin edilmektedir. Ayrica, diinya niifusunun birgok
bolgesinin 2025 yilina kadar su kithigiyla karsi karsiya kalacagi beklenmektedir (WHO
2015). Su kaynaklarinin tilkenmesini ve su yetersizligini 6nlemek i¢in ana faktorlerden
biri, su temini sistemlerindeki su kayiplarini azaltmaktir.

Teknik olarak, herhangi bir igme suyu dagitim sebekesindeki (IDS) su kayiplari
iki gruba ayrilir; idari (goriinmeyen) su kaybi ve fiziki (ger¢ek) su kaybu. idari su kayiplar
izinsiz su tiikketimi, veri igleme hatalar1 ve saya¢ endeks okuma hatalaridir ve bunlarin
azaltilmasiyla gelir getiren su miktar1 artar. Fiziki su kaybi (baslica sizintilar) basinca
bagli su kayb tiiriidiir ve genel olarak tiim diinyadaki su kayiplarinin biiyiik bolimiinii
olusturur ve fiziki su kayiplarin1 azaltmak, herhangi bir IDS'de sisteme giren su hacmini
azaltir (Muhammetoglu ve Muhammetoglu 2017). Ayrica, igme suyu idarelerinin
IDS'lerde gergek kayiplari miimkiin olan en diisiik limitlerde tutma cabalari, enerji
tiiketimini ve su kaynaklarinin asirt kullanim ile ilgili riskleri azaltmay1 hedeflemektedir
(Danish Environmental Protection Agency 2018).

Sizintiy1 azaltmak i¢in yaygin olarak kullanilan teknik, basing yonetimidir (BY).
Bu uygulamadaki temel prensip basinct minimum seviyelerde tutmak ve IDS dahilindeki
maksimum yasal seviyeleri agsmamaktir. Hidrolik modelleme, basincin ¢ogu zaman
minimum veya maksimum oldugu kritik basing noktalarinin konumunu tahmin etmek igin
kullanilir ve BY uygulamasini gerektirir. Bu tez ¢alismasi i¢in Antalya'da bulunan Kaleigi
IDS pilot ¢alisma alam olarak secilmistir. Kalei¢i IDS'nin hidrolik modeli, Hazen-
Williams denklemine gore EPANET 2.0 yazilimi kullanilarak yapilmistir (USEPA 2000).

Bu tez calismanin temel amaci, her bir diigiim noktasindaki basinct hidrolik model
ile tahmin ederek, sizint1 debisinin mekansal ve zamansal olarak IDS'deki tiim diigiim
noktalardaki dagilimini tahmin etmektir. Kalei¢i IDS'deki toplam sizint1 miktar1, daha
once tamamlanan bir arastirma projesi kapsaminda standart su dengesi (SSD) tablolar
kullanilarak aylik olarak hesaplanmistir. Tez ¢alismas1 amacina ulagsmak i¢in, borularin
siirtinme katsayilariin, sizinti katsayisinin ve basing katsayisinin  belirlenmesi
gerekmektedir. Bu ¢alismada SSD'den hesaplanan sizint1 debileri, mekansal ve zamansal
olarak diigim noktalarina dagitilmaktadir. Calisma kapsaminda baska hedeflere de
ulasilmustir; (a) IDS'lerle ilgili literatiiriin su kayiplari, hidrolik modelleme ve ileri BY
uygulamalarma iliskin vaka calismalari acisindan incelenmesi, (b) Kaleici IDS igin
olusturulan SSD’nin incelenmesi, (c) SSD'den hesaplanan s1zint1 debisinin Kaleici IDS
diigim noktalarina dagitilmasi ve hidrolik modelleme uygulamasi, (d) hidrolik modelin
kalibrasyonu ve dogrulamasi, (e) ileri BY uygulamasi, (f) ileri BY uygulamasiyla sizinti
azalttminin tahmin edilmesi, (g) ileri BY uygulamalarmin iki senaryo kosulu igin
incelenmesi (1. Senaryo: sizinti olmayan debide +% 25 oraninda bir degisiklik olmasi, 2.
Senaryo: sizintinin su kayiplar1 ekonomik seviyesine (SKES) kadar azaltilmast).

Tez calismasi bes boliimden olusmaktadir. Birinci boliimde arastirilan konu
belirtilmekte ve tezin amaglar1 tanimlanmaktadir. ikinci boliimde su kayiplari ve drnek
calismalar ile ilgili literatiir incelenmektedir. Ugiincii béliimde, pilot calisma alanindaki
gercek su kayiplarini dagitmak ve ileri BY uygulamak igin kullanilan metodoloji
aciklanmaktadir. Dordiincii boliimde, uygulanan metodolojinin bulgular1 ve tartismalari
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sunulmaktadir. Sonuglar ve gelecek arastirmalar igin Oneriler ise besinci boliimde
verilmektedir.
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2. KAYNAK TARAMASI
2.1. icme Suyu Temin ve Dagitim Sistemlerindeki Su Kayiplari

Her IDS'de su kayb1 genel bir kavram olarak, olusma cesidine gore iki ana béliime
ayrilir; fiziki (gercek) su kaybi ve idari (goriinmeyen) su kaybi. Basinca bagli bir akis
olan sizint1, ger¢ek su kayiplarinin en biiyiik kismini olusturur. Cizelge 2.1'de gosterilen
SSD, periyodik olarak su kayiplarinin hesaplanmasi i¢in gerekmektedir. Su kayiplarinin
her tiiriiniin tanimi, sizintt ve SSD hakkinda detayli bilgiler Ek-1 (sayfa 3-5)'te
sunulmustur (Thornton vd. 2008).

Cizelge 2.1 IWA/JAWWA uluslararasi standart su dengesi (Fanner vd. 2007a)

Izinli
Tuketim
(Qn)

Sisteme
Giren Su
Miktar1
Q)
Su
Kayiplar
(Qu)

2.1.1. Gelir getirmeyen suyun (GGS) diinyadaki ve Tiirkiye’deki durumu

Uluslararas1 literatiirde, GGS, IDS’de dagitilan ancak faturalandirilmasi
yapilmayan Sular1 agiklamak i¢in kullanilan yenilik¢i bir ifadedir. GGS, su kayiplart ve
faturalandirilmamus izinli su tiiketiminin toplamidir (Lambert 2003). Diinya genelinde,
gercek su kayiplarinin yiizdesi yaklasik %60 ve geri kalan kisim ise idari su kayiplari
(%40) olarak kabul edilmektedir. Su kayiplar1 highir zaman sifir olamaz ancak miimkiin
oldugunca en aza indirilebilmektedir (Muhammetoglu ve Muhammetoglu 2017). Sekil
2.1'de gosterildigi gibi, GGS gelismis lilkelerde %10 seviyesinin altinda iken gelismekte
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olan iilkelerde %50'nin {istiine ¢ikmaktadir. Tiirkiye'de, 2004-2016 yillart arasinda, GGS
yaklasik %60°tan %36’ya kadar indirilmistir (Sekil 2.2). Diger iilkeler ve Tirkiye’deki
GGS hakkinda detaylar Ek-1 (sayfa 5-10)’da verilmistir.
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Sekil 2.1. 2010 yil1 igin bazi iilkelerde Gelir Getirmeyen Su seviyeleri (Muhammetoglu
ve Muhammetoglu 2017)
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Sekil 2.2. Tiirkiye’de 2004-2016 yillar1 icin GGS seviyeleri (TUIK 2018)
2.2. Sizint1 Yonetim Teknikleri

Herhangi bir IDS'deki su kayiplarin1 degerlendirmek amaciyla, Uluslararasi Su
Kurulusu (IWA) ve Amerikan Su Isleri Kurulusu (AWWA) bir metodoloji dnermektedir.
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Bu metodoloji iki asamadan olusmaktadir. ilk asamada periyodik olarak SSD
hesaplanir ve ikinci asamada ise seg¢ilen bir su kaybi performans indikatorii (PI)
kullanilarak farkli biiyiikliikteki IDS'ler icin su kayiplar1 degerlendirilir. Belirtilen
metodoloji ve PI’ler hakkinda ayrintili bilgiler Ek-1 (sayfa 11-12)’de verilmistir. Sizintiy1
daha iyi anlamak i¢in, sizint1 tipleri, sizint1 tespit teknikleri ve sizint1 tespitini etkileyen
faktorlere iliskin detaylar EK-1 (sayfa 12 — 18)’de sunulmustur. IWA, fiziki su kayiplarin
azaltmak i¢in Sekil 2.3'te sunulan dort temel yontemi onermektedir. ‘te sunulan alt bolge
(DMA) olusumu, IDS'in ydnetilmesi i¢in onemli altyapisal prensiplerden biridir. Alt
bolgeler hakkinda daha fazla bilgi Ek-1 (sayfa 15 — 18)’de verilmistir.

Basimg Yonetimi

Kagimlmaz
Yillik Fiziki
Kavyiplari

Onarim Hizi ve Aktif Sizint1 kontrolii

Kalitesi SKES

Potansiyel Azaltilabilir Fiziki
Kayiplan

Boru Hatt
Materval
Yénetimi:
Secimi. Motaji.
Bakumi.
Yenilenmesi.
Degisimi.

Sekil 2.3. Fiziki su kayiplarinin yonetimi i¢in dort temel teknik (Pilcher vd. 2007)

Pompa istasyonu

- DMA 1
L,;/ ‘ AltDMAL  AltDMA 2
e ) ,

Rezervuar /V ol

Toplam suyu debi metresi
DMA 2

DMA girisinde

@f basin¢ metre,

debi metre, ve PRV

’E:‘ DMA’nin debi metre

< Manual su sayaci

Sekil 2.4. DMA olusumu ve her DMA girisinde takilan vanalarin genel diizeni (Kartakis
vd. 2015)
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2.2.1. Basing yonetimi (BY)

Sizint1 basingla akan bir debi oldugundan, su idareleri tarafindan sizint1 azaltmasi
icin gergeklestirilebilecek en 6nemli teknik BY'dir. Sekil 2.5' te gosterilen BY kavramina
gore, IDS'deki tiim diigiim noktalarinda 6zellikle en diisiik su basincina sahip olan kritik
noktalardaki (KN) basincin her zaman minimum seviyelerde tutulmasi hedeflenmektedir.
BY, klasik yontemleri ve ileri yontemleri icermektedir. Bu tez ¢alismasinda, hidrolik
model uygulamasi ile birlikte ileri bir BY teknigi uygulanmistir. Klasik ve ileri BY
teknikleri ile ilgili detayli bilgiler Ek-1 (sayfa 19 — 23)’te verilmistir.

‘ PRV
. Girisi

Basing seviyesi

Sekil 2.5. BY ile kritik noktadaki su basincinin 20 mSS seviyesinde tutulmasi (Mckenzie
ve Wegelin 2009)

2.3. icme Suyu Dagitim Sebekelerinde Hidrolik Modelleme

Hidrolik modelleme, kompleks ve biiylik igme suyu temin ve dagitim
sistemlerinin yonetilmesinde ve herhangi bir IDS i¢in uygun BY teknigin tanimlanmasi
icin 6nemlidir. Herhangi bir hidrolik modelleme ¢alismasi, IDS'nin tiim unsurlarini iceren
borulari, pompalari, rezervuarlari, basing diisiiricii vanalart (PRV) ve su tiiketimi
verilerini icermelidir. Iyi bir hidrolik model olusturmak igin arastirilan IDS'in bilesenleri
hakkinda yiiksek diizeyde ayrintiya, basing kontrol prosesleri i¢in geri bildirim olarak
kullanilan tiim veri kaynaklarina ve ¢iktilara erisim gereklidir. Gelecekteki kosullara
iliskin analizler ve iyilestirmeler i¢in kayitlarin tutulmasi ve uzun siireli modelleme i¢in
gliclii simiilasyon ekipmani ve araglarina ihtiya¢ duyulmaktadir (Mpiana vd. 2017).
Hidrolik model BY uygulamasinda IDS’nin kritik noktalarini tespit etmek icin
kullanilabilmektedir. Su kalitesi ve hidrolik modellemesi i¢in kullanilan yazilimlardan bir
EPANET’tir (Koker ve Altan-Sakarya 2016)(Koker ve Altan-Sakarya 2015). BY
uygulamasinda hidrolik modelin nasil kullanilacagi hakkinda daha ayritil1 bilgiler Ek-1
(sayfa 23 — 24)’te verilmistir.

2.4. Ornek Cahsmalar

IDS’lerde hidrolik modelleme uygulamasi, 6zellikle su kayiplar1 modellemesi
konusunda, su kuruluslarindaki karar vericilerin ve teknik personelin karar vermesine
yardime1 olmaktadir. Schwaller ve van Zyl (2014)’a ait bir arastirmada IDS'de ¢ok sayida
rastgele olarak dagilmig sizintilar hidrolik model ile simiile edilmistir. Bahsedilen
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calisgmanin amaci, saha g¢aligmalarinda belirlenen basing katsayisinin, modelde ayni
davranig1 saglayip saglayamayacagini belirlemektir. Calismanin sonucunda, ortalama
basing katsayisinin biiyiik su temini sistemlerinde yaklasik 1 oldugu ve bu katsayinin
sistem basincindan c¢ok fazla etkilendigi ortaya konulmustur. EPANET yazilimi, su
kayiplarinin tespit edilmesinde, gergek sizinti senaryosuna gére Barcelona IDS'de
bulunan bir alt bodlgede kullanilmistir. Barcelona’da bulunan alt bdlge igin
gerceklestirilen gercek zamanli hidrolik modelleme c¢alismas1 ile gergek ariza
senaryosunun tatmin edici sonuglar verdigi goriilmiis ve sizinti tespitinde hidrolik
modellerin kullanilmasinin etkinligi ve giivenilirligi vurgulanmistir (Ramon vd. 2014).
Konuya iliskin daha fazla ornek ¢alismalara ait ek bilgiler Ek-1 (sayfa 24 — 27)’de
verilmisgtir.
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3. MATERYAL VE METOT
3.1. Cahsma Sahasi ve Ozelikleri, Antalya — Kaleici

Antalya Su ve Atik Su idaresi (ASAT), Antalya ilinde yer alan 19 il¢ede igme
suyu temini ve atiksu bertarafi sistemlerinin yonetiminden sorumludur. Calisma sahasi
olan Kalei¢i bolgesi, Muratpasa ilgesinde bulunmaktadir. Kaleici IDS’de 2014-2018
yillar1 arasinda Prof. Dr. Habib MUHAMMETOGLU’nun yiiriitiiciiliigiinde “Turistik
Bolgelerde Otomatik Okuma Sayaglari Kullanilarak Fiziki Su Kayiplarinin Yiiksek
Hassasiyetle Belirlenmesi ve Yonetimi: Antalya-Kaleigi Uygulamasi” baslikli bir
TUBITAK arastirma projesi yiiriitiilmiistiir. Proje kapsaminda Kalei¢i bolgesinde
bulunan abonelerin bir kismi igin giinliik ve saatlik su tiikketimleri belirlenmis, aylik ve
yillik SSD tablolar1 olusturulmus, PI’ler ve su kayiplar1 ekonomik seviyesi (SKES)
hesaplanmistir. Kaleigi IDS, bir alt bolge (DMA) olarak insa edilmistir ve Antalya'daki
diger IDS'lerden hidrolik olarak bagimsizdir. Kaleici IDS girisinde mevcut olan bir
SCADA online izleme istasyonu ile gergek zamanli olarak bazi veriler izlenebilmektedir.
Bu sistem ile DMA girisindeki debi ve su basinci degerleri bes dakika zaman araliginda
stirekli Ol¢iilmekte ve kaydedilmektedir. Ek olarak, Sekil 3.1'de gosterildigi gibi,
TUBITAK projesi kapsaminda IDS iginde segilen yedi farkli basing 6l¢iim noktasinda
(BON) yerlestirilen tagimabilir basing l¢iim cihazlari ile bes dakika zaman araliginda su
basinc1 degerleri siirekli olarak izlenmis ve kaydedilmistir. TUBITAK projesinde klasik
BY ve su tasarrufu ile ilgili 6neriler sunulmustur (Muhammetoglu 2017). Antalya ili,
caligma sahasinin &zellikleri ve TUBITAK arastirma projesi hakkinda daha ayrmtili
bilgiler Ek-1 (sayfa 29 — 32)'de verilmistir. TUBITAK projesi kapsaminda elde edilen
veri setleri ve proje sonuglari, yiiksek lisans tez ¢alismasinda gergeklestirilen uygulamalar
ve hesaplamalar i¢in temel referans kaynaklardir.
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Sekil 3.1. Calisma sahasinda basing 6l¢iim noktalarinin konumlar: (Not: Z: Basing 6l¢iim
noktasinin kotu, koordinatlar UTM cinsindendir) (Muhammmetoglu 2017°den alinmistir)

3.2. Sizint1 Modelleme Yaklasim

Kalei¢i IDS'sinin hidrolik modellemesi i¢in EPANET yazilimi kullanilmustur.
DMA giriginde kaydedilen sisteme giren su miktari, sizint1 ve sizint1 olmayan debi olarak
ayrilmistir. EPANET'te, her diigiim noktast i¢in sonuglarda rapor edilen gercek talep, hem
diigiim noktasindaki su tiiketimini (s1zint1 olmayan debi), hem de sizintiy1 icermektedir.
Sizint1 debisi, Esitlik 3.1'de gosterildigi gibi desarj katsayisi, diiglim noktasinin basinci
ve basing katsayma baglidir:

q = Cp” (3.1)

Bu esitlikte g: s1izint1 debisi, C: sizint1 katsayisi, p: diigiim noktasinin basinct, ¥.
basing katsayis1 (Rossman 2000).

Hidrolik olarak, sizint1 olmayan debinin artmasi, diigiim noktasindaki basincin
azalmasina sebep olmakta ve buna bagli olarak daha az sizint1 meydana gelmektedir
(Muhammetoglu ve Muhammetoglu 2017). Esitlik 3.1 kullanilarak, sizint1 debisi her
diigiim noktasinda basinca bagli bir akis olarak modellenmektedir. Bu arada, Cobacho
Jordan vd. (2015) tarafindan gelistirilen bir yaklasimda, EPANET yazilim1 kullanilarak
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mekansal ve zamansal sizintt modellemesi i¢in, sizintinin boru uzunluguna esit olarak
dagildigi varsayilmistir. Bu yaklasimi uygulayabilmek igin oncelikle ii¢ parametrenin
tanimlanmas1 gereklidir. Bu parametreler, toplam IDS sizinti debisi, boru siirtiinme
katsayist ve basing katsayisidir. Sizint1 ve sizinti olmayan akislar, basing degerleri ve
onerilen yaklasimla ilgili bir sema ve detaylar Ek-1 (sayfa 32 — 33)’te sunulmustur.

Onerilen yaklasim, mekansal ve zamansal s1zint1 simiilasyonunu iki asamada elde
etmektedir. Bu asamalar IDS'deki toplam sizintinin mekansal dagilimi ve her bir diigiim
noktasindaki sizint1 katsayisinin hesaplanmasidir. Bu yaklasim tez ¢alismasi kapsaminda
Kaleici IDS’ye uyarlanmistir.

3.2.1. Toplam sizintinin mekansal dagilim

Hem sizint1 debisinin, hem de sizint1 olmayan debinin boru uzunlugu ile esit
dagildigr varsayimi matematiksel olarak bu asamada gerceklestirilmektedir. Esitlik
3.2°de, (1), (j) dugiim noktasiyla baglantili olan (i) borusunun uzunlugunu ifade etmekte
ve (lj), (j) diigim noktasiyla baglantili olan tiim borularin yar1 uzunluktaki toplamini ifade
etmektedir. (L;), her bir diigiim noktasimn, IDS'deki toplam sizintiya kiyasla sizinti
agisindan goreceli Onemini belirten bir faktorii temsil etmektedir. (Lj), Esitlik 3.3
kullanilarak hesaplanmaktadir.

l.
I = ZEl 3.2)
i=1
l; l;
L= 2= 3.3
/ Zli lnet ( )

3.2.2. Sizint1 katsayillarinin kalibrasyonu

Bu asamada, her bir diigiim noktasindaki sizint1 katsayisi (C) deneme yanilma
yontemiyle asamali olarak kalibre edilmektedir. Oncelikle, IDS’deki toplam sizinti

katsayisinin (C ,f,le)t) hesaplanmasiyla ilk iterasyon baglamaktadir (Esitlik 3.4):

C(l) _ QNet,real
Net — PV
Net

(3.4)

Bu esitlikte Qnetrea: simiilasyon siiresinde IDS igin belirlenen toplam sizinti,
Ppet. simiilasyon siiresi boyunca tiim diigiim noktalarinin ortalama basinci, y: basing
katsayisidir. Pyet yalnizca ilk iterasyonda IDS'nin sizinti katsayisinin (C If,le)t) hesaplanmasi
icin kullanilmaktadir.

(c ) ) ve (L)) ile bir sonraki asamada IDS'nin diigiim noktalarmin sizint1 katsayisi

Net
asagidaki esitlikle hesaplanmaktadir (esitlik (3.5))
n _ ~m
Cj = CNet X L] (35)

10
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OF
CNet'

(h) nolu iterasyonda IDS'nin sizint1 katsayisi, L;. (j) diigiim noktasmin géreceli dnemini
belirten faktordir.

Bu esitlikte Cj(h): (h) nolu iterasyonda (j) diigiim noktasinin sizint1 katsayis,

Hidrolik model kullanilarak simiilasyon periyodu boyunca diigiim noktalarina
dagitilan toplam sizint1 tahmin edilmektedir. Son asamada, model ile tahmin edilen
toplam dagilmis sizinti (QI(VZ)t,model) hesaplanan toplam ger¢ek sizintt (Querrear) i€

karsilagtirilmaktadir (Esitlik (3.6)):

h
|Q1(Ve)t,model - QNet,real € (3.6)

Cobacho Jordan vd. (2015) tarafindan uygulanan bir 6rnekte € = 0.005 tolerans
degeri onerilmektedir. Ancak bu deger akis birimi, sebeke hacmi, sisteme giren su miktari
vb. gibi ¢esitli faktorlere bagl oldugundan, farkli bir deger de kullanilabilir.

Bir sonraki iterasyonda (C,f,};l)) katsayisi, tahmin edilen toplam dagilmis sizinti
ve toplam gergek sizint1 arasindaki farka gore ayarlanmaktadir. Yakinsama kriterlerini
yerine getirene kadar proses devam etmektedir. Uygulanan deneme yanilma yonteminin
sematik gosterimi Sekil 3.2°de sunulmaktadir. Uygulanan yontem ile ilgili ayrintilar Ek-
1 (sayfa 33 — 35)’te verilmistir.

/
C(L) _ QNet,real
Net — P}’

Net
\-

c® Dagilim | c® Simiilasyon
Net i >
I
[ ) L

(h)
Net,model

(h)
QNet_rnrJde( - QNet,real <E

Sekil 3.2. Sizint1 katsayisinin kalibrasyonu i¢in uygulanan deneme yanilma yonteminin
sematik gosterimi (Cobacho Jordan vd. 2015)

3.3. Temel Ornek Cahsma (M)

Cobacho Jordan vd. (2015) tarafindan Onerilen mekansal ve zamansal sizinti
simiilasyonu yaklasimi Sekil 3.3’te gosterilen IDS’de sayisal bir &rnek olarak
uygulanmistir. Bu 6rnek M1 olarak kodlanmistir ve bu uygulamada hidrolik modelleme
yontemi ve onerilen yaklasim genellestirilebilmek amaci ile test edilmistir.

11
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Model (M1)’in giris veri setleri:

e Sisteme giren su miktar1 = 5100 m*/giin (59,03 L/sn)
e Toplam sizint1 olmayan debi = 3500 m*/giin (40,5 L/sn)

e Toplam s1zint1 debisi = 1600 m®/giin (18,52 L/sn)

oy=11

e Boru siirtiinme katsayisi, R= 0.1 mm (Darcy-Weisbach)

e Ortalama IDS basinct = 40 m

e Diigiim noktalar1 ve borularin 6zelikleri EK-1 (sayfa 36)’da verilmistir.
¢ Diigiim noktalarinin debi degisim profili EK-1 (sayfa 36)’da verilmistir.

M1 uygulamasinda kullanilan IDS Cobacho Jordan vd. 2015’ten alinmustir.

1
ol
100
P1
6250
‘N3 P2 ‘N2 Po ’NQ
27 3100 55 1400 12
P3 P13 P8
1800 3800 4600
¢N4 P10 'N10 P12 ’NB
25 2600 32 1500 25
P4 P11 P7
3800 3600 1600
‘N5 P5 ‘NS P& ’N?
12 3700 3 2200 12

Sekil 3.3. Temel ¢alisma 6rneginin (M1) IDS’si (Cobacho Jordan vd. 2015)

Simiilasyon periyodu boyunca sisteme giren su debisi, toplam sizinti olmayan
debi ve tahmin edilen toplam dagitilmis s1zint1 Sekil 3.4°te gosterilmektedir. Gosterildigi
gibi s1zint1 olmayan debi azalinca, sizint1 artmakta; s1zint1 olmayan debi artinca sizint1
azalmaktadir. Uygulamaya iliskin ayrintilar Ek-1 (sayfa 36 — 41)’de sunulmustur.

12
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Sisteme giren su debisi Sizint1 olmayan debi e==Toplam dagitilan sizintt
120
100
—~ 80
c
2
= 60
=
D
0 40
0
o ™ © o o~ 0 © — <
— — — N [V}
Zaman (Saat)

Sekil 3.4. Sisteme giren su debisi, sizint1 olmayan su debisi ve tahmin edilen toplam
dagitilmig sizint1 debisi (Cobacho Jordan vd. 2015°ten uyarlanmistir)

3.4. Modelin Giris Varsayimlarindan Dolay1 Sizint1 Katsayilarinin Hassasiyeti

Mekansal ve zamansal sizinti simiilasyonu i¢in onerilen yaklasimda iig
parametrenin bilindigi varsayillmaktadir. Parametreler, IDS’nin ortalama basinci, basing
katsayis1 ve sizint1 katsayisidir. Bu parametrelerin sizint1 simiilasyonu tizerindeki etkileri
asagida sunuldugu sekilde incelenmistir:

e IDS ortalama basincinin (Pres) s1zint1 katsayilarinin nihai degerine (Cre#) ve dolayisiyla
model tahminlerine etkisi (Ek-1 sayfa 41 — 42).

eBoru piiriizliiliigiiniin IDS igin tahmin edilen ortalama basing (Prer), nihai sizinti
katsayilari (Cre) ve dolayisiyla model tahminleri tizerindeki etkisi (Ek-1 sayfa 42 —
43).

e Basing katsayisinin (y) IDS icin tahmin edilen ortalama basing (Pnef), nihai sizinti
katsayilart (Cred) ve dolayisiyla model tahminleri tizerindeki etkisi (Ek-1 sayfa 43 —
44).

¢ Basing katsayisi ve piirtizliilikk katsayisinin hassasiyet analizi Ek-1 (sayfa 44 — 45)’te
sunulmaktadir.

3.5. Kaleici IDS icin Hesaplanan Yillik ve Ayhik SDD’ler

Kaleigi IDS girisinde bulunan SCADA izleme istasyonunda, 5 dakika zaman
araliginda ve siirekli olarak sisteme giren su hacmini ve su basmcini 6lgen yiiksek
hassasiyetli bir elektromanyetik debimetre ve basing metre bulunmaktadir. Olgiim verileri
SCADA istasyonundan ASAT SCADA Merkezi’'ne aktarilmakta ve kaydedilmektedir.
Kaleici bolgesindeki su aboneleri ASAT Abone Isleri Dairesi'nden alinan bilgiler
dogrultusunda iyi bir sekilde belirlenmis ve aylik su tiiketimleri ASAT Tahakkuk
Birimi’nden temin edilmistir. SSD hesaplamalari, 21 Mayis 2015 — 21 Mayis 2016
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tarihleri arasindaki donem i¢in yapilmis olup Cizelge 3.1’de sunulmustur
(Muhammetoglu 2017).

Cizelge 3.1. Kalei¢i DMA'da 21 Mayis 2015 — 21 Mayis 2016 tarihleri arasinda
hesaplanan SSD (Muhammetoglu 2017)

Faturalandirilmis
Olgiilmiis Kullanim Gelir
Fawralandithnis | 596 147 1o (0434,6) | Getiren Su
Izinli Su Tiiketimi .
Qea= 290,147 m* Faturalandirilms Miktar1
izinli ’ Olglilmemis 290,147m?
Zinil (%34,6)
Tiiketim Kullanim (%34,6)
Qa= 0 m? (%0)
640,820 m? Faturalandirilmamais
0 >\ .. ..
Sisteme (%76,4) Faturalandirilmamaisg Olgiilmiis Kullanim
k C vt .| 348,729 m? (%41,6)
Giren Su Izinli Su Tiiketimi
Miktari Qua= 350,673 m? Faturalandirilmamus
Qi = (%41,8) Olgiilmemis
839 288 Kullanim
m’ 1,944 m’ (%0.,2) Gelir
Izinsiz I;u})(etlm Getirmeyen
(%100) Idari Kayiplar 3,294 m (.@-OA,? Su Miktari
QaL = 54.404 m® Sayacglardaki Ol¢tim (GGS)
(%6’5) Hatalarl ve Veri 549,141 m?
Su Kayiplari ’ Isleme Hatalar1 (%65,4)
QL= 51,110 m? (%6,1)
198,468 m? Temin ve Dagitim
%23,6 e i i
(%23,6) Fiziki Kayiplar Hatlvarl ile Servis
Qru = 144,064 m’® Baglantilarinda
% 17’2) Olusan Kayip-
’ Kagaklar
144,064 m* (%17,2)

Kaleici IDS igin olusturan SSD bilesenlerinin hesaplanmasi ve ii¢ aylik dénemler
i¢in olusturulan SSD’ler Ek-1 (sayfa 45-50)’de verilmistir. Aylik olarak olusturulan SSD
verileri, hidrolik model kalibrasyonu ve dogrulamasi prosesleri ve ileri BY uygulamalar1
icin kullanilmistir.

3.6. Kaleici IDS icin Hidrolik Model Uygulamasi

Tez kapsaminda Kalei¢i IDS'min hidrolik modellemesi EPANET yazilimiyla
Hazen-Williams esitligi kullanilarak gergeklestirilmistir. Sisteme giren su debisi, sizinti
ve s1zint1 olmayan debi olarak ayrilmis, mekansal ve zamansal olarak diigiim noktalarina
dagitilmistir. Degisim profili zaman ayarlar1 bes dakika olarak alinmistir. S1zint1 olmayan
su debisi, izinli su tiiketimini ve idari kayiplar1 igermektedir. Kaleici IDS'de 6zel diigiim
noktasi talebi ve debi degisim profili iki diiglim noktasi i¢in tanimlanmistir. Bu
noktalardan biri halka agik olan parkin sulama sistemi, digeri ise itfaiyeye ait olan bir
alandir. Kalei¢i IDS igin basing katsayisi (y=1) olarak alinmistir. Borularin siirtiinme
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katsayisi, hidrolik model kalibrasyonu agamasinda deneme yamlma ydntemiyle elde
edilmistir. Kalei¢i IDS’nin hidrolik modellemesi ile ilgili ayrintili bilgiler EK-1 (sayfa
50)’de bulunmaktadir.

3.7. Kaieici Calisma Bolgesi icin Boru Siirtiinme Katsayisinin Kalibrasyonu

Kaleici IDS i¢in hidrolik model kalibrasyon islemi, boru piiriizliiliik katsayisinin
farkli denemelerinde basing &lgiim noktalarinda (BON) 6lgiilen basing degerleri ile
hidrolik model ile tahmin edilen basing degerleri karsilastirilarak gergeklestirilmistir.
Basing degerleri i¢in en diisiik ortalama mutlak hatayr (OMH) veren boru piiriizlilik
katsayisi, calisma bolgesindeki tiim borular i¢in kalibre edilmis piirtizliiliikk katsayisi
olarak kullanilmistir.

Sizint1 katsayilari, 6nerilen sizinti simiilasyonu yaklagiminda agiklandigi gibi,
piiriizliiliik katsayisi belirlemek tizere yapilan her bir deneme igin hesaplanmustir. Sizintt
katsayilarinin deneme yanilma ydntemini baslatmak icin BON’lerde dlciilen ortalama su
basinct degerleri kullanilmigtir. Kalibrasyon prosesi farkli iki simiilasyon periyodu
tizerinde gerceklestirilmistir. Simiilasyon periyotlari, yaz ve kis mevsimlerini temsil
etmektedir. Boru siirtiinme katsayisi kalibrasyonu igin Esitlik 3.7 kullanilmaktadir.
Kalibrasyon prosesi ile ilgili ayrintililar EK-1 (sayfa 51 — 52)’de sunulmaktadir.

— Rs X NPMPS X Nms + RZ X NPMPW X wa
(Npmps X Nins) + (Npmpw X Nipw)

(3.7)
Bu esitlikte:

Rs, Ry sirastyla yaz ve kig mevsimleri i¢in Kalibre edilen boru siirtiinme katsayilari
Npumps, Npupw: sirastyla yaz ve kis mevsimleri igin aktif BON sayilar

Nms, Nmuw: sirastyla yaz ve kis mevsimlerinde her BON noktasindaki basing &lgiimlerinin
sayisidir.

Yaz ve kis mevsimlerine ait siirtiinme katsayist kalibrasyonu ile ilgili giris veri
setleri EK-1 (sayfa 52 — 58)’de bulunmaktadir.

3.8. Calisma Bolgesi icin Kalibre Edilen Siirtiinme Katsayisinin Dogrulanmasi

Dogrulama isleminin amaci, Kalei¢i IDS igin kalibre edilmis boru piiriizliiliik
katsayisinin gegerliligini baska bir simiilasyon doneminde test etmektir. Kaleici IDS i¢in
hidrolik model dogrulama asamasinda Kkalibre edilen boru piiriizlilik katsayisi, tim
borulara tanimlanmis olup modelden elde edilen basing verileri igin OMH hesaplanmustir.
Boru siirtiinme katsayis1 dogrulamasiyla ilgili giris veri setleri Ek-1 (sayfa 58 — 61)’de
bulunmaktadir.

3.9. ileri BY Uygulanmasi

Dogrulanan piiriizliiliik katsayisi, Kaleici IDS hidrolik modelindeki tiim borular
i¢in, kapal1 devre basing kontroliiniin ileri BY teknigi uygulamasi i¢in kullanilmustur. Tleri
BY uygulamas ile elde edilen sizinti azalmasi, yaz ve kis simiilasyon dénemleri igin
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tahmin edilmistir. {lk olarak, simiilasyon periyodu boyunca sebekede en diisiik basing
olusan kritik nokta tespit edilmis ve bu noktada izin verilen minimum basing seviyesinin
(ilgili yonetmelikte tanimlanan deger 20 mSS’dir) iistiindeki basing degerleri tahmin
edilmistir. Daha sonra, kritik noktadaki su basicini her zaman 20 mSS’de tutmak i¢in alt
bolge girisindeki fazla basing zamana gore degisen farkli seviyelerde indirilmistir. Son
olarak, basing ve sizintidaki ortalama azalma hesaplanmustir. Calisma bolgesindeki
yiikksek zemin kot farkliliklart nedeniyle, ileri BY uygulamasi yapilmadan 6nce ve
yapildiktan sonra kritik noktalar i¢in elde edilen su basinci degerleri, sebekede izin verilen
maksimum su basinct seviyesi (ilgili yonetmelikte tanimlanan deger 60 mSS’dir) ile
karsilastirilmistir.

3.10. Sizint1 Azalim Senaryolar:

Kaleigi IDS i¢in iKi s1zint1 azalim senaryosu incelenmistir. ilk senaryoda, sadece
sizint1 olmayan debinin, mevcut duruma gore %25 artmis veya azalmis olmasi ve sizinti
katsayilarinin bu senaryodan etkilenmedigi varsayilmaktadir. Bu senaryo ile sizinti
olmayan debinin artmasi veya azalmasinin, sizint1 iizerindeki etkisi incelenmistir. ikinci
senaryoda, sadece sizintiin SKES'ye diisiiriildiigii varsayilmaktadir. Ileri BY, basing
diisiisiiniin bir sonucu olarak elde edilebilecek sizint1 azalmasini bulmak i¢in her senaryo
icin uygulanmstir.

3.10.1. S1zint1 olmayan debinin degisimine yonelik senaryo (Senaryo-1)

Bu senaryoda, Kalei¢i IDS'de s1zint1 olmayan debinin +% 25 degisiminin s1zintiya
olan etkisi incelenmistir. Sizinti olmayan debi bilesenleri i¢inde yer alan
faturalandirilmamis Olgiilmemis izinli tiikketim ve izinsiz tliketimin degismeyecegi
varsayilirken, diger bilesenlerin +%25 oraninda degistigi kabul edilmektedir. Senaryo
uygulamasinda daha 6nce tanimlanmis olan sizint1 katsayilari, basing katsayisi ve kalibre
edilmis boru piirtizliliigi katsayis1 degerleri aynen kullanilmistir. Senaryo-1 ile ilgili

ayrintilar Ek-1 (sayfa 61 — 65)’te bulunmaktadir.
3.10.2. Sizint1 degisimine yonelik senaryo (Senaryo-2)

Kalei¢i IDS i¢in su kayiplari ekonomik seviyesi (SKES) Giilaydin (2017)
tarafindan ayn1 yil igin belirlenmistir. 2015-2016 yillar1 arasinda Kaleigi IDS igin tespit
edilen SKES degeri, ayn1 y1l i¢in hazirlanan SSD tablosu ile hesaplanan su kayiplarinin
%41,4'Uint olusturmaktadir. Bu senaryoda, sizint1 katsayilari, yeni tanimlanan sizinti
debisi ic¢in yeniden hesaplanmistir. Buna gore Senaryo 2’de yaz ve kig simiilasyon
doénemlerindeki SKES, hesaplanan su kayiplarinin %41,4'{ine esittir. ileri BY, belirlenen
SKES altinda elde edilebilecek basing diislisiinden kaynaklanan sizint1 azalimini tahmin
etmek i¢in uygulanmistir. Senaryo-2 ile ilgili ayrintilar Ek-1 (sayfa 65)’te bulunmaktadir.
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4. BULGULAR VE TARTISMA

Kaleici ¢alisma bdlgesine ait IDS hidrolik modelleme sonuglarini elde etmek igin
her simiilasyon donemi basinda 24 saatlik 1sinma siiresi tanimlanmigtir. Isinma siiresine
ait model sonuglari, kalibrasyon ve dogrulama prosesleri ile ileri BY uygulamasi ve
senaryolara ait bulgularin elde edilmesinde dikkate alinmamustir.

4.1. Siirtiinme Katsayisinin Kalibrasyonu

Kalibrasyon prosesi, yaz ve kis simiilasyon donemleri i¢in gergeklestirilmistir.
Sekil 4.1 ve Sekil 4.2'de gosterildigi gibi, en diisiik OMH degerleri sirasiyla R= 55 ve
R=60 piirizlilik katsayilart icin elde edilmistir. Buna bagli olarak, piiriizlilik
katsayisinin kesin olarak belirlenmesi i¢in ikinci asamada R i¢in 55, 56, 57, 58, 59 ve 60
degerleri tanimlanarak simiilasyonlar yapilmistir. Yaz ve kis mevsimleri igin tahmin
edilen su basinci degerleri dikkate alindiginda en diisik OMH degerleri sirasiyla R=57
ve R=58 i¢in bulunmustur (Sekil 4.1 ve Sekil 4.2). Kalibrasyon ¢alismasina ait bulgularin
detaylar1 Ek-1 (sayfa 67 — 78)’de verilmistir.

Yaz ve kis mevsimlerine ait simiilasyonlar igin kalibre edilen piirtizliiliik katsayisi
degerleri Esitlik 3.7’de kullanilarak R i¢in kalibrasyon degeri 57,6 olarak hesaplanmustir.
24 saatlik 1s1nma stiresi géz 6ntinde bulundurularak, yaz ve kig simiilasyon dénemlerinde
her BON’de kaydedilen basing degerlerinin sayist sirastyla 1122 ve 1144’tiir.

57%1122%4+58+% 11445

= 57.6
1122 x4+ 1144 % 5
a b
_. 068
= 1 c 0.666
E 0,883 = 066 0.657
5 o) 0.638
£ 08 g 064 ]
Z i3y
% - i, 11 -
= 06 - . C‘a 0.6 .
Q Q Q © A Q
& &L L L L L L L
Siirtiinme Katsayisi Stirtiinme Katsayisi

Sekil 4.1. (a) R=[50, 55, 60, 65, 70] ve (b) R=[55, 56, 57, 58, 59, 60] degerleri igin tim
BON’lerdeki basing tahminlerine ait OMH degerleri (21 — 25 Agustos 2015)
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a b
0.7 0.666 0.658 0.45 0.444
__ 065 . 0.437
E i6/0.44
= 06 Z 043 0.427
O 055 0.531 o 0410 0.422
g £ 042 49 g 417
.a 0.5 . —
g 0.444 (437 g
2 045 . : g o4
EmE N
04 0.4
Q o) N 5 Q
& &S FEESEE
Siirtiinme katsayis1 Siirtiinme katsayisi

Sekil 4.2. (a) R=[50, 55, 60, 65, 70] ve (b) R=[55, 56, 57, 58, 59, 60] degerleri i¢in tiim
BON’lerdeki basing tahminlerine ait OMH degerleri (15 — 19 Ocak 2016)

4.2. Siirtilnme Katsayisinin Dogrulanmasi

Kalibre edilen siirtiinme katsayisi degeri (R=57,6) hidrolik modelde tiim borular
icin tanimlanarak, farkli bir simiilasyon doénemi dogrulama c¢alismasi yapilmistir.
Dogrulama donemine ait veriler ile hidrolik model uygulamasi gerceklestirilmis,
modelden elde edilen basing tahminleri ile sahada Olgiilen basing degerleri
karsilagtirilarak, OMH degerleri hesaplanmistir. Dogrulama doénemine iliskin model
verileri Cizelge 4.1°de gosterilmektedir. Kalei¢i IDS igin hidrolik model dogrulama
asamasinda, kalibre edilmis olan siirtinme katsayisi R=57,6 degeri dogrulanmistir.
Dogrulama caligmasina ait ayrintilar Ek-1 (sayfa 78 — 81)’de bulunmaktadir.

Cizelge 4.1. Kalibrasyon calismasi ile elde edilen R= 57,6 degeri i¢in dogrulama
donemine ait model tahminleri ve OMH degeri (1 — 6 Haziran 2016)

Parametre Model Tahminleri
Ched 0,634

Ortalama X Qsizinti oimayan debij+(sznt) (M/saat) | 111,55

Ortalama Toplam dagitilan sizintis1 (m®/saat) 26,93

& (m®/saat) 0,060

Basing OMH’s1 (m) 0,659

4.3. ileri BY Uygulamasina Ait Bulgular

Kaleigi IDS'de ileri BY teknigi olarak kapal1 devre basing kontrolii uygulanmistir.
Genel olarak, ileri BY uygulandiktan sonra ortaya c¢ikan ortak bulgular asagida
ozetlenmektedir:

- Basing diisiirme vanasi (PRV) ¢ikisinda tahmin edilen basing degerleri, yapay olarak
olusturulan yiiksek su tiiketimi aninda (yangin hidrantinin agilmasi) belirgin bir artig
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gostermektedir. Bu bulgu, olaganiistii su talebine karsilik basing artisi ile PRV nin
reaksiyonunu gostermektedir.

- {leri BY uygulamasindan dnce basing degerleri 60 mSS'in iizerinde tahmin edilen
tim diigiim noktalari, ileri BY uygulamasindan sonra 60 mSS'den daha diisiik basing
seviyesine inmistir.

Sekil 4.3'te, yaz mevsiminde PRV girisinde Olgiilen su basinci degerleri ile ileri
BY uygulamasiyla PRV ¢ikisi i¢in tahmin edilen su basinci degerleri gosterilmektedir.
fleri BY uygulamas: ile basing seviyesi diisiiriilmektedir. Yaz mevsimi icin ileri BY
uygulamasi ile elde edilen ortalama basing diisiisii ve ortalama sizint1 azalmasi Cizelge
4.2'de sunulmaktadir. Kis mevsimi i¢in PRV girisinde 6lgiilen ve PRV ¢ikis1 i¢in tahmin
edilen basinglart degerleri Sekil 4.4'te, tahmin edilen ortalama basing diisiisleri ve
ortalama sizinti azalmasi Cizelge 4.3'te sunulmaktadir. Ileri BY uygulamasina ait
bulgularin detaylar1 Ek-1 (sayfa 82 — 88)’de bulunmaktadir.

———PRYV girisinde 6l¢iilen su basinct —— PRV ¢ikiginda tahmin edilen su basinci

w
]

Basing (m)
8

Yaygin hidrant1 agik

N
-~

22
21/08/2015 22/08/2015 23/08/2015 24/08/2015 25/08/2015

Tarih

Sekil 4.3. Kaleigi alt bolgesi i¢in PRV girisinde 6l¢iilen su basinc1 ve PRV ¢ikisinda
tahmin edilen su basinci degerleri (21 — 25 Agustos 2015)

Cizelge 4.2. Yaz simiilasyonu déneminde Kaleici IDS’de ileri BY uygulamasi igin
tahmin edilen ortalama basing diisiisli ve ortalama sizint1 azalmasi

Ileri BY Ileri BY
Parametre uygulamasindan | uygulamasindan
once sonra
IDS’deki Ortalama Basing (m) 41,2 28,6
Ortalama Basing Diisiisii (M) 12,6
Ortalama ZQ(SlZlntl olmayan debi)+(sizinty) 109 47 102.65
(m®/saat) ’ '
Ortalama S Aal m3/saat 6,82
ralama Sizintt Azalmasi me Jay 5074.08
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—— PRV girisinde 6l¢iilen su basinct —— PRV ¢ikisinda tahmin edilen su basimct
45
40
E 35
o
g
s 30 .
/M Yangin hidrant1 agik
25
MW WY oy TN o~
20
15/01/2016 16/01/2016 17/01/2016 18/01/2016 19/01/2016
Tarih

Sekil 4.4. Kaleigi alt bolgesi icin PRV giriginde 6l¢iilen su basincit ve PRV ¢ikisinda
tahmin edilen su basinct degerleri (15 — 19 Ocak 2016)

Cizelge 4.3. Kis simiilasyonu doneminde Kalei¢i IDS de ileri BY uygulamasi i¢in tahmin
edilen ortalama basing diisiisii ve ortalama sizint1 azalmasi

fleri BY fleri BY
Parametre uygulamasindan | uygulamasindan
once sonra
IDS’deki Ortalama Basing (m) 43,77 28,87
Ortalama Basing Diisiisii (M) 14,9
Ortalama ZQ{SlZlntl olmayan debi)+(sizinty) 78.01 72 29
(m®/saat) ’ ’
mS/saat 5,79
Ortalama Si1zint1 Azalmasi m¥lay 2307.76

4.4. Sizint1 Olmayan Debideki £% 25 Degisimin Sizintiya Olan Etkileri

Sizint1 olmayan debi, Kalei¢i IDS'de sistem giris debisinin ana boliimiinii
olusturmaktadir. Bu nedenle bu debideki herhangi bir degisiklik, diiglim noktalarindaki
basinci degistirir ve dolayisiyla Kaleici IDS'deki sizintilar etkilenir. Kaleici IDS igin
sizinti olmayan debinin +%25 oraninda degistirilmesinin (Senaryo-1) yaz ve ki
simiilasyon periyotlar1 igin etkileri Sekil 4.5'te gosterilmistir. Yaz ve kis mevsimlerinde
sizint1 olmayan debinin £%25 oraninda degistirilmesi ve ileri BY uygulamasi ile ortalama
s1zint1 azalmasinin 4099,44 — 5431,2 m%/ay arasinda olacag: tahmin edilmistir. Senaryo-
I’e ait bulgular ile yaz ve kis sezonu boyunca ileri BY uygulamasina iliskin detayl
sonuglar Ek-1 (sayfa 88 — 99)'da sunulmustur.
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a = S1zint1 olmayan debi ortalamasi b ® S1zint1 olmayan debi ortalamasi

= Dagitilan ortalama sizint1 debisi = Dagitilan ortalama sizint1 debisi

= E)
=l 3000 - 580 | 512000 - 430
¥ 2500 570 || B2 Caoa o
= = 751500 =
= 2000 - 560 = | [ 118 B
=1 1500 L ss0 12 | BER1000 T
g Al B - 412 |
g 1000 - 540 g % 500 3
2 1= L =
= 500 - 530 = | B 406 |
=l N S| n
S| 0 - 520 a 0 - 400
2 Sizint Referans Sizint1 Sizint Referans Sizint

olmayan debi simiilasyon olmayan debi olmayan debi simiilasyon olmayan debi

%25 azalirsa %25 artarsa %25 azalirsa %?25 artarsa

Sekil 4.5. (a) Yaz mevsimi ve (b) kis mevsiminde, sizinti olmayan debinin degismesi
durumunda Kaleigi IDS'de sizint1 debisindeki degisimler

4.5. Sizintimin SKES Diizeyine Kadar Azaltilmasi Senaryosunda ileri BY
Uygulamasi

Sizintinin SKES diizeyine kadar azaltilmasi senaryosunda (Senaryo-2), sizinti
katsayilar1 yeniden hesaplanmistir. Sizinti olmayan debi ve model tarafindan SKES
diizeyinde dagitilan sizintinin toplami ile elde edilen toplam debi (X2Q(sznt oimayan
debi+(skes) tahmini ve Kaleici IDS girisinde &lgiilen basing degerleri yaz ve kis
mevsimleri i¢in sirastyla Sekil 4.6 ve Sekil 4.7°de gosterilmektedir. ileri BY uygulamasi
ile yaz ve kis mevsimleri i¢in tahmin edilen ortalama basing diislisii ve ortalama sizinti
azalmasi sirasiyla Cizelge 4.4 ve Cizelge 4.5’te sunulmaktadir. Senaryo-2 ile ilgili
ayrintili sonuglar Ek-1 (sayfa 99 — 107)'de bulunmaktadir.

Si1zint1 olmayan debi + SKES Kaleigi alt bolgesi girisinde 6lgiilen basing

200 45
175 40
= =
g 10 %2
€ 125 30 g
2 2
D
2 100 25
75 20
50 15
20/08/2015 ~ 21/08/2015 ~ 22/08/2015  23/08/2015  24/08/2015  25/08/2015

Tarih

Sekil 4.6. Kaleici alt bolgesi i¢in IDS girisinde 6l¢iilen basing degerleri ve tahmin edilen
t0p|am dEbInIn (Z Q(SlZlntl olmayan debisi}+(SKES}) degl$lml (21 — 25 Agustos 2015)
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Cizelge 4.4. Yaz simiilasyonu déneminde Kaleici IDS’de ileri BY uygulamasi icin
tahmin edilen ortalama basing diisiisii ve ortalama sizint1 azalmasi

[leri BY [leri BY
Parametre uygulamasindan | uygulamasindan
once sonra
IDS’deki Ortalama Basing (m) 41,89 28,32
Ortalama Basing Diisiisii (m) 13,57
Ortalama X ;
Q{smgtz olmayan debi)+(sizinty) 95,6 4 92,72
(m*/saat)
3
m>/saat 2,92
Ortalama Sizint1 Azalmasi :
m3/ay 2172,48
Si1zint1 olmayan debi + SKES Kaleigi alt bolgesi girisinde 6lgiilen basing
130 45
115 40
g 100 35 g
€ 85 30 g
§ 70 25 ‘S
55 20
40 15
14/01/2016 15/01/2016 16/01/2016 17/01/2016 18/01/2016 19/01/2016
Tarih

Sekil 4.7. Kaleigi alt bolgesi i¢in IDS girisinde dlciilen basing degerleri ve tahmin edilen

Cizelge 4.5. K1s simiilasyonu doneminde Kaleigi IDS’de ileri BY uygulamasi icin tahmin
edilen ortalama basing diisiisli ve ortalama s1zint1 azalmasi

[leri BY [leri BY
Parametre uygulamasindan | uygulamasindan
once sonra
IDS’deki Ortalama Basing (m) 44,19 28,76
Ortalama Basing Diisiisii (m) 15,43
Ortalama ZQ(SLZU‘I.H olmayan debi)+(sizinty) 67.58 65.18
(m®/saat) ’ ’
Oralama S Agal mS/saat 2,4
rtalama Sizint1 Azalmasi me /ay 17856
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4.6. Mekansal Sizintinin Tahmin Edilmesi

Tezin ¢ok Onemli bir bulgu, sizinti debilerinin mekansal olarak tahmin
edilmesidir. Bu kapsamda Kalei¢i IDS'de herhangi bir diigiim noktasindaki sizinti
simiilasyon siiresi boyunca tahmin edilmektedir. Ornek olarak Sekil 4.8°de Kaleigi IDS'de
tim diigiim noktalarindaki ortalama su basinci ile birlikte yaz simiilasyon periyodu
boyunca segilen bazi diigiim noktalarindaki sizint1 miktarlar1 gosterilmektedir. Segilen
diigiim noktalarindaki basing degerleri farkli oldugundan, sizint1 miktarlar1 da birbirinden
farklidir. Mekansal s1zint1 tahminine iligskin bulgularin detaylar1 Ek-1 (sayfa 107 — 108)'de
sunulmaktadir.

ﬂ Diigiim noktasindaki sizint1 - Agustos

—P119 P4126 = P4117

MM

e
N S
o o

Sizint1 (L/saat)
=
8

21/08/2015 22/08/2015 23/08/2015 24/08/2015 25/08/2015
Tarih

Sekil 4.8. (a) Diigiim noktalarindaki ortalama basing, (b) P119, P4126 ve P4117 nolu
diigiim noktalarindaki sizintilar (21 — 25 Agustos 2015)

4.7. Uygulanan Senaryolarin Fazla Basing¢ Uzerindeki Etkisi

Model ile dagitilan sizint1 ve sizint1 olmayan debinin toplami (XQszint olmayan
debi)+(Sizinty) S1zint1 olmayan debisin degistirilmesi veya SKES diizeyine kadar sizintinin
azaltilmasii igeren senaryo kosullarindan etkilenmistir. £Q(swzinti oimayan debij+(Sizinty),
diigiim noktalarindaki basingla ters orantilidir. Yaz doneminde, Kaleici IDS'de kritik
nokta i¢in tahmin edilen fazla basing degerlerinin, referans simiilasyon ve senaryo
kosullari i¢in elde edilen model tahminleri ile karsilastirmas1 Sekil 4.9 ve Sekil 4.10°da
sunulmaktadir. Bu bolime iligkin uygulama detaylar1 Ek-1 (sayfa 108 — 109)’de
verilmistir.
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Referans simiilasyon
Sizint1 olmayan debide %25 azalig olmasi
Sizint1 olmayan debide %25 artis olmasi

Basing (m)
w w
o (8]

N
()]

20

15
21/08/2015 22/08/2015 23/08/2015 24/08/2015 25/08/2015

Tarih

Sekil 4.9. Referans simiilasyon ve sizinti olmayan debide + %25 oraninda degisim olmasi
(Senaryo-1) durumunda Kalei¢i IDS’deki kritik nokta i¢in tahmin edilen basing (21 — 25
Agustos 2015)

Referans simiilasyon

Sizintinin SKES diizeyine indirilmesi (Senaryo-2)

I
ol

W\

8
'%\
==

=

Ess ’M[/\/l M \\/\ \ pry
3% | |
= M J’"u /U
Z 30 \ Y Wy \ W
2 | 7
[y

25 U

20

21/08/2015 22/08/2015 23/08/2015 24/08/2015 25/08/2015

Tarih

Sekil 4.10. Referans simiilasyon ve sizintinin SKES diizeyine kadar indirilmesi (Senaryo-
2) durumunda Kaleici IDS’deki kritik nokta i¢in tahmin edilen basing (21 — 25 Agustos
2015)
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5. SONUCLAR

Icme suyu temin ve dagitim sistemi, her sehir igin temel altyapilardan birisidir.
Her igme suyu idaresi, igme suyunu uygun kalite ve basingta kullanicilara ulastirmayi
hedeflemektedir. Ancak IDS'de meydana gelen su kayiplari, igme suyu idarelerinin
karsilastigr énemli bir sorundur. Herhangi bir iDS'deki su kayiplarini azaltmak, suyu
pompalamak ve aritmak icin gereken enerjiyi azaltmakta olup IDSmin kullanim
kapasitesinin artmasina olanak saglar. Bu nedenle, her su idaresi, su kayiplarini azaltmak
veya belirli seviyelerde tutmak igin su kayiplari yonetim planlar1 gelistirmelidir. Su
kayiplart yonetim programlari, su kayiplarmin su tiikketim hacmine olan oranini
hesaplamak ve SSD bilesenlerini periyodik olarak belirlemekle baslar. Sizintilar1 da
iceren fiziki su kayiplari, herhangi bir IDS'de meydana gelen su kayiplarmin énemli bir
boliimiinii olusturmaktadir. Sizinti, basinca baglh olarak olusan bir debidir ve sizintilarin
bulunmasi son tiiketicilere ulasan suyun basincini etkilemektedir. Buna istinaden,
sizintinin modellenmesi, su kayiplarinin yonetimi igin gerekli bir igslemdir.

Herhangi bir su temin sistemindeki sizinti problemini ¢é6zmek i¢in en verimli
tekniklerden biri, basing yonetimidir (BY). Hem Klasik, hem de ileri yontemlerle
uygulanir. ileri BY yaklasimi sebekedeki kritik noktanin tespit edilmesi ile baslar, daha
sonra, kritik noktadaki basincin minimum izin verilen degere diistiriilmesi kosuluna gore
IDS girisindeki fazla basing kirilir. Kritik noktanin tespit edilmesi igin kalibre edilmis bir
hidrolik model kullanim1 gerekmektedir. EPANET, IDS’lerin hidrolik modellemesi i¢in
basit ve kullanisli bir yazilimdir. Bu tez ¢alismasinda EPANET modelinde Hazen-
Williams esitligi kullanilarak Kalei¢i IDS'nin hidrolik modellemesi yapilmistir. Hidrolik
model uygulamasinda sisteme giren su hacmi, emitor katsayilari kullanilarak sizinti
debisine ve diigiim noktasindaki su talebi olarak sizinti olmayan debi bilesenlerine
dagitilmistir. EPANET yazilimi ile sizintinin mekansal modellemesine yonelik yaklagim,
tez calismas1 kapsaminda incelenmis olup bu yaklasim Kalei¢i IDS'deki toplam sizintiin
diigiim noktalarina dagilimini tahmin etmek i¢in uygulanmistir. Hidrolik model, tek bir
boru piriizlilik katsayist degeri (57,6) i¢in kalibre edilmis ve dogrulanmistir.
Kalibrasyonu ve dogrulamasi gergeklestirilen model, ileri BY uygulayarak sizinti
azalmasimi tahmin etmek i¢in kullanilmistir. Ek olarak, iki senaryo kosulu igin ileri BY
uygulamas1 gerceklestirilmistir. ilk senaryoda, sizint1 olmayan debinin £%25 oraninda
degistigi, ikinci senaryoda ise sizintinin SKES diizeyine kadar azaltilacagi
varsayllmaktadir. Tez c¢alismasindan elde edilen bulgular, hidrolik modellemenin su
kayiplarin1 ve Ozellikle de sizintilar1 kontrol etmek i¢in 6nemli bir ara¢ oldugunu
gostermistir. Tez ¢caligmasinda hidrolik modelleme yapilarak ¢alisma bolgesindeki her bir
diigiim noktasi i¢in mekansal olarak sizint1 tahmini gerc¢eklestirilmistir.

Kalibrasyon proseslerinin her biri, ileri BY uygulamasi, senaryolarin incelenmesi,
yaz ve kis mevsimlerini temsil eden iki farkli simiilasyon dénemi boyunca
gerceklestirilmistir. ileri BY uygulamasi ile Kaleici IDS'de fazla basincin diisiiriilmesine
bagl olarak énemli diizeyde sizint1 azalmas1 (4307,76 — 5074,08 m®/ay) énceden tahmin
edilmistir. Bahsedilen konuya iliskin detayli sonuglar Ek-1 (sayfa 111 — 114)‘te
verilmistir.
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Gelecek Arastirmalar icin Oneriler

Hidrolik modelin, sizintinin tahmin edilmesi i¢in kisa zaman periyotlar1 (6rnegin
24 saat) icin kullanilmasi 6nerilmektedir. Bu sekilde, hidrolik model sizintinin mekansal
ve zamansal degisimlerini tespit etmek i¢in yardimei olabilir.

fleri BY tekniginin sahada uygulanmast i¢in, PR V'nin alt bdlge girisine ve basing
sensorlerinin de model ¢iktilarina gore belirlenen yerel kritik noktalarda ayarlanmasi
Onerilir. Buna bagl olarak, kapali devre basing kontrolii, sebekedeki basinci her zaman
minimum seviyede tutabilir ve yangin ihtiyaci gibi olaganiistii su taleplerine cevap
verebilir.

Kullanilan sizinti modelleme yaklasimi, sizint1 debisinin bilinmesini ve boru
uzunlugu boyunca esit bir sekilde dagitilmasini gerektirmedir. S1zint1 miktarinin otomatik
okuma sayaclart (AMR) igeren sistemler tarafindan saglanmasi ise ¢ok yararl
olabilmektedir. Gelecek uygulamalar i¢in modelin dogrudan SCADA ve AMR
sistemlerine baglanarak, gegmis veri modellemesi yerine sizintiy1 zamansal oldugu kadar
mekansal olarak da ger¢cek zamanli tahmin edebilmesi 6nemli bir gelisme saglayabilir.
Onerilen bu yaklagim, programlama dilleri kullamilarak EPANET yaziliminin tool (arag)
kitler ile SCADA sistemlerine baglantisinin saglanmasi ile gergeklestirilebilir (Cheng vd.
2014).
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ABSTRACT

ORIENTED MODELLING FOR REDUCING WATER LOSSES IN DRINKING
WATER DISTRIBUTION NETWORKS BY ADVANCED PRESSURE
MANAGEMENT: ANTALYA — KALEICI CASE STUDY

Mustafa S. M. BOLBOL
MSc Thesis in Environmental Engineering
Supervisor: Prof. Dr. Habib MUHAMMETOGLU
June 2019; 190 Pages

The water utilities in each country strive to minimize water losses in their water
distribution networks (WDNSs) to increase the revenue and the capacity of their services.
Leakage, which is a flow driven by pressure, is an important type of water losses in
WDNSs. Hence, pressure management (PM) is one of the principal techniques used for
leakage reduction. The classical PM aims at reducing water pressure to a fixed level all
the time and ignores the impacts of exceptional water demands, e.g. fire demands. The
advanced PM aims at keeping the pressure at the critical points (CPs) in the WDN at the
minimum allowable levels all the time besides satisfying the extraordinary water demands
as well. Therefore, the advanced PM reduces leakage more than classical PM. Hydraulic
modeling is a fundamental tool in applying PM for leakage reduction. In this thesis study,
hydraulic modeling of Kalei¢i WDN has been carried out by EPANET 2.0 software using
Hazen-Williams equation. VVolume of leakage was determined by the standard water
balance. Assuming a uniformly distributed leakage along each pipe, the total leakage has
been distributed to all junctions in the model by defining the leakage coefficients, which
are determined by the half-length of the pipes connected to each junction. Consequently,
the leakage has been predicted spatially and temporally. The impact of several parameters
such as roughness coefficient and leakage exponent on the precision of modeling has been
investigated. The pipe roughness coefficients have been calibrated and verified for a value
of 57.6. Depending on the verified roughness value, the leakage reduction by an advanced
PM technique has been predicted over two simulation periods in summer and winter to
be 6.82 m%h and 5.79 m%h, respectively. Finally, two scenarios related to leakage
reduction by advanced PM have been examined. The first scenario assumes a future
change of non-leakage flow by £%25, while the other scenario assumes that leakage is
reduced to the economic leakage level (ELL). The spatial and temporal leakage
predictions and the impact of each scenario on the predicted pressure at the CP have been
shown in the results. It has been found that hydraulic modeling is an essential tool for
spatial and temporal prediction of leakage.

KEYWORDS: Advanced pressure management, Antalya, EPANET, hydraulic
modeling, leakage modeling, leakage prediction in space and time.
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: The predicted leakage.
: The calculated leakage of any WDN.

: Quantity of real losses.
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: Trial roughness coefficient.
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PM : Pressure Management.
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1. INTRODUCTION
1.1. Problem Statement

According to World Health Organisation (WHO), out of more than 7 billion of
earth residents (Worldmeters 2018), only 71% of them is served with safe and continuous
water for daily life, about 850 million are destitute of a basic level of drinking water
service. Moreover, it is expected that the global population will face water scarcity in
many areas by 2025 (WHO 2015). 24/7 available safe water is important for public health
in the fields of drinking and domestic usage, food production, and recreational aims.
Therefore, improving water supply systems and managing water resources are essential
for countries to grow economically and reduce the levels of indigence within their people.

Technically, water supply systems face a challenging problem of water loss.
Water loss is grouped into two types; (a) physical (real) water loss, and (b) commercial
(apparent) water loss. The apparent water losses are related to human illegal usage (water
theft), data handling errors, or costumer meter inaccuracy. Real water loss is the pressure
dependent type of water losses which generally forms the major part of water losses all
over the world (Muhammetoglu and Muhammetoglu 2017). Water losses have a much
lower level in developed countries than in developing and undeveloped countries due to
several reasons such as the good infrastructure and qualified staff of water utilities in
developed countries (Water And Waste Water International 2018). Water utilities should
work hard to maintain water losses in their networks at the lowest possible limits to lessen
the dissipation of energy, the exploitation of groundwater, and risks of aquifer
contaminants due to water over-extraction (Danish Environmental Protection Agency
2018). Since physical water loss (leakage) forms the majority of water losses, then it
deserves to be maintained at lower limits. Leakage level depends on several factors such
as pipe connections, internal or external pipe corrosion, mechanical damage, ground
conditions, system pressure, pipe age, and qualification level of handicraft (Puust et al.
2010).

In all WDNs, leakage increases considerably with increasing water pressure.
Therefore, the commonly used strategy to reduce leakage is pressure management (PM).
The basic idea of PM is to maintain pressure at the minimum legislated levels and not
exceeding the maximum legislated levels at all junctions all the time in the WDN. The
PM techniques require essentially localizing of the critical point(s) of pressure (CP) where
the pressure is minimum or maximum all the time. CPs must be detected by hydraulic
modeling of the WDN under investigation. Therefore, hydraulic modeling is the body-
subject of the thesis. In Antalya city, Turkey, Kalei¢gi WDN has been chosen as a pilot
study area (PSA) in order to apply this research. Kalei¢i WDN has been constructed as a
discrete meter area (DMA) and has been modeled hydraulically according to Hazen-
William equation using EPANET 2.0 software which developed by the United States
Environmental Protection Agency (USEPA) (USEPA 2000). The hydraulic model of
Kalei¢i WDN has been calibrated and verified, then it has been used to predict the leakage
reduction due to applying the closed-loop pressure control as an advanced PM technique.
Additionally, two scenarios of applying advanced PM have been tested. The first scenario
imposes a possible change of non-leakage flow in the future while the other scenario
assumes that leakage was reduced to the economic leakage level (ELL). It has been
exhibited in the thesis how hydraulic modeling played an essential role in predicting
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leakage reduction by applying advanced PM. Besides, it is found that hydraulic modeling
is a vital tool for predicting leakage spatially and temporally.

1.2. Aims and Scope of The Research

The main objective of this study is predicting the distribution of total leakage rate
in space and time to all junctions in WDNs through predicting pressure at each junction
by hydraulic modeling. Also, the study aims at predicting leakage reduction by advanced
PM. Kaleigi has been chosen as a PSA to apply this study. The total leakage rate in Kaleigi
WDN has been calculated monthly in standard water balance (SWB) tables within the
scope of a previous research project. To achieve the aim of this research, the pipe
roughness coefficients, the leak coefficient, and the leakage exponent must be
determined. Then the calculated leakage through the SWB is distributed to the junctions
in space and time. The scopes of the study are summarized as follows:

1. Surveying the literature related to WDNSs in terms of hydraulic modeling, water losses
modeling, water losses lessening, and case studies of advanced PM application,
hydraulic modeling, and physical water losses calculations.

2. Investigating the monthly calculated SWB of Kalei¢gi WDN and the water pressure
through the network.

3. Distributing the calculated leakage rate through SWB to the nodes of the WDN in
space and time by carrying out hydraulic modeling.

4. Calibration of the hydraulic modeling of Kaleici WDN for the determination of pipe
friction coefficient. Checking the model reliability by verification processes.

5. Applying advanced pressure management.
6. Predicting leakage reduction as a result of applying advanced pressure management.

7. Investigating two scenarios of applying advanced PM; the first scenario assumes that
non-leakage flow changes in future by +25%, while the second scenario assumes that
leakage is reduced to ELL.

1.3. Thesis Outline

The study consists of five chapters. Chapter one states the problem under research
and identifies the objectives of the thesis. Chapter two investigates the literature related
to water losses in terms of definitions, the national and international situation, leakage
reduction strategies, and related case studies. Chapter three demonstrates the
methodology used to model physical water losses in the study area (Kaleigi). Also,
applying advanced pressure control technique and investigating two scenarios related to
the future possible change of consumption or leakage in the study area are included in
this chapter. Chapter four discusses the results of calibration and verification processes
of the hydraulic model of Kaleici WDN, the predicted leakage reduction by applying
advanced PM. Moreover, it contains the results of tested scenarios and leakage reduction
by advanced PM application on each scenario. Finally, the conclusions and
recommendations are provided in chapter five.
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2. LITERATURE REVIEW
2.1. Water Losses in Water Supply Systems

All over the world, the losses of water in any water supply system happens either
by subscribers or in piping network. Water loss as a general term is divided according to
the position of occurrence into two main parts:

1- Physical (real) water loss: it is the water leaked from pipes, joints, or fittings
inside WDN. The overfilling of the reservoir, the leaks or overflowing of tanks,
or any accidental damage of the system are also considered as real losses.

2- Commercial (apparent) water loss: it is a loss of water due to the imprecision of
customer metering systems (records of consumption are below the real value),
the data handling error, or any unauthorized consumption. It is considered as
losses since its revenue cannot be gathered by water utilities (Thornton et al.
2008).

Kingdom et al. (2006) state that leakage forms the paramount part of physical
losses. Therefore, physical losses are the term used basically for defining leakage since
tank overflow or reservoir leakage are usually numerous events and often can be detected
easier than pipe leaks (AWWA 2009). Leakage is considered as the technical loss of water
since the input volume of water is not delivered totally to the end-users. Based on that,
leakage occurs technically in three forms; reported, unreported, and background leakage
(Figure 2.1).

Surface

Background leakage Unreported leakage Reported leakage

Unreported and undetectable | Often does not surface butis | Often surface and is reported
using traditional accoustic detectable using traditional by the public or utility
equipment accoustic equipment workers

Figure 2.1. Forms of leakage (Thornton et al. 2008)

The reported leakage is the burst events. Since it appears to the surface, reported
leaks are usually found out immediately after occurrence. Unreported leaks usually buried
underground and take a far longer time until being detected. Background leakage is hard
to be detected and runs continuously for long period until being the detectable type of
leakage, that is why background leakage is considered as the greatest share of physical
water losses in any WDN. The only technique to reduce background leaks is PM,
otherwise renewing WDN is the final solution (Thornton et al. 2008).
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Leakage cannot be avoided at all in any water supply system. Even in the newly
installed WDN, a minimum leakage flow exists (Unavoidable real loss). There are many
causes of leakage occurrence in any WDN; the improper setup of the pipe due to
unqualified workmanship, insufficient quality of materials, wrong backfill, pressure
transients, pressure fluctuation, excess pressure, material corrosion, vibration and traffic
loading, environmental conditions, and improper maintenance programme (Thornton et
al. 2008).

2.1.1. The Standard Water Balance (SWB)

The first step to estimate water losses is establishing of water balance tables at
regular intervals (usually yearly) for the water supply system under study. Water balance
is a worldwide used approach because of being accredited by many countries and utilities
(FALLIS 2011). The elements of SWB are shown in Table 2.1 (Fanner, et al., 2007a).

Generally, SWB is read from left to right starting from System input volume (SIV)
through the different types of consumption and losses ending with revenue and non-
revenue water (NRW). According to this arrangement, the elements of SWB are
explained as follows:

1- System Input volume (SIV): the total quantity of treated water pumped to WDN
whatever the water is self-sourced or imported across operational boundaries.

2- Authorized consumption: the volume of metered and unmetered water consumed by
the subscribers who are registered officially as customers in the responsible water
utility. It may include water consumption for special purposes such as firefighting,
infrastructure maintenance, recreational places like parks or fountains, etc. The
authorized consumption may be billed or unbilled.

3- Water losses: the difference between SIV and authorized consumption. It consists of
real and apparent losses.

4- Billed authorized consumption: the part of authorized consumption which provides
revenue through bills whatever the consumption is metered or unmetered (Also it is
called Revenue Water).

5- Unbilled authorized consumption: it is legal consumption of water but not billed.
This part includes the water used for firefighting, system flushing, street cleaning,
watering of municipal gardens, etc. Or it may include the water consumed in
governmental institutions or worship places (mosque, church, etc) (Muhammetoglu
and Muhammetoglu 2017). Also, it includes unbilled metered consumption or
unbilled unmetered consumption.

6- Apparent losses: the water lost due to customer meter inaccuracies or errors while
meter reading and billing, and the unauthorized consumption.

7- Real losses: are the leaks from pipes, fittings, or transmission, reservoir overflow, or
leakage from tanks or reservoir.
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8- Non-revenue water (NRW): the sum of all components which are not billed and do
not produce revenue, i.e. the unbilled authorized consumption and water losses.
(Fanner et al. 2007a)

The SWB used in the Turkish regulation merge the leakage in transmission and
distribution mains with the leakage on service connections in one component
(Muhammetoglu and Muhammetoglu 2017)

Table 2.1. IWA/AWWA international standard water Balance (Fanner et al. 2007a)

Authorized
Consumption

(Qn)

System
input
volume

Q)

Water losses

(Qu)

2.1.2. Non-Revenue Water (NRW), Worldwide

Internationally, NRW is an innovative expression that used to describe the level
of water losses in each country. NRW contains any water pumped into the system while
its bills cannot be gathered. NRW is defined as the sum of real and apparent water losses
and unbilled authorized consumption (Lambert 2003). NRW is considered as an indicator
of operational efficiency of WDN. It is the financial differentiation of water inside pipes
of any water supply system, so that water utilities cannot operate efficiently if it does not
realize all its revenue due to water losses (Mutikanga et al. 2010).
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Globally, the percentage of real losses are about 60% and the rest is considered
as Apparent losses (40%). Water losses cannot be zero at all but can be minimized as
much as possible. According to the World Bank report, global water losses equals 48.6
billion m®/year, while 32.7 billion m® are lost due to leaks in water supply systems and
15.9 billion m? are considered as apparent losses. In some low-income countries, water
losses are 50-60% with an average estimated regionally at 35% (Kingdom et al. 2006).
NRW varies from less than 10% in developed countries to more than 50% in developing
counties as shown in Figure 2.2.
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Figure 2.2. Level of Non-Revenue Water in Some countries 2010, adapted from
(Muhammetoglu and Muhammetoglu 2017)

The reason for low water losses in developed countries is the level of response
strategies and response sensitivity of decision-makers in these countries. Water utilities
in developed countries have water loss management plans for reducing the losses to an
optimum level (Makaya and Hensel 2015). The European Federation of National
Associations of Water and Wastewater Service (EurEau) in the recent report estimates
that there are approximately 4.2 million kilometers pipes of water network in all member
countries, each inhabitant has a share of water pipes extends from 4.92 m/inhabitant in
Spain to 19.55 m/inhabitant in Finland. Inside these water supply systems, NRW is
estimated as 23% in all EurEau member countries as shown in Figure 2.3 (EurEau 2017).

In developing countries, the urbanization increases five times faster than in
developed countries. Besides that, the population growth in undeveloped and developing
countries is estimated to be twice higher than the rate in developed countries. In addition,
a significant amount of transmitted water between treatment plants and customers is lost
as leaks from transition lines. Moreover, most of water supply systems in developing
countries are facing a problem of intermittent supply of water, i.e. water is not provided
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24/7, which causes a high level of pressure-based losses, injustice distribution of water,
and high level of water contaminants (Dighade et al. 2014).
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Figure 2.3. Water losses in European countries (EurEau 2017)
2.1.3. Water losses in Turkey — Antalya

In Turkey, there are around 80 million inhabitants living in 81 provinces (TUIK
2018). Within these provinces the water is consumed in five forms; for governmental
institutes, commercial purposes, domestic usage, constructions, and recreational aspects
(Oztiirk et al. 2007). Municipalities are responsible for management of water supply
systems in Turkey. Supervisory Control And Data Acquisition (SCADA) systems are
found within the structure of several water utilities in Turkey for monitoring and
controlling reservoirs water level, pressure, and flow of water in WDNs. Conversely,
there are many municipalities are not provided with any flow or pressure meters for
recording purposes. Old infrastructure, improper management, weak maintenance of
networks, illegal consumption, and inadequate reliable data for evaluation of WDNs are
the main challenges of water losses management in Turkey (Karadirek, 2016).

According to the statistics of the Turkish Statistical Institute (TUIK), NRW in
Turkey between 2004 and 2016 are presented in Figure 2.4 (TUIK 2018). Determination
of NRW requires sensitive flowmeters to measure the system input volume in all water
distribution networks which are not found all around Turkey, because of that the NRW
level in Turkey is evaluated to be more than levels given by TUIK (Muhammetoglu and
Muhammetoglu 2017).
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NRW in Turkey
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Figure 2.4. Non-Revenue Water in Turkey, 2004 - 2016, (TUIK 2018)

On the other hand, the Turkish official gazette, where the official decisions are
advertised, had published a regulation in 2014. The regulation declared that in the
metropolitan municipalities, the water losses must be maximum 30% in the first five years
after 2014 and must be lessened to 25% in the following four years. In the other
municipalities, the water losses must be maximum 30% within the first nine years after
2014 and must be reduced to 25% in the following five years. The regulations stated
important procedures that must be applied to reduce water losses:

1. The system input volume of the WDNs must be measured and saved regularly.

2. The water consumption of all subscribers must be measured by costumer water

meters and saved regularly. The age of costumer meters must not be more than 10

years.

All water utilities must prepare yearly SWB.

4. Dividing the installed WDNSs into discrete meter areas (DMAS) and designing the
new WDNs as DMAs.

5. The input flow of each DMA and the critical pressure of each DMA must be

measured and saved.

The maximum legislated static pressure is 60 m.

7. Geographic Information Systems (GIS) and suitable monitoring systems (e.g.

SCADA) must be installed for monitoring and saving the datasets.

Using the acoustic instruments for reducing water losses.

9. Hydraulic modeling must be performed for each WDN (Muhammetoglu and
Muhammetoglu 2017).

w

S

o

Groundwater, which is the main source of drinking water in Antalya, is naturally
very hard but has good quality. Recently, customers were using local storage tanks to
sustain a continuous supply of water for domestic purposes because the WDN was facing
frequent cuts. Because of that, most of the residents of Antalya were refusing to drink
from tap water due to adverse health impact. Nowadays most of such tanks are out of
service since the water is provided 24/7, and the customers’ satisfaction raised up but still
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afraid of using tap water as a direct source of drinking water (Celik and Muhammetoglu
2007).

Because of its location along the Mediterranean coast, Antalya is one of the
highest attractive cities in Turkey for tourists. Antalya Water and Wastewater
Administration (ASAT) is responsible for the water supply system of the province. The
water supply networks are monitored online by SCADA central station found in the
structure of ASAT for the purpose of conserving adequate quality and quantity of the
water provided to the customers (Akdeniz and Muhammetoglu 2016).

Based on the regulation announced in 2014 and as an example of good behaviour
of the water utility, ASAT prepares annual reports of water losses in Antalya province.
The calculated NRW of Antalya province in between 2016 — 2018 is shown in Figure 2.5
and Table 2.2 shows the last published SWB of ASAT for 2018 year for Antalya province.
(ASAT 2019).
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Figure 2.5. Non-revenue water in Antalya province (ASAT 2017a, 2018, 2019)
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Table 2.2. SWB of 2018 of Antalya province (ASAT 2019)
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2.1.4. Benefits of reducing water losses

Water losses, especially leakage, cause contamination in water pipeline which
results in adverse effects on public health (Kouchi et al. 2017), and infrastructure damage
(BBC, 2017). There are several economic benefits of reducing the water losses; reducing
the physical water losses leads to lessening system input volume of the WDN.
Consequently, the depletion of water resources is reduced and energy consumption
decreases. Besides that, the NRW decreases, the revenue of the supplied water services
increases, and the infrastructure repairing frequency is reduced. Generally, the supplied
fresh water is treated to a certain degree before it is pumped to the system, reducing the
physical water losses lessens treatment costs of fresh water. In additional to the economic
benefits, reducing the physical water losses leads to grater maintaining of the provided
water quality (Muhammetoglu and Muhammetoglu 2017). Social benefits are represented
in lower price of water services, job creations for workmanship, promotion of social
aspects and increasing the customers satisfaction on the freshwater services.
Environmental benefits are represented in the reduction of greenhouse gas emission (Xu
et al. 2014).

2.2. Leakage Management Techniques

International Water Association (IWA) and the American Water Works
Association (AWWA) suggest a methodology to evaluate water losses in any water
supply system. The methodology stands for two phases; the first one is establishing of
water balance tables periodically (usually yearly) to calculate the usage and losses of
water. The second phase is an evaluation of water losses in different sized WDNs using
a term of water loss performance indicators (PI). The benefits of the IWA/AWWA
methodology can be summarized as follows:

1- It is a standard international best practice for water loss calculations,

2- The methodology assists in the determination of unavoidable annual real losses
(UARL) and finding out the non-seen leaks which could be considered as a part of
authorized consumption,

3- Discovers other terms to describe water losses than the percent of input flow,
4- Dropped the term of uncountable for water (UFW),
5- Every type of water usage or loss has a specific division in water balance, and

6- An expressive comparison of water audit results can be carried out using PlIs,
independent from different characteristics of compared WDN.
(Thornton et al. 2008)

SWB has explained above in the previous section. Herein, the performance
indicators concept is going to be illustrated briefly.

Water utilities have dissimilar characteristics of their water supply systems in
terms of size, intense of customers, the age of networks ... etc. Therefore, comparing the
performance of water loss management using the volume per year or percentage of SIV

11
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IS not the best way because water loss in WDNSs of high consumption has a low percentage
comparing with those of low consumption. On the other hand, if there is water export
from the investigated network, which could be included in water consumption, then water
loss expressed in percentage of SIV will be too much low (Thornton et al. 2008).

Lambert et al. (1999) recommend two Pls for comparing water losses of different
WDNSs; the water loss volume per service connection per day (e.g. L/service
connection/day), and the infrastructure leakage index (ILI) which is adapted by IWA
(Delgado, 2007). The best-recommended PI is ILI since it is the dimensionless ratio
between the current annual real losses (CARL) and UARL, equation (2.1).

CARL

ILl = ——
UARL (2.1)

The CARL is based on the results of the periodically determined water balance. A
component-based approach adopted by IWA to calculating UARL is described in detail
by Lambert, et al. (1999). The approach considers the three forms of leakage; background
leakage, reported leaks and unreported bursts. Lambert, et al. (1999) have suggested a
basic form to determine UARL shown in equation (2.2):

UARL = (18 Ly, + 0.8 X N, + 25 X L,,) * P (2.2)

where L is the mains length in km, Nc is number of service connections, Lp is the
total length in km of the pipes between the edge of street and customer meters, and P is
the average operating pressure in meters.

2.2.1. Basics of leakage

It is essential for water loss management staff to recognize the structural
characteristics of leakage incidences and suitable techniques to control them. The types
of leakage and the factors affecting the leakage detection are summarized in the following
sub-sections.

2.2.1.1.The types of leakage

The types of leakage are classified according to the infrastructure elements in
WDN: s to:

1- Main bursts or pipe fracture

It is the catastrophic pipe failure occurs due to pipe corrosion, unstable or
excessive pressure, ground movement or combination of these factors. This type of water
loss is reasonably detectable because it appears to the surface usually faster than the other
types, also causes a sudden drop in pressure inside WDN.

12
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2- Crack

It is a mechanism of pipe failure which happens due to peripheral or longitudinal
failure such as pipe deterioration or ground movements. It may be undetected for some
time, but it is generally definite and of high audible frequency.

3- Pinhole

It has the form of leaks that are small circular failures in rigid pipelines. It is
formed generally due to the corrosion caused by the lack of protective procedures, or the
stress of stones after poor backfill during installation. This kind of leak is usually
detectable and generates recognizable noise that differs according to the pressure, pipe
material, and backfill.

4- Seepage

Commonly it is found on deteriorated asbestos cement (AC) pipes where the pipe
wall becomes semi-porous and water escapes slowly. These types of leaks are extremely
difficult to locate as leak noise is minimal.

5- Leakage on packing glands of pumps and valves

These leaks result due to pump deterioration overtime or valve fittings and usually
occur when a valve is used after a long period of inactivity. This leakage is detectable and
can easily be controlled within a short time.

6- Pipe joint leaks

These are widespread types of leakage, especially on older cast iron and AC pipes
where the caulking or joint gasket weakens over time. At the incidents of ground
movement, pipe joints usually bear most of the fatigue and often result in leakage, then a
fracture case. Welded joints on steel pipes are in fact stronger than the pipe itself but are
rarely protected against corrosion after jointing and therefore it is considered as a
vulnerable point of corrosive attack. This type of leakage is generally detectable in
metallic pipes but oppositely it is hard to be recognized in AC pipes due to the difficulty
of noise distinguishing.

7- Leaking service connection pipe

It is the most frequently occurring type of leakage in WDNSs. Between the water
source and customers, there are many changes of pipe size or material at main and service
connection joints, and also at service connection and customer meter joints. These joints
are often weak and with frequent fluctuating pressure they are vulnerable to be
deteriorated causing leaks. Otherwise, service connections are usually placed very closed
to the surface, where they are sensitive to be damaged by traffic load. Leak events at
service connections are detectable and often it is possible to recognize the noise generated
by them.

13
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8- Leaking fire hydrant, air valves, and scour valves

Leakages that occur in main bursts and pipe fracture, crack, leakage on packing
glands of pumps and valves, and leakage on fire hydrants and valves can be included
within reported leaks, while pinholes, pipe joint leakage, and service connection types of
leakage are contained within unreported leaks. Seepage is considered as background
leakage. The background leakage can be minimized by PM techniques or infrastructure
replacement. (Thornton et al. 2008)

2.2.1.2. Factors affecting leakage detection

Leaks are discovered in the field through acoustic sensing instruments. The quality
of any leak detection process depends essentially on six factors as follows:

1- Pressure

Water pressure is the main factor affects the volume, quality of generated noise
accompanying any leakage. Higher pressure leads to higher leakage and therefore higher
noise. Pressure is flow related parameter, i.e. consumption during the day is higher than
night so that pressure is lower during daytime than the nighttime. Based on that, the best
time suggested to search for leaks is 2:00 — 4:00 am when consumption is supposed to be
at the lowest level and over-ground noise is minimum.

2- Pipe materials or pipe size

Pipe materials influence the leak in terms of volume and noise transforming along
the pipe. In the rigid materials, the leaks hole is smaller and noise travels further distance
than in soft materials. On the other hand, metallic materials are protected against
corrosion by many means like bitumen or concrete, these materials are voice absorbers
and hinder the detection of leaks.

3- Types of leaks noise

Valve packing, pinhole leaks, and small fittings produce higher frequency leak
noise than bursts, cracks and some joint leaks. Large leaks generate higher sounds (like
rumble) than smaller leaks (like hissing).

4- Backfills over the pipe

The presence of cavities in the medium over the pipe lessens the transmission of
leak sound, Therefore, sandy soils and asphalt conduct noise better than clay or concrete.

5- Soil moisture

Raising water in the soil minifies the transmission of leakage noise. Backpressure
is created against the leak origin by the saturated soil.
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6- Sources of interference with leak noise.

Rather leaks noise many sounds can be generated by other sources like generators,
compressors, traffic, pressure reducing valves, vehicles, air conditioners ... etc. These
sounds contend the leaks noise in any given location and make leak detection more
difficult. (Thornton et al. 2008)

2.2.2.Reducing the runtime of leakage

The speed-and-quality-of-repair is one of four intervention tools affect the
controlling of leakage in any water distribution network (Figure 2.6). The runtime of any
leak consists of three elements as illustrated in Figure 2.7; awareness time (AT), location
time (LT), and repair time (RT). Awareness time is counted from the start of the leak to
the point of time when leakage is recognized by the operator, its period depends on the
level of work under active leakage control program (ALC) and DMA system. Location
time is the time used for pinpointing the position of the leak just after being concerned.
Repair time begins at the instants when the leak location is detected to the stage when
leakage is stopped at that location, (Thornton et al. 2008). Figure 2.7 presents the effect
of the runtime of leakage on the total volume of lost water, it is shown that low flow leaks
for long period produce more leakage volume than the apparent bursts.

T

ressure
Management

Active Leakage
Control
(ALC)

Speed and quality
of Repair

Pipe material
management:
selection,
installation,
maintenance,
renewal,
replacement.

Figure 2.6. The four essential leakage management techniques, (Pilcher et al. 2007)
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Figure 2.7. The effect of runtime on the volume of leaked water, (Pilcher et al. 2007)
2.2.3. The concept of the discrete meter area (DMA)

The use of DMA principle for management of water supply systems serves in
better water losses reduction in terms of lessening the awareness time of leaks. Also, it
improves the schedule of ACL program through prioritizing the leaks survey activity to
the areas which have the highest level of losses. The awareness time of leakage is reduced
by minimum nighttime flow (MNF) analysis of each DMA, therefore leak events can be
recognized.

The concept of the economic level of leakage (ELL) is very useful for leakage
management within any DMA. ELL is affected by many factors like the cost of water
production and personnel or equipment costs used in leak detection. Economic level of
leakage is a term describes the point in which the production of 1 m® of water has the
same cost of reducing 1 m® of water losses (Giilaydin 2017).

The main concept of DMA is dividing the water supply system into smaller
sections by physical valving or other factors like variable topography and are provided
with water by a limited number of feeds (one or more). Each sector is usually quite large
with multiple feeds; thus, the localized hydraulic problems are usually not generated due
to valve closures. Then at each feeder point there is metering unite records periodically
flow, pressure, and/or any quality related parameters of the water provided to DMA (Kara
et al. 2015), as shown in Figure 2.8. Sectorization of WDNs which are fed by natural
gravity sources usually sectorize by ground level, while WDNSs fed by pumps usually
sectorize according to levels of elevated tanks or storages (Thornton et al. 2008).
Installation of DMAs in any water supply system provides mainly two values:

1- Assists the operators of WDNSs to identify the occurrence of unreported leaks through
MNF analysis. Therefore, leak detection efforts can be prioritized.

2- Enabling water utility to manage the pressure WDNSs at an optimum level (Thornton
et al. 2008) (Wright et al. 2014).
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Figure 2.8. DMA layout and the flow meters, pressure meters, and the pressure reducing
valves (PRVs) at each feeder point, copied from (Kartakis et al. 2015)
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2.2.3.1. DMA monitoring and data analysis

For the purpose of monitoring flow and pressure within each DMA, there are
several options such as:

1- Real-time data transmission

The SCADA systems are the most common technique used for online monitoring
and controlling of whole elements in water supply systems like pumping station, reservoir
sites, pressure reducing valves (PRV), treatment facilities, security, video transmission,
and water quality, e.g. Antalya city (Kara et al. 2015).

Real-time monitoring is suitable if the utilities look forward to speedy response
to the appearing leak or main break in DMA. Since most of the leaks slowly emerge and
small in volume at first, they are not identified at moment. Therefore, it is important to
transfer the collected data of these DMAs periodically (e.g. daily) rather than online
transferring. For water distribution systems with commonly slowly coming out leaks, the
best economical frequency of data collection is once per day (Thornton et al. 2008).

2- Data transmission through GSM telemetry

As a second choice of DMA data monitoring method, the flow and pressure
recorded at the feeder point of each DMA are sent periodically (daily, weekly, monthly)
by global system for mobile communications (GSM) via short message service (SMS).
The advantage of this option is that the capital cost is very low (Thornton et al. 2008).

3- Manual data collection

It is the method of lowest cost of installation since there is no automated
communication system required. This approach needs an employee to visit the equipment
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periodically. This provides the advantage of frequent visual checks in the field, but the
disadvantage is the time and cost ineffectiveness (Thornton et al. 2008).

2.2.3.2. Minimum night-time flow (MNF) analysis

The best analysis of DMA’s data is to perform MNF analysis. It stands for the
least legal consumptions occurs at the nighttime hours, so that if the legitimate night flow
(LNF) is known then MNF = LNF + water losses. In urban areas, MNF usually occurs
between 2:00 — 4:00 a.m. MNF analysis is useful for both real losses estimation and
prioritizing of leakage detection efforts. Five kinds of data have to be collected for MNF
analysis; Length of mains, number of service connections, number of household
properties, number and types of nonhousehold properties, and legitimate nighttime
consumption. LNF composed of three elements; exceptional night use of water,
nonhousehold and household night demand. A leakage modeling for 24 hours based on
minimum night flow is shown in Figure 2.9.
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Figure 2.9. Leakage modeling based on MNF, (Pilcher et al. 2007)
2.2.3.3. Impact of DMA on water quality management

Although DMASs have been successfully implemented for water losses reduction
in many case studies, it has introduced major operational constraints which influence the
quality of water. As a case study of the water company in the United Kingdom (UK), it
is found that at one-third of dead-ends resulted in DMAs were defined as discoloration
events (Armand et al. 2015).

Sectorization of WDNs to DMAs includes the constant closure of valves in order
to achieve a cost-effective leakage management and make pressure control simpler.
Armand et al. (2018) state that DMAs may affect the overall quality of water and escalate
the discoloration of the water inside the network. Based on this study over 22 DMAS in
the UK, the noticed impact of DMAs on water quality was including:
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- Water age increasing,
- Increasing of dead-ends nodes by %15,
- Reduction of the diurnal velocity of water,

- Arrise in the number of pipes experiencing velocities cause continuous sedimentation
by %12 and intermittent sedimentation by %6,

- Diminution in the length of pipes needing self-cleaning velocity by %18,

- A decrease in the length of pipes suffering reverse flow by %10.
(Armand et al. 2018)

Although the advantages of sectorizing water distribution systems into DMAs for
reduction of water losses, it causes real concerns about chlorination. Water losses
reduction leads to low flow rates and therefore higher water age. That requires higher
chlorine dosing rates to fulfill the relevant chlorine standards in WDN (Akdeniz &
Muhammetoglu 2016).

2.2.4. Pressure management (PM)

Since leakage is a flow driven by pressure, PM represents the most important
method can be performed by water utilities for leakage reduction (Figure 2.6). The
accurate practice of PM reduces the number of burst events, the hidden background
leakage, extends the lifespan of WDN, and in special conditions can cause considerable
reduction in the normal consumption (Mckenzie and Wegelin 2009). Vicente et al. (2015)
specified the forms of consumptions that can be minimized by PM throughout dividing
consumption flow into the pressure-dependent flow and demand driven flow. The
pressure-dependent consumption flow, like irrigation systems, showers, and taps, is the
only component that may be influenced by the PM process. While the customer
consumption, which is a demand driven flow, is affected by PM indirectly.

Pressure management techniques are extending from classical forms like basic
sectorization of the gravity system to advanced PM techniques like automatic control
valves (ACVs).

2.2.4.1. Classical pressure management

Three basic techniques of PM are going to be summarized in this section;
sectorization, pump control and throttled line valves.

Sectorization has been explained in the concept of DMA in upstream sections.
Controlling boundary valves of DMAs is the advanced level of pressure management
which are explained in the next section.

The usage of pump control for controlling the pressure of WDN depends on the
time whenever the pump will be activated or deactivated according to water demand.
Pump control is an effective method of pressure control if the lessened level of pumping
(mainly at night) can still preserve reservoir levels. If pumps are controlled properly with
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variable speed drives, then it can provide a very effective technique of pressure control.
But inversely, if the pump is subjected to upstream valve throttling or water demands over
of the design limits, then it may be operated outside the designed profile of pumping. On
the other hand, insufficient pumps may lead to higher consumption of electricity
(Thornton et al. 2008).

The throttled line valve is the least effective method of the pressure controlling in
WNDN:Ss. Its concept depends on partial closure of gate or butterfly valve at the water feeder
point(s) of the water supply system. Closing valves partially create head loss and pressure
reduction. But also, the method causes insufficient supply of water, i.e. the pressure will
be higher at night when the least pressure is needed and will be lower during the day when
high pressure needed for covering customer water demand (Thornton et al. 2008).

Fixed outlet pressure control devices like conventional fixed outlet PRVs are used
to maintain the flow through valve with lower downstream pressure, as shown in Figure
2.11a. Thus, using the fixed outlet PRV is an advanced technique of PM.

2.2.4.2.Advanced pressure management

In general, WDN is designed to supply water at some agreed level of service to
the customers; i.e. water is provided by which pressure at all nodes in WDN above or
equals the minimum limit agreed to the legislation of each utility. This leads to the
concept of critical point (CP) at WDN. CP is defined as the node belongs to the lowest
pressure in the system at minimum pressure time all over the simulation period (Mckenzie
and Wegelin 2009), or the node which has the highest pressure in the system at maximum
pressure time all over the simulation period (Muhammetoglu and Muhammetoglu 2017).
To apply PM effectively, sensors are installed at CPs to provide the system with feedback
about network efficiency (Vicente et al. 2015). On the other hand, there are other terms
of the level of service like peak hour and off-peak hour water supply, fire-fighting water
flow, time modulated park irrigation ... etc. Pressure management should consider all
these circumstances in WDN. Figure 2.10 illustrates the concept or PM by which pressure
at CP is 20 m at least.

PRV is usually used in WDNSs to control the pressure intelligently for leakage
reduction purposes (Fontana et al. 2017). Water pressure reduction in WDNs can be
accomplished by advanced techniques of pressure control devices like PRV shown in
Figure 2.11; Fixed outlet pressure control, Time-modulated pressure control, Flow-
modulated pressure control, and closed-loop pressure control (Mckenzie and Wegelin
2009). A brief description of each technique and advantages and disadvantages are
summarized in Table 2.3. The appropriate PM method is decided according to available
technical competences and budget.
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Figure 2.10. Keeping pressure at CP on 20m by PM (Mckenzie and Wegelin 2009)
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Table 2.3. Advanced Pressure management techniques (Mckenzie and Wegelin 2009)

Technique  Description Advantages Disadvantages Using
circumstances
Fixed outlet PRV controls - Simple - No - If there are
the max. installation. flexibility to no qualified
pressure at low costs. adapt water personnel to
the inlet of simple operation  pressure by operate and
DMA. and demand maintain the
maintenance. change. additional
assets
Time- Fixed outlet More flexible in - no reaction Useful
modulated system in pressure control.  to sudden where water
addition to Cheaper demand rise, pressures
another electronic e.g. fire- raise up
device for controller than fighting. during the
further the flow- off-peak
pressure modulated periods.
reduction system.
throughout Simple
off-peak operation.
periods. No need to flow
meter.
Flow- Fixed outlet Higher control - more Useful for
modulated system in and flexibility. expensive. fire-fighting
addition to Higher saving in - Requires events.
another flow water losses. properly
meter and Adapt flow for sized meter.
time control fire-fighting. - NOT cost
device effective.
Closed-loop  The pressure The ultimate - The most Useful for
system sensor at CP level of pressure ~ complicated areas where
sends live control. system. flow pattern
data to the Maximum - High chance is not
PRV at the leakage to equipment  constant all
inlet reduction. fails. over the
year, e.g.
touristic
area.

2.3. Hydraulic Modelling of Water Distribution Networks

For efficient control of pressure, hydraulic modeling is an essential tool.
Managing the complex-wide water supply systems and defining the appropriate methods
of PM in any WDN, hydraulic modeling plays a crucial role. Any hydraulic modeling of
any WDN should include all elements like pipes, pumps, reservoir, PRVs, and data of
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water consumption. A proper hydraulic model needs a high level of details about
components of studied WDN, access to all sources of data and outputs which are used as
feedback for pressure control process, keeping the records for future analysis and
improvements, and powerful simulation equipment and tools for extended period
modeling (Mpiana et al. 2017). There are many software programs for implementing the
hydraulic or water quality modeling of WDNs. EPANET is an open source simple
software developed by USEPA for hydraulic and water quality modeling of WDNSs, and
it has been used in studying several case studies and researches such as (Koker and Altan-
Sakarya, 2015) and (Koker and Altan-Sakarya, 2016)

2.3.1. Detecting of CP for PM applications

Since pressure is the dominant cause of leakage in all forms, then it is necessary
to localize the main affecting nodes within WDNSs. The system of DMA can usually cause
higher average pressure and inconsistency of pressure than larger water supply systems
with multiple feeds (Wright et al. 2014).

At the same time, it is necessary for any WDN to provide water service for all
customers with adequate pressure, which is generally 20 — 30 m. Based on that, a concept
of CP was found to sustain the pressure at the minimum level in all water supply systems
including this node where there is a high possibility for pressure to be under minimum
limits.

Without needing to field survey to pinpoint CP, available hydraulic modeling
software can do such mission by simulating the real WDNSs after being calibrated and
verified to be reliable, and also for mimicking the pressure control process (Wright et al.
2014).

In the PSA included in this thesis, the methodology of CP detection is going to be
illustrated experimentally on real WDN.

2.4. Case Studies

Application of hydraulic modeling principles in water distribution networks
assists in the mission of decision makers of water utilities worldwide. Especially in the
subject of water losses modeling there are several studies implemented, herein some of
them:

Schwaller and van Zyl (2014) modeled the leakage through a large number of
randomly distributed leaks in the studied WDN. The aim of the study was to specify if
the determined pressure exponent in the field studies can provide the same behavior in
the model. Leaks were modeled individually using the FAVAD equation which assumes
that pressure and leak area are linearly related. The study found out that mean leakage
exponent was around 1 in large water supply systems, and its value is strongly affected
by system pressure.

Apulian network in Italy consists of 23 nodes and a reservoir. The WDN need
total water demand of 225.6 L/s, while the leakage was estimated to be %25 of demand.
Modeling of both demand and leakage was implemented as uniformly distributed along
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pipe length. Moreover, a correction of pipe’s roughness coefficient has been applied
based on the effect of topology in the case study. That effect can be described such that
topology simplification creates the distortion in momentum losses which leads to the
wrong simulation of leakage. The WDN of the studied area was performed by EPANET
and both leakage and demand were considered as uniformly distributed along pipe length
with one improvement of the hydraulic resistance correction procedure. Without the
correction, the modeled leakage was underestimated (Liu & Yu 2014).

Costanzo et al. (2014) have used the hydraulic modeling in the detection of leaks
position in a real WDN in Amantea, Italy. A network containing 39 nodes, 55 pipes, and
a reservoir has been modeled. The pipes roughness coefficients have been calibrated in
the model by trial-and-error. The study concluded that there is a high possibility to find
out the leaks in a real WDN using the calibrated model, but this is dependent on the
quality of observed data.

EPANET software has been used in leak localization within one DMA of
Barcelona WDN under real leak scenario. The DMA contains 3377 nodes and 3442 pipes
supplied with water from two inlets. The inlets and six random selected inner nodes within
the DMA are connected with pressure and flow sensors, these sensors are integrated with
SCADA central station. The sensors record and send the measurements of pressure and
flow every 10 minutes to SCADA, then these records are transferred to the EPANET
model in a process of online modeling of the studied DMA. The model is calibrated and
verified based on the data sent from sensors. As a result of the online modeling of DMA
of Barcelona WDN, the effectiveness and robustness of using modeling in leak
pinpointing have been emphasized through the satisfactory results of real faults scenario
(Ramon et al. 2014).

Gomes et al. (2013) have studied the benefits yielded by PM through investigating
the pressure/leakage relationship from existing leaks. The methodology of modeling
depends on the MNF analysis and FAVAD concept. The network which used in the study
consists of 42 pipes, 33 nodes, and a reservoir of elevation equals 177m. The author
supposed that water consumption is pressure-dependent flow with a pressure exponent of
0.5, while leakage exponent has values between 0.5 and 2.5 based on the type and average
system pressure. The results show that PM reduces significantly the water losses, and
with lower influence on water consumption. Mainly the pressure exponent plays an
important role in achieving the benefits of pressures management.

Old Town DMA (Kalei¢i) which is considered as tourism area in Antalya city,
Turkey, has been simulated by EPANET software for the purpose of water supply
management. The area of Old town belongs to highly varying topographic levels and
significant variation of consumption. The study presents a nodal demand estimation
approach for hydraulic modeling of WDNSs. The entrance of DMA is provided with
SCADA unite for monitoring and recording pressure and flow every five minutes. Also,
another 4 pressure loggers were connected with random points inside the DMA. The
results show that the model predictions of pressure were in good agreement with the
measured pressure at each node connected with pressure logger. (Kara et al. 2016)

Another case study in Antalya city has been investigated. For the water loss
management, the water supply system of Konyaalti has been modeled using EPANET
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software. The results of the model showed that some DMAs have high pressure and MNF
throughout a year. Also, the ILI related to the study area was higher than 20 which
indicates a high level of water losses. Based on that, PRV has been installed at one of
DMAs. The optimum pressure level (3.0 bar) has been chosen through the hydraulic
model of the study area. EPANET model showed a high level of reliability through
predicting the water saving of 17 m3h which was so closed value to the average water
saving calculated by MNF analysis (18.7 m®/h). This study proofs that hydraulic modeling
can be used as an accredited tool for water supply management and prediction the results
of applying PM techniques (Karadirek et al. 2012).

2.4.1. Water losses calculations for 32 hours (Kalei¢i — Antalya)

As a part of the research project implemented in Kaleigi WDN (Muhammetoglu
2017), calculations of water losses were done for 32 hours (10:00 02.06.2016 — 18:00
02.06.2016), Table 2.4. The system input volume of every 5 minutes measures was gained
by the SCADA station at the inlet of Kalei¢i DMA. The consumptions and apparent losses
were determined as follows:

- Measures of AMR systems: The consumption of 855 subscribers who are provided with
AMR systems in the study area were measured every 4 hours. Besides that, the
consumption of fire-fighting and Karaalioglu park was monitored hourly for the same
period of study.

- In site measures: There were 48 customers where their consumption was classified as
big level like hotels, motels, stores, schools, ...etc. Also, there were no AMR systems
assigned to these subscribers. The consumption of these customers was read in the site
every 72 hours and converted to 4 hours measures using multipliers determined
according to SCADA data sets.

- The consumption of 192 subscribers was gained from ASAT on monthly basis.
Additionally, there were 300 AMR subscribers of passive status, their water demand
was excluded from the calculations.

- The apparent losses: 8% as flowmeter inaccuracy and 9 m? of unauthorized consumption
at 06:00 a.m. which consumed in a period of 10 minutes every morning.
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Table 2.4. The calculations of water losses for 32 hours (Muhammetoglu 2017)
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June 02 0 o
29-00 — 02-00 432,52 | 176,24 | 94,95 | 271,18 | 21,69 | 0 | 139,64 |5,02% | 32,29%
June 03 0 o
02:00 — 06:00 418,36 | 150,37 | 91,84 | 242,21 | 19,38 | 0 | 156,77 |4,63% | 37,47%
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This short-term water losses investigations aim to show the relation between
leakage flow and consumption flow. The lower the consumption the higher the pressure,
i.e. higher leakage. This can be seen clearly in Figure 2.4. When the consumption was the
least (02:00 — 06:00 June 03) the leakage was at the highest level. The leakage
determination was not implemented under a high level of sensitivity, this leads the
researchers to suggest that the consumption of all subscribers in such a touristic area
should be metered by online AMR system since there is night consumption in Kaleigi
(Muhammetoglu 2017).
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3. MATERIAL AND METHODOLOGY

ASAT is the department responsible for the management of drinking WDNs and
wastewater collection systems of 19 districts in Antalya province. ASAT provides
services for 2,426,356 capita who live in 20,177 km2 (ASAT 2019), and 1,214,752
subscribers with 12,909 km pipes (ASAT 2017). Antalya WDNs are monitored by
SCADA central station owned by ASAT. SCADA system is connected with 110
monitoring stations contain electromagnetic flow meters and pressure loggers for
recording flow and pressure at the inlet of each DMA (Kara et al. 2016).

Geographically, Antalya county mainly consists of five districts; Dosemealti,
Kepez, Konyaalti, Muratpasa, and Aksu, as shown in Figure 3.1. This research study was
applied to a pilot study area (PSA) namely Antalya Kalei¢i. The PSA is a frequently
visited place in Antalya since it combines the historical, natural, and enjoyment aspects
of tourism. As shown in Figure 3.2, Kaleigi is located within Muratpasa district.

3.1. Description of The Pilot Study Area (PSA)

Kaleici WDN was the PSA of a research project for a period of more than two
years. As a part of the project activities, the pressure, flow, and MNF over a period of
more than twelve months were investigated. Within the scope of the project, the
determination of daily and hourly customers water demand, monthly and yearly tables of
SWB, Pls, and ELL was performed. The topographic features of the PSA present highly
varying characteristics, the elevations over its area of 2.5 km? differs between the mean
sea level (MSL) and about 40 m above MSL. Kalei¢i WDN is constructed as DMA, i.c.
it is hydraulically independent of the rest of WDNs in Antalya. The WDN in the PSA is
provided with a monitoring system; at the inlet, there is a SCADA monitoring unit where
system input flow and pressure are recorded every five minutes. Moreover, there are
seven locations, named as pressure measuring points (PMPs), were installed in the field
for recording the pressure at their junctions within the scope of the project as shown in
Figure 3.3. Nevertheless, only five portable pressure loggers were available. The attached
pressure loggers record the pressure every five minutes. The details of the five PMPs
where the pressure loggers were installed are provided in Table 3.1. The majority of water
subscribers in Kaleigi (1394 customer) are connected with automatic meter reading
(AMR) system. The WDN in the PSA contains 12 km of mains and about 7.9 km of
service connections as shown in Figure 3.3. Finally, classical PM and water saving
suggestions were proposed within the research project (Muhammetoglu 2017).

Being noticed that the data sets and some results of that project are the main
references for the calculations implemented in thesis works.
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Figure 3.2. The location of the PSA (Kaleigi) in Antalya county, copied from (Giilaydin
2017)
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Pressure Measuring Points (PMPs)
Point X Y z

SCADA 295549.8360 40847709310 383600
PMP-1 2053279500 4084311.7680 339.050
PMP-2 2055440870 4084464 8790 3335400
PMP-3  293636.1970 4084422.0390 393170
PMP-4 205485.4350 4084702.6460 259020
PMP-5 295377.5900 4084719.7290 219500
PMP-6 2054306040 4084606.7640 21.6000
PMP-7 205214.6220 40846576920 5.7900

Legend

A SCADA

Main Pipes

— S. Connections
- Buildings

@ PMP

0 100 200
— Metre

Figure 3.3. A GIS map of the PSA (Kalei¢i) and its details including the locations of
PMPs (Note: the X, Y, Z coordinates according to UTM system), adapted from
(Muhammetoglu, 2017)
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Table 3.1. Properties of the five PMPs, copied from (Muhammetoglu, 2017)

Stations Model Node level Ground level Asset level
Node ID (m) (m) (m)
SCADA - 38.360 39.360 38.360
PMP-1 S492 31.700 32.700 33.905
PMP-2 S232 32.100 33.100 33.540
PMP-3 S623 37.603 38.603 39.317
PMP-4 S468 24.162 25.162 25.902
PMP-7 S490 5.300 5.300 5.790

3.2. Leakage Modeling Approach

EPANET software has been used to perform the hydraulic modeling of Kaleigi
WDN. The system input flow, which is recorded by SCADA, divides into leakage and
non-leakage flow. The network leakage is determined based on the water balance and
then distributed among the nodes assuming that leakage is uniformly distributed along
the pipe network of the PSA. The non-leakage flow has been distributed to the junctions
as nodal demand follows multipliers patterns. The nodal demand has been determined by
the half-length of the pipes connected to each junction except for the large users namely
a park and a firefighting unit. By this way, both leakage and non-leakage flow rates have
been assumed as uniformly distributed by the pipe length, and hence, each node has two
demands: leakage (pressure dependent) and non-leakage flow (demand-driven). The
leakage at each junction has been predicted by determining the leak coefficients and
predicting the pressure at each node. Thus, the total network leakage rate has been
predicted in space and time.

In EPANET, the actual demand involves both nodal demand (non-leakage flow)
plus flow through emitters (leakage). The flow rate through emitters depends on leak
coefficients, nodal pressure, and pressure exponent as shown in equation (3.1):

q=Cp¥ 3.1)

Where g is the flow rate through the emitter (leak), C'is the leak coefficient, p is the nodal
pressure and yis the leakage exponent (Rossman 2000).

The Leakage exponent is influenced mainly by two factors; the pipe material and
type of flow through leaks. The pipe material defines the size and shape of leakage orifice
and the form of breaks. Also, the shape of the leak specifies the ability of leaks to develop
as the pressure gets higher. The type of orifice flow (laminar, transient, or turbulent flow)
varies by the Reynold number and orifice’s shape (Falls et al. 2011). Leakage exponent
value differs from 0.5 for metal (rigid) pipes to 1.5 for plastic (ductile) pipes to as much
as 3 for more elastic materials (Mckenzie and Wegelin 2009). A value of 1 could be
considered for homogeneous large WDNs with different pipe materials (Falls et al. 2011).

Hydraulically, the more increasing of the non-leakage flow the more decreasing
of nodal pressure and accordingly the less leakage rate (Muhammetoglu and
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Muhammetoglu 2017). By equation (3.1), the leakage rate is modeled at each junction as
a pressure-dependent flow.

Herein, an approach proposed by Cobacho Jordan et al. (2015) for leakage
modeling in space and time by EPANET is going to be presented and used for this
research study. First of all, to perform this approach three parameters are required; total
leakage rate, pipe friction coefficient, and leakage exponent.

In the hydraulic modelling of the WDN by EPANET; leakage exponent is defined
in the defaults to be applied for all junctions, but the leakage coefficient must be assigned
for each junction specifically. Cobacho Jordan et al. (2015) proposed a method for
determining the leakage coefficient assuming that leakage is uniformly distributed by
pipe length. The proposed method supposed that leakage flow through any junction equals
the water flow leaked along the half-length of the pipes connected with that junction. As
shown in Figure 3.4, through each node water flows in two forms; nodal-demand and
flow rate through emitters. In Figure 3.4, (j) denotes junction, (Qgpj) the base-demand at
junction (j), (P;) the nodal pressure, (Cj) the nodal-leakage-coefficient, and (Qj) the
leakage out of junction (j).

The proposed approach simulates leakage in space and time through two stages as
follows; the spatial distribution of flow rate, and calculation of the leakage coefficient at
each junction. This approach has been adapted to the WDN in the PSA.

Qgp;

Q;

Figure 3.4. The scheme of flow through the junction adapted from (Cobacho Jordan et
al. 2015)
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3.2.1. Spatial distribution of flow

The assumption that both leakage and non-leakage flow are uniformly distributed
by pipe length is performed mathematically through this stage. In equation (3.2), (1)
denotes the length of the pipe (i) connected with the junction (), and (1} denotes the sum
of half-length of all pipes connected with the junction (j). (L;) represents the relative
importance of each junction in terms of flow as compared to the total flow of the WDN.
(L) equals the ratio between (1) and the total length of the pipes in the WDN as shown in
equation (3.3).

m;
Li
| = > (3.2)
=1
l: l:
] ]
P I e— T — 3-3
J Z li lnet ( )

3.2.2. Calibration of the emitter discharge coefficients

In this stage, the leak coefficient (C) at each junction is calibrated by an iterative
process. The process starts with the calculation of the leakage coefficient of the whole

WDN (C,E,le)t), as a first iteration, by equation (3.4).

C(l) _ QNet,real
Net — PV
Net

(3.4)

Where Qe rear IS the calculated total network leakage during the simulation period, Puet
is the average pressure of all junctions during the simulation period and vy is the leakage
exponent.

Pnet is used only for the calculation of the network leakage coefficient at the first

iteration (C,f,le)t), its effect on the final calibrated leakage coefficient will be tested in the

later sections.

Knowing both (C,f,le)t) and (L)), the second step is the distribution of the network
leakage coefficient among the junctions for each iteration by equation (3.5).

h h
™ =clo + L (3.5)

Where Cj(h) is the leakage coefficient of the junction (j) at the iteration (h), C,f,';)t is the

network leakage coefficient at the iteration (h) and L; is the relative importance of the
junction () as compared to the whole WDN.

The third step consists in modeling the WDN using the estimated leakage
coefficients over the simulation period. The final step is to calculate the total distributed
leakage as it is predicted by the model (Q\; noqe) TO calculate (QY2, oqer) BY

EPANET, the model of the WDN is run during the same simulation period in two phases.
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In the first phase, the total non-leakage flow is distributed by the relative importance of
each junction, and the estimated network leakage coefficient is distributed to the junctions
as in equation (3.5). The model predicts the (X Qynon-leakage)+(leakage)) at this phase. In the

second phase, only the non-leakage flow is distributed over the junctions, then the model

predicts (X Qynon-leakage))- Finally, (Q,(Vhe)t,model) is calculated as in equation (3.6).

(h) — (h) (h)
Net,model — ZQ(non—leakage)+(leakage) B EQ(non—leakage) (36)
The (Q,(V’?t'model) is compared with the total leakage rate calculated in the field,

e.g. by the SWB, (Qnet reqa:) @ shown in equation (3.7).

h
|Q1(Ve)t,model — Qnetreal| < € (3.7)

For solving an example applied by Cobacho Jordan et al. (2015), they suggest a
tolerance value of € = 0.005, but it is not unique value since it depends on several factors
like the unit of flow, the network size, SIV .. .etc.

The leakage coefficient of the whole WDN for the next iteration (CIE,ZJ{”) is

adjusted based on the difference Q,(\,Z)t’model — Quetrear|» and the sequence is repeated,

from the second step on, until satisfying the convergence criteria. Figure 3.5 presents the
iterative process.

7
(1 _ QNet,real
CNet - pY

Net
\_

A

C(h) Distribution of C'(h) simulation
Net ) 'j
CNet

A

A4

(h)
QNet,mr)del

(h)
QNet,mndg( - QNet,rea[ <E

Figure 3.5. Iterative Process to tune the leakage coefficients, adapted from (Cobacho
Jordén et al. 2015)

3.3. Base Case Study (M1)

The network shown in Figure 3.6 is a hypothetical WDN adapted from (Cobacho
Jordan et al. 2015) which represents a numerical example for applying the proposed
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approach for leakage simulation in space and time. This example has been named by M1
and used as a base case model to test the approach.

1
[
100
P1
6250
N3 P2 N2 P9 N9
27 3100 55 1400 12
P3 P13 P8
1800 3800 4600
N4 P10 N10 P12 Nk
25 2600 12 1500 23
P4 P11 P7
3800 3600 1600
N5 P5 NG P& N7
12 3700 k! 2200 12

Figure 3.6. Water supply network of the base case study (M1) adapted from (Cobacho
Jordan et al. 2015)

The input data set of the base simulation are as follows:

e System input flow = 5,100 m%/day (59.03 L/s),

e Total non-leakage flow = 3500 m*/day (40.5 L/s),

e Total leakage flow = 1600 m*/day (18.52 L/s),

oy=11,

e Pipes roughness, R= 0.1mm (darcy-weisbach equation has been used),

¢ Average network pressure = 40 m (assumed value for starting up the leakage
simulation),

e Properties of junctions and pipes in Table 3.2, and

e Pattern multipliers of the nodal-base-demands in Table 3.3 and Figure 3.7.

e The modelling time-step is 1 hour.

Note: the network is copied from (Cobacho Jordan et al. 2015), with one
correction has been modified by personal communication with the author which is the
base demand of N5 junction as 10.2 L/s instead of 3.4 L/s.
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Table 3.2. Junctions and pipes properties adapted from (Cobacho Jordan et al. 2015)

Node Elevation Base Time Pipe = Length | Diameter
ID (m) Demand Pattern ID (m) (mm)
(LJs)
N2 95 1.1 PAT A P1 6250 300
N3 27 4 PAT B P> 3100 200
N4 25 3.4 PAT C Ps 1800 200
Ns 12 10.2 PAT A Pa 3800 200
Ns 3 4.5 PAT D Ps 3700 80
N7 12 5.6 PAT A Pe 2200 100
Ng 23 3.4 PAT C P7 1600 150
Ng 12 5 PAT D Ps 4600 150
N1o 32 3.4 PATE Po 1400 150
Reservoir 100 P 10 2600 100
P11 3600 80
P12 1500 200
P13 3800 250
Table 3.3. Pattern multipliers of the nodal-base-demands, adapted from (Cobacho Jordan
et al. 2015)
Time |1|2(3|4|5|6|7|8|9]|10(11|12[13(14|15|16|17|18[19(20(21|22|23|24
PAT.A|0.14 |0.11{0.06 |0.06 [0.06 [0.07[0.3 |05 |09 [1.5 |1.8 |22 |23 |24 [1.8 |14 |11 [0.7 [0.7 |05 |09 |17 [1.8 |1
PAT.B |0.08{0.07 |0.04 [0.04 [0.04 [0.05 |0.21 |0.55 |1.06 |1.81 [2.17 |2.55 |2.67 |2.49 |1.72 |1.37 [1.38 |0.91 |0.78 |0.46 |0.67 |1.13 | 1.16 [0.62
PAT.Clo2 |02 [02 |02 |06 0.7 [0.8 1.2 |15 |15 |15 |16 |17 [17 |15 |14 {13 |1 |1 |1 |1 |1 |1 o2
PAT.Dlo [0 [0 o |0 |o o1 |03 |11 |21 |25 |26 |26 [25 |21 |2 |17 [1.3 [0.8 0.7 |06 |05 [0.4 [0.1
PAT.Elo |o o [0 o |0 |o |1 |15 (253 [37 |4 |28 |1 |05 {19 |11 |t [o |0 |o |o |o
a —4— PATA PATB PATC M —tp— PATD PATE
3 4.5
4
2.5 Y
\ 3.5
5 : 5
15 \ /‘\ az.s \\
E / g 2
= 1 s 1.5 ‘
/ \\ / 1 3
0.5 4 k 0.5 \\\
st/ 0 )
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Time (h) Time (h)

Figure 3.7. Pattern multipliers of the nodal-base-demands, a) PATA, PATB, and PATC.
b) PATD and PATE adapted from (Cobacho Jordan et al. 2015)
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Table 3.4 presents the iterative process of calibrating leakage coefficients

numerically. Since pipe P1 is connected with the reservoir, Ix2 involves the full pipe length
of P1 and half-length of the other pipes connected with node N2. The system input flow
rate, total non-leakage flow rate, and the total distributed leakage as it is predicted by the
model during the simulation period are shown in Figure 3.8. The results of each iteration
are numerically summarized in Table 3.5.

Table 3.4. Calibration of the leakage coefficients along with the iterative process

Cret! | Cnet? | Cnet® | Cnet? | Cnet® | Cnet® | Cnet” | Cnet®
Nfge bl | 0.2515 | 0.2514

GGt GGG G GG
N2 | 10400 | 0.260 | 0.0833 | 0.0521 | 0.0677 | 0.0599 | 0.0638 | 0.0657 | 0.0655 | 0.0654
Na | 2450 | 0.061 | 0.0196 | 0.0123 | 0.0159 | 0.0141 | 0.0150 | 0.0155 | 0.0154 | 00154
Ne | 4100 | 0.103 | 0.0328 | 0.0205 | 0.0267 | 0.0236 | 0.0251 | 0.0259 | 0.0258 | 0.0258
Ns | 3750 | 0.094 | 0.0300 | 0.0188 | 0.0244 | 0.0216 | 0.0230 | 0.0237 | 0.0236 | 0.0236
Ne | 4750 | 0.119 | 0.0380 | 0.0238 | 0.0309 | 0.0273 | 0.0291 | 0.0300 | 0.0299 | 0.0299
N7 | 1900 | 0.048 | 0.0152 | 0.0095 | 0.0124 | 0.0109 | 0.0117 | 0.0120 | 0.0120 | 00120
Ne | 3850 | 0.096 | 0.0308 | 0.0193 | 0.0251 | 0.0222 | 0.0236 | 0.0243 | 0.0242 | 0.0242
No | 3000 | 0.075 | 0.0240 | 0.0150 | 0.0195 | 0.0173 | 0.0184 | 0.0190 | 0.0189 | 0.0189
Nio | 5750 | 0.144 | 0.0461 | 0.0288 | 0.0374 | 0.0331 | 0.0353 | 0.0363 | 0.0362 | 0.0362

Table 3.5. The average total distributed leakage rate as it is predicted by the model M1
and the average of (X Qmon-leakage)+(leakage)) OVEr 24 hours at each iteration

teration |9 (Ot aae earese) | A | @
1 63.114 22.509 3.989
2 55.853 15.248 3.272
3 59.650 19.045 0.525
4 57.794 17.190 1.330
5 58.733 18.128 0.392
6 59.195 18.590 0.070
7 59.133 18.528 0.008
8 59.128 18.523 0.003
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Figure 3.8. The system input flow, the non-leakage flow and the summation of the
distributed leakage rate as it is predicted by the model M1, adapted from (Cobacho Jordan
et al. 2015)

Higher non-leakage flow causes reduction of nodal pressure. Since leakage is a
pressure-dependent flow, then the higher non-leakage flow causes a lower leakage rate as
shown in Figure 3.8.

3.4. Assuming that total non-leakage flow is uniformly distributed along each pipe

The base case study (M1) is going to be compared with a scenario (M2), the
differences are in the assumed nodal- demands in M2 and the demand patterns. Generally,
the nodal demand in WDNs cannot be measured in the field accurately. Therefore, an
approach to determining the nodal demand should be used. The basic idea of scenario M2
is assuming that the non-leakage flow is uniformly distributed by the pipe length, and the
base demand of each junction is calculated by the half-length of the pipes. Based on that,
the nodal-demands in the WDN shown in Figure 3.6 can be re-calculated by multiplying
the total non-leakage flow by the relative importance of each junction (Lj). Additionally,
the demand multiplier patterns in M2 are assumed to follow the multiplayer pattern of the
system input flow as shown in Figure 3.9. The methodology used for nodal demand
calculations in this scenario is applicable in certain cases where similar water users, e.g.
domestic, commercial, or industrial, are distributed uniformly along the pipes of the
WDN. Base on that, the methodology used scenario M2 has been applied in the PSA with
corrections related to the high consumption of the park and the fire-fighting unit.

The initial and final values of leakage coefficients and the nodal-base-demands
are presented in Table 3.6. The system input flow, the network non-leakage flow and the
model prediction of the distributed leakage rate as it is predicted by the model are not
different in between base simulation (M1) and scenario (M2) (Figure 3.10). Due to the
assumption used in calculating the nodal demand in M2, the spatial prediction of leakage
rate varies in between (M1) and (M2) as shown in Figure 3.11. At node N6, the predicted
total nodal demand and the non-leakage demand are in the same manner with the system
input flow and network non-leakage flow of models (M1) and (M2). The scenario M2 is
applicable when the nodal-demands in any WDN cannot be measured.
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Figure 3.9. The demand pattern multiplayer for all nodes in scenario M2

Table 3.6. Nodal-base-demands and nodal leakage coefficients in first and last iterations

Node
ID

N2
N3
N4
Ns
Ne
N7
Ns
No
N1o

L

10400 | 0.260

2450
4100
3750
4750
1900
3850
3000
5750

0.061
0.103
0.094
0.119
0.048
0.096
0.075
0.144

Consumption Chet'

40.5 L/s 0.32 0.2391

Base demand Ci
10.54 0.0834
2.48 0.0196
4.16 0.0329
3.80 0.0301
4.81 0.0381
1.93 0.0152
3.90 0.0309
3.04 0.0240
5.83 0.0461

40

Cnet/

¢
0.062244
0.014663
0.024538
0.022444
0.028429
0.011371
0.023042
0.017955
0.034414
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Figure 3.10. The system input flow, the non-leakage flow, and summation of the
distributed leakage rate as it is predicted in a) the base simulation (M1) and b) scenario

(M2)

g

N6

Total nodal demand
——Non-leakage demand

1 eakage demand

—
Lh

—_
[ 2]

Flow (L/s)

Time (h)

b

Flow (L/s)

N6

Total nodal demand
——Non-leakage demand

1 eakage demand

— —
(=) (=] [ 2] Ln

Time (h)

Figure 3.11. The total nodal demand, the non-leakage demand, and the predicted leakage
at node N6 by a) the base simulation (M1) and b) scenario (M2)

3.5. The Sensitivity of Model Input Assumptions on Leakage Coefficients

Three input parameters of the proposed approach for leakage simulation in space
and time are; (i) the average pressure of all junctions in the WDN over the simulation
period, (ii) the leakage exponent, and (iii) the roughness coefficient. The impact of these
parameters on leakage simulation has been investigated using the base simulation (M1)

as follows:

e Impact of the average pressure of the WDN (Pre:) on the final value of leakage
coefficients (Cne#) and hence model predictions.
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e Impact of pipe roughness on the predicted average pressure of WDN (Pres), and the
final leakage coefficients (Cre¢) and hence model predictions.

e Impact of leakage exponent (y) on the predicted average pressure of WDN (Prez), and
the final leakage coefficients (Cned) and hence model predictions.

3.5.1. Impact of the average pressure of the WDN (Pret) 0n Cres and model
predictions

According to equation (3.4), the average pressure of all nodes in the WDN (Pret)
is a required parameter to start the iterative process for calculating the leakage coefficients
at all junctions. In the following analysis, the impact of the assumed Ppe: on the final
value of leakage coefficient (Cne) Will be investigated, two values of Pne: other than the
used one in the base simulation M1 (Pre= 40m) have been tested; Pre~=30m and
Pre=50m.

Table 3.7 exhibits the initial network leakage coefficient (Cret) and the final
coefficient (Cred) under the tested values of (Prer). It can be noticed obviously that Cred
is not affected by the initial assumed Pre: Value which is required for estimating Cre¢ at
the first iteration. If all other parameters (Qnetreaz and y) do not change, a unique value of
Cned Will be achieved after implementing the iterative process. However, convergence is
quicker when the average pressure is taken close to the actual one (e.g. Pre=50m in the
given example).

Table 3.7. The initial and final leakage coefficients under different Pnet Values, and the
average predicted pressure at Cred

Parameter Pre=30m Prec=40m (M1) Pre=50m
Leakage Cneti Cnetf Cneti Cnetf Cneti Cnetf
coefficients 0.439347 gewEyAVy@ (.32 HEOWRyAZys 0.250481 oWy iy

Average predicted 54.62 54.62 54.62

pressure (m)

3.5.2.Impact of pipe roughness on the predicted average pressure of the WDN and
network leakage coefficient (Cned)

The influence of pipe roughness on the predicted nodal pressure and leakage
through emitters has been investigated. Five different roughness coefficients have been
tried namely R=[0.001, 0.08, 0.1, 0.12, 0.2] mm, including the input roughness of M1
simulation (R=0.1 mm). The impact of the variation of roughness coefficient on the
predicted average pressure of the WDN and the calculated final leakage coefficient is
presented numerically in Table 3.8. As it is shown in Table 3.8, the higher value of the
predicted average pressure of the WDN is found against the lower roughness
coefficient, then the predicted average pressure decreases gradually by roughness
increase. By contrast, Cn.¢ showed a direct relation to the roughness, it increases by
roughness increase. Figure 3.12 exhibits the predicted leakage at each junction in the
M1 model under each trial of roughness coefficients.
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Table 3.8. Cret and the predicted average pressure of the WDN at each trial value of
roughness coefficient

Roughness R:1=0.001 R2=0.08 (M1) R4=0.12  Rs=0.2
Coefficient mm mm R3:=0.1 mm mm mm
Network leakage 53,908 | 0249150 0252047 | 0.254773  0.264481
coefficient (Cnet)
Predicted average 58.11 55.18 54,62 54.10 52.32
network pressure (m)
BR=0.001 mE=0.08 EME=0.10 BER=10.2
3
2.5
]
1s
=]
3
V)
=
0.5
0
N2 N3 N4 NS5 N6 N7 N8 NoO N10
Junctions

Figure 3.12. The leakage predicted at each junction under different values of roughness
coefficient

3.5.3.Impact of leakage exponent (y) on the predicted average pressure of the
WDN and Ches

Five trials of leakage exponent have been tested, including the input one (y=1.1),
to investigate its effect on the predicted average pressure of the WDN and Cy.ef. The trials
of the leakage exponent are y=[0.5, 0.88, 1.1, 1.32, 1.4]. The impact of leakage exponent
is shown numerically in Table 3.9. As shown, Cre¢ decreases significantly as the leakage
exponent increases. Conversely, the predicted average pressure of the WDN increases as
the leakage exponent increases. The predicted leakage at each junction in the M1 model
under each trial of leakage exponent is shown in Figure 3.11.
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Table 3.9. Cref and the predicted average pressure of M1 network at each trial of leakage
exponent

(Base) y3
=11
Network leakage — » 756488 0.600892 | 0.252047 | 0.103577 0074869
coefficient (Cned)
Predicted average

network pressure (m)

Leakage exponent y1=0.5 | y2=0.88 v4=132  ys=14

54.28 54.53 54.62 54.69 54.71

Wy=0.5 Wy=0.88 Wy=1.]1 "y=1.32 WMy=14

N2 N3 N4 N5 N6 N7 N8 N9 N10

Junction

Leakage (L/s)
o — o w
L — Lh Lh (5] L

]

Figure 3.13. The predicted leakage at each junction at each trial of leakage exponent.

3.5.4. Discussion on sensitivity analysis of leakage exponent and roughness
coefficient

In the base simulation M1, the pipe roughness coefficient affects the model
predictions of the pressure of the WDN as shown in Table 3.8, but its impact on the model
prediction of nodal leakage is not highly sensitive as shown in Figure 3.12.

By contrast, the leakage exponent affects the model prediction of nodal leakage
as shown in Figure 3.13, but its impact on the model prediction of nodal pressure is not
highly sensitive as shown in Table 3.9.

Nodal leakage prediction is directly related to leakage coefficient and nodal
pressure. Therefore, the sensitivity of nodal leakage prediction to the leakage exponent
and roughness coefficient is shown in Figure 3.14. Additionally, the sensitivity of
pressure prediction to the leakage exponent and roughness coefficient is shown in Figure
3.15.
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Figure 3.14. The sensitivity of the nodal leakage prediction to a) the leakage exponent

and b) the pipe roughness coefficient.
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Figure 3.15. The sensitivity of the average pressure of the WDN to a) the leakage
exponent and b) the pipe roughness coefficient.

3.6. Determination of Yearly SWB in Kaleici WDN

The SCADA station which is found at the inlet of Kaleigi WDN is provided with
a highly accurate electromagnetic flowmeter and pressure logger to measure the SIV and
pressure every 5 minutes, then the records are sent to the SCADA central station of
ASAT. Additionally, the customers in Kalei¢i are well defined and their water
consumptions are recorded monthly by ASAT. Calculations of SWB was made for study
period between May 21st, 2015 to May 21st, 2016 as shown in Table 3.10

(Muhammetoglu 2017).
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Table 3.10. The SWB of Kaleici DMA calculated for one year, May 21%, 2015 - May
21%, 2016, copied from (Muhammetoglu 2017)

Billed Billed metered
Authorized consumption Revenue
consumption | 290,147 m* (% 34,6) water
Authorized Qsa= 290,147 Billed unmetered | 290,147m?
Consumption m? consumption (%34,6)
Qa= 640,820 (% 34,6) 0m’ (% 0)
m?3 Unbilled Unbilled metered
System (% 76,4) Authorized consumption
input consumption 348,729 m? (%41,6)
volume Qua=350,673 | Unbilled unmetered
Qi = m’ consumption
839,288 (%41,8) 1,944 m? (%0,2) NOn-
m? Unauthorized revenue
consumption water
%100 Apparent losses 3 {0
( ) QAL — 54,404 3,294 m (A)0,4) 549’141
Water losses m? _ Customer meter m?
QL = 198,468 (% 6,5) inaccuracies and data | (o465 4)
e ' ’ handling errors
51,110 m® (%6,1)
0 > )
(% 23,6) Real losses Leakage on
QrL= 144,064 transmission and
m3 distribution mains
(% 17,2) 144,064 m* (%17,2)

Each component of the SWB of Kalei¢ci WDN has been calculated as follows:

e System Input Volume Qi: From the electromagnetic flowmeter which installed at the
inlet of Kalei¢ci DMA, SIV is measured every five minutes.

¢ Authorized consumption Qa: consists of billed and unbilled consumptions of water,
each sub-component is determined as follows:

- Billed Authorized Consumption (Qga): since un-metered billed consumption is not
found in Kalei¢ci DMA, then each of Qga and revenue water equals billed metered
consumption. The billed metered consumption includes the water consumed for
commercial, domestic, and other purposes. It is calculated from the records of
customer meters which is read monthly.

- Unbilled Authorized Consumption (Qua) consists of unbilled metered consumption
and unbilled un-metered consumption. The unbilled metered consumption has been
calculated by the monthly records of customer meters. The unbilled un-metered
consumption refers to a park in the Kaleigi area where no flowmeter attached. The
irrigation system of the park consumes 2 m® every day in winter and 5 m? every day
in summer. Besides that, there is an ornamental pool of 15 m® volume and its water
is in a regular empty-fill activity once every week in summer and once every two
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weeks in winter. Based on that, its value was calculated. In the next section, the
SWB tables of Kalei¢i within September 2015 and January 2016 are presented in
Table 3.11 and Table 3.12, respectively. In Table 3.11, the unbilled unmetered
consumption =5 m? x 31 days + 15 m® x 4 weeks = 215 m3/month (in summer). In
Table 3.12, the unbilled unmetered consumption = 2 m*® x 31 days + 15 m® x 2
weeks = 92 m3/month (in winter).

o Water losses (QL = Qi1 — Qa): consists of apparent losses and real losses. Each sub-
component has been determined as follows:

- Two types of apparent losses are found in Kalei¢i DMA, unauthorized consumption
and customers meter inaccuracy.

a. Unauthorized consumption: It has been observed that shopkeepers in the PSA are
using the fire cabinets illegally for cleaning the roads in front of their stores. It has
been found that the period of using firewater illegally is not more than 10 minutes
every morning. The water used for firefighting purposes is not recorded by any
flowmeters. Therefore, this illegal consumption has been calculated by field
investigation of all fire cabinets found near stores and estimating of water flow
through fire pipes. In Kaleici there are 54 fire cabinets are distributed all over the
study area. 15 fire cabinets have been detected as being used illegally. During field
investigations, it has been determined that average water flows through fire pipe is
0.06 m®*min. Based on that, total daily unauthorized consumption = 15 x 0.06
m3/min x 10 min = 9 m%/d.

b. According to qualified personal staff working in ASAT, the inaccuracies of
flowmeters are %8 of their measurements.

e Real losses Qr: there are no tanks in Kaleici WDN. Therefore, the only source of real
losses is the leakage through mains and service connections and the pipe bursts. The
real losses equal the SIV minus the authorized consumption and the apparent losses
(Muhammetoglu 2017).

3.6.1. Monthly SWB Calculations

As it is stated before, the proposed methodology by Cobacho Jordan et al. (2015)
for simulating leakage in space and time requires essentially a predetermined leakage rate
to be distributed to the junctions. Therefore, the SWB which is calculated monthly for
Kaleici WDN by Muhammetoglu (2017) has been used to gain the leakage rate.
Representing summer and winter seasons, two simulation periods have been chosen for
modeling Kaleici WDN and later purposes like calibration of the model, PM application,
predicting nodal pressure and nodal leakage related to any possible scenarios. Indicating
summer, the determined SWB in between August 21 — September 21, 2015 have been
used (Table 3.11). Similarly, the SWB which is determined within the period of
December 21, 2015 — January 21, 2016 has been used for winter (Table 3.12). And for
the verification process, Table 3.13 shows the determined SWB of the period between
May 21 — June 21, 2016.
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Table 3.11. The SWB of Kaleici DMA (August 21 — September 21, 2015), copied from

(Muhammetoglu 2017)
Billed Metered
. consumption Revenue
consumption - %392 5
Qea= 32093 m’ Billed Unme_tered 32093 m
0639.2 consumption
Authorized ' 0 m? % 39.2
Consumption %0
Qa= Unbilled Metered
s i
| Ui | ommte
' Authorizgd % 325
consumption —
Qua= 26797 m? Unbilled
S_ystem % 32.7 Unmeter_ed
input consumption
volume 215 m3
Q= % 0.3
m’ Unauthorized Non-
81855 consumption
9100 579 revetnue
Apparent Losses % 0.3 49\/;/228 ;n3
QaL=4973 m? Customer meter % 60.8
%6.1 inaccuracies and
Water Losses data handling
QL =122965 m? errors
% 28.1 4694 m?
% 5.7
Leakage on
Real Losses transmission and
QrL= 17992 m? distribution
% 22 mains
17992 m3
% 22
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Table 3.12. The SWB of Kalei¢ci DMA (December 21, 2015 - January 21, 2016), copied

(Muhammetoglu 2017)
Billed Metered
consumption Revenue
Billed 16081 m?
Authorized 28.2% water
consumption Billed 5
Qea= 16081 m? Unmetered 16081 m
Authorized 28.2% COI’]S(l)JmE)tIOI’I 28.2%
Consumption 5;}
- 0
41?3A1_m3 Unbilled Metered
72.4% Unbilled consumptlosn
Authorized 25159'm
tion 44.1%
System con_suzrggﬂ 5 Unbilled
input Qua 14,00, m Unmetered
volume i consumption
Q= 92 m?
5711 0.2%
m’ Unauthorized Non-
consumption
100% 279 m’ o
Apparent Losses 0.3% 41\’(\)'2;;113
QaL=3578 m*> | Customer meter 60.8%
6.3% inaccuracies and '
Water Losses data handling
QL=15782 m? errors
27.6% 3299 m?
5.8%
Leakage on
Real Losses transmission and
QrL= 12204 m? distribution
21.4% mains
12204 m3
21.4%
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Table 3.13. The SWB of Kalei¢ci DMA (May 21, 2016 - June 21, 2016), copied from

(Muhammetoglu 2017)
Billed Metered
i consumption Revenue
Au?rlllolficie ; 24658 m? water
consumption - 30.4% 5
Qea= 24658 m’ Billed Unmetered | 24658 m
_ 30.4% consumption
Authorized 0 m3 30.4%
Consumption 0%
Qa= Unbilled Metered
58218 m? . i
71.7% Unbilled e i Non-
Authorlz_ed 41.1% revenue
consumption Unbilled water
System Qua=33560 m? Unmetered 56507 m?
input 41.3% . 69.6%
volume consumption
S e
. (0]
811111?5 Unauthorized
consumption
o 279 m?
100% Apparent Losses 0.3%
QaL=4919 m? Customer meter
6.1% inaccuracies and
Water Losses data handling
QL=122947 m? errors
28.3% 4640 m?
5.7%
Leakage on
Real Losses transmission and
QrL= 18028 m? distribution
22.2% mains
18028 m3
22.2%

3.7. Hydraulic Modelling of Kaleici WDN

The hydraulic model of Kalei¢i WDN was performed using H-W formulae within
the research project of Muhammetoglu (2017) assuming that the system input flow
(including leakage and non-leakage flow) is uniformly distributed along pipe length, and
the nodal-demands were determined by the half-length of the pipe except for two
subscribers of high consumption which are a park and a fire-fighting unit.

In this thesis research, H-W formulae has been used for hydraulic modeling of

Kalei¢ci WDN by EPANET software with dividing the system input flow into leakage and
non-leakage flow and distributing them in space and time. The leakage (physical water
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losses) was determined through the SWB. SIV and pressure at the inlet and the pressure
at each PMP have been recorded every five minutes, therefore, the modeling time-step
has been set up every five minutes. At each junction, the leakage occurs through emitters
and the non-leakage flow is defined by the base-demand at each node and the related
multiplier pattern (Rossman 2000).

The non-leakage flow includes SIV minus the leakage (physical water losses).
Assuming that they are uniformly distributed by the pipe length as applied in scenario
M2, both of the leakage and the non-leakage flow have been distributed by the half-length
of the pipes connected to each junction. Taking into consideration that two junctions have
special nodal demands and patterns. These two junctions are related to water consumption
of a park and fire-defense department in the PSA, their flow measurements were recorded
within model simulation periods, thus, their flows have been assigned directly to their
nodes and the rest of the total non-leakage flow has been distributed over the other
junctions of Kalei¢i WDN.

The approach of spatial leakage simulation, which is proposed by Cobacho Jordan
et al. (2015), assumes that the leakage exponent and the pipe roughness coefficient(s) are
available. The leakage exponent has been assumed to be (y=1) since Kalei¢ci DMA is
considered as a big WDN contains pipes of different types of materials. The pipe
roughness coefficient has been calibrated by a process of trial and error (Muhammetoglu
2017).

3.8. Calibrating The Pipe Roughness Coefficient of PSA

The aim of the calibration is to determine the pipe roughness coefficient. The
calibration process has been carried out for Kalei¢i WDN by comparing the measured
pressure with the predicted pressure at the PMPs at different trials of the roughness
coefficient. The roughness coefficient that reveals the least mean absolute error (MAE)
of pressure will be the calibrated roughness coefficient of all pipes.

The roughness coefficient used in the Hazen-Williams equation is a dimensionless
factor. During the calibration process, the roughness coefficients have been tested over
two stages; in the first stage, the trials of the roughness coefficient are R=[50, 55, 60, 65,
70]. In the second stage, the roughness coefficients are investigated in between the trials
against the least and the second least MAE of pressure to find the exactly calibrated
roughness coefficient as it is going to be shown in the results.

Leakage coefficients have been determined at each trial of the roughness
coefficient as explained in the proposed approach of spatial simulation of leakage. To
start up the iterative process of determining leakage coefficient, the average measured
pressure at all PMPs has been used. Figure 3.14 presents a flowchart of calculating the
MAE of pressure at each trial of the roughness coefficient after determination of the leak
coefficients.
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Figure 3.16. Flowchart for calculating the MAE of pressure at each trial of roughness
coefficient after determination of leakge coefficients

For the model accreditation purpose, two calibration processes of pipe roughness
coefficients have been carried out over two simulation periods. The first simulation period
is 117 hours 30 minutes extends from August 20, 2015, at 12:30 PM to August 25, 2015,
at 10:00 AM and represents the summer season. The other simulation period is 119 hours
20 minutes in the time between January 14, 2016, at 12:10 PM and January 19, 2016, at
11:30 AM and represents the winter season. When the simulation is run, a one day (24-
hours) warming period has been applied at the beginning of the simulation periods. The
data of this warming period is not used for analysis.

To study the prediction capability of the model, two artificial high flow events had
been executed during simulation period by opening a fire-hydrant valve on August 22,
2015 10:15 - 10:50 AM (for 35 min.) and on January 16, 2016 06:14 — 07:05 AM (for 51
min.) (Muhammetoglu 2017).

The calibrated pipe roughness coefficient resulted from the two calibration periods
is calculated by equation (3.8).

_ Rs X Npyps X Nims + Ry X Npypyy X Nipyy
(NPMPS X Nms) + (NPMPW X wa)

(3.8)
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Where:

Rs, Ry are the roughness calibrated for summer and winter seasons, respectively.

Npups, Npupw: are the number of the considered PMP in summer and winter simulation
periods, respectively.

Nms, Nmuw: are the number of pressure measurements at each PMP in summer and winter
simulation periods, respectively.

3.8.1. Calibrating the pipe roughness in the summer season (August 20-25, 2015)

For the summer simulation period, the monthly SWB given in Table 3.11 has been
converted to the SWB during the simulation period as follows:

The SIV (12815.3 m®) has been calculated using the records of SCADA station
found at the inlet of Kaleigi DMA. The recorded system input flow and the recorded
pressure at the inlet are presented in Figure 3.15. The average of recorded flow related to
the park consumption is 31.03 m®h, and for the consumption of the fire-fighting unit is
0.39 m®h. The SWB shown in Table 3.11 provides the water volumes of the other
components of the SWB within August 21 — September 21, 2015. These volumes are
converted for summer calibration simulation period as presented in Table 3.14.

The measured system input flow —— The measured pressure at the inlet
200 50
Hydrant open|
180 45
160 40

—_
| S I
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Figure 3.17. The pressure and flow recorded by SCADA station at the inlet of Kaleigi
WDN, (August 20 - 25, 2015)

32093
31%24

Revenue water = Authorized billed consumption = ( ) X 117.5h = 5068.5 m3

26582
31%24

Authorized unbilled metered consumption = ( ) x 117.5h = 4198 m3

215
31%24

Authorized unbilled un-metered consumption = ( ) x 117.5h = 34 m3
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Authorized unbilled consumption = 4198 +34 = 4232 m3

Authorized consumption = 5068.5 + 4232 = 9300.5 m3

Water losses = SIV — Authorized consumption = 12815.3 — 9300.5 = 3514.8 m3

Unauthorized consumption =9 m3/d x 5 =45 m3

Customer meter inaccuracies = 0.08 x (4198 + 5068.5) = 741.3 m3

Apparent losses = 741.3 + 45 =786.3 m3

Real losses = Leakage = 3514.8 — 786.3 = 2728.5 m3

NRW = SIV — Revenue water = 12815.3 — 5068.5 = 7746.8 m3

Table 3.14. The SWB calculated for calibration process in the summer simulation period.
(August 20, 2015 at 12:30 PM — August 25, 2015 at 10:00 AM)

System
input
volume
Qi =
12815.3
m3

%100

Billed Metered Revenue
Billed consumption water
Authorized 5068.5 m?
consumption % 39.5
Qsa=5068.5 Billed Unmetered 50;§'5
. m?3 consumption
Authorlzgd % 39.5 0 mE) .
Consumption %0 % 39.5
03005 m Unbilled Unbilled Metered
% 72 6 . consumption
puborizes | assom
Qua=4232.0 % 32.8
. ' Unbilled Unmetered
o consumption
%330 34.0 m?
% 0.3 Non-
Unauthorized revenue
consumption water
Apparent 45.0 m? 7746.8
Losses % 0.4 m?
Water Losses QaL=786.3 m? ~ Customer meter % 60.5
QL=3514.8 m’ % 6.2 inaccuracies and data
0% 27 4 handling errors
' 7413 m?
% 5.8
Real Losses | Leakage on transmission
QrL=2728.5 and distribution mains
m3 2728.5 m? (23.22 m3/h)
% 21.3 % 21.3
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The following parameters are the input data for calibrating the pipe roughness by
the model of Kalei¢gi WDN in summer season:

12815.3
117.5

The system input flow of Kalei¢i WDN = ( ) =109.06 m®h

2728.5

The leakage rate in Kalei¢ci WDN = (117 p

) = 23.22 m¥h

The non-leakage flow = 109.06 — 23.22 = 85.84 m%/h

The nodal-base-demand which is assigned directly at the junction of the park = 31.03
mé/h.

The nodal-base-demand which is assigned directly at the junction of the fire-fighting unit
=0.39 m¥/h,

The rest of the non-leakage flow which is going to be distributed uniformly by the half-
length of the pipes as nodal-base-demands to the other junctions = 85.84 — 31.03 — 0.39
=54.42 m3/h.

The average measured pressure at each PMP all over the summer simulation
period is presented in Table 3.15, the PMP-1 was out of order during this simulation
period. Consequently, the initial leakage coefficient of Kaleici WDN is calculated as,

Chee = 2gpreet = 125 = 0.492575 me/h,

Table 3.15. The average measured pressure at each PMP in summer simulation period
(August 20 - 25, 2015)

Parameter PMP-2 | PMP-3 | PMP-4 PMP-7

Average measured

39.01 33.46 48.96 67.13
pressure (m)

Average measured

pressure at all PMPs (m) 47.14

3.8.2. Calibrating the pipe roughness in the winter season (January 14-19, 2016)

For the winter simulation period, the monthly SWB given in Table 3.12 has been
converted to the SWB during the simulation period as follows:

The SIV (9292.05 m®) has been calculated using the records of SCADA station
found at the inlet of Kalei¢i DMA. The recorded system input flow and the recorded
pressure at the inlet are presented in Figure 3.18. The average of recorded flow related to
the park consumption is 25.21 m%h. No recorded consumption of the fire-fighting
department in the winter season. The SWB shown in Table 3.12 provides the volumes of
the other components of the SWB within December 21, 2015 — January 21, 2016. These
volumes are converted for winter calibration simulation period as shown in Table 3.16.
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The measured system input flow —— The measured pressure at the inlet
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Figure 3.18. The pressure and flow recorded by SCADA station at the inlet of Kaleigi
WDN, (January 14 — 19, 2016)

Revenue water = Billed Authorized consumption = (%) 119.333 h = 2579.3 m3
25159
3124

Authorized unbilled metered consumption = ( ) x 119.333 h = 4035.36 m?3

Authorized unbilled un-metered consumption = (%) x 119.333 h = 14.76 m3

Authorized unbilled consumption = 4035.36 + 14.76 = 4050.12 m®

Authorized consumption = 2579.3 + 4050.12 = 6629.42 m®

Water losses = SIV — Authorized consumption = 9292.05 — 6629.42 = 2662.63 m®
Unauthorized consumption = 9 m3/d x 5 = 45 m®

Customer meter inaccuracies = 0.08 x (4035.36 + 2579.3) = 529.17 m®

Apparent losses = 529.17 + 45 = 574.17 m®

Real losses = Leakage = 2662.63 — 574.17 = 2088.46 m®

NRW = SIV — Revenue water = 9292.05 — 2579.3 = 6712.75 m®
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Table 3.16. The SWB calculated for the calibration process in the winter simulation
period. (January 14, 2016 at 12:10 PM — January 19, 2016 at 11:30 AM)

Billed Metered
. . Revenue
Billed consumption water
Authorized 2579.3 m?
consumption % 27.8
QBa=2579.3 Billed Unmetered 25;?'3
R .
Authorized %rg? 8 consggg)tlon
Consumption ' %0 % 27.8
Qa= -
6629.42 m’ Unbilled Unbilled Metered
% 71.3 Authorized consumption
consumption 4035.36 m’
0,
System Qua = 4050.12 %434
input 3 Unbilled Unmetered
|p m ;
volume o consumption
Q= %43.6 14.76 m?
9292.05 % 0.2 Non-
m? Unauthorized revenue
Apparent consumption water
%100 PP 45.0 m?®
Losses 6712.75
~ % 0.6
QaL=574.17 Customer meter m*
Water Losses m’ inaccuracies and data %22
QL = 2662.63 % 6.3 H -
. andling errors
529.17 m?
0,
%281 % 5.7
Real Losses Leakage on
QrL=2088.46 transmission and
m? distribution mains
% 22.4 2088.46 m* (17.5 m3/h)
% 22.4

The following parameters are the input data for calibrating the pipe roughness by
the model of Kalei¢i WDN in winter season:

The system input flow of Kalei¢gi WDN = (%) =77.87 m¥h
The leakage rate in Kalei¢i WDN = (%) =17.5 m%h.

The non-leakage flow = 77.86 — 17.5 = 60.36 m®h
The base-demand which is assigned directly at the junction of the park = 25.21 m%/h.

The rest of the non-leakage flow which is going to be distributed uniformly by the half-
length of the pipes as base-demands to the other junctions = 60.36 — 25.21 = 35.15 m%/h.
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The average measured pressure at each PMP all over the summer simulation
period is presented in Table 3.17. The initial leakage coefficient of Kaleigi WDN, Cj.; =

QNetreal __ 17:5 = 0.361914 m2/h

Pl (48.354)1

Table 3.17. The average measured pressure at each PMP in winter simulation period
(January 14 — 19, 2016)

Parameter PMP-1 | PMP-2 | PMP-3 | PMP-4 PMP-7
Average measured 4209 | 4214 | 3667 | 5121 69.66
pressure (m)
Average measured 48.354

pressure at all PMPs (m)

3.9. Verifying The Calibrated Pipe Roughness Coefficient of PSA

The aim of the verification process is to test the validity of the calibrated
roughness coefficient of Kaleigi WDN through another simulation period. The simulation
period for modeling verification of Kaleigci WDN extends from June 1, 2016, at 12:00
AM to June 6, 2016, at 11:55 PM (144 h). The calibrated roughness coefficient is assigned
to all pipes while verifying the model of Kaleigi WDN, then the MAE of the difference
between the measured and the predicted pressure at all PMPs has been determined.

Table 3.13 shows the monthly SWB related to the verification process which has
been converted to the SWB during the simulation period as follows;

The SIV (16089.4 m®) has been calculated using the records of the SCADA station
found at the inlet of Kaleici DMA. The recorded system input flow and the recorded
pressure at the inlet are presented in Figure 3.19. The average recorded flow related to
the park’s consumption is 24.91 m%/h, and for the consumption of the fire-fighting unit is
0.29 m%h. The SWB shown in Table 3.13 provides the water volumes of the other
components of the SWB within May 21 — June 21, 2016. These volumes are converted to
SWB for the simulation period of the verification process as presented in Table 3.18.
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The measured system input flow —— The measured pressure at the inlet
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Figure 3.19. The pressure and flow recorded by SCADA station at the inlet of Kaleigi
WDN. (June 1 - 6, 2016)

Revenue water = Billed Authorized consumption = (%) 144 h = 4772.5 m3
33345

Authorized unbilled metered consumption = (m

) x 144 h = 6453.9 m3

215
31%24

Authorized unbilled un-metered consumption = ( ) X 144h = 41.6 m3

Authorized unbilled consumption = 6453.9 + 41.6 = 6495.5 m®

Authorized consumption = 4772.5 + 6495.5 = 11268 m?

Water losses = SIV — Authorized consumption = 16089.4 — 11268 = 4821.4 m®
Unauthorized consumption = 9 m%d x 6 = 54 m?

Customer meter inaccuracies = 0.08 x (6453.9 + 4772.5) = 898.1 m®

Apparent losses = 898.1 + 54 = 952.1 m®

Real losses = Leakage = 4821.4 —952.1 = 3869.3 m®

NRW = SIV — Revenue water = 16089.4 — 4772.5 = 11316.9 m®
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Table 3.18. The SWB calculated for the simulation period of the verification process
(June 1, 2016 at 12:00 AM — June 6, 2016 at 11:55 PM).

System
input
volume

Billed Metered
. . Revenue
Billed consumption water
Authorized 4772.5 m?
consumption % 29.7
Qea=4772.5 Billed Unmetered 47;3'5
Authorized m? consumption
uthorize % 29.7 0m’ 0
Consumption % 0 % 29.7
A= .
112(6?8.0 m? Unbilled Unbilled Metered
% 70.0 Authorized o suTpton
consumption o ¢
Qua=6495.5 %401
. Unbilled Unmetered
% 40.4 consumption
' 41.6 m?
% 0.3
Unauthorized Non-
consumption revenue
Alf)ggg: ' 54.0 m? water
QaL=952.1 % 0.3 11316.9
e Customer meter m?
% 5.9 inaccuracies and data % 70.3
Wate_ri‘;;fej s ’ handling errors
QL_O/ 500 898.1 m°
0 %5.6
Real Losses trar%:r?ﬁggr? rf:md
Qre 253869'3 distribution mains
% 24.0 3869.3 m?
' (26.87 m*/h)
% 24.0

The following parameters are the input data for the verification process of the
calibrated pipe roughness by the model of Kaleigi WDN:

The input flow of Kaleigi WDN = (22%) = 111.73 m¥h

The leakage rate Kaleici WDN = ( —

3869.3

) = 26.87 m¥h

The non-leakage flow = 111.73 — 26.87 = 84.86 m*/h

The nodal-base-demand which is assigned directly at the junction of the park = 24.91

m3/h.
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The nodal-base-demand which is assigned directly at the junction of the fire-fighting unit
=0.29 m/h.

The rest of the non-leakage flow which is going to be distributed uniformly by the half-
length of the pipes as nodal-base-demands to the other junctions = 84.86 — 24.91 — 0.29
=59.66 m3/h.

The average measured pressure at each PMP all over the simulation period of
verification process is presented in Table 3.19. The initial leakage coefficient of Kaleigi

WDN, C},, = Hetreat — 2887 _ _ 594285 m2/h

Pl (45.214)1

Table 3.19. The average measured pressure at each PMP during verification simulation
period (June 1 — 6, 2016)

Parameter PMP-1 | PMP-2 | PMP-3 | PMP-4 PMP-7
Average measured 38.69 39.16 33.34 48.20 66.70
pressure (m)
Average measured 45.214

pressure at all PMPs (m)

3.10. Application of Advanced PM

Since Kaleigi contains many tourism aspects, the customers consume water for
different purposes even at nighttime hours, especially in summer season. The verified
roughness coefficient has been applied for all pipes in the hydraulic model of Kaleigi
WDN to be used in application of closed-loop pressure control as an advanced PM
technique by installing the PRV at the inlet and the sensors at the CPs of the WDN in the
PSA. Then, the leakage reduction due to advanced PM application has been predicted
over the two simulation periods; in summer and in winter.

The first step is detecting the CP of the lowest pressure over simulation period and
predicting the excess pressure over the minimum allowable levels there (20 m as
legislated) (Muhammetoglu and Muhammetoglu 2017). Then the pressure at the inlet is
broken at different levels with time in order to keep the pressure at the CP always at 20
m. Finally, the average reduction in pressure and leakage have been calculated. The CPs
of pressure over the maximum legislated level (60 m) have also been investigated before
and after applying advanced PM.

3.11. Scenarios of Leakage Reduction

In the following sub-sections, two scenarios of Kalei¢i WDN have been studied.
In the first scenario, only the non-leakage flow is assumed to be changed by + 25% of its
measured flow. Then, the effect of increasing or decreasing non-leakage flow on leakage
has been studied. The second scenario supposes that only the leakage is reduced to the
ELL. The advanced PM has been applied for each scenario to investigate the leakage
reduction which can be achieved as a result of pressure reduction.
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3.11.1. Scenarios of changes in the non-leakage flow

The impact of changing the non-leakage flow by = 25% on leakage has been
investigated in Kalei¢i WDN in this scenario. The total water consumption increases or
decreases according to several factors such as; the intensity of tourists which is changing
seasonally, the populations who live in the PSA, and using water more wisely for water
saving.

In the components of non-leakage flow, the unbilled un-metered authorized
consumption and unauthorized consumption are assumed not to be changed since they
are related to a pool and irrigation system of a park and approximated consumption of
definite number of fire-water boxes, while the other components are assumed to be
changed by +25%. Additionally, all other factors such as the leakage coefficients, the
leakage exponent, the pressure profile at the inlet and the calibrated pipe roughness are
assumed to be same as in the base simulation. The nodal base-demands at each
assumption of decreasing or increasing the non-leakage flow in the base simulation during
summer and winter simulation periods are presented in Table 3.20 and Table 3.21,
respectively. For each assumption, the summation of non-leakage flow and leakage rate
as it is distributed by the model (ZQjnon-ieakage)+(ieakage)) and the measured pressure at the
inlet are presented in Figures 3.20 & 3.21 for the summer season, and Figures 3.22 & 3.23
for the winter season.

Table 3.20. The assumed increased or decreased volumes of the non-leakage water and
the nodal base-demands in the summer simulation period. (August 20 — 25, 2015)

(1) (2)=(1) x0.75 (3)=(1) x1.25
Base Non-leakage flow Non-leakage flow
simulation | decreased by 25% Increased by 25%
Billed I\/I.etered3 5068.5 38014 6335.6
consumption (m?)
Unbilled Metered 4198.0 3148.5 5247.5
consumption (m?)
Unbilled U(]meter;ed 34.0 340 34.0
consumption (m?)
Unauthorized 45.0 45.0 45.0
consumption (m?)
Customer meter 7413 556 926.65
inaccuracies (m?)
The average flow of
the park (m*/h) 31.03 23.27 38.79
The average flow of
the firefighting (m¥/h) | 032 0.29 0.49
3801.4+3148.5+34+454+556 6335.6+5247.54+34+454+926.6
The rest of the non- £4.4 ( =2 ) |( - )
leakage flow (m°/h) -2327-029=40.99 | -38.79-0.49=67.85
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_2Q(75%Xnon—leakage)+(leakage} —— The measured pressure at the inlet
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Figure 3.20. The pressure measured at the inlet vs. XQ75%xnon-leakage)+(leakage), (AUGUSt

20 — 25, 2015)
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Figure 3.21. The pressure measured at the inlet vs. £ Qy125%xnon-leakage)+(leakage), (AUQUSt

20 — 25, 2015)
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Table 3.21. The assumed increased or decreased volumes of the non-leakage water and
the nodal base-demand in the winter simulation period. (January 14 — 19, 2016)

(1) (2)=(1) x0.75 (3)=(1) x1.25
Exist Non-leakage flow Non-leakage flow
flow decreased by %625 Increased by %25
Billed Metered | 5579 4 1934.5 m? 3224.1 m?
consumption (m?)
Unbilled Metered 3 3
consumption (m*) |4035.36 3026.52m 5044.2m
Unbilled Unmetered |, 76 14.76 14.76
consumption (m®)
Unauthorized |- 45 45.0 45.0
consumption (m?)
Customer meter 3 3
inaccuracies (m?) 529.17 396.88 m 661.5m
The average flow of 3 3
the park (mé/h) 25.21 18.91 m°/h 31.51 m°/h
1934.5+3026.52+14.76+45+396.88 3224.1+5044.2+14.76+45+661.5
The rest of the ngon- 35.15 ( 119.333 ) ( 119.333 )
leakage flow (m?/h) —18.91 = 26.49 —31.51 = 43.82
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45
40
35
30
25
20

Pressure (m)

15
10
5
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Figure 3.22. The pressure measured at the inlet vs X Q75%xnon-leakage)+(leakage), (January

14— 19, 2016)
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Figure 3.23. The pressure measured at the inlet vs X Q125%xnon-leakage)+(leakage), (January
14 - 19, 2016)

3.11.2. Scenario of changes in leakage rate

Giilaydin (2017) has determined the ELL of Kalei¢i WDN. The results of this
study have been used in the current thesis research as a scenario of future levels of water
losses in Kaleici. Once the leakage level is reduced to the ELL, it is highly possible to
observe the consequent rise of leakage level above ELL within the specified DMA.

According to the SWB prepared by Muhammetoglu (2017), the calculated annual
physical water losses (leakage) of Kaleici WDN are 144064 m®/y, which forms %17.2 of
SIV. Giilaydin (2017) has determined ELL of Kalei¢i WDN for the same year. ELL of
Kaleici WDN was determined as 59693.39 m®/y and represents %7.1 of SIV. In other
words, the determined ELL of Kalei¢i WDN within 2015-2016 stand for %41.4 of the
leakage calculated by SWBs within the same year.

In this scenario, the leakage coefficients have been recalculated for a new leakage
flow equals %41.4 of the calculated leakage in summer and winter simulation periods,
i.e. the simulated leakage in summer simulation period = 23.22 x 0.414 = 9.613 m®h and
in winter simulation period = 17.5 x 0.414 = 7.245 m®h. Based on that, the summation
of ELL and non-leakage flow as it distributed by the model (£ Qnon-teakage)+Err)) Will be
less than the measured system input flow of Kalei¢i WDN. The following parameters in
the model are assumed not to be changed in this scenario; the verified pipe roughness
coefficient, the leakage exponent, the non-leakage flow, and the time patterns. After that,
the advanced PM has been applied for predicting the leakage reduction due to the pressure
reduction that can be achieved under the ELL.
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4. RESULTS AND DISCUSSION

Due to the applied 24-hours warming period at the simulation start time, all results
are presented excluded the first day of the simulation period.

4.1. Calibrated Roughness Coefficient
4.1.1. Calibrating the pipe roughness in the summer season

PMP-1 was out of order in the summer season. Table 4.1 and Figure 4.1 show the
MAE of the difference between the predicted and the measured pressure on the four PMPs
while the trials of roughness coefficient are R=[50, 55, 60, 65, 70].

Table 4.1. The model predictions of of Cned, average (£ Qon-teakage)+(leakage)), aVerage
total distributed leakage rate, €, and the pressure MAE against R= [50, 55, 60, 65, 70],
(August 21-25, 2015)

Roughness Average Average total . Pressure
P Cretf (2 Q( non-leakage)+( leakage}) distributed 3 MAE
Coefficient (m¥h) leakage (m?/h) (m°/h) (m)
50 0.560 109.429 23.136 0.034  1.036

| 0.5486 109.436 23.142 0.078 0666

' 0.5410 109.441 23.147 0.073 | 068

65 0.5352 109.446 23.152 0.068 0.883
70 0.5306 109.45 23.156 0.064 1.138
2 1.2 1.138
g LT 1036
=1
% w» 0.883
~
0.8 _—
0.7 0.666 0.68

os m B

R=50 R=55 R=60 R=65 R=70
Roughness Coefficents

Figure 4.1. The pressure MAE at all PMPs against each trail of R= [50, 55, 60, 65, 70].
(August 21-25, 2015)

As shown in Figure 4.1, the least and the second least MAE are found against the
roughness coefficients R= 55 and R= 60, respectively. So that the second stage of
investigating the exact roughness coefficient has been performed on R= [55, 56, 57, 58,
59, 60] as shown in Table 4.2 and Figure 4.2.
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Table 4.2. The model predictions of of Cnet, average (X Qmon-teakage)+(ieakage)), avVerage
total distributed leakage rate, €, and the pressure MAE against R=[55, 56, 57, 58, 59, 60],
(August 21-25, 2015)

Roughness /?Evgr(age Average total c Pressure
non- - -
COfoIC | ent Cnetf leakage)+(leakage)) Ieg;(sat_rleszr:]ea(/jh) (m3/h) I\?Q)E
(m3/h) g
55 0.548571 109.436 23.142 0.078 | 0.666
56 0.546876 109.437 23.133 0.077 | 0.645
0.545306 109.439 23.145 0.075 | 0638 |
58 0.54379 109.440 23.146 0.074  0.642
59 0.542375 109.441 23.147 0.073  0.657
60 0.54099 109.441 23.147 0.073 0.68
= 0.7
= 0.68
0.68
g 0.666
£ 066 0.657
% 0.645
&

[ %]

0.638 0.642
0.64 i :
0.6
R=55

= R=56 R=57 R=58 R=59 R=60
Roughness Coefficents

Figure 4.2. The pressure MAE at all PMPs against each trail of R= [55, 56, 57, 58, 59,
60]. (August 21-25, 2015)

As a result, the exactly calibrated value of the roughness coefficient in summer

season is R= 57 since it corresponds to the least pressure MAE. Figure 4.3 presents the
roughness coefficients related to the least MAE at each PMP.
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Figure 4.3. Against the range of trails R=[52 — 62], the MAE between the predicted and
the measured pressure at a) PMP-2, b) PMP-3, ¢c) PMP-4, d) PMP-7. (August 21-25, 2015)

The measured system input flow and the total of the leakage and the non-leakage
flow distributed by the model (£ Qon-leakage)+(eakage)) are not fully fitted with each other
as shown in Figure 4.4. The flow MAE has been calculated as 1.67 m®/h while the RMSE
has been calculated as 2 m®/h. Figure 4.5 presents the total distributed leakage rate as it
is predicted by the model versus the total non-leakage flow while the roughness
coefficient is 57. Figure 4.6 presents a comparison between the measured pressure and
the predicted pressure at each PMP while the pipe roughness is 57.
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Figure 4.4. The measured system input flow vs. (£ Qon-leakage)+(leakage)) at roughness R=
57, MAE = 1.67m%h and RMSE = 2 m*/h (August 21-25, 2015)
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Figure 4.5. The network non-leakage flow vs. the total leakage rate as it is distributed by
the model at R=57. (August 21-25, 2015)
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Figure 4.6. The comparison of the measured pressure with the predicted pressure at R=57
a) on PMP-2, b) on PMP-3, c) on PMP-4 (August 21-25, 2015)
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Figure 4.6. (Continued) The comparison of the measured pressure with the predicted
pressure at R=57 d) on PMP-7 (August 21-25, 2015)

4.1.2. Calibrating the pipe roughness in the winter season

In the winter season, the pressure was measured at all PMPs. Table 4.3 and Figure
4.7 show the MAE of the difference between the predicted and the measured pressure on
all PMPs while the trials of roughness coefficient are R=[50, 55, 60, 65, 70].

Table 4.3. The model predictions of of Cnet/, average (X Qmon-leakage)+(leakage)), average
total distributed leakage rate, €, and the pressure MAE against R= [50, 55, 60, 65, 70],

(January 15-19, 2016)

Average Average total Pressure
Roughness | ¢ (ZQfmon- distributed €. . MAE
Coefficient ne leakage)+(leakage}) leaka 3/h (m3/h)
(m3/h) ge (m ) (m)

50 0.3909 78.02 17.49 001 = 0.666
85 0.3873 78.02 17.49 0.01 [ 0444
. 60 | 0.3846 78.02 17.49 0.01 | 0437

65 0.3824 78.02 17.49 0.01 = 0531

70 0.3807 78.02 17.49 001 = 0.658
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Figure 4.7. The pressure MAE at all PMPs against each trail of R= [50, 55, 60, 65, 70].

(January 15-19, 2016)

As shown in Figure 4.7, the least and the second least MAE are revealed on the
roughness coefficients R= 55 and R= 60, respectively. So that the second stage of
investigating the exact roughness coefficient has been performed on R= [55, 56, 57, 58,
59, 60] as shown in Table 4.4 and Figure 4.8.

Table 4.4. The model predictions of of Cnet/, average (XQmon-leakage)+(leakage)), average
total distributed leakage rate, €, and the pressure MAE against R=[55, 56, 57, 58, 59, 60],

(January 15-19, 2016)

Average ) Average total
Roughrjess Cood (leakage+ non- distributed € Pressure
Coefficient = "¢ leakage flow) leakage flow | (m3/h) MAE (m)
(md/h) (m3/h)
55 0.3873 78.02 17.49 0.01 0.444
56 0.3867 78.02 17.49 0.01 0.427
57 0.3861 78.02 17.49 0.01 0.419
59 0.3851 78.02 17.49 0.01 0.422
60 0.3846 78.02 17.49 0.01 0.437

7
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Figure 4.8. The pressure MAE at all PMPs against each trail of R= [55, 56, 57, 58, 59,
60]. (January 15-19, 2016)

The exactly calibrated value of roughness coefficient in winter season is R= 58
since it corresponds to the least pressure MAE. The roughness coefficients related to the
least MAE at each PMP are presented in Figure 4.9.
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Figure 4.9. Against the range of trails R= [54 — 66], the MAE between the predicted and
the measured pressure at a) PMP-1, b) PMP-2, ¢) PMP-3, d) PMP-4 (January 15-19, 2016)
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Figure 4.9. (Continued) Against the range of trails R= [54 — 66], the MAE between the
predicted and the measured pressure at €) PMP-7 (January 15-19, 2016)

The non-fully fitted curve of X Qpmon-leakage)+(eakage) With the measured system
input flow is shown in Figure 4.10. The flow MAE has been calculated as 1.113 m%nh
while the RMSE has been calculated as 1.286 m®/h. Figure 4.11 presents the total
distributed leakage rate as it is predicted by the model versus the total non-leakage flow
while the roughness coefficient is 58. Figure 4.12 presents a comparison between the
measured pressure and the predicted pressure at each PMP while the pipe roughness is
58.

Measured system input flow —— X Qpnon-leakage)+{leakage)
130 Hydrant open
120
110
= 100
Z 99
E
2
= 80
70
60
50
15/01/2016 16/01/2016 17/01/2016 18/01/2016 19/01/2016

Date

Figure 4.10. The measured system input flow vs. (X£Qmon-teakage)+(leakage)) at roughness
R= 58, MAE = 1.113 m%h and RMSE = 1.286 m®h (January 15 - 19, 2016)
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Figure 4.11. The network non-leakage flow vs. the total leakage rate as it is distributed
by the model at roughness R=58. (January 15 - 19, 2016)
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Figure 4.12. The comparison of the measured pressure with the predicted pressure at
R=58 a) on PMP-1, b) on PMP-2 (January 14 - 19, 2016)
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Figure 4.12. (Continued) The comparison of the measured pressure with the predicted
pressure at R=58 c¢) on PMP-3, d) on PMP-4, e) on PMP-7 (January 14 - 19, 2016)
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4.1.3. The calibrated pipe roughness coefficient of the PSA

The calibrated pipe roughness coefficient of Kaleici WDN which is resulted from
the two simulation periods is considered as the weighted average of the calibrated
roughness in summer and winter seasons. Considering the warming period of 24 hours,
the number of pressure measurements at each PMP within summer and winter simulation
periods are 1122 and 1144, respectively. The calibrated pipe roughness coefficient of
Kalei¢ci WDN has been calculated by equation (3.8) as:

_57*1122*4+58*1144*5_576
B 1122 %4+ 1144 x5 o

The verification process of the calibrated roughness is presented in the next section.
4.2. Verifying The Calibrated Pipe Roughness Coefficient of PSA

In verification of the calibrated roughness, XQon-eakage)+(eakage) iS Not fully
fitted with the curve of the measured system input flow is shown in Figure 4.13. The flow
MAE has been calculated as 1.962 m*/h and the RMSE has been calculated as 2.204 m®/h.
The total distributed leakage rate as it is predicted by the model versus the total non-
leakage flow, while the roughness coefficient is 57.6, are presented in Figure 4.14. Figure
4.15 presents a comparison between the measured pressure and the predicted pressure at
each PMP while the pipe roughness is R= 57.6.

Measured system input flow —— ZQfnon-leakage)+{leakage)
150

140

—_
L¥5]
]

120

—
—
[

Flow (m3/h)

100
90

80
02/06/2016 03/06/2016 04/06/2016 05/06/2016 06/06/2016 07/06/2016

Date

Figure 4.13. The measured system input flow vs. £ Qon leakage)+(leakage) at roughness R=
57.6, MAE = 1.962 m*/h and RMSE = 2.204 m%h (June 1 — 6, 2016)
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Figure 4.14. The network non-leakage flow vs
by the model at roughness R=57.6, (June 1 - 6,
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Figure 4.15. The comparison of the measured pressure with the predicted pressure at
R=57.6 a) on PMP-1, b) on PMP-2 (June 1 - 6, 2016)
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Figure 4.15. (Continued) The comparison of the measured pressure with the predicted
pressure at R=57.6 ¢) on PMP-3, d) on PMP-4, e) on PMP-7 (June 1 - 6, 2016)

Applying the calibrated roughness (R= 57.6), the model determination of Cred,
the average XQqnon-leakage)+(leakage), average total leakage flow, €, and the MAE of the
difference between the measured pressure and the predicted pressure at all PMPs are
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presented in Table 4.5. The MAE of pressure against R=57.6 is acceptable for the model,
therefore, the roughness coefficient of 57.6 is verified for the hydraulic modeling of
Kaleigi WDN.

Table 4.5. Against R= 57.56, The model predictions of Cred, average ZQpmon-
leakage)+(leakage), average total distributed leakage flow, €, and the pressure MAE, (June 1
— 6, 2016)

Parameter Model determination
Chred 0.634

Average X Qpon-leakage)+{leakage) (M) 111.55

Average total distributed leakage flow (m®/h) 26.93

g (m%/h) 0.060

Pressure MAE (m) 0.659

4.3. Discussing The Calibration and Verification of Roughness Coefficient

A common result appeared during calibrating and verifying the pipe roughness
coefficients of Kaleigi WDN that the model predictions of X Qmon-teakage)+(ieakage) IS NOt
fully fitted with the measured system input flow. That is due to the assumption that
leakage is uniformly distributed by the pipe length, while it is not in reality.

It is found in the first stage of calibration process in summer and winter simulation
periods that the least and the second least pressure MAE was revealed at R= 55 and R=
60, respectively. In the second stage, the calibrated roughness coefficient which reveals
the least pressure MAE during summer and winter simulation period has been found in
the range R=[55 - 60]. Thus, it was not necessary to investigate the calibrated roughness
outside this range.

Although the roughness coefficient (R=57.6) has been verified for modeling
Kalei¢ci WDN by showing acceptable MAE, it has not revealed the least pressure MAE.
Figure 4.16 shows that the least pressure MAE of all PMPs is revealed at roughness
coefficient of R=60 during the simulation period of the verification process. But the MAE
against R=57.6 still acceptable.

0.85

0.8
0.75 0.732

0.7 0.68

0.802

0.65 0.622  g,614 0.619

. ]
0.55 - - I B NN e I

R=55 R=56 R=57 R=57.56 R=58 R=59 R=60 R=61
Roughness Coefficents

Pressure MAE (m)

Figure 4.16. The MAE between the predicted and the measured pressure at all PMPs
against each trail of R=[55, 56, 57, 57.56, 58, 59, 60, 61]. (June 1 — 6, 2016)
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4.4. Applying Advanced PM

The closed loop pressure control as an advanced PM technique has been applied
on the WDN in the PSA during summer and winter simulation periods.

4.4.1. In the summer season (August 21 — 25, 2015)

For the summer season, the model determined the location of the CP which has
the least predicted pressure in Kalei¢i WDN as illustrated in Figure 4.17 at node number
270, CP (P270). The predicted pressure at the CP (P270), the predicted excess pressure,
and the minimum allowable pressure (20 m) prior to advanced PM application are shown
in Figure 4.18. The predicted pressure downstream of PRV versus the pressure measured
upstream of PRV at the inlet of Kalei¢ci WDN are presented in Figure 4.19. Figure 4.20
shows the predicted broken pressure by the PRV at the inlet.

P372 5698

5372

&

Figure 4.17. The location of the CP related to the least predicted pressure in the PSA
during summer season. CP (P270), on 22.08.2015 at 10:45 — 11:00 AM; min. pressure =
22.91 m, system input flow = 177.5 m%h and pressure upstream PRV = 31.93 m

Pressure
23.00
30.00
35.00
40.00

m
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Predicted pressure profile at P270 prior to PM
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Figure 4.20. The predicted broken pressure by the PRV. (August 21-25, 2015)

The maximum predicted pressure at all nodes before and after applying the
advanced PM in the summer season is shown in Figure 4.21. The maximum pressure was

predicted as 79.91

m at node (P253) before applying advanced PM, while the maximum

predicted pressure at (P253) after applying advanced PM is 60 m. The predicted reduction
of the average network pressure and average leakage due to advanced PM application
within the summer simulation period are summarized in Table 4.6.

Pressure
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S0.00
80.00

m

Pressure
20.00
30.00
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m

Figure 4.21. The maximum predicted pressure at all nodes in Kaleici WDN a) before
advanced PM application, b) after advanced PM application during summer simulation

period
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Table 4.6. The predicted average network pressure reduction and average leakage
reduction in Kaleigi WDN during the summer simulation period. (August 21-25, 2015)

Status Before Ad_van_ced After Ad\_/anged
PM Application PM Application
Average Network Pressure (m) 41.2 28.6
Average Pressure reduction (m) 12.6
Min. Network Pressure (m) 22.91 \ 20
Min. Pressure reduction (m) 291
Max. Network Pressure (m) 79.91 | 60
Max. Pressure reduction (m) 19.91
Average X Q non-teakage)*(leakage) (M*/h) 109.47 | 102.65
Average Leakage m3h 6.82
Reduction m3/month 5074.08

4.4.2. In the winter season (January 15 — 19, 2015)

To apply advanced PM during winter simulation period, the model determined the
location of the CP which has the least predicted pressure in Kaleigi WDN as illustrated in
Figure 4.22 at node number 704, CP (P704). The predicted pressure at the CP (P704), the
predicted excess pressure, and the minimum allowable pressure (20 m) prior to advanced
PM application are shown in Figure 4.23. The predicted pressure downstream of PRV
versus the pressure measured upstream of PRV at the inlet of Kaleigi WDN are presented
in Figure 4.24. Figure 4.25 shows the predicted broken pressure by the PRV at the inlet.

Pressure

28.50
28.75
29.00
29.25

Pressure

Figure 4.22. The location of the CP related to the least predicted pressure in the PSA
during winter season. CP (P704), on 15.01.2016 at 12:00 AM; min. pressure = 28.86 m,
system input flow = 89.44 m%/h and pressure upstream PRV = 32.05 m
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Predicted pressure profile at {P704 xior to PM
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Figure 4.23. The predicted pressure at the CP (P704), the predicted excess pressure, and
the minimum allowable pressure level prior to advanced PM application, (January 15 -

19, 2016)
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Figure 4.25. The predicted broken pressure by the PRV. (January 15-19, 2016)

The maximum predicted pressure at all nodes before and after applying the
advanced PM in the winter season is shown in Figure 4.26. The maximum pressure was
predicted as 80.61 m at node (P253) before applying advanced PM, while the maximum
predicted pressure at (P253) after applying advanced PM is 59.91 m. The predicted
reduction of the average network pressure and average leakage due to advanced PM
application within the winter simulation period are summarized in Table 4.7.

b
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m m

Figure 4.26. The maximum predicted pressure at all nodes in Kalei¢i WDN a) before
advanced PM application, b) after advanced PM application during winter simulation
period
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Table 4.7. The predicted average network pressure reduction and average leakage
reduction in Kaleigi WDN during the winter simulation period. (January 15-19, 2016)

Status Before Adyan_ced After Ad\_/anged
PM Application | PM Application
Average Network Pressure (m) 43.77 28.87
Average Pressure reduction (m) 14.9
Min. Network Pressure (m) 28.86 \ 20
Min. Pressure reduction (m) 8.86
Max. Network Pressure (m) 80.61 | 59.91
Max. Pressure reduction (m) 20.7
Average X Qpnon-teakage)+(ieakage) (M°/h) 78.01 | 72.22
. m/h 5.79
Average Leakage Reduction 3month 430776

4.5. The Effect of Changing Non-Leakage Flow By +%25 on The Leakage Rate

The impact of changing the non-leakage flow by +25% on the flow of leakage in
Kalei¢ci WDN during the summer and the winter simulation periods are shown in Figure
4.19 and Figure 4.20, respectively. As presented in the figures, the less non-leakage flow

the more leakage rate found in the WDN in the PSA.
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Figure 4.27. The effect of changing the non-leakage flow by £25% on the leakage rate in

Kalei¢i WDN during the summer season (August 21 — 25, 2015)
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Figure 4.28. The effect of changing the non-leakage flow by +25% on the leakage rate in
Kaleigi WDN during the winter season (January 15 — 19, 2016)

4.6. Advanced PM Application on Changing The Non-Leakage Flow by +%25 in
Summer Season

Advanced PM has been applied on each assumption of changing the non-leakage
flow by +25% during the summer simulation period as follows:

4.6.1. Assuming a reduction of the non-leakage flow by %25

The model determined the location of the CP which has the least predicted
pressure in Kaleici WDN as illustrated in Figure 4.29 at node number 704, CP (P704).
The predicted pressure at the CP (P704), the predicted excess pressure, and the minimum
allowable pressure (20 m) prior to advanced PM application are shown in Figure 4.30.
The predicted pressure downstream of PRV versus the pressure measured upstream of
PRV at the inlet of Kaleigci WDN are presented in Figure 4.31. Figure 4.32 shows the
predicted broken pressure by the PRV.
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Figure 4.30. The predicted pressure at the CP (P704), the predicted excess pressure, and
the minimum allowable pressure level prior to advanced PM application, assuming
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Figure 4.31. The pressure measured upstream of PRV vs. the predicted pressure

downstream of PRV, assuming -25% decrease of non-leakage flow. (August 21 - 25,
2015)
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Figure 4.32. The predicted broken pressure by the PRV, assuming -25% reduction of the
non-leakage flow. (August 21-25, 2015)

Assuming non-leakage reduction by 25%, the maximum predicted pressure at all
nodes before and after applying the advanced PM is presented in Figure 4.33. The
maximum pressure was predicted as 80.29 m at node (P253) before applying advanced
PM, while the maximum predicted pressure at (P253) after applying advanced PM is 59.9
m. The predicted reduction of the average network pressure and average leakage due to
advanced PM application are presented in Table 4.8.
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Figure 4.33. The maximum predicted pressure at all nodes in Kaleici WDN a) before
advanced PM application, b) after advanced PM application, assuming -25% reduction of
the non-leakage flow. (August 21-25, 2015)

Table 4.8. The predicted average network pressure reduction and the average leakage
reduction, assuming -25% reduction of the non-leakage flow, (August 21 - 25, 2015)

Status Before Advanced | After Advanced
PM Application | PM Application
Average Network Pressure (m) 42.35 28.92
Average Pressure reduction (m) 13.43
Min. Network Pressure (m) 26.07 | 20
Min. Pressure reduction (m) 6.07
Max. Network Pressure (m) 80.29 | 59.9
Max. Pressure reduction (m) 20.39
Average ZQ(75%Xnonfleakage)+(Leakage) 88.74 81.44
(m/h) ' '
3
Average Leakage Reduction m3;nmghnth 5 47?j >

4.6.2. Assuming an increase of the non-leakage flow by %25

In this assumption, the predicted pressure at many junctions in Kaleici WDN were
below the minimum allowable pressure of 20 m (Figure 4.34). Therefore, advanced PM
is not applicable in this situation.

91



EKLER M. BOLBOL

Pressure
20.00
30.00
40.00

50.00 " o o

m MY

Figure 4.34. Junctions in Kalei¢ci WDN have predicted pressure less than 20 m, assuming
+25% increase of the non-leakage flow. (August 21 - 25, 2015)

4.7. Advanced PM Application on Changing The Non-Leakage Flow by +%25 in
Winter Season

Advanced PM has been applied to each assumption of changing the non-leakage
flow by £ 25% during the winter simulation as follows:

4.7.1. Assuming a reduction of the non-leakage flow by %25

The model determined the location of the CP which has the least predicted
pressure in Kalei¢i WDN as illustrated in Figure 4.35 at node number 704, CP (P704).
The predicted pressure at the CP (P704), the predicted excess pressure, and the minimum
allowable pressure (20 m) prior to advanced PM application are shown in Figure 4.36.
The predicted pressure downstream of PRV versus the pressure measured upstream of
PRV at the inlet of Kaleigci WDN are presented in Figure 4.37. Figure 4.38 shows the
predicted broken pressure by the PRV.
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Figure 4.35. The location of the CP related to the least predicted pressure in the PSA
(assuming -25% decrease of non-leakage flow) during winter season. CP (P704), on
15.01.2016 at 12:00 AM; min. pressure = 29.60 M, X Q75%xnon-leakage)+(leakage/~ 69.46

m3/h and pressure upstream PRV = 32.05 m
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Figure 4.36. The predicted pressure at the CP (P704), the predicted excess pressure, and
the minimum allowable pressure level prior to advanced PM application, assuming -25%

reduction in the non-leakage flow. (January 14 —19, 2016)
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Figure 4.37. The pressure measured upstream of PRV vs. the predicted pressure

downstream of PRV, assuming -25% reduction in the non-leakage flow. (January 15 —
19, 2016)
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Figure 4.38. The predicted broken pressure by the PRV, assuming -25% reduction in the
non-leakage flow. (January 15 — 19, 2016)

Assuming non-leakage reduction by 25%, the maximum predicted pressure at all
nodes before and after applying the advanced PM is presented in Figure 4.39. The
maximum pressure was predicted as 81.02 m at node (P253) before applying advanced
PM, while the maximum predicted pressure at (P253) after applying advanced PM is
59.73 m. The predicted reduction of the average network pressure and average leakage
due to advanced PM application are presented in Table 4.9.
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Figure 4.39. The maximum predicted pressure at all nodes in Kaleici WDN a) before
advanced PM application, b) after advanced PM application, assuming -25% reduction in
the non-leakage flow. (January 15 — 19, 2016)

Table 4.9. The predicted average network pressure reduction and the average leakage
reduction, assuming -25% reduction in the non-leakage flow, (January 15 — 19, 2016)

Status Before Ad_van_ced After Ad\_/anged
PM Application | PM Application
Average Network Pressure (m) 44.42 28.91
Average Pressure reduction (m) 15.51
Min. Network Pressure (m) 29.60 | 20
Min. Pressure reduction (m) 9.60
Max. Network Pressure (m) 81.02 | 59.73
Max. Pressure reduction (m) 21.29
Avel’age 2Q(75%Xnonfleakage)+(Leakage) 63.26 57.23
(m®/h) ' '
: m3/h 6.03
Average Leakage reduction 3 month 448632

4.7.2. Assuming an increase of the non-leakage flow by %25

The model determined the location of the CP which has the least predicted
pressure in Kaleigci WDN as illustrated in Figure 4.40 at node number 704, CP (P704).
The predicted pressure at the CP (S704), the predicted excess pressure, and the minimum
allowable pressure (20 m) prior to advanced PM application are shown in Figure 4.41.
The predicted pressure downstream of PRV versus the pressure measured upstream of
PRV at the inlet of Kaleigi WDN are presented in Figure 4.43. The predicted broken
pressure by the PRV is presented in Figure 4.43.
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Figure 4.40. The location of the CP related to the least predicted pressure in the PSA
(assuming +25% increase of non-leakage flow) during winter season. CP (P704), on
18.01.2016 at 01:50 PM; min. pressure = 27.81 m, £Qy125%xnon-leakage)+(leakage/~ 117.82
mé/h and pressure upstream PRV = 32.65 m
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Figure 4.41. The predicted pressure at the CP (P704), the predicted excess pressure, and
the minimum allowable pressure level prior to advanced PM application, assuming +25%
increase of the non-leakage flow. (January 15 — 19, 2016)
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Figure 4.42. The pressure measured upstream of PRV vs. the predicted pressure

downstream of PRV, assuming +25% increase of the non-leakage flow. (January 15— 19,
2016)
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Figure 4.43. The predicted broken pressure by the PRV, assuming +25% increase of the
non-leakage flow. (January 15 — 19, 2016)

Assuming non-leakage increase by 25%, the maximum predicted pressure at all
nodes before and after applying the advanced PM is presented in Figure 4.44. The
maximum pressure was predicted as 80.15 m at node (P253) before applying advanced
PM, while the maximum predicted pressure at (P253) after applying advanced PM is 60
m. The predicted reduction of the average network pressure and average leakage due to
advanced PM application are presented in Table 4.10.
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Figure 4.44. The maximum predicted pressure at all nodes in Kaleici WDN a) before
advanced PM application, b) after advanced PM application, assuming +25% increase of
the non-leakage flow. (January 15 — 19, 2016)

Table 4.10. The predicted average network pressure reduction and the average leakage
reduction, assuming +25% increase of the non-leakage flow, (January 14 — 19, 2016)

Status Before Ad_van_ced After Ad\_/anged
PM Application | PM Application
Average Network Pressure (m) 43.0 28.8
Average Pressure reduction (m) 14.2
Min. Network Pressure (m) 27.81 | 20
Min. Pressure reduction (m) 7.81
Max. Network Pressure (m) 80.15 | 60
Max. Pressure reduction (m) 20.15
Average Z:Q(l25%><nonfleakage)+(Leakage) 92.72 87.2
(m/h) ' '
: m3/h 5.51
Average Leakage Reduction month 2099.44

4.8. Advanced PM Application on The Scenario of Reducing Leakage to ELL
4.8.1. In the summer season (August 21 — 25, 2015)

The total of non-leakage flow and the ELL flowrate as it is distributed by the
model (£ Qynon-teakage)+(ELL) VEISUS the pressure measured at the inlet of Kaleigi WDN are
presented in Figure 4.45. The model determined the location of the CP which has the least
predicted pressure in Kaleigci WDN as illustrated in Figure 4.46 at node number 270, CP
(P270). The predicted pressure at the CP (P270), the predicted excess pressure, and the
minimum allowable pressure (20 m) prior to advanced PM application are shown in
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Figure 4.47. The predicted pressure downstream of PRV versus the pressure measured
upstream of PRV at the inlet of Kalei¢i WDN are presented in Figure 4.48. Figure 4.49
shows the predicted broken pressure by the PRV at the inlet.
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Figure 4.45. The pressure measured at the inlet vs. X Qon-teakage)+(ELL), (AUQUSt 21 — 25,
2015)
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Figure 4.46. The location of the CP related to the least predicted pressure in the PSA
(assuming ELL) during summer season. CP (P270), on 22.08.2015 at 10:45 —11:00 AM;

min. pressure = 23.78 M, £Qjnon leakage)+ELr= 161.35 m3/h and pressure upstream PRV
=31.93m
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Predicted pressure profile at P270 prior to PM
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Figure 4.48. The pressure measured upstream of PRV vs. the predicted pressure

downstream of PRV, assuming ELL. (August 21 - 25, 2015)
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Figure 4.49. The predicted broken pressure by the PRV, assuming ELL. (August 21-25,
2015)

Assuming ELL during the summer simulation period, the maximum predicted
pressure at all nodes before and after applying the advanced PM is shown in Figure 4.50.
The maximum pressure was predicted as 80.57 m at node (P253) before applying
advanced PM, while the maximum predicted pressure at (P253) after applying advanced
PM is 60 m. The predicted reduction of the average network pressure and average leakage
due to advanced PM application are presented in Table 4.11.
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Figure 4.50. The maximum predicted pressure at all nodes in Kaleici WDN a) before
advanced PM application, b) after advanced PM application, assuming ELL. (August 21-
25, 2015)
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Table 4.11. The predicted average network pressure reduction and the average leakage
reduction, assuming ELL. (August 21 — 25, 2015)

Status Before Ad_van_ced After Ad\_/anged
PM Application | PM Application
Average Network Pressure (m) 41.89 28.32
Average Pressure reduction (m) 13.57
Min. Network Pressure (m) 23.78 | 20
Min. Pressure reduction (m) 3.78
Max. Network Pressure (m) 80.57 | 60
Max. Pressure reduction (m) 20.57
Average X Qpnon leakageq+ELr) (M3/h) 95.64 | 92.72
A | eakage Reducti m3/h 2.92
verage Leakage Reduction 3 month 217248

4.8.2. In the winter season (January 15 — 19, 2016)

The X Qmon-teakage)+ELL) VErsus the pressure measured at the inlet of Kaleici WDN
are presented in Figure 4.51. The model determined the location of the CP which has the
least predicted pressure in Kaleigi WDN as illustrated in Figure 4.52 at node number 270,
CP (P704). The predicted pressure at the CP (P704), the predicted excess pressure, and
the minimum allowable pressure (20 m) prior to advanced PM application are shown in
Figure 4.53. The predicted pressure downstream of PRV versus the pressure measured
upstream of PRV at the inlet of Kalei¢i WDN are presented in Figure 4.54. The predicted
broken pressure by the PRV is shown in Figure 4.55.

2 Qfnon-leakage)*+{ELL) —— The pressure measured at the inlet
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Figure 4.51. The pressure measured at the inlet vs. £Qnon-teakage)+ELL), (January 14 — 16,
2016)
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Figure 4.52. The location of the CP related to the least predicted pressure in the PSA
(assuming ELL) during winter season. CP (P704), on 15.01.2016 at 12:00 AM; min.
pressure = 29.22 M, X Q(non-leakage)+ELL= 78.03 m3/h and pressure upstream PRV = 32.05
m
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Figure 4.53. The predicted pressure at the CP (P704), the predicted excess pressure, and
the minimum allowable pressure level prior to advanced PM application, assuming ELL.
(January 15 — 19, 2016)
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Figure 4.54. The pressure measured upstream of PRV vs. the predicted pressure
downstream of PRV, assuming ELL. (January 15 - 19, 2016)
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Figure 4.55. The predicted broken pressure by the PRV, assuming ELL. (January 15 —
19,2016)

Assuming ELL during the winter simulation period, the maximum predicted
pressure at all nodes before and after applying the advanced PM is shown in Figure 4.56.
The maximum pressure was predicted as 81.08 m at node (P253) before applying
advanced PM, while the maximum predicted pressure at (P253) after applying advanced
PM is 59.83 m. The predicted reduction of the average network pressure and average
leakage due to advanced PM application are presented in Table 4.12.
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Figure 4.56. The maximum predicted pressure at all nodes in Kaleici WDN a) before
advanced PM application, b) after advanced PM application, assuming ELL. (January 15
—19,2016)

Table 4.12. The predicted average network pressure reduction and the average leakage
reduction, assuming ELL. (January 15 — 19, 2016).

Status Before Ad_van_ced After Ad\_/an(_:ed
PM Application | PM Application
Average Network Pressure (m) 44.19 28.76
Pressure reduction (m) 15.43
Min. Network Pressure (m) 29.22 | 220
Min. Pressure reduction (m) 9.22
Max. Network Pressure (m) 81.08 | 59.83
Max. Pressure reduction (m) 21.25
Average X Qpon teakagej+ELL) (M3/h) 67.58 | 65.18
A Leakage Reducti m°/h 24
verage Leakage Reduction S month 1785 6

4.9. Discussing the results of applying advanced PM

Generally, there are common results appear after applying the advanced PM in
Kalei¢gi WDN are summarized as:

- The predicted pressure downstream the PRV shows a noticeable jump during the time
of artificial high flow events (fire-hydrant), this jump indicates the PRV reaction to the
extraordinary water demand by increasing the pressure.

- All the junctions where the predicted pressure was above 60 m before applying
advanced PM showed a predicted pressure after the application of advanced PM less
than or equal 60 m.
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By applying advanced PM, the predicted pressure reduction during summer
season was less than the predicted pressure reduction during winter season. On the
contrary, the average predicted leakage reduction during summer season was more than
the average predicted leakage reduction during winter season (Tables 4.6 & 4.7). The
higher predicted pressure reduction in winter is interpreted through the less system input
flow in winter. The higher average predicted leakage reduction (as a flow) in summer
season is due to the higher average leakage calculated by SWB before applying advanced
PM.

4.10. Prediction of Leakage Flow Spatially

A very important result out of the thesis is that leakage flows could be predicted
spatially, i.e. the leakage at any junction within Kaleigi WDN can be predicted over the
simulation period. For example, Figure 4.57 shows the average pressure of all nodes
Kaleigi network in summer simulation period. The red color indicates the highest pressure
of the system, above 60 m, while aqua color indicates the lowest, with no pressure under
20 m. Leakage is predicted for each junction in the system. Figure 4.58 and Figure 4.59
exhibit the leakage of sample junctions belongs to different pressure with a convergent
leakage coefficient, which are shown in Figure 4.57, during summer and winter
simulation periods, respectively.
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Figure 4.57. Average nodal pressure. (August 20-25, 2015)
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Nodal Leakage Flow - August
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Figure 4.58. The nodal leakage flow of P119, P4126, and P4117. (August 21 - 25, 2015)
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Figure 4.59. The nodal leakage flow of P119, P4126, and P4117. (January 14 - 19, 2016)
4.11. The Effect of The Adopted Scenarios on The Excess Pressure

The total of leakage and non-leakage flow distributed by the model (£Qgmon-
leakage)+(leakage)) has been influenced throughout each scenario of changing the non-
leakage flow or reducing the leakage to the ELL.

The XQmon teakage)+fieakage) 1S INVersely related to the pressure throughout the
junctions. A comparison between the base simulation of Kalei¢i WDN and each scenario
in terms of the excess pressure predicted at the CP during summer simulation period is
presented in Figure 4.60 and Figure 4.61. As shown in Figure 4.60, the pressure increases
if the non-leakage flow reduced by 25% and conversely decreases when the non-leakage
flow increased by 25%. While in Figure 4.61, the predicted excess pressure increased in
the scenario of reducing leakage to the ELL. Similar impacts are also valid for the winter
simulation period. Increasing the pressure in the network leads to increasing the leakage
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and hence applying pressure management leads to significant leakage reduction. The
reverse is also correct when the pressure of the network reduces leading to less leakage.

Base Simulation
Scenario of reducing the non-leakage flow by %235
Scenario of increasing the non-leakage flow by %25
45
40
El 35
2 30
z
M 25
20
15
21/08/2015 22/08/2015 23/08/2015 24/08/2015
Tarih

25/08/2015

Figure 4.60. The excess pressure at the CP in the base simulation
changing the non-leakage flow by + %25, (August 21 - 25, 2015)

and the scenario of
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Figure 4.61. The excess pressure at the CP in the base simulation and the scenario of

reducing leakage to the ELL, (August 21 - 25, 2015)
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5. CONCLUSIONS

The water supply system is one of the fundamental infrastructures for all cities.
Each water utility aims at delivering the freshwater of adequate quality and pressure to
the customers. But the water loss that occurs in the WDN is an essential challenge
encounters the freshwater suppliers. Reducing water losses in any WDN avails in
reducing the needed energy for pumping, treating water, and enlarging the capacity of the
WDN. Therefore, each water supplier must develop water loss management plans to
reduce water loss or maintain it at definite levels. The water loss management programs
begin by determining the SWB components periodically to investigate the components
and the percentages of water consumption against water losses. The physical water losses
(i.e. leakage) constitutes a crucial part of the water losses occurs in any WDN. Leakage
is a pressure-dependent flow and its levels are affected by the water pressure in the WDN.
Therefore, modeling leakage is vital for the management of water losses.

One of the most useful economic techniques for solving the leakage problem in
any water supply system is pressure management (PM). It is applied in both classical and
advanced forms to maintain the pressure at the minimum allowable level at all nodes in
the WDN. The advanced PM starts by detecting the CP, then the pressure is broken at the
inlet of the WDN by which the pressure at the CP is lowered to the minimum allowable
limit all the time. Localizing the CP necessitates a calibrated hydraulic model. EPANET
is a simple flexible free domain software for hydraulic modeling of WDN:Ss. It has been
used in this thesis work to model Kalei¢ci WDN as a PSA using Hazen-William equation.
The system input flow has been distributed to the junctions by dividing it into leakage
through emitters and non-leakage flow through nodal-demand. An approach of spatial
and temporal modeling of leakage by EPANET software has been investigated within this
thesis methodology, then it is applied to predict the distribution of the total leakage to the
junctions in Kaleigci WDN. The approach depends essentially on the determination of
leakage in the study area. This is usually determined through the SWB. According to the
Turkish water losses legislations, all water authorities in Turkey are required to determine
the SWB yearly. Moreover, the increasing use of smart meters such as AMR enables the
establishment of the SWB more accurately and over relatively short periods. The model
has been calibrated and verified for a single value of the roughness coefficient (57.6).
Then, the model has been used for predicting leakage reduction by applying advanced
PM. Finally, the application of advanced PM for two scenarios has been performed; the
first scenario assumes that the non-leakage flow changes by +25%, whereas the other
scenario assumes that leakage is reduced to the ELL. The results proved that the hydraulic
modeling is an essential tool to control leakage. In this research study, hydraulic modeling
was an indispensable tool used for predicting the leakage spatially at each junction in the
PSA.

The Kaleigi WDN is a continuous water supply system. The non-leakage flow
follows a definite demand profile with time pattern while leakage is directly dependent
on the pressure of water in the network. Both of leakage and non-leakage flow have been
distributed to the junctions assuming that they occur uniformly along the pipe length
except for two users where the non-leakage flow was determined based on the measured
flowrate. Each of the calibration process, application of advanced PM, and investigation
of the scenarios has been carried out over two different simulation periods representing
summer and winter seasons. The calibrated roughness coefficient of R=57.6 has revealed
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acceptable MAE of pressure at all PMPs over the two simulation periods and verified
during another different third simulation period. It was predicted that the application of
advanced PM in Kalei¢i WDN by modeling resulted in a significant leakage reduction
(4307.76 & 5074.08 m*/month). This made the hydraulic modeling an important tool in
predicting the leakage reduction by advanced PM.

The inverse relation between pressure in the WDN and flow rate appeared through
the scenarios. For example, the predicted excess pressure is higher in the scenario of
reducing leakage to the ELL than the base simulation (reducing leakage means reducing
the system input flow). The non-leakage flow forms the main part of system input flow
in Kaleigi WDN, thus, any change in that flow leads to change the system input flow and
accordingly changes the network pressure. Since leakage is a pressure-dependent flow, it
will be affected by any change of the non-leakage flow in Kaleici WDN. Based on this,
in the scenario that assumes changing the non-leakage flow by £25%, the higher the non-
leakage flow, the lower the WDN pressure, and hence, the lower the predicted leakage
and vice versa. Additionally, applying advanced PM on this scenario by modeling has
predicted lower leakage reduction at higher non-leakage flow as shown in Figure 5.1
(advanced PM was not applicable in scenario of +25% increase of non-leakage flow
during summer season). This indicates that less flow leads to less pressure and so less
leakage reduction.

m Non-leakage flow reduced by %25 O Non-leakage flow increased by %25

6000

a1
o
o
o

4000

3000
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Leakage reduction (m3/month)

o

Summer Season Winter Season

Figure 5.1. The predicted leakage reduction by applying advanced PM on the scenario of
changing the non-leakage flow by £%25

The approach used for spatial and temporal simulation of leakage enables the
model of Kalei¢i WDN to predict the leakage as a pressure dependent flow. Additionally,
the temporal and spatial variations of the pressure levels all over the WDN are predicted
using the same approach. Consequently, the advanced PM can be applied successfully.

For applying the advanced PM in the field, the PRV is setup at the inlet of the
PSA and the pressure sensors at the localized CPs by the model as shown in Figure 5.2.
Based on that, the closed-loop pressure control can maintain the pressure at the minimum
level all over the time and respond to the extraordinary water demand like the fire
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accidents. However, different alternatives of the location of the PRV could be
investigated.

Despite the good results of the approach used for simulating the leakage, it still
can be applied in definite cases and also has some disadvantages. The definite case is that
the leakage must be known to be distributed to the junctions of the WDN, for example,
SWAB tables have been determined at each month within a period of one year for Kaleigi
WDN. This provided us the leakage flow which has been distributed over the nodes. On
the other hand, the approach assumes that the cracks and pipe bursts (leakage holes) are
uniformly distributed along the pipe length, which is not the reality. This assumption leads
to a non-full fitting of the total of leakage and non-leakage flow with the measured system
input flow in the field. Both of these points are considered as disadvantage aspects of
using this approach.

PRV CP (P704)

Pressure
20.00
25.00
30.00

35.00 * % @

m O

Figure 5.2. The location of the PRV and the CPs where the pressure sensors are suggested
to be installed in Kalei¢i WDN.
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Recommendations for Future Research Studies

The location of the PRV could be optimized and/or an additional PRV could be
added in order to keep the maximum pressure head not to exceed 60 m, as suggested by
the water losses regulations issued in 2014. Within this aspect, the related optimum
leakage reduction could be investigated together with the location and number of PRV.
Additionally, energy production could be investigated together with pressure/leakage
reduction.

It is recommended to install a PRV at the entrance of the PSA, and a pressure
sensor at the specified CP point, as suggested in this study. After that, the maximum and
minimum pressure levels should be monitored, and the broken pressure could be verified.

It is suggested to establish the SWB and use the model for predicting the leakage
within a short period of time (e.g. 24 hours), then the model can be helpful for detecting
the spatial and temporal variation of leakage to be minimized as much as possible.

The used leakage modeling approach necessitates knowing the total leakage
volume. Therefore, it can be useful if this can be accurately determined by using the AMR
systems. Then, it is recommended to study connecting the model directly to the SCADA
and AMR systems so that the model can be developed to a near real-time modeling to
predict the leakage spatially as well as temporally online instead of past-data modeling.
This can be achieved by connecting the toolkits of EPANET software using programming
languages with SCADA systems (Cheng et al. 2014).
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